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M. L. Parker, C. T. Pumpelly, P. J. M. Radford, M. Schmeisser, 
E. Schuster, P. G. W. Scott, G. M. Segelman, F. Yaron.
June 7 966, 940 pp., $35.00
Available from. Academic Press in the Americas with the exception o f Canada.

M e c h a n i s m  o f  

R a d i o c h e m i c a l  R e a c t i o n s

by S. Ya. Pshezhetskiy, Moscow, Goskimizdat
Provides an introduction to the growing field of radio
chemistry.
CONTENTS: The Interaction of Radiation with Atoms and 
Molecules. Secondary Elementary Process. Some Laws 
Governing the Kinetics of Radiation-Chemical Reactions. 
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— Journal of the Royal Institute of Chemistry
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features and physical properties of these systems.
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Previous studies on excited alkoxy radicals formed in photochemical processes were ex
tended to the Z-pentoxy species, which is well known to decompose by tw o  parallel paths 
as shown in eq 1 and 2. The ratio of rate constants k,/k2 was estimated to be 104 at 114° 
from experiments on pyrolysis of Z-pentyl nitrite. For radicals formed by photolysis of 
this compound, k,/k2 depends strongly on the absorbed wavelength but does not reach the 
expected limiting value of 104 at the longest wavelength which could be studied. The 
dependence of quantum yields at 3660 A on pressure of an added scavenger, nitric oxide, 
showed that the k,/k2 obtained from photochemical experiments could be accounted for 
quantitatively by a contribution from excited radicals and a contribution identical with 
the ratio for unexcited radicals, obtained from pyrolysis experimenTS. These results 
provide limited justification for the “ a method”  often used in kinetic treatment of excited 
radical effects. Quantum-yield measurements at high pressures of added nitric oxide 
suggest preferential removal of excited radicals of lower energy and disclose a broad energy 
distribution of the excited radicals.

Introduction
A well-known complication in interpretation of 

photodecompositions is the formation of excited radicals 
in the primary process. To allow quantitative treat
ment in cases where the excitation leads to an ab
normally high decomposition rate, it is often proposed 
that a fraction, a, of the radicals are excited and may 
only decompose, while the remainder are at thermal 
equilibrium but may or may not decompose. The 
usual kinetic arguments then yield information about 
the unexcited radicals.

Such a simple energy distribution, wherein it is as
sumed the radicals are either excited or strictly un
excited, is peculiar if the excitation of importance is

vibrational, as has been shown in the case of Z-butoxy 
radicals in photolysis of Z-butyl nitrite.1 In most cases, 
it is not possible to decide if the unexcited radicals are 
truly at thermal equilibrium, a most important point 
if the results are to be used in discussion of other 
systems.

We have now studied the Z-pentoxy radicals formed 
in photolysis of Z-pentyl nitrite.2 This radical decom
poses by two paths. Measurement of the relative 
rates along these paths should give information about

(1) G. R. McMillan, J. Am. Chem. Soc., 84, 4007 (1962).
(2) P. Tarte, Bull. Soc. Roy. Sci. Liege, 22, 226 (1953); B. G. Gowen- 
lock and J. Trotman, J. Chem. Soc., 4190 (1955).
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the energy distribution of the radicals undergoing 
decomposition.

Experim ental Section

¿-Pentyl nitrite was prepared by reaction of ¿-pentyl 
alcohol with nitrous acid. The reaction mixture was 
fractionated and the product stored over mercury 
and K 2C 0 3 in a cold, dark place. The last trace of 
acetone could not be removed from the compound, so 
conversion was kept above 1% in most experiments. 
Ethyl-f-pentyl peroxide was prepared as described 
previously.3 All pyrolyses and photolyses were carried 
out in a quartz vessel of diameter 50 cm and volume 240 
cm3. The rate of thermal decomposition of the nitrite 
was measured both photometrically and by product 
analysis. A Hanovia Type A 550-w mercury arc was 
used in all illuminations. The desired wavelengths 
were isolated using filters. For 2537 and 3130 A, 
the filters were those used in earlier work.1 A 5-mm 
thickness of Corning 5860 was used for 3660 A. This 
glass transmits some light at 3340 A, but the nitrite 
absorbs very weakly at this wavelength. For 4047 
A, a solution of 4 M Cu(N03)2 in water, 1.5-cm optical 
path, excluded X <3750 A. The upper limit of ab
sorption by the nitrite limited absorption to X 4047 A. 
Quantum yields were measured at 3660 A using the 
potassium ferrioxalate actinometer. The light beam 
was monitored with a G. E. 935 photocell and pen 
recorder so the intensity could be integrated over the 
course of an illumination.

R esu lts

¿-Pentyl nitrite at initial pressure 26 mm was py- 
rolyzed to conversions of about 20% over a range of 
temperature 157-183°. The yield ratio FchsCochs,/ 
FchjcocjHs was 160 ±  4 in five experiments. Addition 
of small amounts of nitric oxide resulted in a linear 
decrease in the rate of acetone formation at 176 ±  
1°. At an initial pressure of 20 mm, the rate fell to 
one-third that obtained in the absence of added nitric 
oxide. TcHscocHj/FcHjcocjHi fell to a constant value 
over a range of initial pressures (5-26 mm) of nitric 
oxide. In eight experiments, mixtures of ¿-pentyl 
nitrite (26 mm) and nitric oxide (14 mm) were pyro- 
lyzed at temperatures 154-182°. Fchjcoch, /  
FCH3C0C2H6 was 104 ±  2C, not observably dependent 
on temperature. Ethyl-i-pentyl peroxide vapor (15 
mm) was pyrolyzed at 114°. Addition of nitric oxide 
to an initial pressure of 75 mm reduced the acetone 
yield in the pyrolysis to < 8 %  of that found in the 
absence of nitric oxide.

Table I summarizes the quantum yield ratios 
4>ch!coch!/ 4 >ch3coc!H, at different wavelengths meas

ured in the photolysis of ¿-pentyl nitrite in the presence 
of nitric oxide. Only at 3660 A is the ratio dependent 
on nitric oxide pressure in the ranges indicated. Con
stant absorbed intensity was not maintained at dif
ferent wavelengths. By overlapping the range of con
version studied at various wavelengths, a total range 
of 6-55% was covered. The quantum yield ratio did 
not depend on extent of conversion. In a few experi
ments, the incident wavelength was 4047 A. The quan
tum yield ratio was slightly higher than that at 3660 A 
over the same range of nitric oxide pressure. Because 
of the prolonged exposures necessary to obtain even 
small conversion when the 4047-A filter was used, 
we are not certain what wavelengths are actually 
responsible for the photolysis.

Table I: <hcHscocHI/4>CH8coc!Hs in the Photolysis 
of ¿-Pentyl Nitrite“

Pressure 
of NO, Wavelength, ♦CHjCOCHj/

mm A «’CHsCOCjHs

0-85 2537 6.8
20-85 3130 11.3
26-105 3660 42-336

“ Pressure of ¿-pentyl nitrite = 26 mm; 114°. b Weak de
pendence of the ratio on NO pressure.

Figure 1 shows ^ciijcocm +  Fcmcocun measured 
at 3660 A at different nitric oxide pressures and tem
peratures. Figure 2 shows $ ch3coch,/4 >ch>coc!hs 
at the same wavelength. The conversion was kept 
constant at about 6%. A few experiments in the ab
sence of added nitric oxide showed that the total 
ketone quantum yield increased as the per cent con
version decreased. A value of unity was measured at 
3% conversion.

D iscussion

Relative Rates of the Decomposition Paths of the Un
excited t-Pentoxy Radical. The ¿-pentoxy radical de
composes by two parallel paths

C2H6C(CH3)20  — > C2H5 +  CH3COCH3 (1)

— ► CH3 +  CH3COC2H5 (2 )

The relative rates are not known precisely, but studies 
in the liquid phase and fragmentary results from the 
gas phase show fci//c2 to be high.3’4 Both reactions are

(3) G. R. McMillan, ./. Am. Chem. Soc., 84, 2514 (1962).
(4) J. K . Kochi, ibid., 84, 1193 (1962).
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Figure 1. Dependence of quantum yield sum on 
nitric oxide pressure at 25 (•) and 114° (O).

Figure 2. Dependence of quantum yield ratio 
on nitric oxide pressure at 114°.

slightly endothermic, and A/7°i — AH°2 ~  —0.5 
kcal.5'6

The initial step in the thermolysis of alkyl nitrites is 
considered to be scission of the RO-NO bond.7 Ther
molysis of ¿-pentyl nitrite produced acetone and methyl 
ethyl ketone in a ratio 160:1. Upon addition of nitric 
oxide to an initial pressure of 5 mm, the rate of decom
position of nitrite and the yield ratio FcmcocHi/ 
FchjCOCjHs decreased. As the initial nitric oxide pres
sure was increased, the decomposition rate decreased 
further, but the yield ratio remained constant. These 
results suggest that the ketones are formed chiefly 
by (1) and (2) when nitric oxide is present in the system, 
but some additional step forms acetone when nitric 
oxide is not added. The decrease in rate due to nitric 
oxide is explained by direct; scavenging of ¿-pentoxy 
and suppression, by scavenging of ethyl, of chain re
generation of ¿-pentoxy.7'8

C 2H 6 +  C 2H 6C ( C H 3) 2 0 N 0  — >

c 2h 5n o  +  C 2H 5C ( C H 3) 20

The ratio FchsCochs/F chsCociHi in the inhibited 
pyrolysis is thus associated with /cm/feu, the subscripts 
signifying the unexcited, thermally equilibrated radicals 
expected in thermal decompositions. The value kij  
kiu was relatively insensitive to temperature over the 
range 154-182° so fciu/fc2u may be taken as approxi

mately 104 at 114°, the temperature of the photo
chemical experiments. Extensive work in solution 
on the j8 scission of ¿-alkoxy radicals leads to expec
tation of a considerable activation energy difference 
between steps 1 and 2.9,10 A value fcm/feu = 16 at 
114° was obtained previously from results on pyrolysis 
of ethyl-f-pentyl peroxide in the gas phase.3 We have 
repeated this work with the same results. We thus 
have two estimates of fciu/feu, 16 and 104, with no 
satisfactory way of choosing between them, since no 
really detailed studies of the systems leading to the 
values have been made. The value 104 is consistent 
with the photochemical results and will be assumed 
correct.

Ketone Formation in the Nitric Oxide Inhibited Pho
tolysis of t-Pentyl Nitrite. The most important primary 
process following absorption by simple alkyl nitrites 
in both the banded (X 3200-4000 A) and structureless 
(X <3000 A) regions is believed to be decomposition 
to form alkoxy radicals and nitric oxide. For t- 
butyl nitrite, this is probably the sole primary process, 
with a primary quantum yield of cne in both spectral 
regions.1’11 The ultraviolet absorption spectrum of t- 
pentyl nitrite is identical with that of the ¿-butyl com
pound;12 furthermore, they are structurally similar in 
that they are both almost entirely the trans form.13 14 
We therefore assume that the primary process in t- 
pentyl nitrite forms ¿-pentoxy radical and nitric oxide 
in unit primary yield.

The ratios 4,cH3CocHs/$cH3coc2Ht observed in photol
ysis of ¿-pentyl nitrite-nitric oxide mixtures are much 
smaller than fciu/feu, proving that the ketones are not 
entirely formed by decomposition of thermally equi
librated ¿-pentoxy radicals. The fact that the quantum 
yields are high (Figure 1 and ref 14) in the presence of 
large amounts of an efficient scavenger, nitric oxide, 
suggests that decomposition of equilibrated radicals 
makes negligible contribution to ketone formation 
under these conditions.

(5) P. Gray and A. Williams, Chem. Rev., 59, 239 (1959).
(6) Thermochemical data from J. G. Calvert and J. N. Pitts, Jr., 
“ Photochemistry,” John Wiley and Sons, Inc., New York, N. Y ., 
1965, Appendix, p 820.
(7) A recent study is that of J. M . Ferguson and L. Phillips, J. 
Chem. Soc., 4416 (1965).
(8) P. Gray, Chem. Ind. (London), 120 (1960).
(9) C. Walling and A. Padwa, J. Am. Chem. Soc., 85, 1593 (1963).
(10) J. D. Bacha and J. K. Kochi, J. Org. Chem., 30, 3272 (1965).
(11) G. R. McMillan, J. Phys. Chem., 67, 931 (1963).
(12) H. E. Ungnade and R. A. Smiley, J. Org. Chem., 21, 993 (1956).
(13) P. Gray and M. J. Pearson, Trans. Faraday Soc., 59, 347 
(1963).
(14) Quantum yield measurements carried out at Celanese Chemical 
Co. showed 4>ch3COCH3 +  4>CH3COC2H5 =  1 at 2537 A and 25°; see 
ref 6, p 484.
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The ratios <1?ch3coch3/ “hcHacociHs are consistent with 
either a decomposition of excited radicals or a primary 
photoprocess in which the ketones are formed as finished 
products through scission of more than one bond. The 
apparent increased randomization in the bond breaking, 
that is, the increased relative rate of the more endo
thermic process following absorption of shorter wave
lengths, is consistent with either view. On the basis 
of the previous studies, we accept the excited radical 
explanation and identify the *i>cH«cocH,/$ch!coc2Hi ratios 
in Table I with he/he.

As the energy of the light quantum absorbed by the 
nitrite decreases, a vibrationally excited ¿-pentoxy should 
approach in behavior the unexcited radical, so that 
fcie/fee —*• ha/hn- In fact, even at the longest wave
length that could be studied, he/he is far from this 
limit. However, even at 3660 A, the energy of the quan
tum is 40 kcal in excess of the bond-dissociation energy. 
Knight and Gunning found that an excess of energy of 
~ 1 0  kcal is sufficient to produce excited ¿-butoxy 
radicals.15

A possible complication in these systems is the pres
ence of nitrogen dioxide, formed in the chain conversion 
of NO to N 02 and N2, catalyzed by nitrosoalkanes. 
In the photolysis of ¿-butyl nitrite in the presence of 
nitric oxide at high pressures, Christie, Gilbert, and 
Voisey16 observed quantum yields of N 02 up to 110. 
The reaction which forms N 02 is second order with re
spect to nitric oxide. In view of the weak dependence 
on nitric oxide pressure of quantum yields and quantum 
yield ratios observed under most conditions in the 
present study, the presence of N 02 probably has little 
effect on our conclusions.

Energy Distribution of t-Pentoxy Radicals Formed in 
Photolysis of t-Pentyl Nitrite at 3660 A. Figure 1 
shows that the quantum yield sum icHsCocm +  
d’cHacoCiHi at first decreases rapidly, then slowly, as 
nitric oxide is added. The rapid decrease is due to ef
ficient scavenging of unexcited ¿-pentoxy radicals by 
nitric oxide. At pressures of nitric oxide exceeding 35 
mm, only excited radicals decompose. The slight de
crease in ketone yield at the higher pressures may be 
due to deactivation or possibly some reaction such as
(3), which would not lead to ketones.

C2H5C(CH3)20* +  NO C2H5C(CH3)2 +  N 02 (3)

The dependence of the quantum yield ratio 
<i>CHacocH3/$cH3coc2Hs on nitric oxide pressure has the 
same form as the dependence of the quantum yield 
sum. Efficient scavenging of unexcited ¿-pentoxy 
lowers the ratio by removing those radicals for which 
h/h  is large. The high pressure, linear portions of 
the two curves can be extrapolated to give the contri

bution of the excited radicals to the lower pressure 
portions. It may then be calculated that $chjCochi/  
i ’cHjCocjHs comprises a contribution from excited radi
cals and a residual contribution with i >cH3cocH5/  
<hcH1coc!Hs = 110. The near equality with hn/hu 
confirms the bimodal energy distribution; the radicals 
are either excited or unexcited, with the unexcited 
radicals being identical with those formed in strictly 
thermal reactions.

The slow, linear decrease of <Fch3coch3/ <Fch3Coc!hs 
at higher nitric oxide pressures reflects a decrease in 
he/k2e. This is accounted for by step 3 or any other 
process which would preferentially remove the less 
energetic excited radicals. Thus these results disclose 
a considerable breadth in the energy distribution of the 
excited radicals.

These results provide some justification for the use of 
the classical a method in systems in which excited 
alkoxy radicals are important, and thus perhaps give 
credence to certain rate constant ratios derived for 
unexcited radicals in such systems.17 The establish
ment of a bimodal distribution can be rationalized in 
several ways, but speculation is perhaps unjustified 
in a case where it is impossible to decide whether 
the phenomenon arises in or subsequent to the primary 
process.

Two alternative mechanisms deserve comment. 
Most of the kinetic results in this and other systems 
in which excited alkoxy radicals are postulated can be 
accounted for by primaiy processes which in the present 
instance would be

C2H6C(CH3)2ONO +  hv
— >  C2H6C(CH3)20  +  NO 
— > CH3COCH3 +  C2H5 +  NO 

— > CH3COC2H6 +  CH3 +  NO

This mechanism cannot explain the pressure de
pendence of <FcH3cocH3/ i ’CH3coc2H1 at high nitric oxide 
pressures, provided the excited nitrite molecule formed 
by light absorption has a lifetime too short to permit 
collisions at these pressures. A very short lifetime is 
consistent with the absence of rotational structure in 
the electronic spectra of nitrous acid and its alkyl 
esters,18 and with the high quantum yields observed in

(15) A. R. Knight and H. E. Gunning, Can. J. Chem., 41, 2849 
(1963).
(16) M. 1. Christie, C. Gilbert, and M. A. Voisey, ./. Chem. S o c ., 
3147 (1964).
(17) M . H. J. Wijnen, J. Am. Chem. Soc., 82, 1847 (1960); G. R. 
McMillan, ibid., 83, 3018 (1961).
(18) G. W . King and D. Moule, Can. J. Chem., 40, 2057 (1962). 
H. W . Thompson and C. H. Purkis, Trans. Faraday Soc., 32, 1466 
(1936).
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photolysis of alkyl nitrites in the gas and liquid phases, 
even at low temperature.1,11,19 A second possibility 
is that the excited alkoxy radicals in alkyl nitrite pho
tolysis are in fact not alkoxy radicals at all, but a-hy- 
droxyalkyls formed either through isomerization of 
alkoxy or perhaps in the primary process. The 
(excited?) ct-hydroxyalkyl might then decompose into 
the enol form of the ketone plus an alkyl radical. 
Scavengers would be ineffective if the decomposition 
were fast enough. Such a mechanism is consistent 
with most results from these systems, but not with 
in situ infrared studies19 20 of photolysis of ¿-butyl nitrite, 
wherein acetone is largely formed from excited alkoxy 
radicals. In another study in the same apparatus,

a half-life of about 2 min was observed for enol-acetone.21 
Thus, an enol intermediate would lead to an induction 
period for keto-acetone in the ¿-butyl nitrite photolysis. 
No induction period is observed.20

Acknowledgment. Grateful acknowledgment is made 
of partial support of this work by the Division of Air 
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(19) P. Kabasakalian and E. R. Townley, J. Am. Chem. Soc.. 84, 
2711 (1962).
(20) G. R. McMillan, J. G. Calvert, and S. S. Thomas, J. Phys, 
Chem., 68, 116 (1964).
(21) G. R. McMillan, J. G. Calvert, and J. N. Pitts, Jr., J. Am. 
Chem. Soc., 86, 3602 (1964).
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T h e  S t e a d y -S t a t e  C o m p l i a n c e  o f  D i lu t e  P o l y m e r  S o lu t i o n s

by La rry A . Holm es, Kazuhiko N in o m iya,1 and John D . Ferry

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 63706 (Received September 20, 1966)

In extremely dilute polymer solutions, the steady-state compliance Je should be directly 
proportional to concentration; with increasing concentration, it should pass through a 
maximum and become inversely proportional to concentration. Experimental determina
tions from low-frequency dynamic mechanical measurements on solutions of a polystyrene 
(M  =  267,000) in two chlorinated biphenyls, over a wide range of concentrations, confirm 
the presence of a maximum. The concentration dependence of Je in the neighborhood 
of the maximum is calculated from the theories of Rouse and Zimm and a phenomenological 
theory of Ninomiya and Ferry. The latter conforms best to the shape observed experi
mentally; it predicts the maximum to be at a concentration of the order of the reciprocal 
of the intrinsic viscosity. With increasing concentration, the magnitude of Jc or of the 
low-frequency storage modulus shifts gradually from the Zimm prediction to the Rouse 
prediction; from this behavior, the concentration dependence of the hydrodynamic inter
action parameter h can be obtained, and it agrees with previous conclusions from the 
form of the frequency dependence of dynamic properties. Values of Je are calculated from 
the phenomenological theory and compared with experimental results on a number of solu
tions of polystyrene and polyisobutylene. Over a 200-fold range of Je, the calculated 
values agree fairly well but are somewhat too small, a discrepancy which can be partly 
attributed to a slight degree of molecular weight heterogeneity.

Introduction
The steady-state compliance, Je, is an important 

property of a viscoelastic material, being a measure 
of the stored energy in steady flow under small stresses. 
Its product with the shear stress is sometimes called 
the recoverable shear.2 Besides its role in linear visco
elastic behavior, it has added importance through its 
close relation to normal stress phenomena.3 In con
centrated macromolecular solutions of undiluted poly
mers, can be obtained from measurements of creei 
or indirectly from stress relaxation,4 but these methods 
are not readily applicable to dilute solutions and the 
latter have therefore received little attention. How
ever, quite dilute solutions can be subjected to sinus
oidally varying deformations5 to measure the storage 
and loss components of the shear modulus, G' and G 
At low frequencies, G" is proportional to the circular 
frequency w and G' is proportional to ad. Thus, at 
very low frequencies, G' «  G ". Since Je is the low- 
frequency limit6 of G'/(G'2 +  G "2) =  G'/G"2, it follows 
that

J c =  Aa>2 / (oiri)2 = A/1)2 (1)

where A is the low-frequency limit7 of G'/a d ,  and q, 
the steady-flow viscosity, is the corresponding limit of 
G"/o>. An alternative route to eq 1 is given in ref
3. Values of Je obtained in this manner are reported

(1) On leave from Japan Synthetic Rubber Co., Yokkaichi, Japan.
(2) A. S. Lodge, “ Elastic Liquids,” Academic Press, New York, 
N. Y., 1904.
(3) B. D. Coleman and H. Markovitz, J. Appl. Phys., 35, 1 (1964); 
H. Markovitz, Proc. 4th Intern. Congr. Rheology, 1, 189 (1965).
(4) A. V. Tobolsky, R. Schaffhauser, and R. Bohme, J . Polymer Sci.1 
B2, 103 (1964).
(5) M. II. Birnboiin and J. D. Ferry, J. Avpl. Phys., 32, 2305 
(1961).
(6) J. D. Ferry, “ Viscoelastic Properties of Polymers,” John Wiley 
and Sons, Inc., New York, N. Y., 1961, p 13.
(7) Two statements in ref 6 should be corrected here. On p 172, it 
was suggested that for certain relaxation time distributions a limit
ing value of A  may never be reached at low frequencies. Actually, 
it can be proved that for any distribution of finite times, G' will be 
proportional to co2 at sufficiently low frequencies— though this might 
be in a region where G' is too small to detect experimentally. On 
p 31, doubt was expressed that a limiting value of A  had ever been 
obtained experimentally. Since then, however, many such measure
ments have been made.
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here for a series of solutions of a polystyrene with sharp 
molecular weight distribution as well as a number of 
other dilute polymer solutions whose viscoelastic 
properties have been described previously.

Theory
The behavior of Je in polymeric blends of different 

molecular weight species has evoked considerable in
terest since the original observations of Van Holde and 
Williams8 and Leaderman9 that Je is strongly in
fluenced by molecular weight distribution. If the 
molecular weight of component 1 in a binary mixture is 
much less than that of component 2, Je goes through 
a large maximum as a function of composition where 
the proportion of component 2 is quite small. The 
location of this maximum is given by a phenomeno
logical theory presented earlier10 as

(max) =  1/Nn (2a)

Je (max) =  JeiNn/i (2b)

where v2 is the volume fraction of component 2, Je2 is 
its steady-state compliance in the pure state, and N2j 
is a parameter characteristic of the theory whose 
physical significance is the ratio of the energy dis
sipations in flow, per unit volume, of the two com
ponents. Equations 2 hold when Nn > >  1.

A dilute polymer solution might be expected to re
semble a binary polymeric blend with one component 
of very low molecular weight, so that at extremely low 
concentrations Je would increase with concentration 
but would soon pass through a maximum. At moderate 
to high concentrations, Je would be expected to be in
versely proportional to polymer concentration,11 12 13 and 
this relation has been confirmed in the range from 50 
to 100% polymer.12,13 We develop here for dilute 
solutions the predictions of molecular theories and of 
the phenomenological theory described above, and 
compare them with experimental data, mostly on 
polystyrene.

Predictions of Molecular Theories. In the theories 
of Rouse,14 15 Zimm,16 17 and Tschoegl,16 the coefficient A 
is given by

A = (cRT/MW,S' (3a)

n  = (v -  vlVa)/(cRT/M)S (3b)

-S' =  E C rk /n )2 19 (3c)

S =  S (T k /ri) (3d)

where c is the polymer concentration in grams per milli
liter, M  is the polymer molecular weight, is the sol
vent viscosity, and v\ is its volume fraction in the solu
tion; n  is the terminal relaxation time and rk are the

other characteristic relaxation times specified by the 
respective theories. Although these theories are sub
ject to modification to take into account a finite solute 
contribution to dynamic viscosity at very high fre
quencies,17-19 Peterlin’s recent formulation20 21 of this 
feature shows that at vanishing frequency the original 
equations are unaffected. (Otherwise, they would 
fail to reduce properly to the respective treatments of 
Debye and Kirkwood-Riseman for steady-state flow.) 
Thus eq 3 may be combined with eq 1 to obtain after 
rearrangement

J e  = (M/cRT)( 1 -  vJ k HS'/S*) (4)

where 5?r, the relative viscosity, is 17/575. For the Rouse 
theory, S'/S2 = 0.400; for the Zimm, it is 0.206; for 
the intermediate cases of the Tschoegl theory, inter
mediate values may be obtained. At high concentra
tions, this reduces to J e =  (M/cRT)(S'/S2), as com
monly used with the expectation that the Rouse 
value of S'/S2 is applicable.11-13 At extremely low 
concentrations, where ijr =  1 +  [17 ]c, [17] being the in
trinsic viscosity in milliliters per gram, it reduces to

Je = (M/RT)[VM S'/S2) (5)

so that J e is directly proportional to c. For extremely 
low concentrations, the Zimm value of S'/S2 should be 
applicable.21

Prediction of Phenomenological Theory. For a binary 
polymeric blend, the composition dependence of Je 
is given10 by

_  JeV 1 +  Nn2JeiV2 ...
e ~ [1 +  v2(N21 -  l ) ] 2 U

If component 1 is a solvent of low molecular weight, 
Jei can be neglected, and Nu > >  1, so this becomes

(8) K . E. Van Holde and J. W . Williams, J. P olym er S ci., 11, 243 
(1953).
(9) H. Leaderman, R. G. Smith, and L. C. Williams, ibid., 36, 233 
(1959).
(10) K. Ninomiya and J. D. Ferry, J. Colloid Sci., 18, 421 (1963)"
(11) Reference 6, p 172.
(12) K. Ninomiya, J. R. Richards, and J. D. Ferry, J. P h ys. Chem.,
67, 327 (1963).
(13) Y . Oyanagi and J. D. Ferry, ./. Colloid Sci., 21, 547 (1966).
(14) P. E. Rouse, Jr., J. Chem. P h ys ., 21, 1272 (1953).
(15) B. H. Zimm, ibid., 24, 269 (1956).
(16) N. W . Tschoegl, ibid., 39, 149 (1963); 40, 473 (1964).
(17) J. Lamb and A. J. Matheson, P roc. R oy . Soc. (London), A281, 
207 (1964).
(18) W . Philippoff, Trans. Soc. R heology, 8, 117 (1964).
(19) J. D. Ferry, L. A. Holmes, J. Lamb, and A. J. Matheson, 
J. P hys. Chem., 70, 1685 (1966).
(20) A. Peterlin, J. P olym er Sci., in press.
(21) J. E. Frederick, N. W . Tschoegl, and J. D. Ferry, J. P h ys. Chem.,
68, 1974 (1964).
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Je =  A V J W d  +  v2N21y  (7)
At very low concentrations of component 2 (polymer), 
this reduces to

J e  —  N n 2J  eiV2 ( 8 )

There are several possible ways of estimating Nn for 
specific systems,10'22 but we shall do so by identifying 
eq 8 and 5. We assume that for the undiluted polymer 
Je2 =  (M/p2RT)(S'/<S2)r, where p2 is the polymer 
density and the subscript R  refers to Rouse; that in 
eq 5 the Zimm value of S'/S2 is applicable; and we note 
that c =  v2p2. It follows that

Nn =  h]p2[(S 7^ 2)z/(S7-S2)R]‘A ^  [ v W V 2 (9)

By a different derivation, involving the concentra
tion dependence of the viscosity,23 N 21 can be identified 
with [t?]p2'V/ 1 — 2k', where k' is the Huggins constant. 
This is equivalent to eq 9 if A;' =  l/i, which is in the 
range observed for good solvents.

The identification of N 21 as closely related to [??] is 
of course consistent with its interpretation10 as the 
ratio of flow energy dissipations, per unit volume, of 
solute and solvent. It cannot be expected that Nn 
will remain constant over a wide range of concentra
tions,10,22’23 but the above value deduced for extremely 
dilute solutions may be used tentatively in the moder
ately dilute range.

Experimental Section

Low-frequency measurements of the storage and loss 
shear moduli were made on 14 solutions of a poly
styrene with sharp molecular weight distribution, S- 
108, generously provided by Dr. H. W. McCormick 
of the Dow Chemical Co., ranging in concentration 
from 0.75 to 10 wt %. The weight-average molecular 
weight, M w, was 267,000; M w/Mn — 1.08. The sol
vents were two chlorinated biphenyls, with the following 
viscosities (77) and densities (p) at 25°: A1248, ip = 
2.62 poises, p =  1.452 g/m l; A1232, 77 =  0.143 poise, 
p =  1.269 g/ml. Measurements were made on each 
solution at a single temperature, chosen between 
0 and 35° to achieve the appropriate region of reduced 
frequency where G' and G " are proportional to to2 
and a>, respectively.

The Birnboim-Ferry apparatus8 with modifica
tions previously described24,26 was used to cover the 
frequency range from 0.06 to 400 cps. Most measure
ments in recent years have been made with a combi
nation of cell and driving rod with a gap of 0.0617 
cm and a cell constant6 Ac =  4846 cm. (Previously8 
denoted A, this constant is designated A c here to avoid 
confusion with the coefficient used in eq 1.) For meas

urements on solutions with lower viscosities, an al
ternative rod was fabricated which gives a gap of 0.0460 
cm and Ac =  22,540 cm. It was necessary to deter
mine the latter by calibration with Aroclor of known 
viscosity rather than from the apparatus dimensions, 
since calculation from the latter becomes numerically 
uncertain when the gap is small. The constants6 
0 and M  are also changed somewhat. (A wide-gap 
combination with A0 =  454.7 is also available for solu
tions of much higher viscosity.)

Results
The low-frequency behavior is fully described by the 

two quantities 77 and A, which are given in Table I 
together with values for three other solutions of the 
same polymer S-108 previously studied.24 25 The steady- 
state compliance Je was calculated from eq 1 and then 
reduced to 25° (if the measurement was made at an
other temperature) by the equation Je (25°) =  JeTp/ 
T0po, where T0 =  298°K and p and p0 are the solution 
densities at T and T0; this reduction is a minor cor
rection.

Log Je is listed in Table I and plotted against con
centration in Figure 1. The units are cm2/dyne. The

Concentration, Cj/ml.
Figure 1. Log Je for solutions of polystyrene S-108, plotted 
against concentration in g/ml (from Table I). Black 
circles, solutions in Aroclor 1248; open circles, in 
Aroclor 1232. Circles with pips from ref 24. Rouse and 
Zimm curves, from eq 4; Nn curve from eq 7 and 9.

(22) K . Ninomiya, J. D. Ferry, and Y . Oyanagi, J. Phys. Chem., 
67, 2297 (1963).
(23) K . Ninomiya and J. D . Ferry, Abstracts, 12th Symposium on 
Polymers, Nagoya, Japan, 1963, p 178.
(24) R. B. DeMallie, Jr., M . H. Birnboim, J. E. Frederick, N . W . 
Tschoegl, and J. D. Ferry, J. Phys. Chem., 66, 536 (1962).
(25) N . W . Tschoegl and J. D . Ferry, Kolloid-Z., 189, 37 (1963).
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Table I : Low-Frequency Parameters for Solutions of Polystyrene S-108, Af w = 267,000

Solvent
c X 102, 

g/ml
Temp,

°C
V,

poises Log A

Log Je 
red. to 25°, 
cmVdyne

h from 
data of 
Figure 2

A1248 1.13 25.0 5.96 -2 .6 4 -4 .1 9 100
1.44“ 25.0 6.47 -2 .6 4 -4 .2 6
1.53 25.0 7.36 -2 .4 1 -4 .1 5 12
1.84 25.0 8.88 -2 .2 2 -4 .1 2 6.3
2.86“ 25.0 15.5 -1 .7 0 -4 .0 8 1.3
3.60 25.0 20.8 -1 .5 2 -4 .1 6 1.6
4.31 25.0 31.4 -1 .1 8 -4 .1 8 0.8
4.30“ 25.0 28.8 -1 .3 0 -4 .2 2 3
7.13 35.0 27.9 -1 .3 8 -4 .2 6 0
8.52 35.0 41.7 -1 .0 2 -4 .2 4 0

A1232 2.53 0.6 4.51 -2 .8 0 -4 .1 4 1.3
.3.76 0.0 8.79 -2 .2 2 -4 .1 6 1.3
5.04 0.0 15.19 -1 .8 3 -4 .2 3 1.6
6.28 0.2 24.8 -1 .3 9 -4 .2 2 0
7.50 0.0 39.7 -1 .0 1 -4 .2 5 0
8.77 10.0 22.3 -1 .6 0 -4 .3 4 0

12.40 0.1 241 0.36 -4 .4 4 0

“ From ref 24; solvent viscosity 2.2 poises.

two solvents give closely similar results and the ex
pected maximum is observed. The predictions of the 
Rouse and Zimm theories from eq 4 (using measured 
values of rjT) and the phenomenological theory from 
eq 7 are also plotted in Figure 1. For the latter cal
culation, Je2 was taken from a direct measurement 
from creep studies of the undiluted polymer at elevated 
temperatures,26 reduced to 25°: log Je2 = —5.31. 
Also included is the curve for Je2/r 2, often used as an 
estimate of Je in very concentrated solutions.11-13

The theories predict the maximum at about the ob
served location on the concentration scale. In magni
tude, Je appears to be approaching the Zimm predic
tion at low concentrations but closely conforms to the 
Rouse prediction at higher concentration; a similar 
transition from Zimm-like to Rouse-like behavior with 
increasing concentration is observed with respect to 
the frequency dependence of dynamic viscoelastic 
properties.21 In the neighborhood of the maximum, 
the concentration dependence is best described by the 
phenomenological theory.

Discussion
Magnitude of Low-Frequency Ratio G'/to2 as a Meas

ure of Hydrodynamic Interaction. From eq 3, it is 
evident that

Ac/(v -  n̂?s)2 = (M/RT)(S'/S2) (10)

which each theory specifies as a constant. This quan
tity is plotted against concentration in Figure 2 and is

-5.2
N
P2-
f  -5.4 
\
< cr 
o“ -5.6

-5.8
0 0.02 0.04 0.06 0.08 0.10 0.12

Concentration, 9 ./ml.

Figure 2. Log (G V"2)a>-<-oc/(>7 — fit?,)2 
plotted against concentration, for data of 
Table I. Key to points same as Figure 1.

--------------~o -  0 '

e  o i

J _________L

seen to approach the Zimm value at low concentrations 
and the Rouse value at high concentrations.

The quantity S'/S2 is denoted Jer by Tschoegl,27 
who points out that it is a potential source of informa
tion for the hydrodynamic interaction parameter h 
which characterizes the transition from Zimm-like to 
Rouse-like behavior. For such an evaluation, we take 
Tschoegl’s other parameter16 e as zero in the expecta
tion that in all but the most dilute solutions the coil 
configurations will be gaussian. Values of h calcu
lated in this manner from the data of Figure 2, using 
Tschoegl’s tables16 of S and S', are also listed in Table

(26) G. Yasuda, E. Maekawa, T. Homma, and K. Ninomiya, Gomu- 
Kyokaishi, 39, 177 (1966).
(27) N. W . Tschoegl, J. Chem. Phys., 44, 2331 (1966).
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Table II: Observed and Calculated Values of Log Je in Dilute Polymer Solutions (Temperature 25°, Units cmVdyne)

Mol wfc c, hi, Log Je, Log Je,
Sample X 10-3 Solvent g/ml ml/g obsd calcd°

Polystyrene
S-102 82 A1248 0.0288 38.5 -4 .9 4 -5 .0 5

0.0571 -4 .7 6 -5 .0 6
S -lll 239 0.0288 7 8 b -4 .0 8 -4 .2 9

0.0571 -4 .0 5 -4 .4 0
S-1163 400 0.0288 100 -3 .6 1 -4 .0 0

0.0568 -3 .8 2 -4 .1 4
MDP-1 1000 A1232 0.0127 205 -2 .9 8 -3 .2 7
MDP-2 1700 A1248 0.0072 205 -2 .8 6 -3 .0 0

0.0144 -2 .8 2 -3 .0 6
0.0286 -2 .9 5 -3 .2 0

A1232 0.0127 270 -2 .6 6 -2 .9 6
0.0253 -2 .7 6 -3 .1 2

Polyisobutylene
HM 840 Primol D 0.0088 194 -3 .0 8 -3 .3 3

0.0176 -3 .2 3 -3 .4 2

° From eq 11. b Interpolated.

I. They show an essentially monotonie decrease 
from very high values to zero with increasing concentra
tion. This conclusion was reached previously21 from 
the form of the frequency dependence of dynamic 
properties without regard to their magnitudes; the 
present deduction is entirely independent, being based 
solely on the magnitudes, and it avoids the as yet un
explained feature of the previous curve-matching pro
cedure that the apparent molecular weights are always 
somewhat too large. It is, however, restricted to 
polymers of sharp molecular weight distribution; a 
similar treatment by Tamura, et al.2S (who denote the 
quantity S'/S2 as y), showed how polydispersity can 
mask the distinction between high and low h.

Approximate Estimate of Je from Intrinsic Viscosity 
by Phenomenological Theory. Predictions of Je for 
any solution of a polymer homogeneous with respect 
to molecular weight can be made easily from the phe
nomenological theory, provided it can be assumed that 
Je2 =  (M/p2RT)(S'/S2)n■ The only additional in
formation needed is the intrinsic viscosity in the solvent 
concerned. In terms of c, the relation can be written

6 5RT(1 +  c[v]/ V 2)2 '

Values of log Je calculated in this manner are compared 
in Table II with measured values for a number of other 
solutions of polystyrene21 and polyisobutylene,6 28 29 de
rived from previous measurements. The comparison 
is shown graphically in Figure 3 together with the data 
for the solutions of Table I. Over a 200-fold range

Figure 3. Log / e calculated from eq 11 plotted against 
observed values. Pip up, polystyrene S-102; successive 
45° clockwise denote samples S -lll, S-108, S-1163, 
MDP-2, and MDP-1. Internal pip denotes data from 
Table I. Crossed circles: polyisobutylene.

(28) M. Tamura, M . Kurata, K. Osaki, and K. Tanaka, J. Phys. 
Chem., 70, 516 (1966).
(29) N. W . Tschoegl and J. D. Ferry, ibid., 68, 867 (1964).
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there is fair agreement, although most of the calcu
lated values are somewhat too small, some by as much 
as a factor of 2. Some deviation in this direction is 
to be expected from a slight molecular weight hetero
geneity, but it is doubtful whether more than a factor 
of about 1.3 can be attributed to this cause. The 
remainder can be attributed in a formal manner to an 
increase in N21 with concentration which has been 
neglected. However, the very simple formulation of

eq 11 is evidently useful for making estimates of Je 
in moderately dilute solutions over a considerable range 
of concentrations and molecular weights. In particu
lar, eq 2 and 9 can provide an estimate of the location 
of the maximum.
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The infrared absorption of powdered 75 atom %  180  a-glycine was measured in the 4000- 
400-cm-1 region in comparison with the absorption of the corresponding normal glycine. 
The assignment of the various glycine absorption bands is discussed in the light of the 
observed 180  isotopic shifts. It is shown that the 1334-1324-cm-1 band attributed previ
ously mainly to a CH2 wagging has a pronounced C-C stretching character. The 894- 
cm-1 band of normal glycine, which was assigned to its C-C stretching, is now shown to 
be due probably to the C 02~ scissoring. The 700-685-cm-1 band is assigned to the C 02~ 
rocking while that about 502 cm -1 is attributed to an NH3+ group deformation.

The infrared absorption spectrum of glycine is of 
special interest since, obviously, its understanding 
is essential for the interpretation of the more complex 
spectra of peptides and proteins. This spectrum is 
also of importance in connection with the application 
of analytical infrared spectrophotometric methods to 
the problem of the composition and structure of various 
substances built up from amino acids. The infrared 
absorption of normal1’2 and variously deuterated1’3 
glycine has therefore been investigated thoroughly 
along with the Raman spectrum of these substances2’ 4 5~6 
and the infrared spectrum of 16N glycine.1 On basis 
of most of these measurements Suzuki, et al.,1 calculated 
the potential energy distribution among the various 
elementary modes of vibration of glycine for each of 
its fundamental frequencies. The correctness of these 
calculations and the extent to which the respective

underlying assumptions hold were checked for those 
vibrations which affect mainly the hydrogen atoms or 
the nitrogen atom, by studying the effect of deutéra
tion or 15N labeling on the corresponding absorption 
frequencies of glycine. No such check, however, 
could be carried out up to now with respect to those 
vibrations which affect mainly the oxygen atoms.

(1) S. Suzuki, T. Shimanouchi, and M . Tsuboi, Spectrochim. Acta, 
19, 1195 (1963).
(2) M . Tsuboi, T. Onishi, I. Nakagawa, T. Shimanouchi, and S. 
Mizushima, ibid., 12, 253 (1958).
(3) K. Nakamura, J. Chem. Soc. Japan, 80, 118 (1959).
(4) M. Takeda, R. E. S. Izvazzo, D. Garfinkel, I. H. Scheinberg» 
and J. T . Edsall, J. Am. Chem. Soc., 80, 3813 (1958).
(5) S. A. S. Ghazanfar, D . V . Myers, and J. T . Edsall, ibid., 86, 3439 
(1964).
(6) K . Balasubramanian and R. S. Krishnan, Proc. Indian Acad. 
Sci., A59, 115 (1964).
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It was therefore interesting to measure the infrared 
absorption spectrum of 180-labeled glycine in compari
son with that of normal glycine, in order to check the 
potential energy distribution calculated by Suzuki, 
et al.,1 for the fundamental frequencies assigned by 
them to oxygen atoms centered normal modes of vibra
tions.

Such a study seems also to be of importance with 
respect to the possibility of applying spectrophoto- 
metric methods for the determination of 180  glycine in 
the presence of normal glycine, as was done, e.g., in the 
case of benzophenone.7

This paper thus reports the measured spectra of 
fine powders of 75 atom %  180-labeled and normal 
glycine in the 4000-400-cm-1 region. These powders 
gave very satisfactory spectra so that the use of a 
mulling agent or a potassium bromide pellet for ob
taining good infrared spectra of glycine1 could be left 
out altogether.

Glycine exists in three crystalline modifications, 
designated as a-, /?-, or 7-glycine, respectively, which 
differ somewhat in their vibrational spectra.1’2'6’8 
The samples used for this study were recrystallized 
from ethanol, and the X-ray powder diagram obtained 
from such a sample of normal glycine a few days after 
its crystallization showed9 it to be mainly in the /3 
modification with a small part of it in the a form. 
About 10 days afterward, however, a second diagram 
taken on this sample showed that by then most of the 
glycine had already gone over into the a structure. 
The infrared absorption measurements which were 
carried out on the samples about 3 weeks after their 
crystallization were therefore made on practically 
pure a glycines.

If the very small isotopic effects on the kinetics of 
the exchange of 180  for 160  in glycine are overlooked, 
one can show statistically that the concentrations of 
NH3+CH2C160 2-, NH3+CH2C160 180 - ,  and NH3+CH2- 
C180 2_ of a 75 atom %  180  glycine sample are related 
to each other as 0.252:(2)(0.25)(0.75) :0.752, respec
tively. This means that the labeled sample was com
posed of ca. 56% NH3+CH2CI80 2- ,  38% NHt+CH2- 
C 16()180~, and 6% normal glycine.

Experimental Section
Normal Glycine. This material was a pure com

mercial product (Analar).
180 Glycine. Normal glycine (2 g) was added to 

180-enriched water (5 ml of 98 atom %  180), and gaseous 
hydrogen chloride was bubbled through the mixture 
until all of the glycine was dissolved.10 * The solution 
was sealed in a tube and kept at 125° for 3 days. The 
water was then removed by vacuum, the residue dis

solved in a small volume of water and neutralized with 
lithium hydroxide, and the free glycine precipitated by 
the addition of ethanol. After keeping the glycine 
several hours at 0°, it was filtered, washed with eth
anol, and dried over calcium chloride in vacuo. The 
labeled glycine was analyzed for its oxygen-18 content 
according to Rittenberg, et al.,10 and found to contain
75.0 atom % 180.

Infrared Measurements. The absorption measure
ments in the 4000-630-cm-1 region were carried out 
using a Beckman IR-7 spectrophotometer, the fre
quency calibration of which seems to be correct within 
±1 cm-1 in almost the whole of this region (for slow 
enough scanning). The absorption in the lower, 
630-400-cm_1, frequencies was investigated with a 
Perkin-Elmer, Model 12C, spectrophotometer equipped 
with a potassium bromide prism and calibrated with 
the help of the water vapor and 1,2,4-trichlorobenzene 
bands of this region. The maximum absorption 
frequencies thus obtained are believed to be correct 
well within ± 2  cm-1.

The sample to be measured was ground in each case 
to a very fine powder and put between two proper 
salt plates in a demountable cell.

The thickness of the sample layer was, as a rule, 
unknown and was adjusted, by adding more material 
or removing part of it, according to its observed absorp
tion.

Results
Figure 1 shows the absorption of the normal and 180  

glycine samples in the 1650-650-cm-1 region.

Figure 1. Infrared absorption of normal (--------- ) and 75 atom
% lsO-labeled glycine (--------- ) between 1650 and 650 cm-1.
Ordinate and abscissa scales represent per cent transmission 
and wavenumber, respectively.

(7) I. Laulicht and S. Pinchas, Anal. Chem., 36, 1980 (1964).
(8) P. Neelakantan and R. S. Krishnan, Proc. Indian Acad. Sci., 
A58, 275 (1963).
(9) V. W . Hubig, Z. Naturforsch., 13b, 633 (1958).
(10) D. Rittenberg and L. Ponticorvo, Intern. J. Appl. Radiation
Isotopes, 1, 212 (1956).
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Table I : The Absorption Bands (cm-1) of Solid Normal and 75 Atom % 180  Glycine“

Normal glycine 
powder

Normal glycine 
KBr pelleta1

Labeled glycine 
powder Assignment

a. 3180 m, sharp 31806 3180 sh NH3 + antisym str
b. 2915 m, b 2915 m, b CH2 antisym str
c. 2830 m, b 28206 2840 m, b CH2 sym str
d. 2620 m, b 26106 2620 w NHS+ sym str
e. 2130 w 21506 2180 w f +  s; f +  r
f. 1604 s, b 1594 (1609 sh) 1586 s, b, CO» -  antisym str1

g- 1527, 1514 s, b, 1527, 1518
1574 s, b 

1527, 1519 s, sym NH3 + deform1

h.
1502 sh 

1443 w
1502

1443
1502 sh 

1442 w CH2 scissor1
i. 1413 s 1415 1401 s CO>~ sym str1
j- 1334 s 1334 1324 s CH2 wagging with

k. 1314 sh 1314
a C-C str character 

CH2 twisting1
1. 1133 m 1131 1133 m NH3+ rocking1m. 1114 m l i l i 1114 m
n. 1035 m 1034 1034 m C-N str1
0. 912 s 911 911 s CH2 rocking1
P- 894 s 893 870 s C02-  scissor
q- 700 s 698 685 s C 02-  rocking
r. 608 s 608 601 m C 02-  wagging1
s. 502 s 503 501 s NE3+ torsion

° m, medium; sh, shoulder; b, broad; w, weak; s, strong. 6 Frequency read from the given absorption curve.

The frequencies of the observed absorption bands 
of normal and 180  glycine in the 4000-400-cm-1 region 
are reported in Table I. The probable assignment of 
each band is added in the last column of this table.

It is evident from Table I that the agreement be
tween the powder spectrum of normal glycine and that 
of an alkali halide pellet of this material is generally 
very good, the only real difference between them being 
in the broad f-band frequency. The value of 1604 
cm-1 given for this band in Table I seems, however, 
to be more accurate than the value of1 1594 cm-1 since 
it agrees better with the value of 1610 cm-1 observed 
for it on a Nujol11 mull.

The 3180-cm-1 frequency assigned in Table I to 
the NH3+ antisymmetrical stretching vibration is a 
little outside the (3130-3030-cm-1) region usually 
attributed to this group.12 This fact is probably the 
result of the absence of an alkyl substituent on the 
neighboring carbon atom in the case of glycine, in 
contradistinction to the case of all of the other amino 
acids, since such a substituent can be expected to 
decrease (sterically) the original HNH angle, thereby 
lowering somewhat the N -H  stretching frequency of 
the other amino acids. That this vibration appears 
in the spectrum of the labeled glycine only as a shoulder 
seems to be connected with the f overtone (2 X 1586 
minus an anharmonicity term) which falls in this case

on the lower frequency side of the N -H  band and ob
literates it to a certain extent.

Although Suzuki, et al.,1 assign a calculated normal 
glycine band at 2960 cm-1 and an observed, glycine-fife, 
infrared band at 2940 cm-1 to a symmetrical CH2 
stretching, it seems to us that the band observed for 
powdered normal glycine at about 2915 cm-1 belongs 
to an antisymmetrical rather than to a symmetrical 
CH2 stretching. This assignment is supported by the 
accepted attribution of the 2916-2936-cm-1 region to 
the antisymmetrical CH2 stretching of hydrocarbons.13 
The corresponding symmetrical CH2 stretching11 12 13 seems 
to be responsible for the lower band at about 2830 
cm-1.

The reason for Suzuki’s different assignment of the 
2940-cm-1 band is no doubt the fact that the Raman 
spectrum of aqueous solutions of glycine shows6 two 
CH2 stretching bands at about 2968 and 3011 cm-1, 
the first of which is polarized and hence belongs to the 
symmetrical CH2 stretching. It is, however, known 
that the presence of a free positive charge next to a

(11) “ Documentation of Molecular Spectra Catalog,” Butterworth 
and Co. Ltd., London, 1958, compound card No. 3707.
(12) See, e.g., C. N. R. Rao, “ Chemical Applications of Infrared 
Spectroscopy,” Academic Press Inc., New York, N . Y ., 1963, p 
256.
(13) See ref 12, p 130.
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CH2 group in an aqueous medium (as in this case) leads 
to a compression of water molecules around the charged 
group, and this brings about a big increase in the 
neighboring CH2 stretching frequencies.14 In the case 
of the antisymmetrical CH2 stretching band of ethylene- 
diamine in an aqueous acid solution this increase is 
from 2925 cm-1 (for the liquid diamine) to 2990 cm-1. 
This means that the antisymmetrical 3011-cm-1 Raman 
band observed for the aqueous solution of the normal 
dipolar glycine molecule corresponds for crystalline 
glycine to a band at about 2940 cm-1—very near the 
observed absorption of about 2915 cm-1.

It is true that the Raman spectrum of crystalline 
glycine also shows a polarized band at about6 2974 cm-1 
and a band at 3008 cm-1. However, these bands do 
not seem to be directly related to the neighboring 2968- 
and 3011-cm-1 bands of the aqueous solutions since 
the crystalline bands belong to the Ag and Bg species 
of the crystalline unit cell6 (which contains four glycine 
molecules). These species are symmetrical with re
spect to an inversion in the center of the unit cell and 
are therefore Raman active and infrared inactive while 
the solution bands do not belong to such symmetrical 
species since the solvated glycine dipolar ion does not 
possess a symmetry center.

The crystalline glycine infrared absorption bands 
observed at about 2830 and 2915 cm-1 correspond, no 
doubt, to the weak Raman bands at about 2830 and 
2895 cm-1, respectively, and are very probably the 
Au and Bu CH2 stretching bands, accordingly, which 
as such should strictly be infrared active and R,aman 
inactive. The fact that they appear at all in the 
Raman spectrum may be the result of the intermolecu- 
lar hydrogen bonding which, probably, affects some
what the selection rules of the glycine crystal.

It is thus seen that the CH2 stretchings of the Ag and 
Bg species of a glycine are appreciably higher in fre
quency not only from the normal CH2 bands of non- 
aqueous liquid samples but also from the corresponding 
Au and Bu vibrations which are the only ones active 
in infrared absorption.

The d band falls in the middle of the 2760-2530- 
cm_1 region, where most amino acids are known to 
exhibit at least one hydrogen-bound NH3+ stretching 
band,15 and is therefore assigned in Table I to the sym
metrical NH3+ stretching which is strongly affected by 
the powerful hydrogen bonding existing in crystalline 
glycine, between the neighboring NH3+ and C 02-  
groups.

The assignment of the 2130-2180-cm-1 band as due 
to the f +  s and f +  r overtones seems more reasonable 
than that attributing this usual amino acid band again 
to some NH3+ stretching vibration,16 since (a) its fre

quency seems too low for it and (b) it is difficult to 
see why such a stretching would be affected so much 
by 180  labeling. With the overtones assignment, 
however, the effect of the 180  labeling on the e fre
quency is much easier to explain since it is then only 
the result of a difference in the relative intensities of 
the two overtone absorptions (composing this band, 
according to this assignment) between the case of I80  
glycine and that of normal glycine.

The Isotopic Frequency Shifts
The C 02~ antisymmetrical band of normal glycine 

at about 1604 cm-1 (which probably masks the weaker 
antisymmetrical NH3+ deformation band to be ex
pected in this vicinity) can be seen from Table I to 
be split for the labeled glycine into a shoulder at about 
1609 cm-1 and two strong bands at about 1586 and 1574 
cm-1, respectively. Since the labeled sample was 
calculated above to contain 56 atom %  of NH3+- 
CH2C180 2-  and 38 atom %  of NH3+CH2C160 180 - , 
it is clear that the 1586-cm-1 band belongs to the 
C160 180~  stretching band while the 1574-cm-1 band 
belongs to the C1S0 2~ stretching band. The shoulder 
at about 1609 cm-1 probably belongs to the NH3+ 
antisymmetrical deformation band now partly un
covered by the isotopic shift of the C 02-  band. This 
assignment gives isotopic shifts of about 18 and 30 
cm-1 for the C160 180 -  and C180 2-  frequencies, re
spectively.

Assuming the C 02-  oscillator to be harmonic and 
isolated from the rest of the glycine molecule, it is 
possible to estimate roughly the expected isotopic 
shift of the 1604-cm-1 frequency for the C 180 2~ modi
fication by using the equation16

(of)2/ 16042 = mxmv(mx +  2my' sin2 a)/
mxniy(inx +  2mv sin2 a)

where of = the isotopic frequency,17 mx =  12, my =  
16, mvl = 18, and a = the OCO angle18 = 125.5°.

This equation thus gives of = (1604) (0.9797) = 
1571 cm-1, i.e., an expected C180 2~ isotope shift of 
about 33 cm“ 1, which is in good agreement with the 
observed value of 30 cm“ 1. Since the isotopic shift 
of the antisymmetrical stretching vibration of the 
C160 180  molecule is about half of the corresponding

(14) S. A . S. G hazanfar, J. T . E dsall, and D . V . M y ers , J . A m . 
Chem. Soc., 86 , 564 (1964).
(15) See ref 12, p  257.
(16) G . H erzberg, “ In frared  an d  R am an  S pectra  o f P o ly a to m ic  
M olecu les ,”  D . V a n  N ostran d  C o ., P rin ceton , N . J., 1945, p  228.
(17) S tr ictly , o n ly  the  zero-order frequ encies can  be used  in  th is 
equ a tion ; how ever, n o  ap preciab le error is to  be exp ected  if  th e  o b 
served  ab sorp tion  frequencies are su bstitu ted  instead.
(18) R . E . M arsh , A cta  C ryst., 10, 814 (1957).
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C180 2 isotopic shift,19 the expected isotopic shift for 
the antisymmetrical stretching of the C 160 180~  group 
is therefore about 16.5 cm-1, very close to the observed 
value of 18 cm-1.

These results show that the potential energy of the 
1604-cm-1 vibration of normal glycine is centered in 
the C 02 group, in harmony with the calculation of 
Suzuki, et al.,1 according to which this vibration (cal
culated1 to have an 1609-em"1 frequency) has an 82% 
CO2 stretching and 11% CO2 rocking character.

The symmetrical C 02~ stretching band of the labeled 
glycine can be seen from Table I to move from 1413 
to 1401 cm-1 without splitting into two branches (for 
the two labeled modifications) as expected. The ob
served isotopic shift of this band being only 12 cm-1 
strongly suggests that the 1401-cm“ 1 band belongs to 
the mixed (labeled) species although it amounts to 
only ca. 38% of the labeled sample. The expected 
isotopic shift of this band for the C 180 2_ group is about 
25 cm-1 in analogy to (a) the value of 27 cm-1 observed 
for the similar symmetrical stretching vibration of the 
N 02 group of nitrobenzene,20 (b) the value of about 
24 cm-1 observed for the symmetrical S02 stretching 
in diphenyl sulfone,21 and (c) the value of about 30 
cm-1 of the C 180 2"  antisymmetrical stretching band. 
The expected shift for the symmetrical stretching of 
the C160 180 ~  group, however, is only about half of 
this value, i.e., ca. 12 cm-1, as observed. The corre
sponding frequency of C6H5N 160 180  was also observed20 
to decrease from 1349 to 1335 cm-1 giving an isotopic 
shift of about 14 cm-1.

The symmetrical stretching absorption of the NH3+- 
CH2C I80 2_ species seems to be hidden in the low- 
frequency side of the 1401-cm_1 band which can be 
seen from Figure 1 to be clearly asymmetrical, being 
much less steep on the low-frequency side than on the 
other one. That 38% of the mixed modification here 
gives rise to a stronger absorption than 56% of the 
homogeneously labeled glycine might be the result of 
the appreciably higher transition moment of the sym
metrical stretching of the heterogeneous, ionized 
C 160 180  group than that of the corresponding sym
metrical C l80 2 group.

The shift of 10 cm-1 reported in Table I for the j 
band of the labeled glycine is most unexpected since 
it was calculated1 to consist of 81% CH2 wagging and 
only about 2%  C 02 stretching. However, the large 
difference between its observed value of 1334 cm-1 and 
its calculated frequency1 of 1278 cm-1, as well as the 
fact that the respective Raman band of the dipolar 
glycine ion at 1327 cm -1 does not have a counterpart 
band in the Raman spectrum of the NH3+CH2COOH

cation,6 shows that this calculation needs some cor
rection.

It seems therefore that, as a result of the CH2 wagging 
which gives rise to the 1334-cm_1 band of the dipolar 
glycine ion, the C—CH2 bond itself is also set in vibra
tion and is stretched considerably. This is opposed 
by the electrostatic attraction between the positive 
charge on the nitrogen atom and the negative charge 
on the oxygen atoms. The energy of this vibration is 
thus increased over the value calculated for it without 
taking into account this attraction, and this can ex
plain the discrepancy between the calculated and ob
served frequency of this band. Since the glycine 
cation is devoid of such an effect, it is clear why it does 
not show a Raman band corresponding to the 1327-cm-1 
Raman band of the dipolar glycine ion.6 The C-C 
stretching character of the 1334-cm-1 infrared vibra
tion (the small difference in frequency between the 
Raman and the corresponding infrared band stems no 
doubt from the different state of aggregation of the 
measured sample in each case) car. also explain its 
considerable shifting on 180  labeling since the latter 
appreciably affects the mass of the vibrating C-COO-  
group. Analogously, the similar C -N 0 2 stretching 
frequency was also observed20 to move significantly 
(from 1109 to about 1105 cm-1) on the labeling of 
(one of) the N 02 atoms by oxygen-18.

The band at 1324 cm-1 seems to be the result of the 
merging together of the two close bands expected in 
this region for the two labeled modifications of glycine. 
Its lower steepness on the long-wavelength side seems 
to be brought about, at least in part, by the nearby 
1314-cm-1 CH2 twisting absorption masked by it.

The fact that the 894-cm-1 band of normal glycine 
appears in the spectrum of 180  glycine as a sharp band 
at 870 cm-1 is evidence against Suzuki’s assignment of 
it as due to a C -C  stretching1 since a vibration of this 
type cannot be expected to show such a big isotopic 
shift. Even if this stretching were centered only in 
the C-CO2 bond, its expected isotopic shift on changing 
the C 160 2 mass (44 units) for that of C 1S0 2 (48 units) 
could not be more than about 0.01 of its frequency, 
i.e. (in this case), ca. 9 cm-1, as can be calculated 
using Hooke’s equation for a diatomic oscillator. It 
appears, therefore, that the 894-cm-1 band belongs to 
the C160 2~ scissoring (which was assumed by Suzuki, 
et al., to absorb at 698 cm-1) while the 870-cm~1 band

(19) D . F . E ggers, Jr., an d  C . B . A rends, J  Chem . P h ys ., 27 , 1405 
(1956).

(20 ) S . P inchas , D . S am uel, an d  B . L . S ilver, Spectrochim . A cta , 20 , 
179 (1964).

(21 ) S . P inchas , D . Sam uel, and  M . W e iss -B ro d a y , J . Chem . Soc., 
3968 (1962).
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belongs to the corresponding bending of the C 180 2 
group.

The observed isotopic shift of this band amounting 
to 24 cm-1 is in good agreement with this assignment 
since it was found that the 180-induced shift of the cor
responding bending of the very similar N 02 group 
amounts to ca. 30 cm-1 in nitromethane while it is 
equal to about 26 cm-1 in the case of nitrobenzene.20

The symmetrical bending frequency of the N 02 
group was observed to be 914 cm-1 for nitromethane 
and 850 cm-1 for nitrobenzene.20 These values also 
support the assignment of the parallel 894-cm-1 glycine 
band to the similar scissoring of the C 02~ group, 
rather than to the C-C stretching vibration, since the 
antisymmetrical and symmetrical C 02-  stretching 
frequencies are also very near to the corresponding 
N 02 values,20 as can be seen from Table II.

Table II: Fundamental Frequencies of the C02-  Groups of
Glycine and the N02 Groups of Nitrobenzene (cm-1)

C>®02- N'̂ Oj C1»0180 - N160I80 C‘*02- N18Oü

Antisym str 1604 1531 1586 1518 1574 1510
Sym str 1413 1349 1401 1335 ? 1322
Sym bend 894 850 ? 838 870 824

The spectrum of solid sodium formate22 shows a 
strong band at about 780 cm-1 which can be assigned 
only to its C 02-  scissoring since it contains no C-C 
group at all and no other strong band appears between 
1350 and 625 cm-1. Since the C-H  stretching fre
quencies are much higher than 780 cm-1 while the C-C 
frequencies are only a little higher,23 one must look at 
the formate ion, H C02_, bending as a bending of an 
X 0 2 oscillator where X  equals about 13 units of mass 
(12 +  1) while looking at the respective vibration of 
the glycine ion, RH2CC02~, as similar to a bending of 
an X 0 2 molecule where X  equals only ca. 12 units of 
mass. Hence, the frequency of this bending in glycine 
must be appreciably higher than in the formate ion, i.e., 
higher than 780 cm-1.

This bending must be higher in frequency in glycine 
than in sodium formate also as a result of the hydro
gen bonding that exists in glycine, between the C 02~ 
and NH3+ groups, since it is well known that such a 
bonding increases the bending frequencies of the groups 
involved in it. This conclusion supports again our 
assignment of the 894-cm-1 glycine band as due to this 
bending, rather than the 700-cm-1 band,1 and explains 
the large discrepancy between the observed value of 
894 cm-1 and the value of 941 cm-1 calculated for this

band on the assumption that it is due to a C -C  stretch
ing.1

The C 160 180~  bending absorption to be expected 
for the labeled sample at about 882 cm-1 can be seen 
in Figure 1 to be obliterated by its two strong neigh
bors on both sides, the 911-cm-1 CH2 rocking band and 
the 870-cm-1 C 180 2-  bending absorption due to the 
major component of the labeled sample. Although the 
absorption curve of the labeled sample appears un
expectedly flat at about 880 cm-1, it still seems that, 
without the band of the C160 180  species, the per cent 
transmission at this point would have been ca. 80% 
as compared with the present value of ca. 55%.

The fact that the 896-cm-1 Raman band of the 
normal dipolar glycine ion is sensitive to its negative 
electrical charge and moves to 869 cm-1 when this 
charge is lost5 (in the glycine cation) is in harmony with 
the assignment of the corresponding 894-cm-1 in
frared band to the C 02-  bending since this vibration 
can be expected to lose some of its energy with the 
loss of the symmetry, the resonance energy, and the 
internal electrostatic repulsion of the ionized carboxyl 
group. That this shift is not larger can be ascribed 
to the effect of the hydrogen bonding existing in this 
case between the neighboring COOH groups. Its 
shift to about 840 cm-1 for the ND3+CH2C 02-  modi
fication6 can be understood if it is remembered that the 
ionized carboxyl groups of glycine interact, intermolecu- 
larly, very strongly with the neighboring ionized amino 
groups. This means that the glycine C 02~ bending 
effects also a deformation of its NH3 + bonds and as 
such is decreased considerably by the increase in mass 
of the ND3+ groups and by the decrease in the O- • • • 
DN bonding strength.

The band observed for normal glycine at about 700 
cm-1 can be seen from Table I to move in the case of 
the labeled sample to about 685 cm-1. This band is 
now assigned to the C 02-  rocking since the C 02-  
scissoring has already been shown above to be respon
sible for the 894-870-cm-1 band. The 685-cm-1 
absorption seems to be the result of the merging to
gether of the two branches of this band expected for 
the two labeled species of glycine. The relative high 
frequency of this band, as compared, e.g., with the 
value of about 420 cm-1, reported in the case of the 
N 02 rocking vibration of nitrobenzene,20 also appears 
to be brought about by the strong electrostatic inter
actions present in crystalline glycine (as evidenced, 
e.g., by the short 2.76-A N -0  distance between neigh

(22) "N a tio n a l R esearch C ou n cil-N a tion a l B ureau o f  S tandards 
Spectral A b sorp tion  D a ta ,”  N ational B ureau o f  Standards, W a sh 
ington , D . C ., com p ou n d  card  N o . 1653.
(23) See ref 12, p  143.
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boring molecules24). This interaction makes the 
rocking of the C 02~ group also a deformation of 
several intramolecular and intermolecular bonds and 
adds considerably to its frequency. That this is 
really the case here seems to be supported by the fact 
that the Raman band corresponding to the 700 cm-1 
infrared band and measured on a water solution, rather 
than on crystals as for the infrared band, appears5 
already at 665 cm-1. It is noteworthy in this respect 
that for the case of the glycine anion, where no such 
interactions are possible, no band at all was observed 
in this region.

The shift of the 608-cm_1 band to 601 cm-1, as a 
result of 180  labeling, is in harmony with its assignment 
to the C 02_ wagging..1 The 601-cm-1 band is probably 
again the result of the absorption of both of the labeled 
glycine modifications.

The fact that the 502-cm-1 band was observed to be 
practically insensitive to 180  labeling is evidence against 
its attribution to the C 02~ rocking.1 This band may 
be due to a torsionlike deformation of the NH3+ group

to which were also assigned the 516-cm-1 band of 
7-glycine and the 545-cm-1 band1 of NH3+CD2C 02- . 
This vibration must, however, also affect very seriously 
other groups of the glycine dipolar ion because of the 
hydrogen bond coupling existing between its NH3+ 
and its C 02~ groups. This conclusion is supported 
by the fact that its isotopic shift in the case of N D3+- 
CH2C 160 2~ amounts to 9 cm-1 only although this low 
shift may also be the result of a close superposition 
of several vibrations.25
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(1939).
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The Association of Cadmium Ion and Bromide Ion in Molten Potassium 

Nitrate and in Molten Sodium Nitrate1 2

by Helen Braunstein, Jerry Braunstein,2a and Douglas Inman2b

Departm ent o f  C hem istry, University o f  M a in e , Orono, M a in e  {Received November 1 , 1966)

The electromotive force was measured of cells consisting of a Pd-PdO-CdO indicator elec
trode and a reference half-cell in solutions of Cd(N 03)2 and K(Na)Br in the molten sol
vents K N 03, NaN03, and an equimolar mixture of K N 03 and NaN03. The association 
constant of CdBr+, calculated from the activity coefficients (711) of Cd(N 03)2, was K\ 
(moles of solvent per mole): 650 in K N 03 at 358°, 625 in NaN03 at 331°, and 1500 in 
(Na,K)N03 at 258°. The specific Helmholtz free energies of association, calculated from 
the association constant with the quasi-lattice model, were — AA (kcal per mole): 5.88 
in K N 03, 5.62 in NaN03, and 5.83 in (Na,K)N03. The results in (Na,K)N03 were shown 
to be consistent with previous measurements of the activity coefficients of (Na,K)Br 
using an Ag-AgBr indicator electrode. In the absence of dinuclear species formation and 
at low solute concentrations the thermodynamic association constant may be estimated 
(if insufficient data are available for extrapolation to infinite dilution) by the relation 
K i  =  s0/ (  1 — s0R m ) where s0 is the slope, at zero ligand concentration ( R i )  and at the 
concentration R m  of solute cation, of a plot of In l / y t n  vs. R l -

Introduction
Association constants and Helmholtz free energies 

of association of CdBr+ in molten nitrate are here re
ported as part of an investigation of solvent effects 
on association in molten salt solutions.3’4 A syste
matic study of the solvent effect requires the use of a 
number of different experimental methods and a self- 
consistent analysis of the data if significant results 
are to be obtained.5'6 Electromotive force methods 
are among the most accurate and convenient when 
suitable reversible electrodes are available. In molten 
nitrates, the silver electrode has been the only suitable 
electrode of the first kind and has been used extensively 
for the study of the association of silver ions.4’7 Silver- 
silver halide electrodes have been used for the study of 
associations of halide ions with lead or cadmium ions 
in solutions where the solubility of the silver halide is 
sufficiently low.3-8 9- 10 Inman5'11 has demonstrated the 
applicability of an electrode of the third kind—pal
ladium-palladium oxide-cadmium oxide—to the study 
of association equilibria of cadmium ion with halide 
ions in molten sodium nitrate-potassium nitrate eutec
tic.

In this paper, we present a detailed comparison of 
the evaluation of the association constant of CdBr+ 
in molten equimolar sodium nitrate-potassium nitrate

(1) B ased  on  an M .S . thesis subm itted  b y  H . B raunstein , N ation a l 
Science F oun dation  C oop era tive  Fellow , to  the G rad u ate  S ch oo l o f  
the U niversity  o f  M aine. T h is w ork  was su pported  in part under 
U . S. A tom ic  E nergy  C om m ission  C on tra ct  N o . A T (3 U -l)-2 8 7 3  w ith  
the U niversity  o f M aine; R ep ort N o. N Y O -2873-11 . T h e  w ork  w as 
in itiated  during a  stay at the  M olten  Salt L a b ora tory  at N orth am p 
ton  C ollege o f A d va n ced  T ech n ology , L on d on , b v  tw o  o f the authors 
(H . B. and J. B .).

(2) (a) T o  w hom  correspondence sh ou ld  be addressed at R ea ctor  
C hem istry D ivision , O ak R idge N ational L aboratory, O ak R idge , 
T enn . (b) D ep artm en t o f  C hem istry, N orth am pton  C ollege  o f 
A d va n ced  T ech n ology , L ondon .
(3) J. B raunstein and A . S. M inan o, Inorg. Chem., 3 , 218 (1964).
(4) C . T h om a s and J. Braunstein , J . P h ys. Chem., 68 , 957 (1964).
(5) (a) D . Inm an , Electrochim . A cta , 10, 11 (1 965 ); (b ) D . In m an , 
I. R egan, and B. G irling. J. Chem. Soc., 348 (1964).
(6) J. B raunstein, M . B lander, and  R . L indgren , J. A m . Chem. Soc., 
84 , 1529 (1962).

(7) M . B lander, F . F . B lankenship, and R . F . N ew ton , J. P h ys. 
Chem., 63 , 1259 (1959).
(8) J. Braunstein and  R . M . Lindgren, J . A m . Chem. Soc., 84 , 1534 
(1962).

(9) R . W . L a ity , “ E lectrodes in Fused Salt S ystem s,”  in  D . J. G .
Ives and  G . J. Janz, “ R eference E lectrodes ,”  A cad em ic  Press, N ew
Y ork , N . Y ., 1961.
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from earlier measurements of the emf of cell A with a 
silver-silver bromide indicator electrode and reference 
half-cell

Ag,AgBr
(Na,K)NO,

(AgBr)
(reference)

(Na,K)N03
Cd(N 03)2
(Na,K)Br

(AgBr)

AgBr,Ag (A)

asbestos fiber

and from measurements of the emf of cell B with a 
palladium-palladium oxide-cadmium oxide indicator 
electrode and a reference half-cell

Ag,AgBr
(Na,K)NO*

(Ag,Br)
(reference)

(Na,K)N03 
Cd(N 03)2 
(Na,K)Br 

(PdO, CdO)

CdO,PdO,Pd

asbestos fiber (B)

In both cells, A and B, the reference half-cell consisted 
of a silver-silver bromide electrode dipping in the sol
vent under investigation contained in a Pyrex tube 
with an asbestos fiber providing a path for the trans
port of (solvent) ions. The difference between the 
emf of two cells A with differing cadmium concentra
tions but with the same bromide concentration cor
responds to the emf of a “ concentration” cell with two 
silver-silver bromide indicator electrodes in solutions 
containing (Na,K)Br at two different chemical poten
tials and leads to the activity coefficient of (Na,K)Br. 
The difference between the emf of two cells B with 
differing bromide concentrations and the same cad
mium concentration corresponds to the emf of a “ con
centration”  cell with palladium-palladium oxide- 
cadmium oxide electrodes in solutions of cadmium ni
trate at two different chemical potentials, and leads 
to the activity coefficient of Cd(N 03)2. We show that 
the association constant obtained from the activity 
coefficients of Cd(N03)2 by measurements of cell B 
with the Pd-PdO-CdO indicator electrode is con
sistent with the association constant obtained from 
the activity coefficients of (Na,K)Br from previous 
measurements of cell A with the Ag-AgBr indicator elec
trode.

Cells with the palladium indicator electrode were 
used also to obtain the association constant of CdBr+ 
in molten sodium nitrate and in molten potassium 
nitrate, whose higher melting points preclude the use 
of silver-silver bromide indicator electrodes without 
significant corrections for the solubility of silver 
bromide.3'8 The solubility of silver bromide does not 
interfere with the use of silver-silver bromide electrodes

in the reference half-cell since the chemical potential 
of AgN 03 in the reference half-cell remains constant, 
as it is isolated from the indicator half-cell. In the 
indicator half-cell, however, dissolved silver ion would 
compete with cadmium ion in the formation of the as
sociated species, and the analysis of the data for the 
association constants of cadmium with bromide would 
become more complicated.

The Helmholtz free energies of association are cal
culated from the association constants with the equa
tions of a quasi-lattice model of molten salts10 11 12 and are 
compared with values estimated by extrapolation of 
the Helmholtz free energies in mixed solvents. A 
simple method is presented for estimating the thermo
dynamic association constant from emf measurements 
at a single metal concentration in systems in which 
dinuclear species are absent.

Experimental Section
Description of Cell. The cell consisted of a 300-ml 

tall form beaker heated in a nichrome wire-wound 
electric furnace, a palladium wire electrode, a reference 
half-cell, and a thermocouple in a Pyrex well. The 
melt, containing solid PdO and CdO, was stirred vigor
ously with a Pyrex propeller. About 4-in. of the end 
of a 1.5-ft length of 0.016-in. diameter palladium wire 
was wound in the form of a helix about 5 mm in diameter 
and submerged in the melt. The asbestos fiber refer
ence half-cell contained melt of the same composition 
as the solvent in the cell (in order to minimize junction 
potentials) and a silver-silver bromide electrode. It 
was inserted so that the surface of the solution in the 
cell was about 1 cm above the liquid in the reference 
half-cell. The temperature of the solution in the cell 
was measured with a calibrated chromel-alumel 
thermocouple in a 5-mm Pyrex well.

Chemicals. The solvent salts, K N 03 and NaN03, 
were Mallinckrodt analytical reagent grade chemicals 
used without further purification. The equimolar 
mixtures were fused under vacuum at 270°; the pure 
solid nitrates were evacuated at 270° for at least 24 hr 
before use. Several K N 03 melts fused without prior 
evacuation and then sparged with helium for 1 hr before 
oxide addition showed no noticeable difference in the 
experimental results. Anhydrous C d(N 03)2 was pre
pared without fusion from Mallinckrodt analytical 
reagent grade C d(N 03)2-4H20 . The tetrahydrate 
was crushed in an agate mortar and evacuated for at

(10) M . B lander, “ M o lte n  Salt C h em istry ,”  In terscien ce  P ublishers, 
In c ., N ew  Y o rk , N . Y ., 1963.
(11) D . Inm an , N ature , 194, 279 (1962).
(12) (a ) M . B lander, J. Chem. P h ys., 34, 342 (1 9 6 1 ); (b ) M . B lander 
and J. Braunstein , A n n . N . Y . A cad . Sci., 79 , 838 (I9 6 0 ).
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least 24 hr at room temperature (the surface appeared 
white and opaque), 8-10 hr at 40°, 4-5 hr at tempera
tures between 40 and 100°, then 12-14 hr at 100°; 
slight decomposition was observed if the salt was heated 
under vacuum overnight above 150°. The Cd(N 03)2 
was analyzed by ignition to CdO at 500-600°, and all 
samples prepared in the above manner agreed within 
0.25% with the stoichiometric composition. Mallinc- 
krodt analytical reagent grade KBr was crushed in an 
agate mortar and dried at 110° before use.

Fisher Certified reagent grade CdO was dried at 110°. 
PdO, obtained from Engelhard Industries, was pul
verized by grinding for 30 sec in a stainless steel 
capsule on a Wig-L-Bug (Crescent Dental Manu
facturing Co., Chicago, 111.) and was stored at 400° 
in a muffle furnace until added to the melt since it 
appeared to adsorb moisture at room temperature, 
even in a desiccator.

Electrodes. The palladium wire was polished with 
jewelers’ extra fine emery paper, moistened with ana
lytical grade acetone, wiped dry, and brought to a 
bright polish by drawing it along a Pyrex glass rod. 
The surface of the wire showed no scratches or dull 
areas when inspected under a 10-power hand lens.

The silver-silver bromide electrode used in the 
reference half-cell was prepared by immersing a small 
helix of silver wire in a melt of the same composition 
as the solvent to be used, adding approximately 10-3 
mole of AgN 03 per mole of solvent, then sufficient 
KBr to produce a bright yellow precipitate of AgBr 
which was allowed to settle for 2-3 hr. One to two 
milliliters of the clear melt along with some solid AgBr 
and 10-20 mg of AgN 03 were transferred to the refer
ence half-cell tube (which was prepared by sealing an 
asbestos fiber into a Pyrex glass tube (about 9 mm) and 
testing for ionic conduction and low leakage of solution. 
The silver-silver bromide electrode was inserted through 
a centering tube and the reference half-cell was allowed 
to age in a solvent bath for at least 24 hr with frequent 
stirring to hasten equilibration.

Experimental Procedure. Three moles of K N 03 
(or of NaN03, or of an equimolar mixture of K N 03 
with NaN03) in the cell was evacuated in a vacuum 
oven at room temperature for several hours, and at 270° 
for at least 24 hr. The cell was transferred to the 
furnace at atmospheric pressure, and the contents were 
fused (the equimolar mixture fused in the vacuum 
oven). Approximately 250 mg each of PdO and CdO 
were stirred into the molten solvent and allowed to 
equilibrate at least overnight. (In the earliest investi
gations, the first addition of Cd(N 03)2 was also made 
at this time; this was found to be unnecessary with the 
pure solvents, perhaps because of faster equilibration

at the higher temperatures with the pulverized oxide.) 
The temperature was adjusted and maintained manu
ally with a Variac to within ±0.1°.

At the start of the run, the emf of the cell was moni
tored with a Honeywell Electronik recorder until the 
emf was found to be constant for at least 15 min. 
The emf was then measured with a Keithley Model 
660 differential potentiometric voltmeter. The limit 
of error of this instrument is ±20  /iv on the 1-mv scale 
which was used as the null indicator scale in all meas
urements. This is well within the precision of the 
measurement (±100 ^v). The cell emf often oscil
lated as much as ±  100 /¿v, particularly at high bromide 
concentrations. At least one emf in each series of 
measurements was checked with a Rubicon Type B 
potentiometer to ensure adequate sensitivity and con
duction through the asbestos fiber rather than the 
glass of the reference half-cell.

Weighed amounts of Cd(N 03)2 were added to the 
solvent and the emf of the cell was monitored until it 
remained constant within ±0.1 mv for 10 min or longer. 
This took from as long as 1 hr for the first addition 
to 10 min for succeeding additions. The emf has re
mained constant within ±0.5 mv for 3-4 hr and within
2-3 mv overnight. Except at very low final C d(N 03)2 
concentrations, at least five portions of C d(N 03)2 
were added and the emf values were plotted against 
the logarithm of the concentration of Cd(N 03)2 to 
determine whether the Nernst equation was being 
followed.

After checking the Nernst slope, several additions 
of KBr were weighed into the solution, and the emf of 
the cell was recorded after each addition. The com
minution of the PdO with the Wig-L-Bug caused a 
marked improvement in the reproducibility and sta
bility of the measurements, possibly since it permitted

Figure 1. Electromotive force v s . the logarithm of the 
concentration (mole ratio) of cadmium nitrate in cells with 
Pd-PdO-CdO electrodes before bromide additions.
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Table I

(a) Emf change in millivolts on addition of KBr to Cd(N03)2 
in equimolar mixture of NaN03 and KNOs, T  = 258°

-Rcd(N0j)2-
,-------------------2 .075 X 10--4 , -------------------2 .563 X 10 -4 —,
RKBr X — A E, In RkBt X —  A E, In

103 mv l/TCd(NOs)2 I O 3 mv l/7Cd(N0j)j

0.037 1 . 3 0.046 0.119 7 . 6 0.309
0.137 4 . 9 0.172 0.399 17.3 0.705
0.271 9 . 5 0.332 0.959 31.1 1.266
0.480 16.8 0.588 2.324 57.5 2.344
0.845 28.5 0.997
2.073 54.8 1.918

.069 X 10- .283 X 10

0.036 2.1 0.064 0.078 1 . 3 0.045
0.094 4.1 0.124 0.238 4 . 4 0.153
0.166 5.1 0.154 0.466 9 . 8 0.341
0.300 10.6 0.320 0.638 13.0 0.453
0.486 16.3 0.493
1.366 38.2 1.154
2.551 62.2 1.879

.054 X 10- t 00 Or X 0

0.166 4 . 7 0.173 0.068 2 . 0 0.079
0.416 1 0 . 7 0.394 0.184 4 . 4 0.174
0.950 2 2 . 5 0.829 0.352 7 . 7 0.305
1.801 3 7 . 0 1.363 0.648 1 0 . 6 0.420
3.145 5 5 . 7 2.052 1.378 2 2 . 9 0.907

3.103 52.6 2.084

076 X 10 219 X 10

0.091 1.6 0.060 0.382 4 . 5 0.182
0.225 3.7 0.140 0.839 1 1 . 6 0.470
0.577 8.5 0.320 1.405 1 2 . 6 0.509
1.182 16.3 0.615 2.263 19.5 0.787
1.850 23.7 0.893
2.860 36.9 1.391

544 X 10- 980 X 10

0.164 4 . 0 0.143 0.200 8.6 0.297
0.468 1 2 . 1 0.431 0.733 14.4 0.500
0.878 17.3 0.617 1.461 22.1 0.764
1.770 29.4 1.048 2.424 31.6 1.094
2.918 46.5 1.658

(b) Emf change in millivolts on addition of NaBr to Cd(N03)2
in NaN03, T  = 331°

00 X 0 938 X 10

RKBr X -A  E In Rk Bt X -A  E In
103 mv l/7Cd(NOa)2 103 mv l/-yCd(NOs)î

0.038 0.3 0 . 0 1 1 0.184 2 . 9 0.103
0.084 0.8 0.030 0.464 7 . 2 0.257
0.210 3.0 0.113 0.682 1 0 . 6 0.378
0.372 6.1 0.230 1.009 15.2 0.542
0.721 10.8 0.408 1.393 20.7 0.738
1.225 18.7 0.706 2.071 29.7 1.059

3.701 47.9 1.708

■Rcd(NOj)2-
2.954 X 10-•4---------- , ,----------4.!992 X IO-»

RKBr X — A E, In RK.Br X — A E, In
103 mv l/7Cd(N0i)! 103 mv 1/7Cd(N03>2

0.206 2 . 6 0.098 0.176 1.9 0.072
0.438 6 . 1 0.230 0.542 6.5 0.245
0.997 13.5 0.510 1.090 13.5 0.510
1.459 20.2 0.763 1.936 24.2 0.914

8.097 X 10- 711 X 10~<

0.257 2 . 6 0.100 0.172 1 . 0 0.036
0.629 6 . 7 0.257 0.574 4 . 9 0.185
0.963 1 0 . 1 0.388 1.060 1 0 . 1 0.381
1.896 2 1 . 1 0.810 2.290 2 2 . 9 0.865

1.153 X 10- , _ 756 X 10'
0.120 0 . 7 0.025 0.322 2 . 8 0.105
0.576 4 . 8 0.169 0.602 4 . 7 0.176
1.045 1 0 . 1 0.357 1.168 9 . 3 0.348
1.951 19.1 0.674

(c) Emf change in millivolts on addition of KBr to Cd(N03)2
in K N 03, T = 358°

1.346 X 10- 448 X 10"
Rkbt X — A E, In ■RKBr X -A  E, In

103 mv 1/7Cd(N03)2 103 mv l/-yCd(NOs)2
0.225 2 . 9 0.106 0.159 2 . 4 0.088
0.460 6 . 1 0.224 0.338 5 . 6 0.205
0.738 1 1 . 5 0.422 0.571 9 . 6 0.352
1.257 19.5 0.715 0.886 14.6 0.535

-1.985 X 10 .067 X 10-

0.168 3 . 3 0.121 0.213 3.0 0.110
0.462 9 . 2 0.337 0.505 7.2 0.264
1.073 17.1 0.627 0.846 11.1 0.407

1.363 17.6 0.645

-2.872 X 10 .339 X 10

0.087 0.5 0.018 0.179 2.0 0.073
0.244 1.7 0.062 0.464 6.2 0.227
0.491 5.4 0.198 0.781 10.8 0.396

1.240 17.6 0.645
1.829 25.2 0.924
2.781 36.6 1.342

.058 X 10

0.118 1.1 0.036 0.245 1.5 0.055
0.266 3.0 0.099 0.769 6.5 0.238
0.460 5.8 0.191 1.618 13.7 0.502
0.877 11.7 0.385
1.292 17.3 0.569

..768 X 10
0.178 1.5 0.049 0.183 1.6 0.059
0.441 4.4 0.145 0.364 3.6 0.132
0.833 8.9 0.293 0.52C 5.5 0.202
1.543 16.5 0.543 0.886 9.8 0.359

1.286 14.2 0.521
1.993 21.5 0.788
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more rapid and complete equilibration of the melts 
with the oxides, and allowed less time for decomposi
tion of Cd(N 03)2.

Results
The electromotive force of cell B was measured with 

the solvents NaN03, K N 03, and equimolar NaN03-  
K N 03 at various concentrations of Cd(N 03)2 in the 
absence and in the presence of KBr.

In the absence of KBr, the variation of the emf with 
the concentration of Cd(N 03)2 was compared with 
the Nernst equation; typical data are presented in 
Figure 1. The concentrations are expressed as the 
mole ratios

„  Wcd(NOi)s ?lCds +
■ucd(NOa)! =  : =  : :

WNaN03 T " n KNOa « N a +  T  T  WCd2 +

„  UkBt n-Br-
^ Br 1 —  1

WNaNOa +  ^KNOa « N O j -  "T  ^ B r -

which are approximately equal to the ion fractions.6'7 
The n are the stoichiometric numbers of moles of cad
mium nitrate, cadmium ion, etc.

The use of ion fractions as concentration units in 
molten salts makes possible the interpretation of as
sociation constants in terms of a quasi-lattice model 
of molten salts.12 Comparisons of association con
stants in different molten salt solvents can be in
terpreted in terms of the size and charge of the ions of 
the melt. In NaN03 and in K N 03, at the higher tem
peratures, the experimental slopes (in Figure 1) are 
in agreement with the theoretical Nernst slopes within 
the experimental error. At the lower temperature in 
NaN03-K N 0 3 the experimental slopes are constant 
but higher than the theoretical Nernst slopes, possibly 
because of a mixed potential involving oxygen at the 
palladium electrode as discussed by Inman.11 While 
the deviation from the Nernst slope at the lower 
temperature is disturbing, the usé of the experimental 
slope in place of the theoretical Nernst slope leads to 
association constants and other derived results in 
agreement with those determined previously with the 
Ag-AgBr indicator electrode, and it is believed that 
the cause of the mixed potential does not here interfere 
with the equilibria of the species in solution.

The change of emf of cell B on titration with KBr 
at several fixed concentrations of Cd(N 03)2 is presented 
in Table I. At solute concentrations low enough that 
the liquid junction potential is negligible, the emf 
of the cell may be written

RT
E = constant +  —  In ac<i(No3)2 (1)

where occkno*  is the activity of C d(N 03)2. The 
stoichiometric activity coefficient is defined as ycdCNOsh 
=  acd(No3)i/-Rcd(NoJ)!.6~8 Agreement with the Nernst 
equation in the absence of bromide indicates that 
the activity coefficient is constant over the concen
tration range investigated and is unity if the refer
ence state for the activity coefficient is infinite dilu
tion of all solutes. The change of emf, AE, of cell 
B on addition of bromide at a fixed cadmium concen
tration leads to the activity coefficient

In ycd(No3)2 = j^àE (2)

where k is the “ Nernst slope,”  RT/nF, for N aN 03 and 
K N 03. In NaN03-K N 0 3 the experimental slope is 
used instead of the theoretical Nernst slope.11 This 
is justified by agreement of the results with those ob
tained previously by titration of bromide with cadmium 
nitrate using silver-silver bromide indicator electrodes.8 
The association constant for the formation of CdBr+ 
was evaluated graphically by methods described previ
ously.3’6 Plots of In l/ycd(Nos)! and the extrapolation 
of the limiting slopes to infinite dilution of cadmium ion

ò In 1 /7cd(No3)A
0i?Br /  ÄCd(NOs)2Äßr — 0

are presented in Figures 2a,b, 3a, and 4a. The ex
trapolated slopes are the thermodynamic association 
constants

d  In 1 / 7 c c k n o , ; .A  ^

d /? B r  )  Hod(NOs)3

The specific Helmholtz free energy of association was 
calculated from the association constants by use of 
the relation of the quasi-lattice model

Ki =  Z(exp(— AA/RT) — 1) (4)

The association constants and Helmholtz free energies 
are listed in Table II for Z, the lattice coordination 
number, equal to 6. Since the Helmholtz free energies 
of association of Cd2+ or Ag+ with halide ions in nitrate 
melts have been shown to be nearly constant over 
appreciable ranges of temperature, they are useful 
for comparing data on association at different tempera
tures.3-10

The Helmholtz free energy of association for CdBr+ 
is more negative (as seen in Table II) in K N 03 than 
in NaN03 by 0.30 kcal/mole. This is in the direction 
expected in view of the relative size of the two cations 
()’Na+ <  ?’k +) and the relative size of the two anions 
(rB r- <  rNo3-).3’13 The value of A A for CdBr+ in

Ki : lim
ÄCd-̂ 0 
i?Br—►O
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Table II : Association Constants, K lt and Helmholtz 
Free Energies of Association, — A A

Solvent
Temp,

°C

Ki,
moles of 
Boivent/ 

mole

- A A ,  
kcal/mole 

( Z  = 6)

NaNOjj 331 625 5.58
k n o 3 358 650 5.88
k n o 3 240° 5.80a
NaNOr-KNOs 258 1500 5.83
NaN03-K N 03 300 9906 5 . 8 3 b

NaN03-K N 03 240 15206 5 . 6 7 b

From ref 3, by extrapolation. 6 See ref 8.

KNO3 obtained from direct measurements at 358° 
is 0.08 kcal/mole more negative than the value esti
mated by linear extrapolation of the values of A A ob
tained in mixtures of L iN 03 and K N 03 at solvent com
positions between 0.2 and 0.74 mole fraction of KNO3.3 
The difference is almost within the experimental error 
(~0.05 kcal/mole). The small discrepancy may be 
due in part to the difference of temperature of the 
measurements in K N 03 (358°) and LiN03-KN03 
mixtures (240°), since A A may not be entirely tempera
ture independent, or to small uncertainties in the ex
trapolation.

Discussion
The emf of cells with a Pd-PdO-CdO indicator 

electrode has been shown to agree with the Nernst 
equation in the concentration of cadmium ion in molten 
NaNCh at 331° and in molten K N 03 at 358°, and as
sociation constants of cadmium ion with bromide have 
been evaluated. At these temperatures the solubility 
of silver bromide is too high for reliable evaluation of 
the association constants with cells using silver-silver 
bromide indicator electrodes.

In NaN03-KN03 at 258°, although a higher slope 
than the theoretical Nernst slope is obtained for the 
Pd-PdO-CdO indicator electrode, the calculated value 
of the Helmholtz free energy of association, A A, of 
cadmium ion with bromide, using the “ experimental 
Nernst slope”  in the calculations, is found to agree 
with the value of AA obtained previously with the 
Ag-AgBr indicator electrode at 240 and 300°. (The 
solubility of AgBr is low enough, below 300°, to 
permit use of the Ag-AgBr indicator electrode to ob
tain the association constants.)8 A comparison of 
the emf data on activity coefficients from cell B (with 
the Pd-PdO-CdO indicator electrode) with the emf 
data from cell A (Ag-AgBr indicator electrode) using 
the thermodynamic consistency relations would be

desirable. A complete consistency test is not feasible 
because the two cells were not measured at the same 
temperature. It is possible, however, in this case to 
make a partial test by comparing values of the deriva
tive function

_ / d In 1/ tbA  
S° RBT-+0\2>ifcd(NO3)2 /  RBr

which are obtained from measurements of cell A with 
the values of s0 obtained indirectly from measurements 
of cell B. (s0 is a function of the cadmium concen
tration, and the limit of So at vanishing cadmium con
centration is the association constant K\.)

Braunstein and Lindgren8 have reported activity 
coefficients of (Na,K)Br in the presence of Cd(N03)2 
in molten equimolar N aN 03-KN03 at 240 and at 300°. 
At both temperatures, the plots of 1/yBr vs. I2cd(No,), 
were found to be straight lines at low bromide concen
trations over the range of cadmium concentrations 
investigated.3,8 Thus the data corresponded, within 
the experimental error, to the equation

l / 7 B r | l J B r  = 0  = 1 +  Niifcd(N03)2 (5)

at zero bromide concentration, and the absence of 
curvature indicates the absence of dinuclear species.8 
From the thermodynamic equation

ò In I /7 A  =  / ò In I /7 A
àRj /Ri \ òRt )  Rj

we have

ò In 1 /7Cd(NQ8)A
Ò R b t  )  Æod(N03) j -

~ /Ò In 1 /7Br\
_\ÒKcd(NOj)2 JrBt- 

Substitution of (5) in (6)

#Br. Rcd(N03)j

R B r ,  R Cd(NOj)j

SO
f à  In 1 / 7 cd(No3)A
A 0R ^ r /•ffCd(N03)2- î Br = 0

Ni

(6)

1 +  NiÆcd(NOj)2 (7)

The solid line in the upper left portion of Figure 2 is 
calculated from (7) using the extrapolated value of Ki 
at 258°. This curve therefore represents the data 
from cells with Ag-AgBr indicator electrodes, which 
correspond to eq 5. The open circles in Figure 2c 
are the slopes

ò In l/7cd(N03)2\

ÒRb? }  Scd(N03)2-JRBr: 0

(13) D . L . M ann ing, R . C . B ansal, J. B raunstein , an d  M . B lan der, 
J. A m . Chem. Soc., 84 , 2028 (1962).
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Figure 2. A and B: logarithm of the reciprocal of the activity- 
coefficient of cadmium nitrate v s . the concentration (mole ratio) 
of bromide at several fixed cadmium concentrations in the 
solvent equimolar NaN03-K N 03; C: solid line and open circles 
—O—, the slopes s0 = lim (d In l/ycd(NO,)2/d.ffiBr) v s . the

.SBr—*-0
concentration (mole ratio) of cadmium nitrate; dash-dot line 
and inverted triangles — .—V— .—, the estimated association 
constant for CdBr+, s0/ l  — SoflcdHronn- The filled circles are 
slopes, s0, estimated from data in ref 5a.

obtained from the cells with Pd-PdO-CdO indicator 
electrodes using the experimental or “ calibrated Nernst” 
slope.

The observed agreement of the concentration depen
dence of the derivatives s0 obtained experimentally 
from cells with the Pd-PdO-CdO indicator electrode 
and indirectly, with (5) and (6), from cells with the 
Ag-AgBr indicator electrode is an even more stringent 
test of the consistency of the two sets of data than is 
just the agreement of the association constant, which 
is the limiting value of s0. Since the first derivatives with 
respect to the bromide concentration of In l/7cd(No3)2 at 
zero bromide concentration are consistent over the en
tire range of cadmium concentrations investigated, it is 
suggested that the activity coefficients will be con
sistent at least in dilute solutions. This agreement 
appears to justify the use of the “ experimental Nernst 
slope”  in the evaluation of the association constants 
and suggests that the Pd-PdO-CdO electrode may lead 
to correct activity coefficients at higher bromide con
centrations as well. That is, the agreement shows 
not only that the Pd-PdO-CdO electrode gives correct 
results at zero bromide, but at low bromide concentra
tions as well, since the derivatives (d In l/ycd/dit^r) 
have the correct dependence on cadmium concentration.

Although independent proof of the absence of the 
dinuclear species Cd2Br3+ in K N 03 and in NaN03 is not 
available, it is reasonable to assume that, as in the 
mixed solvent (Na,K)N03, they are not important 
and that, therefore, equations of the form of (5) and

Figure 3. A: logarithm of the reciprocal activity coefficient 
of cadmium nitrate v s . the concentration of bromide in the 
solvent NaN03; B: solid line and open circles, —O—, the 
slopes s0 = lim (d In l / 7 Cd(No3)2/dfiBr) v s . the mole ratio of

.f tB r — > 0

cadmium nitrate; dash-dot line and inverted triangles;
— .—V— .—, the estimated association constant for CdBr+, 
So/1 — s0.Rcd(Noa)2 in the solvent NaN03.

Figure 4. A: logarithm of the reciprocal activity coefficient 
of cadmium nitrate vs. the concentration of bromide in the 
solvent K N 03; B: solid line and open circles, —O—, the slopes 
s0 = lim (d In l / 7 cd(No3)2/dRBr) vs. the mole ratio of cadmium

JlBr—>-0
nitrate; dash-dot line and inverted triangles, -—.—V— .—, the 
estimated association constant for CdBr+, s0/ l  — so-fficdfNOjh 
in the solvent K N 03.

(7) are applicable in these solvents as well. The solid 
lines in Figures 3b and 4b are calculated from eq 7. 
The agreement with the experimental limiting slopes, 
particularly in the solvent sodium nitrate, confirms 
the absence of dinuclear species.14 Evaluation of the

(14) If the association constant for dinuclear species is not zero, 
eq 7 would take the form

Kd In 1/7Cd(NOa)2\ |
C)Rbt /Ecd(N0l)2JliBr =0

_____Ki +  2KiiC12Rcd(NOa)2 +  ■ ■ ■_____
1 +  iflBcd(NOj)2 +  Xii(i2fl2CdtN03)2 +  . . .
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limiting second derivative

/ Ò 2 I n  l /7 C d (N O s )2\
( 2 %  -  A i2) =  lim ( . „  - ¿ i r  ------ ) =

iJCd— 0\  O rtB rO ItC diN O iiî /iÎBr—►O

from the solid curves in Figures 3b and 4b also shows 
that Kn is zero within the experimental error. The 
solid circles in Figure 2c are the slopes of In F0(=  In 
l/'Vcd(No3)!) calculated from Inman’s previously re
ported results6 in NaNOs-KNCb eutectic at 254°. 
The agreement with the results of the current study 
is well within the experimental error.

Higher association constants for species such as 
CdBr2, CdBr3~, etc., require the analysis of data at 
higher bromide concentrations and will be dealt with 
in subsequent work. The value of K\ obtained here 
need not be modified in the calculation of higher as
sociation constants because the extrapolation procedure 
used here gives association constants which are invariant 
to the calculation of the successive higher association 
constants.15

A further potentially useful result for the estimation 
of association constants in systems where data over a

range of metal ion concentrations may be difficult to 
obtain follows from the rearrangement of eq 7 which 
leads to the result

1 — Soiled (NO,>2

Equation 8 is valid at low concentrations if the di- 
nuclear association constant is nearly zero. Values 
of Ki estimated from eq 8 are shown in Figures 2c, 3b, 
and 4b as dash-dot lines. In spite of some scatter, 
the estimates are closer to the extrapolated limits than 
are the slopes at finite cadmium concentrations. The 
averages of the values of Ki estimated from eq 8 are 
1465 in (N a,K)N03, 625 in N aN 03, and 656 in K N 03, 
compared to the values 1500, 625, and 650 obtained 
by extrapolation to zero cadmium concentration.

The usefulness of the electrode o: the third kind 
Pd-PdO-CdO in the evaluation of the association 
constant of cadmium ion with bremide in molten 
nitrates suggest the possibility that similar electrodes 
with oxides other than CdO may be feasible.

(15) The evaluation of only K \  and K n  does not imply the absence 
of higher species. As distinct from a data-f-tting procedure, our 
extrapolation does not require the assumption of a particular small 
set of species but leads successively to the coefficients in the Taylor’s 
series expansion of the activity coefficients.6
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Polarographie and Potentiometrie Evaluation of Association Constants 

in Low-Temperature Aqueous Melts

by Jerry Braunstein,1 Alba Rosa Alvarez-Funes, and Helen Braunstein

Departm ent o f  C hem istry , U niversity o f  M a in e , Orono, M a in e {Received February 21, 1966)

As part of an investigation of the effect of water on association in molten salt solutions, 
the association constant of cadmium with bromide was evaluated both polarographically 
and potentiometrically in fused calcium nitrate tetrahydrate at 50° as 3900 ±  200 (moles 
of bromide/mole of nitrate)-1. Equations for the polarographic evaluation of successive 
association constants considering the change of ligand concentration at the cathode are 
modified for simple graphical analysis. The association constant of cadmium ion with 
chloride ion, here evaluated from polarographic measurements in a solvent consisting of 2 
moles of water per mole of ammonium nitrate at 40°, is shown to agree with a previously 
reported potentiometric evaluation.

Introduction
As part of an investigation of the effect of water on 

association constants in molten salt solutions, associa
tion constants of cadmium ion with chloride ion, eval
uated potentiometrically in a solvent consisting of 2 
moles of water per mole of ammonium nitrate, have 
been reported previously.2 Melts such as NH4N 03-  
2H20  are intermediate between concentrated aqueous 
electrolyte solutions and molten salts, and it was shown 
that a quasi-lattice model of molten salts is useful in 
interpreting association equilibria in these melts. 
Measurements were made in a concentration cell with 
silver-silver chloride or cadmium amalgam electrodes. 
Data at low solute concentrations and extrapolation 
to infinite dilution of metal ions and ligand have been 
demonstrated previously to be necessary to obtain 
consistent thermodynamic association constants in 
molten salt solutions,2’ 3 but since stable reproducible 
values of the electromotive force of cells with amalgam 
electrodes are difficult to obtain at Cd(N 03)2 concen
trations below 10-3 mole ratio (moles of cadmium per 
mole of ammonium nitrate), it is difficult to carry out 
the required extrapolation to infinite dilution of the 
slopes d In 1 /ycdtNOjjs/biiNmci- (tcirnoj), is the activ
ity coefficient of Cd(N 03)2 and 72nh,ci is the mcle ratio 
(moles NH4CI per mole of ammonium nitrate) of 
ligand.)

In this paper we report the results of potentiometric

and polarographic measurements of the association 
constant of cadmium ion with bromide ion at 50° 
in the solvent Ca(N03)2-4H20. Since polarographic 
measurements at low cadmium ion concentrations 
were found to be reproducible, the extrapolation to 
the thermodynamic association constants is facilitated. 
We extend the method of evaluation of successive as
sociation constants from polarographic measurements 
without a large excess of ligand to include polynuclear 
species and to obtain equations which lend themselves 
to simple graphical analysis. Polarographic measure
ments also are reported in the solvent NH4N 0 3-2H 20  
at 39.9° at concentrations below those studied poten
tiometrically, and the measurements are shown to 
agree with the previously reported potentiometric 
measurements.

Evaluation of Association Constants
In order to evaluate thermodynamic association 

constants, it is necessary to extrapolate the data to a 
defined reference state, here infinite dilution of all 
solutes in the solvent Ca(N 03)2-4H20  or NH4N 0 3-

(1) T o  w hom  correspondence should  be addressed at R ea ctor  C h em 
istry  D iv ision , O ak  R id ge  N ational L aboratory , O ak R idge , T enn .
(2) J. M . C . Hess, J. Braunstein , and H . B raunstein , J . Inorg . N ucl. 
Chem ., 26, 811 (1964).
(3) (a) J. B raunstein , M . B lander, and R . M . L indgren , J . A m . 
Chem. Soc., 84 , 1529 (1 962 ); (b ) J. B raunstein  and A . S. M in a n o , 
Inorg. Chem ., 3 , 218 (1964).
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2H20 .3a For reliable extrapolations, data at low ligand 
concentrations are required; on the other hand, the 
frequently imposed polarographic condition of a large 
excess of ligand over metal ion to minimize relative 
changes of ligand concentration at the surface of the 
mercury drop (so that concentrations at the electrode 
surface may be approximated by bulk concentrations) 
has been shown to lead to appreciable errors in the cal
culated association constants.3 The change of ligand 
concentration at the surface of the dropping mercury 
electrode has been discussed by Tomes for the case where 
a single complex species is the predominant form.4 
Ringbom and Eriksson6 have modified the equations of 
DeFord and Hume6 to take into account the change of 
ligand concentration at the cathode for the case of suc
cessive equilibria. However, the equations of Ringbom 
and Eriksson are expressed in the concentrations of as
sociated and unassociated species at the surface of the 
mercury drop, neglect polynuclear complexes, and lead 
to equilibrium quotients rather than thermodynamic 
association constants since they do not include extrapo
lation to a defined reference state. Solution of their 
equations requires successive approximations and may 
be difficult if many species are present. Here we extend 
their treatment by deriving equations for the thermo
dynamic association constants, also taking into ac
count the change of ligand concentration at the surface 
of the mercury drop. Our equations lend themselves 
to a simple graphical analysis since they are expressed 
in the stoichiometric concentrations of the components 
in the bulk solution rather than the concentrations 
of the unassociated species at the electrode surface.

We may write7 for the potential of a polarographic 
cell in which c0° is the concentration of reducible metal 
ion of charge Z at the surface of the dropping mercury 
electrode and ca° is the concentration of metal in the 
amalgam at the surface of the mercury drop

E =
RT

ln-
ZF c0° (1)

Denoting the concentration of unassociated ligand L 
as cl, of unassociated metal ion M z+ as c0, and of the 
associated species ML, ML2, M 2L, etc., as cu c2, ci2, etc., 
respectively, the current along the polarographic wave 
may be written

i = k0(c0 — co°) +7ci(ci — Ci°) +  k2(c2 — c2°) +
2&l2(ci2 — Cl2°) +  . . .  =  k ((Co +  Cl +  c2 +

2 c12 + . . . ) -  (c0° +  cj> +  c2° +  2 c12°  +  . . .)] (2)

where the superscript zero denotes concentrations at 
the surface of the mercury drop, the k are the products 
of the capillary constant by the diffusion current con

stants of the species, and k is the weighted mean dif
fusion current constant multiplied by the capillary 
constant.6 Substituting the association constants

(4) J. Tomes, Collection Czech. Chem. Commun., 9, 81 (1937); J. J. 
Lingane, Chem. Rev., 29, 1 (1941); C. G. B u tle r and R. C . K aye, 
J. Electroanal. Chem., 8, 463 (1964).

(5) A . R ingbom  and L . E riksson, Acta Chem. Scand., 7, 1105, 1146 
(1953).

(6) D . D . D eFord and D . N . Hum e, J. Am. Chem. Soc., 73, 5321 
(1951).
(7) We consider the po la rographic cell to  consist o f the  dropp ing  
m ercury  electrode a t w h ich  reduction  o f a ca tion  M z  + to  m e ta l M  
takes place, a d iffus ion  layer, the  b u lk  so lu tion , and a reference 
ha lf-ce ll in  the so lven t S D -H 2O where S + and D  "  are the  ca tion  and 
anion o f the supporting  e lectro lyte .

Hg(M)

I II
MDz ; MDz MDz

SD-H20  1 s d - h 2o s d - h 2o
diffusion layer ! bulk solution AD

reference
half-cell

A

The reference electrode A  is considered to  be reversible to  the  
cation A + w hich is present a t a low  concentra tion . R eduction  of 
1 equ iv  o f the  cation M z + corresponds to  the ove r-a ll process

Hg(M) +  A +  +  ~ M D Z(II) +

isSD(II) — >- ^M(Hg) +  (1 -  ¿a)AD(II) +

¿aAD(I) +  isSD(I)
i f  the  transference numbers ((m , ¿a , and tg) are independent o f the  
concentrations th rough the  d iffus ion  region. I f  the  concentra tions of 
M D z  and A D  are ve ry  sm all so th a t the  cu rren t is carried  a lm ost 
en tire ly  by  the  ions o f the supporting  e lectro ly te , the  transference  
num bers in, and ¿a w ill be neglig ib le and the process m ay be approx i
m ated by

A +  Hg(M) +  SD(II) +  i  MDz(I) — M( Hg)  +

AD(II) + S D (I )
The po ten tia l o f such a cell m ay be w r itte n

E ' =  E ° — In  a l/ZM <Hg) flAD(ii)flsD(i)
F  a 1/2:MDZ(I) &A&Hg(M)&SD(II)

i f  the po ten tia l is assumed to  have the  same dependence on the  
a c tiv ities  of the  com ponents w ith  the  po la rog raph ic  cu rre n t flow ing  
as in  a reversible cell. The  a\ are the  a c tiv itie s  o f the  reactan t and 
p roduc t com ponents; i t  is n o t necessary to  resort to  single-ion  
a c tiv ities  in  the  equations. I f  the  transference num bers are n o t 
zero or constant, there w il l  be an ad d itio n a l te rm  in  eq i

« =  y  In o Ad  4  <s d In asp +  |  d  In  a Mp z J  ( ii)

I n  a d ilu te  amalgam, the  a c t iv ity  o f the  m ercury , ong(M), is (nearly) 
equal to  the  a c t iv ity  o f pure m ercury. The a c t iv ity  o f the  m e ta l A  
is constant (u n ity ) ; the  a c t iv ity  of SD  (the supporting  e lec tro ly te ) is 
constant, and the  a c t iv ity  o f A D  in  the  reference ha lf-ce ll is constant. 
The po ten tia l m ay therefo re be w r itte n

E '  = constant — In ——-g)-

or

771 / /  _  R T  a M(Hg)
E  -  ~ Z F l n ^ md7 (iii)

The a c t iv ity  coeffic ient o f the  m eta l in  the  d ilu te  am algam  is a con
s ta n t (u n ity , i f  the  reference state is in fin ite  d ilu tio n  in  the  am algam ).
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coCl

K, =  —  (3)
Ci Cl

V _Klî — CiCo

etc., into (2)

i =  kco{\ +  KiCh +  K\KïCi}  +
2MuCbCL + • • • ) -  Ac0°(l +  A iCl° +

Aitf2cL°2 +  2 K xK n M  +  . . . )  (4)

If the species do not follow Henry’s law, the equations 
will also contain the activity coefficients of the species.3a 
Since the diffusion current id is the current when the 
concentrations of the reducible species at the surface of 
the mercury drop are zero

id — i — fcCo°(l "b K iCl0 +
KjKtfi l02 +  2A1A 12Co°Cl° +  • • •) (5)

The concentration of metal in the amalgam at the sur
face of the mercury drop is ca° =  i/K where fca is the 
product of the capillary constant by the diffusion 
current constant of metal in the amalgam. Substituting 
the expressions for ca° and Co0 into the equation for the 
potential gives

E =  In ^ (1  +  Aid,0 +  
Z F  id —  t  K

ffÆ ci.02 +  2A1A 12Co0cl 0 +  . . . )  (6)

Equation 9, which relates F0 to the concentrations 
of the species at the surface of the dropping mercury 
electrode, is an extension of eq 7 of Ringbom and Eriksson 
which does not neglect the possibility of formation of 
polynuclear species. Solution of ec 9 for the associa
tion constants requires successive approximations. 
However, the evaluation of the constants can be greatly 
simplified and the need for successive approximations 
eliminated by considering the Taylor’s series expansion 
of eq 9 in powers of the stoichiometric concentrations 
of the metal ion and ligand in the bulk solution, which 
we designate T0 and TL. The coefficients in the ex
pansion

(  Ò In F0 \

r ™ o W Ln- pò7V7To—0

are evaluated from eq 9 with the material balance of 
ligand and metal ion at the surface of the electrode and 
in the bulk solution. The coefficient of the constant 
term in the expansion is zero since

lim (In F0) =  0
To—*-0Tl— o

The coefficients of the stoichiometric concentrations 
in the Taylor’s series are obtained by first expanding 
the right-hand side of eq 9 in the series In (1 +  x) = x 
-  V2X2 +  . . . .

In F q — Aid.0./, +  ( K 1K 2 —  1/ ì K F ) c h oti / ,  +

2KiKnCh0\/fio°i/t +  . . .  (10)

When the current is half the diffusion current 

BT k
Ei/t =  — —  In — (1 +  A iCl0i/o +

M jCl0./,2 +  2A1A 12Co0Vscl V  +  . . . )  (7)

where the subscript y 2 indicates the potential and the 
concentrations at i = id/2. Subtracting E°i/„ the
value of Ei/, in the absence of ligand, from (7)

BT k
AEi/2 =  Ei/, — E°,/, =  — —  In —(1 +

A iCL°v, +  KiKiC-LWi/, +  2K1KliCo°i/iCL\ ! +  . . . )  (8)

The first derivatives with respect to the stoichiometric 
concentrations are

( R eference 7 continued)
I f  the  d evia tion  from  H en ry ’s law  (i . e from  the N ernst equation , 
w hich  is observed  to  h o ld  in these solu tions for cadm ium  ion  in the 
absence o f  halide, or halide in the absence o f cadm ium  io n )2 w hich  
are observed  w hen ligand is added  are due to  th e  form ation  o f  associ
ated  species, and if the  associated  species as well as the unassociated  
m etal ions and ligand fo llow  H en ry ’s law , we m y  w rite omdz =  cmcdz . 
cm is the  con cen tra tion  o f  “ un associated”  m etal ion  and will be  equal 
t o  the  sto ich iom etric  concen tration  o f m etal ion  in th e  absence o f 
ligand. H en ce

E "  = R T  i CM(Hg)
Z F  m  CMCDZ (iv)

or, using the function F0 of DeFord and Hume6

m  F .  -  ( - f ÿ A F v ,  -  to 0  -

In (1 +  KiCiPi/, +  K\KìC\F2i/i +

2AiA12Cl0./A°.a +  . . .  ) (9)

(I f  the  species d o  n o t  fo llow  H e n ry ’s law, the species a ct iv ity  c o e f
ficients should  be  inclu ded .) N otin g  th at cd, the con cen tra tion  o f 
the  an ion o f  the supporting  e lectrolyte, is v irtua lly  constan t, and  re
w riting the  concentration s o f  m etal in the am algam  at th e  surface 
o f the  m ercury  d rop  and the concentration  c f  M z +  in the  so lu tion  
at the surface o f  the  m ercury  drop  as cm(h8) =  ca° and Cmz+  =  c0°, 
w e have
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Substitution of (10) in (11) and (12) and taking the 
limit as To and TL vanish gives

/Ò In F0\
S A  “ m T A
T L— 0

Ki lim
To— 0 
Tl- 0

Tl
(13)

and

lim
To— o
t l — o

n
= Kx hm

To— o
Tl—O

(14)

and

lim
To— 0 

Tl- 0

= At (16)

The coefficients of the higher terms in the expansion 
may be found in a similar manner (retaining the ap
propriate higher powers of the concentrations until 
passing to the limit). The resulting expansion, up 
to quadratic terms, is

In Fo =  K,Th +  (AtA2 -  ‘/ A W  +
(2AXA 12 -  Kx*)ToTh +  . . .  (17)

Since eq 17 has the same form as the expansion of the 
stoichiometric activity coefficient In I/70 derived in 
an earlier paper, the same simple graphical analysis 
may be employed to calculate the association con
stants.38' Only the stoichiometric concentrations are 
used in the calculations so that successive approxima
tions are not required. Extrapolation to zero concen
tration leads to the thermodynamic association con
stants.

The concentration of unassociated ligand at the sur
face of the electrode may be related to the concentra
tions of unassociated species in the bulk solution and 
to the stoichiometric concentrations. If the current 
is carried through the solution only by the supporting 
electrolyte, a charge balance on all the solute species 
leads to the relation analogous to that of Tomes4 for one 
species

0 =  i® — ie - ZJo +  {Z — l)J i +  . . .  +
(2Z — l)</l2 -f~ . . .  —Jh — Zk0(c0 — CoV j) +

(Z — l)/ci(ci — Ci°,A )  +  . . .  —/cl ( c l  — Cl0!/,) —  . . . .

(15)

Jo, J1, etc., are fluxes of species of charge Z, Z — 1, 
etc., and i® and ie are the current densities of the posi
tive and negative solute species. Substituting eq 3 
in (15), differentiating, and passing to the limit, we 
have

lim
To— 0 
Tl- 0

lim
To— 0 
Tl— 0

= 0 

= 1

Hence

lim
To— 0 
Tl— 0

Tl

= 0

Experimental Section
Polarographic measurements were made with a con- 

trolled-potential and derivative voltammeter made by 
Indiana Instrument and Chemical Corp. (ORNL 
Model Q-1988)8 and a Sargent SR recorder with a 12.5- 
mv range plug. Initial and span potentials as well as 
some potentials along the polarographic wave were 
measured with a Keithley Model 660 differential 
voltmeter or a Leeds and Northrup Type K potentiom
eter. The polarographic cell consisted of a 100-ml 
Berzelius beaker clamped in a water bath controlled 
at 39.9 or 50.0°. The cell contained about 0.5 mole of 
ammonium nitrate in 1 mole of water or 0.5 mole of 
calcium nitrate tetrahydrate (which melts at 42.7°), 
the dropping mercury electrode, a platinum foil counter 
electrode (about 1 cm2), and a silver-silver chloride 
or silver-silver bromide reference half-cell. In order 
to minimize uncertainties due to liquid junction poten
tials, the reference half-cell was prepared with the same 
solvent as was used in the cell: either NH4NO3-2H2O 
or Ca(N03)2-4H20. The reference half-cell was pre
pared by a method similar to the method of prepara
tion of reference half-cells used in molten salt investi
gations.315 An asbestos fiber was sealed through the 
end of a length of 6-9-mm Pyrex tubing. The tubes 
were tested for leakage overnight in distilled water and 
then filled with solvent saturated with silver chloride

(8) M . T . K elley , H . C . Jones, and D . J. Fisher, A nal. Chem., 31 , 
1262 (1960).

Volum e 70, Num ber 9 September 1966



2738 J. Braunstein, A. Alvarez-Funes, and H. Braunstein

or silver bromide. A silver wire previously coated 
with silver halide was then inserted. The silver wire 
was coated with halide by first flaming the end to re
move oxide and then quenching it in a dilute solution 
of KC1 or KBr; a dilute solution of silver nitrate was 
then added. Groups of three to five reference half
cells prepared in this manner remained stable within 
several tenths of a millivolt over periods of several 
months when compared with each other and with 
similar electrodes in aqueous potassium chloride (bro
mide) solutions.

Cadmium nitrate was added to the cell either as 
the solid tetrahydrate or, with a micrometer syringe, 
as an aqueous solution. Ammonium chloride was 
added as weighed pellets of the dried salt. Potassium 
bromide was added as an aqueous solution by means 
of a micrometer syringe. The quantity of water added 
with the solute was insufficient to change the concen
tration or the half-wave potentials significantly. The 
solution in the cell was deoxygenated with nitrogen 
which was first bubbled through a large bulb of solu
tion of the same composition as the solvent in the cell 
in order to prevent loss of water from the cell by evapo
ration. The half-wave potential was determined from 
plots of E vs. log if (id — i) or by the method of Meites.9

The potentiometric measurements were made in 
the same cell used for the polarographic measurements 
and using the same silver-silver bromide reference half
cells. The cadmium amalgam electrode consisted of a 
J-tube of 9-mm Pyrex tubing containing enough cad
mium amalgam, prepared as described previously,2 
to just fill the short arm of the J, which was immersed 
in the solution. Electrical contact was made by means 
of a platinum wire in the long arm of the J. Saturated 
nitrogen was passed through the solution which was 
stirred vigorously during the measurements. Solutes 
were added as described above.

Results
From the potentiometric measurements, the loga

rithm of the activity coefficient of Cd(N03)2, In 
7cd(NOj)2 =  2F/RTAE, was calculated from the 
cumulative change of emf, AE, on addition of bromide 
to the potentiometric cell containing a fixed concentra
tion of cadmium nitrate1 in the solvent Ca(N03)2-4H20  
at 50°. In the absence of bromide, the emf of the cell 
followed the Nernst equation in the concentration of 
cadmium nitrate. At each cadmium concentration, 
the limiting slope

/ d In 1 /7cd(NO;)A 1
- '  d/'Mtr /  ftCd(NOi)2 J^Br— 0

was evaluated graphically and these slopes were then

Figure 1. Extrapolation of the polarographic limiting slopes 
[(d In Fo/c>flBr)]«Br=o and the potentiometric limiting slopes 
[(& In l/7Cd(NOJ)!/&fiBr)]i;Br=o to infinite dilution of cadmium 
nitrate to obtain the thermodynamic association constant.

plotted as a function of the concentration of cadmium 
ion as the circles in Figure 1 and extrapolated to the 
association constant.1-2 Concentrations are expressed 
as the mole ratios

Ecd(NOj)2 =
UCd(NQ3)2 
n Ca(N 08)2

and

2nca(N03)2

where the n are numbers of moles of the components 
indicated by the subscripts.

The polarographic function In F0 = ~(2F/RT)AEi/i 
+  In (h/k), defined by eq 9, was calculated from the 
cumulative change, AEi/„ of the polarographic half-wave 
potential with successive bromide additions and from the 
diffusion currents;6 the slopes (d In F0/d/tBr)fiBr=o were 
evaluated graphically3® and are plotted as the triangles 
in Figure 1. Extrapolation to zero cadmium concen
tration gives the thermodynamic association constant3® 
for the formation of CdBr + in Ca(N03)2 • 4H20. In Fig
ure 2 the polarographic slopes (d In Fo/dEci)itcl=o in NH4- 
N 03-2H20  at 40° are plotted together with the poten
tiometric slopes (d In l/7cd(NOi)2/d7?ci)*Ci-o from 
the previously reported potentiometric measurements. 
In order to demonstrate the agreement of the polaro
graphic and potentiometric results at the lowest con
centrations, the slopes at the lowest cadmium concen
trations have been plotted in Figures 1 and 2 on an 
expanded abscissa. The filled circles are potentiometric 
results and the filled triangles are polarographic results. 
It is seen that the slopes (and their extrapolation to 
the association constant, with eq 16) of the polaro
graphic and potentiometric data are consistent.

(9) L . M eites, J. A m . Chem. Soc., 72, 2293 (1950).
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Figure 2. Extrapolation of the polarographie limiting slopes 
[(& In F o. / D / ? c i ) ] k c i= o and the potentiometric limiting slopes 
[(3 In l/7cd(No3)s/3Eci)]jici=o to infinite dilution of cadmium 
nitrate to obtain the thermodynamic association constant.

Figure 3. Potential of the dropping mercury electrode vs. 
log i / (id -  i)-

The association constant for the formation of CdBr+ 
in the solvent Ca(N 03)2'4H20  at 50° is 3900 ±  200 
(moles of bromide/mole of nitrate)-1. Using the 
graphical methods described previously,2 ■3a the dinuclear 
association constant Kn is found to be 50 ±  200, in
dicating the absence of dinuclear species. The as
sociation constant Ki for the formation of CdBr2 is

Figure 4. Plots of log F0 (polarographie, A) and log 
l/7Cd(Noa), (potentiometric, O) vs. the concentration of bromide 
at fixed concentrations of cadmium nitrate.

1500 ±  200. The association constant for CdCl+ 
in NH4NO3-2H2O at 40° is 300 ±  15, in agreement 
with the value reported previously, from emf measure
ments with cadmium amalgam electrodes, as 315 ±  
20.2

In Figure 3 it is seen that reversible waves were ob
tained with excess ligand or with excess metal ion. 
In Figure 4 are plotted some of the curves of In F0 
(polarographie) and In l/ycd (potentiometric). The 
agreement between the polarographie and potentio
metric results confirms that a large excess of ligand, 
which would vitiate the method for the evaluation of 
thermodynamic association constants, is not necessary 
in the polarographie measurements, but that extrapola
tion to infinite dilution of the solutes is required. The 
polarographie and potentiometric data are available 
as an ADI document.10
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Infrared Study of the Nature of the Hydroxyl Groups on the 

Surface of Porous Glass

by M. J. D. Low and N. Ramasubramanian

S c h o o l o f  C h e m is t r y , R u t g e r s , T h e  S ta te  U n iv e r s it y ,  N e w  B r u n s w ic k , N e w  J e r s e y  ( R e c e iv e d  N o v e m b e r 1 , 1 9 6 5 )

The slow dehydration and dehydroxylation of porous Vycor glass was followed by infrared 
spectroscopic techniques. Two sharp bands at 3748 and 3703 cm-1 and also two shoulders 
near 3850 and 3650 cm-1 were observed. Dehydroxylation, deuteration, fluoridation, and 
adsorption experiments showed all absorptions to be due to surface hydroxyl species. 
The 3748-cm-1 absorption is due to free surface silanol groups. The 3650-cm-1 shoulder 
is due to OH vibrations perturbed by hydrogen bonding. The 3703-cm-1 band has a 
half-width of 5 to 14 cm-1 and can only be observed at relatively low surface coverage. 
Impregnation of silica and porous glass with boric acid produced a band at 3703 cm-1 
with the silica and enhanced that found with the glass, leading to the assignment of the 
3703-cm-1 band to a B-OH surface structure. The nature of the species responsible for 
the 3850-cm-1 shoulder is uncertain.

Introduction
Porous Vycor glass has been studied extensively 

in recent years, emphasis being placed on obtaining in
formation on the structure and properties of the glass 
surface, the nature of the surface hydroxyl groups, and 
on reaction of gases with the surface. The results of 
various studies involving infrared spectroscopic tech
niques are in general agreement, and the observation 
in the O-H region of a single asymmetric infrared 
band ascribed to isolated surface OH groups was re
ported in addition to a broad band due to hydrogen- 
bonded OH groups and adsorbed H20 .1-14 It was 
noticed, however, during a study of the interaction of 
activated hydrogen with glasses, that the surface of 
porous Vycor was unstable, contrary to the impression 
given by the literature. Small weight losses and 
changes in infrared spectra occurred over long periods 
of time on heating porous glass specimens in vacuo, 
and the asymmetric band ascribed to isolated surface 
OH groups was resolved. This led us to reexamine 
porous glass surfaces.

The existence of a second sharp band in the hydroxyl 
region has been mentioned previously. Sidorov,2 
working with a UR-10 spectrophotometer at a spec
tral slit width of 4 cm-1, presented a spectrum of porous 
glass heated in vacuo at 650° for an unspecified time that

shows a small, sharp band marked to be at 3700 cm-1. 
That band is not mentioned elsewhere in the paper, 
however. Also, Kozirovski and Folman,14 working 
with a Perkin-Elmer Model 21 spectrometer with 
CaF2 optics, mention the formation of a 30-cm-1 
spaced doublet when porous glass was evacuated for 
1 hr at 900°. They state that the nature of the second, 1 2 3 4 5 6 7 8 9 10 11 12 13 14

(1 ) T . H . E lm er, I. D . C hapm an , and  M . E . N ord b erg , J. P hys. 
Chem., 66 , 1517 (1962).
(2 ) A . N . S id orov , Opt. S pectry. U S SR , 9 , 42 4  (1960).
(3) I. D . C hapm an  and M . L . H air, J. C atalysis, 2 , 145 (1963).
(4 ) L . H . L ittle  and M . V . M ath ieu , A ctes Congr. Intern . Catalyse , 
2°, P a ris , 1, 771 (1960).
(5 ) N . W . C an t and  L . H . L ittle , Can. J . Chem., 42 , 802 (1964).
(6 ) M . F o lm an , Trans. Faraday Soc., 57, 2000 (1961).
(7 ) M . V . M ath ieu , N . Sheppard, an d  D . J. C . Y ates , Z . E lektro- 
chem ., 64, 734 (1960).
(8 ) M . F o lm a n  and D . J. C . Y a tes , P roc. R oy. Soc. (L o n d o n ), A246, 
32 (1958).
(9 ) M . F o lm a n  an d  D . J . C . Y ates , J . P h ys. Chem ., 63 , 183 (1959).
(10) I . D . C hapm an  and M . L . H air, Trans. Faraday Soc., 61 , 1507 
(1965).
(11) A . V . K iese lev  and  V . I . L yg in , P roc. Second In tern . Congr. 
Surface A ctiv ity , 2 , 204 (1957).
(12) T . H . E lm er, I. D . C hapm an , and M . E . N ord b erg , J. P h ys. 
Chem., 67 , 2219 (1963).
(13) A. N . Sidorov, R u s s .  J .  P h y s .  C h e m ., 30 , 995 (1956).
(14) Y . K o z iro v sk i and  M . F o lm an , Trans. Faraday S oc., 60 , 1532 
(1964).
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sharp band of the doublet is uncertain, and also that 
the doublet was not always observed, but make the 
suggestion that a hydroxyl bonded to surface boron 
atoms may be responsible. The sharp band is not men
tioned elsewhere in this paper. More recently, it was 
reported by Chapman and Hair10 that the reaction of 
ammonia with fluoridated glass at 200° produced a 
small band at 3700 cm-1. The spectra were obtained 
with a Perkin-Elmer 221G spectrometer at unspecified 
spectral slit width. They noted that the position of 
this band was more suggestive of a hydroxyl stretching 
frequency (perhaps attached to a boron atom rather 
than a silicon atom), but proposed that it was due to 
a single N -H  vibration where the nitrogen atom is 
bonded to two silicon atoms. No further discussion 
of the band is given.

It is interesting to note that in the above three 
studies, and also in subsequent ones by other workers, 
due consideration was not given to the existence of the 
second sharp hydroxyl band. The reason for this 
appears to be that much of the work was carried out 
with porous glass specimens that had been degassed 
at relatively low temperatures and/or for short periods 
of time, and that instruments not capable of resolving 
the band were used, as will be shown below. We have 
consequently studied the slow changes occurring on 
continuous evacuation leading to highly degassed 
surfaces systematically. The results of the present 
study agree with previous work in that the general 
trends of dehydration were confirmed, but differ 
significantly in the detail of all aspects.

Experimental Section
Samples of porous glass,15 16 Corning Code 7930, 

purchased from Coming Glass Co., were cut into 
rectangles 1 X 2  cm. For most infrared studies, a 
specimen of about 1-mm thickness was tied with thin 
platinum wire to a quartz carriage bearing a quartz- 
enclosed magnet. The carriage and specimen were 
then placed within the body of a Vycor cell similar to 
that described by Peri and Hannan.16 The specimen 
could be moved from the region of the cell windows 
to a furnace wound on the cell body by manipulating 
an externally applied magnet. Single and differential 
spectra obtained with such cells were run with the 
specimen at room temperature. In order to obtain 
spectra of the hot specimen, another type of cell was 
used. A piece of Vycor tube was closed off, and the 
sides were flattened to act as windows. The specimen 
was placed in the flattened region of this simple cell, 
which was then connected to a conventional vacuum 
system. The cell was surrounded by a furnace pierced 
by two holes directly opposite the cell windows to

permit passage of the infrared beam. The cell- 
furnace assembly was positioned in the sample space of 
a Perkin-Elmer Model 12C spectrometer, permitting 
spectra to be obtained at temperatures up to 850°.

The glass as received was clear and colorless. As we 
wished to observe the reactions over a wide range 
of temperatures, most of the work was done with the 
specimens as received. Some duplicate sets of ex
periments established that identical infrared results 
were obtained with untreated specimens and with 
specimens that had been heated in oxygen at 650°. 
Spectra were recorded at IX  ordinate magnification 
with a Perkin-Elmer Model 521 spectrophotometer at 
theoretical slit widths of 3.9 and 2.4 cm-1 at 3500 and 
2500 cm-1, respectively, or with a Perkin-Elmer Model 
12C spectrometer equipped with CaF2 optics. Two 
identical specimens and cells were used to obtain dif
ferential spectra.

Hydrogen and deuterium were purified by diffusion 
through hot palladium. Conventional vacuum systems 
capable of 10-6 torr were used. HF was prepared by 
the thermal decomposition of KHF2 in vacuo. D20  
of 99.84% isotopic purity was freed from dissolved 
gases by alternate freezing and thawing in vacuo. 
In order to avoid the overlapping of spectra, the ordi
nates have been displaced for the spectra of several 
figures. When this was done, the %  transmittance 
for a particular spectrum is indicated by a number 
next to the spectrum at the left ordinate.

Experiments and Results
Surface Areas. The degassing temperatures were 

kept below 900° in order to minimize sintering. Nitro
gen BET surface areas,17 computed from data at six 
pressures, were 166, 173, 160, and 154 m2/g  after heat 
treatment in vacuo for 3 hr at 300°, 19 hr at 500°, 
and 9 and 51 hr at 700°, respectively. The increase 
in area is considered to be brought about through the 
loss of water, small pores previously blocked by water 
becoming free and thus available for the penetration 
and adsorption of nitrogen. This agrees with the ob
servation4,11 that degassing at 200° is necessary to re
move physically adsorbed water and that some chemi
sorbed water remains at 500°. The decrease in area 
after the 51-hr, 700° treatment represents a loss of 
about one-tenth of the area at 500°, based on the 
initial weight of the specimen. If estimates of water 
loss per gram of starting weight are made, based on 
gravimetric measurements to be described elsewhere,

(15) M . E . N ordb erg , J. A m . Ceram . Soc., 27 , 299 (1944).
(16) J. B . P eri and R . B . H annan , J. P h ys. Chem., 64, 1526 (1960).
(17) S. B runauer, P . H . E m m ett, an d  E . T eller, J. A m . Chem. Soc., 
60, 309 (1938).
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Figure 1. Dehydroxylation. Successive heat 
treatments, subsequent to 80 hr at 500°. The ordinates 
are displaced for clarity: at 600°, A, 25 hr; 
at 650°, B, 4 hr; C, 8 hr; D, 20 hr; at 700°, E, 2 hr.

a loss of area of similar magnitude results. This sug
gests that sintering was not drastic, so that possible 
effects of this were disregarded.

Dehydroxylation. The loss of water by porous glass 
specimens was followed from room temperature to 
825° for long periods of time. Slow and continuous 
dehydration was found to occur even at 500° and below, 
but for present purposes only the later stages of de
gassing observed at high temperatures need be con
sidered. Some results are shown in Figure 1. Spec
trum A shows the general features previously reported, 
i.e., an asymmetric band generally ascribed to surface 
silanol groups. Noticeable also is a distinct shoulder 
near 3850 cm-1. On more severe degassing, the main 
band becomes sharper, as shown in the sequence A 
to E of Figure 1. Also, a second sharp band appears. 
A slow diminution of all bands and shoulders occurred 
at the higher temperature, as indicated by the succes
sive spectra of Figure 2. Spectrum D of that figure 
shows a weak shoulder near 3850 cm-1, the faint rem
nants of a band in the 3680-3550-cm_1 region, as well 
as the two prominent, sharp bands.

Various values have been quoted for the position of 
the hydroxyl band. The present experiments show 
that, besides the gross shift occurring during degassing

Figure 2. Dehydroxylation. Consecutive heat treatment 
following treatment at 750° for 24 hr: at 800°, A,
4 hr; at 825°, B, 20 hr; C, 68 hr; D, 92 hr.

at low temperatures or short times, there is a small 
shift of the free hydroxyl band until a very high degree 
of degassing is reached. For example, the position of 
the band changes from 3740 cm-1 (spectrum A, Figure 
1) to 3743 cm-1 (spectrum E, Figure 1) at medium 
stages of degassing to a final value of 3748 cm-1 
(spectra C and D, Figure 2) at high stages of degassing. 
The position of the free hydroxyl band is dependent 
on degassing conditions, i.e., on the surface OH con
centration. The value 3748 cm-1 will be used below 
to designate the free hydroxyl band.

During the heat treatments, a specimen was located 
within the furnace section of the cell and, at the end 
of a treatment, was moved to the window section of the 
cell. The spectrum was then measured with the 
specimen at room temperature. Heat treatments 
were also carried out without moving the specimens, 
spectra of the hot specimen being measured. Some 
of these spectra are shown in Figure 3. The resolu
tion of those spectra and the degree of dehydration of 
that specimen were less than those shown in Figure 2. 
The sequence of spectra of Figure 3 serves to illustrate 
the slow process of dehydration. Of more importance 
is the fact that the spectra of hot and cold specimens 
showed similar structure, this indicating that the weak 
shoulders near 3850 and 3650 cm-1 were not artifacts 
caused by the readsorption of desorbed water as a 
specimen cooled to room temperature after a heat 
treatment. The shift in the broad band when the 
sample was cooled from 750 to 26° is similar to tempera
ture-induced shifts of OH bands on alumina surfaces,18 
and is attributed to the effects of temperature on hy
drogen bonding.8,9’18

The present spectra distinctly show the presence of a 
sharp band near 3703 cm-1, in direct contrast to 
previous work1-13 except for the instances noted

(18) J. B . Peri, J. Phys. Chem., 69, 211 (1965).
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Figure 3. Spectra of hot specimen. Consecutive heat 
treatment for the times in hours indicated, at 750°.
(The second V6-hr spectrum followed an 800° treatment.)
The spectrum marked 22 (26°) was measured with the 
sample at room temperature. Other spectra were 
obtained at the temperature of heat treatment.
The ordinates are displaced for clarity.

earlier.2> 10'14 This discrepancy is brought about mainly 
by the difference in resolution of the spectrometers 
used and, to some extent, by the degassing conditions 
employed. Much of the previous work was done with 
Perkin-Elmer Model 21 instruments fitted with NaCl 
optics and occasionally with CaF2 optics, whereas a 
Perkin-Elmer Model 521 grating instrument capable 
of higher resolution was used in this study, and in
struments of suitable resolving power were used in the 
instances noted earlier.2,10,14 As the 3703-cm“ 1 band 
has a half band width ranging from about 5 to 14 cm-1 
depending on the degree of degassing, instrument 
quality is important. However, the sharp 3703-cm“ 1 
band would not be detected unless degassing had 
proceeded beyond a stage such as that shown by spec
trum A of Figure 1. The sharp band is completely 
obscured by the broad shoulder on the low-frequency 
side of the 3748-cm“ 1 band, is barely detectable in 
spectrum B, but becomes prominent as in spectra C 
to E on further degassing of the sample. Kozirovski 
and Folman were not able to detect the hydroxyl 
doublet every time. They pointed out that Elmer,

Chapman, and Nordberg had not reported a doublet, 
and suggested that a cause for this could be a differ
ence in the composition of the glass. We have, how
ever, consistently detected the sharp band with samples 
taken from four different batches of glass obtained over 
a period of 2 years if degassing was sufficient and if an 
instrument capable of resolving the band was used.

Deuteration. The reaction with gaseous deuterium 
of specimens in various states of dehydration was ex
amined at various temperatures and reaction times. 
The deuteration of a relatively poorly degassed 
specimen was not noticeable below 300°, but proceeded 
very slowly at 300°, the growth of bands in the OD 
region accompanying the decline of corresponding 
bands in the OH region. As the frequencies of the 
deuteroxyl species fall in the region showing a broad 
band near 2700 cm-1 attributed to boron oxide present 
in the solid, the growth of OD bands on top of this 
band is difficult to distinguish. Differential spectra 
were therefore made using identical cells and two 
specimens brought to similar stages of dehydration.

Figure 4 shows a sequence of differential spectra with 
specimens at a “ medium” stage of dehydration. Nega
tive bands appeared in the OH region as shown in plot 
A, because the specimens were not exactly matched 
at the beginning of the deuteration. Other differential 
spectra were obtained with specimens at high degrees of 
dehydration.

The bands and shoulders produced in the OD region 
by deuteration occurred near 2840, 2760, 2730, and 
2700-2600 cm-1. The relations between these and 
corresponding bands near 3850, 3740, 3703, and 3680- 
3550 cm-1 in the OH region were 1.357, 1.357, 1.359, 
and about 1.38, respectively. For the spectra of highly 
degassed specimens the OH, OD positions and isomer 
shifts were, respectively, 3748 cm“ 1, 2760 cm-1,

Figure 4. Differential spectra of deuteration.
A: after the sequence of evacuations resulting in spectrum E 
of Figure 1. The sample was then heated in D2 at 10 cm;
B: 0.5 hr, 26°; C: 0.5 hr, 400°; D: 1.5 hr, 400°; E: 1 hr, 500°.
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1.3585, 3703 cm-1, 2728 cm-1, 1.358g. This closely 
approximates the theoretical value of the isomer shift 
expected for identical OH and OD structures and, with 
the observation that the growth of a band in the OD 
region was accompanied by the decline of a correspond
ing band in the OH region, indicates that the four ab
sorptions were brought about by surface OH groups, 
the deuteration involving the exchange of the hydrogen 
atom of an OH group by a deuterium atom.

The bands of the residual OH groups declined at dif
ferent rates on heating in vacuo, shown, for example, 
by the sequence A, B, C, D of Figure 2. The ex
change reactions similarly occur at different rates. 
For example, the ratio of peak heights of the sharp 
OD bands at 2760 and 2728 cm-1 changed from about 
0.6 after 2.5 hr at 500° to about 1.1 after 10 min at 
600°, and to about 1.7 after 75 min at 600°. These 
differences indicate that a distinct surface OH species 
is responsible for each of the sharp bands.

The deuteration was accompanied by a frequency 
shift of the unexchanged silanol groups, except at very 
high stages of degassing. For the data of Figure 4, 
for example, the free OH band moved from an initial 
value of 3743 cm-1 on the deuterium-free surface 
to a final value of 3748 cm-1 for the residual OH groups. 
A similar small shift was observed for small and high 
OD surface concentrations.

Identical results could be produced by treating 
porous glass with D20, although deuteration of the 
surface occurred at lower temperatures than with D2. 
For example, a sample was exposed to D20  vapor at 
2 cm pressure at 100° for 4 hr and was then degassed 
at 400° for 4 hr. Upon repetition of this cycle for five 
or six times about 90% of the surface OH species could 
be converted to the corresponding OD species.

HF Treatment. A porous glass specimen was de
gassed at 750° for 16 hr, was then exposed to HF at 
1 cm pressure for 1 hr, and then was degassed at 500° 
for 4 hr. This successive HF treatment and degassing 
was repeated twice. The results are shown in Figure 
5, the spectra showing that all bands could be removed 
completely by the HF treatment, thus indicating the 
sharp 3748- and 3703-cm_1 bands to be caused by 
surface species. A slight shift to higher frequency in 
the Si-OH vibration can be seen as the removal of 
hydroxyls proceeds. The two sharp hydroxyl bands 
could be restored by adsorbing water on a fluoridated 
sample at room temperature and degassing at tempera
tures varying from 30 to 300°. Such experiments, 
which will be reported in detail elsewhere, indicate 
that the removal of surface boron through the forma
tion of volatile BF3 could not have occurred to an 
appreciable extent.

Figure 5. HF treatment: A, after 20 hr degassing at 750°;
B, after 1 hr contact with 1 cm of HF at room temperature;
C, after 0.5 hr degassing at 500°; D, after 4 hr 
degassing at 500°; E, after HF treatment as in 
B followed by 3 hr degassing at 500°.

HNOi Leaching. A porous glass specimen was 
leached with nitric acid following the procedure of 
Little, Klauser, and Amberg.19 They had shown the 
boron content of the glass to be unaffected by this treat
ment, but the aluminum and zirconium content as 
R 2 O 3  changed from 0.89 to 0.36%. The spectra of the 
leached and unleached specimens, after identical de
gassing, were similar in the OH region and also in the 
2700-cm“ 1 region where bands attributed to the boric 
oxide in the glass occur. As the leaching did not affect 
the ratio of intensities of the sharp bands, this excludes 
the possibility that the 3703-cm-1 band was caused 
by an OH associated with R20 3.

Boric Acid Impregnation. Cab-O-Sil20 silica was im
pregnated with boric acid to result in a Si02-2%  
B20 3 sample approximating the chemical composition 
of the porous Vycor.

A slurry made from Cab-O-Sil and the required 
amount of an aqueous boric acid solution was air- 
dried at 135° for 2 hr. Self-supporting 1-in. diameter 
wafers of about 0.1 g of the pure and the impregnated 
Cab-O-Sil were prepared by pressing at 30 tons/in.2. 
Spectra were recorded at different stages of degassing,

(19) L . H . L ittle , H . E . K lauser, and C . H . A m b erg , Can. J . Chem ., 
39 , 42 (1961).
(20) C a b o t  C o ., B oston , M ass.
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Figure 6. Boric acid treatments. Degassing of 
Cab-O-Sil: A, room temperature, 1 hr; B, 400°, 1 hr;
C, 500°, 1 hr. Degassing of Cab-O-Sil +  boric acid:
D, room temperature, 0.25 hr; E, 300°, 0.5 hr; F, 400°,
0.25 hr; G, 400°, 1 hr. The ordinates are displaced.

examples being shown in Figure 6. The spectra of 
pure Cab-O-Sil show structure similar to that observed 
with other silica adsorbents,13'21'22 but a sharp band at 
3703 cm-1 is evident in the spectra of the boric oxide- 
impregnated sample in addition to the hydroxyl band 
near 3745 cm-1.

Another specimen was prepared by boiling a porous 
glass sample in 0.1% boric acid solution for 0.5 hr. 
The specimen was then air-dried and degassed. Com
parison of the spectra of untreated and boric acid- 
treated specimens after identical degassing showed 
that the 3703-cm-1 band was enhanced by about 6%.

Discussion
The existence of four infrared absorptions in the O-H 

region has been shown. In concurrence with others, 
the 3748-cm-1 band is attributed to what are generally 
referred to as “ free hydroxyls,”  i.e., silanol groups so 
oriented that they do not react with their surroundings. 
The small frequency shifts from lower wavenumbers 
to 3748 cm-1 during the progress of deuteration or 
fluoridation of surfaces that have not been subjected 
to severe degassing, however, and also the small shifts 
to 3748 cm-1 on continued degassing of medium or 
highly degassed surfaces, indicate that the hydroxyl 
vibrations are not unperturbed except at very low de
grees of surface coverage. A second band or shoulder

in the 3650-cm-1 region, responsible for the asym
metry of the low frequency side of the 3748-cm-1 
band as in spectra A to C of Figure 1, and which 
gradually decreased in intensity to form a shoulder as 
in spectrum A  of Figure 2, is similarly ascribed to the 
perturbation of the O-H stretching vibration through 
hydrogen bonding.

Spectrum A of Figure 1 shows a shoulder near 3850 
cm-1 which declines in intensity but becomes some
what more distinct in the sequence B to E, but which is 
still to be found in spectrum D of Figure 2 of a highly 
degassed specimen. Adams and Douglas23 have as
signed a band at 3846 cm-1 found with fused silicas to 
a combination of the bending vibration of OH within 
the fused silica and of a Si04 stretching vibration. 
The 3850-cm-1 shoulder of porous glass, however, 
changed in intensity on degassing and fluoridation in 
concert with other bands, showed an isomer shift. 
Other experiments not described here showed that the 
3850-cm-1 shoulder decreased in intensity and disap
peared completely when various amounts of acetone 
or methanol were adsorbed. The shoulder was re
stored on degassing the adsorbent at room tempera
ture. Also, for spectra measured at various stages 
of degassing of the same sample as well as of different 
samples, the ratio of the area of the 3850-cm-1 shoulder 
and of the area of the rest of the absorption in the hy
droxyl region remained constant, pointing to some re
lation of the 3850-cm-1 shoulder to surface hydroxyl 
concentration rather than to hydroxyls in the bulk of 
the glass. The exact nature of the species responsible 
for the 3850-cm-1 shoulder is uncertain, however.

The various degassing, fluoridation, and exchange 
experiments described above here indicated that the 
sharp 3703-cm-1 band is caused by an OH species, 
that the particular grouping is on the surface of the 
glass, and that the surface grouping is not the same as 
the silanol responsible for the 3748-cm-1 band. These 
experiments, as well as the results of the nitric acid 
leaching experiments which exclude the consideration 
of OH groups bonded to surface R20 3, do not exclude 
the possibility of existence of a second silanol structure. 
However, the boric acid impregnation of silica, leading 
to the formation of a band at 3703 cm-1, and the en
hancement of the 3703-cm-1 band of porous glass by 
the boric acid treatment, lend strong support to the 
suggestion that the 3703-cm-1 band is brought about 
by surface B-OH groupings. That band is thus as

(21) H . A . B enesi and  A . C . Jones, J. P h ys. Chem., 63 , 179 (1959).
(22) R . S. M cD o n a ld , / .  A m . Chem. Soc., 79 , 850 (1957).
(23) R . V . A d am s and R . W . D ou glas, Trans. Soc. Glass Techn., 43 , 
147 (1959).
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signed to OH groups bonded to surface boron atoms, 
and appears to be identical with bands mentioned 
previously.2’10’14 It seems likely that, with Chapman 
and Hair’s work,10 the reaction of ammonia with the 
dehydroxylated porous glass surface had brought 
about the formation of some B-OH structures. The 
B-OH band is sharp and symmetrical and is observed 
at relatively high stages of degassing, indicating that 
the groups are not perturbed by hydrogen bonding. 
This assignment agrees with the observation that, for 
porous glass and for the synthetic Si02-2 %  B2O3 
sample, the ratios of the intensities of the 3748- and 
3703-cm_1 bands are of similar magnitude. However, 
the boric oxide content of the glass is about 3%, so that an 
intensity ratio of Si-OH and B-OH of the order of 30 
would be expected, for a homogeneous distribution of 
boron based on the assumption of identical absorptions of 
the two OH groups. As the boron of the synthetic 
sample is on the silica surface, this would imply that 
the surface boron concentrations of the glass and 
impregnated silica were similar, i.e., that an appreciable 
fraction of the boron contained by the glass was on the 
glass surface. Such an enrichment could have oc
curred through the migration of boron to the surface

of the porous glass when heated above 500°13 as in the 
present study. It is interesting to note that absorp
tion in the 3850-cm_1 region and the boron oxide 
bands near 2700 cm-1 found with porous glass were not 
observed with the Si02-2 %  B20 3 sample. This indi
cates that the environment of the boron on the silica 
surface differed from that of the boron on or in the glass, 
and lends some support to the above assignment.

The present results indicate that the nature of the 
porous glass surface is more complex than had been 
supposed. If the surface hydroxyl groups play an 
active role in determining the characteristics of the 
surface, the existence of the B-OH groups in addition 
to the silanol species is of particular interest because the 
reactivity of the silica surface could be affected by 
their presence. The existence of multiple hydroxyl 
species should thus be taken into account in studies 
of adsorption and catalysis involving porous glass 
surfaces.
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Transport Numbers of Concentrated Sodium Chloride Solutions at 25°

by L. J. M. Smits and E. M. Duyvis

K oninklijke/S hell E xploratie en  P roduktie Laboratorium , R ijsw ijk , The Netherlands 
( Received Novem ber 19, 1965)

Sodium transport numbers in NaCl solutions at 25°, from 0.024 m up to saturation (6.144 
to), were obtained by measuring the emf of galvanic cells with transference. The values 
were higher than those obtained by Caramazza (up to 5 to using the emf method) and 
those of Currie and Gordon (up to 2.5 m using the adjusted indicator technique), the 
latter observations being corrected for volume changes. For this correction an equation 
was derived that differs from an approximate equation obtained by Bearman, Haase, and 
Spiro. Our results are in excellent agreement with Stokes’ theory over the entire con
centration range. The applicability of this theory in concentrated solutions is discussed. 
Incorporation in Stokes’ equation of a recent theory of electrophoretic retardation of 
Fuoss and Onsager leads to physically impossible results at higher concentrations.

Introduction
To our knowledge, few data have been published on 

transport numbers for sodium chloride solutions at 
concentrations above 0.2 to (moles/kg of H20). Cur
rie and Gordon,1 using the adjusted indicator tech
nique, which is a modification of the moving boundary 
method, obtained values of the sodium transport num
ber up to a concentration of about 2.5 m. By measur
ing the emf of galvanic cells with liquid junction, Cara- 
mazza2 obtained values of the sodium transport number 
for concentrations up to 5.0 to. No sets of data ex
tending to saturated solutions are available. We there
fore performed measurements of the sodium transport 
number in NaCl solutions at 25° over a concentration 
range from 0.024 to to saturation (6.144 to). Like 
Caramazza, we used the emf method, which is most 
convenient for very concentrated solutions.

Experimental Section
The cell used was of the flowing junction type, simi

lar to that described by Maclnnes and Yeh.3
It was difficult to obtain silver-silver chloride elec

trodes that were stable enough for measurements in 
very concentrated NaCl solutions. It was found that 
spongy electrodes with a large surface area performed 
satisfactorily. They were prepared in the following 
manner.

Platinum wires 0.5 mm in diameter were coated at 
one end with a pear-shaped sponge of silver by elec

trolysis in a 0.4 m AgN03 solution, applying a current 
of 125-150 ma for 1 min. Every 5-10 sec the current 
was interrupted by lifting the electrode out of the 
solution. The silver sponge thus formed was then 
heated in a blue flame until it just glowed, to give more 
rigidity to the system. This procedure was repeated 
three times. The electrode was then heated in an oven 
at 350° to burn off all possible contamination intro
duced by the flame. About 15% of the silver was then 
converted to silver chloride electrolytically in an NaCl 
solution by applying a current of 2.5 ma. The elec
trodes were aged by short-circuiting several of them 
when immersed in the solution until they had an asym
metry potential of less than 0.01 mv. This was nor
mally attained within 1 hr. The electrodes thus pre
pared gave stable and reproducible emf readings within 
a few hundredths of a millivolt over a period of at least 
2 days.

For saturated NaCl solutions, however, the electrodes 
still deteriorated rapidly, unless the solution was also 
saturated with AgCl. A sufficient amount of silver 
chloride could be dissolved by gently heating under re
flux a solution, saturated with NaCl at 25°, with an ex

(1 ) D . J. C urrie and  A . R . G ord on , J. P h y s , Chem., 64 , 1751 (1960).
(2 ) R . C aram azza, Gazz. Chim. Ita l., 90 , 1839 (1960).
(3 ) D . A . M a c ln n e s  an d  Y .  L . Y eh , J. A m . Chem. S oc., 43 , 2563 
(1921). F or solu tions o f  th e  sam e single e le ctro ly te , a  flow in g ju n c 
tion  is n ot required . H ow ever, th is apparatus was a lread y  in  use for  
experim ents w ith  m ore than  one e lectro ly te .
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cess of AgCl only. NaCl must not be present in excess, 
because then the silver ions in solution precipitate al
most quantitatively during cooling, as NaCl and AgCl 
crystals are isomorphous.4 Saturation of the solution 
with silver by adding silver nitrate could not be applied 
here because the nitrate ion has a measurable effect on 
the emf.5

Regarding the reliability of silver-silver chloride 
electrodes in concentrated solutions, Lengyel, Giber, 
and Tamas6 discussed a possible effect of the presence 
of dissolved AgCl in LiCl solutions, up to 17 m, on the 
emf of galvanic cells with and without transference. 
They measured emf values of two kinds of cells with 
transference, one with silver-silver chloride electrodes 
and the other with lithium amalgam electrodes. Also, 
emf values of cells without transference were measured 
with the usual electrode arrangement of silver-silver 
chloride electrodes in the two electrolyte solutions and 
lithium amalgam separating the solutions. Combin
ing the emf values of the different types of cells in three 
different ways and using isopiestic activities of LiCl, they 
calculated three sets of transport numbers. If all the 
electrodes used behave ideally and accurate values of 
activities at their measuring temperature of 15° are 
available, then the three sets of transport numbers cal
culated from either method should be identical. Leng
yel, et al., found this not to be the case at LiCl concen
trations above 2.6 m. They concluded that this was 
due to the presence of dissolved AgCl in the neighbor
hood of the silver-silver chloride electrodes. Their 
experimental results, however, can equally well be ex
plained by assuming that the lithium amalgam elec
trodes show deviations from ideal behavior. More
over, Lengyel and Giber6 showed that silver-silver 
chloride electrodes behave satisfactorily in HC1 solu
tions even at extremely high concentrations up to 
saturation (14.7 m at 25°), where the solubility of AgCl 
is also very high (more than 0.2 mole %  of the HC17). 
This proves that any possible deviation of silver-silver 
chloride electrodes in LiCl solutions does not neces
sarily mean failure in other solutions.

From the work of Harned and Nims,8 who measured 
the emf values of galvanic cells without transference 
with NaCl solutions up to 4 m, and isopiestic activity 
coefficients given by Robinson and Stokes,9 10 11 it appears 
that sodium amalgam electrodes and silver-silver 
chloride electrodes in NaCl solutions give emf readings 
that are correct within a few tenths of 1%. In view of 
these considerations, we believe that silver-silver chlo
ride electrodes in NaCl solutions do not give appreci
able errors.

In our experiments, we measured the emf of a suc
cession of galvanic cells with liquid junction, keeping

the ratio of the molalities of the NaCl solutions at each 
side of the liquid junction at a constant value of 2, 
over a concentration range from 6.144 to 0.024 m. 
Each measurement was made with two electrodes on 
each side of the cell, the average of the four possible 
determinations of the emf being taken as the measured 
value. Two series of experiments were made; for the 
second one, freshly prepared electrodes and solutions 
were used.

The cell potentials were measured with a compensa
tor, accurate to 0.01 mv (Dr. C. E. Bleeker, N. V., 
Zeist, Holland, Type 2165). The measurements were 
carried out at a controlled temperature of 25 ±  0.2°.

Results
The measured values of the cell potentials were com

bined as

Etim r̂rin) =  E(mi\mz) +
E(mi\ms) + ........ +  A,(m(n_i)|mn)

in which the E values are the emf values of the succes
sive cells and mi =  0.02400. Thus for each concentra
tion (m„) a value of E\ was obtained. The potentials 
Et are the emf values of galvanic cells with liquid junc
tion of the type

Pt, Ag, AgCl | NaCl (mi) jNaCl(ra„) |AgCl, Ag, Pt

The equation relating Et to the mean ionic activity (a±) 
of the electrolyte is10,11

2iRT
dEt = — ¿Nah~rr~ X 2.3026 d log a± (1)r

where ¿Nah is the sodium Hittorf transport number.
The experimental data of Et vs. log a± can be ac

(4 ) C . Schierholz, Sitzber. K l . A kad . W ise . W ien , 101, 2b , 4  (1892).
(5 ) T h is  was show n b y  an increase o f  a b ou t 0.1 m v  o f the  liqu id  
ju n ctio n  p oten tia l betw een  the saturated  so lu tion  and a 3 m  N a C l 
so lu tion  u p on  ad d ition  o f N aN Ch to  the saturated  solu tion , the 
num ber o f m oles o f  N aN Cb added  bein g  equ a l t o  the nu m ber o f 
m oles o f  silver n itrate a lready present in  the saturated solu tion .
(6) S. L engyel, J. G iber, and J. T am ds, M agy. K em . F olyoira t, 6 6 , 
161 (1960); S. L en gyel and  J. G iber, A cta  Chim. A cad. S ci. H u ng ., 
32, 235 (1 962 ); S. L en gyel in  “ E le ctro iy te s ,”  B . P esce, E d ., P erga m on  
Press L td ., L on d on , 1962, p 208.

(7) A . Seidell, “ S olub ilities o f  In organ ic  and M eta l O rganic C o m 
p o u n d s ,”  V ol. I ,  4 th  ed , W . F . L in ke, E d ., D . van  N ostra n d  C o ., 
P rin ceton , N . J., 1958.

(8 ) H . S. H arn ed  and L . F . N im s, J. A m . Chem. Soc., 54, 423 (1 9 3 2 ) .
(9 ) R . A . R ob in son  and R . H . Stokes, “ E lectro ly te  S o lu tion s ,”  2nd  
ed , B utterw orth  and  C o . L td ., L on d on , 1959.
(10) T h e  d eriva tion  o f eq  1 has been g iven , fo r  instance, b y  G u gg e n 
heim  (ref 11, p p  456—458). I t  has t o  be n oted  th at th is  d e r iv a tio n , 
especia lly  the transition  from  his e q  14.06.5 t o  eq  14.06.11, is v a lid  
on ly  if H itto r f transport num bers are used. T hese  tra n sp ort n u m bers 
are defined w ith  ion ic  ve locities  taken w ith  respect t o  th e  so lven t.
(11) E . A . G uggenheim , “ T h erm od y n a m ics ,”  4 th  ed , N o rth -H o lla n d  
P ublish ing  C o ., A m sterdam , 1959.
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curately represented by a quadratic equation, the co
efficients of which are calculated by the method of least 
squares

- E t =  76.05 +  44.01 log a± -  0.6977 log2 o± (2)

The results of the measurements and the values calcu
lated from the empirical eq 2 are given in Table I.

Table I : Potentials ( E t)  of Galvanic Cells with Liquid Junction 
between NaCl Solutions at 25°. Comparison with Eq 2

Conen,
moles/kg ✓--------------------Et, mv----------------- -
of HsO, 

mn Log a±a
First
expt

Second
expt

Calcd, 
eq 2

0.02400 — 1.683 0 0 0.005
0.04800 — 1.403 12.97 12.84 12.93
0.0960 -1 .126 25.74 25.59 25.61
0.1920 -0 .848 38.31 38.00 38.23
0.3840 -0 .573 50.87 50.46 50.60
0.7680 -0 .292 63.37 62.92 63.14
1.536 0.0036 76.35 76.06 76.21
3.072 0.3436 91.15 90.88 91.09
6.144 0.7897 110.59 110.21 110.37

® The values of a ±  were calculated from the mean ionic activity 
coefficients given in ref 9.

From eq 1 and 2 it follows for the concentration 
range from m =  0.024 to 6.144 that

¿Nah = 0.3720 -  0.0118 log a± (3)

In Figure 1, the values of ¿Nah are plotted against m 
for concentrations up to 0.2 m; they show close agree
ment with the results obtained by Longsworth (ref 9, p 
158) and Allgood, et al. (ref 9, p 158). In Figure 2, the 
values of iNah are plotted over the concentration range 
up to 6.144 m together with the values obtained by 
Currie and Gordon1 and Caramazza.2 We cannot 
evaluate the significance of the difference between our 
results and those of Caramazza as the accuracy of his 
measurements is not known to us. A closer examina
tion (see next section) of the adjusted indicator tech
nique, used by Currie and Gordon,1 is required before 
a comparison with their results can be made.

Discussion of the Adjusted Indicator Technique
The adjusted indicator technique used by Gordon, 

et al.,1’12 is a variation of the moving boundary method 
for measuring transport numbers. In the latter 
method, the movement of a boundary between two elec
trolyte solutions having one ion in common (e.g., KC1 
and NaCl) is measured while an electrical field is ap
plied across this boundary. When p coulombs have

Figure 1. Hittorf transport numbers of the sodium ion in 
NaCl solutions at 25° (low concentrations).

Figure 2. Hittorf transport numbers of the sodium ion 
in NaCl solutions at 25° (up to saturation).

passed, the boundary has passed a volume V liters of 
the cell.

The following equations then obtain

CkF = ptK&/F (4)

and

c'nsV  =  pATaV F (5)

where cK denotes the normality of the K+ ions in the 
KC1 solution originally present in V; c'Na is the nor
mality of the Na+ ions present in V at the end of the 12

(12) D . R . M uir, J. R . G raham , and A . R . G ord on , J . A m . Chem. 
Soc., 76 , 2157 (1954).
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experiment which may differ from the initial Na+ ion 
concentration. Thus

¿Na 6 Na
TIT =  —  (6)
¿k  Ck

The transport numbers in eq 4, 5, and 6 are apparent 
transport numbers (ref 13, p 218) and not Hittorf 
transport numbers, the movement of the boundary be
ing taken with respect to the wall of the cell and not 
with respect to the water, which is also moving in the 
cell. Under the experimental conditions the concen
tration of the following solution (in this case NaCl) ad
justs itself in such a way that eq 6, which is known as 
the Kohlrausch regulating function, is obeyed.

This adjusted concentration is measured in the ad
justed indicator technique to determine the ratio of 
the two cation transport numbers. From this ratio 
and the known value of one of the cation transport 
numbers, the other cation transport number can be 
calculated. This technique has been improved by Gor
don, et ah,1,12 to such an extent that accurate experi
mental results can be obtained.

Accurate values of potassium Hittorf transport num
bers in KC1 solutions up to 3 A  were obtained by Mac- 
Innes and Dole13 14 using the Hittorf method. These 
values were employed by Currie and Gordon1 to deter
mine the sodium transport numbers in NaCl solutions. 
However, using eq 6, they actually obtained the ratio 
between the apparent transport numbers instead of the 
ratio between the Hittorf transport numbers. They 
tested their procedure at low concentration (0.1 N KC1) 
against the moving boundary method and found satis
factory agreement. However, at this low concentra
tion the difference between apparent and Hittorf so
dium transport numbers is very small and within their 
measuring accuracy. Application of eq 6 leads to er
roneous results, however, at higher concentrations.

Bearman16 and Haase,16 treating the theory of the 
moving boundary technique, and Spiro,17 dealing with 
the adjusted indicator technique, corrected the Kohl
rausch regulating function (eq 6). They arrived by dif
ferent routes at the same equation for the ratio of 
Hittorf transport numbers, which can be written as

¿Na C Na¡C  w   l 3 Na

¿Kh Ck /C wSw P K

where cw and v„ are the molar concentration and the 
partial molar volume of the water in the KC1 solution, 
respectively, and c 'w and vw are the corresponding quan
tities in the adjusted NaCl solution. Thus P'n* and 
jPk are the electrolyte concentrations in moles per unit 
partial volume of water.

Spiro17 corrected Currie and Gordon’s results1 using 
eq 7 (see Table II).

Table II: Sodium Transport Numbers at 25° 
from the Adjusted Indicator Experiment1

CNaCl,
moles/1.

ffW&Cli
moles/kg

of HaO

Currie and 
Gordon1 

Eq 6

¿Nah

Spiro17 
Eq 7 Eq 8

0.201 0.2024 0.3825 0.3811 0.3815
0.388 0.3919 0.3794 0.3766 0.3767
0.771 0.7845 0.3762 0.3704 0.3706
1.550 1.6018 0 3771 0.3649 0.3654
2.333 2.4525 0.3776 0.3586 0.3596

Of the approximations made by the above-men
tioned authors, the only one that influences the equa
tion for the ratio of Hittorf transport numbers is the 
neglect of the change in partial molar volume of water 
when the water, upon passing the boundary, changes 
from being the solvent of KC1 to that of NaCl. We 
have derived, however, a rigorous expression in which 
this change in partial molar volume of water is also 
taken into account.

In Figure 3, the situations at the beginning of the ex
periment (left) and at the end (right) are shown. Let 
us consider two reference planes I and II moving with a 
velocity such that the water transport through them is 
zero. During passage of p coulombs, these planes move 
from positions I and II to positions I ' and II ', respec
tively. The reference planes are chosen such that the 
boundary between the NaCl and KC1 solutions is 
originally located in I and the final position of the 
boundary coincides with II'.

By definition, the transport numbers of the ions re
lated to these reference planes are Hittorf transport 
numbers as no water passes through these planes.

During the passage of p coulombs, ptNah/F moles of 
sodium ions pass through the first reference plane into 
the volume between the reference planes and ptKh/F 
moles of potassium ions are swept out of this volume 
through the second reference plane. By definition, the 
amount of water between the two reference planes re
mains constant. If this amount is equal to G kg, then

(13) H . S. H arned  and B . B . O w en, “ T h e  P h ysica l C h em istry  o f 
E lectro ly tic  S o lu tion s,”  3rd ed , R e in h old  P ublish in g  C o rp ., N ew  
Y o rk , N . Y ., 1958.
(14) D . A . M a c ln n e s  and M . D o le , J. A m . Chem. Soc., 53 , 1357 
(1931).
(15) R . J. B earm an, J. Chem. P h ys., 36 , 2432 [1962).
(16) R . H aase, Z . P h ysik . Chem. (F ran k fu rt), 39 , 27 (1963).
(17) M . Spiro, J. Chem. P h ys., 4 2 , 4060 (1965).
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Figure 3. Movement of boundary and reference 
planes, the latter moving at water velocity.

the initial molal concentration of potassium ions, mK, is 
given by

m k ptK
FG

and the final molal concentration of sodium ions, m 'Na, 
in the following solution is given by

m'Na =
pty*
FG

Thus

¡Nah _  Ŵ Na
tnh «IK (8)

Thus the ratio of the Hittorf transport numbers is 
given by the ratio of the molal concentrations (moles/kg 
of H20) of NaCl and KC1.

From the molar concentrations of KC1 and NaCl re
ported by Currie and Gordon (ref 1, Table I), we cal
culated the corresponding molal concentrations using 
the densities of the solutions given in the “ International 
Critical Tables”  (Vol. I ll , 79, 87). The sodium Hittorf 
transport numbers were then calculated from eq 8 and 
are shown in Figure 2 and in Table II.

As can be seen in Table II, the approximation in the 
derivation of eq 7 gives rise to an error that increases 
with increasing concentration. Up to a concentration 
of 2.5 m NaCl, this error does not exceed 0.3%.

Figure 2 shows that our observations are higher than 
those of Caramazza and the corrected data of Currie 
and Gordon.

Comparison with Stokes’ Theory
On the basis of the Fuoss-Onsager theory of the con

ductance of electrolyte solutions, Stokes (ref 9, p 156 
and ref 18) developed a theoretical expression for trans
port numbers. Stokes found that for 1:1 electrolytes 
his equation is in excellent agreement with observed 
data. Generally, however, these observations were 
made up to moderate concentrations only, but for some 
concentrated solutions too (HC1, up to 3 N, and LiCl, 
and KC1, up to 1 N), Stokes found excellent agreement. 
It is interesting to know how far his equation applies 
in concentrated NaCl solutions.

Simplified for 1:1 electrolytes, Stokes’ equation is

. _  X+° ~  V2^2A/c7(1  +  KCl) /Q S

+ A0 — Bì\/c'/ (1 +  xa)

where a is the mean ionic diameter and A0 and A+° are 
the limiting equivalent conductivities of the electrolyte 
and of the cation, respectively. B2 is the coefficient of 
the electrophoretic term in the theory of conductance of 
electrolyte solutions; this coefficient is inversely pro
portional to the viscosity and to the square root of the 
dielectric constant. The Debye-Hiickel parameter, 
x, is inversely proportional to the square root of the 
dielectric constant. For the calculation of transport 
numbers from eq 9, it is of little importance for dilute 
solutions whether the viscosity and dielectric constant 
of the pure solvent or those of the solution are used to 
calculate and x. In concentrated solutions, how
ever, this remains a problem. By calculation, we found 
that the variation of the dielectric constant in aqueous 
sodium chloride solutions affected the results only 
slightly, but that variations in viscosity produced 
significant effects.18 19 The value of a used in our calcula
tions was taken to be 5.2 A, as Stokes found that this 
value gave excellent agreement between observed and 
calculated transport numbers for dilute NaCl solutions 
up to 0.2 N.

The transport numbers calculated with the viscosities 
of the appropriate solutions are higher than the experi
mental data. They show a minimum of 0.376 at a con
centration of about 1.5 m, and curve upward to a value 
of 0.383 for the saturated solution (6.144 m). The re
sults of the calculations when using the viscosity of pure

(18) R . H . Stokes, J. A m . Chem. Soc., 76 , 1988 (1954).
(19) V alues o f  d ie lectr ic  constan ts o f  N a C l so lu tion s w ere tak en  
from  J. B . H asted , D . M . R itson , and  C . H . C ollie , J. Chem. P h ys ., 
16, 1 (1948). T h e  v iscosities o f  N a C l so lu tion s w ere tak en  from  
L . L . E zrok h i, J. A p p l. Chem. U S S R , 25 , 917 (1952).
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water agree closely with our experimental data (see 
Figure 2).

For 3 N HC1 and 1 N  LiCl, the viscosity of the solu
tions (“ International Critical Tables,”  Yol. I ll)  is such 
that their use instead of pure water viscosity in Stokes’ 
equation does not appreciably influence the calculated 
transport numbers.20

If we apply Stokes’ equation to concentrated solu
tions, however, some questions arise. The Fuoss- 
Onsager theory of conductance of electrolyte solutions 
underlying Stokes’ equation is known to fail even at 
moderate concentrations. This failure may be due 
mainly to the treatment of the relaxation effect, which 
does not appear in the theoretical expression for the 
transport number. However, it is hard to see how the 
electrophoretic effect can be described up to saturation 
by a theory that regards the medium in which the ions 
move as a continuum with properties independent of 
the electrolyte concentration.

Regarding the influence of the viscosity of the solu
tion on the calculated transport numbers, it does not 
seem justifiable to use this viscosity in the electro
phoretic retardation terms and still use the limiting 
equivalent conductivities at infinite dilution. In the 
theory of electrolyte conductance, the velocity of an ion 
is regarded as composed of two elements: (a) the veloc
ity of the unhindered ion and (b) the velocity of the 
ionic atmosphere surrounding the ion (electrophoretic 
retardation). Both constituent velocities are affected 
by variations in the viscosity of the surroundings. If 
these velocities are both affected to the same extent as a 
result of varying concentration, all terms on the right- 
hand side of eq 9 will vary by the same factor (cf. ref 
18). This may be the reason why a close fit is obtained 
when the viscosity of pure water is used in B2, the limit
ing equivalent conductivities (X+° and A0) being deter
mined at infinite dilution.

At the higher concentrations, the question becomes 
important whether the transport numbers calculated 
with Stokes’ equation are in fact Hittorf transport 
numbers, i.e., whether the velocities of the ions are 
taken with respect to the solvent. In the theory of 
electrolyte conductance, the velocities of the ions and of 
the ionic atmospheres are considered with respect to 
their “ surroundings” and it is not certain that water is 
not moving in this coordinate system. This question is 
irrelevant, of course, when conductivities of electrolyte 
solutions are calculated from the ionic mobilities.

Recently, Fuoss and Onsager21 published a revised 
treatment of the electrophoretic retardation in solutions 
of symmetrical electrolytes. With the aid of their eq 
61, we modified Stokes’ equation for the transport 
number of 1:1 electrolytes accordingly.

where S =  B2\/c {1 — {nab/4) F(b) } in which b =  
e2/atkT, e is the protonic charge, and e is the dielectric 
constant. S is the term describing the electrophoretic 
retardation of the ions.

It turned out, however, that cation transport num
bers calculated with eq 10 for NaCl solutions at 25° 
showed very large deviations from the observed values 
at concentrations higher than 0.11 m (Table III). Be
yond this concentration, the calculated transport num
bers start to increase very sharply.

Table III: Comparison of Calculated and Observed 
Transport Numbers of NaCl Solutions at 25°

m,
moles/kg 
of H20

s,
mho cm2/  

equivmoles/1. Ka Eq 10 Obsd° Eq 9

0.01 0 . 0 1 0.171 5.14 0.3918 0.3918 0.3918
0.1095 0 . 1 1 0 0.566 10 0.387 0.385 0.385
0.434 0.440 1.13 0 0.396 0.378 0.378
1.00 1.02 1.71 -3 1 0.417 0.375 0.374
5.416 6.144 3.98 -354 0.473 0.363 0.366

“ For m — 0.01,, ref 9; above 0.01 m, this work (eq 3).

For these calculations we used the viscosity and di
electric constant of pure water and the same mean ionic 
diameter (a =  5.2 A) as before.22 However, when 
other reasonable values of these constants are used, 
the general behavior of the transport numbers calcu
lated with eq 10 is not changed.

Table III shows that at concentrations above 0.11m 
the electrophoretic retardation as represented by S de
creases with concentration and even goes through zero 
at 0.440 m. Since the latter represents a physical im
possibility, eq 10 does not apply at concentrations above 
0.440 m. This is because Fuoss and Onsager considered 
only cases with xa negligible compared with unity. In 
particular, in their approximation of the Debye- 
Hückel expression for the electrical potential, a factor 
e - / ( l  +  xa) was omitted. This renders their final

(20) KC1 w as om itted  from  th is com parison . T h e  agreem ent b e 
tw een  ob served  an d  ca lcu lated  transport nu m bers in K C 1 solu tions 
can n ot p rov id e  ev id en ce  for  th e  correctn ess o f  the e le ctrop h ore tic  
retardation  term . T h is  is because X°k  is a b ou t equ al t o  1/ 2A°k c i  
and, as can  be seen in  eq  9, ¿k  is then  a b ou t 0.5 , p ra ctica lly  in d e 
p endent o f  concen tra tion  and o f th e  m agnitude o f the  e le ctrop h ore tic  
retardation .
(21) R . M . F uoss and  L . O nsager, J . P h ys . Chem ., 67 , 628 (1963).
(22) F or  these values b =  1 .38; th e  correspon d ing va lue o f  F (b )  
is 2.57. T h is  va lue w as obta in ed  b y  graph ical ex trap o la tion  ov er  a 
v e ry  short range o f T a b le  I  o f ref 21.
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results applicable to very dilute solutions only. In 
Table III it can be seen that at NaCl concentration of 
0.11 m, where xa = 0.566, the comparison between ob
served transport numbers and those calculated with eq 
10 is already less satisfactory.

In the two other cases where Stokes' original eq 9 
has been verified at high concentrations (3 N  HC1 and 
1 N LiCl), S is negative and eq 10 again does not apply.

It thus appears that the older Fuoss-Onsager theory 
underlying eq 9 describes the electrophoretic retarda

tion effect in aqueous solutions much better than the re
cent revised treatment. The refinements in this re
vised treatment of electrolyte conductance will show up 
to full advantage if the restriction xa  <$C 1 can be re
moved.

Acknowledgments. The authors wish to thank C. 
Koole, who took a great part in developing the prepara
tion technique of the electrodes and performed the 
measurements. The authors are also grateful to Shell 
Research N.V. for permission to publish this paper.

Coupling Constant and Chemical Shift of Tetrafluoroborate 

Ion in Mixed Solvents1
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The coupling constant . / b - f  and the chemical shift SF of the BF4_ ion have been measured 
as a function of concentration and solvent composition in water-acetone, water-dioxane, 
and water-DMSO mixtures. The coupling constant and chemical shift at infinite dilution 
depends on the solvent mixture as does the variation with concentration. We interpret 
the results in water, dioxane-water, and acetone-water mixtures in terms of changes in 
the hydrogen bonding of water to the BF4~ anion. No inner-sphere ion-pair complex is 
indicated. In DMSO-water mixtures the behavior of the coupling constant and chemical 
shift changes are unique. A preferential solvation of the BF4~ ion by the protolysis prod
uct of DMSO in water is suggested. The chemical-shift changes except at the highest 
concentrations are proportional to the coupling-constant changes, suggesting that variations 
have a common origin.

Introduction
The nB -19F coupling constant in sodium tetrafluoro

borate was first reported by Reeves and co-workers2 
to be 4.8 cps. Later studies showed that this coupling 
constant is strongly dependent on the concentration 
and the cation.3 * The value of the coupling constant 
J is low compared to the isoelectronic species of the 
series BeF42-4 and CF4,6 and it does not follow the 
correlation suggested by Reeves.6 Kuhlmann and

Grant3 interpreted these changes in J in terms of ion- 
pair formation between Na+ and BF4~ ions and con-

(1 ) T h is  research was su pp orted  b y  th e  N a tion a l R esearch  C ou n cil 
o f  C an ada  and  the P etroleum  R esearch  F u n d  o f  the  A m erican  C hem i
cal S ociety .
(2 ) R . D . C ham bers, H . C . C lark , L . W . R eeves, and  C . J. W illis , 
Can. J . Chem ., 39 , 258 (1961).
(3 ) K . K u h lm a n n  and D . M . G ran t, J . P h ys. Chem ., 68 , 3208
(1964).
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e l u d e d  t h a t  t h e  m e a s u r e d  c o u p l i n g  c o n s t a n t  i s  a n  a v e r 

a g e  f o r  t h e  i o n  p a i r  [ N a + B F 4~ ]  a n d  B F 4-  w i t h  r e s p e c 

t i v e  v a l u e s  1 1  ±  2  a n d  1 . 1 3  ±  0 . 0 7  c p s .  T h e y  r e 

p o r t e d  t h e  v a l u e  o f  e q u i l i b r i u m  c o n s t a n t  f o r  ( i )  t o  b e  

0 . 2 2  ±  0 . 0 7  m o l e - 1 1. I f  i o n - p a i r  f o r m a t i o n  i s  t h e  o n l y  

f a c t o r  r e s p o n s i b l e  f o r  t h i s  c h a n g e ,  t h e  c o u p l i n g  c o n s t a n t

N a +  +  B F 4-  N a + B F 4-  ( i )

o f  N a B F 4 s h o u l d  i n c r e a s e  a p p r e c i a b l y  i n  s o l v e n t s  o f  

l o w  d i e l e c t r i c  c o n s t a n t  w h e r e  i o n - p a i r  f o r m a t i o n  i s  

m o r e  e x t e n s i v e ,  s i n c e  t h e  e x p r e s s i o n  f o r  e q u i l i b r i u m  

c o n s t a n t  d e r i v e d  b y  B j e r r u m 7 i n v o l v e s  d i e l e c t r i c  c o n 

s t a n t  e i n  t h e  d e n o m i n a t o r .  T h e  e x p r e s s i o n  i s  g i v e n  

a s  ( i i ) ,  w h e r e  Q(b) =  fexp(y)y~ i Ay, y =  Z 2e2/ytR T ,

a n d  b =  Z 2e2/aekT, a n d  w h e r e  N  i s  n u m b e r  o f  i o n s ,  y 
i s  d i s t a n c e  b e t w e e n  i o n s ,  a i s  d i s t a n c e  o f  c l o s e s t  a p 

p r o a c h ,  e i s  e l e c t r o n i c  c h a r g e ,  Z  i s  i o n i c  c h a r g e ,  k i s  t h e  

B o l t z m a n n  c o n s t a n t ,  a n d  T  i s  t h e  t e m p e r a t u r e .  T h e  

m e a s u r e m e n t s  r e p o r t e d  h e r e  s h o w  t h a t  t h e  c o u p l i n g  c o n 

s t a n t s  i n  a  ( 5 0 / 5 0  v / v )  m i x t u r e  o f  w a t e r  a n d  l i q u i d s  o f  

l o w e r  d i e l e c t r i c  c o n s t a n t  l i k e  a c e t o n e ,  d i o x a n e ,  a n d  d i 

m e t h y l  s u l f o x i d e  ( D M S O )  g a v e  a  d i f f e r e n t  »  d i l u t i o n  

i n t e r c e p t  a n d  h a v e  a  l a r g e r  s l o p e .  T h e s e  o b s e r v a t i o n s  

s u g g e s t  a  m o d i f i c a t i o n  o f  t h e  i n t e r p r e t a t i o n  o f  K u h l -  

m a n n  a n d  G r a n t . 3 W e  h a v e  m a d e  a  s y s t e m a t i c  i n v e s t i 

g a t i o n  o f  t h e  p r o b l e m  i n  m i x e d  s o l v e n t s .  T h e  p r e s e n t  

p a p e r  d e a l s  w i t h  c h a n g e s  i n  c h e m i c a l  s h i f t  a n d  c o u p l i n g  

c o n s t a n t  a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  o f  s o d i u m  

f l u o r o b o r a t e  a n d  t h e  c o m p o s i t i o n  o f  t h e  s o l v e n t .

Experim ental Section

Materials. R e a g e n t  g r a d e  N a B F 4 w a s  p r o v i d e d  b y  

A l l i e d  C h e m i c a l  a n d  D y e  C o r p .  A c e t o n e ,  d i o x a n e ,  a n d  

D M S O  w e r e  e i t h e r  A R  o r  S p e c t r o g r a d e  q u a l i t y .  S o l u 

t i o n s  o f  N a B F 4 w e r e  p r e p a r e d  b y  d i s s o l v i n g  a  k n o w n  

w e i g h t  i n  e i t h e r  d o u b l e - d i s t i l l e d  w a t e r  o r  a  m i x t u r e  o f  

( 5 0 / 5 0  v / v )  w a t e r  a n d  t h e  a b o v e  s o l v e n t s .

Apparatus and Technique. 19F  s p e c t r a  w e r e  t a k e n  

o n  a  V a r i a n  H - R  6 0  s p e c t r o m e t e r  a t  a n  o b s e r v i n g  f r e 

q u e n c y  o f  5 6 . 4  M c / s e c .  C h e m i c a l  s h i f t s  w e r e  m e a s 

u r e d  b y  s i d e - b a n d  t e c h n i q u e .  T h e  s i d e  b a n d s  w e r e  

g e n e r a t e d  b y  a  H e w l e t t - P a c k a r d  a u d i o o s c i l l a t o r  m o n i 

t o r e d  b y  a  H e w l e t t - P a c k a r d  5 2 2 B  f r e q u e n c y  c o u n t e r .  

S a m p l e s  w e r e  k e p t  i n  a  3 - m m  i . d .  P y r e x  n m r  t u b e ,  a n d  

a  c a p i l l a r y  o f  s a t u r a t e d  N a B F 4 w a s  u s e d  a s  a n  e x t e r n a l  

s t a n d a r d .  N o  s u s c e p t i b i l i t y  c o r r e c t i o n s  w e r e  a p p l i e d  

o w i n g  t o  t h e  f a c t  t h a t  t h e s e  c o r r e c t i o n s  a r e  s m a l l  

c o m p a r e d  t o  t h e  c h a n g e s  i n  c h e m i c a l  s h i f t .  F o r  e a c h  

s a m p l e  a n  a v e r a g e  o f  f i v e  o r  s i x  s p e c t r a  w e r e  r e c o r d e d  

a n d  t h e  m e a n  c h e m i c a l  s h i f t  a n d  c o u p l i n g  c o n s t a n t

t a k e n .  T h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  a t  r o o m  

t e m p e r a t u r e  ( ~ 2 5 ° ) .  I n  s o l u t i o n s  l e s s  t h a n  1 M, t h e  

c o u p l i n g  c o n s t a n t  i s  a l w a y s  1 c p s  o r  l e s s ,  a n d  s o  m e a s 

u r e m e n t s  w e r e  r e p e a t e d  a t  9 4 . 1  M c / s e c  o n  a  V a r i a n  

H A 1 0 0  s p e c t r o m e t e r .  S a m p l e s  w e r e  m a d e  u p  i n  c o n 

c e n t r i c  t u b e s  w i t h  t h e  e l e c t r o l y t e  s o l u t i o n  i n  t h e  i n n e r  

t u b e .  T h e  c y l i n d r i c a l  a n n u l a r  s p a c e  b e t w e e n  t h e  t w o  

t u b e s  w a s  f i l l e d  w i t h  a  s o l u t i o n  o f  p e r f l u o r o b e n z e n e  i n  

c a r b o n  t e t r a c h l o r i d e .  I t  w a s  p o s s i b l e  t o  u s e  t h e  f a v o r 

a b l e  d i l u t i o n  s h i f t  o f  p e r f l u o r o b e n z e n e  i n  c a r b o n  t e t r a 

c h l o r i d e  t o  b r i n g  t h e  f l u o r i n e  s i g n a l  w i t h i n  1 0 0 0  c p s  

o f  t h e  t e t r a f l u o r o b o r a t e  i o n  a n d  t h u s  a c h i e v e  a  s u i t a b l e  

p e a k  f o r  l o c k i n g  t h e  m a g n e t i c  f i e l d  w h i l e  s c a n n i n g  t h e  

t e t r a f l u o r o b o r a t e  i o n  s p e c t r u m  i n  a  f r e q u e n c y  s w e e p  

m o d e .

R esults and D iscussion

T h e  v a r i a t i o n s  o f  c o u p l i n g  c o n s t a n t  a n d  c h e m i c a l  

s h i f t s  a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  o f  N a B F 4 a n d  c o m 

p o s i t i o n  o f  e l e c t r o l y t e  a r e  s h o w n  i n  F i g u r e s  1 a n d  2 .  

F r o m  t h e s e  r e s u l t s  i t  i s  c l e a r  t h a t  t h e  c o u p l i n g  c o n s t a n t  

J i i b - i 9f  a n d  19F  c h e m i c a l  s h i f t  o f  t e t r a f l u o r o b o r a t e  i o n  

a r e  d e p e n d e n t  o n  t h e  c o n c e n t r a t i o n  a n d  c o m p o s i t i o n  

o f  t h e  s o l v e n t .

B o t h  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  a n d

t h e  a b s o l u t e  v a l u e  a r e  q u i t e  u n u s u a l .  T h e  r e d u c e d  

c o u p l i n g  c o n s t a n t s  |jBe—f| [=  |(/BeF/7Be-F)|8], |j'b- f| 
( i n f i n i t e  d i l u t i o n  i n  w a t e r ) ,  a n d  [ j b —f | a r e  8 . 1 6 ,  0 . 1 6 ,  

a n d  3 4 . 9 ,  r e s p e c t i v e l y .

T h e  d e p e n d e n c e  o f  c o u p l i n g  c o n s t a n t  o n  s  c h a r a c t e r  

i s  w e l l  e s t a b l i s h e d . 9 W h i l e  c h a n g e s  i n  c o u p l i n g  c o n 

s t a n t  w i t h  t e m p e r a t u r e  a r e  w e l l  k n o w n  w h e n  a n  u n -  

s y m m e t r i c a l  c o n f o r m a t i o n a l  t i m e  a v e r a g i n g  i s  i n 

v o l v e d , 10 t h e  i n t r i n s i c  d e p e n d e n c e  o f  g e m i n a l  o r  d i r e c t l y  

b o n d e d  s p i n  c o u p l i n g  o n  t e m p e r a t u r e  o r  c o n c e n t r a 

t i o n  i s  r a r e .  W a t t s ,  R e d d y ,  a n d  G o l d s t e i n 11 n o t i c e d  

p r o t o n  c o u p l i n g  c o n s t a n t  c h a n g e s  f r o m  1 . 9 6  t o  3 . 2 4  

c p s  d u e  t o  c o n c e n t r a t i o n  a n d  d i f f e r e n t  s o l v e n t s  i n  

a - c h l o r o a c r y l o n i t r i l e .  S i m u l t a n e o u s l y ,  s i m i l a r  c h a n g e s  

w e r e  o b s e r v e d  b y  S h a p i r o  a n d  c o - w o r k e r s 12 i n  t h e  c a s e  4 5 6 7 8 9 10 11 12

(4) (a ) P . E . F rancis and I . J. L aw renson , J. Inorg. N ucl. Chem., 26 , 
1462 (1 964 ); (b ) L . W . R eeves, J. F eeney, and R . H aqu e, t o  be p u b 
lished.
(5 ) N . M uller and  D . T . Carr, J. P h ys. Chem., 67 , 112 (1963).
(6 ) L . W . R eeves, J. Chem. P h ys ., 40 , 2423 (1964).
(7 ) C . W . D av ies , “ Ion  A ssocia tion ,”  B utterw orth s, L on d on , 1962.
(8 ) W e  express 7  as (y/ I), w here y ’s are nuclear m agn etons an d  I  
is m erely  th e  m axim um  observab le  qu antum  num ber.
(9 ) (a) C . Juan and H . S. G u tow sk y , J. Chem. P h ys ., 3 7 , 2198 
(1 962 ); (b ) E .  R . M alinow ski, J. A m . Chem. Soc., 83 , 4479 (1961).
(10) L . W . R eeves, Advan. P h ys . Org. Chem., 3 , 187 (1965).
(11) V . S. W a tts , G . S. R e d d y , and J. H . G old stein , J. M ol. S pectry ., 
11, 325 (1963).
(12) B . L . Shapiro, S. J . E bersole, and R . M . K o p ch ik , ib id ., 11, 
326 (1963).
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Figure 1. Concentration dependence of UB -18F 
coupling constant of NaBF4 in different solvents.

Concentration of [BF4 ]io n  in moles/kq water or solvent

Figure 2. Concentration dependence of I8F chemical 
shift of NaBF4 in different solvents.

o f  f o r m a l d o x i m e  a n d  i t s  m e t h y l  e t h e r .  S i m i l a r  o t h e r  

c a s e s  h a v e  b e e n  r e p o r t e d  b y  S c h n e i d e r  a n d  c o - w o r k e r s 13 

i n  t h e  c a s e  o f  m o l e c u l e s  i n v o l v i n g  h e a v y  n u c l e i .  T h e s e  

s t u d i e s  h a v e  b e e n  e x t e n d e d  b y  B a t e s ,  C a w l e y ,  a n d  

D a n y l u k 14 15 f o r  t h e  g e m i n a l  H - C - H  c o u p l i n g  i n  d i f f e r e n t  

v i n y l s i l a n e s .  O t h e r  s o l v e n t  s t u d i e s  o f  J  i n c l u d e  t h e  

r e c e n t  w o r k  o f  M c L a u c - h l a n ,  R e e v e s ,  a n d  S c h a e f e r , 16 

w h o  v a r i e d  b o t h  s o l v e n t  a n d  t e m p e r a t u r e ,  a n d  o f  C y r  

a n d  R e e v e s 16 o n  t r i m e t h y l t i n  b r o m i d e  i n  d i f f e r e n t  

o r g a n i c  s o l v e n t s .  A l l  t h e s e  i n v e s t i g a t i o n s  h a v e  b e e n  

i n t e r p r e t e d  i n  t e r m s  o f  a s s o c i a t i o n  o r  m o l e c u l a r  c o m 

p l e x e s .  I n  t h e  c a s e  o f  o r g a n o s i l i c o n  a n d  t i n  c o m p o u n d s ,  

t h e r e  i s  a  v a c a n t  d  o r b i t a l  s o  t h a t  a  c h a n g e  i n  h y b r i d i 

z a t i o n  c a n  b e  r e s p o n s i b l e  f o r  s u c h  v a r i a t i o n s  o f  J .  
H o w e v e r ,  t h e  c a s e  o f  t h e  B F 4 ~  i o n  i s  d i f f e r e n t .  B o r o n  

c a n n o t  c h a n g e  i t s  c o o r d i n a t i o n  n u m b e r .  T h e  c o u p l i n g  

c o n s t a n t  c h a n g e s  i n  N a B F 4 f r o m  1  t o  4  c p s  w i t h  c o n 

c e n t r a t i o n  i n  w a t e r .  T h e  o t h e r  i n t e r e s t i n g  f e a t u r e  o f  

t h e s e  c h a n g e s  n o t e d  b y  K u h l m a n n  a n d  G r a n t 3 i s  e f f e c t  

o f  n a t u r e  o f  c a t i o n .  F o r  e x a m p l e ,  t h e  c o u p l i n g  c o n 

s t a n t  i n c r e a s e s  b y  t h e  a d d i t i o n  o f  N a N 0 3, N a C 1 0 4, 

a n d  L i N 0 3 i n  a  0 . 5  M  s o l u t i o n  o f  N a B F 4. H o w e v e r ,  

t h e  v a l u e  o f  J  i s  a l m o s t  c o n s t a n t  w h e n  H N 0 3 i s  a d d e d ,  

a n d  i t  d e c r e a s e s  i n  N H 4N 0 3 s o l u t i o n s .  A n  i o n - p a i r  

m e c h a n i s m  w a s  s u g g e s t e d  b y  K u h l m a n n  a n d  G r a n t . 3 

T h e  19F  s p e c t r u m  o f  N a B F 4 i s  a  s h a r p  q u a r t e t  i n  s p i t e  

o f  t h e  f a c t  t h a t  a  n B  n u c l e u s  w i t h  s p i n  3/ 2 h a s  a  s m a l l  

q u a d r u p o l e  m o m e n t .  Q u a d r u p o l e  r e l a x a t i o n  h a s  b e e n  

o b s e r v e d  i n  B F 3 b y  G i l l e s p i e  a n d  c o - w o r k e r s . 17 T h e  

p r e s e r v a t i o n  o f  t h e  p o i n t  g r o u p  s y m m e t r y  T d a t  a l l  

c o n c e n t r a t i o n s  o f  N a B F 4 i s  i n d i c a t e d ,  s o  t h a t  e x t e r n a l  

e l e c t r i c  f i e l d  g r a d i e n t s  i n t r o d u c e d  b y  s o l v a t i o n  e f f e c t s  

m u s t  b e  s m a l l  o r  o f  s y m m e t r y  T d . A n  i n n e r - s p h e r e  

i o n  p a i r  w o u l d  c e r t a i n l y  i n t r o d u c e  d i s t o r t i o n s  o f  o t h e r  

s y m m e t r y  a n d  i n c r e a s e  t h e  r a t e  o f  q u a d r u p o l a r  r e l a x a 

t i o n  o f  t h e  n B  n u c l e u s . 18 T h e  q u a d r u p o l e  c o u p l i n g  

c o n s t a n t  o f  K B F 4 m e a s u r e d  i n  t h e  s o l i d  s t a t e  f o r  n B  

i s  q u i t e  s m a l l 19 ( 0 . 2 3  M c / s e c ) .  I n  h e a v y  m e t a l  f l u o r o -  

b o r a t e  s o l u t i o n s  s u c h  b r o a d e n i n g  e f f e c t s  i n  t h e  19F  

s p e c t r a  h a v e  b e e n  o b s e r v e d . 20 W e  h a v e  s t u d i e d  a n d  

w i l l  r e p o r t  e l s e w h e r e  s o m e  w o r k  o n  f l u o r o b o r a t e s  o f  

S n 2 + , C d 2 + , S b 8 + , a n d  P b 2 +  c a t i o n s .  I o n - p a i r  e f f e c t s  

o n  t h e  i n n e r - s p h e r e  t y p e  a r e  m u c h  m o r e  p r o b a b l e  w i t h  

t h e s e  l a r g e  p o l a r i z a b l e  c a t i o n s .  R e c e n t  w o r k  o f  R y s s  

a n d  R a d c h e n k o 21 o n  N a B F 4 s o l u t i o n s  b y  X - r a y s  d i s 

c l o s e d  t h a t  i n  t h i s  s o l u t i o n  i n  t h e  c o n c e n t r a t i o n  r a n g e  

2 - 9  M, N a +  i o n  i s  h e x a c o o r d i n a t e d  w i t h  w a t e r ,  a n d  

s h o w e d  t h a t  t h e r e  i s  n o  d i r e c t  c o n t a c t  b e t w e e n  t h e  N a +  

i o n  a n d  B F 4~  i o n .  T h e  h y d r o l y s i s  o f  N a B F 4 t o  

N a B F 3O H  i s  v e r y  s m a l l 3 a n d  t h e  B F 4~  i o n  i t s e l f  i s  a  

s t a b l e  i o n .  T h e  p o s s i b i l i t y  o f  e x c h a n g e  b e t w e e n  B F 3-  

O I I ~  a n d  B F 4 _  w o u l d  l e a d  t o  a  l i n e  b r o a d e n i n g .  N o  

a p p r e c i a b l e  b r o a d e n i n g  o c c u r s .  T h e  c o u p l i n g  m e a s 

u r e d  i s  t h e r e f o r e  t h e  t r u e  o n e  a n d  n o t  a n  e f f e c t  m o d i f i e d  

b y  c h e m i c a l  e x c h a n g e .

W e  s u g g e s t  t h e  p o s s i b i l i t y  t h a t  t h i s  c h a n g e  i n  

c o u p l i n g  c o n s t a n t  i s  d u e  t o  h y d r o g e n  b o n d i n g  b e 

t w e e n  t h e  B F 4_  i o n  a n d  t h e  s u r r o u n d i n g  w a t e r  i n  t h e

(13) J. V . H a tton , W . G . Schneider, an d  W . S iebrand, J .  Chem. 
Phya., 39, 1330 (1963).
(14) P . B ates, C . C aw ley , and  S. S. D an y lu k , ibid., 40, 2415 (1964).
(15) K. A . M cL au ch lan , L . W . R eeves, and  T . Schaefer, C an. J .  
Chem ., 44, 1473 (1966).
(16) N . C y r  and  L . W.  R eeves, t o  be  published.
(17) J. B acon , R . J. G illespie, and J. W . Quail, Can. J .  Chem., 41 , 
3063 (1963).
(18) K . J. P ack er and  E . L . M uetterties, P roc. Chem. Soc., 147 
(1964).
(19) P . J. B ray  and A . H . Silver, B ull. A m . P h ys. Soc., 1, 323 (1956).
(20) R . H a qu e  and L . W . R eeves, t o  be  published.
(21) A . I. R yss and I. V . R ad ch en k o , J .  Struct. Chem., 5 , 489 (1964).
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f o r m  o f  a  h y d r a t i o n  s p h e r e .  I t  i s  s e n s i b l e  o n  t h e  b a s i s  

o f  e l e c t r o n e g a t i v i t y  o f  p a r t i c i p a t i n g  a t o m s  t h a t  t h e  

h y d r o g e n  b o n d  [ F 3B - F ] - - • - H - O -  s h o u l d  b e  q u i t e  

s t r o n g  t h o u g h  n o t  p r e v i o u s l y  e n c o u n t e r e d .

T h e  v a l u e s  o f  J b _ f  a t  i n f i n i t e  d i l u t i o n  a r e  1 . 1 9  c p s  

i n  w a t e r ,  1 . 0  c p s  i n  a c e t o n e - w a t e r ,  0 . 7 6  c p s  i n  d i o x a n e -  

w a t e r ,  a n d  0 . 3 2  c p s  i n  D M S O - w a t e r ,  r e s p e c t i v e l y . 22 

I t  i s  c l e a r  t h a t  t h e  e n v i r o n m e n t a l  c h a n g e  o f  t h e  i s o 

l a t e d  B F 4-  i o n  i n  t h e s e  s o l v e n t s  i s  r e f l e c t e d  i n  b o t h  

c o u p l i n g  c o n s t a n t  a n d  c h e m i c a l  s h i f t  c h a n g e s  ( F i g u r e s  

1 a n d  2 ) .  T h e  r a t e  o f  c h a n g e  o f  c o u p l i n g  c o n s t a n t  w i t h  

c o n c e n t r a t i o n  i s  a l s o  a  f u n c t i o n  o f  s o l v e n t .  I t  i s  0 . 4  c p s  

m o l e - 1  k g  o f  s o l v e n t  i n  w a t e r ,  0 . 4 8  i n  a c e t o n e - w a t e r ,  

0 . 5 6  i n  d i o x a n e - w a t e r ,  a n d  0 . 4 4  i n  D M S O / w a t e r .  I t  

i s  r e a s o n a b l e  t h a t  c h a n g e s  i n  c o u p l i n g  c o n s t a n t  s h o u l d  

r e f l e c t  c h a n g e s  i n  t h e  n u m b e r  a n d  s t r e n g t h  o f  h y d r o g e n  

b o n d s  b e t w e e n  w a t e r  a n d  t h e  B F 4-  i o n .  E v a n s 23 

n o t e d  t h a t  t h e  13C - H  c o u p l i n g  c o n s t a n t  i n  C H C 1 3 i s  a  

f u n c t i o n  o f  s o l v e n t .  A  c h a n g e  o f  ~ 1 0 %  i s  o b s e r v e d  

b e t w e e n  i n e r t  a n d  s t r o n g  d o n o r  s o l v e n t s  i n d i c a t i n g  a  

v a r i a t i o n  w i t h  h y d r o g e n  b o n d  s t r e n g t h  C - H - - - X .  

E v a n s  s u g g e s t s  t h a t  t h e  e l e c t r o s t a t i c  r e p u l s i o n  l e a d s  

t o  a n  i n c r e a s e  i n  s  c h a r a c t e r  i n  t h e  - C H  b o n d  a n d  t h u s  

J c - h  i n c r e a s e s .  A l t h o u g h  v a r i a t i o n s  i n  c o u p l i n g  c o n 

s t a n t  b e t w e e n  l i q u i d  a n d  v a p o r  h y d r i d e s  f o r  Jno-w, 
/ u n - i h , a n d  J iH - u f  h a v e  n o t  b e e n  n o t e d  y e t ,  i t  i s  a n 

t i c i p a t e d  t h a t  t h e y  w i l l  b e  l a r g e r  t h a n  t h e  1 0 %  c h a n g e  

i n  C H C h .  I t  i s  i n  o r d e r  t o  e x p e c t  a  c o n s i d e r a b l e  c h a n g e  

i n  t h e  B - F  c o u p l i n g  c o n s t a n t  w h e n  a  [ B - F  - ■ - H - O ]  

h y d r o g e n  b o n d  i s  f o r m e d .

I f  t h e  c o u p l i n g  c o n s t a n t  v a r i a t i o n s  a r e  t o  b e  e x 

p l a i n e d  l a r g e l y  o n  t h e  b a s i s  o f  c h a n g e s  i n  t h e  n u m b e r  

a n d / o r  s t r e n g t h  o f  h y d r o g e n  b o n d s  [ B - F - • - H - O ] ,  

t h e n  t h e  f o l l o w i n g  f a c t s  n e e d  r a t i o n a l  e x p l a n a t i o n :

( a )  t h e  l a c k  o f  d e p e n d e n c e  o f  J  i n  N H 4B F 4 s o l u t i o n s  o n  

c o n c e n t r a t i o n  i n  c o n t r a s t  t o  s o d i u m  s a l t ; 3 ( b )  t h e  i n 

f l u e n c e  o f  a d d e d  e l e c t r o l y t e s  o n  J ; 3 ( c )  t h e  c o l l a p s e  o f  

s p i n  c o u p l i n g ,  p r o b a b l y  a  q u a d r u p o l a r  r e l a x a t i o n  e f f e c t ,  

i n  s a l t s  w i t h  t h e  i o n s  S n 2 + , C d 2 + , S b 3 + , a n d  P b 2 +  

( t h i s  h a s  b e e n  o b s e r v e d  i n  t h i s  w o r k 20) ; ( d )  t h e  c h a n g e s  

i n  t h e  co  d i l u t i o n  v a l u e s  o f  J  a n d  c h a n g e s  i n  J  w i t h  

c o n c e n t r a t i o n  i n  m i x e d  s o l v e n t s ;  ( e )  m e a s u r e m e n t s  o f  

( N H 4) 2B e F 4 s o l u t i o n s  s h o w i n g  J b „ - f  t o  b e  i n d e p e n d e n t  

o f  c o n c e n t r a t i o n  ( b u t  s o  f a r  t h e  l i m i t e d  s o l u b i l i t y  o f  

N a 2B e F 4 i n  w a t e r  h a s  p r e c l u d e d  a  s t u d y  o f  t h e  J  Be—f  

d e p e n d e n c e  i n  t h i s  s a l t )  ;5 ( f )  t h e  l a c k  o f  c o u p l i n g  c o n 

s t a n t  v a r i a t i o n s  i n  a l l  s o l u b l e  s a l t s  o f  P F 6- , S i F « 2 - , 

a n d  A s F 6- 1 9 ,2 4  w i t h  c h a n g e s  i n  c o n c e n t r a t i o n .

T h e  p e c u l i a r i t y  o f  t h e  s o d i u m  s a l t  i n  ( a )  o r  t h e  e f f e c t  

o f  a d d e d  s a l t s  w i t h  s m a l l  i o n i c  r a d i u s  i n  ( b ) ,  N a +  

a n d  L i + ,  i s  p r o b a b l y  d u e  t o  t h e  s t r o n g  i o n - d i p o l e  

f o r c e s  p r e s e n t  w h i c h  d i s r u p t  t h e  h y d r o g e n - b o n d e d  

s t r u c t u r e  o f  w a t e r  a n d  e f f e c t i v e l y  r e m o v e  f r o m  t h e

s o l u t i o n  w a t e r  m o l e c u l e s  w h i c h  i n  d i l u t e  s o l u t i o n  

a r e  a v a i l a b l e  t o  f o r m  t h e  w e a k e r  h y d r o g e n  b o n d s  

[ B - F - • - H - O ] ,  T h i s  p o l a r i z a t i o n  e f f e c t  h a s  b e e n  

n o t e d  b y  S h o o l e r y  a n d  A l d e r . 26 T h e  N H 4 +  s a l t  w h i c h  

c a u s e s  o n l y  v e r y  s m a l l  c h a n g e s  i n  J  d o e s  n o t  s i m i l a r l y  

a f f e c t  t h e  s u r r o u n d i n g  w a t e r  s t r u c t u r e .  T h e  e f f e c t  o f  

l a r g e  p o l a r i z a t i o n  i o n s  ( c )  i s  r e l a t e d  t o  t h e  o b s e r v a t i o n s  

o f  P a c k e r  a n d  M u e t t e r t i e s , 18 a n d  t h e  i n c r e a s e d  r a t e  o f  

q u a d r u p o l a r  r e l a x a t i o n  o f  t h e  n B  n u c l e u s  m a y  b e  d u e  

t o  i o n - p a i r  f o r m a t i o n  o r  c h a n g e s  i n  f i e l d  g r a d i e n t  d u e  

t o  s o l v a t i o n  o r  b o t h .  I t  i s  k n o w n  f r o m  p r e v i o u s  n m r  

s t u d i e s  t h a t  t h e  d i f f u s i o n  e f f e c t  o r  c h e m i c a l  s h i f t  c h a n g e s  

i n  t h e  s o l v e n t  r e s o n a n c e s 26 i n  d i o x a n e - w a t e r  m i x t u r e s  

c a n  b e  e x p l a i n e d  i n  t e r m s  o f  p r e f e r e n t i a l  s o l v a t i o n  o f  

t h e  c a t i o n  b y  t h e  w a t e r  m o l e c u l e s .  H y d r o g e n  b o n d  

f o r m a t i o n  w i t h  t h e  a n i o n  t h e n  b e c o m e s  a  c o m p e t i t i v e  

p r d c e s s  w i t h  h y d r o g e n  b o n d  f o r m a t i o n  w i t h  t h e  d o n o r  

s o l v e n t  c o m p o n e n t .  I n  t h e s e  m i x e d  s o l v e n t s ,  t h e  

f o l l o w i n g  p r o t o l y t i c  e q u i l i b r i u m  e x i s t s 2 7 -3 0

S  +  H 20  ^  S H +  +  O H -  ( i i i )

w h e r e  S  i s  t h e  s o l v e n t  m o l e c u l e  ( a c e t o n e ,  d i o x a n e ,  o r  

D M S O ) .  T h i s  r e a c t i o n  i s  n e g l i g i b l e  i n  t h e  c a s e  o f  a c e 

t o n e  a n d  d i o x a n e .  T h e  l o w e r i n g  i n  c o u p l i n g  c o n s t a n t  

i n  D M S O - w a t e r  c o u l d  b e  d u e  t o  i n t e r a c t i o n  o f  t h e  

S H +  s p e c i e s  w i t h  t h e  B F 4-  i o n .  T h e r e  a l s o  m a y  b e  

a  s t r o n g  t e n d e n c y  o f  D M S O  t o  f o r m  s o l v a t e d  s p e c i e s  

w i t h  t h e  N a +  i o n .  H o w e v e r ,  r e a c t i o n  i i i  t o g e t h e r  

w i t h  h y d r o g e n  b o n d i n g  i s  p r o b a b l y  r e s p o n s i b l e  f o r  t h e  

l o w  v a l u e  o f  t h e  c o u p l i n g  c o n s t a n t .  A t  i n f i n i t e  d i l u t i o n  

i n  a n y  s o l v e n t  m i x t u r e  t h e  l o w  c o n c e n t r a t i o n  o f  B F 4-  i o n  

a l l o w s  f a v o r a b l e  c o m p e t i t i o n  f o r  t h e  w a t e r  m o l e c u l e s  

i n  h y d r o g e n  b o n d  f o r m a t i o n .

W e  h a v e  m e a s u r e d  t h e  c o u p l i n g  c o n s t a n t  J  Be—f  

i n  t h e  B e F 42 -  i o n  f o r  s o l u t i o n s  o f  t h e  a m m o n i u m  s a l t 4b 

a n d  f o u n d  i t  t o  b e  i n d e p e n d e n t  o f  c o n c e n t r a t i o n  l i k e  

N H 4B F 4 s o l u t i o n .  T h e  s o d i u m  s a l t  i s  q u i t e  i n s o l u b l e  

a n d  w e  h a v e  b e e n  u n a b l e  t o  m e a s u r e  J B e- F  f o r  t h i s  

s a l t .  I t  s h o u l d  v a r y  w i t h  c o n c e n t r a t i o n  i n  c o m p a n y  

w i t h  s a l t s  o f  s m a l l  c a t i o n s  i f  o u r  s u g g e s t i o n s  h e r e  a r e  

t o  b e  c o n s i s t e n t .  T h e  [ B e - F  - • - H - O ]  h y d r o g e n  b o n d  

s h o u l d  a l s o  b e  q u i t e  a  s t r o n g  h y d r o g e n  b o n d .  22 23 24 25 26 27 28 29 30

(22) W e  thank a  referee for  encouraging  us to  m ake these m easure
m ents.
(23) D . F . E vans, J. Chem. Soc., 5575 (1963).
(24) K . J. P acker, private  com m un ica tion .
(25) J. N . Shoolery  and B . J. A lder, J. Chem. P h ys ., 23 , 805 (1955).
(26) A . F ratiello  and D . C . D ouglass, ib id ., 39 , 2017 (1963).
(27) J. R . H olm es, D . K ivelson , and W . C . D rinkard , J. A m . Chem . 
Soc., 84 , 4677 (1962).
(28) G . M avel, Compt. Rend., 248, 1505 (1959).
(29) G . M a v e l, ibid., 249, 1753 (1959).
(30) G . M a v e l, J. Chim. P h ys ., 57 , 649 (1960).
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C o u p l i n g  C o n s t a n t  a n d  C h e m i c a l  S h i f t  o f  T e t r a f l u o r o b o r a t e  I o n 2757

Figure 3. Graph showing dependence of 19F chemical shift and 
UB -19F coupling constants of NaBF4 in different solvents.

T h e  l a c k  o f  v a r i a t i o n  w h i c h  h a s  b e e n  o b s e r v e d  f o r  

c o u p l i n g s  o f  c e n t r a l  a t o m  t o  f l u o r i n e  i n  P F 6_ , S i F 62 _ , 

a n d  A s F 6 ~  i o n s  ( a l t h o u g h  a  d e t a i l e d  s t u d y  h a s  n o t  y e t  

b e e n  m a d e  f o r  c o u p l i n g s  i n  S i F 62 _  a n d  A s F e ~  i o n )  m a y  

b e  a s s o c i a t e d  w i t h  a  v e r y  m u c h  w e a k e r  h y d r o g e n  b o n d  

[ X - F  • • - H - O ]  w h e n  X  i s  e l e c t r o n e g a t i v e .  T h e  s t r o n g 

e s t  h y d r o g e n  b o n d  o c c u r s  w h e n  t h e  X - F  b o n d  i s  c o m 

p l e t e l y  i o n i c ,  i.e., t h e  F ~  i o n .

F o r  a  g o o d  p o r t i o n  o f  t h e  c o n c e n t r a t i o n  r a n g e  

s t u d i e d  i n  d i o x a n e - w a t e r  a n d  a c e t o n e - w a t e r  m i x t u r e s  

t h e  c h e m i c a l  s h i f t  c h a n g e  i s  l i n e a r l y  d e p e n d e n t  o n  t h e  

c o u p l i n g  c o n s t a n t .  T h i s  l a s t  s t a t e m e n t  i s  t r u e  f o r  t h e  

w h o l e  r a n g e  o f  c o n c e n t r a t i o n s  a v a i l a b l e  i n  a q u e o u s  

s o l u t i o n  a n d  D M S O - w a t e r  m i x t u r e s  ( F i g u r e  3 ) .

T h e  c h e m i c a l  s h i f t  i s  a  s e n s i t i v e  f u n c t i o n  o f  s o l v e n t  

a n d  c a t i o n ;  i t  i s  d i f f i c u l t  t o  u s e  i t  a s  a  r e l i a b l e  m e a s u r e  

o f  a n y  s i n g l e  i n t e r a c t i o n .  I n  f a c t ,  t h e  i n f i n i t e  d i l u t i o n  

c h e m i c a l  s h i f t  i s  n o t  t h e  s a m e  f o r  t h e  B F 4~  i o n  i n  w a t e r  

o r  a n y  o f  t h e  s o l v e n t  m i x t u r e s .  T h e  s e c o n d  s o l v e n t  

c o m p o n e n t  p l a y s  s o m e  r o l e ,  t h e r e f o r e ,  i n  t h e  e n v i r o n 

m e n t  o f  t h e  B F 4~  i o n .  T h i s  e f f e c t  d o e s  n o t  s e e m  t o

% (v / v ) Organic solvent

Figure 4. (a) Dependence of UB -19F coupling 
constant in NaBF4 on solvent composition.
(b) Dependence of 19F chemical shift 
in NaBF4 on solvent composition.

b e  s i m p l y  a  r e d u c t i o n  i n  t h e  m e a n  d i s t a n c e  o f  t h e  

n e a r e s t  c a t i o n ,  s i n c e  w e  w o u l d  t h e n  e x p e c t  t h e  o r d e r  

o f  t h e  i n f i n i t e  d i l u t i o n  s h i f t  t o  d e p e n d  o n  t h e  d i e l e c t r i c  

c o n s t a n t  o f  t h e  m e d i u m .  T h e  o r d e r  o f  5 «  i s  d i o x a n e -  

H 20  >  H 20  ~  a c e t o n e - H 20  >  D M S 0 - H 20  f r o m  h i g h  

f i e l d  t o  l o w  f i e l d .

T h e  e f f e c t  o f  t h e  o r g a n i c  s o l v e n t  c o m p o n e n t  i s  m o r e  

c l e a r l y  s e e n  i n  F i g u r e  4 .  W e  h a v e  m a i n t a i n e d  t h e  c o n 

c e n t r a t i o n  o f  B F 4_  i o n  i n  m o l e s / 1 0 0 0  g  o f  s o l v e n t  c o n 

s t a n t  b u t  v a r i e d  t h e  r a t i o  o f  w a t e r - o r g a n i c  s o l v e n t .  

A s  t h e  o r g a n i c  s o l v e n t  c o m p o n e n t  i n c r e a s e s  i n  c o n c e n 
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Theory of Unidimensional Molecular Collisions. Broken Path Model

by L . Blum

Facultad de C iencias E xactas y  Naturales, B uenos A ires , A rgentina  {Received D ecem ber 17, 1965 )

A  h a r m o n i c  o s c i l l a t o r  m o d e l  f o r  r e a c t i v e  c h e m i c a l  c o l l i s i o n s  i s  p r o p o s e d .  T h e  m o d e l  i s  

s o l v e d  r i g o r o u s l y  f o r  t h e  r e a c t i o n  H 2 +  H  =  H  +  H 2. T h e  r e s u l t s  s h o w  t h e  a p p e a r a n c e  

o f  q u i t e  n a r r o w  r e s o n a n c e  p e a k s  f o r  t h e  r e a c t i o n  c r o s s  s e c t i o n s .

I . Introduction

T h e  t h e o r e t i c a l  s t u d y  o f  c h e m i c a l  r e a c t i o n s  f r o m  t h e  

s t a n d p o i n t  o f  t h e  g e n e r a l  c o l l i s i o n  t h e o r y 1 r e q u i r e s  t h e  

k n o w l e d g e  o f  t h e  c r o s s  s e c t i o n s  i n v o l v e d  i n  t h e  r e a c 

t i o n .  R e c e n t l y ,  a  n u m b e r  o f  e x p e r i m e n t s  h a v e  b e e n  

c o n d u c t e d  o n  t h i s  s u b j e c t . 2 F r o m  t h e  t h e o r e t i c a l  p o i n t  

o f  v i e w ,  t h e  p r o b l e m  o f  t h e  r e a c t i o n  c r o s s  s e c t i o n s  i s  a  

v e r y  d i f f i c u l t  o n e ,  a n d  n o t  a s  m u c h  h a s  b e e n  d o n e .  

H o w e v e r ,  c l a s s i c a l  a p p r o a c h e s  h a v e  b e e n  e x p l o r e d  r e 

c e n t l y . 3 A l s o ,  a  q u a n t u m  m e c h a n i c a l  s o l u t i o n  f o r  a  

r e a s o n a b l e  p o t e n t i a l  s u r f a c e  h a s  b e e n  a t t e m p t e d . 4

E v e n  i n  t h e  s i m p l e s t  c a s e ,  t h e  s o l u t i o n  o f  t h e  p r o b l e m  

i s  v e r y  d i f f i c u l t .  F o r  t h i s  r e a s o n ,  i t  s e e m s  w o r t h w h i l e  

t o  s t u d y  a  m o d e l  w i t h  a n  i n t e r a c t i o n  p o t e n t i a l  w h i c h  

o n l y  r o u g h l y  a p p r o x i m a t e s  t h e  r e a l  o n e ,  b u t  w h i c h  i s  

e x a c t l y  s o l v a b l e .  T h e  m o d e l  w i l l  b e  d e s c r i b e d  i n  s e c 

t i o n  I I .  I t  i s  s i m i l a r  t o  t h e  m o d e l  d i s c u s s e d  b y  E y r -  

i n g . 6

S e c t i o n  I I I  i s  d e v o t e d  t o  t h e  d i s c u s s i o n  o f  s o m e  f e a 

t u r e s  o f  t h e  c r o s s  s e c t i o n  o f  t h e  r e a c t i o n

H 2 +  H  =  H  +  H 2 ( 1 - 1 )

i n  t h e  c a s e  o f  a  h e a d  o n  c o l l i s i o n .

II. The Broken Path M o d el

L e t  u s  t a k e  t h e  s i m p l e  c a s e  o f  r e a c t i o n  1 - 1  i n  o n e  

d i m e n s i o n .  U s i n g  B o r n - O p p e n h e i m e r ’ s  a p p r o x i m a 

t i o n , 3’ 4 w e  w r i t e  t h e  S c h r o e d i n g e r  e q u a t i o n  o f  t h e  s y s t e m  

a s  ( s e e  F i g u r e  1 )

W
2Mk

( I I - l )

T h e  s o l u t i o n s  f o r  r 23 >  qa ( r e a c t a n t s  o r  e n t r a n c e  c h a n 

n e l )  a r e  o f  t h e  f o r m

<>« =  [Aa'eikara +  B a'e - ik“T“ ]<pa ( I I - 2 )

d 2

àrn2 +
d 2 ö 2ör232 ör12dr23_'k + Utk = EV

a n d  f o r  r12 >  qs ( p r o d u c t s  o r  e x i t  c h a n n e l )

4>e =  ( H - 3 )

w h e r e  ra =  ?*23 +  l/2 rn a n d  rg =  r 12 +  l / 2 r 23. B a i s  

t h e  a m p l i t u d e  o f  t h e  i n g o i n g  w a v e .  A a a n d  A g a r e  t h e  

a m p l i t u d e s  o f  t h e  o u t g o i n g  w a v e s  f o r  c h a n n e l s  a  a n d  0 .  

Bp i s  z e r o  b e c a u s e  t h e r e  a r e  n o  i n g o i n g  w a v e s  i n  c h a n 

n e l  (3. qa a n d  qg a r e  t h e  s m a l l e s t  d i s t a n c e s  o f  n o  i n 

t e r a c t i o n .

I n  t h e  r e g i o n  w h e r e  a l l  t h r e e  a t o m s  i n t e r a c t ,  t h e  

f u n c t i o n  V  ( e q  I I - l )  h a s  a  c o m p l i c a t e d  f o r m . 6 T h e  

s o l u t i o n  o f  e q  I I - l  i n  t h i s  r e g i o n  i s  e x t r e m e l y  d i f f i c u l t ;  

i n  p r i n c i p l e ,  o n e  c o u l d  e i t h e r  s e a r c h  f o r  a p p r o x i m a t e  

s o l u t i o n s  o f  t h e  e x a c t  e q u a t i o n ,  u s i n g  v a r i a t i o n  o r  p e r 

t u r b a t i o n  m e t h o d s ,  o r  l o o k  f o r  a n  a p p r o x i m a t e  p o t e n t i a l  

w h i c h  i s  e x a c t l y  s o l v a b l e .  I n  t h i s  p a p e r  w e  c h o o s e  t h e  

l a t t e r  a p p r o a c h .

T h e  e x a c t  p o t e n t i a l  V  i s  t h u s  r e p l a c e d  b y  t w o  ( o r  

e v e n t u a l l y  m o r e )  “ c u t  p a r a b o l i c  s a d d l e s ”  ( F i g u r e s  2  

a n d  3 ) .  T h e  a p p r o x i m a t i o n  a l s o  r e p l a c e s  t h e  u s u a l l y  

c u r v e d  r e a c t i o n  p a t h  b y  a  b r o k e n  l i n e .

A n a l y t i c a l l y ,  i n  r e g i o n  I ,  w e  h a v e

Vi =  - k 'x 2 +  ky2 +  F °  ( I I - 4 )

w i t h  x  a n d  y d e f i n e d  i n  e q  I I - 5 .

(1) M . A . E liason  and  J. H irsch felder, J. Chem. P h y s ., 30 , 1426 
(1959).

(2 ) See, for  exam ple, D . B eck , E . F . G reene, an d  J. R oss, ib id ., 37 , 
2895 (1 962 ); S. D atz , D . R . H erschb ach , an d  E . H . T a y lo r , ib id ., 35 , 
1549 (1961).

(3 ) M . K arp lus, R . N . P orter, and R . D . Sharm a, ibid., 4 3 , 3259 
(1965).

(4 ) K . P itzer and  E . M . M orten sen , Specia l P u b lica tion  N o . 16, 
T h e  C hem ica l S ociety , L on d on , 1962.
(5 ) H . E yrin g , J. W alter , and G . E . K im b a ll, “ Q u antum  C h em istry ,“  
John W iley  and  Sons, In c ., N ew  Y o rk , N . Y ., 1954.
(6) S. Sato, J. Chem. P h ys ., 23 , 592 (1955).
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X =  r i 2 c o s  0 i  —  r23 s i n  0 i  

y  =  7*12 s i n  0 i  +  r23 c o s  0 i
( I I - 5 )

w h e r e  x  i s  t h e  d i s t a n c e  a l o n g  t h e  r e a c t i o n  p a t h ,  w i t h  y 
t h e  d i s t a n c e  p e r p e n d i c u l a r  t o  t h e  r e a c t i o n  p a t h .  T h a t  

i s

V i  =  V° +  r i 22 ( /c  c o s 2 0 i  —  k' s i n 2 0 i )  +  

r232(k s i n 2 0 i  —  k' c o s 2 0 i )  +

2ri2r23(k +  k') c o s  0 i  s i n  0 i  ( I I - 6 )  

S i m i l a r l y ,  i n  r e g i o n  I I  

V2 =  V° +  r-i 22(fc  c o s 2 0 2 —  f c ' s i n 2 0 2)  +  

r232(k s i n 2 0 2 —  k' c o s 2 0 2)  +

2rnr-a (k +  k')  c o s  0 2 s i n  0 2 ( I I - 7 )

E q u a t i o n  I I - l  i s  n o w  s o l v a b l e  i n  e a c h  o f  t h e  r e g i o n s  

o f  c o n f i g u r a t i o n  s p a c e  ( F i g u r e  3 ) .  L e t  u s  t h e n  f i n d  t h e  

s o l u t i o n s  f o r  r e g i o n  I .  U s i n g  n o r m a l  c o o r d i n a t e s 7

Q u  —  k\T i2 +  h2r23 

Q n  =  h3r12 +  héXn 
e q  I I - l  s p l i t s  i n t o  t w o  e q u a t i o n s

( I I - 8 )

d 20 n  2^

d<2 n2 +  £2LE n  -  Y & i 2 011 =  0

a n d

d 20 2 i  2 _

d & i 2 +  ñ*
E 2 i  +  ^ i 2^ 0 2 1  —  0

( I I - 9 )

( 1 1 - 1 0 )

E q u a t i o n  I I - 9  i s  t h e  u s u a l  H e r m i t e  e q u a t i o n  f o r  

h a r m o n i c  o s c i l l a t o r s .  E q u a t i o n  1 1 - 1 0  i s  a  c o n f l u e n t  

h y p e r g e o m e t r i c  e q u a t i o n ,  w h i c h  h a s  t w o  l i n e a r l y  i n 

d e p e n d e n t  s o l u t i o n s  k n o w n  a s  t h e  p a r a b o l i c  c y l i n d e r  o r  

W e b e r  f u n c t i o n s 8

D  -  ( 1 / 2 )  -  (ie/2) (Q n ^ 2 f  7 2 l )  ;

E  — (1 /2 )  +  ( i« /2 )  ( Q n V - Z iy n )  ( H - 1 1 )

w h e r e  e =  2E2i/ft'\/\2\ a n d  y t =  T h e  c o m p l e t e

s o l u t i o n  f o r  r e g i o n  I  i s  t h e n

’P i  =  e x p j  —  y Q u 2| ^ n ( Q i i ' V / 7 n )  X

[A\D -(\/2)-(u/2)(Qny/2iy2,i) +

E lD  _  (1 /2 )  +  (it/2) ( Q n V - 2 iy 21) ( 1 1 - 1 2 )  

F o r  r e g i o n  I I ,  w e  h a v e ,  s i m i l a r l y

’F a =  e x p |  —  ~ Q i 22| -H ’I!( Q i 2V / 7 i » )  X

[A2D  _  (1 /2 )  -  (¿e/2 )  ( $ 2 2 ^ 27722)  +

B 2D  _  (1 /2 )  +  (ie/2) —  27722)  ]  ( 1 1 - 1 3 )

i  2  3

Figure 1. Activated complex.

Figure 2. Potential energy.
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Figure 3. Configuration space.

L e t  u s  n o w  s p e c i a l i z e  i n  c a s e s  i n  w h i c h  a l l  o s c i l l a t o r s  

a r e  i n  t h e i r  f u n d a m e n t a l  l e v e l s .  F o r  r e a c t i o n  1 - 1  t h i s  i s  

n o t  a  b a d  a s s u m p t i o n  s i n c e  t h e  a c t i v a t i o n  e n e r g y  i s  

a b o u t  7  k c a l / m o l e ,  w h e r e a s  t h e  e n e r g y  n e e d e d  t o  e x c i t e  

t h e  f i r s t  v i b r a t i o n a l  l e v e l  i s  ca. 1 2  k c a l / m o l e .

N o w  t h e  p r o b l e m  i s  r e d u c e d  t o  t h a t  o f  f i n d i n g  t h e  

v a l u e s  o f  t h e  d i f f e r e n t  A ’ s  a n d  B ’s. T h i s  i s  d o n e  u s i n g  

t h e  c o n d i t i o n s  o f  c o n t i n u i t y  o f  t h e  f u n c t i o n s  a n d  t h e  

f i r s t  d e r i v a t i v e s  a t  t h e  b o u n d a r i e s  o f  t h e  r e g i o n s .

(7 ) E . B . W ilson , J. C . D eciu s, an d  P . C . C ross, “ M olecu la r  V ibra 
t ion s ,”  M cG ra w -H ill B o o k  C o ., In c ., N ew  Y o rk , N . Y ., 1959.
(8) P . M . M orse  and H . F eshbach , “ M eth od s  o f T h eore tica l P h ysics ,”  
M cG ra w -H ill B o o k  C o ., In c ., N ew  Y o rk , N . Y .,  1953.
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F o u r  b o u n d a r y  c h a n n e l  a - r e g i o n  I

<pa(A'eikara +  B a'e~ikara)\a =  * x | a ( 1 1 - 1 4 )

ik a<pa(A Je ihara -  B a'e- ikaTa) [ „  =  * i ' | a ( 1 1 - 1 5 )

F o r  b o u n d a r y  r e g i o n  I - r e g i o n  I I

o£IIoff-H
»

( 1 1 - 1 6 )

¥'|o =  ^2'|o ( 1 1 - 1 7 )

F o r  b o u n d a r y  r e g i o n  I I - c h a n n e l  ß

=  A ß'eikM<pß\ß ( 1 1 - 1 8 )

* i ' | ,  —  ikßA ß'e kß B<pß\ß ( 1 1 - 1 9 )

U s i n g  c o n d i t i o n s  o f  o r t h o g o n a l i t y  o f  t h e  w a v e  f u n c 

t i o n s  o f  t h e  s t a b l e  o s c i l l a t o r s ,  w e  g e t  s i m p l e r  r e l a 

t i o n s .

F o r  b o u n d a r y  c h a n n e l  a - r e g i o n  I

A aeikara +  B ae~ikara =  A ixa +  B ix a* ( 1 1 - 2 0 )

ika(A aeikara -  B ae~ikara) =  A lXa' +  BiXa*' ( 1 1 - 2 1 )

F o r  b o u n d a r y  r e g i o n  I - r e g i o n  I I

A\Ki  “f* B\Ki * =  A 2K2 +  $2^2* ( 1 1 - 2 2 )

A iKi ' 4 "  B iKi *' =  A zKz' 4 “  ^2K2*/ ( 1 1 - 2 3 )

F o r  b o u n d a r y  r e g i o n  I I - c h a n n e l  /3

A ^ M  =  A2X3 + ( 1 1 - 2 4 )

i k p A / ^  =  AiXp +  £2X3*' ( 1 1 - 2 5 )

H e r e ,  w e  u s e d  t h e  d e f i n i t i o n s

X «  =  ( ^ j  j  d rx a  e x p { - l/2[va(rn +  qJgdi)2 +

T i i Q n 2 ] } D  _  (1/ 2) -  (ie/2) ( Q i i^  2 iy2i) ( 1 1 - 2 6 )

A a =  A J  e x p ( ~ ^ “ )  

B a =  B J  e x P ^ ~

a n d  s i m i l a r  e x p r e s s i o n s  f o r  xp a n d  A / .  
A l s o

/* 00

k i =  1 d o :  e x p  {  —  7 2 ( 7 i2Q i22 +  7 u Q n 2) }  X
%J — CO

D  _  (1 /2 )  -  (ie/2) (QlT^/22721) ( 1 1 - 2 7 )

« 2 — 1 d z  e x p  {  —  Y 12Q 122 } D - (  1/ 2) -  ( i e /2) 21722)
1/ — CO

( 1 1 - 2 8 )

w i t h  =  V O . S A Î h Î h i i  a n d  a; =  ( I / V 2 )  (r12 +  r 23) .

I n t e g r a t i o n  o f  t h e s e  e x p r e s s i o n s  g i v e s  ( s e e  A p p e n d i x )

X *  =  ( l A o f — )  e x p ( - q j c j - — 1 X  
\72i/ (4aa2 +  1)

Ç2aa _  ¿J ^  — ( i / 2) — ( t « /2) (  —  baqa'\/2i) ( 1 1 - 2 9 )

a n d  a  s i m i l a r  e x p r e s s i o n  f o r  xp

\ / 2 i r  1

(hi +  h i) \ ry21 (4ai2 +  1)'/4

( 2a| ^  ¿) D - n / 2 ) - ( i < / 2 )  ( 0 )  ( 1 1 - 3 0 )

a n d  a  s i m i l a r  e x p r e s s i o n  f o r  k2. am ba, ca, e t c . ,  a r e  

n u m e r i c a l  c o n s t a n t s  w h i c h  d e p e n d  o n  t h e  p a r a m e t e r s  o f  

t h e  p o t e n t i a l  e n e r g y ,  a n d  a r e  d e f i n e d  i n  t h e  A p p e n d i x .  

U p o n  s o l v i n g  e q  1 1 - 2 0 - 2 5 ,  w e  o b t a i n

A J B a =  ( Q i / 0 2 ) e - 2 i* “ r“  ( 1 1 - 3 1 )

Ap/Ba =  2lkaAlAi) g-ikarcc -  ikprp ( n _ 3 2 )

02

w h e r e

fix  =  -C ^ D x C t  -  D 2C\) +  CATP*Cz -  D i*Ct)
( 1 1 - 3 3 )

ÎI2 =  — C\(D\Ci —  D 2Ct) -4-

C 2 ( D 2* C 6 -  m e , )  ( 1 1 - 3 4 )

a n d

A 3 =  XpXp*' ~  Xp%*)  A x  =  m i*r -  kAkS

D \  =  K2 K l* ' — K2, «2*J 7)2 — K2Kl —  «2 , fC2*

C i  =  X 3* '  -  ikgxg*-, C2 =  x , ’ ~  ikgXg ( H - 3 5 )

C s =  ikaXa +  Xa') C i  =  ikaXa* +  X«*'

C5 TkaXa X a  ) C 6 t f c « X a *  X a *

I f  s o m e  o f  t h e  o s c i l l a t o r s  a r e  i n  e x c i t e d  s t a t e s ,  t h e n  

t h e  m a t c h i n g  p r o c e d u r e  d e s c r i b e d  h e r e  i s  n o t  s u f f i c i e n t .  

I n  t h a t  c a s e  a  m o r e  g e n e r a l  t h e o r y ,  t h e  7 2 - m a t r i x  

t h e o r y 9, m a y  b e  u s e d .  T h e  u s e  o f  t h i s  t h e o r y  w i l l  b e  

d i s c u s s e d  i n  s e p a r a t e  p a p e r s .

I I I .  Discussion of Results
I n  t h i s  s e c t i o n  w e  d i s c u s s  t h e  c o e f f i c i e n t s

t  =  K i v M  (in -1 )

72 =  | A a | 7 | £ a | 2 ( I I I - 2 )

w h e r e  T  i s  t h e  p r o b a b i l i t y  o f  r e a c t i v e  s c a t t e r i n g  a n d  72 

i s  t h e  p r o b a b i l i t y  o f  e l a s t i c  s c a t t e r i n g .

(9 ) A . M . L ane and  R . G . T h om as, Rev. M od . P h ys ., 30 , 257 (1 958 ).
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The parameters of the interaction potential V varied 
with the range of physically reasonable values. The 
results of some calculations for different values of the 
parameters are shown in Table I. In all the cases we

Table I : Position and Width of First Resonances“

First
reso-

0i, 02, R ed u ced nance,
k V deg deg width e

5 -0 .2 0 50 40 i o - 8 0 . 8

5 -0 .2 0 60 30 5 X 10~3 0.27
5 -0 .2 0 70 20 2 X 10~3 1.1
3 -0 .2 0 60 30 1 0 - 3 0.6
7 -0 .2 0 60 30 IO“ 2 0.9
a Force constants are given in mdynes/A; qc = 0.1 A -

is defined by eq 11-11.

observed the presence of resonances (see Figure 4). 
Just at the top of the resonance peaks, 11-31 and -32 
are not very accurate (estimated error at the top, <15).

Though all the cases of Table I were computed using 
eq 11-31 and -32, Breit and Wigner’s resonance for
mula10 gives a more accurate estimate at the top of the 
peak. Also, the functional dependence on the parame
ters ca (which is a function of the interaction potential 
parameters) and qa (the range of the potential) is better 
seen in that formula.

where

r r g

E Ty  +  V 4r 2
(III-3)

i>fca|Xa|2; r = r„ + r„ (iii-4)
is the total width of the level. In our case

T «  e x p (-2 c a?a2) (III-5)

as may be seen from (11-29). The estimated widths 
of Table I are given using this formula. It is clear that 
the dependence on the parameters of the potential, 
particularly qa, is very strong. For this reason, more 
accurate calculations are needed to prove the existence 
of such a behavior.

In particular, we are studying the unidimensional re
action with a Eyring-Sato6 potential, using a varia
tional method. Our preliminary results indicate that 
for qa =  0.35, ca is of the order of 7 ; that is, the levels 
are relatively broad.

Resonances in molecular collisions have been dis
cussed in several cases.11-13 The influence of these 
resonances in chemical reactions is to reduce the steric

Figure 4. First resonance: k = 5.0, k' = —0.2;
Si = 60°, = 30°; qa = q(3 = 0.1 A; cf. eq 11-11 for e.

factor.14 The precise nature of these resonances will 
be discussed in forthcoming papers. They may be due 
to some kind of dynamical matching between the mo
tion of the atoms, but they may also be due to a poor 
overlap of the internal wave function with the channel 
wave functions. This overlap would be greater in a 
“ curved reaction path.”

Acknowledgments. The author is indebted to Dr. 
R. Ch. de Guber for her kind permission to use the Mer
cury Ferranti computer of this university.

Appendix

After some elementary transformations we may write
(11-26) in the form

tv V 7" e~CaW /» 03
Xat =

0
I dz X

— 00

e~aaX* -  *“ '*™D_0A)_ (tV2)(z \ /2i) (A -l)

where

da = 9 , 2 iya +  7nh2) 
2/13721

(A-2)

w  = / — [711A  (A — hjit/hz) — 
A¡ V  721

VcQii/hz -  tgdi)] (A-3)

c j  = V s K tV A s  - tgQ 1)2 +
7n(A> -  hhi/hs)2] (A-4)

(10) See, for  exam ple, T . Y . W u  and T . O hm ura, “ Q u antum  T h eory  
o f S ca tterin g ,”  P ren tice -H a ll In c ., E n g lew ood  C liffs, N . J,, 1962.
(11) S. M atth iess and V . G . N eudaeh in , Soviet Phys. JBTP, 18, 95 
(1964).

(12) A . M . B rodsk ii and  A . Y . T em k in , Dokt. Akad. Nauk SSSR, 
152, 127 (1963).
(13) L . B lum , Bull. Am. Phys. Soc., 9 , 42 (1964).
(14) L . B lum , Nuovo Cimento, 35, 1164 (1964).

Volum e 70, N um ber 9  September 1966



2762 L. Blum

U s i n g  t h e  i n t e g r a l  r e p r e s e n t a t i o n  o f  t h e  W e b e r  f u n c 

t i o n 15

-D  -  ( i / 2 )  -  (ie/2) ( z \ /2i) —

- i x 2/ 2

a + 1 )
X

f " d  t e - ( * * / * ) - W V 2 0 r  ( l / 2 )  +  0 V 2 )  (A-5)
J  0

w e  g e t

=  f — 'Ì  — ^ --------- r v  I d x  e - “ “ 1 ’  -  f’ " ' :rr!!
\7r72 :

k 1/* g - c a ' r n 1

i,r(i + “V - X

X

2  2 /

d i  e - t V 2 - x t V J i r  ( l /2 )  +  ( « /2 )  ( A _6 )

C h a n g i n g  t h e  o r d e r  o f  i n t e g r a t i o n

1V 2 Ca'r232

X« d i e - ( ! / 2 r (1 /2 )+ C ie /2 )  X
_  X  Y  e ~ c° r r f  p

\ 7 T 7 2 l/ ,  / I  i«\Jo
W 1 .2  +  2  j

/ da. g - x s(aa +  t/2) -  X(òa'ras +  (A .-7 )
- CO

Xa =  ( V W
( “ )

V 2 g —ca  V232 y/ir

< H * ) K +  f / 2 )
i / .  X

/ '

- ( ¡ / 2 k -  (1 /2 )  +  (ie /2 )
d t e~ ' t e x p

r (ba'r n  +  tV2i)*~\ , K ON

L “  2 ( 2 ^ +  «  J (M)

( \ V 2 » — carW  „  — boc'2T232/ 2

— )  - 7 7 ------ ^ — — 7
l T 7 2 l /  p / i  , ^

\ 2  2 /

i>a 'V 2aV 2(2o+t)

i/2) V« X

rJ o
6~~ r2/2 [ ( 2 a a  — i ) /2 a a - H ) ]  +  [(& a 'r2 3 £ \ /n )/(2 a a -N )]  ^

i - ( l / 2 )  +  (<«/2) ( A _ g )

a n d  c h a n g i n g  v a r i a b l e s  t o

f

w e  g e t

\ 2 a „  +  7/
( A - 1 0 )

g — b a ,T2il / 2 (2 a a  +0 

( « a  +  Ì / 2 ) 1/2

/ 2 a g  +  ¿ \ 1 /,(i+ < < ) f  
\ 2 aa -  f /  J o

d i / e -  i ' !/2) + f  V 2 ib a r , y  -  (1/2) +  (i«/2)

( A - l l )

w h e r e

ba
bg'

i a j  +  1
( A - 1 2 )

R e c a l l i n g  t h e  d e f i n i t i o n  o f  t h e  W e b e r  f u n c t i o n  A - 5 ,  w e  

g e t ,  a f t e r  s o m e  s i m p l i f i c a t i o n s

X «  =  l/h; Ca'qat2_______ 1

( 4 a , /  +  1 )
X

0 - ( i / 2 ) - ( t ' e/ 2 ) (  —  baqa\ //2i) ( A - 1 3 )

w i t h  ca =  ca' —  a J)J .
T o  f i n d  ki a n d  k2 w e  n o t e  t h a t  ( 1 1 - 2 7 )  a n d  ( 1 1 - 2 8 )  

c a n  b e  w r i t t e n  a s

1 r °
hi +  h i)J  _V ^ T tj(h

w i t h /  =  1 , 2  a n d  

1

d x  e  a,x f l - ( i / 2 ) - ( i i / 2 ) ( r V ^ )
o

( A - 1 4 )

<h =
2 ( A g  +  hi)2yn

[ 712^5 +  h )̂2 +  yn(hi +  fh)2]

<h = 712(^5 d~ hj)2 
722(^7 +  hi)2

( A - 1 5 )

( A - 1 6 )

U s i n g  ( A - 1 3 )  w e  g e t  

\ Z tt
Kj =

y/2y x,(h3 +  hi) (4a/ +  l )2/‘
te/4

TZ  X

(2  a* +  i \ e/i
\2a ~—~i)  ( A - 1 7 )

(15) I. S. Gradshtein and I. M. Ryzhik, “Tablitsii Integralov Sum m i 
Riadov i Proisrvedenii," Moscow, 1962.
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The Vapor Pressure, the Evaporation Coefficient, and the Heat of 

Sublimation of Barium Fluoride

by Patrick E . H art and Alan W .  Searcy

In organ ic M aterials Research D ivision , L aw rence Radiation Laboratory, and Departm ent o f  M in era l Technology, 
College o f  Engineering, U niversity o f  C alifornia, B erkeley, California  (Received D ecem ber 21, I9 6 0 )

T h e  v a p o r  p r e s s u r e  o f  b a r i u m  f l u o r i d e  w a s  m e a s u r e d  i n  t h e  t e m p e r a t u r e  r a n g e  1 2 6 1  t o  

1 5 4 8 ° K  b y  t h e  t o r s i o n - e f f u s i o n  m e t h o d .  T h e  f r e e - s u r f a c e  s u b l i m a t i o n  p r e s s u r e  f r o m  t h e

[ 1 1 1 ]  f a c e s  o f  s i n g l e  c r y s t a l s  w a s  m e a s u r e d  b y  t h e  t o r s i o n - L a n g m u i r  m e t h o d  i n  t h e  r a n g e  

1 3 1 5  t o  1 4 9 2 ° K .  C o m p a r i s o n  o f  t h e  t o r s i o n - e f f u s i o n  a n d  t o r s i o n - L a n g m u i r  d a t a  i n d i 

c a t e s  a  s u b l i m a t i o n  c o e f f i c i e n t  o f  0 . 9  ±  0 . 1 .  E x t r a p o l a t i o n  o f  t h e  d a t a  i n  t h e  L a n g m u i r  

e x p e r i m e n t s  y i e l d s  a  h e a t  o f  s u b l i m a t i o n  a t  2 9 8 ° K  o f  9 0 . 6  ±  3  k c a l / m o l e  a n d  f o r  t h e  

K n u d s e n  e x p e r i m e n t s  y i e l d s  9 0 . 3  ±  3  k c a l / m o l e  b y  t h e  t h i r d - l a w  m e t h o d  a n d  9 0 . 3  ±  

3  k c a l / m o l e  a n d  8 8 . 8  =fc 3  k c a l / m o l e  b y  t h e  s e c o n d - l a w  m e t h o d .  T h e  s e c o n d - l a w  K n u d s e n  

v a l u e  s h o u l d  b e  g i v e n  g r e a t e s t  w e i g h t  u n t i l  s u p p o r t i n g  t h e r m o c h e m i c a l  d a t a  a r e  b e t t e r  

e s t a b l i s h e d .

Introduction

M e a s u r e m e n t s  o f  t h e  v a p o r  p r e s s u r e  o f  b a r i u m  f l u o 

r i d e  h a v e  b e e n  m a d e  b y  R u f f  a n d  L e B o u c h e r 1 b e t w e e n  

1 9 6 0  a n d  2 2 0 6 ° F  b y  u s e  o f  a  d y n a m i c  m e t h o d ,  b y  

G r e e n ,  et al.,2 b y  m e a n s  o f  a  K n u d s e n  e f f u s i o n  s t u d y  

w i t h  a  m a s s  s p e c t r o m e t e r  b e t w e e n  1 2 3 2  a n d  1 5 0 5 ° K ,  

b y  H i l d e n b r a n d ,  et al.,3 b y  m e a n s  o f  a  t o r s i o n - e f f u s i o n  

s t u d y  b e t w e e n  1 3 0 0  a n d  1 5 5 0 ° K ,  a n d  b y  B a u t i s t a  a n d  

M a r g r a v e 4 5 b y  m e a n s  o f  a  w e i g h t - l o s s  s t u d y  o n  s i n g l e  

c r y s t a l s  b e t w e e n  1 1 6 7  a n d  1 2 5 0 ° K .

F r o m  a  c o m p a r i s o n  o f  v a r i o u s  e f f u s i o n  a n d  f r e e - s u r 

f a c e  e v a p o r a t i o n  s t u d i e s ,  B a u t i s t a  a n d  M a r g r a v e 4 

s u g g e s t  t h a t  t h e  e v a p o r a t i o n  c o e f f i c i e n t  f o r  a l k a l i n e  

e a r t h  f l u o r i d e s  a n d  c h l o r i d e s  a r e  i n  t h e  r a n g e  0 . 1  t o  0 . 3 .

H o w e v e r ,  t h e  f r e e - s u r f a c e  a n d  e f f u s i o n  e x p e r i m e n t s  

c o m p a r e d  w e r e  i n  n o  c a s e  p e r f o r m e d  i n  b o t h  t h e  s a m e  

a p p a r a t u s  a n d  i n  t h e  s a m e  t e m p e r a t u r e  r a n g e ,  s o  t h a t  

t h e  a p p a r e n t  d i f f e r e n c e s  i n  m e a s u r e d  p r e s s u r e s  c o u l d  

a r i s e  f r o m  s y s t e m a t i c  e x p e r i m e n t a l  e r r o r s .  I t  t h e r e 

f o r e  s e e m e d  d e s i r a b l e  t o  m e a s u r e  t h e  v a p o r  p r e s s u r e  o f  

s o m e  a l k a l i n e  e a r t h  d i f l u o r i d e  b y  a n  e f f u s i o n  a n d  b y  a  

L a n g m u i r  m e t h o d  i n  a  s i n g l e  a p p a r a t u s .  S i n c e  o n e  o f  

t h e s e  a u t h o r s 6 h a d  a l r e a d y  o b t a i n e d  s o m e  t o r s i o n -  

e f f u s i o n  d a t a  f o r  b a r i u m  f l u o r i d e  a n d  s i n c e  s i n g l e  

c r y s t a l s  o f  b a r i u m  f l u o r i d e  w e r e  a v a i l a b l e ,  b a r i u m  f l u o 

r i d e  w a s  c h o s e n  a s  t h e  s u b s t a n c e  f o r  s t u d y  b y  t h e  t o r 

s i o n - e f f u s i o n 6’ 7 a n d  t o r s i o n - L a n g m u i r 8 m e t h o d s .

Experim ental Section

B a r i u m  f l u o r i d e  i n  t h e  f o r m  o f  p o w d e r  o f  o p t i c a l  

q u a l i t y  a n d  o f  s i n g l e  c r y s t a l s  w a s  o b t a i n e d  f r o m  S e m i  

E l e m e n t s ,  I n c .

T h e  t o r s i o n  a p p a r a t u s  t h a t  w a s  u s e d  i n  t h i s  w o r k  i s  

d e s c r i b e d  b y  H a m m e r  a n d  P a s k . 9 T h e  a p p a r a t u s  m a k e s  

u s e  o f  t h e  i n t e r a c t i o n  o f  a n  e l e c t r i c  f i e l d  w i t h  a  s m a l l  

p e r m a n e n t  m a g n e t  t o  b a l a n c e  t h e  t o r q u e  p r o d u c e d  b y  

e f f u s i o n  o f  v a p o r  f r o m  o r i f i c e s  o r  s u r f a c e s  w h i c h  a r e  

o f f s e t  f r o m  t h e  c e n t e r  o f  s u p p o r t .  C a l i b r a t i o n  o f  t h e  

a p p a r a t u s  w a s  e f f e c t u a t e d  i n  t h e  m a n n e r  d e s c r i b e d  b y  

H a m m e r  a n d  P a s k .  F o r  t h e  p r e s e n t  s t u d y ,  t h e  t o r s i o n  

c e l l s  w e r e  m a d e  o f  N a t i o n a l  C a r b o n  Z T - 1 0 1  g r a p h i t e

(1 ) O . R u ff and  L . L eB ou ch er, Z . A n org . Chem ., 219 , 376 (1934).
(2 ) J. W . G reen , G . D . B lu e, T . C . E h lert, and J. L . M a rg ra ve , 
J . Chem. P h ys ., 41 , 2245 (1964).
(3 ) D . L . H ild en b ra n d , E . M u ra d , N . D . P o tte r , L . P . T h re a d , and 
W . F . H a ll, A eron u tron ics  R e p o r t  U -3183  W . O . 2253, June 30, 
1965.
(4 ) R . G . B au tista  and  J. L . M argra ve , J . P h ys . Chem ., 69 , 1770 
(1965).
(5 ) P . E . H a rt, L aw rence R a d ia tio n  L a b o ra to ry  R e p o rt , U C R L - 
11124, B erk eley , C a lif., Jan 16, 1964.
(6 ) H . M a y er , Z . P h ysik , 67 , 240 (1931).
(7 ) M . V ollm er, Z . P h ysik . Chem . (B od en ste in  F estb a n d ), 863 
(1931).
(8 ) Z . A . M u n ir  and  A . W . S earcy , J . Chem. P h y s ., 4 2 , 4223 (1965).
(9 ) R . R . H a m m er an d  J. A . P ask , J . A m . Ceram . S oc., 4 7 , 264 
(1964).
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i n  b o x  s h a p e .  P a i r s  o f  o r i f i c e s  w i t h  t h r e e  d i f f e r e n t  

a r e a s 10 w e r e  u s e d  i n  t h e  K n u d s e n  e x p e r i m e n t s .  C o r 

r e c t i o n s  f o r  t h e  f i n i t e  o r i f i c e  l e n g t h s 11 w e r e  m a d e  i n  

c a l c u l a t i o n s  f r o m  t h e  d a t a .  B e f o r e  e f f u s i o n  h o l e s  w e r e  

m a c h i n e d  i n  t h e  c e l l  w a l l s ,  e a c h  c e l l  w a s  h e a t e d  w i t h  

b a r i u m  f l u o r i d e  i n s i d e .  N o  o b s e r v a b l e  d e f l e c t i o n  w a s  

f o u n d  w h e n  t h e  c e l l s  a n d  s a m p l e s  w e r e  h e a t e d  t o  

1 4 5 0 ° K .  T h e r e f o r e ,  i t  w a s  a s s u m e d  t h a t  m e a s u r e d  

d e f l e c t i o n s  d u r i n g  t h e  e x p e r i m e n t  w e r e  d u e  o n l y  t o  

e f f u s i o n  o f  v a p o r  t h r o u g h  t h e  o r i f i c e s .

I n  t h e  L a n g m u i r  f r e e - s u r f a c e  e v a p o r a t i o n  e x p e r i 

m e n t s ,  c l e a v e d  [ 1 1 1 ]  f a c e s  o f  b a r i u m  f l u o r i d e  s i n g l e  

c r y s t a l s  w e r e  p l a c e d  b e h i n d  g r a p h i t e  w a s h e r s  m o u n t e d  

i n  t h e  v e r t i c a l  c e l l  w a l l s .  T w o  s e t s  o f  w a s h e r s  w e r e  

u s e d ,  s e t  4  w i t h  o r i f i c e s  o f  1 . 9 8 - m m  d i a m e t e r ,  s e t  5  

w i t h  0 . 9 8 -  a n d  0 . 9 9 - m m  d i a m e t e r s .  T h e  a n g l e  o f  t a p e r  

o f  t h e  o r i f i c e s  o u t w a r d  t h r o u g h  t h e  1 . 6  m m  t h i c k  

w a s h e r  w a s  6 0 °  w i t h  t h e  n o r m a l .  F o r c e  c o r r e c t i o n  

f a c t o r s  w e r e  u s e d  f o r  t h e  o r i f i c e s  a s  c a l c u l a t e d  b y  

F r e e m a n . 12 C e l l s  h a d  m o m e n t  a r m s  9 . 5  c m  i n  l e n g t h .

M i c r o s c o p i c  e x a m i n a t i o n  a t  2 5 0  X  o f  s i n g l e  c r y s t a l s  

h e a t e d  a t  1 4 5 0 ° K  f o r  4 5  m i n  s h o w e d  n o  r o u g h e n i n g  o f  

t h e  [ 1 1 1 ]  s u r f a c e  n e a r  t h e  c e n t e r  o f  t h e  r e g i o n  e x p o s e d  

f o r  e v a p o r a t i o n .  T o w a r d  t h e  e d g e s  o f  t h e  e x p o s e d  

s u r f a c e s ,  s u c c e s s i v e  e d g e s  o f  [ 1 1 1 ]  s u r f a c e s  r o s e  f r o m  

t h e  f l a t  c e n t r a l  r e g i o n  t o w a r d  t h e  o r i g i n a l  c r y s t a l  s u r 

f a c e .  T h e  c o r r e c t i o n  f o r  m o l e c u l e s  r e f l e c t e d  o r  c o n 

d e n s e d  n e a r  t h e  e d g e s  o f  t h e  e x p o s e d  s u r f a c e  a r e  

d e m o n s t r a t e d  t o  b e  n e g l i g i b l e  b y  t h e  f a c t  t h a t  d a t a  

o b t a i n e d  f r o m  s u r f a c e s  w h o s e  a r e a s  d i f f e r e d  b y  a  f a c t o r  

o f  4  w e r e  i n  e x c e l l e n t  a g r e e m e n t .

T h e  f u r n a c e  h e a t i n g  e l e m e n t s  w e r e  o f  h a i r p i n - s h a p e d  

t u n g s t e n  w i r e s  c o n n e c t e d  i n  p a r a l l e l .  E l e c t r o m a g n e t i c  

r e p u l s i o n  o f  t h e  t o r s i o n  a s s e m b l y  w h i c h  w a s  n o t e d  i n  

o t h e r  t o r s i o n - e f f u s i o n  w o r k 13 w a s  n o t  o b s e r v e d  b e c a u s e  

o f  t h e  s e l f - c a n c e l l i n g  o f  t h e  i n d u c e d  f i e l d  i n  t h e  h a i r p i n  

e l e m e n t s .  T e m p e r a t u r e s  w e r e  m e a s u r e d  b y  a  t h e r m o 

c o u p l e  p l a c e d  i n  a  r e f e r e n c e  g r a p h i t e  c e l l  l o c a t e d  b e l o w  

t h e  e f f u s i o n  c e l l  i n  t h e  f u r n a c e  h o t  z o n e .  T o  c a l i b r a t e  

t h e  e f f u s i o n  c e l l  t e m p e r a t u r e  a g a i n s t  t h e  r e f e r e n c e  c e l l  

t e m p e r a t u r e ,  a  t h e r m o c o u p l e  w a s  m o u n t e d  i n  a n  e f f u 

s i o n  c e l l .  T h i s  t h e r m o c o u p l e  w a s  c a l i b r a t e d  b y  a  g o l d -  

p o i n t  d e t e r m i n a t i o n  w h e n  b o t h  c e l l s  w e r e  i n  t h e  v a p o r  

p r e s s u r e  a p p a r a t u s .  T h e  r e l a t i v e  t e m p e r a t u r e s  o f  

t h e r m o c o u p l e s  i n  t h e  r e f e r e n c e  a n d  e f f u s i o n  c e l l s  w e r e  

m e a s u r e d  a t  a  s e r i e s  o f  p o w e r  s e t t i n g s .  W i t h  t h e  f u r 

n a c e  g e o m e t r y  u s e d  f o r  t h e  f i r s t  t w o  s e t s  o f  e f f u s i o n  

s t u d i e s ,  t h e  e f f u s i o n  c e l l  w a s  1 5 °  h o t t e r  t h a n  t h e  r e f e r 

e n c e  c e l l  a t  t h e  g o l d  p o i n t .  F o r  t h e  t h i r d  s e t  o f  e f f u 

s i o n  s t u d i e s  a n d  t h e  L a n g m u i r  s t u d i e s  t h e  d i f f e r e n c e  

w a s  4 5 ° .  T h e  v a p o r i z a t i o n  c e l l s  w e r e  r e p r o d u c i b l y  

m o u n t e d  i n  a  r e g i o n  o f  t h e  f u r n a c e  i n  w h i c h  c e l l  t e m 

p e r a t u r e s  w e r e  d e m o n s t r a t e d  b y  e x p e r i m e n t  t o  b e

c h a n g e d  l e s s  t h a n  2 °  b y  v e r t i c a l  d i s p l a c e m e n t s  o f  t h e  

c e l l  b y  3 . 0  c m .  H o r i z o n t a l  g r a d i e n t s  i n  t h e  c e l l  w h e n  

m o u n t e d  i n  t h i s  s e c t i o n  o f  t h e  f u r n a c e  s h o u l d  b e  c o r 

r e s p o n d i n g l y  s m a l l .

T h e  e q u i l i b r i u m  v a p o r  p r e s s u r e  o f  t i n  w a s  m e a s u r e d  

b y  t h e  t o r s i o n - e f f u s i o n  m e t h o d  t o  c h e c k  f o r  a n y  s y s 

t e m a t i c  e r r o r s  t h a t  w o u l d  a f f e c t  p r e s s u r e  r e a d i n g s .  T h e  

t h i r d - l a w  h e a t  o f  s u b l i m a t i o n  o f  t i n  a t  2 9 8  ° K  w a s  

d e t e r m i n e d  a s  A H °im =  7 1 . 7 9  ±  0 . 2 7  k c a l / m o l e .  I n  

a n  e x h a u s t i v e  s t u d y  o f  t i n  b y  t h e  s a m e  m e t h o d ,  S c h u l z 14 15 

f o u n d  A H ° 29s =  7 1 . 8  k c a l / m o l e  c o m p a r e d  w i t h  A H °2is 
=  7 2 . 2  k c a l ,  t h e  v a l u e  s u g g e s t e d  b y  H u l t g r e n ,  et al.,n 
f r o m  e a r l i e r  s t u d i e s .

P r i o r  t o  a  r u n ,  t h e  c e l l  a n d  s a m p l e  w e r e  h e a t e d  s o m e  

5 0 °  h i g h e r  t h a n  t h e  h i g h e s t  t e m p e r a t u r e  t o  b e  r e a c h e d  

d u r i n g  t h e  r u n  a n d  u n t i l  t h e  a m b i e n t  p r e s s u r e  i n  t h e  

f u r n a c e  w a s  n o  h i g h e r  t h a n  5  X  1 0 - 6  t o r r .  I n  a n y  

p a r t i c u l a r  r u n  f r o m  t w o  t o  s i x  p o i n t s  w e r e  t a k e n  w i t h  

a t  l e a s t  1 5  m i n  b e i n g  a l l o w e d  a f t e r  e a c h  t e m p e r a t u r e  

c h a n g e  i n  o r d e r  t o  e n s u r e  t h a t  e q u i l i b r i u m  w a s  r e a c h e d .

R esults and Discussion

T h e  r e s u l t s  o f  t h i s  s t u d y  a r e  s h o w n  i n  F i g u r e  1 a n d  

i n  T a b l e s  I  a n d  I I .  T h e  l i n e s  o f  t h e  g r a p h  a r e  t h e  l e a s t -  

s q u a r e s  f i t  t o  t h e  d a t a  c o l l e c t e d .

M o l e c u l a r  f l o w  e q u a t i o n s  f o r  l o w - p r e s s u r e  g a s  f l o w  

t h r o u g h  a n  o r i f i c e  h a v e  b e e n  s h o w n  t o  a p p l y  o n l y  

w h e n  t h e  m e a n  f r e e  p a t h  o f  t h e  v a p o r  s p e c i e s  i s  g r e a t e r  

t h a n  s o m e  c r i t i c a l  v a l u e  t h a t  d e p e n d s  o n  t h e  d i m e n s i o n s  

o f  t h e  e f f u s i o n  o r i f i c e . 16’ 17 M e a n  f r e e  p a t h  t o  d i a m e t e r  

r a t i o s  w e r e  c a l c u l a t e d  u s i n g  t h e  h a r d - s p h e r e s  a p p r o x i 

m a t i o n 18 w i t h  t h e  m o l e c u l a r  d i a m e t e r  o f  b a r i u m  f l u o r i d e  

t a k e n  a s  8 . 1 4  A ,  t h e  s u m  o f  i o n i c  d i a m e t e r s  a t  r o o m  

t e m p e r a t u r e ,  a s s u m i n g  a  l i n e a r  m o l e c u l e .  T h i s  v a l u e  

o f  \/d  c a n  b e  u s e d  o n l y  f o r  r e l a t i v e  c o m p a r i s o n .  R e c e n t

(10) O rifice set 1 : d iam eter 1.07 m m , len gth  1.30 m m , m om en t arm  
length  11.6 m m ; diam eter 1.05 m m , length  1.30 m m , m om en t arm 
length 11.9 m m . Orifice set 2 : d iam eter 2.36  m m , length  1.30 m m , 
m om en t arm  length  11.6 m m ; diam eter 2.34 m m , length  1.30 
m m , m om en t arm length  11.9 m m . O rifice set 3 : d iam eter 0.92 
m m , length  0 .75  m m , m om en t arm  length  12.9 m m ; d iam eter 0.92 m m , 
len gth  0.77 m m , m om en t arm  length  12.8 m m .
(11) R . D . Freem an and A . W . S earcy, J. Chem. P h ys ., 22 , 762 
(1954).

(12) R . D . F reem an, O klah om a State U niversity  T ech n ica l D o c u 
m entary  R e p o rt  N o . A S D -T D R -6 3 -7 5 4 , A u g  1963.
(13 ) D . A . Schulz and A . W . Searcy, J. P h ys. Chem., 67 , 103 (1 963 ).
(14) D . A . Schulz, P h .D . Thesis, U n iversity  o f C aliforn ia , B erk eley , 
C alif., 1961.
(15) R . H u ltgren , R . L . Orr, P . D . A nderson , and K . K . K elley , 
“ V alues o f  T h erm od yn a m ic P roperties o f  M eta ls and A llo y s ,”  John 
W iley  and Sons, In c ., N ew  Y ork , N . Y ., 1963.
(1 6 ) A . W . S earcy  and D . A . Schulz, J. Chem. P h ys., 38 , 772 (1963).
(17 ) K . D . C arlson , P . W . G illes, and R . J. T h orn , ib id ., 38 , 2064 
(1963).

(18) S. D ushm an, “ Scientific F oun dation s o f  V acuu m  T e ch n iq u e ,”  
John W ile y  and Sons, In c ., N ew  Y o rk , N . Y ., 1949.
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Table I : Torsion-Effusion Sublimation Pressures 
for Barium Fluoride“

AF°t — A H ° î 9e\

T, \ T /  AR°298,
° K P ,  a tm c a l /d e g k c a l /m o le

1491 3.32 X 10“ 8 ■ 39.77 89.81
1459 1.69 X 10-6 39.96 90.17
1440 1.03 X 10~8 40.07 90.57
1414 5.83 X IO“ 8 40.22 90.74
1388 3.56 X IO“ 6 40.35 90.61
1548 1.24 X 10“ 4 39.42 88.716
1520 6.90 X IO"5 39.57 89.096
1358 1.59 X 10-« 40.46 90.99
1378 2.56 X 10-» 40.39 90.92
1395 3.95 X 10~6 40.32 90.70
1425 8.77 X 10-« 40.10 90.21
1358 2.18 X u r 6 40.47 90.55
1448 1.44 X K T8 40.03 90.03
1526 7.55 X IO“ 6 39.57 89.17b
1401 5.27 X 10-6 40.28 90.27
1305 6.10 X IO“ 7 40.69 90.22
1430 9.90 X IO“ 4 40.13 90.13
1388 3.80 X 10"6 40.37 90.46
1402 5.22 X 10-« 40.27 90.33
1293 4.68 X IO“ 7 40.74 90.13
1308 6.76 X IO“ 7 40.67 90.13
1318 8.70 X IO"7 40.64 90.12
1375 3.08 X IO"6 40.41 90.25
1359 2.13 X 10-« 40.48 90.28
1277 3.47 X IO '7 40.82 89.87
1261 2.52 X IO“ 7 40.89 89.64
1375 3.10 X IO '6 40.41 90.22
1384 4.20 X IQ"* 40.37 89.92
1370 2.53 X 10-« 40.43 90.48
1350 1.73 X 10-« 40.52 90.29
1336 1.19 X IO“ « 40.58 90.43
1455 1.44 X 10“ 6 39.98 90.40
1390 4.04 X 10“ 8 40.33 90.36
1431 9.22 X 10-« 40.12 90.39
1486 2.70 X IO“ 8 39.80 90.21
1486 2.95 X IO“ 5 39.80 90.05
1506 3.73 X IO '6 39.69 90.29
1535 5.86 X IO '8 39.53 90.41
1394 4.76 X 10“ 8 40.32 90.24
1413 7.52 X 10“ 8 40.22 89.96
1440 1.13 X 10-6 40.07 90.30
1464 1.99 X 10~8 39.93 89.95
1473 2.34 X IO“ 5 39.88 89.95
1548 7.11 X 10-6 39.45 90.45
1360 2.02 X IO” 8 40.48 89.49
1523 4.93 X 10~8 39.58 90.30
1395 4.51 X IO '8 40.32 90.37
1501 3.66 X 10~8 39.72 90.09
1529 5.29 X 10-8 39.55 90.39

Av = 90.25 ±  
0.28

“ First 14 points taken with orifice set 1; middle 17 points 
with orifice set 2; last 18 points with orifice set 3. 1 Indicates 
where X/d was calculated to be less than 1.0.

Figure 1. Vapor pressure of barium fluoride: —------ ,
Knudsen experiment (this work) X/d >  1.0; A, orifice 1,
O, orifice 2, □, orifice 3; —-——, Langmuir experiment
(this work); V, orifice 4, <>, orifice 5 ; --------- ,
Buff and LeBouche (extrapolated);-----------,
Green, et a l . ; -------------, Bautista and Margrave.

e x p e r i m e n t s 19 i n d i c a t e  b a r i u m  f l u o r i d e  m a y  b e  a  b e n t  

m o l e c u l e  a n d  t h u s  w o u l d  h a v e  a  s l i g h t l y  s m a l l e r  e f f e c 

t i v e  m o l e c u l a r  d i a m e t e r  t h a n  a s s u m e d .  K n u d s e n  

p r e s s u r e s  f o r  w h i c h  c a l c u l a t e d  \/d  v a l u e s  a r e  l e s s  t h a n

1 . 0  a r e  e x c l u d e d  i n  t h e  f i n a l  c a l c u l a t i o n s  o f  t h e  h e a t s  o f  

s u b l i m a t i o n  a n d  a r e  n o t  s h o w n  i n  F i g u r e  1 b e c a u s e  

s y s t e m a t i c  d e v i a t i o n s  i n  c a l c u l a t e d  v a l u e s ,  p r e s u m a b l y  

a r i s i n g  f r o m  f a i l u r e  o f  t h e  m o l e c u l a r  f l o w  a p p r o x i m a 

t i o n ,  a r e  a p p a r e n t  f o r  m e a s u r e m e n t s  a t  l o w e r  X / d  

v a l u e s .  F o r  o r i f i c e  1 w h e n  X / d  w a s  l e s s  t h a n  1 . 0 ,  

A i f °298 v a l u e s  o f  1 . 5 4  t o  1 . 2 8  k c a l / m o l e  b e l o w  t h e  a v e r 

a g e  w e r e  f o u n d .  S c h u l z  a n d  S e a r c y 13 a l s o  f o u n d  s u b 

s t a n t i a l  d e v i a t i o n  i n  A H 0̂  v a l u e s  w h e n  X / d  b e c a m e  

l e s s  t h a n  a  c r i t i c a l  v a l u e  n e a r  u n i t y .

L e a s t - s q u a r e s  c a l c u l a t i o n s  f r o m  K n u d s e n  d a t a  w h e r e  

X / d  > 1 . 0  y i e l d  f o r  t h e  v a p o r  p r e s s u r e  i n  a t m o s p h e r e s  

l o g  P  =  -  [ ( 7 9 . 7 3  ±  0 . 7 7 ) / 4 . 5 7 6 ]  X  ( l O V T 1)  +  7 . 1 5  

±  0 . 1 2  b e t w e e n  1 2 6 1  a n d  1 5 4 8 ° K  a n d  l o g  P  =  —  [ ( 8 0 . 5 3

(19) L. Warton, R. A. Berg, and W. Klemperer, J. Chem. Phys., 39, 
2023 (1963).
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Table II : Torsion-Langmuir Sublimation Pressure 
for Barium Fluoride“

(  AF°T — AH°298>\
T, \ T  ) AH°298,
°K P ,  atm cal/deg kcal/mole

1445 1.11 X 10"6 40.05 90.61
1470 1.79 X 10~8 39.90 90.59
1492 2.67 X 10~5 39.75 90.52
1318 9.72 X 10“ 7 40.63 89.90
1394 3.65 X 10~8 40.31 90.88
1425 7.16 X 10-6 40.16 90.78
1395 4.11 X IO“ * 40.31 90.61
1390 3.33 X 10-« 40.34 90.91
1331 1.28 X 10-« 40.59 89.85
1347 1.48 X 10-« 40.53 90.52
1365 2.09 X IO“ 8 40.45 90.68
1417 6.09 X 10-« 40.20 90.71
1365 2.00 X 10“ 6 40.45 90.74
1408 5.06 X 10~6 40.24 90.78
1377 2.53 X IO“ 6 40.40 90.89
1430 9.05 X 10-« 40.12 90.37
1402 4.93 X IO“ « 40.28 90.45
1331 9.00 X IO“ 7 40.59 90.85
1328 8.43 X 10"7 40.60 90.83
1315 6.27 X IO“ 7 40.65 90.77
1345 1.13 X 10-8 40.53 91.11
1323 7.20 X IO-7 40.62 90.92
1340 1.32 X 10~8 40.55 90.38
1361 2.06 X 10-» 40.48 90.49
1350 1.56 X 10-* 40.52 90.56

Av = 90.62 ±  
0.30

“ First 18 points with orifice set 4; last 7 points with orifice 
set 5.

±  1 . 8 ) / 4 . 5 7 6 ]  X  ( 1 0 3/T )  +  7 . 2 2  ±  0 . 2 9  b e t w e e n  1 3 1 5  

a n d  1 4 9 2 ° K  f o r  t h e  L a n g m u i r  e x p e r i m e n t .  T h e  e r r o r s  

a r e  t h e  s t a n d a r d  d e v i a t i o n s  f r o m  l e a s t - s q u a r e s  f i t s .

T h e  h e a t s  o f  s u b l i m a t i o n  o f  b a r i u m  f l u o r i d e  a t  

2 9 8 ° K  f o r  t h e  K n u d s e n  a n d  L a n g m u i r  d a t a  w e r e  c a l 

c u l a t e d  b y  b o t h  t h e  s e c o n d - l a w  a n d  t h i r d - l a w  m e t h o d s .  

I n  a l l  c a l c u l a t i o n s ,  B a F 2 w a s  c o n s i d e r e d  t o  b e  t h e  m a j o r  

v a p o r  s p e c i e s 2 b e c a u s e  t h e r m o d y n a m i c  c a l c u l a t i o n s  

i n d i c a t e  t h a t  t h e  p r e s s u r e s  p r o d u c e d  b y  t h e  r e a c t i o n s  

B a F 2 ( s )  +  C ( s )  =  B a F ( g )  +  C F ( g ) ,  B a F 2( s )  +  C ( s )  =  

B a ( g )  +  C F 2( g ) ,  a n d  B a F 2 ( s )  +  y 2C ( s )  =  B a F ( g )  +  

y 2C F 2( g ) ,  w o u l d  b e  s e v e r a l  o r d e r s  o f  m a g n i t u d e  b e l o w  

t h e  o b s e r v e d  p r e s s u r e s .

T h e  s a m e  h e a t  c a p a c i t y  e q u a t i o n s  a n d  f r e e - e n e r g y  

f u n c t i o n s  f o r  s o l i d  b a r i u m  f l u o r i d e 20 a n d  t h e  s a m e  e s t i 

m a t e d  h e a t  c a p a c i t y  a n d  f r e e - e n e r g y  f u n c t i o n s  f o r  

b a r i u m  f l u o r i d e  g a s 21 w e r e  u s e d  i n  c a l c u l a t i n g  h e a t s  o f  

s u b l i m a t i o n  a s  w e r e  u s e d  b y  G r e e n ,  et al.,2 a n d  b y  

B a u t i s t a  a n d  M a r g r a v e . 4 T h e  f r e e - e n e r g y  f u n c t i o n s  

u s e d  a r e  e x p e c t e d  t o  b e  a s  r e l i a b l e  a s  c a n  p r e s e n t l y  b e

e s t i m a t e d 21 w h e t h e r  o r  n o t  t h e  B a F 2 ( g )  m o l e c u l e  i s  

l i n e a r  o r  b e n t  a s  s u g g e s t e d  b y  r e c e n t  e l e c t r i c  d i p o l e  

s t u d i e s . 19 T h e  s e c o n d - l a w  t r e a t m e n t  y i e l d e d  A / / ° 298 

=  8 8 . 7 8  ±  1 . 2 6  k c a l / m o l e  f r o m  t h e  K n u d s e n  e x p e r i 

m e n t s  a n d  A H °298 =  9 0 . 2 9  ±  1 . 8 1  k c a l / m o l e  f r o m  t h e  

L a n g m u i r  e x p e r i m e n t s .  T h e  t h i r d - l a w  c a l c u l a t i o n s  

f o r  t h e  4 6  K n u d s e n  m e a s u r e m e n t s  f o r  w h i c h  \/d >  1 . 0  

y i e l d e d  A F ° 298 =  9 0 . 2 5  ±  0 . 2 8  k c a l / m o l e  a n d  f o r  t h e  

2 5  L a n g m u i r  m e a s u r e m e n t s  y i e l d e d  A H ° 298 =  9 0 . 6 2  

±  0 . 3 0 .  T h e  i n d i c a t e d  e r r o r s  a r e  t h e  s t a n d a r d  d e v i a 

t i o n s .  T h e  f r e e - e n e r g y  f u n c t i o n s  c o u l d  b e  i n  e r r o r  b y  

e n o u g h  t o  c o n t r i b u t e  a  4  k c a l  e r r o r  t o  t h e  c a l c u l a t e d  

h e a t s  a t  2 9 8 ° K ;  h o w e v e r ,  t h e  h e a t  o f  s u b l i m a t i o n  c a l 

c u l a t e d  b y  t h e  t h i r d - l a w  m e t h o d  i s  p r o b a b l y  c o r r e c t  

t o  w i t h i n  ± 3  k c a l / m o l e .  A s s u m i n g  a  + 5 °  e r r o r  a t  t h e  

h i g h  e n d  o f  m e a s u r e m e n t s  a n d  a  —  5 °  e r r o r  a t  t h e  l o w e r  

e n d  ( c o r r e s p o n d i n g l y  ± 1 0 %  e r r o r s  i n  p r e s s u r e s )  

y i e l d s  a n  e s t i m a t e d  m a x i m u m  e r r o r  o f  2 . 8  k c a l  f o r  t h e  

s e c o n d - l a w  c a l c u l a t i o n .

B r e w e r ,  et al.21 c o n c l u d e d  f r o m  t h e  e a r l y  w o r k  o f  R u f f  

a n d  L e B o u c h e r 1 t h a t  t h e  h e a t  o f  s u b l i m a t i o n  o f  b a r i u m  

f l u o r i d e  i s  a b o u t  8 8  k c a l / m o l e  a t  2 9 8 ° K .  G r e e n ,  et al. 2 
i n  t h e  m a s s  s p e c t r o m e t e r  s t u d y  f o u n d  A H ° 298 =  9 2 . 3  

k c a l / m o l e  b y  t h e  t h i r d - l a w  m e t h o d  a n d  A H ° 298 —
9 3 . 8  k c a l / m o l e  b y  t h e  s e c o n d - l a w  m e t h o d .  T o r s i o n -  

e f f u s i o n  s t u d i e s  o f  H i l d e n b r a n d ,  et al.,3 y i e l d  A H ° 298 =

8 8 . 6  k c a l  w h e n  r e c a l c u l a t e d  w i t h  t h e  s a m e  f r e e - e n e r g y  

f u n c t i o n s  u s e d  b y  t h e  o t h e r  i n v e s t i g a t o r s .  T h e  L a n g 

m u i r  m e a s u r e m e n t s  o f  B a u t i s t a  a n d  M a r g r a v e 4 y i e l d  

A / / ° 2 9 8  =  9 2 . 3  k c a l / m o l e  f r o m  t h i r d - l a w  a n a l y s i s  a n d  

A H ° 2as =  9 4 . 7  k c a l / m o l e  b y  s e c o n d - l a w  a n a l y s i s .

H i l d e n b r a n d  a n d  c o - w o r k e r s 3 b e l i e v e  t h e i r  e x p e r i 

m e n t a l  r e s u l t s  i n d i c a t e  t h a t  b a r i u m  f l u o r i d e  i s  b e n t .  

W e  w i l l  n o t  c o m m e n t  f u r t h e r  o n  t h i s  p o i n t  b e c a u s e  t h e  

w o r k  o f  H i l d e n b r a n d ,  et al., i s  n o t  y e t  p u b l i s h e d  e x c e p t  

i n  c o m p a n y  r e p o r t s .  T h e  s e c o n d -  a n d  t h i r d - l a w  

m e a s u r e m e n t s  o f  t h e  p r e s e n t  w o r k  a g r e e  w e l l  w h e n  

B r e w e r ’ s 21 f r e e - e n e r g y  f u n c t i o n s  a r e  u s e d .  T h e  s e c o n d -  

l a w  K n u d s e n  m e a s u r e m e n t s  s h o u l d  b e  g i v e n  g r e a t e s t  

w e i g h t  u n t i l  s u p p o r t i n g  t h e r m o c h e m i c a l  d a t a  f o r  t h i r d -  

l a w  c a l c u l a t i o n s  a r e  b e t t e r  e s t a b l i s h e d .

S i n c e  t h e  s a m e  f r e e - e n e r g y  f u n c t i o n s  w e r e  u s e d  b y  

G r e e n ,  et al.,2 b y  B a u t i s t a  a n d  M a r g r a v e , 4 a n d  b y  u s  

a n d  s i n c e  t h e  m e a s u r e m e n t s  w e r e  m a d e  i n  a p p r o x i 

m a t e l y  t h e  s a m e  t e m p e r a t u r e  r a n g e s ,  t h e  d i f f e r e n c e s  i n  

c a l c u l a t e d  h e a t s  o f  s u b l i m a t i o n  a t  2 9 8 ° K  r e f l e c t  t h e  

s y s t e m a t i c  d i f f e r e n c e s  o f  a p p r o x i m a t e l y  a  f a c t o r  o f  2  i n  

m e a s u r e d  p r e s s u r e s  a n d  n o t  p o s s i b l e  e r r o r s  i n  t h e  f r e e -  

e n e r g y  f u n c t i o n s .  M a s s  s p e c t r o m e t e r  p r e s s u r e  m e a s u r e 

(20) K . K . K e lley , U . S. B ureau o f M ines B ulletin , 584, U . S. G o v e rn 
m ent P rin tin g  O ffice, W ash in gton , D . C ., 1960, p  23.
(21) L . B rew er, G . Som ayaju lu , and E . B rack et, Chem. R ev., 63 , 
111 (1963).
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m e n t s  a r e  u s u a l l y  e x p e c t e d  t o  b e  u n c e r t a i n  b y  a  f a c t o r  

o f  2  o r  m o r e .  P r e s u m a b l y ,  i t  w a s  i n  r e c o g n i t i o n  o f  t h e  

i n h e r e n t  u n c e r t a i n t y  i n  m a s s  s p e c t r o m e t e r  m e a s u r e 

m e n t s  t h a t  B a u t i s t a  a n d  M a r g r a v e  d i d  n o t  d r a w  t h e  

c o n c l u s i o n  f r o m  t h e  e x c e l l e n t  a g r e e m e n t  o f  t h e i r  L a n g 

m u i r  r e s u l t s  f o r  b a r i u m  f l u o r i d e  w i t h  m a s s  s p e c 

t r o m e t e r  m e a s u r e m e n t s  i n  t h e i r  l a b o r a t o r y  t h a t  a =  1 .

I n s t e a d ,  t h e y  c o n c l u d e d  f r o m  c o m p a r i s o n  o f  t h e  

L a n g m u i r  d a t a  w i t h  e f f u s i o n  m e a s u r e m e n t s  o f  o t h e r  

i n v e s t i g a t o r s  t h a t  e v a p o r a t i o n  c o e f f i c i e n t s  f o r  a l k a l i n e  

e a r t h  h a l i d e s  p r o b a b l y  g e n e r a l l y  l i e  i n  t h e  r a n g e  0 . 1  

t o  0 . 3 .  F o r  b a r i u m  f l u o r i d e  s p e c i f i c a l l y ,  c o m p a r i s o n  o f  

B a u t i s t a ’ s  r e s u l t s  t o  o u r  e f f u s i o n  r e s u l t s  w o u l d  l e a d  t o  

t h e  c o n c l u s i o n  t h a t  t h e  v a l u e  o f  a i s  a b o u t  0 . 5 .

A  r e c e n t  p a p e r  o f  L o e h m a n ,  K e n t ,  a n d  M a r g r a v e 22 

d o e s  d e s c r i b e  b o t h  K n u d s e n  m e a s u r e m e n t s  ( a b o v e  t h e  

m e l t i n g  p o i n t )  a n d  L a n g m u i r  m e a s u r e m e n t s  ( b e l o w  

t h e  m e l t i n g  p o i n t )  f o r  s t r o n t i u m  c h l o r i d e .  T h e  L a n g 

m u i r  e x p e r i m e n t s  w e r e  p e r f o r m e d  o n  s i n g l e  c r y s t a l s  

s u s p e n d e d  i n  t h e  f u r n a c e .  E x t r a p o l a t i o n  o f  K n u d s e n  

d a t a  i n t o  t h e  r a n g e  b e l o w  t h e  m e l t i n g  p o i n t  c l e a r l y  

i n d i c a t e s  a n  e v a p o r a t i o n  c o e f f i c i e n t  o f  0 . 3  f o r  t h e  s o l i d .

C o m p a r i s o n  o f  o u r  o w n  f r e e - s u r f a c e  a n d  e f f u s i o n  d a t a  

f o r  b a r i u m  f l u o r i d e  y i e l d s  a =  0 . 9  ±  0 . 1 .  T h e  relative 
e r r o r  i n  o u r  m e a s u r e m e n t s  o f  f r e e  s u r f a c e  a n d  e f f u s i o n  

d a t a  p r o b a b l y  s h o u l d  n o t  e x c e e d  1 0 %  b e c a u s e  m o s t  

s o u r c e s  o f  s y s t e m a t i c  e r r o r  a r e  c o m m o n  t o  t h e  f r e e -  

s u r f a c e  a n d  e f f u s i o n  m e a s u r e m e n t s .  T h e  m o s t  p r o b 

a b l e  s o u r c e  o f  s e r i o u s  e r r o r  i n  d e t e r m i n a t i o n  o f  a  i s  a  

d i s c r e p a n c y  b e t w e e n  m e a s u r e d  t e m p e r a t u r e  a n d  t r u e  

t e m p e r a t u r e  o f  t h e  e v a p o r a t i n g  s u r f a c e  o f  a  L a n g m u i r  

s a m p l e .  I n  t h i s  r e s e a r c h  t h e  L a n g m u i r  s p e c i m e n s  w e r e  

m o u n t e d  i n  t h e  s a m e  p o s i t i o n  a s  t h e  o r i f i c e s  o f  t h e  

e f f u s i o n  c e l l s  i n  a  c h a m b e r  o f  d e m o n s t r a t e d  u n i f o r m  

t e m p e r a t u r e .  I f  t h e  t r u e  v a l u e  o f  a w e r e  0 . 5 ,  o u r  f r e e -  

s u r f a c e  t e m p e r a t u r e s  w o u l d  h a v e  t o  b e  a p p r o x i m a t e l y  

3 5 °  h i g h e r  t h a n  t h e  t e m p e r a t u r e  i n s i d e  a n  e f f u s i o n  c e l l  

p l a c e d  i n  t h e  s a m e  p o s i t i o n s  i n  o r d e r  t o  a c c o u n t  f o r  t h e  

r e s u l t s  p r e s e n t e d  i n  t h i s  p a p e r .  A n  a c t u a l  t e m p e r a t u r e  

d i f f e r e n c e  o f  m o r e  t h a n  5 °  i s  v e r y  u n l i k e l y .

T h e  1 1 1  f a c e s  o f  t h e  b a r i u m  f l u o r i d e  s u r f a c e s  r e 

m a i n e d  s m o o t h  w h e n  e x a m i n e d  a t  2 4 0  m a g n i f i c a t i o n s ;  

s u r f a c e  r o u g h e n i n g  d i d  n o t ,  t h e r e f o r e ,  s i g n i f i c a n t l y  i n 

i n c r e a s e  t h e  e f f e c t i v e  r a t e  o f  e v a p o r a t i o n .  T h e  e v a p o 

r a t i o n  c o e f f i c i e n t  f o r  t h i s  f a c e  o f  a  b a r i u m  f l u o r i d e  c r y s t a l  

i s  n e a r  u n i t y  w i t h i n  a  s m a l l  p r o b a b l e  e x p e r i m e n t a l  

e r r o r ,  a n d  t h e  e v a p o r a t i o n  c o e f f i c i e n t s  f o r  o t h e r  a l k a l i n e  

e a r t h  f l u o r i d e s  a r e  p r o b a b l y  a l s o  n e a r  u n i t y .
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F o r  t h e  g r o u p  o f  8 6  c a t a c o n d e n s e d  a n d  p e r i c o n d e n s e d  b e n z e n o i d  h y d r o c a r b o n s ,  t h e  t h e o 

r e t i c a l  e s t i m a t e s  o f  t h e  e x c i t a t i o n  e n e r g y  o f  t h e  p  b a n d ,  c a l c u l a t e d  b y  t h e  H ü c k e l  m e t h o d  

a n d  b y  t h e  s e m i e m p i r i c a l  m e t h o d  o f  t h e  l i m i t e d  c o n f i g u r a t i o n  i n t e r a c t i o n ,  a s  w e l l  a s  t h e  

e x p e r i m e n t a l  v a l u e s  o f  t h e  s a m e  q u a n t i t y ,  a r e  p l o t t e d  a g a i n s t  t h e  n u m b e r  o f  a t o m s  o f  t h e  

r e s p e c t i v e  m o l e c u l e s .  I n  t h e  p l o t s  t h u s  o b t a i n e d ,  t h e  i n f l u e n c e  o f  t h e  t o p o l o g y  a n d  s i z e  o f  t h e  

m o l e c u l e s  o n  t h e  c h a n g e s  o f  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  v a l u e s  o f  t h e  p - b a n d  e x c i t a t i o n  

e n e r g y  m a y  b e  t r a c e d .  A  s u r p r i s i n g  s i m i l a r i t y  o f  p l o t s  f o r  t h e  t h r e e  q u a n t i t i e s  m e n t i o n e d  h a s  

b e e n  f o u n d ,  a n d  t h e  i m p o r t a n c e  o f  t h e  m o l e c u l a r  t o p o l o g y  a s  t h e  m o l e c u l e  c h a r a c t e r i s t i c s  i s  

s h o w n .  A p p r o x i m a t e  r u l e s  b a s e d  o n  t h e  d i s t r i b u t i o n  o f  t h e  “ n o d a l  p o i n t s ”  i n  t h e  h i g h e s t  

o c c u p i e d  m o l e c u l a r  o r b i t a l  o f  t h e  p a r e n t  h y d r o c a r b o n  h a v e  b e e n  d e r i v e d ,  p r e d i c t i n g  t h e  

d i r e c t i o n  o f  t h e  p - b a n d  s h i f t  w i t h  b e n z e n e  r i n g  a n n é l a t i o n .

Introduction

W h e n  c o m p a r i n g  t h e  d i f f e r e n c e s  i n  e n e r g y  o f  t h e  

l o w e s t  u n o c c u p i e d  a n d  t h e  h i g h e s t  o c c u p i e d  m o l e c u l a r  

o r b i t a l  i n  H i i c k e l  a p p r o x i m a t i o n s  (E (N  -*■  V i ) )  w i t h  

t h e  e x p e r i m e n t a l  v a l u e  o f  t h e  e x c i t a t i o n  e n e r g y  c o r 

r e s p o n d i n g  t o  t h e  p  b a n d  a c c o r d i n g  t o  C l a r ’ s  c l a s s i f i c a 

t i o n 2 ( e e x p t i ) ,  a  s t a t i s t i c a l l y  s i g n i f i c a n t  c o r r e l a t i o n  i s  

f o u n d  f o r  b e n z e n o i d  h y d r o c a r b o n s 3 a s  w e l l  a s  f o r  o t h e r  

t y p e s  o f  h y d r o c a r b o n s . 4 H o w e v e r ,  t h e  d e p e n d e n c e  

o f  eex p t i  o n  E (N  —► V i )  s h o w s  a  c o n s i d e r a b l e  s c a t t e r i n g .  

T h i s  s c a t t e r i n g  i s  c o n n e c t e d  w i t h  t h e  d e c o m p o s i t i o n  

o f  t h e  d e p e n d e n c e  i n  q u e s t i o n  i n t o  p a r t i a l  d e p e n d e n c e s  

f o r  n a r r o w e r  s t r u c t u r a l  t y p e s .  E.g., t h e  b e n z e n o i d  

h y d r o c a r b o n s  a r i s i n g  f r o m  1 , 2 - b e n z o p y r e n e  o r  3 , 4 -  

b e n z o p y r e n e  b y  a  l i n e a r  a n n e l a t i o n ,  i.e., h y d r o c a r b o n s  

o f  t h e  P a [ 0 , n ]  o r  P b [ 0 , n ]  t y p e ,  r e s p e c t i v e l y  ( s e e  

T a b l e  I ) ,  s h o w  s y s t e m a t i c  d e v i a t i o n s  f r o m  t h e  r e g r e s 

s i o n  l i n e  o f  d e p e n d e n c e  « ex p t i  o n  E (N  V j )  ( c / .  T a b l e  

I I ) .  I f ,  h o w e v e r ,  t h e  d e c o m p o s i t i o n  o f  t h e  d e p e n d e n c e  

i n  s t i l l  f i n e r  s u b c l a s s e s  i s  c o n s i d e r e d ,  t h e  a m o u n t  o f  

i n f o r m a t i o n  c o n t a i n e d  i n  e v e r y  d e p e n d e n c e  i s  l o w e r e d ,  

w h i c h  r e s u l t s  i n  a  r e d u c e d  p r e d i c t a b i l i t y .

T h i s  i s  t h e  r e a s o n  w h y  t h i s  w o r k  h a s  n o t  b e e n  l i m i t e d  

t o  t h e  s t u d y  o f  t h e  d e p e n d e n c e  ee* Pt i  o n  E (N  -*■  V i )  

a s  a  s u p e r p o s i t i o n  o f  p a r t i a l  d e p e n d e n c e s .  T h e  e n 

d e a v o r  h a s  b e e n  m a d e  t o  d i f f e r e n t i a t e  t h e  i n f l u e n c e  o f  

t h e  s i z e  o f  t h e  c o n j u g a t e d  s y s t e m  f r o m  t h e  i n f l u e n c e  

o f  i t s  t o p o l o g y .  F o r  h y d r o c a r b o n s  w h e r e  t h e  u s e  o f  

t h e  c o n v e n t i o n a l  H i i c k e l  m e t h o d  d o e s  n o t  d e p e n d  o n  

t h e  c h o i c e  o f  p a r a m e t e r s ,  t h e  m a t r i x  o f  t h e  e f f e c t i v e  

H a m i l t o n i a n  i s  i d e n t i c a l  w i t h  t h e  t o p o l o g i c a l  m a t r i x  

w h i c h  r e p r e s e n t s  i n  a  u n i q u e  w a y  t h e  s t r u c t u r a l  

f o r m u l a  b e l o n g i n g  t o  t h e  c a r b o n  s k e l e t o n  o f  t h e  m o l e c u l e  

c o n s i d e r e d  a s  a n  u n w e i g h t e d  g r a p h . 6’ 6 T h e  c o n n e c t i o n  

o f  t h e  H i i c k e l  e i g e n p r o b l e m  w i t h  t h e  d i a g o n a l i z a t i o n  

o f  t h e  t o p o l o g i c a l  m a t r i x  i s  v e r y  w e l l  k n o w n . 7 - 9  I t  w a s  1 2 3 4 5 6 7 8

(1 ) D ep artm en t o f C h em istry , T h e  John H op k in s U niversity , B alti
m ore , M d . 21218.
(2) E . C lar, “ P o ly cy c lic  H y d ro ca rb o n s ,”  A cad em ic  P ress In c ., N ew  
Y o rk , N . Y ., 1964.
(3) (a) A . Streitw eiser, Jr., “ M olecu lar  O rbital T h e o ry  for  O rganic 
C hem ists,”  John W iley  an d  Sons, In c ., N ew  Y o rk , N . Y ., 1961; 
(b ) J. K o u te ck ÿ , J. P aldus, and R . Zahradnik , J. Chem. P h ys., 36 , 
3129 (1962).
(4 ) D . M euche, K . Strauss, and E . H eilbron ner, H elv. Chim . A cta , 
41 , 57, 414 (1958).
(5) C. Berge, “ T h éorie  des G raphes et ses A p p lica tion s ,”  D u n od , 
Paris, 1958.
(6 ) J. Sedlâcek , “ K om b in a torik a  v  th eorii a p ra x i,”  N a k la date lstv i 
C S A V , P raha, 1964.
(7 ) M . M . G ü nthardt and H . P rim as, Helv. Chim. A cta , 39 , 1645 
(1956).
(8 ) K . R uedenberg , J. Chem. P h ys ., 22 , 1828 (1954).
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u s e d  a l s o  t o  e s t a b l i s h  i m p o r t a n t  r e l a t i o n s h i p s  b e t w e e n  

t h e  H i i c k e l  a n d  t h e  o n e - d i m e n s i o n a l  f r e e  e l e c t r o n  

t h e o r y  o n  o n e  h a n d 9 10 a n d  b e t w e e n  t h e  H i i c k e l  a n d  

v a l e n c e - b o n d  m e t h o d  o n  t h e  o t h e r  h a n d . 11 T h e  r e s o 

n a n c e  e n e r g i e s  o f  t h e  r - e l e c t r o n  s y s t e m s  w e r e  d i s c u s s e d  

r e c e n t l y  i n  t e r m s  o f  t o p o l o g i c a l  c o n c e p t s . 12

E v e n  i f  t h e  i m p o r t a n c e  o f  t h e  t o p o l o g y  i s  g e n e r a l l y  

u n d e r s t o o d ,  t h e  q u a n t i t a t i v e  a s p e c t s  o f  t h e  i n f l u e n c e  o f  

t h e  t o p o l o g y  s e e m  t o  b e  n o t  f u l l y  e x h a u s t e d .  T h e r e 

f o r e ,  t h e  d e p e n d e n c e  o f  t h e  q u a n t i t y  E  =  2 e ,  w h e r e  e 
d e s i g n a t e s  t h e  l o w e s t  e i g e n v a l u e  i n  t h e  a b s o l u t e  s e n s e  

(■e.g. ,  r e g a r d l e s s  t h e  s i g n )  o f  t h e  t o p o l o g i c a l  m a t r i x ,  

o n  t h e  n u m b e r  o f  c a r b o n  a t o m s  ( N )  o f  t h e  r e l e v a n t  

h y d r o c a r b o n  i s  s t u d i e d .  T h e  f i r s t  q u a n t i t y ,  b e i n g  a  

c h a r a c t e r i s t i c  o f  t h e  t o p o l o g i c a l  m a t r i x ,  i s  i n  r e l a t i o n  

w i t h  t h e  g r a p h  r e p r e s e n t i n g  t h e  i r - e l e c t r o n i c  s y s t e m ,  

i.e., w i t h  t h e  s t r u c t u r a l  f o r m u l a  o f  t h e  m o l e c u l e .  T h i s  

q u a n t i t y  r e p r e s e n t s  t h e  e s t i m a t e  o f  t h e  l o w e s t  e x c i t a 

t i o n  e n e r g y  f o r  a l t e r n a n t  h y d r o c a r b o n s  i n  H u c k e l ’ s  

s c h e m e  (i.e., E ( N  -*■  V i )  =  E ).  O n  t h e  o t h e r  h a n d ,  

t h e  n u m b e r  o f  c a r b o n  a t o m s  m a y  b e  c o n s i d e r e d  a s  o n e  

o f  t h e  p o s s i b l e  s i z e  m e a s u r e s  o f  t h e  c o n j u g a t e d  s y s t e m .  

A n o t h e r  p o s s i b l e  m e a s u r e  w o u l d  b e  t h e  n u m b e r  o f  

b e n z e n e  r i n g s  c o n t a i n e d  i n  t h e  h y d r o c a r b o n .  T h i s  

q u a n t i t y ,  h o w e v e r ,  m a k e s  t h e  c o m p a r i s o n  o f  c a t a c o n -  

d e n s e d  a n d  p e r i c o n d e n s e d  h y d r o c a r b o n s  d i f f i c u l t .

I n  t h e  E - N  p l o t s  m e n t i o n e d  a b o v e ,  i n d i v i d u a l  p o i n t s  

c o r r e s p o n d i n g  t o  t h e  g i v e n  a n n e l a t i o n  s e r i e s  a r e  c o n 

n e c t e d  w i t h  s t r a i g h t  l i n e s  s o  t h a t  t h e  i n f l u e n c e  o f  t h e  

s i z e  o f  t h e  c o n j u g a t e d  s y s t e m  o n  t h e  q u a n t i t y  E  i n  a  

s e r i e s  o f  t o p o l o g i c a l l y  s i m i l a r  s k e l e t o n s  m a y  b e  e a s i l y  

f o l l o w e d .  A  s i m i l a r  m e t h o d  h a s ,  i n  p r i n c i p l e ,  b e e n  

a p p l i e d  b y  C l a r  t o  t h e  s t u d y  o f  d e p e n d e n c e  o f  t h e  i n 

d i v i d u a l  b a n d s  i n  t h e  u l t r a v i o l e t  s p e c t r u m  o f  b e n z e n o i d  

h y d r o c a r b o n s  o n  t h e  s t r u c t u r e  o f  t h e  r e s p e c t i v e  m o l e 

c u l e s . 2 S u c h  a  p r e s e n t a t i o n  i s  a  g e n e r a l i z a t i o n  o f  t h e  

g r a p h s  i n  w h i c h  s p e c t r o s c o p i c  p r o p e r t i e s ,  e i t h e r  i n  a  

s e r i e s  o f  l i n e a r  p o l y a c e n e s  o r  i n  t h e  s e r i e s  o f  t h e  h y d r o 

c a r b o n s  w i t h  c o n s t a n t  n u m b e r  o f  b e n z e n e  r i n g s ,  a r e  

p l o t t e d . 13' 14

O n  t h e  o t h e r  h a n d ,  t h e  E - N  g r a p h s  e n a b l e  u s  t o  

s t u d y  t h e  i n f l u e n c e  o f  t h e  c a r b o n  s k e l e t o n  t o p o l o g y  o n  

t h e  q u a n t i t y  E  f o r  t h e  f i x e d  s i z e  o f  t h e  m o l e c u l e .

I n  t h e  s e l e c t i o n  o f  t h e  a n n e l a t i o n  s e r i e s  o f  t o p o l o g i 

c a l l y  s i m i l a r  c a r b o n  s k e l e t o n s ,  t h e  f o l l o w i n g  t h r e e  m o d e s  

o f  b e n z e n e  r i n g  a t t a c h m e n t  h a v e  b e e n  c o n s i d e r e d .

( 1 )  T h e  r i n g  t o  b e  a n n e x e d  h a s  o n e  b o n d  i n  c o m m o n  

w i t h  t h e  o r i g i n a l  s y s t e m  ( c a t a c o n d e n s a t i o n ) .  T h e  

m o s t  i m p o r t a n t  p a r t i a l  c a s e  i s  t h e  e l o n g a t i o n  o f  t h e  

e x i s t i n g  s t r a i g h t  c h a i n  o f  b e n z e n e  r i n g s  f o l l o w i n g  t h e  

d i r e c t i o n  o f  t h i s  c h a i n : i n  a  w o r d ,  t h e  l i n e a r  a n n e l a t i o n .  

T h e  t r a n s i t i o n  f r o m  n a p h t h a l e n e  t o  a n t h r a c e n e  o r

f r o m  p h e n a n t h r e n e  t o  t e t r a p h e n e  m a y  s e r v e  a s  a n  

e x a m p l e .

( 2 )  T h e  n e w  s y s t e m  a r i s e s  f r o m  t h e  o r i g i n a l  o n e  

t h r o u g h  e l o n g a t i o n  o f  t h e  l i n e a r  c h a i n  o f  b e n z e n e  r i n g s  

b y  t h e  a d d i t i o n  o f  o n e  b e n z e n e  r i n g ;  t h e  l i n e a r  c h a i n  

i n  q u e s t i o n  c o n n e c t s  t w o  c h a r a c t e r i s t i c  a n d  c o n s t a n t  

g r o u p s  o f  b e n z e n e  r i n g s .  T h i s  c a s e  i s  i l l u s t r a t e d  b y  

t h e  t r a n s i t i o n  f r o m  t h e  s k e l e t o n  H a [ 0 ]  t o  H a [ l  ] .

( 3 )  T h e  a n n e x e d  b e n z e n e  r i n g  h a s  t h r e e  n e i g h b o r i n g  

b o n d s  i n  c o m m o n  w i t h  t h e  p a r e n t  s y s t e m  ( p e r i e o n d e n -  

s a t i o n ) .  T h e  t r a n s i t i o n  f r o m  p h e n a n t h r e n e  t o  p y r e n e  

s e r v e s  a s  a n  e x a m p l e .

T h e  i n d i v i d u a l  p o i n t s  i n  t h e  E - N  p l o t s  b e l o n g i n g  t o  

d i f f e r e n t  a n n e l a t i o n  s e r i e s  i n  t h e  a b o v e - d e f i n e d  s e n s e  

a r e  c o n n e c t e d  a s  m e n t i o n e d  a b o v e .  T h e s e  p l o t s  a r e  

t h e n  c o m p a r e d  w i t h  s i m i l a r  p l o t s  i n  w h i c h  t h e  e x p e r i 

m e n t a l  v a l u e  Cexpti o r  t h e  t h e o r e t i c a l  v a l u e  o f  t h e  p -  

t r a n s i t i o n  e x c i t a t i o n  e n e r g y  ( e p ) ,  c a l c u l a t e d  b y  t h e  

m e t h o d  o f  t h e  l i m i t e d  c o n f i g u r a t i o n  i n t e r a c t i o n  ( L C I ) ,  

i s  g i v e n  a s  t h e  f u n c t i o n  o f  N.

The H ydrocarbons Studied and the M eth o d  U sed

B e s i d e s  t h e  p l o t s  m e n t i o n e d  i n  w h i c h  t h e  q u a n t i t y  

E  h a s  b e e n  p l o t t e d  a g a i n s t  N  ( F i g u r e s  l a - 5 a ) ,  t h e  

v a l u e s  o f  t h e  e x c i t a t i o n  e n e r g y  c o r r e s p o n d i n g  t o  t h e  

p  b a n d  f o u n d  e x p e r i m e n t a l l y  ( e exp t i )  ( F i g u r e s  l c -  

5 c )  a n d  c a l c u l a t e d  b y  m e a n s  o f  t h e  L C I  ( e p )  m e t h o d  

( F i g u r e s  l b - 5 b )  h a v e  a l s o  b e e n  p l o t t e d  a g a i n s t  t h e  

n u m b e r  o f  a t o m  N. T h e  v a l u e s  E ,  a n d  eexpt i  a r e  

g i v e n  i n  e l e c t r o n  v o l t s .  T h e  v a l u e  o f  t h e  r e s o n a n c e  

i n t e g r a l  ¡i, b o t h  i n  H i i c k e l  a n d  L C I  m e t h o d s ,  i s  — 2 . 3 1 8  

e v .  T a b l e  I I  p r e s e n t s  t h e  p a r a m e t e r s  o f  t h e  l i n e a r  

r e g r e s s i o n  d e p e n d e n c e  eexpt i  u p o n  E  f o r  d i f f e r e n t  g r o u p s  

o f  s t u d i e d  m o l e c u l e s  f o r  w h i c h  t h e  e x p e r i m e n t a l  d a t a  

w e r e  a t t a i n a b l e .

T h e  s u r v e y  o f  m o l e c u l e s  s t u d i e d  i s  g i v e n  i n  T a b l e  I .  

F o r  t h e  s a k e  o f  a  s i m p l e  d e s i g n a t i o n  o f  h y d r o c a r b o n s  

s t u d i e d  w h i c h  f o r m  t h e  s e r i e s  i n  t h e  a b o v e - m e n t i o n e d  

s e n s e ,  t h e  s y m b o l s  d e f i n e d  i n  T a b l e  I  d i f f e r  f r o m  t h e  

c o n v e n t i o n a l  c h e m i c a l  n o m e n c l a t u r e .  T o  s i m p l i f y  

t h e  d e s c r i p t i o n  o f  t h e  p l o t s ,  m o l e c u l e s  a r e  n u m b e r e d  

a s  s h o w n  i n  T a b l e  I .

T h e  n u m e r i c a l  v a l u e s  b a s e d  o n  t h e  e n e r g y  o f  m o l e c u 

l a r  o r b i t a l s  i n  t h e  H i i c k e l  a p p r o x i m a t i o n  h a v e  b e e n

(9) K . R uedenberg , J. Chem. Phya., 34 , 1861, .8 8 4  (1961).
(10) J. R . P latt, “ Free E lectron  T h eory  o f C on ju gated  M olecu les ,”  
Joh n  W iley  and  Sons, In c ., N ew  Y o rk , N . Y ., 1964.
(11) E . H eilbronner, Heh. Chim. Acta, 4 5 , 1722 (1962).
(12) R . A . M arcu s, J. Chem. Phys., 43 , 2643 (1965).
(13) Cf. W . M offit , ibid., 22, 320 (1954).
(14) Cf. N . S. H a m  and K . R ueden berg , ibid., 25, 13 (1956).
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Table I : List of Molecules of Benzenoid Hydrocarbons“

Structural type

Œ >
In d iv idu a l representatives

S ym bol and their order num bers E xam ple

Ac [to] t o : 0, 1, 2, 3, 4, 5
No.: 1, 2, 3, 4, 5, 6 1

j  Ac[l]

Z [to] » :  0, 1, 2, 3 
No.: 7 ,8 ,9 ,1 0

^  »

Ph[TO,n]

\—i \--

m: 1; n: 1, 2, 3, 4
No.: 11, 12, 13, 14

t o : 2; n: 2, 3, 4 ; ' l
No.: 15, 16, 17

t o : 3; n: 3, 4 1 
No.: 18, 19 

t o : 4; n: 4 
No.: 20

S  Ph[l,l]

Ch[m,?i] to: 1; n: 2, 3, 4
No.: 21, 22, 23 

m: 2; n : 2, 3, 4
No.: 24,25,26 

to: 3; n: 3, 4 
No.: 27,28 

to: 4; n : 4 
No.: 29

T[m,n] to: 1; n : 1, 2, 3, 4
No.: 30,31,32,33 

to: 2; n: 1, 2, 3
No.: 34,35,36 

m: 3; n: 1, 2, 3
No.: 37,38,39

Ch[l,2]

T [1 ,1 ]

Ha[rre] to: 0, 1, 2, 3
No.: 40,41,42,43

Hb[TO] to: 0, 1, 2, 3
No.: 44,45,46,47

H c [to] to: 0 , 1, 2 , 3
No.: 48, 49, 50, 51

Hd[w] m: 0, 1, 2, 3
No.: 52,53,54,55

Ha[0]

Hb[0]

Hc[0]

Hd[0]
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Table I ( co n tin u ed )

Structural type
In d iv idu al representatives

Sym bol and their order num bers

Pa [m,n] m: 0; n: 0, 1, 2, 3, 4 
No.: 56,57,58,59,60

m: 1; n: 1, 2, 3, 4 
No.: 61,62,63,64

m: 2; n: 2, 3, 4 
No.: 65,66,67

m: 3; n: 3, 4 
No.: 68, 69

m: 4; n : 4 
No.: 70

Pb [m,n] m: 0; n: 1, 2, 3, 4 
No.: 71, 72, 73, 74

m: 1; n: 1 ,2 ,3  
No.: 75,76,77

m: 2; n : 2 ,3 
No.: 78, 79

m: 3; n: 3 
No.: 80

Pc [m,n] m: 1; n: 1 ,2 ,3  
No.: 81,82,83

m: 2; n : 2, 3 
No.: 84,85

m: 3; n: 3 
No.: 86

E xam ple

P a [ l, l]

F b [ l , l]

P c [ l , l]

“ The indices m and n in benzene rings marked with an arrow indicate the number of benzene rings forming a direct chain in the 
direction of the arrow (in the Z[m] type m is the number of benzene rings forming the continuation of a broken chain of benzene rings). 
The lines m and n contain the values m and n for the individual molecule types discussed in this work. In the lines marked “ No.”  
the order numbers of individual molecules denoting Figures 1-5 are stated.

t a k e n  f r o m  t a b l e s 16’ 16 a n d  f r o m  r e s u l t s  h i t h e r t o  u n 

p u b l i s h e d . 17 T h e  c o e f f i c i e n t s  o f  m o l e c u l a r  o r b i t a l s  

h a v e  b e e n  o b t a i n e d  i n  t h e  u s u a l  w a y .  T h e  r e s u l t s  o f  

t h e  l i m i t e d  c o n f i g u r a t i o n  i n t e r a c t i o n  u s e d  w i l l  b e  

p u b l i s h e d  s e p a r a t e l y .  T h e  p a r a m e t e r s  u s e d  i n  t h e  

L C I  c a l c u l a t i o n s  a s  w e l l  a s  t h e  f u r t h e r  d e t a i l s  o f  c o m 

p u t a t i o n s  m a y  b e  f o u n d  e l s e w h e r e . 18

E x p e r i m e n t a l  d a t a  eexp t i  h a v e  b e e n  t a k e n  f r o m  C l a r 2 

a n d  f r o m  t h e  p a p e r s  o f  h i s  s c h o o l . 1 9 -2 3

N u m e r i c a l  c a l c u l a t i o n s  h a v e  b e e n  c a r r i e d  o u t  o n  a  

d i g i t a l  c o m p u t e r  U r a l  I I  i n  t h e  c o m p u t i n g  l a b o r a t o r y  

o f  t h e  C z e c h o s l o v a k  A c a d e m y  o f  S c i e n c e s ,  P r a g u e .

R esults and D iscussion

T h e  E -N ,  i p-N ,  a n d  €ex Pt i- N  p l o t s  o f  t h e  r e s p e c t i v e  

m o l e c u l e s  s t u d i e d  a r e  g i v e n  i n  F i g u r e s  1 - 5 .  I n  t h e s e  

p l o t s  t h e  a n n é l a t i o n s  a r e  o f  t h e  t y p e s  1 a n d  2  d e f i n e d

a b o v e .  I n  F i g u r e s  1 - 4  t h e  h y d r o c a r b o n s  f o r m e d  b y  

e l o n g a t i o n  o f  t h e  l o n g e r  c h a i n  o f  t h e  m o l e c u l e  ( e.g 
t h e  s e r i e s  P h [ l , l ] ,  P h [ l , 2 ] ,  P h [ l , 3 ] ,  . . . )  a r e  c o n n e c t e d  

b y  a  f u l l  l i n e ,  w h i l e  t h o s e  a r i s i n g  b y  e l o n g a t i o n  o f  t h e  15 16 17 18 19 20 21 22 23

(15) R . Zahradnik  and C . Pdrk&nyi, C ollection Czech. Chem. Com m un., 
30 , 3536 (1965).
(16) P . H och m an n , J. D ubskjr, J. K o u te ck jb  an d  C . PArk&nyi, 
ibid., 30 , 3560 (1965).
(17) M . T itz  and  P . H och m an n , u n published  results.
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Table II : Parameters of Regression Dependence ee*pti on E for Individual Molecule Groups"

N k b r A

1 All hydrocarbons studied 58 1.111 0.456 0.976 0.007
2 Catacondensed hydrocarbons 37 0.859 0.680 0.829 0.025
3 Benzologs of pyrene 21 1.129 0.458 0.971 0.012
4 Ac [to] 5 1.226 0.385 0.998 0.011
5 Z[to] 4 1.015 0.613 0.996 0.005
6 Ac[m], Z[to] 8 1.215 0.393 0.998 0.009
7 Ph[TO,ra] 7 1.165 0.443 0.991 0.013
8 Ch [m,n] 4 1.246 0.405 0.988 0.016
9 T[m,n] 7 1.122 0.426 0.997 0.009

10 Ac [to], Z[m], Ph[m,n], Ch[m,re], 23 1.192 0.410 0.991 0.008
Ha[TO], Hb[m]

11 Ha[m], Hb[TO], T[l,n] 11 1.166 0.390 0.996 0.003
12 Ha[wi], Hb[TO], T[l,n], Hc[m], Hd[m] 18 1.136 0.391 0.985 0.011
13 Pa[?n,n] 11 1.171 0.404 0.959 0.018
14 Pb [m,n] 8 1.531 0.248 0.998 0.005
15 Pc[TO,7l] 8 1.508 0.266 0.999 0.003

a N  is the number of molecules in the group, k and b are the parameters of the regression line «6xpti =  kE +  b, r is the correlation 

coefficient of the given group of substances, A is the median quadratic derivation from the regression line A = (1 /N)

kE<-
~|V«

° - & ) 2 •

5 3  ( e e x p t l  
.¿ =  1

Figure la. Dependence of E upon N for molecules 
of the Ac [to], Ph[TO,n], and Z[m] types 
(molecule Hb[0] is also included). Figure lb. Dependence of «p on N  for molecules of the Ac[w] 

Ph[TO,n], and Z[to] types (molecule Hb[0] is also included).

s h o r t e r  o n e  (e.g., t h e  s e r i e s  A c [ 3 ] ,  P h [ l , 3 ] ,  P h [ 2 , 3 ] ,  

P h [ 3 , 3 ] )  a r e  c o n n e c t e d  b y  d a s h e d  l i n e s .

T h e  s t u d y  o f  t h e  d e p e n d e n c e  o f  E  u p o n  N  s h o w s  t h a t  

t h e  e x t e n s i o n  o f  t h e  c o n j u g a t e d  s y s t e m  t h r o u g h  a n n e x 

i n g  o f  a n o t h e r  b e n z e n e  r i n g  d o e s  n o t  a l w a y s  l e a d  t o . a

d e c r e a s e  o f  t h e  E  v a l u e ,  n o t  e v e n  i n  t h e  c a s e  o f  a  l i n e a r  

a n n e l a t i o n .  T h i s  p h e n o m e n o n  h a s  b e e n  d e s c r i b e d  f o r  

s o m e  o t h e r  c l a s s e s  o f  h y d r o c a r b o n s  b y  P u l l m a n . 24

(24) B . P u llm an an d  A . P ullm an, “ Q uantum  B io ch e m is try ,”  In ter 
science Publishers, N ew  Y o rk , N . Y ., 1963, p  142.
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Figure lc. Dependence of iexPu on N  for molecules of the A c [to] ,  
Ph[m,7i], and Z[m] types (molecule Hb[0] is also included).

few

6 «  22 30 38 N

Figure 2b. Dependence of ep on N for molecules 
of the Ac[m], Ph[l,n], and Ch[m,n\ types.

6 %  2 2  3 0  3 8  N

Figure 2a. Dependence of E upon N  for molecules 
of the Ae[m], Ph[l,n], and Ch[m ,n] types.

O n  t h e  b a s i s  o f  F i g u r e s  1 - 5  t h e  f o l l o w i n g  r u l e s  c o u l d  

b e  o b s e r v e d .

( 1 )  I n  t h e  m o l e c u l e s  o f  t h e  P h [ m , n ] ,  C h [m,n], 
a n d  T [m,n], P a [m,n], P b [ m , n ]  t y p e s ,  a  c o n s i d e r a b l e  

a n d  s y s t e m a t i c  d e c r e a s e  o f  t h e  E  v a l u e  o c c u r s  o n l y  

d u r i n g  t h e  l i n e a r  a n n é l a t i o n  o f  t h e  b e n z e n e  r i n g  i n t o  

t h e  l o n g e r  c h a i n  o f  t h e  e x i s t i n g  d i r e c t  c h a i n s  o f  b e n z e n e

¿exp i

1 6

6  %  2 2  3 0  3 0  N

Figure 2c. Dependence of eexpti on N for molecules 
of the A c [to] ,  Ph[l,n], a n d  Chpre,«] types.

r i n g s ,  e.g., d u r i n g  t h e  t r a n s i t i o n  f r o m  P h [ m , n ]  i n t o  

P h [ m ,  (n +  1 ) ]  w h e n  n  ^  m. T h e  e l o n g a t i o n  o f  t h e  

s h o r t e r  c h a i n  l e a d s  e i t h e r  t o  a  s m a l l  d e c r e a s e  o f  t h e  

E  v a l u e  o r  e v e n  t o  i t s  i n c r e a s e  ( s e e  F i g u r e s  l a - 4  a ) .
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E
leV)

4

3

2

1

1 0  1 8  2 6  34 42 N

Figure 3a. Dependence of E upon N for molecules 
of the ~Ph[m,m] and T[m,n] types. 2 3

Figure 3b. Dependence of «p on N  for molecules 
of the Ph[ro,m] and T [m,n] types.

( 2 )  I n  t h e  s e r i e s  P a [ 0 ,n], a  h e a v y  d e c r e a s e  o f  E  
o c c u r s  w i t h  r e g a r d  t o  t h e  v a l u e  o f  t h i s  q u a n t i t y  f o r  

P a [ 0 , 0 ]  o n l y  f o r  n  ^  3 .  I n  t h e  s e r i e s  P a [ 0 , 0 ] ,  P a -  

1 0 , 1 ] ,  P a [ 0 , 2 ] ,  t h e  E  v a l u e  i n c r e a s e s .  O n  t h e  o t h e r  

h a n d ,  i n  t h e  s e r i e s  P b [ 0 , n ]  t h e  i n c r e a s e  o f  n r e s u l t s  i n  a  

s t r o n g  a n d  s y s t e m a t i c  d e c r e a s e  o f  E  a l r e a d y  f o r  n >  
0  ( s e e  F i g u r e  4 a ) .

( 3 )  I n  m o l e c u l e s  o f  t h e  H a [ m ] ,  H b [ m ] ,  a n d  e s p e 

c i a l l y  H c [ m ] ,  H d [ m ]  t y p e s ,  t h e  t r a n s i t i o n  H [ 0 ]  -*■  H [1  ]

1
6 %  2 2  3 0  3 8

Figure 3e. Dependence of eexpti on N for molecules 
of the Ph[m,m] and T [m,n] types.

Figure 4a. Dependence of E  upon N  for molecules 
of the Pa[m,n], Pb[m,n], and Pc[?«,n] types.

i s  c o n n e c t e d  w i t h  a  c o n s i d e r a b l y  s m a l l e r  d e c r e a s e  o r  

p o s s i b l y  i n c r e a s e  o f  t h e  E  v a l u e .  O n l y  a  f u r t h e r  p r o 

l o n g a t i o n  o f  t h e  d i r e c t  c h a i n  o f  b e n z e n e  r i n g s  l e a d s  t o  

a  s t r o n g  a n d  s y s t e m a t i c  d e c r e a s e  o f  t h e  E  v a l u e  ( s e e  

F i g u r e  5 a ) .

( 4 )  T h e  t r a n s i t i o n  i n  t h e  s e r i e s  A c [ n ]  P h [ l , n ]

T [ l , n ] ; H a [ n  —  1 ] ;  H b [ n  —  1 ]  - 4- H c [ n  —  1 ]  - >  

H d  [n —  1 ]  f o r  n =  2 - 4  a p p e a r s  i n  t h e  E - N  p l o t  a s  a  

s t r a i g h t  l i n e  w i t h  a  p o s i t i v e  s l o p e  w h i c h  b e c o m e s  

s m a l l e r  w i t h  i n c r e a s i n g  N  ( s e e  F i g u r e  5 a ) .

( 5 )  T h e  t r a n s i t i o n  f r o m  t h e  p y r e n e  b e n z o l o g s  t o  

h y d r o c a r b o n  f r o m  w h i c h  t h e  b e n z o l o g  i n  q u e s t i o n
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Figure 4b. Dependence of on N  for molecules 
of the Pa [m,n], Pb [m,n], and Pc [m,n\ types.

Figure 4c. Dependence of eexpti on N  for molecules 
of the Pa[m,n], Pb[m,n], and Pc[m,n] types.

a r i s e s  b y  e x t e n s i o n  o f  t h e  c o n j u g a t e d  s y s t e m ,  a c c o r d i n g  

t o  m o d e  3 ,  l e a d s  u s u a l l y  t o  a  d e c r e a s e  o f  t h e  E  v a l u e .

( 6 )  I n  t h e  s e r i e s  o f  n o n b r a n c h e d  c h a i n s  o f  b e n z e n e  

r i n g s  ( t y p e s  A c  [t o ] ,  Z  [t o ] ,  P h  [m,n\, a n d  C h [ m , n ] )  

w i t h  a  f i x e d  n u m b e r  o f  b e n z e n e  r i n g s ,  t h e  q u a n t i t y  E  
i s  t h e  l o w e s t  f o r  a c e n e s  a n d  i n c r e a s e s  g e n e r a l l y  w i t h  t h e  

n u m b e r  o f  “ f o l d i n g s ”  o f  t h e  c h a i n  o f  b e n z e n e  r i n g s  

( c o m p a r e  F i g u r e s  l a  a n d  2 a ) .

W e  a r e  n o t  g o i n g  t o  s p e c i f y  f u r t h e r  r e g u l a r i t i e s  w h i c h  

c a n  b e  f o u n d  i n  E - N  p l o t s .  L e t  u s  o n l y  m e n t i o n  t h a t  

t h e  p l o t s  o b t a i n e d  h a v e  v e r y  c h a r a c t e r i s t i c  s t r u c t u r e .

T h e  r u l e s  d e d u c e d  f r o m  t h e  E - N  p l o t s  a r e  i n  m a n y

LpleV>

6 % 22 30 38 N

Figure 5a. Dependence of E  upon N  for molecules of the 
Ac[m], Ph[l,n], T[l,n], Ha[wi], Hb[w], Hc[m], and Hd[m] 
types. The full thin line connects the points corresponding 
to the molecules in which the direct chain of benzene 
rings has the same number of benzene rings.

E
leV) 1 6

6 % 22 30 38 N

Figure 5b. Dependence of ep on N  for molecules of the 
Ac[m], Ph[l,n], T[l,n], Ha[m], Hb[?re], Hc[m], and Hd[m] 
types. The full thin line connects the points corresponding 
to the molecules in which the direct chain of benzene 
rings has the same number of benzene rings.

c a s e s  v e r y  s i m i l a r  t o  t h o s e  o f  C l a r  f o r  t h e  e x p e r i m e n t a l l y  

o b s e r v e d  s h i f t s  o f  t h e  p - b a n d  p o s i t i o n s  i n  t h e  u l t r a -
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Figure 5c. Dependence of cexPti upon N  for the molecules 
of the Ac[m], Ph[l,n], T[l,n], Ha[m], Hb[m], Hc[m], and 
Hd[?n] types. The full thin line connects the points 
corresponding to the molecules in which the direct chain of 
benzene rings has the same number of benzene rings.

v i o l e t  s p e c t r a  o f  b e n z e n o i d  h y d r o c a r b o n s .  T h e s e  r u l e s  

t h u s  r e p r e s e n t  a  q u a n t u m - m e c h a n i c a l  a n a l o g  o f  C l a r ’ s  

r u l e s  w i t h i n  t h e  s c o p e  o f  t h e  H u c k e l  m e t h o d .

T h e  p l o t s  o b t a i n e d  b y  p l o t t i n g  t h e  e x p e r i m e n t a l  

v a l u e s  o f  t h e  e x c i t a t i o n  e n e r g y  eex Pt i  a g a i n s t  t h e  n u m b e r  

o f  a t o m s  N  h a v e  e n t i r e l y  a n a l o g o u s  s t r u c t u r e s  t o  t h e  

E - N  p l o t s .  I n  o t h e r  w o r d s ,  a  s t r i k i n g  s i m i l a r i t y  

i s  o b s e r v e d  b e t w e e n  t h e  p l o t s  o f  t h e  q u a n t i t y  c h a r 

a c t e r i z i n g  t h e  t o p o l o g y  a s  a  f u n c t i o n  o f  t h e  q u a n t i t y  

N  d e p e n d i n g  o n  t h e  s i z e  o f  t h e  m o l e c u l e ,  o n  t h e  o n e  

h a n d ,  a n d  t h e  p l o t s  w h e r e  t h e  e x p e r i m e n t a l  s p e c t r o 

s c o p i c  q u a n t i t y  h a s  b e e n  p l o t t e d  a g a i n s t  t h e  s a m e  

q u a n t i t y  N, o n  t h e  o t h e r  h a n d .

T h e  s i m i l a r i t y  o f  b o t h  t y p e s  o f  p l o t s  r e s u l t s  i n  t h e  

f a c t  t h a t  t h e  s e q u e n c e  o f  t h e  e x c i t a t i o n  e n e r g i e s  eexpt i  

a n d  t h e  q u a n t i t i e s  E  f o r  t h e  f i x e d  c h o s e n  N  a r e  p r a c 

t i c a l l y  i d e n t i c a l .  T h e r e f o r e ,  t h e  a b o v e - s t a t e d  r u l e s  

o n  t h e  i n f l u e n c e  o f  a n n e l a t i o n  o f  b e n z e n e  r i n g  u p o n  t h e  

q u a n t i t y  E  a p p l y  t o  t h e  q u a n t i t y  eex p t i a s  w e l l .

S i m i l a r l y ,  t h e  p l o t s  o f  ep o n  N  s h o w  e x a c t l y  t h e  

s a m e  c h a r a c t e r  a s  t h e  E - N  p l o t s .  A  s i m i l a r i t y  m a y  

t h u s  b e  f o u n d  b e t w e e n  t h e  p l o t s  s h o w i n g  t h e  d e p e n d e n c e  

o f  t h e  t h e o r e t i c a l  s p e c t r o s c o p i c  q u a n t i t y  o n  N  a n d  t h e  

p l o t s  o f  d e p e n d e n c e  o f  t h e  t o p o l o g i c a l  c h a r a c t e r i s t i c  

o n  A .

T h e  a d d i t i o n  o f  a n o t h e r  b e n z e n e  r i n g  t o  t h e  m o l e c u l e

E B

Figure 6. Schematical view showing the joining of an 
ethylene molecule (E) and a butadiene molecule (B) to a 
molecule of benzenoid hydrocarbon. The full lines 
correspond to the bonds in the original systems I and II ; 
the dotted lines are for the new arising bonds.

o f  h y d r o c a r b o n  b y  c a t a c o n d e n s a t i o n  m a y  b e  c o n s i d e r e d  

a s  a  j o i n i n g  o f  t h e  p a r e n t  m o l e c u l e  w i t h  a  m o l e c u l e  o f  

b u t a d i e n e  ( s e e  F i g u r e  6 B ) .  T h e  a d d i t i o n  o f  a n o t h e r  

b e n z e n e  r i n g  b y  p e r i c o n d e n s a t i o n  m a y ,  i n  a  s i m i l a r  

w a y ,  b e  c o n s i d e r e d  a s  a  c o n n e c t i o n  o f  t h e  o r i g i n a l  

m o l e c u l e  w i t h  a  m o l e c u l e  o f  e t h y l e n e  ( s e e  F i g u r e  6 E ) .  

T h e  c a l c u l a t i o n s  c o n t a i n e d  i n  t h e  A p p e n d i x  w e r e  s t i m u 

l a t e d  b y  t h e  s t r i k i n g  r e s e m b l a n c e  o f  t h e  p l o t s  f o r  P h -  

[m,n] a n d  P b [ m , n ]  o r  C h [ m , n ]  a n d  P c [m,n], r e s p e c 

t i v e l y .  B y  t h e s e  c a l c u l a t i o n s  i t  i s  m a d e  p o s s i b l e  t o  

o b t a i n  a  f o r m u l a t i o n  o f  t h e  s u f f i c i e n t  c o n d i t i o n s  r e 

g a r d i n g  t h e  d e c r e a s e  o f  t h e  E  v a l u e  d u r i n g  t h e  t r a n s i 

t i o n  f r o m  t h e  o r i g i n a l  m o l e c u l e  t o  t h a t  m o l e c u l e  w h i c h  

h a s  a r i s e n  b y  j o i n i n g  t h e  m o l e c u l e  o f  e t h y l e n e  o r  b u t a 

d i e n e  ( s e e  A p p e n d i x ,  e q  A - 1 2  a n d  A - 1 3 ) .  A  s i m p l i f i e d  

f o r m  o f  t h e s e  c o n d i t i o n s  i s

2ctiC fc2
,  I ,  >  ~ Éken +  c * 22

f o r  j o i n i n g  o f  e t h y l e n e  a n d

( 1 )

2 c m c*2 

Ckl2 +  Cm 2
<  «)fc(2 —  6jt2) ( 2 )

f o r  j o i n i n g  o f  b u t a d i e n e .  ca  a n d  ck2 a r e  t h e  c o e f f i c i e n t s  

i n  t h e  h i g h e s t  o c c u p i e d  n o n d e g e n e r a t e d  m o l e c u l a r  

o r b i t a l  o f  t h e  p a r e n t  m o l e c u l e  a t  t h e  a t o m i c  o r b i t a l s  

a s s o c i a t e d  w i t h  a t o m s  1 a n d  2  o n  w h i c h  t h e  j o i n i n g  

o f  t h e  e t h y l e n e  o r  b u t a d i e n e  m o l e c u l e  t a k e s  p l a c e ;  

ek i s  t h e  e n e r g y  o f  t h i s  m o l e c u l a r  o r b i t a l .  T h e s e  

s i m p l i f i e d  c o n d i t i o n s  w e r e  t e s t e d  o n  a t t a i n a b l e  m a t e r i a l ,  

a n d  i t  h a s  b e e n  f o u n d  t h a t  i n  t h e  m a j o r i t y  o f  c a s e s  

t h e y  p r e d i c t  c o r r e c t l y  t h e  c h a n g e  o f  t h e  q u a n t i t y  E  
w h e n  a n o t h e r  b e n z e n e  r i n g  i s  b e i n g  a d d e d .  I t  i s  s o m e 

w h a t  s u r p r i s i n g ,  h o w e v e r ,  t h a t  t h o u g h  t h e s e  c o n d i t i o n s  

h a v e  b e e n  o b t a i n e d  a s  s u f f i c i e n t  c o n d i t i o n s  o n l y ,  a n  

i n c r e a s e  o f  t h e  q u a n t i t y  E  o c c u r s  i n  t h e  m a j o r i t y  o f  

c a s e s  w h e r e  t h e s e  c o n d i t i o n s  h a v e  n o t  b e e n  f u l f i l l e d .

C o n d i t i o n  1 i s  a l w a y s  f u l f i l l e d  i f  t h e  c o e f f i c i e n t s  

cki a n d  ck2 h a v e  t h e  s a m e  s i g n .  I n  s u c h  a  c a s e  t h e  

h i g h e s t  o c c u p i e d  m o l e c u l a r  o r b i t a l  m u s t  h a v e  a n

The Journal o f  P hysica l Chem istry
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even number of nodal points25 26 27 on the molecule perimeter 
section connecting atoms 1 and 2. Condition 2 is, 
in a similar way, always fulfilled if cki and c*2 are of a 
reverse sign, i.e., if the highest occupied molecular 
orbital has the nodal point on the bond joining atoms 
1 and 2.

The parameters of regression dependence between 
«expti and E contained in Table II show that the tran
sition to a structurally more homogeneous group of 
molecules generally leads to the increase of the correla
tion coefficient r and to the decrease of the mean 
quadratic deviation A. In comparison with group 1 
of all the molecules studied, the qualitative correlation 
gets worse in the groups of pericondensed and cata- 
condensed hydrocarbons (groups 2 and 3) which demon
strates the complexity in determining a satisfactory 
homogenous group. A  considerable scattering of 
slopes and of the regression-line intercepts of in
dividual narrower groups of molecules shows the 
possibility of serious mistakes in the prediction of 
eexPu by means of E based on the regression dependence 
for a heterogeneous group of substances as well as the 
somewhat problematic significance of the high correla
tion coefficient and small mean quadratic deviation of 
this dependence (see group 1).

The LCI method of Pariser and Parr yields very 
good quantitative predictions of the position of the 
p band. The LCI method does not predict only a 
sufficiently large bathochromic effect with prolongation 
of an already long linear chain of benzene rings present 
in the hydrocarbon molecule.

Conclusion

The smallest positive eigenvalue of the topological 
matrix of the molecule in benzenoid hydrocarbon ap
pears to be an important quantity representing the 
quantitative characteristic of the topology of the re
spective molecule. For groups of molecules con
sidered, this characteristic gives a satisfactory estimate 
of the relative value of the excitation energy of the 
electronic transition corresponding to the p band.

The interpretation of this fact may be such that the 
topology of the molecule is an important characteristic 
determining the basic qualitative features of spectral 
properties of the molecule, at least for the benzenoid 
hydrocarbons. The topological information transferred 
by the characteristic values into the semiempirical 
LCI method is sufficient for obtaining such results in 
the calculation of the p-band excitation energy which 
yields approximately the same sequence of excitation 
energies as the smallest positive eigenvalue of the 
topological matrix. The qualitative similarity of the 
p-band position predictions yielded by various versions

of semiempirical26,27 as well as more sophisticated 
“ semitheoretical” 28 7r-electron methods shows how 
this phenomenon is general (c/. the comparison of the 
methods mentioned in ref 18).

It is possible to formulate the conditions for occur
rence of a bathochromic shift of the p band when the 
benzene ring is annelated. The qualitative character 
of the approximate formulation of these conditions (the 
position of the nodal points of the highest occupied 
orbital) also shows that the shift of the p-band position 
depends simply on the topological characteristic of 
the molecule, in this case on the eigenvector correspond
ing to the smallest positive eigenvalue of the parent 
molecule.

The general validity of equations for determining 
the characteristic values of the extended system based 
on the characteristic values and vectors of the system 
to be extended shows that similar rules to those found 
in this work are likely to appear also in other types of 
hydrocarbons and possibly in heteroanalogs.

Appendix
Let I and II be two mutually noninteracting ir- 

electron systems, their molecular orbitals having the 
form

, M _  V «  M ry M Yi Z -A i /xfieKM.

where M  =  I or II. Z^M is the 2p2 atomic orbital 
localized on the ¿uth atom of the system M , A M is the 
set of indices of the atomic orbitals pertaining to the 
system M . e*M is the orbital energy corresponding to 
the molecular orbital where A A m.

Let us consider the system which arises when systems 
I and II are connected by means of two bonds between 
the pairs of atomic orbitals Z \}  Z \ l and Z 2 , Z 2n. 
Let the value of the resonance integral of the newly 
arising bonds be ft. The molecular orbitals of the 
system thus created can be found in the form

(A-l)
M = 1,11 /¿cK m

W is the orbital energy of the molecular orbital \pw- 
For the coefficients di, d2 , di11, and d2u, the following 
system of equations holds.29

(25) B y  “ nodal p o in ts”  w e understand in the fo llow in g the inter
section  o f the nodal line o f  respective m olecu lar orbita l w ith  the  bond  
in the  carbon  skeleton considered.
(26) (a) R . Pariser, / .  Chem. P hys., 24, 2501 (1956); (b ) N . S. H am  
and K . R uedenberg, ibid., 25, 13 (1956).
(27) J. K ou teck ÿ , J. Paldus, and R . Zahradnik, ibid., 36 , 3129 
(1962).
(28) R . L . H um m el and K . R uedenberg, J. P hys. Chem., 66 , 2334 
(1962).
(29) J. K ou teck ÿ , Advan. Chem. P h ys., 9 , 85 (1965).
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dr1 =  f i lL u W 1 +  L u W 1]

d2 =  d [ L n d i1 +  Lvldr}1}

d\l — fflL n 'W  +  Li2lld21] 

d2u =  P[Ln lW  +  L ' J W ]

w h e r e

M  M

= L™ =  E  (A-3)
ieK u  "

T h e  s o l v a b i l i t y  c o n d i t i o n s  f o r  t h e  s y s t e m  o f  e q u a t i o n s  

( A - 2 )  m a y  b e  e x p r e s s e d  b y  t h e  e q u a t i o n

P t lm 1! * 1 ~  ( L j M K L n 11)1 -  (L 12n y i  -

F i lm 1 +  L 22l }L n11 -  2 p L j L n 11 +  1 = 0  ( A - 4 )

T h e  d e r i v a t i o n  o f  e q  A - 4  i s  b a s e d  o n  t h e  a s s u m p t i o n  

L n 11 =  L 2211, w h i c h  i s  f u l f i l l e d  i n  t h e  c a s e s  u n d e r  c o n 

s i d e r a t i o n .

W h e n  d i s c u s s i n g  t h e  s o l u t i o n  o f  e q  A - 4  d e t e r m i n i n g  

t h e  e i g e n v a l u e s  o f  t h e  f i n a l  s y s t e m ,  w e  s h a l l  r e s t r i c t  

o u r s e l v e s  t o  t h o s e  c a s e s  i n  w h i c h  s y s t e m  I  i s  a  b e n z e n o i d  

h y d r o c a r b o n  a n d  s y s t e m  I I  i s  a  m o l e c u l e  o f  e t h y l e n e  

o r  b u t a d i e n e  a n d  w h i c h  a r e  j o i n e d  t o g e t h e r  a s  s h o w n  

s c h e m a t i c a l l y  i n  F i g u r e  6 .  F r o m  F i g u r e  6  i t  m a y  b e  

s e e n  t h a t  t h e  a t o m s  1 a n d  2  o f  b o t h  s y s t e m s  b e l o n g  

t o  d i f f e r e n t  c l a s s e s  f r o m  t h e  p o i n t  o f  v i e w  o f  a l t e r n a t i o n .

U s i n g  t h e  p r o p e r t i e s  o f  t h e  c o e f f i c i e n t s  a n d  o f  t h e  

e n e r g y  o f  m o l e c u l a r  o r b i t a l s  o f  a l t e r n a n t  h y d r o c a r b o n s ,  

t h e  f o l l o w i n g  e x p r e s s i o n s  a r e  o b t a i n e d  w i t h  r e g a r d  t o  

( A - 3 ) .

F o r  t h e  e t h y l e n e  m o l e c u l e  w e  o b t a i n

Pu(W )  =  W

Qu(W) =  S n (W) =  1 ( A - 6 )

Ru(W )  =  I F 2 -  1

I n  a  s i m i l a r  w a y  w e  o b t a i n  f o r  t h e  b u t a d i e n e  m o l e c u l e

Pn(W ) =  W{2  -  I F 2)

Qn(W) =  - 1  ( A - 7 )

S n ( F )  =  1 -  I F 2

Rn(W )  =  - ( I F 4 -  3 I F 2 +  1 )

E q u a t i o n  A - 4  m a y  b e  t r a n s f o r m e d  u s i n g  e q  A - 5  a n d  

t h e  j u s t  d e f i n e d  s y m b o l s  t o  t h e  f o l l o w i n g  f o r m

4/?*TF2£n(IF)E C n 2Cj2 2

( I F 2 -  e,-2) ( I F 2 -  < + )

Cil2 +  c i222 d W P u (W )Z
-  e , 2

W ' L u w ĉ \ l L Qn{W) +  ^ 2S „ ( W ) E  X

- f l u  (IF) (A-8)
CjlCj2

f o r  f l u  ( I F )  ^  0 .  / i n ( I F )  e q u a l s  z e r o  f o r  t h e  f o l l o w i n g  

v a l u e s  o f  a r g u m e n t  I F

W =  ±  1 ( f o r  e t h y l e n e )

[Lu'La1 -  (Ln1)2} =

Tj ~(w* -  u2HW* -  e,2)

[ L n 1 +  L 221 ] =  2 W Y ~ +  ~ T  ( A - 5 )i vVz —  €iz

T I Ci\Ci2
Lu

I F  =  ± 1 . 6 1 8 ;  ± 0 . 6 1 8  ( f o r  b u t a d i e n e )

L e t  E(W )  d e s i g n a t e  t h e  l e f t - h a n d  s i d e  o f  t h e  e q  A - 8 .  

E(W )  a n d  f i ( I F )  b e i n g  o d d  f u n c t i o n s  o f  I F ,  i t  i s  s u f 

f i c i e n t  t o  s t u d y  t h e  s o l u t i o n  o f  t h e  e q  A - 8  f o r  p o s i t i v e  

I F  v a l u e s  o n l y .  L e t  u s  f o r m u l a t e  t h e  c o n d i t i o n s  f o r  

f i n d i n g  t h e  r o o t s  o f  e q  A - 8  i n  t h e  i n t e r v a l  ( 0 , e * ) ,  

w h e r e  e* i s  t h e  s m a l l e s t  p o s i t i v e  e n e r g y  o f  t h e  m o l e c u 

l a r  o r b i t a l s  o f  s y s t e m  I .

F r o m  e q  A - 6  a n d  A - 7  i t  f o l l o w s  t h a t

w h e r e  t h e  s u m m a t i o n  e x t e n d s  o v e r  t h e  o c c u p i e d  m o l e c u 

l a r  o r b i t a l s  o n l y .  O n  t h e  r i g h t - h a n d  s i d e s  o f  e x p r e s 

s i o n s  A - 5 ,  t h e  u p p e r  i n d e x  h a s  b e e n  o m i t t e d  t o  s i m p l i f y  

t h e  n o t a t i o n .  T h e  f o l l o w i n g  s y m b o l s  h a v e  b e e n  

i n t r o d u c e d .

L n 11 =  P n (W )/R n (W)

L n 11 =  Qn(W )/Rn(W )

(Ln11) 2 -  ( L nnY  =  Sn(W )/Ru(W )

E (  0) =  4/32E—2 ± 1  -  / ? 2E
C jlC j2

( A - 9 )

w h e r e  t h e  u p p e r  s i g n  h o l d s  f o r  e t h y l e n e  a n d  t h e  l o w e r  

o n e  f o r  b u t a d i e n e .  F r o m  t h e  f o r m  o f  E { 0 )  t h e  f o l l o w 

i n g  i n e q u a l i t y  r e s u l t s

E { 0 )  ^  1 ( A - 1 0 )

s o  t h a t  R u ( I I )  i s  a  d e c r e a s i n g  f u n c t i o n  f o r  I F  >  0  a n d  

f l n ( 0 )  — 1 .  F o r  W -*■  e( w e  g e t  \E(W) | -*■  ° ° . T h e r e -
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f o r e ,  a  s u f f i c i e n t  c o n d i t i o n  f o r  e x i s t e n c e  o f  t h e  s o l u t i o n  

o f  t h e  e q  A - 8  i n  t h e  i n t e r v a l  ( 0 ,  « * )  i s

l i r a  E{W )  =  +  »

W  — ► ( A - l l )

^ck\Cn 1 +  2 / î 2( l  -  eic2) (~ ~ ~  +  £  
\  ¿Ck i y k

ii
C n C ti

Ck\l ( 2  -  ek2) +  2 /3 2( l  -  e*2) £
c i2‘!

— e*2 J

<  tk
+

Cki ( 2  -  e*2)  +  2 /3 2( l  -  e*2) £
C <p

iy k t2 — t 2l
( A - 1 3 )

O F  <  e*)

L e t  u s  f i n d  t h e  c o n d i t i o n s  w h i c h  m u s t  b e  i m p o s e d  

o n  c , i ,  c i2, a n d  tt i n  o r d e r  t o  s a t i s f y  e q  A - l l .  L e t  tk 
b e  a  n o n d e g e n e r a t e d  l e v e l .  T h e n  c o n d i t i o n  A - l l  i s  

f u l f i l l e d  f o r  j o i n i n g  t h e  e t h y l e n e  m o l e c u l e  t o  s y s t e m  I  

i f  t h e  f o l l o w i n g  r e l a t i o n  h o l d s .

A s s u m i n g  t h a t  t h e  c o e f f i c i e n t s  a t  /32 i n  e q  A - 1 2  a n d  A - 1 3  

a r e  s m a l l ,  s o  t h a t  w e  c a n  n e g l e c t  t h e m ,  w e  o b t a i n  t h e  

f o l l o w i n g  s i m p l i f i e d  c o n d i t i o n  f o r  e x i s t e n c e  o f  s o l u t i o n  

o f  e q  A - 8  i n  t h e  i n t e r v a l  ( O ,« * )

2 C j,i Cjæ ^
,T d  o >  ~ ek

Ckl2 +  Ck 22
( A - 1 2 ' )

f o r  j o i n i n g  t h e  e t h y l e n e  m o l e c u l e ,  a n d  s i m i l a r l y

2Cj;lCj;2 1 -  2/32
(  CklCki ^  

o +
\ ¿ t k  i y k  t i

6ilCi2 \
2 -  6*7 J

Ckl2 i +  2d2E - ^ - 2
L i y k U 2 — t k J -

>  ~  tk ( A - 1 2 )

I n  a n  a n a l o g o u s  w a y  w e  o b t a i n  t h e  f o l l o w i n g  c o n d i t i o n  

f o r  j o i n i n g  t h e  b u t a d i e n e  m o l e c u l e

2CfclCj;2

Ckl2 +  C*22
<  € * ( 2  e * 2) ( A - 1 3 ' )

f o r  j o i n i n g  t h e  b u t a d i e n e  m o l e c u l e .  P e r t u r b a t i o n  

t h e o r y  t o  t h e  t h i r d  o r d e r  g i v e s  c o n d i t i o n s  A - 1 2 '  a n d  

A - 1 3 '  a s  w e l l .  I f  ek i s  a n  n - f o l d  d e g e n e r a t e d  l e v e l ,  

i.e., et (1) =  €t (2) =  . . . .  =  ekM, t h e n  c o n d i t i o n  A - l l  

i s  f u l f i l l e d  i f  t h e  f o l l o w i n g  i n e q u a l i t y  h o l d s

£ [ ( c* i <p ) ) W 9)) 2 -  c w <p W p ) c h (« W 9 ) ] >  0  ( A - 1 4 )
P, 8

w h e r e  p =  1 ,  . . . ,  n  a n d  q =  1 ,  . . . ,  n .
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A  c o m p u t e r  p r o g r a m  w a s  d e v e l o p e d  t o  c o m p u t e  t h e  p r o d u c t  d i s t r i b u t i o n  i n  a n y  h o m o 

g e n e o u s  r e a c t i o n  m e c h a n i s m .  T h e  p r o g r a m  i n c l u d e s  a  n u m e r i c a l  m e t h o d  t o  a p p l y  t h e  

s t e a d y - s t a t e  a s s u m p t i o n  w h e n  a  m e c h a n i s m  i n v o l v e s  i n t e r m e d i a t e s  p r e s e n t  i n  l o w  c o n 

c e n t r a t i o n s .  U n d e r  t h i s  c o n d i t i o n  s t a n d a r d  c o m p u t a t i o n  m e t h o d s  f a i l ,  b u t  t h e  s t e a d y -  

s t a t e '  a s s u m p t i o n  i s  v a l i d .  D u r i n g  a n  i n d u c t i o n  p e r i o d  t h e  p r o g r a m  c o m p a r e s  d i r e c t  

i n t e g r a t i o n  w i t h  t h e  s t e a d y - s t a t e  m e t h o d ,  a n d  w h e n  t h e y  a g r e e  i t  s w i t c h e s  t o  t h e  s t e a d y -  

s t a t e  m e t h o d .  T h e  p r o g r a m  i n c l u d e s  a  r e g r e s s i o n  p r o c e d u r e  t o  f i t  r a t e  c o n s t a n t s  t o  e x p e r i 

m e n t a l  p r o d u c t  d i s t r i b u t i o n s .  S a m p l e  c a l c u l a t i o n s  w e r e  d o n e  f o r  t h e  h y d r o g e n - b r o m i n e  

r e a c t i o n  a n d  f o r  e t h a n e  p y r o l y s i s .  T h e  r e s u l t s  a g r e e d  w i t h  d a t a  f r o m  t h e  l i t e r a t u r e .

I . Introduction

F e w ,  i f  a n y ,  o f  t h e  g a s e o u s  f r e e - r a d i c a l  r e a c t i o n s ,  

o n c e  t h o u g h t  s i m p l e ,  a r e  b e l i e v e d  t o  b e  s i m p l e  t o d a y .  

T h e  s t u d y  o f  c o m p l e x  r e a c t i o n s  h a s  b e e n  h i n d e r e d  b y  

t h e  d i f f i c u l t y  o f  c a l c u l a t i n g  t h e  p r o d u c t  d i s t r i b u t i o n  

from a n  a s s u m e d  m e c h a n i s m  w h e n  t h e  r a t e  e q u a t i o n s  

a r e  t o o  c o m p l e x  t o  b e  i n t e g r a t e d  a n a l y t i c a l l y .  S n o w ,  

P e c k ,  a n d  v o n  F r e d e r s d o r f f 1 d e m o n s t r a t e d  a  n u m e r i c a l  

m e t h o d  o f  s o l u t i o n  f o r  o n e  s u c h  r e a c t i o n ,  a  f r e e - r a d i c a l  

c h a i n  m e c h a n i s m  f o r  t h e  p y r o l y s i s  o f  e t h a n e .  W i t h  

t h i s  m e t h o d  t h e y  w e r e  a b l e  t o  i n c l u d e  t h e  r e v e r s e  r e 

a c t i o n s  o f  t h e  c h a i n - p r o p a g a t i n g  s t e p s  a n d  t o  o b t a i n  

q u a n t i t a t i v e  a g r e e m e n t  w i t h  p u b l i s h e d  d a t a .

I t  s h o u l d  b e  p o s s i b l e  t o  c a l c u l a t e  n u m e r i c a l l y  t h e  

b e h a v i o r  o f  a n y  r e a c t i o n  s y s t e m ,  y e t  s o  f a r  a s  w e  k n o w  

s u c h  c a l c u l a t i o n s  h a v e  b e e n  r e p o r t e d  o n l y  f o r  o x i d a t i o n  

o f  h y d r o g e n 2 i n  a d d i t i o n  t o  e t h a n e  p y r o l y s i s . 1 S i n c e  

c o m p u t e r s  a r e  a v a i l a b l e ,  t h e  n u m e r i c a l  a p p r o a c h  

s h o u l d  n o t  b e  n e g l e c t e d ,  b u t  t h e  n e e d  t o  w r i t e  a  n e w  

c o m p u t e r  p r o g r a m  f o r  e a c h  p r o b l e m  h a s  p r e v e n t e d  

w i d e r  a d o p t i o n  o f  t h i s  m e t h o d .  T h i s  p a p e r  d e s c r i b e s  

a  m e t h o d  a n d  a  c o m p u t e r  p r o g r a m  w h i c h  w i l l  c o m p u t e  

t h e  p r o d u c t  d i s t r i b u t i o n  f r o m  a n y  g i v e n  s e t  o f  e l e m e n 

t a r y  r e a c t i o n s  w i t h o u t  s p e c i a l  p r o g r a m m i n g .

T h e  a n a l y s i s  o f  r e a c t i o n  m e c h a n i s m s  a n d  t h e  d e 

t e r m i n a t i o n  o f  r a t e  c o n s t a n t s  a r e  t w o  p r o b l e m s  t h a t  

c a n n o t  b e  s e p a r a t e d .  I n  h i s  m o n o g r a p h ,  S t e a c i e 3 

s h o w e d  h o w  a  c a t a l o g  o f  r a t e  c o n s t a n t s  f o r  e l e m e n t a r y

r e a c t i o n s  c a n  b e  b u i l t  u p  f r o m  e x p e r i m e n t s  o n  a  v a r i e t y  

o f  r e a c t i n g  s y s t e m s .  T h e  e x p e r i m e n t s  m u s t  e i t h e r  b e  

d e s i g n e d  t o  i s o l a t e  t h e  e f f e c t  o f  a  f e w  i m p o r t a n t  r e a c 

t i o n s  i n  t h e  m e c h a n i s m ,  o r  e l s e  t h e  r a t e  c o n s t a n t s  o f  a l l  

b u t  a  f e w  o f  t h e  r e a c t i o n s  m u s t  b e  k n o w n .  T h e  b a s i c  

p r o b l e m  i s  o n e  o f  r e g r e s s i o n ,  t o  f i t  v a l u e s  t o  r a t e  c o n 

s t a n t s  i n  a  m e c h a n i s m  s u c h  t h a t  t h e  c a l c u l a t e d  a n d  

e x p e r i m e n t a l l y  m e a s u r e d  p r o d u c t  d i s t r i b u t i o n s  a g r e e .  

T h e  r e s u l t s  m a y  b e  e x p r e s s e d  i n  o t h e r  w a y s ,  f o r  e x a m p l e ,  

a s  r a t i o s  o f  c o n c e n t r a t i o n s  o r  a s  a  p r e s s u r e  e f f e c t ,  b u t  

t h e s e  a r e  a s p e c t s  o f  t h e  s a m e  p r o b l e m .  T h i s  p a p e r  

a l s o  p r e s e n t s  a  g e n e r a l  s t a t i s t i c a l  p r o c e d u r e  t o  a i d  i n  

d e t e r m i n i n g  r a t e  c o n s t a n t s  f r o m  c o m p l e x  m e c h a n i s m s .

II. The M athem atics o f Calculation 
o f Product Distributions

T h e  p r o b l e m  c a n  b e  s t a t e d  a s  f o l l o w s .  G i v e n  a  s e t  

o f  e l e m e n t a r y  r e a c t i o n s ,  t h e i r  r a t e  c o n s t a n t s ,  a n d  a  s e t  

o f  i n i t i a l  c o n c e n t r a t i o n s ,  c a l c u l a t e  a  d i s t r i b u t i o n  o f  

p r o d u c t s  o v e r  a  p e r i o d  o f  t i m e .

T h e  p r o b l e m  i s  t o  i n t e g r a t e  t h e  s e t  o f  s i m u l t a n e o u s

(1 ) R . H . Snow , R . E . P eck , and C . G . v o n  F redersdorff, A m . Inst. 
Chem. Eng. J „  5 , 304 (1959).
(2 ) G . B . Skinner, A . D . Snyder, and G . H . R ingrose, “ A  R esearch 
P rogram  for  U nderstanding the M echanism s o f F lam e In h ib ition ,”  
R ep ort  A P L -T D R -6 4 -4 0 , C on tract A F  33 (657 )-10 , M onsa nto  R e 
search C orp . for  W right-P atterson  A ir F orce  Base, Jan 1964.
(3 ) E . W . R . Steacie, “ A tom ic  and Free R ad ica l R ea ction s ,”  V oi. 
I  and I I , 2nd ed , R einh old  Publish ing C orp ., N ew  Y ork , N . Y ., 
1954.
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r a t e  e q u a t i o n s .  A s  d e s c r i b e d  b e l o w ,  t h e s e  e q u a t i o n s  

a r e  i n  a  f o r m  s u i t a b l e  f o r  a p p l i c a t i o n  o f  s t a n d a r d  

m e t h o d s ,  s u c h  a s  R u n g a - K u t t a .  H o w e v e r ,  f o r  f r e e -  

r a d i c a l  c h a i n  m e c h a n i s m s  t h e s e  m e t h o d s  h a v e  b e e n  

f o u n d  t o  f a i l .4 T h e  n u m e r i c a l  d i f f i c u l t y  i s  s u c h  t h a t  i t  

c a n  b e  a v o i d e d  b y  a p p l y i n g  t h e  s t e a d y - s t a t e  a s s u m p 

t i o n .  T h e  c o n d i t i o n s  u n d e r  w h i c h  t h i s  a s s u m p t i o n  i s  

v a l i d  a r e  i n v e s t i g a t e d  b e l o w  a n d  f o u n d  t o  b e  t h e  s a m e  

c o n d i t i o n s  f o r  w h i c h  s t a n d a r d  n u m e r i c a l  i n t e g r a t i o n  

m e t h o d s  f a i l .  T h e  m e t h o d  w o u l d  s t i l l  n o t  b e  u s e f u l  

i f  t h e  s t e a d y - s t a t e  e q u a t i o n s  h a d  t o  b e  p r o g r a m m e d  

f o r  e a c h  r e a c t i o n  s y s t e m  s t u d i e d .  T h e  c o m p u t e r  

p r o g r a m  d o e s  t h i s  b y  a  g e n e r a l  N e w t o n  n u m e r i c a l  

p r o c e d u r e ,  a n d  t h e  u s e r  d o e s  n o t  h a v e  t o  p r o v i d e  a n y  

s p e c i a l  p r o g r a m m i n g .

T h e  p r o g r a m  i s  d e s i g n e d  f o r  c a l c u l a t i o n  a t  c o n s t a n t  

t e m p e r a t u r e ,  b u t  i t  c o u l d  b e  g e n e r a l i z e d  t o  h a n d l e  

t h e  c h a n g i n g  t e m p e r a t u r e s  o f  a n  a d i a b a t i c  r e a c t o r  o r  

a  f l a m e .

A. Description of the Computation Procedure. T h e  

u s e r  o f  t h e  p r o g r a m  s p e c i f i e s  a  s e t  o f  r e a c t i o n s  b y  

g i v i n g  a  m a t r i x  o f  s t o i c h i o m e t r i c  c o e f f i c i e n t s  o f  t h e  r e 

a c t i o n s .  A  s e r i e s  o f  c h e m i c a l  r e a c t i o n s  c a n  b e  r e p r e 

s e n t e d  b y

yijN i  +  yijN i  +  . . .  +  y ijNt =  0  ( 1 )

w h e r e  N t i s  t h e  n a m e  o f  t h e  i t h  c o m p o u n d  a n d  y tj i s  t h e  

s t o i c h i o m e t r i c  c o e f f i c i e n t  o f  t h e  f t h  c o m p o u n d  i n  t h e  

i t h  r e a c t i o n .  T h i s  c o e f f i c i e n t  i s  p o s i t i v e  i f  t h e  c o m 

p o u n d  i s  a  p r o d u c t ,  n e g a t i v e  i f  t h e  c o m p o u n d  i s  a  r e 

a c t a n t ,  a n d  z e r o  i f  t h e  c o m p o u n d  i s  n o t  i n v o l v e d  i n  t h e  

r e a c t i o n .

F o r  e x a m p l e ,  f o r  t h e  r e a c t i o n s

A 2Mi (I)
Mi +  C  ^  P  +  M2 ( I I )

M* +  A P  +  Mi ( I I I )

w h e r e  M i  a n d  M 2 a r e  f r e e - r a d i c a l  i n t e r m e d i a t e s ,  t h e  

s t o i c h i o m e t r i c  m a t r i x  i s

A c Mi Mi p

Reaction I - 1 0 2 0 0
Reaction II 0 - 1 - 1 1 1
Reaction III - 1 0 1 - 1 1

T h e  p r o g r a m  d e d u c e s  t h e  r a t e  l a w s  f r o m  t h e  r e a c 

t i o n s ,  a s s u m i n g  t h a t  t h e y  a r e  t r u e  e l e m e n t a r y  r e a c t i o n s  

o f  t h e  m e c h a n i s m .  A c c o r d i n g  t o  t h e  t h e o r y  o f  c h e m i c a l  

k i n e t i c s ,  t h e  r a t e  o f  t h e ^ t h  r e a c t i o n  i s

r a t e ^  =  kfUCfr'A  +  k / J IC }yi>\ ( 2)
i i

w h e r e  kj i s  t h e  f o r w a r d  r a t e  c o n s t a n t  f o r  t h e  j t h  r e 

a c t i o n ,  kj' i s  t h e  r e v e r s e  r a t e  c o n s t a n t  f o r  t h e  jth. r e 

a c t i o n ,  C i  i s  t h e  c o n c e n t r a t i o n  o f  : h e  f t h  c o m p o n e n t ,

n  r e p r e s e n t s  t h e  p r o d u c t  o f  c o m p o u n d s  f o r  w h i c h  
+

y ij i s  n e g a t i v e ,  n  r e p r e s e n t s  t h e  p r o d u c t  o f  c o m p o u n d s  

f o r  w h i c h  7 y  i s  p o s i t i v e .

T h e  r a t e  o f  p r o d u c t i o n  o f  a  c o m p o u n d  i s  t h e  s u m  o f  

i t s  r a t e s  o f  p r o d u c t i o n  i n  e a c h  r e a c t i o n

d  Ci _
^  Z - iT iJ  r a t Oj (3)

B. Validity of the Steady-State Assumption. T h e  

s t e a d y - s t a t e  a s s u m p t i o n  g i v e s  a n  e q u a t i o n  f o r  e a c h  

r a d i c a l  t o  w h i c h  i t  i s  a p p l i e d .  I f  t h i s  s e t  o f  e q u a t i o n s  

c a n  b e  s o l v e d ,  t h e  r a d i c a l  c o n c e n t r a t i o n s  a r e  o b t a i n e d .  

T h e n  t h e  s t a n d a r d  m e t h o d s  o f  i n t e g r a t i o n  c a n  b e  a p 

p l i e d  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n s  o f  t h e  o t h e r  s u b 

s t a n c e s  p r e s e n t .  I n  t h e  f o l l o w i n g ,  a  m e t h o d  o f  a p p l y i n g  

t h i s  s t a n d a r d  t e c h n i q u e  t o  n u m e r i c a l  c a l c u l a t i o n  i s  

s h o w n ,  b u t  f i r s t  t h e  c o n d i t i o n s  u n d e r  w h i c h  t h e  a s 

s u m p t i o n  i s  v a l i d  m u s t  b e  r e v i e w e d .

C o n f u s i o n  e x i s t s  b e c a u s e  t h e  s t e a d y - s t a t e  a s s u m p t i o n  

i s  m i s n a m e d ,  e v e n  t h o u g h  i t  i s  c o r r e c t l y  s t a t e d  i n  m o s t  

t e x t s  o n  k i n e t i c s .  The consumption of materials for 
formation of free radicals is negligible compared with that 
for formation of molecular products. F o r  e x a m p l e ,  

t h e  n e t  r a t e  o f  p r o d u c t i o n  o f  r a d i c a l  M 2 i n  t h e  a b o v e  

m e c h a n i s m  i s

d ( M 2)

d i
= fe(Mi)(C) -  fc3(M2)(A) e (30

T h e  a s s u m p t i o n  d o e s  n o t  m e a n  t h a t  d ( M 2) / d <  i s  z e r o ,  

b u t  o n l y  t h a t  i t  i s  s m a l l  c o m p a r e d  t o  e a c h  t e r m  o n  t h e  

r i g h t  s i d e  o f  e q  3 ' .  I n  g e n e r a l ,  t h i s  i s  t r u e  a f t e r  s o m e  

i n i t i a l  p e r i o d  i f  M 2 r e m a i n s  m u c h  s m a l l e r  t h a n  t h e  c o n 

c e n t r a t i o n s  o f  e a c h  o f  t h e  m o l e c u l a r  s p e c i e s .  T h e n  

o n l y  a  r e l a t i v e l y  s m a l l  a m o u n t  o f  m a t e r i a l  c a n  b e  p r o 

d u c e d  o r  c o n s u m e d  t o  c h a n g e  t h e  c o n c e n t r a t i o n  o f  

M 2. T h e r e  i s  n o  a priori w a y  t o  p r o v e  t h a t  M 2 w i l l  

r e m a i n  s m a l l .  T h e r e f o r e ,  t h e  s t e a d y - s t a t e  h y p o t h e s i s  

c a n  b e  c h e c k e d  a posteriori b u t  i n  g e n e r a l  c a n n o t  b e  

p r o v e d  b e f o r e h a n d .

E q u a t i o n  3 '  c a n  b e  s o l v e d  f o r  ( M . )

( M 2)  =
fca(Mi) (C)

H A ) H A ) (4)
I f  e i s  s m a l l  c o m p a r e d  t o  t h e  t e r m s  i n  e q  3 ' ,  t h e n  t h e  

t e r m  i n v o l v i n g  e c a n  a l s o  b e  n e g l e c t e d  i n  e q  4 ,  a n d  t h e  

r e s u l t  i s  t h e  d e s i r e d  e x p r e s s i o n  f o r  ( M 2) .

(4 ) I I T  R esearch Institute, "A n a ly tica l In vestigation  o f C om b u s
tion  Instab ility  in  Solid  P ropellant R o ck e ts ,”  C on tract N o . A F  
49(638)-1094, F inal R ep ort, July 1963.
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R i c e 5 6 s h o w e d  t h a t  f o r  a  n u m b e r  o f  i m p o r t a n t  t y p e s  

o f  r e a c t i o n  m e c h a n i s m s  t h e  a s s u m p t i o n  i s  v a l i d  w h e n  

t h e  a b o v e  c o n d i t i o n  i s  m e t .  A  g e n e r a l  p r o o f  o f  t h e  

c o n d i t i o n s  u n d e r  w h i c h  t h e  s t e a d y - s t a t e  h y p o t h e s i s  

i s  v a l i d  h a s  n e v e r  b e e n  g i v e n .  S u c h  a  p r o o f  i s  d i f f i c u l t  

b e c a u s e  t h e  m a t h e m a t i c a l  r e l a t i o n s  d e p e n d  o n  t h e  

m e c h a n i s m  o f  t h e  r e a c t i o n  s y s t e m .  T o  m a k e  t h e  

d e m o n s t r a t i o n  g e n e r a l ,  m e c h a n i s m s  m u s t  b e  c o n 

s i d e r e d  w h i c h  c o n t a i n  s e v e r a l  r a d i c a l s .  T h e n  s e v e r a l  

e x p r e s s i o n s  o f  t h e  f o r m  o f  e q  3 '  w i l l  e x i s t ,  a n d  t h e i r  

s i m u l t a n e o u s  s o l u t i o n s  m a y  n o t  b e  p o s s i b l e  i n  a n  

e x p l i c i t  w a y .  A  n u m e r i c a l  s o l u t i o n  i s  s t i l l  p o s s i b l e ,  

a n d  i n  t h e  p r o c e s s  o f  s o l u t i o n  t h e  t e r m s  i n v o l v i n g  « 

a r e  n e g l i g i b l y  s m a l l .

T h e r e f o r e ,  t h e  h y p o t h e s i s  i s  v a l i d  w h e n  t h e  r e s u l t s  

o f  t h e  r a t e  i n t e g r a t i o n s  s h o w  t h a t  t h e  r a d i c a l  c o n c e n 

t r a t i o n s  r e m a i n  s m a l l  c o m p a r e d  w i t h  m o l e c u l a r  q u a n t i 

t i e s .  D u r i n g  s o m e  i n d u c t i o n  p e r i o d  e i n  e q  3 '  m a y  n o t  

b e  s m a l l .  F o r  t h i s  r e a s o n  t h e  c o m p u t e r  p r o g r a m  u s e s  

s t a n d a r d  i n t e g r a t i o n  t o  e x p l o r e  t h e  i n d u c t i o n  p e r i o d  

a n d  s w i t c h e s  t o  t h e  s t e a d y - s t a t e  m e t h o d  o n l y  a f t e r  i t  

g i v e s  a c c e p t a b l e  a g r e e m e n t  w i t h  t h e  d i r e c t  i n t e g r a 

t i o n  m e t h o d .

C. Numerical Calculation of Radical Concentrations. 
A c c o r d i n g  t o  t h e  s t e a d y - s t a t e  a s s u m p t i o n ,  t h e  r i g h t  

s i d e  o f  e q  3  i s  s e t  e q u a l  t o  z e r o  f o r  e a c h  r a d i c a l ,  a n d  t h e  

e q u a t i o n s  a r e  s o l v e d  f o r  t h e  r a d i c a l  c o n c e n t r a t i o n s .  I n  

g e n e r a l ,  t h i s  c a n n o t  b e  d o n e  e x p l i c i t l y ,  s o  N e w t o n ’ s  

m e t h o d  i s  u s e d .

N e w t o n ’ s  m e t h o d  f o r  s o l v i n g  t w o  s i m u l t a n e o u s  

e q u a t i o n s  i m p l i c i t  i n  t w o  v a r i a b l e s  b y  i t e r a t i o n  i s  

d e s c r i b e d  b y  W i l l e r s . 6a T h e  m e t h o d  c a n  b e  g e n e r a l i z e d  

t o  n v a r i a b l e s .

T h e  N e w t o n  p r o c e d u r e  m a k e s  u s e  o f  d e r i v a t i v e s  o f  

t h e  r a t e  o f  p r o d u c t i o n  o f  e a c h  m a t e r i a l  w i t h  r e s p e c t  t o  

c h a n g e s  i n  t h e  c o n c e n t r a t i o n  o f  e a c h  o t h e r  m a t e r i a l .  

F o r  a  s p e c i f i c  m e c h a n i s m  e x p r e s s i o n s  f o r  t h e s e  d e r i v a 

t i v e s  c o u l d  b e  w r i t t e n  d o w n ,  b u t  f o r  a  g e n e r a l  n u m e r i c a l  

p r o c e d u r e  t h e y  a r e  d e t e r m i n e d  b y  r e c a l c u l a t i n g  e a c h  

r a t e  f r o m  e q  3  f o r  a n  a r b i t r a r y  i n c r e m e n t a l  c h a n g e  i n  

e a c h  c o n c e n t r a t i o n .  A n o t h e r  p o s s i b l e  a p p r o a c h  w o u l d  

b e  t o  l e t  t h e  p r o g r a m  d e r i v e  s u c h  e x p r e s s i o n s  f r o m  t h e  

s t o i c h i o m e t r i c  m a t r i x .

T h e  N e w t o n  d e t e r m i n a t i o n  o f  r a d i c a l  c o n c e n t r a t i o n s  

m u s t  b e  c a r r i e d  o u t  a t  e a c h  s t e p  i n  t h e  i n t e g r a t i o n .  

I n  a d d i t i o n  t o  t h e  r a d i c a l  c o n c e n t r a t i o n s ,  e q  3  i n v o l v e s  

t h e  m o l e c u l a r  c o n c e n t r a t i o n s .  T h e s e  r e m a i n  c o n s t a n t  

d u r i n g  t h e  N e w t o n  i t e r a t i o n  a t  e a c h  p o i n t  i n  t i m e .  

A f t e r  v a l u e s  f o r  t h e  r a d i c a l  c o n c e n t r a t i o n s  h a v e  b e e n  

o b t a i n e d ,  e q  3  c a n  b e  e v a l u a t e d  t o  g i v e  t h e  r a t e  o f  f o r 

m a t i o n  o f  e a c h  c o m p o u n d .

N e w t o n ’ s  m e t h o d  d i d  n o t  c o n v e r g e  u n l e s s  i t  w a s  

g i v e n  s t a r t i n g  v a l u e s  n e a r  t h e  s t e a d y - s t a t e  r a d i c a l

c o n c e n t r a t i o n s .  T h i s  d i f f i c u l t y  w a s  o v e r c o m e  b y  

a d d i n g  a  w e i g h t i n g  f a c t o r  t o  t h e  N e w t o n  c o r r e c t i o n .  

A  w e i g h t i n g  f o r m u l a  w a s  o b t a i n e d  b y  g e n e r a l i z i n g  a  

f o r m u l a  g i v e n  b y  F o r s y t h e 6b t o  s p e e d  c o n v e r g e n c e  

w h e n  f i n d i n g  r o o t s  o f  a  p a r t i c u l a r  f u n c t i o n .  T h a t  

g e n e r a l i z e d  f o r m u l a  i s

w h e r e  Ax i s  t h e  c o r r e c t i o n  c o m p u t e d  f r o m  N e w t o n ’ s  

f o r m u l a .  N o t e  t h a t  w h e n  0  <  x  <  p o s i t i v e  r o o t ,  t h e  

w e i g h t i n g  f u n c t i o n  t i m e s  t h e  c o m p u t e d  c o r r e c t i o n  i s  

a l w a y s  l e s s  t h a n  x, a n d  t h e  p r o c e d u r e  c a n n o t  d i v e r g e .  

I f  x  >  p o s i t i v e  r o o t ,  t h e  w e i g h t i n g  f u n c t i o n  i s  > 1  

a n d  t h e  p r o c e s s  b e c o m e s  m o r e  u n s t a b l e  a l t h o u g h  i t  

s t i l l  c o n v e r g e s  r a p i d l y  w h e n  t h e  s t a r t i n g  v a l u e  i s  c l o s e  

t o  t h e  r o o t .  F o r t u n a t e l y ,  t h e  i n d u c t i o n  p e r i o d  c a l 

c u l a t i o n  a l w a y s  g i v e s  s t a r t i n g  v a l u e s  f o r  t h e  r a d i c a l s  

t h a t  a r e  s m a l l e r  t h a n  t h e  s t e a d y - s t a t e  v a l u e s ;  t h e r e f o r e ,  

t h e  f o r m u l a  w o r k s .

B o t h  t h e  R u n g a - K u t t a  a n d  M i l n e 7 f o u r - p o i n t  p r e 

d i c t o r - c o r r e c t o r  i n t e g r a t i o n  m e t h o d s  w e r e  t r i e d .  T h e  

r a t e  o f  c a l c u l a t i o n  w i t h  b o t h  m e t h o d s  i s  l i m i t e d  b y  a  

t e n d e n c y  t o w a r d  i n s t a b i l i t y ,  a n d  t h e  c a l c u l a t i o n  w a s  

t o o  s l o w .  A  m a r k e d  i m p r o v e m e n t  i n  c a l c u l a t i o n  r a t e  

w a s  o b t a i n e d  b y  t a k i n g  a d v a n t a g e  o f  t h e  t e n d e n c y  o f  

t h e  c o n c e n t r a t i o n s  t o  b e c o m e  s t e a d y .  F o r  t h e  r a d i c a l s ,  

t h e  p r e d i c t o r  e q u a t i o n  w a s  r e p l a c e d  b y  a  m o d i f i e d  

N e w t o n  i n t e r p o l a t i o n  f o r m u l a  c o n t a i n i n g  t h e  m e a n  

o f  t h e  l a s t  t w o  c o m p u t e d  d e r i v a t i v e s .  T h i s  t e c h n i q u e  

s p e e d e d  t h e  c a l c u l a t i o n s  a b o u t  1 0 0 - f o l d ,  w h i l e  t h e  

p r e d i c t e d  a n d  c a l c u l a t e d  r a d i c a l  c o n c e n t r a t i o n s  a g r e e d  

t o  o n e  p a r t  p e r  t h o u s a n d .

D i f f i c u l t i e s  w e r e  t r a c e d  a l s o  t o  t h e  u s e  o f  M i l n e ’ s  

t h r e e - p o i n t  f o r m u l a  f o r  i n t e r p o l a t i n g  c o n c e n t r a t i o n s  

a n d  d e r i v a t i v e s  w h e n  t h e  i n t e r v a l  i s  h a l v e d .  T h i s  

f o r m u l a  w a s  r e p l a c e d  b y  a  N e w t o n  b a c k w a r d - d i f 

f e r e n c e  f o r m u l a  b a s e d  o n  t h e  f i r s t  d i f f e r e n c e  a n d  t h e  

m e a n  o f  t h e  t w o  p r e v i o u s  s e c o n d  d i f f e r e n c e s

Co = [Ci +  C2 + 1.5Af(Ci + Ct))/2 (6)

w h e r e  C  i s  t h e  c o n c e n t r a t i o n ,  C  i s  t h e  t i m e  d e r i v a t i v e  

o f  c o n c e n t r a t i o n ,  t i s  t h e  t i m e  i n c r e m e n t ,  s u b s c r i p t  

0  r e f e r s  t o  t h e  p r e s e n t  t i m e ,  s u b s c r i p t  1 r e f e r s  t o  a  

p r e c e d i n g  i n s t a n t  o f  t i m e ,  a n d  s u b s c r i p t  2  r e f e r s  t o  a n  

i n s t a n t  o f  t i m e  p r e c e d i n g  s u b s c r i p t  1 .  F o r m u l a  6

(5 ) 0 .  K . R ice , J. P hys. Chern., 6 4 , 1851 (1960).
(6 ) (a ) F . A . W illers, “ P ra ctica l A n a lys is ,”  D o v e r  P u b lica tion s , N ew
Y o rk , N . Y „  1948, p p  2 2 3 -2 2 5 ; (b ) G . E . F orsyth e , A m . M ath .
M on th ly , 65 , 229 (1958).

(7 ) W . E . M iln e , “ N um erica l S o lu tion  o f D ifferen tia l E q u a tio n s ,”  
John W iley  and  Sons, In c ., N ew  Y o rk , N . Y .,  1953.
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s t r o n g l y  d a m p s  o u t  o s c i l l a t i o n s  b u t  s t i l l  f o l l o w s  a n y  

p e r s i s t e n t  t r e n d  i n  t h e  v a l u e s .

E v e r y  5 0 0  M i l n e  s t e p s  a  N e w t o n  s t e a d y - s t a t e  c a l 

c u l a t i o n  i s  t r i e d  f o r  t h e  l a s t  r a d i c a l  i n  t h e  l i s t  o f  c o m 

p o n e n t s .  I f  t h e  c o n c e n t r a t i o n  o f  t h i s  r a d i c a l  a g r e e s  

w i t h i n  a  g i v e n  f a c t o r  w i t h  t h e  v a l u e  f r o m  t h e  M i l n e  

i n t e g r a t i o n ,  t h i s  r a d i c a l  i s  a s s u m e d  t o  h a v e  r e a c h e d  

a  s t e a d y  s t a t e .  I f  m o r e  t h a n  o n e  r a d i c a l  i s  p r e s e n t ,  

t h e  t e s t  i s  a p p l i e d  t o  e a c h  u n t i l  o n e  t h a t  i s  n o t  s t e a d y  

i s  f o u n d .  T h e n  t h e  M i l n e  p r o c e d u r e  i s  c o n t i n u e d  b y  

u s i n g  t h e  s t e a d y  m e t h o d  f o r  t h e s e  s t e a d y  r a d i c a l s .  

A t  e a c h  5 0 0 t h  s t e p  t h e  t e s t  i s  r e p e a t e d  t o  d e t e r m i n e  

w h e t h e r  o t h e r  r a d i c a l s  h a v e  b e c o m e  s t e a d y ,  u n t i l  

a l l  a r e  s t e a d y .

D. Regression of Rate Constants. T h e  p r o g r a m  c a n  

b e  u s e d  t o  f i t  v a l u e s  o f  r a t e  c o n s t a n t s  t o  e x p e r i m e n t a l  

p r o d u c t  d i s t r i b u t i o n s .  I f  t o o  m a n y  o f  t h e  c o n s t a n t s  

h a v e  t o  b e  d e t e r m i n e d  b y  f i t t i n g  p r o d u c t  d i s t r i b u t i o n s ,  

t h e r e  m a y  b e  t o o  m a n y  u n k n o w n s  f o r  t h e  n u m b e r  o f  

q u a n t i t a t i v e  r e s t r i c t i o n s  i m p o s e d  b y  t h e  d a t a .  T h e r e 

f o r e ,  t h e  p r o g r a m  i s  o f  g r e a t e s t  u s e  w h e n  a l l  b u t  a  f e w  

r a t e  c o n s t a n t s  a r e  a l r e a d y  k n o w n .  T h e  p r o g r a m  i n 

c l u d e s  a  r e g r e s s i o n  p r o c e d u r e  t o  f i t  v a l u e s  f o r  r a t e  

c o n s t a n t s .  A  g e n e r a l  p r o c e d u r e  i s  d e r i v e d  a s  f o l l o w s .

S u p p o s e  t h a t  a  p r o d u c t  d i s t r i b u t i o n  i s  c o m p u t e d  

f r o m  a s s u m e d  r a t e  c o n s t a n t s ,  k„, a n d  t h a t  t h e  r e s u l t s  

a r e  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  p o i n t s  i n  F i g u r e

2 .  T h e  p r o b l e m  i s  t o  f i n d  a  s e t  o f  v a l u e s  f o r  t h e  u n 

c e r t a i n  r a t e  c o n s t a n t s  s u c h  t h a t  t h e  c a l c u l a t e d  p r o d 

u c t  d i s t r i b u t i o n  b e s t  f i t s  t h e  e x p e r i m e n t a l  p o i n t s .

L e t  A i r e p r e s e n t  t h e  d e v i a t i o n  o f  a  p r o d u c t  f r o m  a n  

e x p e r i m e n t a l  p o i n t  i. T h e s e  p o i n t s  c a n  b e  n u m b e r e d  

i n  a n y  a r b i t r a r y  w a y ,  a n d  i n v o l v e  a l l  t h e  i m p o r t a n t  

p r o d u c t s  a n d  r e a c t a n t s .  I n  o r d e r  t o  c a l c u l a t e  t h e  b e s t  

f i t t i n g  v a l u e s  o f  e a c h  kn, i t  i s  n e c e s s a r y  t o  d e t e r m i n e  

t h e  c h a n g e  i n  p r o d u c t  d i s t r i b u t i o n  t h a t  w i l l  r e s u l t  f r o m  

a  c h a n g e  i n  kn, dA{/'dkn. T h i s  p r o d u c t  d i s t r i b u t i o n  

c h a n g e  c a n  b e  d e t e r m i n e d  e x a c t l y  o n l y  b y  r e p e a t i n g  

t h e  w h o l e  p r o d u c t  d i s t r i b u t i o n  c a l c u l a t i o n  w i t h  a  

c h a n g e d  v a l u e  o f  kn. T h i s  r e p e t i t i o n  m u s t  b e  d o n e  f o r  

e a c h  r a t e  c o n s t a n t  t o  b e  f i t t e d ,  b u t  i t  w o u l d  b e  t o o  

c o s t l y  i n  c o m p u t e r  t i m e .

T h e  c o m p u t e r  p r o g r a m  d o e s  c a l c u l a t e  t h e  rate o f  

p r o d u c t i o n  f o r  e a c h  p r o d u c t  a t  s u c c e s s i v e  t i m e  i n t e r v a l s .  

C a l c u l a t i o n  o f  t h e  c h a n g e  i n  t h e s e  r a t e s  r e s u l t i n g  f r o m  

a  c h a n g e  i n  e a c h  o f  t h e  r a t e  c o n s t a n t s  i s  a  s i m p l e  

m a t t e r .  T h e  c h a n g e  i n  p r o d u c t  d i s t r i b u t i o n  t h e n  c a n  

b e  e s t i m a t e d  b y  a s s u m i n g  t h a t  t h e  d e v i a t i o n  i s  l i n e a r .  

T h e  p r o d u c t i o n  o f  a  p r o d u c t ,  t h e r e f o r e ,  i s  t h a t  g i v e n  

b y  t h e  p r o d u c t  d i s t r i b u t i o n  c a l c u l a t i o n  p l u s  a  d i f f e r e n c e .  

T h i s  i s  e q u a l  t o  t h e  m e a n  c h a n g e  i n  p r o d u c t i o n  r a t e  a t  

t w o  i n s t a n t s  o f  t i m e ,  m u l t i p l i e d  b y  t h e  e l a p s e d  t i m e ,  

p l u s  t h e  a c c u m u l a t e d  d i f f e r e n c e  a t  t h e  f i r s t  o f  t h e s e

i n s t a n t s  o f  t i m e .  T h e  r e s u l t i n g  n e w  p r o d u c t  d i s t r i b u 

t i o n  c u r v e s  w i l l  g i v e  n e w  d e v i a t i o n s ,  A / ,  f r o m  t h e  a v a i l 

a b l e  e x p e r i m e n t a l  p o i n t s .

I f  o n l y  o n e  kn a t  a  t i m e  i s  c h a n g e d ,  p a r t i a l  d e r i v a t i v e s  

c a n  b e  c o m p u t e d  f r o m

d A t  =  A /  -  A f

£>fc„ A kn 1 }

T h e  o t h e r  r a t e  c o n s t a n t s  a r e  c h a n g e d ,  o n e  b y  o n e ,  t o  

c o m p u t e  t h e  o t h e r  d e r i v a t i v e s .

I f  n r a t e  c o n s t a n t s  a r e  c h a n g e d  a t  o n c e ,  t h e  d e v i a 

t i o n s  a r e

A /  =  A t +  ^ y A f t „  (8)
n OfCn

W e  w i s h  t o  d e t e r m i n e  c h a n g e s  A k i n  t h e  r a t e  c o n 

s t a n t s  t o  m i n i m i z e  t h e  s u m  o f  t h e  s q u a r e s  o f  t h e  d e v i a 

t i o n s ,  A / .  T h e  s u m  o f  t h e  d e v i a t i o n s  i s

s u m  =  E ( A / ) 2 =  £ A ;  +
n O/Cn _

( 9 )

T o  f i n d  t h e  m i n i m u m ,  w e  d i f f e r e n t i a t e  w i t h  r e s p e c t  t o  

e a c h  Ak a n d  s e t  t h e  d e r i v a t i v e s  e q u a l  t o  z e r o .

ò ( s u m )

Ò A fce

Ò A <

òke. =  0  ( 1 0 )

Ò A jy^Ò A j^
òke n òkn

=  0 ( 1 1 )

H e r e  i s  a  s y s t e m  o f  e q u a t i o n s ,  o n e  f o r  e a c h  Ak, 
d e s i g n a t e d  b y  s u b s c r i p t  e .  E a c h  e q u a t i o n  i n v o l v e s  

a l l  o f  t h e  o t h e r  A fc ’ s ,  d e s i g n a t e d  b y  s u b s c r i p t  n. T h i s  

s y s t e m  c a n  b e  s o l v e d  b y  m a t r i x  m e t h o d s  t o  d e t e r m i n e  

t h e  c o r r e c t i o n ,  A fc e, t o  a p p l y  t o  t h e  r a t e  c o n s t a n t s .  

A  n e w  c a l c u l a t i o n  f o r  t h e  p r o d u c t  d i s t r i b u t i o n  c a n  t h e n  

b e  c a r r i e d  o u t  w i t h  t h e  c o r r e c t e d  r a t e  c o n s t a n t s  t o  

c h e c k  t h e  f i t  w i t h  e x p e r i m e n t a l  d a t a .

E . Sample Calculations. A  t r i a l  c a l c u l a t i o n  w a s  

m a d e  o n  t h e  s i m p l e s t  t y p e  o f  f r e e - r a d i c a l  r e a c t i o n  

m e c h a n i s m :  r e a c t i o n s  I ,  I I ,  a n d  I I I .  T h i s  m e c h a n i s m  

w a s  d i s c u s s e d  b y  B e n s o n , 8 w h o  d e r i v e d  e q u a t i o n s  g i v i n g  

t h e  p r o d u c t s  a n d  f r e e  r a d i c a l  c o n c e n t r a t i o n s .  T h e s e  

r e s u l t s  c a n  b e  c o m p a r e d  w i t h  t h e  r e s u l t s  c o m p u t e d  

n u m e r i c a l l y  b y  t h e  p r o g r a m .

T h e  f o l l o w i n g  r a t e  c o n s t a n t s  w e r e  a s s u m e d  f o r  a  

t e m p e r a t u r e  o f  1 0 0 0 ° K .

,--------------------------- R a te  constants----------------------------'
R ea ction  F orw ard  R everse

I 1.6 X 10~2 7 X 10~3
II 6.52 X 109 0
III 6.52 X 109 0

(8 ) S. W . B enson , “ T h e  F ou n d a tion s  o f  C hem ica l K in e t ics ,”  M c 
G raw -H ill B o o k  C o ., In c ., N ew  Y o rk , N . Y .  1960, p p  5 0 -5 4 .
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I n i t i a l l y ,  t h e  c o n c e n t r a t i o n s  o f  A  a n d  C  w e r e  c h o s e n  t o  

b e  1 0 ~ 5 m o l e / c c ,  a n d  P  w a s  0 .  B e n s o n ’ s  e q u a t i o n s  

t h e n  s h o w  t h a t  M i  a n d  M 2 a r e  4 . 8  X  1 0 ~ n  m o l e / c c  

a f t e r  a  s t e a d y  s t a t e  i s  r e a c h e d .  T h e  r a d i c a l  c o n c e n 

t r a t i o n s  r e a c h e d  V *  o f  t h e s e  s t e a d y  v a l u e s  w h e n  c o n 

v e r s i o n  w a s  o n l y  0 . 0 1 %  c o m p l e t e .  T h i s  o c c u r r e n c e  

m e a n s  t h a t  t h e  i n d u c t i o n  p e r i o d  w a s  u n i m p o r t a n t .  

T h e  c a l c u l a t i o n  w a s  c a r r i e d  t o  9 0 %  c o n v e r s i o n .  T h e  

c o m p u t e d  c o n c e n t r a t i o n s  a g r e e d  t o  0 . 2 %  w i t h  r e s u l t s  

c o m p u t e d  f r o m  a n a l y t i c  e x p r e s s i o n s  g i v e n  b y  B e n s o n  

a f t e r  a n  e r r o r  o f  a  f a c t o r  o f  2  i n  B e n s o n ’ s  f o r m u l a  w a s  

c o r r e c t e d .  T h e  p r e c i s i o n  o f  t h e  c a l c u l a t i o n  d e p e n d s  

o n  a c c u r a c y  r e q u i r e m e n t s  w h i c h  m a y  b e  s p e c i f i e d  b y  

t h e  u s e r .

III . T h e H yd rogen -B rom in e Reaction

T h e r e  i s  o n e  r e a c t i o n  s y s t e m  i n  w h i c h  a p p l i c a t i o n  

o f  t h e  s t e a d y - s t a t e  a s s u m p t i o n  h a s  b e e n  c r i t i c i z e d :  

t h e  h y d r o g e n - b r o m i n e  r e a c t i o n .  S o m e  w r i t e r s 9 h a v e  

i n f e r r e d  f r o m  t h i s  r e a c t i o n  t h a t  t h e  e n t i r e  s t e a d y - s t a t e  

p r i n c i p l e  i s  s u s p e c t .  F o r  t h i s  r e a s o n  t h i s  r e a c t i o n  w a s  

c h o s e n  t o  t e s t  t h e  v a l i d i t y  o f  t h e  c o m p u t e r  m e t h o d .

T h e  h y d r o g e n - b r o m i n e  r e a c t i o n  h a s  t h e  s a m e  m e c h 

a n i s m  a s  t h a t  o f  h y p o t h e t i c a l  r e a c t i o n s  I  t h r o u g h  I I I  

a b o v e ,  e x c e p t  t h a t  t h e  r a t e  c o n s t a n t  f o r  o n e  o f  t h e  

c h a i n - p r o p a g a t i n g  s t e p s  i s  m u c h  s m a l l e r  t h a n  t h e  o t h e r ,  

a n d  t h e  r a t e  o f  t h e  i n i t i a t i n g  r e a c t i o n  i s  i n f l u e n c e d  b y  

a n y  t h i r d  b o d y ,  X .

B r 2 +  X  2 B r  +  X ( I V )

B r  +  H 2 H  +  H B r ( V )

H  +  B r 2 B r  +  H B r ( V I )

S e v e r a l  o t h e r  r e a c t i o n s  c a n  a l s o  p a r t i c i p a t e , 10 b u t  

B e n s o n ’ s  d i s c u s s i o n 8 s h o w s  t h a t  t h e y  c a n  b e  o m i t t e d  

u n d e r  m o s t  c o n d i t i o n s .

P r o v i s i o n  w a s  m a d e  i n  t h e  p r o g r a m  t o  d e f i n e  a  t h i r d  

b o d y  a c c o r d i n g  t o  w e i g h t e d  c o n t r i b u t i o n s  f r o m  e a c h  

o f  t h e  m o l e c u l a r  c o m p o n e n t s  p r e s e n t .  T h i s  p r o v i s i o n  

w o u l d  m a k e  i t  p o s s i b l e  t o  a s s i g n  a  g r e a t e r  e f f e c t i v e n e s s ,  

f o r  e x a m p l e ,  t o  a n o t h e r  b r o m i n e  m o l e c u l e  t h a n  t o  h y 

d r o g e n  o r  n i t r o g e n .

B e c a u s e  r e a c t i o n  V  i s  m u c h  s l o w e r  t h a n  r e a c t i o n  V I ,  

t h e  c o n c e n t r a t i o n  o f  a t o m i c  b r o m i n e  r e a c h e s  t h e  s a m e  

m a g n i t u d e  a s  t h e  c o n c e n t r a t i o n  o f  t h e  m o l e c u l a r  

s p e c i e s .  T h e  c o n d i t i o n  f o r  t h e  v a l i d i t y  o f  t h e  s t e a d y -  

s t a t e  a s s u m p t i o n  i s  t h e n  v i o l a t e d .  F o r  t h e  h y d r o g e n -  

b r o m i n e  s y s t e m ,  t h e  b r o m i n e  a t o m  s h o u l d  b e  t r e a t e d  

m a t h e m a t i c a l l y  o n  t h e  s a m e  b a s i s  a s  t h e  m o l e c u l a r  

s p e c i e s .  S i n c e  t h e  b r o m i n e  a t o m  c o n c e n t r a t i o n  i s  

l a r g e ,  i t s  c a l c u l a t i o n  i n  t h i s  w a y  w i l l  n o t  f o r c e  t h e  

n u m e r i c a l  p r o c e d u r e  t o  u s e  i m p r a c t i c a l l y  s m a l l  t i m e  

i n c r e m e n t s .  T h e  s t e a d y - s t a t e  a s s u m p t i o n  c a n  s t i l l

Figure 1. Product distribution calculated 
for hydrogen-bromine reaction.

b e  a p p l i e d  t o  t h e  o t h e r  r a d i c a l ,  a t o m i c  h y d r o g e n .  

T h e s e  i d e a s  w e r e  t e s t e d  b y  c a l c u l a t i o n .

R e s u l t s  o f  t h e  c a l c u l a t i o n  a r e  c o m p a r e d  w i t h  L e v y ’ s 11 

f l o w  r e a c t i o n  d a t a  a t  1 0 0 3 ° K  i n  F i g u r e  1 .  T h e  r a t e  

c o n s t a n t s  i n  T a b l e  I  w e r e  u s e d .  T h e y  w e r e  t a k e n  

f r o m  C a m p b e l l  a n d  F r i s t r o m , 10 w h o  r e v i e w e d  t h e  a v a i l 

a b l e  d a t a  o n  t h i s  s u b j e c t ,  e x c e p t  t h a t  r e d u c t i o n  o f  t h e  

r a t e  c o n s t a n t  f o r  r e a c t i o n  V  w a s  n e c e s s a r y  i n  o r d e r  t o  

f i t  t h e  d a t a .  T h i s  i s  v a l i d  s i n c e  C a m p b e l l  a n d  F r i s -

T ablel: Rate Constants Used in 
Hydrogen-Bromine Calculation

Reaction
'-----------------------------Rate

Forward
constants----------------------------->

Reverse

IV 6.26 X 106 1.56 X 1016
V 2.61 XiKP 1.39 X 1013
VI 1.17 X 1014 3.31 X 104

(9 ) E . S. C am pb ell, “ T h eore tica l S tu d y  o f  the H y d ro g e n -B ro m in e  
F la m e ,”  6th  C om b u stion  S ym p osiu m , R ein h old  P u b lish in g  C o rp ., 
N ew  Y o rk , N . Y . ,  1957, p p  21 3 -22 2 .

(1 0 ) E . S . C am p b ell and R . M . F ristrom , Chem. R ev., 5 8 , 173 (1 958 ).
(1 1 ) A . L e v y , J. P h ys. Chem., 6 2 , 570 (1 958).
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t r o m ’ s  v a l u e  w a s  b a s e d  o n  a  f i t  o f  h y d r o g e n - b r o m i n e  

d a t a ,  b u t  L e v y ’ s  d a t a  w e r e  n o t  a v a i l a b l e  t o  t h e m .

T h e  r e s u l t s  i n  F i g u r e  1 s h o w  t h a t  t h e  h y d r o g e n  

a t o m  c o n c e n t r a t i o n  r e a c h e s  a  s t e a d y  s t a t e  v e r y  q u i c k l y ,  

b u t  t h e  b r o m i n e  a t o m  c o n c e n t r a t i o n  d o e s  n o t .  I n  

f a c t ,  t h e  b r o m i n e  a t o m  c o n c e n t r a t i o n  e x c e e d s  t h a t  

o f  t h e  p r o d u c t ,  h y d r o g e n  b r o m i d e ,  u n t i l  1 %  c o n v e r 

s i o n ,  w h e n  i t  l e v e l s  o f f .

A f t e r  3 %  c o n v e r s i o n  t h e  p r o g r a m  s w i t c h e d  t o  t h e  

s t e a d y  m e t h o d  f o r  b r o m i n e  a t o m  c o n c e n t r a t i o n .  

A t  t h i s  p o i n t  t h e  t w o  m e t h o d s  o f  c a l c u l a t i o n  o f  r a d i c a l  

c o n c e n t r a t i o n  a g r e e d  w i t h i n  7 % .  ( T h e  u s e r  c a n  d e 

m a n d  a r b i t r a r i l y  c l o s e  a g r e e m e n t  b e f o r e  t h e  p r o g r a m  

s w i t c h e s  m e t h o d s . )  T h e  c o m p l e t e  c a l c u l a t i o n  t o o k  

2  m i n  o f  c o m p u t e r  t i m e .  T h e  c a l c u l a t i o n  a l s o  w a s  d o n e  

w i t h o u t  u s i n g  t h e  s t e a d y - s t a t e  m e t h o d  f o r  t h e  b r o m i n e  

a t o m ;  i t  t o o k  3  m i n  o f  c o m p u t e r  t i m e .  T h e  d i f f e r e n c e  

w o u l d  b e  l a r g e r  f o r  o t h e r  m e c h a n i s m s .

IV . Ethane Pyrolysis

A  c a l c u l a t i o n  w a s  d o n e  f o r  t h e  s y s t e m  o f  r e a c t i o n s  

p r e v i o u s l y  i n v e s t i g a t e d  b y  S n o w ,  P e c k ,  a n d  v o n  

F r e d e r s d o r f f . 1 T h e s e  e a r l i e r  c a l c u l a t i o n s  e m p l o y e d  

t h e  s t e a d y - s t a t e  a s s u m p t i o n  f o r  t h e  t h r e e  r a d i c a l s  

i n v o l v e d ,  b u t  t h e  p r o g r a m  w a s  s p e c i f i c a l l y  w r i t t e n  

f o r  t h a t  s y s t e m .  F o r  t h e  p r e s e n t  c o m p a r i s o n  t h e  c o n 

d i t i o n s  o f  t h e  e x p e r i m e n t  a t  1 0 8 9 ° K  w e r e  c h o s e n .  

T h i s  c o r r e s p o n d s  t o  a  f l o w  r e a c t o r  a t  c o n s t a n t  t e m p e r a 

t u r e .

T h e  m e c h a n i s m  o f  S n o w ,  et al., i n c l u d e s  t w o  r e a c t i o n s  

w i t h  a n  e m p i r i c a l  s e t  o f  p r o d u c t s  h a v i n g  f r a c t i o n a l  

s t o i c h i o m e t r i c  c o e f f i c i e n t s .  T h e  p r o g r a m  w a s  m o d i f i e d  

t o  i n c l u d e  t h i s  t y p e  o f  r e a c t i o n ,  p r o v i d e d  t h a t  t h e  c o r 

r e s p o n d i n g  r e v e r s e  r a t e  c o n s t a n t  i s  z e r o .  F u r t h e r 

m o r e ,  t h e  f l o w  r e a c t o r  i s  a  c o n s t a n t - p r e s s u r e  r a t h e r  

t h a n  a  c o n s t a n t - v o l u m e  d e v i c e ,  s o  p r o v i s i o n  w a s  m a d e  

i n  t h e  p r o g r a m  t o  s p e c i f y  c o n s t a n t  p r e s s u r e  a n d  t o  

c a l c u l a t e  t h e  e x p a n s i o n  o f  p r o d u c t s .  T h i s  s i t u a t i o n  

a r i s e s  w h e n  s o m e  r e a c t i o n s  p r o d u c e  m o r e  m o l e s  o f  

p r o d u c t s  t h a n  t h e y  c o n s u m e .  T h e  p r o g r a m  a c c o m 

p l i s h e s  t h i s  b y  n o r m a l i z i n g  t h e  s u m  o f  c o n c e n t r a t i o n s  

a t  e v e r y  t i m e  s t e p .

W i t h  t h e s e  c h a n g e s  t h e  c a l c u l a t e d  r e s u l t s  a g r e e d  

w i t h  t h o s e  p r e v i o u s l y  c o m p u t e d  b y  S n o w ,  et al.* 

H o w e v e r ,  t h e  r a t e  c o n s t a n t s  i n  S n o w ’ s  m e c h a n i s m  

w e r e  b a s e d  o n  a s s u m e d  v a l u e s  o f  7  X  1 0 13 f o r  a l l  r a d i c a l  

r e c o m b i n a t i o n  r e a c t i o n s .  R e c e n t l y ,  H e l l e r 12 a n d  o t h e r s  

h a v e  m e a s u r e d  t h e  r a t e s  o f  t h e s e  r e a c t i o n s  m o r e  e x a c t l y ;  

t h e i r  v a l u e s  a r e  g i v e n  i n  T a b l e  I I .  S i n c e  t h e  r a t e  o f  

t h e  f i r s t  r e a c t i o n  o f  t h e  m e c h a n i s m  i s  k n o w n  o n l y  r e l a 

t i v e  t o  t h e  r a t e s  o f  t h e  r e c o m b i n a t i o n  r e a c t i o n s ,  t h e  

f o r m e r  r a t e  h a d  t o  b e  d e c r e a s e d  p r o p o r t i o n a t e l y .  

W h e n  t h e s e  c h a n g e s  w e r e  m a d e ,  t h e  r e s u l t s  i n  F i g u r e

i c r 6 i c r 5 i o ~ 4 i o - 3  i o - 2  i o - 1  I 10
T I ME,  SEC

Figure 2. Product distribution calculated for ethane pyrolysis.

Table II : Ethane Pyrolysis Rate Constants as 
Functions of Temperature, k, = Aie~Ei/RT

R ate  constants used in 
-̂------------calcu lations----------
F requency A ctivation

factor, energy,
R eaction Fi

C 2H 8 2C H , 2 .0  X  1016 8 6 ,00 0
2 .2  X  1013 0

C H 3 +  C 2H 6 ^  C H 4 +  C 2H 5 2 .5  X  1011 10 ,800
1 .0  X  10u 13 ,200

c h 3 +  h 2 ^  c h 4 +  h 1 .9  X  1 0 " 9 ,5 0 0
1 .1  X  109 4 ,7 0 0

C 2H 5 ^  C 2H 4 +  H 5 .3  X  1014 4 0 ,80 0
5 .4  X  1013 5 ,4 0 0

H  +  C 2H 6 ^  H 2 +  C 2H 5 3 .8  X  1012 7 ,0 0 0
1 .8  X  1012 11 ,400

H  +  C 2H 6 —  C 2H 6 2 .0  X  1013 0
CHa +  C 2H 5 ->■ C 3H s 4 .2  X  1013 0

2C 2H 5 —  C 4H 10 1 2 .0  X  1013 0
—  c 2h 4 +  C 2H 6

2  w e r e  o b t a i n e d .  T h e  c o m p u t a t i o n  r e q u i r e d  6  m i n  o f  

c o m p u t e r  t i m e .  T h e  p r o d u c t  d i s t r i b u t i o n  a g r e e s  w i t h  

t h e  o n e  p r e v i o u s l y  c a l c u l a t e d  a n d  w i t h  t h e  e x p e r i 

m e n t a l  d a t a ,  b u t  t h e  r a d i c a l  c o n c e n t r a t i o n s  a n d  t h e  

r e l a t i v e  r a t e s  o f  t h e  r e c o m b i n a t i o n  r e a c t i o n s  a r e  

s l i g h t l y  d i f f e r e n t .

V . U se o f the Program

T h e  p r o g r a m  i n  A l g o l  w a s  c o m p i l e d  w i t h  t h e  U n i 

v e r s i t y  o f  I l l i n o i s  A l c o r  c o m p i l e r  o n  t h e  I I T  R e s e a r c h

(12) C . A . H eller, J. Chem. P hys., 28 , 1255 (1958).
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The Flash Decomposition of Ethylene and Acetylene on Iridium1

by Robert S. Hansen, John R. Arthur, Jr., V. J. Mimeault, and R. R. Rye

Institute fo r  A tom ic Research and D epartm ent o f  C hem istry , Iow a  State U niversity , A m es, Iow a  
{Received J a n u a ry  18, 1966)

The decomposition of ethylene and acetylene adsorbed on iridium at 100 and 300°K was 
investigated by flash filament desorption spectrometry, with products identified by mass 
spectrometry. The observed product sequences and dosing temperature dependence 
could be represented by two distinct reaction sequences occurring on two distinct crystal 
faces or face classes. The sequences are: on face A

CH2CH2 — > CHCH +  2H (1)

2H H2
*

(2)

CHCH — > C2(adsorbed) +  H2 
* * * *

(3)

CH2CH2 — > C2(adsorbed) +  4H
* (1)

CHCH — >• C2 (adsorbed) +  2H (la)

2H — >  H2 (2)
*

The hydrogen is equilibrated between faces A and B, but the hydrocarbons are not. The 
face A sequence is that implied by an earlier field emission microscopy investigation.2 
The principal desorption product in all cases was hydrogen. Low-temperature bursts of 
ethylene and acetylene were observed on flashing filaments dosed with these materials at 
100°K and are attributed to desorption of physically adsorbed species. Small quantities 
of methane and ethylene were produced over the temperature range 350-600°K on flash
ing ethylene-dosed filaments. No ethane production was observed. This is in marked 
contrast to the findings of Roberts,3 who observed principally ethane production when 
iridium films were exposed to ethylene at 300°K but at pressures approximately 105 times 
greater. The hydrogenation of ethylene in Roberts’ experiments is ascribed to direct 
transfer of hydrogen from chemisorbed acetylene or ethylene to ethylene impacting from 
the gas phase.

Introduction
A field emission electron microscopy study of the ad

sorption of hydrogen, ethane, ethylene, and acetylene 
on iridium, previously reported,2 indicated that ethyl
ene and acetylene chemisorbed on iridium undergo a 
sequence of dehydrogenation reactions on increasing 
the sample temperature. The present work was under
taken to provide additional information concerning 
these surface reactions.

Opportunities furnished by flash filament desorption 
techniques have been well summarized by Ehrlich.4’6

(1) Work was performed in the Ames Laboratory of the Atomic 
Energy Commission. Contribution No. 1851. Based in part on 
dissertations submitted by J. R. Arthur, Jr. (1961) and V. J. 
Mimeault (1965) to the Graduate College of Iowa State University 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy.
(2) J. R. Arthur, Jr., and R. S. Hansen, J. Chem. P h ys., 36, 2062
(1962).
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These include the opportunity to establish the forma
tion of gaseous desorption products and the amounts of 
such products formed, to relate these amounts to metal 
surface area, and further to study the kinetics of their 
formation. In the present case, a small bakeable mass 
spectrometer was used to identify the desorption prod
ucts.

Experimental Section
The reaction cell was of conventional design (Figure 

1 ), i.e., a 250-ml flask with four outlets, the omegatron, 
ion gauge, gas supply, and diffusion pump. The cell 
and vacuum gauges could be isolated from pumps and 
gas source by a ground-glass valve and a variable leak, 
respectively. Two ion gauges were used in this work. 
One was a conventional Bayard-Alpert (BA) gauge3 4 5 6 
with a tungsten filament; the other was a BA gauge 
with a lanthanum boride coated tungsten filament.7 
The partial pressure analyzer was a Leybold omega
tron8'9 mass spectrometer tube. The ion gauge and 
the omegatron were connected to the reaction cell 
through 25-mm tubulation. The ion current from 
the BA ion gauge was amplified and recorded on a 
Model 3S Moseley x-y  recorder, and the ion current 
from the omegatron wras measured with a vibrating-reed 
electrometer and recorded. The response time of the 
omegatron-electrometer system is too long to be suit
able for kinetic studies with the flash filament tech
nique, although it is quite suitable for the identification 
of desorption products of mass less than 30 amu. 
When iridium was dosed with acetylene or ethylene at 
100°K and flashed, the rate of desorption of physically 
adsorbed gas was so great that the omegatron and 
associated circuitry could not respond sufficiently 
rapidly to follow it; these experiments were repeated in 
a similar apparatus in which the omegatron was re
placed by a General Electric Model 514 partial pressure 
analyzer mass spectrometer. The gauge constants for 
both gauges, 5 mm-1 for the tungsten filament gauge 
and 3.6 mm-1 for the lanthanum boride coated fila
ment, are in good agreement with Hickmott’s7 value 
of 4.4 mm~l. The top part of the reaction cell was a 
reentrant-type dewar which could be filled with the 
proper coolant to maintain the filament at a given tem
perature during adsorption. Liquids used for this pur
pose were liquid nitrogen (~100°K ) and water (300°K).

The temperature of the filament was determined by 
using the filament as a resistance thermometer. The 
temperature dependence of resistance of the sample 
filament was determined by measuring the resistance of 
the filament when it was immersed in various constant- 
temperature baths covering the temperature range 77 
to 640°K. In a desorption experiment, the filament

Figure 1. Flash filament desorption spectrometer. Dotted  
line surrounds bakeable portion. V , and V 2, magnetically 
controlled ball joint valves; F, 5-mil iridium filament;
T , liquid nitrogen trap; I.G ., Bayard-Alpert ion 
gauge; M , magnet, 3250 gauss; O, omegatron;
G, gas supply; G .P ., Granville-Phillips valve.

was heated by a constant current, and the voltage drop 
across the filament, for a given current, was a direct 
measure of the resistance and, hence, the temperature of 
the filament.

The hydrogen used was Reagent Research grade ob
tained from the Matheson Co. in 1-1. flasks with break- 
off tips. Ethylene (Matheson chemically pure, re
ported by the manufacturer to be 99.8% pure) and 
acetylene (Matheson) were passed through a Dry Ice- 
acetone trap, then further purified by repeated freezings 
and evacuations at 77°K. Gases were then sealed in 
ampoules equipped with break-off tips, and the am
poules were sealed onto the vacuum system.

When the filament had been annealed and the pres
sure in the cell had been reduced to 10-10 mm, the 
break-off tip was broken and the gas was admitted to 
the system through a Granville-Phillips valve until the 
pressure was about 10~8 mm. The filament was again 
flashed to 2200°K and then held either at 77 or at 
300°K for varying periods of time (results presented 
are for 8-min dose times unless otherwise specified).

Following the adsorption interval, the reaction cell 
(including the BA ion gauge and the omegatron) was 
isolated from the pumps by closing the magnetically 
operated ground-glass valve, the filament was then 
flashed at the desired heating rate, and the change in 
the ion current (pressure) was recorded as a function 
of time. (Constant current flashing resulted in a tem
perature-time dependence approximately of the form

(3) (a) R . W . Roberts, J. Phys. Chem., 67, 2035 (1963); (b ) ibid., 
68, 2718 (1964).
(4) G. E h rlich , J. Appl. Phys., 32, 4 (1961).
(5) G. E h rlich , Advan. Catalysis, 14, 255 (1963).
(6) R . T . B ayard  and D . A lp e rt, Rev. Sci. Instr., 21, 571 (1950).
(7) T . W . H ic k m o tt, J. Chem. Phys., 32, 810 (1960).
(8) H . Sommer, H . A . Thomas, and J. A . H ipp ie , Phys. Rev., 82, 
697 (1957).
(9) D . A lp e rt and R . S. B u r itz , J. Appl. Phys., 25, 202 (1954).
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\/T = a +  bt. For a given flash, therefore, dT/dt is 
not, constant. Relatively slow flash rates were used in 
systems giving multiple peaks to improve their resolu
tion.)

It was found that hydrogen was rapidly pumped dur
ing a flash desorption experiment when the pressure 
increase was monitored with the tungsten filament ion 
gauge. Separate experiments showed that this pump
ing rate could not occur through the ground-glass valve. 
Hydrogen pumping was, therefore, attributed to the 
hot tungsten filament in the ion gauge; this behavior is 
to be expected according to the observations of Hick- 
mott.7,10

Mass spectra were obtained with the conventional 
BA ion gauge operated at 0.4-ma emission current and 
with this ion gauge off. No appreciable difference was 
found in the cracking patterns indicating that there is 
no change in the gas phase composition. Very likely, 
some cracking occurred on the hot filaments, with the 
hydrogen produced being rapidly pumped by the 
filament.

The tungsten filaments in the ion gauge were operated 
at 2500° for 24 hr in an ambient of 10-6 mm of oxygen 
to remove the carbon in the ion gauge filaments. This 
treatment was necessary to reduce the formation of 
CO formed by a complex sequence of reactions10 11 in
volving carbon dissolved in the tungsten filament, 
hydrogen, and oxygen from the glass in the cell walls.

The desorption spectra of hydrogen were analyzed 
by the method described by Ehrlich,4 and the heats of 
desorption for the various species in the desorption 
spectra of ethylene and acetylene were obtained by us
ing Redhead’s12 treatment.

Results
When hydrogen dosed on iridium at 100°K was 

flash desorbed with fast pumping for maximum resolu
tion, two desorption peaks were observed (low-tem
perature a and high-temperature /3) as shown in Figure
2. This indicates that hydrogen adsorbed on iridium 
at 100°K exists in at least two states. Only a single 
peak, presumably corresponding to the /? state, is ob
served in the flash desorption spectrum from a fila
ment dosed at 300°K. Detailed kinetic and exchange 
experiments to be reported elsewhere indicate that 
hydrogen is adsorbed atomically in both states and that 
the activation energy for desorption from the /3 state 
varies from 24 to 18 kcal mole as coverage varies from 
40 X 1012 to 230 X 1012 molecules/cm2.

Typical flash desorption curves for iridium dosed 
with ethylene for 8 min at 5 X 10 " 8 mm are shown in 
Figures 3 and 4. Figure 3 shows that a desorption 
process occurs from iridium dosed with ethylene at

T"K
100 200 300 500

Figure 2. Flash desorption of hydrogen dosed on 
iridium at 77°K at 5 X 10-8  torr for various dosing times. 
Curves are translated vertically to avoid overlap. Dosing 
times, increasing from bottom curve to top curve, 
are 2, 3, 4, 5, and 6  min.

TIME (SEC)

Figure 3. Flash decomposition of C2H4 dosed on iridium 
at 300°K. Total pressure and mass 2 bursts.

(10) T . W . Hickmott, J. Appi. Phys., 31, 128 (1960).
(11) J. A. Becker, E. J. Becker, and R. G. Brandes, ibid., 32, 411 
(1961).
(12) P. A. Redhead, Vacuum, 12, 203 (1962).
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TIME (SEC)

Figure 4. Flash decomposition of C2H4 dosed on iridium at 100°K. Total pressure and mass 2 and mass 28 bursts.

300°K and that the desorption range 360-800°K is 
approximately the range over which a marked increase 
in work function, attributed to acetylene dehydrogena
tion, was observed in a separate field emission study.2 
However, the process cannot be simply hydrogen de
sorption since in the partial pressure desorption spec
trum of hydrogen from iridium, dosed with ethylene at 
300°K, two peaks are clearly evident while only a single 
peak occurs when iridium is dosed with hydrogen at 
300°K, and this corresponds to the first peak in the 
hydrogen desorption spectrum from iridium dosed 
with ethylene. The two peaks can most simply be at
tributed to successive dehydrogenations of ethylene, 
first to acetylene and finally to carbon.

Hydrogen is by far the major flash desorption product 
from iridium dosed with ethylene at 300°K, but minor 
products are also observed. These products, with de
sorption range and peak magnitudes expressed as per 
cent of maximum hydrogen peak, are ethylene (360- 
520°K, 3%) and methane (400-600°K, 8%).

The flash desorption spectrum from iridium dosed 
with ethylene at 100°K is shown in Figure 4. It

differs from that for 300°K dosage principally in the 
appearance of a low-temperature (110°K) peak due to 
ethylene (presumably physically adsorbed; Redhead’s12 
rule indicates an adsorption energy of 6 kcal/mole) and 
the reversed orderings of magnitudes of the low-tem
perature (a') and high-temperature (fir) hydrogen 
peaks, with the former peak greater than the latter on 
300°K dosage and smaller at 100°K dosage. The low- 
temperature peak was identified as physically ad
sorbed ethylene by monitoring the mass 26, 27, and 28 
desorption spectra. The ratios of the peak heights of 
these partial pressure spectra correspond to the ratios 
in the cracking pattern of ethylene. The absence of a 
mass 30 partial pressure spectrum means that there 
was no detectable ethane formation.

Flash desorption spectra from iridium dosed with 
acetylene at 100 and 300°K (Figures 5 and 6) are 
qualitatively very similar to corresponding spectra for 
ethylene. The low-temperature peak in the case of 
acetylene (110°K) was identified as acetylene and is 
attributed to physically adsorbed acetylene. Com
parison of the hydrogen peaks shows that at both dos-
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T "K
290 356 390 444 SOI 573 647 726 803 875

Figure 5. Flash decomposition of C2H2 dosed on iridium 
at 300°K. Total pressure and mass 2 bursts.

mg temperatures the a hydrogen peak (475°K) is sub
stantially smaller for acetylene decomposition than for 
ethylene decomposition. The temperatures of the two 
hydrogen peak maxima correspond closely (475 and 
650CK for 60°/sec flash rates). No hydrocarbons were 
observed in products formed above 200 °K  in the case 
of acetylene dosage, while small quantities of methane 
and ethylene were observed over the range 200-600° K 
in the case of ethylene dosage.

Discussion

The mechanism of decomposition of ethylene on 
iridium inferred by Arthur and Hansen2 from their 
field emission study of these reactions can be sum
marized by the sequence of reactions

K
CH2CH2 CHCH +  2H (1)

2H -X  H,(g) (2)
*

CHCH - X  C2(adsorbed) +  H*(g) (3)
* * * *

The third reaction was shown to be first order in ad
sorbed acetylene.13 Whether the acetylene lost hydro
gen to the gas phase directly or to a chemisorbed hy
drogen intermediate which rapidly desorbed could not 
be resolved. The chemisorbed hydrogen intermediate

TIME (SEC)

Figure 6. Flash decomposition of C2H2 dosed on iridium 
at 100°K. Total pressure and mass 2 bursts.

in the first dehydrogenation of ethylene was strongly 
indicated by the observed work function shifts.

Based on reactions 1-3, the flash decomposition of 
acetylene on iridium would be expected to produce a 
single hydrogen peak at about the temperature ob
served for the (3' peak in Figure 5 or 6. Flash decom
position of ethylene dosed on iridium at 100°K would 
be expected to produce two peaks at temperatures cor
responding to the a' and /S' peaks in Figure 4. For a 
dosing temperature of 300°K it might be expected that 
some hydrogen would be lost during dosing, so that, 
while both the a' and 0 ' peaks would be expected in the 
flash desorption spectrum, it might be expected that 
the a'/fi' ratio would be less for 300°K dosing than 
for 100°K dosing.

The mechanism set forth in reactions 1-3 therefore 
adequately accounts for the (3' peaks in acetylene and 
ethylene decomposition and for the a' peaks in ethylene 
decomposition. It does not account for the presence

(13) J. R. Arthur and R. S. Hansen, Ann. N. Y. Acad. Sci., 101, 756 
(1963).
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of the a' peaks in acetylene decomposition (which are, 
however, markedly smaller for acetylene than for 
ethylene), and the observed a'/&' peak height ratio is 
greater at 300°K than at 100°K, not less as the model 
implies. The model also fails to account for the appear
ance of methane in the flash decomposition products 
from ethylene; since the methane is a minor product, 
this failure is less serious. The appearance of acetylene 
and ethylene at low flash temperatures is easily ac
counted for by desorption of physically adsorbed 
species, and the appearance of ethylene in flash desorp
tion products from ethylene-dosed filaments over the 
temperature range 400-600°K may be most simply 
attributed to desorption of chemisorbed ethylene.

The reaction sequence 1-3 can be readily modified 
to account semiquantitatively for the discrepancies 
between its predictions and observations. Suppose 
that there are two principal faces (e . g ( I l l )  and (100)) 
on the metal surface and that on one of them, say face 
A, the reaction proceeds as indicated in reactions 1-3. 
On the other face, say face B, the reaction sequence is

CH2=CH2 — > C2(adsorbed) +  4H (U)
*

CH ^C H  — > C2 (adsorbed) +  2H (3')
*

2H — > H2 (2)
*

This reaction sequence is intended to imply that ethyl
ene and acetylene chemisorb with complete dissocia
tion of hydrogen at temperatures substantially below 
the temperature of rapid hydrogen desorption. It is 
known2 that the chemisorbed hydrocarbons are im
mobile on iridium at least up to 700°K, so that equili
bration of hydrocarbon between faces A and B would 
not be expected. On the other hand, hydrogen is com
pletely mobile on iridium above 200°K, so that equili
bration of hydrogen between faces A and B would be 
expected and desorption of hydrogen would occur in the 
a peak whether dosed on face A or face B. Suppose 
equal amounts of ethylene were chemisorbed on faces 
A and B; the a'/fi' peak height ratio on flash desorp
tion would be 3. For the case of acetylene, the corre
sponding ratio would be 1. These ratios are approxi
mately those observed. Further, since the chemisorp
tion reaction on face B is more extensive, it is not un

reasonable to suppose its rate slower at 100°K than the 
chemisorption rate on face A. Hence, when the fila
ment is flashed after a given dosing period, desorption 
of physically adsorbed hydrocarbon would occur prin
cipally from face B, and so the a'//S' peak height ratio 
would be less for 100°K dosing than for 300°K dosing.

Roberts3 has reported the decomposition of ethylene 
on clean iridium films at 27 and 100°, finding methane 
and ethane as principal products with only a small 
amount of hydrogen appearing during the early part of 
the reaction. These results are radically different from 
ours, but Roberts’ reaction conditions are likewise 
radically different; for the dosing conditions cited, his 
ambient pressures must have been in the region of 
10-3 torr whereas ours were of the order 10"8 torr. 
Under these circumstances, rates of impact of gaseous 
species with the surface would be greater in his experi
ments by a factor 106 than in ours. The difference in 
results suggests a mechanism for catalytic hydrogen
ation which, so far as we are aware, has not previously 
been proposed. The proposed sequence is

CHCH +  C H i=C H 2(g) — >
C2(adsorbed) +  C2H6(g) (4)

2H +  C2(adsorbed) — > CHCH (5)
* * * sfc

This is intended to imply a direct transfer of hydrogen 
atoms from chemisorbed acetylene to an ethylene mole
cule colliding with it from the gas phase. The reaction 
would be somewhat analogous to diimine hydrogena
tion of olefins, which has been recently reviewed by 
Hiinig, Muller, and Thier.14 The C2(adsorbed) residue 
would then react with chemisorbed hydrogen by the 
reverse of reaction 3 to regenerate chemisorbed acet
ylene. Obviously, a similar set of reactions could be 
based on chemisorbed ethylene rather than on chemi
sorbed acetylene. This mechanism accounts readily 
for the fact that Roberts observed ethane and little 
hydrogen, whereas we observed hydrogen but not 
ethane, in the decomposition of ethylene on iridium. 
According to the mechanism, the rate of ethane pro
duction in Roberts’ experiments would be greater than 
in ours by a factor 106.

(14) S. Hünig, H. R. Müller, and W . Thier, Angew. Chem., 4, 271 
(1965).

The Journal of Physical Chemistry



Transport and Structure Studies in Ionic Liquids 2793

On the Importance of the Metastable Liquid State and Glass Transition 

Phenomenon to Transport and Structure Studies in Ionic Liquids. 1. 

Transport Properties1

by C. Austen Angell2

Chemistry Division, Argonne National Laboratory, Argonne, Illinois (Received January 25, 1966)

An attempt is made to show that progress in the understanding of ionic liquid transport 
properties and structure has been impeded by a lack of information on behavior in the 
“ low-temperature”  region of the liquid state, which largely involves the metastable super
cooled liquid state. Insight into the nature of this lower region provided by molecular 
dynamics machine calculations is discussed in relation to the relevance of structural dis
tinctions between crystallizing and noncrystallizing ionic liquids. Associated with the 
low-temperature region are systematic departures from Arrhenius behavior in the tem
perature dependence of transport which are not explained by conventional transition state 
theory. Two theories which lead to the observed form of the temperature dependence 
are reviewed. The recent Adam-Gibbs theory seems the more promising approach and 
leads to the recognition of a corresponding temperature scale based on isoentropic states 
(states of equal configurational entropy) which can be used to define the low-temperature 
region and which may have interesting applications in correlating liquid structural proper
ties. Comparison of this theory with the previous transition state theory approach sug
gests that the notion that volume and potential energy (“ jumping” ) terms in the tem
perature dependence can be separated by constant volume measurements may be in error. 
A tentative explanation of existing constant volume data is offered.

Introduction

In recent investigations,3 we have made use of ionic 
systems with low liquidus temperatures, and frequently 
also undercooling tendencies and glass-forming proper
ties, to demonstrate that at these low temperatures 
striking parallels in transport behavior among different 
systems become apparent which could not be recog
nized from the high-temperature behavior of the same 
systems. For instance, it has been found that the 
Arrhenius equation

D , <j>T, A T  = D 0, etc., exp =

D 0, etc., exp (1)

D , q>, and A being diffusivity, fluidity, and equivalent 
conductance, respectively, which has frequently been

taken as an acceptable means of describing the tempera
ture dependence of transport properties in fused salt 
systems, is quite inapplicable in the low-temperature 
region (where “ low temperature”  is used in a relative 
sense, explained later). Instead, the temperature de
pendence is described rather accurately by a modified 
form of the Arrhenius equation4

D , 4>T, A T  =  Do, etc., exp ^  (2)

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) Department of Chemistry, Purdue University, Lafayette, Ind.
(3) (a) C. A. Angell, J. Phys. Chem., 68, 218 (1964); (b) C. A. Angell, 
ibid., 68, 1917 (1964); (c) C. A. Angell, ibid., 69, 2137 (1965); (d) 
C. A. Angell, J. Electrochem. Soc., 112 (12), 1224 (1965).
(4) This equation was first suggested by H. Vcgel (Physik. Z., 22, 
645 (1921)). The form of the equation employed in the present 
investigations allowed for a T1/* term in the preexponential constant.
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To being a constant. Not only is the form of this 
equation apparently correct, but also, for the systems 
examined, k has the same value within the ability of 
the experiments to decide.

There are, therefore, some indications of broad 
relationships for relaxation processes in molten salts 
similar to those described for polymer systems by the 
well-known, but also empirical, Williams, Landel, 
and Ferry (WLF) equation (which, in fact, can be de
rived from eq 2).5 6 In this paper, we wish to outline 
some reasons for believing that such relationships 
should exist and that they may be expected to apply 
irrespective of whether or not the liquids happen to be 
metastable with respect to some crystalline phase. 
The discussion will suggest that the metastable liquid 
range may be profitably regarded as the “ lower half” 
of the normal liquid state which terminates, in a thermo
dynamic as well as in a practical sense, at the glass 
transition temperature. If such a viewpoint can be 
accepted, it will be necessary to conclude that the study 
of the metastable state is a neglected field in molten 
salt chemistry, since it would seem that it is in this 
region that the foundations of understanding of the 
liquid behavior necessary to interpret the high-tempera
ture properties should be laid.

The reason the metastable ionic liquid state has 
been paid so little attention outside the interests of 
the glass industry probably lies in the common tendency 
to regard the glass-forming liquids as of a distinct class, 
characterized by great structural complexity. The 
glass has been thought of merely as a liquid whose 
viscosity has become excessive due to the inadequacy 
of the thermal energy content of the liquid in meeting 
the energy requirement for relative motion of the en
tangled complex units. Consequently, in this view the 
behavior of such liquids is not really relevant to the 
problem of understanding the behavior of “ normal” 
liquids. While such a kinetic interpretation of the 
observed glass transition contains a great deal of truth, 
the belief that it must be a result of structural com
plexity due to chemical binding energies is contradicted 
by the evidence that “ fluids” of the very simplest 
nature, discussed below, can be obtained in the “ glassy,” 
i.e., rigid amorphous state.

To anticipate points developed in the later discus
sion, it is becoming clear, from the work of Gibbs and 
associates,6 Turnbull and Cohen,7 8 9 10 and others,8,9 that 
the high viscosity at temperatures approaching the 
glass transition is fundamentally the result of increas
ingly severe configurational restrictions to relaxation 
in the liquid at high packing densities. The experi
mental glass transition itself is thereby related to the 
effective disappearance, for the time scale of the experi

ment, of the liquid’s configurational entropy. The 
transition therefore takes the character of a second- 
order thermodynamic transition, and, in fact, certain 
second-order transition equations may be successfully 
applied to glass-forming substances at their 7V8,10 
This interpretation thus incorporates the kinetic nature 
of the observed transition but at the same time shows 
that it is fundamentally thermodynamic in origin 
and thus is not necessarily restricted to molecularly 
complex liquids.

If the glassy state and associated characteristic 
behavior can in principle occur even for the simplest 
liquids, then the only possible reason for making class 
distinctions between glass-forming and crystallizing 
liquids is the inhibition of the crystallization phe
nomenon in the former. As our general purpose is 
to suggest that the study of noncrystallizing liquids 
in various mixed ionic systems can provide valuable 
correlating information on “normal”  liquid state be
havior, it would seem desirable to establish that failure 
to crystallize need not imply gross differences in struc
tural character from the more general case of crystal
lizing liquids. We shall therefore first give some con
sideration to the crystallization phenomenon.

Supercooling and Structure
In order to put this problem in perspective and also 

to gain some insight into the metastable liquid and 
glassy states, it is helpful to consider the place of under
cooling in the behavior of the simplest fluids. To this 
end, Alder and Wainwright’s studies in molecular 
dynamics,11 the computer-based simulation of the dy
namic behavior of assemblies of hard spheres by solving 
simultaneously their equations of motion, are of value. 
These calculations, which follow the motion of each 
member of an assembly of up to 500 hard spheres, have 
shown that, in a certain range of packing densities, 
the system can exist in two alternative states, one 
ordered and crystal-like and the other disordered and 
fluid-like. In the course of a run in this region (v/v0 =

(5) A . A. Miller, ,/. Polymer Sci., A l, 1857 (1963).
(6) (a) J. H. Gibbs and E. A. Dimarzio, J. Chem. Phys., 28, 373
(1958) ; (b) J. H. Gibbs, “ Modern Aspects of the Vitreous State,”
Vol. I, J. D. McKenzie, Ed., Butterworth and Co. Ltd., London, 
1960, Chapter 7; (c) G. Adam and J. H. Gibbs, J. Chem. Phys.,
43, 139 (1965).
(7) (a) M . H. Cohen and D. Turnbull, ibid., 31, 1164 (1959); (b) 
D. Turnbull and M. H. Cohen, ibid., 34, 120 (1961); (c) D. Turn- 
bull, Trans. Met. Soc. AIM E, 221, 422 (1961).
(8) J. M . O’Reilly, J. Polymer Sci., 57, 429 (1962).
(9) O. G. Lewis, J. Chem. Phys., 43 (8), 2693 (1965).
(10) E. Jenckel, Z. Anorg. Allgem. Chem., 216, 351 (1934).
(11) (a) B. J. Alder and T . E. Wainwright, J. Chem. Phys., 31, 459
(1959) ; (b) B. J. Alder and T. E. Wainwright, ibid., 33, 1439 (I960)- 
(c) B. J. Alder, ibid., 40, 2724 (1964).
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1.5-1.6, v0 = ordered close-packed volume), a system 
may fluctuate several times between the two states. 
For v/v0 >  1.7, the ordered state always converts to 
the fluid, but the converse at high densities does not 
apply. For instance, for v/v0 <  1.5, a 32-particle 
system initially in the disordered state, could not 
generate a sufficient fluctuation to revert to the ordered 
state; i.e:, a configurational barrier to crystallization 
exists. In these conditions an extended fluid-like be
havior could be observed with increasing density, 
reaching a limit at v/v0 = 1.15 when the pressure, at 
constant energy, —► The limiting configuration,
which may be regarded as the glassy state for hard 
spheres, was observed to be a somewhat disordered 
defect-containing version of close packing.llb Results 
for hard spheres have been confirmed using the Monte 
Carlo computation method12 (which gives only equi
librium properties). The ability of the computer 
techniques to describe real systems has been demon
strated with the latter method by introducing a 
Lennard-Jones 6-12 interaction potential and showing 
that the experimental equilibrium properties of gases 
such as argon can be reproduced with excellent ac
curacy.13 14

Two points from these valuable studies are of special 
interest to the present discussion. The first, which is 
also a matter of practical experience, is that provided 
the system remains in the “ fluid pocket of phase 
space,” llb i.e., provided no crystals form, no reorgani
zation of the liquid configurations or sudden changes of 
its thermodynamic properties are to be expected simply 
because it happens to become metastable with respect 
to one or other crystalline phase. The second is that 
there is nothing extraordinary about failure to crystal
lize: even in the simplest fluids, a density fluctuation 
to yield a suitable configuration is required, and if 
this is not produced at some critical stage of the con
traction process, the stable state will not be realized. 
In real systems, where the number of particles is ef
fectively infinite, more than mere geometrical barriers 
will be required if crystallization is to be suppressed, 
even at the fastest cooling rates. However, the pos
sibility of noncrystallization with eventual glass for
mation is always present, and its probability is a func
tion of factors such as cooling rate, sample size and 
purity, and most importantly, the relation of the height 
of the nucleation energy barrier to kT.u The question 
of the relevance of studies on metastable liquids to 
the behavior of crystallizing liquids, therefore, becomes 
a question of deciding whether or not the additional 
rigidity, or energetic stability, of the local order in the 
-iquid which is necessary to preclude nucleation of the 
crystalline phase at practical cooling rates is important

enough to place the noncrystallizing liquids in a separate 
class.

For the case of fused salts, in which we are mainly 
interested, the local order is always well defined, 
particularly when polyvalent cations are present,15 
and energy barriers to nucleation will, therefore, de
pend largely on the structure of the crystalline phase 
with respect to which the liquid phase is unstable.16 
Hence, it is not too surprising that, while few pure 
salts undercool significantly under normal circum
stances,17 instances of molten salt mixtures which under
cool to the point of glass formation are quite com m on - 
more so than is generally realized. A compilation of 
some systems with glass-forming composition ranges is 
given in Table I. A great variety of aqueous glass
forming systems, particularly those involving rare 
earth chlorides and nitrates, are omitted.

It is to be noted that in the majority of systems, 
neither component of the mixture possesses marked 
glass-forming tendencies in the pure state. The glass
forming ability of the mixtures, therefore, may not be 
explained simply in terms of complexity handed down 
from one of the pure components. On the contrary, 
complex components in, for example, pure fused ZnCL 
are apparently broken up by addition of a second com
ponent.18 Noting that the liquids in the glass-forming 
regions of these systems remain thermodynamically 
stable to unusually low temperatures, we suggest a 
more thermodynamic explanation of the failure to 
crystallize. Where the data are available, it would 
seem that one or other component of the mixtures of 
Table I has a low heat and a low entropy of fusion. 
The structural explanation may be quite different in 
different cases (e.g., lack of nitrate anion rotation in 
fused Ca(N 03)2,19 retention of crystal coordination 
number, and structural character in fused ZnCl218

(12) W . W . Wood and J. D. Jacobson, J. Chem. Phys., 27,1207 (1957).
(13) W . W . Wood and F. R. Parker, ibid., 27, 720 (1957).
(14) A detailed discussion of the crystallization phenomenon is 
contained in an article by D. Turnbull.70
(15) D. M . Gruen and R. L. McBeth, Pure Appl. Chem., 6, 23 
(1963). See also ref 53.
(16) Note, for instance, in the glass-forming unidivalent nitrate 
systems (Table I) examined systematically by E. Thilo, C. Wieker, 
and W . Wieker (Silikat Techn., 15, 109 (1964)) that the composition 
region in which glasses may be produced lies in most cases to the 
divalent nitrate side of the eutectic composition, suggesting that the 
difficulty of nucleation of these structures is a factor in the occur
rence of undercooling and glass formation in these systems.
(17) G. Tammann and E. Elbrachter (Z . Anorg. Allgem. Chem., 267, 
268 (1932)) have shown that various pure salts such as KNO3, 
NaNCh, TI2SO4, PbCh may be obtained in the glassy state by spray
ing tiny droplets of liquid onto a cold plate.
(18) J. R. Moyer, J. C. Evans, and G. Y .-S. Lo, J. Electrochem. 
Soc., 113, 158 (1966). References to earlier work are given therein.
(19) O. J. Kleppa, J. Phys. Chem. Solids, 23, 819 (1962).
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Table I: Glass-Forming Molten Salt Systems

Halides Nitrates Sulfates Carbonates Mixed systems

ZnCk +  KC1*'“ Mg(N03)2 +  Li,* Na, K, ZnSOi +  K2S04‘' MgCOs +  K2COsm C o d 2 +  K2S04*'’
ZnCl2 +  Aids6 Rb, Cs, N (V CuS04 +  K2S04*'’ BaCOs +  Li2COs*'! CuC12 +  K2S04*'‘
ZnCl2 +  Pyr-Cl' 
ZnCk +  BiCh' Ca(NOs)2 +  Na,* K, Rb,

K2S04 +  HsSOP ZnCl2 -f- Nâ SO*®

ZnCl2 +  BeCh 
ZnCl2 +  Kl“

or CsNOs*'" PbS04 +  Pb2Si(V ‘

ZnCl2 +  NaBr*’' Sr(N03)2 +  Rb,* or CaF2 +  Ca(OH)2 +
CsNOs*'" CaCOs +  BaS04‘

Bids +  KCld 
Bids +  NaBr*,e

Ba(NOs)2 +  CsNOs*'1’ KN 02 +  Ca(N03)2 etc.'

Cd(N03)2 +  Li, Na, K, ZnCl2 +  KNOs'
Beds +  AlCls6 Rb, Cs, or TlNOs"
BeF2 +  KF' 
BeF2 +  NaF'

La(NOs)2 +  KNOs'

BeF2 +  CaF/ Ca(N03)2 +  FLO’“
ZrF4 +  KF' Mg(N03)2 +  H2Oa
MgF2 +  HF7 
CaF2 +  HF7 
PbF2 +  HF7 
BiFs +  HF7

La(N(>3)2 H2Oc etc.

“ I. Schulz, Naturwiss., 44, 536 (1957). All asterisks indicate a weak glass-forming ability. b R. F. Belt and H. Scott, Inorg. Chern.,
3, 1785 (1964). '  C. A. Angell and D. M. Gruen, unpublished work. d J. D. Corbett, private communication. e G. Heyne, Angew.
Chem., 46, 473 (1933). 7 J. Schröder, Angew. Chem. Intern. Ed., 3, 376 (1964). 0 See ref 16. h See ref 3c. * See ref 36. ’ T. Forland
and W. A. Weyl, J. Am. Ceram. Soc., 33, 186 (1950). * See ref 34. 1 See ref 35. ra See ref 20.

and BeF2), but the thermodynamic consequence is 
the same, viz., a relatively sharp initial depression of 
the single component freezing point on addition of a 
second component. This follows from the relation 
of the freezing point depression constant to the heat of 
fusion. Unless arrested by the occurrence of stable 
binary compounds, the resulting steep liquidus curve 
leads to low binary liquid temperatures. The result 
is that an otherwise unexceptional regrouping energy 
barrier may now become sufficient, with respect to 
kT, to prevent stable phase nucleation. In its empha
sis on liquidus temperature and nucleation probability, 
this view is in accord with the explanation of glass 
formation embraced by Weyl and Marboe20 21 in their 
extensive contributions to the subject. The im
portance of the liquid’s entropy content at the liquidus 
temperature as distinct from its energy content will 
be seen in the latter discussion of Figure 2.

Thus, we believe that the ordering factors which 
inhibit crystallization in the systems of Table I should 
not be sufficient to warrant any major distinctions 
between the nature of these liquids and the more 
general case in which crystallization occurs. However, 
judgment on this point will have to rest on the extent 
to which correlations in general fused salt behavior 
are forthcoming from studies made possible by the ex
tended temperature range available in the supercooling

systems. The type of correlation which may be looked 
for in this connection will be referred to later; for the 
moment, we will return to the transport behavior of 
these liquids, for which it will develop that the issue 
of structural distinctions can probably be ignored.

Ionic Liquid Transport Theory in the Light of 
the Low-Temperature Behavior

It seems that a satisfactory general theory of trans
port in ionic liquids must provide for the validity of 
eq 2 in the “ low-temperature”  region. Standard 
transition state theory approaches would require arbi
trary manipulation of the “ activation energy”  term 
in order to yield this result and hence are inadequate. 
Two theoretical approaches leading to eq 2 will be re
viewed briefly, and consequences of the Adam-Gibbs 
theory will then be explored in more detail to indicate 
how this theory may help to provide a framework for 
a general correlation of ionic liquid transport properties.

The attempt by Cohen and Turnbull78, to justify eq 2 
has attracted a great deal of attention.3,21 The liquid 
considered by these authors was composed of simple

(20) W . A. Weyl and E. C. Marboe, “The Constitution of Glasses,” 
Vol. I, Interscience Publishers, Inc., New York, N. Y ., 1962, p 238.
(21) (a) A. Bondi, “ Rheology,”  Vol. 4, F. R. Eirich, Ed., Academic 
Press, New York, N. Y .; (b) N. H. Nachtrieb, E. Fraga, and C. 
Wahl, J. Phys. Chem., 67, 2353 (1963).
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spherical molecules equivalent to the hard-sphere or
8-12 potential fluids characterized by the fluid branch 
of the molecular dynamics and Monte Carlo calcula
tions. The diffusion process in this model is assumed 
to occur by “ jumps”  of molecular dimensions made 
possible by the momentary increase in size of the 
“ cage”  of neighboring molecules in which the molecules 
are normally confined. The increase in cage dimen
sions to the critical size necessary for diffusion to occur 
arises by the redistribution of “ free volume.”  When 
the free volume is defined as that volume which can 
be redistributed among the “ cages”  without change 
in over-all energy, it is possible to evaluate the transi
tion (or jump) probability and thereby to arrive at the 
relation, eq 3, which is nearly equivalent to the empirical 
Doolittle equation for viscosity

D = D0 exp^ — (3)

where 7 is a cage volume overlap factor, v* is the critical 
increase in cage volume, and Vt is the total free volume. 
By making the additional intuitively satisfying assump
tion that the glass transition arises from the effective 
disappearance of free volume (v; -»■ 0; D -*■ 0, 
r) -*■ °>) which occurs at To, and identifying vt with the 
total thermal expansion of the liquid above To, eq 2 in 
the form

D = Do exp
yv*

vma{T — T0p)_ ( 4 )

results. (vm is the mean molecular volume; a is the 
mean coefficient of expansion over the range T — To).

The above concept of free volume and free volume 
disappearance is easy to accept for the hard-sphere 
fluid where all nonoverlapping configurations have 
the same energy. Here vt =  0 would correspond to 
the close-packed volume (pr-const -*- °°) of the fluid 
branch. It can also be rationalized for the 6-12 po
tential liquid7b and, by analogy, for the simple ionic 
liquid.8b We have previously sought to interpret 
'he validity of eq 2 for the ionic liquid systems we have 
studied in terms of this model, but have had difficulty 
in reconciling the experimental value of k (eq 2) with 
ihe value expected from eq 4 and the measured expan
sion coefficient. Also, it is difficult to see why k should 
be constant when the expansion coefficients vary from 
system to system, although a possible rationalization 
has been suggested.311 Measurements of the effect 
of pressure on relaxation properties have not been in 
accord with free volume model predictions.22-23 The 
model may be criticized for considering only the con
tribution to diffusion of molecular diameter sized

jumps; the criticism is strengthened by the most re
cent molecular dynamics result which shows that at 
least for hard spheres, there is no characteristic jump 
distance in fluid diffusion.24 Also, it is difficult to see 
how the zero energy free volume redistribution concept 
can apply to molecularly complex systems (e.g., with 
chain molecules). Such systems are nevertheless those 
whose conformity to eq 2, or to the equivalent WLF 
equation, is best documented.

An alternative theory leading to eq 2, which cannot be 
criticized either on the grounds of restrictive mech
anisms or of inapplicability to complex systems, has 
recently been proposed by Adam and Gibbs.60 In this 
theory, the intuitive appeal of Cohen and Turnbull’s 
idea connecting glass transition and free volume disap
pearance at To has not been lost. Rather, it is re
placed by the even more appealing proposition that the 
essential liquid state characteristic which becomes 
zero at the temperature T0 is the configurational en
tropy of the liquid. Furthermore, where the free 
volume disappearance at T0 was an assumption in 
Cohen and Turnbull’s model, in the Adam-Gibbs 
theory the vanishing entropy comes as a central result 
of a successful statistical mechanical theory of chain 
polymer liquids at high particle densities,6*-25 which can 
presumably be generalized to include nonpolymeric 
liquids.

In the development of their theory for relaxation 
properties of glass-forming liquids in the neighborhood 
of the glass transition temperature, Adam and Gibbs 
took the view that translational motion of a given 
molecule (or segment of a molecule) occurs, in a manner 
which need not be specified, by the cooperative rear
rangement of a group of molecules. The temperature 
dependence of the translational process was then shown 
to be the result of the effect of temperature on the 
minimum size of the cooperatively rearranging groups. 
By making only the assumption that the cooperatively 
rearranging groups operated independently, i.e., did 
not interact significantly, it was possible to show that 
the minimum (critical) size of the cooperatively rear
ranging group could be expressed in terms of the

(22) A. Gilchrist, J. E. Early, and R. H. Cole, J. Chem. Phys., 26, 
196 (1957).
(23) S. B. Brummer, ibid., 42, 1636 (1965).
(24) B. J. Alder and T. Einwohner, ibid., 43, 3399 (1965).
(25) In this theory, the disappearance of the configurational entropy 
produces a second-order thermodynamic transition, which was shown 
to have all the characteristics of the glass transition. The fact that 
particular second-order transition equations are obeyed at the glass 
transition temperature8,10 lends some support to the theory. Its 
success in predicting the dependence of Tg on molecular properties in 
polymer systems has been striking.611,9
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macroscopic configurational entropy. On showing 
that this smallest cooperative region must be that in
volved in the great majority of transitions, there re
sulted for the average transition probability, w(T), 
the expression

w(T) = A e x p ( - ^ - J  (5)

where A and C are constants, T is the absolute tempera
ture, and ¡S0 is the configurational entropy. This ex
pression should therefore contain the important part 
of the temperature dependence of any of the familiar 
mass transport processes.

Introducing the experimental fact that the specific 
heats of the glass-forming liquids are approximately 
independent of temperature, and the theoretical 
result that Sa =  0 at To, it could then be shown that, 
for [(T -  To)/To]2«  1

D, AT, 4>T, etc. w(T) =

1 exp( - A C PcrC-  J "A <6)
with

where ACv is the difference in glassy and liquid state 
specific heats, Ap is taken as the potential energy hinder
ing the cooperative rearrangement, s0* is the configura
tional entropy of the critical-size cooperative region, 
and R/N is the Boltzmann constant.

Equation 2 (= eq  626) is thus seen to be the necessary 
consequence of the effect of temperature on the thermo
dynamic state of the liquid (which may or may not be 
in a metastable state with respect to some crystalline 
state) and should therefore apply irrespective of specific 
liquid structure. Although, in the Cohen-Turnbull 
model, the 1 /{T — T0) temperature dependence arises 
in essentially the same way through the disappearance 
at To of a vital liquid-state characteristic, the above 
conclusion would not follow unless the free volume 
redistribution energy could be shown to be zero, inde
pendent of structure. An important feature of the 
Adam-Gibbs theory is therefore that it shows that any 
distinction between crystallizing and noncrystallizing 
liquids, on the basis of structural complexity, is largely 
irrelevant as far as the use of the noncrystallizing liquids 
to obtain information on “ low-temperature”  transport 
behavior is concerned. The validity of eq 2 for a 
variety of ionic3 and complex molecular60 liquids 
is good evidence for this point.

With this point in mind, it is possible to say that, 
if Gibbs and co-workers are correct, then molten salt 
chemists seeking to establish rules governing the 
transport behavior of ionic liquids in the “ normal” 
temperature range have been working at a serious dis
advantage. I f  the essential characteristic of the liquid 
state, viz. its configurational entropy, does not vanish 
before To, then the temperature range from the melting 
point down to T0 is as equally valid a part of the liquid 
state as the range melting point to boiling point: to date, 
then, investigators of the post-melting point range have 
not had the benefit of any understanding of the behavior 
of this lower part of the ionic liquid range on which to 
build. A parallel, which will be explored in more 
detail in a subsequent publication, may be drawn to 
the difficulties of understanding the specific heat of 
solids without information covering the range 0-200 °K. 
An immediate suggestion of this line of thought is that 
the usual distinction made between the behavior of 
glass-forming oxide melts and that of common molten 
salts is largely artificial. At thermodynamically equiv
alent temperatures (see below), fused salts and oxide 
melts in fact behave in much the same way, but while 
the oxide melts have, for practical reasons, been much 
studied in their “ low-temperature regions,” fused salt 
studies have been confined principally to the high- 
temperature (post-melting point) range.

Let us therefore reproduce in summary what has 
been learned about transport behavior in the “ lower 
half” of the ionic liquid state by the studies referred 
to in the opening paragraph, and consider to what ex
tent the Adam-Gibbs theory can be used, through 
these data, to give perspective to previous observations 
on high temperature behavior.

In Figure 1 the slope of the ordinary Arrhenius plot 
for electrical conductance, in the familiar guise of an 
“ activation energy,”  is plotted as a function of tem
perature for various systems, some of which are glass
forming. Were the Arrhenius equation to be obeyed, 
these plots would, of course, be straight lines parallel 
to the abscissa, as is approximately the case at the 
high temperatures. In Figure 2, we show how all the 
curves of Figure 1 coincide when the “ activation 
energies,”  in this case corrected by an amount of the 
order of 1 kcal to correspond to the temperature de
pendence of a diffusion process,8b are plotted against 
the function T/T0, where T„ is obtained from the best

(26) R. Araujo (J. Chem. Phys., 44, 1299 (1966)) has now shown that 
using eq 5, i.e., avoiding the approximations made in the subsequent 
derivation of eq 6, the viscosity of B2O3 (which has abnormal specific 
heat characteristics) may be described accurately over a much 
wider temperature range (800°) than is possible using eq 2. This 
success with B2O3, which had previously seemed an anomalous case, 
encourages belief in the validity of the Adam-Gibbs approach.
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Figure 1. Variation of activation energy for specific 
conductance with temperature for various molten salts and 
hydrate melts: 1, Ca(N03)2 +  55% K N 03; 2, Ca(N03)2 +  
62% KN03; 3, Ca(N03)2 +  80% KN 03; 4, pure K N 03;
5, KN 03 +  NaN03 +  LiN03 eutectic; 6, KN 03 +  NaN03 +  
NaN02 eutectic; 7, H20  +  25.9 mole % Mg(N03)2; 8, H20  +  
24.2% Mg(N03)2; 9, H20  +  20.3%. Mg(N03)2; 10, H20  +  
14.7% Mg(N03)2(~M g(N 03)2-6H20 ); 11, Ca(N03)2-4H20  +  
31% K N 03; 12, Ca(N03)2-4H20  +  10% KN 03;
13, Ca(N03)2-4H20.

fit of the data to eq 2.27 These data may be placed on 
one of Hildebrand’s “ beautiful straight lines” 28 by 
plotting against the function [T(T — To)]2, as demon
strated for the Ca(N03)2 +  K N 03 systems in Figure 
2, ref 3a. The slope of this plot gives the value of k 
(eq 2 and 6) which, within the uncertainty of deter
mination, has the same value for all the systems quoted, 
680°K (± 5 % ). Viscosity data at comparable tem
peratures are only available for Ca(N03)2-K N 0 3 
melts29a and molten Ca(N03)2-4H20  and N a ^ O r  
5.2H20 .29b The more extensive measurements on the 
latter two liquids yield the same value of T0 as for 
conductance, with k 15-20% higher. For the former 
system, equal values of T0 would require fc, «  1.2kA.

It can be observed from the positions of the liquidus 
temperatures shown by arrows in Figure 2 that the 
transport behavior is quite independent of whether or 
not the liquid is in a metastable state with respect to 
some crystalline phase. In fact, it is rather the prob
ability of crystallization which seems to be influenced 
by the temperature of crystallization on this correspond
ing scale; e.g., the only data obtained below the liquidus 
are for those melts with liquidus temperatures below
1.6 on the T/Ta scale. That this demonstrates the 
importance of entropy content to crystallization kinetics 
will be seen below.

Figure 2 shows that the instantaneous slope of the 
Arrhenius plot for these systems is a near-universal 
function of T/Ta. The usefulness of the “ activation 
energy” concept in the presence of such a great and 
systematic temperature dependence is question
able,31’ ’30 and it might appear that the Figure 2 cor
relation of Arrhenius plot slopes is merely a trivial

consequence of the form of eq 2. However, the 
Adam-Gibbs theory gives the plot considerable sig
nificance, since their transition probability expression 
(eq 5) is also of Arrhenius form and shows that the 
instantaneous slope of the Arrhenius plot is propor
tional to the inverse of the liquid configurational 
entropy (although for variable SQ, the proportionality 
constant is not simply — C). In contrast to the “ acti
vation energy”  case, it is obvious that the configura
tional entropy of even the simplest liquids will change 
with temperature at constant pressure, and its depend
ence on temperature can be expressed in terms of the 
specific heat, (which is an independently measurable 
quantity), according to

d Se =  ACp

dT T (8)

The use of ACP (defined above) rather than Cp serves 
to separate configurational from solid-like contributions 
to the total entropy.

Integrating and introducing the theoretical result 
(Sc =  0 at T = To, one obtains

Sc(r) =  ACP In ^  (9)
j- 0

the expression which Adam and Gibbs note can be used 
to obtain eq 7 from eq 6. SQ is thus a function of T/T0. 
The correlation in Figure 2 is therefore a reflection of 
this relation for the case where k (of eq 2 and 6) has 
the same value for the different liquids. Allowance 
for variable k by plotting in the ordinate (k/k0) X 
[d /d (l/T )][ln  D, (AT), (<f>T)], where fc0 is the value 
for some reference system, could give a more truly 
universal plot.

ACP is unlikely to differ greatly among salts in which 
the cation and anion structural units are simple. This 
being the case, an important feature of Figure 2 is that 
it shows how the low-temperature transport data may 
be used to establish a corresponding temperature scale 
based on states of equal configurational entropy, which 
may be called “ isoentropic states.”  This would seem 
to be a reasonable basis for a corresponding-states 
treatment of various liquid properties. It provides

(27) Exceptions are the Li, Na, K, N 0 3l the Na, K, NOs, N 0 2, and 
the Li, K, Cl eutectics, and ZnCL-KCl, for which To was chosen as 
the value which gave the best fit of the data to the curve established 
by the other systems. The ability to fit provides a test of com
patibility of the transport behavior of these systems with that of the 
other systems.
(28) J. H. Hildebrand, Science, 150, 441 (1965).
(29) (a) E. Rhodes, W . E. Smith, and A. R. Ubbelohde, Proc. Roy. 
Soc. (London), A285, 263 (1965); (b) C. T . Moynihan, unpublished 
results privately communicated.
(30) A. Klemm, Discussions Faraday Soc., 32, 265 (1961).
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some vindication of the previously empirical use of the 
To-based corresponding temperature scale in a discus
sion of diffusion-conductance relations in fused salts.31 
The general usefulness of such a corresponding tem
perature scale, however, remains to be demonstrated; 
the possibilities will be touched on in the concluding 
remarks.

With the help of Figure 2, we can now explain our 
use of the term “ low temperature” in connection with 
the region of the liquid state whose importance we 
are attempting to establish. A liquid can, arbitrarily, 
be thought of as being in its “ low-temperature region” 
when T/T0 < 2. Consequently, a given Centigrade 
temperature may be “ low” for one liquid but not for 
another, depending on the relative T0 values. In 
view of the above discussion, “ low temperature” in 
this sense would clearly be better read as “ low entropy.” 
Liquidus temperatures below T/T0 = 2 are uncommon

but are presumably a feature of all of the systems of 
Table I.

It remains to consider how general the ability of the 
Adam and Gibbs equations to describe transport in 
ionic liquids may prove. For instance, the plots of 
Figure 1 can only be expected to superpose as in Figure 
2 if the constant k of eq 2 has the same value for the 
different systems. In the Adam-Gibbs theory, this 
constant contains the energy term A/i, (eq 7) and Gibbs 
suggests32 that for ionic liquids An should be a suitable 
function of the relevant cation-cation and cation- 
anion pair interaction energies and an effective co
ordination number. There is therefore some question 
as to why the coincidence should be as good as it ap
pears to be. To account for the similar consistency

(31) C. A. Angell, J. Phys. Chem., 69, 399 (1965).
(32) J. H. Gibbs, private communication.
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for polymer and alcohol systems implied by the “ uni
versal” parameters of the WLF equation, Adam and 
Gibbs found reasons why changes in ACP should parallel 
those in Ayu. Small differences in k may also be masked 
by small errors in the choice of T0, to which the derived 
value of k is very sensitive.

In this connection it is probably significant that all 
the systems of Figures 1 and 2 involve univalent an
ions. Change in anion charge type may well produce 
differences in k. The value of An, for instance, should 
double approximately for change of nitrate anion to 
carbonate anion. It is noteworthy, then, that the 
(Li, Na, K)2C03 eutectic conductance data,33 which 
yield Ek values increasing smoothly from 5.7 to 11 
kcal/mole in the temperature range 720-400°, cannot 
be fitted to the plot in Figure 2. In fact, it seems 
that k for the carbonate case would need to be roughly 
double the value applying in Figure 2 for a reasonable 
fit to be possible. By analogy with the univalent anion 
systems it would seem that measurements on a super
cooling system such as MgCOs-K^CCV4’35 may be 
able to provide a suitable “ base”  for interpretation of 
the “ normal”  carbonate transport behavior, and its 
relationship to the behavior illustrated in Figure 2. 
A similar base for molten sulfates may perhaps be ob
tained from a study of the glass-forming Z11SO4- 
K2SO4 system.36 The field can no doubt be expanded 
to include the more complex silicate and borate anion 
systems, where the temperature range of practical 
interest is the “ low-temperature”  region. While 
further development of this subject is beyond the scope 
0: this paper, it is worth noting that, as long ago as 
1925, Fulcher37 showed that viscosity38 data for a 
sodium silicate melt varying over ten orders of magni
tude could be placed on a single straight line by means 
of eq 2 using To = 415°, k =  5100.

Concluding Remarks

The evidence obtained from the low-temperature 
studies on ionic liquids therefore leads to a broad view 
of the liquid as a state which is continuous through the 
crystallization temperature and terminates in a glass 
transition, and whose transport properties are best 
accounted for by the theory of Adam and Gibbs. 
It is appropriate now to place this theory in relation 
to those which have gone before.

The usual treatment of transport in ionic liquids 
has involved some form of transition state theory, 
in which the transition probability, w(T) is commonly 
developed as a two-term exponential expression

M T ) = A ' e x p ( — f i , )  e x p ( - | | j  (1 0 )

The first energy term, Ej, is thought of as the potential 
energy opposing the “ jump” from one site to a neigh
boring vacant site (“ hole” ) and the second term, Ek, 
is taken as the energy for provision of the hole, i.e., 
favorable configuration. The Cohen-Turnbull ex
pression may also be regarded as a version of this general 
equation in which the first term is taken as negligible 
and the second is calculated from the volume expansion 
above TV Where this term seemed insufficient, the 
writer3b and, in more detail, Macedo and Litowitz39 
have recovered eq 10 by combining the Cohen and 
Turnbull version of the second term with a nonzero 
first term. Bockris and co-workers40’41 have used 
essentially the same approach but have sought to cal
culate the second term by means of a theory by Fiirth.42

In the Adam and Gibbs theory it seems clear from the 
way eq 6 and 7 of ref 6c are developed that the “ rear- 
rangeable subsystems”  are in effect sitting on top of the 
potential energy barrier, Aju, and must therefore be 
regarded as activated complexes. The theory is thus 
a new and interesting form of transition-state theory 
in which the potential energy (A¿¿) and configuration 
(So) terms occur in a relation (eq 5 of this paper) 
which does not permit their separation as in eq 10.

This is an important difference since it is on the basis 
of eq 10 that the belief has arisen that constant volume 
experiments can yield a “ true”  activation energy. 
According to the Adam-Gibbs expression, however, 
even if S„ were to remain constant at constant volume 
the configuration term would not be separated; it 
would only be made temperature independent, so that 
the Arrhenius plot slope would be constant at —C/SC(V)- 
It can be argued that the pressure dependence of To8’43

(33) A. T . Ward and G. J. Janz, Electrochim. Acta, 10, 849 (1965).
(34) W . Eitel and W. Skalics, Z .  Anorg. Allgem. Chem., 183, 263 
(1929).
(35) R. K. Datta, D. M . Roy, S. P. Faile, and O. F. Tuttle, J. Am. 
Ceram. Soc., 47, 153 (1964).
(36) C. A. Angell, ibid., 48, 540 (1965).
(37) G. S. Fulcher, ibid., 8, 339 (1925). For recent applications of 
eq 2 to silicate and borate systems, see E. Eipeltauer and K . Schaden, 
Glastech. Ber., 35, 505 (1962).
(38) While the viscosity and conductance temperature dependences 
are very similar in the two molten nitrate cases cited above, in silicate 
and borate melts there are great differences: at the same tempera
ture Et, may be up to four times larger than EK\ i.e., kv —► 4fc* if eq 
2 may be applied to each process (see, e.g., G. W . Morey, “ Properties 
of Glass,”  Reinhold Publishing Corp., New York, N. Y ., 1938, p 
461).
(39) P. B. Macedo and T. A. Litowitz, J. Chem. Phys., 42, 245 
(1965).
(40) J. O’M . Bockris, E. H. Crook, H. Bloom, and N. E. Richards, 
Proc. Roy. Soc. (London), A255, 558 (1960).
(41) J. O’M. Bockris and G. W . Hooper, Discussions Faraday Soc., 
32, 218 (1961).
(42) R. Fllrth, Proc. Cambridge Phil. Soc., 37, 352 (1941).
(43) C. A. Angell, L. J. Pollard, and W . Strauss, J. Chem. Phys., 43, 
2899 (1965).
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means Sc cannot be strictly constant at constant volume. 
However, this should only be important at low T/T0, 
which may be the reason that only Cole, et al.,22 
working below 2T0 have observed non-Arrhenius be
havior at constant volume. The more common 
finding23,44’44 45 is that the constant volume ''activation 
energy,”  (better, “ Arrhenius coefficient” 615) Ev, is 
temperature independent within experimental error 
but is a strong and accelerating function of diminishing 
volume. If, in fact, holding the volume constant 
holds Sc at some effectively constant value, then the 
form of eq 5 predicts directly that the quantity defined 
as Ev should depend inversely on the value of Sc held 
constant. Ev should therefore show the same sort of 
curvilinear dependence on diminishing volume that 
Ep shows on decreasing temperature, as is indeed ob
served experimentally (e.g., compare Figure 2 of ref 
23, and Figure 5 of ref 44a with Figure 1 of this paper. 
The ability of the Adam-Gibbs theory to accommodate 
these observations contrasts favorably with that of 
the Macedo-Litowitz treatment,39 the weakness of 
which in this respect has been pointed out by 
Brummer.46

Due to the increase of Sa with temperature at con
stant pressure, Ep at a given volume must, of course, 
be greater than Ev at that volume, as has always proved 
the case in practice. While the data referred to above 
are for organic liquids there seems no reason to believe 
that similarly detailed measurements on fused salts47 
will differ in character.

Finally, the Adam-Gibbs equations may be related 
to the Doolittle-type free volume transport equations48 
by using the second-order transition Clapeyron equa
tion43 to substitute for ACp in eq 6 above. This leads 
to the following expression, which is approximate 
in the same respects as eq 6 (see footnote 26)

f;d In To

" <r) = A exp "  A exp ^  (11)

V and i a  being the molar volume and change of ex
pansion coefficient, respectively, at T0. The numerator 
of the exponential term should be constant at constant 
pressure, and the denominator may be regarded as an 
approximation for that part of the thermal expansion 
above T0 which gives rise to liquid-like degrees of free
dom. Unfortunately, this constitutes yet another 
definition of free volume (c/., Cohen and Turnbull,7a 
eq 4, this paper, and discussion in ref 48b) : the presence 
of the (T — To) factor in the denominator nevertheless 
ensures a correct description of the transport tempera
ture dependence. Within the restrictions implied by

eq 11, the usefulness36 of the free volume concept 
therefore remains intact.

This approach thus has a number of attractive fea
tures and, while not free from weaknesses, seems to 
represent an improvement over previous interpreta
tions of the data. The thermodynamic treatment of 
short lifetime configurations is, however, no less open 
to criticism here than in the case of conventional 
transition state theory; some future development in 
the spirit of Rice’s dynamical approach to crystal 
lattice diffusion49 50 51 may be appropriate.

In conclusion, it may be noted that, in view of the 
intimate connection between transport properties of 
liquids and their thermodynamic states, transport 
measurements in general cannot be expected to give 
any deeper insight into structural details of the liquids 
than can be derived from other thermodynamic meas
urements such as entropies of fusion, heats of mixing, 
and activity coefficients. Exceptions are diffusion 
and relative mobility measurements which discriminate 
between entities in the same liquid.

For detailed structural information, one must rely 
on more direct techniques, principally the study of in
teractions between electromagnetic radiation quanta 
and ionic liquids. If the thermodynamic low-tempera
ture limit of the liquid state is a glass in which a close- 
packed structure is approached, then interesting struc
tural changes must occur in the low-temperature region 
usually “ hidden”  by the “ crystallization curtain,”  
since X-ray measurements60 have shown that, at high 
temperatures, coordination numbers are well below 
close-packed values. There is reason to believe, there
fore, that studies in the low-temperature region by use 
of noncrystallizing melts may be rewarding to our 
general understanding of fused-salt structure. The 
interesting phenomena of loss of nitrate ion rotational 
freedom,61 nonlinear temperature dependence of ultra
violet absorption spectra,28 and temperature-induced

(44) (a) A. Jobling and A. S. C. Lawrence, Proc. Roy. Soc. (London), 
A206, 257 (1951); (b) J. Chem. Phys., 20, 1296 (1952).
(45) S. B. Brummer and G. J. Hills, Trans. Faraday Soc., 57, 1823 
(1961).
(46) S. B. Brummer, J. Chem. Phys., 42, 4317 (1965).
(47) M . K. Nagarajan, L. Nanis, and J. O ’M . Bockris ( / .  Phys. 
Chem., 68 , 2726 (1964)) and J. W . Tomlinson and D. J. Fray (D. J. 
Fray, Thesis London University, 1965) have initiated such measure
ments.
(48) (a) A. K . Doolittle, J. Appl. Phys., 22, 1471 (1951); (b) A. K. 
Doolittle and D. B. Doolittle, ibid., 28, 901 (1957).
(49) S. A. Rice, Phys. Rev., 112, 804 (1958).
(50) (a) H. A. Levy, R. A. Agron, and M . A. Bredig, Ann. N. Y. 
Acad. Sci., 79, 762 (1960); (b) J. Zarzicki, Compt. Rend., 224, 758 
(1957); J. Phys. Radium, 19, 13A (1958).
(51) J. K. Wilmshurst and S. Senderoff, J. Chem. Phys., 35, 1078 
(1961).
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coordination changes of 3d ions (e.g., N i(II),52,63 Co-
(II), and M n(II)),64 have all been observed in liquids 
whose transport behavior places them near or in their 
respective "low-temperature” [low T/T0] regions. 
It may be instructive to study these phenomena in 
relation to the reduced temperatures on the entropy 
scale at which they are observed.

Acknowledgments. The author is indebted to Dr. 
D. M. Gruen and Professors N. H. Nachtrieb and J. 
H. Gibbs for interesting discussions of this subject.

(52) C. R. Boston and G. P. Smith, J. Phys. Chem., 62, 409 (1958).
(53) C. A. Angell and D. M . Gruen, ibid., 70, 1601 (1966).
(54) See ref 20, pp 300-305.

Mass Spectrometric Study of the Rates of the Reactions of 

Nitrogen Atoms with Olefins

by John T. Herron

National Bureau of Standards, Washington, D. C. 20234 (Received January 27, 1966)

A mass spectrometric study has been made of the rates of the reactions of nitrogen atoms 
with a series of olefins. At 340°K the rates are: C2H4, fc ~  1.0 ±  0.5; C 3H 6, k =  1.9 ±  
0.6; C 4H 8-1 , fc =  2 . 0  ±  0.4; C C 4H 8-2 , k = 1.7 ±  0.4; i-C4H8, fc =  4.2 ±  1.0; C2(CH3)4, 
k =  2.4 ±  0.6; C 4H6-1,3, k =  3.5 ±  1.0 (all X 1010 cm3 4 mole“ 1 sec“ 1. The mechanisms 
of these reactions are discussed.

Introduction

Reliable rate data for nitrogen atom reactions are 
for the most part limited to inorganic reactants. In 
the case of organic reactants relatively few rate con
stants have been reported, and these are of doubtful 
validity in view of the uncertainty in the reaction 
mechanisms on which they are based.

Recent work on the nitrogen atom-ethylene reaction1 
has shown that it cannot be described adequately by 
the simple mechanism2

N +  C2H4 HCN +  CH3 (1)

N +  CH3 — >■ HCN +  2H (2)

but probably also involves the following additional 
steps.

N +  C2H5 — > NH +  C2H4 (5)

N +  NH — > N2 +  H (6)

The apparent rate constant of reaction 1, which can be 
defined as

k =  In [(C2H4)0/(C 2H4) , y  JJ(N )di

(where the subscripts refer to time zero and time 
t), was shown to be a function of (C2H4/N)o. It was 
argued on the basis of the above mechanism that the 
true rate constant, h, was the value of k at (C2H4/N )0 = 
0.

These rate measurements have now been extended 
to a series of olefins, permitting a test of the consistency 
and generality of the proposed mechanism.

H +  C2H4 — >  C2He 

H +  C2H5 — >  2CH;

(3) (1) J. T . Herron, J. Phys. Chem., 69, 2736 (1965).
(2) H . G. V. Evans, G. R. Freeman, and C. A. Winkler, Can. J.

(4) Chem., 34, 1271 (1956).
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Experimental Section
The general experimental approach (described in 

detail elsewhere1’ 3) was to use a mass spectrometer in 
conjunction with a fast flow system to measure the 
partial pressures of reactants and products as functions 
of the initial partial pressure of the reactants or of time. 
The reaction time was varied from about 2 to 50 msec 
by adjusting the distance between the olefin inlet and 
the sampling orifice of the mass spectrometer. The 
temperature was 340°K.

Nitrogen atoms were generated by passing nitrogen 
at a total pressure of about 2 torr through a 2450- 
MHz electrodeless discharge.

It became apparent during the course of this work 
that “ prepurified”  grade nitrogen contained enough 
minor impurities to lead to gross errors in the measure
ment of rate constants. Therefore, the nitrogen was 
further purified by passing it at 1.3 atm over copper 
turnings heated to 500°, then through a trap filled with 
silica gel cooled with liquid oxygen, after which it 
passed through a pressure-reducing valve into the flow 
system where it flowed through a trap filled with glass 
beads cooled with liquid nitrogen.

The partial pressures of stable reactants and prod
ucts were measured using an ionizing energy of 44 ev, 
while the relative nitrogen atom partial pressure was 
measured using an ionizing energy of 24 ev. The latter 
was put on an absolute basis by use of the nitric oxide 
titration technique.4 5 Although there has been some 
dispute as to the validity of this technique, the recent 
absolute pressure change experiments of Elias,6 sup
ported by the esr measurements of Westenberg and 
DeHaas6 and of Von Weyssenhoff and Patapoff,7 
would seem to establish its correctness beyond reason
able doubt.

Determination of the Rate Constants
If olefin A reacts only with nitrogen atoms, then

d(A)
di =  K  N)(A)

By separating the variables and integrating between 
limits, the following expression for the rate constant 
can be derived

* = In ( A )o / (A ) , / jo‘(N)dt

where the subscripts refer to time zero and time t. 
Both numerator and denominator in this expression 
are experimentally measurable quantities. The nu
merator is the ratio of the partial pressure of olefin at 
time zero to its partial pressure at time t. The integral 
in the denominator is graphically evaluated from meas

Figure 1. Apparent rate constant as a function of (C3H 6/N ) 0: 
curve C, highly purified nitrogen (open circles are data for 
C3D 6); curve B, untreated, “prepurified” grade nitrogen; 
and curve A, highly purified nitrogen to which about 1 %  
oxygen has been added before the discharge.

urement of the nitrogen atom partial pressure as a 
function of time.

Rate constants calculated from this expression for 
the reaction of nitrogen atoms with propene are shown 
in Figure 1 as a function of (CjHj/N ')o for highly puri
fied nitrogen, curve C, and untreated “ prepurified” 
grade nitrogen, curve B. Curve A shows the effect of 
adding oxygen (before the discharge) to highly purified 
nitrogen.

The increase in apparent rate constant at high 
(C3H6/N )o ratios indicates that one (or more) of the re
action products is reacting with propene. The most 
reasonable assumption is that this reacting product is 
atomic hydrogen which is almost certainly a product 
of the reaction and is considerably more reactive 
toward olefins than is atomic nitrogen. Qualitative 
support for this view can be had by comparing the 
shapes of the apparent k vs. (A /N )0 curves for different 
olefins as in Figure 2. The individual curves in this 
figure have been shifted to coincide at (A /N )0 =  0. 
The manner in which the apparent rate constant varies 
with (A /N )0 is in the same order as the relative rates 
of reactions with hydrogen atoms (Table I, column
4)-

Adding hydrogen to the incoming nitrogen before it 
goes through the discharge should lead to the production

(3) F. S. Klein and J. T . Herron, J. Chem. Phys., 41, 1285 (1964).
(4) G. B. Kistiakowsky and G. G. Yolpi, ibid., 27, 1141 (1957).
(5) L. Elias, ibid., 42, 4311 (1965).
(6) A. Westenberg and N. DeHaas, ibid., 40, 3087 (1964).
(7) H. Yon Weyssenhoff and M. Patapoff, J. Phys. Chem., 69, 1756 
(1965).
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Table I : Rates of Reaction of Atoms with Olefins at Room Temperature

10-“¡b,
cm3 mole-1 sec-1 ✓-----------------------------------------------------------------Relative

N° N“ H& 0» SJ Sec Bri

Ethylene —1.0 db 0.5 —0.5 0.56 0.17 0.28 0.38 0.57
Propene 1.9 ±  0.6 1 .0 1.00 1.00 1.00 1.00 1.00
Butene-1 2 .0  dz 0 .4 1.1 1.08 1.04 1 .0 2.7 1.28
¿-Butene-2 1 .7  ±  0 .4 0.9 0.59 4.90 21.6 5.56
Isobutene 4.2 ±  1.0 2.2 2.47 4.35 17.2 21.7
2,3-Dimethyl- 2.4 ±  C.6 1.3 0.81 18.2 >20

butene-2
1,3-Butadiene 3.5 ±  1.0 1 .8 4.85 5.9 37.8

° This work (estimated uncertainties). s K. R. Jenning and R. J. Cvetanovic, J. Chem. Phys., 35, 1233 (1961). ‘  R. J. Cvetanovic, 
■ bid., 30, 19 (1959). d H. E. Gunning and O. P. Strausz, Advan. Photochem., 1, 248 (1963). 6 A. B. Callear and W. J. R. Tyerman, 
Proc. Chem. Soc., 296 (1964). f P. I. Abell, Trans. Faraday Soc., 60, 2214 (1964).

Figure 2. Apparent rate constants for a series of olefins as 
functions of (A /N )0, normalized to a common origin. (The 
data for ethylene were too uncertain to be meaningful 
and have been omitted.)

of hydrogen atoms in addition to nitrogen atoms and 
hence to an increase in the apparent rate constant. 
Such an effect is observed as shown in Figure 3 where the 
apparent rate constant for the propene reaction is 
given as a function of (C3H6/N )0 for differing amounts 
of added hydrogen. The most interesting feature of 
these experiments is that even with relatively large 
amounts of added hydrogen, the limiting value of the 
rate constant, i.e., k at (C3H6/N )0 =  0, is unaffected. 
By analogy with the mechanism postulated for the 
ethylene reaction (reactions 1-6), this would imply 
that propene is regenerated.8 The following general 
mechanism is proposed to account for these observa
tions.9

N +  olefin — >  products +  H? (7)

N +  products — > products' +  H (8)

H +  olefin — ^ R (9)

H +  R  — >  RH (10)

N +  R  — *■ olefin +  NH (11)

R  +  R — > recombination and
disproportionation products (12) 

N +  NH — > N2 +  H (13)

At low conversion where H /N  is very small, reaction 
11 predominates over (10) and olefin lost in reaction 
9 is regenerated. At higher conversions reactions 10 
and 12 become more important and olefin is lost, 
leading to an increase in the apparent rate constant.

On the basis of this mechanism, the true rate constant 
of the reaction would be the value of k obtained under 
conditions such that H /N  approaches 0, i.e., at (A /N ) 
=  0. Rate constants derived by extrapolating the ap
parent rate constants to (A /N ) =  0 are given in Table 
I, column 2, for a series of olefins. The experimental 
data for the propene reaction are shown in Figure 1, 
curve C. Curve shapes for the other olefins studied are 
shown in Figure 3.

This mechanism is, of course, quite speculative. 
However, it may be noted that for very small values of 
(A /N )0 the rate expression reduces to the usual approxi
mation for a bimolecular rate constant with one react
ant in great excess, i.e.

k =  In (A)0/ (A ) , / (N)f

(8) In studying the C3D 6 reaction in the presence of added hydrogen, 
the formation of CiDsH is observed. It is not certain how much 
of the C3D 5H is formed by reactions 9 and 11 and how much by 
reaction 12 or by simple isotopic exchange.
(9) This is a greatly simplified mechanism in which reactions 9 
and 10 have been written only in terms of the formation of pressure 
stabilized products. For olefins other than ethylene this is approxi
mately correct.
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where (N) is approximately constant. Since hydrogen 
and oxygen atom reactions are 10 to 100 times faster 
than the corresponding nitrogen atom reactions, the 
presence of even trace amounts of these impurities 
could affect the measured rate constants.

In the case of hydrogen atoms, it is apparent from 
Figure 3 that adding hydrogen has no effect on the ex
trapolated rate constant so that trace impurities are of 
no consequence. This is certainly not the case for 
oxygen atom reactions as is shown from curve A of 
Figure 1. However, if the relative rates of the nitrogen 
atom reactions are compared with the relative rates of 
the corresponding oxygen atom reactions, there are 
seen to be considerable differences. In particular, 
the 18-fold greater reactivity of tetramethylethylene 
compared with propene in the case of oxygen atom re
actions is not reflected in the comparable rates of the 
nitrogen atom reactions. Thus it seems safe to con
clude that oxygen atom reactions are not making a 
major contribution to the measured nitrogen atom 
rate constants.
Discussion

As can be seen from Table I, the relative rates of the 
nitrogen atom reactions are quite different from those 
for the electrophilic atomic reactants O, S, Se, and Br. 
On the other hand, the similarities between atomic 
nitrogen and hydrogen suggest that the initial step 
may be the same for both reactants, i.e., addition to 
the least substituted carbon atom of the double bond 
to yield an excited radical intermediate

R  R  R  R*

N +  C = C  — > C— C
/  \  / I  \

R R R N R

The subsequent rearrangement, cyclization, and de
composition reactions of this intermediate can then 
give rise to the final products. The details of the mech
anism are not known since the nature and the relative 
abundances of the nitrogen-containing products have 
yet to be determined for a significant number of re
actants. Aside from hydrogen cyanide and methyl 
cyanide, the only other nitrogen-containing products 
detected in the present work were compounds of molecu
lar weight corresponding to CN-substituted olefins. 
Such products have been reported previously in the 
case of the ethylene and propene reactions and were 
attributed to CN radical reactions with the reactant 
olefins.10 The identification of the same products in 
the photolysis of ICN in the presence of olefins appears 
to support this postulate.11 However, the possibility

Figure 3. Apparent rate constant as a function of (C3H6/N)o 
for different amounts of added hydrogen. (Data points for 
0% added hydrogen are given in Figure 1, curve C, and 
are not included here for the sake of clarity.)

that some of these products are degradative or even 
cyclic in nature cannot be ruled out.

There is some evidence to suggest that cyclization 
reactions may be of importance. Shinozaki, Shaw, 
and Lichtin12 have studied the propene reaction using 
labeled carbon atoms to trace the origins of the prod
ucts. The major products are ethylene, hydrogen cy
anide, and in lesser yield, methyl cyanide. It was found 
that both methyl cyanide and ethylene were preferen
tially formed from the carbon atoms of the original 
double bond. If, as postulated above, the initially 
formed intermediate is the triradical

H H

C 1— C 2
/ I  \

H N C3H3

then the formation of N C1-C 2H3 is readily understood 
to arise by the splitting off a C3H3 group13 following 
rearrangement. However, the formation of H2C 1=  
C2H214, which is almost certainly accompanied by the

(10) J. T . Herron, J. L. Franklin, and P. Bradt, Can. J. Chem., 37, 
579 (1959).
(11) C. A. Goy, D . H . Shaw, and H. G. Pritchard, J. Phys. Chem., 
69, 1504 (1965).
(12) Y . Shinozaki, R. Shaw, and N. N. Lichtin, J. Am. Chem. Soc., 
86, 341 (1964).
(13) By analogy with the propene reaction it might be expected that
ethyl cyanide would be a product of the butene-1 reaction. How
ever, this product was not detected, possibly because its mass spec
trum could have been masked by the mass spectra of product hydro
carbons.
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formation of HC3N, would seem to require the for
mation of a four-membered cyclic intermediate which 
may have too short a lifetime to be detectable. For 
larger olefins, however, there is the possibility of forming 
five- and six-membered rings which are inherently 
more stable and which may be detectable. Tsukamoto 
and Lichtin16 have reported the formation of pyrrole 
(cyclic C 4H 5N )  as a product of the butadiene reaction. 
It is difficult to explain the formation of this product

except through the formation of a five-membered cyclic 
intermediate which yields pyrrole by loss of a hydrogen 
atom.

(14) Ethylene may be formed directly in the reaction N +  C3H 6 —► 
C2H 4 +  H +  HCN, or by the decomposition of a “hot” ethyl radical 
formed in the reaction N  +  C3H 6 —► C2H 5* +  HCN . If ethyl 
radicals are a primary product, they may also be stabilized and yield 
ethylene via the reaction N  +  C2H5 —*■ C2H4 +  NH.
(15) A. Tsukamoto and N. N . Lichtin, J. Am. Chem. Soc., 84, 1601 
(1962).

Nuclear Magnetic Resonance of Oxygen-17 and Chlorine-35 in Aqueous 

Hydrochloric Acid Solutions of Iron (III)1

by A. H . Zeltmann and L. O. Morgan2 3

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico,
and Department of Chemistry, The University of Texas, Austin, Texas (Received February 3, 1966)

Nuclear magnetic resonance spectra of O17 and Cl38 were observed for iron(III) solutions 
from 0.85 to 13.6 M  in HC1. Transverse relaxation of each was found to be controlled 
by the rate of chemical exchange of H20  or Cl-  in the lowest part of that range, by relaxa
tion rate in complex iron(III) species in the upper range, and by both processes in the 
intermediate range. H20  was found to exchange principally between the species Fe- 
(H20 )3C13 and the surrounding solvent according to the rate law, Rum =  fcmo [Fe(H20 )3- 
Cl3]a± mole/1. sec, with fcH2o — 2.19 X 10® l./mole sec at 26 ±  1°; Cl- , between FeCfi-  
and solution Cl-  according to Ro\- =  &ci-[FeCl4- ]a2 mole/1. sec, with kci- =  1.17 X  10® 1./ 
mole sec at 26 ±  1°. The activities a± and a2 refer to the mean-ion and solute activities of 
HC1, respectively. Relaxation of ligand nuclei in the complex species is by electron 
nuclear spin exchange interaction. Coupling constants were found to be (A/h)ci =
1.1 X 107 cps for Cl35 in FeCfi-  and (A/h)o =  3 X  107 cps for O17 in Fe(H20 )3Cl3.

Introduction
Exchange of water molecules and chloride ions be

tween the coordination spheres of the various iron(III) 
chloro complexes and bulk solvent has been investigated 
by Connick and co-workers3-6 using nuclear magnetic 
resonance techniques. In the main, those investiga
tions were carried out at low chloride concentrations, 
where the lower chloro species predominate, and the 
solutions were principally aqueous sodium chloride.

Blatt® has examined a few concentrated HC1 solutions, 
but not in great detail. Her results are discussed to
gether with those of this work in a later section.

(1) Work performed under the auspices of the U. S. Atomic Energy 
Commission.
(2) Department of Chemistry, The University of Texas, Austin, 
Texas 78712.
(3) R. E. Connick and R. E. Poulson, J. Chem. Phys., 30, 759 
(1959).
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Iron (III) chloride solutions in concentrated HC1 have 
long been of interest because of the ability of iron(III) 
and numerous other metal(III) ions to be extracted 
from such solutions into organic solvents4 5 6 7 8 such as di
ethyl ether. The species present in iron(III) chloride- 
hydrochloric acid solutions have been investigated8,9 
electrometrically and spectrophotometrically as well 
as by solvent distribution. It is believed that the lower 
chloro complexes are predominantly octahedral with 
water molecules occupying the sites not filled by 
chloride ions, while the tetrachloro species is tetra
hedral. Evidence has been presented that the tetra
chloro complex is the highest one formed in aqueous 
HC1 solutions.10-12 Friedman12 has given the most 
definitive evidence for four-coordination from ultra
violet and visible spectra of solid tetrachloroferrates, 
ethylene bromide, diisopropyl and diethyl ether solu
tions, aqueous HC1 solutions, and ether extracts of the 
latter.

Recently, the spectral evidence for complex configura
tions13 has been interpreted to suggest that the tri- 
chloroiron(III) species in HC1 solutions is also four- 
coordinated and tetrahedral. The arguments pre
sented there are somewhat indicative, but hardly con
clusive. We must assume that the configuration of the 
trichloro species is not well established, and consider 
the possibility that both octahedral and tetrahedral 
species may be present, depending upon circumstances.

In the interpretation of results of the work reported 
here, we have relied upon the formation constants of 
Gamlen and Jordan9 for the trichloro and tetrachloro- 
iron(III) species, and those of Rabinowitch and Stock- 
mayer8 11 for monochloro and dichloro species. Activities 
of IICl are those listed by Robinson and Stokes,14 15 
which are sufficiently close to those used16 by Gamlen 
and Jordan to ensure that the calculation of species con
centrations is not seriously in error. The assumptions 
made in the calculations were the same as those used 
in obtaining the constants, the most notable of which is 
that the ratio of activity coefficients of successive mem
bers of the coordination series is a constant.16,17 Thus 
the formation constants are not thermodynamic. 
However, since our principal interest is in recovering 
the species concentrations from the constants listed by 
Gamlen and Jordan, it is only necessary that we follow 
the same procedures and assumptions they did.

In the following sections we report the results of ex
perimental investigation, by magnetic resonance 
methods, of iron(III) chloride solutions in 0.85-13.6 M 
HC1.

Experimental Section
Reagents. Iron(III) perchlorate was prepared by

dissolving chemically pure iron in concentrated per
chloric acid. Small amounts of iron(II) ion were 
oxidized to iron(III) by addition of hydrogen peroxide, 
the excess of which was destroyed by heating. Crys
tals of iron(III) perchlorate separated from the solu
tion and were recrystallized from perchloric acid solu
tion. Analysis of the salt corresponded to the formula: 
F e (C104) 3T 0.5H20  -0.65HC104. Concentrated HC1,
Baker Analyzed, was used in the preparation of all 
solutions except 13.6 M  HC1, which was prepared by 
supersaturating H20 17 with Matheson tank HC1 gas. 
H20 17 was prepared from NO17 by reaction with hot 
copper to form CuO17, followed by reduction with H2 
to form H20 17 which was redistilled after addition of a 
small amount of metallic sodium to remove acidic im
purities. Analysis for oxygen isotopes 16, 17, and 18 
was made mass spectrometrically after complete con
version of samples of water to C 02.

Nuclear Measurements. All measurements were 
made using a Varian wide-line nuclear resonance spec
trometer. Both O17 and Cl35 resonances were observed 
by phase detection with the spectrometer frequency 
locked on 8 and 5 Mc/sec, respectively, with either 20- 
or 40-cps field modulation. The Cl35 resonance was 
broadened by the modulation frequency in the most 
dilute HC1 blanks when phase detection was used even 
at 20 cps. Therefore, the side-band technique as de-

(4) R. E. Connick and C. P. Coppel, J. Am. Chem. Soc., SI, 6389 
(1959).
(5) E. Blatt, Ph.D. Thesis, University of California, Aug 1964 
(UCRL-11584, Lawrence Radiation Laboratory). We were unaware 
of the part of that research dealing with HC1 solutions at high con
centrations until this work was completed, and are indebted to 
Professor R. E. Connick for supplying us with a copy of the thesis.
(6) E. C. Blatt and R. E. Connick, Proceedings of the 8th Inter
national Congress on Coordination Chemistry, Vienna, 1964, p 
284.
(7) See, for instance, R. M. Diamond, and D. G. Tuck, Progr. Inorg. 
Chem., 2, 158 (1960).
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T a b le  I :  Oxygen-17 and Chlorine-35 Line Broadening in Aqueous HC1 Solutions at 26 ±  1°

Molarity 
of HC1 o±“ aib aic af azc af

vo\i  X 
10»

po,e X 
IO"

(Tspci')“1,
sec“1 X 

IO“5

(.Tipo') -  
sec“1 X 

10“6
0.85 0.72 0.98 0.167 fi . 540 0.284 0.002 6.21 0.916
2.28 2.64 0.91 0.028 0.326 0.629 0.018 30.5 1.31 0.120 3.68
2.79 4.09 0.87 0.013 0.239 0.717 0.031 19.2 0.376
2.80 4.10 0.87 0.013 0.239 0.717 0.031 28.1 1.55 0.396 6.12
3.36 6.03 0.83 0.006 0.175 0.770 0.049 4.65 0.823
3.68 7.33 0.80 0.147 0.787 0.061 23.0 1.68 1.73 13.5
3.92 8.08 0.80 0.135 0.797 0.068 71.8 5.50 2.48 14.9
4.15 9.84 0.76 0.112 0.803 0.083 23.0 1.91 2.85 15.5
4.29 10.69 0.76 0.103 0.806 0.090 17.8 2.90
4.30 10.72 0.76 0.103 0.804 0.091 18.4 1.57 3.16 18.0
5.56 21.5 0.66 0.050 0.775 0.175 9.68 1.09 10.94 30.1
7.04 51.3 0.52 0.017 0.639 0.344 10.7 1.59 20.17 54.2
9.26 172 0.30 . . . 0.356 0.644 7.44 1.53 40.51 43.7
9.68 226 0.30 0.297 0.703 2.22 42.68

10.57 386 (0 .2 3 / 0.198 0.802 7.91 2.00 44.6 12.3
10.96 475 (0 .2 1 / . . . 0.167 0.833 0.874 42.49
11.93 799 (0 .1 5 / . . . 0.106 0.894 5.67 1.70 47.4 4.99
13.60 (1208/ (0 .1 2 / . . , (0 .073 / (0 .927 / 5.50 1.78 52.81 3.55

° See ref 14, pp 491 and 504. 1 J. N. Pearce and A. F. Nelson, J. Am . Chem. Soc., 55, 3075 (1933). e See ref 9. an is the mole 
fraction of Fe(III) species with nC\~. d Mole ratio: total Fe(III)/total Cl- . 'M ole ratio: total Fe(III)/total H20 . 1 Estimated 
from data at lower HC1 concentrations.

scribed by Acrivos18 19 was used to measure the line (Tips')~1 =  tAvs (moles of B/moles of Fe) (2)
width for the narrowest lines. The modulation fre
quency thus employed was 398 cps. All measure
ments, except those of temperature dependence, em
ployed narrow-neck, thin-walled, spherical bulbs 
containing approximately 2.5 ml. of solutions at am
bient temperature, 26 ± 1 ° .  Temperature dependence 
measurements were made in a vacuum-jacketed cy
lindrical vessel essentially as described by Swift and 
Connick.19 Heated or cooled nitrogen was passed 
through the nmr cell to maintain the desired tempera
tures. The field strength of the magnet was moni
tored at intervals using a Pound-Knight magnetometer 
with an Li7 probe.

Results

The symbols a,, a2, and a± refer to water, hydrogen 
chloride, and mean ion activities, respectively. Mole 
fractions of the species FeCl2+, FeCb+, FeCl3, and Fe- 
Cl4-  are listed in the columns headed a,, a2, a3, and a4, 
as calculated from the constants given by Gamlen and 
Jordan9 and by Rabinowitch and Stockmayer8 in terms 
of a±.

Representative values of the line widths in HC1 solu
tions, in the absence of iron(III) salts, are listed in 
Table II, together with the line center positions relative 
to pure H20  at 26 ±  1°.

Line widths were obtained as a function of tempera
ture over the entire concentration range. Illustrative 
data are presented in Figures 1 and 2. Again each

Oxygen-17 and chlorine-35 line widths (derivative of 
absorption, peak-to-peak), measured in the various HC1

value was corrected for contribution of the solvent at 
the same temperature.

solutions and corrected for the contribution of corre
sponding bulk solvent in each case, are listed in Table 
I. They are given in columns 10 and 11 in terms of 
T2~\ normalized by the mole ratio of total iron (III) to 
total exchanging species, according to the relation

(T k iV )-1 =  7r(3)1/2Ay (moles of B/moles of Fe) (1)

Discussion

Treatment of Data. In the case that the chemical 
shift is small compared to line broadening in paramag
netic ion solutions, the transverse magnetic relaxation 
time, To, of nuclei interacting with the paramagnetic 
ion and undergoing chemical exchange with bulk sol

which is valid for an absorption line of Lorentzian shape. 
In those cases for which the side-band technique was 
used, T2 is related to the width of half-maximum am
plitude of the side band by

vent is given in eq. 3.

(18) J. V. Acrivos, J. Chem. Phys., 36, 1097 (1962).
(19) T. J. Swift and R. E. Connick, ibid., 37, 307 (1962).
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(T2) 1 =  { T i  a )  1 +  +  Tu)] (3)
i

P B l  =  P b ' oCìU ì

in which T2a is the observed relaxation time in bulk sol
vent, Pb' is the mole ratio of total paramagnetic ion to 
exchanging ion or molecule, <xt is the mole fraction of 
species i, n{ is the coordination number of exchanging 
ion or molecule in species i, rt is its residence time in 
the species, and Tu is the relaxation time of the nucleus 
of interest in the species. This equation is a restricted

Table II: Oxygen-17 and Chlorine-35 Relaxation Rates 
and Chemical Shifts in HC1 Solutions at 26 ±  1°“

Relaxation rate, Chemical shift,6
Solution 
M HC1

.-----------r 2-i
0 «

, sec 1-----------•
Cl35 O*

—cps-------------
C1«

0 195 0 oc
1 .0 196 63 4 3
4 .0 203 67 44 15
7 .0 228 103 97 38
9 .0 256 170 145 71

12.0 273 570 262 107

a O17 at 8.000 Mc/sec; Cl35 at 5.000 Mc/see. 6 Downfield. 
c Extrapolated limit.

version of the more complete one given by Swift and 
Connick19 (their eq 9), which was derived using the 
modified Bloch equations of McConnell.20 A similar 
equation for two components (bulk solvent and co
ordinated water molecules) was obtained by Pearson, 
Palmer, Anderson, and Allred.21 An essentially dif
ferent approach was taken independently by Zimmer
man and Brittin,22 whose conclusions reduce to the 
same result when applied to dilute solutions of para
magnetic ions. This representation is generally used in 
connection with coordination effects and T2A is as
sumed to include any of those arising from secondary or 
more distant association. The latter are usually small 
and are neglected here.

The probability factor p-&'aWi has been specified in 
terms of its components in order to simplify analysis 
of the data in terms of individual ionic species and to 
be able to represent the observed quantities in un
ambiguous experimental terms.

In the following sections, the normalized relaxation 
time, TiPb , corrected for bulk solvent contribution, is 
presented as a function of HC1 concentration, and a 
model representation, in terms of the magnetic interac
tions and solution composition, is sought.

Oxygen-17 Relaxation. A preliminary examination 
of the O17 relaxation data suggested a strong depend-

Figure 1. Temperature dependence of O17 relaxation. 
At 13.6 M  HC1, activation energy equals —2.7 
kcal/mole; at 2.28 M  HC1, 9.5 kcal/mole.

Figure 2. Temperature dependence of Cl36 relaxation.
At 13.60 M  HC1, activation energy equals —1.4 
kcal/mole; at 2.28 M HC1, 16.6 kcal/mole.

ence upon the concentration of FeCb, which we assume 
to be principally Fe(H20 )3Cl3. Neglecting other 
species, as a first approximation, we have

{TïPo')~l =  3«3/(t3 +  T23) (4)

If t3 remains constant as HC1 concentration is increased

(20) H . M . McConnell, J. Chem. Phys., 28, 430 (1958).
(21) R. G. Pearson, J. Palmer, M. M. Anderson, and A. L. Allred, 
Z. Elektrochem., 64, 110 (I960).
(22) J. R. Zimmerman and W . E. Brittin, J. Phys. Chem., 61, 1328 
(1957).
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and if the nature of exchanging species does not change, 
then (STiPo'a^)-1 should remain constant also. In 
fact, that quantity is found to increase linearly with a± 
at low HC1 concentrations, approach constancy at 
intermediate concentrations, and then decrease at the 
highest concentrations (>8 M). This suggests that r3 
decreases with increasing a±, becomes less than T23 at 
larger a±, and that a change of effective exchanging 
species occurs at about 8 M.

Analysis of the data listed in column 11, Table I, for 
concentrations less than 8 M  HC1 letting r3 =  (fc3<i±)_1 
sec, indicates that best fit is obtained with fc3 =  7.30 
X 104 l./mole sec and T23 = 9.0 X 10~8 sec. Points in 
Figure 3 are experimental values of (T^po')-1 vs. HC1 
molarity; the solid curve was calculated from the pre
ceding constants. The normalized relaxation rate at 
0.85 M  HC1 reveals the contribution of dichloro and/or 
monochloroiron(III) ions to the over-all relaxation. 
Experimental points in the concentration range above 
8 M HC1 lie on a curve (dashed line in Figure 3) which 
is well below the rapid exchange limit expected from 
analysis of the data at lower concentrations. Although 
it has not been verified independently, the most plausi
ble explanation is that the rapidly decreasing activity 
of water in that region causes a change in the actual 
trichloroiron(III) species, from Fe(H20 )3Cl3 to Fe- 
(H20)C13, perhaps.

There appears to be little need to have recourse to 
other species to justify the observed O17 relaxation at 
HC1 concentrations between 2 and 8 M. It should be 
noted that observed relaxation rates in iron(III)-HCl 
solutions are considerably greater than those in sodium 
chloride solutions at equivalent activities,5,6 so that the 
mechanisms for exchange assumed there are not of pri
mary importance in consideration of relaxation in con
centrated HC1 solutions.

The dependence of r3 on a± and of exchange con
trolled relaxation rate on concentration of Fe(H20 )3Cl3 
may be conveniently expressed in the form of a rate 
law for H20  exchange

•Bh2o =  &h2o [Fe(H20 )3Cl3 ]a± mole/1. sec

with /ch2o =  3fc3 l./mole sec, and, at the lowest concen
trations, Riuo — (T2p0')~l (total Fe(III) molarity) 
mole/1. sec, which is valid if r3 > >  T23.

Temperature dependence data for O17 relaxation in 
three IIC1 solutions are presented in Figure 1. At
2.28 M  HC1, relaxation is principally chemical ex
change rate-controlled, while at 6.0 M, and above, re
laxation in the complex ion predominates. At 5.5 M 
the shift from one mechanism to the other is observed 
at about 35°. In the low concentration region, the 
observed dependence is compatible with a chemical

Figure 3. Concentration dependence of O17 relaxation 
at 26°. Solid line obtained from T3 =  (fecy.)-1, 
with k3 = 7.30 X 104 l./mole sec and T23 =
9.0 X 10-8 sec. Dashed line represents observed 
behavior at high concentrations of HC1.

process having an activation energy of 9.5 kcal/mole, 
while at high concentrations (7 M  and above) the tem
perature dependence is negative with an apparent ac
tivation energy of 2.7 kcal/mole.

Without further experimental evidence on this and 
related systems, it is not possible to assign a mech
anism to the exchange process unequivocally. There 
are several possibilities that appear attactive and bear 
consideration.

(1) Exchange of H20  occurs as the result of elec
trophilic attack by the hydrated proton, H(H20 )T+, on 
the Fe(H20 )3Cl3, a water molecule is removed and sub
sequently replaced from the surrounding solvent. 
This suggests that the Hammett acidity function would 
be more proper for correlation of the data than is a±. 
However, that function rises too rapidly with increas
ing HC1 concentration and the best fit to observed re
laxation rates is not as good.

(2) Exchange of H20  occurs as the result of dis
placement by Cl-  in the first coordination sphere. 
This is the mechanism that might at first glance seem 
most likely, but it cannot be supported. If such dis
placement occurs, it must also serve as a relaxation mech
anism for Cl36 in the solution. At the lower HC1 con
centrations it would lead to a Cl36 relaxation rate that 
is as much as ten times greater than that observed. 
Chloride ion could be responsible for the H20  exchange 
if it does not enter the first coordination sphere.
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(3) Exchange is enhanced by a change in relative 
activities of Fe(H20 )3Cl3 and its possible dehydration 
products. In effect, this would suggest that the uni- 
molecular dissociation rate of Fe(H20 )3Cl3 increases 
with change in solvent structure as the HC1 concentra
tion is increased.

Chlorine-85 Relaxation. The striking increase in 
Cl35 relaxation rate with increasing HC1 concentration 
suggests a correlation with trichloroiron(III) or tetra- 
chloroion(III) and some function of the HC1 activity. 
Of the correlations attempted, best fit with the experi
mental data was obtained by consideration of the con
centration of FeCl4~ and a±2 or a2. Once again, from 
eq 3

( 7 W ) " 1 =  W ( r 4 +  Tu) (5)

At the highest HC1 concentrations, we obtain Tu =  
7.0 X  10-7 sec, and from t4 = (/c4a±m) -1 at the lower 
concentrations, analysis of the data leads to /c4 =  2.92 
X 104 l.2/m ole2 sec and m — 2. Calculated values of 
( 2 W ) " 1 using those values are presented as the solid 
line in Figure 4. For comparison, the best fit with m 
=  1 is found with fc4' =  1.12 X 105 l./mole sec, and is 
represented by the dashed line in Figure 4.

Again, the temperature dependences of Cl35 relaxa
tion rate corroborate the occurrence of chemical ex
change control at the lower concentrations and relaxa
tion control at the higher. In the chemical exchange 
region, the apparent activation energy is 16.6 kcal/mole 
and in the relaxation limiting region, —1.4 kcal/mole 
(Figure 2). Because a±2 = a2, r4 is alternatively given 
by r4 =  (ha/)-1; /c4 =  2.92 X 104 l./mole sec. Among 
the various possible mechanisms leading to such a 
dependence, it is felt that the most probable is one in 
which the hydrogen chloride molecule interacts with 
FeCl4_ . However, it is possible that the active species 
is the hydrogen-chloride ion pair, since the dependence 
on a2 is the same in either case.

As with H20  exchange, the rate of Cl-  exchange may 
be related to the constants and concentrations of re
acting species

Rc\ =  &ci[FeCl4~]a2 mole/1. sec

with kci = 4/c4 l./mole sec, and if r4 > >  T2i, RCi =  
( 7 W ) - 1 (total Fe(III) molarity) mole/1. sec.

Nuclear-Electron Spin Exchange. The epr (electron 
paramagnetic resonance) line width (derivative peak- 
to-peak width) of hexaaquoiron(III) ions in 2 M  H N 03 
(ca. 27°) is 1100 gauss23 while for the complex iron(III) 
species in 12 M  HC1 (25°) the observed line width is 
615 gauss.5 A value of 600 gauss (at 26°) was inde
pendently observed in this laboratory. Assuming the 
latter value to be that for FeCl4~, the corresponding

F ig u re  4. C o n c e n tra tio n  dependence o f C l35 re la x a tio n  a t  26 °. 
S o lid  lin e  o b ta in e d  fro m  r 4 =  {k m )~ l , w i th  kt =  2.92 X  
104 l. /m o le  sec and  Tu  =  7 .0  X  1 0 -7 sec. D ashe d  lin e  
o b ta in e d  i-4 =  (k /a^ .)-1, w i th  k i'  =  1.12 X  106 l. /m o le  sec,
T2i' =  7.0 X  1 0 -7 sec, and  m =  1.

transverse electron relaxation times, Tie, are 6 X 10~u 
and 1 X 10_1° sec for Fe(H20 )63+ and FeCl4~, respec
tively. If Tie, the longitudinal electron relaxation 
time, is equal to Tte in each case, it is possible to esti
mate the ligand electron-nuclear exchange constants, 
(A/h) or (A/h), with suitable assumptions as to the 
identities of iron(III) species.

For C13B, the value of T24, the nuclear transverse 
relaxation time in the species FeCl4~, was found to be 
7.0 X 10~7 sec from eq 5. Relaxation is attributable 
to dipole-dipole, quadrupole, and isotropic contact 
interactions. Assuming the last (AI-S) to make the 
dominant contribution, the value of the constant (A / h )  
may be estimated from the relation given by Bloember- 
gen23 24

(T u)-1 =  (Vz)S(S +  1 )(A M )2re (6)

in which S is the spin of the ion. The spin-exchange 
correlation time, re, may be identified with ligand resi
dence time, Ti; or with T\e, whichever is shorter. In 
both cases considered here, it is almost certainly true 
that re =  T^. Then, for Cl35 in FeCl4-

(A/h)Cl =  { l/[(7 .0  X 10-7) ( y 3)(36/ 4)(l  x  10 -10) ] } ,/!

=  7.0 X 107 radians/sec

(23) B . R . M cG arvey, J. Phys. Chem., 61, 1232 (1957).
(24) N . Bloembergen, J. Chem. Phys., 27, 572 (1957).
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and (A/h)ci =  1.1 X  107 cps. The close correspond
ence of this value with that calculated from chemical 
shift data in the following discussion suggests that the 
contact interaction is indeed the principal contributor 
to relaxation in this case.

The association of the observed epr line in 12 M 
HC1 with FeCh~ is based largely on the fact that it is 
expected to be the predominant species in very con
centrated HC1 solutions. Blatt5 has reported that the 
intensity of the FeCh~ epr spectral line increases with 
HC1 concentration, although with a steeper slope than 
that expected from the constants given by Gamlen 
and Jordan.9 That is, the fraction of FeCh-  at HC1 
concentrations below 12 M  is found to be less than is 
predicted from the listed constants. Those constants 
were obtained from spectrophotometric data at high 
HC1 concentrations, assuming the only species present 
were Fe(H20 )3CI3 and FeCh- . If in addition, Fe- 
(H20)Cl3 is considered, the constants as given are 
certainly somewhat in error in the 8-12 M  HC1 range. 
However, a compatible result is obtained if the visible 
spectrum attributed to FeCh-  is in fact due to Fe- 
(H20)C13 and FeCh“ , both tetrahedral, and only Fe
Ch ~ is observed in epr. In that case, the Cl35 nmr 
results should be interpreted in terms of both species, 
rather than FeCh-  alone, as was done in the preceding 
section. In the absence of accurate equilibrium data 
for the reactions

Fe(H20 )3Cl3 =  Fe(H20)C l3 +  2H20

Fe(H20)C l3 +  C l- =  FeCl4-  +  H20

the previous interpretation has not been corrected for 
H20  exchange involving Fe(H20)C l3.

In 9.68 M HC1 solution, where the contribution of 
Fe(H20)C l3 should be very small, the Cl36 chemical 
shift was found to be 228 ppm (26°, 5.000 Mc/sec), 
so that from19

A « /«  =  (V  t)S(S +  l)pCi(A/kT)(ye/ycl) (7) 

Pci =  Pci on (4)

one may obtain

(A/h)c i =  1.12 X 107 cps

in agreement with the value calculated from relaxation 
data.

Because of uncertainty with respect to species, 
calculations based on O17 relaxation and chemical

shift data are not as straightforward as for Cl35. 
Relying principally on observations at HC1 concentra
tions less than 8 M, Tn =  9.0 X  10“ 8 sec from eq 4. 
Then, using eq 6 with re = Tu =  6 X  10“ 11 sec, 
(A/h)o =  2.5 X 108 radians/sec and (A/h)o =  4 X 
107 cps.

The largest source of error in the preceding calcula
tion is probably in re. Although Fe(H20 )3Cl3 is presum
ably octahedral, the electron spin relaxation time is 
not necessarily the same as that for Fe(H20)63+. 
McGarvey23 observed a line width of 330 gauss for 
FeF3 in 1.48 M  KF solution of Fe(N 03)3. The line 
width decrease may not be as great upon formation of 
FeCl3, but some decrease is possible which would lead 
to decrease in the calculated value of (A/h).

At 10.57 M  HC1, we assume the exchanging species 
to be mainly Fe(H20 )3Cl3. The observed chemical 
shift for O17 at 26 ±  1° was found to be 56.9 ppm, so 
that, from eq 7 after correction for exchange rate, 
(A/h)o = 3 X 107 cps. This is probably the more 
reliable of the two values.

General Comments. Suggested chemical exchange 
mechanisms for both H20  and Cl-  in the solutions in
vestigated in this research involve factors which are 
more or less unique to the aqueous HC1 system. In 
that sense it is understandable that observations 
made in other types of solution do not obviously lead 
to the same conclusions. This interpretation is a 
relatively simple one in which a single, dominant pro
cess is adduced in each case. It is entirely possible 
that more complicated mechanisms are concealed in 
the parameters employed in the interpretations. We 
have relied on the spectrophotometric results of Gamlen 
and Jordan9 for evaluation of species concentrations, 
which may be open to some argument if the species 
Fe(H20)C l3 must be accounted for. The concept of an 
octahedral-tetrahedral transition for trichloroiron(III) 
appears to be quite reasonable as applied to solutions 
such as aqueous 8-12 M  HC1, in which the activity of 
water decreases sharply as a function of HC1 concen
tration.
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Bovine serum mercaptalbumin was studied in six salt solutions (CsCl, CsBr, Csl, KBr, 
PtbBr, and Cs2S04) by the method of sedimentation equilibrium in a buoyant density 
gradient. The band width, the buoyant density, and the effective density gradient were 
determined in each salt solution at 25°. The binding of anions to the protein in the buoyant 
solvents was also measured. The bound anions and an equivalent number of cations were 
assumed to be part of the buoyant complex in a calculation of the molecular weight of the 
anhydrous protein from ultracentrifuge data. The mean anhydrous molecular weight 
obtained in these experiments was 69,000 ±  2000. The solvated molecular weights varied 
from 102,000 to 137,000.

Introduction

In a previous study1 2 of the buoyant behavior3 4 5 6 of 
bovine serum mercaptalbumin (BMA), it was found 
that the BMA formed a gaussian concentration dis
tribution in a CsCl density gradient at equilibrium. 
A comparison of the buoyant density13 with the partial 
specific volume in CsCl indicated that the BMA was 
preferentially solvated with 0.20 g of H20 /g  of protein. 
In this calculation the anhydrous protein was chosen 
as the macromolecular component. It was recognized, 
however, that BMA binds anions4-6 in these experi
ments and, for reasons of electroneutrality, the cor
responding number of cations. If the anhydrous 
protein-salt complex is chosen as the macromolecular 
component, different and higher values for the prefer
ential solvation by water are required to account for 
the observed buoyant densities.

This paper deals with three related problems: (1) 
the determination of the anhydrous molecular weight 
of a standard protein (BMA) by density gradient 
centrifugation (such a determination requires an im
portant and somewhat complex correction for prefer
ential solvation and binding of salt), (2) the measure
ment of the preferential solvation and binding of salt

by BMA in a series of buoyant salt solutions in which 
both the anion and the cation are varied, and (3) an 
investigation of the dependence of the net hydration 
of BMA on the activity of water in the several buoyant 
salt solutions.

The behavior of BMA was studied in buoyant aque
ous solutions of CsCl,7 CsBr, Csl, KBr, RbBr, Cs2S04,

(1) (a) Throughout this paper the expression, “ buoyant density,”  
refers to the density of the buoyant solution at band center at ambient 
pressure, rather than at atmospheric pressure. It is the latter 
buoyant density that is normally reported in the literature. The 
magnitude of the difference between these two buoyant densities 
may be seen in Table VI. (b) This investigation was supported in 
part by Research Grant HE 03394 from the U. S. Public Health 
Service.
(2) J. B. Ifft and J. Vinograd, J. Phys. Chem., 66, 1990 (1962).
(3) M . Meselson, F. W . Stahl, and J. Vinograd, Proc. Natl. Acad. 
Sci. U. S „ 43, 581 (1957).
(4) C. W . Carr, “ Electrochemistry in Biology and Medicine,” T. 
Shedlovsky, Ed., John Wiley and Sons, Inc., New York, N. Y ., 
1955, pp 266-283.
(5) G. Scatchard, W . L. Hughes. F. R. N. Guru, and R. E. Wilcox, 
“ Chemical Specificity in Biological Systems,” F. R. N. Gurd, Ed., 
Academic Press Inc., New York, N. Y ., 1954, pp 193-219.
(6) G. Scatchard, I. H. Scheinberg, and S. H. Armstrong, Jr., J. Am. 
Chem. Soc., 72, 535 (1950).
(7) All of the results in CsCl for the density gradient experiments 
have been abstracted from part I (ref 2) of this series. They are 
included in the present paper for comparison.
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and CsAc. The buoyant density and the band width 
were measured in each of the foregoing salt solutions. 
The binding of anions to the isoionic protein in the 
buoyant salt solutions was evaluated by the method of 
Scatchard and Black.8 From the buoyant density 
data and the anion binding data the variation of the 
preferential solvation of the protein-salt complex with 
water activity was evaluated and used in the determi
nation of a in the expression for the effective density 
gradient.9 This gradient was then used to calculate 
the molecular weight of the solvated protein-salt com
plex and of the anhydrous salt-free protein.9

In this paper four different density gradients are 
employed (Table I). The composition density gradient 
results solely from the salt distribution and is a function 
of /3° =  (d In a/Ap)RT/(l — vp°)M, where M, a, and 
v are the molecular weight, activity, and partial 
specific volume of the solute, and p° is the density of

Table I : Four Density Gradients of Significance in 
Density Gradient Experiments

Name Definition

Composition
co2r

(d p / dr )Comp = (D

Physical (dp/dr)phyS = +  /cp02̂ cdV (2)

Buoyant (dp/dr)buoy -  [ p  +  (1 _ (3)

Effective (d p /dr)„ff -  £  ^  +  (<r -  ks)p02J wV (4)

the solution10 at atmospheric pressure. Numerical 
values of /3°, as a function of density, have been evalu
ated for several salts which include CsCl, RbBr, and 
KBr.10 The physical density gradient is the sum of the 
composition gradient and the compression gradient. 
k is the isothermal compressibility of the solution. 
The composition and the physical gradients are used to 
calculate compositions and densities in the solution. 
The buoyant density gradient can be used to calculate 
the buoyant density from the band position. The 
quantity ks is the apparent compressibility of the 
solvated polymer.11 The quantity a has been defined9 
and is a measure of the change in preferential solvation 
of the polymer with distance in the salt solution. A 
method for evaluating the buoyant density gradient 
is given later in this paper. The derivation of the 
expression for the effective density gradient is based on 
the assumption that the density of the solvated species

in a band is invariant except for the effects of pressure 
and the activity of the water in the solution.9

Experimental Section
Materials. The BMA has been described.2 In the 

anion-binding experiments a mercaptalbumin prepara
tion from Pentex Corp., Lot No. MB-52, was used. 
This material, however, was found to contain mercury 
which was removed by column chromatography with an 
ion-exchange resin bed prepared by the method of 
Dintzis.12 The pH of the light yellow 5% solution was
5.18. It was stored at —20°. Sedimentation velocity 
studies with a 0.75% solution showed the presence of a 
fast impurity to the extent of 3-4%.

Three of the salts were used as supplied by the manu
facturer. The KBr was reagent grade from the Baker 
Chemical Co. The RbBr was from the De Rewal 
International Rare Metals Co. with a stated purity of 
99.6%. The CsBr was from A. D. Mackay, Inc., with 
a stated purity of 99.8%. Csl from Penn Rare Metal, 
Inc., was freed of a soluble dark impurity by centrifuga
tion at 20,000 rpm for 20 min. The Cs2S04 and Cs 
acetate solutions were kindly supplied by Dr. John 
Hearst and have been described.13 All other chemicals 
were reagent grade.

Measurement of Density and Refractive Index. The 
relation between refractive index and density facilitates 
the preparation of solutions for density gradient 
experiments. Data for KBr were found in Landolt- 
Bôrnstein.14 Data for the remaining salts were ob
tained with a Zeiss Abbé refractometer and a calibrated 
300-pd micropipet used as a pycnometer. The densities 
of the RbBr solutions were measured with a Westphal 
balance with an accuracy of 0.0002 g/ml.

Ultracentrifuge Experiments. The density gradient 
experiments in KBr and RbBr solutions were carried 
out in double-sector cells as previously described for 
CsCl solutions.2

The information required for the evaluation of the 
results in CsBr, Csl, and CS2SO4 was obtained from 
dual experiments in which the BMA was banded in

(8) G. Scatchard and E. S. Black, J. Phys Colloid Chem., 53, 88 
(1949).
(9) J. E. Hearst and J. Vinograd, Proc. Natl. Acad. Sei. U. S., 47, 
999 (1961).
(10) J. B. Ifft, D. E. Voet, and J. Vinograd, J. Phys. Chem... 65, 1138 
(1961).
(11) J. E. Hearst, J. B. Ifft, and J. Vinograd, Proc. Natl. Acad. Sei. 
U. S„ 47, 1015 (1961).
(12) H. M. Dintzis, Ph.D. Thesis, Harvard University, 1952.
(13) J. E. Hearst and J. Vinograd, Proc. Natl. Acad. Sei. U. S., 47, 
1005 (1961).
(14) W. A. Roth and K. Scheel, “ Landolt-Börnstein Physikalisch- 
Chemische Tabellen,” 5th ed, 3rd Supplement, part 2, Julius Springer, 
Berlin, 1935, p 1700.
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solutions of two densities which bracketed the buoyant 
density. An example of such an experiment is given 
in Figure 1. The approximate buoyant density was 
established in preliminary runs. The experimental 
parameters for the final runs are given in Table II. 
In these experiments it was necessary to use various 
negative wedges to compensate for the prismatic effect 
of the refractive index gradient. Column II gives the 
buoyant density, and column III the difference in 
initial densities, pe, between the solutions used in the 
two cells. All experiments were performed at 56,100 
rpm at 25°.

Table II: Double-Cell Experiments with BMA

Salt po°
Pe, s' — 

Pe,l°
Wedges,

deg

BMA
concn,
g/100

ml

RbBr 1.302 0.053 0 ,-1 0.10
CsBr 1.306 0.084 - 1 , - 2 0.05
Csl 1.331 0.111 - 3 , - 4 0.03
Cs2S04 1.237 0.111 - 1 ,  - 2 0.05

Measurement of Anion Binding. The pH values of 
1% isoionic BMA in water and in the buoyant salt 
solutions were measured with a Beckman Model G 
pH meter equipped with standard glass and calomel 
electrodes. Each measurement was repeated four 
times. The salt solutions themselves were checked 
and found to be essentially neutral. The difference 
in pH between the isoionic BMA in water and in a 
salt solution was used to compute the anion binding, 
V, by the method of Scatchard and Black. The quan
tity v is the average increase in negative charge per 
molecule. Acetate binding could not be investigated 
by this method because of the buffering action of the 
acetate ion.

Instrumental response for protein solutions was slow 
in these measurements. Final readings were made 
after intermittent stirring and after a minimum of 10- 
15-min immersion in the protein solution. The pro
tein adsorbed onto the glass electrode after three to 
four measurements was removed by alternate 1-min 
immersions in 0.1 N HC1 and 0.1 N  NaOH. The 
final immersion was in acid. The precision of the meas
urements was ±0.05 pH unit. One measurement was 
performed for each salt solution with the BM A prepa
ration used in the density gradient experiment. Con
firming measurements were made with the purified 
preparation of Pentex BMA.

To be sure that the KBr salt solution, which was

Figure 1. Schlieren photograph of equilibrium distributions of 
0.05% BMA in Cs2SC>4 solutions and of base lines: pe)l =
1.190 and pe,2 = 1.301, 56,100 rpm, 25.0°, pH 5.5.

slightly alkaline, contained no buffers, it was acidified 
to pH 4.2 and the pH shift remeasured. The pH 
shift was the same as was previously found. The 
effect of protein concentration was measured in RbBr 
with 1 and 2% BMA. No effect of protein concentra
tion was observed.

Theory and Calculations
Ultracentrifuge Experiments. The concentration dis

tributions were evaluated by numerical integration.2 
The compressibility coefficient k for KBr was obtained 
from the data of Gibson.15 The compressibility co
efficients for CsBr, Csl, and RbBr were evaluated by 
interpolation from the data of Pohl16 for CsCl and 
RbCl and of Gibson for the potassium halides. The 
value for CS2SO4 was similarly obtained from the data 
of Gibson for the compression of several salt solutions. 
The values which are estimated to be accurate to 
about ± 2  X 10-6 atm-1 are given in Table III.

The buoyant densities and the physical density gra
dients in the KBr and RbBr experiments were calcu
lated with the equations and data previously pub
lished. 10 Composition density gradients were not avail
able for CsBr, Csl, and Cs2S04 solutions. Experi
ments with these solutions were evaluated with the 
buoyant density gradients in twin-cell experiments.

(15) R. E. Gibson, J. Am. Chem. Soc., 56, 4 (1934); 57, 284 (1935).
(16) F. Pohl, Dissertation, Rheinishe Friedrich-Wilherim Uni
versität, Bonn, Germany, 1906.
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The following derivation for the expression for the 
buoyant density gradient is based on the observations 
of the effect of hydrostatic pressure on band position.11 
In an earlier paper it was shown that the density of the

Table III: Isothermal Compressibilities of Salt 
Solutions of Buoyant Composition“

S a lt
K X  10«, 

a t m “ 1 S a lt
K X  IO«, 

a t m “ 1

CsCl 35.1 CsBr 40.5
KBr 33.4 Csl 43.4
RbBr 37.3 Cs2S04 34.0

“ The temperatures at which the compressibility coefficients 
were determined varied from 13.8 to 25°. Because the isothermal 
compressibility is an insensitive function of temperature, the 
values were assumed to be valid at 25°.

buoyant solution at atmospheric pressure p0° varies 
linearly with the pressure, B. For each cell we write 
the relation

Po,i° — i ¿(1 — 'PiPo.i)', P0,2° =  i ¿(1 — faPo.f) (5)
V s,0O Va.O°

when is (k — «„)/( 1 — a) in eq 3, and l/%,o° is the 
value of the buoyant density extrapolated to zero 
hydrostatic pressure. These equations are combined 
noting that vs,o° is constant and that \px and ^2 must be 
substantially the same.

(po,2° — Po,i°) =  —3 ¿'/'(-Bo,2 — Po,i) (6)Vs,a

The above pressure differences are closely approximated
as

Bo,2  — B0,i —  po0w 2 ( ) ’ o ,2  —  J 'o , i ) r o  (7)

The quantity f0 is the arithmetic mean of the radial 
distances and p0° is the average of the two closely similar 
buoyant densities. The latter are composition vari
ables and are calculated with the relation

where h = (r0,i +  re,i)/2 and re is the isoconcentration 
distance. The quantity (fi0 is evaluated at the distance 
f x. A similar equation can be written for the second 
cell. The two expressions combined are

(P0,2° — P0,1°) — (pe,2° — Pe ,1°) +

fj_

-A°
(n> fx

r re,i) (9)
Because re,i =  re,2, eq 9 can be simplified with negligible 
error.

(P0,2° — P0,1°) = (Pe,2° — Pe ,1°)

?» /
w ir’ ,2 — i"0,l)j (10)

where r0 =  (r0,i +  r0,2) / 2, and do0 is evaluated at p0°. 
Equations 6, 7, and 10 are combined.

— Z—n4'Po°u2(j'o,2 — r0,i)f0 =
»B.0°

( P e ,  2° —  P e , 1 ° )  +  CO2
fo_

(r0,2 -  r0,i) (ID

Equation 11 is rearranged with the good approxima
tion that po° =  1 / p b ,o° .

Pe,2° — Pe,l° 
1*0,1 -  1*0,2

+  'Ppo02 w2fo (12)

The second term in brackets in the buoyant density 
gradient expresses the fact that the two bands are ob
served at different hydrostatic pressures.

The buoyant density gradient was used as is shown 
below in the calculation of the effective density gradient. 
It was also used to evaluate the quantity po°

Po° =  Pe° +  (dp/dr)b0uy,oAr (13)

where Ar is the distance between re and r0, the band 
center. The values of re were satisfactorily obtained 
by interpolation of previously published data. It is 
recognized that (dp/dr)COmp should have been used in 
eq 13. Initial solution densities in the single-cell 
experiments were always chosen so that bands were 
formed within 0.5 mm of re. The error introduced 
in po° was therefore less than 0.001 g/m l because the 
composition and buoyant density gradient are within 
10% of each other.

The standard deviations of the top and bottom lobe 
of each band were measured as previously described.2 
Because the buoyant density gradient is evaluated 
at fa, a position midway between the bands, the average 
of the four values of <r was used. The error introduced 
in <j by this procedure is less than 0.2% providing that 
r0,io-! — r0,2<r2. With each of the four salts the products 
agreed within 2%.

Solvation and Anion Binding. The net hydration of 
salt-free protein is given by the quantity T' in the rela-
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tion2 po =  (1 +  r')/(»3  +  r'üi) where the subscripts 
1 and 3 refer to water and protein, respectively. In 
molecular terms, the net hydration is the minimum 
amount of water bound by the protein. In the case 
of BMA, which binds salt, I”  does not reveal the water 
required to provide a buoyant composition for the 
bound salt.

A quantity designated as IV , the net hydration of the 
protein-salt complex, is evaluated with the knowledge 
of the extent of salt binding with the relation

Po
1 4~ Zxy V a  '

03 +  ZXYVXY +  r * r0i
(14)

The quantities zxy and vxy are the weight fraction in 
g of salt/g of protein, and the partial specific volume 
of the salt, X Y  (bound to the protein). The value of 
zxy was calculated with the relation, zxy =  vxyMxy/ 
Ma, where Mxy is the molecular weight of the salt and 
Ma is the molecular weight of the anhydrous protein 
which we take as 70,500. Measurement of pH shifts 
provided the value of Vxy in moles of anions/mole of 
albumin. The partial specific volume of water was 
taken to be 1.00. Partial volumes for the bound salts 
were taken from a recent paper by Mukerjee17 for ions 
at infinite dilution.

The anion binding was calculated from pH shifts 
with the relation of Scatchard and Black

V  =
2.303
2 w ApH (15)

where aw° is the activity of water. The first factor in 
eq 18 was evaluated with the relation

/¿>Po° \ =  /  dPo<> \ /d lV \  =
\daw°)p \dr* 7  A d a w° )

po°(i -  Povi) i d i y \
1 T  Zxy T  r A d a ^ J  [ }

which was obtained by partial differentiation of eq 14 
with respect to IV . The derivative d lV /d a w0 was 
obtained by measuring the slopes on Figure 4. The 
second factor in eq 18 was calculated from the slope 
of the plots in Figure 2. The activity data were cal
culated from the molal osmotic coefficients given by 
Robinson and Stokes.19 The effective density gradients 
for the experiments performed with double-cell runs 
were determined as the product of the buoyancy density 
gradient and the quantity (1 — a), eq 3 and 4.

In the single-cell experiments performed with CsCl, 
KBr, and RbBr, the values of (if, k, and a in the ex
pression for the effective density gradient were known. 
The values of k are listed in Table II, and those for 
/30° in a previous publication.2 An approximate value 
of ks was obtained as follows: Jacobson’s20 value of
9.1 X 10-6 atm-1 for the compressibility of horse 
serum albumin in dilute salt solutions, together with 
the values of ^0°, k, and a for CsCl, gave a value of 
0.127 g/cm ~4 for the effective density gradient. The 17 18 19 20

which has been experimentally confirmed.18 The 
value of the electrostatic free-energy term w was com
puted from the equation

IV =  0.1190( r +  0.581-x/A  
+  8 .1 2 5 V Ï/

(16)

where I = the double ionic strength. Equa-
i

tion 16 was calculated from eq 6 of ref 8 with the pro
tein radius and the distance of closest approach used 
by these authors.

The derived buoyant density is defined by the relation 
between the partial specific volumes and net hydration 
of the protein-salt complex.

Po,*
1 +  IV

03 +  r V i
(17)

The derived buoyant density is the density to be ex
pected if no salt were bound and if salt binding did not 
affect the preferential hydration.

The quantity a in the effective density gradient is9

A c tiv ity  o f  W a te r

Figure 2. Water activities of various salt solutions.

(17) P . M u k erjee , J . P h ys. Chem., 65, 740 (1961).
(18) G . S catch ard , J. S. C olem an, an d  A . L . Shen, J . A m . Chem. Soc 
79, 12 (1957).
(19) R . A . R ob in son  an d  R . H . S tok es, “ E lectro ly te  S o lu tion s,”  
A ca d em ic  Press In c ., N ew  Y o rk , N . Y ., 1955, p p  469, 470, 473.
(20) B . Jacobson , A rkiv K e m i , 2 , 177 (1950).
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experimentally determined value11 of ^ = (k — ks)/ 
(1 — a), for tobacco mosaic virus, together with the 
same value of /?j°, gave a value of 0.125 g/cm ~4 for the 
effective density gradient.

Because values of \p were not available in KBr and 
RbBr solutions for any protein and because the gra
dients obtained by the two procedures outlined above 
for CsCl were substantially the same, the effective 
density gradients for the first three salts listed in Table 
VIII were computed using the separate terms in eq 4.

The molecular weight of the solvated protein-salt 
complex was calculated from the relation9

R T  pa
o-2(dp/dr)effO)2r0

(20)

where po is the density at the actual pressure in the ex
periment of the solution at band center. It is recog
nized that a term which expresses the variation of zxy 
with distance in the band should have been included 
in the formulation of the effective density gradient. 
The salt binding increases with distance in the band 
and causes the species to become denser on the dense 
side and lighter on the light side than at band center. 
The anticipated effect is thus to lower the effective 
density gradient. This effect has not been included 
in the numerical calculations of the molecular weight. 
The magnitude of the errors incurred are estimated 
in the discussion. The molecular weight of the anhy
drous protein was calculated from the equation

M& = M,s ,0

1 +  T*' -f- zxy
(21)

R esults

Anion Binding. The results of the anion binding 
experiments are collected in Table IV. The densities 
of the solutions in which measurements were performed 
are given in the second column. These correspond to 
within 0.010 g/m l of the buoyant densities. In con
centrated salt solutions the anion binding by bovine 
albumin is relatively insensitive to salt concentration.21

The results for CsBr and RbBr are the least accurate. 
Two sets of ApH’s differing by about 0.2 pH unit were 
obtained in each case. The value selected for CsBr 
was that given by three out of five measurements. 
The value given for RbBr was that which was con
sistent with the other two bromides. Scatchard and 
Black8 have shown that the nature of the alkali cation 
has little effect on the extent of anion binding.

Refractive Index-Density Relations. The refractive 
index-density relations are presented in Table V as 
coefficients of the linear relation p2B =  a(n25n) — b. 
Equations for KBr and RbBr give densities accurate

to ±0.001 g/ml. The precision for the other salts 
is ±0.002 g/ml.

Table IV : Anion Binding from pH Shifts 
in Isoionic Protein Solutions

No. of 
anions

Salt p V I w PpH V bound

CsCl 1.278 2 .2 2 0.0153 0.71 53 53
KBr 1.306 2.98 0.0138 0.81 67 67
RbBr 1.315 2.40 0.0149 0.85 66 66
CsBr 1.306 2.04 0.0158 0.96 70 70
Csl 1.331 1.93 0.0162 1.10 78 78
Cs2S04 1.237 2.31 0.0151 0.64 49 25

Table V : Density vs. Refractive Index Relations 
for Several Aqueous Salt Solutions

P 2S =  a ( n 26D )  — b

Salt
,------ Parameters of equations------ ■>

a b
Density

range

CsCl 10.8601 13.4974 1.25-1.90“
KBr 6.4786 7.6431 1.10-1.35
RbBr 9.1750 11.2410 1.15-1.65
CsBr 9.9667 12.2876 1,25-1.35
Csl 8.8757 10.8381 1.20-1.55
Cs2S04 12.1200 15.1662 1.15-1.40

“ A more accurate relation for 1.10 < p 1.38, p426 10.2402, 
n 26D  —12.6483, has recently been evaluated for CsCl solutions: 
R. Bruner and J. Vinograd, Biochim. Biophys. Acta, 108, 18 
(1965).

Density Gradient Experiments. The buoyant densi
ties, standard deviations, and the net hydration of salt- 
free protein for the six salts are given in Table VI.

Table VI: Buoyant Densities, Standard Deviation, and Net 
Hydrations of BMA in Several Salt Solutions

Salt po° PO °a v r'

CsCl 1.278 1.282 0.106 0.200
CsAc 1.291
KBr 1.295 1.302 0.147 0.138
RbBr 1.302 1.310 0.103 0.115

1.302 1.310 0.106 0.115
CsBr 1.306 1.315 0.084 0.102
Csl 1.331 1.347 0.071 0.025
Cs2S04 1.237 1.241 0.071 0.359

(21) G . Scatch ard , Y . V . W u , an d  A . L . Shen, J. A m . Chem. Soc., 
81 , 6014 (1959).
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The buoyant densities in CsCl, KBr, and RbBr are 
the averages of the results of a number of single-cell 
experiments. The precision is ±  0.001 g/ml. Only 
one experiment was conducted in cesium acetate and 
the buoyant density is accurate to ±0.005 g/ml. 
The o-av are the averages of the standard deviations 
evaluated from the upper and lower half of the distri
bution. The band widths are values selected from 
typical experiments, and the precision of each is 
±0.002 cm.

The last four entries of Table VI give the results of 
the two-cell experiments. The precision in p0 is 
±0.004 cm for RbBr and CsBr, and ±0.002 cm for Csl 
and Cs2S04-

The values of T' are plotted against water activity 
in Figure 3. The anion and cation series vary mono- 
tonically except for CS2SO4. The precision of the r '  
values is great enough that we can observe a decrease in 
net hydration with increasing water activity in both 
series.

Effect of Anion Binding on the Evaluation of Results. 
The results of including the anion binding in the analy
sis are shown in Table VII and Figure 4. The un
certainty in z x y  produces expected deviations of about 
5% in the IV  values.

Table VII: Net Hydration of BMA-Salt Complex 
and Derived Buoyant Densities

Salt PO 2XY ÖXY r* po,*

KBr 1.302 0.113 0.283 0.37 1.24
RbBr 1.310 0.155 0.234 0.46 1.22
CsCl 1.282 0.127 0.233 0.51 1.21
CsBr 1.315 0.211 0.217 0.58 1.20
Csl 1.347 0.288 0.222 0.61 1.20
CS2SO4 1.241 0.128 0.162 0.78 1.17

It is of considerable interest to examine whether or 
not these values of I1* ' increase monotonically with 
water activity. Figure 4 demonstrates that an ex
cellent correlation exists.

The derived buoyant densities are given in the last 
column of Table VII and are plotted in the lower half 
of Figure 5 against the water activities. Figure 5 in
dicates the correlation that exists between these values 
of po,* and water activity as opposed to the lack of cor
relation in the measured buoyant densities that are 
plotted in the upper half of the figure.

The parameters required for the evaluation of effec
tive density gradients are given in Table VIII. These 
density gradients were used in eq 20 to calculate the 
molecular weight of the solvated BMA-salt complex,

Activity of Water

Figure 3. Net hydration of BMA.

M B,0. Because both the extent of solvation and ion 
binding were known, anhydrous molecular weight 
values could be determined, eq 21. These are tabulated 
in the last column.

Discussion
The solvated molecular weights range up to values 

twice as large as that of the anhydrous protein. The 
anhydrous molecular weights given in Table VIII are 
in satisfactory agreement with the value of 70,500 
obtained from a two-component sedimentation equi
librium experiment. The over-all precision of the 
method is estimated to be 6-8%  in the determination 
of the molecular weight of a protein which binds ions. 
The errors are due primarily to uncertainties in the 
measurement of a and (dp/dr)eff. The agreement of 
the average of these six values indicates that this 
method of treatment is substantially correct and that 
no additional important factors have been overlooked.

The two sets of data for M a in Table VIII differ only 
in a random manner. This indicates that the two 
methods of evaluating the effective density gradient 
are substantially in agreement. A large discrepancy 
still exists in the RbBr data. The large uncertainties 
that must be placed on each effective density gradient 
as well as the value of a used to calculate the two values 
of M s,0 preclude any conclusion as to the significance 
of the observed difference.
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Table VIII: The Solvated and Anhydrous Molecular Weights of Bovine Serum Mercaptalbumin

S a lt

CsCl
KBr
RbBr
RbBr
CsBr
Csl

(a»»/
àawü)p
— 0.72
— 0.37 
-0 .7 1  
-0 .7 1  
-1 .1 3  
-1 .2 7

(d p ° /d a V J)

-3 .4 9
-1 .7 0
-3 .1 8
-3 .1 8
-4 .5 7
-5 .6 0

0.21
0.22
0.22
0.22
0.25
0.23

( d p / d r ) e f f°

0.120
0.064
0.122

(dp/dr)efr

0.108
0.165
0.211

M 8,0 X  1 0 -*  M a X  1 0 - I

102
103
107
117
112
133

63
69
67 
73
68
70

lower than the value used, the r* ' value would be in
creased by about 5% and the reported anhydrous 
molecular weights decreased by 2%. In the case of a 
protein of unknown molecular weight, if the calculated 
ilfa were significantly different from the assumed value, 
an iteration procedure could be employed.

Because proteins are polyampholytes, in principle 
attractive interactions with both of the low molecular 
weight ions can exist. In our analysis of the results 
of these experiments, it has been recognized that 
BMA binds anions and to preserve electroneutrality, 
a corresponding number of cations in a secondary

Figure 5. Measured and derived buoyant densities of BMA.

layer. This type of interaction with salt, which has 
been measured in this work, is accompanied by a further 
solvation of (IV  — T') g of H20 /g  of protein.

Tanford, Swanson, and Shore22 have measured in
trinsic dissociation constants for each of the ionizable 
residues in BSA. Combination of these values with 
the pH employed in the centrifuge studies reveals that * 77

(22) C. T an fo rd , S. A . Swanson, and W . S. Shore, J. Am. Chem. Soc.,
77, 6414 (1955).
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all 97 of the basic amino acids are protonated, and all 
but four or five of the 99 carboxyls are ionized. Thus, 
the protein before binding of anions has only a small 
net charge, but contains a large number of compensa
tory negative and positive charges. If we assume that 
some 50-60 chloride ions are associated with 50-60 
positively charged sites on the albumin molecule, 
there remain some 95 negatively charged sites and 40 
positively charged sites.

In dilute solutions (up to 0.1 M), Scatchard, et al.,s 
have shown by equilibrium dialysis that few if any Na+ 
are bound to human serum albumin in an NaCl solution. 
Lewis and Saroff23 studied the binding of K+ to both 
human and bovine serum albumin by collodion mem
branes which are permselective to cations. No K+ 
were bound in 0.1 M  KC1. The absence of cation 
binding in dialysis equilibrium experiments may 
alternatively be described as the absence of binding of 
neutral salt.

No data are available that allow us to assess the oc
currence of cation binding in more concentrated salt 
solutions. In view of the pH results, if such binding 
occurs, it must be accompanied by primary site anion 
binding. Should the cation be accompanied by anion 
binding in secondary layers, the net charge effect would 
have been reduced in the pH measurements.

A further argument against cation binding is that 
the binding of neutral salt would increase the molecu
lar weight of the buoyant species and would increase 
the buoyant density unless accompanied by a new 
(IV  — r ')  solvation which would render the added 
salt neutrally buoyant. In the extreme case of 45 
additional moles of CsCl bound per mole of albumin, 
we calculate that the molecular weight would increase 
by 27,000. Because the buoyant density, radial 
banding position, and standard deviation are directly 
measured experimental parameters, the calculated 
value of (dp/dr)eff would have to decrease by 27,000/
102,000 or 26% to obtain the correct molecular weight 
of the protein. There is no firm way to exclude this 
effect in part or in total. It seems unlikely, however,

in view of the absence of cation binding in dilute 
solutions, that large amounts of cation binding will 
occur in buoyancy experiments.

One result in the work of Cox and Schumaker24 
can be compared with the present study. They banded 
BSA in (NH^SO-i. The observed buoyant density, 
po°, of 1.175 ±  0.005 g/m l corresponds to a value of 
T' =  0.79 ±  0.05. The water activity of this solution 
is 0.88. Because BSA undoubtedly binds large num
bers of sulfate ions in this system, as was observed 
in CS2SO4, the value of the derived buoyant density 
and the net hydration of the protein-salt complex 
would be at least double that predicted by Figure 4. 
The reason for this discrepany is not known.

A further set of experiments by Cox and Schumaker is 
subject to reinterpretation in light of the present 
findings. They banded BSA in a series of solutions 
that were 3.6 M  in (NH4)2S04 and which contained 
increasing amounts of CsCl, from 0 to 0.82 M. They 
found that p0° monotonically increased from 1.175 to 
1.250 and interpreted this as a decrease in net hydra
tion from 0.79 to 0.35. This result was more probably 
due to binding of Cl-  to additional sites on the albumin 
molecule and replacement of Cs+ for NH4+ in the sec
ondary layer. Whether the hydration changes in this 
series cannot be determined until competitive binding 
studies are undertaken.

The buoyant behavior of proteins that bind small 
ions is seen to be considerably more complicated than 
the behavior of nucleic acids and other polyanions or 
polycationic electrolytes. In the case of nucleic 
acids, each phosphate residue binds one cation and, 
except for solvation by water, the mass of the buoyant 
species is well defined. A buoyant density of CsDNA 
can be used to determine directly the extent of solvation. 
In the case of proteins, it is necessary to know the ex
tent of ion binding, a result which normally must be 
obtained from other kinds of measurements.

(23) M . S. L ew is and H . A . Saroff, J . A m . Chem. Soc., 79, 2112 (19S7).
(24) D . J. C ox  and V . N . Schum aker, ibid-., 83 , 2439 (1961).
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Energy Transfer in Thermal Methyl Isocyanide Isomerization. 

Experimental Survey1 2

by F . J. Fletcher, B . S. Rabinovitch, K . W . W a tk in s, and D . J. Locker

Departm ent o f  C hem istry, U niversity o f  W ashington, Seattle, W ashington 98105  (Received F ebruary 9, 1966)

Suitable experimental variables and conditions for the systematic study of energy transfer 
in thermal unimolecular systems are described in connection with the existing literature. 
The thermal unimolecular isomerization of methyl isocyanide to acetonitrile has been 
studied in the low-pressure region at 280.5° in the presence of 19 added gases at up to 200- 
fold excess of the addend. The falloff of the rate constant for the substrate alone has also 
been studied down to a value of k/kœ of ~ 3  X 10-4. Rate constants have been recalcu
lated on the basis of RRKM  theory with new frequency assignments for CH3NC. Excel
lent agreement with experiment is observed. The average excess energy of the reacting 
molecules above the critical energy, E{, has been calculated; this quantity is central for the 
operational meaning of collisional energy transfer. Relative deactivation efficiencies of 
the addends are listed on both a pressure and collision basis. It is obvious that the strong 
collision assumption does not hold for small molecules; various general conclusions may be 
drawn with regard to the molecular parameters which may be involved in vibrational 
energy transfer. No specific efficiency of the triple bonds of cyanides and acetylenes, used 
as inert addends, appears to exist.

Introduction

The transfer of energy between highly vibrationally 
excited molecules (say above 20 kcal mole-1 ; i.e., 
»  RT) and inert gases is a process which is still 
imperfectly understood. No complete theory of energy 
exchange is available, in part because of the paucity 
of experimental data. In fact, little is known about 
energy transfer in polyatomic molecules even in the 
moderate energy region (several RT, say ~ 5 -20  kcal 
mole-1). Application of the theories of Zener2a and 
Landau and Teller,2b and extended by Schwartz, 
Slawsky, and Herzfeld,3 to polyatomic molecules leads 
to the prediction4 5 that only small amounts of energy 
(~0.01-0.1 kcal mole-1) can transfer efficiently, by 
multiquantum transitions.

In recent years, a significant advance in the theory 
of unimolecular reactions has been the success of the 
Marcus-Rice extension6 of the Rice-Ramsperger- 
Kassel (RRK) theory.6 One of the main assump
tions of these theories is that deactivation of an ex
cited molecule occurs on every collision. Experiment 
shows that this strong collision assumption may be

obeyed by complex molecules,7 but apparently not by 
the rare gases and simple molecules.8 Until these 
matters are clarified by further energy transfer studies 
there can be no complete theory of unimolecular re
actions.

(1 ) T h is  w ork  was su pported  in p art b y  the N a tion a l S cience F ou n da 
t io n  and  in  part b y  the  P etroleu m  R esearch  F u n d  o f th e  A m erican  
C hem ical S ociety .
(2 ) (a ) C . Zener, P hys. Rev., 37 , 556 (1 9 3 1 ); (b ) L . L andau  and E . 
T eller, P h y s ik  Z . Sow jetunion, 10, 34 (1936).
(3i R , N . Schw artz, A . 1. S law sky, an d  K . F . H erzfe ld , J . Chem. 
P h ys., 20 , 1591 (1952).
(4i B . H . M ahan , J. P h ys . Chem., 62 , 100 (1958).
(5 ) R . A . M arcu s and O. K . R ice , ibid., 55 , 894 (1 9 5 1 ); R . A . 
M arcu s, J. Chem. P h ys ., 20 , 359 (1 952 ); O . K . R ice , J. P h ys. Chem., 
65 , 1588 (1961).
(6 ) L . S. K assel, "K in e t ics  o f  H om ogen eou s G as R e a ctio n s ,”  
C hem ica l C ata log  C o ., N ew  Y o rk , N . Y ., 1932.
(7 ) (a ) G . H . K oh lm aier  and B . S. R a b in ov itch , J . Chem. P h ys., 38 ,
1692, Î709  (1 963 ); R . E . H arrington , B . S. R a b in o v itch , and M . R . 
H oare, ibid., 33 , 744 (1 960 ); (b ) J. H . C urrent an d  B . S. R a 
b in ov itch , ibid., 40 , 2742 (1964).
(8) (a) H . S. Johnston , J. A m . Chem. Soc., 75 , 1567 (1 953 ); D . J.
W ilson  and  H . S. Johnston , ibid., 75 , 5763 (1 9 5 3 ); (b ) M . V o lp e
and H . S. Johnston , ibid., 78 , 3903 (1956).
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Techniques for the study of energy transfer from vi- 
brationally excited species include sound dispersion,9 
kinetic spectroscopy,10 and flash photolysis,11 shock 
wave studies,12 fluorescence stabilization,13'14 photo
chemical systems,15 and chemical activation7’16 17 and 
low-pressure thermal unimolecular systems.8,17 The 
existing information on the deactivation in binary col
lisions of complex molecules above the low-energy 
region may be readily summarized.

Fluorescence studies on aromatic species (at energies 
up to <~25 kcal mole-1) indicate that amounts of energy 
up to several kcal mole-1 may be transferred to foreign 
gases.13 The amount of energy transferred seems to 
increase with increasing molecular weight and polarity 
of the deactivator (paralleling the thermal unimolecu- 
ular reaction situation— see below). These results 
contrast with energy transfer studies with highly ex
cited iodine148, which indicate, in part, that lighter mole
cules may be more effective in producing vibrational 
transitions (somewhat resembling sound dispersion 
results at low energies).

At still higher energies, chemically activated ethyl 
and sec-butyl radicals, vibrationally excited to -~40 
kcal mole-1, were found to lose kcal mole-1 on 
collision with the rare gases, ~ 2 .5  kcal mole-1 on col
lision with diatomic gases, and ^ 9 kcal mole-1 on 
collision with polyatomic molecules.78- The deactiva
tion of chemically activated vibrationally excited cyclo
propane and dimethylcyclopropane (>100 kcal mole-1) 
by ethylene and butene16 indicates that large amounts 
of energy may be transferred on collision, ^ 12-15 
kcal mole-1.

The most definitive and outstanding thermal study 
has been that of Johnston and Volpe,8b who analyzed 
the effect of 16 chaperon gases on the unimolecular de
composition of nitryl chloride. In order to measure 
relative collisional transition probabilities most simply, 
they have pointed out that studies should be made in 
the low-pressure, second-order region of a thermal 
unimolecular reaction. In this nonequilibrium region, 
the rate of reaction is the rate of activation by collision. 
In practice, the behavior of inert molecules has usually 
been expressed as efficiency relative to the reactant 
itself. It was remarked by Trotman-Dickenson18 
that the maximum efficiency of energy transfer is 
reached for complex molecules. Johnston19 has sug
gested that efficiency may be correlated with the 
boiling points of the inert gases and with Lennard- 
Jones parameters in terms of collision force. The de
activation probability per collision should be below 
unity (i.e., far from saturation) to show direct pro
portionality to molecular parameters.

Up to the present time, most thermal studies of this

kind have been relatively unproductive. The results 
of various workers have usually been obtained at di
verse temperatures, total energy level, excess energy 
level, and energy distribution, and with reactant mole
cules of widely varying molecular complexity, frequency 
pattern, and polarity. Widely different systems have 
often been uncritically compared and no systematic 
variation of reaction parameters has been investigated 
for a single system.20 It has been pointed out and il
lustrated previously711 that the usual definition of inert 
gas efficiency is a pragmatic operational one; com
parisons of efficiencies between various systems which 
ignore this limitation are not necessarily helpful. 
For example, scarcely any study in the literature has 
defined the average energy excess of the reacting mole- 
cules20b above the critical threshold; the comparisons 
in question thus have not been well defined. Usually, 
no attempt has been made to correlate data with 
molecular parameters or interaction potentials. Some 
experimental limitations in many existing studies 
should also be recognized: work in the higher regions 
of falloff just below the high-pressure limit may lead 
to incorrect results because the pressure dependence

(9 ) (a ) T . L . C ottre ll an d  J. C . M cC o u b re y , “ M olecu la r  E nergy  
T ra n sfer  in  G ases,”  B u tterw orth  an d  C o . L td ., L o n d o n , 1961;
(b ) K . F . H erzfe ld  an d  T . A . L ito v itz , “ A b so rp tio n  and  D ispersion  
o f  U ltrason ic W a v e s ,”  A ca d em ic  Press In c ., N ew  Y o rk , N . Y .,  1959;
(c )  J. D . L am bert an d  R . Salter, P roc. R o y . Soc. (L o n d o n ), A 253 , 
277 (1 9 5 9 ); J. D . L am bert, D . G . P arks-S m ith , an d  J. L . S tre tton , 
ibid., A 282 , 380 (1964).
(10) J. D . M cK in le y , Jr., D . G arv in , an d  M . B ou d a rt , J . Chem% 
P h ys ., 23 , 785 (1 955 ); J. C . P o lan y i, ibid  , 31 , 1338 (1959).
(11) See, fo r  exam ple , the  review s b y  N . B asco  an d  R . G . W . N o r - 
rish, Can. J . Chem., 38, 1769 (1 960 ); D iscussion s Faraday Soc., 33 , 
99 (1962). F o r  a  su m m ary o f iod ine atom  recom bin ation  reaction s, 
see G . P orter, ib id ., 33 , 198 (1962).
(12) R . C . M illik an  an d  D . R . W h ite , J. Chem . P h y s ., 39 , 3209
(1 9 6 3 ) , and  references c ited ; R . C . M illik an , ib id ., 40 , 2594 (1964).
(13) (a ) B . Stevens, Can. J . Chem ., 37 , 831 (1 9 5 9 ); M ol. P h ys., 3 ,
589 (1 960 ); (b ) M . B ou d art an d  J. T . D u b ois , J . Chem. P h y s ., 23 , 
223 (1 955 ); B . S tevens and  M . B ou d art, A n n . N . Y . A cad . S ci., 67 , 
570 (1 957 ); B . S. N ep oren t an d  S. O . M iru m yan ts , Opt. S pectry. 
{U S S R ), 8 , 336, 414 (1 960 ); (c )  E . J. B ow en  an d  S. Y e ljk o v ic ,
P roc. R oy . Soc. (L o n d o n ), A 236 , 1 (1956).
(14) (a ) R . L . B row n  and W . K lem perer, J . Chem. P h ys ., 4 1 ,  3072
(1 9 6 4 ) ; J. I. S tein feld  an d  W . K lem perer, ibid., 42 , 3475 (1 9 6 5 ); 
(b ) R . C . M illik an , ibid., 38 , 2855 (1963).
(15) G . A . T a y lo r  an d  G . B . P orter, ib id ., 36 , 1353 (1 962).
(16) D . W . Setser, J. W . S im on s, an d  B . S. R a b in o v itch , B ull. Soc. 
Chim. Beiges, 71 , 662 (1 962 ); J. Chem. P h y s ., 40, 1751 (1 9 6 5 ); 
41 , 800 (1965).
(17) D . E . H oare, J. B . Protheroe, and A . D . W alsh , Trans. F araday  
Soc., 55, 548 (1959) ; R . R . B aldw in  and  D . B rattan , 8th  C om b u stion  
Sym posium , P asadena, C alif., 1960, p  110; W . F ors t, Can. J . Chem ., 
36 , 1308 (1958).
(18) A . F . T ro tm a n -D ick en son , “ G as K in e tics ,”  B u tterw orth  an d  
C o . L td ., L on d on , 1955.
(19) H . S. Johnston , A n n . Rev. P h ys. Chem ., 8 , 249 (1 957).
(20) (a ) F o r  a  com p arison  ta b le  o f  re lative  co llis ion  efficiencies in
therm al un im olecu lar reaction s, see re f 9a, p  186; (b ) see D . W .
P laczek , B . S. R a b in o v itch , G . Z. W h itten , and  E . T sch u ik o w -R o u x , 
J . Chem. P h ys., 43 , 4071 (1965), fo r  som e delineation  o f  excess e n e rg y .
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of conventional unimolecular reactions is insensitive 
to collisional transition probabilities,21 and only in
directly related to these,8 and because of experimental 
inaccuracy.22-24

At the low-pressure limit the situation is vastly im
proved, but still not simple, and must be treated on a 
stochastic model.268. However, the low-pressure rates 
can, in principle, be made to yield a connection between 
the amount of energy transferred on the average per 
collision and the measured efficiencies of activation.26b

Earlier work from this laboratory26 27 28 has shown that 
the thermal unimolecular isomerization of methyl 
isocyanide to acetonitrile is a simple, clean, and 
homogeneous reaction. This reaction offers unique 
advantages in that a systematic variation of many 
reaction parameters is possible.26-28 Variation of 
temperature will be attempted over the widest acces
sible range. More important, the structure of the 
reactant molecule as well as the nature of the de
activator can be altered, without altering significantly 
the reaction parameters, to provide an internally 
consistent reaction series, e.g., CH3NC, C2H6NC, 
CF3CH2NC, and the effects of the frequency pattern 
change, internal rotation, and low-frequency bending 
modes, total number of vibration modes, etc., on the 
collisional transition probabilities can be quantitatively 
evaluated.

The present paper dealing with the CH3NC -*■ 
CH3CN reaction presents the first in a series which 
utilizes these systems.

Experimental Section

Materials. Methyl isocyanide was prepared by the 
general method of dehydration of an N-substituted 
formamide by an acid halide in the presence of a base.29 
N-Methylformamide (Fluka A.G. pure grade) was 
slowly added to a warm mixture of quinoline (Matheson 
Coleman and Bell refined grade, vacuum distilled from 
zinc dust) and p-toluenesulfonyl chloride (Eastman 
White Label). After purification by gas chroma
tography, no impurities could be detected.

Helium, neon, argon, krypton, xenon, hydrogen, 
nitrogen, and carbon dioxide were assayed reagent 
grade gases of the Air Reduction Co. Helium con
tained 0.017% nitrogen as an impurity. Krypton 
contained 0.008% xenon, and xenon contained 0.01% 
krypton. These gases were used without further puri
fication.

Methane (Phillips Petroleum Co., research grade) of 
stated purity 99.58% was used without purification. 
Fluoroform (Matheson Co. Inc.) when analyzed by 
chromatography showed the presence of 6% of non
interfering side product (mainly CH2F2). Tetrafluoro-

methane (Matheson Co. Inc.) showed no impurities 
by chromatography. Methyl fluoride-d3 of 95% iso
topic purity was checked by chromatography for in
terfering side products and was estimated to be of 
99% chemical purity. Trifluoroacetonitrile (Columbia 
Chemicals) contained < 1%  impurity when analyzed 
by chromatography. Propionitrile (Eastman White 
Label, free from isonitrile) and w-butyronitrile (Mathe
son Coleman and Bell) showed no impurities on chroma
tographic analysis. All of these gases were vacuum 
distilled and outgassed.

Other inert gases were purified by chromatography 
prior to use and subjected to the usual vacuum manipu
lations. All condensible gases were deoxygenated by 
the freeze-pump-melt method and small amounts of 
impurity other than oxygen will have a negligible 
effect on the energy transfer efficiencies.

Apparatus and Procedure. A static method was 
used for the rate determinations. A 12-1. Pyrex bulb, 
heated in an air furnace, served as the reactor. Tem
perature was regulated by a proportional controller 
and was measured with three calibrated chromel- 
alumel thermocouples located at different positions 
in the furnace. During a run the temperature was 
constant to ±0.1° and was uniform over the bulb 
to ±0.1°. Over the entire series of runs, tempera
tures between 279 and 282.5° were used and all rate 
constants were corrected to a standard temperature of 
280.5° with use of the energies of activation at the 
pressure of the run, as given in I.26

The reactor was initially seasoned with a few milli
meters of methyl isocyanide for 12 hr and was re

(21) F . P . B u ff and D . J. W ilson , J . Chem. P h y s„ 32 , 677 (1960).
(22) S tudies o f  inert gas efficiencies in  the isom erization  o f cy c lo 
p rop an e ,23“ o f  m eth y lcyc lop rop a n e ,24 25“ o f  1 ,1 -d im eth yIcyclop ro- 
p an e ,21b and the decom p osition  o f  cy clob u ta n e23b suffer from  this 
p rob lem ; cy clop rop a n e  k/ k„  w as stud ied  d ow n  to  -—-0.1; fo r  VCH3, 
V (C H 3 ) 2, and □ ,  fc/fc„ w as stud ied  on ly  d ow n  t c  ~ 0 .5 .  T h is  grou p 
ing is otherw ise the  on ly  candidate as a consistent set o f  substrate 
species.
(23) (a) H . O . P ritchard , R . G . Sow den , an d  A . F . T ro tm a n -D ick e n - 
son , P roc. R oy . Soc. (L on d on ), A 217 , 563 (1 9 5 3 ); (b ) H . O . P ritchard , 
R . G . Sow den , and A . F . T ro tm a n -D ick en son , ibid., A 218 , 416 
(1953).
(24) (a ) J. P . C hesick , J. A m . Chem. Soc., 82 , 3277 (1 960 ); (b )
M . C . F low ers and H . M . F rey , J. Chem. Soc., 1157 (1962).
(25) (a ) E . W . M on tro ll and K . E . Shuler, Advan. Chem. P h ys ., 1, 
361 (1 958 ); (b ) B . S. R a b in o v itch  and D . C . T a rd y , S cience, 150, 
382 (1 965); J. C hem \ P h ys„  in press.
(26) F . W . Schneider and B . S. R a b in o v itch , J. A m . Chem. Soc., 84 , 
4215 (1 962 ); ca lled  1.
(27) F . W . Schneider and B . S. R a b in o v itch , ibid., 85 , 2365 (1 963 ); 
called  II .
(28) B . S. R a b in ov itch , P . W . G ilderson , an d  F . W . Schneider, ibid., 
87 , 158 (1 965 ); called  I I I .
(29) T h e  m eth od  o f I. U gi and R . M ey r, Chem. B er., 93 , 239 (1960), 
as m odified  b y  J. C asanova , Jr. W e  than k  D r. C asa n ova  for  help fu l 
adv ice  on  synthesis.
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seasoned by the same procedure whenever air had 
been admitted to the heated vessel. A conventional 
vacuum apparatus served for gas handling, storage, 
and pressure measurements. Because runs were made 
at low pressures (pressure of CH3NC ~  10~2 mm), 
care was taken to exclude mercury vapor and stop
cock grease from the reactor. The pressure of a known 
volume of sample and inert gas was measured with a 
glass diaphragm click gauge, and the reactor was iso
lated from the vacuum system by a Springham stop
cock with a Viton A diaphragm. (This material ab
sorbs higher boiling polar molecules excessively at pres
sures above a few millimeters.) Because of the small 
initial amount of material (~3 .5  X 10-6 mole) the 
whole sample was removed for analysis. Isomeriza
tion was carried to between 5 and 35% of reaction.

The efficiency of each foreign gas was measured 
usually for five or more different concentrations of 
added gas. The slope of the graph of rate constant 
vs. concentration of added gas was determined by the 
method of least squares. Temperature constancy was 
verified by repeating a check run with pure reactant 
at regular intervals.

Analysis. At the end of a run, the residual methyl 
isocyanide was quantitatively removed from the aceto
nitrile by passage of the sample through a short column 
of silver cyanide. A carrier gas (n-butyronitrile) was 
sometimes added to facilitate handling of the sample 
which was then analyzed by chromatography on a 
1.8-m column of tetraglyme (dimethyl ether of tetra- 
ethylene glycol) on Fluoropak 80 (stationary phase). 
The column was recalibrated periodically with a stand
ard mixture. Analyses were producible to ±  1%.

In a second procedure, an internal comparison method 
was employed. About 12% of propionitrile was mixed 
with the initial methyl isocyanide. The propionitrile 
was unaffected by the reaction or by passage through 
the silver cyanide column, and analysis was effected 
by comparison of product peak height with that for 
the propionitrile standard. This method avoided 
the necessity of quantitative measurement of the 
volume of the sample to be analyzed.

B asis o f  the M eth o d . R esults

Corrections to the Data. Corrections to the data 
were applied for: (a) temperature variation over the 
series of runs; all rate constants were standardized to 
280.5°; (b) dead space (0.5%); (c) a time correction 
for removal of the sample at the lowest pressures 
( 0 % ) -

Low-Pressure Rate Constants for Substrate. The 
falloff of the rate constant for methyl isocyanide iso
merization has been studied down to a new low pres

l o g  P  (m m )

Figure 1. Plot of log k  vs. log (pressure), at low pressures, 
for methyl isocyanide at 280.5°.

sure of 5 X 10~3 mm (k/ka =  3 X 10~4) at 280.5°. 
A plot of log k vs. log (pressure) is shown in Figure 1. 
An understanding of the behavior of this reference 
curve is important for the present study. We shall 
examine some theoretical aspects of this behavior 
below. In the meantime some more practical aspects 
may be considered. Of these, two important matters 
have been emphasized by Johnston;8 they are surface 
effects and true low-pressure collisional efficiencies.

Heterogeneity. The general Lindemann expression 
for the unimolecular rate constant can be written as80

_  (rate) _  „  kfkjCu ...
Ca i k tdCM +  ki

where k f  is the second-order rate constant for activa
tion of the energy state i above the critical energy, 
Eo] fc,;d is a similar quantity for deactivation; and kt 
is a specific first-order rate constant for the reaction of 
excited molecules in the state i; Cm is the concentra
tion of collisional species.

The low-pressure limit occurs when k{dCu «  kt 
for all i

k0 =  Z kfC u  = kaCu (2)
i

Equation 2 can afford a test for low-pressure hetero
geneity. A first-order heterogeneous reaction would 30

(30) W e use here the d iscrete-eigenstate general form  g iven  in  ref 8 
and  fo llow  Joh n ston ’s form ulation , in  brie f (apart from  n o ta tio n ). 
I t  shou ld  be noted  th at the  R R K M  sem iclassical fo rm u la tion  can n ot 
be handled  b y  such a qu antized  form . T hu s eq  2 o f  I  fo r  k, g iven  
as a  discrete sum  over  €+, should  be w ritten  as an in tegra l ov er  e + ; 
w e are ind ebted  to  D r . G . H am m es fo r  calling  our a tten tion  t o  a 
d im ensional error in  th at form  o f th e  equ ation  for  k , w ith  its m is
lead ing  im plication .
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add a constant term to eq 2 and the low-pressure limit 
would become

k o  =  fca C jt f  “ I-  fch e t  ( 3 )

Below 6 X 10-8 mm, the isocyanide rate constants 
very obviously began to deviate positively, indicating 
that surface effects were significant at that pressure; 
this was confirmed by packed vessel runs which gave 
evidence of increased rate at pressures below 10-2 mm. 
(A larger vessel is needed to extend the measurements 
to even lower pressures, and to this end measurements 
will be made in a 200-1. vessel.) In order to avoid this 
doubtful pressure region, a standard reactant pressure 
of '—-1.4 X 10-2 mm was used for the present experi
ments.

A plot of the isocyanide rate data above 10-2 mm 
against pressure gave a zero pressure intercept on the 
k axis of ~ 0.1 (±0 .1 ) X 10-6 sec-1. Relative to the 
value of k at 1.4 X 10-2 mm, which is 1.75 X 10-6 
sec-1, this reveals possible heterogeneity of 6% which 
would be quite negligible at the higher inert gas pres
sures actually used.

Second-Order Requirement. For the case where M 
is a gas other than reactant, the first-order rate con
stant depends on the nature of M as well as on its con
centration, and k may be written as8

h K Z .k J C u

Kni =  ?  Z k j c u  +  kt (4)
m

where m denotes the possible dependence of the specific 
rate constants on the nature of M and, by detailed 
balance, kmf  =  kmidK l; where K t is the equilibrium 
fraction of reactant molecules in the excited state i.

It can be seen from eq 4 that, at higher pressures, 
the ratio of rate constants for different gases does not 
necessarily have a simple interpretation. It is only 
at the low-pressure limit that the relative values of 
rate constants for different foreign gases directly give 
the relative values of the activating efficiencies of these 
gases. The simplest condition arises if the relative 
efficiencies of inert gases are measured in large excess 
over the reactant concentration, and also if the inert 
gas pressure approachs zero; both simplifications to
gether are impracticable.

The reaction order becomes second at zero pressure 
in the Lindemann mechanism but, experimentally, 
the order is always somewhat less than 2. However, 
if functional plots of k vs. Cm show little or no curva
ture, then it may be inferred that eq 2 is substantially 
obeyed. The plot of the present methyl isocyanide 
data in Figure 1 is a line of slope 0.96 ±  0.02, so that 
the reaction is almost in the second-order region.

Figure 2. Low-pressure plot of k vs. pressure for 
methyl isocyanide at 280.5°.

From the more sensitive plot of k vs. p, which shows 
little curvature, one finds (Figure 2) that the slope 
scarcely declines over the range 10-2 to 0.4 mm, the 
highest effective pressure used in this study. Thus 
our data were taken in a region at or near the second- 
order region.

Further confirmation of this conclusion is given by a 
plot of the Arrhenius activation energy, E&, obtained 
in I, against log (pressure), as shown in Figure 3. It 
can be seen that E& does not begin to increase until a 
pressure of at least 5 mm. Since the present total 
effective pressure was always less than 0.4 mm, the 
energy distribution of the reacting molecules was sub
stantially close to the low-pressure limiting distribu
tion.

RRKM Description of the Isomerization of Methyl 
Isocyanide. In Figure 4, a plot of falloff, log (k/k„) 
vs. log (pressure), is given for the low-pressure region, 
including earlier data from I at various temperatures. 
A recalculation of the falloff of CH3NC has been carried 
out on the RRKM  basis. The original calculation in 
I at 230° was based on the frequency assignment of 
Pillai and Cleveland.81 Subsequent results in II27 
for CD3NC were treated on the basis of the frequency 
assignment for this molecule which had been given in 
the interim by Mottern and Fletcher.82 The rather 
heavy calculations in I for CH3NC were not redone at 
that time, although the product rule ratio for the 
heavy and light molecules and activated complexes 31 32

(31) M . E . K . P illa i and  F . F . C levelan d , J. M ol. S pectry., S, 212 
(1960).
(32) J. G . M o tte rn  and  W . H . F letcher, Spectrochim . A cta , 18, 995 
(1962).
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log P  ( m m )

Figure 3. Plots of the experimental Arrhenius activation 
energy, Z?a) and of the RRKM calculated average energy 
of reacting species above the critical threshold, (E +), as 
functions of pressure (log units).

lo g  P  ( m m )

Figure 4. Plot of log k / k „  vs. log pressure at various 
temperatures in the low-pressure region of methyl isocyanide 
isomerization: ©, 199.4°; •, 230.4°;
0,259.8°; ■, 280.5°.

were not in the best agreement (e.g., molecule ratio = 
0.775). An improved molecule ratio (0.882) is ob
tained when the frequency assignment of Williams33 
for CH3NC is compared with that of Mottern and 
Fletcher for CD3NC; the magnitude of the divergence 
from unity, due to differential anharmonicity lowerings 
of the observed frequencies, is of the order of magnitude 
frequently encountered for three C-H, C -D  substi
tutions, and Williams’ assignment is now adopted. 
It was considered desirable at this time to redo the cal-

culations in order to obtain a better theoretical descrip
tion of the base curve, especially of the low-pressure 
rate constant. At the same time, the important quan
tity, (E+)p=,0, the average energies of the CH3NC 
molecules in excess of the critical, E0 =  37.85 kcal 
mole-1, and the energy distribution were reevaluated 
(see Figure 3).

The ratio 0.882 was taken as standard, and the 
original frequency assignments of the activated com
plexes in I and II were modified to yield the same prod
uct rule agreement. Specifically, the C-N  ring de
formation frequencies in the activated complexes 
were altered. This activated complex frequency 
represents a median frequency in vibrational assign
ment. The various frequencies are summarized in 
Table I.

Table I: Vibration Frequencies (cm-1) for CH3NC and 
CD3NC and “ 300 Model” “ Complexes

Species CHjNC CH3NC+6 CDaNC CDJNC+l'

C—H str 2966 2251
3014(2) 2263(2)

N = C  str 2166 1990 2165 1990
CH3 def. 1429, 1467 (2) 1117, 1058 (2)
CH3 rock 1129(2) 900 (2)
C—N str 945 650 877 483
C—N—C def 263(2) 263 249(2) 249

“ Defined in I.26 b Only changes from molecule frequencies 
shown.

The new assignment brings the calculated values for 
both fc„ values, and for their ratio, into much better 
agreement with experiment; the (/ch/Td)»  value is now 
reduced from the old value, 1.35 to 1.21. Also, 
(fcH//cD)o is lowered from 0.35 to 0.315. The old values 
involved a measured AFa (he., EaD3 — Fain) of 0.10 
kcal mole-1, which also corresponded to a AE0 (he., 
Fodj — F ohs) of identical magnitude. The new values 
just quoted are based on the measured AFB =  0.10 
kcal; however, with the new frequency assignments, 
AEo is now reduced to 0.06 kcal. Considering that the 
standard deviation of AFa was 0.05 kcal, it is evident 
that AEo is best simply taken as zero. On this basis, 
the calculated values are (fai/faj),» =  1-14 and (fcH/  
&d)o =  0.294. The agreement with experiment (Table 
II) is very good. Figure 5 gives the new plot of /ch/ / cd 
as a function of pressure and the agreement with ex
periment should be considered very satisfactory. 
It is evident that most of the variation occurs at pres
sures above 1 mm, so that the present range of pres-

(33) R . L . W illiam s, J. Chem. P h ys ., 25 , 656 (1956).
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Table II: Calculated Quantities for CH3NC and'CD3NC (230.4°)

ko X  10»,
cc mole“ 1 {E+} p-q,

'— km X  105,* sec-1-—- sec-1, kcal ,■------- (kn/ki>)m------- •* >•------- (&h/ ä;d)o-
Molecule Qr Qv + Caled Exptl caled mole-1 Caled Exptl27 Caled Exptl80

CH3NC 4.380 2.561 92.6 92.5 1 .0226 1.214“

CD3NC 5.715 3.574 82.2 86.5
0.946'
3A7b 1.232“ >1.14 1.07 0.294 0.28

3.23c

° Based on E0 =  37.85 for CH3NC and for CD3NC. b a = 4.50 A. c a = 4.33 A. d Based on the strong collision assumption and, 
therefore, the maximum possible values;261» calculated as discussed in ref 20b.

Figure 5. Comparisons of experimental (230.4°) and 
calculated isotopic rate ratio, ka/kv>, for CH3NC and 
CD3NC as a function of pressure (log units). The 
cross-hatching summarizes the scatter of the 
experimental data described in II.

sures is substantially in the second-order region on this 
basis also.

An aspect complementary to this, and to the ob
served variation with pressure of E& for C H 3N C  

(Figure 3), is the calculated variation of the average 
energy of the reacting molecules. At p =  0, 10~2, 
10-1, 4 X 1CV1 mm (the latter being the highest equiva
lent pressure used), and » ,  the respective quantities 
are for C H 3N C :  1.361, 1.361, 1.364, 1.375, and 2.954 
kcal; and for C D 3N C :  1.384, 1.385, 1.399, 1.458, 
and 3.711 kcal. The increase is slight at 0.4 mm, in 
agreement with other evidence as to the pressure regime 
of falloff being utilized here at 280°.

The strong collision low-pressure rate constant is

k0 =  a, f C°N(e)e~e/RTde/Qv
JEo

where Qv is the molecule vibrational partition function. 
The activated complex properties do not enter the ex
pression for fc0.

The effect of possible variation of the collision diam
eter of C H s N C  upon the rate constant (through co)

can also be seen in Table II, where the calculation was 
repeated for a =  4.33 A, instead of the uncorrected 
viscosity value34 of 4.5 A used in I. The value a = 
4.33 A was calculated from the Stockmayer potential 
for polar molecules;35 fc0 is lowered by 7% when <r is 
reduced from 4.5 to 4.33 A. Variations in collision 
diameters for various types of potential functions will 
be considered in the Discussion.

Inert Gas Data. Plots of observed rate constant k 
against pressure of added gas are presented in Figures
6-10. Up to 200-fold excess of added gas was used. 
Little curvature is evident in these graphs, again in
dicating that, for practical purposes, these systems are 
indeed close to the second-order region.

The relative rate constants for activation were 
found by the method of least squares for the relation 
k =  b +  kmaCu, where b is an extrapolated intercept 
constant which tended to be greater than the base rate 
at around 1.4 X 10~2 mm. Some variations in the 
initial isocyanide pressure frequently occurred for dif
ferent gases, or in a series with a given inert gas, but 
such variation was minor in practice. It can be 
shown25b that in general km& actually should vary with 
pressure (parent gas dilution); the present data cor
respond to the high dilution case and this explains, at 
least in part, the observed increase in b (extrapolated). 
These values will be presented and discussed in a later 
paper.

The relative activation efficiency, ft , on a pressure- 
for-pressure basis was obtained from the ratio of the 
slope of the added gas plot to the slope of the base iso
cyanide curve. The efficiency was converted to a col- 
lision-per-collision basis, ft, by use of the reduced mass 
and mean collision diameter for the molecules in ques
tion, ft =  f t  ( o a a / V m a ) 2 . The collision parameters 34 35

(34) P . M . C raven  and J. D . L am bert, P roc. R oy . Soc. (L o n d o n ), 
A205, 439 (1951).
(35) J. O . H irsehfelder, C . F . C urtiss, an d  R . B . B ird , “ M olecu lar 
T h e o ry  o f  Gases and L iq u id s ,”  John W ile y  and Sons, In c ., N ew  
Y o rk , N . Y „  1954, p 209.
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Figure 6. Plots of k vs. pressure for the rare gases. The base 
line for CH3NC summarizes the experimental data for the 
parent gas. The difference in intercepts between Kr 
and Xe and the other gases is only apparent and 
due to the difference in scales. Solid and broken 
symbols refer to different analytical methods.

Figure 9. Plots of k vs. pressure for HCN, C2H5CN, CF3CN, 
and n-C3H7CN. The plot for CH3NC (Figure 6) virtually 
coincides with that for C3H7CN.

Figure 7. Plot of k vs. pressure for H2, N2, and C02.

P  ( m m )  x l o a
Figure 8. Plots of k  vs. pressure for 
CH4; CD3F, CHF3, and CF4.

and efficiencies for the inert gases are presented in 
Tables III and IV, where /3„ is a reduced mass-corrected 
efficiency, /3„ =  /3P ( m m a / m a a ) ' 72; m a a  is the reduced 
mass of the isocyanide, <rAA is the kinetic collision di-

Figure 10. Plots of k vs. pressure for propyne and butyne-1.

ameter of the isocyanide, ¿im a  and <tm a  are the reduced 
mass of the reactant-inert gas pair and the correspond
ing mean collision diameter, respectively.

D iscussion

Collision Cross Sections. The “ standard”  cross 
sections for the nonpolar inert gases used in this study 
were values obtained from transport properties,35 
especially the viscosity. For polar addends, the Stock- 
mayer potential36 was used to calculate, or interpolate, 
values of the cross section. The assignment of values 
of the cross sections are of crucial importance in the 
calculation of /3C. The assignments described just be
low are made in lieu of any knowledge of appropriate

(36) L . M on ch ick  and E . A . M ason , J. Chem. P h ys ., 35 , 1676 
(1961).
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Table III: Collision and Intermolecular Parameters for Various Gases

n!,2*
Molecule <7, A“ e/fc, ‘ K* <7AM, A «AMA, °K p', IX10 kT/c AM SAM, A saaV sam1

c h 3n c 4 . 4 7 6 3 8 0 6 4 . 4 7 3 .8 3 1 .3 3 0 5 .1 5 1 .0 0
He 2 . 5 6 1 0 .2 3 . 5 2 62 0 .8 3 9 3 . 2 2 2 . 5 6
Ne 2 . 7 9 36 3 . 6 3 117 0 .9 3 7 3 .5 1 2 . 1 5
Ar 3 . 4 2 124 3 .9 5 217 1 .0 8 7 4 . 1 2 1 .5 7
Kr 3 .6 1 190 4 . 0 4 268 1 .1 6 2 4 . 3 6 1 . 4 0
Xe 4 . 0 6 229 4 . 2 7 296 1 .2 0 4 4 . 6 9 1 .2 1
h 2 2 . 9 3 37 3 . 7 0 117 0 .9 3 7 3 . 5 8 2 . 0 7
n 2 3 . 6 8 92 4 .0 8 186 1 .0 4 2 4 .1 7 1 .5 3
C02 4 . 0 0 190 4 . 2 4 268 1 .1 6 2 4 . 5 7 1 .2 7
c h 4 3 . 8 0 144 4 . 1 4 234 1 .1 1 3 4 . 3 7 1 .3 9
c d 3f 4 . 1 0 e 200 ' 4 . 2 9 276 1 .1 7 4 4 . 6 5

3 . 7 3 á 333 á 4 . 1 0 356 1 .8 1 1 .2 9 5 4 . 6 7 1 .2 2
c h f 3 4 . 3 8 e 254* 4 .4 3 311 1 .6 3 1 .2 2 6 4 .9 0 1 .1 0
c f 4 4 . 7 0 153 4 . 5 9 242 1 .1 2 4 4 . 8 6 1 .1 2

4 .7 0 * 179e 4 .5 9 260 1 .1 5 1 4 .9 2 1 .0 9
CzHe7 4 . 4 2 230 4 . 4 5 296 1 .2 0 4 4 . 8 8 1 .1 1
HCN" 3 . 9 3 s 320 4 . 2 0 3 4 8 .7 2 . 9 5 1 .2 8 2 4 . 7 5 1 .1 7
CFsCN6 4 . 8 0 300 4 . 6 4 3 3 7 .7 2.1* 1 .2 6 7 5 . 2 2 0 .9 7 3
C A C N " 5 . 0 0 400 4 .7 4 3 8 9 .8 4 . 0 4 1 .3 4 5 5 . 5 0 0 .8 7 9
CsHíCN6 5 . 5 0 400 4 . 9 8 3 8 9 .8 4 . 0 7 1 .3 4 5 5 . 7 8 0 .7 9 6
c h 3c c h ' 4 . 6 0 250 4 . 5 4 3 0 8 .2 0 .7 5 1 .2 2 1 5 .0 2 1 .0 6
Cä CCH1' 5 . 2 0 300 4 . 8 4 3 3 7 .7 0 .8 1 1 .2 6 7 5 . 4 5 0 .8 9 5

0 All values are from ref 35 unless otherwise specified and are derived from viscosity data where possible. b From ref 3 4 ;  See text for 
discussion of this quantity. '  See ref 7a. d J. L. Stretton, Trans. Faraday Soc., 61, 1053 (1965); G. A. Miller and R. B. Bernstein, 
J. Phys. Chem., 63, 710 (1959). ‘ R. R. Boade and S. Legvold, J. Chem. Phys., 42, 569 (1965); values derived from a Lennard-Jones
7-28 potential. f Data from I—approximate value only. g <r(HCN) was calculated from viscosity data,35 assuming a spherical mole
cule. In view of the similarity of HCN to H20  where the values of t/k vary widely according to the method of calculation,36 the esti
mated value of e/k of 320 for HCN must only be regarded as a reasonable estimate; the HCl-alkylhalide series behavior1* is com
parable. h Values of a and e/fc for the higher nitriles were interpolated from the alkyl chloride and alcohol series listed by Mason.36 
‘ Calculated value. ’ Parameters for the higher acetylenes were interpolated from the corresponding hydrocarbon values36 and are 
merely reasonable estimates.

cross sections for the energy transfer process under 
consideration here.

Nonpolar Gases. The collision cross sections and 
their temperature dependence were obtained from 
transport properties with the use of the 6-12 Lennard- 
Jones potential, V(r) =  4e[(oyV)12 — (tr/r)6]. The 
usual combining rules were employed for the force 
constants

c a m  =  (aa +  <i m ) / 2 ;  « a m  =  ( e A i i n )

The temperature-dependent collision diameter, Sam2 = 
dAM2fi(2,2)*, was evaluated from the integrals il(2’2)* 
(kT/fam) which are tabulated36 as a function of the 
reduced temperature, T* =  fcT/«Am- Collision cross 
sections at the reaction temperature 280° were used to 
calculate /?„. The results are tabulated in Table III.

An alternative approach to the temperature variation 
of cross section has been made by Rowlinson,37 who 
derived a potential-dependent expression for molecules 
which approach to a distance, d, or less; d is the maxi
mum internuclear distance which is to be counted as a

collision. For d = <r, the collision number is just the 
rate of collisions of hypothetical spheres of this diameter 
and is proportional to T'f\ For d =  rm (where rm = 
21/6<r, and V (rm) =  e, the depth of the potential well 
defined by a Lennard-Jones function) an expression is 
obtained which is the analog of the Sutherland 
equation for a hard sphere with an attractive potential. 
The collision number is increased not only by a factor 
of (rm/«j)2 over Zb̂ d sphere, but also by a temperature- 
dependent factor (1 +  t/kT). Depending on the im
portance of the attractive or repulsive part of the 
potential for energy exchange, the collision cross section 
should be defined accordingly. The attractive part is 
important for the duration of a collision, the repulsive 
part for the perturbation of the internal states brought 
about by a collision. The use of Sa m  considers both 
features.

Polar Inert Gases. For polar gases, the interaction 
potential is angular dependent. The most successful

(37) J. S . R ow lin son , M ol. P h ys ., 4 , 317 (1961).
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Table IV : Measured Collision Efficiencies for Various Gases

kma X 10«,
Molecule mm-1 sec-1 ßp Gam/maa) Vs ß» ßo

c h 3n c 96.0 (1.00) 1.00 (1.00) (1.00)
He 12.0 0.125 0.422 0.055 0.14
Ne 9.06 0.094 0.813 0.076 0.16
Ar 10.6 0.110 0.993 0.11 0.17
Kr 10.5 0.109 0.158 0.13 0.18
Xe 9.50 0.099 1.234 0.12 0.15
h 2 23.4 0.244 0.306 0.074 0.15
n 2 16.4 0.171 0.900 0.15 0.24
C 02 44.3 0.462 1.017 0.47 0.60
c h 4 32.7 0.341 0.749 0.26 0.35
c d 3f 37.3 0.389 0.974 0.38 0.46
c h f 3 40.4 0.421 1.123 0.47 0.52
c f 4 27.7 0.289 1.168 0.34 0.38
C2H60 ~ 0 .6
HCN 50.6 0.527 0.861 0.45 0.53
c 2h „c n 67.5 0.703 1.07 0.75 0.66
ra-C3H,CN 89.9 0.937 1.12 1.05 0.84
CF3CN 42.2 0.440 1.181 0.52 0.51
c h 3c c h 46.5 0.484 0.994 0.48 0.51
C Ä C C H 65.0 0.685 1.064 0.73 0.66

Data from I.26

potential for polar gases is that of Stoekmayer (the
12-6-3 potential)

V(r) v'au'mÇ

where ¡i\ and h'm are the dipole moments of the two 
interacting molecules and the angular dependent factor 
is f  =  2 cos 6a cos 6m — sin 6a sin 0M cos <£. In the 
limit, as h'a or ¡i'm -*■ 0, the 12-6 potential is recovered.

Hirschfelder, et al.,s5 and Rowlinson38 have used 
second virial coefficient data to calculate a and e/k 
from the polar potential, but the values obtained some
times show great inconsistency when examined in 
homologous or related series of molecules, as compared 
with values obtained from the 12-6 potential. These 
discrepancies have been considered by Monchick and 
Mason,36 who have calculated the potential parameters 
a and e/k for a series of molecules from experimental 
viscosity coefficients with the 12-6-3 potential. The 
values so obtained proved to be fairly consistent with 
those derived from the 12-6 potential. Their <r 
parameters show reasonable trends in homologous 
series and correspond fairly closely (±0.1  A) to those 
obtained from the nonpolar potential. The parameters 
deduced from second virial coefficients are very sensitive 
to dipolar forces, indicating that the point dipole model 
used may be too artificial. These authors conclude 
that viscosity-derived parameters should be given 
preference. On this basis, only slight differences arise

between polar and nonpolar molecules of related struc
ture, e.g., CF3H and CF4. They have tabulated ac
curate values of the collision integrals fi(2'2)* calculated 
from the 12-6-3 potential, for a range of values of the 
angle-dependent function, including zero.

The value of <r for CH3CN calculated by Rowlinson38 
from virial coefficient data, using n' =  3.5 D., is given 
as 4.02 A; a recalculation39 using the accepted value40 
of n' — 3.92 D. yields a value of a =  4.42 A.

Using the same method as Rowlinson with the virial 
coefficient data of CH3CN, o-(CH3NC) is calculated to 
be 4.33 A with use of ¡x' =  3.83 D .; also e/k is found to 
be 310°K.

However, for continuity with earlier work and in line 
with the above discussion, the value of o-(CH3CN) =
4.47 A (e/k =  380°K), as calculated from viscosity 
measurements and the 12-6 potential by Craven and 
Lambert,34 was also used for CH3NC and for the cal
culation of Sam values at 280° for methyl isocyanide- 
inert gas pairs.

In cases where viscosity data were not available for 
polar molecules to allow calculation of the potential 
parameters by the method of Monchick and Mason,36 
and because the parameters derived by the 12-6-3

(38) J. S. R ow lin son , Trans. Faraday Soc., 45 , 972 (1949).
(39) See ref 35, fo llow in g  the m eth od  on  p  215.
(40) A . L . M cC le llan , “ E xperim en ta l D ip o le  M o m e n ts ,”  W . H . 
Freem an and C o ., San F rancisco , C alif., 1963.
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potential are not very different from those obtained 
from the 12-6 potential, we have felt justified in calcu
lating values of a and e/k at 280° using collision in
tegrals S2(2'2)* and T* for the 12-6 potential; the cases 
concerned are mainly aliphatic acetylenes for which 
/  is small (~0.8  D.) and its neglect very minor.

General Summary

It can be seen that the efficiencies of inert gases in 
deactivating highly vibrationally excited levels of poly
atomic molecules are quite unlike those for one-vi- 
brational-quantum deactivation of small molecules at 
low energies.9 The entire range of efficiencies ft is 
covered here by a factor of 6 (Table IV) and a quasi- 
statistical collisional relaxation in such cases has 
been proposed, together with supporting calcu
lations.7®

Some general trends in the results may be noted at 
this time, although specific consideration of the data 
and some conclusions regarding the absolute amounts 
of energy transferred on collision with various inert 
gases will be delayed to a paper to follow.

For the noble gases, ft increases monotonically from 
helium through krypton; the deviation for xenon is 
suspect. Because molecular size, polarizability, etc., 
all increase in similar fashion, these data alone cannot 
determine which individual parameter(s) is most im
portant in determining energy transfer efficiency. The

magnitudes of ft for the diatomic molecules suggest 
that rotational degrees of freedom are unimportant 
here in the transfer of energy.

The series of fluorinated methanes in principle pro
vides an opportunity to assess the importance of change 
of frequency pattern and dipole moment on energy 
transfer. The importance of either factor is not clearly 
apparent from these results in the ligh~ of the data on 
the higher alkyl nitriles and substituted acetylenes. 
Approximately equal efficiency is obtained with pro- 
pionitrile and butyne despite the widely differing dipole 
moments between the two series of addends; [ft- 
(RCN) — 4.0 D .; M'(RCCH) ~  0.80 D. ].

All of these considerations depend upon the validity 
of the assignments made for the collision cross section 
of the inert molecules which have been transferred to 
the present system from other phenomena which differ 
greatly in their nature. It is this uncertainty which 
makes unsuitable any detailed interpretations at this 
time. It is evident that further and much more ex
tensive data will be required in order to delineate ade
quately even the qualitative behavior of these thermal 
systems and to permit deduction of the relevance and 
magnitude of various molecular and structural param
eters in some instances. We are undertaking such 
studies with the intention, also, of making an assign
ment of collision cross sections for the energy transfer 
processes concerned, such not being presently avail
able for any system.
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Correlation of Turbidity and Activity Data. III. The System 

Tungstosilicic Acid-Sodium Chloride-Water1

by J. P . Kratohvil, L . E . O ppenheim er,2 and M .  K erker

D epartm ent o f  C hem istry and Institute o f  Colloid and Surface S cien ce, C larkson College o f  Technology, 
Potsdam , N ew  Y ork  {R eceived F ebruary 11, 1966)

Light scattering and vapor pressure data for the three-component system 12-tungstosilicic 
acid (TSA)-sodium chloride-water were obtained over the concentration range up to 1 
g/ml for TSA and for NaCl concentrations of 0, 0.02, 0.10, 0.30, 0 50, 1.0, and 3.0 M. 
The effect of the added NaCl is to increase the turbidity very markedly. The correspond
ing curves of He/A t  v s . c  become more linear and exhibit a smaller slope with increasing 
concentration of NaCl. Each of these curves, when extrapolated to zero concentration, 
gives the correct molecular weight, indicating the absence of small-ion binding. Attempts 
to correlate the vapor pressure and turbidity data failed because of the inability to obtain 
either of these data sufficiently accurately at the highest dilutions.

Introduction

The excess turbidity, At, of a binary solution may be 
expressed by

. HcV1 At —
d In ai/dc (1)

3 2 i r 3n 2  5 6 7/ dre Y  

3 À A  V \ dc / ( 2 )

where c is the concentration of the solute in grams per 
milliliter, Vi and ai are the partial molal volume and 
activity of the solvent, n is the refractive index of the 
solution, Na is Avogadro’s number, and X0 is the wave
length in vacuo. This offers the possibility of correlat
ing light scattering results with other experiments 
which measure activity; indeed, light scattering can be 
a tool for determining the activity.

In the previous papers of this series,8 9 10'4 the turbidity 
and the vapor pressure of 12-tungstophosphoric and
12-tungstosilicic acids were measured up to a concen
tration of about c =  1.0. There was a close correla
tion between the values of the activity of the water ob
tained by these two techniques. These experiments are 
here extended to the ternary system 12-tungstosilicic 
acid (TSA)-sodium chloride-water. An appropriate 
equation relating the turbidity and activities in such a 
three-component system will be given below. The

concentrations of both TSA and NaCl have been varied 
systematically over a wide range.

The general problem of interpreting light scattering 
data from multicomponent systems containing ionic 
species has been extensively reviewed recently.6-8 We 
had hoped that these experiments would enable us to 
determine the effect of added electrolyte upon the 
activity of TSA which, in dilute solution, behaves as a
1-4 electrolyte9,10 and thus to correlate these activity

(1 ) S upported  in part b y  the TJ. S. A to m ic  E n ergy  C om m ission , 
C on tra ct  N o . A T (3 0 -1 )-1 8 0 1  ; taken  from  the M .S . thesis o f  L . E . 
O ppenheim er.
(2 ) L ever  B roth ers F ellow .
(3 ) J. B . G oeh rin g, M . K erk er, E . M a tije v ic , and  S. Y .  T y ree , Jr., 
J. A m . Chem. Soc., 81 , 5280 (1959).
(4 ) M . K erk er, J. P . K ra toh v il, R . H . O ttew ill, an d  E . M a tije v ic , 
J . P h ys . Chem., 67 , 1097 (1963).
(5 ) D . Stigter in “ E lectrom agnetic  S ca tterin g ,”  M . K erk er, E d ., 
P ergam on Press L td ., O xford , 1963, p 303.
(6 ) J. T h . G . O verbeek , A . V rij, and  H . F . H u ism an in “ E le ctro 
m agnetic  S ca ttering ,”  M . K erker, E d ., P ergam on  Press, L td ., O xford , 
1963, p 321.
(7 ) S. N . T im asheff in “ E lectrom agnetic  S ca tterin g ,”  M . K erker, 
E d ., P ergam on  Press L td ., O xford , 1963, p 337.
(8 ) E . F . Casassa and  H . E isenberg, Advan. P rotein  Chem ., 19, 287 
(1964).
(9 ) E . M a tije v ic  and  M . K erker, J. A m . Chem. Soc., 81 , 5560 
(1959).
(10) J. R . K eller, E . M a tije v ic , and M . K erker, J. P h ys . Chem ., 65 , 
56 (1961).
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data with the turbidity. However, for reasons which 
are discussed below, it wras not possible to do this.

Experimental Section
Materials. Several commercial samples of TSA were 

used (Fisher Certified reagent, Baker and Adamson 
reagent). These were purified by repeated extractions 
of the acid from aqueous solution with ether and hy
drochloric acid, as described elsewhere.9 For the Baker 
and Adamson acid, the purification did not affect the 
results, whereas Fisher samples, with one exception, 
had to be purified before reproducible results could be 
obtained. Most of the experiments were performed 
with the Fisher sample that was not influenced by the 
purification. The solutions of the purified samples 
were colorless and clear even at concentrations ap
proaching saturation (about 2.3 g/ml). Other chemi
cals were of the highest grade and were used as re
ceived. The doubly distilled water was obtained 
from an all-Pyrex still.

Preparation of Solutions. The procedure described 
previously4 was followed except that the dilutions of the 
ternary solutions for light scattering measurements 
were carried out by the addition of clarified NaCl solu
tion directly into the light scattering cell. The initial 
stock solution also contained the same concentration 
of sodium chloride so that this quantity remained con
stant in the course of a series of dilutions. The con
centration of the diluted solutions was then determined 
by weight. This concentration was checked at fre
quent intervals, usually every third dilution, by re- 
fractometry. The concentration of the stock solution 
was determined in the same way from the known value 
of the refractive index increment. The diluted solu
tions prepared in this manner were refiltered whenever 
necessary. The more dilute ternary solutions were 
clarified after every addition of NaCl solution. The 
dilutions were prepared from several stock solutions of 
different initial concentration of TSA, so that a great 
deal of overlapping data at close intervals was assured.

Solutions were clarified by repeated filtration directly 
into the cell through Millipore filters under slight nitro
gen pressure. Filters of 220- and 450-m/j porosity were 
used simultaneously. All solutions were carefully inspec
ted visually in a strong beam of light at low angles. The 
cell was tightly covered with several layers of Parafilm.

Light Scattering and Refractive Index Measurements. 
Essentially, technique A of the previous paper4 was 
utilized. This technique, with small modifications, was 
critically tested recently in the determination of the 
Rayleigh ratio and depolarization of such weakly 
scattering liquids as water and CCh,11 and the deter
mination of the absolute angular intensities of mono

disperse Dow polystyrene latexes.12 13 14 15 * The standard 1.2- 
cm slit system, defining the incident beam of a Brice- 
Phoenix light scattering photometer, and a Pyrex 2.4- 
cm square cell or a 4.0-cm semioctagonal cell were used. 
The instrument was calibrated at frequent intervals 
using the standard opal diffusors supplied by the manu
facturer. The reliability of this calibration procedure 
for obtaining absolute scattering intensities has been 
recently discussed in detail.13,14 Changes in the cali
bration constant between determinations were small, 
usually less than 1%. Polarization measurements 
were made using Glan-Thompson prisms.

Refractive index measurements were obtained at 
25° with a Brice-Phoenix differential refractometer, 
as described earlier.4

Vapor Pressure Measurements. Vapor pressure 
measurements were obtained with a Mechrolab Model 
301A vapor pressure osmometer at 25°. The tempera
ture was controlled by the thermostating unit supplied 
by the Mechrolab Co. A water-cooled metal jacket 
surrounded the chamber block of the instrument. It 
was found that a temperature difference of at least 3° 
between the working temperature (25°) and the sur
roundings was needed in order to assure proper ther
mostating. The instrument was calibrated with aque
ous NaCl solutions. A plot of the resistance change, 
AR, against the activity of water for these solutions 
was made, using the values given by Robinson and 
Stokes.18 The calibration curve did not change over a 
period of 9 months. The calibration curve of activity of 
water vs. AR was made from 65 determinations of AR 
on 12 different solutions of NaCl. The data could be 
represented by the linear equation «w =  —0.3660 X 
10~3AS +  0.9999. The standard deviations of the 
slope and intercept were 1.38 X 10~6 and ±0.95 X 
10—4, respectively. The standard deviation of the fit 
was 3.50 X 10-4.

Since AR varies with time, it was necessary to choose 
an optimum time for taking the readings. The crite
rion chosen was the time at which the change of AR for 
the NaCl solutions was the slowest. This was found 
to be 10 min after the solution was placed on the 
thermistor bead, and all readings were taken at this time. 
In order to check the consistency of the method, a 
calibration curve was also prepared for a time of 5 min.

(11) J. P . K ra toh v il, M . K erker, an d  L . E . O ppenheim er, J . Chem . 
P hys., 43 , 914 (1965).
(12 ) J. P . K ra toh v il and C . Sm art, J . Colloid Sei., 20 , 875 (1965).
(13) J. P . K ratoh v il, G j. D eäelic, M . K erker, and E . M a tije v iô , 
J . P olym er Sei., 57 , 59 (1962).
(14) J. P . K ra toh v il, A nal. Chem., 36 , 45 8R  (1964).
(15 ) R . A . R ob in son  and R . H . Stokes, “ E lectro ly te  S o lu tion s ,”
B utterw orth  and C o . L td ., L on d on , 1959.
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It was found that the 5-min readings gave values for 
the activity of water in TSA solutions which were 
very close to those obtained from the 10-min readings. 
However, the standard deviations of the measurements 
were larger when 5-min readings were utilized than 
those obtained from the 10-min readings.

It was found that in order to obtain reproducible 
results, the thermistor which held the drop of solution 
had to be rinsed with 4-6 drops of solution between 
runs. When the instrument was not in use, distilled 
water was kept on both thermistors. In most cases, 
AR was found to decrease with time. However, when 
the water on the bead was replaced by a drop of a solu
tion, or when a more concentrated solution replaced 
a less concentrated one, the value of AR would in
crease with time, resulting in a large error in the 10-min 
value of AR. This effect could be avoided by allowing 
a drop of solution to remain on the bead for several 
minutes and then rinsing with the solution prior to 
taking the readings.

The instrument could be used to measure activities 
of water down to 0.96, which corresponds to about 1.2 
m NaCl. Reproducibility within 1% of AR was 
achieved in consecutive runs, except at the higher con
centrations in the usable range for which the reproduci
bility was within 1.5%. At least two consecutive 
runs were made with each solution.

R esu lts

Light scattering, refractive index, and vapor pres
sure data were obtained on solutions of varying con
centration containing a constant concentration of 
NaCl. This varied between zero and 3 M. The values 
of dn/dc for TSA in pure water had been obtained 
earlier.4

A small, but finite, excess depolarization, p „ ,  was 
observed for these solutions of TSA. The dependence 
of pu upon TSA concentration is presented in Figure 
1 for several NaCl concentrations. The excess de
polarization is defined as the ratio of the excess hori
zontally polarized scattered intensity at 90° to the ex
cess vertically polarized intensity with an unpolarized 
incident beam. It appeal's that there is little, if any, 
effect of the NaCl concentration of p u. The observed 
Ar values at various concentrations of TSA were cor
rected by multiplying by the Cabannes’ factor [(6 — 
7pu)/(6  +  3pu)]. The correction factor varied be
tween 0.97 and 0.93 in the concentration range covered. 
The solutions were checked for fluorescence and none 
was found. Dissymmetries of scattering were meas
ured on some solutions and always found to be very close 
to unity.

Figure 1. The excess depolarization, pu, vs. concentration, 
c, of TSA in water and sodium chloride solutions.

Figure 2. He/At v s . c curves for TSA in NaCl solutions.
The arrow indicates the value of the ordinate corresponding 
to the reciprocal of the formula weight of TSA.

The values of 7/c/Ar are plotted in Figure 2 for both 
wavelengths used (X0 436 and 546 rrip) and for 
several concentrations of NaCl (0.02, 0.2, 0.3, 1.0, 
and 3.0 M). It should be noted that because of the 
high concentrations of TSA in these experiments, H 
is not constant, but varies with concentration.4

The detailed results are presented in Table I. The 
second and third columns list the refractive index in
crements at each of the NaCl concentrations. The 
He/A r  data are linear over the TSA concentrations 
given in the fourth column of Table I, and the slopes 
over these linear ranges as determined by the method
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Table I: Light Scattering Results for Solution of TSA in Various Concentrations of NaCl

Concn of Range
NaCl, ✓------------ dn/dc, ml/g-------------. of CTSA,

M 436 m̂ i 546 m/i g/ml

h 2o 0.1066 0.1005 0.174-0.746
0.02 0.1066 0.1005 0.172-0.486
0.10 0.1066 0.1005 0.163-0.778
0.20 0.1064 0.1000 0.169-0.518
0.30 0.1064 0.1000 0.0912-0.811
0.50 0.1056 0.0988 0.0726-0.753
1.0 0.1046 0.0972 0.140-0.758
3.0 0.0968 0.0909 0.0702-0.511

° These intercepts were obtained by graphical extrapolation of 
ing slopes at infinite dilution of the curves of Figure 2.

B X 10s,
Slope (He/At)c_o «■fit MtSa ml mole
X 103 X 10s X 10s X 1CS g " 2

1.85
1.68 0.34“

0.053
0.036 2.9 10. o6

1.93 0.34“ 0.092 2.9 4.06
1.62 0.34“ 0.035 2.9 1 .2b
1.71 0.359 0.024 2.79 0.86
1,27 0.356 0.034 2.81 0.64
0.80 0.351 0.025 2.86 0.40
0.12 0.346 0.012 2.89 0.060

curves of Figure 2. 6 These values were obtained from the limit-

of least squares are given in the fifth column. The 
next column gives the value of He/A t  at infinite dilu
tion. For NaCl concentrations equal to or greater 
than 0.3 M  NaCl, these limiting values were obtained 
from the least-squares expressions. At lower salt con
centrations, for which the curves bend downward at 
high TSA dilutions, the limiting values of He/A t  were 
obtained by graphical extrapolation. The standard 
deviations between the least-squares-fitted values of 
He/A t  over the linear range and the experimental 
values are listed in column seven.

The Debye expression for two-component systems at 
low concentrations

He
At

— +  2 Be M (3)

where M  is the molecular weight and B is the second 
virial coefficient, can be used to express these results 
at sufficiently low concentrations, even though it is not 
generally valid for three-component systems. The 
values of M  listed in Table I were obtained directly 
from the tabulated values of He/A t  at infinite dilution. 
For 0.3 M  NaCl and higher concentrations, B was ob
tained from the least-squares expressions. At lower 
NaCl concentrations, B was obtained from the limiting 
tangents to the curve. Obviously, considerable error 
is involved in this latter procedure. When the He/A t  

values for TSA solution in water reported earlier4 are 
corrected for depolarization, as measured in this work, 
they fall within 3% of the corresponding values in 
this paper.

The activities of water, as measured by the vapor 
pressure osmometer, were also subjected to a least- 
squares analysis. Table II contains the polynomial 
expressions which best fit the data at each NaCl con
centration and the standard deviations. The maxi
mum concentration of TSA that could be attained for

Figure 3. Activity of water, oi, vs. c curves in TSA solutions 
containing NaCl. VPO refers to the vapor pressure osmometer 
measurements, and isopiestic points are taken from ref 2.

each NaCl concentration is also listed. In Figure 3, 
these smoothed values of the activity of water are 
plotted vs. c for each constant concentration of NaCl. 
In addition to the least-squares criterion, the first 
term of each equation listed in Table II was chosen to 
within at least 0.0002 of the known activity of water 
in aqueous NaCl solutions as given by Robinson and 
Stokes.16 As shown in Figure 3, the results in pure 
water obtained by us with the vapor pressure osmom
eter agree closely with the isopiestic measurements 
performed by Professor S. Y. Tyree and reported by us 
earlier,4 except at lower concentration where the latter 
would be expected to be less accurate.

Discussion
The most striking feature of these results is the large 

increase in turbidity of the TSA solution, or the large 
decrease in He/A t ,  with added NaCl. This parallels
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Table II. The Least-Squares Equations of Activity of Water, aw, as a Function of TSA Concentration, e, the Standard 
Deviations of the Fit, and the Maximum Concentrations of TSA in the Vapor Pressure Experiments

Concn of 
NaCl,
M

h 2o aw — 1 • 0000 -  0.0224c
0.1 aw = 0.9966 -  0.0265c
0.3 aw ~ 0.9897 -  0.0317c
0.5 aw =  0.9834 -  0.0342c
0.8 aw =  0.9731 -  0.0390c
1.0 aw — 0.9660 -  0.0450c

-  0.0099c2 -  0.0040c3 -  0.0008c4
-  0.0087c2 -  0.0034c3 
+  0.0059c2 -  0.0195c3
-  0.0092c2
-  0.0076c2

Max
concn,

Std dev g/ml

5 .6  X  1 0 -4 1.131
1 .5  X  1 0 -4 1 .0 00
2 . 9  X  10 -4 0 .7 8 5
1 .2  X  I O " 4 0 .5 8 4
0 .3 8  X  IO“ 4 0 .3 6 4
3 . 4  X  1 0 -4 0 .2 0 0

the result found earlier for both 12-tungstophosphoric 
and 9-tungstophosphoric acids16 and is qualitatively 
similar to effects noted for many charged colloids and 
macroions.6-8

As can be seen from Figure 2, the values of He/ At 
converge to a common intercept whose reciprocal 
(see Table I) agrees very closely with the monomeric 
formula weight of 2879 for H4SÌW12O40. This indicates 
the absence of small-ion binding to the TSA up to 
concentrations of 3.0 M NaCl and the existence of 
monomeric tungstosilicate anions in these solutions. 
The curvature of He/A t  v s . c  for the lower range of NaCl 
concentrations (<0.3 M) makes it impossible to de
termine the molecular weight by the usual linear ex
trapolation from the region of higher TSA concentra
tion. However, at sufficiently low concentrations of 
TSA, the Debye expression, eq 3, does represent these 
data.

The values of the second virial coefficient, B (Table 
I) obtained from the limiting slopes at high dilution, 
reflect the strong interactions that exist in TSA solu
tions even in the presence of a relatively large amount of 
added electrolyte. Normally, for charged colloids 
and macroions, the interaction effects are greatly 
suppressed, or completely eliminated, at an ionic 
strength of about 0.1 M. In the case of TSA, even in 
the presence of 1.0 M  NaCl, B has a value typical of 
nonionic polymers in good solvents, and in 3.0 M NaCl, 
B still has a finite positive value. Our value of B in 
0.3 M NaCl is close to that (0.61 X 10-3) determined 
by Kronman and Timasheff at this concentration of 
supporting electrolyte.17 Their measurements were 
restricted to the limited range, c <  0.1 g/ml. (The 
above value of B has been obtained from Figure 2 in 
Kronman and Timasheff’s paper which we found to 
have a slope of 1.22 X 10-3. These authors have 
erroneously reported this to be 1.22 X 10-2.)

We have attempted, unsuccessfully, to determine the 
activity of the TSA in these solutions from the values 
of the activity of the water. With this information, 
it would have been possible to correlate the activity

data from the vapor pressure measurements with the 
turbidity obtained from light scattering. The pro
cedure described by McKay and Perring18 for the 
calculation of the activity coefficients of mixed aqueous 
electrolyte solutions from vapor pressure data appeared 
promising. This, in turn, required a knowledge of the 
activity of TSA in pure water which could be obtained, 
in principle, from the vapor pressure data for the binary 
solutions in the absence of NaCl.

As is so often the case,15 particularly for polyvalent 
electrolytes, the accurate integration of the Gibbs- 
Duhem equation proved to be a stumbling block. 
A new technique for graphical integration proposed by 
Lakhanpahl and Conway19 at first appeared to offer 
some promise of success, particularly since we were 
able to calculate the activity coefficients of sulfuric 
acid up to concentrations of 0.5 M  by this method 
from the isopiestic water activities.20 The results 
agreed with those derived from emf measurements21 
to within 2%. Unfortunately, even this treatment 
broke down for the TSA data. The distance C in 
Figure 2 of ref 17 becomes very large. Even an ap
proximate estimate of its value was impossible because 
the area A in the same figure changes only slightly for 
large variations in C. It now appears that much more 
accurate vapor pressure data are needed, and even 
more importantly, these must be measured at much 
lower concentrations than appears feasible either by 
the technique we have used or by the isopiestic tech
nique.22

(16) E . M a tije v ic  and M . K erk er, J. A m . Chem. Soc., 81 , 5280 
(1959).
(17) M . J. K ronm an and S. N . T im asheff, J. P hys. Chem ., 63 , 629
(1 9 5 9 ) .
(18) H . A . C . M cK a y  and J. K . Perring, Trans. F araday Soc., 49 , 
163 (1953).
(19) M . L . L akhanpal and B . E . C on w ay , Can. J. Chem., 38 , 199
(1 9 6 0 ) .
(20) H . Sheffer, A . A . Janis, an d  J. B . F erguson, Can. J. R es., B 17, 
336 (1939).
(21) R . A . R ob in son , Trans. Faraday Soc., 35 , 1229 (1939).
(22) W e are grateful t o  P rofessor R . H . Stokes for  useful d iscussion 
on th is  poin t.

The Journal o f  Physical Chemistry



C o r r e l a t i o n  o f  T u r b i d i t y  a n d  A c t i v i t y  D a t a 2839

There is still a possibility of utilizing the light scatter
ing data and the vapor pressure data in order to de
termine the activity of the TSA in the presence of 
NaCl. The point of departure is the expression for the 
turbidity of a three-component system in the form 
given by Stigter23

A r

U'
m2~{ t 2 +
Pi L (àpi/òrrii) T,p,na

(4)

where

32ir3n2RT
3AaX04

(5)

We choose component 1 as NaCl, component 2 as 
TSA, and component 3 as water. This is done because 
the vapor pressure data enable us to identify the con
ditions corresponding to constant value of the chemical 
potential of component 3, p?, (constant vapor pressure 
of water). The other quantities are

=  number of molecules of component i per unit 
volume of NaCl

P i =  number of molecules of component i per unit 
volume of solution

The second term in the square bracket of eq 4 is likely 
to be sufficiently small so that it may be neglected. 
Then, it should be possible to evaluate (bpJbm.^T,Vtm 
from the turbidity and refractive index data while 
utilizing the vapor pressure data to determine the con
dition of constant p3. Integration of this derivative 
with respect to TSA concentration would then lead to 
the activity of TSA. This would be with respect to 
the rather unconventional standard state of an in
finitely dilute solution of TSA in NaCl rather than in

water, so that such activities would differ from the con
ventional one by a constant factor.

However, once again, these attempts to determine 
the activity of the TSA were frustrated by the lack of 
sufficient data. It turns out that considerably more 
accurate measurements than are presently feasible 
are required, particularly at low concentrations of TSA.

Finally, a word of comment on the observed depolari
zation of TSA (Figure 1) is offered. Although this 
is small (0.02-0.04), we are quite confident that it is 
a real effect rather than an experimental error. The 
accuracy of our experimental setup for depolari
zation measurements was recently carefully checked 
on pure liquids11 and polymer latexes.12 In addition, 
we have obtained experimental values as low as 0.005 
for the depolarization at high dilution of Ludox SM 
silica sol. Such a result could not have been obtained 
if the low-intensity measurements of the cross-com
ponent (horizontally polarized component) were spuri
ous.

Since X-ray analysis24 25 and hydrodynamic studies26 27’28 29 
have demonstrated that TSA is approximately spheri
cal with a diameter of about 11 A, the observed de
polarization indicates an intrinsic structural anisotropy 
of the ion. In the case of 9-tungstophosphoric acid, 
the observed depolarizations were much higher (about 
0.09 at high dilution and 0.15 at a concentration of 
1 g/ml at 436 mp), in accordance with the suggested 
dumbbell dimeric structure of 9-tungstophosphoric 
acid.27,28 Similar depolarization values have also 
been obtained for other electrolytes.28’30

(23) D . Stigter, J . P hys. Chem ., 64, 842 (1960).
(24) H . A . L e v y , P . A . A gron , and M . D . D an ford , J . Chem. P hys., 
30 , 1486 (1959).
(25 ) M . C . B aker, P . A . L yon s , and S. J. S inger, J. A m . Chem. Soc., 
77 , 2011 (1955).
(26) T . K u ru csev , A . M . Sargeson, an d  B . O . W est, J. P h ys. Chem., 
61 , 1567 (1957).
(27) A . F . W ells, “ S tru ctural Inorgan ic C h em istry ,”  O x ford  U ni
versity  Press, N ew  Y o rk , N . Y .,  1962.
(28) M . K erker, D . L ee, an d  A . C h ou , J . A m . Chem. Soc., 80 , 1539 
(1958).
(29) K . H ogrebe, P hysik . Z ., 39 , 23 (1938).
(30) C . Sm art and B . A . P eth ica , Trans. F araday Soc., in  press.
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The Obstruction Effect in the Self-Diffusion Coefficients of Sodium 

and Cesium in Agar Gels

by A . Laird S la d e ,1 Adrien E . C rem ers,2 and H enry C . Thom as

Departm ent o f  C hem istry , U niversity o f  N orth Carolina, Chapel H ill, N orth Carolina  
(.Received February 11/, 1966)

Self-diffusion coefficients for sodium and cesium in agar gels, prepared from solutions of 
the chlorides, have been determined at several salt concentrations up to 0.25 M  for two 
temperatures, 10 and 25°, in gels up to 4 wt %  agar. The effect of the agar is entirely 
accounted for by the obstruction effect: the “ formation factor”  is found to be independent 
of the nature of the ion, of its concentration, and of the temperature, but to vary linearly 
with agar content. Diffusion coefficients for pure aqueous solutions are obtained by the 
corresponding extrapolation. At 0.001 M  these agree within experimental error with the 
limiting law for tracer diffusion.

In earlier papers3-5 descriptions have been given of 
the method used here to follow the diffusion of isotopi- 
cally labeled ions in gels carrying a uniform bulk con
centration of a salt of that ion. We now report dif
fusion coefficients for agar gels prepared with solutions 
of sodium and cesium chlorides. The measurements 
encompass gels of several agar contents, in equilibrium 
with solutions of a variety of concentrations, at two 
temperatures. On the basis of these experiments we 
try to answer the question: to what extent can the 
effect of the macromolecules in the gel be described 
merely as mechanical obstructions in the path of the 
diffusing ions. We show that this description is ade
quate for the ions studied over a range of agar content 
up to 4 wt % , within the experimental uncertainty 
of about 1% of our diffusion coefficients. The ap
propriate extrapolation to zero agar content gives the 
diffusion coefficients for pure aqueous solutions. Con
firmatory evidence is supplied by measurements of the 
conductance of some of the gels and of their equi
librium solutions.

If macromolecules in a gel or suspension act merely 
to lengthen the path of the diffusion, the effect will be 
described by a “ formation factor,”  F, constant for a 
given content of macromolecule, that is, independent 
of solute character, concentration, and temperature. 
If the path lengthening relative to pure aqueous solu
tion is y/F, then, if D0 is the diffusion coefficient for 
the surrounding solution, we have the relationship

d2c D0 d2c dc
°à(xy/F)2 4 F àx àt

We here report cases in which F is found to be such a 
constant.

Experim ental Section

The technique of the diffusion experiment has been 
described in some detail.5 In brief, the residue of 
tracer in a short rod of gel is measured as a function 
of time, while diffusion from the gel through a thin 
confining membrane into an “ infinite”  bath of the equi
librium solution is going on. A single determination 
of a diffusion coefficient is based upon perhaps a hundred 
observations over a period of some hours. The course 
of the drop in activity of the gel is accurately described 
by a two-parameter solution of the boundary value 
problem for the experimental arrangement. One of 
these parameters is the diffusion coefficient we seek, 
and the other is a measure of the thickness of the con

(1 ) T h e  m ateria l o f  th is p ap er is taken  in  largest part from  th e  d is
sertation  presented b y  A . L . S . t o  th e  F a cu lty  o f the G rad u ate  S ch o o l 
o f  the  U n iversity  o f N o rth  C aro lin a  in  partia l fu lfillm ent o f  the  
requirem ents for  the  degree o f  D o c to r  o f  P h ilosop h y , 1964.
(2 ) V isiting F e llow ; R esearch  F e llow  o f  th e  “ F on d s N a tion a l d e  la  
R ech erch e  Scien tifique,”  B elg ium , C a th o lic  U n iversity  o f L o u v a in .
(3 ) H . C . T h om as, P roc. N atl. Acad. Sci. U . S ., 4 2 , 909 (1 956 ).
(4 ) T . F u jii and H . C . T h om as, J. P h ys. Chem., 6 2 , 1566 (1958).
(5 ) G . F . A llen , H . Schurig , L . S lade, an d  H . C . T h om a s, ibid., 6 7 , 
1402 (1963).
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fining membrane, which is only of incidental interest 
here. A considerable number of experiments using 
different kinds and thicknesses of cellophane mem
branes has further demonstrated that the value of the 
diffusion coefficient so found is independent of mem
brane thickness. Since this point is fundamental to 
the experiment, the evidence for it is given in Table I, 
which also shows the precision attainable in D, about 
1%.

Confining membranes used are various forms of 
unwater proofed cellophane, kindly given to us by the 
Du Pont Co., and here denoted by the manufacturer’s 
symbols. The wet thicknesses (b, mm) of these 
materials are approximately as follows: experimental,

Table I : Self-Diffusion Coefficients with 
Various Confining Membranes“

D  X 106, {,
Membrane cm2/sec cm 10V

Experimental 1.227 0.0084 1.7
1.221 0.0087 1.5
1.231 0.0068 1.3
1.207 0.0081 1.7

1.222 ±  0.008

300 PUD 1.222 0.0166 1.4
1.215 0.0168 1.3
1.238 0.0161 1.4
1.242 0.0168 1.4
1.227 0.0154

1.229 ±  0.009

300 NR 1.206 0.0130 1.4
1.212 0.0118 1.5

1.209

300 GF 1.204 0.0132 1.6
1.212 0.0131 1.6

1.208
Av (13) 1.220 ± 0 .0 1 0

“ Conditions: 0.0100 M  NaCl; 2% agar; 25°.

0.024 ; 300-PUD, 0.053; 300-NR, 0.050; 300-GF, 
0.125. These numbers are given merely as an indi
cation that the materials were in fact of different thick
nesses; the thickness parameter, £, significant to our 
experiment, depends on b through the relation

Dmcm

in which D and Dm are the diffusion coefficients in the 
confined gel and in the confining membrane for the cor

responding salt concentrations c and cm. Since the 
computation treats £ as an adjustable parameter in a 
least-squares procedure, we do not need individual 
values for b, Dm, or cm.

The fourth column of Table I gives the root-mean- 
square deviations for the observed values of (count at 
time i)/  (initial count) from those computed for the 
least-square “ best”  values of D and £, namely, those 
given in the table. (The details of these computations 
are described by Allen, et al,5) Counting statistics 
at about half-time correspond to 103<r = 3.

A total of 79 diffusion runs was made for gels con
taining 1-4 wt %  agar with 0.01 and 0.05 M  NaCl 
using the four types of cellophane. The results given 
in Table I are typical.

In all of our work the gels were from a single prepara
tion of agar, Purified Agar, Difco Certified, Control 
No. 437,277.6 An appropriate quantity was placed in 
a 10-ml volumetric flask to which was added exactly 
5 ml of a solution of twice the salt concentration de
sired together with the necessary amount of carrier- 
free tracer (Na22 or Cs134). After dilution to the mark 
the mixture was slowly warmed and gently stirred. 
When clear and homogeneous the gel was transferred 
to ten or twelve small test tubes and tightly stoppered. 
These portions were used in separate diffusion runs. 
Most gels were used within 1 week of preparation; none 
was allowed to stand more than 1 month. The details 
of filling the cell have been described.6 The reproduci
bility of the preparation of these gels, insofar as self
diffusion in them is concerned, is indicated by the 
following results for three different preparations on 
each of which three or four diffusion runs were made. 
(These gels all contained 1% agar with 0.01 M  NaCl.)

'------------------D X 105, cm2/sec----- Av

A 1.239 1.245 1.246 1.242
B 1.253 1.249 1.244 1.248
C 1.248 1.240 1.252 1.249 1.247

Av (10) 1.246; max dev 0.007; av dev 0.004 

R esults

In Tables II and III are given the averages of the 
values found for the self-diffusion coefficients of so
dium and cesium under the various conditions with the 
mean deviations between independent runs, the num
ber of these being given in parentheses.

To be able to make a comparison with a somewhat 
different transport phenomenon, the conductances of 
two series of agar gels and of the solutions from which 
they were prepared have been measured. These gels

(6) From Difco Laboratories, Inc., Detroit, Mich.
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Table II : Self-Diffusion Coefficients of Sodium in Agar Gels with NaCl Solutions

%
a„ar ,--------------------------------------------------------------------- D X 10', cmVsec-

10°

1
2
3
4

.----- 0 .001  M ------.

0.859 ±  0.006 (4) 
0.837 ± 0 . 0 1 0  (4) 
0 .8 10  ±  0.006 (3) 
0.790 ±  0.004 (3)

--------0 .0 1  M ------- -
0.859 ±  0.002 (3) 
0.840 ±  0.009 (3) 
0 .8 16  ±  0.003 (3) 
0.800 ±  0.004 (5)

.------- 0 .05  M ------- .
0.866 ±  0.002 (3) 
0.848 ±  0.005 (2) 
0 .8 19  ± 0 . 0 0 4  (3) 
0 .802 ±  0.002 (3)

------ 0 .001  M ----- s — — 0 .0 1  M ------- - -------- 0 .05  M ------- .

1 1 .2 8 2  ±  0.004 (4) 1 .2 4 7  ±  0.004 (15) 1 .2 4 7  ±  0.006 (7)
2 1 .2 2 9  ±  0 .0 13  (5) 1 .2 2 0  ±  0 .0 1 0 ( 1 3 ) 1 . 2 1 9  ±  0.004 (9)

3 1 . 1 9 3  ±  0.006 (4) 1 . 1 8 3  ±  0.007 (12) 1 . 1 8 3  ±  0 .0 1 2  (7)
4 1 . 1 4 3  ±  0.003 (3) 1 . 1 5 8  ±  0.008 (8) 1 . 1 5 0  ±  0.008 (8)

--------0 . 1  M -------, — — 0 .2 5  M ------- <

1 1 .2 8 0  ±  0.006 (3) 1 . 3 1 5  ±  0 .006(5)
2 1 .2 6 7  ±  0 .004(3) 1 .2 8 8  ±  0.005 (3)
3 1 .2 4 5  ±  0.002 (3) 1 .2 5 4  ±  0.006 (3)
4 1 .2 3 4  ±  0.004 (2)

Table III: Self-Diffusion Coefficients of Cesium — —? -J-
in Agar Gels with CsCl * F

%
agar ,------ -—-------------------D X 10s, cm'/sec-

,----------------------------10°--------

0.5
1
2.5
4

0.001 M

1.379 ±  0.013(3) 
1.342 ±  0.019(3) 
1.293 ±  0.012(3)

0.05 M
1.420 ±  0.009(2) 
1.398 ±  0.012(3) 
1.344 ±  0.004(4) 
1.297 ±  0.001(4)

0.5 1.989 ± 0 .011  (2)
1 1.968 ±  0.020(5) 2.014 ±  0.018(3)
2.5 1.919 ±  0.024(5) 1.927 ±  0.003(4)
4 1.851 ±  0.003(4) 1.862 ±  0.009(3)

contained either 3 or 4%  agar with no and approxi
mately 0.01, 0.02, 0.03, 0.05, and 0.1 M  NaCl. The 
measurements were made at 1000 cps using a Hewlett- 
Packard wide-range oscillator, a Leeds and Northrup 
shielded ratio box, air capacitor, and a Leeds and 
Northrup No. 4755 AC resistance box in conjunction 
with a tuned amplifier-detector of l-¿u sensitivity. A 
Leeds and Northrup dipping conductance cell was 
slowly immersed in the freshly prepared, molten gel 
and brought to 25° for measurement. The results 
are shown in Figure 1 as relations between K s — K e 
and Ks, conductivities of solution and gel, respectively. 
These are accurately straight lines and correspond to 
constant formation factors according to the relation

which may be taken as a definition of an excess conduct
ance, AK, for a heterogeneous system, in terms of a 
constant F. The constancy of F for a given agar con
tent must be verified to make this definition meaning
ful. This is done in the plots of Figure 1, which cor
respond to the relation

K s - K e =  ^ ~ F ^ ) K s ~  ^

The slopes of the lines measure F and the intercepts 
give AK  for the two gels studied.

Over the range of agar content studied, the observed 
diffusion coefficients vary linearly with the weight 
fraction of agar. The accuracy of this linearity seems 
to be well established. For twelve such lines, involving 
45 values of D (determined by a total of 189 runs), 
three values of D deviate from the lines by about 1%, 
two by about 0.5%, and the remainder by less than 
0.5%, with an average deviation of 0.25%. Table IV 
gives the constants D0 and a for these lines; D -  D0 — 
aw. Inspection of this table discloses the fact that all 
of the results, regardless of nature of ion or of the other 
conditions of the experiment, can be expressed by the 
relation

D(t,c,w) 
D0(t,c) =  1 -  0.023u>
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Figure 1. Deviation plot: conductivity of gel as a 
function of the conductivity of the equilibrium solution 
(mmhos/cm): •, 3% agar; O, 4% agar.

in which w is the weight per cent of agar. The average 
discrepancy is considerably less than 1%.

Table IV : Dependence of Diffusion Coefficient 
on Agar Content

D = Do(t,c) — aw

M Do X  10«
100a/D o  
X  106

0.001
NaCl, 10° 

0.887 2.8
0.01 0.878 2.1
0.05 0.889 2.5

0.001
NaCl, 25° 

1.321 3.4
0.01 1.277 2.3
0.05 1.282 2.6
0.1 1.305 1.6
0.25 1.342 2.1

0.001
CsCl, 10° 

1.410 2.0
0.05 1.434 2.4

0.001
CsCl, 25° 

2.012 2.0
0.05 2.036 2.1

D iscussion

As is above experimentally demonstrated, the self- 
diffusion coefficients of two alkali ions in agar gels, 
in equilibrium with chloride solutions, are determined, 
insofar as changes in agar content are concerned, en

tirely by effects ascribable to the “ geometry”  of the 
gel. The obstruction effect of the gel, as measured by 
the formation factor, is independent of solution con
centration, of temperature, and of the nature of the 
diffusing ion. Our diffusion experiments give

F =
1

I -  0.023te
1 -)- 0.023ii>

The two series of conductance measurements give 

F =  1 +  0.025ry

in essentially exact agreement.
The study of transport through heterogeneous ma

terials has a long history, dating back at least to 
Poisson (1826). For dense suspensions, even of 
particles of known shapes, sizes, and arrangement, 
the mathematical treatment and the results thereby 
obtained are very complex and of uncertain validity. 
For dilute suspensions of discrete and impervious 
particles it is seen7,8 that the formation factor is given 
in terms of the porosity, 0, the volume fraction of sol
vent, by

4>
in which k depends only on the shapes— and not the 
sizes— of the suspended particles. For an aggregation 
of spheres, k = 3/ 2; for long needles of circular cross 
section, randomly oriented, k =  6/ 3. Thus the forma
tion factor is not very sensitive to the geometry of the 
suspended material for these dilute systems. If we 
suppose that the density of agar in a gel is about that 
of sucrose (1.5), and if the gel were a loose mass of 
needles, we should find F = 1 +  0.01 lie. In a certain 
sense a real agar gel is about twice as effective in ob
structing the motion of ions as this collection of needles.

Insofar as our results can show for the two alkali 
ions studied, if there is any specific binding between 
the matrix and the ion, it must be quite small and nearly 
the same for sodium and cesium.

The nature of F as established by our experiments 
seems to justify identifying the quantity we have 
called D0(t,c), Table IV, with the self-diffusion coef
ficients for pure aqueous solutions. Although certainly 
our results are inadequate for a test of the limiting 
concentration dependence of these quantities, they 
do give an idea as to the region of concentration in 
which significant departures from this law occur. In

(7 ) H . F ricke, P h ys. Rev., 24 , 575 (1924).
(8 ) F o r  an excellen t review , especia lly  o f  recent w ork , see R . E . 
M ered ith  and  C . W . T ob ia s , Advan. Electrochem . Electrochem. E ng., 
2 , 15 (1962).
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Figure 2. Self-diffusion coefficients of sodium and cesium 
in solutions of the chlorides: A, Cs at 25°; A, Cs at 
10°; •, N aat25°; O, N a a tl0 ° ; I, Wang and Miller.11

Figure 2 are given lines for D(t,c) computed from the 
relation9

d- d , { i -  ^ 5 ^ ( 1  -  V m ) ^

where

d(u) =  (1 +  2fci°)/4

and where e is the dielectric constant of the solvent, 
and tci° the limiting transference number of the 
chloride ion. We use limiting conductances and trans
ference numbers given by Harned and Owen10 to com
pute the values of X°. The agreement with the limiting 
law is essentially perfect in the four cases at 0.001 M; 
deviations of several per cent appear at 0.05 Ilf. For 
purposes of comparison the data of Wang and Miller11 
for sodium at 25° are included. When activation 
energies are calculated from the D(t,c,0) at c = 0.001 M, 
our values for sodium and cesium lie 120 and 140 
cal below those given by the limiting law, an un
doubtedly insignificant difference. The results for 
sodium do show a possibly real decrease in activation 
energy with increasing concentration, some 350 cal 
between 0.001 and 0.05 M .

It will be of interest to extend this work to cases 
in which specific ion binding is to be found, as pre
liminary experiments indicate to be the case for cobalt 
and agar.
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(9 ) R . A . R ob in son  an d  R . H . Stokes, “ E lectro ly te  S o lu tio n s ,”  
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Hexahalide 4f group complexes can be prepared in aprotic solvents such as nitriles and in 
triphenylphosphonium and pyridinium salts. The internal transitions in the partly filled 
4f shell correspond to absorption bands much weaker than for the corresponding aqua ions 
(except the hypersenitive pseudoquadrupolar transitions) and show the vibrational 
structure characteristic for octahedral complexes with a center of inversion. The nephel- 
auxetic effect is much stronger than for the same central ions in LaCU but not as pro
nounced as for the oxides. The electron-transfer spectra observed in Ce(IV), Sm(III), 
Eu(III), Tm(III), and Yb(III) hexahalides are discussed; the apparent optical electro
negativities are somewhat higher than for the analogous halide complexes in ethanolic 
solution. The 4f ->■ 5d transitions observed in Ce(III) hexahalides show that the sub
shell energy difference A is larger than 15 kK. The similar transitions in Tb(III) hexa
halides seem to involve a spin-forbidden absorption band at relatively low wavenumber 
and indicate slightly smaller exchange integrals K {4f, 5d) than in the isoelectronic Gd+2 3 4 5.

Introduction
The octahedral symmetry of hexahalides M X 6+z-e 

allow many group-theoretical arguments to be applied 
to the energy levels. In particular, the excited levels 
of the detailed electron-transfer spectra have been 
classified, using inductive MO theory, in a large number 
of 4d and 5d group complexes.2-4 Because of chemical 
problems, the study of the hexahalides of the other 
transition groups is far more difficult. Thus, the 5f 
group hexahalides cannot normally be studied in aqueous 
solution. However, using anhydrous acetonitrile CH3- 
CN as solvent, we obtained the absorption spectra of 
various U(IV), Np(IY), and Pu (IV) hexahalides and 
identified internal transitions in the partly filled 5f 
shell, 5f 6d transitions, and electron transfer ir -> 
5f.6 7 Similar techniques allow the study of CeCl6-2 
and the much less stable CeBre-2. The situation is 
even more difficult in the case of trivalent lanthanides.

Until recently, many scientists believed that 6 is a 
common coordination number N for lanthanides. 
Actually, N =  8, 9, 10, or even 12 seems to be far more 
typical.6 For instance, hexanitrates such as U (N 03)6-2 
or P u (N 0 3)6-2 (ref 7) may not necessarily have N =

6 but may contain bidentate nitrate groups. Thus, 
the crystal structure8 of [Mg(H20 )6]3[Ce(N0s)6]2-6H20  
confirmed Judd’s spectroscopic prediction9 10 of somewhat 
distorted, icosahedral groups Ce(NO?)6-3 with N =  12. 
X-Ray diffraction studies of aqueous solutions of Ce- 
(N 03)6-2 (ref 10) seem to show N = 12. As seen in the 
Experimental Section, the organic cation P(C6H5)3H +

(1 ) T h e  w ork  d on e  at th is la b ora tory  w as p erform ed  un der C on tra ct 
N o . A T (4 5 -1 )-1 8 3 0  fo r  th e  U . S. A to m ic  E n e rg y  C om m ission .
(2 ) C . K . J0rgensen, M ol. P h ys., 2 , 309 (1959).
(3 ) C . K . Jorgensen, A cta  Chem. Scand., 17, 1034 (1963).
(4 ) C . K . J0rgensen and  K . S chw och au , Z . N aturforsch ., 20a , 65 
(1965).
(5 ) J. L . R y a n  an d  C . K . J0rgensen, M o l. P h ys ., 7 , 17 (1963).
(6 ) C . K . J0rgensen, “ In organ ic  C om p lexes ,”  A ca d em ic  P ress In c ., 
L o n d o n ,1963.
(7 ) W . E . K ed er, J. L . R y a n , an d  A . S. W ilson , J . Inorg . N ucl. Chem ., 
20 , 131 (1961).
(8 ) A . Za lk in , J. D . Forrester, and  D . H . T em p le ton , J . Chem . P h y s ., 
39 , 2881 (1963).
(9 ) B . R . Ju dd , P roc . R oy . Soc. (L o n d o n ), A 241 , 122 (1957).
(10 ) R . D . Larsen and  G . H . B row n , J. P h ys. Chem ., 68 , 3060 
(1 964).
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(ref 11, 12) has once more shown its suitability for pre
cipitating salts of MC16~3 and MBr6“ 3, 2 under nearly 
anhydrous circumstances. However, the only appropri
ate solvent we have been able to find in which these salts 
are sufficiently soluble for spectral studies of the internal 
4f transitions is a mixture of acetonitrile and succino- 
nitrile. The reasons why halide complexes are so 
relatively much more stable in nitriles than, say in 
alcohols, may be connected with the slightly decreased 
internuclear distances M -X  suggested by the solvent 
shifts of the electron-transfer spectra of various 
MXs-2.8,18 From considerations of the ionic radii, 
one would expect M R-3 to be stereochemically more 
favorable. We have not been able to obtain spectra 
of such species. However, one should not despair; 
recently, salts of ThR-2 and UR-2 have been reported.14

Experimental Section
Preparation of Compounds. Compounds [(CeHsR- 

PH]3MC16, where M is Ce, Pr, Nd, Sm, Gd, Dy, Ho, 
Er, Tm, and Yb, were prepared. These compounds 
were precipitated by mixing the rare earth chloride in 
HC1 saturated or nearly saturated ethanol with a small 
excess of (CgHsRPHCl in the same solvent. The com
pounds tended to supersaturate, and precipitation 
could be initiated by passing HC1 gas through the solu
tion or by seeding with a minute crystal of a salt of 
another of the lanthanides. The heaviest rare earths 
were the worst in this regard and precipitated very 
slowly even after seeding. The lighter rare earth 
salts tended to precipitate much more readily and 
usually precipitated as larger crystals. The light rare 
earth salts precipitated readily from hot solutions, 
but with the heavy rare earths it appeared necessary 
to cool the solutions unless the concentration of the re
actants was quite high. In order to obtain high 
yields the water concentration in the ethanol was kept 
as low as possible. With the light rare earths, the ox
ides were dissolved directly in absolute ethanol by 
addition of HC1 gas. The heavy rare earth oxides 
(above Eu) did not dissolve readily in hot HCl-ethanol. 
In these cases the oxides were dissolved in hot aqueous 
HC1 and taken to dryness on a hot plate. The residue 
was then dissolved in hot HC1 saturated ethanol. 
This procedure was also used with Pr which was ob
tained as the higher oxide Pr6On. All rare earth oxides 
were from either American Potash Rindsay Division 
or Michigan Chemical and were of 99.9% or greater 
purity. The Tb4C>7 used contains less than 0.005% 
lead (hence, the band observed for TbCkr3 at the same 
position as a much stronger band of PbCl4-2 cannot 
have this origin). Triphenylphosphonium chloride 
solutions were prepared by adding HC1 gas to Eastman

triphenylphosphine in absolute ethanol.
The salts were washed with HC1 saturated or nearly 

saturated absolute ethanol. If the salts are washed 
with pure ethanol, acetone, or similar solvents not con
taining HC1, decomposition occurs. The light rare 
earth salts can be readily recrystallized by dissolving 
them in hot ethanol followed by the addition of HC1 
gas. With the heavy rare earths (at least above 
Ho), this resulted in impure products containing less 
than stoichiometric amounts of triphenylphosphonium 
chloride. With these an excess of (C6H5)3PHC1 in 
solution is apparently necessary. The purpose of the 
large concentrations of HC1 in all the solutions is to 
react with water and ethanol to form oxonium ion 
and ethyloxonium ion and thereby markedly to de
crease the coordinating power of the water and ethanol 
and at the same time to increase chloride activity. 
The salts were dried with a heat lamp and were stored 
over anhydrous Mg(C104)2 as they appear to be some
what deliquescent with decomposition to MCI3 • oTRO.

Anal. Calcd for [(CeHsRPHRPrCle: C, 56.7; H,
4.24. Found: C, 55.8; H, 4.74.

Anal. Calcd for [(CeHsRPH^NdCk: Nd, 12.6;
C, 56.5; H, 4.23. Found: Nd, 12.6; C, 55.8; H,
4.25.

Anal. Calcd for [(C6H5)3PH]3SmCl6: Sm, 13.0.
Found: Sm, 13.0.

Anal. Calcd for [(C6H5)3PH ]3DyCl6: C, 55.7;
H, 4.16. Found: C, 57.0; H, 4.3.

Anal. Calcd for [(C6H6)3PH]3ErCl6: Er, 14.3;
C, 55.4; H, 4.15. Found: Er, 14.1; C, 55.6; H, 4.35.

Anal. Calcd for [(C6H5)3PH]3YbCl6: Yb, 14.7.
Found: Yb, 14.6.

The compounds (C5H5NH)3NdCl6 and (CsHsNHR- 
YbCle were prepared in the same manner as the tri
phenylphosphonium salts. The pyridine hydrochlo
ride solution in ethanol was prepared by adding HC1 
gas to CP pyridine in absolute ethanol. The com
pounds precipitate readily in good yield. The pyridin- 
ium salts, although easily prepared, are very deliques
cent and are therefore less useful than the triphenyl
phosphonium salts. Preparation of other pyridinium 
rare earth chlorides was not attempted, but they are 
undoubtedly easily prepared.

Anal. Calcd for (CsH6NH)3NdCl6: Nd, 24.1; Cl,
35.6. Found: Nd,24.2; Cl, 35.1.

(11) P . D a y  and L . V enanzi, p riva te  com m u n ica tion , and J . Chem . 
Soc., Sect. A , 197 (1966).
(12) C . K . J0rgënsen, A cta  Chem. Scand., 17, 251 (1963).
(13) C . K . J0rgensen, J. Inorg . N ucl. Chem., 24 , 1587 (1962).
(14) K . W . B agnall, D . B row n . P . J. Jones, and  J. G . H . D u preez , 
/ .  Chem. Soc., 350 (1965).
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Anal. Calcd for (C6H6NH)3YbCl6: Yb, 27.6.
Found: Yb, 27.9.

Attempts were made by two methods to prepare 
compounds of the type [^H s^N ^M C h where M is 
a trivalent rare earth. The first of these consisted of 
adding first ethanol and then acetone to a very con
centrated aqueous HC1 solution of the rare earth (Nd) 
and (C2HO4NCI as in the preparation of [(C2H5)4N]2- 
UBr6.6 This results in the precipitation of MC13 ■ *H20. 
The second method was that used in preparing the 
triphenylphosphonium and pyridinium salts. With 
Nd no precipitation occurred. With Er, using very 
concentrated reactants, some precipitate formed after 
initially cooling to —70° and then allowing the reaction 
mixture to stand at 25° for 18 hr. This material 
did not correspond to any simple stoichiometry but 
contained about 25% carbon. It is possible that this 
was a mixture of [(C2ID4N ]3 • ErCL and ErCl3 • zsolvate. 
No further attempt was made to resolve this situation.

The compounds [(C6H6)3PH]3MBr6- (C6H6)3PHBr 
were prepared where M was La, Pr, Nd, Sm, and Eu. 
The formula of the compound is shown as containing 
the MBr6~3 complexes rather than MBr7-4 because of 
the nature of the absorption spectra of the salts as 
discussed elsewhere in the paper and because the spec
trum of the Nd salt is essentially identical with that of 
(C5H5NH)3NdBr6. These salts were made in the same 
manner as the corresponding chloro salts. With the 
bromide systems, somewhat more care is necessary in 
the preparation than in the case of the chlorides since 
the solubilities of the reactants, MBr3-a;solvate and 
(CefLLPHBr, are much less in HBr saturated ethanol 
than their chloride analogs are in HC1 saturated 
ethanol. Because of this, there is a possibility of con
taminating the product with excess of one of the 
reactants. At first, this was thought to be the reason 
for the analysis indicating [(C6H5)3PH]3MBr6-(C6H5)3- 
PHBr instead of [(C6H5)3PH]3MBr6. The Nd com
pound was recrystallized up to three times by dissolving 
in hot ethanol and then adding HBr gas. It was also 
recrystallized from methanol and butanol in the 
same manner. In all cases the analysis corresponded 
exactly to [(C6H6)3PH]3NdBr6-(C6H6)3PHBr. The er
bium salt (and presumably other of the heavy rare 
earth salts) could not be prepared although the light 
rare earths were prepared easily in good yield. Several 
attempts to prepare the Er salt were made. Even 
though the Er solution was seeded with [(C6H5)3- 
PH]3EuBr6- (C6H5)sPHBr, no precipitate could be 
obtained other than the reactants (ErBrrxsolvate, 
(CeH6)3PHBr, or mixtures of these). The salts were 
somewhat deliquescent (the orange-yellow europium 
salt changes to white upon exposure to laboratory air

for several hours) and were stored over anhydrous
Mg(C104)2.

Anal. Calcd for [(C6H6)3PH]3PrBr6-(C6H6)3PHBr: 
C, 49.3. Found: C, 49.6.

Anal. Calcd for [ (C6H6) 3PH ]3NdBr6 • (C6H5) 3PHBr: 
Nd, 8.21; C, 49.2; H, 3.64; Br, 31.8. Found: Nd, 
8.18; C, 49.1; H,3.62; Br, 30.7.

Anal. Calcd for [ (C6H6) 3PH]3SmBr6 • (C6HS) 3PHBr: 
Sm, 8.53; C, 49.0; H, 3.66. Found: Sm, 8.55; C, 
48.1; H, 3.4.

Anal. Calcd for [(C6H6)3PH]3EuBr6- (C6H6)3PHBr: 
Eu, 8.61; C, 49.0; H, 3.66. Found: Eu, 8.92; C, 
48.9; H, 3.80.

The salt (CsH5NH)3NdBr6 was prepared in the same 
manner as the corresponding chloride salt. The same 
problem of moderately low solubility of the reactants 
in HBr saturated ethanol was encountered as in the 
preparation of the triphenylphosphonium lanthanide 
bromides. Although this salt precipitated readily 
in good yield, an attempt at preparation of the cor
responding Er salt was unsuccessful. (CelLNHL- 
NdBr6, like the corresponding chloride salt, was found 
to be very deliquescent.

Anal. Calcd for (C6H5NH)3NdBr6: Nd, 16.7; Br,
55.5. Found: Nd, 16.8; Br, 56.1.

Attempts at preparation of triphenylphosphonium 
rare earth iodides by methods similar to those used 
for the preparation of the chlorides and bromides were 
unsuccessful. The solubility of the reactants (M X 3- 
solvate and (CgHs^PHX) in H X  saturated ethanol 
decrease with increasing size of the halide, X . This 
becomes a minor problem with the bromides but is a 
major problem with the iodides. Also HI reacts with 
the ethanol rather rapidly.

All rare earth analyses were by spectrophotometry. 
Samples were all dissolved in constant-boiling hydro
chloric acid (the organic portion of triphenylphospho
nium salts is not appreciably soluble in dilute acid). 
Standards were prepared by dissolving the dried rare 
earth oxides in constant-boiling hydrochloric acid. 
Carbon and hydrogen analyses were performed with 
an F & M Co. chromatographic carbon, hydrogen, 
and nitrogen analyzer. Carbon and hydrogen analyses 
on several of the compounds were also performed by 
Schwarzkopf Microanalytical Laboratory, Woodside,
N. Y. The two sets of carbon and hydrogen numbers 
were in close agreement. Chloride and bromide 
analyses were by controlled-potential coulometric 
titration.16 The accuracy of halide analyses of the 
triphenylphosphonium salts is probably not so good as 
for the pyridinium salts since hydrolysis of triphenyl-

(15) L . R . D u ncan , unpublished an alytica l m eth od .
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phosphonium salts (dissolved initially in ethanol) in 
dilute acid produces insoluble triphenylphosphine.

[(C2H5)4N]2CeCl6 was prepared in the same manner 
as was the previously reported tetramethylammonium 
salt.16 Freshly prepared Ce(OH)4 was dissolved in 
cold (below 0°), concentrated HC1, and a solution of 
(C2H6)4NC1 in cold, concentrated HC1 was added im
mediately. The precipitate was washed with cold, 
concentrated HC1 and then acetone and dried. Molar 
extinction coefficients of CeCl6_2 in acetonitrile were 
obtained using this salt as a primary standard. Excess 
Cl-  was not required to maintain the CeCl6-2 complex 
in this solvent.

The CeBr«-2 complex can be obtained in aceto
nitrile or nitromethane by two methods. If a solution 
of CeBr6-3 (containing anhydrous HBr) is allowed to 
air oxidize or a small amount of Br2 is added, this Ce-
(IV) species forms slowly to a very small fraction of the 
total Ce. Since its charge-transfer band is well above 
(in wavelength) the absorption region of CeBr6-3 and 
its molar extinction coefficient is quite large, its spec
trum (above about 400 mfi) can be obtained in the pres
ence of a large excess of Ce(III). If a quaternary 
ammonium bromide and HBr are added to an aceto
nitrile or nitromethane solution of CeCl6“ 2, the Ce
d e " 2 is converted immediately to CeBr6-2 apparently 
because of the much weaker acidity of HC1 than 
HBr in these solvents. The CeBr6-2 in these solutions 
decomposes rather rapidly (half-time about 70 sec in 
nitromethane) at 25° but is much more stable at —30°. 
The molar extinction coefficient of CeBr6-2 was ob
tained from a solution prepared by adding a cold 
nitromethane solution of [(C2H5)4N]2CeCl6 to a frozen 
solution of tetrabutylammonium bromide and anhy
drous HBr in nitromethane at Dry Ice temperature. 
The mixture was warmed just enough to melt and was 
mixed and made up to volume at the freezing point 
of the solution (about —30°). The CeBr6~2 solution 
was kept frozen in a Dry Ice bath. An absorbance scan 
was obtained by barely melting this solution, pouring it 
into a 1.0-mm cell, and recording the absorbance at 
522 my. as a function of time. The absorbance was 
extrapolated back to the time the solution entered the 
thin cell and thus was warmed to room temperature 
(about 15 sec before the absorbance trace started in 
most runs). A correction was made for the expansion 
of the solution between the temperature at which it 
was prepared and 25°. Solid [(C2H6)4N]2CeCl6 can 
also be converted to [(C2H6)4N]2CeBr8 by passing a 
stream of anhydrous HBr over it at 25 to 100°. The 
time required for the reaction to go to completion has 
not been measured. The [(C2H6)4N]2CeBr6 is stable 
in dry air.

Spectrophotometric Measurements. Spectrophoto- 
metric measurements were made with a Cary Model 
14 recording spectrophotometer.

Absorption spectra of solids were obtained by pre
paring a thick paste of the crystalline salts in Kel-F 
brand chlorofluorocarbon grease and placing this 
between glass or fused-silica plates. The reference 
was CaC03 in Kel-F grease plus in some cases aqueous 
starch solution. The purpose of the reference mull 
is to flatten the base line by producing an equivalent 
wavelength dependence for the scatter. The absolute 
value of the base line is better controlled by neutral 
filters (wire screens) in the reference beam. Since the 
molar extinction coefficients are very low for the MX«-3 
internal 4f transitions, very thick mull samples were 
required. In the visible region, the Cary Model 
1471200 high-intensity source was used at full bright
ness and the spectra were run on the 1.0-2.0 absorb
ance scale with a reference about 1 absorbance unit 
less opaque than the sample to minimize slit width 
and give maximum resolution. Slit widths ran 
typically 0.04-0.15 mm over the visible region. 
Spectra of solids at liquid nitrogen temperature were 
obtained with a liquid helium dewar designed for use 
with the Cary Model 14. Both dewar compartments 
were filled with liquid nitrogen. The sample con
sisted of a typical mull in Kel-F grease as discussed 
above between thin strips of glass and sealed in 1-cm2 
fused-silica tubing so that the region around the sample 
could be evacuated without disruption of the mull. 
A special beam-condensing system was used in con
junction with the dewar, and slit widths of 0.02-
0. 15 mm were maintained. Scatter and base line 
appeared to be better than at 25° on the same sample.

In choosing a solvent tor spectrophotometric meas
urements of the salts of the M X 6~3 complexes in solu
tion two criteria are of importance. The solvent must 
be sufficiently noncomplexing so that the M X 6-3 
complex can be maintained in the solution and the salt 
must be sufficiently soluble to obtain useful spectra 
of the M X 6-3 complexes having internal 4f transitions 
(with the exception of hypersensitive transitions) 
with molar extinction coefficients generally less than
1. Acetonitrile6 and nitromethane17 have been 
shown to be satisfactory solvents for the 5f group 
M X 6~2 complexes but do not adequately meet the 
second criteria mentioned above. Liquid succino- 
nitrile has a dielectric constant of 56.5 at 57.4°, and 
the solid at 25.7° has a dielectric constant of 65.5.18

(16) C . K . Jurgensen, M ol. P hys., S , 271 (1962).
(17) J. L . R ya n , J. P hys. Chem., 65 , 1856 (1961).
(18) A . H . W h ite  and S. O . M orga n , J. Chem. P h ys ., 5 , 655 (1 937 ).
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Also the dielectric constant as a function of tempera
ture shows no discontinuity at the freezing point 
(54.5°).18 If it is assumed that the dielectric constants 
of these very similar solvents are additive, a mixed- 
nitrile solvent containing 85% succinonitrile and 15% 
acetonitrile would have a dielectric constant of about 
62 at 25°. This is a considerably higher dielectric 
constant than those for nitromethane or acetonitrile 
(~38). This mixture has been found to be a very 
effective noncomplexing solvent for salts such as 
Cs2UCl6, CS2UO2CI4, and [(CzHs^N^UCMSO^ which 
are not appreciably soluble in acetonitrile or nitro
methane.19 The triphenylphosphonium salts used in 
this work were more soluble in this solvent than in ace
tonitrile. Acetonitrile was obtained as Spectrograde 
from Eastman. The succinonitrile (also Eastman), 
although inherently colorless, was not Spectrograde 
and was found to be light yellow. The mixed solvent 
(85 vol. %  succinonitrile-15 voi. %  acetonitrile) was 
dried and purified by passing it through a bed of neu
tral-type activated alumina. This treatment removed 
the color sufficiently that the mixed-nitrile solvent was 
usable down to 220 m^ in 0.1-cm cells and to 260 m^ 
in 1.0-cm cells.

The solubilities of the triphenylphosphonium salts 
in the mixed-nitrile solvent were sufficient to obtain 
good absorption spectra in the region of the internal 
4f transitions (e <1) using 10-cm cells. The hyper
sensitive transitions (e ~10) could be obtained in the 
mixed-nitrile solvent with 1.0- or 2.0-cm cells or in 
acetonitrile with 10-cm cells. It should be noted that 
these solutions usually supersaturated readily and 
spectra of solutions could be obtained from which 
crystals later formed. Both the MC16-3 and MBr6-3 
complexes partially dissociate in acetonitrile or in the 
mixed-nitrile solvent. This dissociation is easily pre
vented in the case of the chloride by a small excess of 
chloride as (C2H5)4NC1 or even (C2H6)3NHC1. After 
a small excess of Cl-  has been added, further large 
additions cause no further change in the spectra, and 
the spectra become essentially identical with those of 
the solid triphenylphosphonium salts. With the 
MBr6-3 complexes, the tendency to dissociate is 
greater. If the system is kept dry the [(CsHs^PH^- 
MBr6- (C6H6)3PHBr salts can be dissolved in the nitrile 
solvents containing a large excess of Bu4NBr without 
dissociation of the MBr6-3 complexes. The MBr6-3 
complexes are very markedly stabilized by addition 
of HBr gas to the nitrile solutions. This is because it 
reacts readily with water to form H30 + and with other 
electron-donor groups in similar manner. This sig
nificantly decreases their coordinating power and 
decreases competition with Br- . If a large amount

of HBr is added, a solid product is formed because of 
reaction with the nitrile. Reaction of hydrogen hal
ides with nitriles reportedly produces R— C X = N H .20 
This reaction of the HBr with the solvent was found 
not to affect the MBr6-3 spectra. Addition of a large 
excess of HC1 to the MC16-3 solutions actually destroys 
rather than stabilizes the MC16-3 complexes. This 
is probably due to the greater tendency for Cl-  to 
hydrogen bond producing HC12- , thus removing Cl-  
from MC16-3. The weaker bonding of H+ to Br-  
makes HBr a more powerful dehydrating agent than 
HC1 in these solutions.

Since the phenyl and pyridinium groups absorb 
strongly in the ultraviolet region, the M X 6-3 salts 
cannot be used (with the exception of the EuBr6-3) 
to obtain the x -*■ 4f spectra. The hydrated rare 
earth chlorides can be dissolved in the nitrile solvents 
containing a large excess of R4NC1 to produce the 
MCle-3 complexes as determined by comparison of 
the internal 4f spectra of these solutions with those of 
the solid MCle-3 salts and the salts in nitrile solutions 
containing excess Cl- . With the bromides, a similar 
situation exists except that HBr gas must be added to 
dehydrate the solution. Much higher concentrations 
of M X 6-3 in acetonitrile can be obtained in this manner 
than with the triphenylphosphonium salts. These 
solutions were used to obtain the electron-transfer 
spectra of EuCL-3, YbCle-3, SmCl6-3, EuBr6-3, 
YbBr6-3, SmBr6-3, and TmBr6-3 and the 4f —*■ 5d 
transitions of TbClfj-3, TbBr6-3, CeCk-3, and Ce- 
Br6-3.

The procedure for obtaining the MC16-3 electron- 
transfer spectra was as follows. A concentrated 
lanthanide chloride solution in aqueous HC1 was 
diluted about two- to threefold with ethanol, and a 
large volume of acetone was added rapidly with 
stirring. The resulting crystals of MCI?,. zH20  were 
acetone washed and dried lightly under a heat lamp. 
They were then dissolved in a saturated solution of 
(C2H5)4NC1 in acetonitrile, and the absorption spectra 
were obtained in 0.01- to 0.1-cm cells to minimize 
absorption by impurities. The reference cells con
tained the same solutions without rare earth present.

The procedure for obtaining the MBr6-3 electron- 
transfer spectra was as follows. A concentrated 
lanthanide solution in aqueous HBr was diluted about 
twofold with ethanol and saturated with BiqNBr, 
and a large volume of acetone was added. The hy
drated bromides precipitated (very slowly after seeding

(19) J. L . R y a n , unpublish ed  results.
(20) M . Silm an, “ O rganic C hem istry , A n  A d v a n ce d  T rea tise ,’ * 
V o l. I I , 2nd  ed , John W iley  and  Sons, In c ., N ew  Y o rk , N . Y .,  1943, 
p  107.
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Wavelength (mp)

Figure 1. Absorption spectra of praseodymium (I II) 
hexahalides: (1) solid [(CJRhPHhPrBre- (C6H5)3PHBr 
(absorbance scale displaced 0.9); (2 ) 0.039 M  
[(CeHs^PHbPrBMCeHs^PHBr in 85% succinonitrile- 
15% acetonitrile containing excess (CdHUliNBr and 
HBr in 10.0-cm cell (absorbance scale displaced 0.6);
(3) solid [(C6H6)3PH]3PrCl6 (absorbance scale displaced 0.2%; 
and (4) 0.032 M  [(CeHshPHhPrCle in 85% succinonitrile-15)% 
acetonitrile with excess (CjHthNCl in 10.0-cm cell.

in the case of Tm and Yb) and were washed in acetone 
and dried strongly under a heat lamp. This produced 
a mixture of rare earth bromides and oxybromides. 
This was dissolved in Bu4NBr saturated acetonitrile 
which had first been sparged with N2 to remove dis
solved oxygen and then had sufficient anhydrous 
HBr added just to begin to form a solid reaction prod
uct with the solvent. Appreciable contact of the solu
tion with air was avoided, and the solution was pre
pared rapidly in dim light to minimize formation of 
Br3~. Absorption spectra were run immediately in 
0.01-cm silica gells.

Molar extinction coefficients of the MX6-3 in the 
region of the 4f —*- 5d and electron-transfer bands were 
obtained by analysis of the solutions on which spectra 
were run for total rare earth. Rare earth analyses 
were made by X-ray fluorescence using an internal 
standard technique. In the case of EuBr6-3 the molar 
extinction coefficient for the 409-m^ band was meas
ured using [(C6H5)3PH]3EuBr6- (C6H6)3PHBr as a 
primary standard.

Attempts at preparation of M R “ 3 complexes using 
HI in acetonitrile or nitromethane were unsuccessful. 
Reaction of HI with the solvents to produce I3“  even

in absence of oxygen was severe. Samarium was 
allowed to react with HI in an oxygen-free solution of 
Bu4NI in chloroform. Hydrogen was evolved but the 
samarium iodide produced did not go into solution.

Results and Discussion
Internal 4f Transitions. The absorption spectra of 

the hexahalides containing from two to thirteen 4f 
electrons are extremely characteristic. We find the 
same difference as between UCR“ 2, UBr6“ 2, and UR-2 
on the one hand6,12 and most other U(IV) complexes 
on the other. Thus, in the octahedral complexes, the 
electronic transitions are far weaker and are accom
panied by vibrational structure (at room temperature 
stretching below and above the wavenumber of the 
electronic line). In the case of U X6“ 2,21,22 it is pos
sible to identify the three vibrational frequencies cor
responding to normal modes of odd parity [99, 114, and 
257 K ( =  cm_1) in the chloride and 58, 74, and 184 K 
for the bromide].

The transition 3H4 —► 3P0 in the praseodymium (III) 
hexahalides in solution or in the solid salts at 300°K 
(Figure 1) correspond to five sharp lines, the third 
of which is supposed to be the vibrationless electronic 
transition; see values in (1). The crystals con

[P(CeHshH]3PrCle, 80°K
20,370 20,484 20,590 20,704 20,820

[P(C6H6)sH] âPrCle, 300°K
20,384 20,492 20,600 20,708 20,820

PrCle"-3 in CHsCN, 300°K
20,408 20,520 20,619 20,717 20,833

[P(C,H6),H],,PrBr6-P(C6H,OaHBr, 300°K
20,350 20,442 20,509 20,584 20,661

taining PrCl6“ 3 show the vibrational wavenumber dif
ferences 108 and 225 K, whereas the solution shows 98 
and 212 K. As expected, PrBr6~3 has lower wave- 
number differences, 70 and 155 K. These values are 
quite plausible when compared to other hexahalides.4,21 
The two lowest frequencies corresponding to normal 
modes of odd parity probably nearly coincide. The 
ratio between the wavenumbers corresponding to 
bending and stretching normal modes tends to be rela
tively large in “ compressed”  octahedral molecules with 
strong ligand-ligand interactions, such as SF6. PrCR“ 3, 
particularly in the salt, seems to belong to this category.

A closer analysis of the vibrational and J-sublevel 
structure of the spectra would need very extensive 21 22

( 2 1 )  R .  A .  S a t t e n ,  C .  L .  S c h r e i b c r ,  a n d  E .  Y .  W o n g ,  J . Chem . P h y s ., 
4 2 ,  1 6 2  ( 1 9 6 5 ) .

( 2 2 )  R .  P a p p a l a r d o  a n d  C .  K .  J p r g e n s e n ,  H elv. P h ys . A cta , 3 7 ,  7 9  
( 1 9 6 4 ) .
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Table I : Internal 4f2 Transitions in Praseodymium(III) Complexes“

p rIII_ Prm - PrIir-
-------PrCl«->— — PrBre-3------- ,-----------Pr(H20 ) .+3------------. LaClj GdCla LaBr3

Aj o-J «max X j «TJ *max trj «max <rj o-J <rj

f f )2 592 16.89 0.09 595 1 6 .8 1 0 . 1 4 16 .7 8  1 .9 16 .7 3 16 .69 16 .6 7

3Po 485 20.6 1 0.94 487.6 20.50 1 .0 20.69 4 .0 20.47 2 0 .4 1 20 .37

3P1 475 2 1 .0 5 0.40 477 20.96 0.59 2 1 .2 9  4 .6 2 1 .0 8 2 1 . 0 1 20.98

3P2 450 22.22 0.34 455 .5 2 1 .9 5 0 .45 22 .43  1 0 .5 22 .23 2 2 . 1 6 2 2 . 1 3

“ Xj is the wavelength in ma and o-j the wavenumber in kK of the baricenter of the band group corresponding to the excited J level 
indicated, «max is the molar extinction coefficient of the highest band of each group in the solution absorption spectra; the wave- 
number of this band does not necessarily coincide with <rj.

Table II: Internal 4f3 Transitions in Neodymium(III) Complexes“

Nd111-
✓------------- ----N d C l e ” 3--- -------------- > ----N d B r e - 3 — ,------- N d ( H - O ) . ,+3--------------- LaCh A—NC12O 3

X j O-J «max X j f f j «max <7J «max o-J o -j

4F i/, 881 1 1 . 3 5 0 .3 1 878 1 1 . 3 9 0.38 1 1 . 5 8 3 .6 1 1 . 4 4 1 1 . 1 9
4F y , 808 12 .3 8 0.65 803 12 .4 5 0.94 12 .6 2 1 1 . 8 12 .4 8 1 2 .2 7

T V * 747 13 .3 9 0.56 748 1 3 . 3 7 0.68 1 3 .5 8 7 .2 13 .4 4 1 3 . 2 5
4F y , ~ 6 86 14 .58 0.05 685 14 .56 0.07 14 .84 0 .4 14 .7 2 14 .4 7
4G y 2 590 16 .95 5 .6 587 17 .0 4 10 .0 17 .4 0 7 .0 1 7 . 2 1 16 .7 2
4G y 2 534 18 .7 3 0 .72 533 18 .76 1 . 5 1 9 . 1 8 4 .4 19 .0 3 18 .60
4G y , 517 19 .34 0 .27 520 19 .2 3 0.40 19 .6 3 1 . 7 19 .4 4 1 9 . 1 7
2P>A 434 23.04 0 . 1 1 434 23.04 0 . 1 2 23.40 0.6 2 3 . 2 1 22 .84
4D  3 /  j 358 27.93 ~ 1 . 0 28.28 5 .2 2 7 .9 7 27 .20

“ Notation as in Table I.

Table III: Internal 4f6 Transitions in Samarium(III) Complexes"

Smin-
—  [P (CeHs) 3H JaSmCle- SmCle- 8 ✓----------Sm ( H2O) 9+3-------------- ----^ LaCIs B—Sm203

X j o-J «max <rj «max o-J o -j

*F«/, ~ 1 4 2 0 7.04 Strong 7 . 1 5 1 . 6 7 .0 5 7 . 3 4

“Fj/ i 1255 7 .97 8 .0 2 . 1 8.00 8.05
6f »/2 1090 9 . 1 7 9 .25 1 . 8 9.08 9 .22
4G b/ 2 562 17 .79 Very weak 0 . 02 1 7 .9 0.04 17 .8 6 1 7 .5 7
T V s 53 1 18 .8 3 Very weak 0 . 0 1 18 .6 0.02 18 .86 18 .8 7

491 20 .37 Weak 0.03 20.02 0.08
478 20.92 Weak 0.04 20.88 0.6 20.60 20.75

4I iy 2 465 2 1 . 5 1 Weak 0.025 2 1 . 5 5 0 .5 2 1 .5 6 2 1 . 4 1
6P b/2 422 23.70 0 . 1 5 24.0 0 .5 23 .78 23.64
6P 410 24.39 0.67 24.9 3 . 3 24.54 24.39

“ Notation as in Table I.

in the 3d, 4d, and 5d transition groups.29 Keating and 
Drickamer30 studied the nephelauxetic effect of high 
pressures applied to 4f group compounds. A more 
chemical technique for modifying the internuclear 
distances was applied by McLaughlin and Conway31 
studying Pr(III) in LaCls, CeCl3, NdCl3, SmCl3, and 
GdCl3. The gradually decreasing Pr-Cl distances

produce a strongly increasing nephelauxetic effect, 
d/3 in Table VIII going from 0.8 to 1.2%. On the other

( 2 9 )  C .  K .  J o r g e n s e n ,  “ O r b i t a l s  i n  A t o m s  a n d  M o l e c u l e s , ”  A c a 
d e m i e  P r e s s  I n e . ,  L o n d o n ,  1 9 6 2 .

( 3 0 )  K .  B .  K e a t i n g  a n d  H .  G .  D r i c k a m e r ,  J . Chem. P h ys .,  3 4 ,  1 4 3  
( 1 9 6 1 ) .

( 3 1 )  R .  D .  M c L a u g h l i n  a n d  J .  G .  C o n w a y ,  ibid., 3 8 ,  1 0 3 7  ( 1 9 6 3 ) .
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Table IV : Internal 4f9 Transitions in Dysprosium(III) Complexes“

----- [PCCsHOsHliDyCU— .------------ Dy(HjO)9+3- DylULaCL C-DysOa
Xj <rj <rj «max crj

6H»/a 6Fi>/2 1300 7.69 Strong 7.7 1.1 7.67 8.01
6HVs, 6FVî 1100 9.09 9.1 1.6 9.02 9.46
6F’A 910 10.99 11.0 2.5 10.93 11.30
6F‘A 808 12.38 12.35 1.8 12.32 12.58
“ Notation as in Table I.

Table V : Internal 4fl° Transitions in Holmium(III) Complexes“

------- HoClfl-3------ ------------------- ' .----------Ho(H!0)«+s- Hom LaCls C-HO2O3
Xj <rj «max o-J %ax <rj <rj

6F5 648 15 .4 3 0 . 1 7 15 .4 2 3 . 0 15 .48 15 .5 0
6s 2, *f 4 542 18 .45 0 .35 18 .45 4 . 5 18 .5 18 .5 5
6f 3 488 20.49 0 . 1 2 20.56 1 . 8 20.62 20.53
sK6 453.8 22.03 9.6 22.25 4 . 0 2 2 . 1 2 22 .22
6G5 421 2 3 .75 0 .32 24.03 2 . 5 23.94 23.92

397 .5 2 5 . 16 ~ 0 . 1 25 .4 0 . 1
« 4, 3K , 383 2 6 . 1 1 ~ 0 .0 6 26.0 0 . 5 2 6 .14 25.97
5G6 362 27.62 3 . 1 27 .74 2 . 3 27.8 27.47

Notation as in Table I.

Table VI: Internal 4fu Transitions in Erbium(III) Complexes“

-----ErClfl “ 3------- .----------Er(H20)9+2- ErlULaCL ErUlYClj C-EraOi
Xj <TJ «max <rj «max <rj «TJ <rj

4I*A (4F ./s) 656.5 15.23 0.23 15.35 2.1 15.28 15.22 15.29
4s .a 549 18.21 0.18 18.48 0.8 18.40 18.28 18.21
sHu/, 523.6 19.09 6.0 19.23 3.2 19.15 19.07 19.09
4F7A 490 20.40 0.20 20.60 2.1 20.51 20.43 20.37
4F»a 461 21.69 0.37 22.27 0.9 22.18 22.08 22.03
4F>a 454 22.03 0.09 22.61 0.5 22.52 22.46 22.43
2H.a 408.5 24.47 0.1 24.63 0.7 24.56 24.49 24.54
4Gi>a 379.8 26.32 9.6 26.49 7.2 26.37 26.23 20.28

“ Notation as in Table I.

Table VII : Internal 4f12 Transitions in 
Thulium(III) Complexes“

[PiCsHsAHlsTmCls Tm(HiO)9+s C-Tm2C>3
Xj <7J <rj «max <rj

3HS 1220 8.20 8.23 0.9 8.37
3H4 (sF4) 800 12.50 12.56 1.1 12.79
*f 3 698 14.33 14.48 2.6 14.59
4g 4 474 21.10 21.28 0.5 21.46

“ Notation as in Table I.

hand, Pr(III) has the same absorption spectrum in 
La(H20 ) 9(C2H 5SO4)3 and Gd(H20 ) 9(C2H 6S 0 4)3, showing 
that this lattice has sufficiently many degrees of freedom

Table VIII : Nephelauxetic Parameters Characterizing 
Lanthanide Complexes“

da d/3 da d/3

PrCle-3 +0.25 1.9 H oC ir3 +  0.15 1.1
PrBr6“ 3 +0.20 2.3 C-H oîOü +0.45 2.5
PrlnLaCl3 -0 .0 4 0.8 ErCls"3 +  0.10 1.2
PrnlGdCl3 0 1.2 ErlnLaCl3 -0 .0 3 0.3
PrlnLaBr3 -0 .0 5 1.3 ErnlYCl3 0 0.9
NdCls-3 +  0.05 2.2 C-Er20 3 +  0.20 1.6
NdBrs“ 8 +0.05 2.3 TmCh"3 +0.10 1.3
NdnlLaCl3 -0 .0 6 0.6 C-Tm20 3 +0.30 1.5
A-Nd20 3 +0.20 3.6

“ The relative “ ligand-field”  stabilization d<r in kK and the 
nephelauxetic ratio d/3 (relative to the aqua ions) in per cent.
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to allow the P r-0  distances to achieve the same, most 
favored, values. A similar effect was found for Er-
(III) 26 having d/3 3 times larger in the six-coordi
nated YC13 with relatively short Er-Cl distances than 
in the nine-coordinated LaCl3. There is little doubt 
that our M X«-3 exemplify a similar behavior. In 
particular, the M -X  distances are probably even smaller 
in organic solvents13 such as acetonitrile than they 
would be in aqueous solution if the complexes did not 
immediately exchange their halide ligands for water. 
The molar extinction coefficients of the normal, not 
hypersensitive, transitions increase from some 0.04 
times the intensities of the aqua ion in PrCh,-3 to about 
one-tenth of ErCl6-3. This may suggest that the cubic 
symmetry of ErCb“ 3 is perhaps slightly less nearly 
perfect.

Recently, Sugar27 (who also was so kind as to supply 
this information at an early stage) found 12 of the 13 
levels of the configuration 4f2 of gaseous Pr+3. The 
four levels of Table I are situated at 17.33, 21.39,
22.01, and 23.16 kK. The blue shift of these J levels 
relative to the aqua ion would indicate that d/3 of Pr+3 
is some —4.3%, though the relative shifts are smaller 
than expected in the infrared. As also discussed by 
Sinha and Schmidtke,32 33 this effect may be connected 
with a relatively smaller variation of the Landé param
eter f 4f, say 1.5%, than the variation of the parameters 
of interelectronic repulsion.

Electron-Transfer Spectra. In the ultraviolet, the 
hexahalide complexes of the reducible central ions 
Sm(III), Eu(III), Tm(III), and Yb(III) show broad, 
moderately strong, absorption bands (Figure 3) which 
can be ascribed to electron transfer from the highest 
filled MO, mainly localized on the halide ligands, to 
the partly filled 4f shell.16 Table IX  gives data for 
those absorption bands and for the only two lanthanide-
(IV) hexahalides we have been able to study, CeCl«-2 
and CeBr6~2. The bands are much more intense in 
the latter case, the empty 4f orbitals probably being 
somewhat more delocalized out on the ligands. Sur
prisingly enough, the intensities of C ede“ 2 and Ce- 
Br6~2 are even larger than those of UR-2 and the 
Np(IV) and Pu(IV) hexahalides previously studied.6

Since the theory for the variation of the optical elec
tronegativity Zopt of 4f and 5f group elements has been 
discussed elsewhere,6'16,33 we are here restricting our
selves to the much simpler equation

Cobsd = (Topfc(X) iCuncor(M) ] * 30 kK (3)

where the wavenumber <r0bsd of the first electron-trans
fer band is related to the optical electronegativity of 
the ligand cropt(X) and the uncorrected value, not 
taking spin-pairing energy or other forms of interelec-

Figure 3. Electron-transfer spectra of europium(III) 
hexahalides: (1) 0.114 M  EuBr6~3 in acetonitrile containing 
excess ^H ghN Br and HBr in 0.0108-cm cell (absorbance 
scale displaced 0.4) and (2) 0.0125 M  EuCb-3 in 
(C^HshNCl-saturated acetonitrile in 0.10-cm cell.

Table IX : Electron-Transfer Spectra of Hexahalides 
in Nitrile Solution“

X <T e i( -)

SmClo-3 232 43.1 930 2.3
SmBrr3 286 35.0 1,050 2.4
E uC lr3 301 33.2 400 2.1

234.5 42.6 640 (3.8)
EuBre-3 409 24.5 250 2.0

(309) (32.4) (340)
270 37.0 540

TmBre-3 ~260 ~38.6 ~300
YbChr3 272.5 36.7 160 1.7
YbBr6- 3 342 29.2 105 2.4

(240) (41.7) (450)
C eC lr2 376 26.6 5,200 2.9

255 39.2 13,800 3.2
CeBre-2 522 19.2 ~5,700 2.5

“ The wavelengths X in him, wavenumbers a in kK, and molar 
extinction coefficients e are given for maxima (shoulders in 
parentheses). 5( —) is the half-width in kK toward smaller 
wavenumbers.

tronic repulsion effects nor relativistic effects into ac
count, a:uncor(M) for the central atom in a definite oxi
dation state.

Table X  gives the values of xu„cor(M) obtained in a 
variety of cases. It is seen that the hexabromides

( 3 2 )  S .  P .  S i n h a  a n d  H .  H .  S c h m i d t k e ,  M ol. P h ys .,  1 0 ,  7  ( 1 9 6 5 ) .

( 3 3 )  C .  K .  J o r g e n s e n ,  “ L a n t h a n i d e s  o f  5 f  E l e m e n t s , ”  A c a d e m i c  
P r e s s  I n c . ,  L o n d o n ,  1 9 6 6 .
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generally indicate values for the central atom some 
0.2 unit higher than the bromide complexes in nearly 
anhydrous ethanol previously studied.16 The hexa- 
chlorides suggest values of ¡rUncor(M) only about 0.1 
unit higher than the chloride complexes in nearly an
hydrous ethanol studied by Barnes.84 As pointed out 
by Barnes, the stoichiometric composition of the latter 
complexes is not completely certain; they are tenta
tively described as MC1+2 and MBr+2 in Table X. 
A similar argument applies to the Nd(III) chloride 
complexes formed in strong aqueous hydrochloric acid ;86 
Maikova, Shutova, and Yatsimirskii34 35 36 37 recently re
ported such a relation between the HC1 activity and 
the absorption spectrum of the solution that could be 
exclusively explained by a monochloro complex NdCl- 
(H20)*+2.

A simple reason for the apparent higher value of 
a:Unoor(M) in M X 6- 3 compared to M X +2 in ethanol 
may be the smaller M -X  distance in the hexahalides 
already discussed above. Another may be connected 
with the specific symmetry Oh of the hexahalide. It 
is normally argued that the highest filled MO in 
M X 6+z_6 just before the partly filled shell is a set of 
three degenerate t (X) orbitals having the symmetry 
type even y4 ( =  tig). There are two reasons for the 
high energy of this set: the orbitals are nonbonding

Table X : Optical Electronegativities Using Eq 3“

ffobsd 2opt(X) iSunoor(M)
SmBr6-3 35.0 2.8 1.63
SmBr+2 ethanol [16] 40.2 2.8 1.46
SmCl6- 3 43.1 3.0 1.56
SmCl+2 ethanol [34] 45.7 3.0 1.48
SmS04+ [34] 48.1 3.2 1.60
EuBr6~3 24.5 2.8 1.98
EuBr+2 ethanol [16] 31.2 2.8 1.76
EuC16- s 33.2 3.0 1.89
EuC1+2 ethanol [34] 36.2 3.0 1.79
EumY 20 3 [24, 6] 42.5 3.2 1.78
EuS04+ [34] 41.7 3.2 1.81
EuSe04+ [34] 44 3.3 1.83
Eu(H20 )9+3 [c] 53.2 3.6 1.83
TmBr6-3 38.6 2.8 1.51
TmBr+2 ethanol [16] 44.5 2.8 1.32
YbBr6- 3 29.2 2.8 1.83
YbBr+2 ethanol [16] 35.5 2.8 1.62
YbCle-8 36.7 3.0 1.78
YbCl+2 ethanol [34] 41.0 3.0 1.63
YbS04+ [34] 44.5 3.2 1.72
CeBnr2 19.2 2.8 2.16
CeChr2 26.6 3.0 2.11

; References in brackets. b N. C. Chang, J. Appi. Phys., 34,
3500 (1963). 0 C. K. J0rgensen and J. S. Brinen, Mol. Phys., 
6, 629 (1963).

because only g orbitals and higher even l values of the 
central atom can bond with this set,2 and, because of 
the four angular node-planes, the antibonding X -X  
interactions are particularly strong.37 Actually, the 
first electron-transfer band (even 74) —► nd is Laporte- 
forbidden and relatively weak.2’13'38 On the other 
hand, we find no indication of a weak transition before 
the first strong electron-transfer band, in agreement 
with the expectation that (even 74) — nf is allowed by 
Laporte’s rule.

From group-theoretical reasoning, four Laporte- 
allowed transitions are predicted for each effective 
level of the excited configuration 4fî+1 of the central 
atom

(ir even 7 4 ) — nf (I)
(71 even 7 5 ) —-> nf (II)

(tr even 7 3 ) —-> nf (III)
(cr even 7 x) — nf (IV)

Eu(III) and Yb(III) should be particularly simple 
because only one low-lying effective level, 8 40S7/2, exists 
for the excited configuration 4f7. The next levels 
should not occur before at least 28 kK higher energy. 
4f14 has only one level, % . The excited states of 
Ce(IV) involve two effective levels, 2F«/2 and 2F7/2, 
separated by slightly more than 2 kK.

The energy differences 9.4 kK between the two 
strong bands of EuCk-3 and 12.6 kK for CeCk-2 are 
most probably caused by the transitions I and III, 
but the assignments I and II cannot be excluded. In 
the 4d and 5d group M (III) and M(IV) hexahal
ides2’ 18’38 the total width of the 7r orbital energies seems 
to be 6-8 kK. There is some evidence that this width 
is somewhat larger in tetrahedral complexes of the 
3d group.39,40 It is conceivable that either or both of 
the pairs of transitions I and II or III and IV are nearly 
degenerate. However, (ir even 75) —► nd has never 
been identified with certainty in d group hexahalides 
and might have high wavenumbers, as also (cr even 
73) —► nd. Symons41 suggested that III and IV might 
have the opposite order of eq 4 arranged according

( 3 4 )  J .  C .  B a r n e s ,  J. Chem. Soc., 3 8 8 0  ( 1 9 6 4 ) .

( 3 5 )  C .  K .  J o r g e n s e n ,  K g l. D anske Videnskab. Selskab M at. F ys. 
M edd., 3 0 ,  N o .  2 2  ( 1 9 5 6 ) .

( 3 6 )  T .  V .  M a i k o v a ,  G .  A .  S h u t o v a ,  a n d  K .  B .  Y a t s i m i r s k i i ,  Russ. 
J. Inorg . Chem., 9 ,  9 9 3  ( 1 9 6 4 ) .

( 3 7 )  D .  S .  M c C l u r e ,  Solid State P h ys.,  9 ,  3 9 9  ( 1 9 5 9 ) .

( 3 8 )  C .  K .  J 0 r g e n s e n ,  A cta  Chem. Scand., 1 7 ,  1 0 3 4 ,  1 0 4 3  ( 1 9 6 3 ) .

( 3 9 )  A .  C a r r i n g t o n  a n d  C .  K .  J d r g e n s e n ,  M ol. P h ys.,  4 ,  3 9 5  ( 1 9 6 1 ) .

( 4 0 )  P .  D a y  a n d  C .  K .  J o r g e n s e n ,  J . Chem. Soc., 6 2 2 6  ( 1 9 6 4 ) .

( 4 1 )  M .  C .  R .  S y m o n s ,  ibid., 1 4 8 2  ( 1 9 6 4 ) .
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to a decreasing number of angular node-planes. An 
important negative result of our measurements is that 
no weak electron-transfer bands have been observed 
before the first strong bands.

Crystalline [P(C6H6)3H]3EuBr6- [P(C6H5)3H]Br shows 
nearly the same absorption spectrum as the solution 
of EuBr6~3 with a maximum at 24.6 kK. The 
half-width S ( - )  = 2.4 kK is not directly compar
able, because the optical density of solids observed by 
our technique usually increases less strongly than the 
actual e. The transition 7F0 6D2 corresponding
to a very sharp little hump at 465.2 mp is somewhat 
intensified as in the orange dialkyldithiocarbamates.16

The measurements in the ultraviolet were made on 
solutions containing only “ aliphatic” constituents and 
not P(C6H6)3H+. Another experimental problem was 
constituted by the danger of forming Br3_ by oxidation 
of bromide solutions. This species42’43 has an ex
tremely intense band (e ~ 50,000) at 37 kK but does not 
seem to have perturbed our results, largely because of 
the technique of using very thin cells.

As discussed in the Experimental Section, CeBrfl~2 has 
only a transient existence at room temperature, and 
the molar extinction coefficient e ~5700 of the wine- 
red solution was obtained by extrapolation toward 
the time zero.

It may be worthwhile to make the chemical comment 
that, until recently, octahedral lanthanide complexes 
in solution were exceedingly rare. There exist some 
oxides24 and sulfides44 with distorted octahedral co
ordination of 4f group atoms. There appear also to 
exist a few cases of tetrahedrally coordinated sulfides.44

The 4f -*■ 5d Transitions in Cerium(III) and Terbium-
(III) Hexahalides. When CeCl6“ 3 and CeBr6-3 are 
prepared according to the same techniques as the other 
M X 6-3, they show some tendency in acetonitrile solu
tion toward oxidation to CeCl6-2 and CeBr6-2. How
ever, the original spectra can readily be obtained and 
consist in both cases of a single strong band as seen 
from Table X I and Figure 4. This band is 2 to 
3 times narrower than the electron-transfer bands 
given in Table IX, and there is every reason to believe 
that it is the transition from the ground-state 2Fs/2 
of [Xe] 4f to the excited configuration [Xe] (5dys) 
containing one electron in the lower subshell of octa
hedral M X 6 chromophores. The weak red shift from 
the chloride to the bromide is quite compatible with 
such an interpretation.6’36 It may be mentioned 
that Feofilov45 reported a similar band at 32.7 kK 
for Ce(III) in the cubic, eight-coordinated position in 
CaF2. However, a much weaker band seems to occur 
already at 30.3 kK.45’46

The most interesting feature of our spectra is per-

Figure 4. Absorption spectra of cerium(III) hexahalides:
(1) 6.8 X 10-2 M  CeBr6-3 in acetonitrile containing 
excess (CiHahNBr and HBr in 0.0108-cm cell and
(2) 6.4 X 10-2 M  CeCle-3 in acetonitrile containing 
excess (CsHshNCl in 0.0108-cm cell.

Table XI: 4f - »  5d Transitions in Cerium(III) and 
Terbium(III) Hexahalides“

X a € « (-) «(+)
Cede-3 330 30.3 1600 0.8 1.05
CeBnr3 343 29.15 1600 1.05 1.05
TbChr3 271.5 36.8 28 1.2

233.8 42.75 1500 0.65 1.1
TbBr6-3 278 36.0 Weak 0.9

“ Notation as in Table IX ; S( +  ) is the half-width in kK 
toward higher wavenumbers.

haps the absence of any other absorption bands in 
the measured range, up to 45 kK in CeCl6-3 and 40 
kK in CeBr6~3. This sets a lower limit of some 15 
kK for the energy difference A between the two 5d 
subshells 75 and 73. This figure may be compared with 
A =  20.4 kK in RhCl6- 3 and 25.0 kK in IrCl6- 3,29 
and suggests a strong o--antibonding influence on the 
upper subshell though the Ce-Cl distance must be 
considerably larger than, say, the Ir-Cl distance.

( 4 2 )  A .  I .  P o p o v  a n d  R .  F .  S w e n s e n ,  A m . Chem. S oc., 7 7 ,  3 7 2 4  
( 1 9 5 5 ) .

( 4 3 )  J .  E .  D u b o i s  a n d  H .  H e r z o g ,  B ull. Soc. Chim. F ran ce , 5 7  ( 1 9 6 3 ) .

( 4 4 )  C .  K .  J o r g e n s e n ,  R .  P a p p a l a r d o ,  a n d  J .  F l a h a u t ,  J. Chim . P h y s ., 
62, 4 4 4  ( 1 9 6 5 ) .

( 4 5 )  P .  P .  F e o f i l o v ,  Opt. Spectry. ( U S S R ) ,  6 ,  1 5 0  ( 1 9 5 9 ) .

( 4 6 )  P .  P .  S o r o k i n ,  M .  J .  S t e v e n s o n ,  J .  R .  L a n k a r d ,  a n d  G .  D .  P e t t i t ,  
P h ys . Rev., 1 2 7 ,  5 0 3  ( 1 9 6 2 ) .
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The absorption band observed for CeCU-3 is weakly- 
asymmetric, having slightly slower decline toward 
higher wavenumbers. This may be connected with 
the energy difference in the LCAO approximation

V rfeft  =  3M a % d( C e )  +  y 25 2f np( X ) ]  (5 )

expected between the levels y7 (one Kramers doublet) 
at higher energy and 7s (two Kramers doublets) at 
lower energy in the case of large A. The delocalization 
coefficient, a, may be rather different from 1, but f 6d 
in gaseous Ce+3 is 1.00 kK, and the splitting cannot 
be very prominent. It is surprising that the hexa- 
bromide (where f np =  2.46 kK for gaseous Br) does not 
show a somewhat more pronounced asymmetry.

TbCl6-3 shows a strong, relatively narrow band at
42.75 kK belonging to the excited configuration 4f75d- 
(75). This compares favorably with the band of the 
terbium(III) aqua ion at 45.9 kK. It had previously

been discussed47 whether the aqua ion has a very weak 
band about 39 kK. This may very well be the case, 
because our solutions of TbCl6-3 show a band at 36.8 
kK. TbBr6~3 shows a similar band at 36.0 kK (and 
the strong transition is hidden by bromide absorption). 
The most reasonable assignment is the excited term 
9D of 4f75d to which transitions from the ground term 
7F of 4f8 would be spin-forbidden. Then, the separa
tion 6.0 kK between 9D and 7D would correspond to 
eight times the effective exchange integral K av(4f, 
5d) which is known to be 1.0 kK in the isoelectronic 
gaseous species Gd+2.33,48 The spin-forbidden tran
sition is 50-fold less intense than the spin-allowed band, 
agreeing fairly well with the squares of the 7D ampli
tudes calculated.48

( 4 7 )  F o o t n o t e  c  o f  T a b l e  X .

( 4 8 )  W .  R .  C a l l a h a n ,  J. Opt. Soc. A m .,  5 3 ,  6 9 5  ( 1 9 6 3 ) .

Studies of Acid-Base Equilibria in Molten Alkali Nitrates

by L .  E .  Topol, R . A . Osteryoung, and J .  H .  Christie

N orth  A m erican  A viation  Science Center, Thousand Oaks, California  91360  (Received February 23, 1966)

Voltammetric and chronopotentiometric measurements as well as chemical equilibrium 
studies were made on solutions of acids (S20 72~, HSCh- , N 02) and bases (N 02_ , NO, 
C 032~, 0 2~, OH- , 0 22~) in molten NaN03-K N 0 3 (50:50 mole % ) at 275-350°. The 
existence of the species N 02+, postulated to exist in acidic nitrate melts, could not be con
firmed. Instead, the addition of a strong acid resulted in the formation of a species similar 
chemically and electrochemically to dissolved N 02. This species could be reduced in a 
one-electron process to N 0 2~ but could not be oxidized.

Introduction
Although many thermodynamic and transport prop

erties of fused salts have been measured,1 far less is 
known of the basic chemistry and electrochemistry in 
these systems. In molten nitrates, for example, some 
acid-base titrations2 and reactions3,4 have been studied, 
but only one direct measurement6 has been reported on 
the acid species N 02+, postulated to occur in the self
dissociation41 of N 03~ shown in eq. 1.

n o »- =  N 02+ +  O2-  (1)

Although the existence of the nitronium ion6 N 02+, as 
well as the nitrosonium ion6b’7 NO+, has been sub
stantiated in highly acidic aqueous media, neither has

( 1 )  S e e  ( a )  “ M o l t e n  S a l t  C h e m i s t r y , ”  M .  B l a n d e r ,  E d . ,  I n t e r s c i e n c e  
P u b l i s h e r s ,  I n c . ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 4 ;  o r  ( b )  “ F u s e d  S a l t s , ”
B .  R .  S u n d h e i m ,  E d . ,  M c G r a w - H i l l  B o o k  C o . ,  I n c . ,  N e w  Y o r k ,  
N .  Y „  1 9 6 4 .
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been directly observed in nitrate melts. In spite of this, 
N 0 2+ has been assumed as an intermediate to explain 
some kinetic investigations2 3 4 5 6 7 as well as electrode reac
tions8 in molten nitrates. To study the occurrence and 
behavior of N 0 2+ and NO+, chronopotentiometry and 
linear-sweep voltammetry have been applied to the mol
ten N aN03-K N 0 3 (50:50 mole % ) system at 275-350°.

Experimental Section

All the salts used were standard reagents and were 
dried by heating in a vacuum oven at 150°. Matheson 
N 02 (99.5% pure) and NO (99% pure) were used with
out further treatment.

The linear-sweep voltammetric measurements were 
made with an apparatus similar to that described else
where.9 Potential span velocities of 0.1-1.0 v/sec 
were used. A conventional set-up with a John Fluke 
Model 351A dc constant-current source was employed 
for chronopotentiometry. A Moseley Model 2D X -Y  
recorder or a Tektronix Type 564 storage oscilloscope 
was used to record data. Chronopotentiometric tran
sition times were measured by the method of Voorhies 
and Furman.10

The Pyrex cell assembly11 consisted of a capped vessel 
with ground-glass joints to accommodate a thermo
couple well or gas bubbling tube and three half-cells, 
the reference, the counter, and the indicator. The 
reference half-cell was Ag[AgN03 (0.06 M), NaN03-  
K N 03 while a Pt helix and a 0.0254-cm diameter Pt 
wire, sealed in glass, served as the counter and indicator 
electrodes, respectively. Weighed quantities of pre
dried NaN03-K N 0 3 were added to the half-cells and 
container to yield a common level of melt throughout. 
The indicator compartment contained gas bubbling and 
exit tubes so that the melt here as well as in the con
tainer could be purged with N 02 and/or Ar before meas
urements were begun. An argon atmosphere was 
maintained in the container during the experiment via 
gas entry and exit lines at the upper sides of the con
tainer. Holes connecting the counter and reference 
electrode compartments above the level of the melt pre
vented a pressure differential. Electrolytic contact be
tween the half-cells and the bulk melt was achieved 
with fritted disks of medium porosity at the bottom of 
each compartment.

For the equilibration experiments a Pyrex flask con
taining addition tubes and a gas sampling tube was 
employed.3 The apparatus had provisions for evacua
tion and filling with gas. The cell or flask was heated 
in a Marshall or pot furnace, respectively, controlled 
by a chrom el-alum el thermocouple and West control
ler.

Results
NaNOz-KNOi Melt. A typical linear-sweep voltam

metric curve for a NaN03-K N 0 3 (50:50 mole % ) melt 
at 285° with no added solute is shown in Figure 1 (solid 
line). The cathodic and anodic potential limits were 
— 1.6 and +1.2 v vs. Ag|AgN03 (0.06 M) and are in 
agreement with those found by Swofford and Laitinen,12 13 
who employed a similar reference electrode. Other 
features of the current-voltage curves are reduction 
waves at +0.4 and —1.0 v (the latter also found by 
Swofford and Laitinen) and oxidation waves at —0.3 
and +0.5 v. The waves at —1.0 v (due to water12) and 
at +0.4-0.5 v (due to nitrite, see below) were found 
in all the alkali melts after bubbling with dry argon, 
but both waves could be eliminated by purging the 
melt with N 02.

NaN02 Solution. Current-voltage curves obtained 
on cycling for a nitrate melt containing NaN02 are iden
tical with those found in the nitrate solvent above ex
cept for the increase in the waves occurring at + 0 .4 - 
0.5 v. This is shown in Figure 1 by the dashed line for 
the voltage sweep cycled between 0 and +0.6 v. The 
average peak separation between the anodic and ca
thodic waves is 0.10 v in good agreement with the theore
tical value of 0.108 v for a reversible one-electron proc- 
ess1Sa at 300°. Upon oxidation of the solution at +0.5

( 2 )  A .  M .  S h a m s  E l  D i n ,  Electrochim . A cta ,  7 ,  2 8 5  ( 1 9 6 2 ) ;  A .  M .  
S h a m s  E l  D i n  a n d  A .  A .  A .  G e r g e s ,  J. E lectroanal. Chem., 4 ,  3 0 9
( 1 9 6 2 )  ; Electrochim . A cta , 9 , 1 2 3 ,  6 1 3  ( 1 9 6 4 ) ;  A .  M .  S h a m s  E l  D i n ,  
A .  A .  E l  H o s a r y ,  a n d  A .  A .  A .  G e r g e s ,  J. Electroanal. Chem ., 6 ,  1 3 1
( 1 9 6 3 )  ; 8  ,  3 1 2  ( 1 9 6 4 ) .

( 3 )  J .  D .  V a n  N o r m a n  a n d  R .  A .  O s t e r y o u n g ,  A n a l. Chem ., 3 2 ,  3 9 8  
( 1 9 6 0 ) .

( 4 )  ( a )  F .  R .  D u k e  a n d  M .  L .  I v e r s o n ,  J. A m . Chem. Soc., 8 0 ,  5 0 6 1  
( 1 9 5 8 ) ;  ( b >  A nal. Chem ., 3 1 ,  1 2 3 3  ( 1 9 5 9 ) ;  ( c )  F .  R .  D u k e  a n d  S .  
Y a m a m o t o ,  J. A m . Chem. Soc., 8 1 ,  6 3 7 8  ( 1 9 5 9 ) ;  ( d )  F .  R .  D u k e  
a n d  W .  W .  L a w r e n c e ,  ibid., 8 3 , 1 2 6 9  ( 1 9 6 1 ) ;  ( e )  F .  R .  D u k e  a n d  E .  A .  
S h u t e ,  J. P h y s . Chem., 6 6 ,  2 1 1 4  ( 1 9 6 2 ) ;  ( f )  F .  R .  D u k e ,  J . Chem . 
E duc., 3 9 , 5 7  ( 1 9 6 2 ) ;  ( g )  r e f e r e n c e  l b ,  p  4 0 9 .

( 5 )  G .  D e l a r u e ,  1 3 t h  M e e t i n g  o f  I n t e r n a t i o n a l  C o m m i t t e e  o f  E l e c 
t r o c h e m i c a l  K i n e t i c s  a n d  T h e r m o d y n a m i c s ,  R o m e ,  I t a l y ,  S e p t  1 9 6 2 ,  
A b s t r a c t  N o .  8 . 2 .

( 6 )  ( a )  C .  K .  I n g o l d ,  D .  J .  M i l l e n ,  a n d  H .  G .  P o o l e ,  J . Chem. S oc., 
2 5 7 6  ( 1 9 5 0 ) ;  ( b )  D .  J .  M i l l e n ,  ibid., 2 6 0 0  ( 1 9 5 0 ) .

( 7 )  W .  R .  A n g u s  a n d  A .  H .  L e c k i e ,  N ature, 1 3 4 ,  5 7 2  ( 1 9 3 4 ) ;  P roc. 
R oy. Soc. ( L o n d o n ) ,  Â 1 4 9 ,  3 2 7  ( 1 9 3 5 ) ;  Trans. F araday Soc., 3 1 ,  
9 5 8  ( 1 9 3 5 ) .

( 8 )  N .  G u p t a  a n d  B .  R .  S u n d h e i m ,  J. Electrochem . S oc., 1 1 2 ,  8 3 6  
( 1 9 6 5 ) .

( 9 )  G .  L a u e r ,  H .  S c h l e i n ,  a n d  R .  A .  O s t e r y o u n g ,  A n a l. Chem., 3 5 , 1 7 8 9  
( 1 9 6 3 ) .

( 1 0 )  J .  D .  V o o r h i e s  a n d  N .  H .  F u r m a n ,  ib id ., 3 0 ,  1 6 5 6
( 1 9 5 8 ) .

( 1 1 )  D .  L .  H i l l ,  J .  P e r a n o ,  a n d  R .  A .  O s t e r y o u n g ,  J . E lectrochem . 
Soc., 1 0 7  , 6 9 8  ( 1 9 6 0 ) .

( 1 2 )  H .  S .  S w o f f o r d ,  J r . ,  a n d  H .  A .  L a i t i n e n ,  ibid., 1 1 0 ,  8 1 4  ( 1 9 6 3 ) .

( 1 3 )  P .  D e l a h a y ,  “ N e w  I n s t r u m e n t a l  M e t h o d s  i n  E l e c t r o c h e m i s t r y , ”  
I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 4 :  ( a )  p p  1 2 0 ,  
1 3 7 ;  ( b )  p  1 8 4 ;  ( c )  p  1 8 2 .
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melt at 285° (solid line); same melt with NaN02 
added and cycled between 0 and +0.6 v (dashed line).
The cathodic current is + , anodic —.

v  for a length of time, bubbles of gas (N 02, see below) 
were evolved from the electrode. Anodic chrono- 
potentiograms on a 0.0145 M  NaN02 solution (Figure
2) yielded constant i r h values over a range of t ’ s of 
0.061-2.60 sec (Table I). For longer transition times

Table I : it1/ 2 Values on Pt Electrode for NaN02 
(0.0145 M)  in NaMVKNOs at 298°

iTU\
Ì, T, ma
ma sec sec1/z

5 . 0 0 0.0615 1.24
4.50 0.075 1.22
4.00 0.095 1.22
3.50 0.126 1.24
3.00 0.172 1.24
2.50 0.238 1.22
2.00 0.375 1.23
1.50 0.71 1.26
1.25 0.97 1.23
1.00 1.64 1.28
0.80 2.60 1.29
0.60 4.85 (1.32)

Av
D = 5.2 X 10-6 cmVsec

= 1.24 ±  0.02

the results were erratic, presumably owing to bubbles of 
N 02 produced on the Pt electrode. The diffusion co
efficient D of N 02_ was calculated to be 5.2 X 10~5 
cm2/sec at 298° from the relation1312

D =  tm'FKf'A* (2)

where i is the current, r the transition time, n the num
ber of equivalents per mole of reactant, F the Faraday 
constant, and C the concentration. The area A of the 
Pt wire electrode (0.15 cm2) was calculated from its 
dimensions. From log — 1] vs. E plots130 of
these anodic chronopotentiograms (similar to that 
shown in Figure 4 below for the reverse reaction),

straight lines of theoretical slope for a reversible one- 
electron reaction and an Ei/t =  0.47 v were obtained. 
The oxidation is consistent with the reaction

N 02-  N 02(g) +  e (3)

These results are in agreement with those found voltam- 
metrically by Swofford and McCormick.14 Reverse 
current chronopotentiograms, with reversal before the 
transition time (Figure 2), resulted in ratios of for
ward to reverse transition times that were always 
greater than the theoretical value of 3 to 1. This is 
taken to indicate that some of the product of the for
ward step (N 02) is lost by processes other than simple 
diffusion, e.g., volatilization and/or reaction. Acidify
ing a nitrite solution resulted in a decrease or removal 
in the nitrite wave without the appearance of a new 
wave that could be attributed to NO+.

Addition of Strong Acids and N02. The addition of 
strong acids (substances that accept oxide ion) such as 
K2S20 7, KHS04, Cr(N03)3, and A1(N03)3 resulted in 
the formation of a yellowish solution and evolution of a 
brownish gas. An anodic shift of the equilibrium po
tential and the appearance of a cathodic wave (at 
+0.40-0.50 v) that decreased with time were also 
observed. Current-voltage curves of these melts re
sembled those shown in Figure 1. Similar current- 
voltage curves and chronopotentiograms (Figure 3) 
were obtained with solutions containing N 02. Thus 
the cathodic wave resulting from the addition of acids 
appears to be due to N 02, the other half of the N 02-  
couple. Plots of E vs. log [(r/¿)*/2 — 1] from cathodic 
chronopotentiograms were linear and yielded Ey /s 
of about 0.50 v and slopes corresponding to a reversible 
one-electron process (Figure 4). This result is in con
trast to that of Swofford and McCormick,14 who re
ported no electrochemical activity for dissolved N 02. 
A tabulation of the average Ei/, values for both for
ward and reverse chronopotentiometric waves for melts 
containing K2S20 7, KHS04, and N 02, as well as NaN02, 
is given in Table II. The potentials for the different 
melts can be considered to be identical within experi
mental error.

Addition of Bases. A base in these systems is a com
pound that yields oxide ions. Solution of Na20 2, 
Na2C 03, or NaOH in the molten alkali nitrates resulted 
in a cathodic shift of the equilibrium potential. Anodic 
waves were obtained with all these solutions. The Na2- 
0 2 on oxidation yielded two approximately equal waves, 
the first occurring at about —0.2 v  and presumably in
volving the 0 22- and the second at +0.3 v involving * 970

( 1 4 )  H .  S .  S w o f f o r d ,  J r . ,  a n d  P .  G .  M c C o r m i c k ,  A nal. Chem., 3 7
9 7 0  ( 1 9 6 5 ) .
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Figure 2. Chronopotentiograms for NaN02 solution 
in NaN03-K N 08 at 290°: n, anodic transition time; 
if, time of forward (anodic) current; ip, transition 
time for reverse (cathodic) process.

Figure 3. Chronopotentiograms for dissolved N02 
in NaN03-K N 03 melt: n, cathodic transition time; 
T2, transition time for reverse (anodic) process due 
to oxidation of products formed during n.

Table II: Average Ei/t Values at Pt Electrode (vs. Ag|AgN03 
(0.06 M) Reference) in NaN03-K N 03 at 300°

■Et„, v“-
Solute Cathodic Anodic

NaN02 0.41 (r) 0.47(f)
n o 2 0.42(f) 0.45 (r)
K2S207 0.42(f) 0.47 (r)
K H S04 0.41 (f) 0.45 (r)

f = forward wave, r = reverse wave.

the O2-. Swofford and McCormick apparently found 
a single wave, but it is not clear from their presentation 
if a second wave may have existed. The Na2COs and 
NaOH solutions each produced one wave at about +0.4 
and —0.3 v, respectively. On reversal of current after 
these waves, single reduction waves at —0.6 to —0.9 v 
were found in all these melts. (When the electrode 
potential was cycled between +0.1 and —0.6 v, anodic 
waves due to a solid on the electrode were frequently 
found at about 0.0 v.) Solutions containing NaN02 +  
Na2C03 or NaN02 +  Na20 2 (Figure 5) were titrated 
with K2S207- It was observed that both the car
bonate and peroxide, being stronger bases than nitrite, 
were neutralized before the nitrite. However, the ex
pected stoichiometry did not seem to be obeyed. 
Figure 6 shows the neutralization of a Na20 2 melt by 
purging with N 02.

Addition of NO and Oxygen. When nitric oxide was 
bubbled through the nitrate melt, the only electro
chemical reaction observed was an oxidation; linear 
voltammetric and chronopotentiometric measurements 
were the same as for solutions to which N 02_ had been 
added. These results indicated that a reaction took 
place between NO and the nitrate melt (see below).

Attempts to reduce gaseous oxygen in these melts 
were unsuccessful. This result differs from that of 
Kust and Duke15 but is in agreement with the findings 
of Swofford and McCormick.14

Discussion
For the NaNOs-KNOs melt the limiting reactions at 

— 1.6 (cathodic) and +1.2 v (anodic) have been attri
buted to the reduction of N 03~ to N 02_ and O2- and 
the oxidation of N 03~ to N 02 and 0 2, respectively.12 
The anodic wave at —0.3 v can be ascribed to oxidation 
of the Pt electrode and/or of oxide ion formed during 
the reduction of NOs". Nitrate solutions containing 
various bases show anodic waves which may involve the 
same over-all oxidation process, i.e., depolarization of 
the platinum electrode by oxide. The difference in po
tentials at which these processes occur in the various 
solutions may be indicative of the different basic 
characteristics of the oxide donors.

The electrochemical studies demonstrate that the 
species N 02+, assumed to exist in measurable concen
tration16 in acidic nitrate melts, cannot be detected by 
the techniques employed above. The same electro
chemical techniques have been utilized successfully in 
a recent study16 of NO+ and N 02+ in concentrated

( 1 5 )  R .  N .  K u s t  a n d  F .  R .  D u k e ,  J. A m . Chem. Soc., 85, 3 3 3 8  
( 1 9 6 3 ) .

( 1 6 )  L .  E .  T o p o l ,  R .  A .  O s t e r y o u n g ,  a n d  J .  H .  C h r i s t i e ,  J. Electro- 
chem. Soc., 112, 8 6 1  ( 1 9 6 5 ) .
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Figure 4. Log [(r /i)I/2 — 1] vs. E  for the 
electrode reaction N 02 +  e —► N 02~.

Figure 5. Reaction of Na20 2 +  NaN02 with 
K2S20 , in NaNCh-KNOs at 300°.

sulfuric acid. Attempts to oxidize NO2 and NO at Pt 
electrodes in the molten nitrates were also unsuccess
ful. Furthermore, recent thin-film infrared-emission 
measurements17 of acidic nitrate melts yielded no evi
dence of the existence of N 02+. These results are in 
disagreement with Delarue,5 who reported the coulo- 
metric production of N 02+ by the reaction

NO3- -  2e — -> N 02+ +  V A  (4)

and claimed to have identified the electrode reaction

N 02+ +  2e — > N 02-  (5)

Our results regarding the electrochemical behavior of

lime (sec)

Figure 6. Reaction of Na»02 with N 02 
in NaNOa-KNOs at 300°.

N 02 are in opposition to those of Swofford and McCor
mick, who state that N 02 “ exhibits no significant elec
trochemical activity.”  We are in agreement regarding 
the existence of a reversible one-electron oxidation of 
N 0 2~ to N 02. The voltammetry and reverse-current 
chronopotentiometry on nitrite as well as N 02 support 
the reversibility of reaction 3. Certainly, Swofford 
and McCormick’s conclusion regarding a reversible 
couple requires that N 02 be reducible to N 0 2~, and we 
are unable to suggest a cause for their finding N 02 elec- 
trochemically inert.

Kust and Duke,16 using an oxygen electrode in acid 
nitrate melts, claim to have measured the dissociation 
constant for reaction 1. However, their dissociation 
constant increased with time and it may be that here, as 
well as in previous kinetic studies,4 the reaction ob
served was

2N 03-  =  2N 02 +  V A  +  O2-  (6)

or in the presence of acids, e.g., S2072-

S2C V - +  2N 03-  — > 2S042~ +  2N02 +  V A  (7)

The present electrochemical studies have shown that

( 1 7 )  J .  R .  M o y e r ,  D o w  C h e m i c a l  C o . ,  p r i v a t e  c o m m u n i c a t i o n .
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the N 02-N 0 2~ couple is reversible on Pt and that the 
only detectable electroactive species in solution upon 
the addition of strong acids to nitrates is N 02. The 
diffusion coefficient of N 02 dissolved in these melts 
could not be determined from eq 2 since the gas concen
tration or solubility is not known. If one assumes that 
the diffusion coefficients of N 0 2 and N 0 2~ are approxi
mately equal, the solubility of N 0 2 in NaN03-K N 0 3 is 
calculated to be about (5 ±  3) X 10~3 mole/1. at 300°.

It was further demonstrated that N 02 itself behaves as 
an acid, reacting with strong bases and nitrite and con
verting chromate to dichromate, posssibly via the fol
lowing reactions.

2N 02 +  O2-  =  N 0 3-  +  N 02-  (8)

N 02 +  N 02-  =  N 0 3-  +  NO (9)

2N02 +  2Cr042~ = N 0 3-  +  N 02-  +  Cr20 72-  (10)

In an equilibrium study, reaction 9 was found to pro
ceed far to the right as written. However, the reverse 
reaction can also be observed by bubbling NO through a 
nitrate melt as was demonstrated by the electrochemical 
results. This also appears to disagree with the findings 
of Swofford and McCormick, although their experi
mental conditions may preclude comparison with our 
data. It was also found that equilibrating nitrite with 
an acid such as K2S20 7 or K2Cr20 7 in a nitrate melt 
always resulted in the formation of a gaseous mixture of 
NO and N 02. The relative amounts of the two gases 
varied with the acid used, the percentage of NO de
creasing from over 90% with K2Cr20 7 to about 50% 
with K2S20 7 at 275°. If N 0 2+ were the acid species, 
then one would expect to find N 0 2 primarily, according 
to the reactions

N 02+ +  N 0 2-  — ► 2N 02 (11)

and

N 02+ +  NOs-  — > 2N 02 +  y 20 2 (12)

However, the reaction occurring appears complicated 
but may be

S20 72-  +  2N02-  =  2S042-  +  NO +  N 0 2 (13)

or may also involve reactions 7 and 9. With dichro
mate the reaction would be similar to (13) except that 
chromate would be formed instead of sulfate, and reac
tion 10 must also be considered. These reactions with 
the appropriate equilibrium constants could account 
for the low N 02 concentration at equilibrium in the di
chromate system. In any event it is difficult to recon
cile these results with the assumption of N 0 2+ as the 
acid species.

Finally, N 0 2+ has been postulated as the inter
mediate in the acid oxidation of bromide ion,4*5 i.e.

N 0 2+ T  Br~ ^ N 0 2 -(- y 2Br2 (14)

and also, oxidation of iodide3 has been found in meta- 
phosphate-containing melts, the reaction suggested as

NOa-  +  P 0 3-  +  I -  — ► PO43-  +  y 2I2 +  N 0 2 (15)

It was decided to check these reactions and to see if N 0 2 
could oxidize these halide ions. Solutions of KI and 
K2Cr20 7 in N aN 03-K N 0 3 were equilibrated overnight 
in vacuo and the reaction was found to be complex in 
that it required about four parts of dichromate to one 
of iodide for complete iodide oxidation. The gas phase 
was analyzed by mass spectrometry and consisted en
tirely of NO in every case in contrast to N 0 2 reported 
and postulated earlier.3,415 To test the effect of nitro
gen dioxide, some experiments were run in which N 0 2 
was bubbled through nitrate melts containing Br-  or
I - . Both halogen and NO were found indicating the 
over-all reaction to be

2NOz +  X -  — ► y 2X 2 +  NO +  N 0 3-  (16)

Thus, here again the observed behavior of N 0 2 is 
equivalent to that attributed to N 0 2+ in acidified 
melts, and although the chemical evidence above does 
not preclude the existence of N 0 2+, it certainly favors 
N 02 as an acid intermediate, if one is required, rather 
than N 0 2+.
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The Photochemistry of 1,3-Dioxolane1

by B. C. Roquitte

R adiation  Research Laboratories, M ellon  Institute, Pittsburgh, P ennsylvan ia  (Received F ebruary 25, 1966)

The gas phase photodecomposition of 1,3-dioxolane with the full light of a medium-pressure 
mercury arc has been investigated in the pressure range 11-82 mm and at temperatures 
27-110°. The reaction products found were H2, CO, C 02, CH4, C2H6, C2H4, C4H i0, and 
CH20. Experiments were carried out with various additives (0 2, C2D4, n-C4Hi0, and 
i~C4Hio). Two primary processes are important in the decomposition

CH2— CHs

0  0
\ /

c h 2

The azomethane-sensitized decomposition of 1,3-dioxolane has also been studied briefly.

■ „ /
CH2= C H 2 +  C 02 +  H2 (and/or 2H) 35% (A)

\ c h 2o  +  c h 3 +  CO +  h 65% (B)

Introduction
As part of a general study of the photochemistry 

of cyclic molecules containing one or two oxygen atoms 
in the ring, the present study of the photochemical 
decomposition of 1,3-dioxolane was undertaken. It 
was of particular interest to ascertain whether the pho
tochemical modes of decomposition are analogous to 
the thermal decomposition2 of 1,3-dioxolane. There
fore attention was focused on the direct unimolecular 
decomposition processes in this molecule, although its 
radical-sensitized decomposition was briefly studied. 
This paper describes the first study of the photochemi
cal decomposition of 1,3-dioxolane.

Experimental Section
Materials. Eastman Kodak White Label 1,3-dioxo

lane was distilled under vacuum and a middle fraction 
was retained for most of the experiments reported here. 
Analysis by gas chromatography using a 2-m Carbowax 
column and a 2-m dinonyl phthalate column showed 
that the distilled sample contained only one com
ponent.

Oxygen from the Matheson Co. was used directly 
from the cylinder.

The ethylene-d4 was obtained from Volk Radio- 
Chemical Co. It was degassed and distilled from 
— 160 to —196°. Both 2,3-dimethylbutane and n-

butane (research grade) from Phillips Petroleum Co. 
were outgassed and distilled under vacuum in the usual 
way.

Apparatus and Procedure. A Hanovia U-type me
dium-pressure mercury arc was used as a light source 
in all of the experiments. The light was partially 
collimated onto a quartz cell of 189-cc volume mounted 
in an electrically heated furnace. The temperature of 
the cell could be controlled within ± 3 °  during a run. 
In most of the runs no filter was used since it was 
noted that, when using a Corning filter 7910, which 
transmits light of wavelength longer than 2100 A, the 
photochemical decomposition was negligible. In the 
azomethane-sensitized decomposition a Corning filter 
5860 was used to isolate 3660-A light. The high- 
vacuum system was of standard type provided with 
two LeRoy traps, a solid nitrogen trap, and a Toepler 
pump-gas buret for gas analysis. Before photolysis 
a sample was expanded in the cell and then condensed 
at liquid nitrogen temperature and degassed. In 
experiments with added gas the reactant and added 
gas were thoroughly mixed by means of an all-glass 
circulating pump before being exposed to the radiation.

( 1 )  S u p p o r t e d ,  i n  p a r t ,  b y  t h e ^ U .  S .  A t o m i c  E n e r g y  C o m m i s s i o n .

( 2 )  W .  B .  G u e n t h e r  a n d  W .  D .  W a l t e r s ,  J . A m . Chem. Soc., 7 3 ,  2 1 2 7  
( 1 9 5 1 ) .
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Table I : Photolysis of 1,3-Dioxolane

------------------------------------------------------------------------------------------------------------------------------ P re ss ., m m --------------------------------------------------------------------------------------------------------------------------------
11.0 20.0 20.0 20.0 46.5 50.0 50.0 50.0 50.0 50.0 61.0 73.0 81.0 82.0
--------------------------------------------------------------------------------------------------------------------------------T e m p ,  ° C —-------------------------------------------------------------------------------------------------------------------------------

27 27 81 110 110 27 27 27 27 27 80 27 110 80
-E x p o su re  t im e , m in-

Prod
ucts

H.

120 120 120 121.5 120.0 19.0 30.0 58.0 120.7 183.8 122.2 50.0 120.0 120.0

2.90 3.82 4.72 5.62 7.58 0.64 1.08 2.21 4.63 7.01 6.85 3.36 9.60 7.64
CO 2.60 3.45 3.12 3.49 4.63 0.41 0.72 1.53 3.64 5.86 4.79 2.77 5.81 5.29
c h 4 0.39 0.48 0.61 0.89 1.34 0.09 0.12 0.27 0.62 1.02 1.12 0.36 1.80 1.31
c 2h 6 0.26 0.29 0.27 0.37 0.53 Trace 0.03 0.08 0.20 0.37 0.43 n 0.70 0.35
eo2 1.89 2.51 3.20 4.48 5.37 0.47 0.59 1.11 2.38 3.49 4.82 n 7.34 4.48
cqr. 2.10 2.89 3.13 4.21 5.44 0.64 0.80 1.52 3.22 4.80 5.40 n 7.14 5.21
c 4h 10 n° 0.31 0.29 0.31 n n 0.09 0.17 0.33 0.39 n 0.28 n
CH.0 n 2.51 2.47 2.64 n 0.74 n 1.73 2.99 3.96 3.70 2.55 4.05 n

“ n =  not analyzed.

After each run the products were condensed at —196° 
and then distilled through two LeRoy traps at —196° 
and a solid nitrogen trap ( — 210°). In experiments 
in which oxygen was added to the reactant, the non
condensable gases were pumped off, while in runs which 
were performed without oxygen, the noncondensable 
gases were measured in a Toepler pump-gas buret. 
The noncondensable fraction which contained H2, 
CHi, and CO was analyzed by a mass spectrometer. 
The condensable fraction was transferred quantitatively 
into an ampoule and then introduced into the inlet 
system of a dual-column, dual-detector gas chroma
tograph. The two columns and the detectors were 
connected in series, and the electrical signals from the 
detectors were fed into a double-pen recorder. One of 
the columns was 2 m long, packed with 25 wt %  
Carbowax 600 on Chromosorb, while the other was
l.o  m long and packed with silica gel. Ethane, carbon 
dioxide, ethylene, and butane were all resolved very 
well in the silica gel column. The Carbowax column 
could resolve acetaldehyde, ethylene oxide, and 1,3- 
dioxolane. The columns were calibrated using known 
quantities of authentic samples. Since it was not 
possible to analyze formaldehyde by gas chromatog
raphy, it was estimated quantitatively by the color 
reaction.3 In order to analyze all of the products, 
two runs were carried out under identical conditions, 
of which one was used for analysis of formaldehyde 
while the other one was used for analysis of all other 
products.

Results
Within the decomposition range 0.5-2.5%, the 

principal products of the reaction were hydrogen, 
carbon monoxide, carbon dioxide, methane, ethane, 
ethylene, n-butane, and formaldehyde (Table I).

Acetaldehyde was not detected as a product, and, 
if it were present at all, it could not be more than a 
few per cent of the total products.

The product yields at different exposure times are 
shown in Figures 1 and 2, which demonstrate the level
ing off of formaldehyde at longer exposure while the 
other products were linearly proportional with time 
except carbon monoxide, the rate of which increased 
with time.

The scavenging effect of ethylene-^ (Table II) on 
the hydrogen yield is prominent in Figure 3. The 
purpose of added ethylene-d4 was dual. First, it 
acted as a scavenger of the hydrogen atom. Second, 
it acted as a detector of shorter wavelengths since

( 3 )  D .  M a t s u k a w a ,  J. B iochem . ( T o k y o ) ,  3 0 ,  3 8 6  ( 1 9 3 9 ) .
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Table II:

A d d e n d s

Effect of Addends in the Photolysis of 1,3-Dioxolane“

o2 3.0 10.0
c 2d 4 1.5 4.0 9.0
71-C4H10
"¿-C4HlO

284.0
101.0

P r o d u c t s  ✓— ---------------------------------------------------------------------- --------------------------- _— ' /xmoles-

h 2 3.82 n n 1.71 1.47 1.25 3.28 3.71
CO 3.46 n n 3.34 3.33 3.17 2.72 3.00
c h 4 0.48 n n 0.41 0.35 0.36 0.48 0.69
c 2h 6 0.29 ac a n n n n 0.26
C02 2.51 1.81 1.79 n n n n 2.50
C2H4 2.89 1.90 1.99 n n n n 2.60
C4H,o n6 a a n n n n n
c h 2o 2.51 2.50 n n n n n 2.40

“ Pressure of 1,3-dioxolane 20.0 mm; exposure time 120.0 min; temperature 27°. 6 n =  not analyzed. c a =  absent.

ethylene starts absorbing light at a wavelength of 1900 
A. A trace amount of D2 (^0.1% ) was detected as a 
product of runs with added ethylene-d4; therefore, 
it was concluded that wavelengths shorter than 1900 
A were not playing an important role in the decom
position of 1,3-dioxolane.

Product yields were determined with added oxygen 
as well. In these runs the reactant pressure (20 mm) 
and exposure time (120 min) were kept constant. 
These results are given in Table II. The effect of 
temperature on the products of the photolysis with 
20 mm of 1,3-dioxolane is shown in Figure 4. All of 
the products increased with increasing temperature 
except carbon monoxide; hydrogen increased the most 
and formaldehyde the least.

The mole ratios H :C, H :0 , and C :0  for the total 
observed products are given in Table III. It appears 
that, within experimental errors, the material balance 
was reasonably good.

In Table IV the product yields of the azomethane- 
sensitized decomposition of 1,3-dioxolane are sum
marized.

Figure 3. Yield of hydrogen vs. per cent of added ethylene.
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Table III : Mass Balance of the Products of 
Photolysis of 1,3-Dioxolane

Press.,
mm

Temp,
°C

Exposure
time,
min H : C H: O C :0

20 .0 27 120.0 1.90 2.99 1.57
20.0 110 121.5 1 93 2.78 1.44
50.0 27 58.0 2 .0 3.00 1.50
50.0 27 120.7 1.95 2 .94 1.50
61.0 80 122.2 1 93 2.96 1.53

Theoret 2 3 1.5

Table IV : Methyl Radical Sensitized Decomposition 
of 1,3-Dioxolane“

-̂--------------------------D X  press., mm-------------------------
20.0 52.5 53.5 99.0

✓-------------------- Azomethane press., mm------------------
2.0 3.5 1.5 2.0

----------Exposure time, min-----
Products 964.8 968.4 957.6 906.3

h 2 0.12 0.33 0.44 0.41
n 2 12.48 6.76 5.86
CO 0.05 0.25 0.06 0.13
c h 4 0.27 4.96 3.06 4.25
c 2h 6 n6 7.43 3.68 4.20
C02 n 5.51 3.13 9.88
c 2h 4 n 0.99 0.71 0.87
c 4h ,„ n n n n
c h 2o 0.09 0.60 n . 0.85

Wavelength 3600 A; temperature 27°.. 1 n = not analyzed.

Photochemically Effective Wavelength. It appears 
that the ultraviolet absorption spectrum of 1,3-di- 
oxolane has not been determined previously. Owing 
to the limitation of the Cary 14 spectrophotometer, 
it was not possible for us to take the complete spectrum 
down to 1900 A. Nevertheless, it appears certain that
1,3-dioxolane starts absorbing around 2000 A. In the 
absence of a complete absorption spectrum, the 
following experiments were performed to determine 
the photochemically effective wavelength. The de
composition of 1,3-dioxolane was carried out using the 
same light source in combination (1) with a Vycor 
filter, (2) with an interference filter (band width 100 
A with maximum at 2100 A), and (3) without filter. 
The results are given in Table V where the total 
amounts of noncondensable products are listed. In 
a medium-pressure mercury arc the effective light is 
largely continuous with a few superimposed lines in 
the region 2000-1849 A. Owing to the presence of a 
long air path through which the light has to travel 
before entering the reaction cell, most of the 1849-A

Figure 4. Effect of temperatures on the product yields.

wavelength is absorbed by the air. Therefore, the 
wavelengths which are most effective lie in the region 
2000-1900 A.

Table V“

Rei
Product, amt of

Filter /¿moles decompn

Vycor 0.081 1
Interference 0.311 3.8
None 7.49 92.5

“ Exposure time 120 min.

Discussion
The experimental evidence suggests that at least two 

primary processes which take place are

c h 2— c h 2

c h 2

CH2=CH2 +  C 02 +  H2 (and/or 2H) 35% (A) 

CH20  +  CH3 +  CO +  H 65% (B)

The quenching effect of addends n-butane and iso
butane on the product yields (Table II) does not appear 
to be significant. This perhaps suggests that excited 
molecules do not play an important part in the decom
position of 1,3-dioxolane.

In the present system, the formation of hydrogen 
atoms and molecules seems unquestionable. The de
crease in the yields of hydrogen with increasing amounts
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of ethylene was due to the addition of the hydrogen 
atom to the ethylene double bond. As is evident from 
Figure 3, the hydrogen yield was reduced to about 55% 
by the addition of 7.5% of ethylene. Extrapolation 
of the linear part of the curve in Figure 3 to infinite 
concentration of ethylene showed that about 33% 
of hydrogen from 1,3-dioxolane decomposition was 
produced as molecular hydrogen and therefore was un- 
scavengable by ethylene.

Both ethylene and carbon dioxide were produced in 
abundant quantities in the presence of oxygen (Table 
II). This indicated that a major portion of ethylene 
and carbon dioxide was formed in a direct molecular 
process. The persistent production of formaldehyde 
in large amounts, even in the presence of oxygen and 
ethylene, indicated that perhaps it was formed by a 
direct molecular process and may, in fact, be the same 
process which yielded CH3, CO, and part of the hydro
gen atom. The presence of methyl radical in the pho
tolysis was obvious. The formation of methane and 
ethane in the pure 1,3-dioxolane and removal of C2H3 
by the addition of oxygen can only be explained by the 
reactions of methyl radical. Since no acetaldehyde 
was detected as a product, the diradical CH2-C H 2-0 ,  
a possible intermediate formed after the elimination of 
formaldehyde, could decompose after the migration of 
a hydrogen atom into CH3, CO, and H. On the 
other hand, the diradical could split to give CH2== 
CH2 and the 0  atom. In the flash photolysis of ethyl
ene oxide we have observed such a process.4 In addi
tion, the data of Table I show that, at a pressure of 
50 mm of dioxolane and at 27°, the ethylene yield is 
greater than C 02. This may indicate that excess 
ethylene might have come from such a process as

c h 2—c h 2—6  — ►  c h 2 = c h 2 +  0
Then the number of oxygen atoms is given by [C2H4] — 
[C02]; at higher conversion this difference is a large 
number. Thus, all of these oxygen atoms could react 
with the substrate by some radical mechanism to pro
duce the observed products.

The decrease in the formaldehyde rate with reac
tion time (Figure 1) indicates consumption of the prod
uct formaldehyde in secondary reactions. Since the 
carbon monoxide rate increased with time, it is certain 
that a portion of CO has been formed by the secondary 
decomposition of formaldehyde

HCHO — >■ H +  CHO 

2CHO — >- CH20  +  CO

An approximate estimate indicates that at least 35% 
of the decomposition proceeds via process A and the

rest via process B, provided, of course, no other pri
mary processes are involved.

The decrease in the yield of C 02 and C2H4 by the 
addition of 3 mm of oxygen in 20 mm of 1,3-dioxolane 
suggests that perhaps the triplet state was the pre
cursor of about 28% of the C 02 and C2H4 formed in 
the system. Further addition of oxygen (10 mm) 
did not quench the products C 02 and C2H4 anymore 
within experimental errors. This is in contrast to 
the decomposition of acetone5 6 where very small amounts 
of oxygen were very effective in removing the triplet 
state. It is possible that the major part of C 02 and 
C2H4 originated via singlet state and that is why they 
are not quenched completely. However, it has been 
indicated that the diagnostic test of Triplet by the use 
of oxygen is not effective in every case.8

The existence of diradicals in the present system 
cannot be ignored and requires some comment. It is 
possible that the initial act of a photon in this system 
might lead to the formation of diradicals such as 
CH2-C H 2-0 -C H 2- 0  (I) and/or 0 -C H 2-C H 2-0 -C H 2
(II) and these could decompose to yield observed pro
ducts or re-form the starting compound. Since the C -0  
bond in 1,3-dioxolane is of the order of 75-80 kcal/ 
mole7 and since the radiation absorbed corresponds 
to 144 kcal/mole or greater, the diradical formed will 
be highly energetic and might decompose to give the 
observed products. The temperature dependence 
of the product yield (Figure 4) indicates that the de
composition of diradical I into C2H4, C 02, and H2 
(and/or 2H) was favored by higher temperatures 
whereas the breakdown of diradical II into CH20, 
CO, CH3, and H atom was almost independent of 
temperature in spite of the fact that in both cases 
the rupture of C -0  bond(s) was essential. Owing to 
the polychromatic nature of the light source, photons 
with varying amounts of energies are absorbed in the 
system. Thus, it is possible that the diradicals I and 
II, formed by primary process, have different lifetimes 
and consequently behave differently with increasing 
temperature. Since quantum yields are not measured, 
it was virtually impossible to ascertain as to what 
extent these diradicals re-formed 1,3-cioxolane. Finally 
the formation of w-butane in this system could be ex
plained as the result of the reaction of ethyl radicals 
which were formed by addition of H atom to ethylene

( 4 )  B .  C .  R o q u i t t e ,  J . P h ys. Chem., 7 0 ,  2 6 9 9  ( 1 9 6 6 ) .

( 5 )  G .  W .  L u c k e y  a n d  W .  A .  N o y é s ,  J r . ,  J. Chem. P h ys .,  1 9 ,  2 2 7  
( 1 9 5 1 ) ;  J .  H e i c k l e n ,  J . A m . Chem. Soc., 8 1 ,  3 8 6 3  ( 1 9 5 9 ) .

( 6 )  D .  W .  S e t s e r ,  D .  W .  P l a c z e k ,  et al., Can. J . Chem., 4 0 ,  2 1 7 9  
( 1 9 6 2 ) .

( 7 )  P .  G r a y  a n d  A .  W i l l i a m s ,  Chem. Rev., 5 9 ,  2 3 9  ( 1 9 5 9 ) .
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H +  C 2H 4 — >  C 2 H 5

2 C 2 H 5  — >  C 2 H 4  +  c 2h 6 
X

c 4h 10

Methyl Radical Sensitized Decomposition. Magram 
and Taylor8 have pointed out that an oxygen atom will 
affect the ease of removal of the hydrogen atom on an 
adjacent carbon atom. It may be expected from this 
that the hydrogen atoms on the methylene group 
flanked by two oxygen atoms will be more reactive 
than those of the other two methylene groups in 1,3- 
dioxolane. Since methyl radicals and hydrogen atoms 
are formed in the primary process (es), it is quite likely 
that they will react with the labile hydrogen atoms

— >  CH4(H2) +  CH2— CH

0  0
\ /
c h 2
X  (C)

■> CH4(H2) +  c h 2— c h 2
I I
0  0
\ /
CH
Y  (D)

In order to decide the fate of the radicals X  and Y, the 
methyl radical sensitized decomposition of 1,3-dioxolane 
was undertaken. It is postulated that these radicals 
decomposed to give the observed products (Table IV). 
It should be noted that the ratio C 02:CH20  is much 
higher than that in the direct photolysis of 1,3-di
oxolane. This may be interpreted to mean that, 
because the hydrogen atoms in CH2 flanked by oxygen 
atoms are more reactive, radical Y  was produced at 
a higher frequency than the X  radicals, and the former 
decomposed to give C 02 and ethylene and H atom. 
It may be pointed out that yield of C2H4 in the methyl 
radical sensitized decomposition was much too small 
compared to the yield of C 02 and this probably was 
due to removal of ethylene by some secondary reac
tions.

In conclusion, the present study provides evidence 
that in the photolysis of 1,3-dioxolane two primary 
processes account for most of the products. It is 
interesting to note that, whatever the detailed mech
anism may be, the end products in both the thermal 
and photochemical decompositions are surprisingly 
similar.

Acknowledgment. The author is grateful to Dr.
K. 0. Kutschke for his comments on this work.

( 8 )  S .  J .  M a g r a m  a n d  H .  A .  T a y l o r ,  J. Chem. P h ys ., 9 ,  7 5 5  ( 1 9 4 1 ) ,

CH3(H) +  c h 2— c h 2

0  0
\ /
c h 2
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Dissociation Constant of Morpholinium Ion and Related Thermodynamic 

Quantities from 0 to 50°

by Hannah B. Hetzer, Roger G . Bates, and R. A. Robinson

N ational B ureau o f  Standards, W ashington, D . C. (Received February 28, 1966)

The thermodynamic dissociation constant of morpholinium ion (MH+) at 11 tempera
tures from 0 to 50° has been determined from emf measurements of hydrogen-silver 
chloride cells without liquid junction. The dissociation constant (Ka) for the process 
MH+ +  H20  M +  H30  + is given as a function of T (°K) by the equation —log K& =  
1663.29/T +  4.1724 -  0.0042239T. At 25°, - l o g  K a is 8.492, AH° is 39,030 joules 
mole-1, AS0 is —31.7 joules deg-1 mole-1, and ACP° is 48 joules deg-1 mole-1.

Introduction

The measurement of the dissociation constant of 
piperidine over a range of temperature has been de
scribed1 in an earlier communication. More recently, 
similar measurements for pyrrolidine have been re
ported.2 Pyrrolidine differs structurally from piperi
dine in that it has a five-membered ring with one CH2 
group less than piperidine. Morpholine (tetrahydro-
1,4-oxazine) has a six-membered ring in which one CH2 
group of piperidine is replaced by an oxygen atom. The 
three related bases have the following structures

piperidine pyrrolidine morpholine

The pK* value of piperidinium ion at 25° is 11.123 
and that of pyrrolidinium ion is 11.305; hence the 
values of AG° for the dissociation process differ by 
1040 joules mole-1. The values of AH° at 25° differ 
by 1080 joules mole-1, whereas those of AS° differ by 
less than 0.2 joule deg-1 mole-1.

The thermodynamic quantities associated with the 
dissociation of piperidinium and pyrrolidinium ions 
are therefore quite similar in magnitude. On the con
trary, literature values3-6 for the pK & of morpholinium 
ion range from 8.3 to 8.5, corresponding to a value for 
AG° of about 48.5 kjoules mole-1 for the dissociation 
process. This value is to be compared with 64.5 
kjoules mole-1 for pyrrolidinium ion. It is of interest

therefore to make pK  measurements for morpholinium 
ion over a range of temperature, in order to ascertain 
if the AH° and A(S° values are also markedly different. 
We have now determined thermodynamic quantities 
for the dissociation process MH+ +  H20  -*■ M +  
H 30 +  from 0 to 50° and have calculated pH values 
for a buffer mixture over this temperature range.

Method
The method used followed closely that for pyrrol

idine,2 except that the silver-silver chloride electrode 
was used instead of the silver-silver bromide electrode. 
The cell can be represented as

Pt; H2(g, 1 atm), r (CH2)20(C H 2)2NH2Cl (mx),
I_______________ i

r (CH2)20(C H 2)2NH (mi), AgCl; Ag (1) 

where m is molality.
Three corrections sometimes needed in emf measure

ments of solutions of bases proved unnecessary in this 
case. One is the consideration of the partial pressure 
of the amine in correcting the pressure of hydrogen to 
1 atm. The allowance in the case of pyrrolidine solu- 1 2 3 4 5 6

( 1 )  R .  G .  B a t e s  a n d  V .  E .  B o w e r ,  J. Res. N atl. B ur. Std., 5 7 ,  1 5 3  
( 1 9 5 6 ) .

( 2 )  H .  B .  H e t z e r ,  R .  G .  B a t e s ,  a n d  R .  A .  R o b i n s o n ,  J. P h ys. Chem., 
6 7 ,  1 1 2 4  ( 1 9 6 3 ) .

( 3 )  H .  K .  H a l l ,  ib id ., 6 0 ,  6 3  ( 1 9 5 6 ) .

( 4 )  H .  K .  H a l l ,  J. A m . Chem. Soc., 7 9 ,  5 4 3 9  ( 1 9 5 7 ) .

( 5 )  A .  R .  I n g r a m  a n d  W .  F .  L u d e r ,  ibid., 6 4 ,  3 0 4 3  ( 1 9 4 2 ) .

( 6 )  A .  M a r x e r ,  Helv. Chim. A cta , 3 7 ,  1 6 6  ( 1 9 5 4 ) .
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tions was negligible2 even at 50°. Since morpholine 
(bp 128° (760 mm)) is even less volatile than pyrrol
idine (bp 86.5° (760 mm)), the correction can be omitted 
with certainty. This conclusion was confirmed by 
measurements of the emf of two cells of type 1 contain
ing a solution of composition mi =  -—'0.1, m2 =  ^0.05 
at 25, 40, 45, 50° and then again at 25°. One cell 
contained a single hydrogen saturator, and the other 
was provided with an extra triple saturator. Since 
the values for the two cells agreed within 0.05 mv at 
all temperatures, the cells with one saturator were 
deemed to be adequate for the determination of the 
dissociation constant.

Secondly, the increase in the chloride ion concentra
tion resulting from the solubility of silver chloride in 
the cell solution has to be considered. The logarithm 
of the stability constant of the morpholine-silver com
plex ion has been reported7 to be 4.98 at 25° and was 
found in the present work to be 4.2 at 50°. The in
crease in chloride ion concentration calculated in the 
usual way for the morpholine buffer solutions used here 
was negligible even at 50°, and the correction was con
sequently omitted.

Thirdly, in calculating pA from emf data, the ratio 
(mi — mH +  m0H)/(m2 +  mH — mem) is required. 
In this instance, this ratio could be taken equal to mi/ 
m2 because neither neutral morpholine nor its proton- 
ated cation is appreciably hydrolyzed in the buffer 
mixtures studied.

Materials

Examination of a “ purified”  commercial grade of 
morpholine by mass spectrometry8 indicated about 99% 
purity, with about 0.1% of heavier materials and a 
small amount of water present. This material was 
distilled under reduced pressure through a Podbielniak 
column with platinum Heligrid packing, rated at about 
100 theoretical plates. Three intermediate fractions, 
interspersed with small samples for test, were removed 
and sealed under vacuum. Mass spectra of the distilled 
material were consistent with the structure of morpho
line. There was some evidence of traces of water, 
but no trace of substances heavier than morpholine 
was detected. Gas-liquid partition chromatograms 
of the distilled morpholine, using four different sub
strates, revealed only single peaks.

The buffer solutions were prepared, under nitrogen, 
by first adding morpholine to hydrochloric acid of 
known composition and then diluting this stock solu
tion. Three sets of solutions were prepared using 
morpholine from vials opened immediately before use, 
and a fourth set was made from one kept stoppered for

6 weeks after opening. No evidence of decomposition 
of morpholine was observed in this last set of solutions.

The ratio of salt to free base (mi/m2) in three sets 
of solutions was approximately 2 and in a fourth set 
approximately 1.2. The molality of free base was de
termined by weight titration with standard hydro
chloric acid to the calculated equivalence point (pH
4.8 for an approximately 0.07 M  solution of the salt), 
detected with a glass electrode.

Results
The emf values of cell 1 for 19 solutions are recorded 

in Table I. The emf of the cell is related to the pA a 
value of morpholinium ion by the equation

pAa = (A -  E°)/k +  log (mi2/m 2) +

log ( t m h +Tc i - / 7 m)

where k denotes (RT In 10)/F and M stands for morpho
line. Introducing the Debye-Hiickel equation with 
zero ion-size parameter, we obtain

pK,' =  (A — E°)/k +  log (mjVms) -  2Aml'/l (2)

where A is the Debye-Hiickel parameter on the 
molal scale. With the A° values of Bates and Bower,9 
good straight-line extrapolations of pAa' against mi 
gave limiting values of pAs at mi =  0, using a zero 
ion-size parameter. The standard deviation of the 
intercept was 0.001 at all temperatures. These pAa 
values are given in Table II along with those calcu
lated from the equation10

PAa = Ai/T -  A2 +  A3T (3)

with Ai =  1663.29, A2 =  —4.1724, and A 3 =  
-0.0042239 (0°C = 273.15°K).

Discussion
Equation 3 leads, by standard thermodynamic 

equations, to values of the enthalpy, entropy, and heat 
capacity changes for the dissociation process. Values 
at 25° for morpholinium ion and for the two closely 
related substances are as shown in Table III.

These values for piperidinium ion and pyrrolidinium 
ion are remarkably similar except, perhaps, for the heat 
capacity change. However, for morpholinium ion

( 7 )  R .  J .  B r u e h l m a n n  a n d  F .  H .  V e r h o e k ,  J. A m . Chem. Soc., 7 0 ,  
1 4 0 1  ( 1 9 4 8 ) .

( 8 )  T h e  a u t h o r s  a r e  i n d e b t e d  t o  M r .  E .  E .  H u g h e s  f o r  t h e  m a s s  
s p e c t r o m é t r i e  a n a l y s e s ,  t o  D r .  R .  T .  L e s l i e  f o r  t h e  d i s t i l l a t i o n ,  a n d  
t o  b o t h  D r .  L e s l i e  a n d  M r .  H u g h e s  f o r  t h e  g a s - l i q u i d  p a r t i t i o n  
c h r o m a t o g r a p h i c  a n a l y s e s  o f  m o r p h o l i n e .

( 9 )  R .  G .  B a t e s  a n d  V .  E .  B o w e r ,  J . Res. N atl. B ur. Std., 5 3 ,  2 8 3  
( 1 9 5 4 ) .

( 1 0 )  H .  S .  H a r n e d  a n d  R .  A .  R o b i n s o n ,  Trans. Faraday Soc., 3 6 ,  
9 7 3  ( 1 9 4 0 ) .
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Table I : Electromotive Force of the Cell: Pt; H2 (g, 1 atm), (CH2)20(CH2)2NH2C1 (m,),i_____________i
(CH2)20(CH2)2NH (m2), AgCl; Ag from 0 to 50° (in v)i___________ i

mi OT2 0 ° 5 ° 1 0 c 1 5 ° 2 0 ° 2 5 ° 3 0 ° 3 5 ° 4 0 ° 4 5 ° 50 °

0.10082 0.04334 0.77859 0.77881 0.77878 0.77859 0.77818 0.77752 0.77686 0.77588 0.77482 0.77360 0.77218
0.09024 0.07330 0.79542 0.79593 0.79621 0.79635 0.79627 0.79599 0.79555 0.79497 0.79420 0.79332 0.79224
0.08599 0.04446 0.78541 0.78403 0.78308 0.78200 0.78062
0.07955 0.03420 0.78279 0.78309 0.78318 0.78303 0.78271 0.78218 0.78156 0.78068 0.77974 0.77857 0.77727
0.07858 0.03860 0.78622 0.78657 0.78669 0.78663 0.78637 0.78590 0.78533 0.78442 0.78353 0.78240 0.78114
0.07271 0.03760 0.78876 0.78750 0.78661 0.78555 0.78432
0.06962 0.05655 0.80000 0.80068 0.80105 0.80127 0.80130 0.80102 0.80081
0.06542 0.03213 0.78943 0.78990 0.79007 0.79011 0.78995 0.78956 0.78904 0.78825 0.78736 0.78635 0.78508
0.05966 0.02565 0.78800 0.78842 0.78852 0.78855 0.78829 0.78787 0.78736 0.78654 0.78554 0.78444 0.78319
0.05513 0.02851 0.79441 0.79323 0.79251 0.79145 0.79035
0.05066 0.02488 0.79424 0.79479 0.79509 0.79523 0.79515 0.79484 0.79437 0.79368 0.79290 0.79178 0.79057
0.04989 0.04053 0.80628 0.80715 0.80772 0.80806 0.80821 0.80814 0.80798 0.80757 0.80704 0.80632 0.80544
0.03965 0.017047 0.79581 0.79637 0.79674 0.79687 0.79683 0.79656 0.79623 0.79562 0.79489 0.79397 0.79290
0.03475 0.017968 0.80409 0.80341 0.80284 0.80204 0.80111
0.02905 0.014267 0.80511 0.80585 0.80626 0.80655 0.80667 0.80658 0.80639 0.80585 0.80529 0.80450 0.80359
0.02068 0.008890 0.80875 0.80954 0.81014 0.81052 0.81069 0.81070 0.81047 0.81012 0.80958 0.80887 0.80808
0.017231 0.008910 0.81940 0.81911 0.81873 0.81822 0.81752
0.014732 0.007236 0.81861 0.81962 0.82031 0.82091 0.82129 0.82141 0.82147 0.82114 0.82077 0.82026 0.81961
0.009693 0.007873 0.83949 0.84087 0.84202 0.84295 0.84369 0.84418 0.84460 0.84475 0.84477 0.84459 0.84426

Table II : Values of pAa from 0 to 50°

t, pAa pX .
°c (exptl) (caled)“

0 9.108 9.108
5 8.978 8.977

10 8.850 8.851
15 8.727 8.728
20 8.608 8.608
25 8.492 8.492
30 8.380 8.379
35 8.268 8.269
40 8.161 8.161
45 8.056 8.057
50 7.955 7.955

° p K a =  1663.29/ T  +  4.1724 -  0.0042239T.

Table HI

A S°, A Cp°,
A H°, joules j oules
joules deg-1 deg"1

pK* mole _1 m ole"1 m ole"1

Morpholinium 8.492 39 ,030 - 3 1 . 7 48
Piperidinium 1 1 . 1 2 3 53 ,390 - 3 3 . 9 88
Pyrrolidinium 1 1 . 3 0 5 54,470 - 3 3 . 7 68

there are marked differences both in pK* and in the 
enthalpy change. Thus, not only is there a large 
difference (2.813) in pK & between morpholinium ion and

pyrrolidinium ion at 25° but the difference changes with 
temperature in a manner consistent with the differences 
in the other thermodynamic quantities. The pK* 
values of morpholinium ion decrease with increased 
temperature less rapidly than do those of pyrrolidinium 
ion. Thus the difference in pK a is only 2.601 at 50°.

While mixtures of morpholine and morpholinium 
hydrochloride are not proposed as pH standards, they 
may have some uses in biochemical work when a 
medium of controlled pH is needed. We have, there
fore, interpolated in Table I to obtain values of 
p («h 7 c i ) ( =  — log <2 h +7 c i -) and have derived the corre-

Table IV : Values of p(ctH7 ci) and paH for a Buffer Solution 
Composed of Morpholine Hydrochloride (0.1 m) 
and Morpholine (0.05 m) from 0 to 50°

t,
°c p(aHTCl) paH

0 9.068 8.963
5 8.934 8.828

10 8.809 8.702
15 8.687 8.579
20 8.567 8.458
25 8.453 8.343
30 8.341 8.231
35 8.231 8.120
40 8.125 8.013
45 8.021 7.908
50 7.921 7.806
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sponding values of paH ( = —log <zh+) by application of 
the Bates-Guggenheim11 convention

- lo g  yel =  Am h/{ 1 +  1.5m h)

The values obtained for the paH of one buffer mixture 
from 0 to 50° are given in Table IV.

( 1 1 )  R .  G .  B a t e s  a n d  E .  A .  G u g g e n h e i m ,  P u re  A p p i. Chew,., 1 ,  1 6 3  

( 1 9 6 0 ) .

The t Radiolysis of Liquid 2-Propanol. II.1* The Reaction of Solvated 

Electrons with Mono- and Disubstituted Benzenes

by Warren V. Shermanlb

Soreq N uclear Research C entre , Yavne, Israel  (.Received M arch 1, 1966)

The effect of a number of mono- and disubstituted benzenes on the gaseous products of 
the radiolysis of solutions of nitrous oxide in 2-propanol has been studied. The sub
stituted benzenes decrease the nitrogen yield, and this is interpreted as being due to com
petition with nitrous oxide for solvated electrons. From the measurements of GCNa) 
the relative reactivities of the substituted benzenes have been calculated. The site of 
attack of the solvated electron appears to be the aromatic ring since the substituent effects 
correlate well with those found generally in aromatic bimolecular nucleophilic substitution. 
In addition, satisfactory correlation is observed between reactivity and the Hammett 
& para functions. The p value for the monosubstituted benzenes is 3.1. The p value 
remains approximately constant for a given series of disubstituted benzenes in which one 
substituent is kept unchanged. However, the a values for disubstituted benzenes are not 
additive.

Introduction
Solvated electrons are produced in the radiolysis of 

aliphatic alcohols.2 A knowledge of the subsequent 
reactions of this species is necessary for the complete 
understanding of the radiation chemistry of alcohols 
and alcoholic solutions. It has been shownla that the 
molecular nitrogen produced in the radiolysis of dilute 
solutions of nitrous oxide in 2-propanol is a convenient 
measure of the solvated electrons which are amenable 
to solute scavenging. Utilizing this technique, the 
measurement of the relative rate constants of a number 
of mono- and disubstituted benzenes are reported.
Experimental Section

Materials. 2-Propanol was purified as described 
previously.la The mono- and disubstituted benzenes

were of reagent grade and used without further puri
fication.

Procedure. The preparation and irradiation of the 
samples, and the analysis of gaseous products were as 
described previously.1*1 The mean dose rate during 
the course of the present series of experiments was
3.7 X 1017 ev ml-1 min-1. All solutions were ir
radiated for 15 min.

( 1 )  ( a )  P a r t  I :  W .  V .  S h e r m a n ,  J. P h ys. Chew ., 7 0 ,  6 6 7  ( 1 9 6 6 ) .  A
p r e l i m i n a r y  c o m m u n i c a t i o n  o f  s o m e  o f  t h e  r e s u l t s  r e p o r t e d  h e r e  
a p p e a r s  i n  W .  V .  S h e r m a n ,  J. A m . Chew . Soc., 8 8 ,  1 5 6 7  ( 1 9 6 6 ) .  ( b )
T h e  R a d i a t i o n  L a b o r a t o r y ,  U n i v e r s i t y  o f  N o t r e  D a m e ,  N o t r e  D a m e ,  
I n d ,

( 2 )  M .  C .  S a u e r ,  S .  A r a i ,  a n d  L .  M .  D o r f m a n ,  J . C hew . P h y s .,  4 2 ,
7 0 8  ( 1 9 6 5 ) ,  a n d  r e f e r e n c e s  t h e r e i n .
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Table 1: y  Radiolysis of 2-Propanol Solutions of Nitrous Oxide and a Substituted Benzene

N i t r o u s
S u b s t i t u t e d  b e n z e n e , o x id e ,

m M m l

None 5 . 0

None 1 0

None 50
1 Phenol 50C 5 . 0

2 Toluene 50C 5 . 0

3 Benzene
4 Fluorobenzene 10C 1 0

5 Chlorobenzene 5C 50
6 Bromobenzene 5C 50
7 Iodobenzene 5C 50
8 Benzaldehyde 5C 50
9 Benzoic acid 50 50

10 Benzophenone 50 50
11 Acetophenone 5C 50
12 Benzonitrile 50 50
13 Nitrobenzene
14 p-Chlorophenol 50 50
15 p-Bromophenol 50 50
16 p-Hydroxybenzoic acid 50 50
17 p-Hydroxyacetophenone 50 50
18 p-Hydroxybenzonitrile 50 50
19 p-Hydroxynitrobenzene 50 50
20 p-Chlorotoluene 50 50
21 p-Dichlorobenzene 50 50
22 p-Bromochlorobenzene 50 50
23 p-Chloroiodobenzene 50 50
24 p-Chlorobenzoic acid 50 50
25 p-Chlorobenzonitrile 50 50
26 p-Chloronitrobenzene 50 50
27 m-Dinitrobenzene 50 50

G ( C H .) G (N 2 ) &NaO

3.37° 1.36“ 1.70“
3.25“ 1.36“ 2.06“
3.18“ 1.36“ 2.70“
3.52 1.10 0.83 0.010
2.11 1.06 0.70 0.014

0.02F
2.86 1.05 1.37 0.050
2.78 1.30 1.76 0.54
2.46 1.16 1.32 1.0
2.12 1.38 1.09 1.5
2.78 1.37 1.09 1.5
2.68 1.29 1.37 0.97
2.12 1.47 1.17 1.3
2.63 1.41 1 . 0 0 1.7
2.48 1.27 0.93 1.9

2.3“
2.78 1.38 1.98 0.36
3.03 0.61 1.41 0.92
3.05 0.64 1.66 0.63
2.81 0.90 1.56 0.73
2.80 0.66 1.14 1.4
2.82 0.43 0.93 1.9
2.42 1.50 1.82 0.48
2.50 1.21 1.15 1.3
2.43 1.29 1.02 1.6
2.58 1.49 0.77 2.5
2.25 1.25 1.13 1.4
2.62 1.39 0.92 1.9
2.56 1.23 0.79 2.4
2.43 1.09 0.68 3.0

“ Taken from ref la.

Results and Discussion
The yields of gaseous products from the radiolysis 

of solutions of 2-propanol containing nitrous oxide and 
a substituted benzene are listed in Table I. In all 
cases hydrogen, nitrogen, and methane were the sole 
products volatile at liquid-air temperature. Quali
tatively, all the aromatic compounds studied decreased 
the hydrogen and nitrogen yields below "hose observed 
from 2-propanol solutions containing nitrous oxide 
alone. The yield of methane appears to be relatively 
insensitive to the addition of the aromatic compounds 
except those containing the hydroxy group where a 
distinct decrease in (7(CH4) may be observed.

The decrease in (?(N2) observed in the presence of 
the substituted benzenes may be taken to indicate 
competition with nitrous oxide for the solvated elec
tron.la The reactivities of the substituted benzenes 
relative to nitrous oxide, /cnaj, may be calculated from 
expression Ala and are listed in the last column of 
Table I.

A(7(N2) (N20)
kw> =  G (N ^  (ArX) (A)

The solvated electron is a strongly nucleophilic 
species. Its reactions with aromatic compounds may 
be expected to conform to the general pattern of bi- 
molecular nucleophilic substitution, Sn2, if the inser
tion of the solvated electron into the aromatic ring is 
the rate-determining step of the electron-capture 
process 1.

6 solv +  ArX — ^  A rX - (1)
The modified Hammett equation, log ZcCeH, = P~v~, 
where fcc.n, is the rate of the substituted benzene rela
tive to benzene, has been used to correlate the sub
stituent effect in the reactions of a number of nucleo
philic species (e.g., CH30 - , N*- , SCN- ) with substi
tuted benzenes.3,4 In Figure 1 the logarithm of the 3 4

( 3 )  P .  R .  W e l l s ,  Chem. Rev., 6 3 ,  1 9 1  ( 1 9 6 3 ) .

( 4 )  J .  M i l l e r ,  A .  J .  P a r k e r ,  a n d  B .  A .  B o l t o ,  J. A m . Chem. Soc., 79, 
9 3  ( 1 9 5 7 ) .
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Log fcC6H6-

Figure 1. Plot of <r~ functions3-4 for nucleophilic 
substitution vs. log fcc6H6 values for the 
electron in 2-propanol (O) and water6 (•).

rate constants relative to that of benzene for several 
monosubstituted benzenes is plotted against the sub
stituent constants, <j~, for Sn2 reactions on the ring. A 
“ best straight line”  does not pass through the point 
for benzene, and this may indicate that there is a con
tribution to the observed reactivity from the direct 
interaction between the solvated electron and the 
substituent. The p~ value (ca. 2) corresponding to 
the slope of “ best straight line”  is somewhat lower 
than those observed with other nucleophiles (3.1 to 
9.2).4 This low sensitivity to substituent effects 
probably reflects the high intrinsic reactivity of the 
solvated electron toward aromatic substrates. In 
their study of the reactivity of substituted benzenes 
toward hydrated electrons, Anbar and Hart5 noted 
that the correlation between reaction rates and <r~ 
values was less than satisfactory in three cases where 
the reactivity of the aromatic compound toward 
nucleophilic substitution is known. The data on the 
hydrated electron are included in Figure 1 for com
parison with the present data.

In Figure 2 the values of log /cc,h, for the mono
substituted benzenes are plotted against the corre
sponding rate constants for the reaction of the hy
drated electron with monosubstituted benzenes.6 A 
good linear correlation may be noted. The slope differs 
from unity, and it may be concluded that the reactions 
of the solvated electron in 2-propanol are less sensitive 
to substituent effects than the equivalent reactions of 
the solvated electron in water.

Log 4ctH«.

Figure 2. Plot of log /fccsH« values for the electron 
in 2-propanol vs. corresponding results of 
Anbar and Hart5 for the hydrated electron.

In a plot of log fccsH. values for the monosubstituted 
benzenes against mean Hammett <jvara values (Figure
3), there is considerable scatter about a best straight 
line. This scatter may also be noted in the study of 
the hydrated electron.6 However, if the spread of all 
calculated a values6 is taken into account, the log fcciHt 
values, with the exception of chloro-, bromo- and iodo- 
benzene, conform to a straight-line plot. The p value 
is 3.1 and may be compared with p =  4.8 obtained by 
Anbar and Hart for the reactions of the hydrated 
electron.5 The relatively large deviation of bromo- 
benzene and iodobenzene from the best straight line 
was also noted in the study of the hydrated electron. 
An explanation put forward in this case was that there 
may be a direct interaction between the hydrated 
electron and the substituent which would contribute 
toward an increased reaction rate. Another rational
ization may be suggested. The gas phase electron 
affinity of the chlorine, bromine, and iodine atoms7 
exceeds the dissociation energy of the corresponding 
carbon-halide bond.8 If (1) is in fact an equilibrium,

( 5 )  M .  A n b a r  a n d  E .  J .  H a r t ,  J. A m . Chem. Soc., 8 6 ,  5 6 3 3  ( 1 9 6 4 ) .

( 6 )  <r„ara v a l u e s  a r e  t a k e n  f r o m  t h e  r e v i e w  o f  H .  V a n  B e k k u m ,  
P .  E .  V e r k a d e ,  a n d  B .  M .  W e p s t e r ,  Rec. Trav. Chim., 7 8 ,  8 1 5  ( 1 9 5 9 ) .

( 7 )  F .  H .  F i e l d  a n d  J .  L .  F r a n k l i n ,  “ E l e c t r o n  I m p a c t  P h e n o m e n a , ”  
A c a d e m i c  P r e s s  I n c . ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 7 ,  p  1 4 9 .

( 8 )  T .  L .  C o t t r e l l ,  “ T h e  S t r e n g t h s  o f  C h e m i c a l  B o n d s , ”  B u t t e r -  
w o r t h  a n d  C o .  L t d . ,  L o n d o n ,  1 9 5 4 ,  p p  2 1 1 ,  2 1 3 ,  2 7 7 .
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Log &CeH6-

Figure 3. Plot of Hammett aVaTa functions vs. log fcc6H6 
values for the electron in 2-propanol. The mean 
values for the <rpara functions are taken from the review 
of Van Bekkum, et al.f The vertical lines encompass 
the spread of values for these functions.

then dissociation of the carbon-halide bond may occur 
before the back reaction and enhance the observed 
rate of the electron-capture process.

A similarly satisfactory correlation between re
activity and cr values may be observed in the case of 
the disubstituted benzenes. The p values for the 
chlorobenzene and phenol series are 0.86 and 3.6, 
respectively (see Figure 4). However, as was the case 
in the monosubstituted benzene series, the chloro and 
bromo derivatives are somewhat anomalous and show 
a reactivity which is greater than would be expected 
of aromatic compounds containing substituents with 
these a values. In the application of the Hammett 
equation to aromatic substitution, the effect of a second 
substituent is generally additive as long as there is no 
additional resonance interaction between the second 
substituent and the reactive center.3 In the reactions 
of the solvated electron in 2-propanol, this additivity 
rule does not hold. It appears that a series containing

Log ¿CtBSX-

Figure 4. Plot of Hammett apara functions6 vs. log 
fcceHsx values for monosubstituted chlorobenzenes 
(•) and phenols (O). kc$mx is the reactivity- 
relative to the parent chlorobenzene or phenol.

a substituent which activates the ring toward the sol
vated electron (e.g., the chlorobenzenes) has a lower 
p value than the monosubstituted series. In the case 
of the nitrobenzenes, where the nitro group strongly 
activates the ring, the rate constant is almost insensitive 
to the second substituent. In a series where the sub
stituent deactivates the ring, (e.g., the phenols) the 
rate constant is more sensitive to the second substit
uent and an enhanced p is observed. These observa
tions parallel those made by Anbar and Hart on the 
reactivity of the hydrated electron.5
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Temperature Dependence of Electrolytic Conductance: Tetrabutylammonium 

Fluoroborate in Phenylacetonitrile1'2

by Ernesto J. del Rosario3 and John E. Lind, Jr.

Departm ent o f  Chem istry, Cornell U niversity, Ithaca, N ew  Y ork {Received M arch  J+, 1966)

The electrolytic conductance of dilute solutions of tetrabutylammonium fluoroborate in 
phenylacetonitrile has been measured between 25 and 175°, and the theory of Fuoss and 
Onsager has been used to correlate the data. The variations of the physical constants, 
characterizing the solutions for the sphere-in-continuum model, largely compensate for 
one another so that the data present more of a test of the model than of the theoretical 
approximation of the model. The model appears adequate, although the association con
stant goes through a slight maximum rather than rising continuously with the inverse of 
the product of dielectric constant and temperature.

Recently, Fuoss and Onsager4 reexamined their 
theory for ionic conductance in dilute solutions and 
have obtained a more exact solution for the model of 
spheres in a continuum. They have shown the ade
quacy of the theory primarily by applying it to systems 
where the electrical properties and the viscosity of the 
solvent were varied by using mixed solvents at 25°. 
Data are presented here to show the adequacy of the 
theory and the model when the electrical properties 
and viscosity are changed by changing the temperar- 
ture of a pure solvent. The measurements were made 
on tetrabutylammonium fluoroborate in phenylaceto
nitrile over the range 25-175°.

This system is especially useful for showing whether 
there are inadequacies in the model rather than in the 
mathematical approximation of the model. The frac
tional change of the equivalent conductance with con
centration is predicted by the model to be about the 
same at all temperatures for this system if Walden’s 
rule applies. This means that all discrepancies 
caused by mathematical approximations should con
tribute proportionally the same at all temperatures 
and not cause changes in the values of the arbitrary 
parameters needed to fit the equation to the data.

The reasons for these statements are as follows. 
Since the thermal motion is always attempting to 
destroy the effects of the electrical forces, the electro
static energy always appears divided by the thermal 
energy, and thus the dielectric constant is always

multiplied by the temperature raised to the same power- 
Because the dielectric constant decreases with increas
ing temperature, their product for phenylacetonitrile 
is decreased by only 8%  while the temperature changes 
50%. So far as the electrostatic theory for the sphere- 
in-continuum model is concerned, little change is 
noticed in the association of the ions during this 
large change of the temperature. The relaxation-type 
terms in the equation for the equivalent conductance 
depend only upon the reciprocal of this product of 
temperature and dielectric constant and upon the 
limiting equivalent conductance at infinite dilution. 
Thus these terms are just scaled by the limiting con
ductance or by the inverse of the viscosity if the 
Walden product is constant. The electrophoretic- 
type terms not only depend on the inverse of the 
product of dielectric constant and temperature but also 
upon the reciprocal of the viscosity. The result is 
that the whole equation is just scaled by either the 
limiting conductance or the reciprocal of the viscosity. 
Now if there are effects such as significant van der

( 1 )  T h i s  s t u d y  w a s  a i d e d  b y  a  g r a n t  f r o m  t h e  O f f i c e  o f  S a l i n e  W a t e r , 
U .  S .  D e p a r t m e n t  o f  t h e  I n t e r i o r .

( 2 )  T h i s  p a p e r  i s  b a s e d  o n  a  t h e s i s  p r e s e n t e d  b y  E .  J .  d e l  R o s a r i o  t o  
t h e  G r a d u a t e  S c h o o l  o f  C o r n e l l  U n i v e r s i t y  i n  p a r t i a l  f u l f i l l m e n t  o f  
t h e  r e q u i r e m e n t s  f o r  t h e  M . S .  d e g r e e ,  J a n  1 9 6 6 .

( 3 )  F o r d  F o u n d a t i o n  S c h o l a r s h i p ,  U n i v e r s i t y  o f  t h e  P h i l i p p i n e s -  
C o r n e l l  U n i v e r s i t y  G r a d u a t e  E d u c a t i o n  P r o g r a m .

( 4 )  R .  M .  F u o s s ,  L .  O n s a g e r ,  a n d  J .  F .  S k i n n e r ,  J. P h ys . Chem ., 6 9 ,  
2 5 8 1  ( 1 9 6 5 ) .
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Waals forces between ions or between ions and solvent 
molecules, these should cause marked changes in the 
parameters of the equation since these forces are not 
directly related to the dielectric constant and the 
viscosity.

Experimental Section
Tetra-n-butylammonium fluoroborate was prepared 

by titrating a methanolic solution of tetrabutylam- 
monium hydroxide with an aqueous solution of fluoro- 
boric acid. The salt was recrystallized three times 
from 1:1 methanol-water mixtures and dried at 70° 
under vacuum to constant weight. The melting point 
was 161°. Fluorine analyses yielded 22.99 and 22.86% 
compared to the theoretical 23.08%.

The phenylacetonitrile was dried over molecular 
sieves and carefully fractionated. The specific con
ductance was less than 0.3 X 10-7 mho/cm and the 
refractive index was n25d 1.5208. The dielectric con
stants of the solvent were measured on a General 
Radio 716-C Schering bridge equipped with a 716-P4 
guard circuit. To reduce the effects of the higher 
solvent conductances at high temperature, measure
ments were made at 263 kHz and checked at 100 
kHz. The capacitance cell consisted of an inner high 
potential electrode i 1/* in. in diameter and 59/i6 in. 
long which was suspended in a deep cup leaving an 
annulus of 3/ i6 in. The cup was the grounded electrode 
and the top inch of it was a guard ring. All metal 
parts were of stainless steel and the insulation was 
Supramica. The capacitance cell was calibrated at 
25° with nitrobenzene and ethylene dichloride whose 
dielectric constants are 34.82 and 10.36, respectively.5 
The nitrobenzene was purified by the method6 7 used 
previously, yielding a specific conductance of less than 
7 X 10- 9 mho/cm. The Eastman Spectrograde ethyl
ene dichloride was redistilled and had a specific con
ductance of much less than 2 X 10-9 mho/cm. The 
cell constant was 0.04213 which was independent of 
temperature within the precision of the measurements. 
The results in Table I agree with the approximate 
value of Grimm and Patrick5,7 and are about 1-2% 
above those of Walden.8

The viscosities were measured under argon in 
Ubbelohde viscometers. The densities were measured 
in a Sprengle-type pycnometer on which the two arms 
were interconnected and the whole pycnometer was 
completely submerged in the thermostat. The small 
vapor space required a maximum correction for the 
vapor volume of 0.03% at 200°.

The conductance bridge, the method of calibration, 
and the technique for the conductance measurements 
were similar to those used by one of the authors pre-

Table I : Dielectric Constant of Solvent

Temp, Dielectric
°c constant

24.9 18.77
58.9 16.57
78.6 15.46
99.0 14.45

117.7 13.5 3
138.9 12.6 9
162.8 11.86
185.4 11. u
201.4 10.7 2

viously.6 The cells used were two erlenmeyer cells 
whose cell constants were 0.15591 ±  0.00002 and 2.0714 
±  0.0003 cm-1. Both cells were calibrated directly 
with KC1. A small cell with a volume of about 20 ml 
was also used for the high-temperature runs and the 
cell constant was 2.8278 ±  0.0003. The temperatures 
were measured by a platinum resistance thermometer 
and the variation was no greater than ±0.03° at the 
highest temperature. All runs were performed with 
the solutions under an atmosphere of argon. The 
runs at 25 and 100° were performed by diluting the 
solutions in the erlenmeyer cell. The run at 75° 
was made in the same cell by diluting the solution suc
cessively in a flask at room temperature and then 
transferring a portion of the solution by a syringe to 
the cell. This could be done easily because the vapor 
pressure of the solvent at room temperature was so 
low that there was no significant amount of solvent 
lost through evaporation. This technique had to 
be used for the runs at 150 and 175° since decom
position was noticeable and thus a single sample could 
not be diluted for measurement at five different com
positions. The small cell was used for these two high- 
temperature runs and the vapor space at equilibrium 
was only about 1 ml, so that no correction for the 
amount of solvent in the vapor space was needed. The 
decomposition at 150° caused a resistance change of 
0.1% in 30 min and at 175° the change was 1% in the 
same period. For these two runs the resistance was 
measured only at 10 kHz since the runs at lower tem
perature indicated that the value extrapolated to 
infinite frequency differed by only about 0.01%.

( 5 )  A .  A .  M a r y o t t  a n d  E .  R .  S m i t h ,  “ T a b l e s  o f - D i e l e c t r i c  C o n s t a n t s  
o f  P u r e  L i q u i d s , ”  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  C i r c u l a r  5 1 4 ,  U .  S .  
G o v e r n m e n t  P r i n t i n g  O f f i c e ,  W a s h i n g t o n ,  D .  C . ,  1 9 5 1 .

( 6 )  J .  E .  L i n d ,  J r . ,  a n d  R .  M .  F u o s s ,  J. P hys. Chem., 6 5 ,  9 9 9  ( 1 9 6 1 ) .

( 7 )  F .  V .  G r i m m  a n d  W .  A .  P a t r i c k ,  J. A m . Chem. Soc., 4 5 ,  2 7 9 4  
( 1 9 2 3 ) .

( 8 )  P .  W a l d e n ,  P h ysik . Chem., 7 0 ,  5 6 9  ( 1 9 1 0 ) .
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The resistance at 10 kHz was then extrapolated back 
to zero time, ignoring the initial period when the 
temperature had not reached equilibrium. A run was 
made at 200° but discarded because resistances changed 
of the order of 10% in 0.5 hr.

The physical constants are summarized in Table II 
and the conductance measurements in Table III. 
The values of the dielectric constant in Table II are 
interpolated from Table I.

Table II : Solvent Properties

Specific
conduct-

Temp, Dielectric Density, Viscosity, ance, 107 *
°C constant g/ml poise mho/cm

25.00 18.77 1.0125 0.01971 0.13
75.00 15.66 0.9719 0.00949 0.60

100.00 14.38 0.9506 0.00716 0.51
150.00 12.31 0.9079 0.00473 0.84
175.00 11.45 0.8866 0.00396 0.75
200.00 10.67 0.8637 0.00334 2.0

Table III : Conductance of Tetrabutylammonium 
Pluoroborate in Phenylacetonitrile

une A AA lO'C A AA

t = 25.00° t = 75.00°
31.004 21.882 -0 .008 18.664 48.137 -0 .006
24.720 22.664 0.011 14.873 49.697 0.008
18.432 23.635 0.002 11.072 51.628 0.002
12.450 24.858 -0 .012 7.401 54.045 -0 .010
6.290 26.711 0.004 3.976 57.197 0.004

t = 100.00° t = 150.00°
28.929 57.284 0.001 17.726 90.06 0.00
23.194 59.427 -0 .011 13.886 93.74 -0 .0 4
17.393 62.218 0.027 10.304 98.03 0.05
11.695 65.772 -0.021 6.898 103.00 -0 .0 4
5.876 71.120 0.006 4.502 107.59 0.01

t = 175.00°
16.037 105.84 -0 .0 0
9.642 114.46 0.02
6.479 120.19 -0 .0 2
4.095 125.78 0.01

Discussion
Fuoss and Onsager obtain eq 1 when they retained 

the Boltzmann factor in the exponential form during 
the integration of the equation of continuity

A =  A0 — Sc/2 +  E'c In r2 +  Lc — A A 0c /2 (1)

All terms depend upon the adjustable parameter 
Ao and the last two also depend upon the ion-size

parameter, which represents the distance of closest 
approach of cation and anion. The A term has the 
form of the Bjerrum approximation to the association 
constant. Fuoss, Onsager, and Skinner have shown 
that this equation is applicable where “ association” 
is very low. For systems where association is high and 
especially for association arising in part from forces 
not accounted in the model such as van der Waals 
forces, the law of mass action can be introduced by re
placing the last term by the analogous expression given 
by the law of mass action. The conductance equation 
becomes

A =  Ao — S(cy)'h +  E'{cy) In r2y +
Ley — K \kcyP (2)

where the association constant, A  a , becomes the third 
independent parameter.

To either equation an additional term was proposed 
to account for termination of power series arising out 
of lower order effects. This B term is [r3(26 — 3)A0/6 2] 
and is substracted from the right-hand side of the equa
tion. It is of the three-halves power of the concentra
tion and depends upon only the same arbitrary param
eters, A0 and a, upon which the L term depends. In 
Table IV are tabulated the parameters and the terms 
required to fit the data with eq 2 both with and with
out the B term. The precision of three of the five 
sets of data is increased appreciably by the addition of 
the B term, while the other two are not affected. At 
the same time, the association constants K A increase 
60% but do not change significantly their dependence 
upon temperature and dielectric constant of the sol
vent. The values of the ion-size parameter, aL, 
arise from the L term and the B term, and they become 
larger and more reasonable when the B term is used, 
The values aL both with and without the additional 
term decrease at high temperature. It is important 
to remember that the L term and the B term vary the 
most rapidly of any terms with concentration. Thus 
they are small terms which are most sensitive to the 
final fit and will gather into the parameter aL all the 
inadequacies of the theory and the model. Because 
the Walden product is nearly constant, the coefficients 
of the conductance equation with the B terms are 
scaled by the limiting conductance and are given in 
Table V. As predicted, the scaled values vary slowly 
with temperature. The one exception is the L term 
at high temperature which drops to half its low- 
temperature value. This result is reflected in the 
slight decrease of K A at high temperatures. To account 
for this variation, consider the electrostatic model 
modified with a “ solvation”  energy9 (shown in eq. 3)
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Table IV : Constants in the Conductance Equation

t, ”C cr Ao L K A Q-L aK

Without B Term
25.00  ±  0 .0 1 0.01 3 1 . 1 6  ±  0 .05 202 dr 34 94 dr 7 4 . 1  dr 0 . 1 5 . 5  dr 0 .2
75.00 ±  0.02 0.01 65.20 dr 0.04 7 1 1  dr 63 145 dr 4 4 .56  dr 0.09 5.00 dr 0 .05

100.00 ±  0.02 0.03 83 .8  ±  0 . 1 283 dr 68 1 1 7  dr 5 3 .9 5  dr 0.07 5 .6  dr 0 . 1
150 .00  ±  0.03 0.05 1 2 5 .0  d= 0 .3 - 6 4 5  dr 327 1 19  dr 13 3 . 4  dr 0 .2 5 .9  dr 0 .3
175 .0 0  db 0.03 0.02 1 4 5 .3  dr 0 . 1 - 9 8 5  dr 17 1 1 1 4  dr 6 3 .40  dr 0.08 6.2 dr 0 . 1

With B Term
25.00  ±  0 .0 1 0.002 3 1 .4 4 4  ±  0.007 1256 =h 6 1 7 5 .7  dr 0.9 7 .7 5  dr 0.02 4.486 dr 0.007
75.00 ±  0.02 0.002 65.44 d= 0 .0 1 2758 dr 17 207 dr 1 7 .86  dr 0 .03 4 .5 10  d= 0.006

100.00 ±  0.02 0.04 84.7  dr 0 .2 3463 d= 157 2 14  dr 1 1 7 .6  d= 0 .2 4.60 dr 0.06
150.00 ±  0.03 0.06 1 2 5 .5  d= 0 .3 2912  dr 4 13 178 dr 15 5 .7  =b 0 .3 5 . 1  dr 0 . 1
175 .00  ±  0.03 0.007 14 5 .7 2  dr 0.04 3017  dr 57 167 dr 2 5 .48 dr 0.03 5 .38  dr 0.02

4 7r N
k a = — ()()(̂  exp(e'/aDkT -  E./kT) (3)

where the first term in the exponential is the coulomb 
energy and Es is the remainder of the energy difference 
between the free ions and the ion pair. As can be seen 
in Figure 1, where the two lines represent eq 3 with Es 
of zero and aK of 5.5 and 7.5 A, no single value of an will 
fit the equation to the data. The several values needed 
to fit the data are given in Table IV. A single value of 
Es other than zero does not represent the data. In 
fact, for these two values of O k , Es has values favoring 
ion pair formation which go through a maximum of 
400-800 cal/mole, respectively, and decrease to a 
few hundred at higher temperatures. Such an effect 
could be caused by van der Waals forces. These 
forces might decrease with temperature because the 
motion of the chains of the cation increases with tem
perature resulting in fewer of the atoms of the chains 
interacting with the anion. The accuracy of the data 
and the questions arising in the definition of an ion pair, 
which primarily affect the preexponential term in eq 
3, do not warrant a more careful analysis of the as
sociation constants. Figure 1. Comparison of the experimental values of 

the association constant with eq 3 for E, = 0.

Table V : Scaled Constants for the Conductance
Eq 2 with the B Term

t, °c S/.Ao A'/Ari Ll/Ao° h/Ao Ao??

25 3 .736 1 4 .5 1 49.43 39.95 0.620
75 3.836 1 5 . 8 1 53.76 4 2.2 0 .621

100 3.943 16 .56 56.33 40.8 0.607
150 4 .10 7 1 8 . 1 2 6 1 .6 2 2 3 .2 0.594
175 4.227 18 .9 3 64.42 20 .7 0.577

“ Di s the part of L which is independent of the parameter

In conclusion, the model of spheres in a continuum 
of dielectric fluid seems to account well for the electro
lytic conductance. However, further investigation 
should pursue the finer detail of the small deviations 
of the association constants in such systems where 
any limitations of the theory are minimized and the in
adequacies of the model are more readily seen.

( 9 )  H .  S a d e k ,  E .  H i r s c h ,  a n d  R .  M .  F u o s s ,  “ E l e c t r o l y t e s , ”  P e r g a m o n  
P r e s s  L t d . ,  O x f o r d ,  1 9 6 2 ,  p  1 3 4 .
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Multipulse Potentiodynamie Studies of the Competitive Adsorption of Neutral 

Organic Molecules and Anions on Platinum Electrodes. I. Competitive 

Adsorption of Carbon Monoxide and Chloride Ions1

by S. Gilman

General Electric Research & Developm ent Center, Schenectady, N ew  Y ork  ( Received M arch  7, 1966)

In the absence of Cl-  and in the potential range —0.1 to 0.6 v, the structure of the adlayer, 
the maximum coverage, and the experimental rate of adsorption (initially diffusion con
trolled) remain constant for the adsorption of CO from 1 N HC104 solution. In the 
presence of any extent of initial surface coverage with Cl-  in this potential range, the charac
teristics of the CO adsorption remain unchanged. Therefore, the system tends toward 
full coverage with CO and very small residual coverage with Cl- . For any transient 
coverage with CO, there is an equilibrium coverage with Cl-  which is rapidly (probably 
transport limited) established by either desorption or adsorption of the ions. There is a 
simple linear relationship between equilibrium coverage with Cl-  and transient coverage 
with CO. It is possible to explain the inhibitive effect of dissolved chloride ions on the 
“ polarization curve”  on the basis of the findings of the competitive adsorption studies.

Introduction
It has long been recognized that the adsorption of 

anions can have profound effects on the adsorption and 
reaction of neutral molecules.2-4 Quantitative de
terminations of mixed surface coverages would seem 
a necessary prerequisite toward the understanding 
of such effects. Such determinations appear to be 
lacking, although there have been considerable studies 
of individual adsorbates.2 3 4

Since (on platinum) adsorbed organic and anionic 
species have distinctly different voltammetric proper
ties, it is possible to devise a multipulse potentiody- 
namic (MPP) sequence which permits quantitative 
study of competitive adsorption. For the first study, 
CO and Cl-  were chosen because of availability of 
considerable previous information for these adsor
bates.6-11

Experimental Section
The glassware, electronic equipment, etc. have been 

described previously.6 7 8 9 10 11 The electrolyte was 1 N per
chloric acid, prepared from the AR grade acid and 
quartz-distilled water. The hydrochloric acid was 
AR grade. Gas mixtures of CO and argon were pre

pared, bottled, and analyzed by the Matheson Co., 
using CP grade CO and “ prepurified” grade argon. 
The working electrode was a length of CP grade 
platinum wire which was annealed in a hydrogen flame 
and sealed in a soft-glass tube so that a geometric 
area of 0.071 cm2 was exposed to the electrolyte. 
The “ saturation hydrogen coverage,”  sQ h , measured 
using a linear cathodic sweep5 was 0.29 mcoulomb/

( 1 )  T h i s  p a p e r  w a s  p r e s e n t e d  a t  t h e  s p r i n g  m e e t i n g  o f  t h e  E l e c t r o 
c h e m i c a l  S o c i e t y ,  C l e v e l a n d ,  O h i o ,  M a y  1 - 6 ,  1 9 6 6 .

( 2 )  ( a )  A .  N .  F r u m k i n  i n  “ M o d e r n  A s p e c t s  o f  E l e c t r o c h e m i s t r y , ”
V o l .  3 ,  J .  O ’ M .  B o c k r i s  a n d  B .  E .  C o n w a y ,  E d . ,  B u t t e r w o r t h  I n c . ,  
W a s h i n g t o n ,  D .  C . ,  1 9 6 4 ,  C h a p t e r  3 ;  ( b )  P .  D e l a h a y ,  “ D o u b l e
L a y e r  a n d  E l e c t r o d e  K i n e t i c s , ”  I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  N e w  
Y o r k ,  N .  Y . ,  1 9 6 5 .

( 3 )  M .  W .  B r e i t e r ,  Electrochim . A cta ,  9 ,  8 2 7  ( 1 9 6 4 ) .

( 4 )  B .  I .  P o d l o v c h e n k o  a n d  Z .  A .  I o f a ,  Zh. F iz . Khirn., 3 8 ,  2 1 1  
( 1 9 6 4 ) .

( 5 )  S .  G i l m a n ,  J. P h ys . Chem., 66, 2 6 5 7  ( 1 9 6 2 ) .

( 6 )  S .  G i l m a n ,  ibid., 67 , 78  ( 1 9 6 3 ) .

( 7 )  S .  G i l m a n ,  ibid., 68 , 2 0 9 8  ( 1 9 6 4 ) .

( 8 )  S .  G i l m a n ,  ibid., 68 , 2 1 1 2  ( 1 9 6 4 ) .

( 9 )  T .  B .  W a r n e r  a n d  S .  S c h u l d i n e r ,  J . E lectrochem . Soc., I l l ,  9 9 2  
( 1 9 6 4 ) .

( 1 0 )  R .  A .  M u n s o n ,  J . E lectrcanal. Chem ., 5 ,  2 9 2  ( 1 9 6 3 ) .

( 1 1 )  S .  B .  B r u m m e r  a n d  J .  I .  F o r d ,  J . P h y s . Chem., 69 , 1 3 5 5  ( 1 9 6 5 ) ,
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cm2. This implies a surface roughness factor (RF) 
of 1.4 based on RF =  1 for sQh =  0.21 meoulomb/ 
cm2. All experimental quantities are reported on the 
basis of the geometric area unless otherwise noted. 
Measurements were made at 30 ±  0.1c. All poten
tials are reported against a reversible hydrogen elec
trode immersed in the adsorbate-free solution.

Procedures and Results

I. CO Adsorption in the Absence of Chloride Ions. 
The adsorption on smooth platinum of CO has been 
studied recently by several investigators.6’6’9-11 Gener
ally, the adsorption studies have been confined to a 
rather narrow range of potentials. For the purpose 
of this study, it was necessary to gather additional 
information on the effect of potential and partial 
pressure on the rate of adsorption and on the final 
surface coverage.

Procedure. The sequence of Figure 1 was used in 
making these measurements. The electrode was 
normally held at a potential of 0.4 v. Step A was in
troduced to eliminate possible adsorbed anionic im
purities. During step B adsorbed CO is oxidized to 
C 02 and desorbed. At the same time, a passive oxygen 
film is deposited on the surface, preventing readsorp
tion of CO. In step C, the passive film is retained, 
allowing (in the absence of significant reaction at the 
surface) equilibration of the solution adjacent to the 
electrode with the bulk of the solution. For U >  
0.6 v, step D was introduced (To =  10 msec) for pre
reduction of the surface. After reduction of the surface 
either during step D or (for U <  0.6 v) during the first 
few milliseconds of step E, the adsorption was allowed 
to proceed for time duration, TV,. For U <  0.2 v, 
step F (Tf = 10 msec) was introduced to decrease the 
hydrogen-oxidation current during subsequent sweep
G. The total duration of steps D, F, and G was al
ways sufficiently brief so that appreciable adsorption 
occurs only during step E. Traces corresponding to 
particular values of U and Te appear in Figure 1. 
Values of Qco (charge corresponding to quantitative 
oxidation of CO to C 02) may be obtained from such 
traces by subtracting the area under the trace for the 
clean surface from that of the CO-covered surface.6

Results. For 0.1 atm partial pressure of CO, values of 
Qco were obtained for several values of adsorption time 
and potential. The results appear in Table I. For 
each adsorption time, the braces indicate a range of 
potentials over which Qco is constant with the indi
cated per cent average deviation. Measurement 
(U = 0.4 v and Te =  100 sec) at 0.01-1.0 atm partial 
pressure of CO, gave the constant value of 0.38 
mcoulomb/cm2 for Qco-

1.8*
n 1.2»

0.0*
t- I0.4»/

= 1000 »/Sec

IOStc2Stc 3 0 Sec T0 TE TF T(
A B  C D E F G

Figure 1. Linear anodic sweep traces corresponding to the 
adsorption of CO in the absence of Cl“ . The solution was 
1 N  HCIO4 saturated with a gas mixture of 10% CO and 
90% argon (30°) and was paddle stirred (360 rpm). Step E 
is the adsorption step. Steps D and F are surface reduction 
and hydrogen removal steps, respectively. Trace 1 
(clean surface): U = 0.4 v; Te = 10 msec; Td =  Tf = 0. 
Trace 2: U = —0.1 to 0.7 v; Te =  10 sec; To =  0 for 
U <  0.6 v; T-d  =  10 msec for U =  0.7 v; T f  =  0 for 
U >  0.3 v; Tf =  10 msec for U < 0.2 v. Trace 3:
V = —0.2 v; Te = 10 sec; T-d = 0; Tf — 10 msec.

For 0.1 atm partial pressure and TE = 10 sec, traces 
corresponding to values of U from —0.1 to 0.7 v may 
be superimposed (trace 2 of Figure 1), while the trace 
corresponding to — 0.2 v is shifted to less anodic poten
tials (trace 3, Figure 1). For 0.1 atm partial pressure 
and TE =  100 sec, the traces from U =  0.4-0.8 v 
are identical; however, for potentials lower than 0.0 
v, the trace for the CO-covered surface does not merge 
with that of the clean surface but is otherwise identical 
with the traces obtained at higher potentials.

II. Mixed Adsorption of CO and Cl~ Starting with 
Initial CO Coverage of Zero. Procedure. A solution of 
1 N perchloric acid, containing 10~4 M HC1 and with a 
partial pressure of 0.01 atm of CO, was employed. The 
pulse sequence used appears in Figure 2. The elec
trode was normally held at 0.4 v. Step A causes de
sorption of Cl“ 6 but not of CO, which adsorbs at even 
lower potentials (Table I). In step B, only 2% of a 
monolayer of Cl-  is adsorbed,7 all previously adsorbed 
CO is oxidized to C 02 and desorbed, and a passive oxy
gen film forms, preventing further adsorption of Cl“  or 
of CO. In step C, the passive film is retained while 
the solution adjacent to the surface is equilibrated 
with the bulk (including elimination of the products 
C 02, CI2, and 0 2, from step B). In step D, the passive
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Table I: CO Adsorption in the Absence of Cl“

Te  = 1 sec---------------------n ----------------------Te = 10 sec--------------------- * /■------------------Te  =  100 sec
Qco, Qco, Qco,

U, v mcoulomb/cm2 U, V mcoulomb/cm2 U, v mcoulomb/cm2

-0 .2 0 0.234 -0 .2 0 0 .3 5 4 ' 0.4 0.378)0.375,
-0 .1 0.286 0.285, -0 .1 0 0.331 0.348, 0.7 0.378)l%  av

0.0 0.301 3% av 0.00 0.375 ■4% av 0.8 0.369j dev
0.4 0.284 dev 0.40 0.340 dev
0.6 0.268 0.70 0.338
0.7 0.179 0.80 0.182
0.8 0.111

ca
I

1 0 « «  2  i k  3 0 « «  T „  Te  Tf Ts

t  B C 0  E F G

Figure 2. Linear anodic sweep traces corresponding to 
mixed adsorption of CO and Cl-  at U = 0.6 v. The solution 
was 1 N  HCIO4 containing IO-4 M HC1 and saturated with 
a gas mixture of 1% CO and 99% argon (30°, paddle stirred 
at 360 rpm). Step D is the adsorption step. Steps E and F 
are used to eliminate adsorbed CO for separate determination 
of Cl-  coverage. Trace 1 (clean surface, measured 
in absence of CO and Cl- ): Te = Tf = 0. Trace 2 (surface 
covered with both CO and Cl-  from step D): Te — Tf = 0. 
Trace 3 (surface covered with only Cl-  from step D):
Te = 2 msec; Tf = 8 msec; the dashed traces 
correspond to CO adsorbed in the absence of Cl~ 
under conditions approximating those for trace 2.

f i l m  i s  l a r g e l y  r e d u c e d  w i t h i n  t h e  f i r s t  f e w  m i l l i s e c o n d s ,  

a l l o w i n g  a d s o r p t i o n  t o  c o m m e n c e .  I n  t h e  a b s e n c e  o f  

t h e  a d s o r b a t e s ,  w h e n  T E =  T F =  0 ,  t h e  t r a c e  o b t a i n e d  

u p o n  a p p l y i n g  s w e e p  G  ( t r a c e s  1 o f  F i g u r e  2 )  i s  t h a t

f o r  t h e  c l e a n  s u r f a c e .  I n  t h e  p r e s e n c e  o f  t h e  a d s o r 

b a t e s  t h e  a d l a y e r  c o n t a i n s  b o t h  C O  a n d  C l -  a f t e r  a d 

s o r p t i o n  f o r  t i m e  i n t e r v a l ,  To- H e n c e ,  w h e n  T E =  

T f  =  0 ,  t h e  a p p l i c a t i o n  o f  s w e e p  G  r e s u l t s  i n  t r a c e s  

( t h o s e  m a r k e d  2  i n  F i g u r e  2 )  w h i c h  a r e  c h a r a c t e r i s t i c  

o f  t h e  m i x e d  a d s o r p t i o n .  I f  s t e p  E  i s  i n t r o d u c e d  (T e  =
2  m s e c ) ,  t h e  C O  p o r t i o n  o f  t h e  m i x e d  a d l a y e r  i s  d e 

s o r b e d ,  t h e  C l -  i s  r e t a i n e d , 8 a n d  ( a f t e r  r e d u c t i o n  o f  t h e  

s u r f a c e  f o r  T f =  8 m s e c )  t h e  t r a c e  o b t a i n e d  ( t r a c e s

3  o f  F i g u r e  2 )  a f t e r  a p p l i c a t i o n  o f  s w e e p  G  i s  c h a r a c t e r 

i s t i c  o f  t h e  C l -  p o r t i o n  o f  t h e  m i x e d  a d l a y e r  o b t a i n e d  

a f t e r  a d s o r p t i o n  t i m e ,  To- I t  s h o u l d  b e  n o t e d  t h a t  

t h e  t o t a l  d u r a t i o n  o f  s t e p s  E ,  F ,  a n d  G  i s  s u f f i c i e n t l y  

b r i e f  s o  t h a t  a d s o r p t i o n  d u r i n g  t h e s e  s t e p s  i s  n e g l i g i b l e .  

T h e  d a s h e d  t r a c e s  c o r r e s p o n d  t o  C O  a d s o r b e d  i n  t h e  

a b s e n c e  o f  C l -  a n d  w e r e  i n c l u d e d  f o r  c o m p a r i s o n  w i t h  

t r a c e s  2 .

Results. T h e  e x t e n t  o f  s u r f a c e  c o v e r a g e  w i t h  C O  a n d  

C l -  m a y  b e  d e r i v e d  f r o m  t r a c e s  s u c h  a s  t h o s e  o f  F i g u r e

2  a s  f o l l o w s .  U s i n g  F i g u r e  2 a  a s  a n  e x a m p l e ,  a l l  c h a r g e  

l y i n g  t o  t h e  l e f t  o f  t h e  d a s h e d  t a n g e n t  t o  t r a c e  1 i s  d i s 

r e g a r d e d  ( a s s u m e d  l a r g e l y  c a p a c i t i v e ) .  T h e  c h a r g e  

A Q e_3 i s  o b t a i n e d  b y  s u b t r a c t i n g  t h e  a r e a  u n d e r  t r a c e

3  f r o m  t h e  a r e a  u n d e r  t r a c e  1 .  T h e  c h a r g e s  A Q 2_ i 

a n d  AQ2 - 3  a r e  o b t a i n e d  i n  s i m i l a r  f a s h i o n .  T h e  c h a r g e  

A Q i _ 3 i s  e q u i v a l e n t  t o  AQo, w h i c h  i n  t u r n  i s  t h e  c h a r g e  

e q u i v a l e n t  o f  “ o x y g e n  a d s o r p t i o n ”  b l o c k e d  b y  C l -  a d 

s o r p t i o n 7

A Q 1-3 =  A Q o  ( 1)

S i n c e  1 e q u i v  o f  C l -  b l o c k s  2  e q u i v  o f  o x y g e n

A Q o  =  2 F T  c i-  ( 2 )

w h e r e  I c i -  i s  t h e  a b s o l u t e  s u r f a c e  c o v e r a g e  w i t h  C l -  

i n  m o l e s  p e r  s q u a r e  c e n t i m e t e r .  T h e  c h a r g e  A Q 2_ e 

c o m p r i s e s  A Q o  a n d  a l s o  Q c o  ( c h a r g e  e q u i v a l e n t  o f  

q u a n t i t a t i v e  o x i d a t i o n  o f  a d s o r b e d  C O  t o  C 0 2, r e f  5 ) .  

H e n c e

A Q 2-1 =  Q c o  —  A Q o  ( 3 )
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Figure 3. Mixed adsorption of CO and Cl- . I ’ d  is the adsorption time for both CO and Cl-  from 1 N  HCIO4 containing 10-4 M 
HC1 and saturated with a gas mixture of 1% CO and 99% argon (30°, paddle stirred at 360 rpm). AQo is related 
to absolute and relative coverages with Cl-  by eq 2 and 7, respectively. Qco is related to absolute and relative coverages 
with CO by eq 4 and 6, respectively. AQo and Qco were evaluated from traces similar to those of Figure 2.

Figure 4. The dependence of Cl-  surface coverage 
on potential for different constant CO surface 
coverages (derived from data of Figure 3).

a l s o

Q c o  =  2 i T c o  ( 4 )

w h e r e  I c o  i s  t h e  a b s o l u t e  s u r f a c e  c o v e r a g e  w i t h  C O .  

C o m b i n i n g  e q  1 a n d  3

A Q 2-3 =  Q c o  ( 5 )

H e n c e  a b s o l u t e  s u r f a c e  c o v e r a g e s  m a y  b e  d e r i v e d  f r o m  

t h e  c h a r g e s  A Q i _ 3 a n d  A Q 2-3 u s i n g  e q  1 ,  2 ,  4 ,  a n d  5 .

Results. V a l u e s  o f  Q c o  a n d  A Q o  w e r e  o b t a i n e d  f o r  

v a l u e s  o f  U  f r o m  0 . 2  t o  0 . 6  v  a n d  a s  a  f u n c t i o n  o f  a d 

s o r p t i o n  t i m e ,  T d. T h e s e  v a l u e s  a r e  p l o t t e d  i n  F i g u r e  

3 .  A  s e c o n d  r e p r e s e n t a t i o n  o f  t h e  d a t a  a p p e a r s  i n  

F i g u r e  4 ,  i n  t e r m s  o f  f r a c t i o n a l  s u r f a c e  c o v e r a g e s .  

T h e s e  a r e  d e f i n e d  a s

w h e r e  ( Q c o )  m ax

0 c o  =
Q c o

( Q c o )  m ax

0 . 3 8  m c o u l o m b / c m 2 a n d

0C1-
A Q o

2 s Q h

( 6 )

( 7 )

w h e r e  s Q h  =  0 . 2 9  m c o u l o m b / c m 2. T h e s e  d e f i n i t i o n s  

o f  f r a c t i o n a l  s u r f a c e  c o v e r a g e  a r e  s o m e w h a t  a r b i t r a r y  

b u t  m a y  b e  c o n v e r t e d  t o  a b s o l u t e  c o v e r a g e  b y  m e a n s  

o f  e q  2  a n d  4 .  I n  p a r t i c u l a r ,  0 c i -  i s  b a s e d  o n  t h e  a s 

s u m p t i o n  t h a t  o n e  a d s o r b e d  c h l o r i d e  i o n  f o r m a l l y  

o c c u p i e s  o n e  h y d r o g e n  a d s o r p t i o n  s i t e .

I I I .  Mixed Adsorption of CO and C l~  Starting with 
In itia l CO Coverage Greater Than Zero. I n  s e c t i o n  I I ,
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Figure 5. Sequential mixed adsorption of CO and Cl- .
The 1 N  HCIO4 contained 10-4 M  HC1, was saturated 
with a gas mixture of 1% CO and 99% argon (30°)- and 
was paddle stirred (360 rpm). Adsorption of CO occurs 
during both steps D and E for 7 d +  1 sec. Adsorption of 
Cl-  occurs only during step E (for 1 sec). Qco is related to 
absolute and relative coverages with CO by eq 4 and 6, 
respectively. A Q o is related to absolute and relative coverages 
with Cl-  by eq 2 and 7, respectively. AQo and Qco were 
evaluated from traces similar to those of Figure 2.

a b o v e ,  a d s o r p t i o n  w a s  c o n d u c t e d  a t  p o t e n t i a l  U  s o  

t h a t  C O  a n d  C l -  c o u l d  a d s o r b  simultaneously. I n  

t h e  e x p e r i m e n t s  d e s c r i b e d  b e l o w ,  C O  w a s  f i r s t  a d s o r b e d  

a t  a  p o t e n t i a l  ( 0 . 0 6  v )  a t  w h i c h  o n l y  C O  c o u l d  a d s o r b .  

A f t e r  a c h i e v i n g  a  d e s i r e d  C O  c o v e r a g e ,  t h e  p o t e n t i a l  

w a s  t h e n  r a i s e d  t o  0 . 6  v ,  a t  w h i c h  p o t e n t i a l  b o t h  C O  

a n d  C l -  c o u l d  a d s o r b .

Procedure. T h e  p u l s e  s e q u e n c e  u s e d  a p p e a r s  i n  

F i g u r e  5 .  S t e p s  A - C  o f  t h e  s e q u e n c e  a r e  i d e n t i c a l  

w i t h  t h o s e  e m p l o y e d  i n  s e c t i o n  I I  a b o v e .  I n  s t e p  D ,  

C O  o n l y  w a s  a d s o r b e d  f o r  t i m e  i n t e r v a l  T n. I n  s t e p  

E ,  f u r t h e r  a d s o r p t i o n  o f  C O  c o u l d  o c c u r  a t  0 . 6  v ,  

a l o n g  w i t h  a d s o r p t i o n  o f  C l - . T h e  r e s t  o f  t h e  s e 

q u e n c e  s e r v e d  t o  o b t a i n  AQo a n d  QCo, a s  d e s c r i b e d  i n  

t h e  p r e v i o u s  s e c t i o n .

Results. V a l u e s  o f  c h a r g e  a r e  p l o t t e d  a g a i n s t  t h e  

t o t a l  t i m e  (T d +  1 )  a l l o w e d  f o r  C O  a d s o r p t i o n  i n  

F i g u r e  5 .  T h e  s o l i d  c u r v e s  p a s s i n g  t h r o u g h  t h e  d a t a  

p o i n t s  a r e  i d e n t i c a l  w i t h  t h o s e  m e a s u r e d  i n  t h e  p r e v i o u s  

s e c t i o n ,  f o r  a d s o r p t i o n  a t  0 . 6  v .

IV .  The “Polarization Curve” for CO. T h e  l i n e a r  

a n o d i c  s w e e p  ( l a s )  t r a c e s  o f  F i g u r e s  1 a n d  2  c o r r e s p o n d  

t o  C O  a d s o r b e d  before t h e  a p p l i c a t i o n  o f  t h e  r a p i d  s w e e p .  

T h e r e  i s  t h u s  n o  a p p r e c i a b l e  “ t u r n o v e r ”  ( a d d i t i o n a l  

a d s o r p t i o n  a n d  r e a c t i o n )  d u r i n g  t h e  s w e e p .  F o r  e x a m i -

Figure 6 . Anodic “ polarization curves” for CO. The traces 
were recorded during the positive-going portion of a periodic 
triangular sweep (sweep speed, v = 0.04 v/sec) operating 
between 0.4 and 1.8 v. Trace 1 was obtained in the absence 
and trace 2 in the presence of 10- 4  M  HC1. The 1 N  HCIO4 
electrolyte was saturated with pure CO (30°) for both traces 
and was paddle stirred (360 rpm). The hatched areas 
correspond to regions of oscillation of the current.

n a t i o n  o f  t h e  q u a l i t a t i v e  e f f e c t s  o f  C l -  a d s o r p t i o n  o n  

s t e a d y - s t a t e  a n o d e  p e r f o r m a n c e ,  a  s l o w  p e r i o d i c  t r i 

a n g u l a r  s w e e p  w a s  a p p l i e d  a l t e r n a t i v e l y  i n  t h e  p r e s e n c e  

a n d  a b s e n c e  o f  d i s s o l v e d  C l - . T h e  r e s u l t s  a p p e a r  i n  

F i g u r e  6 .

D iscussion

I .  Adsorption of CO in  the Absence of C l~. Struc
ture of the Adsorbed Layer. P r e v i o u s  s t u d i e s  o f  t h e  C O  

a d l a y e r  a t  0 . 4  v 6 s u g g e s t e d  t h a t  t h e  a d s o r b e d  l a y e r  r e 

t a i n e d  t h e  composition o f  t h e  a d s o r b a t e  i n  t h e  g a s  

p h a s e .  T h e  r e s u l t s  w e r e  a l s o  c o n s i s t e n t  w i t h  t h e  c o n 

c l u s i o n  t h a t  t h e  a d l a y e r  c o m p r i s e d  C O  b o n d e d  t o  t h e  

s u r f a c e  i n  b o t h  b r i d g e d  a n d  l i n e a r  c o n f i g u r a t i o n s .  

T h e  l a s  t r a c e s  m e a s u r e d  f o r  — 0 . 1  v  ^  U  ^  0 . 7  v  a f t e r  

1 0 - s e c  a d s o r p t i o n  t i m e  ( t r a c e  2 ,  F i g u r e  1 )  a r e  i d e n t i c a l .  

T h i s  s u g g e s t s  t h a t  t h e  a d l a y e r  f o r m e d  o v e r  t h i s  r a n g e  

i s  c o n s t a n t  i n  c o m p o s i t i o n  a n d  s t r u c t u r e .  O n  t h e  o t h e r  

h a n d ,  t h e  t r a c e  o b t a i n e d  a t  — 0 . 2  v  i s  n o t i c e a b l y  s h i f t e d  

t o  t h e  l e f t  o n  t h e  p o t e n t i a l  a x i s  ( t r a c e  3 ,  F i g u r e  1 ) .  

A t  m e d i u m  p o t e n t i a l s  ( e.g. ,  0 . 4  v ,  r e f  6 ) ,  s u c h  s h i f t s  

s o m e t i m e s  c o r r e s p o n d  t o  d e c r e a s i n g  c o v e r a g e  f o r  a n  

a d s o r b e d  p h a s e  o f  c o n s t a n t  c o m p o s i t i o n . 12 H o w e v e r ,  

s i n c e  t h e  o x i d a t i v e  c h a r g e  c o r r e s p o n d i n g  t o  t r a c e  3  i s  

a l m o s t  i d e n t i c a l  w i t h  t h a t  f o r  t r a c e  2 ,  t h e  o b s e r v e d  

p o t e n t i a l  s h i f t  i s  n o t  s i m p l y  a  s u r f a c e  c o v e r a g e  e f f e c t  

b u t  m u s t  l i k e l y  r e p r e s e n t  a  c h a n g e  i n  c o m p o s i t i o n  o r

(12) S . G ilm an , J . P h y s . Chem., 67, 1898 (1 9 6 3 ); 68, 70 (1964).
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s t r u c t u r e  o f  t h e  a d l a y e r  (e.g., p a r t i a l  r e d u c t i o n  a t  h i g h l y  

c a t h o d i c  p o t e n t i a l s ) .

I t  i s  t h e  o p p o s i n g  r a t e  o f  o x i d a t i o n  o f  C O  ( t o  C 0 2)  

w h i c h  p r e v e n t s  b u i l d u p  o f  C O  s u r f a c e  c o v e r a g e  a t  

p o t e n t i a l s  m u c h  a b o v e  0 . 7  v .  I f ,  f o r  t h e  c o n d i t i o n s  

o f  F i g u r e  1 ,  t h e  a d s o r p t i o n  t i m e  i s  i n c r e a s e d  t o  1 0 0  s e c ,  

i t  i s  p o s s i b l e  t o  c o m p a r e  t h e  l a s  t r a c e s  f o r  a s  h i g h  a s  

0 . 8  v .  I t  i s  t h e n  f o u n d  t h a t  t h e  t r a c e s  f o r  p o t e n t i a l s  

b e t w e e n  0 . 1  a n d  0 . 8  v  a r e  i d e n t i c a l .  T h e  t r a c e s  f o r  

l o w e r  p o t e n t i a l s  a r e  s i m i l a r ,  b u t  t h e  t r a c e s  f o r  t h e  

c l e a n  s u r f a c e  ( t r a c e  1 o f  F i g u r e  1 )  a n d  t h a t  f o r  t h e  C O -  

c o v e r e d  s u r f a c e  n o  l o n g e r  m e r g e  i n  t h e  h i g h - p o t e n t i a l  

r e g i o n .  T h i s  e f f e c t  m a y  a g a i n  b e  d u e  t o  t h e  f i n a l  

b u i l d u p  o f  s o m e  s m a l l  q u a n t i t y  o f  r e f r a c t o r y  r e d u c t i o n  

p r o d u c t  o r  m a y  b e  d u e  t o  t h e  a c c u m u l a t i o n  o f  a  s m a l l  

a m o u n t  o f  a n  ( c a t i o n i c )  i m p u r i t y .

T h e  o v e r - a l l  r e s u l t s  s u g g e s t  t h a t  t h e  s t r u c t u r e  o f  t h e  

a d l a y e r  r e m a i n s  c o n s t a n t  o v e r  a  r a n g e  o f  p o t e n t i a l s  

e x t e n d i n g  f r o m  — 0 . 1  t o  0 . 8  v .

Rate of Adsorption of CO. I t  h a s  a l r e a d y  b e e n  s h o w n 6 

t h a t ,  a t  0 . 4  v ,  t h e  a d s o r p t i o n  o f  C O  f r o m  a  q u i e s c e n t  

o r  p a d d l e - s t i r r e d  s o l u t i o n  i s  t r a n s p o r t  c o n t r o l l e d  u n t i l  

a l m o s t  f u l l  c o v e r a g e  i s  a c h i e v e d .  T h e  c o n s t a n c y  o f  

Qco a f t e r  1 . 0  s e c  o f  a d s o r p t i o n  o v e r  a  r a n g e  o f  - 0 . 1 -  

0 . 6  v  ( T a b l e  I )  s u g g e s t s  t h a t  t h e  a d s o r p t i o n  i s  t r a n s p o r t  

c o n t r o l l e d  o v e r  t h i s  e n t i r e  r a n g e .

A t  0 . 0  a n d  — 0 . 1  v ,  t h e  s o l u t i o n  a d j a c e n t  t o  t h e  e l e c 

t r o d e  i s  s a t u r a t e d  w i t h  H 2 ( p e r h a p s  s u p e r s a t u r a t e d  a t  

t h e  l o w e r  p o t e n t i a l ) .  H e n c e ,  t h e  o b s e r v a t i o n  o f  t r a n s 

p o r t - c o n t r o l l e d  C O  a d s o r p t i o n  a t  t h e s e  p o t e n t i a l s  i m 

p l i e s  a  r e l a t i v e l y  s l o w  r a t e  o f  d i s p l a c e m e n t  o f  d i s s o l v e d  

C O  b y  d i s s o l v e d  H 2 ( i n  a  r e g i o n  e x t e n d i n g  f r o m  t h e  

s u r f a c e  t h r o u g h  t h e  d i f f u s i o n  l a y e r  a n d  i n t o  t h e  b u l k  

o f  t h e  s o l u t i o n ) .  T h e  l o w e r  r a t e  o f  C O  a d s o r p t i o n  a t  

—  0 . 2  v  m i g h t ,  o n  t h e  o t h e r  h a n d ,  b e  d u e  t o  a n  a p p r e c i 

a b l e  r a t e  o f  d i s p l a c e m e n t  o f  C O  i n  t h e  s o l u t i o n  p h a s e ,  

b y  v e r y  v i g o r o u s l y  e v o l v e d  H 2, r a t h e r  t h a n  t o  s l o w  a d 

s o r p t i o n  k i n e t i c s .

T h e  l o w e r  v a l u e s  o f  Q c o  f o r  U  =  0 . 7  a n d  0 . 8  v  a r e  

l i k e l y  d u e  t o  t h e  o x i d a t i o n  o f  s o m e  C O  t o  C 0 2. F o r  

t h e  1 0 -  a n d  1 0 0 - s e c  p o i n t s  o f  T a b l e  I ,  i t  m a y  b e  s e e n  

t h a t  e v e n  U =  0 . 7  a n d  0 . 8  v  f a l l  w i t h i n  t h e  r e g i o n  o f  

c o n s t a n c y .  T h i s  i s  b e c a u s e  t h e  a d s o r p t i o n  i s  n o  

l o n g e r  t r a n s p o r t  c o n t r o l l e d  i n  t h e  h i g h e r  r a n g e  o f  c o v e r 

a g e 6 a n d  t h e r e  i s  s u f f i c i e n t  t r a n s p o r t  o f  C O  t o  t h e  s u r 

f a c e  t o  a l l o w  b o t h  f u r t h e r  a d s o r p t i o n  a n d  o x i d a t i o n  o f  

C O .

Maximum Surface Coverage with CO. A f t e r  t h e  

r e g i o n  o f  t r a n s p o r t - c o n t r o l l e d  a d s o r p t i o n  ( a p p r o x i 

m a t e l y  8 5 %  o f  f u l l  c o v e r a g e  f o r  a  q u i e s c e n t  s o l u t i o n  

w i t h  1 a t m  p a r t i a l  p r e s s u r e  o f  C O ,  r e f  5 ;  a p p r o x i m a t e l y  

7 5 %  o f  f u l l  c o v e r a g e  f o r  a  s t i r r e d  s o l u t i o n  w i t h  0 . 0 1  

a t m  p a r t i a l  p r e s s u r e  o f  C O ,  F i g u r e  3 ) ,  t h e  a d s o r p t i o n

b e c o m e s  a c t i v a t i o n  c o n t r o l l e d  a n d  c h a n g e s  g r a d u a l l y  

w i t h  t i m e .  A f t e r  1 0 0  s e c ,  a p p r o x i m a t e l y  t h e  s a m e  

m a x i m u m  c h a r g e  w a s  o b t a i n e d  f o r  0 . 0 1  a n d  0 . 1  a t m  

p a r t i a l  p r e s s u r e  o f  C O .  T h i s  c h a r g e ,  ( Q c o )  m ax, h a s  

t h e  v a l u e  0 . 3 8  m c o u l o m b / c m 2 ( g e o m e t r i c  a r e a ) .  W e  

m a y  o b t a i n  t h e  c h a r g e  p e r  u n i t  o f  “ h y d r o g e n  a r e a ”  

b y  d i v i d i n g  b y  t h e  “ r o u g h n e s s  f a c t o r . ”  H e n c e ,  

( Q c o ) m a x / R F  =  0 . 2 8  m c o u l o m b / c m 2 ( “ h y d r o g e n

a r e a ” ) .  A s  p r e v i o u s l y  p o i n t e d  o u t 6 “ f u l l  c o v e r a g e ”  

i s  n o t  m e a n t  t o  i m p l y  t h a t  a l l  ( h y d r o g e n )  s i t e s  a r e  

o c c u p i e d .  I n  f a c t ,  h y d r o g e n - c o d e p o s i t i o n  e x p e r i m e n t s  

s u g g e s t  t h a t  1 0 - 2 0 %  o f  t h e  h y d r o g e n  s i t e s  a r e  s t i l l  

v a c a n t .  ( H y d r o g e n - c o d e p o s i t i o n  e x p e r i m e n t s  a r e  n o t  

s e n s i t i v e  a t  v e r y  h i g h  c o v e r a g e s  w i t h  C O .  D e t e r m i 

n a t i o n s  s u g g e s t  2 0 %  o f  t h e  h y d r o g e n  s i t e s  r e m a i n  

v a c a n t ,  b u t  a  v a l u e  o f  o n l y  1 0 %  w o u l d  b e  i n  b e t t e r  

a g r e e m e n t  w i t h  t h e  a p p a r e n t  r a t i o  o f  b r i d g e d  t o  l i n e a r  

C O . 6)  I t  i s  a l s o  p o s s i b l e  e v e n  h i g h e r  c o v e r a g e s  w o u l d  

v e r y  s l o w l y  r e s u l t  i f  t h e  a d s o r p t i o n  w e r e  c o n t i n u e d  

o v e r  m u c h  l o n g e r  p e r i o d s  o f  t i m e .  W i t h o u t  c o n s i d e r 

a b l e  i m p r o v e m e n t s  i n  t h e  l e v e l  o f  s o l u t i o n  p u r i t y  s u c h  

m e a s u r e m e n t s  w o u l d  b e  s u s p e c t . 6

Validity of CO-Coverage Determinations. T h e r e  a r e  

s o m e  w o r k i n g  a s s u m p t i o n s  i m p l i c i t  i n  M P P  d e t e r m i n a 

t i o n s  o f  s u r f a c e  c o v e r a g e 6,6 a s  i s  g e n e r a l l y  t h e  c a s e  w i t h  

q u a n t i t a t i v e  v o l t a m m e t r i c  m e a s u r e m e n t s  o f  o t h e r  

t y p e s .  T h e  v a l i d i t y  o f  t h e  f i n a l  r e s u l t s  f o r  t h i s  p a r t i c u 

l a r  s y s t e m ,  h o w e v e r ,  i s  b e s t  s u p p o r t e d  b y  t h e  g o o d  

q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  a d s o r p t i o n  r a t e s  a n d  

d i f f u s i o n  t h e o r y  w h i c h  a p p l i e s  u n t i l  f u l l  c o v e r a g e  i s  

a l m o s t  c o m p l e t e . 6 A l t h o u g h  t h i s  p a p e r  r e l i e s  m a i n l y  

o n  t h e  l o w - c o v e r a g e  d a t a ,  i t  s e e m s  j u s t i f i a b l e  t o  m a k e  

c o m p a r i s o n  w i t h  t h e  f u l l - c o v e r a g e  v a l u e s  o f  o t h e r s ,  

i n  v i e w  o f  c u r r e n t  i n t e r e s t .

M u n s o n 10 m e a s u r e d  m e d i u m -  t o  l o w - c u r r e n t  g a l v a n o -  

s t a t i c  t r a n s i e n t s  ( a f t e r  a d s o r p t i o n  a t  0 . 4 0 )  f o r  0 . 1  A  

p e r c h l o r i c  a c i d  s a t u r a t e d  w i t h  C O  a t  2 5 ° .  A f t e r  

g r a p h i c a l l y  e l i m i n a t i n g  m a s s - t r a n s p o r t  c o n t r i b u t i o n s  

t o  t h e  m e a s u r e d  t r a n s i t i o n  t i m e s ,  M u n s o n  o b t a i n e d  a  

c o v e r a g e  w i t h  C O  a p p r o x i m a t e l y  3 0 %  h i g h e r  t h a n  

c o r r e s p o n d i n g  a d s o r p t i o n  o f  h y d r o g e n .  T h i s  i s  e q u i v a 

l e n t  t o  ( Q c o ) m a x / R F  =  0 . 2 7 ,  w h i c h  i s  i n  g o o d  a g r e e 

m e n t  w i t h  t h e  v a l u e  0 . 2 8  m c o u l o m b / c m 2 ( “ h y d r o g e n  

a r e a ” )  o f f e r e d  h e r e .  W a r n e r  a n d  S c h u l d i n e r 9 r e p o r t  

v a l u e s  ( s u l f u r i c  a c i d ) ,  w h i c h  a r e  o v e r  5 0 %  h i g h e r  

t h a n  t h o s e  r e p o r t e d  h e r e .  B r u m m e r  a n d  F o r d 11 

h a v e  a l r e a d y  s u g g e s t e d  t h a t  t h e s e  v a l u e s  a r e  i n  e r r o r  

o w i n g  t o  f a u l t y  e v a l u a t i o n  o f  t h e  t r a n s i t i o n  t i m e .  

B r u m m e r  a n d  F o r d 11 h a v e  o f f e r e d  ( 1  N  H C I O 4, 4 0 ° ,  

0 . 3  v )  t h e  v a l u e  o f  0 . 3 6 5  m c o u l o m b / c m 2 ( 3 2 %  h i g h e r  

t h a n  r e p o r t e d  h e r e )  f o r  Q c o / R F  a n d  h a v e  s u g g e s t e d  

t h a t  t h e  v a l u e  o f f e r e d  i n  a  p r e v i o u s  p a p e r 5 a n d  h e r e  

i s  i n  e r r o r  o w i n g  t o  i m p r o p e r  c o r r e c t i o n  f o r  “ o x y g e n
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a d s o r p t i o n . ”  A l t h o u g h  s e v e r a l  r a t h e r  a r b i t r a r y  c o r 

r e c t i o n s  w e r e  m a d e  b y  B r u m m e r  a n d  F o r d  i n  a r r i v i n g  

a t  t h e i r  f i n a l  v a l u e ,  t h e  m a i n  i s s u e  i s  w h e t h e r  t h e y  h a v e  

m a d e  a  p r o p e r  c o r r e c t i o n  f o r  “ o x y g e n  a d s o r p t i o n ”  

u s i n g  t h e i r  p a r t i c u l a r  c a t h o d i c  r e d u c t i o n  s c h e m e .  

V e t t e r  a n d  B e r n d t , 13 L a i t i n e n  a n d  E n k e , 14 15 a n d  F e l d -  

b e r g ,  E n k e ,  a n d  B r i c k e r 16 h a v e  a l l  c o n c l u d e d  t h a t  

b a l a n c e  c o u l d  n o t  b e  a t t a i n e d  b e t w e e n  t h e  c h a r g e s  

p a s s e d  i n  o x i d i z i n g  a n d  r e d u c i n g  t h e  s u r f a c e .  G i l m a n 16 

s h o w e d  t h a t  c h a r g e  b a l a n c e  ( w i t h i n  1 0 % )  c o u l d  b e  

a t t a i n e d  b y  r e d u c i n g  t h e  s u r f a c e  a t  0 . 4  v .  H o w e v e r ,  

t h e  r e d u c t i o n  f o l l o w e d  a n  e x p o n e n t i a l  d e c a y  l a w  s o  

t h a t  f r o m  2 0 0  m s e c  ( f o r  s m a l l  o x y g e n  c o v e r a g e )  t o  

1 0  s e c  ( f o r  l a r g e  c o v e r a g e )  w a s  r e q u i r e d  t o  a c h i e v e  

c h a r g e  b a l a n c e .  B r u m m e r  a n d  F o r d ’ s 11 t y p i c a l  r e 

d u c t i o n  w a s  m a d e  i n  o n l y  ca. 3  m s e c ,  m a k i n g  i t  l i k e l y  

t h a t  t h e  s u r f a c e  w a s  o n l y  p a r t i a l l y  r e d u c e d .  T h i s  

w o u l d  h a v e  l e a d  t o  u n d e r c o r r e c t i o n  f o r  “ o x y g e n ”  a n d  

v a l u e s  o f  Q c o  w h i c h  a r e  t o o  h i g h .

I I .  Proof of the Thermodynamic Dependence of 
Chloride Ion Surface Coverage on the Instantaneous 
Coverage of the Surface with Carbon Monoxide. T h e  

d a t a  o f  F i g u r e  3  c o r r e s p o n d  t o  t h e  f o l l o w i n g  e x p e r i 

m e n t a l  s i t u a t i o n .  ( 1 )  A d s o r p t i o n  ( s t e p  D )  o c c u r s  w h e n  

p a s s i v e  f i l m  i s  r e d u c e d .  ( 2 )  T h e  c o n c e n t r a t i o n  o f  d i s 

s o l v e d  c h l o r i d e  i o n  i s  a p p r o x i m a t e l y  1 0  t i m e s  h i g h e r  

t h a n  t h a t  o f  d i s s o l v e d  C O  a n d  t h e  r a t e  o f  t r a n s p o r t  o f  

t h e  t w o  s p e c i e s  t o  t h e  s u r f a c e  i s  i n  a p p r o x i m a t e l y  

t h e  s a m e  r a t i o .  ( 3 )  T h e  i n i t i a l  v a l u e  o f  0C o  i s  z e r o .

( 4 )  T h e  i n i t i a l  v a l u e  o f  c h l o r i d e  c o v e r a g e  i s  v e r y  l o w  

( f l o i -  =  0 . 0 4 ) .

T h e  e x p e r i m e n t a l  r e s u l t s  a p p e a r i n g  i n  F i g u r e  3  m a y  

b e  s u m m a r i z e d  a s  f o l l o w s .  ( 1 )  T h e  a d s o r p t i o n  o f  C O  

f o l l o w s  t h e  s a m e  l a w  o v e r  t h e  e n t i r e  r a n g e  o f  p o t e n t i a l s  

s t u d i e d  ( a c t i v a t i o n  c o n t r o l l e d  a t  h i g h  c o v e r a g e ;  t r a n s 

p o r t  c o n t r o l l e d  a t  l o w e r  c o v e r a g e )  i n  t h e  p r e s e n c e  o f  

a d s o r b e d  c h l o r i d e  i o n .  T h i s  l a w  i s  i d e n t i c a l  w i t h  

t h a t  o b s e r v e d  i n  t h e  a b s e n c e  o f  C l - . ( 2 )  W i t h i n  1 

s e c  ( t h e  a p p r o x i m a t e  t i m e  r e q u i r e d  f o r  t r a n s p o r t  c o n 

t r o l ) ,  t h e  a d s o r p t i o n  o f  C l -  r e a c h e s  a  m a x i m u m  v a l u e  

c l o s e  t o  t h e  e q u i l i b r i u m  v a l u e  m e a s u r e d  i n  t h e  a b s e n c e  

o f  C O . 8 T h e  C l -  c o v e r a g e  t h e n  d e c r e a s e s  l i n e a r l y  a s  

C O  c o v e r a g e  i n c r e a s e s .  E x t r a p o l a t i o n  o f  t h e  l i n e a r  

0 c i - - t i m e  p l o t s  b a c k  t o  z e r o  a d s o r p t i o n  t i m e  y i e l d s  

i n t e r c e p t s  w h i c h  a g r e e  ( w i t h i n  a  f e w  p e r  c e n t )  w i t h  t h e  

e q u i l i b r i u m  v a l u e s  m e a s u r e d  o n  t h i s  e l e c t r o d e  i n  t h e  

a b s e n c e  o f  C O .  A g r e e m e n t  w i t h  e q u i l i b r i u m  v a l u e s  

p r e v i o u s l y  d e t e r m i n e d  o n  a n o t h e r  e l e c t r o d e 8 i s  w i t h i n  

8 % .

T h e  r e s u l t s  s u g g e s t  t h a t  t h e  experimental r a t e  o f  C O  

a d s o r p t i o n  i s  u n a f f e c t e d  b y  t h e  p r e s e n c e  o f  a d s o r b e d  

C l - . S i n c e  t h i s  r a t e  i s  t r a n s p o r t  c o n t r o l l e d  ( t h r o u g h  

m o s t  o f  t h e  r a n g e  o f  c o v e r a g e ) ,  t h i s  d o e s  n o t  p r e c l u d e

t h e  p o s s i b i l i t y  t h a t  t h e  l a r g e  kinetic r a t e  is  a f f e c t e d .  

T h e  a d s o r p t i o n  o f  C O  g o e s  t o  t h e  u s u a l  s t a t e  o f  c o m p l e 

t i o n ,  c a u s i n g  t h e  g r a d u a l  d e s o r p t i o n  o f  c h l o r i d e  i o n s .  

T h e r e  a r e  t w o  p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  o b s e r v e d  

experimental r a t e  o f  d e s o r p t i o n  o f  C l - . ( 1 )  T h e  d e 

s o r p t i o n  m a y  b e  a n  a c t i v a t e d  p r o c e s s ,  a n d  t h e  r a t e  o f  

C l -  d e s o r p t i o n  m a y  r e f l e c t  kinetics o f  d e s o r p t i o n .  

( 2 )  T h e r e  m a y  b e  a n  equilibrium v a l u e  o f  C l -  s u r f a c e  

c o v e r a g e  ( w i t h  k i n e t i c s  o f  a d s o r p t i o n  a n d  d e s o r p t i o n  

b o t h  r a p i d ,  c o m p a r e d  w i t h  m a s s  t r a n s p o r t )  c o r r e s p o n d 

i n g  t o  e a c h  v a l u e  o f  C O  s u r f a c e  c o v e r a g e .  T h e  a p 

p a r e n t  r a t e  o f  d e s o r p t i o n  o f  C l -  m a y  r e f l e c t  o n l y  a n  

indirect d e p e n d e n c e  o n  t h e  r a t e  o f  C O  a d s o r p t i o n .  

T h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  F i g u r e  5  e s t a b 

l i s h  t h a t  p o s s i b i l i t y  2  i s  t h e  c o r r e c t  i n t r e p r e t a t i o n .

T h e  d a t a  o f  F i g u r e  5  c o r r e s p o n d  t o  t h e  f o l l o w i n g  e x 

p e r i m e n t a l  c o n d i t i o n s .  ( 1 )  A d s o r p t i o n  o f  C O  i s  a l l o w e d  

t o  p r o c e e d  f o r  t i m e  To  a t  0 . 0 6  v .  B e c a u s e  o f  t h e  l o w  

p o t e n t i a l ,  9c\- r e m a i n s  z e r o . 7 ( 2 )  T h e  p o t e n t i a l  i s  

t h e n  r a i s e d  t o  0 . 6  v  f o r  1 . 0  s e c .  D u r i n g  t h i s  t i m e  b o t h  

C O  a n d  C l -  m a y  a d s o r b .  I n  F i g u r e  5 ,  v a l u e s  o f  A Q o  

a n d  Qco a r e  p l o t t e d  a g a i n s t  C O  a d s o r p t i o n  t i m e  (To  +  

1 ) .  F o r  e a c h  p o i n t ,  t h e  t o t a l  a d s o r p t i o n  t i m e  f o r  C l -  

i s ,  h o w e v e r ,  o n l y  1 . 0  s e c .  T h e  r e s u l t s  a r e  i n  g o o d  

a g r e e m e n t  w i t h  t h o s e  o b t a i n e d  w h e n  t h e  a d s o r p t i o n  i s  

c o n d u c t e d  e n t i r e l y  a t  0 . 6  v  ( F i g u r e  3 ) .  W h e n  w e  r e 

c a l l  t h a t  a l l  o f  t h e  v a l u e s  o f  A Q o  f o r  F i g u r e  5  a r e  a r r i v e d  

a t  b y  adsorption o f  C l -  i n  j u s t  1 . 0  s e c  a n d  t h a t  a l l  o f  

t h e  c o r r e s p o n d i n g  v a l u e s  i n  F i g u r e  3  a r e  o b t a i n e d  b y  

g r a d u a l  desorption o f  C l - , t h i s  c o n s t i t u t e s  p r o o f  t h a t  

t h e  m e a s u r e d  C l -  c o v e r a g e s  b e a r  a  thermodynamic 
r e l a t i o n s h i p  t o  t h e  C O  c o v e r a g e s .

I I I .  Quantitative Dependence of Cl~  Coverage on 
CO Coverage, Electrode Potential, and Concentration of 
Dissolved Cl~. I n  t h e  l a s t  s e c t i o n ,  w e  e s t a b l i s h e d  

t h a t  C l -  a d s o r p t i o n - d e s o r p t i o n  i s  a  r e v e r s i b l e  p r o c e s s  

w i t h  t h e  e q u i l i b r i u m  C l -  c o v e r a g e  d e p e n d e n t  o n  t h e  

i n s t a n t a n e o u s  C O  s u r f a c e  c o v e r a g e .  P r e v i o u s  r e s u l t s 8 

s h o w  t h a t  C l -  a d s o r p t i o n  i s  a l s o  r e v e r s i b l y  d e p e n d e n t  

o n  t h e  p o t e n t i a l .  T h e  t h e r m o d y n a m i c  d a t a  a r e  p r e 

s e n t e d  i n  a  c o n v e n i e n t  f o r m  i n  F i g u r e  4 .  W e  s e e  t h a t  

f o r  a n y  v a l u e  o f  6C o  0 . 6 ,  t h e  C l -  c o v e r a g e  d e c r e a s e s

l i n e a r l y  w i t h  d e c r e a s e  i n  p o t e n t i a l .  F o r  dco =  0 . 7 ,  

t h e  C l -  c o v e r a g e  d e c r e a s e s  l i n e a r l y  w i t h  d e c r e a s i n g  

p o t e n t i a l  a t  f i r s t  b u t  d o e s  n o t  d r o p  b e l o w  9c i -  =  

0 . 0 4 ,  w h i c h  s e e m s  t o  b e  t h e  m i n i m u m  a t t a i n a b l e  ( b y  

d i s p l a c e m e n t  w i t h  C O )  C l -  c o v e r a g e .  H e n c e ,  f o r

(13) K . J. V etter  and D . B ern dt, Z . Elektrochem ., 62 , 378 (1958).
(14) H . A , Laitinen and C . G . E nke, J . Electrochem, Soc., 107, 773 
(1960).
(15) S. W . Feldberg, C . G . E nke, and C . E . B ricker, ibid., 110, 826 
(1963).
(16) S. G ilm an, Electrochim . A cta , 9 , 1025 (1964).
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0 c i -  >  0 . 0 4  a n d  0 c o  <  0 . 8 ,  t h e  0 c i -  vs. 9co p l o t s  a r e  

l i n e a r  a n d  e x t r a p o l a t e  b a c k  t o  t h e  o r i g i n .  I n  t h i s  

l i n e a r  r a n g e  t h e  r e s u l t s  m a y  b e  r e p r e s e n t e d  b y

Oci-/U  =  S  ( 8 )

w h e r e  S  i s  c o n s t a n t  f o r  a n y  f i x e d  v a l u e  o f  6co a n d  h a s  

t h e  v a l u e  0 . 5 0  f o r  dco =  0 . A  p l o t  o f  S  vs. dco y i e l d s  

a  s t r a i g h t  l i n e  w i t h  t h e  s l o p e  0 . 4 9 .  H e n c e  a t  [ C l - ] =  

10

da-/U  =  0 . 5 0  -  O . 4 9 0 c o  ( 9 )

I n  t h e  a b s e n c e  o f  C O ,  t h e  d e p e n d e n c e  o f  C l -  s u r f a c e  

c o v e r a g e  o n  c o n c e n t r a t i o n  o f  d i s s o l v e d  C l -  m a y  b e  e x 

p r e s s e d  a s 8

ec l./ U  =  0 . 7 7  +  0 . 0 6 9  I n  [ C l “ ]0 ( 10)

w h e r e  [ C l - ]o i s  t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  C l -  n e a r  

t h e  s u r f a c e .  A s s u m i n g  t h a t  t h e  s a m e  c o n c e n t r a t i o n  d e 

p e n d e n c e  h o l d s  i n  t h e  p r e s e n c e  o f  C O ,  w e  m a y  c o m b i n e  

e q  9  a n d  1 0

6c l./ U  =  0 . 7 7  +  0 . 0 6 9  I n  [ C l - ]0 -  O .O 4 9 0 c o  ( 1 1 )

f o r  0 c i -  >  0 . 0 4 ,  0 c o  <  0 . 8 .  E q u a t i o n  1 1  d e s c r i b e s  t h e  

e m p i r i c a l  b e h a v i o r  o f  t h e  s y s t e m  o v e r  m o s t  o f  t h e  r a n g e  

o f  c o n d i t i o n s  e n c o u n t e r e d .

R e f e r r i n g  t o  e q  1 1 ,  w e  m a y  n o w  s u m m a r i z e  t h e  b e 

h a v i o r  o f  t h e  s y s t e m .  I n  t h e  p r e s e n c e  o f  e x c e s s  C O ,  

0c o  w i l l  e v e n t u a l l y  b e c o m e  1 .0 , w i t h  t h e  a d s o r p t i o n  

t r a n s p o r t  c o n t r o l l e d  u n t i l  h i g h  c o v e r a g e  i s  a c h i e v e d .  

A s  C O  a d s o r b s ,  C l -  w i l l  r a p i d l y  a d s o r b  o r  d e s o r b  t o  

y i e l d  t h e  e q u i l i b r i u m  v a l u e s  o f  0c i -  p r e d i c t e d  b y  e q

1 1 .  E q u a t i o n  1 1  w i l l  f a i l  t o  h o l d  o n c e  0 c i -  a p p r o a c h e s  

0 . 0 4  o r  0 c o  e x c e e d s  0 . 8 .

I n  t h e  a b s e n c e  o f  C O  ( e q  1 0 )  t h e  r e s u l t s  r e s e m b l e  

t h o s e  p r e v i o u s l y  f o u n d  f o r  o t h e r  s y s t e m s .  A  l i n e a r  

d e p e n d e n c e  o f  c o v e r a g e  ( i n  t h e  h i g h e r  r a n g e  o f  c o v e r 

a g e s )  o n  p o t e n t i a l  w a s  f o u n d  f o r  t h e  a d s o r p t i o n  o n  

m e r c u r y  o f  a  n u m b e r  o f  a n i o n s ,  i n c l u d i n g  C l ~  ( c a l c u 

l a t i o n s  m a d e  b y  P a r s o n s  o n  t h e  e x p e r i m e n t a l  w o r k  o f  

G r a h a m e , 17) ,  a n d  f o r  t h e  a d s o r p t i o n  o f  1 “  o n  p l a t i n u m .18 
D e p e n d e n c e  o f  s u r f a c e  c o v e r a g e  o n  t h e  l o g a r i t h m  o f  

a c t i v i t y  o f  t h e  i o n  i n  s o l u t i o n  h a s  b e e n  f o u n d  f o r  1 “  

a d s o r p t i o n  o n  m e r c u r y .19
W e  m a y  n o w  c o n s i d e r  t h e  o r i g i n  o f  t h e  d e p e n d e n c e  o f  

C l -  s u r f a c e  c o v e r a g e  u p o n  C O  s u r f a c e  c o v e r a g e ,  a s  

g i v e n  b y  e q  1 1 .  I t  i s  c l e a r  t h a t  C O  d o e s  n o t  s i m p l y  

“ c r o w d  o u t ”  C l -  s i n c e  t h e  c o m b i n e d  c o v e r a g e  w i t h  

b o t h  a d s o r b a t e s  i s  a l w a y s  l e s s  t h a n  a  m o n o l a y e r .  T h e  

c o v e r a g e  w i t h  s p e c i f i c a l l y  a d s o r b e d  a n i o n s  m a y  b e  

e x p e c t e d  t o  d e p e n d  o n  t h e  h e a t  o f  a d s o r p t i o n  o f  t h e  i o n  

( i n  t h e  a b s e n c e  o f  a  f i e l d ) 17 a n d  o n  t h e  c h a r g e  s t o r e d  i n  

t h e  i o n i c  d o u b l e  l a y e r .20 W e  m i g h t  e x p e c t  v a r i a t i o n s  

i n  t h e  h e a t  o f  a d s o r p t i o n  o f  t h e  a n i o n  ( i n  t h e  p r e s e n c e

o f  C O )  t o  a f f e c t  t h e  y i n t e r c e p t ,  r a t h e r  t h a n  t h e  s l o p e  

o f  t h e  0 c i  -  vs. p o t e n t i a l  p l o t .  S i n c e  t h e  s l o p e  i s  a f f e c t e d ,  

a n  e x p l a n a t i o n  b a s e d  o n  t h e  c h a r g e  i s  p r e f e r r e d .  T h e  

a d s o r p t i o n  o f  a  n e u t r a l  m o l e c u l e  d r i v e s  d o w n  t h e  

d o u b l e - l a y e r  c a p a c i t y 2b a n d  h e n c e  t h e  c h a r g e  s t o r e d  

i n  t h e  d o u b l e - l a y e r  a t  f i x e d  p o t e n t i a l .  T h u s  t h e  l i n e a r  

d e p e n d e n c e  o f  dci- u p o n  0c o  ( a t  f i x e d  p o t e n t i a l )  m a y  

r e f l e c t  a  l i n e a r  d e p e n d e n c e  o f  c h a r g e  u p o n  C O  c o v e r a g e  

a n d  a  l i n e a r  d e p e n d e n c e  o f  C l -  c o v e r a g e  u p o n  t h e  

c h a r g e .

IV .  The Effect of Chloride Ion Adsorption on the 
Electrochemical Oxidation of CO. A  p r o p e r  q u a n t i t a t i v e  

t r e a t m e n t  o f  t h e  e f f e c t  o f  a d s o r b e d  c h l o r i d e  i o n s  o n  C O  

o x i d a t i o n  k i n e t i c s  w o u l d  r e q u i r e  c o n s i d e r a b l e  i n f o r m a 

t i o n  o f  t h e  t y p e  p r e v i o u s l y 12 p r e s e n t e d  f o r  t h e  C l “ -  

f r e e  s y s t e m .  S u c h  a  t r e a t m e n t  w i l l  b e  p o s t p o n e d  t o  

s o m e  f u t u r e  d a t e .  H o w e v e r ,  t h e  i n f o r m a t i o n  p r e s e n t l y  

a t  h a n d  m a k e s  p o s s i b l e  a  q u a l i t a t i v e  d i s c u s s i o n  o f  t h e  

t o p i c  a n d ,  p a r t i c u l a r l y ,  o f  t h e  C O  “ p o l a r i z a t i o n  c u r v e . ”

T h e  d a s h e d  t r a c e s  o f  F i g u r e  2 c o r r e s p o n d  t o  t h e  o x i 

d a t i o n  o f  a d s o r b e d  C O  a n d  o f  t h e  p l a t i n u m  s u r f a c e ,  

i n  t h e  a b s e n c e  o f  a d s o r b e d  c h l o r i d e  i o n s .  T h e  c h a r 

a c t e r i s t i c s  ( s h a p e ,  p o s i t i o n )  o f  t h e  t r a c e  a r e  d e t e r m i n e d  

b y  a  v a r i e t y  o f  f a c t o r s  ( s w e e p  s p e e d ,  c o v e r a g e ,  e t c . ) .  

H o w e v e r ,  t h e  g e n e r a l  t e n d e n c y  o f  t h e  i n i t i a l  r i s e  i n  

c u r r e n t  t o  s h i f t  t o  m o r e  a n o d i c  p o t e n t i a l s  w i t h  i n c r e a s e  

i n  s u r f a c e  c o v e r a g e  ( o r  a d s o r p t i o n  t i m e )  i s  p r o b a b l y  

a  m a n i f e s t a t i o n  o f  t h e  s e c o n d - o r d e r  k i n e t i c s  l a w  f o l l o w e d  

f o r  t h e  o x i d a t i o n  o f  a d s o r b e d  C O .12 T h e  t r a c e s  

m a r k e d  2  i n  F i g u r e  2  c o r r e s p o n d  t o  o x i d a t i o n  o f  C O  

a n d  o f  t h e  s u r f a c e ,  i n  t h e  p r e s e n c e  o f  a d s o r b e d  c h l o r i d e  

i o n s .  F o r  a n y  f i x e d  c o v e r a g e  w i t h  C O  ( o r  f i x e d  a d 

s o r p t i o n  t i m e ) ,  t h e  a d s o r b e d  C l -  r e s u l t s  i n  i n c r e a s e d  

o v e r v o l t a g e  f o r  t h e  o x i d a t i o n  o f  t h e  a d s o r b e d  C O ,  

c o r r e s p o n d i n g  t o  t h e  s h i f t  f r o m  t h e  d a s h e d  t r a c e  t o  

t r a c e  2 . T h i s  c o r r e s p o n d s  a p p r o x i m a t e l y  t o  t h e  s h i f t  

f o r  t h e  s u r f a c e  o x i d a t i o n  t r a c e  m e a s u r e d  i n  t h e  a b s e n c e  

o f  C l “  ( t r a c e  1 )  t o  m o r e  a n o d i c  p o t e n t i a l s  w h e n  C l “  

i s  a d s o r b e d  ( t r a c e  3 ) .  U n d e r  t h e s e  p a r t i c u l a r  e x p e r i 

m e n t a l  c o n d i t i o n s ,  a  p l o t  o f  t h e  p o t e n t i a l  s h i f t  vs. 
0 c i -  w a s  f o u n d  t o  b e  l i n e a r  w i t h  a  s l o p e  o f  0 . 7 5 .  T h e  

p o t e n t i a l  s h i f t  r e p r e s e n t s  a n  a d d i t i o n a l  o v e r v o l t a g e  

d u e  t o  i o n  a d s o r p t i o n ;  h e n c e ,  t h e  c u r r e n t  c o r r e s p o n d i n g  

t o  t h e  o x i d a t i o n  o f  a d s o r b e d  C O  m a y  b e  r e p r e s e n t e d  

b y

7  =  7 ;  e x p ( — W 0C 1- )

w h e r e  7  a n d  7 ;  a r e  t h e  c u r r e n t s  m e a s u r e d  f o r  C O  o x i 

d a t i o n  i n  t h e  p r e s e n c e  a n d  a b s e n c e ,  r e s p e c t i v e l y ,  o f

(17) N . F . M o tt  and R . J. W a tts -T ob in , Electrochim . Acta, 4 ,7 9  (1961).
(18) K . Schw abe and W . Schw enke, ibid., 9 , 1093 (1964).
(19) D . C . G raham e, J. A m . Chem. Soc., 80, 4201 (1958).
(20) R . Parsons, Trans. Faraday Soc., 51, 1518 (1955).
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a d s o r b e d  c h l o r i d e ,  b u t  u n d e r  o t h e r w i s e  i d e n t i c a l  

c o n d i t i o n s .  T h e  t e r m  m d c i -  r e p r e s e n t s  t h e  i n c r e a s e d  

o v e r v o l t a g e  d u e  t o  t h e  i o n  a d s o r p t i o n  a n d  m  m a y  v a r y  

w i t h  t h e  c o n d i t i o n s  o f  t h e  e x p e r i m e n t  ( b u t  w a s  f o u n d  

t o  h a v e  t h e  v a l u e  0 . 7 5  f o r  t h e  e x p e r i m e n t s  o f  F i g u r e  2 ,  

a s  m e n t i o n e d  a b o v e ) .  T h e  i o n  m a y  e x e r t  t h e  t y p e  o f  

e f f e c t  g i v e n  b y  e q  12 t h r o u g h  a  “ d o u b l e - l a y e r ”  e f f e c t .2
C u r r e n t - v o l t a g e  c u r v e s  o b t a i n e d  a t  l o w  s w e e p  s p e e d  

f o r  s t i r r e d ,  C O - s a t u r a t e d  s o l u t i o n s  a p p e a r  i n  F i g u r e  6 . 

T h e  g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  “ p o l a r i z a t i o n  c u r v e ”  

f o r  t h e  C l - ~ f r e e  s y s t e m  ( t r a c e  1 ,  F i g u r e  6 )  h a v e  b e e n  

d i s c u s s e d  p r e v i o u s l y .5,12 D u r i n g  t h e  a n o d i c  p o r t i o n  

o f  t r a c e  1 , t h e  c u r r e n t  r e m a i n s  n e g l i g i b l y  s m a l l  u n t i l  

t h e  p o t e n t i a l  r i s e s  a b o v e  0 . 9  v .  A t  0 . 9 2  v ,  t h e r e  i s  

a n  a b r u p t  i n c r e a s e  i n  c u r r e n t  t o  a  v a l u e  c o r r e s p o n d i n g  

t o  t h e  C O - t r a n s p o r t  l i m i t  a n d  t h e n  a  g r a d u a l  d e c r e a s e  

i n  a n o d i c  c u r r e n t  u n t i l  t h e  o n s e t  o f  a p p r e c i a b l e  o x y g e n  

e v o l u t i o n  ( 1 . 6  v ) .  T h e  d e c r e a s i n g  c u r r e n t  a c c o m p a n i e s  

b u i l d u p  o f  s u r f a c e  “ o x y g e n . ”  T h e  e f f e c t  o f  a d d i t i o n  

o f  C l -  ( t r a c e  2 , F i g u r e  6)  i s  t o  s h i f t  t h e  i n i t i a l  v e r t i c a l  

r i s e  i n  c u r r e n t  t o  0 . 9 5  v  ( 3 0 - m v  s h i f t )  a n d  t h e n  t o  d e 

c r e a s e  t h e  c u r r e n t  ( u p  t o  4 0 % )  o v e r  t h e  r a n g e  e x t e n d i n g  

f r o m  0 . 9 5  t o  1 . 6  v .  F r o m  s e c t i o n  I I I ,  a b o v e ,  w e  k n o w  

t h a t  t h e  s u r f a c e  i s  c o v e r e d  w i t h  C O  t o  t h e  s a m e  e x t e n t  

( a p p r o x i m a t e l y  a  m o n o l a y e r )  b e l o w  0 . 9  v ,  b o t h  i n  t h e  

p r e s e n c e  a n d  a b s e n c e  o f  C D .  I n  t h e  p r e s e n c e  o f  d i s 

s o l v e d  C l - , t h e r e  i s  a d d i t i o n a l l y  4 %  o f  a  c h l o r i d e  i o n  

m o n o l a y e r  o n  t h e  s u r f a c e .  T h i s  s m a l l  C l -  c o v e r a g e  

d e c r e a s e s  t h e  r e a c t i v i t y  o f  t h e  previously adsorbed C O  

( a c c o r d i n g  t o  e q  1 2 )  a n d  c a u s e s  t h e  s m a l l  ( 3 0 - m v )  

s h i f t  i n  p o t e n t i a l .  I t  i s  t o  b e  e m p h a s i z e d  t h a t  t h e  s h i f t  

i s  s m a l l  b e c a u s e  o f  t h e  t e n d e n c y  f o r  C O  t o  d r i v e  t h e

a n i o n  o f f  t h e  s u r f a c e .  C o n v e r s e l y ,  t h e  m o r e  p r o n o u n c e d  

e f f e c t  o f  t h e  s p e c i f i c a l l y  a d s o r b e d  i o n  o n  t h e  k i n e t i c s  

o f  o x i d a t i o n  o f  m e t h a n o l 3 a n d  o f  e t h a n o l  a n d  a c e t a l d e 

h y d e 4 m a y  c o r r e s p o n d  t o  a  d e c r e a s e d  t e n d e n c y  f o r  t h e  

a n i o n  t o  b e  d e s o r b e d  b y  t h e  o r g a n i c  a d s o r b a t e .

A f t e r  t h e  i n i t i a l  s u r g e  i n  c u r r e n t ,  6 c o  =  0  f o r  b o t h  

t r a c e s  o f  F i g u r e  6 . H e n c e ,  t h e  d e c r e a s i n g  c u r r e n t  o f  

t r a c e  1 d o e s  n o t  r e f l e c t  a  d e c r e a s e  i n  r e a c t i v i t y  o f  t h e  

a d l a y e r  b u t  p o s s i b l y  t h e  r a t e  o f  s o m e  “ s u r f a c e  a c t i v a 

t i o n ”  s t e p  ( e s s e n t i a l l y  t h e  r a t e  o f  a d s o r p t i o n  a t  d c o  =  
0 ,  r e f  1 2 ) .  F o r  t r a c e  2 , o n c e  t h e  c o v e r a g e  w i t h  C O  

d r o p s  t o  z e r o  ( a t  0 . 9 5  v ) ,  t h e  c o v e r a g e  w i t h  C l -  m a y  

r i s e  c l o s e  t o  i t s  m a x i m u m  v a l u e  o f  6 c \ -  =  0 . 5 . 3 T h e  

f i r s t  s h a r p  d r o p  i n  c u r r e n t  c o r r e s p o n d s  t o  a p p r o x i 

m a t e l y  t h e  t i m e  r e q u i r e d  f o r  C l -  t r a n s p o r t  f r o m  s o l u 

t i o n .  T h i s  r e l a t i v e l y  h i g h  c o v e r a g e  w i t h  C l -  s i m p l y  

p r o d u c e s  a n  e f f e c t  s i m i l a r  t o  t h a t  p r o d u c e d  b y  i n c r e a s e d  

c o v e r a g e  w i t h  “ o x y g e n . ”  T o w a r d  1 . 6  v ,  w h e r e  t h e  

c o m b i n e d  c o v e r a g e  w i t h  C l -  a n d  “ o x y g e n ”  p r o b a b l y  

a p p r o a c h e s  a  m o n o l a y e r  f o r  b o t h  s y s t e m s ,  t r a c e s  1 
a n d  2  o f  F i g u r e  6 t e n d  t o  m e r g e .
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A  k i n e t i c  s t u d y  o f  t h e  r e a c t i o n s  b e t w e e n  a c r i d i n e  o r a n g e  a n d  p o l y a d e n y l i c  a c i d  a n d  b e 

t w e e n  p r o f l a v i n e  a n d  p o l y a d e n y l i c  a c i d  h a s  b e e n  m a d e  w i t h  t h e  t e m p e r a t u r e - j u m p  m e t h o d  

a t  p H  7 . 5  w h e r e  t h e  p o l y n u c l e o t i d e  i s  s i n g l e  s t r a n d e d .  I n  b o t h  s y s t e m s  a  d i s c r e t e  r e l a x a 

t i o n  t i m e ,  w h i c h  i s  i n d e p e n d e n t  o f  b o t h  r e a c t a n t  c o n c e n t r a t i o n s ,  c a n  b e  d i s c e r n e d  f r o m  t h e  

o b s e r v e d  r e l a x a t i o n  s p e c t r u m .  T h i s  s i n g l e  r e l a x a t i o n  p r o c e s s  w h i c h  i s  c h a r a c t e r i s t i c  o f  a n  

i n t r a m o l e c u l a r  p r o c e s s  s u b s e q u e n t  t o  p o l y m e r - d y e  c o m p l e x  f o r m a t i o n ,  i s  p r o b a b l y  a  

c o n s e q u e n c e  o f  “ s t a c k i n g ”  o f  d y e  m o l e c u l e s  a l o n g  t h e  p o l y m e r  c h a i n .  B a s e - d y e  i n t e r 

a c t i o n s  a p p e a r  t o  r e t a r d  t h e  r a t e  o f  t h e  “ s t a c k i n g ”  p r o c e s s  m a r k e d l y  a n d  c o n f o r m a t i o n a l  

c h a n g e s  m a y  b e  r a t e  d e t e r m i n i n g  i n  t h e  “ s t a c k i n g ”  i n t e r a c t i o n .

Introduction

T h e  r e l a x a t i o n  e f f e c t  w h i c h  o c c u r s  i n  t e m p e r a t u r e -  

j u m p  e x p e r i m e n t s  w i t h  p o l y - a - L - g l u t a m i c  a c i d  ( P G A )  

a n d  a c r i d i n e  o r a n g e ,  2 , 8 - d i m e t h y l d i a m i n o a c r i d i n e  ( A O ) ,  

s o l u t i o n s  a t  p H  4 . 7  a n d  a t  p H  7 . 5  c a n  b e  q u a n t i t a t i v e l y  

d e s c r i b e d  b y  t w o  r e l a x a t i o n  t i m e s ,  n  a n d  t 2.2 A  s t u d y  

o f  t h e  d e p e n d e n c e  o f  n  a n d  r 2 o n  p o l y g l u t a m i c  a c i d  a n d  

a c r i d i n e  o r a n g e  c o n c e n t r a t i o n s  y i e l d e d  d a t a  w h i c h  

c o u l d  n o t  b e  q u a n t i t a t i v e l y  r e c o n c i l e d  w i t h  a n y  o f  

s e v e r a l  p o s s i b l e  m e c h a n i s m s  o f  i n t e r a c t i o n  b e t w e e n  t h e  

d y e  a n d  t h e  p o l y m e r .  H o w e v e r ,  t h e  p r o c e s s e s  o c c u r 

r i n g  a r e  i n t r a m o l e c u l a r  a n d  c a n  b e  i d e n t i f i e d  e i t h e r  w i t h  

t h e  a g g r e g a t i o n  o r  “ s t a c k i n g ”  o f  t h e  d y e  u p o n  t h e  p o l y 

m e r  c h a i n  o r  t o  s o l v e n t  a n d  c o u n t e r i o n  s u b s t i t u t i o n  b y  

t h e  d y e  s u b s e q u e n t  t o  a  v e r y  r a p i d  i n i t i a l  i n t e r a c t i o n .  

U n f o r t u n a t e l y ,  t h e  d a t a  d i d  n o t  p e r m i t  a  s h a r p  d i s 

t i n c t i o n  b e t w e e n  t h e s e  p o s s i b i l i t i e s  t o  b e  m a d e .  T h e  

f o r w a r d  a n d  r e v e r s e  r a t e  c o n s t a n t s  f o r  t h e  A O  m o n o 

m e r - d i m e r  r e a c t i o n  w e r e  a l s o  m e a s u r e d ,  a n d  i f  “ s t a c k 

i n g ”  i s  d i r e c t l y  i n v o l v e d  i n  t h e  r a t e - c o n t r o l l i n g  s t e p s  o f  

t h e  A O - P G A  i n t e r a c t i o n ,  t h i s  p h e n o m e n o n  o c c u r s  

c o n s i d e r a b l y  m o r e  s l o w l y  t h a n  i n  f r e e  s o l u t i o n .

I n  t h e  p r e s e n t  s t u d y ,  t h e  i n t e r a c t i o n  o f  a c r i d i n e  

o r a n g e  a n d  i t s  d i a m i n e  a n a l o g  p r o f l a v i n e  ( 2 ,8 - d i a m i n o -  

a c r i d i n e ,  P R )  w i t h  t h e  s y n t h e t i c  p o l y n u c l e o t i d e  p o l y 

a d e n y l i c  a c i d  ( p o l y  A )  h a s  b e e n  i n v e s t i g a t e d  b y  t h e  

t e m p e r a t u r e - j u m p  m e t h o d  a n d  b y  a b s o r p t i o n  s p e c 

t r o s c o p y  a t  p H  7 . 5  w h e r e  t h e  p o l y  A  i s  s i n g l e  s t r a n d e d  

a n d  b o t h  d y e s  a r e  p r o t o n  a t e d .  F o r  b o t h  d y e s  t h e  

o b s e r v e d  r e l a x a t i o n  e f f e c t  i s  a  c o m p l e x  s p e c t r u m  o f

r e l a x a t i o n  p r o c e s s e s  w h i c h  v i r t u a l l y  e n c o m p a s s e s  t h e  

w h o l e  t i m e  r a n g e  o f  t h e  t e m p e r a t u r e - j u m p  a p p a r a t u s  

u s e d  ( a p p r o x i m a t e l y  2  X  1 0 -5  t o  1 . 0  s e c ) .  A  d i s 

c r e t e  r e l a x a t i o n  e f f e c t  i n  t h e  m i l l i s e c o n d  r a n g e  c a n  

b e  d i s t i n g u i s h e d  f o r  b o t h  d y e s .  T h e  r e l a x a t i o n  t i m e  

f o r  t h i s  e f f e c t  c a n  b e  e s t i m a t e d ,  a n d  b e c a u s e  i t  i s  

i n d e p e n d e n t  o f  t h e  c o n c e n t r a t i o n s  o f  p o l y  A  a n d  

t h e  d y e ,  t h i s  p a r t  o f  t h e  r e l a x a t i o n  s p e c t r u m  c a n  b e  

i d e n t i f i e d  w i t h  a n  i n t r a m o l e c u l a r  p r o c e s s .  C o r r e l a 

t i o n  o f  e q u i l i b r i u m  s p e c t r a l  m e a s u r e m e n t s  w i t h  t h e  

k i n e t i c  r e s u l t s  s u g g e s t s  t h a t  t h e  o b s e r v e d  d i s c r e t e  r e 

l a x a t i o n  e f f e c t  i s  c h a r a c t e r i s t i c  o f  t h e  “ s t a c k i n g ”  o f  t h e  

d y e  m o l e c u l e s  i n t o  d i m e r s  a l o n g  t h e  p o l y  A  c h a i n ,  o r  o f  

c o n f o r m a t i o n a l  c h a n g e s  n e c e s s a r y  t o  f a c i l i t a t e  “ s t a c k 

i n g . ”  A  k n o w l e d g e  o f  t h e  t i m e  c o n s t a n t s  c h a r a c t e r i s t i c  

o f  d y e  “ s t a c k i n g ”  m a y  b e  u s e f u l  i n  u n d e r s t a n d i n g  t h e  

“ s t a c k i n g ”  o f  n u c l e i c  a c i d s .

S o m e  p r e l i m i n a r y  d a t a  o b t a i n e d  w i t h  t h e  t e m p e r a 

t u r e - j u m p  m e t h o d  f o r  t h e  a c r i d i n e  o r a n g e - c a l f  t h y m u s  

D N A  s y s t e m  a r e  a l s o  r e p o r t e d .

Experim ental Section

A c r i d i n e  o r a n g e  f r o m  t h e  N a t i o n a l  A n i l i n e  D i v i s i o n  

w a s  r e c r y s t a l l i z e d  t w i c e  f r o m  m e t h a n o l .  P r o f l a v i n e  

s u l f a t e  f r o m  M a n n  R e s e a r c h  L a b o r a t o r i e s  w a s  r e c r y s 

t a l l i z e d  f r o m  w a t e r ;  t h e  c r y s t a l s  w e r e  w a s h e d  w i t h  d i 

(1 ) T h is  w ork  w as su p p orted  b y  a grant fro m  the N a tion a l In stitu tes  
o f  H ea lth  (G M 1 3 2 9 2 ).

(2 ) G . G . H a m m es and  C . D . H u b b a rd , J . P h ys. Chem ., 70 , 1615 
(1966).
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e t h y l  e t h e r  a n d  d r i e d  u n d e r  v a c u u m  o v e r  p h o s p h o r u s  

p e n t o x i d e .  P o l y a d e n y l i c  a c i d  w a s  s u p p l i e d  f r o m  M i l e s  

C h e m i c a l  C o .  a s  t h e  p o t a s s i u m  s a l t  w i t h  a  g i v e n  w e i g h t -  

a v e r a g e  m o l e c u l a r  w e i g h t  o f  100,000  t o  2 ,000,000  a n d  a  

n u m b e r - a v e r a g e  o f  4 0 , 0 0 0  t o  7 0 , 0 0 0 .  C a l f  t h y m u s  

D N A  w a s  p u r c h a s e d  f r o m  W o r t h i n g t o n  B i o c h e m i c a l  

C o r p .  C h l o r o q u i n e  d i p h o s p h a t e  ( c h l o r o q u i n e ,  C Q ,  i s

7 - c h l o r o - 4 - ( 4 - d i e t h y l a m i n o - l - m e t h y l b u t y l a m i n o )  q u i n o 

l i n e )  w a s  g e n e r o u s l y  d o n a t e d  b y  D r .  R .  O .  C l i n t o n  o f  t h e  

S t e r l i n g  W i n t h r o p  R e s e a r c h  I n s t i t u t e ,  R e n s s e l a e r ,

N .  Y .  A l l  o t h e r  m a t e r i a l s  w e r e  s t a n d a r d  r e a g e n t  g r a d e  

c h e m i c a l s .  D o u b l y  d i s t i l l e d  w a t e r  w a s  u s e d  f o r  t h e  

p r e p a r a t i o n  o f  a l l  s o l u t i o n s .

S o l u t i o n s  o f  p o l y  A  w e r e  m a d e  b y  g e n t l y  s t i r r i n g  a  

s u s p e n s i o n  o f  t h e  m a t e r i a l  i n  a  N a C l - T r i s - H C l  m e d i u m  

o f  p H  7 . 5  a t  4 ° ;  t h e  c o n c e n t r a t i o n s  w e r e  e s t i m a t e d  

s p e c t r o p h o t o m e t r i c a l l y  b y  m e a s u r i n g  t h e  a b s o r p t i o n  a t  

2 5 7  n p x . 3 4 5 D N A  s o l u t i o n s  w e r e  m a d e  b y  a  c a r e f u l l y  

c o n t r o l l e d ,  v e r y  s l o w  s t i r r i n g  o f  a  s u s p e n s i o n  o f  D N A  

i n t o  a  s i m i l a r  m e d i u m  o f  p H  7 . 0  a t  4 ° .  E a c h  D N A  

s o l u t i o n  m a d e  w a s  s u b j e c t e d  t o  a  h y p e r c h r o m i c i t y  

t e s t .4,5 T h i s  s h o w e d  t h a t  t h e  s a m p l e  w a s  a t  l e a s t  9 5 %  

n a t i v e .  T h e  c o n c e n t r a t i o n  o f  D N A  w a s  e s t i m a t e d  

s i m u l t a n e o u s l y .  S o l u t i o n s  o f  t h e  t w o  a c r i d i n e  d y e s  

a n d  c h l o r o q u i n e  w e r e  m a d e  b y  w e i g h i n g  o u t  s u i t a b l e  

a m o u n t s  f o r  s t o c k  s o l u t i o n s  a n d  d i l u t i n g  a l i q u o t s  o f  

t h e s e  a s  r e q u i r e d .

T h e  a b s o r p t i o n  s p e c t r a  o f  a l l  s o l u t i o n s  w e r e  m e a s 

u r e d  w i t h  a  B e c k m a n  M o d e l  D U  s p e c t r o p h o t o m e t e r  

f i t t e d  w i t h  a  t h e r m o s t a t e d  c e l l  h o u s i n g .  P o l y m e r  d y e  

s o l u t i o n s  w e r e  m a d e  b y  c o m b i n i n g  a p p r o p r i a t e  a m o u n t s  

o f  t h e  s t o c k  s o l u t i o n s  o f  e a c h  c o m p o n e n t  a n d  m a k i n g  u p  

t o  a  s t a n d a r d  v o l u m e  w i t h  a d d i t i o n  o f  s u i t a b l e  q u a n t i 

t i e s  o f  N a C l  a n d / o r  T r i s - H C l  b u f f e r  t o  t h e  d e s i r e d  i o n i c  

s t r e n g t h .  T h e  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n s  w a s  0 . 1  M  
( u s u a l l y  0 . 0 1  M  i n  T r i s - H C l  b u f f e r  a n d  0 . 0 9  M  i n  N a C l ) ,  

a l t h o u g h  s o m e  s o l u t i o n s  w e r e  u s e d  i n  w h i c h  t h e  i o n i c  

s t r e n g t h  w a s  c o n s i d e r a b l y  l o w e r .  T h e  p H  o f  t h e  s o l u 

t i o n s  w a s  7 . 5  f o r  t h e  p o l y  A - A O ,  p o l y  A - P R ,  a n d  p o l y  

A - C Q  s y s t e m s ,  7 . 0  f o r  t h e  D N A - A O  s y s t e m ,  5 . 9  f o r  

t h e  D N A - A O  s y s t e m ,  a n d  5 . 9  f o r  t h e  D N A - C Q  s y s 

t e m  a s  m e a s u r e d  w i t h  a  R a d i o m e t e r  p H  m e t e r .

T h e  t e m p e r a t u r e - j u m p  a p p a r a t u s  h a s  p r e v i o u s l y  

b e e n  d e s c r i b e d  i n  d e t a i l .6-8 T e m p e r a t u r e - j u m p  e x 

p e r i m e n t s  o n  t h e  p o l y  A - A O  a n d  p o l y  A - P R  s y s t e m s  

w e r e  p e r f o r m e d  o v e r  a  r a n g e  o f  p o l y  A  c o n c e n t r a t i o n  

f r o m  a b o u t  4  X  1 0 -3  t o  3  X  1 0 -6  M  ( t h e  m o l a r i t y  i s  

e x p r e s s e d  a s  t h e  m o n o m e r  c o n c e n t r a t i o n )  a n d  a t  A O  

a n d  P R  c o n c e n t r a t i o n s  o f  5 . 0  X  1 0 ~6 7 8 a n d  2 . 5  X  1 0 -6  M . 
K i n e t i c  r u n s  w e r e  p e r f o r m e d  a t  2 5 . 0 °  a n d  t h e  i o n i c  

s t r e n g t h  i n d i c a t e d  i n  T a b l e  I .  T h e  w a v e l e n g t h s  u s e d  

f o r  o b s e r v a t i o n  o f  t h e  c h e m i c a l  r e l a x a t i o n  w e r e  4 8 6  m /x  

f o r  t h e  p o l y  A - A O  s y s t e m  a n d  e i t h e r  4 2 0 ,  4 4 0 ,  o r  4 7 0

n i p  f o r  t h e  p o l y  A - P R  s y s t e m .  K i n e t i c  r i m s  o n  a l l  

s y s t e m s  w e r e  p r e c e d e d  b y  t h e  t e s t i n g  o f  t h e  c o m p o n e n t  

p a r t s  o f  e a c h  s o l u t i o n  i n  t h e  t e m p e r a t u r e - j u m p  c e l l  

t o  e n s u r e  t h a t  t h e  o b s e r v e d  r e l a x a t i o n  e f f e c t s  a r e  d u e  

e n t i r e l y  t o  t h e  p o l y m e r - d y e  i n t e r a c t i o n .  T h e  p r e c a u 

t i o n  o f  e x c l u d i n g  l i g h t  f r o m  s o l u t i o n s  c o n t a i n i n g  a c r i 

d i n e  d y e s  w a s  c a r r i e d  o u t  i n  t h e  m a n n e r  d e s c r i b e d  p r e 

v i o u s l y .2 T h e  c o n s t r u c t i o n  a n d  p e r f o r m a n c e  o f  t h e  

f l o w  a p p a r a t u s  u s e d  i s  d e s c r i b e d  e l s e w h e r e .9

R esults

T h e  s p e c t r a l  c h a n g e s  o c c u r r i n g  i n  s o l u t i o n s  o f  p o l y  A  

a n d  A O  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t h o s e  o b s e r v e d  f o r  

t h e  P G A - A O  s y s t e m  a n d  a r e  c o n s i s t e n t  w i t h  s p e c t r a  

r e p o r t e d  f o r  b a s i c  p o l y  A - A O  s o l u t i o n s :10 a t  l a r g e  

v a l u e s  o f  t h e  r a t i o  [ p o l y  A ] / [ A O ] ,  t h e  p r e d o m i n a n t  

a b s o r p t i o n  p e a k  i s  n e a r  5 0 0  m /x  a n d  i s  a c c o m p a n i e d  b y  a  

l e s s  i n t e n s e  b a n d  w i t h  a  m a x i m u m  a t  4 6 4  m / x ;  a t

Figure 1. Spectra of poly A-AO solutions at pH 7.5, 
25.0°, ionic strength = 0.1 M, [AO] = 2.5 X 10-5 M:
--------- , [poly A] = 0 M ; ------- , [poly A] =
4.24 X 10“ 3 M ; -------- , [poly A] = 2.12 X 10~3 M;
--------- , [poly A] = 3.39 X 10~6 M.

(3 ) G . F elsen feld  and A . R ich , B iochim . B iophys. A cta , 26 , 457 
(1957).
(4 ) E . Chargaff, “ T h e  N ucle ic  A c id s ,”  V o l. I , E . C hargaff and  
J. N . D av id son , E d ., A cad em ic  Press In c ., N ew  Y o rk , N . Y ., 1955, 
p 307.
(5 ) R . D . H otchk iss, M ethods E nzym ol., 3 , 708 (1957).
(6 ) G . G . H am m es an d  J. I. Steinfeld , J. A m . Chem. Soc., 84 , 4639 
(1962).

(7 ) G . G . H am m es and P . Fasella, ibid., 84, 4644 (1962).
(8 ) R . E . C athou  and G . G . H am m es, ibid., 86 , 3240 (1964).
(9 ) J. E . E rm an and G . G . H am m es, Rev. Sei. Instr ., 37, 746 (1966).
(10) D . F . B rad ley  and M . K . W o lf, P roc. N atl. Acad. Sei. U. S., 45 , 
944 (1959).
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Table I : Relaxation Data for Poly A-Aeridine Dye Systems at 25°

[Poly A], [Dye], [Poly A ] / 10-3T-1, X, I,
System M M [dye] sec-1 M “

Poly A-AO 4.24 X 10“ 3 2.5 X 10“ « 170 0.168 486 0.1
2.12 X 10“ 3 2.5 X 10"« 85 0.169 486 0.1
1.06 X 10~3 2.5 X 10“ « 42.4 0.172 486 0.1
4.24 X 10-4 2.5 X 10-« 17 0.178 486 0.1
1.69 X 10~4 2.5 X 10“ « 6.76 0.228 486 0.1
3.39 X IO“ 3 2.5 X 10~6 1.36 0.107 486 0.1
4.08 X 10~3 2.5 X 10"« 163 0.173 486 0.05
2.04 X 10~3 2.5 X 10-« 81.5 0.164 486 0.026
1.02 X 10-3 2.5 X 10“ 5 40.8 0.166 486 0.026
4.08 X 10-« 2.5 X 10-« 16.3 0.215 486 0.026
1.63 X 10~4 2.5 X 10“ « 6.52 0.192 486 0.026
3.27 X 10~« 2.5 X 10-« 1.31 0.194 486 0.026
4.05 X IO“ 3 5.0 X 10-« 81 0.148 494 0.05
2.03 X 10~3 5.0 X 10-6 40.5 0.159 494 0.026
1.02 X 10-3 5.0 X 10“ « 20.3 0.175 494 0.026
4.05 X 10~4 5.0 X 10_s 8.1 0.237 494 0.026
1.62 X 10“ 4 5.0 X 10~s 3.24 0.264 494 0.026
3.24 X 10-5 5.0 X 10“ 5 0.65 0.211 494 0.026

Poly A-PR 1.82 X 10-3 2.5 X 10-« 72.8 No relaxa
tion

440 0.1

7.28 X 10“ 4 2.5 X 10“ « 29.1 0.96 470 0.1
3.64 X 10“ 4 2.5 X IO-5 14.6 1.20 440 0.1
1.82 X 10-4 2.5 X IO“ 5 7.28 1.60 440 0.1
9.1 X IO '6 2.5 X 10"6 3.64 1.17 440 0.1
4.55 X IO’ 5 2.5 X IO“ 3 1.82 1.01 440 0.1
2.28 X 10“ 6 2.5 X 10-« 0.91 0.90 440 0.1
9.1 X 10-4 5.0 X 10-» 18.2 1.29 470 0.1
5.46 X 10~4 5.0 X IO"« 10.9 0.94 470 0.1
1.82 X 10-" 5.0 X IO“ 5 3.64 1.43 470 0.1

a I  — ionic strength.

s m a l l e r  v a l u e s  o f  t h e  r a t i o  [ p o l y  A ] / [ A O ]  t h e  s h o r t e r  

w a v e l e n g t h  p e a k  b e c o m e s  s l i g h t l y  m o r e  i n t e n s e  w h i l e  

t h e  p e a k  a t  5 0 0  m /a  d i m i n i s h e s .  T h i s  t y p e  o f  b e h a v i o r  

i s  a c c e n t u a t e d  w h e n  t h e  i o n i c  s t r e n g t h  o f  s i m i l a r  s o l u 

t i o n s  i s  l o w e r e d .  A  t y p i c a l  s e t  o f  s p e c t r a  i s  i l l u s t r a t e d  

i n  F i g u r e  1 .

S o l u t i o n s  o f  p r o f l a v i n e  o f  c o n c e n t r a t i o n  l e s s  t h a n  5  X  

1 0 -6  M  e x h i b i t  a  b r o a d  a b s o r p t i o n  b a n d  i n  t h e  v i s i b l e  

r e g i o n  w i t h  a  m a x i m u m  a t  4 4 4  m g .  T h e  p e a k  i s  

s h i f t e d  t o  l o n g e r  w a v e l e n g t h s  i n  t h e  p r e s e n c e  o f  h i g h  

c o n c e n t r a t i o n s  o f  p o l y  A ,  b u t  r e m a i n s  a t  t h e  s a m e  

p o s i t i o n  o r  s h i f t s  t o  a  s l i g h t l y  s h o r t e r  w a v e l e n g t h  w h e n  

t h e  p o l y  A  c o n c e n t r a t i o n  i s  l o w e r e d .  T h i s  b e h a v i o r  i s  

s i m i l a r  t o  t h a t  o b s e r v e d  w i t h  A O ,  b u t  t h e  c h a n g e s  i n  

w a v e l e n g t h  a r e  m u c h  s m a l l e r ,  a n d  w i t h  a l l  v a l u e s  o f  

t h e  r a t i o  [ p o l y  A ] / [ P R ]  i n v e s t i g a t e d  t h e  b a n d  w a s  n o t  

s e p a r a t e d  i n t o  t w o  p e a k s .  A t  i n t e r m e d i a t e  v a l u e s  o f  

[ p o l y  A ] / [ P R ]  t h e  b a n d  i s  b r o a d e n e d  a n d  h a s  a  l e s s  

w e l l - d e f i n e d  m a x i m u m  w h i c h  l i e s  a t  w a v e l e n g t h s  b e 

t w e e n  t h e  l o n g  a n d  s h o r t  w a v e l e n g t h  l i m i t s  o f  a p p r o x i 

m a t e l y  4 5 5  a n d  4 4 0  m g ,  r e s p e c t i v e l y .  I n  t h e  s p e c t r a

o f  t h e  p o l y  A - A O  s y s t e m  t h e  p e a k s  a r e  s e p a r a t e d  b y  

a b o u t  4 0  m g .  T y p i c a l  p o l y  A - P R  s p e c t r a  a r e  s h o w n  

i n  F i g u r e  2 .

A  m u c h  l e s s  d e t a i l e d  s t u d y  w a s  m a d e  o f  t h e  s p e c t r a  

o f  t h e  D N A - A O ,  D N A - C Q ,  a n d  p o l y  A - C Q  s y s t e m s .  

H o w e v e r ,  t h e  o b s e r v e d  c h a r a c t e r i s t i c s  o f  t h e  f i r s t  t w o  

s y s t e m s  w e r e  e s s e n t i a l l y  i d e n t i c a l  w i t h  t h o s e  p r e 

v i o u s l y  r e p o r t e d .11,12
T h e  r e s u l t s  o b t a i n e d  w i t h  t h e  p o l y  A - A O  s y s t e m  w i l l  

b e  c o n s i d e r e d  f i r s t .  A  t y p i c a l  r e l a x a t i o n  e f f e c t  i s  

i n i t i a l l y  c u r v e d ,  b u t  s u b s e q u e n t l y  t h e  a m p l i t u d e  o f  t h e  

e f f e c t  d e c r e a s e s  v i r t u a l l y  l i n e a r l y  w i t h  t i m e .  I f  a  

s t r a i g h t  l i n e  i s  d r a w n  t h r o u g h  t h e  l a t t e r  s l o p i n g  p a r t  o f  

t h e  t r a c e  a n d  e x t r a p o l a t e d  t o  t h e  z e r o - t i m e  o r d i n a t e ,  

t h e n  t h e  d i s t a n c e  b e t w e e n  t h i s  e x t r a p o l a t e d  l i n e  a n d  

t h e  a c t u a l  t r a c e ,  a t  a n y  t i m e  t, i s  t h e  a m p l i t u d e  o f  t h e  

f i r s t  r e l a x a t i o n  e f f e c t  s i n c e  t h e  s t r a i g h t  l i n e  i s  t h e  l i m i t -

(11) A . R . P eacock e  and J. N . H . Skerrett, Trans. Faraday Soc., 52, 
261 (1956).
(1 2 ) S. N . C ohen  and K . L . Y ield ing , J. B iol. Chem., 240, 3123 
(1965).
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Figure 2. Spectra of poly A-PR solutions at pH 7.5,
25.0°, ionic strength = 0.1 M, [PR] = 2.5 X 10-6 M:
--------- , [poly A] = 0 M ; — •—, [poly A] = 1.82 X 10“ 3 M;
---------- , [poly A] = 7.28 X 10“ 4 M ; --------- , [poly A] -
1.82 X lO“ 1 M ; --------- , [poly A] = 2.28 X lO"5 M.

i n g  v a l u e  o f  t h i s  r e l a x a t i o n  p r o c e s s  a t  i n f i n i t e  t i m e .  A  

p l o t  o f  t h e  l o g a r i t h m  o f  t h e  a m p l i t u d e  a g a i n s t  t i s  

l i n e a r .  F i g u r e  3  s h o w s  a  t y p i c a l  o s c i l l o s c o p e  t r a c e  a n d  

t h e  s e m i l o g a r i t h m i c  p l o t  e x t r a c t e d  f r o m  i t  b y  t h e  a b o v e  

p r o c e d u r e .  T h e  r e l a x a t i o n  t i m e  o b t a i n e d  i n  t h i s  

n a a n n e r  i s  t o  a  g o o d  a p p r o x i m a t i o n  i n d e p e n d e n t  o f  t h e  

c o n c e n t r a t i o n s  o f  p o l y  A  a n d  A O  ( i n  t h e  l i m i t e d  c o n c e n 

t r a t i o n  r a n g e  o f  t h e  l a t t e r  e m p l o y e d )  a n d  a p p e a r s  t o  b e  

i n d e p e n d e n t  o f  t h e  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n .  

H o w e v e r ,  w h e n  t h e  v a l u e  o f  [ p o l y  A ] / [ A O ]  i s  r e d u c e d  

t o  l e s s  t h a n  a b o u t  6 , a  f a s t e r  r e l a x a t i o n  p r o c e s s  c a n  b e  

d i s t i n g u i s h e d .  T h e  m e t h o d  g i v e n  a b o v e  w a s  a p p l i e d  

t o  e v a l u a t i o n  o f  t h e  r e l a x a t i o n  t i m e s  o f  b o t h  p r o c e s s e s ,  

t h e  f a s t e r  o f  w h i c h  i s  o f  t h e  o r d e r  o f  0 . 7  m s e c ,  w h i l e  t h e  

m a g n i t u d e  o f  t h e  s l o w e r  r e l a x a t i o n  i s  o f  t h e  s a m e  o r d e r  

o f  m a g n i t u d e  a s  i t s  c o u n t e r p a r t  a t  h i g h  p o l y  A  c o n 

c e n t r a t i o n s .  T h e  p r e c i s i o n  w i t h  w h i c h  t h e  r e l a x a t i o n  

t i m e s  c a n  b e  m e a s u r e d  i s  v e r y  p o o r  w h e n  b o t h  p r o c e s s e s  

a r e  o b s e r v e d ;  t h i s  i s  d u e  t o  t h e  f a c t  t h a t  t h e  a m p l i t u d e  

o f  t h e  f a s t e r  p r o c e s s  i s  v e r y  s m a l l  a n d  t h a t  b o t h  p r o c 

e s s e s  h a v e  r e l a x a t i o n  t i m e s  o f  t h e  s a m e  o r d e r  o f  m a g n i 

t u d e .  I n  v i e w  o f  t h e  s m a l l  c o n c e n t r a t i o n  r a n g e  i n  

w h i c h  t h e  f a s t e r  p r o c e s s  c a n  b e  d i s t i n g u i s h e d ,  a n d  t h e  

p o l y d i s p e r s e  n a t u r e  o f  t h e  p o l y  A ,  a  d e t a i l e d  i n t e r 

p r e t a t i o n  w i l l  n o t  b e  a t t e m p t e d .  T h e  f a s t e r  r e l a x a 

t i o n  p r o c e s s  i s  p r o b a b l y  a l w a y s  p a r t  o f  t h e  o v e r - a l l  r e 

l a x a t i o n  s p e c t r u m  b u t  o n l y  b e c o m e s  d i s c e r n i b l e  a t  v e r y  

l o w  c o n c e n t r a t i o n s  o f  p o l y  A .  T h e  c o m p l e x i t y  o f  t h e  

r e l a x a t i o n  s p e c t r u m  p r e v e n t s  a  m o r e  e x a c t  e v a l u a t i o n  

o f  t h e  r e l a x a t i o n  p a r a m e t e r s .

t (msec)
Figure 3. A typical relaxation effect and plot of logarithm 
of amplitude of light intensity change, SA, vs. time.
[Poly A] = 4.24 X 10 ~3 M, [AO] = 2.5 X 1 0 M, 
pH 7.5, r =  6.05 msec. The time scale on the 
photograph is one large division of the horizontal 
axis = 2 msec. Details of the method for obtaining 
the plot are described in the text.

M e a s u r e m e n t  o f  t h e  r e l a x a t i o n  t i m e  c h a r a c t e r i z i n g  

t h e  s l o w e s t  p a r t  o f  t h e  o v e r - a l l  r e l a x a t i o n  e f f e c t  w a s  

a t t e m p t e d  b y  u s e  o f  b o t h  t h e  G u g g e n h e i m 13 a n d  t h e  

S w i n b o r n e  m e t h o d s ,14 b u t  t h e  d i f f i c u l t y  o f  d i s t i n g u i s h 

i n g  b e t w e e n  c h e m i c a l  r e l a x a t i o n  e f f e c t s  a n d  a b s o r p t i o n  

c h a n g e s  o f  t h e  s o l u t i o n  d u e  t o  c o n v e c t i o n  w i t h i n  t h e  

t e m p e r a t u r e - j u m p  c e l l  a f t e r  200  m s e c  h a s  e l a p s e d  a f t e r  

t h e  t e m p e r a t u r e  j u m p  m a k e s  a n y  e s t i m a t e  e x t r e m e l y  

d u b i o u s .  A t t e m p t s  t o  c h a r a c t e r i z e  q u a n t i t a t i v e l y  

t h e  s l o w e s t  p a r t  o f  t h e  r e l a x a t i o n  s p e c t r u m  b y  a  c o n 

c e n t r a t i o n - j u m p  m e t h o d  a n d  b y  d i r e c t  m i x i n g  o f  

p o l y m e r  a n d  d y e  i n  a  f l o w  a p p a r a t u s  w e r e  n o t  s u c c e s s 

f u l  b e c a u s e  o f  t h e  v e r y  s m a l l  a m p l i t u d e  o f  t h e  r e l a x a 

t i o n  e f f e c t  i n  t h e  f o r m e r  e x p e r i m e n t s  a n d  b e c a u s e  o f  

t h e  l a c k  o f  r e p r o d u c i b i l i t y  i n  m e a s u r e m e n t  o f  t h e  s l o w  

r e a c t i o n s  i n  t h e  l a t t e r  m e t h o d .  H o w e v e r ,  t h e  r e s u l t s  

i n d i c a t e  a  r e l a x a t i o n  p r o c e s s  w i t h  a  r e l a x a t i o n  t i m e  o f  

a p p r o x i m a t e l y  0 . 5  t o  2 . 0  s e c  i s  o c c u r r i n g .  T h e  f a c t  t h a t  

o n l y  a n  o r d e r  o f  m a g n i t u d e  c a n  b e  p l a c e d  u p o n  t h e  

r e l a x a t i o n  t i m e  o f  t h e  s l o w e s t  p a r t  o f  t h e  r e l a x a t i o n  

e f f e c t  p r e v e n t s  e v a l u a t i o n  o f  i t s  d e p e n d e n c e  o n  t h e  r e 

a c t a n t  c o n c e n t r a t i o n s  a n d  t h e  m o l e c u l a r i t y  o f  t h e  

p r o c e s s  i n v o l v e d .  T h e r e f o r e ,  a t t e n t i o n  i s  c o n f i n e d  t o  

t h e  f a s t e r  r e l a x a t i o n  p r o c e s s .

Q u a l i t a t i v e l y ,  t h e  o b s e r v e d  r e l a x a t i o n  e f f e c t  f o r  t h e  

p o l y  A - P R  s y s t e m  i s  s i m i l a r  t o  t h a t  f o r  t h e  p o l y  A - A O  

s y s t e m  i n  t h a t  i t  i s  a  s p e c t r u m  w h i c h  e x t e n d s  o v e r  t h e  

t i m e  r a n g e  m e a s u r a b l e  b y  t h e  t e m p e r a t u r e - j u m p  

t e c h n i q u e ,  a n d  h a s  a  s t e p  i n  t h e  f i r s t  p a r t  o f  t h e  s p e c 

t r u m  w h i c h  y i e l d s  a  l i n e a r  s e m i l o g a r i t h m i c  p l o t  o b 

t a i n e d  i n  t h e  m a n n e r  a l r e a d y  d e s c r i b e d .  N e v e r t h e l e s s ,  

s i g n i f i c a n t  d i f f e r e n c e s  f r o m  t h e  p o l y  A - A O  s y s t e m

(13 ) E . A . G uggenheim , Phil. Mag., 2, 538 (1926).
(14 ) E . S. Sw inborne, J. Chem. Soc., 2371 (1960).
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e x i s t :  t h e  r e l a x a t i o n  e f f e c t  i s  n o t  o b s e r v e d  a t  v a l u e s  o f  

[ p o l y  A ] / [ P R ]  g r e a t e r  t h a n  a b o u t  3 0  i n  a n  e l e c t r o l y t e  

m e d i u m  o f  i o n i c  s t r e n g t h  0.1 a n d  i n c r e a s e s  i n  a m p l i 

t u d e  a s  t h e  c o n c e n t r a t i o n  o f  p o l y  A  i s  r e d u c e d .  W h e n  

t h e  c o n c e n t r a t i o n  o f  p o l y  A  i s  d e c r e a s e d  f u r t h e r  s o  t h a t  

[ p o l y  A ]  i s  a p p r o x i m a t e l y  e q u a l  t o  [ P R ] ,  t h e  a m p l i t u d e  

a g a i n  d i m i n i s h e s .

T h e  r e l a x a t i o n  s p e c t r u m  a r i s i n g  f r o m  t h e  i n t e r a c t i o n  

o f  D N A  w i t h  A O ,  o b s e r v e d  a t  4 8 6  m ,u ,  i s  s i m i l a r  t o  t h a t  

d e s c r i b e d  f o r  t h e  P G A - A O  s y s t e m ,2 b u t  i s  n o t  q u a n t i 

t a t i v e l y  d e s c r i b e d  b y  t w o  r e l a x a t i o n  t i m e s  a s  w a s  

f o u n d  f o r  t h e  l a t t e r  s y s t e m .  H o w e v e r ,  r o u g h  e s t i 

m a t e s  o f  t h e  m a x i m u m  a n d  m i n i m u m  r e l a x a t i o n  t i m e s  

o f  t h e  s p e c t r u m  c a n  b e  m a d e  b y  u s e  o f  t h e  i n i t i a l  a n d  

f i n a l  s l o p e s  o f  t h e  u s u a l  p l o t s  o f  t h e  l o g a r i t h m  o f  t h e  

s i g n a l  a m p l i t u d e  vs. t i m e .  T h e  m i n i m u m  r e l a x a t i o n  

t i m e  i s  i n  t h e  r a n g e  o f  7 0 - 4 0 0  > s e c  a n d  e s t i m a t e s  f o r  

t h e  m a x i m u m  r e l a x a t i o n  t i m e  a r e  f r o m  0 . 5  t o  7 . 0  m s e c .  

T h e  v a r i a t i o n s  i n  b o t h  t i m e s  a r e  r a n d o m  w i t h i n  t h e  

c o n c e n t r a t i o n  r a n g e  o f  D N A  e m p l o y e d  ( 0 . 1 0 8 - 6 . 3 5  X  

10-4  M; t h e  m o l a r i t y  r e f e r s  t o  t h e  c o n c e n t r a t i o n  o f  

p h o s p h o r u s ) .  I n  c o n t r a s t  t o  t h e  p o l y  A - A O  s y s t e m ,  a  

v e r y  s l o w  r e l a x a t i o n  p r o c e s s  w a s  n o t  o b s e r v e d .  L a r g e  

a b s o r b a n c e  d i f f e r e n c e s  b e t w e e n  a  s o l u t i o n  o f  c h l o r o -  

q u i n e  a n d  a  s o l u t i o n  o f  c h l o r o q u i n e  i n  t h e  p r e s e n c e  o f  

p o l y  A  o r  D N A  o c c u r  b e t w e e n  3 2 5  a n d  3 4 5  m /x ,  b u t  n o  

r e l a x a t i o n  e f f e c t s  w e r e  o b s e r v e d .

D iscussion

T w o  f e a t u r e s  o f  t h e  p o l y  A - A O  s p e c t r a  a r e  i n  c o n 

t r a s t  t o  t h e  P G A - A O  s p e c t r a ;  a  b l u e  s h i f t  o f  t h e  s h o r t e r  

w a v e l e n g t h  b a n d  d o e s  n o t  o c c u r  w h e n  t h e  v a l u e  o f  t h e  

r a t i o  [ p o l y  A ] / [ A O ]  i s  r e d u c e d  t o  u n i t y ,  a n d  t h e  b a n d  

w h i c h  a t  l a r g e  v a l u e s  o f  [ P G A ] / [ A O ]  r e m a i n s  a t  t h e  

s a m e  w a v e l e n g t h  a s  t h a t  o f  t h e  m o n o m e r  b a n d  i n  f r e e  

s o l u t i o n  s h o w s  a  s m a l l  r e d  s h i f t  i n  t h e  p o l y  A - A O  s y s 

t e m .  S u c h  d i f f e r e n c e s  h a v e  p r e v i o u s l y  b e e n  o b s e r v e d  i n  

a n a l o g o u s  s y s t e m s , 10 a n d  a r e  n o t  p r e j u d i c i a l  t o  t h e  

g e n e r a l  i n t e r p r e t a t i o n  o f  t h e  s p e c t r a ,  n a m e l y ,  t h a t  t h e  

b a n d  i n  t h e  p o l y  A - A O  s p e c t r a  a t  a p p r o x i m a t e l y  5 0 0  

mu i s  c h a r a c t e r i s t i c  o f  a n  u n s t a c k e d  d y e - p o l y  A  c o m 

p l e x  w h i l e  t h e  p e a k  a t  4 6 4  m n a r i s e s  f r o m  a  d i m e r  d y e -  

p o l y  A  c o m p l e x .  T h e  s o l u t i o n s  u s e d  i n  t h e  t e m p e r a 

t u r e - j u m p  e x p e r i m e n t s  o n  t h e  p o l y  A - A O  s y s t e m  m o s t  

p r o b a b l y  c o n t a i n  a  m i x t u r e  o f  m o n o m e r  d y e  c o m p l e x  

a n d  d i m e r  d y e  c o m p l e x .

P r o f l a v i n e  d o e s  n o t  a g g r e g a t e  i n  f r e e  s o l u t i o n  a t  c o n 

c e n t r a t i o n s  l e s s  t h a n  5  X  1 0 -5  M , b u t  i s  t h o u g h t  t o  

i n t e r a c t  w i t h  a d j a c e n t  m o l e c u l e s  o f  p r o f l a v i n e  w h e n  

t h e s e  a r e  b o u n d  t o  D N A .  T h e  e x i s t e n c e  o f  t w o  t y p e s  o f  

b i n d i n g  s i t e s  i n  D N A  f o r  p r o f l a v i n e  h a s  b e e n  d e m o n 

s t r a t e d  b y  e q u i l i b r i u m  s t u d i e s ;11 t h e s e  h a v e  b e e n  

i d e n t i f i e d  a s  a  b i n d i n g  w h i c h  i s  e l e c t r o s t a t i c ,  t h a t  i s ,  t h e

a t t r a c t i o n  b e t w e e n  t h e  n e g a t i v e l y  c h a r g e d  p h o s p h a t e  

r e s i d u e s  a n d  t h e  c a t i o n i c  d y e  m o l e c u l e s ,  a n d  a n  i n t e r a c 

t i o n  b e t w e e n  a r o m a t i c  r i n g s  o f  t h e  d y e  a n d  t h e  b a s e s  o f  

t h e  D N A .  M u t u a l  i n t e r a c t i o n  b e t w e e n  b o u n d  p r o 

f l a v i n e  m o l e c u l e s  h a s  a l s o  b e e n  p r o p o s e d .

A n  a n a l o g o u s  i n t e r p r e t a t i o n  t o  t h a t  f o r  t h e  p o l y  

A - A O  s p e c t r a  h a s  b e e n  u s e d  f o r  t h e  p o l y  A - P I t  s p e c t r a l  

m e a s u r e m e n t s .  T h e  s h i f t  o f  t h e  p r o f l a v i n e  p e a k  t o  

l o n g e r  w a v e l e n g t h s  a t  l a r g e  v a l u e s  o f  t h e  r a t i o  [ p o l y  A  ] /  

[ P R ]  m e a n s  t h a t  p r o f l a v i n e  i s  b o u n d  i n  a n  u n s t a c k e d  

m a n n e r  t o  t h e  p o l y m e r ,  a n d  t h e  s h o r t  w a v e l e n g t h  p e a k  

r e p r e s e n t s  a  c o m p l e x  c o n t a i n i n g  p r o f l a v i n e  d i m e r  

s t a c k s  o r  p o s s i b l y  h i g h e r  a g g r e g a t e s  a l o n g  t h e  p o l y m e r  

c h a i n .  T h e  l a c k  o f  r e s o l u t i o n  i n t o  t w o  b a n d s  i n d i c a t e s  

t h a t  w h e n  t h e r e  i s  a  m i x t u r e  o f  s p e c i e s  i n  s o l u t i o n ,  t h e  

a b s o r p t i o n  p e a k s  o f  e a c h  c o m p l e x  s p e c i e s  s u p e r p o s e  

r e s u l t i n g  i n  a  s i n g l e  b r o a d  b a n d .  A n  a c c e p t a n c e  o f  

t h i s  e x p l a n a t i o n  o f  t h e  c h a n g e s  i n  t h e  a b s o r p t i o n  s p e c t r a  

a l l o w s  a  q u a l i t a t i v e  u n d e r s t a n d i n g  o f  t h e  r e l a x a t i o n  

d a t a .

T h e  d a t a  o b t a i n e d  r e s t r i c t  u s  t o  a  q u a l i t a t i v e  d i s c u s 

s i o n  o f  t h e  m e c h a n i s m  o f  i n t e r a c t i o n  b e t w e e n  b o u n d  

a c r i d i n e  d y e s .  T h e  i n d e p e n d e n c e  o f  t h e  r e l a x a t i o n  

t i m e  o f  t h e  p o l y  A - A O  a n d  p o l y  A - P R  s y s t e m s  u p o n  

e i t h e r  t h e  c o n c e n t r a t i o n  o f  p o l y  A  o r  t h e  c o n c e n t r a t i o n  

o f  d y e ,  e x c e p t  a t  v e r y  l o w  p o l y  A  c o n c e n t r a t i o n s ,  a l 

m o s t  c e r t a i n l y  i m p l i c a t e s  a n  i n t r a m o l e c u l a r  p r o c e s s  

w h i c h  t a k e s  p l a c e  s u b s e q u e n t l y  t o  i n i t i a l  b i n d i n g  o n  t h e  

p o l y n u c l e o t i d e  c h a i n .  T h e  r e l a x a t i o n  e f f e c t  o f  t h e  p o l y  

A - P R  s y s t e m  i s  o b s e r v e d  o n l y  w h e n  t h e  r e l a t i v e  c o n 

c e n t r a t i o n s  o f  t h e  r e a c t a n t s  a r e  t h e s e  w h i c h  y i e l d  

d i m e r  d y e - p o l y  A  c o m p l e x e s ,  a s  j u d g e d  b y  t h e  a b s o r p 

t i o n  s p e c t r u m .  I n  t h e  c a s e  o f  A O - p o l y  A  c o m p l e x e s ,  

d i m e r i c  s t a c k s  a r e  p r e s e n t  o v e r  t h e  e n t i r e  c o n c e n t r a 

t i o n  p r o b e d .  T h e  p r e s e n c e  i n  t h e  e q u i l i b r i u m  m i x t u r e  

o f  a  s p e c i e s  h a v i n g  a g g r e g a t e d  d y e  g r o u p s  a l o n g  t h e  

p o l y m e r  c h a i n  i s  a  r e q u i r e m e n t  f o r  t h e  o b s e r v e d  r e 

l a x a t i o n  e f f e c t  t o  o c c u r .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  

f a c t  t h a t  n o  r e l a x a t i o n  e f f e c t  i s  o b s e r v e d  i n  t h e  D N A -  

C Q  a n d  p o l y  A - C Q  s y s t e m s  w h e r e  t h e  c a t i o n  i s  t h o u g h t  

n o t  t o  i n t e r a c t  w i t h  i t s e l f  i n  s o l u t i o n  o r  w h e n  b o u n d  t o  

D N A . 12 H o w e v e r ,  t h e  k i n e t i c  s t u d i e s  t h e m s e l v e s  d o  

n o t  d i s t i n g u i s h  d i m e r  s t a c k s  f r o m  a n y  o t h e r  t y p e  o f  

“ i n t e r a c t i n g  d y e ”  s t r u c t u r e ,  s o  t h e s e  r e s u l t s  c a n n o t  b e  

c o n s i d e r e d  a s  p r o o f  o f  t h e  i n t e r p r e t a t i o n  g i v e n  t o  t h e  

s p e c t r a .  T h e  f a c t  t h a t  a  r e l a x a t i o n  t i m e  c h a r a c t e r i s t i c  

o f  i n t e r m o l e c u l a r  c o m p l e x  f o r m a t i o n  c a n n o t  b e  m e a s 

u r e d  e n a b l e s  a  l o w e r  l i m i t  t o  b e  p l a c e d  u p o n  t h e  b i -  

m o l e c u l a r  r a t e  c o n s t a n t  f o r  b i n d i n g .  T h i s  l o w e r  l i m i t  

i s  a b o u t  2  X  1 0 8 H / -1  s e c . - 1 , w h i c h  m e a n s  t h a t  c o m p l e x  

f o r m a t i o n  o c c u r s  a t  a  r a t e  c o n t r o l l e d  e s s e n t i a l l y  b y  d i f 

f u s i o n  t o g e t h e r  o f  t h e  r e a c t a n t s .  H o w e v e r ,  t h e  d e 

p e n d e n c e  u p o n  r e a c t a n t  c o n c e n t r a t i o n  o f  t h e  f a s t e s t  r e -
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Table II: Characteristic Time Constants of “ Stacking” Interactions at 25°

System
Conformation of 
macromolecule pH

“ Stacking”  relaxation 
time, sec

Interacting
groups

AO-AO0 4.7 < 1 0 -1 ° AO-AO
PGA-AO“ Coil 7.5 2 X 10~6 or 2 X 10-4 AO-AO
PGA-AO“ Helix 4.7 5 X 10-" or 3 X 10-3 AO-AO
Poly A-AO6 Single strand 7.5 5 X 10"3 AO-AO

Poly A-PR6 Single strand 7.5 1 X 10-3

Adenine-AO 
Adenin e-adenine 
PR-PR

Poly A-poly Ue Single strands 7.0 CIO-2

Adenine-PR
Adenine-adenine
Base-base

DNA-AO6 Double helix 7.0 1 X 10-4 to 2 X 10-3 AO-AO

DNA-DNA*

“ See ref 2. b This work.

Single strands 

c See ref 23. * See ref 24.

<6 X 10-4

Base-AO
Base-base
Base-base

l a x a t i o n  p r o c e s s  o b s e r v e d  o n l y  a t  l o w  p o l y  A  c o n c e n 

t r a t i o n s  i n  t h e  p o l y  A - A O  s y s t e m  c o u l d  n o t  b e  e v a l u 

a t e d ,  a n d  i t  i s  p o s s i b l e  t h a t  t h i s  r e l a t e s  t o  c o m p l e x  f o r 

m a t i o n .  I f  t h i s  i s  t h e  c a s e ,  t h e  b i m o l e c u l a r  r a t e  c o n 

s t a n t  f o r  c o m p l e x  f o r m a t i o n  w o u l d  b e  a p p r o x i m a t e l y  

3  X  1 0 7 . M -1  s e c . -1
T h e  r e l a x a t i o n  t i m e  i s  a  r o u g h  m e a s u r e  o f  t h e  l i f e t i m e  

o f  a  d i m e r  s t a c k  (i.e., t h e  “ i n t e r a c t i n g  d y e ”  s t r u c t u r e )  

a n d / o r  t h e  m i g r a t i o n  t i m e  o f  t h e  d y e  o n  t h e  p o l y m e r .  

T h e s e  c o n s t a n t s  a r e  a s s e m b l e d  i n  T a b l e  I I  f o r  t h e  D N A ,  

P G A ,  a n d  p o l y  A - d y e  s y s t e m s  a n d  t h e  d i m e r i z a t i o n  o f  

a c r i d i n e  o r a n g e .  B o t h  o f  t h e  m e a s u r e d  r e l a x a t i o n  t i m e s  

a r e  i n c l u d e d  f o r  t h e  P G A - A O  s y s t e m  a l t h o u g h  t h e  

l o n g e r  t i m e  i s  p r o b a b l y  r e l a t e d  t o  t h e  d i m e r  s t a c k i n g  

p r o c e s s .  A l t h o u g h  t h e s e  t i m e  c o n s t a n t s  c a n n o t  b e  

i n t e r p r e t e d  q u a n t i t a t i v e l y ,  s e v e r a l  r e g u l a r i t i e s  a r e  c l e a r :  

t h e  s h o r t e s t  r e l a x a t i o n  t i m e  i s  f o r  f r e e  a c r i d i n e  o r a n g e  

f o l l o w e d  i n  o r d e r  b y  “ s t a c k i n g ”  a l o n g  t h e  f l e x i b l e  P G A  

r a n d o m  c o i l ,  “ s t a c k i n g ”  o n  P G A  h e l i x ,  a n d  f i n a l l y  

“ s t a c k i n g ”  o n  p o l y  A .  T h e  s l o w n e s s  o f  t h i s  p r o c e s s  o n  

p o l y  A  i s  p r o b a b l y  a  r e f l e c t i o n  o f  t h e  i n t e r a c t i o n  b e 

t w e e n  d y e  a n d  b a s e s  a n d / o r  o f  t h e  d i f f i c u l t y  i n  a c h i e v i n g  

t h e  c o r r e c t  d e g r e e  o f  o r i e n t a t i o n  f o r  “ s t a c k i n g . ”  A  

m i n i m u m  o v e r l a p  o f  a r o m a t i c  s y s t e m s  i s  n e c e s s a r y  f o r  

s i g n i f i c a n t  i n t e r a c t i o n .11 A p p a r e n t l y ,  t h e  m o b i l i t y  o f  

t h e  d y e  s t r u c t u r e  i s  e v e n  r e s t r i c t e d  o n  P G A ,  p o s s i b l y  

b e c a u s e  o f  t h e  s t r o n g  e l e c t r o s t a t i c  i n t e r a c t i o n s  b e 

t w e e n  d y e  a n d  p o l y m e r .  T h e  t i m e  c o n s t a n t s  o f  t h e  

D N A - d y e  s y s t e m  d o  n o t  f i t  i n t o  t h i s  l o g i c a l  p a t 

t e r n  b e c a u s e  o f  t h e  s p e c t r u m  o b s e r v e d .  T h e  r e l a x 

a t i o n  t i m e  f o r  P R  i s  s h o r t e r  t h a n  f o r  A O ,  w h i c h  i s  

c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  P R - P R  i n t e r a c t i o n  i s  

w e a k e r  t h a n  t h a t  f o r  A O - A O .  U n f o r t u n a t e l y ,  t h e  

d a t a  o b t a i n e d  d o  n o t  e n a b l e  u s  t o  m a k e  a n y  d i s t i n c t i o n

b e t w e e n  t h e  m o d e l s  p r o p o s e d  f o r  t h e  s t r u c t u r e s  o f  n u  

c l e i c  a c i d - d y e  c o m p l e x e s .15-17
T h e  n a t u r e  o f  t h e  i n t e r a c t i o n  b e t w e e n  b a s e s  i n  n u 

c l e i c  a c i d s  s h o u l d  b e  c l o s e l y  r e l a t e d  t o  t h a t  b e t w e e n  

d y e s .  I n  t h e  f o r m e r  c a s e  h y d r o g e n  b o n d i n g  b e t w e e n  

p a i r s  o f  b a s e s  w h i c h  a r e  n o t  i n v o l v e d  i n  s t a c k i n g  w i t h  

e a c h  o t h e r  m a y  b e  o f  i m p o r t a n c e ,  b u t  h y d r o g e n  b o n d  

f o r m a t i o n  a n d  b r e a k a g e  i s  m u c h  m o r e  r a p i d  t h a n  t h e  

t i m e s  a s s o c i a t e d  w i t h  d y e  s t a c k i n g .18-20 T h e  r e l a x a 

t i o n  t i m e s  a s s o c i a t e d  w i t h  t h e  h e l i x - c o i l  t r a n s i t i o n  i n  

P G A ,  w h i c h  i s  p r o b a b l y  a  h y d r o g e n - b o n d i n g  p r o c e s s ,  

a r e  a b o u t  10-7 s e c .21'22 V e r y  f e w  d i r e c t  m e a s u r e m e n t s  

o f  t h e  r a t e  o f  b a s e  s t a c k i n g  i n  n u c l e i c  a c i d s  a r e  a v a i l 

a b l e .  T h e  k i n e t i c s  o f  f o r m a t i o n  o f  t h e  d o u b l e - s t r a n d  

p o l y  ( A  +  U )  c o m p l e x  f r o m  t h e  s i n g l e  s t r a n d s  i s  

i n i t i a l l y  s e c o n d  o r d e r ,  b u t  b e c o m e s  f i r s t  o r d e r  a s  t h e  

r e a c t i o n  p r o c e e d s .23 I f  o r i e n t a t i o n  o f  b a s e  p a i r s  f o r  

“ s t a c k i n g ”  i s  r a t e  l i m i t i n g  f o r  t h e  f i r s t - o r d e r  g r o w t h  

p r o c e s s ,  t h e  a s s o c i a t e d  t i m e  c o n s t a n t  f o r  d i m e r i c  i n t e r 

a c t i o n  m u s t  b e  g r e a t e r  t h a n  102 s e c - 1 , o r  t h e  r e l a x a t i o n  

t i m e  m u s t  b e  l e s s  t h a n  10-2 s e c .  T h e  r e p l i c a t i o n  r a t e  15 16 17 18 19 20 21 22 23

(15) L . S. Lerm an, J. M ol. B iol., 3, 18 (1961); P roc. Natl. A cad . Sci. 
U. S., 49, 94 (1963).
(16) G . W eill and M . C alvin , Bio-polymers, 1, 401 (1963).
(17 ) S. F . M ason  and A . J. M cC affery , Nature, 204, 468 (1964).
(18) W . M aier, Z. Elektrochem ., 64, 132 (1960).
(19) K . Bergm ann, M . Eigen, and L . de M aeyer, B er. Bunsenges. 
P hysik. Chem., 68, 819 (1963).
(20) G . G . H am m es and H . O. Spivey, J. A m . Chem. Soc., 88, 1621 
(1966).
(21) R . L um ry, R . Legare, and W . G . M iller, B iopolym ers, 2 , 489 
(1964).
(22) J. J. Burke, G . G . H am m es, and T . B . Lewis, J. Chem. P hys., 
42, 3520 (1965).
(23) P . D . R oss and J. M . Sturtevant, J. A m . Chem. Soc., 84, 4503
(1962).
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o f  T 2  D N A  a t  3 7 °  i s  a b o u t  2  m i n / m o l e c u l e  o r  6 X  1 0 -4  
s e c / b a s e  p a i r .24 T h e  s i m i l a r i t y  o f  t h i s  t i m e  t o  t h e  o t h e r  

t i m e  c o n s t a n t s  i n  T a b l e  I I  s u g g e s t s  t h a t  o r i e n t a t i o n a l  

e f f e c t s  i n v o l v e d  i n  “ s t a c k i n g ”  m a y  b e  r a t e  l i m i t i n g  

r a t h e r  t h a n  h y d r o d y n a m i c  r e s i s t a n c e  t o  u n w i n d i n g  o f  

t h e  s t r a n d s  a s  s u g g e s t e d  b y  C r o t h e r s ,24 u n l e s s  h y d r o -  

d y n a m i c  e f f e c t s  a r e  a l s o  r e s p o n s i b l e  f o r  t h e  r a t e  o f  t h e  

d y e  i n t e r a c t i o n s ,  w h i c h  s e e m s  u n l i k e l y .  H o w e v e r ,  a t  

p r e s e n t  t h e  r e l a t i o n s h i p  b e t w e e n  d y e  i n t e r a c t i o n s  a n d  

D N A  b a s e  i n t e r a c t i o n s  i s  q u i t e  s p e c u l a t i v e .  F o r  t h e  

s a k e  o f  c o m p a r i s o n ,  t h e  c h a r a c t e r i s t i c  t i m e  c o n s t a n t s  o f  

t h e s e  n u c l e i c  a c i d  i n t e r a c t i o n s  a r e  i n c l u d e d  i n  T a b l e  I I .  

T h e  n a t u r e  o f  t h e  f o r c e s  i n v o l v e d  i n  b a s e  a n d  d y e  i n t e r 

a c t i o n s  i s  s t i l l  n o t  c e r t a i n ;  p r e s u m a b l y ,  h y d r o p h o b i c ,  

d i p o l a r ,  a n d  r - v  i n t e r a c t i o n s  a r e  a l l  i n v o l v e d .

T h e  i n t e r a c t i o n  o f  a c r i d i n e  d y e s  w i t h  p o l y m e r  m o l e 

c u l e s  i s  s t i l l  n o t  c l e a r l y  u n d e r s t o o d .  O b v i o u s l y ,  t h e  

n a t u r e  o f  t h e  b i n d i n g  s i t e s  a n d  t h e  c o n f o r m a t i o n  o f  t h e  

m a c r o m o l e c u l e  a r e  i m p o r t a n t  a m o n g  t h e  m a n y  f a c t o r s  

w h i c h  i n f l u e n c e  t h e  “ s t a c k i n g ”  i n t e r a c t i o n s .  I n t e r -  

m o l e c u l a r  c o m p l e x  f o r m a t i o n  o c c u r s  a t  r a t e s  a p p r o a c h 

i n g  t h o s e  c h a r a c t e r i s t i c  o f  d i f f u s i o n - c o n t r o l l e d  p r o c e s s e s .  

T h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  I I  i n d i c a t e  t h a t  t h e  

p h e n o m e n o n  o f  “ s t a c k i n g ”  o c c u r s  r e l a t i v e l y  s l o w l y  a n d  

m a y  b e  c o n t r o l l e d  b y  t h e  r a t e  o f  o r i e n t a t i o n  o f  d y e  a n d  

p o l y m e r  i n t o  a  f a v o r a b l e  i n t e r a c t i o n  p o s i t i o n .  S i m i l a r  

i n t e r a c t i o n s  m a y  b e  o f  i m p o r t a n c e  i n  D N A  r e p l i c a t i o n .

(24) D . M . C rothers, J. M ol. B iol., 9 , 712 (1964).

H e n r y ’ s  L a w  S t u d i e s  o f  S o l u t i o n s  o f  W a t e r  i n  O r g a n i c  S o l v e n t s 1

by W . L . M asterton  and M . C . G endrano

D epartm ent o f  C hem istry , U niversity o f  Connecticut, Storrs, Connecticut (Received M arch  7, 1966)

A  s t u d y  o f  t h e  r e l a t i o n s h i p  b e t w e e n  a c t i v i t y  a n d  c o n c e n t r a t i o n  o f  w a t e r  i n  b e n z e n e ,  c h l o r o 

f o r m ,  a n d  1,2 - d i c h l o r o e t h a n e  g i v e s  e v i d e n c e  f o r  a s s o c i a t i o n  o f  w a t e r  m o l e c u l e s  i n  t h e  l a t t e r  

t w o  s o l v e n t s .  T h e  d a t a  i n  t h e s e  s o l v e n t s  c a n  b e  e x p l a i n e d  a d e q u a t e l y  i n  t e r m s  o f  a n  

e q u i l i b r i u m  b e t w e e n  w a t e r  m o n o m e r  a n d  d i m e r .

Introduction

A  s u r v e y  o f  r e c e n t  l i t e r a t u r e  s h o w s  s o m e  d i s a g r e e 

m e n t  c o n c e r n i n g  t h e  a s s o c i a t i o n  o f  s o l u t e  w a t e r  m o l e 

c u l e s  i n  n o n h y d r o g e n - b o n d e d  o r g a n i c  s o l v e n t s .  G o r 

d o n ,  et a Z .,2 f o u n d  t h a t  t h e  a p p a r e n t  m o l a l  v o l u m e  o f  

w a t e r  d i s s o l v e d  i n  b e n z e n e  a n d  t o l u e n e  a t  6 0 - 7 0 °  d e 

c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n .  A t t r i b u t i n g  

t h i s  e f f e c t  t o  a s s o c i a t i o n ,  G o r d o n  c a l c u l a t e d  t h a t  a t  

9 0 %  o f  s a t u r a t i o n  a t  6 7 ° ,  t h e  m o l e c u l a r  w e i g h t  o f  

w a t e r  d i s s o l v e d  i n  b e n z e n e  i s  a p p r o x i m a t e l y  4 5 .  O n  

t h e  o t h e r  h a n d ,  C h r i s t i a n ,  et al. ,3 r e p o r t  t h a t  s o l u t i o n s  

o f  w a t e r  i n  b e n z e n e  a t  2 5 °  o b e y  H e n r y ’ s  l a w ,  a  b e h a v i o r  

w h i c h  s e e m s  t o  p r e c l u d e  e x t e n s i v e  a s s o c i a t i o n .  T h e  

s a m e  s o r t  o f  e v i d e n c e  i s  c i t e d 4 t o  i n d i c a t e  t h e  a b s e n c e  

o f  a s s o c i a t i o n  o f  w a t e r  i n  c a r b o n  t e t r a c h l o r i d e  s o l u 

t i o n .  H o w e v e r ,  t h e s e  a u t h o r s  n o t e ,  i n  s o l u t i o n s  o f  

w a t e r  i n  1 ,2- d i c h l o r o e t h a n e ,  a  p r o n o u n c e d  c u r v a t u r e  

i n  t h e  p l o t  o f  c o n c e n t r a t i o n  o f  w a t e r  vs. a c t i v i t y .  

T h i s  i s  a t t r i b u t e d  t o  a s s o c i a t i o n  o f  w a t e r  m o l e c u l e s .  

I n  p a r t i c u l a r ,  i t  i s  s t a t e d  t h a t  t h e  d a t a  a r e  m o s t  r e a d i l y  

i n t e r p r e t e d  i n  t e r m s  o f  a n  e q u i l i b r i u m  b e t w e e n  m o n o 

(1) A bstracted  in part from  the M .S . T hesis o f  M . C . G endrano, 
U niversity  o f  C on n ecticu t, O ct 1965.
(2) M . G ordon , C. H op e, L . L oan , and R . R oe , P roc. R oy . Soc. 
(L on d on ), A258, 215 (1960).
(3) S. Christian, H . A ffsprung, and J. Johnson , J. Chem. Soc., 1896
(1963).
(4) J. Johnson , S. Christian, and H . A ffsprung, ib id ., 1 (1965).
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m e r  a n d  t r i m e r  o r  m o n o m e r  a n d  t e t r a m e r .6,6
R e c e n t l y ,  w e  h a v e  u n d e r t a k e n  a  t h e r m o d y n a m i c  

s t u d y  d e s i g n e d  t o  g i v e  i n f o r m a t i o n  c o n c e r n i n g  m o l e c u 

l a r  i n t e r a c t i o n s  i n  s o l u t i o n s  o f  w a t e r  i n  o r g a n i c  s o l v e n t s .  

A s  a  p a r t  o f  t h a t  s t u d y ,  w e  h a v e  c o n d u c t e d  i s o p i e s t i c  

m e a s u r e m e n t s  s i m i l a r  t o  t h o s e  o f  C h r i s t i a n ,  et al., o n  

s o l u t i o n s  o f  w a t e r  i n  b e n z e n e ,  c h l o r o f o r m ,  a n d  1 ,2- d i -  

c h l o r o e t h a n e .  W e  f i n d ,  a s  d i d  t h e s e  a u t h o r s ,  t h a t  

s o l u t i o n s  o f  w a t e r  i n  b e n z e n e  o b e y  H e n r y ’ s  l a w ,  w h i l e  

s o l u t i o n s  o f  w a t e r  i n  1 , 2- d i c h l o r o e t h a n e  d e v i a t e  f r o m  

H e n r y ’ s  l a w  i n  a  m a n n e r  w h i c h  i s  m o s t  r e a d i l y  i n t e r 

p r e t e d  i n  t e r m s  o f  a s s o c i a t i o n  o f  w a t e r  m o l e c u l e s .  T h e  

s a m e  s o r t  o f  e v i d e n c e  i n d i c a t e s  t h a t  w a t e r  i n  c h l o r o 

f o r m  s o l u t i o n  i s  a s s o c i a t e d  t o  a p p r o x i m a t e l y  t h e  s a m e  

e x t e n t  a s  i n  1 ,2- d i c h l o r o e t h a n e .

Experim ental Procedure

T h e  1 , 2 - d i c h l o r o e t h a n e  u s e d  a s  a  s o l v e n t  w a s  d i s t i l l e d  

t h r o u g h  a  3 - f t  s i l v e r - c o a t e d  c o l u m n  a t  a  r e f l u x  r a t i o  o f  

1 3 .  T h e  r e f r a c t i v e  i n d e x  o f  t h e  d i s t i l l a t e  a g r e e d  w i t h  

t h e  l i t e r a t u r e  v a l u e  ( n 20d  1 . 4 4 4 )  w i t h i n  ± 0 . 0 0 1 ;  m o r e 

o v e r ,  a  v a p o r  p h a s e  c h r o m a t o g r a m  s h o w e d  o n l y  o n e  

p e a k .  R e a g e n t  g r a d e  c h l o r o f o r m ,  c o n t a i n i n g  a  s m a l l  

a m o u n t  o f  e t h y l  a l c o h o l ,  w a s  p u r i f i e d  b y  w a s h i n g  r e 

p e a t e d l y  w i t h  d i s t i l l e d  w a t e r  u n t i l  t h e  a l c o h o l  p e a k  

v i r t u a l l y  d i s a p p e a r e d  f r o m  a  v a p o r  p h a s e  c h r o m a t o 

g r a m .  T h e  p u r i f i e d  c h l o r o f o r m  w a s  u s e d  i m m e d i a t e l y  

t o  a v o i d  p h o t o c h e m i c a l  d e c o m p o s i t i o n .  T h i o p h e n e -  

f r e e  b e n z e n e  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

T h e  o r g a n i c  s o l v e n t s  w e r e  e q u i l i b r a t e d  w i t h  p u r e  

w a t e r  a n d  w i t h  a  s e r i e s  o f  a q u e o u s  s o l u t i o n s  o f  c a l c i u m  

c h l o r i d e  r a n g i n g  i n  c o n c e n t r a t i o n  f r o m  1 t o  6 m. T h e  

a p p a r a t u s  u s e d  w a s  s i m i l a r  i n  a l l  r e s p e c t s  t o  t h a t  d e 

s c r i b e d  b y  C h r i s t i a n ,  et alA 7 E q u i l i b r a t i o n  w a s  a l 

l o w e d  t o  t a k e  p l a c e  f o r  a t  l e a s t  2 d a y s  w i t h  t h e  e n t i r e  

a p p a r a t u s  i m m e r s e d  i n  a  w a t e r  b a t h  h e l d  a t  c o n s t a n t  

t e m p e r a t u r e  t o  w i t h i n  ± 0 . 0 5 ° .  A f t e r  e q u i l i b r a t i o n ,  

t h e  c a l c i u m  c h l o r i d e  s o l u t i o n s  w e r e  a n a l y z e d  b y  t i t r a t 

i n g  w e i g h e d  s a m p l e s  w i t h  s i l v e r  n i t r a t e .  P r e l i m i n a r y  

e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  c o n c e n t r a t i o n  o f  c a l c i u m  

c h l o r i d e  c h a n g e d  b y  l e s s  t h a n  1%  d u r i n g  e q u i l i b r a t i o n .

T h e  e q u i l i b r a t e d  o r g a n i c  p h a s e s  w e r e  a n a l y z e d  f o r  

w a t e r  b y  t h e  K a r l  F i s c h e r  m e t h o d  ( d e a d - s t o p  e n d  

p o i n t ) .  T h e  F i s c h e r  r e a g e n t  w a s  s t a n d a r d i z e d  b e f o r e  

e a c h  d e t e r m i n a t i o n  b y  t i t r a t i n g  a  s a m p l e  o f  d i s t i l l e d  

w a t e r  i n t r o d u c e d  f r o m  a  c a l i b r a t e d  m i c r o m e t e r  b u r e t .  

W e i g h e d  s a m p l e s  o f  t h e  o r g a n i c  p h a s e s ,  c h o s e n  s o  a s  t o  

c o n t a i n  1 0 - 4 0  m g  o f  w a t e r  ( e q u i v a l e n t  t o  2 - 7  m l  o f  

F i s c h e r  r e a g e n t ) ,  w e r e  i n t r o d u c e d  f r o m  a  s y r i n g e  i n t o  

t h e  t i t r a t i o n  a s s e m b l y .  T h e  m i c r o b u r e t  u s e d  f o r  t h e  

t i t r a t i o n s  w a s  r e a d  t o  ± 0 . 0 1  m l .  E a c h  o f  t h e  o p e n i n g s  

t o  t h e  a p p a r a t u s  w a s  p r o t e c t e d  f r o m  a t m o s p h e r i c  

m o i s t u r e  b y  p h o s p h o r u s  p e n t o x i d e  d r y i n g  t u b e s .  A l l

t i t r a t i o n s  w e r e  c a r r i e d  o u t  i n  a n  a t m o s p h e r e  o f  d r y  

n i t r o g e n .

Results

D a t a  f o r  t h e  s y s t e m s  s t u d i e d  a r e  p r e s e n t e d  i n  T a b l e  

I ,  w h e r e  t h e  c o n c e n t r a t i o n  o f  w a t e r  i n  m o l e s  p e r  l i t e r  

( C w )  i s  g i v e n  a s  a  f u n c t i o n  o f  t h e  m o l a l i t y  o f  c a l c i u m  

c h l o r i d e  a n d  t h e  a c t i v i t y  o f  w a t e r  ( a w )  d e r i v e d  t h e r e 

f r o m .  E a c h  r e s u l t  r e p r e s e n t s  t h e  m e a n  o f  a t  l e a s t  t w o  

d e t e r m i n a t i o n s .  W a t e r  a n a l y s e s  o n  d u p l i c a t e  s a m p l e s  

s h o w e d  a n  a v e r a g e  d e v i a t i o n  f r o m  t h e  m e a n  o f  s l i g h t l y  

l e s s  t h a n  ± 0 . 0 0 0 2 .  V a l u e s  f o r  t h e  s o l u b i l i t y  o f  w a t e r  

i n  b e n z e n e  a n d  1 , 2 - d i c h l o r o e t h a n e  a t  2 5 °  ( a w =  1 )  a r e  

i n  g o o d  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  C h r i s t i a n ,  et al. 
( C w =  0 . 0 3 4 9  i n  b e n z e n e ,  0 . 1 2 5 2  i n  1 , 2 - d i c h l o r o 

e t h a n e ) .3’8

Table I: Solubility of Water in Organic Solvents
as a Function of Activity

c„
CaCl*,

m aw Cw
CaCl2,

m ®W
Benzene at 250 Chloroform at 25°

0.0347 1.000 0.0738 1.000
0.0327 0.951 0.948 0.0693 0.979 0.947
0.0299 1.898 0.871 0.0632 1.978 0.864
0.0266 2.858 0.767 0.0544 2.965 0.754
0.0227 3.701 0.662 0.0455 3.940 0.631
0.0180 4.839 0.518 0.0368 4.901 0.511
0.0139 5.838 0.407 0.0275 6.006 0.391

1,2-DichIoroethane at 25° 1,2-Dichloroethane at 5°
0.1264 1.000 0.0696 1.000
0.1202 0.976 0.947 0.0637 1.073 0.940
0.1084 1.926 0.869 0.0581 2.025 0.857
0.0945 2.880 0.765 0.0500 3.004 0.745
0.0791 3.800 0.649 0.0411 3.959 0.619
0.0645 4.698 0.535 0.0323 4.945 0.488
0.0488 5.802 0.411 0.0286 5.494 0.422

W a t e r  a c t i v i t i e s  i n  c a l c i u m  c h l o r i d e  s o l u t i o n s  a t  2 5 °  

w e r e  c a l c u l a t e d  f r o m  a  s e m i e m p i r i c a l  e q u a t i o n  g i v e n  

b y  L i e t z k e  a n d  S t o u g h t o n 8 w h i c h  r e p r o d u c e s  t h e  m e a s 

u r e d  v a l u e s  r e p o r t e d  b y  S t o k e s 9 w i t h  a n  a v e r a g e  d e 

v i a t i o n  o f  l e s s  t h a n  ± 0 .001 .

T h e  c a l c u l a t i o n  o f  w a t e r  a c t i v i t i e s  a t  5 °  i s  c o m p l i 

c a t e d  b y  a  l a c k  o f  r e l i a b l e  i s o p i e s t i c  d a t a  f o r  c a l c i u m

(5) T . L in, S. Christian, and H . A ffsprung, J. P h ys. Chem., 69, 2980
(1 965 ) .
(6) J. Johnson , S. Christian, and H . A ffsprung, J. Chem. Soc., 77
(1966) .
(7) S. Christian, H . A ffsprung, J. Johnson, and J. W orley , J. Chem  
Educ., 40 , 419 (1963).
(8) M . L ietzke and R . S tou ghton , J. P h ys . Chem., 66 , 508 (1962).
(9) R . Stokes, Trans. Faraday Soc., 41 , 637 (1945).
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c h l o r i d e  s o l u t i o n s  a t  t h i s  t e m p e r a t u r e .  T h e  e q u a t i o n

d  I n  L  / 1  \
d  T  =  R T 2

w h e r e  L i s  t h e  d i f f e r e n t i a l  h e a t  o f  d i l u t i o n ,  w a s  u s e d  t o  

e s t i m a t e  w a t e r  a c t i v i t i e s  a t  5 °  f r o m  a c c u r a t e l y  k n o w n  

v a l u e s  a t  2 5 ° .  T h e  r e s u l t s  a t  r o u n d e d  m o l a l i t i e s  o f  

c a l c i u m  c h l o r i d e  a r e  g i v e n  i n  T a b l e  I I .

Table II: Water Activities in CaCl2 Solutions at 25 and 5°

CaCh, L, dw at dw at
m cal/m ole 25° 5°

l 0.945 0.945
2 -2 0 0.861 0.859
3 -5 0 0.750 0.745
4 -120 0.623 0.614
5 -300 0.499 0.481
6 -500 0.391 0.368

V a l u e s  o f  L w e r e  i n t e r p o l a t e d  f r o m  l i t e r a t u r e  

d a t a .10,11 U n f o r t u n a t e l y ,  t h e  h e a t  o f  d i l u t i o n  o f  c a l 

c i u m  c h l o r i d e  i s  s t r o n g l y  d e p e n d e n t  u p o n  b o t h  c o n c e n 

t r a t i o n  a n d  t e m p e r a t u r e ;  a s  a  r e s u l t ,  t h e  L v a l u e s  i n  

T a b l e  I I  m a y  b e  i n  e r r o r  b y  a s  m u c h  a s  2 0 % .  A l 

t h o u g h  v a r i a t i o n s  i n  L  h a v e  l i t t l e  e f f e c t  u p o n  w a t e r  a c 

t i v i t i e s  i n  d i l u t e  s o l u t i o n ,  a n  e r r o r  o f  20%  i n  6 m c a l 

c i u m  c h l o r i d e  w o u l d  c h a n g e  t h e  a c t i v i t y  o f  w a t e r  i n  t h i s  

s o l u t i o n  a t  5° b y  0 . 0 0 5 .

I n  c a l c u l a t i n g  w a t e r  a c t i v i t i e s ,  t h e  s m a l l  a m o u n t  o f  

o r g a n i c  s o l v e n t  t r a n s f e r r e d  t o  t h e  a q u e o u s  p h a s e  d u r i n g  

e q u i l i b r a t i o n  w a s  n e g l e c t e d .  T h i s  i s  e n t i r e l y  j u s t i f i a b l e  

w h e n  t h e  e q u i l i b r a t i n g  m e d i u m  i s  p u r e  w a t e r .  F o r  

e x a m p l e ,  t h e  m o l e  f r a c t i o n  o f  w a t e r  i n  a  s o l u t i o n  s a t u 

r a t e d  w i t h  c h l o r o f o r m  i s  k n o w n  t o  b e  0 . 9 9 9 .  I f  

R a o u l t ’ s  l a w  i s  o b e y e d ,  t h e  a c t i v i t y  o f  w a t e r  i n  t h i s  

s o l u t i o n  w o u l d  b e  0 . 9 9 9 ,  0 . 1 %  l e s s  t h a n  t h a t  g i v e n  i n  

T a b l e  I .  T h i s  e r r o r  i s  n e g l i g i b l e  c o m p a r e d  t o  t h e  u n 

c e r t a i n t y  i n  t h e  m e a s u r e d  v a l u e  o f  t h e  c o n c e n t r a t i o n  o f  

w a t e r .

I t  i s  m o r e  d i f f i c u l t  t o  e s t i m a t e  t h e  e f f e c t  o f  d i s s o l v e d  

o r g a n i c  s o l v e n t  o n  t h e  a c t i v i t y  o f  w a t e r  i n  c a l c i u m  

c h l o r i d e  s o l u t i o n s .  H o w e v e r ,  t h e  s o l u b i l i t y  o f  t h e  o r 

g a n i c  l i q u i d  c a n  b e  e x p e c t e d  t o  d e c r e a s e  w i t h  i n c r e a s 

i n g  s a l t  c o n c e n t r a t i o n .  T h i s  w a s  c o n f i r m e d  q u a l i t a 

t i v e l y  f r o m  v a p o r  p h a s e  c h r o m a t o g r a m s  o f  t h e  a q u e o u s  

p h a s e s ;  t h e  p e a k  a s s o c i a t e d  w i t h  t h e  o r g a n i c  s o l v e n t  

w a s  c o n s i d e r a b l y  r e d u c e d  i n  t h e  m o r e  c o n c e n t r a t e d  

c a l c i u m  c h l o r i d e  s o l u t i o n s .

Interpretation o f D ata

T o  i n v e s t i g a t e  t h e  e f f e c t  o f  a s s o c i a t i o n  u p o n  t h e  r e 

l a t i o n s h i p  b e t w e e n  t h e  c o n c e n t r a t i o n  o f  w a t e r ,  C w ,

a n d  i t s  a c t i v i t y ,  a w , c o n s i d e r  a  s i m p l e  e q u i l i b r i u m  b e  

t w e e n  m o n o m e r  a n d  d i m e r .

2 H 20  ( H 20 )2 ( 2 )

T h e  e q u i l i b r i u m  c o n s t a n t  f o r  d i m e r i z a t i o n ,  K ,  m a y  b e

w r i t t e n  a s

K  =  C*/CS  ( 3 )

w h e r e  C i  a n d  C 2 r e p r e s e n t  t h e  c o n c e n t r a t i o n s  o f  m o n o 

m e r  a n d  d i m e r ,  r e s p e c t i v e l y .  T h e  t o t a l  c o n c e n t r a t i o n  

o f  w a t e r ,  C v, i s

C w =  C i  +  2 C 2 ( 4 )

o r ,  f r o m  ( 3 )

Cw = ' Ci +  2KCi2 ( 5 )

N o t i n g  t h a t  w a t e r  v a p o r  i s  m o n o m e r i c  a n d  a s s u m i n g  

t h a t  t h e  m o n o m e r  i n  s o l u t i o n  o b e y s  H e n r y ’ s  l a w

C i  =  kav  ( 6 )

w h e r e  k i s  t h e  H e n r y ’ s  l a w  c o n s t a n t .  S u b s t i t u t i n g  ( 6 )  

i n  ( 5 )  g i v e s

C w =  kaw +  2  K k 2aw2 ( 7 )

I n  t h e  m o r e  g e n e r a l  c a s e ,  w h e r e  t h e  m o n o m e r  i s  i n  

e q u i l i b r i u m  w i t h  a  p o l y m e r i c  s p e c i e s  c o n t a i n i n g  n  m o l e 

c u l e s  o f  w a t e r

n H 20  ^  ( H 20 ) „  ( 8 )

i t  i s  r e a d i l y  s h o w n  t h a t

C w =  kaw +  n K k nawn ( 9 )

F r o m  e q  7  o r  9 ,  i t  i s  c l e a r  t h a t  i f  o n l y  m o n o m e r  i s  

p r e s e n t  (K  =  0 ) ,  t h e  c o n c e n t r a t i o n  o f  w a t e r  w i l l  b e  a  

l i n e a r  f u n c t i o n  o f  i t s  a c t i v i t y .  I f ,  o n  t h e  o t h e r  h a n d ,  

s i g n i f i c a n t  a s s o c i a t i o n  o c c u r s ,  t h e  d a t a  w i l l  b e  b e t t e r  

f i t  b y  a  p o l y n o m i a l  i n  av . I n  s u c h  a  c a s e ,  t h e  e q u i l i b 

r i u m  c o n s t a n t  f o r  a s s o c i a t i o n  c a n  b e  c a l c u l a t e d  f r o m  

t h e  c o e f f i c i e n t s  o f  t h e  e q u a t i o n  r e l a t i n g  C w t o  a w .

T h e  d a t a  f o r  t h e  b e n z e n e  s o l u t i o n s  c a n  b e  f i t t e d  b y  a  

l e a s t - s q u a r e s  t e c h n i q u e  t o  t h e  l i n e a r  e q u a t i o n

C w  =  0 . 0 3 4 5 a w ( 1 0 )

T h e  a v e r a g e  d e v i a t i o n  o f  a n  e x p e r i m e n t a l l y  d e t e r m i n e d  

c o n c e n t r a t i o n  f r o m  t h e  v a l u e  p r e d i c t e d  b y  t h i s  e q u a t i o n  

i s  ± 0 .0002 , t h e  e s t i m a t e d  e x p e r i m e n t a l  e r r o r  i n  C w . 

I f  o n e  a t t e m p t s  t o  f i t  t h e  d a t a  w i t h  a  s e c o n d - d e g r e e  

p o l y n o m i a l  o f  t h e  f o r m

C w =  A d w  ■(- Baw2 ( 1 1 )

(10) J. H ep bu rn , J. Chem. S oc., 562 (1932).
(11) W . T u ck er , P hil. Trans. R oy . Soc., A 215 , 338 (1915).
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t h e  c o e f f i c i e n t  o f  t h e  q u a d r a t i c  t e r m  i s  e x t r e m e l y  s m a l l  

( 0 . 0 0 0 3 ) ,  a n d  t h e  a v e r a g e  d e v i a t i o n  r e m a i n s  ± 0 . 0 0 0 2 .  

I n c r e a s i n g  t h e  d e g r e e  o f  t h e  p o l y n o m i a l  t o  3  o r  4  (i.e., 
n  =  3  o r  4  i n  e q  9 )  d o e s  n o t  i m p r o v e  t h e  f i t .  T h u s ,  o u r  

d a t a  s h o w  n o  e v i d e n c e  f o r  a s s o c i a t i o n  o f  w a t e r  m o l e 

c u l e s  i n  b e n z e n e  s o l u t i o n .

T h e  s i t u a t i o n  i n  c h l o r o f o r m  s o l u t i o n s  o f  w a t e r  i s  

q u i t e  d i f f e r e n t .  F i t t i n g  t h e  d a t a  t o  a n  e q u a t i o n  o f  

t h e  s a m e  f o r m  a s  ( 10)  g i v e s

C v =  0 . 0 7 2 9 a w ( 1 2 )

T h e  a v e r a g e  d e v i a t i o n  h e r e  i s  ± 0 . 0 0 0 6 ,  t h r e e  t i m e s  t h e  

e s t i m a t e d  e r r o r  i n  C w. M o r e o v e r ,  t h e  d e v i a t i o n s  a t  

l o w  w a t e r  a c t i v i t i e s  ( < 0 .8 )  a r e  a l l  n e g a t i v e ,  w h i l e  t h o s e  

a t  h i g h e r  v a l u e s  o f  aw a r e  p o s i t i v e .  T h i s  s u g g e s t s  t h a t  

a  s e c o n d - d e g r e e  p o l y n o m i a l  o f  t h e  f o r m  o f  ( 11)  w o u l d  

g i v e  a  b e t t e r  f i t .  L e a s t - s q u a r e s  t r e a t m e n t  g i v e s

C w =  0 . 0 6 9 1 a w +  0 . 0 0 4 5 a w 2 ( 1 3 )

T h e  a v e r a g e  d e v i a t i o n  i s  n o w  r e d u c e d  t o  ±  0 . 0 0 0 2 ;  p o s i 

t i v e  a n d  n e g a t i v e  d e v i a t i o n s  o c c u r  r a n d o m l y .  S t a t i s 

t i c a l  a n a l y s i s 12 r e v e a l s  t h a t  t h e  c o e f f i c i e n t  o f  t h e  q u a d 

r a t i c  t e r m  i s  s i g n i f i c a n t  a t  t h e  9 9 . 5 %  c o n f i d e n c e  l i m i t .  

W e  c o n c l u d e  t h a t  s i g n i f i c a n t  a s s o c i a t i o n  o f  w a t e r  m o l e 

c u l e s  o c c u r s  i n  c h l o r o f o r m  s o l u t i o n .

O n  t h e  b a s i s  o f  o u r  d a t a ,  i t  i s  n o t  n e c e s s a r y  t o  p o s t u 

l a t e  t h e  p r e s e n c e  o f  p o l y m e r i c  w a t e r  s p e c i e s  h i g h e r  

t h a n  d i m e r s  i n  c h l o r o f o r m  s o l u t i o n .  F i t t i n g  t h e  d a t a  

t o  a n  e q u a t i o n  o f  t h e  f o r m  o f  ( 9 )  w i t h  n  =  3  g i v e s

C w =  0 . 0 7 0 7 a w +  0 . 0 0 3 0 a w 3 ( 1 4 )

T h e  a v e r a g e  d e v i a t i o n  i n  t h i s  c a s e  i s  ± 0 . 0 0 0 2 ,  p r e 

c i s e l y  t h a t  o b t a i n e d  w i t h  e q  1 3 .

T h e  c o n c l u s i o n s  r e a c h e d  w i t h  c h l o r o f o r m  s o l u t i o n s  

a r e  e q u a l l y  v a l i d  f o r  s o l u t i o n s  o f  w a t e r  i n  1 ,2- d i c h l o r o -  

e t h a n e .  T h e  r e l a t i o n s  b e t w e e n  c o n c e n t r a t i o n  a n d  a c 

t i v i t y  o f  w a t e r  a r e  b e s t  e x p r e s s e d  b y  t h e  s e c o n d - d e g r e e  

p o l y n o m i a l s

( 2 5 ° )  C w =  0 . 1 1 3 1 a w +  0 . 0 1 3 8 a w 2

( a v  d e v  ± 0 . 0 0 0 2 )  ( 1 5 )  

( 5 ° )  C w =  0 . 0 6 3 9 a w +  0 . 0 0 4 9 a w2

( a v  d e v  ± 0 . 0 0 0 4 )  ( 1 6 )

T h e  i n c r e a s e d  s c a t t e r  o f  t h e  d a t a  a t  5 °  m a y  r e f l e c t  

e r r o r s  i n  e s t i m a t i n g  t h e  a c t i v i t y  o f  w a t e r  i n  c a l c i u m  

c h l o r i d e  s o l u t i o n s  a t  t h i s  t e m p e r a t u r e .  S t a t i s t i c a l  

a n a l y s i s  s h o w s  t h a t  t h e  c o e f f i c i e n t s  o f  t h e  q u a d r a t i c  

t e r m s  i n  ( 1 5 )  a n d  ( 1 6 )  a r e  s i g n i f i c a n t  a t  t h e  9 9 . 5  a n d  

9 8 %  c o n f i d e n c e  l i m i t s ,  r e s p e c t i v e l y .  T h i r d - d e g r e e  

e q u a t i o n s  s i m i l a r  t o  ( 1 4 )  d o  n o t  i m p r o v e  t h e  f i t ;  t h e

a v e r a g e  d e v i a t i o n s  b e t w e e n  e x p e r i m e n t a l  a n d  c a l c u 

l a t e d  v a l u e s  o f  C w r e m a i n  ± 0.0002  a t  2 5 °  a n d  ± 0 . 0 0 0 4  

a t  5 ° .

E q u i l i b r i u m  c o n s t a n t s  f o r  d i m e r  f o r m a t i o n  c a n  b e  

c a l c u l a t e d  f r o m  t h e  c o e f f i c i e n t s  o f  t h e  l i n e a r  a n d  q u a d r a 

t i c  t e r m s  o f  e q  1 3 ,  1 5 ,  a n d  1 6 .  C o m p a r i s o n  o f  e q  7  

a n d  11 s h o w s  t h a t

I t  i s  e v i d e n t  f r o m  T a b l e  I I I  t h a t ,  a t  a  g i v e n  t e m p e r a 

t u r e  a n d  c o n c e n t r a t i o n ,  w a t e r  i s  a s s o c i a t e d  t o  a p p r o x i 

m a t e l y  t h e  s a m e  e x t e n t  i n  c h l o r o f o r m  a s  i n  1 ,2- d i c h l o r o -  

e t h a n e .  T h e  r e l a t i v e l y  s m a l l  c h a n g e  w i t h  t e m p e r a 

t u r e  o f  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  a s s o c i a t i o n  o f  w a t e r  

i n  1 , 2 - d i c h l o r o e t h a n e  i s  r a t h e r  s u r p r i s i n g .  I t  i s  d i f f i 

c u l t ,  h o w e v e r ,  t o  a t t r i b u t e  t o o  m u c h  s i g n i f i c a n c e  t o  t h i s  

b e c a u s e  o f  t h e  u n c e r t a i n t i e s  i n  t h e  v a l u e s  o f  aw a t  5 ° .  

O n e  c a n  c a l c u l a t e  t h a t  a  c h a n g e  o f  2 0 %  i n  t h e  v a l u e  o f  

t h e  h e a t  o f  d i l u t i o n  c o u l d  i n c r e a s e  K  a t  5 °  t o  a b o u t  0 . 7  

1. m o l e - 1 .

Table III: Equilibrium Constants for 2H20  (H20 )2

Temp, K,
Solvent °C 1. m ole - 1

Chloroform 25 0 . 4 7

1,2-Dichloroethane 25 0 . 5 4

1,2-Dichloroe thane 5 0 . 6

I t  s h o u l d  b e  e m p h a s i z e d  t h a t  t h e  e q u i l i b r i u m  c o n 

s t a n t s  r e p o r t e d  i n  T a b l e  I I I  c o r r e s p o n d  t o  r e l a t i v e l y  

s m a l l  a m o u n t s  o f  a s s o c i a t i o n .  O n e  c a n  c a l c u l a t e ,  f o r  

e x a m p l e ,  t h a t  i n  a  s a t u r a t e d  s o l u t i o n  o f  w a t e r  i n  c h l o r o 

f o r m  a t  2 5 ° ,  o n l y  a b o u t  6%  o f  t h e  w a t e r  m o l e c u l e s  

w o u l d  b e  a s s o c i a t e d .

C h r i s t i a n ,  et al.,6 f o u n d  s o m e w h a t  l a r g e r  d e v i a t i o n s  

f r o m  H e n r y ’ s  l a w  i n  s o l u t i o n s  o f  w a t e r  i n  1 , 2 - d i c h l o r o 

e t h a n e  t h a n  t h o s e  r e p o r t e d  h e r e .  L i k e w i s e ,  t h e y  o b 

s e r v e d  a  l a r g e r  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  a s s o c i a 

t i o n  c o n s t a n t  f o r  t h i s  s y s t e m .
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N u c l e a r  m a g n e t i c  r e s o n a n c e  s t u d i e s  o f  h y d r o g e n  b o n d i n g  b e t w e e n  t h e  h y d r o g e n  d o n o r s — ■ 

t h e n o y l t r i f l u o r o a c e t o n e ,  h e x a f l u o r o a c e t y l a c e t o n e ,  a n d  t r i f l u o r o a c e t y l a c e t o n e — a n d  t h e  

e l e c t r o n  d o n o r s — t r i b u t y l  p h o s p h a t e ,  d i e t h y l  e t h y l  p h o s p h o n a t e ,  a n d  t r i - n - o c t y I p h o s p  h  i n e  

o x i d e — h a v e  b e e n  c a r r i e d  o u t .  O f  t h e  t h r e e  / 3 - d i k e t o n e s  s t u d i e d ,  h e x a f l u o r o a c e t y l a c e t o n e  

g i v e s  t h e  m o s t  s t a b l e  c o m p l e x  w i t h  a  g i v e n  p h o s p h o r u s  e s t e r ,  a s  i s  e x p e c t e d .  W i t h  a  g i v e n  

/ 3 - d i k e t o n e ,  t h e  e q u i l i b r i u m  c o n s t a n t  o f  h y d r o g e n  b o n d  f o r m a t i o n  w i t h  t h e  p h o s p h o r u s  

e s t e r s  i n c r e a s e s  i n  t h e  o r d e r  t r i b u t y l  p h o s p h a t e ,  d i e t h y l  e t h y l  p h o s p h o n a t e ,  a n d  t r i - n -  

o c t y l p h o s p h i n e  o x i d e  a n d  i s  i n  l i n e  w i t h  t h e  r e l a t i v e  b a s i c i t y  o f  t h e  p h o s p h o r u s  e s t e r .  

E v i d e n c e  f o r  t h e  p r e f e r r e d  e n o l  f o r m  o f  t h e n o y l t r i f l u o r o a c e t o n e  i s  p r e s e n t e d  a n d  i n d i c a t e s  

t h a t  t h e  p r e f e r r e d  f o r m  i s  t h e  o n e  w h e r e  t h e  c a r b o n y l  g r o u p  i s  a d j a c e n t  t o  t h e  p e r f l u o r o -  

m e t h y l  g r o u p .  F r e q u e n c y  a s s i g n m e n t s  f o r  t h e  t h i o p h e n e  r i n g  p r o t o n s  i n  t h e n o y l t r i 

f l u o r o a c e t o n e  h a v e  a l s o  b e e n  m a d e  a n d  a r e  b a s e d  o n  h y d r o g e n - b o n d i n g  s t u d i e s .  T h e  

m o d e s  o f  i n t e r a c t i o n  o f  h e x a f l u o r o a c e t y l a c e t o n e  w i t h  m e t h a n o l  h a v e  b e e n  s t u d i e d  b y  

n u c l e a r  m a g n e t i c  r e s o n a n c e  m e t h o d s .

Introduction

T h r e e  p r e v i o u s  p a p e r s  f r o m  t h e  l a b o r a t o r y  o f  D u 

q u e s n e  U n i v e r s i t y 2-4 h a v e  d e s c r i b e d  s o l v e n t - e x t r a c 

t i o n  s t u d i e s  o f  t e r n a r y  m e t a l  c o m p l e x e s  o f  / 3 - d i k e t o n e s  

a n d  n e u t r a l  o r g a n o p h o s p h o r u s  e s t e r s .  T h i s  p a p e r  

p r e s e n t s  n u c l e a r  m a g n e t i c  r e s o n a n c e  s t u d i e s  o f  c o m 

p l e x e s  i n v o l v i n g  t h e  / 3 - d i k e t o n e s — t h e n o y l t r i f l u o r o a c e 

t o n e  ( H T T A ) ,  t r i f l u o r o a c e t y l a c e t o n e  ( H T F A ) ,  h e x a 

f l u o r o a c e t y l a c e t o n e  ( H H F A ) — a n d  t h e  n e u t r a l  o r g a n o 

p h o s p h o r u s  e s t e r s — t r i - n - o e t y l p h o s p h  i n e  o x i d e  ( T O P O ) , 

( C s H n j s P O ,  d i e t h y l  e t h y l  p h o s p h o n a t e  ( D E E P ) ,  ( C 2-  

H 60 ) 2( C 2H 5) P 0 ,  a n d  t r i - w - b u t y l  p h o s p h a t e  ( T B P ) ,  

( C 4H 90 ) 3P 0 .  T h e s e  w e r e  c h o s e n  b e c a u s e  m i x t u r e s  

o f  t h e  / 3 - d i k e t o n e s  a n d  o r g a n o p h o s p h o r u s  e s t e r s  h a v e  

b e e n  f o u n d  t o  e n h a n c e  t h e  e x t r a c t i o n  o f  m e t a l  i o n s  f r o m  

a q u e o u s  t o  o r g a n i c  p h a s e ,  t h e  s o - c a l l e d  “ s y n e r g i s t i c  

e f f e c t ,” 2-6 a n d  t h e  s y n e r g i s t i c  e x t r a c t i o n  o f  m e t a l  i o n s  

d e p e n d s  u p o n  t h e  n a t u r e  o f  t h e  / 3 - d i k e t o n e  a n d  o f  t h e  

p h o s p h o r u s  e s t e r .

I t  i s  w e l l  k n o w n  t h a t  / 3 - d i k e t o n e s  e x h i b i t  k e t o - e n o l  

t a u t o m e r i s m .  B u r d e t t  a n d  R o g e r s 7 h a v e  d e t e r m i n e d  

t h e  p e r c e n t a g e s  o f  e n o l  t a u t o m e r s  f o r  a c e t y l a c e t o n e ,

H T F A ,  H H F A ,  a n d  H T T A  i n  C S 2 t o  b e  8 1 ,  9 7 ,  1 0 0 ,  

a n d  1 0 0 ,  r e s p e c t i v e l y .  S u b s t i t u t i o n  o f  e l e c t r o n - w i t h -  

d r a w i n g  g r o u p s ,  a s  t h e  p e r f l u o r o m e t h y l  g r o u p  a n d  t h e  

a r o m a t i c  r i n g  i n  H T T A ,  f o r  t h e  m e t h y l  g r o u p  i n  a c e t y l 

a c e t o n e  r e s u l t s  i n  a n  i n c r e a s e  i n  e n o l i z a t i o n .  R o g e r s  

a n d  B u r d e t t 8 h a v e  s h o w n  t h a t  i n  “ i n e r t ”  s o l v e n t s ,  t h e  

/ 3 - d i k e t o n e s  a r e  p r i n c i p a l l y  i n  t h e  e n o l  f o r m ,  s i n c e  t h e  

i n t e r n a l l y  h y d r o g e n - b o n d e d  m o l e c u l e  i s  l e s s  p o l a r  t h a n  

t h e  k e t o  m o l e c u l e .  I n  C C 1 4 a s  s o l v e n t ,  t w o  p o s s i b l e  

e n o l  s t r u c t u r e s  ( I  a n d  I I )  c a n  b e  p o s t u l a t e d  f o r  H T T A .  1 2 3 4 5 6 7 8

(1 ) (a ) R esearch  assistant on  a U . S. A to m ic  E n ergy  C om m ission  
con tra ct, N o . A T (3 0 -1 )-1 9 2 2 , w ith  D u quesn e U n ivers ity ; (b ) 
D u quesn e U n iversity ; (c ) U niversity  o f  F lorid a ; (d ) C lem son 
U niversity .
(2 ) R . L . Scruggs, T . K im , and N . C . L i, J. P h ys. Chem ., 67 , 2194
(1 9 6 3 ) .
(3) W . R . W alk er and N . C . L i, J. Inorg. N ucl. Chem ., 27 , 411 
(1965).
(4) N . C . L i, S. M . W ang, and W . R . W alk er, ibid., 27 , 2263 (1965).
(5) T . V . H ea ly , ibid., 19, 338 (1961).
(6 ) L . N ew m an , ib id ., 25 , 304 (1963).
(7) J. L . B u rd ett and M . T . R ogers, J. A m . Chem. Soc., 86 , 2105
(1 9 6 4 ) .
(8 ) M . T . R ogers and J. L . B urd ett, Can. J . Chem ., 43 , 1516 (1965).
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H

( 2 ) H C -----------C H  ( 3 )  O  O

( 1 ) H C  C ----------------C — C H = C — C F 3
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I

H

( 2 ) H C ----------C H  ( 3 )  O  O

( 1 ) H C  C -------------- C = C H — C — C F :

\ /
S

I I

I n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g  b e t w e e n  H T T A  m o l e 

c u l e s  i s  n e g l i g i b l e  b e c a u s e  H T T A  r e m a i n s  m o n o m e r i c  

a n d  t h e  p r o t o n  m a g n e t i c  r e s o n a n c e  f r e q u e n c i e s  r e m a i n  

c o n s t a n t  o v e r  a  w i d e  r a n g e  o f  H T T A  c o n c e n t r a t i o n s  i n  

C C 1 4 a t  c o n s t a n t  t e m p e r a t u r e  a n d  i n  t h e  a b s e n c e  o f  a  

s e c o n d  s o l u t e .  T h e  p a r t i c i p a t i o n  o f  f l u o r i n e  i n  i n t r a 

m o l e c u l a r  h y d r o g e n  b o n d i n g  m a y  b e  r u l e d  o u t  b e c a u s e  

s u c h  a  b o n d  w o u l d  i n v o l v e  a  s t r a i n e d  f i v e - m e m b e r e d  

r i n g .  B e c a u s e  o f  t h e  i m p o r t a n c e  o f  H T T A  a s  a n  e x 

t r a c t a n t  i n  s o l v e n t  e x t r a c t i o n ,  w e  h a v e  c a r r i e d  o u t  

n u c l e a r  m a g n e t i c  r e s o n a n c e  m e a s u r e m e n t s  f o r  t h e  p u r 

p o s e  o f  d e t e r m i n i n g  w h e t h e r  I  o r  I I  i s  t h e  p r e f e r r e d  e n o l  

f o r m .  A s  a  b y - p r o d u c t  o f  s u c h  m e a s u r e m e n t s ,  w e  w e r e  

a b l e  t o  m a k e  f r e q u e n c y  a s s i g n m e n t s  o f  t h e  t h i o p h e n e  

r i n g  p r o t o n s  i n  H T T A :  C H ( 1 ) ,  ( 2 ) ,  a n d  ( 3 ) .  T h e  r e 

s u l t s  a r e  p r e s e n t e d  i n  t h i s  p a p e r .

I n  e x p e r i m e n t s  u s i n g  H H F A  i n  C C I 4, g r e a t  c a r e  h a s  

t o  b e  t a k e n  t o  e x c l u d e  m o i s t u r e  f r o m  t h e  a i r ,  s i n c e  t h e  

p r e s e n c e  o f  w a t e r  c h a n g e s  H H F A  f r o m  t h e  e n o l  f o r m

( I I I )  t o  t h e  k e t o  h y d r a t e  f o r m  ( I V ) .9 10 11 T h e  k e t o  h y 

d r a t e ,  H H F A - 2 H 20 ,  i t s e l f  i s  i n s o l u b l e  i n  o r g a n i c

0 0
c c

/ \ / \  
C F S C  C F 3 

H  

I I I

O H  O H

c f 3— c — c h 2— c — c f 3

O H  O H

I V

r e s o n a n c e  s p e c t r a  o f  H H F A  i n  t h e  p r e s e n c e  o f  w a t e r ,  

T O P O ,  a n d  m e t h a n o l .  T h e  r e s u l t s  w i t h  m e t h a n o l  a r e  

i n c l u d e d  i n  t h i s  p a p e r .

Experim ental Section

Materials. T B P ,  a  F i s h e r  r e a g e n t ,  w a s  w a s h e d  w i t h  

1 M  H C 1 ,  t h e n  w i t h  1 M  N a O H ,  a n d  f i n a l l y  w i t h  d i s 

t i l l e d  w a t e r  u n t i l  t h e  o r g a n i c  l a y e r  w a s  c l e a r  a n d  t h e  

w a s h i n g s  w e r e  n e u t r a l .  T h e  w a s h e d  p r o d u c t  w a s  d i s 

t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .  D E E P ,  a n  E a s t m a n  

O r g a n i c  c h e m i c a l ,  w a s  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .  

T O P O ,  a l s o  a n  E a s t m a n  O r g a n i c  c h e m i c a l ,  w a s  u s e d  

w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  T h e  / 3 - d i k e t o n e s  w e r e  

p u r c h a s e d  f r o m  P e n i n s u l a r  C h e m  R e s e a r c h ,  I n c .  

H T T A  w a s  r e c r y s t a l l i z e d  f r o m  b e n z e n e ,  w h i l e  H T F A  

a n d  H H F A  w e r e  r e d i s t i l l e d  j u s t  b e f o r e  u s e .

Nuclear Magnetic Resonance Measurements. T h e  

p r e p a r a t i o n  o f  s a m p l e s  a n d  m e t h o d  o f  p r o t o n  m a g n e t i c  

r e s o n a n c e  m e a s u r e m e n t s ,  u s i n g  a n  A - 6 0  n m r  s p e c t r o m e 

t e r ,  w e r e  i d e n t i c a l  w i t h  t h o s e  d e s c r i b e d  b y  T a k a h a s h i  

a n d  L i . 10,11 C h e m i c a l  s h i f t s  o f  t h e  s i g n a l s  w e r e  m e a s 

u r e d  w i t h  r e s p e c t  t o  t e t r a m e t h y l s i l a n e  u s e d  a s  a n  i n t e r 

n a l  s t a n d a r d  a n d  a r e  q u o t e d  a s  c p s .  T h e  s i g n a l s  a r e  a l l  

d o w n f i e l d  f r o m  t e t r a m e t h y l s i l a n e .  I n  e x p e r i m e n t s  i n  

w h i c h  t h e  v i n y l  p r o t o n  i n  t h e  / 3 - d i k e t o n e s  w a s  m e a s u r e d ,  

a  s i d e  b a n d  o f  t h e  t e t r a m e t h y l s i l a n e  w a s  p l a c e d  b e f o r e  

a n d  a f t e r  t h e  v i n y l  p r o t o n  r e s o n a n c e  p e a k  a t  a  s e p a r a 

t i o n  o f  1 0 - 1 5  c p s .  T h e  s i d e - b a n d  f r e q u e n c i e s  w e r e  

m e a s u r e d  b y  m e a n s  o f  a u d i o o s c i l l a t o r s  a n d  a  f r e q u e n c y  

c o u n t e r .  T h e  m o l a r i t y  o f  t h e  s o l u t i o n s ,  a t  t e m p e r a 

t u r e s  o t h e r  t h a n  r o o m  t e m p e r a t u r e ,  w a s  c a l c u l a t e d  f r o m  

t h e  c h a n g e  i n  d e n s i t y  w i t h  t e m p e r a t u r e  o f  c a r b o n  t e t r a 

c h l o r i d e .

F l u o r i n e  m a g n e t i c  r e s o n a n c e  s p e c t r a  w e r e  o b t a i n e d  

w i t h  a  V a r i a n  D P - 6 0  s p e c t r o m e t e r  s y s t e m  w i t h  t h e  

u s e  o f  a  5 6 . 4 - M c  r a d i o f r e q u e n c y  u n i t .  T h e  F 19 c h e m i 

c a l  s h i f t s  a r e  r e l a t i v e  t o  a n h y d r o u s  t r i f l u o r o a c e t i c  a c i d  

u s e d  a s  a n  e x t e r n a l  s t a n d a r d .

Calculation o f Equilibrium Constants

B y  k e e p i n g  t h e  c o n c e n t r a t i o n  o f  H T T A  i n  C C I 4 c o n 

s t a n t  a n d  v a r y i n g  t h e  c o n c e n t r a t i o n  o f  T B P ,  k e e p i n g  

t h e  l a t t e r  i n  l a r g e  e x c e s s  o v e r  t h e  c o m p l e x e d  H T T A ,  

S c r u g g s ,  K i m ,  a n d  L i 2 c a l c u l a t e d  t h e  e q u i l i b r i u m  c o n 

s t a n t  f o r  h y d r o g e n  b o n d  f o r m a t i o n  o f  a  1:1  c o m p l e x  

u s i n g  t h e  e q u a t i o n

1 1 1 1
it- k , +  T "  ( 1)v — vi A Ac a  Ac

s o l v e n t s .  W h e n  T O P O  i s  p r e s e n t ,  h o w e v e r ,  i t  d i s 

s o l v e s  o w i n g  t o  h y d r o g e n  b o n d i n g .  W e  c o n s i d e r e d  i t  

o f  i n t e r e s t  t h e r e f o r e  t o  o b t a i n  t h e  n u c l e a r  m a g n e t i c

(9 ) B . G . Schultz and E . M . Larsen, J. A m . Chem. Soc., 73 , 1806 
(1949).
(10) F . T ak ah ash i and  N . C . L i, J. P h ys. Chem., 68 , 2136 (1964).
(11) F . T ak ah ash i and N . C . L i, ibid., 69 , 2950 (1965).
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Table I: Proton Magnetic Resonance Frequency of Vinyl Proton in HTTA, HHFA, 
(0.300 M  in CCh) as a Function of Concentration of DEEP

and HTFA

Cd e e p Cps Cd e e p Cps Cd e e p Cps Cd e e p Cps

(a) HTTA
0 382.3 0 382.9 0 383.4 0 383.8
0.615 391.5 0.627 393.0 0.635 394.6 0.644 396.4
1.193 398.2 1.217 400.5 1.233 402.6 1.250 404.8
1.716 402.6 1.749 405.4 1.772 408.0 1.798 409.7
2.364 407.6 2.411 410.6 2.443 413.3 2.478 415.6
2.976 411.9 3.034 415.6 3.074 417.8 3.118 420.7

( b ) HHFA
0 381.6 0 382.2 0 382.8
0.594 372.4 0.605 372.0 0.613 371.5
0.885 370.5 0.903 370.2 0.915 369.8
1.192 369.5 1.215 369.2 1.231 369.0
1.494 368.9 1.523 368.7 1.543 368.4

(0) HTFA
0 352.1 0 352.6 0 353.2 0 353.8
0.599 356.6 0.610 357.4 0.619 357.9 0.627 358.8
0.908 359.3 0.925 360.6 0.938 361.4 0.951 362.3
1.200 361.1 1.224 362.5 1.240 363.5 1.258 364.6
1.531 362.9 1.561 364.2 1.582 365.1 1.605 366.3
1.790 364.2 1.825 365.3 1.849 366.6 1.875 367.9

w h e r e  A c , t h e  h y d r o g e n  b o n d  s h i f t ,  i s  t h e  d i f f e r e n c e  b e 

t w e e n  t h e  v i n y l  p r o t o n  f r e q u e n c i e s  o f  t h e  f r e e  a n d  

c o m p l e x e d  H T T A  a s  h y d r o g e n  d o n o r ,  a n d  d  i s  t h e  t o t a l  

c o n c e n t r a t i o n  o f  T B P ,  w h i c h  a c t s  a s  e l e c t r o n  d o n o r .  

E q u a t i o n  1 w a s  f i r s t  d e r i v e d  b y  M a t h u r ,  B e c k e r ,  B r a d 

l e y ,  a n d  L i , 12 * a n d  a p p l i e d  t o  h y d r o g e n - b o n d i n g  e q u i 

l i b r i a  w i t h  t h e  f o l l o w i n g  a s s u m p t i o n s :  ( a )  t h e  e q u i l i b r i a  

i n v o l v e  v e r y  r a p i d  r e a c t i o n s ,  s o  t h a t  t h e  o b s e r v e d  f r e 

q u e n c y ,  v, i s  t h e  w e i g h t e d  a v e r a g e  o f  t h e  c h a r a c t e r i s t i c  

f r e q u e n c i e s  o f  t h e  f r e e  a n d  c o m p l e x e d  h y d r o g e n  d o n o r  

( r e s p e c t i v e l y ,  vt a n d  vc), a n d  ( b )  t h e  c o n c e n t r a t i o n  o f  

t h e  e l e c t r o n  d o n o r  i s  i n  l a r g e  e x c e s s  o v e r  t h e  c o m p l e x e d  

h y d r o g e n  d o n o r ,  s o  t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  f r e e  

e l e c t r o n  d o n o r  i s  e q u a l  t o  t h e  t o t a l  c o n c e n t r a t i o n ,  cl. 
F r o m  e q  1 ,  a  p l o t  o f  l / ( r  —  vt) vs. l/d  y i e l d s  a  s t r a i g h t  

l i n e ,  f r o m  w h i c h  t h e  v a l u e s  o f  A c a n d  K  c a n  b e  d e t e r 

m i n e d  s e p a r a t e l y .

I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  c o n c e n t r a t i o n s  o f  

t h e  h y d r o g e n  d o n o r s  H T T A ,  H T F A ,  a n d  H H F A  i n  

C C h  w e r e  k e p t  c o n s t a n t  a t  0 . 3 0 0  M, w h i l e  t h e  c o n c e n 

t r a t i o n s  o f  t h e  e l e c t r o n  d o n o r s ,  D E E P  a n d  T B P ,  w e r e  

v a r i e d  a n d  k e p t  i n  l a r g e  e x c e s s .  T h e  v i n y l  p r o t o n  f r e 

q u e n c y  i n  t h e  / 3 - d i k e t o n e  w a s  m e a s u r e d ,  a n d  e q  1 w a s  

u s e d  i n  o b t a i n i n g  A c a n d  K .
T h e  e q u i l i b r i u m  c o n s t a n t  o f  t h e  r e a c t i o n  H T T A  +  

T O P O  =  H T T A - T O P O  w a s  o b t a i n e d  f r o m  a  p l o t  o f  

e q  1 u s i n g  F 19 r e s o n a n c e  f r e q u e n c i e s ,  r a t h e r  t h a n  t h e  

v i n y l  p r o t o n  f r e q u e n c i e s .  T h i s  i s  b e c a u s e ,  w i t h  t h e

l a t t e r ,  t h e  i n t e r c e p t ,  1 / A C, w a s  t o o  s m a l l  ( o f  t h e  o r d e r  o f

0 . 0 0 5 )  f o r  a n  a c c u r a t e  v a l u e  o f  K  t o  b e  o b t a i n e d .  M i x 

t u r e s  o f  T O P O  a n d  H T F A  a n d  o f  T O P O  a n d  H H F A  

w e r e  p r e p a r e d ;  h o w e v e r ,  t h e  F 19 n m r  s p e c t r a  i n d i c a t e d  

t h a t  s i d e  r e a c t i o n s  i n  a d d i t i o n  t o  s i m p l e  c o m p l e x  f o r 

m a t i o n  o c c u r r e d  i n  t h e s e  s y s t e m s .

R esults and Discussion

Thermodynamic Data on Hydrogen Bonding. T a b l e  

I  l i s t s  t h e  p r o t o n  m a g n e t i c  r e s o n a n c e  r e s u l t s  f o r  H T T A ,  

H T F A ,  a n d  H H F A  b o n d i n g  t o  D E E P ,  w h i l e  T a b l e  I I  

g i v e s  t h e  F 19 r e s u l t s  f o r  H T T A  b o n d i n g  t o  T O P O .  A n  

e x a m p l e  o f  p l o t s  o f  e q  1 a t  d i f f e r e n t  t e m p e r a t u r e s  i s  

g i v e n  i n  F i g u r e  1 f o r  t h e  s y s t e m  H T T A - D E E P .  

V a l u e s  o f  A 0 a n d  K  a r e  t a b u l a t e d  i n  T a b l e  I I I .

F i g u r e  2  c o n t a i n s  p l o t s  o f  l o g  K  vs. l / T  f o r  t h e  v a r 

i o u s  s y s t e m s  i n v e s t i g a t e d .  T h e  v a l u e s  o f  A H  w e r e  

c a l c u l a t e d  f r o m  t h e  s l o p e s  a n d  a r e  i n c l u d e d  i n  T a b l e

I I I .

F r o m  T a b l e  I  i t  i s  s e e n  t h a t  i n  t h e  a b s e n c e  o f  D E E P ,  

t h e  v i n y l  p r o t o n  f r e q u e n c y  i n  H T F A  l i e s  a t  h i g h e r  f i e l d  

t h a n  H H F A  o r  H T T A .  T h i s  i s  r e a s o n a b l e  s i n c e  t h e r e  

i s  o n l y  o n e  e l e c t r o n - w i t h d r a w i n g  g r o u p  i n  H T F A ,  

w h e r e a s  t w o  e l e c t r o n - w i t h d r a w i n g  g r o u p s  a r e  p r e s e n t  

i n  H H F A  a n d  H T T A .  T h e  v i n y l  p r o t o n  i n  H T F A ,

(12) R . M athur, E . D . B ecker, R . B . B rad ley , and N . C. L i, J. P hys.
Chem., 67 , 2190 (1963).
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Table II: Fluorine Magnetic Resonance Frequency of HTTA
(0.350 M in CCI4) as Function of Concentration of TOPO, 34°

Cps,
downfield

TOPO, from
M CF3COOH

0 155.5
0.622 169.3
0.808 173.4
0.991 174.9
1.183 176.3
1.306 177.7

Table III: Summary of Results of HTTA, HTFA, and 
HHFA Hydrogen Bonding

System
Temp,

°C K
-AH,

kcal/mole
ACf
Cp8

HTFA-TBP 37 0.20 0.9 48
21 0.22
10 0.23

- 2 0.25

HTFA-DEEP 37 0.27 0.7 37
21 0.30
10 0.31

- 2 0.32

HTTA-TBP 37 0.17 1.3 91
21 0.19
10 0.21

- 2 0.23

HTTA-DEEP 37 0.24 1.3 72
21 0.27
10 0.29

- 2 0.33

HTTA-TOPO 34 0.34

HHFA-TBP 37 1.39 3.4 12
21 1.81
10 2.38

HHFA-DEEP 37 2.16 3.7 17
21 2.73
10 3.79

t h e r e f o r e  i s  l e s s  d e s h i e l d e d  t h a n  i n  H H F A  a n d  H T T A .  

T h e  v a l u e  o f  vt, t h e  v i n y l  p r o t o n  f r e q u e n c y  i n  t h e  a b 

s e n c e  o f  D E E P  f o r  t h e  t h r e e  / 3 - d i k e t o n e s ,  i s  s l i g h t l y  

t e m p e r a t u r e  d e p e n d e n t ,  w i t h  a n  a v e r a g e  dvf/dT =  
0 . 0 4  c p s / d e g  o v e r  t h e  r a n g e  —2  t o  3 7 ° .  T h i s  s m a l l  

v a r i a t i o n  i n d i c a t e s  t h a t  t h e  / 3 - d i k e t o n e s  a r e  p r e d o m i 

n a n t l y  m o n o m e r i c ,  t h u s  j u s t i f y i n g  o u r  i n i t i a l  i m p l i c i t  

a s s u m p t i o n  t h a t  vt i s  t h e  f r e q u e n c y  o f  t h e  m o n o m e r .  

T h e  s m a l l  t e m p e r a t u r e  e f f e c t  o n  vt h a s  b e e n  t a k e n  i n t o  

a c c o u n t  b y  u s i n g  f o r  t h e  d e t e r m i n a t i o n  o f  K  a t  e a c h

Figure 1. HTTA-DEEP system. Plots of 
l / (r  — vt) vs. 1/[DEEP] at the following 
temperatures: C, 37°; « ,2 1 ° ; 0 ,1 0 °; ©, —2°.

Figure 2. Plot of log K vs. l/T for the following systems:
©, HTFA-TBP; •, HTFA-DEEP; ©, HTTA-TBP ;
O, HTTA-DEEP; C, HHFA-TRP; » , HHFA-DEEP.

t e m p e r a t u r e  t h e  v a l u e  o f  vt f o u n d  a t  t h a t  t e m p e r a t u r e .  

T h i s  t r e a t m e n t  h a s  b e e n  d e s c r i b e d  b y  M a t h u r ,  et al.,12 
f o r  b e n z e n e t h i o l .

T a b l e  I I I  s h o w s  t h a t  w i t h  T B P  a n d  D E E P  a s  h y 

d r o g e n  a c c e p t o r s  t h e  e q u i l i b r i u m  c o n s t a n t  a n d  e n 

t h a l p y  c h a n g e  o f  h y d r o g e n  b o n d  f o r m a t i o n  a r e  g r e a t e r  

f o r  H H F A  t h a n  f o r  H T T A  a n d  H T F A .  T h e  g r e a t e r
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h y d r o g e n - d o n o r  s t r e n g t h  o f  H H F A  i s  i n  l i n e  w i t h  i t s  

g r e a t e r  a c i d  s t r e n g t h  ( p A a o f  H H F A ,  H T T A ,  a n d  

H T F A  =  4 . 3 5 ,  5 . 7 0 ,  a n d  6 . 4 0 ,  r e s p e c t i v e l y 13)  a n d  w i t h  

t h e  s m a l l e r  s t a b i l i t y  o f  i t s  b i n a r y  m e t a l  c o m p l e x  ( l o g  k, 
v a l u e s  f o r  C u ( H F A ) + ,  C u ( T T A ) + ,  a n d  C u ( T F A ) +  a r e  

2 . 7 0 ,  6 . 5 5 ,  a n d  6 . 5 9 ,  r e s p e c t i v e l y 13) .  W h e n  o n e  c o n 

s i d e r s  t h e  p r e s e n c e  o f  t w o  e l e c t r o n - w i t h d r a w i n g  C F 3 
g r o u p s  i n  H H F A ,  vs. t h e  p r e s e n c e  o f  o n e  C F 3 a n d  o n e  

C H 3 g r o u p  i n  H T F A ,  t h e  g r e a t e r  h y d r o g e n - d o n o r  

s t r e n g t h  a n d  g r e a t e r  a c i d  s t r e n g t h  o f  H H F A  b e c o m e  

c o m p l e t e l y  r e a s o n a b l e .

W a n g ,  W a l k e r ,  a n d  L i 14 15 r e p o r t  t h e  e q u i l i b r i u m  c o n 

s t a n t  a t  2 6 °  o f  t h e  r e a c t i o n  Z n 2 +  +  2 H T T A  +  T O P O  

=  Z n ( T T A ) 2- T O P O  +  2H +  t o  b e  0 . 1  a n d  o f  t h e  r e a c 

t i o n  Z n 2 +  +  2 H H F A  +  T O P O  =  Z n ( H F A ) 2- T O P O  +  

2 H +  t o  b e  1 2 .  S i n c e  H H F A  g i v e s  a  m o r e  s t a b l e  t e r 

n a r y  c o m p l e x ,  Z n A 2- T O P O ,  t h a n  H T T A ,  o n e  w o u l d  e x 

p e c t  t h a t  H H F A  i s  m o r e  e f f e c t i v e  i n  e n h a n c i n g  e x t r a c 

t i o n  ( s y n e r g i s m )  t h a n  H T T A ,  a n d  t h i s  i s  e x p e r i m e n t a l l y  

o b s e r v e d .4,14' 16 B e c a u s e  o f  t h e  t w o  e l e c t r o n - w i t h 

d r a w i n g  C F 3 g r o u p s  i n  H H F A ,  t h e  e l e c t r o n  d e n s i t y  

a r o u n d  t h e  c e n t r a l  Z n 2 +  i o n s  i n  t h e  Z n A 2 c o m p l e x  i s  d e 

c r e a s e d ,  t h u s  e n h a n c i n g  t h e  a b i l i t y  t o  f o r m  a n  a d d u c t  

w i t h  T O P O .  F r o m  t h e  a b o v e  d i s c u s s i o n  i t  i s  s e e n  t h a t  

t h e  h y d r o g e n - d o n o r  s t r e n g t h ,  a c i d  s t r e n g t h ,  a n d  s o l 

v e n t - e x t r a c t i o n  c h a r a c t e r i s t i c s  o f  H H F A  a r e  a l l  i n t e r 

r e l a t e d .

T B P  h a s  o n e  m o r e  a l k o x y l  o x y g e n  t h e n  D E E P ,  s o  

t h a t  t h e  p h o s p h o r y l  o x y g e n  i n  T B P  w o u l d  h a v e  a  l o w e r  

e l e c t r o n - d o n a t i n g  t e n d e n c y  t h a n  i n  D E E P .  O n e  m a y  

e x p e c t  t h e r e f o r e  t h a t  t h e  T B P  h y d r o g e n - b o n d e d  c o m 

p l e x  w o u l d  b e  l e s s  s t a b l e  t h a n  t h e  c o r r e s p o n d i n g  D E E P  

h y d r o g e n - b o n d e d  c o m p l e x .  T h e  e q u i l i b r i u m  c o n s t a n t s  

l i s t e d  i n  T a b l e  I I I  b e a r  t h i s  o u t ,  a l t h o u g h  t h e  v a l u e s  o f  

A H  f o r  T B P  a n d  D E E P  a s  h y d r o g e n  a c c e p t o r s  f o r  a  

g i v e n  / 3 - d i k e t o n e  s e e m  t o  b e  a b o u t  t h e  s a m e .

Studies on the Preferred Enol Form of H T T A  and the 
Frequency Assignment of the Thiophene Ring Protons in 
H T T A .  T a b l e  I V  g i v e s  t h e  F 19 m a g n e t i c  r e s o n a n c e  

f r e q u e n c y  o f  e n o l i c  H T T A  a n d  H H F A  i n  C C 1 4, i n  t h e  

a b s e n c e  a n d  p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  

T B P .  I t  i s  s e e n  t h a t  t h e  p r e s e n c e  o f  T B P  d o e s  n o t  

a f f e c t  t h e  F 19 f r e q u e n c y  o f  H T T A ,  w h e r e a s  t h e  e f f e c t  

o n  H H F A  i s  c o n s i d e r a b l e .  T h e  d a t a  s h o w  t h a t  t h e  

p r e f e r r e d  e n o l  f o r m  o f  H T T A  i s  I I ,  r a t h e r  t h a n  I .  

T h i s  i s  b e c a u s e  T B P  i s  a n  e l e c t r o n  d o n o r  a n d  w o u l d  

b o n d  w i t h  H T T A  t h r o u g h  t h e  e n o l i c  - C O H .  I f  t h e  

p r e f e r r e d  e n o l  f o r m  o f  H T T A  w e r e  I ,  t h e n  t h e  p r e s e n c e  

o f  T B P  s h o u l d  h a v e  a f f e c t e d  t h e  F 19 c h e m i c a l  s h i f t ,  a s  

i t  d o e s  w i t h  H H F A .  S i n c e  n o  e f f e c t  w a s  o b s e r v e d  w i t h  

H T T A ,  t h e  c o n c l u s i o n  i s  t h a t  t h e  p r e f e r r e d  e n o l  f o r m  i s  

I I ,  w h e r e  t h e  f l u o r i n e  a t o m s  a r e  f a r t h e r  a w a y  f r o m  t h e  

h y d r o g e n - b o n d i n g  s i t e .

Table IV: F1S Magnetic Resonance Frequency (cps Downfield 
from CFsCOOH) of Enolic HTTA and HHFA in the 
Absence and Presence of TBP at 32°

-0.322 M  H TTA in CC1<— .—0.350 M  HHFA in CCh-
Ct b p Cps Ct b p Cps

0 155.7 0 105.7
0.624 155.8 0.728 95.1
0.832 156.3 1.092 91.6
1.04 155.7 1.820 84.5

2.184 80.6

H y d r o g e n - b o n d i n g  s t u d i e s  h a v e  b e e n  f o u n d  t o  b e  

u s e f u l  i n  m a k i n g  f r e q u e n c y  a s s i g n m e n t s  o f  t h e  t h i o 

p h e n e  r i n g  p r o t o n s  i n  H T T A .  I n  t h e  a b s e n c e  o f  a n  

e l e c t r o n  d o n o r ,  t h e  p r o t o n  m a g n e t i c  r e s o n a n c e  s p e c t r u m  

o f  a  0 . 3 0 0  M  s o l u t i o n  o f  H T T A  i n  C C 1 4 i s  s h o w n  i n  

F i g u r e  3 a ,  w i t h  t h e  O H  s i g n a l  o m i t t e d .  T h e  s i n g l e t  i s  

a s c r i b e d  t o  t h e  v i n y l  p r o t o n .  C h e m i c a l  s h i f t s  o f  t h e  

t h i o p h e n e  r i n g  p r o t o n s  a r e  g i v e n  i n  T a b l e  V .  T h e  

m u l t i p l e t  a t  7 . 1 6  p p m  i s  a s c r i b e d  t o  C H ( 2 )  ( f o r  t h e  

p r o t o n  n u m b e r ,  s e e  I )  a n d  a r i s e s  f r o m  c o u p l i n g  t o  

C H ( 1 )  a n d  C H ( 3 ) .  T h e  p r o t o n s  C H ( 1 )  a n d  C H ( 3 )  

a r e  c o n t a i n e d  i n  t h e  l o w e s t  f i e l d  m u l t i p l e t ,  a n d  t h e  

q u e s t i o n  i s  w h i c h  o f  t h e  f i r s t - o r d e r  d o u b l e t s  i n  t h i s  

l o w e s t  f i e l d  m u l t i p l e t  r e p r e s e n t s  w h i c h  p r o t o n .

Table V : Chemical Shifts (ppm) of Thiophene Protons in 
0.300 M HTTA in CCh as a Function of Concentrations 
of TBP, DEEP, and TOPO

Ct b p CH(2) C H C ) CH(3)

0 7.16 7.70 7.80
0.712 7.19 7.84 7.96
1.072 7.20 7.89 8.03
2.477 7.22 8.06 8.24
Cd e e p

0.615 7.18 7.83 7.96
1.193 7.19 7.90 8.07
1.513 7.20 7.96 8.12
1.716 7.21 7.98 8.15
2.976 7.24 8.10 8.29
Ct o po

0.691 7.17 7.92 8.12
0.985 7.18 7.99 8.23
1.190 7.18 8.03 8.32

(13) L . G . V an U itert, Thesis, Penn State C ollege, Jan 1951; cited  by  
A . E . M artell and M . C alvin , “ C hem istry o f  the M eta l Chelate 
C om p ou n d s,”  P rentice-H all In c ., N ew  Y ork , N . Y ., 1952.
(14) S. M . W ang, W . R . W alker, and N . C . L i, J . Inorg. N ucl. 
Chem., 28 , 875 (1966).
(15) W . R . W alker and N . C . L i, ibid., 27, 2255 (1965).
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Figure 3. Proton magnetic resonance spectra of 
thiophene ring protons of 0.300 M HTTA in CCh:
(a) in the absence of electron donor; (b) in the 
presence of 0.691 M TOPO; (c) 1.190 M  TOPO.

U p o n  t h e  a d d i t i o n  o f  a n  e l e c t r o n  d o n o r  t o  H T T A  i n  

C C L ,  t h e  l o w e s t  f i e l d  m u l t i p l e t  i n  F i g u r e  3 a  i s  n o w  r e 

s o l v e d  i n t o  t w o  f i r s t - o r d e r  d o u b l e t s ,  a n d  t h e  l o w e r  f i e l d  

d o u b l e t  i s  s h i f t e d  f u r t h e r  d o w n f i e l d  t h a n  t h e  h i g h e r  

f i e l d  d o u b l e t  o n  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  e l e c t r o n  

d o n o r  ( s e e  F i g u r e  3 b ,  F i g u r e  3 c ,  a n d  T a b l e  Y ) .  S i n c e  

t h e  e l e c t r o n  d o n o r  i s  b o n d e d  t o  t h e  e n o l i c  O H ,  H ( 3 )  i s  

c l o s e r  t o  t h e  c o o r d i n a t i o n  s i t e  t h a n  H ( l ) ,  a n d  o n e  

w o u l d  e x p e c t ,  t h e r e f o r e ,  t h a t  t h e  s i g n a l  o f  H ( 3 )  w o u l d  

b e  s h i f t e d  f u r t h e r  d o w n f i e l d .  O u r  r e a s o n i n g  i s  i n  l i n e  

w i t h  t h a t  o f  L i ,  S c r u g g s ,  a n d  B e c k e r 16 a n d  M a t h u r  a n d  

L i ,17 w h o  a c c o u n t  f o r  t h e  o r d e r  o f  c h e m i c a l  s h i f t s  o f  

m e t a l  c o m p l e x e s  o f  a m i n o  a c i d s  o n  t h e  b a s i s  o f  t h e  p r o x 

i m i t y  o f  p r o t o n s  t o  t h e  b i n d i n g  s i t e s .  W e  t h e r e f o r e  c o n 

c l u d e  t h a t  t h e  l o w e s t  f i e l d  m u l t i p l e t  i n  F i g u r e  3 a  i s  d u e  

t o  a  s u p e r p o s i t i o n  o f  t h e  H ( l )  a n d  H ( 3 )  s i g n a l s ,  a n d  

t h a t  H ( 3 )  h a s  t h e  l o w e r  f r e q u e n c y  o f  t h e  t w o .

I n  t h e  a b s e n c e  o f  a n  e l e c t r o n  d o n o r ,  t h e r e  i s  i n t r a 

m o l e c u l a r  h y d r o g e n  b o n d i n g  i n v o l v i n g  O H .  S i n c e  

H ( 3 )  i s  c l o s e r  t o  t h e  c o o r d i n a t i o n  s i t e  a l s o ,  i t s  s i g n a l  l i e s  

f u r t h e r  d o w n f i e l d  t h a n  H ( l ) .  O u r  f r e q u e n c y  a s s i g n 

m e n t  i s  i n  a g r e e m e n t  w i t h  t h e  o r d e r  g i v e n  b y  V a r i a n  A s 

s o c i a t e s 18 i n  w h i c h  H ( l )  a n d  H ( 3 )  a r e  l i s t e d  a s  7 . 7 3  a n d  

7 . 8 2  p p m ,  r e s p e c t i v e l y ,  i n  C D C 1 3. I n  r e f  1 8 ,  h o w e v e r ,

n o  r e a s o n  i s  g i v e n  f o r  t h i s  a s s i g n m e n t .  W e  h a v e  

s h o w n  h e r e  a  q u i c k  m e t h o d  o f  m a k i n g  f r e q u e n c y  a s 

s i g n m e n t s  b y  o b s e r v i n g  t h e  d o w n f i e l d  s h i f t s  c a u s e d  b y  

t h e  p r e s e n c e  o f  a n  e l e c t r o n  d o n o r  i n  h y d r o g e n  b o n d  f o r 

m a t i o n .

F r o m  T a b l e  V  i t  i s  s e e n  t h a t  T O P O  c a u s e s  a  g r e a t e r  

d o w n f i e l d  s h i f t  o f  H ( l )  a n d  H ( 3 )  t h a n  T B P  o r  D E E P .  

T h i s  i s  a s  e x p e c t e d ,  s i n c e  T O P O  i s  t h e  s t r o n g e s t  e l e c t r o n  

d o n o r  o f  t h e  t h r e e  p h o s p h o r u s  e s t e r s .  W i t h  a  g i v e n  £ -  

d i k e t o n e ,  t h e r e f o r e ,  T O P O  w o u l d  f o r m  t h e  s t r o n g e s t  

h y d r o g e n  b o n d .

Effects of Adding Methanol to Solutions of H H F A  in 
CC I4. O n  a d d i n g  m e t h a n o l  t o  a  0 . 7 0 4  M  H H F A  

s o l u t i o n  i n  C C 1 4, i t  w a s  f o u n d  t h a t  i n  a d d i t i o n  t o  t h e  

v i n y l  p r o t o n  ( e n o l )  s i g n a l  a t  3 8 2  c p s ,  t h e r e  i s  a n  a d d i 

t i o n a l  p r o t o n  s i g n a l  a t  1 3 5  c p s ,  a s c r i b e d  t o  t h e  m e t h y 

l e n e  p r o t o n s  i n  t h e  k e t o  f o r m .  A f t e r  a n  i n t e r v a l  o f  

a b o u t  2 4  h r ,  e q u i l i b r i u m  r a t i o s  (K  =  ( k e t o ) / ( e n o l ) }  

w e r e  o b t a i n e d  b y  i n t e g r a t i o n  o f  t h e  t w o  r e s o n a n c e  

p e a k s .  A t  l e a s t  f o u r  i n t e g r a t i o n s  w e r e  p e r f o r m e d .  I n  

t h e  F 19 s p e c t r u m  o f  t h i s  s y s t e m  t h e r e  a p p e a r  a l s o  t w o  

p e a k s ;  t h a t  a s s o c i a t e d  w i t h  t h e  e n o l  f o r m  o f  t h e  H H F A  

i s  5 . 1  p p m  d o w n f i e l d  f r o m  t h a t  a s s o c i a t e d  w i t h  t h e  k e t o  

f o r m .  T a b l e  V I  c o n t a i n s  d a t a  f r o m  b o t h  t y p e s  o f  

s p e c t r a .  A s  i s  e x p e c t e d ,  a n  i n c r e a s e  i n  m e t h a n o l  c o n 

c e n t r a t i o n  r e s u l t s  i n  a n  i n c r e a s e  i n  K .  B y  a n a l o g y  

w i t h  k e t o  h y d r a t e  o f  h e x a f l u o r o a c e t y l a c e t o n e ,9' 14 t h e  

i n t e r m o l e c u l a r  h y d r o g e n - b o n d e d  s p e c i e s  m a y  b e  a  

k e t o  m e t h a n o l a t e .

T h e  v a l u e  o f  K  a s  d e t e r m i n e d  f r o m  a n  F  n m r  s p e c 

t r u m  w a s  f o u n d  t o  c h a n g e  w i t h  t i m e  o v e r  a  p e r i o d  o f  a n

Table VI: Keto/Enol Ratio (if) for 0.70 At HHFA in CC14 
Containing Various Concentrations of Methanol

CH3 0H
K  from 
proton K  from

concn, resonance F resonance
M (37°) (34°)

0.49 0.40
0.53 0.30
0.68 0.80
0.71 0.80
0.88 1.65
0.96 2.2
1.11 2.5
1.25 3.1

(16) N . C . L i, R . L . Scruggs, and E . D . B ecker, J. A m . Chem. Soc., 
84 , 4650 (1962).
(17) R . M ath u r and N . C . L i, ibid., 86 , 1289 (1964).
(18) “ H igh  R eso lu tion  N M R  S pectra  C a ta log ,”  V arian A ssociates,
P alo A lto , C alif., 1962, Spectrum  N o. 185.
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h o u r  o r  t w o  a f t e r  t h e  s o l u t i o n  h a d  b e e n  p r e p a r e d .  T h e  

p e a k  c o r r e s p o n d i n g  t o  t h e  e n o l  f o r m  d e c r e a s e d  i n  i n 

t e n s i t y  w h i l e  t h a t  c o r r e s p o n d i n g  t o  t h e  k e t o  f o r m  i n 

c r e a s e d  i n  i n t e n s i t y .  P r e l i m i n a r y  k i n e t i c  s t u d y  o f  t h e  

e n o l - k e t o  c o n v e r s i o n  i n  c a r b o n  t e t r a c h l o r i d e  s h o w e d  i t  

t o  b e  a p p r o x i m a t e l y  f i r s t  o r d e r  i n  t h e  c o n c e n t r a t i o n  o f

e n o l ,  w i t h  a  h a l f - t i m e  a t  3 4 °  o f  a b o u t  1 0  m i n  f o r  a  s o l u 

t i o n  c o n t a i n i n g  1 . 5 4  M  c o n c e n t r a t i o n  o f  m e t h a n o l .
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H y d r o g e n - D e u t e r i u m  E q u i l i b r a t i o n  o v e r  P a l l a d i u m  H y d r i d e
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E q u i l i b r a t i o n  o f  a  5 0 : 5 0  m i x t u r e  o f  h y d r o g e n  a n d  d e u t e r i u m  o v e r  p a l l a d i u m  h y d r i d e  h a s  

b e e n  s t u d i e d  a s  a  f u n c t i o n  o f  c o m p o s i t i o n  a t  — 1 9 5  a n d  — 1 8 3 ° .  S o r p t i o n  o f  h y d r o g e n  

a n d  d e u t e r i u m  o c c u r s  a t  t h e s e  t e m p e r a t u r e s ,  b u t  e x c h a n g e  o f  g a s  p h a s e  d e u t e r i u m  w i t h  

p a l l a d i u m  h y d r i d e  ( o r  vice versa) d o e s  n o t .  T h e  r a t e  o f  e q u i l i b r a t i o n  d e c r e a s e s  w i t h  

i n c r e a s i n g  h y d r o g e n  c o n t e n t  o f  t h e  c a t a l y s t .  I t  i s  c o n c l u d e d  t h a t  o n c e  h y d r o g e n  a d s o r p 

t i o n  o c c u r s ,  e x c h a n g e  o r  i n c o r p o r a t i o n  f o l l o w s  a n d  t h a t  t h e  r e l a t i v e  r a t e s  o f  t h e s e  t w o  

p r o c e s s e s  a r e  i n d e p e n d e n t  o f  h y d r i d e  c o n c e n t r a t i o n  i n  t h e  p a l l a d i u m .

Introduction

P a l l a d i u m  h y d r i d e 1 i s  a  g e n e r a l  t e r m  a p p l i e d  t o  a  

n o n s t o i c h i o m e t r i c  s e r i e s  o f  c o m p o u n d s  r a n g i n g  i n  

g r o s s  c o m p o s i t i o n  f r o m  r o u g h l y  H / P d  =  0 . 0  t o  H / P d  =  

0 . 8 .1 A b o v e  3 1 0 ° ,  p a l l a d i u m  h y d r i d e  f o r m s  a  s i n g l e  

p h a s e ;  b e l o w  3 1 0 ° ,  i t  f o r m s  t w o  p h a s e s .  A t  r o o m  

t e m p e r a t u r e ,  t h e  p u r e  a p h a s e  e x i s t s  i n  t h e  a p p r o x i m a t e  

r a n g e ,  0  <  H / P d  <  0 . 0 6 ;  i n  t h e  r a n g e  0 . 0 6  <  H / P d  <  

0 . 5 5 ,  a  m i x t u r e  o f  a a n d  /3 p h a s e s  i s  f o u n d ;  o n l y  t h e  

p u r e  P p h a s e  i s  f o u n d  f o r  H / P d  >  0 . 5 5 .  ( T h e s e  b o u n 

d a r i e s  d e p e n d  s o m e w h a t  o n  p r e p a r a t i v e  c o n d i t i o n s . )  

D e s p i t e  t h e  c o m p l e x i t y  o f  t h i s  s y s t e m ,  t h e  m a g n e t i c  

s u s c e p t i b i l i t y 2 i s  a  l i n e a r  f u n c t i o n  o f  c o n c e n t r a t i o n  

t h a t  a p p r o a c h e s  z e r o  a t  H / P d  =  0 . 6 6 ;  s i m i l a r l y ,  t h e  

e l e c t r i c a l  r e s i s t i v i t y 3 4 5 6 7 i s  a  l i n e a r  f u n c t i o n  o f  c o n c e n t r a 

t i o n  u p  t o  H / P d  =  0 . 8 0 .  T h e s e  l i n e a r  r e l a t i o n s  

h o l d  t h r o u g h  t h e  t w o - p h a s e  r e g i o n .  T h u s ,  h y d r o g e n  

b e h a v e s  a p p r o x i m a t e l y  l i k e  a n  a l l o y i n g  m e t a l  t h a t  f i l l s  

u p  t h e  h o l e s  i n  t h e  d  b a n d  a t  t h e  c o m p o s i t i o n  P d H o .e e -  

S e v e r a l  r e s e a r c h e r s 4-7 h a v e  o b s e r v e d  t h a t  h y d r i d e

f o r m a t i o n  a f f e c t s  t h e  a c t i v i t y  o f  t h e  c a t a l y s t s  b o t h  f o r  

t h e  ortho-para c o n v e r s i o n  a n d  e t h y l e n e  h y d r o g e n a t i o n .  

O f  t h e s e  r e a c t i o n s ,  t h e  f o r m e r  i s  b y  f a r  t h e  s i m p l e r ,  

b u t  i t  c a n  p r o c e e d  p r i m a r i l y  b y  t h e  m a g n e t i c  c o n v e r s i o n  

a n d ,  h e n c e ,  s h e d  r e l a t i v e l y  l i t t l e  l i g h t  o n  t h e  c h e m i s t r y  

o f  t h e  h y d r o g e n  a c t i v a t i o n  p r o c e s s .8 A c c o r d i n g l y ,  

w e  h a v e  s e l e c t e d  t h e  h y d r o g e n - d e u t e r i u m  e q u i l i b r a 

t i o n  f o r  s t u d y  a s  a  f u n c t i o n  o f  t h e  h y d r o g e n  c o n t e n t  o f  

p a l l a d i u m  h y d r i d e .

(1 ) D . P . Sm ith , “ H y d rog en  in M eta ls ,”  U n iversity  o f C h icago 
Press, C h icago, 111., 1948.
(2 ) C . K itte l, “ Solid  S tate P h ysics ,”  John W iley  and  Sons, In c ., 
N ew  Y o rk , N . Y .,  1956, p 334.
(3) R . E . N orberg , P h ys. Rev., 86, 745 (1952).
(4 ) A . Farkas, Trans. F araday Soc., 32, 1667 (1936).
(5 ) A . C ou p er and  D . D . E ley , D iscussions Faraday Soc., 8, 172 
(1950).
(6 ) M . K ow a k a , J. Japan  In st. M etals, 23 , 625 (1959).
(7 ) R . J. R enn ard , Jr., and R . J. K ok es, J. P h ys. Chem., 70, 2543 
(1966).
(8 ) G . C . B on d , “ C ata lysis b y  M e ta ls ,”  A ca d em ic  Press In c ., N ew  
Y o rk , N . Y „  1962.
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Experim ental Section

P a l l a d i u m  w a s  p r e p a r e d  b y  a  m o d i f i c a t i o n 7 o f  t h e  

p r o c e d u r e  u s e d  b y  G i l l e s p i e  a n d  H a l l .9 T h i s  y i e l d e d  

a  p a l l a d i u m  s p o n g e  w i t h  a  s u r f a c e  a r e a  o f  0 . 4 8  m 2/ g .  

P r i o r  t o  e a c h  k i n e t i c  r u n ,  t h e  p a l l a d i u m  w a s  h e a t e d  f o r  

1 6  h r  i n  2 0 0  m m  o f  h y d r o g e n  a t  4 0 0 °  a n d  d e g a s s e d  a t  

4 5 0 °  f o r  3 0  m i n .  T h e n  t h e  s a m p l e  w a s  c o o l e d  i n  

h e l i u m  t o  — 7 8 °  a n d  e v a c u a t e d .  T h e  h y d r i d e  w a s  

p r e p a r e d  b y  s o r p t i o n  o f  a  m e a s u r e d  a m o u n t  o f  g a s e o u s  

h y d r o g e n ;  a t  — 7 8 °  s o r p t i o n  w a s  r a p i d ,  i r r e v e r s i b l e ,  

a n d  c o m p l e t e  f o r  c o m p o s i t i o n s  u p  t o  P d H o . s -  A f t e r  

t h e  h y d r i d e  w a s  f o r m e d ,  t h e  s a m p l e  w a s  c o o l e 4  i n  

h e l i u m  t o  — 1 9 5 °  ( o r  — 1 8 3 ° ) ,  e v a c u a t e d ,  a n d  a  5 0 : 5 0  

m i x t u r e  o f  h y d r o g e n - d e u t e r i u m  w a s  a d m i t t e d  t o  t h e  

r e a c t i o n  f l a s k .  F r o m  t i m e  t o  t i m e ,  a  s m a l l  s a m p l e  o f  

t h e  r e a c t a n t  g a s  w a s  w i t h d r a w n  a n d  a n a l y z e d  m a s s  

s p e c t r o g r a p h i c a l l y .  F r o m  t h e  a n a l y s i s  a n d  m a s s  

b a l a n c e  i t  w a s  p o s s i b l e  t o  c o m p u t e  n o t  o n l y  t h e  a m o u n t  

o f  H D  p r o d u c e d  b u t  a l s o  t h e  a m o u n t  o f  s o r p t i o n  o f  

h y d r o g e n  a n d  d e u t e r i u m  t h a t  a c c o m p a n i e d  t h e  e q u i l 

i b r a t i o n  r e a c t i o n .  A l l  e q u i l i b r a t i o n  r u n s  w e r e  c a r r i e d  

o u t  i n  a  3 0 - c c  c o n i c a l  r e a c t i o n  f l a s k  w i t h  t h e  c a t a l y s t  

a t  t h e  b o t t o m .  T h e  c a t a l y s t  s a m p l e  ( 4 0 - 6 0  m e s h )  

c o n s i s t e d  o f  3 2 0  m g  o f  p a l l a d i u m  a d m i x e d  w i t h  1 . 5  

g  o f  c r u s h e d  V y c o r  ( 4 0 - 6 0  m e s h ) .

I n  s t u d i e s  o f  a d s o r p t i o n  a l o n e ,  a  5 - g  s a m p l e  o f  p a l 

l a d i u m  i n  a  t i g h t l y  p a c k e d  t u b e  w a s  u s e d .  T h e s e  

r e s u l t s  a g r e e d  r e a s o n a b l y  w e l l  w i t h  r e s u l t s  o b t a i n e d  

d u r i n g  k i n e t i c  e x p e r i m e n t s .

R esu lts

Exchange Experiments. A t  — 1 9 5 ° ,  n o  e x c h a n g e  

o c c u r r e d  i n  3  h r  b e t w e e n  p a l l a d i u m  d e u t e r i d e  a n d  

g a s e o u s  h y d r o g e n  o r  g a s e o u s  d e u t e r i u m  a n d  p a l l a d i u m  

h y d r i d e .  A t  — 1 8 3 ° ,  n o  e x c h a n g e  b e t w e e n  g a s e o u s  

d e u t e r i u m  a n d  p a l l a d i u m  h y d r i d e  w a s  d e t e c t e d .

Adsorption Experiments. F i g u r e  1 s h o w s  a  p l o t  o f  

t h e  h y d r o g e n  u p t a k e  a t  200  m m  b y  p u r e  p a l l a d i u m  

a n d  P d H o .23 a t  — 1 9 5 ° .  I t  i s  c l e a r  t h a t  b u l k  r e a c t i o n  

o c c u r s  e v e n  a t  — 1 9 5 °  f o r  t h e  a m o u n t  o f  s o r b e d  h y d r o 

g e n  g r e a t l y  e x c e e d s  a  m o n o l a y e r ;  a f t e r  3 0 0  m i n ,  t h e  

u p t a k e  o f  h y d r o g e n  f o r  b o t h  s a m p l e s  i s  o f  t h e  o r d e r  o f  

3 0  m o n o l a y e r s .  ( R e s u l t s  o f  K n o r ,  P o n e c ,  a n d  C e r n e y 10 
c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f  b u l k  s o r p t i o n  a t  — 1 9 5 ° . )

I n i t i a l l y ,  t h e  r a t e  o f  s o r p t i o n  f o r  t h e  p u r e  p a l l a d i u m  

i s  l o w e r  t h a n  t h a t  f o r  P d H 0 .23, b u t  i n  t i m e ,  t h e  r a t e  f o r  

p u r e  p a l l a d i u m  b e c o m e s  n e a r l y  l i n e a r  a n d  g r e a t e r  t h a n  

t h a t  f o u n d  f o r  P d H o . 23. I n  w h a t  f o l l o w s  w e  s h a l l  

t e r m  t h e  i n i t i a l  n o n l i n e a r  p o r t i o n  o f  t h i s  c u r v e  t h e  i n 

d u c t i o n  p e r i o d .

D e u t e r i u m  s o r p t i o n  b y  p a l l a d i u m  a t  — 1 9 5 °  i s  a t  

l e a s t  a n  o r d e r  o f  m a g n i t u d e  s l o w e r  t h a n  t h a t  f o r  h y -

Time (min.)
Figure 1. Sorption of hydrogen at —195°: open circles, 
pure palladium; solid circles, PdHo.23.

d r o g e n .  T h e  i n d u c t i o n  p e r i o d  i s  c o r r e s p o n d i n g l y  

l o n g e r .

F i g u r e  2  s h o w s  a  p l o t  o f  t h e  h y d r o g e n  u p t a k e  a t  

200  m m  b y  p u r e  p a l l a d i u m  a n d  P d H o .23 a t  — 1 8 3 ° .  

T h e  r a t e  i s  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r  t h a n  a t  

—  1 9 5 °  a n d  t h e  i n d u c t i o n  p e r i o d  i s  m u c h  s h o r t e r .  

F r o m  t h e s e  d a t a  i t  i s  m u c h  c l e a r e r  t h a t  t h e  s o r p t i o n  

r a t e  f o r  p u r e  p a l l a d i u m  e v e n t u a l l y  b e c o m e s  g r e a t e r  

t h a n  t h a t  o f  P d H 0 .23- A t  — 1 8 3 ° ,  t h e  r a t e  o f  d e u t e 

r i u m  a d s o r p t i o n  i s  a b o u t  3 0 %  o f  t h a t  f o r  h y d r o g e n .

C o m p a r i s o n  o f  r a t e s  a t  — 1 9 5  a n d  — 1 8 3 °  s h o w s  t h a t  

t h e  a c t i v a t i o n  e n e r g y  f o r  s o r p t i o n  i s  o f  t h e  o r d e r  o f  2 - 3  

k c a l .  E x t r a p o l a t i o n  o f  t h e s e  d a t a  s h o w s  t h a t  t h e  r a t e  

s h o u l d  b e  a b o u t  1 0 6 t i m e s  f a s t e r  a t  — 7 8 ° .  T h i s  i s  

i n  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  

t h e  h a l f - t i m e  f o r  s o r p t i o n  w i t h  a n  i n i t i a l  p r e s s u r e  o f  

2 0 0  m m  o f  h y d r o g e n  i s  o f  t h e  o r d e r  o f  5  s e c  a t  — 7 8 °  

c o m p a r e d  t o  a n  e s t i m a t e d  1 0 4 m i n  a t  — 1 9 5 ° .

Equilibration. A t  — 1 9 5 ° ,  t h e  r a t e  o f  H D  f o r m a t i o n  

f r o m  a  5 0 : 5 0  H 2- D 2 m i x t u r e  i s  q u i t e  l o w ;  f o r  e x a m p l e ,  

a f t e r  3 0 0  m i n  e x p o s u r e  t o  t h e  m o s t  a c t i v e  c a t a l y s t ,  

a b o u t  1 %  o f  t h e  g a s  p h a s e  i s  H D .  A s  w i t h  s o r p t i o n ,  

t h e r e  i s  a  p r o l o n g e d  i n d u c t i o n  p e r i o d  f o r  p u r e  p a l l a d i u m ,  

b u t  n o n e  i s  e v i d e n t  f o r  th ’ e  h y d r i d e s .  E q u i l i b r a t i o n  

r a t e s  w e r e  e s t i m a t e d  f r o m  t h e  s t r a i g h t - l i n e  p o r t i o n  o f  

t h e  c u r v e s  o f  H D  f o r m a t i o n  vs. t i m e ;  t h e s e  r a t e s ,  

r e l a t i v e  t o  t h a t  f o r  p u r e  p a l l a d i u m ,  a r e  p l o t t e d  i n  

F i g u r e  3 .

(9 ) L . J. G illesp ie  an d  F . P . H a ll, J . A m . C kem . S oc ., 48 , 1207 
(1 926 ).
(1 0 ) Z . K n o r , V . P o n e c , an d  S. C e rn e y , K in etics  C atalysis  (U S S R ), 
4 , 437 (1 963 ).
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Figure 2. Sorption of hydrogen a t —183°: open 
circles, pure palladium; solid circles, PdHo.2«.

Figure 3. Relative equilibration rate vs. composition: 
solid circles, —183°; open circles, —195°.

F i g u r e  4  s h o w s  a  p l o t  o f  t h e  a m o u n t  o f  g a s e o u s  H D  

f o r m e d  a t  — 1 8 3 °  a s  a  f u n c t i o n  o f  t i m e  w h e n  a  c a t a l y s t  

w i t h  t h e  i n d i c a t e d  c o m p o s i t i o n  i s  e x p o s e d  t o  a  5 0 : 5 0  

H 2- D 2 r e a c t a n t .  I n  t h e s e  r u n s ,  a f t e r  3 0 0  m i n ,  a s  m u c h  

a s  1 0 %  o f  t h e  g a s  p h a s e  w a s  H D .  C o m p a r i s o n  o f  t h e  

r a t e s  o v e r  p u r e  p a l l a d i u m  a t  — 1 8 3  a n d  — 1 9 6 °  s u g g e s t s  

t h a t  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  e q u i l i b r a t i o n  i s  o f  

t h e  o r d e r  o f  2 - 3  k c a l ,  a  v a l u e  c o m p a r a b l e  t o  t h a t  f o r  

s o r p t i o n .

A t  — 1 8 3 ° ,  t h e  r a t e  o f  s o r p t i o n  o f  h y d r o g e n  a n d  

d e u t e r i u m  f r o m  t h e  r e a c t a n t  m i x t u r e  c o u l d  b e  o b t a i n e d  

f r o m  t h e  a n a l y s i s  a n d  m a s s  b a l a n c e .  T h e  a c c u r a c y  

o f  t h e s e  d a t a  w a s  n o t  a s  g o o d  a s  t h a t  s h o w n  i n  F i g u r e s

Figure 4. HD formation at —183°: open triangles, 
pure palladium; solid circles, PdHo-oee; open 
circles, PdHo.233; solid triangles, PdH0.4os-

Figure 5. Deuterium uptake vs. HD formation at —183°: 
solid circles, pure palladium; open triangles, PdHo.oe«; 
open circles, PdHo.233; solid triangles, PdHo.ws-

1 a n d  2 , b u t  s e p a r a t e  c h e c k  e x p e r i m e n t s  s h o w e d  t h e  

r a t e  d a t a  w e r e  r e l i a b l e  t o  a b o u t  1 0 % .  T h e  h y d r o g e n  

u p t a k e  c u r v e s  w e r e  s i m i l a r  t o  t h o s e  s h o w n  i n  F i g u r e

2 ; t h e  d e u t e r i u m  u p t a k e  c u r v e s  w e r e  a l s o  q u a l i t a t i v e l y  

s i m i l a r  e x c e p t  f o r  t h e  c u r v e  f o r  p u r e  p a l l a d i u m  w h i c h  

s h o w e d  a  m o r e  p r o n o u n c e d  i n d u c t i o n  p e r i o d  t h a n  t h a t  

i n  F i g u r e  2 .  Q u a n t i t a t i v e l y ,  t h e  c u r v e s  f o r  d e u t e r i u m
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d i f f e r e d  f r o m  t h o s e  f o r  h y d r o g e n ;  t h e  r a t e  o f  d e u t e r i u m  

u p t a k e  w a s  o n l y  2 5  t o  3 0 %  t h a t  f o u n d  f o r  h y d r o g e n .

R a t e s  o f  d e u t e r i u m  s o r p t i o n  f o r  t h e  v a r i o u s  c a t a l y s t s  

a t  — 1 8 3 °  w e r e  c l e a r l y  s i m i l a r  t o  t h e  r a t e s  o f  e q u i l i b r a 

t i o n .  T h i s  s i m i l a r i t y  i s  i l l u s t r a t e d  b y  F i g u r e  5 ,  w h i c h  

p l o t s  f o r  e a c h  c a t a l y s t  t h e  a m o u n t  o f  d e u t e r i u m  

s o r b e d  ( a s  H D  o r  D 2)  vs. t h e  a m o u n t  o f  H D  f o r m e d  f o r  

e a c h  o f  t h e  c a t a l y s t s  s t u d i e d .  I n  s p i t e  o f  t h e  f a c t  t h a t  

t h e  c u r v e s  f o r  e q u i l i b r a t i o n  ( F i g u r e  4 )  d i f f e r  g r e a t l y  

i n  m a g n i t u d e  a n d  s h a p e ,  t h e  p l o t  i n  F i g u r e  5  i s  r e p r e 

s e n t e d  b y  a  s i n g l e  s t r a i g h t  l i n e  t h r o u g h  t h e  o r i g i n  

w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .

F o r  r u n s  a t  — 1 8 3 ° ,  t h e  h y d r i d e  c o m p o s i t i o n  c h a n g e d  

s i g n i f i c a n t l y  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n  b e c a u s e  

o f  s o r p t i o n .  I n  F i g u r e  3  w e  p l o t  t h e  r e l a t i v e  r a t e  o f  

H D  f o r m a t i o n  ( f r o m  t h e  s t r a i g h t  l i n e  p o r t i o n  o f  F i g u r e

4 )  vs. t h e  i n i t i a l  H / P d  r a t i o .  A t  t h e  e n d  o f  t h e s e  

e x p e r i m e n t s  t h e  r a t i o  ( H  +  D / P d )  w a s  0 . 0 2  t o  0 . 0 4  

h i g h e r  t h a n  a t  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t .

D iscussion

P r e s u m a b l y ,  h y d r o g e n  a d s o r b e d  o n  p a l l a d i u m  i s  i n  

a t o m i c  f o r m ,  a n d  w e  c a n  e x p r e s s  t h e  f a t e  o f  a n  a d s o r b e d  

d e u t e r i u m  a t o m ,  D * ,  b y  t h e  e q u a t i o n s

D *  D ( b u l k ) ( 1)

h
2D *  D 2( g )

k-i ( 2 )

D *  +  H *  — H D ( g ) ( 3 )

T h e  l a c k  o f  e x c h a n g e  w i t h  p a l l a d i u m  d e u t e r i d e  s h o w s  

r e a c t i o n  1 i s  i r r e v e r s i b l e ;  t h e  r e v e r s e  o f  r e a c t i o n  3  i s  

u n l i k e l y  t o  b e  i m p o r t a n t  w h e n  t h e  a m o u n t  o f  H D  

f o r m e d  i s  l o w .  W i t h  t h e  s t e a d y - s t a t e  a p p r o x i m a t i o n  

w e  o b t a i n

d D *
=  h (D *)  +  y 2fc2( D * )2 _  

d i

y 2f c _ 2D 2 +  fc3( D * ) ( H * )  =  0

w h e r e i n  t h e  r a t e  c o n s t a n t ,  f c - 2, p r o b a b l y  d e p e n d s  o n  

t h e  s u r f a c e  c o v e r a g e .  T h e  r e s u l t s  s h o w  t h a t  w e  m a y  

w r i t e  kiD* =  /3k3(D*) ( H * ) , w h e r e  /3 i s  t h e  s l o p e  o f  t h e

l i n e  i n  F i g u r e  5 .  W h e n  t h i s  i s  s u b s t i t u t e d  i n  t h e  a b o v e  

e q u a t i o n ,  w e  f i n d

d H D

d  t
fc3( H * ) ( D * )

M D s )  -  f e / D * )2

2 0 5  +  1)

F i g u r e  3  g i v e s  p l o t s  o f  t h e  r a t e s  o f  H D  f o r m a t i o n  r e l a 

t i v e  t o  t h a t  f o r  p u r e  p a l l a d i u m  a s  a  f u n c t i o n  o f  h y d r i d e  

c o m p o s i t i o n  a t  — 1 8 3  a n d  — 1 9 5 ° .  I f ,  and only if, 
13 i s  a  c o n s t a n t  a t  a l l  c o m p o s i t i o n s ,  t h i s  p l o t  a l s o  r e p r e 

s e n t s  t h e  n e t  r e l a t i v e  r a t e  o f  f o r m a t i o n  o f  a d s o r b e d  

d e u t e r i u m  a t o m s ,  i.e., t h e  r a t e  o f  d e u t e r i u m  a c t i v a t i o n .  

A t  — 1 8 3 ° ,  d  i s  v e r y  n e a r l y  a  c o n s t a n t  ( F i g u r e  5 ) ;  

e v e n  a t  — 1 9 5 ° ,  t h e  l e s s  a c c u r a t e  a d s o r p t i o n  d a t a  

s u g g e s t  d  i s  a  c o n s t a n t .  A c c o r d i n g l y ,  F i g u r e  3  s u g 

g e s t s  t h a t  t h e  r a t e  o f  d e u t e r i u m  a c t i v a t i o n  a p p r o a c h e s  

z e r o  n e a r  H / P d  =  0 . 6 .

T h e  s u s c e p t i b i l i t y  a l s o  d e c r e a s e s  l i n e a r l y 2 w i t h  

H / P d  a n d  b e c o m e s  z e r o  a t  H / P d  =  0 . 6 6 .  T h u s ,  i t  i s  

c l e a r  t h a t  t h e  c h a n g e  i n  c a t a l y t i c  a c t i v i t y  p a r a l l e l s  

t h e  c h a n g e  i n  m a g n e t i c  s u s c e p t i b i l i t y .  I n  t h i s  c o n 

c e n t r a t i o n  r a n g e  ( 0  <  H / P d  <  0 . 6 6 )  p h a s e  c h a n g e s  

o c c u r ,  t h e  l a t t i c e  p a r a m e t e r  c h a n g e s ,  a n d  t h e  h o l e s  

i n  t h e  d  b a n d  a r e  f i l l e d .  N o  d o u b t  a l l  t h e s e  f a c t o r s  

i n f l u e n c e  t h e  s u s c e p t i b i l i t y  a n d  c a t a l y t i c  a c t i v i t y .  

I t  s e e m s  c l e a r ,  h o w e v e r ,  t h a t  t h e  s i m p l e s t  c o r r e l a t i o n  

i s  w i t h  t h e  h o l e s  i n  t h e  d  b a n d ;  a s  t h e  d  b a n d s  a r e  

f i l l e d ,  b o t h  t h e  s u s c e p t i b i l i t y  a n d  t h e  a c t i v i t y  d e 

c r e a s e .

T h e  c o n s t a n c y  o f  j8 ( =  ki/k3H*) i m p l i e s  t h a t  H *  

i s  s e n s i b l y  c o n s t a n t  i n  t h e  c o n c e n t r a t i o n  r a n g e  s t u d i e d .  

T h i s  c o u l d  b e  a c h i e v e d  i f ,  d u e  t o  t h e  r e l a t i v e  i s o t o p e  

e f f e c t s  f o r  a d s o r p t i o n  a n d  b u l k  d i f f u s i o n ,  t h e  s u r f a c e  i s  

s p a r s e l y  c o v e r e d  w i t h  D *  a n d  n e a r l y  c o v e r e d  w i t h  H * .  

I f  t h i s  b e  s o ,  t h e  r a t e - d e t e r m i n i n g  p r o c e s s  w o u l d  b e  

t h e  r e v e r s e  o f  r e a c t i o n  2 .  ( T h e  f o r w a r d  r e a c t i o n  w o u l d  

b e  i n s i g n i f i c a n t . )  I n  t h i s  e v e n t ,  t h e  s i m i l a r i t y  o f  t h e  

o b s e r v e d  a c t i v a t i o n  e n e r g i e s  f o r  s o r p t i o n  a n d  e x c h a n g e  

i s  t o  b e  e x p e c t e d .
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M ia m i V alley  Laboratories , The P rocter &  Gamble C om pany, C incinnati, Ohio 45289  
(.Received M arch 8, 1966)

P h a s e  d i a g r a m s  a n d  l i g h t - s c a t t e r i n g  m e a s u r e m e n t s  o f  a  h o m o l o g o u s  s e r i e s  o f  d i m e t h y l 

a l k y l p h o s p h i n e  o x i d e s  a r e  u s e d  t o  d e t e r m i n e  t h e  m i c e l l a r  m o l e c u l a r  w e i g h t s  a n d  t h e i r  r e l a 

t i o n  t o  c o n s o l u t e  p h a s e  b o u n d a r i e s  i n  t h e s e  s y s t e m s .  T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  

m i c e l l a r  m o l e c u l a r  w e i g h t s  i s  d i s c u s s e d  w i t h  r e g a r d  t o  b o t h  l i g h t - s c a t t e r i n g  a n d  s o l u t i o n  

t h e o r y ,  a n d  i t  i s  c o n c l u d e d  t h a t ,  i n  s y s t e m s  w h i c h  s h o w  c o n s o l u t e  b o u n d a r i e s ,  t h e  l i g h t 

s c a t t e r i n g  b e h a v i o r  c a n  b e  q u a l i t a t i v e l y  e x p l a i n e d  o n  t h e  b a s i s  o f  e x i s t i n g  t h e o r y  w i t h o u t  

i n v o k i n g  a n y  l a r g e  t e m p e r a t u r e  o r  c o n c e n t r a t i o n  d e p e n d e n c e  o f  m i c e l l a r  m o l e c u l a r  w e i g h t .  

T h e  o b s e r v e d  l i g h t - s c a t t e r i n g  b e h a v i o r  c a n  e a s i l y  b e  a c c o u n t e d  f o r  b y  t h e  n o n i d e a l i t y  o f  a  

m i c e l l a r  s o l u t i o n  a n d  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  m i c e l l a r - w a t e r  i n t e r a c t i o n s .  L i g h t 

s c a t t e r i n g  m e a s u r e m e n t s  a t  t h e  c r i t i c a l  c o n c e n t r a t i o n  f o r  p h a s e  s e p a r a t i o n  o f  t h e  d i m e t h y l -  

d o d e c y l p h o s p h i n e  o x i d e - w a t e r  s y s t e m  h a v e  a l s o  b e e n  m a d e  a n d  s h o w  t h a t  c r i t i c a l  o p a l e s 

c e n c e  i s  o b s e r v e d  i n  t h i s  s y s t e m .  T h e s e  r e s u l t s  a r e  d i s c u s s e d  i n  t h e  l i g h t  o f  e x i s t i n g  t h e o 

r e t i c a l  t r e a t m e n t s  o f  t h i s  p h e n o m e n o n ,  a n d  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  s h o w n  t o  a g r e e  

q u a l i t a t i v e l y  w i t h  t h e  t h e o r y .

Introduction

I n  r e c e n t  y e a r s  t h e r e  h a s  b e e n  c o n s i d e r a b l e  w o r k  

r e p o r t e d  i n  t h e  l i t e r a t u r e  d e a l i n g  w i t h  t h e  m i c e l l a r  

p r o p e r t i e s  o f  n o n i o n i c  s u r f a c t a n t s , 1-8 p a r t i c u l a r l y  t h e  

a l k y l e t h y l e n e  o x i d e  s u r f a c t a n t s ,  C H 3( C H 2) m ( O C H 2-  

C H 2) „ O H  (m =  8 - 1 6 ,  n =  6 - 9 ) .3,4,9-16 A q u e o u s  s o l u 

t i o n s  o f  t h e s e  s u r f a c t a n t s  s h o w  “ c l o u d  p o i n t s ” ; i.e., 
r e l a t i v e l y  d i l u t e  s o l u t i o n s  o f  t h e s e  s u r f a c t a n t s  b e c o m e  

v e r y  t u r b i d  a t  a  w e l l - d e f i n e d  t e m p e r a t u r e  w h e n  t h e  

s o l u t i o n  i s  h e a t e d .17 A t  t e m p e r a t u r e s  a b o v e  t h i s  

“ c l o u d  p o i n t ”  t h e  l i g h t - s c a t t e r i n g  t u r b i d i t i e s  o f  t h e s e  

s u r f a c t a n t  s o l u t i o n s  a r e  l a r g e  a n d  v e r y  t e m p e r a t u r e  

d e p e n d e n t ;  h o w e v e r ,  t h e  s o l u t i o n s  h a v e  d i s s y m m e t r i e s  

w h i c h  a r e  c l o s e  t o  u n i t y .11,12 T h e  i n c r e a s e  i n  s o l u t i o n  

t u r b i d i t y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  a s  t h e  “ c l o u d  

p o i n t ”  i s  a p p r o a c h e d  h a s  b e e n  i n t e r p r e t e d  a s  m e a n i n g  

t h a t  t h e  m i c e l l e  m o l e c u l a r  w e i g h t  i n c r e a s e s  e x p o n e n t i 

a l l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  i n  t h e s e  s y s 

t e m s .1,8,11,12,16 W e  b e l i e v e  t h e r e  m a y  b e  a n o t h e r  e x 

p l a n a t i o n .

T h i s  p a p e r  r e p o r t s  o n  t h e  p h a s e  b e h a v i o r  a n d  s o l u 

t i o n  p r o p e r t i e s  o f  t h e  C 8, C i 0, a n d  C i2 h o m o l o g s  o f  d i -

m e t h y l a l k y l p h o s p h i n e  o x i d e  [ C reH 2„ 4 i P ( C H 3) 20 ] .  T h e  

t h r e e  h o m o l o g s  w i l l  b e  a b b r e v i a t e d  a s  D C 8P O ,  D C 10P O ,  

a n d  D C , 2P O .  1 2 3 4 5 6 7 8 9 10 11 12 13 14

(1 ) K . Sh inoda , T . N akagaw a, B . T am am u sh i, and T . lsem ura, 
“ C ollo ida l Surfactants. S om e P h ysicoch em ica l Properties,'* A ca
d em ic  Press In c ., N ew  Y o rk , N . Y ., 1963, C h a pter 2.
(2 ) L . M . K ushner, W . D . H u bba rd , and  A . S. D oa n , J . P h ys. Chem., 
61, 371 (1957).
(3 ) L . M . K ushner and  W . D . H u b b a rd , ibid., 58 , 1163 (1954).
(4 ) M . J. Sch ick , S. M . A tlas, and F . R . E irich , ibid., 66 , 1326 
(1962).
(5 ) K . W . H errm ann, ibid., 66 , 295 (1962).
(6) W . L . C ourchene, ib id ., 68 , 1870 (1964).
(7 ) L . B en jam in , ibid., 68 , 3575 (1964).
(8 ) K . K u riyam a, K ollo id -Z ., 180, 55 (1962).
(9 ) T . N akagaw a and K . T o r i, ibid., 168, 132 (1960).
(10) J. M . C ork ill, J. F . G ood m a n , and  R . K . O ttew ill, Trans. F ara
day Soc., 57 , 1627 (1961).
(11) R . R . B alm bra , J. S. C lunie, J. M . C ork ill, and  J. F . G ood m a n , 
ibid., 60 , 979 (1964).
(12) R . R . B a lm bra , J. S. C lunie, J. M . C ork ill, and J. F . G ood m a n , 
ib id ., 58, 1661 (1962).
(13) J. M . C ork ill, J. F . G ood m a n , and  S. P . H arrold , ib id ., 60 , 202 
(1964).
(14) P . H . E lw orth y  and C . B . M acfarlan e, J. Chem. Soc., 537 
(1 962 ); 907 (1963).
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T h e  c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n s  ( c m c )  a n d  m i c e l l e  

m o l e c u l a r  w e i g h t s  ( m m w )  o f  t h e s e  s u r f a c t a n t s  a r e  p r e 

s e n t e d  a n d  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  s c a t t e r i n g  

o f  l i g h t  b y  d i l u t e  a n d  c o n c e n t r a t e d  D C )2P O  s o l u t i o n s  

i s  r e p o r t e d  a n d  d i s c u s s e d .  “ C l o u d  p o i n t ”  p h e n o m e n a  

a r e  d i s c u s s e d  i n  t e r m s  o f  c o n s o l u t e  s o l u t i o n  t h e o r y ,  

a n d  l i g h t - s c a t t e r i n g  d a t a  o b t a i n e d  a t  t h e  c r i t i c a l  c o n 

c e n t r a t i o n  o f  D C 12P O  a r e  e x a m i n e d  u s i n g  D e b y e ’ s  

c r i t i c a l  o p a l e s c e n c e  t h e o r y .  T h e  s o l u t i o n  p r o p e r t i e s  

o f  t h e s e  s u r f a c t a n t s  a r e  c o r r e l a t e d  w i t h  t h e  p h a s e  

b o u n d a r i e s  s h o w n  b y  t h e i r  r e s p e c t i v e  s y s t e m s ,  D C „ P O ~  

H 20 .

Experim ental Section

Materials. T h e  C 8, C 10, a n d  C i 2 h o m o l o g s  o f  d i -  

m e t h y l a l k y l p h o s p h i n e  o x i d e  w e r e  p r e p a r e d  b y  a  t w o -  

s t e p  s y n t h e s i s .

O

R O H  +  ( C 6H 60 ) 3P  — >  R P ( O C 6H 5)2 +  C 6H 5O H

0
II

R P ( O C 6H 6)2 +  2C H 3M g B r  — >

0
II

R P ( C H 3) 2 +  2 C 6H 5O M g B r

A l l  s u r f a c t a n t s  w e r e  g r e a t e r  t h a n  9 9 . 5 %  p u r e  a s  i n d i 

c a t e d  b y  g a s  p h a s e  c h r o m a t o g r a p h y .  E l e m e n t a l  

a n a l y s e s  w e r e  a s  f o l l o w s .  Anal. F o u n d  f o r  D C 8P O :  

C ,  6 3 . 2 ;  H ,  1 2 . 0 ;  P ,  1 5 . 9 .  F o u n d  f o r  D C 10P O :  C ,  

6 5 . 6 ;  H ,  1 2 . 2 ;  P ,  1 3 . 5 .

Light Scattering. A  P h o e n i x  P r e c i s i o n  I n s t r u m e n t  

C o .  l i g h t - s c a t t e r i n g  p h o t o m e t e r  ( M o d e l  1 0 0 0 )  p r o 

v i d e d  w i t h  n a r r o w  s l i t s  w a s  u s e d  f o r  a l l  i n v e s t i g a t i o n s  

e x c e p t  t h a t  d e a l i n g  w i t h  t h e  c r i t i c a l  o p a l e s c e n c e  s h o w n  

b y  D C 12P O  w h i c h  w i l l  b e  d i s c u s s e d  s e p a r a t e l y .  M e a s 

u r e m e n t s  w e r e  m a d e  a t  3 0 °  u s i n g  a  c y l i n d r i c a l  c e l l  

( C a t a l o g  N o .  C - 1 0 1 )  a n d  u s i n g  t h e  b l u e  l i n e  o f  m e r c u r y  

(X  4 3 5 8  A ) .  C a l i b r a t i o n  o f  t h e  P h o e n i x  i n s t r u m e n t ,  

t e m p e r a t u r e  c o n t r o l ,  a n d  t h e  m e t h o d  o f  s o l u t i o n  c l a r i 

f i c a t i o n  w e r e  i d e n t i c a l  w i t h  t h o s e  d e s c r i b e d  p r e v i o u s l y . 5 

S c a t t e r e d  i n t e n s i t i e s  o b s e r v e d  a t  a n  a n g l e  o f  9 0 °  a r e  

e x p r e s s e d  a s  t u r b i d i t i e s  f o r  d i l u t e  s o l u t i o n s  n e a r  t h e  

c m c ;  t h e  i n t e n s i t i e s  f o r  t h e  m o r e  c o n c e n t r a t e d  s o l u 

t i o n s  a r e  g i v e n  s i m p l y  a s  / s o -  D i s s y m m e t r y  v a l u e s  

( Z 46)  w e r e  c a l c u l a t e d  f r o m

In  ( s o l u t i o n )  —  7 45 ( s o l v e n t )

48 /135 ( s o l u t i o n )  —  / ^ ( s o l v e n t )

W h e r e  t h e  c r i t i c a l  o p a l e s c e n c e  o f  D C i 2P O  s o l u t i o n s  

w a s  e x a m i n e d ,  a  S o f i c a  l i g h t - s c a t t e r i n g  p h o t o m e t e r

( M o d e l  7 0 1 - 4 2 0 0 0 )  w a s  e m p l o y e d  w i t h  t h e  s t a n d a r d  

m e a s u r i n g  c e l l  ( 2 5 - m m  i . d . ) ,  X 4 3 5 8  A ,  a n d  t h e  s p e c i a l  

t e m p e r a t u r e - c o n t r o l l e d  v a t  w a s  e q u i p p e d  w i t h  a  v a r i 

a b l e - s p e e d  m a g n e t i c  s t i r r e r .  C a l i b r a t i o n  o f  t h i s  i n 

s t r u m e n t  w a s  s i m i l a r  t o  t h a t  d e s c r i b e d  e a r l i e r  f o r  t h e  

P h o e n i x  i n s t r u m e n t . 5 F o r  t h e  c r i t i c a l  o p a l e s c e n c e  

s t u d y ,  t h e  s c a t t e r e d  i n t e n s i t y  w a s  m e a s u r e d  a s  a  

f u n c t i o n  o f  a n g l e  a t  s e v e r a l  t e m p e r a t u r e s .  T h e  i n 

t e n s i t i e s  r e p o r t e d  w e r e  o b t a i n e d  b y  m u l t i p l y i n g  t h e  

m e a s u r e d  g a l v a n o m e t e r  r e a d i n g s  b y  a n  i n s t r u m e n t  

c o n s t a n t  a n d  t h e  a p p r o p r i a t e  ( s i n  0 ) / (  1 +  c o s 2 6) c o r 

r e c t i o n  f a c t o r .  T h e  t e m p e r a t u r e s  o f  t h e  s o l u t i o n s  b e i n g  

e x a m i n e d  w e r e  m a i n t a i n e d  c o n s t a n t  w i t h i n  0 . 0 5 ° .

Refractive Index Increments. A  B r i c e - P h o e n i x  d i f 

f e r e n t i a l  r e f r a c t o m e t e r  w a s  u s e d  t o  d e t e r m i n e  t h e  r e 

f r a c t i v e  i n d e x  i n c r e m e n t  ( d n / d c )  r e q u i r e d  f o r  t h e  c a l 

c u l a t i o n  o f  m i c e l l e  m o l e c u l a r  w e i g h t s .  T h e  i n s t r u 

m e n t  w a s  c a l i b r a t e d  w i t h  s u c r o s e  s o l u t i o n s  u s i n g  l i g h t  

o f  X 4 3 5 8  A .  A v e r a g e  dn/dc v a l u e s  f r o m  t h r e e  o r  f o u r  

s o l u t i o n s  w h o s e  c o n c e n t r a t i o n s  w e r e  a b o v e ,  b u t  n e a r ,  

t h e  c m c  a r e  r e p o r t e d .

Phase Studies. F i x e d  c o m p o s i t i o n s  o f  D C „ P O -  

H 20  w e r e  s e a l e d  i n  s m a l l  ( 4 - m l )  g l a s s  t e s t  t u b e s  a n d  

w e r e  e q u i l i b r a t e d  i n  a  c o n t r o l l e d - t e m p e r a t u r e  b a t h .  

C o n t i n u o u s  a g i t a t i o n  w a s  s u p p l i e d  b y  a  m e c h a n i c a l  

r o c k i n g  d e v i c e .  T h e  t e m p e r a t u r e s  a t  w h i c h  p h a s e  

s e p a r a t i o n s  o c c u r r e d  w e r e  d e t e r m i n e d  o n  b o t h  h e a t i n g  

a n d  c o o l i n g  o v e r  t h e  r a n g e  — 5  t o  2 0 0 ° ,  t h e  s y s t e m  b e i n g  

u n d e r  c o n s i d e r a b l e  p r e s s u r e  a t  t h e  h i g h e r  t e m p e r a t u r e s .  

S e p a r a t i o n  o f  a  s e c o n d  i s o t r o p i c  p h a s e  w a s  i n d i c a t e d  

b y  a  g r e a t  i n c r e a s e  i n  t u r b i d i t y ;  m a r k e d  b i r e f r i n g e n c e ,  

s h o w n  b y  t h e  s a m p l e s  b e i n g  e q u i l i b r a t e d  b e t w e e n  

c r o s s e d  n i c o l s ,  w a s  o b s e r v e d  w h e n  a  m e s o m o r p h i c  

p h a s e  f o r m e d .  S u r f a c t a n t  c r y s t a l s  c o u l d  b e  d e t e c t e d  

w i t h  t h e  e y e .  A t  l e a s t  t w o  h e a t i n g  a n d  c o o l i n g  c y c l e s  

w e r e  m a d e  t o  o b t a i n  t h e  r e s u l t s  r e p o r t e d .  I d e n t i f i c a 

t i o n  o f  t h e  m e s o m o r p h i c  p h a s e s  w a s  m a d e  u s i n g  a  

p o l a r i z i n g - l i g h t  m i c r o s c o p e  a n d  t h e  c h a r a c t e r i s t i c  

“ t e x t u r e s ”  r e p o r t e d  b y  R o s e v e a r . 18

R esults and D iscussion

Phase Behavior of D C nPO Surfactants. T h e  p h a s e  

d i a g r a m s  f o r  D C s P O ,  D C 10P O ,  a n d  D C i J P O  i n  w a t e r  

a r e  s h o w n  i n  F i g u r e s  1 ,  2 ,  a n d  3 ,  r e s p e c t i v e l y .  T h e  

m i d d l e  a n d  n e a t  p h a s e s  e x h i b i t e d  b y  t h e s e  s u r f a c t a n t s  

a r e  t y p i c a l  m e s o m o r p h i c '  ( l i q u i d  c r y s t a l )  p h a s e s 18 -20  15 16 17 18 19 20

(15) P . H . E lw orth y  and C . M cD o n a ld , K ollo id -Z ., 195, 16 (1964).
(16) C . W . D w iggins, Jr., and R . J. B olen , J. P hys. Chem., 65 , 1787 
(1961).
(17) W . N . M a cla y , J. Colloid Sci., 11, 272 (1956).
(18) F . B . R osevear, J. A m . O il Chemists' Soc., 3 1 , 628 (1954).
(19) A . J. M ab is , A cta  Cryst., 15, 1152 (1962).
(20) V . L uzzati, H . M ustacch i, and A . Skoulios, N ature, 180, 600 
(1957); D iscussions Faraday Soc., 25, 43 (1958).
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Figure 1. Phase diagram for dimethyloctylphosphine 
oxide-water.

Figure 2. Phase diagram for dimethyldecylphosphine 
oxide-water.

a n d  w i l l  n o t  b e  c o n s i d e r e d  a n y  f u r t h e r  i n  t h i s  p a p e r .  

T h e  p a r t  o f  t h e  p h a s e  d i a g r a m  o f  p a r t i c u l a r  i n t e r e s t  

h e r e  i s  t h e  r e g i o n  w h e r e  t w o  i m m i s c i b l e  i s o t r o p i c  s o l u 

t i o n s  c o e x i s t  ( F i g u r e s  2  a n d  3 ) .  I n  b i n a r y  s o l u t i o n  

t e r m i n o l o g y ,21 t h e  t w o  i m m i s c i b l e  i s o t r o p i c  s o l u t i o n s  

a r e  r e f e r r e d  t o  a s  c o n j u g a t e  s o l u t i o n s .  T h e  t e m p e r a 

t u r e  a t  w h i c h  p h a s e  s e p a r a t i o n  o c c u r s  i s  c a l l e d  a n  u p p e r  

c o n s o l u t e  t e m p e r a t u r e  w h e n  a  m a x i m u m  o c c u r s  i n  

t h e  p h a s e  b o u n d a r y .  T h e  s u r f a c t a n t  c o n c e n t r a t i o n  

a t  w h i c h  t h e  m a x i m u m  o r  m i n i m u m  o c c u r s  i s  c a l l e d  

t h e  c r i t i c a l  c o n c e n t r a t i o n .  T h e  t e m p e r a t u r e  a t  w h i c h  

t h e  m a x i m u m  o c c u r s  i n  t h e  c o n s o l u t e  b o u n d a r y  i s  

c a l l e d  a n  u p p e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e ,  a n d  t h e  

t e m p e r a t u r e  a t  w h i c h  t h e  m i n i m u m  o c c u r s  i n  t h e

Figure 3. Phase diagram for dimethyldodecylphosphine 
oxide-water. Insert shows consolute boundary 
at low concentrations.

c o n s o l u t e  t e m p e r a t u r e  i s  c a l l e d  a  l o w e r  c r i t i c a l  s o l u 

t i o n  t e m p e r a t u r e .  T h u s ,  w h i l e  D C s P O  d o e s  n o t  f o r m  

i m m i s c i b l e  i s o t r o p i c  s o l u t i o n s  a t  t h e  t e m p e r a t u r e  e x 

a m i n e d ,  b o t h  t h e  D C 10P O  a n d  D C ]2P O  b i n a r y  s y s t e m s  

d o  e x h i b i t  c r i t i c a l  s o l u t i o n  b e h a v i o r .  I f  o n e  e x a m i n e s  

p h a s e  d a t a  f o r  e t h y l e n e  o x i d e  s u r f a c t a n t - w a t e r  s y s t e m s  

p u b l i s h e d  i n  t h e  l i t e r a t u r e ,11,12 i t  c a n  b e  s e e n  t h a t  t h e  

t e r m  “ c l o u d  p o i n t , ”  a s  u s e d  b y  t h e  a u t h o r s ,  i s  r e a l l y  

t h e  l o w e r  c o n s o l u t e  t e m p e r a t u r e  o f  t h e  s y s t e m .  H e n c e ,  

w e  e q u a t e  t h e  t e r m  “ c l o u d  p o i n t ”  a n d  l o w e r  c o n s o l u t e  

t e m p e r a t u r e .

T h e  t e m p e r a t u r e  a n d  c o m p o s i t i o n  r a n g e s  o v e r  w h i c h  

c o n j u g a t e  s o l u t i o n s  e x i s t  i n  t h e  d i m e t h y l a l k y l p h o s p h i n e  

o x i d e - w a t e r  s y s t e m s  d e c r e a s e  w i t h  d e c r e a s e d  a l k y l  

c h a i n  l e n g t h  i n  t h e  s u r f a c t a n t  ( s e e  F i g u r e s  1 , 2 , a n d  3 ) .  

O n l y  D C i 2P O  e x h i b i t s  a  l o w e r  c o n s o l u t e  b o u n d a r y  w h i c h  

e x t e n d s  o v e r  a  w i d e  r a n g e  o f  t e m p e r a t u r e s  a n d  c o m 

p o s i t i o n s ;  t h e  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  a n d  c o n 

c e n t r a t i o n  w e r e  v i s u a l l y  e s t i m a t e d  t o  b e  a p p r o x i m a t e l y  

3 8 . 8 °  a n d  a b o u t  0 . 7 %  D C 12P O ,  r e s p e c t i v e l y .  T h e  

D C 10P O  s y s t e m  e x h i b i t s  b o t h  a n  u p p e r  a n d  l o w e r  c o n 

s o l u t e  b o u n d a r y  w i t h  c r i t i c a l  t e m p e r a t u r e s  o f  a b o u t  

1 7 7  a n d  1 2 4 ° ,  r e s p e c t i v e l y ,  a n d  c r i t i c a l  c o n c e n t r a t i o n s  

b e t w e e n  1 0  a n d  1 5 %  D C 10P O .  C o n s i d e r a b l e  p r e s s u r e  

m u s t  h a v e  d e v e l o p e d  i n  t h e  s e a l e d  p h a s e  t u b e s  a t  t h e  

t e m p e r a t u r e s  w h e r e  t h e  c o n j u g a t e  s o l u t i o n s  o f  D C 10P O  

w e r e  o b s e r v e d ;  t h e  e f f e c t  o f  p r e s s u r e  o n  t h i s  t y p e  o f  

p h a s e  s e p a r a t i o n  i s  u n k n o w n .  T h e  D C 8P O  s y s t e m  

d o e s  n o t  f o r m  c o n j u g a t e  s o l u t i o n s  b e l o w  200 ° .

General Light-Scattering Properties and Theory.

(21) S. G lasstone, “ T e x tb o o k  o f P h ysica l C h em istry ,”  2nd  ed , D . 
V an  N ostrand  C o ., In c ., N ew  Y o rk , N . Y .,  1946, C hapter X .
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Figure 4. Scattered light intensity of DC»PO solutions.

Figure 5. Dissymmetry of DC„PO solutions.

F i g u r e s  4  a n d  5  s h o w  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  

o f  s c a t t e r e d  l i g h t  i n t e n s i t y  ( / 9o ) a n d  d i s s y m m e t r y  

(Z i5) f o r  s o l u t i o n s  o f  D C s P O ,  D C i o P O ,  a n d  D C i 2P O  a t  

3 0 °  u p  t o  s u r f a c t a n t  c o n c e n t r a t i o n s  o f  4 0  g / 1 0 0  m l .  

A l l  t h r e e  s u r f a c t a n t  s y s t e m s  e x h i b i t  a  t u r b i d i t y  m a x i 

m u m  i n  t h e i r  r e s p e c t i v e  t u r b i d i t y  vs. c o n c e n t r a t i o n  

c u r v e s .  T h i s  b e h a v i o r  i s  s i m i l a r  t o  t h a t  o b s e r v e d  f o r  

o t h e r  n o n i o n i c  s u r f a c t a n t s  s u c h  a s  t h e  a l k y l e t h y l e n e  

o x i d e s 11,12 a n d  d i m e t h y l a l k y l a m i n e  o x i d e ,22 b u t  i s  

s l i g h t l y  d i f f e r e n t  f r o m  t h a t  o b s e r v e d  f o r  a n i o n i c  s u r 

f a c t a n t  s y s t e m s .23 O n l y  D C i2P O  s h o w s  a  d i s s y m m e t r y  

m a x i m u m .

T o  e x p l a i n  p r o p e r l y  t h e  l i g h t - s c a t t e r i n g  d a t a  o b t a i n e d  

f o r  b o t h  d i l u t e  a n d  c o n c e n t r a t e d  s u r f a c t a n t  s o l u t i o n s  

i n  s y s t e m s  e x h i b i t i n g  a  l o w e r  c o n s o l u t e  b o u n d a r y ,  i t  

i s  n e c e s s a r y  t o  r e v i e w  b r i e f l y  t h e  t h e o r e t i c a l  b a s i s  f o r  

l i g h t  s c a t t e r i n g  b y  s o l u t i o n s .  A c c o r d i n g  t o  E i n s t e i n

a n d  D e b y e ,24 t h e  e x c e s s  t u r b i d i t y  ( t )  o f  a  s o l u t i o n  i s  

g i v e n  b y

r  =  H cR T/(d Il/d c )  ( 1 )

w h e r e  H  i s  a n  o p t i c a l  c o n s t a n t  e q u a l  t o  3 2 7 r 3n 02( d n /  

d c ) 2/ 3 A rX 4. H e r e  nf, i s  t h e  r e f r a c t i v e  i n d e x  o f  t h e  s o l 

v e n t ,  N  i s  A v o g a d r o ' s  n u m b e r ,  X  i s  t h e  w a v e l e n g t h  

o f  t h e  i n c i d e n t  r a d i a t i o n  in  vacuo, dn/dc i s  t h e  s p e c i f i c  

r e f r a c t i v e  i n d e x  i n c r e m e n t  o f  t h e  s o l u t e ,  n  i s  t h e  o s m o t i c  

p r e s s u r e  o f  t h e  s o l u t i o n ,  R  a n d  T  a r e  t h e  g a s  c o n s t a n t  

a n d  a b s o l u t e  t e m p e r a t u r e ,  r e s p e c t i v e l y ,  a n d  c i s  t h e  

c o n c e n t r a t i o n  o f  s o l u t e .  E q u a t i o n  1 h o l d s  a s  l o n g  a s  

t h e  s c a t t e r i n g  e n t i t i e s  a r e  s m a l l  c o m p a r e d  w i t h  t h e  

w a v e l e n g t h  o f  t h e  l i g h t  a n d  c a n  b e  r e a r r a n g e d  t o

¿ 3  J _  _  He  ,

d c R T  r { ’

T h u s ,  a s  p o i n t e d  o u t  b y  D e b y e ,24 He/ 7  i s  i n t i m a t e l y  

c o n n e c t e d  w i t h  t h e  b e h a v i o r  o f  t h e  o s m o t i c  p r e s s u r e  o f  

t h e  s o l u t i o n  a n d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s l o p e  o f  

t h e  II vs. c p l o t .  I f  t h e  l i g h t - s c a t t e r i n g  e x p e r i m e n t  i s  

c a r r i e d  o u t  o n  v e r y  d i l u t e  s o l u t i o n s ,  t h e  v a n ’ t  H o f f  

e x p r e s s i o n  (II =  RTc/'M) m a y  a d e q u a t e l y  d e s c r i b e  

t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  II. F o r  h i g h e r  

c o n c e n t r a t i o n s  a  m o d i f i e d  e x p r e s s i o n  i s  o f t e n  u s e d  

[II =  R T c (l/M  +  Be)]. F i g u r e  6 s h o w s  t h e  e x p e c t e d  

b e h a v i o r  o f  t h e  o s m o t i c  p r e s s u r e  i n  s u c h  s o l u t i o n s  a n d  

a l s o  i l l u s t r a t e s  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  dn/dc, 
w h i c h  i s  e q u i v a l e n t  i n  f o r m  t o  t h a t  e x p e c t e d  f o r  H e/t . 
W h e n  w e  a r e  d e a l i n g  w i t h  a  b i n a r y  s o l u t i o n  e x h i b i t i n g  

a  c r i t i c a l  c o n c e n t r a t i o n  a n d  a  c r i t i c a l  c o n s o l u t e  t e m 

p e r a t u r e ,  o s m o t i c  p r e s s u r e ,  d n / d c ,  a n d  H c/ t w i l l  b e 

h a v e  a s  s h o w n  i n  F i g u r e  7 25 i n  t h e  r e g i o n  o f  t h e  c r i t i c a l  

p o i n t .  N e a r  t h e  c r i t i c a l  c o n c e n t r a t i o n  dn/dc a n d  

H c/ t a r e  m a r k e d l y  d e p e n d e n t  o n  c o n c e n t r a t i o n  a n d  

d e c r e a s e  a s  t h e  s o l u t i o n  t e m p e r a t u r e  a p p r o a c h e s  t h e  

c r i t i c a l  t e m p e r a t u r e ;  t h e s e  v a l u e s  b e c o m e  z e r o  a t  t h e  

c r i t i c a l  c o n c e n t r a t i o n  a n d  a t  t h e  c r i t i c a l  t e m p e r a t u r e .  

I n  o u r  s u r f a c t a n t  s y s t e m s ,  a n d  p e r h a p s  i n  o t h e r s  

s h o w i n g  l o w e r  c o n s o l u t e  b o u n d a r i e s ,  t h i s  m e a n s  t h a t  

t u r b i d i t y  d a t a  m u s t  b e  o b t a i n e d  a s  c l o s e  t o  t h e  c r i t i c a l  

m i c e l l e  c o n c e n t r a t i o n  ( c m c )  a s  p o s s i b l e  i f  v a l i d  m i c e l l e  

m o l e c u l a r  w e i g h t s  a r e  t o  b e  o b t a i n e d  b y  t h e  u s u a l  

p r a c t i c e  o f  e x t r a p o l a t i n g  H c/ t c u r v e s  t o  t h e  c m c .  

T h i s  p o i n t  w i l l  b e  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  t h e  n e x t  

s e c t i o n .

(22) J. M . C orkill and K . W . H errm ann, J. P hys. Chem., 67, 934 
(1963).
(23) J. N . Phillips and K . J. M ysels, ibid., 59, 325 (1955).
(24) A . E instein, A nn . P h ysik , 33, 1275 (1910); P . D eb ye , J. A p p l. 
P h y s ., 15, 338 (1944); J. Phys. Colloid Chem., 51, 18 (1947).
(25) O. K . R ice , ibid., 54, 1293 (1950).
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d ’ Vdc = RT/M 

H c/7* = 1/M

•t 3

- T j

C o n c e n tr a t io n

Figure 6. Hypothetical osmotic-pressure and light-scattering 
curves in the absence of a consolute boundary.

I t  i s  o b v i o u s  f r o m  F i g u r e  7  t h a t  t h e  p r e s e n c e  o f  a  

l o w e r  c o n s o l u t e  b o u n d a r y  i n d i c a t e s  s o l u t i o n  n o n 

i d e a l i t y  w h i c h  c o m p l i c a t e s  t h e  i n t e r p r e t a t i o n  o f  l i g h t 

s c a t t e r i n g  d a t a  a t  s u r f a c t a n t  c o n c e n t r a t i o n s  w e l l  a b o v e  

t h e  c m c ,  f o r ,  n o w ,  o b s e r v e d  v a r i a t i o n s  o f  H c/ t  w i t h  

c o n c e n t r a t i o n  m a y  b e  d u e  n o t  o n l y  t o  c h a n g e s  i n  m o l e c u 

l a r  w e i g h t  b u t  a l s o  t o  t h e  e x t r e m e  n o n i d e a l i t y .  T h i s  

p o i n t  a l s o  w i l l  b e  t r e a t e d  f u r t h e r  i n  a  s u b s e q u e n t  s e c t i o n .

Micellar Properties of Dimethylalkylphosphine Oxide 
Surfactants near the Cmc. T h e  e r n e ’ s  a n d  w e i g h t -  

a v e r a g e  m i c e l l e  m o l e c u l a r  w e i g h t s  ( m m w )  o f  t h e  

D C g P O ,  D C i o P O ,  a n d  D C ]2P O  s u r f a c t a n t s  i n  w a t e r  a t  

3 0 °  w e r e  d e t e r m i n e d  b y  t h e  u s u a l  l i g h t - s c a t t e r i n g  

t e c h n i q u e s .  S i n c e  t h e  D C ^ P O  s u r f a c t a n t  s y s t e m  

p o s s e s s e s  a  l o w e r  c o n s o l u t e  b o u n d a r y  h a v i n g  a  c r i t i c a l  

c o n c e n t r a t i o n  a t  0 . 5  g / 1 0 0  m l ,  a s  i n d i c a t e d  b y  d i s s y m 

m e t r y  r e s u l t s  ( F i g u r e  5 ) ,  a n d  a  c r i t i c a l  t e m p e r a t u r e  o f  

a b o u t  3 8 . 8 ° ,  l i g h t - s c a t t e r i n g  d a t a  w e r e  o b t a i n e d  a t  

s u r f a c t a n t  c o n c e n t r a t i o n s  j u s t  a b o v e  t h e  c m c .  F i g u r e s

8 -1 0  s h o w  b o t h  t h e  t o t a l  s o l u t i o n  t u r b i d i t y  vs. c o n c e n 

t r a t i o n  p l o t s  a n d  t h e  H (c  —  C o ) / ( r  —  t 0)  vs. c — Co 
p l o t s  f o r  D C g P O ,  D C i o P O ,  a n d  D C 12P O ,  r e s p e c t i v e l y .  

I n  t h e  a b o v e  e x p r e s s i o n ,  H  i s  t h e  p r e v i o u s l y  d e f i n e d  

o p t i c a l  c o n s t a n t ,  c  i s  t h e  t o t a l  s u r f a c t a n t  c o n c e n t r a t i o n

Figure 7. Hypothetical osmotic-pressure and light-scattering 
curves for system showing consolute boundary.

i n  g /1 0 0  m l ,  Co i s  t h e  c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n ,  

r  i s  t h e  t o t a l  t u r b i d i t y  o f  t h e  s o l u t i o n ,  a n d  r 0 i s  t h e  

t u r b i d i t y  a t  t h e  c m c .  T a b l e  I  s u m m a r i z e s  t h e  r e s u l t s  

o f  t h e  l i g h t - s c a t t e r i n g  s t u d i e s  a n d  i n  a d d i t i o n  g i v e s  

s o m e  c m c  v a l u e s  d e t e r m i n e d  f r o m  s u r f a c e  t e n s i o n  d a t a .  

I t  c a n  b e  s e e n  f r o m  t h e  d a t a  i n  T a b l e  I  t h a t  t h e  e r n e ’ s  

d e t e r m i n e d  f r o m  s u r f a c e  t e n s i o n  m e a s u r e m e n t s  a r e  

l o w e r  t h a n  t h o s e  d e t e r m i n e d  f r o m  l i g h t - s c a t t e r i n g  

d a t a .  S e v e r a l  o t h e r  i n v e s t i g a t o r s  h a v e  a l s o  o b s e r v e d  

t h i s  d i f f e r e n c e ;10’12 t h e  s p e c i f i c  r e a s o n  f o r  i t  i s  u n k n o w n  

a t  p r e s e n t .  I n  m a k i n g  t h e  H c/ t  p l o t s ,  t h e  l i g h t 

s c a t t e r i n g  e r n e ’ s  w e r e  u s e d ;  u s i n g  a  c m c  o b t a i n e d  

f r o m  s u r f a c e  t e n s i o n  m e a s u r e m e n t s  w o u l d  y i e l d  a  

c u r v e  t h a t  i n c r e a s e s  n o n l i n e a r l y  a s  z e r o  c o n c e n t r a t i o n  

( c  —  Co) i s  a p p r o a c h e d .

L i g h t - s c a t t e r i n g  e x p e r i m e n t s  w e r e  a l s o  c a r r i e d  o u t  o n  

d i l u t e  s o l u t i o n s  o f  D C i2P O  a t  1 °  t o  d e t e r m i n e  t h e  

m i c e l l e  m o l e c u l a r  w e i g h t  a t  a  t e m p e r a t u r e  s o m e  d i s t a n c e  

r e m o v e d  f r o m  t h e  l o w e r  c o n s o l u t e  b o u n d a r y  ( F i g u r e  

1 0 ) .  T h e  c m c  i s  0 . 0 2 0  g / 1 0 0  m l  a n d  t h e  m m w  is

4 6 0 , 0 0 0 .  T h i s  c o r r e s p o n d s  t o  a b o u t  a  2 0 %  d e c r e a s e  i n
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Figure 8. Light-scattering results for DCs PO.

Figure 9. Light-scattering results for DCioPO.

D C 12 PO  Concentration (gms/100m ls)

Figure 10. Light-scattering results for DCuPO.

Table I : Micellar Properties of Some 
Dimethylalkylphosphine Oxide Surfactants

,■------Cmc, g/100 ml------s

Surfac
tant

Temp,
°C

Light
scatter

ing
Surface
tension

d n / d c ,  
m l/ g Mmw

DCsPO 30 0 .7 7 0 .7 9 0 .1 4 8 7 ,8 0 0
DC10PO 30 0 .1 0 0 .0 8 2 0 .1 4 4 2 8 ,6 0 0
DC12PO 30 0 .0 1 4 0 .0 0 8 0 .1 5 5 5 5 5 ,0 0 0

d c 12p o 1 0 .0 2 0 4 5 8 ,0 0 0

mmw for a 29° reduction in temperature, a small tem
perature effect compared to those reported in the
literature for other nonionic surfactants having a
lower consolute boundary.8 * *'11’ 12 * *'16 Unless there is a
threshold temperature above which the micelle molec
ular weight increases exponentially,15 and the exist
ence of such a point above 30° cannot be ruled out on
the basis of these experiments, the reported exponential 
increase in micelle molecular weight with tempera
ture8,11' 12’16 may indeed only be reflecting the variation 
of dll/dc with temperature as the critical temperature 
is approached and not a true variation in molecular 
weight. Micelle molecular weights have sometimes 
been determined from the minimum in the He/r plots11 
which presumably occur at or near the concentration 
where the minimum in the lower consolute boundary 
occurs. Based on the previous discussion and Figure 7, 
we would predict that dll/dc or H c / t  at the critical 
concentration should decrease as the critical tempera
ture is approached. This could make it appear that 
the temperature dependence of molecular weight is 
very large. If the molecular weights were compared 
at or near the cmc, as we have done, such a marked 
temperature dependence might not have been observed. 
We have concluded that the higher order concentration 
terms in the osmotic pressure equations are highly 
temperature dependent for systems having lower con
solute boundaries and that it is, therefore, improper 
to interpret quantitatively light-scattering data for 
these systems in terms of micellar molecular weights 
at any concentration other than infinite dilution of the 
micelles, i.e., at or very near the cmc.

It can be seen from the data in Table I that increasing 
the alkyl chain length attached to the hydrophilic 
head group decreases the cmc and increases the mmw. 
A decrease in free energy of micellization of 1.06/cT 
is calculated from the light-scattering cmc data for an 
increase of one CH2 group. This agrees well with 
values of this parameter obtained previously for other 
surfactants.1 The very high micelle molecular weight 
found for the DC12PO surfactant as compared to the
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DCsPO and DC10PO surfactants is unusual and sug
gests that the DC12PO surfactant possesses a much 
different micellar structure than its C$ and C10 homologs. 
The shape of the DC12PO micelles is likely to be that of 
a cylinder or prolate ellipsoid of high axial ratio and 
a radius comparable to the extended length of a single 
surfactant molecule, while the DCsPO and DCJ0PO 
micelles are most likely spheres of radii comparable 
to their respective surfactant molecular lengths.

Concentrated Solutions. Figure 4 shows that solu
tions of all three DCnPO surfactants exhibit a turbidity 
maximum in their turbidity-concentration curves. 
This is similar to the behavior observed for dimethyl- 
alkylamine oxides.22 Debye and Bueche26 have sug
gested that such maxima might be used to estimate the 
molecular weight of polymers. In their analysis a 
Flory-Hildebrand type of expression for the osmotic 
pressure is substituted into eq 1 and an expression 
similar to (3) is obtained for the excess turbidity of the 
solution

r =  HcMVn Vi +  Mv2c

where H and c have the same meaning as in eq 1, 
and v, M, Vi, and x are the partial specific volume, the 
molecular weight of the solute, the molar volume of 
solvent, and the dimensionless parameter characterizing 
solute-solvent interactions, respectively. Differentia
tion of (3) with respect to concentration leads to the 
fact that a turbidity maximum will occur at a concen
tration given by

“  = 1 +  (Mv/VJ* (4)

Since M  is large, the molecular weight corresponding 
to the concentration at which the maximum occurs 
may be calculated from

M
Vi

(5)

Equation 5 was applied to the dimethylalkylphos
phine oxides with the results shown in Table II. It is 
apparent that molecular weights determined in this 
way (M at cmax) are low when compared to those de
termined by the usual extrapolation of a light-scattering 
H c/ t vs. concentration curve (Mcmc). However, they 
are qualitatively in the correct order and differ from 
the correct molecular weight by a relatively constant 
factor. The deficiencies of a Flory-Hildebrand type 
of free energy of mixing expression are well known, 
and quantitative agreement of experimental data with 
expressions derived from this theory would not be

Table II: Molecular Weight by Debye-Bueehe Method

Surfactant v, ml/ga
Cmaxt

g/100 ml M  at Cmax
■lUemc/.V 
at cmax

DCsPO 1.09 9.89 1,420 5.5
DCioPO 1.11 5.59 4,210 6.7
DChPO 1.11 1.13 102,000 5.5

L. Benjamin, private communication.

expected for surfactant-water systems. Qualitative 
predictions of the theory would be expected to apply 
since it was derived for solutions of big solute molecules 
in a solution containing much smaller solvent molecules.

It is instructive to consider some of the predictions 
of this theory with regard to surfactant-water systems. 
For example, the theory predicts separation of the solu
tion into two homogeneous isotropic solutions when
ever x reaches a critical value given (approximately) 
by the expression27

Xc =  0.5 +  ( 7 i / Mv)'h (6)

As originally derived this could lead only to an upper 
critical temperature, but if the temperature dependence 
of x is more than just linear (quadratic in l/T), then 
a lower critical temperature can also occur.28 Based on 
mmw’s determined at infinite dilution of micelles, 
Xc for DC10PO and DC12PO are 0.523 and 0.505, re
spectively.

Furthermore, if x is such a function of temperature 
and increases as the lower critical temperature is ap
proached, the turbidity-concentration curves for the 
surfactant-water system should behave as shown in 
Figure 11, where we have plotted r vs. concentration 
for a hypothetical micellar solution using eq 3 and 
several values of x- The dependence of the initial 
slope of the r-c curve on the value of x means this slope 
will be a function of temperature, generally increasing 
with increasing temperature. Such behavior is ob
served by us, as shown in Figure 4, and has been ob
served by other workers who examined other sur
factant-water systems.8’11,12 Note, however, that 
there is little, if any, change in the position of the 
turbidity maximum with increasing temperature sug
gesting that large molecular weight changes are not 
occurring as temperature is increased (c/. previous 
discussion regarding rmax and mmw results at 1 and 
30° for DC12PO quoted earlier). It should be pointed 
out that theory predicts that the turbidity maximum,

(26) P. Debye and A. M . Bueche, J. Chem. Phys., 18, 1423 (1950).
(27) P. J. Flory, “ Principles of Polymer Chemistry,” Cornell Uni
versity Press, Ithaca, N. Y ., 1953.
(28) P. Debye, private communication.
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Figure 11. Theoretical curves calculated from eq 3;
V ,  =  18, M  = 10,000, v = 1.125, H  =  6.9 X lO“6.

dissymmetry maximum, and the critical temperature 
for separation of the system into two isotropic solutions 
will occur at the same concentration. Figures 2-5 
show that these conditions are approximately met for 
DCioPO and DC12PO. The magnitude of this turbidity 
maximum is strongly dependent upon temperature (the 
value of x)> and this does not necessarily mean that 
molecular weight is increasing rapidly with tempera
ture.

To carry the application of this theory one step 
further, Figure 12 shows an H c / t  vs. concentration 
curve for DC12PO and a theoretical curve calculated 
from eq 3 using the molecular weight found by extrapo
lation of the dilute solution light-scattering results 
and the other parameters shown in Figure 12. It is 
obvious that there is quite good qualitative agreement 
of the two curves. It therefore seems unnecessary, 
as has sometimes been done, to invoke an increase in 
micelle molecular weight with increasing concentra
tion to account for the negative slope of an H c / t  vs. 
concentration curve slightly above the cmc. It does 
not appear to be possible using light-scattering data 
alone to decide whether negative slopes in H c / t  vs. con
centration curves for surfactant-water systems are 
due to increasing molecular weight of the micelle or to 
contributions to nonideality of the solution at quite 
low concentrations due to solvent-solute, solute- 
solute, and solvent-solvent interactions.

It would appear that a Flory-Hildebrand type of 
mixing theory qualitatively predicts the behavior 
observed in surfactant-water systems, but quantita
tive agreement of experiment with theory must await 
the development of a more refined free energy of mixing 
expression for surfactant-water systems.

Figure 12. Comparison of theory and experiment 
for DC12PO solutions. Calculated curve from 
eq 3; v  = 1.1, x = 0.5046, M  =  555,000.

Critical Opalescence in DCwPO-HiO Solution. Figure 
5 shows that the dissymetry (Zi5) exhibited by solutions 
of DC12PO at 30° has a maximum at a concentration 
of 0.5 g/100 ml, very close to the concentration at which 
a minimum occurs in the lower consolute boundary. 
This is believed to be due to critical opalescence, simi
lar to that observed in high polymer solutions29-34 
and several other binary systems.36-38 This phenom
enon has received much experimental and theoretical 
attention in recent years. Debye29 30 31 32 33 34 35 36 37 38 39 40 41 42 has generalized 
the light-scattering fluctuation theory of Smoluchowski- 
Einstein to present an explanation for the strong dis
symmetry near the critical point and has extended the 
theory to binary critical mixtures.31 Several other 
authors40-42 have presented theoretical treatments 
which give results nearly equivalent to those of Debye. 
The Debye theory depends upon the fact that the

(29) P. Debye, H . Coll, and D. Woermann, J. Chem. P h ys., 33, 1746 
(1960).
(30) P. Debye, B. Chu, and D. Woermann, ibid., 36, 1803 (1962).
(31) P. Debye, ib id ., 31, 680 (1959).
(32) D. McIntyre, A. Wims, and M. S. Green, ib id ., 37, 3019 (1962).
(33) R. Ftlrth and C. L. Williams, P roc. R oy. Soc. (London), A224, 
104 (1954).
(34) P. Debye, D . Woermann, and B. Chu, J. P olym er S ci., A l ,  255 
(1963).
(35) B. Zimm, J. P h ys. Colloid Chem., 54, 1306 (1950).
(36) B. Chu, J. Chem. P h ys ., 41, 226 (1964).
(37) B. Chu, J. A m . Chem. Soc., 86, 3557 (1964).
(38) B. Chu and W . P. Kao, Can. J. Chem., 43, 1803 (1965).
(39) P. Debye in “ Scattering of Radiation by Noncrystalline Media 
in Noncrystalline Solids,” V. D. Fechette, Ed., John Wiley and Sons, 
Inc., New York, N. Y ., 1960, pp 1-25.
(40) M . Fixman, J. Chem. P h ys ., 33, 1357 (1960).
(41) A. Münster, J. Chim. P h ys., 57, 492 (I960).
(42) E. W . Hart, J. Chem. P h ys ., 34, 1471 (1961).
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scattered light intensity depends not only on the 
average square of the amplitude of the fluctuations, 
but also on the average square of the gradient of the 
fluctuations. It is near the critical point that this 
additional term becomes important.

According to the Debye theory, the relative scattered 
intensity should be given by eq 7 if the composition 
of the binary mixture corresponds to the critical con
centration36,43

\ = F(T)(TC/T)

A +  B sin2 (0/2) (7)

AT 8tr2Z2
T ¡ +  "3X2"

sin2 _*

I is the relative scattered intensity, T is the tempera
ture in degrees Kelvin, Tc is the critical temperature 
for phase separation, AT =  T — Pc, X is the wave
length of the light in the medium, l is the molecular 
interaction range, and 6 is the scattering angle. The 
nature of the correction factor F(T) has been dis
cussed,36 but its exact form is unimportant as long as 
it has no angular dependence. Equation 7 predicts 
that measurement of light-scattering intensity at 
several angles for small temperature distances from 
Tc should give plots of 1/7 vs. sin2 (0/2) which are linear 
with slope B and intercept A. The treatment of the 
data has been described elsewhere.36,43 Figure 13 is 
such a plot for DC^PO at several different tempera
tures and a concentration of 0.5 g/100 ml. Straight 
lines are indeed obtained indicating that the phenom
enon of critical opalescence is being observed and that 
the approximate Debye theory is being obeyed. It is 
a further consequence of the theory that the zero- 
angle intensity should be proportional to (T — Pc)-1 if 
the scattered intensity of the critical mixture is high. 
This is also the case for DC12PO since Figure 14 shows 
the reciprocal of the zero-angle intensity plotted against 
temperature.

From eq 7

A
B

3\!
8rl2T e

(T Pc) (8)

and therefore a plot of A/B vs. temperature can be 
used to obtain both P0 and l. Figure 15 is such a plot 
for the D C j2P O  system from which is found P0- = 40.2°, 
in reasonably good agreement with the visually ob
served value of 38.8°. The molecular interaction 
range (/) is found to be 140 A. This value is con
siderably larger than any of the previously reported 
values for other systems, all of which have been re
viewed by Chu.37 This may result from the fact 
that the Debye theory for binary mixtures includes 
the use of a Flory-Hildebrand type of free energy of

Figure 13. Reciprocal relative scattered intensity vs. 
sin2 (0/2) for a solution of 0.5 g of DC12PO/IOO mi.

3.0-

25

\\

IS ?5 1ÔTemperature (®C)

Figure 14. Reciprocal zero-angle intensity (7o) vs. temperature.

mixing expression. Such an expression has only 
qualitative significance in surfactant-water systems 
as was pointed out previously in this discussion. There 
is one other point to be made about the l value obtained 
for the DC12PO-H2O system. This involves the fact 
that the curve of Figure 15 is not a straight line but 
has curvature when the temperature is more than 
8-10° away from the critical temperature. Debye30 
has discussed the problem of whether l is temperature 
dependent for the case of polystyrene-cyclohexane and 43

(43) P. Debye, B. Chu, and H. Kaufmann, J. Chem. Phya., 36, 3378 
(1962).
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Figure 15. A /B vs. temperature.

concluded that it was not. In order to show this, 
a quantity S is defined, given in the simple theory 
described above by

S =  (B/A)AT = Tc (9)

Figure 16 is a plot of S vs. AT for the DC12PO-H2O 
system. If l were temperature independent, this 
would be parallel to the abscissa. However, the fact 
that curvature is observed does not necessarily mean 
that l is temperature dependent, especially since the 
curve is parallel to the abscissa at small temperature 
distances from Tc. In the case of polystyrene-cyclo
hexane, where the polystyrene is of large enough molec
ular weight to contribute to the dissymmetry because 
of the extension of the polymer coil, Debye30 showed 
that the quantity S, defined in eq 9, should really be 
written as

S = (fi/A) AT =  ~ T C +  AT
3\2 3\2

(10)

Since the radius of gyration (r) is temperature de

Figure 16. S vs. AT.

pendent for the polystyrene-cyclohexane case, the S-T  
curve for that system shows curvature of the kind shown 
in Figure 16 for our system. At large temperature 
distances from the critical point (1°), dissymmetry 
( Z 45) is still observed in a 0.5 g/100 ml solution of D C j2-  
PO indicating that some theoretical equation similar 
to eq 10 should apply to our case rather than the simple 
theory represented by eq 9. Also, since the molecular 
weight of the micelle changes with temperature (Table 
I), the S-T  curve should not be a straight line but 
should be curved owing to this temperature dependence. 
How this theory should be formulated to obtain both 
the range of molecular forces and the size of the micelles 
for a surfactant-water system is a difficult question, 
especially since the micellar aggregation number is 
probably both temperature and concentration de
pendent. In any case, the system qualitatively obeys 
the Debye critical opalescence theory. Results similar 
to those shown in Figures 13-16 were also obtained at 
a concentration of 1 g of DC12PO/IOO ml, which is well 
removed from the concentration at which the dissym
metry maximum occurs.
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The Reaction of Isopropylbenzene on y-Irradiated Silica Gels

by Enrique A. Rojo and Robert R. Hentz
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(Received March 9, 1966)

Dealkylation of isopropylbenzene was studied on three y-irradiated silica gels. Little or 
no visible coloration occurs in these solids on irradiation at 37° to doses of 4 X  1021 ev g-1. 
The yield of benzene initially increases linearly with dose to the solid but approaches a 
limiting value at large doses; for one of the solids, limiting yields were 2.6 and 15.5 in 
units of 1017 molecules (g of solid)-1 at 37 and —196°, respectively. Initial slopes cor
respond to (?0(C6H6) =  0.067 at 37° and G0(C6H6) =  4 at —196°; the latter value sug
gests a trapping efficiency for free charge carriers of near 100%. Room-temperature an
nealing of solid irradiated to saturation at —196° gives a limiting yield identical with that 
attained in a 37° irradiation. Therefore, the 37° limiting yield must correspond to essen
tially complete population of certain solid defects. Room-temperature irradiation of solid 
irradiated to saturation at —196° reduces the benzene yield at a considerably greater 
rate (than simple annealing) to the 37° limit; Gfloss in benzene yield) ~  4. Thus, the 
— 196° limiting yield appears to correspond to a steady-state population of certain defects 
that are not populated appreciably at 37°. A remarkably good correlation exists between 
the behavior of benzene yields on irradiated silica gel and the reported behavior of certain 
trapped-electron color centers associated with specific vacancies in a silica matrix. The 
over-all results suggest that limiting yields, particularly at —196°, are not governed by 
aluminum content. Irradiation of isopropylbenzene adsorbed on silica gel also was studied. 
Results are similar to those obtained previously with a silica-alumina. The results sug
gest that dealkylation of adsorbed isopropylbenzene occurs under irradiation, G(C6H6) «  
2, by direct capture of free charge carriers produced in the solid with an efficiency approxi
mating that for their capture by silica matrix defects at —196°.

Introduction
Studies of the dealkylation of isopropylbenzene on 

Y-irradiated silica-alumina gels have been reported in 
a series of papers.1 2 These studies suggest that at least 
a portion of the long-lived dealkylation excitations3 4 5 6 7 
in irradiated silica-alumina may be associated with 
visible color centers of the irradiated solid; the latter 
have been associated rather conclusively with the pres
ence of aluminum as a substitutional impurity in the 
silica matrix.4-8 The formation of acid sites on irradia
tion of silica gel at —196° has been reported by Barter 
and Wagner.9 Since inherent acid sites are im
plicated in the catalytic dealkylation of isopropyl
benzene on unirradiated silica-aluminas,10 a question 
arises as to the role of such radiation-induced acid sites 
in the dealkylation reaction on irradiated silica-alum
inas. The dealkylation excitations produced on room-

temperature irradiation of silica-alumina are stable at 
room temperature;2 on the other hand, the acid sites 
formed by irradiation of silica gel at —196° decay at

(1) The Radiation Laboratory of the University of Notre Dame is 
operated under contract with the U. S. Atomic Energy Commission. 
This is A .E.C. Document No. COO-38-454.
(2) Cf. R. R. Hentz, L. M . Perkey, and R. H . Williams, J. Phys. 
Chem., 70, 731 (1966), which includes references to earlier papers in 
this series.
(3) The general expression “excitations” is used in the absence of 
definitive evidence for the mechanism of energy storage in the solid. 
It is considered probable that these long-lived excitations are trapped 
electrons and/or concomitant positive holes.
(4) For a review of the evidence on irradiated quartz, cf. the follow
ing papers: A. Halperin and J. E. Ralph, J. Chem. Phys., 39, 63 
(1963); J. H. Mackey, Jr., ibid., 39, 74 (1963).
(5) E. Lell, Phys. Chem. Glasses, 3, 84 (1962).
(6) H . W . Kohn and E. H . Taylor, Proc. Inte-n. Congr. Catalyse, He, 
Paris, 1960, 2, 1461 (1961).
(7) S. Lee and P. J. Bray, Phys. Chem. Glasses, 3, 37 (1962).
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room temperature with a half-time of 2-3 hr.8 9 10 In or
der to elucidate further the nature of the radiation- 
induced excitations effective in isopropylbenzene de
alkylation, particularly with regard to the role of 
aluminum and other impurities, the study of this 
phenomenon has been extended to high-purity silica 
gels irradiated at room temperature and at —196°.

Experimental Section

A. Chemicals. Eastman Kodak 1481 isopropyl
benzene was used; purification procedures have been 
described.2 Three silica gels were used. Most of the 
work was performed with solid A which had a surface 
area (measured by nitrogen adsorption) of 384 m2/g  
and contained 30 ppm of aluminum (30 ng of aluminum/ 
g of solid). This solid was prepared from an acidic 
alcoholic solution of tetraethyl orthosilicate that was 
gelled with an alcoholic ammonium hydroxide solution. 
The hydrogel was washed with water, dried 20 hr at 
110°, and then calcined in air for 10 hr at 540°. Solids 
B and C were obtained from Dr. H. W. Kohn of the 
Oak Ridge National Laboratory. Their properties 
and methods of preparation have been described.11 
Solid B is the silica gel specified to contain 5 ppm of 
aluminum, and solid C is the ultrapure gel stated to 
contain no impurities detectable by the spark spectro
graph. For both solids B and C a surface area of 600 
m2/g  is given.

B. Procedures. The general procedures have been 
described;2 a review will be presented of the most per
tinent features with emphasis on modifications intro
duced.

The solids were crushed with a Diamonite mortar and 
pestle to particle sizes of less than 5 mm in longest di
mension. After a pretreatment of several days at 500° 
in air, samples were weighed into 13-mm o.d. Pyrex 
tubes and evacuated at 10-6 torr and 460° for 18-20 hr. 
In all experiments, the isopropylbenzene was degassed 
by the conventional freeze-pump-thaw technique and 
dried over a fresh sodium surface just prior to introduc
tion to the solid. Traces of moisture were found to 
cause erratic results.

The Reaction of Isopropylbenzene on Irradiated Silica 
Gel. In these experiments, 0.25 g of isopropylbenzene 
was transferred to 1.0 g of the irradiated solid by means 
of liquid nitrogen on the reaction cell. This amount 
of liquid relative to solid gave sufficiently rapid dif
fusion to preclude a competitive consumption of the 
product benzene,2 and to minimize loss by thermal de
cay of the less stable excitations formed in —196° ir
radiations of the solid, yet gave sufficiently high ben
zene concentrations for convenient and accurate analy
sis. After warming to room temperature, the liquid

and solid were allowed to remain in contact for a period 
of 90 min (much longer than really necessary) prior to 
recovery of the liquid and products. The recovery 
procedure employed boiling water on the reaction cell 
and liquid nitrogen on an adjacent trap with collection 
and measurement of noncondensable gas in the cali
brated volume of a modified Saunders-Taylor appara
tus; recovery was quantitative in 1 hr.

In those experiments in which the solid was ir
radiated at —196°, the solid was kept in liquid nitrogen 
until introduction of the isopropylbenzene and then was 
allowed to come to room temperature. In annealing 
experiments, after irradiation at —196°, the solid was 
maintained at room temperature for the desired length 
of time prior to introduction of isopropylbenzene by 
the standard procedure.

Irradiation of Isopropylbenzene Adsorbed on Silica 
Gel. The procedures used were identical with the fore
going with a few exceptions. The desired weight of 
isopropylbenzene was transferred to a given weight 
of solid, and the reaction cell was sealed; at least 2 hr 
elapsed with the reaction cell at room temperature prior 
to irradiation. The entire range of composition was 
studied with special emphasis on low isopropylbenzene 
concentrations. At the lowest concentrations of isopro
pylbenzene in the system, product recovery times were 
extended to 2 hr. As in the earlier studies with silica- 
alumina,2 the ratio of dose absorbed by the system to 
weight of isopropylbenzene present was maintained 
constant but at the much lower value of 1.4 X 1018 
ev/mg of isopropylbenzene.

Irradiations. All samples were irradiated in a 10-kc 
60Co source under conditions giving a dose rate of 1.75 
X 1018 ev g_1 min-1 to a Fricke dosimeter solution us
ing Cr(Fe3+) =  15.6. Dose to a particular system was 
determined by correction for the electron density rela
tive to that of the dosimeter and for decay of the 60Co. 
Samples initially at room temperature attained a tem
perature of 37° during irradiation; these will be re
ferred to as room-temperature irradiations. The 
— 196° irradiations were performed with the reaction 
cell immersed in a dewar of liquid nitrogen. The small 
change in dose rate under these conditions was shown 
to be without effect.

Analyses. The liquids were analyzed by vapor 
phase chromatography on an F and M Model 609 with a

(8) G. K . Boreskov, V. B. Kazanskii, Yu. A. Mishchenko, and G. B. 
Pariiskii, Dokl. Akad. Nauk SSSR. 157, 384 (1964).
(9) C. Barter and C. D. Wagner, J. Phys. Chern., 68, 2381 (1964).
(10) Cf., e.g., A. E. Hirschler, J. Catalysis, 2, 428 (1963), and D. 
Barthomeuf, Compt. Rend., 259, 3520 (1964).
(11) H. W . Kohn, J. Catalysis, 2, 208 (1963).

The Journal of Physical Chemistry



The R eaction of Isopropylbenzene on 7-Irradiated Silica Gels 2921

flame-ionization detector. A 2-m column of Apiezon-L 
on Chromosorb-P was used at 200°.

Results

The Reaction of Isopropylbenzene on Irradiated Silica 
Gel. On solid A at both irradiation temperatures, 37 
and —196°, the yield of benzene initially increases 
linearly with increased dose to the solid but approaches 
a limiting value at large doses (cf. Figure 1). Only the 
limiting yields were determined on solids B and C ; com
parison of the saturation yields is presented in Table I. 
The initial rates of increase in yield with dose to solid 
A differ greatly at the two irradiation temperatures; 
at —196° the initial rate corresponds to G0(C6H6) = 4, 
and at 37° to (roiCeHe) =  0.067. (G0 is the number of
molecules formed per 100 ev absorbed by the solid at 
low dose.) Further, the approximate dose required for 
attainment of a yield essentially equal to the saturation 
value is about 16 times greater at 37°. On solid A, 
the saturation yields of gas (noncondensable at —196°) 
were 0.22 X 1017 and 0.03 X 1017 molecules/g of solid at 
irradiation temperatures of —196 and 37°, respectively. 
No products could be detected in blank experiments on 
the unirradiated solids.

Table I : C o m p a r is o n  o f  B e n z e n e  Y ie ld s “ in  R e a c t io n  o f
I s o p ro p y lb e n z e n e  o n  y -I r r a d ia te d  S ilica  G e ls

------------------------- Sol id------------------------»
A B  C

A1 co n te n t6 6 .7  1 .1  < 0 .1 1

.---------------- Benzene yield' ------------------.

T e m p ' =  3 7 °  2 . 6  0 .1 0  0 .1 1
T e m p ' =  - 1 9 6 °  1 5 .5  0 .2 8  0 .3 1

° Y ie ld s  are  s a tu r a t io n  v a lu e s  o b ta in e d  b y  a v e ra g in g  y ie ld s  
o n  th e  p la te a u  re a ch e d  a t  la rg e  v a lu e s  o f  d o se  p e r  g ra m  o f  so lid . 
6 A lu m in u m  c o n te n t  a n d  b e n ze n e  y ie ld  are  ex p ressed  in  u n its  
o f  1 0 17 a to m s  o r  m o le cu le s , re sp e c t iv e ly , p er  g ra m  o f  so lid . 
'  I r ra d ia tio n  te m p e ra tu re .

A sample of solid A that was irradiated to a saturation 
dose at 37° was allowed to stand 20 days at room tem
perature prior to introduction of isopropylbenzene; no 
decrease in benzene yield was observed. Similarly, a 
sample of solid A irradiated at —196° showed no decay 
of activity after 24 hr at —196°. However, when the 
solid is irradiated at —196° and then allowed to warm 
up and stand at room temperature for some period prior 
to introduction of isopropylbenzene, the results are 
quite interesting (anneal time is measured as the inter
val between the removal of liquid nitrogen after irradia-

Dose ot -196°, units of I0IB ev (g of solid)'1

F ig u re  1. B e n z e n e  y ie ld s  in  re a c t io n  o f  
is o p ro p y lb e n z e n e  o n  y - ir ra d ia te d  s ilica  g e l A .

Anneal time
F ig u re  2. B e n z e n e  y ie ld s  a fte r  an n ea lin g  a t  r o o m  te m p e ra tu re  
o f  s ilica  ge l A  irra d ia te d  t o  sa tu ra tio n  a t  — 1 9 6 °.

tion of the solid at —196° and the replacement of liquid 
nitrogen for introduction of isopropylbenzene).

On irradiation of solid A to a saturation dose at 
— 196°, the yield of benzene is halved after an anneal 
time of only 13 min (cf. Figure 2).12 This relatively 
rapid decay of the activity, of a sample irradiated to 
saturation at —196°, is followed by a much slower de
cay; after an anneal time of 68 hr, the benzene yield has 
fallen to a value equal to the saturation yield obtained 
in a 37° irradiation. No further decrease was observed 
in a sample irradiated at —196° and stored 12 days at 
room temperature. Thus, the limiting yield attained

(12) W hen  isopropy lben zen e is in trodu ced  to  solid  irradiated  at 
— 196° w ith ou t prior w arm -up (zero anneal tim e), it seem s p rob able  
th at som e d eca y  o f a c t iv ity  w ou ld  occu r before  com p lete  d iffusion 
and  reaction  o f the isopropy lben zen e as the  system  is allow ed to  
w arm  up . T hu s, all zero anneal tim e y ie lds are low er lim its ; such 
y ie lds are qu ite  reproducible.
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by room-temperature annealing of solid irradiated at 
— 196° is identical with the limiting yield attained in a 
room-temperature irradiation. Such annealing be
havior was observed for all samples of solid A irradiated 
at —196° to a dose sufficient to give a benzene yield in 
excess of 2.6 X 1017 molecules/g of solid, the saturation 
yield in 37° irradiations. In —196° irradiations of 
solid A to doses corresponding to benzene yields less 
than 2.6 X 1017 molecules/g of solid, no decay was ob
served for anneal times up to 20 days.

In a series of experiments, the results of which are 
presented in Table II, solid A first was irradiated to a 
saturation dose at —196°. About 3 min after removal 
from liquid nitrogen, the solid again was irradiated (at 
near room temperature) for the time specified in Table 
II; it then was allowed to stand at room temperature 
to give the total anneal time, inclusive of the room- 
temperature irradiation time, between removal from 
liquid nitrogen after the first irradiation and immersion 
in liquid nitrogen for introduction of isopropylbenzene. 
Obviously, rigorous control of all experimental condi
tions is not possible in such experiments. Neverthe
less, the results clearly establish that irradiation at room 
temperature accelerates the decay of excitations pro
duced by irradiation at —196°. Furthermore, the 
limiting value of the benzene yield obtained is again 
the same as that obtained in a 37° irradiation, 2.6 X 
1017 molecules/g of solid. Finally, the decrease in 
benzene yield of ~ 3  X 1017 molecules/g of solid for a 
dose of 7.6 X 1018 ev g_1 (c/. Table II) corresponds to 
G ~  4 for the destruction of excitations, which may be 
compared to Go(C6H6) =  4 in irradiation at —196°. 
Considering the experimental uncertainties and over-all 
complexity of the situation in such an irradiated solid, 
such an exact correspondence of the two G values is 
probably fortuitous; however, even an approximate 
correspondence would be very suggestive.

On irradiation of solid A at 37°, no color was ob
served at doses up to 4 X 1021 ev g-1 ; a very slight, non- 
uniform coloration was observed in solids B and C. 
Beginning a few seconds after removal from liquid nitro
gen of solid A irradiated at —196°, a strong green glow 
was observed that decayed almost completely by the 
time room temperature was reached; no quantitative 
observations of the thermoluminescence have been 
made.

Irradiation of Isopropylbenzene Adsorbed cn Silica 
Gel. The results obtained in irradiation of isopropyl
benzene adsorbed on solid A are shown in Figure 3. (G 
is the number of molecules formed per 100 ev absorbed 
by the whole system ; F is the electron fraction of iso
propylbenzene in the system.) The results for both 
(7(C6H6) and G(gas) are very similar to those obtained

Table II : T h e  E ffe c t  o f  Ir ra d ia t io n  D u r in g  R o o m  
T e m p e ra tu re  A n n e a lin g  o f  S o lid s  I n it ia lly  I r ra d ia te d “ a t  — 196°

Anneal8
time,

Irradiation®
time, Benzene^

min min yield

11 8 .5
11 5 5 .4
13 7 .8
13 7 4 .0
40 6 .5
40 18 2.6

“ In it ia l ir ra d ia tio n s  a t  — 1 9 6 ° w e re  to  a  s u ffic ie n t ly  la rg e  d o se  
to  en su re  a t ta in m e n t  o f  sa tu ra tio n . 6 T o ta l  t im e  b e tw e e n  re 
m o v a l o f  liq u id  n itro g e n  a fte r  th e  in it ia l ir ra d ia tio n  a n d  its  
r e p la ce m e n t  p r io r  to  in tr o d u c t io n  o f  is o p r o p y lb e n z e n e  ( in c lu d e s  
r o o m -te m p e ra tu re  ir ra d ia tio n  t im e ). 0 R o o m -te m p e r a tu r e  ir 
ra d ia tio n  t im e  a t  a  d o se  ra te  to  th e  so lid  o f  1.51 X  1 0 18 e v  g " 1 
m in -1 . d U n its  o f  1 0 11 m o le cu le s  p e r  g ra m  o f  s o lid .

F ig u re  3. Y ie ld s  in  irra d ia tio n  o f  is o p ro p y lb e n z e n e  a d so rb e d  
o n  silica  g e l A :  O , C e lls ; • ,  gas v o la t ile  a t  — 1 9 6 ° . F  is 
th e  e le ctron  fra c t io n  o f  is o p ro p y lb e n z e n e  in  th e  sy ste m .

earlier with a silica-alumina (10% by weight of alu
mina);13 14 e.g., in the earlier work, (?(C6H6) reached a 
maximum of 1.45 at F = 0.0018, and G(H2) reached a 
maximum of 0.21 at F =  0.007 and then passed through 
a minimum at F «  0.15, in the neighborhood of com
plete surface coverage. The passage of (?(FI2) through 
a minimum at F »  0.15:was more evident in results ob
tained on another silica-alumina, for which the maxi
mum (?(H2) =  0.28 occurred at F = 0.0046.14 The 
lower values of (7(C6H6) obtained in the earlier 
work are attributable to the use of a dose about 20 
times larger in that work than in the present study; 
irradiation of isopropylbenzene adsorbed on solid A to 
the same large dose at F = 0.007 gave G^CelR) =  1.01

(13) R . R . H en tz, J. P hys. Chem., 66 , 1625 (1962).
(14) R . R . H en tz, ibid., 68, 2889 (1964).
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which may be compared with G(C6H6) =  1.05 obtained 
at F =  0.007 for the silica-alumina.13 At the lower 
doses used in this work, decomposition of isopropyl
benzene was of the order of 1%.

Discussion

A. The Reaction of Isopropylbenzene on Irradiated 
Silica Gel. In quartzes and silica-base glasses and gels, 
the mechanism of formation and the nature and inter
relationships of the many color centers formed by high- 
energy radiation are not thoroughly understood.4’6’16-18 
Consequently, it would be premature to attempt the 
development of a unique and integrated interpretation 
of the chemical effects occurrent on interaction of iso
propylbenzene and other substances with irradiated 
silica and silica-alumina gels. Nevertheless, certain 
color centers in silica-base solids have been rather 
thoroughly studied, and their behavior and nature have 
been established with reasonable certainty. By com
parison of the behavior of such color centers with that 
of the isopropylbenzene dealkylation reaction on ir
radiated silica and silica-alumina gels, a strong correla
tion is established between these color centers and the 
excitations effective in dealkylation.

The Role of Impurities. The results in Table I are 
to be compared with benzene yields of 13-233 X 1015 16 17 
molecules/g of solid obtained on silica-aluminas ir
radiated at room temperature to a saturation dose;2,14 
these, silica-aluminas contained -~1.2 X 1021 atoms of 
A l/g of solid. For the room temperature irradiations, 
a qualitative correlation is observed between the yield of 
benzene and the aluminum or total impurity content.19 
Similar qualitative correlations have been reported be
tween the aluminum content of irradiated silica gels 
and their visible color, H2-D 2 exchange activity, and ir
reversible H2 adsorption.8’11 Nevertheless, the rela
tionship between benzene yield and impurity content is 
quite evidently not a proportional one; certainly the 
aluminum content does not govern the limiting yield. 
Similarly, poor quantitative correlations have been ob
tained between aluminum content and the visible color 
of irradiated quartz and silica; this has been accounted 
for as owing to presence of part of the aluminum in 
interstitial sites,20 rather than in substitutional sites 
where aluminum acts as a positive-hole trap and gives 
rise to the visible color21 and a characteristic esr signal.22 
Such an explanation cannot account for the low benzene 
yields relative to aluminum content on the silica- 
aluminas for which a major fraction of the benzene 
yield has been associated with the visible color centers;2 
in such solids, the aluminum appears to be largely sub
stitutional.23 The benzene yield on silica-alumina may 
be limited by the availability of stable electron traps or of

specific charge-compensation ions essential to stabiliza
tion of positive holes on substitutional aluminum.4’6 

Although the aluminum content of the three silica gels 
is sufficient to account for the yields of benzene in room- 
temperature irradiation, the absence of significant 
visible coloration in the irradiated solids suggests that 
the traces of aluminum are not substitutional in these 
solids. On solids A and C irradiated at —196°, ben
zene yields actually exceed the aluminum content. 
One might argue that benzene yields on the irradiated 
silica gels are related to total impurity content, which 
may exceed the benzene yield even in the case of solid 
A irradiated at —196°. In the ensuing discussion, 
remarkably good correlations are established between 
the behavior of benzene yields on irradiated solid A and 
that of certain color centers, namely the E ' centers 
(trapped electrons) absorbing at ~0.22 u> associated 
with specific vacancies in the silica matrix. It is our 
opionion that limiting benzene yields on the three 
silica gels are governed by the availability of defects 
inherent in the silica matrix and not by cationic im
purities. The difference between the benzene yield on 
solid A and those on solids B and C may be attributable 
to the effect of the very different methods of prepara
tion on the concentration of silica matrix defects pro
duced; e.g., it has been observed that anion impurities, 
particularly OH- , may occupy oxygen vacancies and 
preclude formation of E ' centers on irradiation.18 
Solids B and C were prepared with SiCU while the solid 
A preparation used ethyl silicate. Although the large 
difference in surface area of solid A as compared to 
solids B and C reflects an effect of preparation method 
on structure, it is evident that benzene yields are not 
directly related to surface area. It should be noted 
that an appreciable fraction of the benzene yield on ir
radiated silica-alumina was shown not to be associated 
with visible color centers ;2 it is probable that this yield 
of benzene arises from the same centers that are effec
tive in the silica gels.

(15) Cf. the ten papers from the Mellon Institute Symposium on 
Defect Structure of Quartz and Glassy Silica, J. Phys. Chem. Solids, 
13, 271 (1960).
(16) W . D. Compton and G. W . Arnold, Jr., Discussions Faraday 
Soc., 31, 130 (1961).
(17) C. M. Nelson and R. A. Weeks, J. Appl. Phys., 32, 883 (1961).
(18) R. A. Weeks and E. Lell, ibid., 35, 1932 (1964).
(19) Other impurities— such as iron, magnesium, copper, calcium, 
and sodium— were present in silica gels A  and B at about the same 
level as the aluminum.
(20) A. J. Cohen, J. Phys. Chem. Solids, 13, 321 (1960).
(21) R. W . Ditchburn, E. W . J. Mitchell, E. G. S. Paige, J. F. 
Custers, H. B. Dyer, and C. D. Clark, Bristol Conference on Defects 
in Crystalline Solids, The Physical Society, London, 1955, p 92.
(22) M. C. M. O’Brien and M. H. L. Pryce, ref 21, p 88.
(23) A. Leonard, S. Suzuki, J. J. Fripiat, and C. DeKimpe, J. 
Phys. Chem., 68, 2608 (1964).
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Correlations with the E' Centers. In fused silicas of 
high purity, in which no visible color is produced by 
irradiation, certain radiation-induced ultraviolet ab
sorption bands are enhanced by irradiation at 
—196°.16'24 25'26 Arnold and Compton26 28 29 report that on 
irradiation and measurement at 77°K, the intensity of 
the 0.215-¡x band (an E ' center) was ~ 1 0  times greater 
than the intensity observed after an irradiation at 
~300°K  and measurement at 77°K. In addition, 
these authors observed that when the sample irradiated 
at 77°K is warmed to room temperature and then im
mediately remeasured at 77° K, the 0.215-/x absorption 
is reduced to about half its original value. Further 
loss in the 0.215-^ absorption was observed to occur 
slowly at room temperature and to approach the value 
obtained when the irradiation was made at room tem
perature. The parallel between these results and the 
benzene yield results is striking (c/. Figures 1 and 2).

The same limiting yield of benzene is attained in 
room-temperature irradiation as in the decay at room 
temperature of centers produced by a saturation dose 
at —196°; therefore, this limiting yield of benzene at 
room temperature must correspond to essentially 
complete population of certain silica matrix defects, 
rather than to attainment of a radiation-induced steady- 
state population of such defects. Furthermore, the 
annealing behavior suggests a quantitative conversion 
of centers formed on irradiation at —196° into avail
able room-temperature centers on warming. Again, a 
similar interconversion of electron-type centers has 
been observed in optical bleaching experiments on ir
radiated fused silicas;26-29 e.g., Nelson and Weeks ob
serve that interconversion of EF and E2' centers occurs 
with only a small loss of total intensity and conclude 
that it is easier to transfer electrons between electron- 
type centers than to cause electron-hole recombination 
at a hole center.

The results of Table II show that centers produced 
on irradiation at —196° are converted into the room- 
temperature centers by irradiation at room tempera
ture;30 the loss in benzene yield due to the room- 
temperature irradiation corresponds to a G(— CeFR) 
«  4, which equals ^(CelR) at —196°. Such a result 
suggests that the limiting yield of benzene in irradiation 
at —196° corresponds to a steady-state population of 
the unstable (at room temperature) centers; these cen
ters must have a negligible cross section for formation 
at room temperature. The (^(CeHe) ~  4 at —196° 
corresponds to 25 ev per center, which is about what 
might be expected for the formation of free charge car
riers in silica. Thus, at —196° a high capture efficiency 
for the free charge carriers is indicated; that for forma

tion of the room-temperature centers is ~  60-fold 
smaller.

Correlation with Other Chemical Effects on Irradiated 
Silica Gels. The dealkylation of isopropylbenzene ap
pears to occur on a variety of color centers produced by 
irradiation of silica and silica-alumina gels. The cen
ters effective in dealkylation that are produced by irra
diation of silica gel at —196° seem to correspond to the 
acid centers of Barter and Wagner.9 These authors 
observed no coloration of their irradiated silica gel 
and observed decay of the radiation-induced acid cen
ters at room temperature. We suggest that such cen
ters are associated with some kind of color center 
characteristic of the silica matrix. In addition, there 
are radiation-induced dealkylation centers in silica gel 
and in silica-alumina that are stable at room tempera
ture and also do not absorb in the visible and, hence, are 
not associated with positive holes trapped on substitu
tional aluminum impurity. Such are the centers 
formed at room temperature in solid A and those which 
remain after a hydrogen or thermal bleach of visible 
color centers in silica-alumina.2 These centers, to 
which —196° centers convert on warming of a —196° ir
radiated silica, also appear to be related to defects in
herent in the silica matrix. Finally, in silica-alumina2 
dealkylation of isopropylbenzene has been shown to 
occur also on the visible color centers (stable at room 
temperature) identified as positive holes trapped on 
substitutional aluminum. Boreskov, et al.,8 have 
demonstrated that in a silica gel that is colored by ir
radiation, such aluminum centers are responsible for the 
color, for the irreversible adsorption of hydrogen con
comitant with bleaching of the color, and for a major 
part of the H2-D 2 exchange activity measured at 
— 196°. It has been noted previously2 that dealkyla
tion of isopropylbenzene does not occur on the radia
tion-induced H2-D 2 exchange sites studied by Kohn 
and Taylor;6 these sites do not absorb in the visible 
(they remain after hydrogen bleaching) and are 
poisoned by oxygen.

B. Irradiation of Isopropylbenzene Adsorbed on Silica

(24) P. W . Levy, J. Phys. Chem. Solids, 13, 287 (1960).
(25) G. W . Arnold and W . D. Compton, Phys. Rev., 116, 802 (1959).
(26) F. S. Dainton and J. Rowbottom, Trans. Faraday Soc., 50, 
480 (1954).
(27) C. M . Nelson and R. A. Weeks, J. Am. Ceram. Soc., 43, 396 
(1960).
(28) C. M. Nelson and J. H. Crawford, Jr., J. Phys. Chem. Solids, 
13, 296 (1960).
(29) The existence of such interconversions in the alkali halides has 
been known for some time; cf. K. Przibram, “ Irradiation Colours 
and Luminescence,” Pergamon Press Ltd., London, 1956, p 72.
(30) A  similar effect has been observed in KC1 by H. U. Harten, 
Z. Physik, 126, 619 (1949).
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Gel. The results obtained in irradiation of isopropyl
benzene adsorbed on silica gel are similar to those ob
tained earlier on silica-alumina.13 Such similarity 
casts doubt on the earlier identification of the occur
rence of a maximum in GfCsIR) with saturation by 
added isopropylbenzene of inherent catalytic sites in 
the solid. Rather, the effects must now be considered 
as independent of aluminum content and related to 
some characteristic inherent in the microporous silica- 
base solids.

A maximum ff( Celle) «  231 occurs at low doses per 
gram of solid corresponding to those for which (rofC'eHe) 
«  4 in the —196° irradiations of solid without iso
propylbenzene. This suggests the possibility that the 
dealkylation reaction in irradiation of adsorbed isopro
pylbenzene at room temperature may occur via the 
unstable —196° centers; this would require that the 
rate of reaction be rapid relative to the rate of radia
tion-induced destruction of these centers. Such a pos
sibility would also require the rate of formation of un
stable — 196° centers to be about the same at, room

temperature as at —196°; however, such a requirement 
cannot be reconciled with the essentially zero steady- 
state yield of the unstable centers in irradiation of the 
solid without isopropylbenzene at room temperature. 
Consequently, we conclude that dealkylation of ad
sorbed isopropylbenzene occurs under irradiation by 
direct capture of free charge carriers with an efficiency 
almost equal to that for their capture by silica matrix 
defects at —196°.

Acknowledgment. The authors are grateful to Socony 
Mobil Oil Company, Inc., for synthesis and charac
terization of the silica gel designated as solid A and to 
Dr. H. W. Kohn of the Oak Ridge National Laboratory 
for the silica gels designated as solids B and C.

(31) Although the dose per milligram of isopropylbenzene was 
maintained approximately constant in most of these experiments, the 
point for G =  2.0 in Figure 3 corresponds to a sixfold greater dose. 
Thus, the four points in Figure 3 in the range G =  1.72-2.16, in
clusive, cover a range of doses per gram of solid under very similar 
conditions and give an average G(CcHe) «  2.
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Pure Quadrupole Resonance of Halogens in Some Hexahalorhenates(IV)

by Ryuichi Ikeda, Akinobu Sasane, Daiyu Nakamura, and Masaji Kubo

Department of Chemistry, Nagoya University, Chikusa, Nagoya, Japan (Received March 10, 1966)

The nuclear quadrupole resonance of halogens in various hexahalorhenates(IV) R2[ReX6] 
(R =  NH4, Rb, Cs; X  = Cl, Br, I) was observed at various temperatures. The change 
in the number of observed resonance lines reveals the existence of a phase transition of 
ammonium hexaiodorhenate(IV) at 44-46°. From the dependence of resonance fre
quencies on the kind of cations R, it is concluded that, in addition to the direct electro
static effect of external charges, an indirect effect, due to neighboring ions, is significant 
on the field gradient at the resonant halogen nucleus. Sternheimer’s antishielding ac
counts for the large field gradient amplification at least with regard to the sign and the 
order of magnitude of the indirect effect relative to the direct effect. All these complexes 
show a positive temperature coefficient of quadrupole resonance frequencies with the 
single exception of ammonium hexachlororhenate(IV). It is suggested that hydrogen 
bonding or some electrostatic interaction between hydrogen and chlorine atoms in crystals 
is responsible for the exceptional behavior of this complex.

Introduction
In a preceding paper,1 we have reported that positive 

temperature coefficients of quadrupole resonance fre
quencies were found for potassium hexachlororhenate-
(IV), hexabromorhenate(IV), and hexachlorotungstate-
(IV). The temperature range was that in which these 
complexes show a single resonance line, i.e., the range 
in which they form cubic crystals having the potassium 
hexachloroplatinate(IV) structure. A theoretical ex
planation was made in terms of the dir-pir bond char
acter of metal-ligand bonds in paramagnetic complexes 
having one or more vacancies in their da orbitals. 
However, the field gradient at the resonant nucleus 
leading to the positive temperature coefficient does not 
originate solely from the electron distribution within 
the complex ion containing the nucleus: charges 
on other ions should make an appreciable contribution 
as well. Therefore, we have undertaken a systematic 
study of the temperature coefficient of quadrupole 
resonance frequencies of hexachloro-, hexabromo-, and 
hexaiodorhenates(IV) having ammonium, rubidium, 
and cesium ions as cations. Potassium hexaiodorhe- 
nate(IV) has been already examined,1 but it does not 
crystallize in a cubic structure at any accessible tem
perature. No reports have ever been published on the 
possible formation of lithium and sodium hexahalorhe- 
nates(IV).

Experimental Section
Apparatus. A Dean-type, self-quenching, super- 

regenerative spectrometer, already described,2 was 
used for the observation of quadrupole resonance fre
quencies of chlorine isotopes. For detecting the 
resonance absorptions of bromine and iodine isotopes, 
a self-quenching, superregenerative spectrometer2 
equipped with Lecher lines was employed. Resonance 
frequencies were determined at room, Dry Ice, and 
liquid nitrogen temperatures. For ammonium hexa- 
iodorhenate(IV), frequency determination was ex
tended up to about 100° in order to locate a possible 
phase transition to a cubic structure. For all of the 
complexes studied, the temperature coefficient of 
the resonance frequencies was determined between 
Dry Ice and room temperatures.

Materials. When ammonia solution was added to 
an aqueous solution of rhenium(VII) heptoxide, Re20 7, 
ammonium perrhenate(VII), '(NH4)R e04, separated 
as a white precipitate. It was dissolved in concen
trated hydrochloric acid and reduced with hypophos- 
phorous acid to prepare ammonium hexachlororhenate-

(1) R. Ikeda, D. Nakamura, and M . Kubo, J. Phys. Chem., 69, 2101 
(1965).

(2) D . Nakamura, Y . Kurita, K. Ito, and M . Kubo, Am. Chem. 
Soc., 82, 5783 (1960).
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(IV).3 4 Rubidium and cesium hexachlororhenates(IV) 
and ammonium, rubidium, and cesium hexabromo- 
rhenates(IV) were synthesized in a similar manner from 
appropriate starting materials (rubidium carbonate 
and cesium carbonate) using hydrobromic acid in place 
of hydrochloric acid for obtaining the hexabromo 
complexes. In order to identify the samples, each 
complex was decomposed with a sodium or potassium 
hydroxide solution and the halogens were determined 
by Volhard’s method. Anal. Calcd for (N H ^- 
ReCl6: Cl, 48.9. Found: Cl, 47.3. Calcd for Rb2- 
ReCl6: Cl, 37.3. Found: Cl, 37.3. Calcd for Cs2- 
ReCl6: Cl, 32.0. Found: Cl, 31.7. Calcd for 
(NH4)2ReBr6: Br, 68.5. Found: Br, 67.2. Calcd 
for Rb2ReBr6: Br, 57.3. Found: Br, 55.9. Calcd 
forCs2ReBr6: Br, 51.5. Found: Br, 50.7.

Ammonium, rubidium, and cesium hexaiodorhenates- 
(IV) were synthesized from the corresponding perrhe- 
nates(VII) in accordance to a method employed by 
Briscoe, et a l for the preparation of potassium 
hexaiodorhenate(IV) and identified by the analysis 
of iodine by Volhard’s method. Anal. Calcd for 
(NH4)2Rel6: I, 77.4. Found: I, 76.2. Calcd for 
Rb2Rel6: I, 68.1. Found: I, 66.3. Calcd for Cs2- 
ReR: 1,62.7. Found: 1,61.0.

For the rubidium and cesium complexes thus pre
pared, the resonance signals were barely detectable 
or undetectable. Therefore, each sample was sealed 
in a glass tube, heated at 80-100° for 3-5 hr, and 
annealed. The signal-to-noise ratio (S/N) increased 
to 2-3 for chlorine and 2-5 for bromine and iodine.

Results

All of the hexachloro complexes yielded a single 
absorption of weak intensity in the whole temperature 
range studied. The observed resonance frequencies 
are unequivocally attributable to 36C1 for the following 
reasons. First, if it is assumed that they were due to 
37C1, those of the more abundant isotope should be ob
served in a frequency region of high sensitivity of the 
spectrometer used. This result would have been in 
contradiction with our observations. Second, the ob
served frequencies are close to the resonance frequency,
13.9 Me, of 36C1 in potassium hexachlororhenate(IV),1 
for which the frequencies of both isotopes have been 
observed. It is quite reasonable to suppose that, in 
the present study, the resonance frequencies of 37C1 
escaped detection because they fell in a frequency 
region in which the sensitivity of the spectrometer used 
was relatively low. Another reasonable supposition 
is that the natural abundance of the 37C1 isotope is 
smaller (about one-third) than that of 35C1, which showed 
only a weak signal anyway (S/N =  2-3).

Each of the three hexabromo complexes showed two 
weak absorptions (S/N — 3-5). The frequency ratio, 
1.197, of the two lines agreed excellently with the 
known isotopic frequency ratio of bromine.

Rubidium and cesium hexaiodorhenates(IV) gave 
rise to two absorptions of frequency ratio equal to 
1:2 at room and Dry Ice temperatures as expected for 
v\ and V2 of 127I. At liquid nitrogen temperature, 
single lines were observed for both n and v2 of the 
cesium salt, whereas the rubidium salt showed two 
closely spaced m lines of a very weak intensity (S/N <
1.5). It is very likely that the corresponding r2 
also is a doublet. However, owing to the low sensi
tivity of the spectrometer in this frequency range, only 
a single line was located accurately. Surely, a phase 
transition takes place at some temperature between 
Dry Ice and liquid nitrogen temperatures.

The temperature dependence of the resonance fre
quency of ammonium hexaiodorhenate(IV) is fairly 
complicated, as shown in Figure 1. At room temperar- 
ture, two pairs of lines were observed, with a frequency 
ratio of about 1:2. These lines are attributable to 
vi and r2, respectively, indicating the existence of two 
kinds of crystallographically nonequivalent iodine 
atoms in crystals. The high-frequency doublet com
ponent was about twice as intense as the low-frequency 
component. The frequencies of the doublet lines de
creased with increasing temperature. The lines dis
appeared at about 46° while a new single line of a 
stronger intensity and a lower frequency appeared at 
44.5° for each of m and v2. Above the transition 
point, the resonance frequency showed a positive 
temperature coefficient. Below room temperature, 
the doublet structure of vi and v2 persisted down to 
about —100°. The low-frequency line of each doublet 
showed a positive temperature coefficient below about 
— 50°. At the temperature of liquid nitrogen, triplet 
lines were observed for both v\ and v2, indicating the 
existence of three kinds of nonequivalent iodine atoms 
in the rhenate crystals. Therefore, it is concluded 
that a phase transition takes place between Dry Ice 
and liquid nitrogen temperatures.

The resonance frequencies of 36C1, 79Br, and 127I, 
observed at various temperatures, are listed in Table I. 
The frequencies of a less abundant isotope, 81Br, are 
omitted, because they give the correct isotope fre
quency ratio.

The foregoing results indicate that all halogen 
atoms are equivalent to one another in a crystal of

(3) C. L. Rulfs and R. J. Meyer, J. Am. Chem. Soc., 77, 4505 (1955).
(4) H. V. A. Briscoe, P. L. Robinson, and A. J. Rudge, J. Chem. 
Soc., 3218 (1931).
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Figure 1. Temperature dependence of pure quadrupole n 
resonance frequencies of 127I in ammonium hexaiodorhenate (IV).

these hexahalo complexes at room temperature, except 
for ammonium hexaiodorhenate(IV). This is in agree
ment with the results of X-ray analysis which show 
that some of these complexes form cubic crystals of 
the potassium hexaehloroplatinate(IV) type (Fm3m) 
at room temperature.5-7 For complexes with no X-ray 
crystallographic data as yet, Norelco X-ray powder 
patterns were taken and analyzed to determine the 
lattice constants. The results are shown in Table II.

The X-ray powder patterns of ammonium hexaiodo- 
rhenate(IV) taken at room temperature could not be 
interpreted as due to a cubic or tetragonal structure. 
However, those taken at about 80° indicated that the 
crystal had the potassium hexachloroplatinate(IV) 
structure. Accordingly, it is concluded that this com
pound undergoes a phase transition at 45° from a 
structure of a lower than tetragonal symmetry to 
the cubic structure.

From the observed frequencies, n and v», of 127I 
in the hexaiodo complexes, the quadrupole coupling 
constants and the asymmetry parameters were eval
uated using Livingston and Zeldes’ table8 as shown 
in Table III. When a multiplet structure appeared 
as in ammonium hexaiodorhenate(IV), the theoretical

Table I : Pure Quadrupole Resonance Frequencies of 36C1, 
79Br, and 12,I in Some Hexahalorhenates(IV)

Temp,
Compd °C Freq, Mc/sec

(NH4)2ReCl6 26 14.086 ±  0.001
-7 2 14.106 ±  0.001
Liquid N2 14.125 ±  0.001

Rb2ReC]e 20 14.277 ±  0.001
-6 6 14.264 ±  0.001
Liquid N2 14.248 ±  0.001

CsîReCle 18 14.611 ±  0.001
-6 6 14.608 ±  0.001
Liquid N2 14.604 ±  0,001

(NH4)2ReBr6 27 114.02 ±  0.05
-7 1 113.98 ±  0.05
Liquid N2 113.95 ±  0.05

Rb2ReBr6 27 116.09 ±  0.05
-7 5 115.95 ±  0.05
Liquid N2 115.73 ±  0.05

Cs2ReBra 26 118.87 ±  0.05
-7 3 118.76 ±  0.05
Liquid N2 118.41 ±  0.05

Temp, .A /
Compd °C v\ VI

(NH4)2ReIa 105 118.96 ±  0.08 237.7 ± 0 .2
56 118.80 ±  0.08 237.3 ± 0 .3

18 \
f 120.62 ±  0.05 240.68 ±  0.10
[119.69 ±  0.05 239.54 ±  0.10

-6 7  |i121.20 ±  0.05 
L119.74 ±  0.05

241.22 ±  0.10 
239.44 ±  0.10

I' 122.62 ±  0.05 242.03 ±  0.10
Liquid N2 -j 122.10 ±  0.05 241.03 ±  0.10

1119.73 ±  0.05 239.42 ±  0.10
Rb2ReIa 28 122.08 ±  0.05 244.0 ± 0 .2

-7 3 121.96 ±  0.05 243.7 ±  0.2
T. . ,  , T /122.8 ± 0 .1  Liquid N2 i 122 4 ± 0 1 244.8 ± 0 .2

Cs2ReI6 18 124.91 ±  0.05 249.83 ±  0.10
-7 4 124.73 ±  0.05 249.49 ±  0.10
Liquid N2 124.49 ±  0.05 249.01 ±  0.10

requirement, 2vi £: makes the correspondence be
tween v\ and vi unambiguous, except for the two high- 
frequency multiplet components of this compound at 
liquid nitrogen temperature. Here, it was assumed 
that the vi and v2 multiplet components of the highest 
frequency correspond to each other. The asymmetry 
parameter is practically zero for complexes of cubic 
symmetry.

(5) B. Aminoff, Z. Krist., A94, 246 (1936).
(6) D. H. Templeton and C. H. Dauben, J. Am. Chem. Soc., 73, 
4492 (1951).
(7) K . Schwochau, Z. Naturforsch., 19a, 1237 (1964).
(8) R. Livingston and H. Zeldes, “Table of Eigenvalues for Pure 
Quadrupole Spectra, Spin 5 /2 ,“ ONRL Report 1913, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1955.
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Table II: Lattice Constants a  of R2ReX6-Type 
Crystals at Room Temperature

Compd o, A Ref

K2ReCl6 9.861 ±  0.003 5
9.843 db 0.002 7

(NH4)2ReCl6 9.922 ±  0.003
R b îR e C b 9.977 ±  0.002 

9.950 ±  0.007
7

Cs2ReCl6 10.243 db 0.007
K2ReBr6 10.445 ±  0.005 6

10.387 ±  0.002 
10.381 ±  0.003

7

(NH4)2ReBr9 10.441 ±  0.003
Rb2ReBr6 10.490 ±  0.002 7
Cs2ReBr6 10.700 ±  0.005
(NH4)2ReI6 11.27 ± 0 .0 1  

(at ~80°)
Rb2ReI6 11.320 ±  0.002 7
CsüRela 11.409 ±  0.005

Table IV : Nqr Frequencies of Hexahalorhenates(IV) 
and Hexahaloplatinates(IV) at 20°

Compd
V,

Mc/sec Compd
V ,

Mc/sec

K2ReCl6 13.887 K2ReBr6 112.70
(NH4)2ReCl6 14.087 (NH4)2ReBr6 114.02
RbiReCl, 14.277 Rb2ReBr6 116.08
Cs2ReCI6 14.611 Cs2ReBr6 118.86
KüPtClj 25.816 K 2PtBr6 200.21
(NH4)2PtCl6 26.071 (NH4)2PtBr6 202.54
Rb2PtCl6 26.29 RbîPtBiv, 204.38
Cs2PtCl8 26.60 Cs2PtBr6 207.20

where eQ is the quadrupole moment of a halogen
nucleus (Qaei = -0.07894 X 10 ~24 cm2, Q79B:r =  0.33
X IO '24 cm2) .10,11 Now, the field gradient is given
by

Table III: Quadrupole Coupling Constants and Asymmetry 
Parameters of 127I in Hexaiodorhenates(IV)

Temp, e Q q ,

Compd °C Mc/sec V

(NH4)2ReI6 105 792.0 ±  1.0 0.0
56 791.0 ±  1.0 0 . 0

18 {
1802.5 ±  0.3 0.043 ±  0.007
797.9 ±  0.4 0 . 0

-6 7  \
Î804.6 ±  0.2 0.062 ±  0.004
(798.2 ±  0.3 0.012 ±  0.012
(811.0 ±  2.0 0.101 ±  0.003

Liquid N2 ( 804.0 ± 1 . 0 0.101 ±  0.003
[796.9 ±  0.8 0.012 ±  0.012

Rb2R eï6 28 813.4 ±  0.5 0 . 0
-7 3 812.4 ±  0.6 0 . 0
Liquid N2 810.0 ±  6.0“ 0.036 ±  0.040

Cs2Rel6 18 832.7 ±  0.5 0.0
-7 4 831.6 ±  0.5 0 . 0
Liquid N2 829.4 ±  0.5 0.0

“ Calculated from the mean value of two n  frequencies.

Discussion
Effect of Cations on Nqr Frequencies. The resonance 

frequencies of hexachloro- and hexabromorhenates- 
(IV) increase with increasing ionic radius of cations in 
the order of potassium, ammonium, rubidium, and 
cesium (see Table IV). This was already found for 
hexachloro- and hexabromoplatinates(IV).9

From the observed resonance frequency v, one can 
calculate the field gradient q at the resonant halogen 
nucleus (36C1 or 79Br) by

hv =  \̂eQq\ (1)

q qn  ~f~ qext (2)

where qn is the field gradient in an isolated or free com
plex ion and ge*t includes all effects due to external 
ions in a crystal. Since the sign of eQq cannot be de
termined by nqr spectroscopy, the observed values 
of q are absolute values. The field gradient qn origi
nating from charges within a free complex ion, except 
for the resonant halogen nucleus, is positive. This is 
because the halogen atom has partial vacancy in the 
p2 orbital whereas both px and p„ orbitals are filled. 
It is expected theoretically that the absolute value of 
qext due to external ions decreases with increasing lattice 
constant. The aforementioned fact that the observed 
resonance frequencies increase with increasing lattice 
constant leads to a conclusion that gext is negative and 
its absolute value is smaller than qu

in principle, one would be able to calculate qn 
theoretically if the wave function were known for an 
isolated complex ion. Since it is hopeless at the 
present stage to perform such a calculation, let the dif
ference Ag be taken between complexes having the 
same kind of complex anions. Then, one has

Aq = Agext (3)

where Aq is a quantity capable of being determined 
experimentally. One may presume further that gext 
is the sum of two terms.

gext =  gdir (find ( I )

Here, gdir stands for the field gradient due to the direct

(9) D . Nakamura and M . Kubo, J. Phys. Chem., 68, 2986 (1964).
(10) V. Jaccarino and J. G. King, Phys. Rev., 83, 471 (1951).
(11) J. G. King and V. Jaccarino, ibid., 94, 1610 (1954).
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electrostatic effect of external ions, while g;nd takes 
into account the indirect effect, i.e., the distortion or 
polarization of the complex anion in question caused by 
external ions. The first term gan is calculated below 
for various hexahalorhenates(IV) having alkali metals 
as cations in order to compare Agdn with the observed 
Ag. (We have used qCi and gni given by gci =  q n  +  
gind and gni =  gan in preceding papers.1’9)

The z axis was chosen along an R e-X  bond involving 
the resonant halogen atom X. For a potassium hexa- 
chloroplatinate(IV)-type crystal, the principal axes 
of the field gradient tensor qdir coincide with those of 
the field gradient originating from charges within the 
complex anion in question, except for the resonant 
halogen nucleus. The asymmetry parameter is zero 
as was confirmed experimentally. Each of the central 
metal atoms and halogen atoms in complex anions 
M X 62-, as well as cations R +, was assumed to bear a 
point charge p. The net charges calculated from the 
extent of ionic character1 of the metal-halogen bonds 
in these complex anions were used for pm and px, 
whereas pr is equal to +e. With this poinUcharge 
model, gdir can be calculated as

$dir Z p r
3zi2 — r,

r f (5)

where zt and rt are, respectively, the z coordinate and 
the distance of the fth point charge p4 from the origin 
at the given nucleus with respect to the given z axis, 
and the sum is over all external ions in the lattice.

The lattice constants are tabulated in Table II. 
The Re-Cl and Re-Br bond distances have been de
termined by X-ray analysis as 2.37 and 2.50 A in po
tassium hexachlororhenate(IV)5 and potassium hexa- 
bromorhenate(IV),6 respectively. It was assumed that 
these distances are independent of the kind of cations. 
The calculations of gdir were performed by means of 
an NEAC digital computer. The summation was 
extended over all external ions contained in a sphere 
having its center at the resonant nucleus, the radius 
being 36, 37, and 38 A for potassium, rubidium, and 
cesium hexachlororhenates(IV) and 38, 39, and 40 A 
for potassium, rubidium, and cesium hexabromo- 
rhenates(IV), respectively. Similar calculations have 
also been made for hexachloroplatinates(IV). The 
results are shown in Table V. Unfortunately, exact 
X-ray crystal data are not available for the Pt-Br 
distance of ahexabromoplatinate(IV) ion.

From the observed frequencies shown in Table IV, 
Ag was calculated by use of eq 1, while Agdir was ob
tained from the values of gair shown in Table V. 
From these, Agind can be evaluated using eq 3 and 4. 
The results are shown in Table VI. It is evident that

Agdir is one or two orders of magnitude smaller than 
Ag. In other words, the direct electrostatic effect

Table V : Field Gradient gair Calculated for Some 
Hexahalorhenates(IV) and Hexahaloplatinates(IV)

Compd
102tfdir,
e A -3 Compd

1023dir. 
e A -3 Compd

102(?d ir,
e A -3

KsReCle -7 .7 9 K2ReBr6 -6 .4 6 EhPtCb -7 .9 5
IfeReCle -7 .5 0 Rb»ReBr6 -6 .1 8 Rb2PtCl6 -7 .4 5
CsîReCh -6 .6 4 CsîReBrs -5 .6 9 CsîPtCle -6 .6 6

of external charges is too small to account for the ob
served field gradient difference. One is led to conclude 
that the charge distribution within the complex anion 
is altered to a certain extent by external ions and that 
the indirect effect is significant on the field gradient at 
a resonant halogen nucleus.

Table VI : Contributions of Various Effects to 
the Field Gradient Difference

r—Field gradient differences X 102, e A -3—»
Anion Cation Aflext Agdir Agind Atfextcalcd

ReCle |Rb-K 28.4 0.29 28.1 16.7
[Cs-K 52.7 1.15 51.5 66.2

PtCl6 |rRb-K 35 0.50 34.5 28.8
'Cs-K 57 1.29 55.7 74.3

ReBr6 j Rb-K 58.8 0.28 58.5 28.0
Cs-K 107.2 0.77 106.4 77.0

Sternheimer and others12-14 have shown that, when a 
spherically symmetric ion is placed in an inhomogeneous 
electric field, the charge distribution is altered by the 
field in such a way that an additional field gradient, 
due to the polarization, acts on the nucleus. The effect 
is approximated quantitatively by introducing Stern- 
heimer’s antishielding constant y .

qext =  (1 7 ) gdir (6 )

The value of the antishielding constant y  is —56.6 
for a chlorine ion and —99.0 for a bromine ion as 
evaluated by Sternheimer and Foley16 and by Wikner 
and Das,16 respectively. In other words, the direct 
electrostatic effect is amplified by an electronic cloud

(12) R. Sternheimer, Phys. Rev., 80, 102 (1950).
(13) G. Burns and E. G. Wikner, ibid., 121, 155 (1961).
(14) R. Bersohn, J. Chem. Phys., 29, 326 (1958).
(15) R. Sternheimer and H. M. Foley, Phys. Rev., 102 , 731 (1956).
(16) E. G. Wikner and T. P. Das, ibid., 109, 360 (1958).
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surrounding the resonant nucleus. Although a halo
gen nucleus in a hexahalo complex anion has an elec
tronic environment different from that of a simple ion, 
the amplification of the field gradient must surely be 
present in complex ions also. Therefore, in order to 
estimate roughly the extent of field gradient ampli
fication as a check, AqKXt was calculated from Agan by 
use of eq 6 with y values for simple ions. The results 
are shown in the last column of Table VI. Comparison 
of the calculated Agext with the observed Aqcxt indi
cates that Sternheimer’s antishielding effect accounts 
for the large indirect effect, at least with regard to 
the sign and the order of magnitude of gind relative to
(?dir-

Temperature Coefficients of Nqr Frequencies. The 
temperature dependence of the resonance frequencies 
of hexachlororhenates(IV) is linear in the temperature 
range in which the complexes form cubic crystals. The 
observed temperature coefficients are shown in Table
VII. As was anticipated, they are positive regardless 
of the kind of cations except for ammonium hexachloro- 
rhenate(IV). This compound shows a negative tem
perature coefficient, the absolute value being small 
compared with those of diamagnetic complexes having 
a similar structure. We have already explained1 
the positive temperature coefficients of quadrupole 
resonance frequencies of hexahalorhenates(IV) and

hexahalotungstates(IV) in terms of the partial dTr-p7r 
bond character of the metal-ligand bonds. In view 
of this theoretical conclusion, it is rather strange that 
a negative temperature coefficient was found for the

Table VII: Temperature Coefficient ( \ / v ) A v / A T  of Quadrupole 
Resonance Frequencies of Halogens in R2[ReX6]
Crystals at Room Temperature

(lA Jdr/d  T
Compd X 106

K2ReCl6 9.4
(NH4)2ReCl6 -1 3
Rb2ReCl6 10
Cs2ReCl6 3.8
K2ReBr6 22
(NH4)2ReBr6 4.7
Rb2ReBr6 7.0
Cs2ReBr6 5.2
(NH4)2ReI6 22 (50-140°)
Rb2ReIg 11
Cs2Rel6 15

single exception. Possibly, hydrogen bonding or an 
electrostatic interation of some sort between hydrogen 
in ammonium ions and chlorine in the complex anions 
is responsible for the exceptional behavior of ammo
nium hexachlororhenate(IV).
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The Melting Point and Decomposition Pressure of Neptunium Mononitride

by W . M . Olson and R. N . R. Mulford

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico (Received March 11, 1966)

Decomposition pressures for the reaction NpN(s) = Np(l) +  0.5N2(g) in the temperature 
range 2210-2830° are presented. NpN melts congruently at 2830 ±  30° under a nitrogen 
pressure of about 10 atm. An equation, log p (atm) = 8 .1 9 3 — [(29.54 X 103)/T ]  +  7.87 X 
10_18T6, was found to describe the decomposition pressure-temperature relation for NpN. 
A lattice parameter of a =  4.8987 ±  0.0005 A was measured for the cubic nitride.

Introduction
At ambient nitrogen pressures below the pressure 

where NpN melts congruently the following reaction 
occurs.

NpN(s) =  Np(l, saturated with N) +  0.5N2(g)

At sufficiently high temperatures the solid will liquefy 
as soon as the decomposition pressure exceeds the am
bient nitrogen pressure. Therefore the decomposition 
pressure-temperature relation can be determined by 
observing the apparent melting point as a function of 
nitrogen pressure. If the ambient nitrogen pressure 
is high enough to suppress decomposition, the con
gruent melting point may be observed.

Experimental Section
Apparatus. The apparatus and procedure have 

been fully described previously.1 Briefly, about 5 mg 
of NpN powder was placed in a 30° vee formed in a 
tungsten strip which was heated resistively. The 
sample was observed and its temperature determined 
by means of a calibrated Pyro micro optical pyrometer 
sighted through a quartz window and prism located at 
the top of the stainless steel vacuum-pressure can.

Temperatures were corrected for the absorption of 
the prism and window, and also for the emissivity of 
the tungsten vee. It is estimated that the accuracy 
of the temperatures reported is ±30°.

Preparation of NpN. Most of the NpN was made in 
the following manner. Neptunium metal, which con
tained 230 ppm of carbon as the principal impurity, was 
cleaned in an inert atmosphere by removing the surface 
with a file. The cleaned metal was reduced to filings 
which were placed in a tungsten vee and heated re
sistively under vacuum for approximately 5 min at

about 500° to remove absorbed gases. The filings 
were then cooled to room temperature, and 1 atm of 
spectroscopic grade nitrogen, to which had been added 
about 0.5% hydrogen (Linde Ultra Pure) to serve as 
a catalyst, was introduced into the system.

The reaction between the neptunium filings and the 
gas was started by heating the filings to 600°. After 
the reaction appeared to be complete, the temperature 
was increased to 1500° and the gas was pumped off. 
This procedure decomposed any neptunium hydride 
which had not been converted to nitride during the 
heating at 600° and volatilized any unreacted nep
tunium metal. An X-ray diffraction pattern showed 
only NpN to be present. The resulting NpN powder 
was stored under vacuum, and small portions were used 
for the melting point determinations.

Procedure. In determining the melting point, or 
decomposition temperature, about 5 mg of NpN 
powder was placed in a tungsten vee, the apparatus 
was evacuated, and the sample heated to about 1000°. 
Spectroscopically pure nitrogen was then introduced 
into the system until the desired pressure was attained. 
Then the temperature was raised until the sample 
started to melt. Temperature and pressure readings 
were taken just before and just after melting had oc
curred, and the true values were assumed to be the 
averages. The before and after temperature readings 
were usually about 10° apart.

Results
The decomposition pressures obtained for NpN 

are plotted in Figure 1 as log p (atm) vs. 10,000/T

(1) W . M . Olson and R. N . R. Mulford, J. Phys. Chem., 67, 952
(1963).
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(°K). The data points are considerably scattered, 
but it is apparent that they fall along a gentle curve 
which intersects the vertical line representing con
gruent melting at a pressure of about 10 atm. The 
congruent melting point, as established by this vertical 
line on the plot, is 2830 ±  30°.

In previous work, oxygen impurity had been found 
to have considerable influence on the decomposition 
of ThN.2 In the present work with NpN no clear 
influence of oxygen was detected. Some of the points 
in Figure 1 were obtained with nitride made from saw
dust which definitely contained oxide as a result of the 
sparking and burning that accompanied the sawing 
process. The other points were obtained from nitride 
prepared from bulk metal by the method previously 
described. There was no apparent difference between 
the pressure-temperature results from the two nitride 
sources. No oxide was detected in X-ray patterns 
from the nitride made from the bulk metal.

Neptunium, like plutonium, forms only a mono
nitride. The lattice parameter of this cubic, sodium 
chloride type nitride was found to be a =  4.8987 ±  
0.0005 A which agrees well with the value reported 
by Zachariasen,3 a = 4.897 ±  0.002 A.

Discussion
Since the liquid neptunium in equilibrium with the 

nitride is saturated with nitrogen, and therefore its 
activity is some unknown value less than unity, the 
present data cannot be used to provide an accurate 
value for the standard heat of formation of NpN.

The solubility of nitrogen in liquid neptunium presum
ably varies with temperature, the solubility increasing, 
and, consequently, the neptunium activity decreasing 
as the temperature increases. This temperature de
pendence of the solubility is reflected in the curvature 
shown by the data in Figure 1. A limit for A //°2m 
may be obtained from the lowest experimental point, 
where the activity of the neptunium was nearest 
to unity, by combining the experimental value with 
entropy and heat capacity estimates. If, for the forma
tion of 1 mole of NpN from pure neptunium and ni
trogen gas, we assume A<S'0298 = — 20 cal/deg mole and 
ACj,° =  1.5 cal/deg mole as an average between 298 
and 2500 °K, the heat of formation at 298 °K is found 
to be more negative than —61 kcal/'mole. The en
tropy of formation is taken to be the same as that of 
UN, as calculated from the measured absolute entropy 
of UN.4 5

In previous similar work with UN,1 PuN,6 and 
ThN,2 it was found that an equation of the form log 
p = A +  (B/T) +  CT6 fitted the experimental points 
well. This equation, which was derived empirically 
has the property of approaching a straight line as the 
temperature becomes lower. This behavior is plausible 
for the nitrogen pressure over a univariant mixture of 
liquid metal and nitride; that is, the deviation from 
linearity is caused by the lowering of the activity of 
the metal in the liquid phase. As the temperature 
decreases, less and less nitrogen remains in solution 
and the metal activity approaches unity. For the 
decomposition pressure of NpN, the data in Figure 1 
are fitted by (T is in °K)

log p (atm) =  8.193 -  [(29.54 X 10*)/T] +

7.87 X 10 -18T6

It is of some interest to compare the stability of 
NpN with the stabilities of the other actinide ni
trides.1,2,5 For accurate comparisons, the standard 
free energies of formation of the nitrides are needed, 
but these cannot be obtained because the activities of 
the metals in their liquid phases are unknown. One 
is thus forced to compare decomposition pressures. 
Small differences among the decomposition pressures 
may reflect only the variation of nitrogen solubility in 
the liquid metals, but it is likely that a large difference

(2) W. M . Oison and R. N. R. Mulford, J. Phys. Chem., 69, 1223 
(1965).
(3) W . H. Zachariasen, Acta Cryst., 2, 388 (1949).
(4) E. F. Westrum, Jr., “ International Symposium on Compounds 
of Interest in Nuclear Reactor Technology,” University of Colorado, 
Boulder, Colo., Aug 3-5, 1964.
(5) W . M. Oison and R. N. R. Mulford, J. Phys. Chem., 68, 1048
(1964).
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between the decomposition pressures of two nitrides is 
a true indication of different stabilities or bond 
strengths. Comparison of the known decomposition 
pressures of the actinide shows an increase in decom
position pressure at constant temperature as atomic 
number increases. At 2500°K, the lowest tempera
ture for which measured pressures are available, com
parison of the logarithms of the decomposition pressures 
calculated from the equations shows that, while UN, 
NpN, and PuN are not too dissimilar in stability, 
ThN is possibly significantly more stable than the 
other three. However, small differences in entropy 
or heat capacity or solubility of nitrogen in the liquid

metal phase could easily account for the differences 
among observed pressures. Similarly, differences in 
stoichiometry of the nitride phases could affect the ob
served pressures. Benz and Bowman6 have found a 
departure from stoichiometry at high temperatures for 
UN.

Acknowledgment. We are grateful to F. H. Ellinger 
for making the X-ray measurements on NpN. This 
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Atomic Energy Commission.

(6) R. Benz and M. G. Bowman, J. Am. Chem. S o c 88, 264 (1966)

The Americium-Hydrogen System1

by W . M . Olson and R. N . R. Mulford

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico (Received April 18, 1966)

Pressure-temperature-composition measurements and X-ray data are presented for the 
americium-hydrogen system. Two hydride phases were found: one, face-centered cubic 
of composition AmH2+I; the other, hexagonal of composition AmHs. Both phases are 
isostructural with the corresponding plutonium and neptunium hydrides. The plateau 
pressures for the Am-AmH2 univariant composition range are represented by log p(atm) =  
7.190 — 8812/7,(°K). The derived heat of formation of AmH2 is AHt =  —40.3 kcal/ 
mole.

Introduction

The uranium-hydrogen,2 neptunium-hydrogen,3 and 
plutonium-hydrogen4’5 systems have been studied 
previously. Now, with sufficient americium metal 
available, it seemed appropriate to extend our knowl
edge of the hydrides to this seventh member of the 
actinide series. Such a study should be especially 
interesting because no very regular behavior, as is 
seen for the rare earth hydrides, has yet been found for 
the actinide hydrides.

Experimental Section

The apparatus and method have been described in 
detail previously.3 Briefly, a sample of americium

metal was contained in an yttria crucible which was 
placed in a silica tube attached to a standard Sievert’s 
apparatus. The sample was out-gassed at 800°. 
Then, measured amounts of hydrogen were added to 
the sample, the pressure in the system being determined 
by means of a combination mercury manometer

(1) Work done under the auspices of the U. S. Atomic Energy Com
mission.
(2) F. H. Spedding, et al., Nucleonics, 4, 4 (1949).
(3) R. N. R. Mulford and T. A. Wiewandt, J. Phys. Chem., 69, 1641
(1965).
(4) R. N. R. Mulford and G. E. Sturdy, J. Am. Chem. Soc., 77, 3449 
(1955).
(5) R. N. R. Mulford, ibid., 78, 3897 (1956).
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(pressures above 2 torr) or a McLeod gauge (pressures 
below 2 torr). The accuracy of measurement of the 
hydrogen pressure was such that the H/Am atom ratio 
is believed to be known to ±0.02. The silica sample 
tube was enclosed within a silver block to smooth tem
perature variations in the sample, and an automatically 
controlled tube furnace able to maintain the sample 
temperature within ±0.1° was used. The sample 
temperature was determined with a calibrated Pt— 
Pt-10% Rh thermocouple having its measuring junc
tion in a reentrant well in the sample bulb.

The Am241 isotope was used and contained 0.15% 
by weight of Ca and 0.20% La as the principal metallic 
impurities. A trace of Am 02 was also detected in the 
X-ray diffraction pattern of the metal. The computed 
H/Am ratios were not corrected to take account of the 
impurities in the americium. Matheson Co. ultra- 
pure grade hydrogen, claimed by the manufacturer to 
contain less than 10 ppm total impurities, was used 
directly from the cylinder.

The procedure consisted of adding small increments 
of hydrogen to the system, measuring the pressure and 
temperature after each increment until the highest 
H/Am ratio had been obtained, then removing the hy
drogen in successive decrements and again measuring 
the pressure and temperature after each decrement. 
Since it was not possible to attain a predetermined tem
perature exactly, the isotherm points were obtained by 
short interpolations. The pressure-temperature curve 
for each amount of hydrogen in the system was obtained 
for both ascending and descending temperature. 
Hysteresis was observed, as described below, only for 
compositions close to AmHs.

Results

The P-T-C  data are plotted in Figures 1 and 2. 
The isotherm plots in Figure 1 show some solubility of 
hydrogen in americium at the higher temperatures, 
about 16 atom %  being soluble at 800°. Figure 1 also 
reveals that the dihydride phase has a lower composi
tion limit that is almost temperature independent over 
the range studied. The inference, if any, is that the 
phase becomes slightly hydrogen deficient as the tem
perature increases.

When the ratio of hydrogen to metal exceeded 2, 
hydrogen dissolved in the AmH2 phase until a com
position of about AmH2.7 was reached. When more 
hydrogen was added, a hexagonal AmH3 phase was 
found. However, this conversion is sluggish, and 
single-phase AmHj was not obtained. Up to AmH2i7, 
good reproducibility in the pressure-temperature data 
was obtained, but some hysteresis was observed at 
higher hydrogen contents, as can be seen in Figure 2.

ATOM RATIO H: Am
Figure 1. Pressure isotherms v s . sample composition 
for the range Am to AmH2. Open circles are for addition 
of hydrogen, solid circles are for removal of hydrogen.

Figure 2. Pressure isotherms for the composition 
AmHi to AmHj. Arrows show direction 
of temperature approach to the point.

Because of the extreme sluggishness of the reaction 
forming AmH3, no well-defined hysteresis loops were 
observed.

In Table I, X-ray data for several compositions are 
presented. It was very difficult to obtain samples
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which could provide X-ray patterns sufficiently sharp to 
permit determination of the AmH3 lattice parameters. 
A satisfactory pattern was finally obtained from a 
sample that had been annealed under 530 torr of hy
drogen pressure for 40 hr at 100°.

Table I : X-Ray Data

Sam H/Am Phases
ple ratio present Lattice parameter, A

1 0.46 Cubic only- a0 = 5.347 ±  0.001
2 1.76 Cubic only do = 5.349 ±  0.001
3 2.67 Cubic only a0 = 5.338 ±  0.004
4 2.92 Cubic +  hex Cubic: do = 5.340 ±  0.005

Hex: Poor pattern
5 2.96 Cubic +  hex Hex: do = 3.77 ±  0.01

co = 6.75 ±  0.01

The AmH2+I (0 <  x <  0.7) phase is face-centered 
cubic, presumably of the fluorite type, and is iso- 
structural with PuH2+x6 and NpH2+x3 as well as with 
most of the rare earth dihydrides. The lattice param
eters observed for the cubic phase are given in Table I ; 
the calculated density of AmH2.o is 10.6 g/cm 3.

The AmH3 phase is hexagonal and is isostructural 
with PuH3,6 NpH3,3 and the trihydrides of the heavy 
rare earths.7 The calculated density of AmH3.0 is 
9.76 g /cm 3. As the hydrogen positions have not been 
determined for any of these compounds except CeH2, 
the assumption that they are isostructural rests on 
their having similar metallic lattices.

It is seen from Table I that the lattice parameter 
shrinks as the hydrogen content of the cubic AmHi+I 
phase increases. Similar behavior is exhibited by 
PuH2+x and the rare earth hydrides of comparable 
structure. However, the lattice parameter of NpH2+z 
expands with increasing hydrogen content.

When the logarithms of the plateau pressures of 
Figure 1 are plotted vs. the reciprocal of the tempera
ture, a straight line is obtained whose slope gives the 
heat per mole of hydrogen gas for the formation of 
AmH2 from americium and hydrogen. The americium 
and AmH2 phases for which this heat is appropriate 
have compositions as defined by the ends of the plateau, 
but in view of the small solubility of hydrogen in ameri
cium and the small departure from stoichiometry of the 
AmH2 on the hydrogen-poor side, the heat may be 
assumed to be close to that for the reaction involving 
the pure phases. The equation for the line is

logp(atm) = 7.190 — 8812/T(°K)

The slope, for the process

Am(s) +  H2(g) =  AmH2(s)

gives an enthalpy change

AH =  -4 0 .3  kcal/mole (773-1073°K)

which should be nearly correct for the standard heat 
of formation of AmH2 in the temperature range given.

A brief comparison of the actinide hydrides is of 
interest. Pertinent data are listed in Table II. Dif
ferent crystal structures and compositions are found 
for the lower hydrides in the respective systems. 
Thus ThH2 is tetragonal, PaH3 and fl-UH3 are cubic, 
and NpH2, PuH2, and AmH2, although also of cubic 
symmetry, are structurally different from PaH3 and 0- 
UH3. If, however, the metal-hydrogen bond lengths 
are computed for each hydride, assuming that NpH2, 
PuH2, and AmH2 have the fluorite structure from anal
ogy to CeH2, it is seen that for all except ThH2 the 
distances are close to 2.32 A.

Table II

Com-
Lattice

parameter,
M -H

distance,

— AHf, 
kcal/ 
mole

pound Structure A A of Hz

ThH2 Tetragonal a = 4.10, 2.41(7) 34

PaH3 Cubic
c = 5.03 

6.648 2.33
d-UHs Cubic 6.631 2.32 20
NpH2 Fee 5.343 2.314 28
PuH2 Fee 5.359 2.320 37
AmH2 Fee 5.348 2.316 40

The heats of formation per mole of hydrogen gas show 
a fairly large increase with atomic number; ThH2 
is again an exception. Thus the actinide hydrides 
above thorium become more stable as atomic number 
increases, at least as far as americium. In the com
parable fluorite-structure dihydrides formed by the rare 
earth series, no trend is evident in the heats of forma
tion; all the known heats are close to —50 kcal/mole of 
H2. In the rare earth hydrides the lanthanide con
traction is clearly evident; that is, the metal-hydrogen 
distance decreases uniformly with atomic number.7 
The actinide hydrides, however, do not exhibit any 
effect that can be attributed to actinide contraction, 
although such contraction is clearly evidenced in other 
series of more ionic actinide compounds, the dioxides

(6) F. H. Ellinger in “ The Métal Plutonium,” A. S. Coffinberry 
and W . N. Miner, Ed., University of Chicago Press, Chicago, 111., 
1961, p 291.
(7) A . Pebler and W . E. Wallace, J. Phys. Chem., 66, 148 (1962).
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and the halides, for example. Unfortunately, not 
enough data are available to permit comparison of the 
actinide hydride bond lengths with those of other acti
nide compounds, such as the monosulfides, in which the 
cation can be called divalent.

Further comparison is possible for the hexagonal 
trihydrides of neptunium, plutonium, and americium. 
The heats of formation of these compounds cannot 
easily be derived accurately from existing pressure

measurements, but the unit cell dimensions are avail
able. In the heavy rare earth trihydride series, an 
unequivocal contraction is evident,7 but again, no such 
effect is seen for the three comparable actinide trihy
drides.

Acknowledgment. We gratefully acknowledge the 
determination of the lattice parameters by Finley H. 
Ellinger.

Infrared Study of OH and NH2 Groups on the Surface of a Dry Silica Aerogel

by J. B. Peri

Research and Development Department, American Oil Company, Whiting, Indiana (Received March 14, 1966)

Infrared and gravimetric study of transparent plates of pure silica aerogel yielded further 
evidence on the characteristics of the OH groups retained after strong drying, the replace
ment of OH groups by NH2 groups, and the formation of NH2 groups by chemisorption 
of NH3. Reactions of D2, D20, HC1, Cl2, SiCL, and CCU with surface OH groups were 
investigated briefly to obtain additional information on the surface structure and the 
reactivity of surface groups. Spectra and the retention of OH groups were generally as 
reported for other silicas, but evidence was also found for some rotation or torsional oscil
lation. The Si-OH bond angle appears to be about 113°. Spectra of hot silica showed 
that OH groups persist on the surface at 800°. Exchange of OH groups with D2 was slow 
on dry silica even at 700°, but D20  exchanged rapidly at 100° or lower. All OH groups 
left after drying at 600° were on the surface. Chemisorption of NH3 occurred slowly on 
samples predried at 800°, producing bands (3526 and 3446 cm-1) assigned to NH2 groups. 
Maximum chemisorption was 1.3 to 1.4 moleoules/100 A 1 2. No HC1 was chemisorbed, and 
it exchanged H only very slowly with surface OD groups. Both Cl2 and CCU replaced 
surface OH with Cl, which could in turn be readily replaced with NH2 groups. The NH2 
groups could again be replaced by Cl by treatment with HC1. Reaction with SiCU and 
subsequent hydrolysis provided evidence that surface OH groups are relatively immobile 
on “ dry”  silica, even at 800°, and are often paired. Steric factors are probably often 
important in reactions involving such groups.

Introduction

Because their surface properties are both practically 
and theoretically important, silica gels and other high- 
area silicas have been intensively studied in many 
laboratories.1,2 Silica surfaces are usually covered

with a layer of OH groups and adsorbed H20. Heating 
at elevated temperatures removes most of this layer,

(1) R. K . Her, “The Colloid Chemistry of Silica and Silicates,” 
Cornell University Press, Ithaca, N. Y ., 1955.
(2) J. A. Hockey, Chem. Ind. (London), 57 (1965).
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but some OH groups are retained very tenaciously.3 
Substitution of other groups for the OH groups is 
often sought to modify adsorptive and other properties 
of silicas.

Much of our present knowledge of their surface 
structure has come from infrared studies of high-area 
silicas.4-18 Because typical silica gels scatter much 
radiation, special forms of high-area silica such as 
Aerosil (Cabosil) and microporous glass have been 
used in most studies to date. Neither of these materials 
represents typical silica gel. Microporous glass is, 
moreover, very impure (96% silica), containing boria, 
alumina, and other impurities. Only a few studies of 
more typical silica gels prepared by “ wet”  methods 
have been reported.8 9 10’11 12’14 To minimize scattering 
losses, these silica gels have been studied as self- 
supporting pressed disks. The high pressures used in 
disk formation can apparently significantly alter the 
behavior of the silica, h 7owever.6’16 17

Considering the variety of materials studied, the 
major characteristics of their infrared spectra are 
remarkably similar. A sharp band at 3750 cm-1 is 
universally assigned to “ isolated”  (i.e., not H-bonded) 
OH groups. A tail, or close-lying band, in the 3600- 
3750-cm-1 region appears to be caused by weakly H- 
bonded OH groups. Absorption centered in the 3400- 
3500-cm-1 region is attributed to strongly H-bonded 
OH groups and/or adsorbed H20. Because the bands 
in this region are generally associated with a band 
near 1630 cm-1 (presumably caused by H20  deforma
tion), assignment to H20  is usually favored. Attribu
tion of a band at 3500 cm-1 to geminal OH groups (i.e., 
two groups attached to the same silicon atom) has been 
suggested, however.2,11

A band found at 4540 cm-1 on microporous glass 
has been assigned to the combination of isolated OH 
stretching with S i-0  stretching vibrations,13 while a 
similar band on silica gel has been assigned to the combi
nation of OH stretching with Si-OH bending.14 A 
band near 870 cm-1 has been assigned to deformation 
of surface OH groups.9

Bands at 1635, 1870, and 2000 cm-1 (shoulder) in 
the spectrum of dry silicas appear to arise from combi
nations and/or overtones of lattice vibrations,9,10 
as do weaker bands in the region from 2200 to 2950 
cm -1 in the spectrum of microporous glass.10,13,17

Spectra in the H20  deformation region indicate that 
little or no adsorbed H20  remains after the silica has 
been dried above 250°4,10 and that most H20  can be 
eliminated at considerably lower temperatures. Evi
dence from reaction of silica gels with AICI3 and BC13 
has, however, been interpreted to mean that molecular

H20  can be strongly held even after the silica has been 
dried under vacuum at 350° or higher.19

Prevailing opinion holds that most of the OH groups 
in silica gel are on the surface. Characteristically, 
however, a significant fraction of the OH content, 
even on silicas predried at 600°, is not removed by 
reaction with reagents such as diborane,3,20 CH3MgI, 
and CH3Li,4 5 suggesting that the groups are held in
ternally rather than on the surface. Absence of reac
tion could, however, reflect steric factors, possibly 
arising from the presence of geminal OH groups.2

Little is presently known about the mobility, attach
ment, or arrangement of OH groups on the surface. 
It has even been suggested6 that the OH groups left 
after the silica has been dried at very high temperatures 
may not actually exist on the hot surface but may 
reform only at lower temperatures as traces of H20  are 
again chemisorbed.

Replacement of OH groups on microporous glass by 
NH2 groups18 and by fluoride18 have been studied, but 
little infrared study of reactions of OH groups on pure 
silica has been reported to date. Some NH3 is slowly 
chemisorbed on silica, but chemisorption never exceeds
1.5 molecules/100 A 2 of surface.21 No infrared study 
of such adsorption has been reported, but physical 
adsorption of NH3 has been investigated.6-8

(3) C. Naccache and B. Imelik, Bull. Soc. Chim. France, 553 (1961);
C. Naccache, J. F. Rosetti, and B. Imelik, ibid., 404 (1959).
(4) J. J. Fripiat and J. Uytterhoeven, J. Phys. Chem., 66, 800 (1962) ; 
J. J. Fripiat, M . C. Gastuche, and R. Brichard, ibid., 66, 805 (1962).
(5) R. S. McDonald, ibid., 62, 1168 (1958).
(6) A. N. Sidorov, Dokl. Akad. Nauk SSSR, 95, 1235 (1954).
(7) N . W . Cant and L. H. Little, Can. J. Chem., 42, 803 (1964).
(8) M. Folman and D. J. C. Yates, Proc. Roy. Soc. (London), A246, 
32 (1958); J. Phys. Chem., 63, 179 (1959).
(9) H. A. Benesi and A . C. Jones, ibid., 63, 179 (1959).
(10) L. H. Little and M . V. Mathieu, Actes Intern. Congr. Catalyse, 2 e, 
Paris, 1, 771 (1961).
(11) J. A. Hockey and B. A. Pethica, Trans. Faraday Soc., 57, 2247 
(1961).
(12) G. J. Young, J. Colloid Sci., 13, 67 (1958).
(13) V. A. Nikitin, A. N. Sidorov, and A. V. Karyakin, Zh. Fiz. 
Khim., 30, 117 (1956).
(14) J. H. Anderson and K . A. Wickersheim, Surface Sci., 2, 252 
(1964).
(15) M . Folman, Trans. Faraday Soc., 57, 2000 (1961).
(16) F. H. Hambleton, J. A. Hockey, and J. A . G. Taylor, Nature, 
208, 138 (1965).
(17) N . Sheppard and D. J. C. Yates, Proc. Roy. Soc. (London), 
A238, 69 (1956).
(18) T . H. Elmer, I. D. Chapman, and M . E. Nordberg, J. Phys. 
Chem., 67, 2219 (1963).
(19) H. P. Boehm, M . Schneider, and F. Arendt, Z. Anorg. Allgem. 
Chem., 320, 43 (1963).
(20) I. Shapiro and H. G. Weiss, J. Phys. Chem., 57, 219 (1953); 
H. G. Weiss, J. A. Knight, and I. Shapiro. J. Am. Chem. Soc., 81, 
1823 (1959).
(21) V. W . Stober, Kolloid-Z„ 145, 17 (1956).
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Prospects were seen for obtaining better spectral 
data (and avoiding possible pressure effects) through 
preparation and study of pure silica aerogel in the form 
of transparent plates. Such data are also needed to 
permit close comparison of the silica surface with those 
of silica-alumina and other catalysts made from it. 
Gravimetry and isotopic exchange of surface OH groups 
with D2 or D20  were used to supplement infrared 
study. Adsorption of NH3, ether, and HC1, and reac
tions of surface OH groups with Cb, CCh, and SiCl4 
were investigated to obtain additional information on 
the surface structure and on the reactivity of surface 
groups.

Experimental Section
Most of the equipment, techniques, and procedures 

have been described.22,23 Various combinations of 
cells and spectrometers permitted infrared study from 
1400 to 5000 cm-1 on samples at room temperature 
and from 2000 to 5000 cm-1 on hot samples at tempera
tures up to 900°. Ethyl iodide and 1,2,4-trichloro
benzene24 were used for calibration (LiF prism) from 
3900 to 4700 cm-1. Calcination in 0 2, evacuation, 
and other treatments of the samples were normally 
carried out while the cells were in place in the spectrom
eters. In one type of cell the sample was suspended 
from a quartz helix so that weight changes could be 
followed concurrently with spectral changes and sur
face area could be measured by N* adsorption while 
the sample was in the cell. Such a cell (cell D) con
taining a silica aerogel plate is shown in Figure 1.

Because preparation of strong, clear aerogel plates 
is an art, the method is given in detail. Typically, 
50 ml of stock solution containing 40 vol %  ethyl ortho- 
silicate (Fisher Purified) in methanol (Baker and 
Adamson reagent) was mixed with 30 ml of concen
trated HC1 (Baker Analyzed reagent), filtered, and 
poured onto mercury in a crystallization dish 7.25 in. 
in diameter. The dish was then covered. Within 
3 hr, a glass-clear sheet of gel was formed. After an 
additional 16 hr, the gel was broken into smaller 
pieces and transferred to a 400-ml bath of 50% aqueous 
methanol. The following day the bath was changed 
to 25% aqueous methanol, and later in the day to dis
tilled H20. During the following week, the H20  
was changed four times. The gel plates were then aged 
for 4 hr in H20  at 100° in a closed autoclave. They 
were then transferred to 50% aqueous methanol, and 
after a few hours, to absolute methanol.

After five successive changes of methanol (400 ml 
each) during the next 3 weeks, the plates were trans
ferred to a 250-ml glass autoclave liner. Methanol 
was added to fill the liner completely, and the plates

Figure 1. CellD: (a) cell positioned in 
spectrometer (one side of furnace removed); 
(b) lower cell showing aerogel plate.

were autoclaved at 250-300° while methanol was 
vented slowly to maintain pressure between 1200 and 
1500 psi until most of the methanol had been vented. 
After the pressure had dropped to 1 atm, the auto
clave was evacuated for 2 hr while cooling. The 
autoclaving took roughly 7 hr.

The final plates were relatively flat, transparent, and 
free from cracks. Their dimensions ranged up to 1 X 
3 in. Thicknesses averaged between 1/u and Vs in. 
Surface areas, after calcination in 0 2 and evacuation 
at 600° for 2 hr, were 750-850 m2/g  as measured by 
N2 adsorption. The plates did not lose transparency 
or develop cracks on heating under vacuum at tempera
tures up to 900° and lost surface area only slowly at 
800° (~ 3 % /h r). Silica gel, made by the same pro
cedure, except dried normally from the hydrogel 
(after aging at 100°) gave a surface area of 807 m2/g , 
showing that autoclave drying of the alcogel had little 
effect on surface area. Density was about 0.18 g /cc 
and calculated average pore diameter was 250 A. 
Analysis showed less than 0.020% impurities, including, 22 23 24

(22) J. B. Peri and R. B. Hannan, J. Phys. Chem., 64, 1526 (1960).
(23) J. B. Peri, Actes, Intern. Congr. Catalyse, 2e, Paris, 1, 1333 
(1961).
(24) N. Acquista and E. K . Plyler, J. Res. Natl. Bur. Std., 49, 13 
(1952).
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as oxides, Mg (0.0074%), Al (0.0060%), Cu (0.0043%), 
and Fe (0.0017%).

The SiCl4 (Matheson, 99.8% minimum) was puri
fied and freed from HC1 by vacuum distillation imme
diately before use. The CC14 (Mallinckrodt AR) 
was dried with P20 5 and degassed by repeated freezing 
and evacuation. The Cl2 (Matheson) was dried with 
P20 5.

Methanol and ethyl ether (Baker Analyzed AR) 
were degassed by vacuum distillation, freezing, and 
evacuation. Sources and purification of HC1, NH3, 
D2, and D20  have been described.22

Plates used in infrared studies typically weighed 
0.15 to 0.30 g, giving about 35 mg/cm2 in the infrared 
beam. In typical experiments, a “ virgin” aerogel 
plate was mounted in the cell and calcined in 0 2 (200 
torr) at 600° for 1-2 hr or at 800° for 1 hr. Final 
pressure after evacuation was always below 10-4 torr. 
Some spectra were recorded while the silica was hot, 
but usually the sample was first cooled to room tem
perature. In experiments involving treatment with 
SiCh, the usual cells and procedures were used. 
Evolved HC1 and excess SiCl4 were frozen out in a 
trap cooled with liquid N2, and HC1 was then deter
mined by the pressure change on warming to —78.5°.

Results
Calcination and Drying. As removed from the auto

clave, the silica aerogel was partially covered with 
methoxy groups in addition to OH groups and H20. 
Calcination in 0 2 at 600° followed by brief evacuation 
removed all spectral evidence of the methoxy groups, 
leaving the bands characteristically reported for silica 
gel.

When the silica was dried under vacuum at high 
temperatures, there was a rapid initial loss of OH groups 
after which OH groups were lost only very slowly. 
When the temperature was increased, additional rapid 
initial loss was again observed. Similar behavior has 
been reported for microporous glass25 26 and for 7-alumina 
aerogel.26 The rate of loss of OH groups at 800° in the 
“ plateau”  region appeared comparable to the rate of 
loss of surface area. Because of this behavior, pro
longed evacuation seemed neither necessary nor de
sirable in predrying the plates. By reaction with SiCh, 
typical plates were found to hold 3.1 and 1.4 OH/100 
A 2 after evacuation for 2 hr at 600° and 1 hr at 800°, 
respectively.

Figure 2 shows spectra (LiF prism, Perkin-Elmer 
12C spectrometer) of an aerogel plate, first calcined 
in 0 2 at 600°, and then dried by evacuation at 600, 
700, and 800°. To provide additional information, 
the silica was partly exchanged with D20  before drying

WAVENUMBER (CM'!

Figure 2. Spectral changes on dehydration. Sample 
dried at (a) 600°, (b) 700°, and (c) 800°.

at 600° to produce a small OD band. In the regions 
shown, the bands left after drying at 600° were re
duced to under half their integrated intensities by 
drying at 800°. Bands at 1635, 1870, and 2000 cm-1 
were not significantly affected by drying between 600 
and 800° or by removal of all OH groups through 
reaction with SiCl4. No bands were evident in the 
2500-3000-cm-1 range.

Exchange of D2 or D20 with OH Groups. The OH 
groups and adsorbed H20  on silica aerogel exchanged 
H (or OH) with D20  rapidly and apparently com
pletely at 5$ 100°. The OH bands were replaced with 
corresponding OD bands at lower frequencies (~2760 
cm-1 for isolated OD groups).

The OH groups exchanged H far less readily with D2 
gas than with D20. On aerogel predried at 700°, 
only very slow exchange occurred at 300°. The rate 
of exchange increased moderately with increasing tem
perature, but complete exchange required several hours 
even at 700°.

Spectra recorded after almost complete conversion 
of OH groups to OD groups through exchange with D2 
at 700° on an aerogel plate predried at 800° are il
lustrated in Figure 3 for the OH and OD stretching

(25) M . J. Rand, J. Electrochem. Soc.t 109, 402 (1962).
(26) J. B. Peri, J. Phys. C h e m 69, 211 (1965).
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Figure 3. Spectra after exchange with D2 
(silica predried at 800°).

regions (LiF prism, Perkin-Elmer 12C spectrom
eter). The characteristics of the OD bands correspond 
closely to those of the OH bands shown in Figure 2. 
Weak P and R  branches27 appear to accompany both 
the isolated OH and OD stretching bands, but (as 
indicated in Figure 3) they are evident only when the 
bands are intense. The band at 3363 cm-1 (Figure 3), 
appearing only on deuterated silica, clearly has an 
origin similar to that of the band at 4520 cm-1 (which 
disappeared on D2 exchange).

Changes in the Isolated OH Bands at High Temperature. 
Typical spectra obtained at 400, 600, and 800° after 
the silica had been predried at 800° are shown in Figure
4. The “ hot”  spectra are distinguished principally 
by shifting of the isolated OH band to lower frequencies, 
broadening of this band, and appearance of a small 
“ hot band”  near 3580 cm-1 at temperatures above 600°.

Between ~ 3 0  and 800°, the total shift was about 18 
cm-1 for the OH band and 12-13 cm-1 for the OD 
band, being comparable to shifts observed for the OH 
bands on hot alumina.26 The integrated intensity of 
the OD band did not change significantly as the band 
broadened at high temperatures. The number of 
OH groups remained constant, and all the changes were 
reversible.

Adsorption of Ether and NII-¿ on Silica Aerogel. 
Exchange of OH groups with D2 or D20  does not prove

WAVENUMBER (CM’’ |
Figure 4. Spectra of OH and OD bands 
for silica at various temperatures.

that the groups are surface groups, since D2 or D20  
might penetrate the silica lattice or internal OH groups 
might migrate to the surface. If, however, OH groups 
are affected at low temperatures by adsorbed molecules 
that cannot penetrate the silica lattice, the OH groups 
must be on the surface.6

Physical adsorption of NH3 or ethyl ether at room 
temperature and at pressures below 1 atm completely 
eliminated bands caused by the isolated and weakly 
H-bonded OH groups left after the silica had been 
dried at 600°. A broad H-bonded OH band was pro
duced at lower frequencies in both cases.

Chemisorption of NH$. Chemisorption of NH3 did 
not occur readily on silica, and after brief contact 
nearly all adsorbed NH3 was usually removed by very 
brief evacuation at room temperature. Immersion of 
dry aerogel in liquid NH3 did not yield any perma
nent addition or exchange of NH2 for OH groups after 
subsequent evacuation. Heating silica in gaseous NH3 
up to 800° also failed to replace OH groups with NH2 
groups.

On aerogel completely exchanged with D2 and pre
dried at 800°, however, NH3 was slowly chemisorbed 
at room temperature on a limited number of sites. 
Typical spectra are shown in Figure 5. Adsorption 
initially produced a band at 3419 cm-1, apparently 
caused by the r3 stretching vibration which appears 
at 3417 cm-1 for NH3 in CCh solution.28 This band

(27) G. Herzberg, “Molecular Spectra and Molecular Structure,” 
Vol. II, D . Van Nostrand Co., New York, N . Y ., 1945.
(28) C. G. Cannon, Spectrochim. Acta, 10, 341, 425 (1958).
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WAVENUMBER (CM*1 ) —►
Figure 5. Spectra of NH3 adsorbed on dry silica:
(a) silica predried at 800° after deuteration; (b) after 
adsorption of 1 molecule of NH3/IOOO A2; (c) after 
exposure to 3 torr of NH3 for 0.5 hr plus brief evacuation;
(d) after exposure to 5 torr of NH3 for 0.5 hr; (e) after 
redrying at 800° and exposure to 10 torr of NH3 for 8 days.

changed slowly with time to give two bands at 3526 
and 3446 cm-1. The isolated OH band became more 
intense. The bands at 3526 and 3446 cm-1 are 
evidently caused by NH2 groups.15 (As was found 
later, the NH2 deformation band occurs near 1555 
cm-1.) After the aerogel had been exposed to NH3 
at higher pressures and for a longer time, these bands 
were more intense, but the maximum chemisorption 
of NH3 after 8 days at 100 torr was only 1.3 to 1.4 
molecules/100 A 2. Chemisorbed NH3 was not readily 
desorbed at 200° but was mostly removed by heating 
to 600°. Traces remained, however, even after evacua
tion at 800° for 30 min. These experiments resulted 
in almost complete exchange of the OD groups initially 
present. Such exchange precluded clearly establishing 
that one new OH group is formed for each NH3 mole
cule chemisorbed, although this is probably the case.

Reactions with HCl(g), Cl2, and CCk. Pure, dry 
HC1 was not detectably chemisorbed on dry deuterated 
silica (< <  1 molecuIe/1000 A). Exchange between 
HC1 and the OD groups was very slow at room tem
perature, and was not rapid even at 700°. Few, if 
any, new OH groups were formed at 700°. On the 
other hand, heating the silica at 700 in flowing dry 
HC1 failed to remove OH groups. The reaction

= S i— OD +  HC1 — >  =S iC l +  HDO

apparently does not occur to an appreciable extent. 
However, all OH groups were removed by reaction 
with CI2 at 700-950° or with CCI4 at 350-600°. The

weight changes indicated that they were replaced by 
Cl. The principal gaseous products of the reaction 
with CCh were C0C12 and HC1.

Replacement of Surface Cl hy NHi Groups. When 
silica from which OH groups had been removed by reac
tion with Cl2 or CCI4 was exposed to NH3, strong bands 
indicating NH4CI formation were produced. When the 
silica was subsequently heated at 400-600°, the NH4C1 
sublimed out of the plate, leaving a surface covered 
with NH2 groups. Weight changes were consistent 
with replacement of Cl by NH2. Spectra obtained 
during replacement of OH with Cl and subsequent re
placement of Cl with NH2 groups are shown in Figure 6. 
Replacement of Cl by NH2 groups also produced a 
band near 1555 cm-1, evidently caused by NH2 de
formation. The NH2 groups were as difficult to re
move by evacuation at high temperatures as the OH 
groups which they replaced. They were, however, 
rapidly removed (<2 min) when HC1 was admitted 
to the cell at low pressures at 600° and then (after 
evacuation) were rapidly restored (<2 min) when NH3 
was admitted at 600°; NH4C1 was also produced.

Exposure of a chlorided surface to water vapor rapidly 
replaced Cl with OH groups, restoring the spectrum 
of the silica to its original appearance. The NH2 
groups were moderately resistant to hydrolysis, how
ever, although prolonged heating in H20  vapor gradu
ally replaced NH2 with OH. Calcination in 0 2 at 
600° readily removed NH2 groups and restored the OH 
groups.

Reaction with SiCk. Reaction of SiC-h with the 
aerogel removed protons rather than OH groups, 
HC1 being evolved. All OH bands could be removed

Figure 6. Spectral changes resulting from replacement 
of OH groups on silica by Cl and by NH3 groups.
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from spectra by such reaction below 600°. The number 
of OH groups with which each attached SiCl4 molecule 
had reacted was calculated from the amount of HC1 
liberated and the net gain in the weight of the plate 
(or from the HC1 produced on subsequent hydrolysis). 
Most of the SiCl4 molecules reacted with two rather 
than with one OH group on fresh aerogel calcined and 
predried at 600°. Even after the silica was predried 
at 800°, over 40% of the SiCh molecules reacted with 
two OH groups. When, however, the virgin silica was 
first heated under vacuum at 800° (all methoxy groups 
were removed without discoloration of the silica), 
calcined in 0 2 at 600°, and finally redried at 800°, 
a different result was obtained. In this case reaction 
occurred mainly in the ratio of one OH group per SiCl4 
molecule. Similar 1:1 reaction was later noted on 
silica aerogel that had been exposed to air for over 1 
year. Supporting data will be presented in a subse
quent paper.

There were no significant differences in the character
istics of the isolated OH stretching bands, either with 
respect to frequency or the relative intensities of the 
P, Q, and R  branches (prior to SiCl4 reaction) between 
samples on which 1:1 reaction occurred and those which 
gave 1:2 reaction. No spectroscopic evidence for ad
sorbed H20  was found in either case.

Figure 7 shows spectra obtained (cell A— CaF prism, 
Perkin-Elmer Model 112) when silica, predried at 
800°, was treated with SiCl4 to remove all OH groups, 
hydrolyzed at 400°, and redried at 400 and 800°. 
About 63% of the original OH groups were paired 
(i.e., reacted in the ratio of two OH groups per Si 
atom attached). The arrangement and number of 
the surface OH groups might conceivably be markedly 
changed by such reactions. Isolated, widely separated, 
OH groups might react with SiCl4 and subsequently 
hydrolyze to produce -Si(OH)3 groups which could not 
readily condense either internally or with other groups 
to eliminate H20. Initial reaction of two OH groups 
with one SiCl4 molecule followed by hydrolysis might 
lead to =S i(O H )2 groups (geminalOH). The spectra, 
however, failed to show any difference between the 
original (800° predried) spectrum and that obtained 
after the silica was finally redried at 800°. Weight 
readings in similar experiments showed that all the Si 
added initially was retained after hydrolysis and 
redrying.

Discussion

The major spectral features of silica aerogel are quite 
similar to those of other similarly dry silicas. Drying 
above 700° appears to leave only isolated OH groups.

The behavior of the bands at 4520 and 3363 cm-1 on

Figure 7. Spectral changes resulting from reaction of 
OH groups on dry silica with SiCl4 and from subsequent 
hydrolysis and redrying: (a) silica aerogel after drying 
at 600°; (b) after subsequent drying at 800° for 1 hr; (c) after 
reaction of (b) with SiCl4 at <600°; (d) after hydrolysis of (c) 
followed by drying at 400° ; (e) after final drying at 800° for 1 hr.

dehydration or exchange shows that they are combi
nation bands involving the isolated OH and OD bands, 
respectively. The 4520-cm-1 band is 770 cm-1 
higher in frequency than the isolated OH band (3750 
cm-1). The 3363-cm-1 band is 603 cm-1 higher than 
the isolated OD band. The difference between the 
separations observed with OH and OD groups suggests 
that the bands represent combinations of the stretching 
and out-of-plane deformation modes for the OH groups 
and OD groups rather than combinations involving
Si-OH bending14 or S i-0  stretching.13 The out-of
plane deformation frequencies (770 and 603 cm-1) 
for Si-OH and Si-OD would thus be similar to those 
of free OH and OD groups in alcohols.28 The apparent 
existence of out-of-plane deformation argues that 
at least some of the OH groups cannot freely rotate.

The existence of weak P and R branches above and 
below the isolated OH and OD stretching bands in
dicates that some quantized rotation or torsional oscil
lation of surface OH and OD groups must occur. Al
though individual satellite bands are not resolved, a 
rough value can be calculated for the rotational con
stants (assuming free rotation) from the separation of 
the P and R branch maxima.27

To obtain the separations of the branch maxima more 
accurately, background spectra in the OH and OD re
gions (sample out) were obtained immediately follow
ing spectra of the silica. After subtraction of back
ground absorbance, the spectra were plotted on a linear 
adsorbance scale, and the OH and OD bands were sep
arated into branches by assuming an approximate
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Lorentz shape for the central band. The separations 
in the P and R  branch maxima were approximately 200 
cm-1 for the OH band and 140 cm-1 for the OD band.

The separation Av (cm-1) is given by

Av =  VskTB/hc =  2.358V/ TB

where T is the absolute temperature, and B, the rota
tional constant, is equal to / i / 8 t t 2c 7 b . For linear mole
cules, 7 b  is the moment of inertia about an axis perpen
dicular to the internuclear axis and going through the 
center of mass. For diatomic molecules, 7b =  nr2 
where ¡i is the reduced mass and r is the distance be
tween atom centers. The surface silicon atom to which 
an OH group is attached is also bound to three 0  atoms; 
it can probably be regarded as an essentially infinite 
mass. Only a single axis of rotation exists, passing 
through the Si atom and very close to the 0  atom. 
Assuming a bond angle >90°, the OH group was ap
proximated as a diatomic molecule with the atomic 
masses of 0  and H rotating about the axis of rotation 
and separated from each other by reu = r cos (<t> — 90°), 
where $ is the angle between the axis of rotation and the 
O-H axis.

7b =  gr2 cos2 (<p — 90°)

where yu =  +  m2). Assuming an equilibrium
O-H distance r (as in H20 ) =  0.958 X 10-8 cm, values 
were calculated for expected separations between P and 
It branch maxima as a function of the angle </>. For 
values of <j> ranging from 90 to 125°, the separations 
ranged from 180 to 220 cm-1. The observed separation 
(~200 cm-1) falls in midrange-corresponding to 
roughly 115°; <t> is slightly larger than 8, the true 
Si-OH bond angle. Calculations indicate that at <j) — 
115°, 6 =  113°. The difference is less than the error 
involved in the approximations and in measuring the 
separations of the P and R  branch maxima.

Similar calculations were made for OD groups, and 
the observed separation in P and R maxima (~140 
cm-1) again corresponded to a bond angle of ^113°.

The calculated bond angle seems reasonable, but tor
sional oscillation (or possibly other causes) could give 
similar bands. Since 7 is the same for torsional oscil
lation as for free rotation, the branch maxima separa
tions should be the same. The P and R  branches are 
very weak compared to the strong central (Q branch) 
band. Perhaps rotation is strongly hindered.17 Per
haps only some of the OH groups, situated differently 
from the rest, rotate freely while the others do not. 
If so, differences in the rate of exchange with D20, or 
in other chemical behavior, might alter the ratio of the 
intensities of the central and side branches. Although 
present data cannot exclude minor alterations in the

relative intensity of the branches, no major differences 
were observed following D20  exchange or during any of 
the other reactions described.

The bands reported between 2700 and 3000 cm-1 in 
the spectrum of microporous glass10’13 may reflect im
purities not present in silica, or possibly adsorbed hy
drocarbons.8 No such bands were found for silica 
aerogel.

As silica is dried at progressively higher temperatures, 
the “ tail” below the 3750-cm-1 disappears more rapidly 
than does the 3750-cm-1 band itself. The H-bonded 
OH groups are thus eliminated more easily than those 
that are not H bonded. This indicates that these OH 
groups are bonded to other OH groups, because H 
bonding to an oxide ion should not, per se, promote 
elimination of the OH group (as H20 ) .

The spectral changes observed for hot silica probably 
reflect changing interactions with the local environment 
as well as direct effects of temperature on the O-H bond 
vibrations. However, the OH and OD groups clearly 
remain on much the same type of sites at high tem
perature as those on which they are found after cooling. 
They are not desorbed as H20  at high temperatures and 
reformed when H20  readsorbs on cooling.

The evidence obtained from adsorption of ethyl ether 
or NH3 on silica aerogel predried at 600° or above 
shows that all the OH groups remaining are surface 
groups.

Evidence from reaction with SiCl4 suggests that steric 
factors are probably usually responsible for the incom
plete reaction of OH groups. Even on silica holding 
<2 OH/100 A, a surprising number of the surface OH 
groups are sufficiently close together to permit two of 
them to react with one SiCh molecule. Such close 
proximity of OH groups would probably make quanti
tative removal by reaction with diborane, CH3MgI, or 
CH3Li at low temperatures extremely difficult.

Boehm, et al.,12 conclude that production of two 
molecules of HC1 for each molecule of A1C13 which re
acts with the silica surface results from the reaction

H20  +  A1C13 — > AlOCl +  2HC1

A similar explanation does not appear possible for the 
results obtained with SiCl4 in the present work, be
cause SiOCl2 is unknown,29 and no spectroscopic 
evidence was found for H20  (as such) on silica aerogel 
dried at 600° or above. Clearly, however, close 
proximity of two OH groups on the surface provides an 
alternative explanation in both cases.

Present evidence suggests that OH groups are vir

(29) A. F. Wells, “Structural Inorganic Chemistry,” Oxford Uni
versity Press, Oxford, 1962, pp 776-778.
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tually immobile on the surface of dry silica below 800°. 
Even at 900°, the groups remaining after the first hour 
of evacuation are eliminated only extremely slowly. 
Ready migration of OH groups or protons would pre
sumably cause rapid formation and elimination of H20. 
Migration of OH as such requires that S i-0  bonds be 
broken to form Si+ sites or unsaturated valencies, and 
it would probably not occur much more readily than 
bulk rearrangement of the silica structure. Migration 
of protons might occur more easily, but if migration 
occurs very readily, it is hard to understand why NH2 
groups on silica are not more rapidly replaced by OH 
groups when exposed to H20  vapor at elevated tempera
tures (and vice versa). If OH groups are very mobile, 
it is also difficult to see how those left on the surface 
after predrying at 800° could be paired in some cases 
and single in other cases as indicated by reaction with 
SiCfi. The OH groups on silica appear less mobile 
than those on alumina.26

If surface OH groups are indeed relatively immobile, 
their arrangement must be very important in possible 
reactions with one another or with other molecules. 
Despite much speculation, there is no evidence to date 
concerning such arrangement. Isolated OH groups are 
not necessarily widely separated. The results of reac
tion of SiCl4 indicate that, on the contrary, they are 
often close together. Vicinal OH groups, i.e.

H H
0  O
1 I

— Si— O—Si—
I I

are not necessarily H bonded and may be difficult to 
remove because removal requires edge linking of Si04 
tetrahedra. Geminal OH groups (=Si(O H )2) are 
probably not H bonded to their partners because a five- 
or six-member ring is normally needed for “ intramole
cular”  H bonding.30 Triplet OH groups (-Si(OH)3) 
should be equally free of internal H bonding. Elimina
tion of H20  by internal condensation of geminal pairs or 
triplet OH groups would require formation of = S i = 0  
groups. Silicon is not believed to form such groups;29 
so, unless geminal or triplet OH groups adjoin OH 
groups on adjacent Si atoms, their removal through

H20  formation would probably be very difficult. Prob
ably, particularly on fresh silica gels, geminal and triplet 
OH groups do exist, but this has not been proved. In
teresting questions are raised by the fact that reaction 
with SiCfi plus hydrolysis and redrying fails to alter 
significantly either the number of surface OH groups 
or the appearance of the OH bands. The best apparent 
interpretation is as follows. During hydrolysis, = S i- 
(OH)2 or — Si(OH)3 groups, which as initially produced 
protrude above the surface, are further hydrolyzed and 
migrate as Si(OH)4 to other locations where they add 
to the existing structure in a more stable fashion, simply 
extending the original surface slightly without changing 
its character. It has not been established, nor is it 
evident, that geminal or triplet OH groups which are 
not H bonded can be readily distinguished spectro
scopically from widely separated single OH groups.

The slow chemisorption of a limited amount of NH3 
or very dry silica implies the existence of a small num
ber of highly strained12 or ionic siloxane linkages on the 
surface which react with NH3 to produce -N H 2 H— OH. 
As found here, the maximum number of such sites is 
about 1.4/100 A2. Chemisorption of NH3 on silica, 
as an alumina, appears to be analogous to chemisorp
tion of H20. The failure of HC1 to chemisorb similarly 
on dry silica is somewhat surprising.

Conclusion
Although infrared spectroscopic studies have pro

vided considerable information about the surface of 
silica, many questions concerning the details of surface 
structure remain unanswered. Answers to most of 
these questions probably cannot be obtained without 
supporting studies with other techniques. Additional 
evidence seems particularly needed on the relative 
abundance of single, paired, and triplet hydroxyl 
groups. Evidence on this subject will be presented 
in a subsequent paper.
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(30) G. C. Pimentel and A. L. McClellan, ‘ ‘The Hydrogen Bond,”  
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O v a l b u m i n  h a s  b e e n  e x a m i n e d  i n  t h e  u l t r a c e n t r i f u g e  a t  s e d i m e n t a t i o n  e q u i l i b r i u m  i n  

c o n c e n t r a t e d  c e s i u m  c h l o r i d e .  F r o m  t h e  p o s i t i o n  o f  t h e  b a n d  o f  p r o t e i n  i n  t h e  d e n s i t y  

g r a d i e n t  g e n e r a t e d  b y  t h e  r e d i s t r i b u t i o n  o f  t h e  s a l t  i n  t h e  c e n t r i f u g a l  f i e l d ,  t h e  b u o y a n t  

d e n s i t y  o f  o v a l b u m i n  w a s  f o u n d  t o  b e  1 . 2 9 6  ±  0 . 0 0 3  g / c m 3. T h i s  v a l u e  a g r e e s  q u i t e  

w e l l  w i t h  t h e  a p p a r e n t  h y d r o d y n a m i c  d e n s i t y  o f  o v a l b u m i n  o b t a i n e d  b y  p l o t t i n g  t h e  

v i s c o s i t y - c o r r e c t e d  s e d i m e n t a t i o n  c o e f f i c i e n t s  o b s e r v e d  a t  s e v e r a l  c e s i u m  c h l o r i d e  c o n 

c e n t r a t i o n s  a g a i n s t  t h e  d e n s i t y  o f  t h e  s a l t  s o l u t i o n s ,  a n d  e x t r a p o l a t i n g  t h e  r e s u l t i n g  l i n e a r  

r e l a t i o n  t o  S  =  0 .  S e d i m e n t a t i o n  e q u i l i b r i u m  e x p e r i m e n t s  a t  d i f f e r e n t  r o t o r  s p e e d s  a n d  

w i t h  s o l u t i o n  c o l u m n s  o f  d i f f e r e n t  l e n g t h s  i n d i c a t e  t h a t  t h e  v a r i a t i o n  o f  t h e  b u o y a n t  

d e n s i t y  o f  o v a l b u m i n  w i t h  h y d r o s t a t i c  p r e s s u r e  i s  s m a l l .

Introduction

A  p r e v i o u s  r e p o r t  h a s  d e s c r i b e d  m e a s u r e m e n t s  o f  

t h e  s e d i m e n t a t i o n  v e l o c i t y  o f  o v a l b u m i n  i n  c o n c e n 

t r a t e d  a q u e o u s  s o l u t i o n s  o f  f i v e  d i f f e r e n t  s a l t s . 2 W h e n  

t h e  s e d i m e n t a t i o n  c o e f f i c i e n t s ,  m e a s u r e d  a t  s e v e r a l  

c o n c e n t r a t i o n s  o f  a  g i v e n  s a l t ,  w e r e  c o r r e c t e d  t o  a  

r e f e r e n c e  v i s c o s i t y  a n d  p l o t t e d  a g a i n s t  t h e  d e n s i t i e s  o f  

t h e  s o l v e n t s ,  e a c h  s e t  o f  p o i n t s  d e f i n e d  a  s t r a i g h t  l i n e  

w h i c h ,  o n  e x t r a p o l a t i o n ,  c r o s s e d  t h e  d e n s i t y  a x i s  w e l l  

b e l o w  t h e  r e c i p r o c a l  o f  t h e  p a r t i a l  s p e c i f i c  v o l u m e  o f  t h e  

p r o t e i n  ( l / v p ) .  T h e  d i s c r e p a n c y  b e t w e e n  t h e  d e n s i t y  

i n t e r c e p t  a n d  1 / 0 P c o u l d  b e  a c c o u n t e d  f o r  b y  v a r i a t i o n  

o f  t h e  f r i c t i o n a l  r a t i o  o f  o v a l b u m i n  w i t h  s a l t  c o n c e n 

t r a t i o n ,  b y  t h e  b i n d i n g  o f  w a t e r  i n  p r e f e r e n c e  t o  s a l t  

o f  t h e  p r o t e i n ,  o r  b y  c e r t a i n  c o m b i n a t i o n s  o f  t h e  t w o  

e f f e c t s .  F o r  r e a s o n s  c i t e d  p r e v i o u s l y ,  i t  s e e m s  i m 

p r o b a b l e  t h a t  e i t h e r  t h e  m o l e c u l a r  w e i g h t  o r  t h e  

p a r t i a l  s p e c i f i c  v o l u m e  o f  o v a l b u m i n  v a r i e s  i n  t h e s e  

s o l v e n t s .

C e s i u m  c h l o r i d e  w a s  o n e  o f  t h e  s a l t s  i n  w h i c h  t h e  

s e d i m e n t a t i o n  v e l o c i t y  o f  o v a l b u m i n  w a s  m e a s u r e d .  

I n  c e s i u m  c h l o r i d e ,  a  d i r e c t  d e t e r m i n a t i o n  o f  t h e  d e n s i t y  

o f  t h e  s e d i m e n t i n g  u n i t  c a n  b e  d o n e — a t  o n e  s a l t  c o n 

c e n t r a t i o n — b y  m e a n s  o f  t h e  b a n d i n g  m e t h o d  d e v e l o p e d  

b y  M e s e l s o n ,  S t a h l ,  a n d  V i n o g r a d . 3’ 4 C o m p a r i s o n  

o f  t h e  b u o y a n t  d e n s i t y  o f  t h e  p r o t e i n  m e a s u r e d  b y  

t h e  b a n d i n g  m e t h o d  w i t h  t h e  d e n s i t y  i n t e r c e p t  o b 

t a i n e d  f r o m  t h e  s e d i m e n t a t i o n  v e l o c i t y  m e a s u r e m e n t s  

a l l o w s  t h e  e l i m i n a t i o n  o f  s e v e r a l  o f  t h e  p o s s i b l e  w a y s

o f  a c c o u n t i n g  f o r  t h e  w a y  i n  w h i c h  t h e  s e d i m e n t a t i o n  

c o e f f i c i e n t  o f  o v a l b u m i n  v a r i e s  w i t h  t h e  c o n c e n t r a 

t i o n  o f  c e s i u m  c h l o r i d e .  F o r  e x a m p l e ,  i f  v a r i a t i o n  o f  

t h e  f r i c t i o n a l  r a t i o  a l o n e  w e r e  r e s p o n s i b l e  f o r  t h e  o b 

s e r v e d  d e p e n d e n c e  o f  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  o n  

t h e  d e n s i t y  o f  t h e  s o l v e n t ,  t h e n  t h e  t w o  d e n s i t i e s  c o u l d  

n o t  a g r e e .  I f  t h e  t w o  v a l u e s  a g r e e  a n d  t h e  f r i c t i o n a l  

r a t i o  d o e s  c h a n g e  s i g n i f i c a n t l y  w i t h  t h e  c o m p o s i t i o n  

o f  t h e  s o l v e n t ,  t h e n  t h e  p r o t e i n  m u s t  b i n d  o n e  c o m p o 

n e n t  o f  t h e  s o l v e n t  i n  p r e f e r e n c e  t o  t h e  o t h e r  a n d  t h e  

d e g r e e  o f  p r e f e r e n t i a l  s o l v a t i o n  m u s t  a l s o  v a r y  w i t h  

s a l t  c o n c e n t r a t i o n .  T h e  s i m p l e s t  e x p l a n a t i o n  o f  t h e  

v e l o c i t y  e x p e r i m e n t s ,  t h a t  t h e  p r o t e i n  b i n d s  w a t e r  i n  

p r e f e r e n c e  t o  s a l t ,  a n d  t h a t  n e i t h e r  t h e  d e g r e e  o f  

p r e f e r e n t i a l  h y d r a t i o n  n o r  t h e  f r i c t i o n a l  r a t i o  v a r i e s  

w i t h  s a l t  c o n c e n t r a t i o n ,  w o u l d  r e q u i r e  a g r e e m e n t  

b e t w e e n  t h e  d e n s i t y  i n t e r c e p t  o f  t h e  v e l o c i t y  d a t a  

a n d  t h e  b u o y a n t  d e n s i t y  m e a s u r e d  b y  t h e  b a n d i n g  

m e t h o d .
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Experim ental Section

Materials. T h e  o v a l b u m i n  w a s  t w i c e - c r y s t a l l i z e d  

m a t e r i a l  p u r c h a s e d  f r o m  W o r t h i n g t o n  B i o c h e m i c a l  

C o r p .  T h e  p r o t e i n  w a s  t a k e n  f r o m  t h e  s a m e  l o t  u s e d  

i n  p r e v i o u s  w o r k . 2 C e s i u m  c h l o r i d e  w a s  o b t a i n e d  f r o m  

t h e  G a l l a r d - S c h l e s i n g e r  C h e m i c a l  M a n u f a c t u r i n g  C o r p .  

S a l t  s o l u t i o n s  f o r  t h e  u l t r a c e n t r i f u g e  e x p e r i m e n t s  w e r e  

p r e p a r e d  b y  d i s s o l v i n g  t h e  a p p r o p r i a t e  a m o u n t s  o f  

c e s i u m  c h l o r i d e  i n  p o t a s s i u m  p h o s p h a t e  b u f f e r  a t  p H

6 . 8 .  T h e  b u f f e r  w a s  0 . 0 1  M  w i t h  r e s p e c t  t o  p h o s p h a t e  

a n d  w a s  p r e p a r e d  u s i n g  g l a s s - d i s t i l l e d  w a t e r .  S o l v e n t  

d e n s i t i e s  w e r e  m e a s u r e d  u s i n g  1 - m l  v e n t e d - c a p  p y c n o m 

e t e r s ,  a n d  t h e  r e s u l t s  w e r e  r e p r o d u c i b l e  w i t h i n  ± 0 . 0 0 1  

g / c m 3. A  s a m p l e  o f  t h e  d e n s e  a n d  i n s o l u b l e  f l u o r o 

c a r b o n  F C - 4 3 ,  p r o d u c e d  b y  M i n n e s o t a  M i n i n g  a n d  

M a n u f a c t u r i n g  C o r p . ,  w a s  o b t a i n e d  f r o m  t h e  S p i n c o  

D i v i s i o n  o f  B e c k m a n  I n s t r u m e n t s ,  I n c .

Ultracentrifugation. S o l u t i o n s  o f  o v a l b u m i n  i n  c o n 

c e n t r a t e d  c e s i u m  c h l o r i d e  w e r e  b r o u g h t  t o  s e d i m e n t a 

t i o n  e q u i l i b r i u m  a t  2 0 °  i n  a  S p i n c o  M o d e l  E  a n a l y t i c a l  

u l t r a c e n t r i f u g e ,  a n d  t h e  e x p e r i m e n t s  w e r e  o b s e r v e d  

u s i n g  s c h l i e r e n  o p t i c s .  T h e  c e s i u m  c h l o r i d e  c o n c e n t r a 

t i o n s  u s e d  w e r e  s o  s e l e c t e d  t h a t  t h e  p o s i t i o n  o f  t h e  b a n d  

o f  p r o t e i n  a t  e q u i l i b r i u m  l a y  n e a r  t h e  m i d d l e  o f  t h e  

s o l u t i o n  c o l u m n .  O v a l b u m i n ,  w i t h  a  m o l e c u l a r  w e i g h t  

o f  4 5 , 0 0 0 ,  f o r m e d  r e l a t i v e l y  w i d e  b a n d s  a t  s e d i m e n t a 

t i o n  e q u i l i b r i u m  a n d ,  i n  o r d e r  t o  o b t a i n  b a n d s  t h a t  

w e r e  s h a r p  e n o u g h  t o  b e  l o c a t e d  a c c u r a t e l y ,  i t  w a s  

n e c e s s a r y  t o  o p e r a t e  t h e  c e n t r i f u g e  a t  r e l a t i v e l y  

h i g h  r o t o r  s p e e d s .  D o u b l e - s e c t o r  c e l l s  c o u l d  n o t  b e  

u s e d  w i t h  d e n s e  s o l u t i o n s  a t  h i g h  v e l o c i t i e s ,  s i n c e  t h e s e  

g e n e r a l l y  l e a k e d  a c r o s s  t h e  p a r t i t i o n  b e t w e e n  t h e  

s e c t o r s .  T h e  p r o t e i n  s o l u t i o n s  a n d  t h e  s o l v e n t s  w e r e ,  

t h e r e f o r e ,  r u n  s e p a r a t e l y  i n  s i n g l e  s e c t o r  c e l l s  e q u i p p e d  

w i t h  1 °  n e g a t i v e  w e d g e  w i n d o w s .

I n  o r d e r  t o  c a l c u l a t e  t h e  d e n s i t y  g r a d i e n t  o b t a i n e d  

a t  s e d i m e n t a t i o n  e q u i l i b r i u m  i n  a n y  p a r t i c u l a r  e x p e r i 

m e n t ,  t h e  s c h l i e r e n  p h o t o g r a p h  o f  w a t e r  a t  t h e  s a m e  

r o t o r  s p e e d  w a s  r e q u i r e d .  I n  p r i n c i p l e ,  t h e  a p p r o 

p r i a t e  b a s e  l i n e  f o r  t h e  d e n s i t y  g r a d i e n t  c a l c u l a t i o n  

w o u l d  b e  d e r i v e d  f r o m  a  p h o t o g r a p h  o f  t h e  s c h l i e r e n  

p a t t e r n  o f  t h e  s a l t  s o l u t i o n  t a k e n  a s  t h e  r o t o r  r e a c h e s  

t h e  o p e r a t i n g  s p e e d ,  b u t  b e f o r e  t h e  s a l t  g r a d i e n t  h a s  

d e v e l o p e d . 4,5 I n  p r a c t i c e ,  i t  w a s  f o u n d  t h a t  t h e  g r a 

d i e n t  b e g a n  t o  d e v e l o p  r a p i d l y  f r o m  t h e  e n d s  o f  t h e  

s o l u t i o n  c o l u m n  d u r i n g  a c c e l e r a t i o n  a n d ,  b y  t h e  t i m e  

t h e  r o t o r  r e a c h e d  t o p  s p e e d ,  n o  m o r e  t h a n  t h e  c e n t r a l  

t h i r d  o f  t h e  s c h l i e r e n  p a t t e r n  r e m a i n e d  u n p e r t u r b e d  

b y  t h e  r e d i s t r i b u t i o n  o f  t h e  s a l t .

E x p e r i m e n t s  w e r e  d o n e  i n  w h i c h  t h e  d e v e l o p i n g  

s c h l i e r e n  p a t t e r n  o f  a  c e s i u m  c h l o r i d e  s o l u t i o n  w a s  

p h o t o g r a p h e d  a t  s e v e r a l  a n g u l a r  v e l o c i t i e s  a s  t h e  r o t o r  

w a s  a c c e l e r a t e d  t o  5 9 , 7 8 0  r p m .  I n  s e p a r a t e  e x p e r i 

m e n t s ,  t h e  c e l l  w a s  f i l l e d  t o  t h e  s a m e  l e v e l  w i t h  w a t e r ,  

a n d  i t s  s c h l i e r e n  p a t t e r n  w a s  p h o t o g r a p h e d  a t  e a c h  o f  

t h e  r o t o r  s p e e d s  a t  w h i c h  t h e  c e s i u m  c h l o r i d e  s o l u t i o n  

h a d  b e e n  o b s e r v e d .  T h e  w a t e r  a n d  c e s i u m  c h l o r i d e  

b a s e  l i n e s  b o t h  r o s e  a p p r e c i a b l y  a s  t h e  c e n t r i f u g a l  

f i e l d  w a s  i n c r e a s e d .  H o w e v e r ,  a t  a  g i v e n  a n g u l a r  

v e l o c i t y ,  t h e  w a t e r  p a t t e r n  c o i n c i d e d  q u i t e  c l o s e l y  

w i t h  w h a t e v e r  p o r t i o n  o f  t h e  c e s i u m  c h l o r i d e  b a s e  

l i n e  w a s  s t i l l  u n a f f e c t e d  b y  t h e  d e v e l o p m e n t  o f  t h e  

s a l t  g r a d i e n t .  I t  w a s  c o n c l u d e d  t h a t  t h e  s c h l i e r e n  

p a t t e r n  o f  w a t e r  a t  t h e  a p p r o p r i a t e  r o t o r  s p e e d  c o u l d  

b e  u s e d  a s  t h e  b a s e  l i n e  f o r  t h e  d e n s i t y  g r a d i e n t  c a l c u 

l a t i o n  i n  t h e s e  p a r t i c u l a r  m e a s u r e m e n t s .  T h i s  p r o 

c e d u r e  m i g h t  n o t  b e  c o r r e c t  f o r  o t h e r  s o l v e n t s ,  a n d  i t s  

u s e  w o u l d  h a v e  t o  b e  j u s t i f i e d  e x p e r i m e n t a l l y  i n  e a c h  

c a s e .

A l l  t h r e e  o f  t h e  r u n s  r e q u i r e d  f o r  a  g i v e n  b u o y a n t  

d e n s i t y  m e a s u r e m e n t — p r o t e i n  a n d  s a l t ,  s a l t  a l o n e ,  a n d  

w a t e r — w e r e  d o n e  i n  t h e  s a m e  c e l l ,  u s i n g  t h e  s a m e  

w i n d o w s .  T h e  r o t o r  s p e e d ,  t h e  s c h l i e r e n  b a r  a n g l e ,  

a n d  t h e  l e n g t h  o f  t h e  s o l u t i o n  c o l u m n  w e r e  c a r e f u l l y  

m a t c h e d  a m o n g  t h e  t h r e e  r u n s .  I t  w a s  f o u n d  t h a t  t h e  

c o l u m n  l e n g t h s  c o u l d  b e  r e p r o d u c e d  m o s t  p r e c i s e l y  b y  

w e i g h i n g  t h e  a m o u n t s  o f  s o l u t i o n s  o r  s o l v e n t s  i n t r o 

d u c e d  i n t o  t h e  c e l l .

T h e  r e l a t i o n  b e t w e e n  t h e  d e n s i t y  g r a d i e n t  a t  s e d i 

m e n t a t i o n  e q u i l i b r i u m  a n d  t h e  a r e a  u n d e r  t h e  s c h l i e r e n  

p a t t e r n  w a s  d e t e r m i n e d  i n  s e p a r a t e  e x p e r i m e n t s  u s i n g  

a  v a l v e - t y p e  s y n t h e t i c  b o u n d a r y  c e l l .  A  c e s i u m  

c h l o r i d e  s o l u t i o n  o f  k n o w n  d e n s i t y  ( p i )  w a s  i n t r o d u c e d  

i n t o  t h e  c e n t e r p i e c e  o f  t h e  c e l l ,  a n d  a  s o l u t i o n  o f  l o w e r  

d e n s i t y  ( p 2)  w a s  p l a c e d  i n  t h e  c u p .  T h e  s c h l i e r e n  b a r  

w a s  s e t  a t  t h e  s a m e  p o s i t i o n  a s  w a s  u s e d  f o r  t h e  e q u i 

l i b r i u m  r u n s .  T h e  r o t o r  w a s  a c c e l e r a t e d  u n t i l  t h e  

c u p  e m p t i e d ,  a n d  t h e  b o u n d a r y  w a s  a l l o w e d  t o  d i f f u s e  

u n t i l  t h e  e n t i r e  s c h l i e r e n  p a t t e r n  w a s  v i s i b l e .  T h e  

p a t t e r n  w a s  p h o t o g r a p h e d ,  t h e  a r e a  u n d e r  t h e  b o u n d a r y  

( A i ,2)  w a s  m e a s u r e d ,  a n d  t h e  q u a n t i t y  K  =  ( p i  —  

P2) M i i2 w a s  c a l c u l a t e d .  T h e  m e a s u r e m e n t s  w e r e  

m o s t  c o n v e n i e n t l y  d o n e  u s i n g  p a i r s  o f  s o l u t i o n s  t h a t  

d i f f e r e d  i n  d e n s i t y  b y  a b o u t  0 . 0 5  g / c m 3, a n d  s e v e n  

p a i r s  w e r e  c h o s e n  w h i c h  c o v e r e d  t h e  r a n g e  o f  d e n s i t i e s  

e n c o u n t e r e d  i n  t h e  c e l l  a t  s e d i m e n t a t i o n  e q u i l i b r i u m .  

T h e  p r e c i s i o n  ( ± 2 - 3 % )  o f  t h e  i n d i v i d u a l  m e a s u r e 

m e n t s  o f  K  w a s  n o t  s u f f i c i e n t  t o  a l l o w  t h e  d e t e c t i o n  o f  

a  s i g n i f i c a n t  t r e n d  i n  t h e  v a l u e s  w i t h  d e n s i t y ;  a  m e a n  

v a l u e  w a s  u s e d  i n  s u b s e q u e n t  c a l c u l a t i o n s .  I n  a  f e w  

c a s e s ,  a f t e r  t h e  s c h l i e r e n  p a t t e r n  h a d  b e e n  p h o t o 

g r a p h e d  a t  a  r e l a t i v e l y  l o w  r o t o r  s p e e d ,  t h e  r o t o r  w a s  

a c c e l e r a t e d  t o  5 9 , 7 8 0  r p m  a n d  t h e  p a t t e r n  w a s  p h o t o -

(5) J. E. Hearst, J. B. Ifft, and J. Vinograd, Proc. Natl. Acad. Sci. 
U. S., 47, 1015 (1961).
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g r a p h e d  a g a i n .  T h e  a r e a s  u n d e r  t h e  b o u n d a r y  

a t  t h e  t w o  s p e e d s  w e r e  c o m p a r e d  a n d  w e r e  f o u n d  t o  b e  

t h e  s a m e .

I n  e a c h  o f  t h e  c e n t r i f u g e  r u n s  t o  b e  d e s c r i b e d ,  0 . 0 2  

m l  o f  F C - 4 3  w a s  i n t r o d u c e d  i n t o  t h e  c e l l ,  a l o n g  w i t h  

t h e  s o l u t i o n  t o  b e  e x a m i n e d ,  i n  o r d e r  t o  e n s u r e  t h a t  t h e  

e n t i r e  l e n g t h  o f  t h e  s o l u t i o n  c o l u m n  c o u l d  b e  o b s e r v e d . 6 

I t  w a s  d e t e r m i n e d  t h a t  n e i t h e r  w a t e r  n o r  c e s i u m  c h l o 

r i d e  w a s  s o l u b l e  i n  F C - 4 3  t o  a n y  m e a s u r a b l e  e x t e n t ,  

a n d  n o  w a t e r - e x t r a c t a b l e  i m p u r i t i e s  c o u l d  b e  d e t e c t e d  

i n  t h e  f l u o r o c a r b o n .

I n  a  f e w  o f  t h e  e x p e r i m e n t s ,  t h e  o v a l b u m i n  s a m p l e  

u s e d  c o n t a i n e d  a  s m a l l  a m o u n t  o f  i n s o l u b l e  m a t e r i a l ,  

p r e s u m a b l y  d e n a t u r e d  p r o t e i n .  D u r i n g  c e n t r i f u g a 

t i o n  t o  s e d i m e n t a t i o n  e q u i l i b r i u m ,  t h i s  m a t e r i a l  f o r m e d  

a  s h a r p  b a n d  w h i c h  m i g r a t e d  r a p i d l y  t o  a  p o i n t  s o m e 

w h a t  b e l o w  t h e  p o s i t i o n  e v e n t u a l l y  o c c u p i e d  b y  t h e  

c e n t e r  o f  t h e  b a n d  o f  s o l u b l e  p r o t e i n .  T h e  a m o u n t  o f  

i n s o l u b l e  p r o t e i n  d i d  n o t  i n c r e a s e  v i s i b l y  d u r i n g  e x 

p e r i m e n t s  p r o l o n g e d  f o r  s e v e r a l  d a y s .  S e d i m e n t a t i o n  

v e l o c i t y  e x p e r i m e n t s  c a r r i e d  o u t  w i t h  s i m i l a r ,  v e r y  

s l i g h t l y  t u r b i d  s o l u t i o n s  i n d i c a t e d  t h a t  t h e  p r o t e i n  

r e m a i n i n g  i n  s o l u t i o n  w a s  e n t i r e l y  h o m o g e n e o u s .  

T h e  p r e s e n c e  o f  t h e  p r e c i p i t a t e d  m a t e r i a l  d i d  n o t  i n 

t e r f e r e  w i t h  t h e  m e a s u r e m e n t  o f  t h e  b u o y a n t  d e n s i t y  

o f  t h e  s o l u b l e  p r o t e i n .

W h e n  t h e  u l t r a c e n t r i f u g e  c e l l  w a s  c o m p l e t e l y  f i l l e d ,  

g i v i n g  a  s o l u t i o n  c o l u m n  a b o u t  1 . 2  c m  l o n g ,  a n d  t h e  

c e n t r i f u g e  w a s  o p e r a t e d  a t  t o p  s p e e d  ( 5 9 , 7 8 0  r p m ) ,  

t h e  s a l t  r e a c h e d  i t s  e q u i l i b r i u m  d i s t r i b u t i o n  i n  a b o u t  

8  h r  a n d  t h e  o v a l b u m i n  w a s  a t  e q u i l i b r i u m  w i t h i n  

2 0  h r .  A  f e w  e x p e r i m e n t s  w e r e  c o n t i n u e d  f o r  a n  a d d i 

t i o n a l  1 2  t o  2 4  h r ,  b u t  n o  f u r t h e r  c h a n g e  i n  t h e  s o l u t e  

d i s t r i b u t i o n  c o u l d  b e  d e t e c t e d .  I n  c a s e s  w h e r e  t h e  

e f f e c t  o f  r o t o r  s p e e d  o n  t h e  a p p a r e n t  b u o y a n t  d e n s i t y  

o f  o v a l b u m i n  w a s  t o  b e  e x a m i n e d ,  a  s o l u t i o n  o f  t h e  

p r o t e i n  i n  c o n c e n t r a t e d  c e s i u m  c h l o r i d e  w a s  r u n  t o  

s e d i m e n t a t i o n  e q u i l i b r i u m  a t  5 9 , 7 8 0  r p m .  T h e  r o t o r  

s p e e d  w a s  t h e n  d e c r e a s e d  a n d  t h e  e x p e r i m e n t  w a s  

c o n t i n u e d  f o r  a n o t h e r  2 0  h r  a t  a  l o w e r  s p e e d .  T h e  r o t o r  

s p e e d  w a s  a g a i n  d e c r e a s e d  a n d  t h e  e x p e r i m e n t  w a s  

c o n t i n u e d  i n  t h e  s a m e  m a n n e r .  T h e  c o m p l e t e  s e r i e s  

o f  m e a s u r e m e n t s  w a s  t h u s  d o n e  o v e r  t h e  c o u r s e  o f  

s e v e r a l  d a y s  w i t h o u t  e m p t y i n g  a n d  r e f i l l i n g  t h e  c e l l .

Calculations. C o n s e r v a t i o n  o f  m a s s  r e q u i r e s  t h a t

f  Prd ( r 2)  =  p o f  bd ( r 2)  ( 1 )

w h e r e  r  i s  t h e  d i s t a n c e  f r o m  t h e  a x i s  o f  r o t a t i o n ,  p 0 i s  t h e  

d e n s i t y  e v e r y w h e r e  i n  t h e  c e l l  a t  t h e  b e g i n n i n g  o f  t h e  

r u n ,  pr i s  t h e  d e n s i t y  a t  s e d i m e n t a t i o n  e q u i l i b r i u m  a t  

p o s i t i o n  r, a n d  t h e  i n t e g r a t i o n  i s  c a r r i e d  o u t  b e t w e e n  

t h e  u p p e r  a n d  l o w e r  b o u n d a r i e s  o f  t h e  s o l u t i o n  c o l u m n .

S u b t r a c t i n g ,  f r o m  b o t h  s i d e s  o f  e q  1 ,  t h e  q u a n t i t y

Pm I d ( r 2) ,  w h e r e  p m i s  t h e  d e n s i t y  a t  t h e  m e n i s c u s
J Tm

s e d i m e n t a t i o n  e q u i l i b r i u m

\pr ~  Pm ) d ( r 2)  = (p o  -  P m ) ( r b 2  -  r m 2)  ( l a )fJ Tm

T w e n t y  t o  t h i r t y  a r e a s  b e t w e e n  t h e  m e n i s c u s  a n d  

v a r i o u s  p o s i t i o n s  r  a n d  b e t w e e n  t h e  e q u i l i b r i u m  

s c h l i e r e n  p a t t e r n  f o r  t h e  c e s i u m  c h l o r i d e  a n d  t h e  w a t e r  

b a s e  l i n e  w e r e  m e a s u r e d .  T h e  a r e a s  w e r e  m u l t i p l i e d  

b y  t h e  f a c t o r  K ,  w h o s e  m e a s u r e m e n t  i s  d e s c r i b e d  a b o v e ,  

t o  o b t a i n  a  s e r i e s  o f  v a l u e s  o f  ( p r —  p m ) .  T h e  i n t e g r a l  

o n  t h e  l e f t  s i d e  o f  e q  l a  w a s  e v a l u a t e d  n u m e r i c a l l y  o r  

g r a p h i c a l l y ,  a n d  t h e  e q u a t i o n  w a s  s o l v e d  f o r  p m - 

W i t h  t h e  d e n s i t y  a t  t h e  m e n i s c u s  k n o w n ,  pr w a s  

c a l c u l a t e d  f o r  e a c h  r.
T h e  p o s i t i o n  i n  t h e  g r a d i e n t  a t  w h i c h  t h e  d i p h a s i c  

s c h l i e r e n  p a t t e r n  c o r r e s p o n d i n g  t o  t h e  b a n d  o f  o v a l 

b u m i n  c r o s s e d  t h e  s a l t  b a s e  l i n e  w a s  t a k e n  a s  t h e  

b u o y a n t  d e n s i t y  o f  t h e  p r o t e i n .  S i n c e  n o  c o r r e c t i o n  

w a s  m a d e  f o r  t h e  c o m p r e s s i b i l i t y  o f  t h e  s a l t  s o l u t i o n s ,  

t h e  v a l u e s  o b t a i n e d  w e r e ,  m o r e  p r o p e r l y ,  a p p a r e n t  

b u o y a n t  d e n s i t i e s . 6 T h e  p u r p o s e  o f  t h e  e x p e r i m e n t s  

w a s  t o  c o m p a r e  t h e  b u o y a n t  d e n s i t y  w i t h  t h e  a p p a r e n t  

h y d r o d y n a m i c  d e n s i t y  d e r i v e d  f r o m  s e d i m e n t a t i o n  

v e l o c i t y  m e a s u r e m e n t s .  S i n c e  t h e  l a t t e r  v a l u e s  w e r e  

n o t  c o r r e c t e d  f o r  t h e  c o m p r e s s i b i l i t y  o f  t h e  s o l v e n t ,  

t h e  u n c o r r e c t e d  b u o y a n t  d e n s i t i e s  w e r e  t h e  a p p r o p r i a t e  

o n e s  t o  u s e  f o r  c o m p a r i s o n .  A s  w i l l  b e  s e e n ,  t h e  

p r e s s u r e  c o r r e c t i o n s  a r e  p r o b a b l y  s m a l l  i n  a n y  c a s e .

R esu lts

T h e  a p p a r e n t  b u o y a n t  d e n s i t y  o f  o v a l b u m i n  i n  

c e s i u m  c h l o r i d e  w a s  m e a s u r e d  b y  t h e  b a n d i n g  m e t h o d  

a t  f o u r  d i f f e r e n t  p r o t e i n  c o n c e n t r a t i o n s .  T h e  c e n 

t r i f u g e  c e l l  w a s  f i l l e d  w i t h  a b o u t  0 . 7  m l  o f  t h e  p r o t e i n -  

c e s i u m  c h l o r i d e  s o l u t i o n  i n  e a c h  c a s e ,  a n d  t h e  l e n g t h  

o f  t h e  s o l u t i o n  c o l u m n  w a s  a b o u t  1 . 2  c m .  T h e  i n i t i a l  

d e n s i t y  o f  e a c h  s o l v e n t  w a s  a b o u t  1 . 3 0 ,  a n d  e a c h  m e a s 

u r e m e n t  w a s  c a r r i e d  o u t  a t  a  r o t o r  s p e e d  o f  5 9 , 7 8 0  

r p m .  T h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  I .  T h e  t a b l e  

r e c o r d s  t h e  o v a l b u m i n  c o n c e n t r a t i o n  a t  t h e  b e g i n n i n g  

o f  t h e  r u n ;  a t  s e d i m e n t a t i o n  e q u i l i b r i u m ,  w h e n  t h e  

p r o t e i n  h a d  c o l l e c t e d  i n  a  b a n d  n e a r  t h e  m i d d l e  o f  t h e  

s o l u t i o n  c o l u m n ,  t h e  c o n c e n t r a t i o n  a t  t h e  c e n t e r  o f  

t h e  b a n d  w a s  b e t w e e n  f o u r  a n d  f i v e  t i m e s  t h e  i n i t i a l  

v a l u e .  T h e  d a t a  i n  T a b l e  I  s h o w  t h a t ,  i n  a  g i v e n  s o l 

v e n t  a n d  a t  a  g i v e n  r o t o r  s p e e d ,  t h e  a p p a r e n t  b u o y a n t  

d e n s i t y  o f  o v a l b u m i n  i s  e s s e n t i a l l y  i n d e p e n d e n t  o f  

p r o t e i n  c o n c e n t r a t i o n .  A l l  s u b s e q u e n t  e x p e r i m e n t s  

w e r e  d o n e  u s i n g  a n  i n i t i a l  p r o t e i n  c o n c e n t r a t i o n  o f  3  

m g / m l .
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Table I: Apparent Buoyant Density of Ovalbumin as 
a Function of Protein Concentration

Ovalbumin Buoyant
concn, density,
mg/ml g/cm3

4 1.297
3 1.296
2 1.296
1 1.300

T h e  m e a s u r e m e n t ,  b y  t h e  b a n d i n g  m e t h o d ,  o f  t h e  

b u o y a n t  d e n s i t y  o f  a  p r o t e i n  o f  r e l a t i v e l y  l o w  m o l e c u 

l a r  w e i g h t  i s  s u b j e c t  t o  c o n s i d e r a b l y  l a r g e r  e r r o r s  t h a n  

t h o s e  c o m m o n l y  e n c o u n t e r e d  w h e n  t h e  m e t h o d  i s  

a p p l i e d  t o  p r o t e i n s  o f  v e r y  h i g h  m o l e c u l a r  w e i g h t  o r  

t o  n u c l e i c  a c i d s . 4’ 6 W h e n  t h e  c e l l  i s  c o m p l e t e l y  

f i l l e d  w i t h  a  c e s i u m  c h l o r i d e  s o l u t i o n  w h o s e  d e n s i t y  i s

1 . 3 0  a n d  s e d i m e n t a t i o n  e q u i l i b r i u m  i s  e s t a b l i s h e d  a t  

5 9 , 7 8 0  r p m ,  t h e  d e n s i t y  i n c r e a s e s  b y  a b o u t  0 . 2 1  g / c m 3 

b e t w e e n  t h e  m e n i s c u s  a n d  t h e  b o t t o m  o f  t h e  c e l l .  

E v e n  i n  t h e  s t e e p e s t  g r a d i e n t s  o b t a i n a b l e  i n  t h e  u l t r a 

c e n t r i f u g e ,  t h e  p r o t e i n  b a n d  i s  r a t h e r  w i d e ,  a n d  t h e  

l o c a t i o n  o f  t h e  p o i n t  a t  w h i c h  i t  c r o s s e s  t h e  b a s e  l i n e  i s  

s u b j e c t  t o  s m a l l  e r r o r s .  I n  a d d i t i o n ,  t h e r e  i s  a  s l i g h t  

u n c e r t a i n t y  i n  t h e  c a l c u l a t i o n  o f  t h e  g r a d i e n t  i t s e l f ,  

p r i m a r i l y  i n  t h e  r e p r o d u c i b l e  l e v e l i n g  o f  t h e  s c h l i e r e n  

p h o t o g r a p h s  o f  t h e  s a l t  a n d  w a t e r  b a s e  l i n e s .  T h e  r e l a 

t i v e  i m p o r t a n c e  o f  t h e s e  d i f f i c u l t i e s  v a r i e s  s o m e w h a t  

f r o m  o n e  r u n  t o  t h e  n e x t ,  d e p e n d i n g  o n  t h e  r o t o r  s p e e d  

a n d  o n  t h e  l e n g t h  o f  t h e  s o l u t i o n  c o l u m n .  T a k i n g  

t h e s e  s o u r c e s  o f  e r r o r  i n t o  a c c o u n t ,  a l o n g  w i t h  t h e  p o s 

s i b l e  u n c e r t a i n t y  o f  t h e  m e a s u r e m e n t  o f  p 0, e r r o r s  a s  

l a r g e  a s  ± 0 . 0 0 3  g / c m 3 c o u l d  b e  e n c o u n t e r e d  i n  t h e  

m e a s u r e d  v a l u e s  o f  t h e  b u o y a n t  d e n s i t y  o f  o v a l b u m i n .  

D u p l i c a t e  e x p e r i m e n t s  g a v e  r e s u l t s  t h a t  w e r e  r e p r o d u c 

i b l e  w i t h i n  ± 0 . 0 0 2  g / c m 3.

A  s e r i e s  o f  e x p e r i m e n t s  w a s  u n d e r t a k e n  i n  a n  a t 

t e m p t  t o  f i n d  c o n d i t i o n s  u n d e r  w h i c h  t h e  p r e c i s i o n  o f  

t h e  b u o y a n t  d e n s i t y  m e a s u r e m e n t  c o u l d  b e  i m p r o v e d .  

T h e  t w o  e x p e r i m e n t a l  v a r i a b l e s  t e s t e d  w e r e  t h e  r o t o r  

s p e e d  a n d  t h e  l e n g t h  o f  t h e  s o l u t i o n  c o l u m n .  D e c r e a s 

i n g  t h e  r o t o r  s p e e d ,  f o r  e x a m p l e ,  r e d u c e d  t h e  s t e e p n e s s  

o f  t h e  d e n s i t y  g r a d i e n t ,  s o  t h a t  a  g i v e n  a b s o l u t e  e r r o r  

i n  t h e  l o c a t i o n  o f  t h e  b a n d  o f  p r o t e i n  p r o d u c e d  a  s m a l l e r  

e r r o r  i n  t h e  b u o y a n t  d e n s i t y .  O n  t h e  o t h e r  h a n d ,  t h e  

b a n d  i t s e l f  w a s  l e s s  s h a r p  a t  t h e  l o w e r  r o t o r  s p e e d ,  

a n d  t h e  p r e c i s i o n  w i t h  w h i c h  i t s  c e n t e r  c o u l d  b e  l o c a t e d  

w a s  c o r r e s p o n d i n g l y  d e c r e a s e d .  W i t h  s h o r t e r  s o l u t i o n  

c o l u m n s ,  e r r o r s  i n  t h e  c a l c u l a t i o n  o f  t h e  d e n s i t y  

g r a d i e n t  w e r e  r e d u c e d ,  b u t  t h e  c o r r e c t  m a t c h i n g  o f  t h e  

p r o t e i n  a n d  s a l t  p a t t e r n s  w a s  m o r e  d i f f i c u l t .  N o  

g r e a t  i m p r o v e m e n t  i n  t h e  p r e c i s i o n  o f  t h e  r e s u l t s  c o u l d

b e  o b t a i n e d  b y  v a r y i n g  e i t h e r  t h e  r o t o r  s p e e d  o r  t h e  

l e n g t h  o f  t h e  s o l u t i o n  c o l u m n .  T h e r e  s e e m e d  t o  b e  

s o m e  s l i g h t  a d v a n t a g e  i n  t h e  u s e  o f  s h o r t  c o l u m n s  

a n d  h i g h  r o t o r  s p e e d s .

T h e  e x p e r i m e n t s  i n  w h i c h  t h e  a n g u l a r  v e l o c i t y  o r  

t h e  l e n g t h  o f  t h e  s o l u t i o n  c o l u m n  w a s  v a r i e d  a l s o  

p r o v i d e d  a n  o p p o r t u n i t y  t o  o b s e r v e  a n y  s u b s t a n t i a l  

e f f e c t  o f  h y d r o s t a t i c  p r e s s u r e  o n  t h e  a p p a r e n t  b u o y a n t  

d e n s i t y  o f  o v a l b u m i n  i n  c e s i u m  c h l o r i d e .  M e a s u r e 

m e n t s  w e r e  d o n e  w i t h  s o l u t i o n  c o l u m n s  o f  t h r e e  d i f 

f e r e n t  l e n g t h s ,  e a c h  a t  f o u r  o r  f i v e  r o t o r  s p e e d s .  T h e  

r e s u l t s  a r e  c o l l e c t e d  i n  T a b l e  I I .  T h e  i n i t i a l  d e n s i t i e s  

o f  t h e  c e s i u m  c h l o r i d e  s o l u t i o n s  w e r e  s o  s e l e c t e d  

t h a t  t h e  p r o t e i n  b a n d s  f o r m e d  n e a r  t h e  m i d d l e  o f  t h e  

s o l u t i o n  c o l u m n s  a t  e a c h  r o t o r  s p e e d .  T h e  v a r i a t i o n  

o f  t h e  a n g u l a r  v e l o c i t y  f r o m  4 2 , 0 4 0  t o  5 9 , 7 8 0  r p m  

t h e r e f o r e  r e p r e s e n t s ,  a t  a  g i v e n  c o l u m n  l e n g t h ,  a  t w o 

f o l d  c h a n g e  i n  t h e  p r e s s u r e  a t  t h e  p r o t e i n  b a n d ,  s i n c e  

t h e  p r e s s u r e  i s  r o u g h l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  

t h e  r o t o r  s p e e d .  T h e  l e n g t h  o f  t h e  s o l u t i o n  c o l u m n  

w a s  v a r i e d  o v e r  a  t h r e e f o l d  r a n g e .  A t  a n y  g i v e n  

c o l u m n  l e n g t h ,  t h e r e  w a s  n o  s i g n i f i c a n t  v a r i a t i o n  o f  

t h e  a p p a r e n t  b u o y a n t  d e n s i t y  w i t h  r o t o r  s p e e d .  

W h e n  t h e  r e s u l t s  u s i n g  d i f f e r e n t  c o l u m n  l e n g t h s  a r e  

c o m p a r e d ,  h o w e v e r ,  a  t r e n d  i s  o b s e r v e d .  T h e  b u o y a n t  

d e n s i t y  a p p e a r s  t o  b e  s l i g h t l y  h i g h e r  w i t h  l o n g e r  

c o l u m n s  a n d  t h u s  a t  h i g h e r  p r e s s u r e s .  T h e  a p p a r e n t  

v a r i a t i o n  o f  t h e  b u o y a n t  d e n s i t y  w i t h  c o l u m n  l e n g t h  i s ,  

h o w e v e r ,  o f  d o u b t f u l  s i g n i f i c a n c e ,  s i n c e  t h e  p r e c i s i o n  

o f  t h e  i n d i v i d u a l  d a t a  c a n n o t  b e  a s s u m e d  t o  b e  b e t t e r  

t h a n  ± 0 . 0 0 3  g / c m 3. I t  c a n  b e  c o n c l u d e d  t h a t ,  i f  t h e  

b u o y a n t  d e n s i t y  d o e s  v a r y  w i t h  h y d r o s t a t i c  p r e s s u r e ,  

t h e  v a r i a t i o n  i s  s m a l l .

Table II : Apparent Buoyant Density (g/cm 3) of Ovalbumin 
in Cesium Chloride as a Function of Column 
Length and Rotor Speed

Rotor
speed,
rpm 1.21 cm

59,780 1.297
56,100 1.299
52,600 1.297
47,660 1.300
42,040 1.300

■Column length----
0.80 cm 0.39 cm

1.295 1.293

1.295 1.293
1.295 1.293
1.296 1.293

H e a r s t ,  et al.,6 h a v e  m e a s u r e d  t h e  b u o y a n t  d e n s i t y  

o f  b a c t e r i o p h a g e  T - 4  D N A  a n d  o f  t o b a c c o  m o s a i c  

v i r u s  a s  a  f u n c t i o n  o f  h y d r o s t a t i c  p r e s s u r e .  T h e y

(6) D . J. Cox and V. N. Schumaker, J. Am. Chem. Soc., 83, 2439 
(1961).
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r e p o r t  t h a t  t h e  a p p a r e n t  b u o y a n t  d e n s i t i e s  o f  t h e s e  

m a t e r i a l s  d e c r e a s e  s l i g h t l y  a s  t h e  p r e s s u r e  i s  i n c r e a s e d .  

A n  e q u a l l y  m o d e r a t e  t r e n d  o f  t h e  b u o y a n t  d e n s i t y  o f  

o v a l b u m i n  w i t h  p r e s s u r e  w o u l d  n o t  b e  o u t s i d e  t h e  e x 

p e r i m e n t a l  u n c e r t a i n t y  o f  t h e  p r e s e n t  d a t a .

D iscussion

A l l  o f  t h e  v a l u e s  o f  t h e  b u o y a n t  d e n s i t y  o f  o v a l 

b u m i n  i n  c e s i u m  c h l o r i d e  m e a s u r e d  b y  t h e  b a n d i n g  

m e t h o d  f a l l  b e t w e e n  1 . 2 9 3  a n d  1 . 3 0 0  g / c m 3. T h e s e  

v a l u e s  a g r e e  v e r y  w e l l  w i t h  t h e  a p p a r e n t  b u o y a n t  

d e n s i t y  c a l c u l a t e d  b y  p l o t t i n g  t h e  v i s c o s i t y - c o r r e c t e d  

s e d i m e n t a t i o n  c o e f f i c i e n t s  o f  o v a l b u m i n  i n  c e s i u m  

c h l o r i d e  s o l u t i o n s  o f  v a r i o u s  c o n c e n t r a t i o n s  a g a i n s t  

t h e  s o l v e n t  d e n s i t i e s  a n d  e x t r a p o l a t i n g  t h e  p l o t  t o  S  =  
0 .  T h r e e  s e p a r a t e  d e t e r m i n a t i o n s ,  b y  t h e  p l o t t i n g  

m e t h o d ,  o f  t h e  a p p a r e n t  b u o y a n t  d e n s i t y  o f  o v a l b u m i n  

i n  c e s i u m  c h l o r i d e  g a v e  v a l u e s  o f  1 . 2 9 3 ,  1 . 2 9 8 ,  a n d  1 . 3 0 2  

g / c m 3. B r u n e r  a n d  V i n o g r a d 7 8 h a v e  r e p o r t e d  e x p e r i 

m e n t s  w i t h  b a c t e r i o p h a g e  T - 4  D N A  i n  c e s i u m  c h l o r i d e  

w h i c h  a l l o w  a  s i m i l a r  c o m p a r i s o n  t o  b e  m a d e .  A s  i s  

t h e  c a s e  w i t h  o v a l b u m i n ,  t h e  v i s c o s i t y - c o r r e c t e d  s e d i 

m e n t a t i o n  c o e f f i c i e n t  o f  T - 4  D N A  v a r i e s  l i n e a r l y  w i t h  

s o l v e n t  d e n s i t y ,  a n d  t h e  S  vs. p p l o t  c r o s s e s  t h e  d e n s i t y  

a x i s  a t  t h e  b u o y a n t  d e n s i t y  m e a s u r e d  b y  t h e  b a n d i n g  

m e t h o d .

I f  t h e  p r o t e i n  d i d  n o t  b i n d  w a t e r  i n  p r e f e r e n c e  t o  

s a l t  a n d  i f  t h e  f r i c t i o n a l  r a t i o  d i d  n o t  v a r y  w i t h  s a l t  

c o n c e n t r a t i o n ,  a  p l o t  o f  t h e  v i s c o s i t y - c o r r e c t e d  s e d i 

m e n t a t i o n  c o e f f i c i e n t  a g a i n s t  t h e  d e n s i t y  o f  t h e  s o l 

v e n t  w o u l d  b e  l i n e a r  a n d  w o u l d  c r o s s  t h e  d e n s i t y  a x i s  

a t  t h e  r e c i p r o c a l  o f  t h e  p a r t i a l  s p e c i f i c  v o l u m e , 8,9 

w h i c h  i s  1 . 3 3 5  f o r  o v a l b u m i n . 10 I t  i s  n e c e s s a r y  t o  

a c c o u n t  f o r  t h e  f a c t  t h a t  t h e  e x p e r i m e n t a l  p l o t s  a r e  

l i n e a r  b u t  c r o s s  t h e  d e n s i t y  a x i s  s i g n i f i c a n t l y  b e l o w  

1/v.
T h e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  a  s i t u a t i o n  i n  w h i c h  

t h e  f r i c t i o n a l  r a t i o  o f  t h e  p r o t e i n  i s  i n d e p e n d e n t  o f  

c e s i u m  c h l o r i d e  c o n c e n t r a t i o n  a n d  i n  w h i c h  t h e  p r o t e i n  

b i n d s  w a t e r  i n  p r e f e r e n c e  t o  t h e  s a l t  t o  a  d e g r e e  w h i c h  

i s  a l s o  i n d e p e n d e n t  o f  s a l t  c o n c e n t r a t i o n .  T h e r e  a r e ,  

h o w e v e r ,  o t h e r  p o s s i b l e  m o d e l s ,  c o n s i s t e n t  w i t h  t h e  

i n f o r m a t i o n  a v a i l a b l e ,  w h i c h  i n v o l v e  t h e  p o s s i b l e  v a r i a 

t i o n  w i t h  s a l t  c o n c e n t r a t i o n  o f  t h e  f r i c t i o n a l  r a t i o  o r  

t h e  d e g r e e  o f  p r e f e r e n t i a l  s o l v a t i o n .

T h e  a g r e e m e n t  b e t w e e n  t h e  b u o y a n t  d e n s i t i e s  d e 

r i v e d  f r o m  t h e  p l o t t i n g  a n d  b a n d i n g  m e t h o d s  s e r v e s  

t o  e l i m i n a t e  o n e  p o s s i b l e  e x p l a n a t i o n  o f  t h e  b e h a v i o r  

o f  o v a l b u m i n  i n  s e d i m e n t a t i o n  v e l o c i t y  e x p e r i m e n t s  i n  

c e s i u m  c h l o r i d e .  I f  t h e  f r i c t i o n a l  r a t i o  v a r i e d  a n d  t h e  

p r o t e i n  d i d  n o t  b i n d  w a t e r  i n  p r e f e r e n c e  t o  s a l t ,  t h e n  

e i t h e r  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  vs. d e n s i t y  p l o t s  

w o u l d  b e  n o n l i n e a r  o r  t h e y  w o u l d  c r o s s  t h e  d e n s i t y

a x i s  a t  a  p o i n t  d i f f e r e n t  f r o m  t h e  b u o y a n t  d e n s i t y  

m e a s u r e d  b y  t h e  b a n d i n g  m e t h o d .  I f  t h e  f r i c t i o n a l  

r a t i o  d o e s  v a r y  w i t h  s a l t  c o n c e n t r a t i o n ,  t h e n  t h e  

p r o t e i n  m u s t  b i n d  w a t e r  i n  p r e f e r e n c e  t o  s a l t  a n d ,  

m o r e o v e r ,  t h e  d e g r e e  o f  p r e f e r e n t i a l  h y d r a t i o n  a n d  t h e  

f r i c t i o n a l  c o e f f i c i e n t  m u s t  v a r y  t o g e t h e r  i n  a  r a t h e r  

s p e c i a l  w a y  i n  o r d e r  t o  p r o d u c e  a  l i n e a r  r e l a t i o n  b e 

t w e e n  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  a n d  t h e  d e n s i t y  

o f  t h e  s o l v e n t  w h i c h ,  o n  e x t r a p o l a t i o n ,  c r o s s e s  t h e  d e n 

s i t y  a x i s  a t  t h e  e q u i l i b r i u m  b u o y a n t  d e n s i t y  o f  t h e  

p r o t e i n .

E v e n  i f  t h e  f r i c t i o n a l  r a t i o  d o e s  n o t  v a r y  w i t h  s a l t  

c o n c e n t r a t i o n ,  a  l i n e a r  r e l a t i o n  b e t w e e n  t h e  s e d i m e n 

t a t i o n  c o e f f i c i e n t  a n d  t h e  d e n s i t y  o f  t h e  s o l v e n t  w h i c h  

y i e l d s  t h e  “ c o r r e c t ”  b u o y a n t  d e n s i t y  o n  e x t r a p o l a t i o n  

n e e d  n o t  i m p l y  t h a t  t h e  p r e f e r e n t i a l  s o l v a t i o n  o f  t h e  

m a c r o m o l e c u l e  i s  i n d e p e n d e n t  o f  s a l t  c o n c e n t r a t i o n .  

I t  h a s  r e c e n t l y  b e e n  s h o w n 7 t h a t  r e s u l t s  o f  t h e  k i n d  

d e s c r i b e d  h e r e  f o r  o v a l b u m i n  w i l l  b e  o b t a i n e d  i f  t h e  

v a r i a t i o n  o f  t h e  p r e f e r e n t i a l  h y d r a t i o n  w i t h  d e n s i t y  

s a t i s f i e s  t h e  e q u a t i o n  ( B r u n e r  a n d  Y i n o g r a d ’ s  e q  5 )

f s r y a p  \  =  1 - ¿ w  ( )
\ d 2r / d p 2/  2S W

I n  e q  2 ,  T '  i s  t h e  p r e f e r e n t i a l  h y d r a t i o n  i n  g r a m s  o f  

p r e f e r e n t i a l l y  b o u n d  w a t e r  p e r  g r a m  o f  p r o t e i n  a n d  

vw i s  t h e  p a r t i a l  s p e c i f i c  v o l u m e  o f  w a t e r .

T h e r e  a r e ,  t h e r e f o r e ,  t h r e e  p o s s i b l e  w a y s  t o  e x p l a i n  

t h e  l i n e a r  r e l a t i o n  b e t w e e n  t h e  s e d i m e n t a t i o n  c o e f 

f i c i e n t  o f  o v a l b u m i n  i n  c e s i u m  c h l o r i d e  a n d  t h e  d e n s i t y  

o f  t h e  s o l v e n t .  T h e  p r e f e r e n t i a l  s o l v a t i o n  a n d  t h e  

f r i c t i o n a l  r a t i o  m a y  v a r y  t o g e t h e r  w i t h  s a l t  c o n c e n t r a 

t i o n ,  t h e  p r e f e r e n t i a l  s o l v a t i o n  m a y  v a r y  a l o n e ,  i n  t h e  

w a y  i m p l i e d  b y  e q  2 ,  o r  b o t h  t h e  f r i c t i o n a l  r a t i o  a n d  t h e  

p r e f e r e n t i a l  s o l v a t i o n  m a y  b e  i n d e p e n d e n t  o f  s a l t  c o n 

c e n t r a t i o n .  T h e  r a n g e  o f  p o s s i b i l i t i e s  w o u l d  b e  f u r t h e r  

n a r r o w e d  i f  i t  c o u l d  b e  d e t e r m i n e d  w h e t h e r  o r  n o t  t h e  

d e g r e e  o f  p r e f e r e n t i a l  h y d r a t i o n  v a r i e s  w i t h  s a l t  c o n 

c e n t r a t i o n .  H e a r s t  a n d  V i n o g r a d 11 h a v e  m e a s u r e d  

t h e  b u o y a n t  d e n s i t y  o f  b a c t e r i o p h a g e  T - 4  D N A  i n  a  

s e r i e s  o f  c e s i u m  s a l t s  a n d  h a v e  f o u n d  t h a t  t h e  p r e f e r e n 

t i a l  h y d r a t i o n  o f  t h e  n u c l e i c  a c i d  v a r i e s  f r o m  o n e  s a l t  

t o  a n o t h e r .  T h e  a c t i v i t y  o f  w a t e r  i n  t h e  s a l t  s o l u t i o n s  

a t  t h e  r e s p e c t i v e  b u o y a n t  d e n s i t i e s  o f  t h e  n u c l e i c  a c i d

(7) R. Bruner and J. Vinograd, Biochim . B iop h ys. A cta , 108, 18 
(1965).
(8) H. K . Sehachman and M. A. Lauffer, J. A m . Chem. Soc., 71, 
536 (1949).
(9) S. Katz and H. K. Sehachman, B iochim . B ioph ys. A c ta ,  18, 
28 (1955).
(10) M. O. Dayhoff, G. E. Perlmann, and D. A. Maclnnes, J. A m . 
Chem. Soc., 74, 2515 (1952).
(11) J. E. Hearst and J. Vinograd, Broc. N atl. Acad. Sci. U. S ., 47, 
1005 (1961).
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a l s o  v a r i e s  f r o m  s a l t  t o  s a l t ,  a n d  t h e r e  i s  a  s m o o t h  

c o r r e l a t i o n  b e t w e e n  w a t e r  a c t i v i t y  a n d  p r e f e r e n t i a l  

h y d r a t i o n .  O n  t h e  b a s i s  o f  t h e s e  d a t a ,  e a c h  o b t a i n e d  

i n  a  d i f f e r e n t  s a l t ,  B r u n e r  a n d  V i n o g r a d 7 s u g g e s t  t h a t  

t h e  p r e f e r e n t i a l  h y d r a t i o n  o f  a  m a c r o m o l e c u l e  i n  a  

g i v e n  s a l t  s h o u l d  v a r y  w i t h  s a l t  c o n c e n t r a t i o n  s i n c e  

t h e  a c t i v i t y  o f  w a t e r  d o e s  s o .  T h e i r  i n t e r p r e t a t i o n  

w o u l d  a r g u e  a g a i n s t  t h e  p o s s i b i l i t y  t h a t  t h e  s e d i m e n 

t a t i o n  b e h a v i o r  o f  o v a l b u m i n  m a y  b e  a c c o u n t e d  f o r  b y  

t h e  c o n s t a n c y  w i t h  s a l t  c o n c e n t r a t i o n  o f  p r e f e r e n t i a l

h y d r a t i o n  a n d  t h e  f r i c t i o n a l  r a t i o .  I t  s h o u l d  b e  

p o s s i b l e  t o  a p p r o a c h  t h e  p r o b l e m  m o r e  d i r e c t l y  b y  

m e a s u r i n g  t h e  b u o y a n t  d e n s i t y  o f  o v a l b u m i n  i n  c e s i u m  

c h l o r i d e  a n d  d e u t e r i u m  o x i d e .  T h e  s a l t  c o n c e n t r a t i o n  

a n d  t h u s  t h e  w a t e r  a c t i v i t y  a t  t h e  p r o t e i n  b a n d  s h o u l d  

b e  d i f f e r e n t  i n  w a t e r  a n d  i n  d e u t e r i u m  o x i d e ,  a n d  i t  

s h o u l d  b e  p o s s i b l e ,  i n  t h i s  w a y ,  t o  d e t e r m i n e  w h e t h e r  

o r  n o t  t h e  p r e f e r e n t i a l  s o l v a t i o n  o f  t h e  p r o t e i n  i s  

t h e  s a m e  a t  t w o  d i f f e r e n t  c o n c e n t r a t i o n s  o f  t h e  s a m e  

s a l t .

The Radiolysis of Ethyl Mercaptan1

by J. J. J. M yron  and R . H . Johnsen

Departm ent o f  Chem istry and the Institute o f  M olecu lar B iop hysics, F lorida Stale U niversity , 
Tallahassee, Florida  (Received M arch  21, 1966)

A  s t u d y  o f  t h e  r a d i o l y s i s  o f  l i q u i d  e t h y l  m e r c a p t a n  h a s  b e e n  u n d e r t a k e n .  T h e  d a t a  s t r o n g l y  

s u g g e s t  t h a t  t h e  r a d i o l y t i c  b e h a v i o r  o f  t h e  m e r c a p t a n  d i f f e r s  s i g n i f i c a n t l y  f r o m  t h a t  o f  t h e  

c o r r e s p o n d i n g  a l c o h o l .  A  c o m p a r i s o n  o f  t h e  t w o  r a d i o l y s e s  i n  t h e  l i g h t  o f  t h e  p r e s e n t  

r e s u l t s  i s  p r e s e n t e d .

Introduction

I n  t h e  p a s t ,  r a d i o l y t i c  s t u d i e s  o f  c o m p o u n d s  c o n 

t a i n i n g  s u l f h y d r y l  g r o u p s  h a v e  g e n e r a l l y  b e e n  c a r r i e d  

o u t  o n  d i l u t e  a q u e o u s  s o l u t i o n s  o f  p o l y f u n c t i o n a l  t h i o l s .  

E x c e p t  f o r  d a t a  o n  t h e  e s r  s p e c t r a  o f  i r r a d i a t e d  m e t h y l  

a n d  e t h y l  m e r c a p t a n 2 t a k e n  a t  7 7 ° K ,  n o  s t u d i e s  o n  t h e  

r a d i o l y t i c  b e h a v i o r  o f  t h e s e  c o m p o u n d s  a p p e a r  t o  

h a v e  b e e n  m a d e .  I n v e s t i g a t i o n  o f  s i m p l e  m e r c a p t a n s  

i n  t h e  “ p u r e ”  s t a t e  s h o u l d  b e  o f  i n t e r e s t  a s  a  c o m p a r i 

s o n  t o  t h a t  o f  t h e  c o r r e s p o n d i n g  a l i p h a t i c  a l c o h o l s  

w h i c h  h a v e  b e e n  e x t e n s i v e l y  s t u d i e d  b y  v a r i o u s  

w o r k e r s . 8 - 6

T h e  p o s s i b l e  i m p o r t a n c e  o f  t h i o l  r a d i o l y s i s  s t u d i e s  i s  

e v i d e n c e d  b y  t h e  n u m b e r  o f  p u b l i c a t i o n s  d e a l i n g  w i t h  

b i o l o g i c a l  s y s t e m s  i n  w h i c h  m e r c a p t a n s  w e r e  p r e s e n t  

a s  a d d i t i v e s .  C o m p o u n d s  s u c h  a s  c y s t e i n e , 7 - 9  c y s t e -  

a m i n e , 10 a n d  g l u t a t h i o n e 11’ 12 h a v e  b e e n  w i d e l y  u s e d  a s  

“ p r o t e c t o r s ”  o f  b i o l o g i c a l l y  s i g n i f i c a n t  s y s t e m s  a g a i n s t  

r a d i a t i o n  d a m a g e .  O x i d a t i o n  o f  t h e  t h i o l  g r o u p  b y  

r a d i a t i o n - p r o d u c e d  r a d i c a l s  f r o m  t h e  o t h e r  c o m p o 

n e n t s  o f  t h e  s y s t e m  i s  p r o b a b l y  a n  i m p o r t a n t  m o d e  o f  

“ p r o t e c t i o n ”  o r  “ i n h i b i t i o n ”  a f f o r d e d  b y  t h e  s u l f u r  

c o m p o u n d .  T h e  c o r r e s p o n d i n g  d i s u l f i d e  a n d  s m a l l  

a m o u n t s  o f  h y d r o g e n  s u l f i d e  a r e  t h e  u s u a l  p r o d u c t s  o f  

o x i d a t i o n .  1 2 3 4 5 6 7 8 9 10 11 12
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M u c h  l e s s  w o r k  h a s  b e e n  p u b l i s h e d  c o n c e r n i n g  t h e  

r a d i o l y t i c  b e h a v i o r  o f  a q u e o u s  s o l u t i o n s  c o n t a i n i n g  

s i m p l e  a l i p h a t i c  m e r c a p t a n s  s u c h  a s  m e t h a n e t h i o l  o r  

e t h a n e t h i o l .  H o w e v e r ,  A r m s t r o n g  a n d  W i l k e n i n g 13 

h a v e  r e c e n t l y  d e m o n s t r a t e d  m a r k e d  y i e l d  d e p e n d e n c e s  

o n  p H  f o r  b o t h  h y d r o g e n  a n d  m e t h a n e  p r o d u c t i o n  f r o m  

a q u e o u s  m e t h a n e t h i o l .  T h e i r  r e s u l t s  i n d i c a t e  t h a t  

m e r c a p t a n s  m a y  f u n c t i o n  a s  s o l v a t e d  e l e c t r o n  s c a v e n g e r s  

a s  w e l l  a s  r a d i c a l  t r a p s  b y  m e a n s  o f  t h e  r e a c t i o n

e aQ-  +  R S H  — >  R  +  S H -  ( 1 )

T h e  f o l l o w i n g  i s  a  r e p o r t  o f  s o m e  e x p e r i m e n t s  t h a t  

h a v e  b e e n  m a d e  o n  t h e  r a d i o l y s i s  o f  e t h y l  m e r c a p t a n  

i n  t h e  g a s e o u s ,  l i q u i d ,  a n d  s o l i d  p h a s e s .

Experimental Section

E a s t m a n  W h i t e  L a b e l  e t h y l  m e r c a p t a n  w a s  u s e d  f o r  

a l l  i r r a d i a t i o n s .  G a s  c h r o m a t o g r a p h i c  a n a l y s i s  r e 

v e a l e d  t h e  p r e s e n c e  o f  f i v e  i m p u r i t y  p e a k s  w h i c h  

a m o u n t e d  t o  a p p r o x i m a t e l y  0 . 5  m o l e  %  o f  t h e  s u b 

s t r a t e .

B e c a u s e  o f  t h e  e x t r e m e l y  n o x i o u s  c h a r a c t e r  o f  e t h a n e 

t h i o l ,  i t  w a s  d e c i d e d  n o t  t o  a t t e m p t  a n y  r i g o r o u s  p u r i 

f y i n g  p r o c e d u r e s  o n  t h e  s u b s t r a t e .  H o w e v e r ,  s o m e  

p u r i f i c a t i o n  w a s  e f f e c t e d  b y  u s i n g  o n l y  t h e  m i d d l e  

t h i r d  p o r t i o n  o f  d i s t i l l a t e  f r o m  a  d i s t i l l a t i o n  i n t o  a  

r e s e r v o i r  o n  a  v a c u u m  l i n e  ( i m p u r i t y  c o n t e n t  0 . 2  t o  

0 . 3 % ) .  W h e n e v e r  p o s s i b l e ,  t h e  m e r c a p t a n  w a s  h a n d l e d  

i n  a  P y r e x  v a c u u m  s y s t e m  o r  i n  a  g l o v e  b o x  t h a t  w a s  

v e n t e d  t o  a n  e x h a u s t  s y s t e m .  V a r i o u s  o t h e r  c o n t a i n 

m e n t  p r o c e d u r e s  e m p l o y i n g  f u m e  h o o d s ,  v a c u u m  

d e s i c c a t o r s ,  e t c . ,  w e r e  a l s o  n e c e s s a r i l y  e m p l o y e d  d u r i n g  

s a m p l i n g  f o r  p r o d u c t  a n a l y s i s .

L i q u i d  s a m p l e s  c o n s i s t e d  o f  a p p r o x i m a t e l y  1 m l  o f  

l i q u i d  c o n t a i n e d  i n  1 5 - m m  o . d .  t u b e s  o f  a b o u t  4 - m l  

c a p a c i t y .  A l l  s a m p l e s  w e r e  p r e p a r e d  o n  t h e  P y r e x  

v a c u u m  s y s t e m  a n d  w e r e  t h o r o u g h l y  d e g a s s e d  b e f o r e  

t h e  s a m p l e  c e l l  w a s  s e a l e d  p r i o r  t o  i r r a d i a t i o n .  B l a n k  

u n i r r a d i a t e d  s a m p l e s  w e r e  p r e p a r e d  a n d  a n a l y z e d  a t  

i n t e r v a l s  t o  c h e c k  o n  t h e  c o m p o s i t i o n  o f  t h e  s u b s t r a t e  

a n d  t o  c h e c k  p r e p a r a t i v e  a n d  a n a l y t i c a l  t e c h n i q u e .  

T h e  a m o u n t  o f  s u b s t r a t e  w a s  d e t e r m i n e d  b y  v o l u m e  

m e a s u r e m e n t s  a t  0 °  i n  a  c a l i b r a t e d  g r a d u a t e d  t u b e  i n  

t h e  v a c u u m  s y s t e m .

A  f e w  g a s  p h a s e  s a m p l e s  w e r e  r u n  a t  r o o m  t e m p e r a 

t u r e  ( a t  p r e s s u r e s  o f  a b o u t  2 7 0  t o r r ) .  T h e s e  w e r e  i r 

r a d i a t e d  i n  a  P y r e x  c y l i n d e r  o f  4 0 0 - m l  c a p a c i t y  w h i c h  

w a s  f i t t e d  w i t h  a  s t o p c o c k  a n d  s m a l l  “ f r e e z e  d o w n ”  

s i d e  a r m  f o r  s a m p l e  p r e p a r a t i o n .  A n  e s r  s p e c t r u m  o f  

t h e  r a d i c a l s  f o r m e d  a n d  t r a p p e d  a t  7 7 ° K  w a s  o b t a i n e d  

u s i n g  a  q u a r t z  c e l l  a n d  a  V a r i a n  e s r  s p e c t r o m e t e r .

A l l  i r r a d i a t i o n s  w e r e  c a r r i e d  o u t  b y  X - r a y s  g e n e r a t e d  

b y  a l l o w i n g  3 - M e v  e l e c t r o n s  f r o m  a  V a n  d e  G r a a f f

a c c e l e r a t o r  t o  i m p i n g e  u p o n  a  t u n g s t e n  t a r g e t .  T h e  

t e m p e r a t u r e  d u r i n g  i r r a d i a t i o n  f o r  b o t h  l i q u i d  a n d  

g a s e o u s  s a m p l e s  w a s  2 5  ±  2 ° .  F o r  l i q u i d  s a m p l e s ,  

d o s i m e t r y  m e a s u r e m e n t s  w e r e  m a d e  d u r i n g  e a c h  

i r r a d i a t i o n  e m p l o y i n g  t h e  F r i c k e  d o s i m e t e r .  T o  o b 

t a i n  d o s e  r a t e s  f o r  m e r c a p t a n  s a m p l e s ,  t h e  a s s u m p t i o n  

w a s  m a d e  t h a t  t h e  r a t e  w a s  p r o p o r t i o n a l  t o  t h e  r a t i o  

o f  t h e  e l e c t r o n  d e n s i t i e s .  T h e  d o s e  r a t e  f o r  m e r c a p t a n  

w a s  a p p r o x i m a t e l y  1 . 1  X  1 0 20 e v / g  h r .  T o t a l  d o s e s  

r a n g e d  f r o m  0 . 2 5  t o  1 0  X  1 0 20 e v / g  o f  m e r c a p t a n .  

G a s  p h a s e  d o s i m e t r y  w a s  c a r r i e d  o u t  b y  m e a s u r i n g  

t h e  h y d r o g e n  y i e l d  f r o m  p r o p y l e n e  r a d i o l y s i s  u s i n g  t h e  

r a t i o  o f  e l e c t r o n  d e n s i t i e s  a n d  a  ( 7 ( H 2)  f r o m  p r o p y l e n e  =  

1 . 1 . 14

G a s e s  t h a t  w e r e  n o n c o n d e n s a b l e  a t  7 7  ° K  ( h y d r o 

g e n  a n d  m e t h a n e )  wTe r e  m e a s u r e d  t o g e t h e r  b y  b r e a k i n g  

t h e  a m p o u l e  ( o r  f o r  a  g a s  s a m p l e ,  o p e n i n g  t h e  s t o p 

c o c k  t o  t h e  c e l l )  a n d  t o e p i e r i n g  t h e  g a s  m i x t u r e  i n t o  a  

c a l i b r a t e d  g a s  b u r e t .  A n  a l i q u o t  o f  t h i s  m i x t u r e  w a s  

t h e n  a n a l y z e d  i n  a  P e r k i n - E l m e r  1 5 4 - B  g a s  c h r o m a 

t o g r a p h  u s i n g  a  6 - f t  c h a r c o a l  c o l u m n .

C h r o m a t o g r a m s  o f  l i q u i d  p r o d u c t s  w e r e  o b t a i n e d  

f r o m  a  P e r k i n - E l m e r  8 0 0  ( f l a m e  i o n i z a t i o n  d e t e c t o r )  

g a s  c h r o m a t o g r a p h  u s i n g  a  d i - r a - d e c y l  p h t h a l a t e  o n  

C h r o m o s o r b  W  c o l u m n  a n d  a  s i l i c o n e  2 0 0  o i l  o n  

C h r o m o s o r b  W  c o l u m n .

Results
F i g u r e  1 s h o w s  a  p l o t  o f  G / H 2)  vs. t o t a l  d o s e  f r o m  0 . 2 5  

t o  1 0  X  1 0 20 e v / g  o f  l i q u i d  m e r c a p t a n .  A l t h o u g h  

t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  i n  t h e  p o i n t s ,  p a r t i c u l a r l y  

a t  t h e  l o w  d o s e  e n d  o f  t h e  s c a l e ,  t h e r e  i s  n o  a p p a r e n t  

d o s e  d e p e n d e n c e  o f  h y d r o g e n  y i e l d  o v e r  t h i s  d o s e  

r a n g e .  C o n s e q u e n t l y ,  t h e  i n i t i a l  G v a l u e  f o r  h y d r o g e n  

p r o d u c t i o n  w a s  t a k e n  a s  t h e  a v e r a g e  o f  a l l  d e t e r m i n a 

t i o n s ,  ( ? , ( H 2)  =  7 . 1 .

A  p l o t  o f  t h e  y i e l d  o f  m e t h a n e  vs. d o s e  o v e r  t h e  s a m e  

d o s e  r a n g e  i n  t h e  l i q u i d  p h a s e  i s  g i v e n  i n  F i g u r e  2 .  

T h e  s c a t t e r  i s  g r e a t e r  t h a n  t h a t  o f  t h e  h y d r o g e n  p l o t  

d u e  t o  t h e  f a c t  t h a t  t h e  m e t h a n e  a m o u n t e d  t o  o n l y

1 - 2 %  o f  t h e  g a s  m i x t u r e ,  a n d  a c c u r a c y  i n  i t s  m e a s u r e 

m e n t ,  e s p e c i a l l y  a t  l o w  c o n v e r s i o n s ,  i s  d i f f i c u l t  t o  a t t a i n .  

T h e  a v e r a g e  o f  a l l  m e a s u r e m e n t s  g a v e  G f ( C H 4)  =  

0 . 1 0 ,  s o  t h a t  i n  t h e  l i q u i d  p h a s e ,  G (R^/G (CR^)  ~  7 0 .

A f t e r  s u b t r a c t i o n  o f  i m p u r i t y  p e a k s  f r o m  “ b l a n k ”  

s a m p l e s  w e r e  m a d e ,  g a s  c h r o m a t o g r a p h y  s h o w e d  a  

t o t a l  o f  t w e l v e  p r o d u c t  p e a k s  a t  t h e  h i g h e s t  d o s e  e m 

p l o y e d  ( ~ 1 X  1 0 21 e v / g ) .  H o w e v e r ,  t h e  t h r e e  l a r g e s t  

p e a k s  a c c o u n t e d  f o r  9 7 %  o f  t h e  t o t a l  l i q u i d  p r o d u c t s  

t h a t  c o u l d  b e  d e t e c t e d .  T h e s e  p r o d u c t s  w e r e  d i e t h y l

(13) D. A. Armstrong and V. G. Wilkening, Can. J. Chem., 42, 2631 
(1964).
(14) K. Yang and P. L. Grant, J. Phys. Chem., 65, 1861 (1961).
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Figure 1. Hydrogen yields from liquid ethyl 
mercaptan as a function of dose.

Figure 3. The esr spectrum of X-irradiated 
ethyl mercaptan at 77°K.
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Figure 2. Methane yields from liquid ethyl 
mercaptan as a function of dose.

d i s u l f i d e ,  d i e t h y l  s u l f i d e ,  a n d  p r o b a b l y  1 , 4 - b u t a n e -  

d i t h i o l ,  a n d  t h e s e  c o n s t i t u t e d  8 0 ,  1 5 ,  a n d  2 % ,  r e s p e c 

t i v e l y ,  o f  t h e  l i q u i d  p r o d u c t s .  T h e r e  w a s  n o  e v i d e n c e  

f o r  t h e  p r e s e n c e  o f  2 , 3 - b u t a n e d i t h i o l .  T h e  s u l f i d e  

a n d  d i s u l f i d e  c o u l d  b e  m e a s u r e d  f r o m  0 . 2 5  t o  1 0  X  

1 0 20 e v / ' g ,  a n d  n o  d e f i n i t e  d o s e  d e p e n d e n c e  w a s  e v i d e n t .  

I f  i t  i s  a s s u m e d  t h a t  r e l a t i v e  r e t e n t i o n  t i m e s  o f  s u l f u r  

c o m p o u n d s  o n  s i l i c o n e  o i l  a r e  a n  i n d i c a t i o n  o f  m o l e c u 

l a r  w e i g h t ,  i t  a p p e a r s  t h a t  s i x  o f  t h e  r e m a i n i n g  n i n e  

p e a k s  t h a t  c o n s t i t u t e  t h e  o t h e r  3 %  a l s o  h a v e  a  m o l e c u 

l a r  w e i g h t  g r e a t e r  t h a n  t h e  s u b s t r a t e .  A s  t h e s e  p r o d 

u c t s  a r e  m i n o r  o n e s  a n d  a u t h e n t i c  s a m p l e s  o f  p o s s i b l e  

p r o d u c t  c o m p o u n d s  w e r e  n o t  a v a i l a b l e ,  n o  a t t e m p t  w a s  

m a d e  a t  i d e n t i f i c a t i o n .

A  s o l u t i o n  o f  t h i o a c e t a l d e h y d e  i n  m e t h a n o l  w a s  

c h r o m a t o g r a p h e d  t o  o b t a i n  i t s  r e t e n t i o n  t i m e  a n d  

s p e c i a l  a t t e n t i o n  w a s  p a i d  t o  d e t e r m i n e  i f  i t  w a s  p r e s e n t  

a s  a  p r o d u c t  o f  t h e  r a d i o l y s i s .  I f  t h i o a c e t a l d e h y d e  w a s  

p r e s e n t ,  i t  w a s  i n  v e r y  s m a l l  a m o u n t s  e v e n  a t  t h e  

h i g h e s t  d o s e s .

G a s  y i e l d s  f r o m  i r r a d i a t i o n  i n  t h e  g a s  p h a s e  a t  r o o m  

t e m p e r a t u r e  a t  a  d o s e  o f  7  X  1 0 19 e v / g  w e r e  ( j ( H 2)  =  

1 7  ±  2  a n d  G ( C H 4)  =  3 . 1  ±  0 . 4 .  T h e r e f o r e ,  t h e  r a t i o  

G ( H 2) / ( j ( G H 4)  i s  r e d u c e d  f r o m  7 0  t o  5.5 i n  g o i n g  f r o m  

t h e  l i q u i d  t o  t h e  g a s e o u s  s t a t e  a t  r o o m  t e m p e r a t u r e .

T h e  e s r  s p e c t r u m  o b t a i n e d  a t  7 7  ° K  ( F i g u r e  3 )  w a s  

a  b r o a d  a s y m m e t r i c  p e a k  w i t h  i n d i c a t i o n s  o f  s o m e  

p o s s i b l e  h y p e r f i n e  s t r u c t u r e .  A f t e r  i r r a d i a t i o n ,  t h e  

s o l i d  m e r c a p t a n  e x h i b i t e d  a  d e e p  o r a n g e  c o l o r  w h i c h

f a d e d  u p o n  w a r m i n g .  T h e  p h o t o l y t i c  b e h a v i o r  o f  t h e  

s o l i d  i s  n o w  u n d e r  i n v e s t i g a t i o n .

Discussion

D u e  t o  t h e  s t r u c t u r a l  s i m i l a r i t y  o f  t h e  e t h y l  m e r c a p 

t a n  a n d  t h e  e t h y l  a l c o h o l  m o l e c u l e s  a n d  t h e  f a c t  t h a t  

t h e  r a d i o l y s i s  o f  e t h a n o l  h a s  b e e n  w i d e l y  i n v e s t i g a t e d , 3 -6  

t h e  d i s c u s s i o n  o f  t h e  r e s u l t s  w i l l  i n v o l v e ,  t o  a  l a r g e  e x 

t e n t ,  a  c o m p a r i s o n  o f  t h e  r a d i o l y s i s  o f  t h e  t w o  c o m 

p o u n d s .

A s  i s  u s u a l  w i t h  a l i p h a t i c  c o m p o u n d s ,  h y d r o g e n  i s  a  

m a j o r  p r o d u c t  [ ( 7 ( H 2)  =  7 . 1 ] ,  T h e  i n i t i a l  h y d r o g e n  

y i e l d  f r o m  t h e  o x y g e n  a n a l o g  ( e t h y l  a l c o h o l )  i s  ( 7 i ( H 2)  «  

5 5 ,i5 ,i6  T h e  s u b s t a n t i a l l y  h i g h e r  y i e l d  f r o m  t h e  m e r 

c a p t a n  m i g h t  b e  d u e  t o  t h e  l o w e r  i o n i z a t i o n  p o t e n t i a l  

o f  t h e  m e r c a p t a n  ( I . P .  =  9 . 2  e v ) 17 c o m p a r e d  t o  t h a t  o f  

t h e  a l c o h o l  ( I . P .  =  1 0 . 5  e v ) . 18 T h i s  c o u l d  r e s u l t  i n  a  

g r e a t e r  a m o u n t  o f  t h e  i n i t i a l  r e a c t i o n

C H 3C H 2S H  — >  C H 3C H 2S H +  +  e -  ( 2 )

a s  c o m p a r e d  t o  t h e  a n a l o g o u s  a l c o h o l  r e a c t i o n .  T h e  

i o n i z a t i o n  w o u l d  p r e s u m a b l y  b e  f o l l o w e d  b y

C H 3C H 2S H +  +  C H 3C H 2S H  — >

C H 3C H 2S H 2 +  +  C H s C H ^  ( 3 )  

e -  +  m C H 3C H 2S H  — >  e B0r  ( 4 )

C H 3C H 2S H 2+  +  e BOr  — >  n C H a C H 2S H  +  H  ( 5 )  

H  +  C H 3C H 2S H  — >  H 2 +  C H 3C H 2S  ( 6 )

R e a c t i o n s  s i m i l a r  t o  ( 3 )  t o  ( 5 )  h a v e  b e e n  p o s t u l a t e d  

i n  a  m e c h a n i s m  f o r  t h e  r a d i o l y s i s  o f  e t h a n o l . 15 16 17 18

(15) G. E. Adams and R. D. Sedgwick, Trans. Faraday Soc., 60, 865
(1964) .
(16) J. J. J. Myron and G. R. Freeman, Can. J . Chem., 43, 381
(1965) .
(17) I. Omura, K . Higasi, and H. Baba, B ull. Chem. Soc. Japan , 29, 
504 (1956).
(18) K. Watanabe, T. Nakayama, and J. Mottl, J. Quant. S p ed ry . 
Radiative T ransfer, 2, 369 (1962).
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H o w e v e r ,  i n  t h e  e t h a n o l  s y s t e m  t h e r e  i s  e v i d e n c e  t h a t  

t h e  r e a c t i o n  s i m i l a r  t o  ( 3 )  o c c u r s  t o  a  s i g n i f i c a n t  e x t e n t  

i n  t h e  l i q u i d  b u t  n o t  i n  t h e  g a s  p h a s e . 19 T h i s  a p p e a r s  

t o  b e  d u e  t o  t h e  f a c t  t h a t  t h e  h y d r o g e n  b o n d i n g  p r e s e n t  

i n  t h e  l i q u i d  p h a s e  c o u l d  n o t  a i d  t h e  f o r m a t i o n  o f  t h e  

t r a n s i t i o n  c o m p l e x  I  i n  t h e  g a s  p h a s e . 19

+
C H 3— C H 2— 0 — H

II

H — 0 — C H 2— C H 2 

I

H y d r o g e n  b o n d i n g  i n  e t h y l  m e r c a p t a n  o c c u r s  t o  a  

m u c h  l e s s e r  e x t e n t  t h a n  i n  e t h y l  a l c o h o l  d u e  t o  t h e  

s i g n i f i c a n t l y  s m a l l e r  e l e c t r o n e g a t i v i t y  o f  t h e  s u l f u r  

a t o m  a s  c o m p a r e d  t o  t h e  o x y g e n  a t o m .  T h e r e f o r e ,  

t h e  f o r m a t i o n  o f  t h e  t r a n s i t i o n  c o m p l e x  n e c e s s a r y  f o r  

r e a c t i o n  3  i s  n o t  a s  l i k e l y  i n  l i q u i d  m e r c a p t a n  a s  i t  i s  i n  

l i q u i d  e t h a n o l  a n d ,  t h e r e f o r e ,  t h i s  m e c h a n i s m  f o r  H 2 

i s  r e l a t i v e l y  l e s s  i m p o r t a n t .

T h e  v a r i o u s  b o n d  s t r e n g t h s  ( i n  k i l o c a l o r i e s )  t h a t  h a v e  

b e e n  r e p o r t e d  ( o r  e s t i m a t e d )  f o r  t h e  e t h y l  m e r c a p t a n  

a n d  a l c o h o l  m o l e c u l e s  a r e  l i s t e d  i n  T a b l e  I . 20- 21 T h e

Table I

Bond
strength,

Type of bond kcal

Ethanol
O-H 99“
C -0  90“
C-C 834 OS
C-H (methylene) 906
C-H (methyl) 966

Ethanethiol
S-H 87"
O S  73c

“ See ref 20. b Estimated bond strength, see text. c See 
ref 21.

b o n d  s t r e n g t h s  t h a t  w e r e  e s t i m a t e d  f o r  t h e  e t h a n o l  

m o l e c u l e  w e r e  a r r i v e d  a t  a s  f o l l o w s .  T h e  C - H  v a l u e  

f o r  t h e  m e t h y l  g r o u p  w a s  a s s u m e d  t o  b e  t h a t  q u o t e d  

f o r  e t h a n e  b y  C o t t r e l l , 22 w h o  a l s o  c i t e d  a  6 - k c a l  d i f 

f e r e n c e  i n  d i s s o c i a t i o n  e n e r g y  f o r  t h e  p r i m a r y  a n d  

s e c o n d a r y  C - H  b o n d s  i n  p r o p a n e .  H e n c e ,  t h e  a p 

p r o x i m a t e  v a l u e  o f  9 0  k c a l  f o r  t h e  C - H  b o n d  i n  t h e  

m e t h y l e n e  p o s i t i o n  f o r  e t h a n o l  i s  g i v e n .  T h e  C - C  

b o n d  s t r e n g t h  i s  t h a t  q u o t e d  f o r  e t h a n e . 22 T h e  

c o r r e s p o n d i n g  b o n d  s t r e n g t h s  f o r  t h e  m e r c a p t a n  m o l e 

c u l e  w i l l ,  i n  a l l  l i k e l i h o o d ,  b e  s o m e w h a t  g r e a t e r  d u e  t o

t h e  s u l f u r  a t o m s ’  s m a l l e r  e l e c t r o n e g a t i v i t y .  T h e s e  

f i g u r e s ,  w h i l e  a p p r o x i m a t e ,  s h o u l d  g i v e  a  r e a s o n a b l e  

e s t i m a t e  o f  t h e  r e l a t i v e  b o n d  s t r e n g t h s  f o r  t h e  m o l e 

c u l e s .

I t  t h u s  a p p e a r s  t h a t  t h e  O - H  b o n d  i n  t h e  a l c o h o l  i s  

t h e  s t r o n g e s t  a n d  m e t h y l e n e  C - H  b o n d  i s  t h e  w e a k e s t  

a m o n g  t h e  b o n d s  t o  h y d r o g e n  a e o m s .  T h i s  s u p p o s i 

t i o n  i s  s u p p o r t e d  b y  t h e  e s r  s p e c t r a  o f  e t h y l  a l c o h o l 23’ 24 25 

a t  7 7 ° K  a n d  t h e  n a t u r e  o f  t h e  m a j o r  l i q u i d  p r o d u c t s  

f r o m  t h e  r a d i o l y s i s . 3,16

B o t h  t h e s e  t y p e s  o f  d a t a  i n d i c a t e  t h a t  a t  s o m e  s t a g e  

i n  t h e  r a d i o l y s i s  C H 3C H O H  i s  p r e s e n t  i n  a p p r e c i a b l e  

q u a n t i t i e s .  O n  t h e  o t h e r  h a n d ,  t h e  S - H  b o n d  i n  t h e  

m e r c a p t a n  a p p e a r s  t o  b e  t h e  m o s t  l a b i l e  o f  a l l  b o n d s  

t o  h y d r o g e n  i n  b o t h  m o l e c u l e s .  I t  i s  p o s s i b l e  t h a t  t h e  

g r e a t e r  h y d r o g e n  y i e l d  i s  d u e  t o  t h e  r e l a t i v e l y  g r e a t  

e a s e  o f  a b s t r a c t i o n  b y  h y d r o g e n  a t o m s  ( p r o d u c e d  

b y  r e a c t i o n  5  a n d / o r  o t h e r  r e a c t i o n s )  f r o m  t h e  S - H  

g r o u p .

T h e  l a b i l i t y  o f  t h e  b o n d  t o  t h e  s u l f h y d r y l  h y d r o g e n  

a t o m  s h o u l d  r e s u l t  i n  p r o d u c t s  t h a t  a t t e s t  t o  t h e  p r e s 

e n c e  o f  C H 3C H 2S  r a d i c a l s  i n  t h e  s y s t e m .  D i e t h y l  

d i s u l f i d e  a n d  d i e t h y l  s u l f i d e  c o n s t i t u t e  9 5 %  o f  t h e  c o n 

d e n s a t i o n  p r o d u c t s  w h i l e  t h e  1 , 2 - d i t h i o l  w a s  n o t  o b 

s e r v e d .  A s  t h e  f o r m a t i o n  o f  t h e s e  p r o d u c t s  i s  m o s t  

e a s i l y  e x p l a i n e d  b y  t h e  c o m b i n a t i o n  o f  t w o  e t h y l t h i y l  

r a d i c a l s  a n d  t h e  c o m b i n a t i o n  o f  a n  e t h y l t h i y l  a n d  a n  

e t h y l  r a d i c a l ,  r e s p e c t i v e l y ,  t h e  p r e s e n c e  o f  t h i y l  r a d i 

c a l s  c a n  b e  i n f e r r e d .

F u r t h e r  e v i d e n c e  f o r  t h e  p r e s e n c e  o f  t h i y l  r a d i c a l s  

a t  s o m e  s t a g e  i n  t h e  r a d i o l y s i s  c a n  b e  o b t a i n e d  f r o m  

d a t a  o n  m e r c a p t a n  s a m p l e s  t h a t  w e r e  i r r a d i a t e d  a n d  

s u b j e c t e d  t o  e s r  a n a l y s i s  b e f o r e  a n d  a f t e r  p h o t o l y s i s  

w i t h  s e l e c t e d  w a v e l e n g t h s  a t  7 7  ° K .  T h e s e  e x p e r i 

m e n t s  s h o w  t h a t  t h e  s p e c i e s  g i v i n g  r i s e  t o  t h e  o r i g i n a l  

e s r  s i g n a l  i s  c o n v e r t e d  b y  l i g h t  t o  a n o t h e r  p a r a m a g n e t i c  

i n t e r m e d i a t e  w h i c h  h a s  b e e n  i d e n t i f i e d  a s  C H 3C H 2S . 26 27 

T h i s  i n t e r p r e t a t i o n  i s  c o n s i s t e n t  w i t h  T r u b y ’ s 26,27 

w o r k  o n  d i s u l f i d e s  i n  w h i c h  h e  p o s t u l a t e s  t h a t  t h e  e s r  

s p e c t r u m  o f  i r r a d i a t e d  d i s u l f i d e s  c o n s i s t s  o f  c o n t r i b u 

t i o n s  f r o m  i o n i c  s p e c i e s  ( p r e d o m i n a n t l y )  a n d  R S

(19) J. J. Myron and G. R. Freeman, Can. J . Chem., 43, 1484 
(1965).
(20) P. Gray, Trans. F araday Soc., 52, 344 (1956).
(21) J. L. Franklin and H. E. Lumpkin, J. A m . Chem. Soc., 74, 1023 
(1952).
(22) T. L. Cottrell, “The Strengths of Chemical Bonds,” Butter- 
worth and Co. Ltd., London, 1958.
(23) H. Zeldes and R. Livingstone, J. Chem. P h ys., 30, 40 (1959).
(24) B. Smaller and M . S. Matheson, ibid., 28, 1169 (1958).
(25) S. B. Milliken, K. Morgan, and R. H. Johnsen, to be published.
(26) F. K. Truby, J. Chem. P h ys., 40, 2768 (1964).
(27) F. K. Truby, D. C. Wallace, and J. E. Hess, ibid., 42, 2845 
(1965).
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( t h i y l )  r a d i c a l s  a n d  a l k y l  r a d i c a l s .  I t  a p p e a r s  t h a t  

t h e  i n i t i a l  ( p r e b l e a c h e d )  s p e c t r u m  o f  e t h y l  m e r c a p t a n  

i s  l a r g e l y  d u e  t o  t h e  p r e s e n c e  o f  e n t i t i e s  s u c h  a s  C H 3-  

C H 2S H +  a n d  C H 3C H 2S H _ . U p o n  p h o t o l y s i s  t h e  

f o l l o w i n g  r e a c t i o n s  a r e  f e a s i b l e .

R S H -  +  hv — R S H  +  e -  ( 7 )

e -  +  R S H +  — ^  R S H *  ( 8 )

R S H *  — ► R S  +  H  ( 9 )

T h e s e  r e a c t i o n s  c a n  r e a s o n a b l y  a c c o u n t  f o r  t h e  o b 

s e r v e d  ( p o s t b l e a c h e d )  t h i y l  r a d i c a l  p r o d u c t i o n .

T h e  f a c t  t h a t  d i e t h y l  s u l f i d e  c o n s t i t u t e s  1 5 %  o f  t h e  

l i q u i d  p r o d u c t s  s e e m s  t o  i n d i c a t e  t h a t  t h e r e  i s  a p p r e c i 

a b l e  r u p t u r e  o f  t h e  C - S  b o n d  ( a s  w o u l d  b e  e x p e c t e d  

f r o m  i t s  l o w  b o n d  s t r e n g t h ) .  H o w e v e r ,  t h e  F r a n c k -  

R a b i n o w i t c h  c a g e  e f f e c t  w o u l d  o b s c u r e  t h e  t r u e  e x t e n t  

o f  t h e  C - S  b o n d  s c i s s i o n .  E v i d e n c e  f o r  t h e  o p e r a t i o n  

o f  a  c a g e  e f f e c t  c a n  b e  g o t t e n  f r o m  t h e  C r ( H 2) / G r( C H 4)  

r a t i o  i n  t h e  l i q u i d  a n d  g a s  p h a s e .  T h e  r a t i o  d e c r e a s e s  

f r o m  7 0  t o  5 . 5  o n  g o i n g  f r o m  t h e  l i q u i d  t o  t h e  g a s  

p h a s e .  I f  i t  i s  a s s u m e d  t h a t  t h e  m e t h a n e  y i e l d  i s  d u e  

t o  C - C  b o n d  s c i s s i o n  f o l l o w e d  b y  a b s t r a c t i o n  f r o m  t h e  

s u b s t r a t e  b y  t h e  m e t h y l  g r o u p ,  t h e  G r a t i o  r e f l e c t s  t h e  

g r e a t l y  d e c r e a s e d  c a g e  e f f e c t  i n  t h e  g a s  p h a s e .

C H 3 +  C H 3C H 2S H  — >  C H 4 +  C 2H 6S  ( 1 0 )

K e r r  a n d  T r o t m a n - D i c k e n s o n 28 h a v e  d e m o n s t r a t e d  

t h a t  e t h a n e t h i o l  i s  a n  e f f i c i e n t  m e t h y l  r a d i c a l  s c a v e n g e r  

d u e  t o  t h e  e f f i c i e n c y  o f  r e a c t i o n  1 0 .

T h e  e n h a n c e d  o v e r - a l l  d e c o m p o s i t i o n  o f  t h e  m e r 

c a p t a n  i n  t h e  g a s e o u s  p h a s e  a s  c o m p a r e d  w i t h  t h e  l i q u i d  

p h a s e  i s  p r o b a b l y  d u e  t o  t w o  e f f e c t s .  T h e  f i r s t  i s  t h e  

l a c k  o f  a  c a g e  e f f e c t  i n  t h e  g a s  p h a s e .  T h e  s e c o n d  f a c t o r  

i s  t h e  m u c h  l a r g e r  p r o b a b i l i t y  t h a t  i c n  p a i r s  e s c a p e  

i m m e d i a t e  r e c o m b i n a t i o n  a n d  a r e  t h u s  c a p a b l e  o f  u n d e r 

g o i n g  r e a c t i o n s  t h a t  r e s u l t  i n  s t a b l e  r a d i o l y t i c  p r o d u c t s .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s u l f u r  a n a l o g s  o f  

t h e  t w o  m a j o r  l i q u i d  p r o d u c t s  f r o m  e t h a n o l  r a d i o l y s i s  

( 2 , 3 - b u t a n e d i t h i o l  a n d  t h i o a c e t a l d e h y d e )  w e r e  p r e s e n t ,  

i f  a t  a l l ,  o n l y  i n  n e g l i g i b l e  q u a n t i t i e s .  T h i s  a p p e a r s  

t o  m i n i m i z e  r e a c t i o n s  s u c h  a s

C H 3C H 2S H  — >  C H 3C H S H  +  H  ( 1 1 )  

C H 3C H 2S H  — >  C H 3C H S  +  H 2 ( 1 2 )  

i n  t h e  r a d i o l y s i s .

T h e  d a t a  o b t a i n e d  t o  d a t e  i n d i c a t e  t h a t  t h e  r a d i o l y t i c  

d e c o m p o s i t i o n  m e c h a n i s m  f o r  e t h y l  m e r c a p t a n  i s  

d i c t a t e d  l a r g e l y  b y  t h e  t w o  b o n d s  t o  t h e  s u l f u r  a t o m .  

M e r c a p t a n  r a d i o l y s i s  p r o d u c t s ,  t h e r e f o r e ,  d i f f e r  i n  

n a t u r e  f r o m  t h o s e  o f  t h e  c o r r e s p o n d i n g  a l c o h o l  i n  w h i c h  

t h e  m e t h y l e n e  h y d r o g e n  a t o m s  l a r g e l y  g o v e r n  t h e  d e 

c o m p o s i t i o n .
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I n  o r d e r  t o  d e t e r m i n e  s e v e r a l  v a p o r  p r e s s u r e s  a t  o n e  w e l l - d e f i n e d  t e m p e r a t u r e ,  s e v e r a l  

K n u d s e n  c e l l s  w e r e  h e a t e d  s i m u l t a n e o u s l y  i n  a  m a s s i v e  m o l y b d e n u m  b l o c k  w h i c h  s e r v e d  

t o  p r o v i d e  a  u n i f o r m  t e m p e r a t u r e  e n v i r o n m e n t .  W i t h  t h i s  m u l t i p l e - c e l l  t e c h n i q u e ,  i t  w a s  

h o p e d  t h a t  t h e  p r e c i s i o n  i n  a  s e t  o f  v a p o r  p r e s s u r e  m e a s u r e m e n t s  d e t e r m i n e d  i n  a  s i n g l e  

i s o t h e r m a l  e x p e r i m e n t  w o u l d  b e  b e t t e r  t h a n  t h a t  a c h i e v e d  i n  i n d i v i d u a l  p r e s s u r e  m e a s u r e 

m e n t s .  T h e  v a p o r  p r e s s u r e s  o f  l i q u i d  i n d i u m  a n d  g a l l i u m  w e r e  d e t e r m i n e d .  T h e  p r e 

c i s i o n  o f  p r e s s u r e  m e a s u r e m e n t s  w a s  b e t t e r  t h a n  w h a t  i s  u s u a l l y  a c h i e v e d  w i t h  t h e  K n u d s e n  

m e t h o d .  T h e  s t a n d a r d  e n t h a l p i e s  o f  v a p o r i z a t i o n  o f  i n d i u m  a n d  g a l l i u m  a t  2 9 8 ° K  w e r e  

f o u n d  t o  b e  5 6 . 5 8  ±  0 . 1 0  a n d  6 4 . 6 2  ±  0 . 2 2  k c a l / g - a t o m ,  r e s p e c t i v e l y ;  t h e s e  v a l u e s  a g r e e  

w e l l  w i t h  t h e  l i t e r a t u r e  v a l u e s .

I . Introduction

T h e  K n u d s e n  e f f u s i o n  m e t h o d  h a s  b e e n  u s e d  e x 

t e n s i v e l y  f o r  t h e  d e t e r m i n a t i o n  o f  v a p o r  p r e s s u r e s  o f  

m a t e r i a l s  a t  h i g h  t e m p e r a t u r e s .  I n  m a n y  e x p e r i 

m e n t s  i t  w o u l d  b e  d e s i r a b l e  t o  d e t e r m i n e  a  s e t  o f  v a p o r  

p r e s s u r e s  a t  o n e  f i x e d  t e m p e r a t u r e .  E x a m p l e s  a r e

( 1 )  t h e  e v a l u a t i o n  o f  a c t i v i t i e s ,  t h r o u g h  v a p o r  p r e s s u r e  

m e a s u r e m e n t s  a t  a  g i v e n  t e m p e r a t u r e ,  o f  c o m p o n e n t s  

o f  a n  a l l o y  a s  a  f u n c t i o n  o f  c o m p o s i t i o n ,  e.g., a c t i v i t i e s  

f o r  t h e  C u - A u  s y s t e m  b y  E d w a r d s  a n d  B r o d s k y ; 2

( 2 )  t h e  e v a l u a t i o n  o f  n o n i d e a l i t y  e f f e c t s  o f  e f f u s i o n  

o r i f i c e s ,  e.g., t h e  s t u d y  b y  F r e e m a n ; 3 a n d  ( 3 )  t h e  e v a l u 

a t i o n  o f  e f f e c t s  d u e  t o  v a r i a t i o n  o f  o r i f i c e  a r e a s ,  e.g., 
t h e  n o n u n i t  v a p o r i z a t i o n  c o e f f i c i e n t .  A t  e l e v a t e d  

t e m p e r a t u r e s  t h e r e  i s  a  c o n s i d e r a b l e  e r r o r  i n  t e m p e r a 

t u r e  m e a s u r e m e n t ,  a n d  i t  i s  v e r y  d i f f i c u l t  t o  r e p r o d u c e  

t e m p e r a t u r e s .  T h e r e f o r e ,  i t  i s  m o s t  d i f f i c u l t  t o  a c h i e v e  

h i g h l y  p r e c i s e  a g r e e m e n t  i n  a  s e t  o f  i s o t h e r m a l  v a p o r  

p r e s s u r e  v a l u e s  w h i c h  a r e  t a k e n  f r o m  i n d i v i d u a l  

m e a s u r e m e n t s .  A  h i g h e r  p r e c i s i o n  s h o u l d  b e  a c h i e v e d  

w h e n  s e v e r a l  c e l l s  a r e  u s e d  s i m u l t a n e o u s l y  i n  a n  i s o 

t h e r m a l  e n c l o s u r e .  I n  o r d e r  t o  h a v e  m a n y  K n u d s e n  

c e l l  m e a s u r e m e n t s  a t  a  w e l l - d e f i n e d  t e m p e r a t u r e ,  1 4  

K n u d s e n  c e l l s  w e r e  p l a c e d  i n  a  l a r g e  m o l y b d e n u m  

b l o c k .  T h u s ,  i t  w a s  p o s s i b l e  t o  o b t a i n  1 4  v a p o r  p r e s 

s u r e  m e a s u r e m e n t s  s i m u l t a n e o u s l y  a t  o n e  t e m p e r a t u r e .

T h e  m e a s u r e m e n t s  o f  v a p o r  p r e s s u r e s  o f  p u r e  l i q u i d

g a l l i u m  a n d  i n d i u m  r e p o r t e d  h e r e  w e r e  p e r f o r m e d  i n  

p r e p a r a t i o n  f o r  m e a s u r e m e n t s  o f  t h e  a c t i v i t i e s  o f  g a l 

l i u m  a n d  i n d i u m  i n  G a - I n  l i q u i d  s o l u t i o n s . 1 S t a n d a r d  

e n t h a l p i e s  o f  v a p o r i z a t i o n  o f  l i q u i d  g a l l i u m  a n d  i n d i u m  

h a v e  b e e n  c a l c u l a t e d  f r o m  t h e s e  v a p o r  p r e s s u r e s .

II . Experim ental Section

Apparatus. T h e  a p p a r a t u s  a s  u s e d  i n  t h i s  e x p e r i 

m e n t  i s  s h o w n  i n  F i g u r e  1 . I t  c o n s i s t e d  o f  a  h i g h 

s p e e d  v a c u u m  p u m p i n g  s y s t e m ,  a n  i n e r t  g a s  i n l e t  

s y s t e m ,  p r e s s u r e  g a u g e s ,  a n  e l e c t r i c a l  f u r n a c e  w i t h  a  

t e m p e r a t u r e  c o n t r o l l e r ,  a  t e m p e r a t u r e - m e a s u r i n g  d e 

v i c e ,  a n d  a  s e t  o f  K n u d s e n  c e l l s  i n  a  t h e r m o s t a t i n g  

m o l y b d e n u m  b l o c k .

T h e  v a c u u m  p u m p i n g  s y s t e m  c o n s i s t e d  o f  a n  o i l  

d i f f u s i o n  p u m p  w i t h  f o r e v a c u u m  p r o d u c e d  b y  a  

m e c h a n i c a l  p u m p .  A r g o n  c o u l d  b e  a d m i t t e d  t h r o u g h  

t h e  s t o p c o c k  a t  t h e  t o p  o f  t h e  a p p a r a t u s .  T h e  P h i l i p s  

g a u g e  w a s  u s e d  t o  m e a s u r e  p r e s s u r e s  b e l o w  1 t o r r ,  a n d

(1) Based on a thesis by G. J. Macur, submitted to the Illinois 
Institute of Technology in partial fulfillment of the requirements for 
the Ph.D. degree, June 1965.
(2) R. K. Edwards and M. B. Brodsky, J. Am. Chem. Soc., 78, 2983 
(1956).
(3) R. D. Freeman, Technical Document No. ASD-TDR-63-754, 
1963. He has attempted to establish isothermal conditions for 
effusion by heating eight Knudsen cells simultaneously in a thermo- 
stated block.
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OBSERVATION PORT

Figure 1. Multiple Knudsen cell effusion apparatus.

t h e  H e l i c o i d  g a u g e  w a s  u s e d  t o  m e a s u r e  h i g h e r  p r e s 

s u r e s .

T h e  e l e c t r i c  f u r n a c e  w a s  a  H e v i - D u t y  H D T - 8 1 2  

f u r n a c e  c a p a b l e  o f  a c h i e v i n g  1 2 6 0 ° .  I t s  p o w e r  w a s  

c o n t r o l l e d  b y  a  W e s t  J S B - 2 ,  5  K V A  s a t u r a b l e - c o r e  

r e a c t o r  c o n t r o l l e r  r e g u l a t e d  b y  a  s e n s i n g  t h e r m o c o u p l e ;  

t h e  t e m p e r a t u r e  w a s  c o n t r o l l e d  t o  w i t h i n  ± 1 ° .  T h e  

t e m p e r a t u r e  o f  t h e  e x p e r i m e n t  w a s  d e t e r m i n e d  f r o m  

t h e  e m f  o f  a  p l a t i n u m — p l a t i n u m - 1 0 %  r h o d i u m  t h e r m o 

c o u p l e  c a l i b r a t e d  a t  t h e  f r e e z i n g  p o i n t s  o f  a n t i m o n y ,  

s i l v e r ,  a n d  c o p p e r .  C a l i b r a t i o n  b e f o r e  a n d  a f t e r  t h e  

e x p e r i m e n t s  s h o w e d  n o  a p p r e c i a b l e  c h a n g e .

T h e  e f f u s i o n  c e l l s  w e r e  f a b r i c a t e d  o f  a l u m i n a ,  A P 3 5  

( 9 9 %  A I 2O 3) ,  b y  t h e  M c D a n e l  R e f r a c t o r y  P o r c e l a i n  

C o .  A  c a p  a n d  c y l i n d e r  d e s i g n  w a s  u s e d ;  t h e  c a p s  

w e r e  c e m e n t e d  a n d  f i r e d  t o  t h e  c y l i n d e r s .  T h e  e f f u s i o n  

c e l l s  w e r e  6 0  m m  l o n g  a n d  1 4  m m  i n  o . d .  w i t h  a  w a l l  

t h i c k n e s s  o f  ca. 1 m m .  T h e  n o m i n a l  o r i f i c e  d i a m e t e r s  

r a n g e d  f r o m  0 . 5  t o  1 . 8  m m  i n  0 . 1 - m m  i n t e r v a l s .  E f 

f e c t i v e  o r i f i c e  a r e a s  w e r e  d e t e r m i n e d  b y  m e a s u r i n g  t h e  

r a t e  o f  e f f u s i o n  o f  p u r e  m e r c u r y  f r o m  t h e  c e l l s ;  a  

s e p a r a t e  v a c u u m  a p p a r a t u s  w a s  u s e d  f o r  t h e s e  e f f e c t i v e  

o r i f i c e  a r e a  m e a s u r e m e n t s .  T h e  v a p o r  p r e s s u r e  o f  

m e r c u r y  w a s  c a l c u l a t e d  f r o m  t h e  e q u a t i o n  s u g g e s t e d  

b y  C a r l s o n ,  et al. /  b a s e d  o n  t h e  d a t a  o f  B u s e y  a n d  

G i a u q u e . 6 T w o  c a l i b r a t i o n  r u n s  w e r e  m a d e  f o r  e a c h  

o r i f i c e ;  a g r e e m e n t  o f  t h e  r e s u l t s  t o  ca. 1 %  w a s  o b t a i n e d .

F o r  t h e  h i g h - t e m p e r a t u r e  r u n s ,  t h e  c o e f f i c i e n t  o f  

t h e r m a l  e x p a n s i o n  o f  7 . 8  X  1 0 - 6  d e g - 1  f o r  a l u m i n a 6 

w a s  u t i l i z e d  t o  c o r r e c t  f o r  t h e  e x p a n s i o n  o f  t h e  o r i f i c e .  

T h e  e f f u s i o n  c e l l s  w e r e  i n s e r t e d  i n t o  l a r g e r  a l u m i n a  

c u p s  w h i c h  e f f e c t i v e l y  l i n e d  t h e  w e l l s  i n  t h e  m o l y b 

d e n u m  b l o c k  a n d  a l s o  a i d e d  i n s e r t i o n  a n d  r e m o v a l  o f  

t h e  c e l l s .  T h e  t h e r m o s t a t i n g  c y l i n d r i c a l  b l o c k  w a s  

5  i n .  l o n g  a n d  5 . 7 5  i n .  i n  d i a m e t e r ;  1 4  w e l l s  f o r  t h e  

e f f u s i o n  c e l l s  a n d  a  c e n t r a l  w e l l  f o r  t h e  t h e r m o c o u p l e  

w e r e  d r i l l e d  i n  t h e  b l o c k .  A  m o l y b d e n u m  h a n d l e  

w a s  a t t a c h e d  t o  t h e  b l o c k .

Procedure. S a m p l e s  w e r e  p l a c e d  i n  t h e  a l u m i n a  

e f f u s i o n  c e l l s  t h r o u g h  t h e  o r i f i c e s  w i t h  s p e c i a l  c a r e  n o t  

t o  d a m a g e  t h e  o r i f i c e s  ( w h i c h  h a d  b e e n  c a l i b r a t e d  

p r e v i o u s l y ) . -  T h e  c e l l s  w e r e  p l a c e d  i n  a l u m i n a  c u p s  

w h i c h  w e r e  t h e n  p o s i t i o n e d  i n  t h e  m o l y b d e n u m  b l o c k  

i n  a  s y s t e m a t i c  o r d e r .  T h e  m o l y b d e n u m  b l o c k  w a s  

l o w e r e d  i n t o  t h e  l a r g e  a l u m i n a  t u b e  s h o w n  i n  F i g u r e  1 . 

T h e  c a l i b r a t e d  t h e r m o c o u p l e  w a s  t h e n  p o s i t i o n e d  i n  

i t s  w e l l  i n  t h e  m o l y b d e n u m  b l o c k .  T h e  l a r g e  a l u m i n a  

t u b e  w i t h  t h e  K n u d s e n  c e l l  a s s e m b l y  w a s  t h e n  b r o u g h t  

n e a r  t h e  w a t e r - c o o l e d  f l a n g e ,  t h e  m e c h a n i c a l  v a c u u m  

p u m p  w a s  s t a r t e d ,  a n d  t h e  a l u m i n a  t u b e  w a s  p r e s s e d  

a g a i n s t  a  r u b b e r  g a s k e t  o n  t h e  w a t e r - c o o l e d  f l a n g e  

u n t i l  t h e  v a c u u m  w a s  s u f f i c i e n t  s o  t h a t  a t m o s p h e r i c  

p r e s s u r e  w o u l d  h o l d  t h e  a l u m i n a  t u b e  i n  p l a c e .  A l l  

e l e c t r i c a l  c o n n e c t i o n s  w e r e  t h e n  m a d e .

W i t h  t h e  d i f f u s i o n  p u m p ,  a  p r e s s u r e  a s  l o w  a s  1 0 - 5  

t o r r  w a s  a c h i e v e d .  T h e  t e m p e r a t u r e  o f  t h e  f u r n a c e  

w a s  b r o u g h t  u p  t o  2 0 0 °  a n d  l e f t  o v e r n i g h t  f o r  o u t -  

g a s s i n g  p u r p o s e s .  T h e  t e m p e r a t u r e  w a s  r a i s e d  t h e n  

t o  6 0 0 °  o v e r  a  p e r i o d  o f  4  h r .  I s o l a t i o n  o f  t h e  m a n i 

f o l d  f r o m  t h e  p u m p s  w a s  a c h i e v e d ,  a n d  a r g o n  w a s  

a d d e d  t o  t h e  s y s t e m  s o  t h a t  t h e  p r e s s u r e  w a s  b r o u g h t  

t o  0 . 7  a t m .  T h e  i n e r t  g a s  a t  t h i s  p r e s s u r e  w a s  u s e d  t o  

b l o c k  e f f u s i o n  u n t i l  t h e  s t a r t i n g  t i m e  o f  t h e  r u n .  T h e  

t e m p e r a t u r e  w a s  a d j u s t e d  t h e n  t o  t h e  d e s i r e d  v a l u e ;  

a  c o n s t a n t  t e m p e r a t u r e  w a s  a c h i e v e d  i n  a b o u t  2  h r .

T h e  r u n  w a s  s t a r t e d  b y  e v a c u a t i o n  o f  t h e  m a n i f o l d ,  

a n d  a  t i m e r  w a s  s t a r t e d  w h e n  t h e  p r e s s u r e  r e a c h e d  

1 0 _ 4  t o r r .  T h i s  p u m p d o w n  r e q u i r e d  ca. 2  m i n .  

D u r i n g  t h e  c o u r s e  o f  t h e  r u n ,  t e m p e r a t u r e  a n d  p r e s s u r e  

w e r e  m o n i t o r e d .

A f t e r  a n  a p p r o p r i a t e  p e r i o d  o f  t i m e ,  t h e  r u n  w a s  

s t o p p e d  b y  a d d i n g  a r g o n  t o  0 . 7  a t m  a f t e r  i s o l a t i n g  t h e  

m a n i f o l d  f r o m  t h e  v a c u u m  p u m p s .  T h e  t e m p e r a t u r e  4 5 6

(4) K. D. Carlson, P. W . Gilles, and R. J. Thorn, ./. Chem. Phys., 
38, 2725 (1963).
(5) R. H. Busey and W . F. Giauque, J. Am. Chem. Soc., 75, 806 
(1953).
(6) Bulletin No. D 763, “ Physical Properties,” McDanel Refractory 
Porcelain Co., Beaver Falls, Pa.
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Table I : Data for the Vaporization of Indium

Temp,
°K Cell“

Mass
loss,
mg

Time,
min

Pt
atm X 
IO-«

à  f f 0 298,

kcal/g-
atom

Av p, 
atm X 
IO"«

%
av
dev

Av
A f f ° 2 9 8 ,

kcal/g-
atom

1198.0 B- 9.41 720.2 1.488 57.10 1.504 1.2 57.08
B* 8.80 1.528 57.04
C 13.22 1.507 57.07
D 17.21 1.469 57.14
E 18.51 1.538 57.02
F 35.50 1.493 57.09
G 44.94 1.505 57.07

1273.6 B- 48.54 760.4 7.486 56.51 7.602 3.4 56.47
B* 41.95 7.107 56.64
C 69.72 7.751 56.42
D 97.48 8.115 56.30
E 95.48 7.738 56.42
F 178.23 7.313 56.57
G 235.93 7.708 56.43

1373.P B- 182.68 600.4 37.00 56.44
B* 209.19 46.54 55.81
C 273.24 39.89 56.23
D 199.28 21.78 57.88
E 360.13 38.32 56.34
F 203.54 10.97 59.75
G 329.05 14.12 59.06

1472.7 B- 561.66 474.3 148.89 56.30 151.5 2.3 56.25
B* 487.53 141.97 56.44
C 798.72 152.63 56.23
D 1063.28 152.15 56.24
E 1100.96 153.36 56.21
F 2156.59 152.10 56.24
G 2846.25 159.83 56.09

1196.5 B- 11.36 720.4 1.795 56.58 1.767 2.3 56.62
B*°
C 16.14 1.838 56.53
D 19.60 1.670 56.76
E 28.32 1.792 56.59
F 32.95 1.751 56.64
G 57.38 1.755 56.64

1220.3 B- 14.02 640.4 2.515 56.86 2.545 1.2 56.83
C 19.38 2.506 56.87
D 26.90 2.605 56.77
E 35.06 2.520 56.85
F 42.50 2.566 56.81
G 43.70 2.561 56.81

1273.8 B- 25.28 466.9 6.585 56.84 6.814 1.5 56.75
C 37.10 6.966 56.70
D 49.02 6.893 56.72
E 66.34 6.826 56.75
F 77.53 6.802 56.76
G* 185.57 9.343 55.95

1320.7 B ■ 37.32 192.2 16.96 56.39 18.00 5.8 56.24
C 39.22 17.55 56.30
D 51.85 17.38 56.32
E 69.71 20.63 55.87
F 83.62 17.50 56.30
Gd 181.57 21.87 55.72
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Table I (Continued)

Av
Mass V, A i/°2 9 8 , Av p, % AH°298,

Temp, loss, Time, atm X kcal/g- atm X av kcal/g-
°K Cell® mg min IO“» atom 10-6 dev atom

1289.2 B- 21.58 273.6 9.306 56.62 9.450 1.0 56.58
C 31.03 9.645 56.53
D 40.89 9.517 56.56
E 54.25 9.384 56.60
F 64.71 9.400 56.59
Gd 138.93 11.615 56.05

1248.9 B- 24.85 510.2 5.658 56.24 5.477 2.7 56.24
C 34.52 5.666 56.14
D 43.99 5.407 56.25
E 58.02 5.296 56.30
F 69.91 5.359 56.27
Gd 106.10 4.681 56.62

“ The orifice areas in square centimeters for the cells at 50° were: B-, 0.0009568; B*, 0.001051; C, 0.001458; D, 0.001947; E, 
0.002000; F, 0.003950; G, 0.004962. Expansion-of-orifice corrections were made using the coefficient of thermal expansion of 7.8 X 
10-6 deg-1.6 b These data are not reliable because an air leak developed during the run and are shown for comparison only. These 
data are not included in the over-all averages. ° Data for cell B* are not shown for this and later runs because it contained an alloy. 
d Data for cell G are not considered reliable because a crack developed in the cell wall. Data are shown only for completeness and are 
not included in the averages.

o f  t h e  f u r n a c e  w a s  l o w e r e d  i n  a  s y s t e m a t i c  m a n n e r  t o  

p r e v e n t  c r a c k i n g  o f  a l u m i n a .

A f t e r  t h e  f u r n a c e  c o o l e d ,  t h e  a p p a r a t u s  w a s  d i s 

m a n t l e d ,  t h e  m a s s  l o s s  o f  t h e  e f f u s i o n  c e l l s  w a s  d e 

t e r m i n e d ,  a n d  v a p o r  p r e s s u r e s  w e r e  c a l c u l a t e d .

Materials. I n d i u m  w i r e  w a s  p u r c h a s e d  f r o m  A .  D .  

M a c k a y ,  I n c . ,  w i t h  a  s t a t e d  p u r i t y  o f  9 9 . 9 9 9 % .  

T h e  w i r e  w a s  w a s h e d  w i t h  p u r e  b e n z e n e  p r i o r  t o  i n 

s e r t i o n  i n t o  t h e  e f f u s i o n  c e l l s .  T h e  i n d i u m  w i r e  w a s  

e a s i l y  i n s e r t e d  i n t o  t h e  c e l l s .

G a l l i u m  m e t a l  w a s  p u r c h a s e d  f r o m  A .  D .  M a c k a y ,  

I n c . ,  w i t h  a  s t a t e d  p u r i t y  o f  9 9 . 9 9 9 % .  S i n c e  g a l l i u m  

r e a c t s  s l o w l y  w i t h  m o i s t  a i r ,  t h e  a m o u n t  o f  e x p o s u r e  

t o  t h e  l a b o r a t o r y  a t m o s p h e r e  o f  t h e  g a l l i u m  w a s  

m i n i m i z e d .  G a l l i u m  w a s  i n t r o d u c e d  i n t o  t h e  e f f u s i o n  

c e l l  b y  h y p o d e r m i c  s y r i n g e .

A r g o n  u s e d  a s  t h e  i n e r t  a t m o s p h e r e  w a s  p u r c h a s e d  

f r o m  t h e  M a t h e s o n  C o . ,  w i t h  a  s t a t e d  m i n i m u m  p u r i t y  

o f  9 9 . 9 9 8 % .

III. R esults and D iscussion

Vaporization of Indium. I n  T a b l e  I  a r e  f o u n d  t h e  

e x p e r i m e n t a l  d a t a ,  i.e., t e m p e r a t u r e ,  c e l l  d e s i g n a t i o n ,  

e f f e c t i v e  o r i f i c e  a r e a ,  m a s s  l o s s ,  d u r a t i o n  o f  r u n ,  a n d  

t h e  c a l c u l a t e d  v a p o r  p r e s s u r e .  T h e  i n d i u m  v a p o r  h a s  

b e e n  a s s u m e d  t o  b e  m o n a t o m i c .  I n  a  m a s s  s p e c t r o -  

m e t r i c  s t u d y  o f  i n d i u m - r i c h  i n d i u m - a n t i m o n y  s o l u t i o n s  

v a p o r i z i n g  f r o m  m o l y b d e n u m  K n u d s e n  c e l l s ,  D e -  

M a r i a ,  et al.,7 f o u n d  t h e  r a t i o  o f  d i a t o m i c  t o  m o n 

a t o m i c  i n d i u m  t o  b e  o f  t h e  o r d e r  o f  ( 1 - 3 )  X  1 0 - 5 . 

T h e  “ t h i r d  l a w ”  s t a n d a r d  e n t h a l p i e s  o f  v a p o r i z a t i o n  

w e r e  c a l c u l a t e d  b y  u s i n g  f r e e  e n e r g y  f u n c t i o n s ,  (G° —  

f o r  g a s e o u s  a n d  l i q u i d  i n d i u m  t a b u l a t e d  b y  

H u l t g r e n ,  et al. 8 A l s o  t a b u l a t e d  i n  T a b l e  I  a r e  t h e  

a v e r a g e  p r e s s u r e  o b s e r v e d  f o r  t h e  s e t  o f  c e l l s  i n  e a c h  

r u n ,  t h e  a v e r a g e  p e r  c e n t  a b s o l u t e  d e v i a t i o n  f r o m  t h e  

m e a n  p r e s s u r e ,  a n d  t h e  a v e r a g e  t h i r d - l a w  s t a n d a r d  

e n t h a l p y  o f  v a p o r i z a t i o n  a t  2 9 8  ° K .

O n e  u s u a l l y  e x p e c t s  a n  i r r e p r o d u c i b i l i t y  o f  a b o u t  

1 0 % 9 i n  v a p o r  p r e s s u r e  m e a s u r e m e n t s  w i t h  s i n g l e  

K n u d s e n  c e l l s ,  a l t h o u g h  t h i s  m a y  b e  r e d u c e d  t o  a b o u t  

5 % 10 u n d e r  f a v o r a b l e  c o n d i t i o n s .  T h e  u n c e r t a i n t y  i n  

p r e s s u r e  m e a s u r e m e n t s  a t  a  g i v e n  t e m p e r a t u r e  i s  l e s s  

t h a n  3 %  i n  t h e  w o r k  b e i n g  r e p o r t e d .  T h e r e  w a s  n o  

c o r r e l a t i o n  b e t w e e n  l o c a t i o n  o f  t h e  c e l l  i n  t h e  m o l y b 

d e n u m  b l o c k  a n d  t h e  v a l u e  o f  t h e  o b s e r v e d  p r e s s u r e .  

T h u s ,  t h e  l a r g e  m o l y b d e n u m  b l o c k  d i s t r i b u t e d  t h e  h e a t  

u n i f o r m l y  a n d  r e d u c e d  t h e  t e m p e r a t u r e  v a r i a t i o n  w h i c h  

a p p e a r s  t o  h a v e  d e c r e a s e d  t h e  i r r e p r o d u c i b i l i t y .

(7) G. DeMaria, J. Drowart, and M . G. Inghram, J. Chem. Phys., 
31, 1076 (1959).
(8) R. Hultgren, R. L. Orr, P. D. Anderson, and K . K. Kelley, 
“Selected Values of Thermodynamic Properties of Metal Alloys,” 
John Wiley and Sons, Inc., New York, N. Y ., 1963.
(9) J. L. Margrave, “ Physicochemical Measurements at High Tem
peratures,” J. O’M. Bockris, J. L. White, and J. D. MacKenzie, 
Ed., Butterworth and Co. (Publishers) Ltd., London, 1959, Chapter 
10.

(10) R. J. Ackermann and R. J. Thorn, Progr. Ceram. Sci., 1, 39 
(1961).
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Table II : Third-Law Evaluation of Selected Indium Data“

No. of 
observa A£f°298| Container

Investigator tions kcal/g-atom Method material

This work 53 56.58 ±  0.106 Multiple
effusion

Alumina

Alcock, et al.11 7 57.24 Effusion Beryllia
Alcock, et al.11 3 57.08 Transporta

tion
Beryllia

Anderson12 8 58.23 Effusion Quartz
Herrick13 8 8 58.09 ±  0.15 Torsion-

effusion
Graphite

Kohlmeyer and Spandau15 1 56.33 Boiling point 
(1 atm)

(?)

McGonigal, et al.11 1 56.54 ±  0.83 Boiling point 
(1 atm)

Graphite

Priselkov, et al.1* 
(recalcd)

9 56.79 Effusion Porcelain

Lyubimov and Lyubitov16 
(recalcd)

10 57.95 ±  0.4 Mass spec
trometer

Quartz

“ Calculated with the use of ((7° — H°m )/T functions by Hultgren, et al.s b Average deviation.

Figure 2. Variation of AH°m of vaporization 
for indium with orifice area.

T h e  v a r i a t i o n  o f  A H °MS i s  s e e n  i n  F i g u r e  2  t o  b e  s m a l l  

a n d  i n d e p e n d e n t  o f  o r i f i c e  a r e a ,  a n d ,  t h u s ,  t h e r e  i s  n o  

i n d i c a t i o n  o f  a  n o n u n i t  e v a p o r a t i o n  c o e f f i c i e n t .

T h e  v a p o r  p r e s s u r e  d a t a  a r e  c o m p a r e d  i n  F i g u r e  3  

w i t h  d a t a  b y  A l c o c k ,  et al.,n  A n d e r s o n , 12 H e r r i c k , 13 

a n d  P r i s e l k o v ,  et al.14 T h i r d - l a w  s t a n d a r d  e n t h a l p i e s  

o f  v a p o r i z a t i o n  a t  2 9 8 ° K  a r e  t a b u l a t e d  i n  T a b l e  I I  

w i t h  v a l u e s  b y  A l c o c k ,  et al.,n  A n d e r s o n , 12 H e r r i c k , 13 

K o h l m e y e r  a n d  S p a n d a u , 16 L y u b i m o v  a n d  L y u b i t o v , 16 

M c G o n i g a l ,  et al.,17 a n d  P r i s e l k o v ,  et a h 14 

T h e  v a p o r  p r e s s u r e  d a t a  o b t a i n e d  i n  t h i s  w o r k  a g r e e  

w e l l  w i t h  t h e  r e s u l t s  o f  A l c o c k  a n d  C o r n i s h 11 a n d  P r i s e l 

k o v ,  et al.u  A g r e e m e n t  i s  l e s s  g o o d  w i t h  H e r r i c k 13 

a n d  t h e  e a r l y  w o r k  o f  A n d e r s o n . 12 T h e  AH°ws v a l u e  o f  

t h i s  s t u d y  i s  i n  a g r e e m e n t  w i t h  t h o s e  o f  A l c o c k  a n d  

C o r n i s h , 11 K o h l m e y e r  a n d  S p a n d a u , 16 M c G o n i g a l ,  

et al.,17 a n d  P r i s e l k o v ,  et al.,14 a n d  i n  l e s s  g o o d  a g r e e m e n t  

w i t h  t h o s e  o f  A n d e r s o n , 12 H e r r i c k , 13 a n d  L y u b i m o v  a n d  

L y u b i t o v . 16

E v a l u a t i o n  o f  t h e  s e v e r a l  s t u d i e s  l e a d i n g  t o  A H °2ss 
v a l u e s  d o e s  n o t  l e a d  t o  a n  o b j e c t i v e  b a s i s  f o r  d i s c r i m i 

n a t i n g  i n  f a v o r  o f  t h e  r e s u l t s  o f  a n y  p a r t i c u l a r  i n v e s t i 

g a t i o n .  T h e r e f o r e ,  i t  i s  p r o b a b l y  b e s t  t o  c h o o s e  5 7 . 5 1  

k c a l / m o l e ,  t h e  a v e r a g e  w e i g h t e d  a c c o r d i n g  t o  t h e  

n u m b e r  o f  o b s e r v a t i o n s ,  a n d  t o  a l l o w  t h e  u n c e r t a i n t y  

o f  1 . 2 5  k c a l / m o l e  s o  a s  t o  i n c l u d e  a l l  d a t a .

Vaporization of Gallium. I n  T a b l e  I I I  a r e  f o u n d  

t h e  e x p e r i m e n t a l  d a t a ,  t h e  c a l c u l a t e d  v a p o r  p r e s s u r e s ,  

a n d  t h e  c a l c u l a t e d  t h i r d - l a w  e n t h a l p i e s  o f  v a p o r i z a t i o n .  

T h e  g a l l i u m  v a p o r  h a s  b e e n  a s s u m e d  t o  b e  m o n a t o m i c .  

I n  a  m a s s  s p e c t r o m e t r i c  s t u d y  b y  M a r t y n o v i c h , 18

(11) C. B. Alcock, J. B. Cornish, and P. Grievsen, IAEA Sym
posium on Thermodynamics with Emphasis on Nuclear Materials 
and Atomic Transport in Solids, Vienna, 1965, No. SM -66/34.
(12) J. S. Anderson, J. Chem. Soc., 141 (1943).
(13) C. C. Herrick, Trans. A IM S, 230, 1439 (1964).
(14) Y . A. Priselkov, Y. A. Sapozhnikov, A. Y . Tsepleyeva, and V. V. 
Karelin, Izv. Vysshykh Uchebn. Zavedenii, Khim. i Khim. Tekhnol., 
3, 447 (1960).
(15) E. J. Kohlmeyer ar.d H. Spandau, Z. Anorg. Chem., 253, 37 
(1945).
(16) A. P. Lyubimov and Y . N. Lyubitov, Obrabotka Stall i Splavov, 
Moskov, Inst. Stall im I. V. Stalina, Sbornik, 36, 191 (1957).
(17) P. J. McGonigal, J. A. Cahill, and A. D . Kirshenbaum, J. Inorg.
Nucl. Chem., 24, 1012 (1962).
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1000 /T °  K
Figure 3. Comparison of vapor pressure data for indium,

t h e  r a t i o  o f  d i a t o m i c  t o  m o n a t o m i c  g a l l i u m  w a s  f o u n d  

t o  b e  o f  t h e  o r d e r  o f  ( 2 - 4 )  X  1 0 - 6 . A l s o  D r o w a r t  

a n d  H o n i g 18 19 s t u d i e d  t h e  v a p o r i z a t i o n  o f  g a l l i u m  f r o m  

g r a p h i t e  u s i n g  a  m a s s  s p e c t r o m e t e r ;  t h e y _  c o n c l u d e d  

t h a t  m o n a t o m i c  g a l l i u m  w a s  t h e  m a j o r  s p e c i e s .

T h e  i r r e p r o d u c i b i l i t y  f o u n d  i n  t h e s e  m u l t i p i e - e f f u s i o n  

m e a s u r e m e n t s  f o r  g a l l i u m  v a p o r  p r e s s u r e s  w a s  4 . 6 % .

T h i s  i s  s o m e w h a t  l a r g e r  t h a n  t h a t  f o r  t h e  i n d i u m  

m e a s u r e m e n t s  b u t  d o e s  n o t  s e e m  t o  b e  a t t r i b u t a b l e  

t o  t e m p e r a t u r e  v a r i a t i o n  w i t h i n  t h e  m o l y b d e n u m  

b l o c k ;  i t  i s  t o  b e  n o t e d  t h a t  s e t s  o f  r e s u l t s  f o r  b o t h  

e l e m e n t s  w e r e  o b t a i n e d  s i m u l t a n e o u s l y  a t  e a c h  b l o c k  

t e m p e r a t u r e .  S o u r c e s  o f  e r r o r  w h i c h  a p p e a r  p e c u l i a r  

t o  t h e  r e s u l t s  f o r  g a l l i u m  w e r e  o b s e r v e d .  A  p a r t i a l  

p l u g g i n g  o f  t h e  o r i f i c e  ( b y  a  g r a y  m a t e r i a l )  o f  t h e  c e l l s  

c o n t a i n i n g  g a l l i u m  w a s  d e t e c t e d  o c c a s i o n a l l y  i n  p o s t -  

e x p e r i m e n t a l  o b s e r v a t i o n s .  I t  s e e m s  p l a u s i b l e  t o  

s u s p e c t  t h a t  m o l y b d e n u m  o x i d e  p a r t i c l e s  ( o r i g i n a t i n g  

i n  a  p r e v i o u s  a p p a r a t u s  f a i l u r e ) ,  s u b j e c t e d  t o  v i b r a t i o n ,  

f e l l  f r o m  u p p e r  p o r t i o n s  o f  t h e  a p p a r a t u s  a n d  i n t o  

t h e  e f f u s i o n  o r i f i c e s  ( l a r g e r  f o r  t h e  c a s e  o f  g a l l i u m  t h a n

f o r  i n d i u m ) ;  t h e n ,  s o m e  r e d u c t i o n  r e a c t i o n  w i t h i n  

t h e  c e l l  l e d  t o  v o l a t i l i z a t i o n  a n d  r e a c t i o n - d e p o s i t i o n  

o f  t h e  o b s e r v e d  d a r k  g r a y  m a t e r i a l .  A n o t h e r  p o s s i b l e  

s o u r c e  o f  e r r o r  w a s  c r a c k i n g  o f  s o m e  c e l l s  d u e  t o  e x 

p a n s i o n  o n  f r e e z i n g  o f  g a l l i u m ;  t h u s ,  s o m e  c r a c k s  i n  

s o m e  c e l l s  w e r e  o b s e r v e d ,  a n d  h e n c e  t h e  i n f e r e n c e  

s e e m s  r e a s o n a b l e  t h a t  s o m e  c r a c k s  m a y  h a v e  e s c a p e d  

d e t e c t i o n .  A l s o  “ b u m p i n g ”  o f  g a l l i u m  d u r i n g  i n i t i a l  

p u m p d o w n  s e e m s  a  p o s s i b i l i t y  ( i n  s o m e  c a s e s  s m a l l  

d r o p l e t s  w e r e  f o u n d  o n  t h e  t o p  o f  t h e  e f f u s i o n  c e l l  

a f t e r  a n  e x p e r i m e n t ) .

T h e  v a r i a t i o n  i n  t h i r d - l a w  A H °298 o f  v a p o r i z a t i o n  

o f  g a l l i u m  i s  s e e n  i n  F i g u r e  4  t o  b e  s m a l l  a n d  i n d e 

p e n d e n t  o f  o r i f i c e  a r e a .  T h u s ,  t h e r e  i s  n o  i n d i c a t i o n  

o f  n o n u n i t  e v a p o r a t i o n  c o e f f i c i e n t .

T h e  v a p o r  p r e s s u r e  d a t a  a r e  c o m p a r e d  i n  F i g u r e  5  

w i t h  d a t a  b y  A l c o c k ,  et al.,n  M u n i r  a n d  S e a r c y , 20

(18) G. M . Martynovich, Vestn. Mosk. Univ., Ser. Mat., Mekhan., 
Astron., Fiz. i  Khint., No. 2, 151 (1958); No. 5, 67 (1958).
(19) J. Drowart and R. E. Honig, Bull. Soc. Chim. Beiges, 66, 411
(1957).
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Table III : Data for the Vaporization of Gallium

Temp,
■K

1 1 9 8 .0

1 2 7 3 .6

1 3 7 3 .4 °

1 4 7 2 .7

1 1 9 6 .5

1 2 2 0 .3

1 2 7 3 .8

1 3 2 0 .7

Mass P,
loss, Time, atm X

Cell“ mg min 10-6

H 3 .6 3 7 2 0 .2 1 .551
I6
J6
K 6 .4 3 1 .2 82
L 6 .8 7 1 .4 42
M 7 .8 6 1.381
N 8 .6 0 1 .3 70

H 17 .73 7 6 0 .4 7 .3 9 0
I 17 .13 6 .1 5 8
J 2 5 .1 3 6 .1 73
K 3 6 .7 7 7 .1 5 2
L 34 .11 6 .9 8 3
M 4 1 .5 4 7 .1 19
N 4 6 .9 8 6 .9 5 3

H 8 7 .3 4 6 0 0 .4 4 7 .8 0
I 5 1 .7 0 2 .4 4
J 1 2 .5 9 4 .0 6
K 7 .8 0 1 .9 9
L 7 3 .8 5 1 9 .85
M*d 17 9 .43 3 7 .6 5
N 2 7 2 .6 7 5 2 .9 9

H 2 4 3 .9 0 4 7 2 .3 1 7 4 .7
I 2 8 8 .6 9 1 7 8 .4
j. ,* 1 7 7 .00
K 4 0 3 .4 5 1 3 4 .9
L 5 0 8 .4 9 1 7 8 .9
M* 5 6 8 .2 8 1 5 6 .4
N 7 2 9 .2 7 1 8 5 .5

H/ 7 2 0 .4
I 4 .0 8 1 .5 02j « 3 .3 1 1 .0 69

4 .2 8 0 .9 6 4
L 6 .6 5 1 .3 94
M**' 7 .6 6 1 .4 08
N 9 .0 8 1 .3 76

H 4 .9 9 6 4 0 .4 2 .4 1 9
I 5 .2 8 2 .2 0 7
j * i , t 3 .5 2 1 .2 91
K * 7 .2 2 1 .8 48
L 9 .1 2 2 .1 7 2
M* 1 0 .20 2 .1 3 0
N 1 1 .73 2 .0 2 8

H 9 .2 0 4 6 6 .9 6 .4 7 7
I 1 0 .84 6 .5 8 2
J* 11.81 6 .2 9 5
K* 1 5 .37 5 .7 1 7
L 1 8 .16 6 .2 79
M* 2 1 .4 6 6 .5 11
N 2 4 .5 8 6 .1 4 4

H 1 0 .46 1 9 2 .2 1 7 .5 4
I 1 2 .5 0 1 8 .09
J* 1 3 .5 4 17 .21

A R ° 2 9 8 ,

kcal/g-
atom

Av p, 
atm X 

10-«
%  av 

dev

Av
A i / ° 2 9 8 ,

koal/g-
atom

6 4 .2 7 1 .4 0 5 5 . 2 6 4 .5 1

6 4 .7 2
6 4 .4 4
6 4 .5 4
6 4 .5 6

6 4 .2 5
6 5 .8 5
6 4 .7 0
6 4 .3 3
6 4 .3 9
6 4 .3 4
6 4 .4 0

6 .8 4 7 5 . 7 6 4 .7 5

6 4 .0 2
6 5 .8 5

6 4 .6 7
6 3 . 7 4

6 4 .0 9
6 4 .6 3

1 6 8 .0 8 . 9 6 4 .7 4

6 5 .4 5
6 4 .7 2
6 5 .0 1
6 4 .5 2

1 .3 8 0 7 . 9 6 4 .5 4
6 4 .2 8
6 5 .0 7
6 5 .3 2
6 4 .4 4
6 4 .4 2
6 4 .4 7

6 4 .3 5
6 4 .5 8
6 5 .8 7
6 5 . 0 0
6 4 .6 1
6 4 .6 6
6 4 .7 7

2 . 1 3 6 .1 6 4 .6 6

6 4 .5 9
6 4 .5 5
6 4 .6 6  
6 4 .9 0
6 4 .6 7  
6 4 .5 7  
6 4 .7 2

6 .2 9 3 . 3 6 4 .6 6

6 4 .2 7 1 7 .7 0 1 . 5 6 4 .2 4
6 4 .2 2
6 4 .3 2
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Table in (Continued)

Temp,
°K Cell“

Mass
loss,
mg

Time,
min

P,
atm X

io-«

A H 0 298, 
kcal/g- 
atom

Av p, 
atm X 
10-8

% av 
dev

A v

A H °2 9 8 ,
kcal/g-
atom

1320.7 K* 20.01 192.2 17.75 64.16 17.70 1.5 64.24
L 21.69 17.87 64.22
M* 24.92 18.03 64.20
N 29.37 17.50 64.28

1289.2 H 8.40 273.6 9.789 64.29 9.60 4.7 64.35
I 10.27 10.32 64.16
J* 11.42 10.08 64.22
K* 14.30 8.807 64.56
L 16.30 9.330 64.42
M*’ ’* 8.22 4.129
N 22.33 9.240 64.44

1248.9 H 7.25 510.2 4.460 64.29 4.51 1.1 64.26
I 8.60 4.564 64.23

4.25 2.940 65.33
K*e,fc 8.10 2.633 65.60
L«a 8.41 2.542
M *',k 7.25 1.922
N«.S 13.03 2.847 65.40

“ The orifice areas in square centimeters for the cells at 50° were: H, 0.004955; 1,0.005750; J, 0.008434; K, 0.010604; L, 0.010310; 
M, 0.012156; N, 0.014022. Expansion-of-orifice corrections were made using the coefficient of thermal expansion of 7.8 X 10~6 deg-1.6 
6 Some gallium was lost in handling before weighing. c Data from this run are shown only for completeness because an air leak de
veloped during the run. These data are not included in the over-all averages. d Cell M was broken and was replaced by a similar new 
cell designated as M*. * Low mass loss due to partial plugging of orifice by foreign material. 1 Error made in weighing before run so
mass loss could not be calculated. ° Cell J was broken and was replaced by a similar new cell designated as J*. h Cell K was broken 
and was replaced by a similar new cell designated as K*. ’ Cell M* was broken and was replaced by a similar new cell designated
as M*. ’ There is no apparent reason for this low result, but it was rejected because it was considered to be statistically improbable.
k These data are not included in the averages.

Table IV : Third-Law Evaluation of Selected Gallium Data“
No. of 

observa
Investigator tions

This work 56

Alcock, et al.11 9
3

Cochran and Foster22 6

Harteck23 20
Munir and Searcy20 53

Speiser and Johnston21 22 19

“ Calculated with the use of (G° — H°2ss)/T functions by

AH°298, Container
kcal/g-atom Method material

64.62 ±  0.226 Multiple
effusion

Alumina

64.83 Effusion Beryllia
65.04 Transporta

tion
Beryllia

68.96 ±  0.19 Recording
effusion

Alumina

66.30 ± 1 .1 0 Effusion Quartz
65.44 ±  0.23 Torsion-

effusion
Graphite

64.86 ±  1.10 Effusion Quartz

i, et al.e b Average deviation.

S p e i s e r  a n d  J o h n s t o n  ;21 t h e  a g r e e m e n t  i s  g o o d .  T h i r d -  

l a w  A U °298 v a l u e s  f o r  v a p o r i z a t i o n  a r e  t a b u l a t e d  i n  

T a b l e  I V  w i t h  v a l u e s  b y  A l c o c k ,  et al.,11 C o c h r a n  a n d  

F o s t e r , 22 H a r t e c k , 23 M u n i r  a n d  S e a r c y , 20 a n d  S p e i s e r  

a n d  J o h n s t o n . 20 T h e  v a l u e  o b t a i n e d  f r o m  t h i s  s t u d y

(20) Z. A. Munir and A. W . Searcy, J. Electrochem. Soc., I l l ,  1170 
(1964).
(21) R. Speiser and H. L. Johnston, J. Am. Chem. Soc., 75, 1469 
(1953).
(22) C. N . Cochran and L. M . Foster, J. Electrochem. Soc., 109, 144 
(1962).
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ORIFICE AREA CID2 X I 0 2
Figuie 4. Variation of AH°m of vaporization for gallium with orifice area.

1000/ T « K
Figure 5. Comparison of vapor pressure data for gallium.
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a g r e e s  w i t h  t h e  e t h e r  v a l u e s  c i t e d  w i t h  t h e  e x c e p t i o n  

o f  t h e  v a l u e s  b y  C o c h r a n  a n d  F o s t e r 22 a n d  H a r t e c k . 23 

M u n i r  a n d  S e r c y 20 h a v e  d i s c u s s e d  t h e  d i s c r e p a n c y  w i t h  

t h e  v a l u e  o f  C o c h r a n  a n d  F o s t e r , 22 a n d  S p e i s e r  a n d  

J o h n s t o n 21 h a v e  d i s c u s s e d  t h e  d i s c r e p a n c y  w i t h  t h e  

v a l u e  o f  H a r t e c k . 23 A  v a l u e  o f  6 5 . 0 0  ±  0 . 5  k c a l / m o l e  

h a s  b e e n  c h o s e n  b a s e d  o n  t h e  a v e r a g e  o f  a l l  v a l u e s  

w e i g h t e d  a c c o r d i n g  t o  t h e  n u m b e r  o f  o b s e r v a t i o n s  e x 

c l u s i v e  o f  t h o s e  b y  C o c h r a n  a n d  F o s t e r 22 a n d  t h o s e  b y  

H a r t e c k . 23

Conclusions. A  m u l t i p l e - e f f u s i o n  c e l l  a p p a r a t u s  h a s  

b e e n  c o n s t r u c t e d ,  t e s t e d ,  a n d  f o u n d  c a p a b l e  o f  g i v i n g  

s e v e r a l  v a p o r  p r e s s u r e  m e a s u r e m e n t s  a t  o n e  w e l l -  

d e f i n e d  t e m p e r a t u r e  w i t h  b e t t e r  p r e c i s i o n  t h a n  i s  

g e n e r a l  f o r  m a n y  s e p a r a t e  m e a s u r e m e n t s  i n  a  s i n g l e  

c e l l .

T h e  s t a n d a r d  e n t h a l p i e s  o f  v a p o r i z a t i o n  a t  2 9 8  ° K  

f o r  i n d i u m  a n d  g a l l i u m ,  f r o m  o b s e r v a t i o n s  d u r i n g  t h e  

c o u r s e  o f  t h i s  w o r k ,  a r e  5 6 . 5 8  ±  0 . 1 0  a n d  6 4 . 6 2  ±  0 . 2 2

k c a l / g - a t o m ,  r e s p e c t i v e l y .  E v a l u a t i o n  o f  t h i s  w o r k  

w i t h  o t h e r  l i t e r a t u r e  v a l u e s  l e a d s  t o  5 7 . 5 1  ±  1 . 2 5  

a n d  6 5 . 0 0  ±  0 . 5  k c a l / m o l e ,  r e s p e c t i v e l y .
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M i c e l l a r  m o l e c u l a r  w e i g h t s  ( m m w )  a n d  c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n s  ( c m c )  o f  d e t e r g e n t s  

c a n  b e  d e t e r m i n e d  b y  m e a n s  o f  s o l u b i l i z a t i o n  o f  t h e  w a t e r - i n s o l u b l e  d y e  O r a n g e  O T ,  

b a s e d  o n  t h e  f o l l o w i n g  t w o  o b s e r v a t i o n s :  l i t t l e  o r  n o  d y e  w a s  s o l u b i l i z e d  b e l o w  t h e  c m c ;  

a n d  i n  s o l u t i o n s  s a t u r a t e d  w i t h  d y e  a t  h i g h e r  d e t e r g e n t  c o n c e n t r a t i o n s ,  o n l y  o n e  d y e  

m o l e c u l e  w a s  s o l u b i l i z e d  p e r  m i c e l l e .  T h e  e x p e r i m e n t a l  p r o c e d u r e  c o n s i s t s  o f  s a t u r a t i n g  

a q u e o u s  d e t e r g e n t  s o l u t i o n s  o f  k n o w n  c o n c e n t r a t i o n  w i t h  d y e ,  f i l t e r i n g  o f f  t h e  e x c e s s  

d y e ,  a n d  m e a s u r i n g  a b s o r b a n c i e s .  F r o m  t h e s e ,  p l u s  a  k n o w l e d g e  o f  t h e  m o l a r  e x t i n c t i o n  

c o e f f i c i e n t  o f  t h e  d y e  a n d  t h e  c m c  o f  t h e  d e t e r g e n t ,  m m w  v a l u e s  a r e  r e a d i l y  c a l c u l a t e d .  

T h e  m m w  o f  t w o  n o n i o n i c  d e t e r g e n t s  d e t e r m i n e d  b y  s o l u b i l i z a t i o n  a n d  b y  l i g h t  s c a t t e r i n g  

a g r e e  v e r y  w e l l .  T h e  m m w  o f  t w o  a n i o n i c  d e t e r g e n t s  d e t e r m i n e d  b y  s o l u b i l i z a t i o n  w e r e  

n e a r l y  t h e  s a m e  i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  s u p p o r t i n g  e l e c t r o l y t e ,  w h i l e  l i t e r a t u r e  

v a l u e s  f o r  t h e  m m w  o f  o n e  o f  t h o s e ,  s o d i u m  d o d e c y l  s u l f a t e ,  d e t e r m i n e d  b y  l i g h t  s c a t t e r i n g  

a r e  i n c r e a s e d  c o n s i d e r a b l y  b y  s u p p o r t i n g  e l e c t r o l y t e .  T h e  m m w  d e t e r m i n e d  b y  s o l u 

b i l i z a t i o n  i s  i n s i d e  t h e  r a n g e  o f  t h e  w i d e l y  s c a t t e r e d  p u b l i s h e d  m m w  v a l u e s  o f  s o d i u m  

d o d e c y l  s u l f a t e  d e t e r m i n e d  b y  u l t r a c e n t r i f u g a t i o n  a n d  l i g h t  s c a t t e r i n g  i n  t h e  p r e s e n c e  

o f  s u p p o r t i n g  e l e c t r o l y t e .  T h e  p u b l i s h e d  m m w  o f  t h e  t w o  a n i o n i c  d e t e r g e n t s  i n  w a t e r  

a l o n e  d e t e r m i n e d  b y  l i g h t  s c a t t e r i n g  a r e  c o n s i d e r a b l y  l o w e r  t h a n  t h o s e  d e t e r m i n e d  b y  d y e  

s o l u b i l i z a t i o n .  T h e  m m w  o f  t h e  f o u r  d e t e r g e n t s  o b t a i n e d  b y  s o l u b i l i z a t i o n  w e r e  n o t  

a f f e c t e d  b y  t h e  p r e s e n c e  o f  s m a l l  a m o u n t s  o f  i m p u r i t i e s  o f  t h e  k i n d  w h i c h  o c c u r s  i n  i n c o m 

p l e t e l y  p u r i f i e d  d e t e r g e n t s .

Introduction C o m b i n i n g  p u b l i s h e d  d a t a  o n  s o l u b i l i z a t i o n  o f  

O r a n g e  O T  a n d  o f  d i m e t h y l a m i n o a z o b e n z e n e  w i t h  

a v a i l a b l e  m m w  a n d  c m c  v a l u e s 6 g e n e r a l l y  y i e l d s  s o l u 

b i l i z a t i o n  r a t i o s  ( n u m b e r  o f  m i c e l l e s  p e r  s o l u b i l i z e d  d y e  

m o l e c u l e  a t  s a t u r a t i o n )  c o n s i d e r a b l y  g r e a t e r  t h a n  1 .  

F o r  i n s t a n c e ,  t h e  v a l u e s  r a n g e  f r o m  7  t o  2 0  f o r  c o m 

m e r c i a l  g r a d e  A e r o s o l  O T  ( s o d i u m  d i o c t y l  s u l f o s u c -  

c i n a t e )  a n d  f r o m  1 2  t o  4 0  f o r  A e r o s o l  M A  ( s o d i u m

I n  t h e  c o u r s e  o f  o t h e r  w o r k , 1 i t  w a s  f o u n d  t h a t  t h e  

l i m i t  o f  s o l u b i l i z a t i o n  o f  t h e  w a t e r - i n s o l u b l e  d y e  O r a n g e  

O T  i n  a q u e o u s  s o l u t i o n s  o f  t h e  n o n i o n i c  d e t e r g e n t  1 -  

d o d e c a n o l - 2 8  e t h y l e n e  o x i d e  ( E O )  u n i t s ,  C i 2( E O ) 28, 

w a s  o n e  d y e  m o l e c u l e  p e r  m i c e l l e .  I f  t h i s  s o l u b i l i z a 

t i o n  l i m i t  w e r e  g e n e r a l ,  t h e  m i c e l l a r  m o l e c u l a r  w e i g h t  

( m m w )  o f  d e t e r g e n t s  c o u l d  b e  d e t e r m i n e d  f r o m  t h e  

a m o u n t  o f  d y e  s o l u b i l i z e d  i n  d e t e r g e n t  s o l u t i o n s  s a t u 

r a t e d  w i t h  t h e  d y e .  S u c h  a  m e t h o d  w o u l d  b e  e x p e r i 

m e n t a l l y  a n d  t h e o r e t i c a l l y  l e s s  c o m p l i c a t e d  t h a n  l i g h t  

s c a t t e r i n g  a n d  u l t r a c e n t r i f u g a t i o n ;  n o  a d d e d  e l e c t r o 

l y t e  i s  n e e d e d .  A t  t h e  s a m e  t i m e ,  d y e  s o l u b i l i z a t i o n  

c a n  b e  u s e d  t o  d e t e r m i n e  t h e  c r i t i c a l  m i c e l l e  c o n c e n t r a r -  

t i o n  ( c m c ) , 2’ 3 4 5 t h e  v a l u e  o f  w h i c h  i s  n e e d e d  t o  c a l c u l a t e  

t h e  m m w .  T h e  a m o u n t  o f  c a r e f u l l y  p u r i f i e d  d y e  

s o l u b i l i z e d  b e l o w  t h e  c m c  i s  v e r y  s l i g h t  o r  z e r o . 1 - 4

(3) R. J. Williams, J. N. Phillips, and K. J. Mysels, Trans. Faraday 
Soc., 51, 729 (1955).
(4) M . W . Rigg and F. W. J. Liu, J . Am. OH Chemists' Soc., 30, 14 
(1953).
(5) K . Shinoda, T. Nakagawa, B. Tamamushi, and T. Xsemura, 
“Colloidal Surfactants,” Academic Press Inc., New York, N. Y .,
1963.

(2) I. M . Kolthoff and W . Stricks, J. Phys. Colloid Chem., 52, 915 
(1948).

(1) H. Schott, J. Phys. Chem., 68, 3612 (1964).
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d i h e x y l  s u l f o s u c c i n a t e ) , 6 7 b e i n g  l o w e s t  a n d  f a i r l y  c o n 

s t a n t  a t  t h e  h i g h e s t  d e t e r g e n t  c o n c e n t r a t i o n s .  F o r  

p o t a s s i u m  l a u r a t e ,  t h e  r a t i o  i s  b e t w e e n  4  a n d  6 , 2' 4,7 

b u t ,  f o r  d o d e c y l a m i n e  h y d r o c h l o r i d e ,  i t  i s  b e t w e e n

1 . 0  a n d  2 . 2 . 2’ 4

I f  t h e s e  m e a s u r e m e n t s  w e r e  m a d e  a n d  i n t e r p r e t e d  

c o r r e c t l y ,  s o l u b i l i z a t i o n  r a t i o s  g r e a t e r  t h a n  u n i t y  

c o u l d  b e  d u e  e i t h e r  t o  w r o n g  m m w  v a l u e s  o r  t o  t h e  

p r e s e n c e  o f  i m p u r i t i e s .  C o n s i d e r i n g  t h a t  o n e  m o l e c u l e  

o f  O r a n g e  O T  c a n  s a t u r a t e  a  m i c e l l e ,  i t  s h o u l d  c a u s e  

l i t t l e  s u r p r i s e  t h a t  s u i t a b l e  i m p u r i t i e s  c o n t a i n e d  i n  a  

t e c h n i c a l  g r a d e  d e t e r g e n t ,  t h o u g h  p r e s e n t  o n l y  i n  r e l a 

t i v e l y  s m a l l  a m o u n t s ,  c o u l d  p r e e m p t  a  l a r g e  f r a c t i o n  

o f  t h e  s o l u b i l i z i n g  c a p a c i t y  o f  t h e  d e t e r g e n t  f o r  O r a n g e  

O T .

I n  a d d i t i o n  t o  s t u d y i n g  t h e  e f f e c t  o f  k n o w n  a m o u n t s  

o f  a d d e d  i m p u r i t i e s  o n  t h e  s o l u b i l i z i n g  c a p a c i t y  o f  p u r e  

d e t e r g e n t s  f o r  O r a n g e  O T ,  i t  i s  n e c e s s a r y  t o  e s t a b l i s h  

t h a t  t h e  s o l u b i l i z e d  d y e  d o e s  n o t  c h a n g e  t h e  m i c e l l a r  

s i z e .

Experim ental Section

Materials. P u r i f i c a t i o n s  o f  O r a n g e  O T  ( l - o - t o l y l -  

a z o - 2 - n a p h t h o l )  a n d  o f  t h e  n o n i o n i c  d e t e r g e n t  C i 2-  

( E O ) 28 h a v e  b e e n  d e s c r i b e d . 1 A n o t h e r  n o n i o n i c  d e 

t e r g e n t  w a s  p r e p a r e d  i n  t h e  l a b o r a t o r i e s  o f  G e n e r a l  

A n i l i n e  &  F i l m  C o r p .  b y  a d d i n g  a n  a v e r a g e  o f  1 4  E O  

t o  1 - d o d e c a n o l  a n d  s t r i p p i n g  o u t  u n r e a c t e d  a l c o h o l  

p l u s  t h e  l o w e s t  a d d u c t s ,  c o n t a i n i n g  u p  t o  5  E O ,  i n  a  

m o l e c u l a r  s t i l l .  T h e  r e m a i n i n g  m a t e r i a l  w a s  f r e e d  

f r o m  a n y  g l y c o l s  a n d  s a l t s  i t  m i g h t  h a v e  c o n t a i n e d  b y  

u l t r a f i l t r a t i o n .  T h e  f i n a l  p r o d u c t ,  d e s i g n a t e d  C 12-  

( E O ) u ,  c o n t a i n e d  1 6 . 1  E O  a c c o r d i n g  t o  t h e  i n f r a r e d  

m e t h o d  o f  d e t e r m i n i n g  t h e  E O  c h a i n  l e n g t h . 1 S o 

d i u m  d e c a n e  s u l f o n a t e  w a s  p r e p a r e d  f r o m  d e c y l  b r o 

m i d e  ( H u m p h r e y - W i l k i n s o n  I n c . ,  t a k i n g  t h e  m i d d l e  

c u t  d u r i n g  a  f r a c t i o n a l  d i s t i l l a t i o n )  a n d  s o d i u m  s u l 

f i t e .  T h e  p r o d u c t  w a s  r e c r y s t a l l i z e d  t h r e e  t i m e s  

f r o m  w a t e r  a n d  f o u r  t i m e s  f r o m  e t h a n o l ;  i t  w a s  t w i c e  

d i s s o l v e d  i n  m e t h a n o l ,  p r e c i p i t a t e d  w i t h  p e t r o l e u m  

e t h e r  ( b p  4 0 - 6 0 ° ) ,  a n d  f i n a l l y  e x t r a c t e d  w i t h  e t h y l  

e t h e r .  A  s a m p l e  w h i c h  w a s  m e r e l y  r e c r y s t a l l i z e d  

a n d  w h i c h  e x h i b i t e d  a  m i n i m u m  i n  t h e  s u r f a c e  t e n s i o n -  

l o g  c o n c e n t r a t i o n  c u r v e  w a s  u s e d  i n  o n e  e x p e r i m e n t .  

S o d i u m  d o d e c y l  s u l f a t e  w a s  p r e p a r e d  b y  s u l f a t i n g  

l a u r y l  a l c o h o l  ( G i v a u d a n - D e l a w a n n a  I n c . )  w i t h  c h l o r o -  

s u l f o n i c  a c i d ,  n e u t r a l i z i n g ,  p r e c i p i t a t i n g  t h e  i n o r g a n i c  

s a l t s  i n  h o t  e t h a n o l ,  c o n c e n t r a t i n g  t h e  f i l t r a t e ,  a n d  

c o o l i n g  a n d  f i l t e r i n g  o f f  t h e  c r y s t a l l i z e d  d e t e r g e n t .  T h i s  

w a s  f o l l o w e d  b y  t h r e e  r e c r y s t a l l i z a t i o n s  f r o m  a  m i x 

t u r e  o f  5 0 %  2 - p r o p a n o l  a n d  5 0 %  e t h a n o l  a n d  b y  w a s h 

i n g  w i t h  a c e t o n e .  S i n c e  t h i s  s a m p l e  h a d  a  m i n i m u m  

i n  t h e  s u r f a c e  t e n s i o n - l o g  c o n c e n t r a t i o n  c u r v e ,  a d d i 

t i o n a l  s o l u b i l i z a t i o n  e x p e r i m e n t s  w e r e  m a d e  w i t h  

a n o t h e r  s a m p l e  w h i c h  w a s  f u r t h e r  r e c r y s t a l l i z e d  f r o m  

w a t e r  a n d  f r o m  b u t a n o l ,  f o l l o w e d  b y  e x t r a c t i o n  w i t h  

e t h y l  e t h e r .  T h i s  p r o c e d u r e  e l i m i n a t e d  t h e  m i n i m u m .  

B e h e n y l  a l c o h o l  w a s  p r e p a r e d  b y  r e d u c t i o n  o f  b e h e n i c  

a c i d  ( f r o m  t h e  H o r m e l  I n s t i t u t e )  w i t h  l i t h i u m  a l u m i 

n u m  h y d r i d e ,  f o l l o w e d  b y  t r e a t m e n t  w i t h  s o d i u m  

h y d r o x i d e  i n  m e t h a n o l ,  t w o  r e c r y s t a l l i z a t i o n s  f r o m  

a c e t o n e ,  a n d  a  f r a c t i o n a l  d i s t i l l a t i o n  u n d e r  v a c u u m .  

A d o l  1 8  ( A r c h e r - D a n i e l s - M i d l a n d  C o . )  w a s  f r a c t i o n 

a l l y  d i s t i l l e d ,  a n d  t h e  m i d d l e  c u t  w a s  r e c r y s t a l l i z e d  

f r o m  h e x a n e  t o  o b t a i n  1 - t e t r a d e c a n o l .  M o n s a n t o ’ s

6 - p h e n y l d o d e c a n e  w a s  u s e d  a s  r e c e i v e d .

Solubilization Procedure. E x c e s s  O r a n g e  O T  w a s  

a d d e d  e i t h e r  t o  d e t e r g e n t  s o l u t i o n s  o f  t h e  c o r r e c t  c o n 

c e n t r a t i o n  o r  t o  s o l u t i o n s  b e t w e e n  t h r e e  a n d  f o u r  t i m e s  

t o o  c o n c e n t r a t e d ,  w h i c h  w e r e  l a t e r  d i l u t e d  w i t h  w a t e r  

o r  w i t h  s o d i u m  c h l o r i d e  s o l u t i o n s .  A g r e e m e n t  b e 

t w e e n  s o l u b i l i z a t i o n  d a t a  o b t a i n e d  f r o m  t h e  s i d e  o f  

s u p e r s a t u r a t i o n  a n d  t h o s e  o b t a i n e d  b y  s t a r t i n g  w i t h  

t h e  s o l i d  d y e  i n d i c a t e s  t h a t  b o t h  r e p r e s e n t  e q u i l i b r i u m  

v a l u e s .  I m p u r i t i e s ,  w h e n  a d d e d ,  w e r e  m e a s u r e d  

o u t  a s  s o l u t i o n s  i n  a c e t o n e  b y  m e a n s  o f  a  m i c r o b u r e t  

o r  w e r e  a d d e d  i n  b u l k  f o r m  a n d  s o l u b i l i z e d  b y  w a r m i n g  

t h e  s o l u t i o n s ,  p r i o r  t o  t h e  d y e  a d d i t i o n .  T h e  h i g h e s t  

c o n c e n t r a t i o n  o f  a c e t o n e  t e s t e d ,  0 . 6 % ,  d i d  n o t  a f f e c t  

t h e  s o l u b i l i z a t i o n  l i m i t  n o r  t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  

t h e  d y e .  T h e  h i g h e s t  a c e t o n e  l e v e l  a c t u a l l y  e m p l o y e d  

w a s  b e l o w  0 . 4 % .

T h e  s o l u t i o n s ,  p r o t e c t e d  f r o m  l i g h t  a n d  s t o r e d  u n d e r  

n i t r o g e n ,  w e r e  a g i t a t e d  o n  a  j a r - r o l l i n g  m i l l  f o r  a t  

l e a s t  4  d a y s ,  f o l l o w e d  b y  a t  l e a s t  1 w e e k  o f  s t o r a g e  a t

2 5 . 0  ±  0 . 1  o r  2 9 . 8  ±  0 . 2 ° .  T h e  e x c e p t i o n  w a s  s o 

d i u m  d o d e c y l  s u l f a t e ,  t h e  s o l u t i o n s  o f  w h i c h  w e r e  

a g i t a t e d  f o r  o n l y  2  d a y s  a n d  e q u i l i b r a t e d  a t  2 5 °  f o r

3 .  I n  t h e  c a s e  o f  a l l  f o u r  d e t e r g e n t s ,  h a l v i n g  o r  q u a d 

r u p l i n g  t h e s e  t i m e s  d i d  n o t  a l t e r  t h e  a m o u n t  o f  d y e  

s o l u b i l i z e d .  A g i t a t i n g  t h e  s o l u t i o n s  o n  t h e  j a r - r o l l i n g  

m i l l  c a u s e d  a g g l o m e r a t i o n  o f  s u s p e n d e d  d y e ,  i n c l u d i n g  

e v e n  t h e  f i n e l y  d i s p e r s e d  d y e  w h i c h  h a d  b e e n  p r e c i p i 

t a t e d  b y  d i l u t i n g  c o n c e n t r a t e d  d e t e r g e n t - d y e  m i x t u r e s .  

E x c e s s  d y e  w a s  r e m o v e d  b y  f i l t r a t i o n  t h r o u g h  a  t i g h t l y  

p a c k e d  p l u g  o f  a b s o r b e n t  c o t t o n , 4 d i s c a r d i n g  t h e  i n i t i a l  

5 0  c m 3. C o t t o n  w a s  s h o w n  n o t  t o  a d s o r b  s o l u b i l i z e d  

d y e  b e c a u s e  r e f i l t r a t i o n  o f  f i l t e r e d  s o l u t i o n s  t h r o u g h  

f r e s h  p l u g s  d i d  n o t  l o w e r  t h e  a b s o r b a n c y .  R e m o v a l  

o f  s u s p e n d e d  d y e  w a s  c o m p l e t e  b e c a u s e  r a i s i n g  t h e  

d e t e r g e n t  c o n c e n t r a t i o n  o f  f i l t e r e d  s a m p l e s  b y  a d d i n g  

s o l i d  d e t e r g e n t  d i d  n o t  i n c r e a s e  t h e  a b s o r b a n c y .

(6) J. W . McBain and R. C. Merrill, Jr., Ind. Eng. Chem., 34, 915 
(1942).
(7) J. W . McBain and A. A. Green, J. Am. Chem. Soc., 68, 1731 
(1946).
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C o n c e n t r a t i o n s  o f  f i l t r a t e s  w e r e  r e c h e c k e d  b y  t h e i r  

s o l i d s  c o n t e n t s .

Spectroscopic Measurements. T h e  a m o u n t  o f  s o l u 

b i l i z e d  d y e  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  m a x i m u m  

a b s o r b a n c y  a r o u n d  5 0 0  m g .  F o r  d y e  s o l u b i l i z e d  i n  

C i 5 ( E O ) i 6 ,  t h e  a b s o r p t i o n  m a x i m u m  w a s  l o c a t e d  a t  4 9 5  

m g ,  w i t h  a  w e a k  s h o u l d e r  a t  h i g h e r  w a v e l e n g t h s .  

F o r  d y e  s o l u b i l i z e d  b y  t h e  t w o  a n i o n i c  d e t e r g e n t s ,  

t h e r e  w e r e  t w o  o v e r l a p p i n g  a b s o r p t i o n  m a x i m a  i n  t h e  

s p e c t r u m ,  a p p a r e n t l y  a t  4 9 9  a n d  5 2 1  m g ,  r e s p e c t i v e l y .  

T h e  f o r m e r  m a x i m u m  w a s  n o t  m u c h  s t r o n g e r  t h a n  t h e  

l a t t e r ,  a n d  t h e  a p p a r e n t  s h i f t  f r o m  4 9 5  t o  4 9 9  m g  i s  

p r o b a b l y  d u e  t o  o v e r l a p p i n g  b y  t h e  5 2 1 - m g  m a x i m u m .  

T h e  p l a t e a u  a t  a n d  a b o v e  6 0 0  m g  n e a r l y  c o i n c i d e d  

w i t h  t h e  b a s e  l i n e  o f  t h e  b l a n k  a n d  w a s  u s e d  a s  r e f e r e n c e  

i n t e n s i t y  ( 7 0) .  E v e r y  s p e c t r u m  w a s  t a k e n  i n  d u p l i c a t e  

w i t h  a  P e r k i n - E l m e r  2 0 2  u l t r a v i o l e t - v i s i b l e  s p e c t r o 

p h o t o m e t e r  a n d  w i t h  a  B e c k m a n  D K - 2  r e c o r d i n g  s p e c 

t r o p h o t o m e t e r ,  u s i n g  q u a r t z  c e l l s  0 . 5 ,  1 . 0 ,  5 . 0 ,  a n d  1 0 . 0  

c m  l o n g .  B e e r ’ s  l a w  w a s  o b e y e d  a t  a l l  a b s o r b a n c i e s  

t e s t e d .

T h e  a b s o r b a n c y  A  =  l o g  ( T o / / )  i s  t h e  p r o d u c t  o f  t h e  

m o l a r  e x t i n c t i o n  c o e f f i c i e n t  e , m o l a r  c o n c e n t r a t i o n  

c o o t , a n d  p a t h  l e n g t h  L  i n  c e n t i m e t e r s .  T h e  m o l a r  

e x t i n c t i o n  c o e f f i c i e n t  o f  O r a n g e  O T  w a s  d e t e r m i n e d  b y  

a d d i n g  v e r y  s m a l l  v o l u m e s  o f  i t s  a c e t o n e  s o l u t i o n s  t o  

2 . 0 0 %  s o l u t i o n s  o f  C i 2 ( E O ) i 6 ,  1 . 5 0 %  s o l u t i o n s  o f  s o d i u m  

d o d e c y l  s u l f a t e ,  a n d  2 . 5 0  a n d  3 . 0 0 %  s o l u t i o n s  o f  s o 

d i u m  d e c a n e  s u l f o n a t e .  T h e  v a l u e  o f  t i n  C i 2( E O ) i 6 

w a s  i d e n t i c a l  w i t h  t h a t  i n  C i 2( E O ) 28, n a m e l y ,  ( 1 . 7 4 0  ±  

0 . 0 0 7 )  X  1 0 4 l . / m o l e  c m . 1 D y e  s o l u b i l i z e d  i n  t h e  t w o  

a n i o n i c  d e t e r g e n t s  h a d  a  s o m e w h a t  h i g h e r  m o l a r  e x t i n c 

t i o n  c o e f f i c i e n t ,  p r o b a b l y  o w i n g  t o  r e i n f o r c e m e n t  o f  t h e  

4 9 9 - m g  m a x i m u m  b y  t h e  o v e r l a p p i n g  5 2 1 - m g  m a x i m u m .  

E i g h t  a b s o r b a n c y  m e a s u r e m e n t s  o f  O r a n g e  O T  d i s 

s o l v e d  i n  s o d i u m  d o d e c y l  s u l f a t e  s o l u t i o n s  a t  c o n c e n 

t r a t i o n s  b e t w e e n  1 . 4 1 1  a n d  1 3 . 1 3 9  m g / L  g a v e  a  m e a n  

v a l u e  o f  1 . 9 9 4  X  1 0 4 l . / m o l e  c m  f o r  t h e  m o l a r  e x t i n c 

t i o n  c o e f f i c i e n t ;  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  m e a n  w a s  

0 . 0 1 1  X  1 0 4, a n d  t h e  r a n g e  o f  v a l u e s  w a s  ± 0 . 0 4 0  X  

1 0 4. E i g h t  a b s o r b a n c y  m e a s u r e m e n t s  o f  t h e  d y e  

d i s s o l v e d  i n  s o d i u m  d e c a n e  s u l f o n a t e  s o l u t i o n s  a t  c o n 

c e n t r a t i o n s  b e t w e e n  1 . 3 9 0  a n d  3 7 . 0 7 6  m g / ' l .  g a v e  a  

m e a n  v a l u e  o f  1 . 9 8 7  X  1 0 4 l . / m o l e  c m  f o r  e ;  t h e  s t a n 

d a r d  d e v i a t i o n  o f  t h e  m e a n  w a s  0 . 0 0 9  X  1 0 4, a n d  t h e  

r a n g e  o f  v a l u e s  w a s  ± 0 . 0 6 5  X  1 0 4. F o u r  d y e  s o l u 

t i o n s  i n  e a c h  d e t e r g e n t  w e r e  a c i d i f i e d  w i t h  g a s e o u s  h y 

d r o g e n  c h l o r i d e ,  a n d  i n  t h r e e  c a s e s  e a c h ,  t h e  d y e  i n  

a c e t o n e  w a s  a d d e d  t o  a c i d i f i e d  d e t e r g e n t  s o l u t i o n s ;  

t h i s  d i d  n o t  a f f e c t  t h e  a b s o r b a n c i e s .  T h e  t w o  e v a l u e s  

d e t e r m i n e d  i n  t h e  t w o  a n i o n i c  d e t e r g e n t s  a r e  i d e n t i c a l  

w i t h i n  t h e  a c c u r a c y  o f  t h e  m e a s u r e m e n t s ,  s i n c e  t h e  d i f 

f e r e n c e  b e t w e e n  t h e  t w o  a v e r a g e s  i s  l e s s  t h a n  1 s t a n d a r d

d e v i a t i o n .  T h e  p r e s e n t  e v a l u e s  a r e  i n  g o o d  a g r e e m e n t  

w i t h  t h o s e  o f  K o l t h o f f 2 a n d  R i g g , 4 b o t h  m e a s u r e d  i n  

a q u e o u s  e t h a n o l ,  b u t  a r e  l o w e r  t h a n  t h e  «  v a l u e  o f  

W i l l i a m s ,  P h i l l i p s ,  a n d  M y s e l s ,  m e a s u r e d  i n  a c i d i f i e d  

s o d i u m  d o d e c y l  s u l f a t e  s o l u t i o n s , 3 b y  e x a c t l y  a  f a c t o r  

o f  1 0 .

Additional Measurements. S e d i m e n t a t i o n  c o n s t a n t s  

w e r e  d e t e r m i n e d  i n  a  S p i n c o  M o d e l  E  u l t r a c e n t r i f u g e  

u s i n g  a  s y n t h e t i c  b o u n d a r y  c e l l ,  a t  t h e  t e m p e r a t u r e  

o f  2 6 . 3  ±  0 . 1 °  a n d  a  s p e e d  o f  5 9 , 7 8 0  r p m .  P i c t u r e s  

w e r e  t a k e n  a t  1 6 - m i n  i n t e r v a l s .  A l l  s c h l i e r e n  p a t t e r n s  

c o n t a i n e d  s i n g l e ,  s h a r p  p e a k s .  D e n s i t i e s  a n d  v i s c o s i 

t i e s  w e r e  d e t e r m i n e d  a t  2 6 . 3  ±  0 . 1 ° ,  t h e  f o r m e r  w i t h  a  

2 0 - c m 3 p y c n o m e t e r ,  t h e  l a t t e r  w i t h  a  2 - m i n  C a n n o n -  

F e n s k e  v i s c o m e t e r ,  n e g l e c t i n g  t h e  k i n e t i c  e n e r g y  

c o r r e c t i o n .

T u r b i d i t i e s  w e r e  m e a s u r e d  i n  a  B r i c e - P h o e n i x  

p h o t o m e t e r  a t  2 5 . 0 - 2 6 . 5 ° ,  w i t h  b l u e  l i g h t  a t  4 3 6  m g  

a n d  a  s t a n d a r d  4 0  X  4 0  m m  s e m i o c t a g o n a l  c e l l .  T h e  

p h o t o m e t e r  w a s  c a l i b r a t e d  w i t h  a n  o p a l - g l a s s  d i f f u s e r .  

E a c h  s o l u t i o n  w a s  m a d e  u p  b y  w e i g h i n g  t h e  d e t e r g e n t  

i n t o  a  v o l u m e t r i c  f l a s k  r a t h e r  t h a n  b y  d i l u t i o n .  T h e  

s o l u t i o n s  w e r e  f i l t e r e d  t h r o u g h  a n  u l t r a f i n e  s i n t e r e d -  

g l a s s  f i l t e r  i n t o  t h e  c e l l .  T h e  r e f r a c t i v e  i n d e x  i n c r e 

m e n t  w a s  d e t e r m i n e d  w i t h  a  B r i c e - P h o e n i x  d i f f e r e n t i a l  

r e f r a c t o m e t e r  a t  t h e  s a m e  t e m p e r a t u r e  a n d  w a v e l e n g t h  

u s e d  i n  t h e  l i g h t - s c a t t e r i n g  m e a s u r e m e n t s .

R esu lts and D iscussion

Effect of Dye Solubilization on Micellar Molecular 
Weight. I n  o r d e r  t o  a s c e r t a i n  w h e t h e r  s o l u b i l i z e d  d y e  

c h a n g e s  t h e  m m w ,  s e d i m e n t a t i o n  v e l o c i t y  m e a s u r e 

m e n t s  w e r e  m a d e  o n  t h r e e  s o l u t i o n s  o f  C i 2( E O ) 28 

w i t h o u t  d y e ,  t h r e e  s o l u t i o n s  e q u i l i b r a t e d  w i t h  e x c e s s  

O r a n g e  O T  a n d  f i l t e r e d ,  a n d  o n e  s o l u t i o n  h a l f  s a t u r a t e d  

w i t h  t h e  d y e .

P l o t s  o f  t h e  l o g a r i t h m  o f  r, t h e  d i s t a n c e  f r o m  t h e  

a x i s  o f  r o t a t i o n ,  vs. t i m e  t g a v e  t h e  v a l u e s  f o r  t h e  s e d i 

m e n t a t i o n  c o n s t a n t  s  s h o w n  b e l o w ,  c a l c u l a t e d  a c c o r d i n g  

t o

dr/dt d  I n  r/dt
s =  ~ =  ---------- 2—  ( ! )COT CO2

w h e r e  co i s  t h e  r o t a t i o n a l  s p e e d  ( r a d i a n s / s e c ) .

S o l u t i o n s  o f  C 12( E O ) 28 w i t h  c o n c e n t r a t i o n s  o f  0 . 4 9 8 ,  

0 . 3 3 9 ,  a n d  0 . 2 0 0 %  h a d  s e d i m e n t a t i o n  c o n s t a n t s  o f  

1 . 3 4 6 ,  1 . 3 9 4 ,  a n d  1 . 5 1 6  S ,  r e s p e c t i v e l y .  S o l u t i o n s  

c o n t a i n i n g  0 . 5 0 0 ,  0 . 3 5 0 ,  a n d  0 . 1 9 7 %  C i 2 ( E O ) 28 w h i c h  

w e r e  s a t u r a t e d  w i t h  O r a n g e  O T  h a d  s  v a l u e s  o f  1 . 3 5 6 ,  

1 . 4 4 5 ,  a n d  1 . 4 8 7  S ,  r e s p e c t i v e l y .  A  s o l u t i o n  o f  0 . 4 0 9 %  

C i2 ( E O ) 2S w h i c h  w a s  h a l f  s a t u r a t e d  w i t h  t h e  d y e  h a d  

a n  s  v a l u e  o f  1 . 4 5 2  S .
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Table I : Critical Micelle Concentrations, Slopes of Concentration vs. Absorbancy Plots, and Micellar Molecular Weights

•Micellar molecular weights determined by-
Cmc, b,a Dye Light Ultra Other
g/1. g/1. solubilization scattering centrifugation methods

Nonionic detergents at 25°
Ci2(EO)28 (water) 
Ci2(EO)i6 (water)

0.11866
0.2205

4.960
3.589

82,892 ±  1513 
62,112 ±  463

82,000 ±  2270 
59,500 ±  1980

81,600 db 5000

Sodium decane sulfonate at 30°
Water
O.lOMNaCl

10.66'
5.364

3.484
3.553

69,293 ±  204 
70,584 ±  321

9,900*

Sodium dodecyl sulfate at 25°
Water 2.324 1.851 36,879 11,400-20,500' 16,700' 7,210-23,650'
0.03 ill NaCl 0.918 1.793 35,740 20,765-21,700' 28,840-29,4177
0.10 ill NaCl 0.410 1.907 37,954 21,918-24,600' 21,918" 31,724-32,301'
0.40 ill NaCl 0.1894 1.457 29,053 34,608-36,050" 34,320"

“ Defined by eq 3. 6 Based on detergent concentrations below 4.0 g/1. '  Based on detergent concentrations above 11.5 g/1. * F rom
ref 13. Where no reference is given, values are from this work. 6 References listed in ref 15. ' Discounting water of hydration;
references listed in ref 5. " From ref 15.

Table II: Micellar Molecular Weight of Ci2(EO)28 from
Absorbancy of Solutions Saturated with Orange OT at 25°

Detergent 
concn, g of 
Ci2(EO)28/l.

Absorbancy 
for 1.00-em 

cell Mmw

6.62 1.443 78,048
5.76 1.325 73,769
5.67 1.107 86,889
5.00 1.100 76,911
5.00“ 1.096 77,190
5.00* 1.105 76,562
3.50 0.688 85,240
3.506 0.683 85,856
2.75 0.515 88,630
2.00 0,383 85,356
1.97 0.384 83,734
1.39 0.241 91,838
0.88 0.164 81,225
0.50 0.075 89,959

0.058 0.000
Mean 82,892 ±1513

“ After a 3-month storage at 25°, with occasional shaking. 
6 Made up by saturating a solution of 16 g of C12(EO)28/l. with 
dye and diluting with water. All other solutions were prepared 
by adding the dye to the detergent solutions of the final con
centration.

C a l c u l a t i n g  s o , t h e  s e d i m e n t a t i o n  c o n s t a n t  a t  i n f i n i t e  

d i l u t i o n ,  b y  e x t r a p o l a t i o n  a c c o r d i n g  t o 8

s  =  s „ / ( l  +  K c)  ( 2 )

g i v e s  t h e  v a l u e  o f  1 . 6 4 3  ±  0 . 0 1 7  S  f o r  t h e  s o l u t i o n s  

w i t h o u t  d y e  a n d  1 . 5 9 8  ±  0 . 0 1 2  S  f o r  t h e  s a t u r a t e d  s o l u 

t i o n s .  A c c o r d i n g  t o  t h e  S t u d e n t  t t e s t ,  t h e  d i f f e r e n c e

b e t w e e n  t h e  t w o  s 0 v a l u e s  i s  n o t  s i g n i f i c a n t ;  T h e  s o l u 

b i l i z e d  d y e  d o e s  n o t  a f f e c t  t h e  m i c e l l a r  s i z e  o f  t h e  n o n 

i o n i c  d e t e r g e n t .  C o n s i d e r i n g  t h a t  t h e  s o l u b i l i z e d  d y e  

c o n s t i t u t e s  o n l y  0 . 3 2 %  o f  t h e  w e i g h t  o f  t h e  m i c e l l e  

w h i c h  i t  s a t u r a t e s ,  t h i s  r e s u l t  i s  n o t  s u r p r i s i n g .

Critical Micelle Concentrations. S i n c e  l i t t l e  o r  n o  

O r a n g e  O T  i s  s o l u b i l i z e d  b e l o w  t h e  c m c , 2’ 3 p l o t s  o f  

a b s o r b a n c y  o f  d e t e r g e n t  s o l u t i o n s  s a t u r a t e d  w i t h  t h e  

d y e  vs. d e t e r g e n t  c o n c e n t r a t i o n  i n t e r s e c t  t h e  d e t e r g e n t  

c o n c e n t r a t i o n  a x i s  a t  t h e  c m c .  I n  t h e  c a s e  o f  s o d i u m  

d e c a n e  s u l f o n a t e  i n  w a t e r ,  t h e  p l o t  w a s  l i n e a r  e x c e p t  

t h a t  i t  c u r v e d  s o m e w h a t  t o w a r d  t h e  a b s o r b a n c y  a x i s  

a t  l o w  c o n c e n t r a t i o n s .  T h e  c m c  w a s  d e t e r m i n e d  b y  

e x t r a p o l a t i n g  t h e  l i n e a r  p o r t i o n  t o  z e r o  a b s o r b a n c y .  

T h i s  p r o c e d u r e  h a s  b e e n  s h o w n  t o  g i v e  t h e  c o r r e c t  

c m c  v a l u e  f o r  s o d i u m  d o d e c y l  s u l f a t e  i n  w a t e r . 3 D y e  

s o l u b i l i z a t i o n  b e l o w  t h e  c m c  m a y  i n d i c a t e  p r e m i c e l l i -  

z a t i o n .  F o r  C i 2( E O ) 28, t h e  p l o t  w a s  l i n e a r  u p  t o  4  g / 1 .  

a n d  s l i g h t l y  c u r v e d  a t  h i g h e r  c o n c e n t r a t i o n s .  T h e  

r e m a i n i n g  s y s t e m s  g a v e  s t r a i g h t  l i n e s  o v e r  t h e  w h o l e  

r a n g e  o f  d e t e r g e n t  c o n c e n t r a t i o n  e x a m i n e d .  T h e  e q u a 

t i o n  o f  t h e s e  s t r a i g h t  l i n e s  c a n  b e  r e p r e s e n t e d  b y

c  =  c m c  +  bA ( 3 )

T h e  c o n s t a n t s ,  c a l c u l a t e d  b y  t h e  m e t h o d  o f  l e a s t  

s q u a r e s ,  a r e  l i s t e d  i n  T a b l e  I .

A m o n g  t h e  s y s t e m s  l i s t e d  i n  T a b l e  I ,  c m c  v a l u e s  f o r  

t h e  f o l l o w i n g  a r e  a l s o  r e p o r t e d  i n  t h e  l i t e r a t u r e ;  

C i 2( E O ) 28,1 s o d i u m  d e c a n e  s u l f o n a t e  i n  w a t e r , 9 a n d

(8) H. K. Schachman, “Ultracentrifugation in Biochemistry,” 
Academic Press Inc., New York, N. Y ., 1959.
(9) H. B. Klevens, J. Phys. Colloid Chem., 52, 130 (1948).
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s o d i u m  d o d e c y l  s u l f a t e  i n  w a t e r  a n d  i n  0 . 0 3  a n d  0 . 1 0  

M N a C l  s o l u t i o n s . 3 A l l  f i v e  p u b l i s h e d  c m c  v a l u e s  

a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e i r  c o u n t e r p a r t s  o f  

T a b l e  I .  I n  t h e  c a s e  o f  s o d i u m  d o d e c y l  s u l f a t e  s o l u 

t i o n s  a t  t h e  f o u r  l e v e l s  o f  N a C l ,  t h e r e  i s  a  l i n e a r  r e l a 

t i o n  b e t w e e n  t h e  l o g a r i t h m  o f  t h e  c m c  a n d  t h e  l o g a r i t h m  

o f  t h e  c o n c e n t r a t i o n  o f  N a + ,  a s  i s  c o m m o n l y  o b s e r v e d . 6 

T h e  s o l e  a p p a r e n t  i n c o n g r u i t y  i s  t h a t  t h e  c m c  o f  C i 2-  

( E O ) 28 i s  h a l f  t h a t  o f  C i 2( E O ) 16, w h e r e a s  i t  i s  w e l l  

k n o w n  t h a t  t h e  c m c  i n c r e a s e s  w i t h  i n c r e a s i n g  E O  c o n 

t e n t .  T h e  i n c o n g r u i t y  p r o b a b l y  r e s u l t s  f r o m  a  d i f 

f e r e n c e  i n  t h e  d i s t r i b u t i o n  o f  E O  c h a i n  l e n g t h s ,  e s p e 

c i a l l y  s i n c e  t h e  s h o r t e s t  c h a i n  c o m p o n e n t s  h a d  b e e n  

r e m o v e d  f r o m  C i 2 ( E O ) 16- C r o o k ,  et al., h a v e  s h o w n  

t h a t  p u r e ,  s i n g l e - s p e c i e s ,  n o n i o n i c  s u r f a c t a n t s  h a v e  

a b o u t  t w i c e  a s  l a r g e  a  c m c  v a l u e  a s  t h e  n o r m a l - d i s 

t r i b u t i o n  s u r f a c t a n t s  o f  t h e  s a m e  E O  c o n t e n t  a n d  

h a v e  a s c r i b e d  t h e  d i f f e r e n c e  t o  t h e  e f f e c t  o f  t h e  s p e c i e s  

o f  s h o r t e s t  E O  c h a i n s  i n  t h e  l a t t e r . 10

Micellar Molecular Weights from Amount of Solu
bilized Dye. T h e  m m w  c a n  r e a d i l y  b e  c a l c u l a t e d  

f r o m  t h e  a b s o r b a n c y  o f  d e t e r g e n t  s o l u t i o n s  s a t u r a t e d  

w i t h  d y e  b y  m a k i n g  t h e  f o l l o w i n g  t w o  a s s u m p t i o n s :

Table III: Micellar Molecular Weight of Ci2(EO)i6 from 
Absorbancy of Solutions Saturated with Orange OT at 25°

Detergent Absorbancy
concn, g of for 1.00-cm
Cl2(EO)ls/l. cell Mmw

7.63 2.055 62,269
5.81“ 1.558 62,042
4.51 1.210 61,373
4 .ö l6 1.212 61,286
3.00 0.789 60,965
2.03 0.485 64,643
1.01 0.219 62,205

Mean 62,112 ±  463

0.10 0.0000'
0.0811 0.0000'
0.05* 0.0000'
0.05 0.0000'

4.61/ 1.213 62,607
4.51" 1.198 61,949
4.51* 1.163 63,811

“ Prepared by diluting a 19.50 g/1. solution saturated with dye. 
6 Stored 2 months at 25° before filtering. '  Measured in 10.0- 
cm cells with instrumental setting of 90-100% transmittance 
expanded to full scale. d Made up by diluting a 1.01 g/1. solu
tion containing excess dye. * Made up by diluting a 1.01 g/1. 
solution saturated with dye. / Also contained 2.0 g of acetone/1. 
" Also contained 0.0257 g of behenyl alcohol/1. and 2.1 g of 
acetone/1. h Also contained 0.0153 g of 6-phenyldodecane/l. 
and 0.7 g of acetone/1.

( a )  t h e  s o l u b i l i z a t i o n  r a t i o  i s  o n e  m i c e l l e  p e r  d y e  m o l e 

c u l e ;  ( b )  t h e  c o n c e n t r a t i o n  o f  d e t e r g e n t  n o t  a s s o c i a t e d  

i n t o  m i c e l l e s  i s  c o n s t a n t  a n d  e q u a l  t o  t h e  c m c .  T h e  

r e s u l t s  a r e  s h o w n  i n  T a b l e s  I I - V .  A c c o r d i n g  t o  e q  

3 ,  t h e  m m w  e q u a l s  bLe. F o r  C i 2( E O ) 28, t h i s  p r o d u c t ,  

8 5 , 8 0 8 ,  i s  s o m e w h a t  l a r g e r  t h a n  t h e  m e a n  o f  T a b l e  I I  

b e c a u s e  t h e  v a l u e  o f  b w a s  c a l c u l a t e d  o n l y  f o r  c o n c e n 

t r a t i o n s  b e l o w  4  g / 1 .  T h e  h i g h  p r e c i s i o n  o f  t h i s  m e t h o d  

o f  d e t e r m i n i n g  m m w  i s  s h o w n  b y  t h e  f a c t  t h a t  t h e  

s t a n d a r d  d e v i a t i o n  o f  t h e  m e a n  a m o u n t s  t o  b e t w e e n  

o n l y  0 . 3  a n d  1 . 8 %  o f  t h e  m e a n .  L i g h t - s c a t t e r i n g

Table IV : Micellar Molecular Weight of Sodium Decane 
Sulfonate from Absorbancy of Solutions Saturated 
with Orange OT at 30°

Detergent Absorbancy
concn, for 1.0-cm

g/i. cell Mmw

(1) In Water
20.33 2.774 69,269
14.90 1.222 68,943
14.02 0.964 69,250
14.00“ 0.959 69,208
13.13 0.713 68,841
12.06s 0.396 70,246

Mean 69,293 ±  204
Aggregation no. 284

11.16 0.1994
10.34 0.0476
10.08s 0.0042'
9.810s 0.0003'
9.641 0.0006'
6.313s 0.0000'

13.00d 0.853 54,507

(2) In 0.10 M  NaCl
8.445 0.867 70,600
8.000 0.744 70,406
6.960 0.442 71,763
6.494 0.318 70,607
6.490“ 0.316 70,818
6.421s 0.303 69,311

Mean 70,584 ±  321
Aggregation no. 289

4.108 0.0000'

“ Sample had a minimum in the surface tension-concentration 
curve. s Made up by saturating a detergent solution about 2 
or 3 times more concentrated with Orange OT and then diluting. 
c Measured in 10.0-cm cells, with an instrumental setting of 
90-100% transmittance expanded to full scale. d Also con
tained 0.084 g of 1-tetradecanol/l. * 67

(10) E. H. Crook, D. B. Fordyce, and G. F. Trebbi, J. Phys. Chem.,
67, 1987 (1963).
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Table V : Micellar Molecular Weight of Sodium Dodecyl 
Sulfate from Absorbancy of Solutions Saturated 
with Orange OT at 25°

Sodium
chloride Detergent Absorbancy
concn, concn, for 1.00-cm

M g/1. cell Mmw

0 2.679 0.192 36,868
2.760 0.235 36,996
2.761“'6 0.237 36,766
2.940° 0.333 36,886
2.941“ 0.333 36,884

Mean 36,879
Aggregation no. 128

0.03 1.194 0.154 35,737
1.410 0.276 35,549
1.592 0.372 36,128
2.157° 0.695 35,547

Mean 35,740
Aggregation no. 124

0.10 0.650“ 0.126 37,980
0.650 0.126 37,980
0.900“ 0.258 37,870
1.060° 0.341 38,012

Mean 37,954
Aggregation no. 131

0.40 0.765° 0.400 28,714
1.045“ 0.579 29,480
1.305 0.768 28,975
1.810“ '° 1.113 29,041

Mean 29,053
Aggregation no. 101

“ Sample of highly purified detergent, without minimum in 
the surface tension-concentration curve. b The same absorb
ancy was obtained (1) when the solution was made by diluting 
one 4 times more concentrated and saturated with Orange OT, 
followed by 4-hr stirring and 40-hr equilibrating at 25°, and (2) 
when the solution was equilibrated for 10 days at 25°. ° Pre
pared by diluting a more concentrated solution saturated with 
Orange OT.

m e a s u r e m e n t s  o f  s o l u t i o n s  o f  t h e  t w o  n o n i o n i c  d e 

t e r g e n t s  w i t h o u t  d y e  g a v e  a n  m m w  o f  8 2 , 0 0 0  ±  2 2 7 0  

f o r  C i 2( E O ) 28 a n d  5 9 , 5 0 0  ±  1 9 8 0  f o r  C i 2( E O ) i e .

T h e s e  v a l u e s ,  c a l c u l a t e d  b y  e x t r a p o l a t i n g  t h e  D e b y e  

f u n c t i o n 11 t o  z e r o  m i c e l l a r  c o n c e n t r a t i o n ,  a r e  i n  a g r e e 

m e n t  w i t h  t h o s e  d e t e r m i n e d  b y  d y e  s o l u b i l i z a t i o n .  

T h e  t w o  D e b y e  p l o t s  w e r e  l i n e a r  i n  t h e  r a n g e  o f  c o n 

c e n t r a t i o n s  c o v e r e d ,  u p  t o  7 . 6  X  1 0 ~ 3 g / c m 3, a n d  t h e  

s l o p e s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  z e r o .  T h e  v e r y  

s m a l l  o r  z e r o  v a l u e  f o r  t h e  s e c o n d  v i r i a l  c o e f f i c i e n t  a r i s e s  

f r o m  t h e  c o m p a c t n e s s  o f  t h e  m i c e l l e s ,  r e s u l t i n g  i n  a  

s m a l l  e x c l u d e d  v o l u m e ,  p l u s  t h e  l a c k  o f  r e p u l s i o n  o w i n g

t o  t h e  a b s e n c e  o f  c h a r g e .  T h e r e  w a s  n o  m e a s u r a b l e  

d i s s y m m e t r y .

T h e  m o l e c u l a r  r a d i u s  o f  t h e  h y d r a t e d  C i 2( E O ) 28 

m i c e l l e  c a n  b e  c a l c u l a t e d  f r o m  so b y  t h e  e q u a t i o n

R = jg  U)
’ 2  (1/v -  P )  (  }

T h i s  i s  t h e  f o r m  w h i c h  t h e  S v e d b e r g  e q u a t i o n  t a k e s  f o r  

i n d e p e n d e n t ,  s p h e r i c a l ,  u n c h a r g e d  p a r t i c l e s ,  f o r  w h i c h  

t h e  d i f f u s i o n  c o n s t a n t  i s  g i v e n  b y  t h e  E i n s t e i n - S u t h e r -  

l a n d  e q u a t i o n  a n d  t h e  f r i c t i o n a l  f o r c e  b y  S t o k e s ’  

l a w . 8 T h e  p a r t i a l  s p e c i f i c  v o l u m e  o f  t h e  d e t e r g e n t ,  

v =  0 . 9 6 2 1  c m 3/ g ,  w a s  o b t a i n e d  f r o m  m e a s u r e d  d e n s i t i e s  

b y  t h e  g r a p h i c a l  m e t h o d  o f  i n t e r c e p t s .  T h e  v a l u e  o f  

R  =  3 9  A  m u s t  b e  r e d u c e d  b y  a  f a c t o r  o f  1 . 2 4 ,  s i n c e  t h e  

d i a m e t e r s  o f  m i c e l l e s  o f  n o n i o n i c  d e t e r g e n t s  m e a s u r e d  

b y  l i g h t  s c a t t e r i n g  a r e  o n  t h e  a v e r a g e  a b o u t  2 4 %  

s m a l l e r  t h a n  t h o s e  m e a s u r e d  b y  s e d i m e n t a t i o n  v e l o c i t y ,  

t h e  d i f f e r e n c e  b e i n g  d u e  t o  w a t e r  o f  h y d r a t i o n . 12 A  

r a d i u s  o f  3 1 . 5  A  c o r r e s p o n d s  t o  a n  m m w  o f  8 1 , 6 0 0 .  

T h i s  v a l u e  i s  o n l y  a  r o u g h  e s t i m a t e ,  s i n c e  a  s m a l l  

c h a n g e  i n  t h e  1 . 2 4  f a c t o r  i n t r o d u c e s  a  l a r g e  e r r o r  i n  t h e  

m m w .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p r e s e n c e  o f  s o l u 

b i l i z e d  a l c o h o l  a n d  h y d r o c a r b o n  d i d  n o t  a f f e c t  t h e  

s o l u b i l i z a t i o n  o f  O r a n g e  O T  n o r  t h e  m m w .

L i g h t - s c a t t e r i n g  v a l u e s  o f  s o d i u m  d e c a n e  s u l f o n a t e  

s o l u t i o n s  g a v e  a n  m m w  o f  9 9 0 0  ; 13 t h e  p r e s e n t  v a l u e  i s  

7  t i m e s  l a r g e r .  A  p o s s i b l e  s o u r c e  o f  e r r o r  i n  t h e  d y e  

s o l u b i l i z a t i o n  p r o c e d u r e  i s  t h e  a s s u m p t i o n  o f  u n i t  

s o l u b i l i z a t i o n  r a t i o .  H o w e v e r ,  s o l u b i l i z a t i o n  r a t i o s  

s m a l l e r  t h a n  u n i t y  w o u l d  i n c r e a s e  t h e  d i s c r e p a n c y :  

F o r  e x a m p l e ,  i f  t h e r e  w e r e  t w o  m o l e c u l e s  o f  O r a n g e  

O T  s o l u b i l i z e d  i n  e a c h  m i c e l l e ,  t h e  m m w  w o u l d  b e  

d o u b l e d .  T h u s ,  t h e  p r e s e n t  v a l u e  r e p r e s e n t s  t h e  

s m a l l e s t  m m w  o b t a i n a b l e  b y  d y e  s o l u b i l i z a t i o n ,  s i n c e  

s o l u b i l i z a t i o n  r a t i o s  g r e a t e r  t h a n  1  a r e  e x t r e m e l y  

u n l i k e l y  f o r  h i g h l y  p u r i f i e d  d e t e r g e n t s .  A n o t h e r  

r e a s o n  f o r  e l i m i n a t i n g  i m p u r i t i e s  a s  a  c a u s e  o f  t h e  d i s 

c r e p a n c y  i n  m m w  d e t e r m i n e d  b y  l i g h t  s c a t t e r i n g  a n d  

d y e  s o l u b i l i z a t i o n  i s  t h a t  t h e  s o l u t i o n  o f  a  l e s s  p u r e  

s a m p l e  o f  s o d i u m  d e c a n e  s u l f o n a t e  s o l u b i l i z e d  t h e  s a m e  

a m o u n t  o f  d y e  a s  t h e  h i g h l y  p u r i f i e d  s a m p l e .  M o r e 

o v e r ,  t h e  a d d i t i o n  o f  a  r e l a t i v e l y  l a r g e  a m o u n t  o f  

t e t r a d e c a n o l  i n c r e a s e d  t h e  a m o u n t  o f  s o l u b i l i z e d  d y e  

b y  o n l y  2 1 %  ( T a b l e  I V ) .  T h i s  i s  p r o b a b l y  d u e  t o  a  

d e c r e a s e  i n  t h e  c m c :  a  d r o p  f r o m  1 0 . 6 6  t o  1 0 . 0 2  g / 1 .

w o u l d  a c c o u n t  f o r  t h e  o b s e r v e d  i n c r e a s e  i n  s o l u b i l i z a 

(11) P. Debye, J. Phys. Colloid Chem., 53, 1 (1949).
(12) M. J. Schick, S. M . Atlas, and F. R. Eirich, J. Phys. Chem.. 66, 
1326 (1962).
(13) H. V. Tartar and A. L. M . Lelong, ibid., 59, 1185 (1955).
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t i o n .  A l t e r n a t i v e  e x p l a n a t i o n s  a r e  d e c r e a s e s  b y  2 1 %  

i n  t h e  s o l u b i l i z a t i o n  r a t i o  o r  i n  t h e  m m w .

T h e r e  i s  a n  a p p a r e n t  c o n t r a d i c t i o n  b e t w e e n  t h e  u n i t  

s o l u b i l i z a t i o n  r a t i o s  o b s e r v e d  i n  t h e  p r e s e n t  w o r k  e v e n  

i n  t h e  p r e s e n c e  o f  s m a l l  a m o u n t s  o f  a n  a d d e d  l o n g - c h a i n  

a l c o h o l  o r  h y d r o c a r b o n  a n d  t h e  m o s t l y  l a r g e r  s o l u 

b i l i z a t i o n  r a t i o s  c a l c u l a t e d  f r o m  l i t e r a t u r e  d a t a .  T w o  

p o s s i b l e  e x p l a n a t i o n s  c o m e  t o  m i n d .  A c c o r d i n g  t o  t h e  

f i r s t ,  m a n y  o f  t h e  s o l u b i l i z a t i o n  d a t a  r e p o r t e d  i n  t h e  

l i t e r a t u r e  w e r e  o b t a i n e d  w i t h  t e c h n i c a l  g r a d e  d e 

t e r g e n t s  w h i c h  m o s t  l i k e l y  c o n t a i n e d  c o n s i d e r a b l y  

l a r g e r  a m o u n t s  o f  i m p u r i t i e s  t h a n  t h o s e  a d d e d  h e r e  t o  

t h e  p u r e  d e t e r g e n t s  a n d  p r o b a b l y  o f  d i f f e r e n t  s t r u c 

t u r e s  a s  w e l l .  W h i l e  t h e  t w o  i m p u r i t i e s  u s e d  h e r e  

p r o b a b l y  f i t  i n t o  t h e  m i c e l l a r  p a l i s a d e ,  o n e  o r  m o r e  o f  

t h e  i m p u r i t i e s  c o n t a i n e d  i n  t h e  t e c h n i c a l  g r a d e  d e 

t e r g e n t s  m a y  o n l y  f i t  i n  t h e  c e n t e r  o f  t h e  m i c e l l e  a n d  

p r e e m p t  i t ,  p r e v e n t i n g  i t  f r o m  s o l u b i l i z i n g  O r a n g e  O T .  

I f  o n e  m o l e c u l e  o f  O r a n g e  O T  s a t u r a t e s  a  m i c e l l e ,  

i t  i s  q u i t e  p o s s i b l e  t h a t  s o m e  o f  t h e  i m p u r i t i e s  c o n 

t a i n e d  i n  t e c h n i c a l  g r a d e  d e t e r g e n t s  c a n  d o  l i k e w i s e .  

A n  a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  t h e  m m w ’ s  o f  t h e  

a n i o n i c  d e t e r g e n t s  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  w h i c h  

w e r e  d e t e r m i n e d  b y  l i g h t  s c a t t e r i n g  i n  t h e  a b s e n c e  o f  

a d d e d  e l e c t r o l y t e ,  w e r e  t o o  s m a l l  ( s e e  b e l o w ) .

A c c o r d i n g  t o  t h e  t t e s t ,  t h e  1 . 8 %  d i f f e r e n c e  b e t w e e n  

t h e  m e a n  m m w ’ s  o f  s o d i u m  d e c a n e  s u l f o n a t e  i n  w a t e r  

a n d  i n  0 . 1  A  N a C l  s o l u t i o n  l i s t e d  i n  T a b l e  I V  i s  s i g 

n i f i c a n t .  T h e  s o l u b i l i t y  o f  t h e  d e t e r g e n t  i n  0 . 1  A  

N a C l  d e c r e a s e s  r a p i d l y  a s  t h e  t e m p e r a t u r e  i s  d e 

c r e a s e d  b e l o w  3 0 ° :  a r o u n d  2 4 ° ,  a  l a r g e  a m o u n t  o f

a c i c u l a r  c r y s t a l s  s e p a r a t e d .  A n  o b s e r v a t i o n  o f  i n 

t e r e s t  w a s  t h a t  w h e n  t h e  s o l u t i o n  c o n t a i n e d  s o l u b i l i z e d  

d y e ,  t h e  c r y s t a l s  w e r e  o r a n g e  a n d  t h e  s u p e r n a t a n t  

s o l u t i o n  c o l o r l e s s .

T h e  a b s o r b a n c i e s  o f  s o d i u m  d o d e c y l  s u l f a t e  s o l u t i o n s  

s a t u r a t e d  w i t h  O r a n g e  O T  a t  t h e  t h r e e  l o w e s t  s o d i u m  

c h l o r i d e  l e v e l s  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  v a l u e s  

o f  W i l l i a m s ,  P h i l l i p s ,  a n d  M y s e l s 3 ( s e e  F i g u r e  1 ) .  

T h e  m m w ’ s  v a r y  l i t t l e  w i t h  t h e  c o n c e n t r a t i o n  o f  a d d e d  

s a l t  b e t w e e n  0 . 0  a n d  0 . 1  M  N a C l ,  j u s t  a s  w a s  o b s e r v e d  

f o r  s o d i u m  d e c a n e  s u l f o n a t e .  T h i s  e f f e c t  w a s  p o s t u 

l a t e d  b y  H u t c h i n s o n . 14 15 T h e  l a r g e s t  s o u r c e  o f  e r r o r  i n  

d e t e r m i n i n g  t h e  m m w  i s  p r o b a b l y  t h e  u n c e r t a i n t y  i n  

t h e  c m c  v a l u e s .  H o w e v e r ,  t h e  m m w  i n  0 . 4  M  N a C l  

i s  d e c i d e d l y  l o w e r  ( s e e  T a b l e  V ) .  T h e  c o n s i d e r a b l e  

v a r i a t i o n  a m o n g  t h e  p u b l i s h e d  m m w  v a l u e s ,  i l l u s t r a t e d  

i n  F i g u r e  8  o f  r e f  1 5 ,  m a k e s  a  c o m p a r i s o n  o f  t h e  a g g r e 

g a t i o n  n u m b e r s  i n  T a b l e  V  w i t h  t h o s e  i n  t h e  l i t e r a 

t u r e  o f  d o u b t f u l  v a l u e .

Conclusion

T h e  m e t h o d  o f  d e t e r m i n i n g  t h e  m m w  o f  n o n i o n i c

Figure 1. Absorbancies of solutions of sodium dodecyl sulfate 
saturated with Orange OT in water and 0.03 and 0.1 M  NaCl.

a n d  a n i o n i c  d e t e r g e n t s  b y  d y e  s o l u b i l i z a t i o n  i n v o l v e s  

o n l y  s i m p l e  e x p e r i m e n t a l  t e c h n i q u e s  a n d  e q u i p m e n t  

a n d  h a s  g o o d  p r e c i s i o n .  S i n c e  t h e  m e t h o d  i s  n o t  

a f f e c t e d  b y  e l e c t r i c a l  c h a r g e s ,  i t  i s  t h e o r e t i c a l l y  m u c h  

m o r e  s i m p l e  t h a n  l i g h t  s c a t t e r i n g  w h e n  a p p l i e d  t o  

a n i o n i c  d e t e r g e n t s ,  a n d  t h e r e  i s  n o  n e e d  f o r  t h e  s u p 

p o r t i n g  e l e c t r o l y t e  r e q u i r e d  b y  t h e  s e d i m e n t a t i o n  

t e c h n i q u e s ;  n o r  i s  t h e r e  a  n e e d  f o r  a s s u m i n g  p a r t i c l e  

s h a p e ,  w h i c h  i s  r e q u i r e d  f o r  d e t e r m i n i n g  m m w ’ s  b y  

s e l f - d i f f u s i o n  o r  c o n d u c t i v i t y .  S m a l l  a m o u n t s  o f  i m 

p u r i t i e s  n o r m a l l y  o c c u r r i n g  i n  n o t  v e r y  t h o r o u g h l y  

p u r i f i e d  d e t e r g e n t s ,  p a r t i c u l a r l y  l o n g - c h a i n  a l c o h o l s  

p r e s e n t  a s  u n r e a c t e d  s t a r t i n g  m a t e r i a l s  o r  d e g r a d a t i o n  

p r o d u c t s ,  d o  n o t  a f f e c t  t h e  m m w  d e t e r m i n a t i o n  b y  

d y e  s o l u b i l i z a t i o n .

W h i l e  t h e  m m w ’ s  d e t e r m i n e d  b y  l i g h t  s c a t t e r i n g  

a n d  b y  t h e  d y e  s o l u b i l i z a t i o n  m e t h o d  a r e  i n  e x c e l l e n t  

a g r e e m e n t  i n  t h e  c a s e  o f  t h e  t w o  n o n i o n i c  d e t e r g e n t s  

a n d  a g r e e  r e a s o n a b l y  w e l l  f o r  s o d i u m  d o d e c y l  s u l f a t e  

i n  s w a m p i n g  e l e c t r o l y t e ,  t h e r e  i s  a  b i g  g a p  i n  t h e  c a s e  

o f  t h e  t w o  a n i o n i c  d e t e r g e n t s  i n  w a t e r  ( s e e  T a b l e  I ) .  

I t  i s  i n  t h e  c a s e  o f  h i g h l y  c h a r g e d  p a r t i c l e s  i n  m e d i a  

o f  l o w  i o n i c  s t r e n g t h  t h a t  m o l e c u l a r  w e i g h t  d e t e r m i n a 

t i o n  b y  l i g h t  s c a t t e r i n g  i s  t h e  l e a s t  w e l l  u n d e r s t o o d . 16 

F o r  i n s t a n c e ,  D e b y e  p l o t s  f o r  s o l u t i o n s  o f  a l b u m i n , 17 

s o d i u m  p o l y m e t h a c r y l a t e , 18 a n d  p h o s p h o t u n g s t i c 19 20 

a n d  s i l i c o t u n g s t i c  a c i d s 19,20 c u r v e d  s t r o n g l y  d o w n w a r d

(14) E. Hutchinson, J. Colloid Sei., 9, 191 (1954).
(15) E. W . Anacker, R. M. Rush, and J. S. Johnson, J. Phys. Chem., 
68, 81 (1964).
(16) A. Vrij and J. T. G. Overbeek, J. Colloid Sei., 17, 570 (1962).
(17) P. Doty and R. F. Steiner, J. Chem. Phys., 20, 85 (1952).
(18) A. Oth and P. Doty, J. Phys. Chem., 56, 43 (1952).
(19) M . Kerker, J. P. Kratohvil, R. H. Ottewill, and E. Matijevic, 
ibid., 67, 1097 (1963).
(20) M . J. Kronman and S. N. Timasheff, ibid., 63, 629 (1959).
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a t  l o w  c o n c e n t r a t i o n s  i n  t h e  a b s e n c e  o f  s u p p o r t i n g  

e l e c t r o l y t e .  T h o s e  s y s t e m s  w h i c h  w e r e  a l s o  e x a m i n e d  

w i t h  e l e c t r o l y t e  a d d e d ,  viz., p o l y m e t h a c r y l a t e  a n d  

s i l i c o t u n g s t a t e , 16' 20 y i e l d e d  l i n e a r  p l o t s .  I n  t h e  l a t t e r  

c a s e ,  t h e  s t r a i g h t  l i n e  i n t e r c e p t e d  t h e  o r d i n a t e  a t  t h e  

s a m e  p o i n t  a s  t h e  c u r v e d  l i n e  o b t a i n e d  i n  t h e  a b s e n c e  

o f  s w a m p i n g  e l e c t r o l y t e .

D e s p i t e  t h e s e  e f f e c t s ,  i t  i s  n o t  e a s y  t o  i m a g i n e  t h a t  

t h e  m m w ’ s  d e r i v e d  f r o m  l i g h t  s c a t t e r i n g  a r e  t o o  s m a l l  

b y  a  f a c t o r  o f  2  o r  7 .  O n  t h e  o t h e r  h a n d ,  a s  p r e v i o u s l y  

m e n t i o n e d ,  a n  e r r o r  i n  t h e  d y e  s o l u b i l i z a t i o n  m e t h o d  

r e s u l t i n g  f r o m  t h e  s o l u b i l i z a t i o n  o f  m o r e  t h a n  o n e  d y e  

m o l e c u l e  p e r  m i c e l l e  w o u l d  g i v e  m m w ’ s  w h i c h  a r e  

m u l t i p l e s  o f  t h o s e  l i s t e d  h e r e  a n d  h e n c e  w o u l d  w i d e n  

t h e  g a p .  A s  i s  a l r e a d y  e v i d e n t  f r o m  A n a c k e r ’ s  c o m p i l a 

t i o n  o f  t h e  m m w ’ s  o f  s o d i u m  d o d e c y l  s u l f a t e , 16 a  c r i t i c a l  

r e e x a m i n a t i o n  o f  t h e  m e t h o d s  f o r  d e t e r m i n i n g  m m w ’ s  

i s  h i  o r d e r .
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P r e c i s e  c o n d u c t a n c e  m e a s u r e m e n t s  a r e  r e p o r t e d  f o r  t e t r a e t h a n o l a m m o n i u m  i o d i d e ,  

( E t O H ) 4N I ,  i n  w a t e r  a t  2 5 °  a n d  f o r  t h e  b r o m i d e  a t  2 5  a n d  4 5 ° ,  a s  w e l l  a s  v i s c o s i t y  B  
c o e f f i c i e n t s  f r o m  m e a s u r e m e n t s  o n  a q u e o u s  s o l u t i o n s  a t  c o n c e n t r a t i o n s  u p  t o  0 . 1  M  f o r  t h e  

b r o m i d e  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  0  t o  6 5 ° .  T h i s  s u b s t i t u t i o n  o f  a  h y d r o x y l  g r o u p  

f o r  a  t e r m i n a l  m e t h y l  g r o u p  i n  t h e  P r 4N +  i o n  i s  s h o w n  t o  r e s u l t  i n  t h e  e l i m i n a t i o n  o f  t h e  

e f f e c t s  t h a t  h a v e  b e e n  a t t r i b u t e d  t o  w a t e r  s t r u c t u r e  e n f o r c e m e n t  a r o u n d  t h e  s i d e  c h a i n s  

o f  t h e  l a r g e  t e t r a a l k y l a m m o n i u m  i o n s .  T h i s  i n t e r p r e t a t i o n  i s  s h o w n  t o  b e  c o n s i s t e n t  

w i t h  e x i s t i n g  c o n d u c t a n c e  d a t a  f o r  t h e  M e 2( E t O H ) 2N +  a n d  t h e  M e 3( E t O H ) N +  i o n s  a n d  

t h e i r  c o r r e c t  a l k y l  a n a l o g s .  T h e  n u m b e r  o f  c a r b o n  a t o m s  i n  t h e  s i d e  c h a i n s  i s  s h o w n  t o  

b e  a  p o o r  c r i t e r i o n  f o r  c o m p a r i s o n  o f  v a r i o u s  q u a t e r n a r y  a m m o n i u m  i o n s  s i n c e  w a t e r  

s t r u c t u r e  e n f o r c e m e n t  d o e s  n o t  c o m m e n c e  s i g n i f i c a n t l y  u n t i l  t h e  c h a i n  r e a c h e s  t h e  s i z e  

o f  a  p r o p y l  g r o u p .  T h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  t e t r a e t h a n o l a m m o n i u m  s a l t s  

i s  c o m p a r e d  w i t h  t h a t  f o r  t h e  t e t r a a l k y l a m m o n i u m  s a l t s .

Introduction

R e c e n t  c o n d u c t a n c e 2 a n d  v i s c o s i t y 3 m e a s u r e m e n t s  

f o r  t h e  l a r g e  t e t r a a l k y l a m m o n i u m  i o n s  a t  1 0 ,  2 5 ,  a n d  

4 5 °  i n  a q u e o u s  s o l u t i o n  h a v e  d e m o n s t r a t e d  t h a t  t h e  

t r a n s p o r t  b e h a v i o r  o f  t h e s e  i o n s  i s  i n f l u e n c e d  t o  a  s i g 

n i f i c a n t  e x t e n t  b y  t h e  e n f o r c e m e n t  o f  w a t e r  s t r u c t u r e  

a b o u t  t h e i r  h y d r o c a r b o n  c h a i n s .  T h i s  s t r u c t u r e  h a s  

b e e n  a t t r i b u t e d  t o  t h e  i n e r t  a n d  h y d r o p h o b i c  n a t u r e  o f  

t h e  h y d r o c a r b o n  s i d e  c h a i n s . 4 5 T h e  e x p l a n a t i o n  g e n e r 

a l l y  g i v e n  f o r  t h i s  p h e n o m e n o n  i s  t h a t  w a t e r  m o l e c u l e s  

s i t u a t e d  a t  t h e  s u r f a c e  o f  t h e s e  l a r g e  i o n s  w i l l  b e  

o r i e n t e d  v e r y  l i t t l e  e i t h e r  b y  t h e  i o n i c  c h a r g e  o r  t h e  

n o n p o l a r  s i d e  c h a i n s  o n  i t s  o n e  s i d e .  C o n s e q u e n t l y ,  

s u c h  w a t e r  m o l e c u l e s  c a n  b e  o r i e n t e d  t o  a  g r e a t e r  e x 

t e n t  t h a n  n o r m a l  b y  t h e i r  n e a r e s t  w a t e r  m o l e c u l e  

n e i g h b o r s  a n d  c a n  i n  e f f e c t  b e  o r i e n t e d  i n t o  f a v o r a b l e  

p o s i t i o n s  f o r  t h e  f o r m a t i o n  o f  w a t e r  c a g e s  a b o u t  t h e  

i n e r t  s i d e  c h a i n s .  A l t h o u g h  t h e  w a t e r  i n  t h e s e  c a g e s  

w i l l  b e  e x c h a n g i n g  v e r y  r a p i d l y  w i t h  b u l k  w a t e r ,  t h e  

n e t  e f f e c t  w i l l  b e  a n  i n c r e a s e  i n  t h e  s i z e  o f  t h e  i o n s  i n 

v o l v e d  a s  w e l l  a s  a n  i n c r e a s e  i n  t h e  l o c a l  v i s c o s i t y  

a b o u t  t h e  i o n s .  B o t h  e f f e c t s  d e c r e a s e  t h e  i o n i c  m o 

b i l i t y ,  t h e  e f f e c t  b e i n g  g r e a t e r  t h e  l o w e r  t h e  t e m p e r a 

t u r e .  A t  t h e  s a m e  t i m e ,  t h i s  e x p l a n a t i o n  a c c o u n t s  f o r

t h e  v i s c o s i t y  i n c r e a s e  r e s u l t i n g  f r o m  s o l u t i o n  o f  t h e s e  

i o n s  t h a t  i s  f a r  g r e a t e r  t h a n  c a n  b e  a c c o u n t e d  f o r  b y  

t h e i r  s i z e  a l o n e . 3 T h i s  v i s c o s i t y  i n c r e a s e  i s  a l s o  v e r y  

t e m p e r a t u r e  d e p e n d e n t  a n d  d i s a p p e a r s  r a p i d l y  a s  t h e  

t e m p e r a t u r e  i n c r e a s e s . 3

T h i s  e x p l a n a t i o n  s u g g e s t s  t h a t  i f  t h e  n o n p o l a r  h y 

d r o c a r b o n  c h a i n s  w e r e  m a d e  p o l a r  b y  s u b s t i t u t i o n  o f  a  

h y d r o x y l  g r o u p  i n  p l a c e  o f  t h e  t e r m i n a l  m e t h y l  g r o u p ,  

t h e  w a t e r  s t r u c t u r a l  e f f e c t s  c a u s i n g  t h e  a b n o r m a l  

t r a n s p o r t  p r o p e r t i e s  o f  t h e s e  l a r g e  i o n s  s h o u l d  d i s a p p e a r .  

W e  h a v e  v e r i f i e d  t h i s  h y p o t h e s i s  b y  i n v e s t i g a t i n g  t h e  

t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  t r a n s p o r t  p r o p e r t i e s  

o f  t h e  t e t r a e t h a n o l a m m o n i u m  i o n  i n  a q u e o u s  s o l u t i o n .  

T h i s  c o n c l u s i o n  i s  i n  c o n f l i c t  w i t h  t h o s e  r e p o r t e d  f r o m  

m e a s u r e m e n t s  o n  t h e  l o w e r  h o m o l o g s  o f  ( E t O H ) 4N + ,  

n a m e l y ,  t h e  ( E t O H ) 2M e 2N + 6 a n d  ( E t O H ) M e 3N + 6

(1) To whom all correspondence is to be addressed.
(2) (a) D. F. Evans and R. L. Kay, J. Phys. Chern., 70, 366 (1966); 
(b) R. L. Kay and D. F. Evans, ibid., 70, 2325 (1966).
(3) R. L. Kay, T. Vituccio, C. Zawoyski, and D. F. Evans, ibid., 70, 
2336 (1966).
(4) H. S. Frank and W . Y . Wen, Discussions Faraday Soc., 24, 133 
(1957).
(5) J. Varimbi and R. M. Fuoss, J. Phys. Chem., 64, 1335 (1960).
(6) H. O. Spivey and F. M. Snell, ibid., 68, 2126 (1964).
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i o n s .  B o t h  c o n c l u s i o n s  a r e  b a s e d  o n  a  c o m p a r i s o n  o f  

m o b i l i t i e s  o f  t h e  e t h a n o l  d e r i v a t i v e s  w i t h  t h e  t e t r a -  

a l k y l a m m o n i u m  i o n s .  W e  h a v e  r e s o l v e d  t h e  d i s 

c r e p a n c y  b y  n o t i n g  t h a t  s u c h  c o m p a r i s o n s  m u s t  b e  

m a d e  w i t h  t h e  c o r r e c t  t e t r a a l k y l a m m o n i u m  a n a l o g .

W e n  a n d  S a i t o 7 h a v e  m e a s u r e d  a c t i v i t y  c o e f f i c i e n t s  

a n d  p a r t i a l  m o l a r  v o l u m e s  o f  ( E t O H ) 4N B r  a n d  

( E t O H ) 4N F  i n  a q u e o u s  s o l u t i o n  a t  2 5 °  a n d  h a v e  

f o u n d  t h a t  t h e s e  t h e r m o d y n a m i c  p r o p e r t i e s  a r e  m o r e  

n o r m a l  i n  t h e  c a s e  o f  t h e s e  s a l t s  t h a n  w a s  f o u n d  f o r  

t h e i r  t e t r a a l k y l a m m o n i u m  a n a l o g s .  A l s o .  P r i c e 8 h a s  

r e p o r t e d  t h a t  t h e  i n t r o d u c t i o n  o f  h y d r o x y l  g r o u p s  i n t o  

t h e  t e t r a a l k y l a m m o n i u m  i o n s  r e d u c e d  t h e  h e a t  o f  

t r a n s p o r t  s i g n i f i c a n t l y ,  a  d i r e c t i o n  i n  k e e p i n g  w i t h  l e s s  

r a t h e r  t h a n  m o r e  o r d e r  i n  t h e  s o l u t i o n .

Experimental Section

A l l  e l e c t r i c a l  e q u i p m e n t ,  c e l l s ,  s a l t - c u p  d i s p e n s i n g  

d e v i c e ,  a n d  g e n e r a l  t e c h n i q u e s  f o r  t h e  c o n d u c t a n c e  

m e a s u r e m e n t s  w e r e  t h e  s a m e  a s  p r e v i o u s l y  d e s c r i b e d . 9; 10 

T h e  m o d i f i c a t i o n  r e q u i r e d  f o r  t h e  4 5 ° 2b c o n d u c t a n c e  

d e t e r m i n a t i o n  a n d  t h e  m e t h o d  e m p l o y e d  f o r  w e i g h i n g  

h y g r o s c o p i c  s a l t s 11 h a v e  a l r e a d y  b e e n  r e p o r t e d .  T h e  

c e l l  c o n s t a n t  w a s  d e t e r m i n e d  a t  2 5 °  a n d  c a l c u l a t e d  f o r  

4 5 ° ,  t h e  c h a n g e  a m o u n t i n g  t o  l e s s  t h a n  0 . 0 1 % . 2b T h e  

c o n d u c t a n c e  b a t h s  w e r e  s e t  a t  2 5  ±  0 . 0 0 3 °  a n d  4 5  ±  

0 . 0 0 7 °  w i t h  a  c a l i b r a t e d  p l a t i n u m  r e s i s t a n c e  t h e r m o m 

e t e r .

T h e  v i s c o s i t y  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  u s i n g  

a  s u s p e n d e d - l e v e l  U b b e l o h d e - t y p e  v i s c o m e t e r  w i t h  a  

f l o w  t i m e  o f  5 0 0  s e c .  N o  k i n e t i c  e n e r g y  c o r r e c t i o n  

w a s  f o u n d  n e c e s s a r y  a t  a n y  t e m p e r a t u r e .  T h e  e x 

p e r i m e n t a l  t e c h n i q u e s  w e r e  t h e  s a m e  a s  t h o s e  p r e v i 

o u s l y  d e s c r i b e d . 3

T e t r a e t h a n o l a m m o n i u m  b r o m i d e ,  ( H O C 2H 4) 4N B r ,  

w a s  p r e p a r e d  b y  t h e  m e t h o d  d e s c r i b e d  b y  W e n  a n d  

S a i t o 7 w i t h  a  n u m b e r  o f  m o d i f i c a t i o n s ;  0 . 8  m o l e  o f  2 -  

b r o m o e t h a n o l  ( F i s h e r  S c i e n t i f i c  C o . )  w a s  r e f l u x e d  w i t h

1 . 6  m o l e s  o f  t r i e t h a n o l a m i n e  ( F i s h e r  S c i e n t i f i c  C o . )  i n  

3 0 0  m l  o f  m e t h a n o l  f o r  2 4  h r .  T h i s  r e a c t i o n  g i v e s  a p 

p r o x i m a t e l y  e q u a l  a m o u n t s  o f  ( E t O H ) 4N B r  a n d  ( E t -  

O H ) 3N H B r ,  a n d  i t  i s  t h e  s e p a r a t i o n  o f  t h e s e  t w o  

p r o d u c t s  w h i c h  p r e s e n t s  t h e  g r e a t e s t  d i f f i c u l t y  i n  t h e  

s y n t h e s i s  o f  ( E t O H ) 4N B r .  T h e  r e a c t i o n  m i x t u r e  w a s  

t i t r a t e d  w i t h  c o n c e n t r a t e d  a q u e o u s  h y d r o b r o m i c  a c i d  

t o  p H  3  t o  c o n v e r t  t h e  r e m a i n i n g  f r e e  a m i n e  t o  ( E t O H ) 3-  

N H B r .  T h e  r e s u l t i n g  ( E t O H ) 3N H B r  c r y s t a l s  w e r e  r e 

m o v e d  b y  f i l t r a t i o n  a n d  t h e  f i l t r a t e  w a s  t a k e n  t o  d r y 

n e s s  b y  a z e o t r o p i n g  o f f  t h e  l a s t  t r a c e s  o f  w a t e r  w i t h  

e t h a n o l  u n d e r  r e d u c e d  p r e s s u r e .  T h e  a m i n e  h y d r o 

b r o m i d e  i s  o n l y  s p a r i n g l y  s o l u b l e  i n  m e t h a n o l ,  w h e r e a s  

( E t O H ) 4N B r  i s  e x c e e d i n g l y  s o l u b l e  a t  t e m p e r a t u r e s  a s  

l o w  a s  — 2 0 ° .  T h i s  p r o p e r t y  p e r m i t t e d  f u r t h e r  s e p a r a 

t i o n  o f  t h e  m i x t u r e  s i n c e  o n l y  t h e  h y d r o b r o m i d e  p r e 

c i p i t a t e d  o n  c o o l i n g  a  s a t u r a t e d  m e t h a n o l  s o l u t i o n  t o  

—  2 0 ° .  T h e  w h i t e ,  n o n h y g r o s c o p i c  h y d r o b r o m i d e  w a s  

d e t e c t e d  b y  i t s  s h a r p  m e l t i n g  p o i n t  o f  1 8 7 ° .

F i n a l  p u r i f i c a t i o n  o f  ( E t O H ) 4N B r  w a s  e f f e c t e d  b y  

d i s s o l v i n g  t h e  s a l t  i n  t h e  m i n i m u m  v o l u m e  o f  m e t h a n o l  

a n d  a d d i n g  f o u r  v o l u m e s  o f  a b s o l u t e  e t h a n o l .  W h i t e  

c r y s t a l s  p r e c i p i t a t e d  o n  s l o w  c o o l i n g  w i t h  p e r i o d i c  s h a k 

i n g .  T h i s  r e c r y s t a l l i z i n g  p r o c e d u r e  w a s  r e p e a t e d  1 2  

t i m e s .  R e c r y s t a l l i z a t i o n  f r o m  a b s o l u t e  e t h a n o l  p r o 

d u c e d  a n  o i l  w h i c h  c o m p l e t e l y  s o l i d i f i e d  e v e n  o n  s l o w  

c o o l i n g .  O w i n g  t o  i t s  h y g r o s c o p i c  n a t u r e ,  a l l  r e c r y s 

t a l l i z a t i o n s  a n d  m a n i p u l a t i o n s  o f  ( E t O H ) 4N B r  w e r e  

c a r r i e d  o u t  i n  a  d r y b o x .  T h e  p o w d e r e d  s a l t  w a s  d r i e d  

u n d e r  v a c u u m  a t  5 6 °  f o r  1 5  h r .  T h e  p u r i f i e d  c o m 

p o u n d  m e l t e d  a t  a p p r o x i m a t e l y  1 0 0 ° ,  w i t h  d e c o m p o s i 

t i o n .  I n  f a c t ,  t h i s  s a l t  a p p e a r e d  t o  u n d e r g o  d e c o m p o s i 

t i o n  r e a d i l y  a t  t e m p e r a t u r e s  a b o v e  8 0 ° ,  a n d  m e l t i n g  

p o i n t s  t a k e n  o n  s a m p l e s  i n  e v a c u a t e d  s e a l e d  t u b e s  g a v e  

t h e  s a m e  r e s u l t s .  U p o n  s t a n d i n g  f o r  1 m o n t h ,  t h i s  s a l t  

s h o w e d  s o m e  s i g n s  o f  d e c o m p o s i t i o n ,  a s  i n d i c a t e d  b y  

t h e  i n s o l u b l e  r e s i d u e  f o u n d  w h e n  a n  o l d  s a m p l e  w a s  

d i s s o l v e d  i n  m e t h a n o l .  O u r  c o n d u c t a n c e  r e s u l t s  a l s o  

c o n f i r m e d  t h i s  o b s e r v a t i o n  s i n c e  m e a s u r e m e n t s  o n  

m o n t h - o l d  s a m p l e s  g a v e  l i m i t i n g  c o n d u c t a n c e s  t h a t  

w e r e  s o m e w h a t  h i g h e r  t h a n  t h o s e  o b t a i n e d  u s i n g  

f r e s h l y  p r e p a r e d  s a l t  s a m p l e s .  H o w e v e r ,  t h e  c o n d u c t 

a n c e  p a r a m e t e r s  o b t a i n e d  f r o m  f r e s h l y  r e c r y s t a l l i z e d  

s a m p l e s  w e r e  s h o w n  t o  b e  i n d e p e n d e n t  o f  f u r t h e r  r e 

c r y s t a l l i z a t i o n .

A l l  a t t e m p t s  t o  o b t a i n  t h e  ( E t O H ) 4N B r  b y  t i t r a t i o n  

o f  ( E t O H ) 4N O H  ( 9 7 . 8 % ,  R S A  C o r p . ,  N e w  Y o r k ,  N .  Y . )  

g a v e  a  9 0 %  y i e l d  o f  ( E t O H ) 3N H B r ,  b u t  w e  c o u l d  d e t e c t  

n o  ( E t O H ) 4N B r .

( E t O H ) 4N I  w a s  p r e p a r e d  f r o m  t h e  p u r i f i e d  b r o m i d e  

b y  i o n  e x c h a n g e .  W h e n  a l l  f r e e  a m i n e  h a d  b e e n  r e 

m o v e d  f r o m  r e a g e n t  g r a d e  a n i o n i c  e x c h a n g e  r e s i n  i n  t h e  

h y d r o x y ]  f o r m  b y  r e p e a t e d  w a s h i n g  w i t h  w a t e r ,  t h e  

r e s i n  w a s  c o n v e r t e d  t o  t h e  i o d i d e  f o r m  w i t h  K I .  O n e  

p a s s  t h r o u g h  a  t e n f o l d  e x c e s s  o f  r e s i n  c o n v e r t e d  ( E t -  

O H ) 4N B r  t o  t h e  i o d i d e .  T h e  o n l y  t e s t  p e r f o r m e d  o n  

t h e  f i n a l  p r o d u c t  t o  t e s t  f o r  c o m p l e t e  e x c h a n g e  w a s  t o  

n o t e  t h a t  t h e  f i n a l  p r o d u c t  w a s  n o t  h y g r o s c o p i c ,  w h e r e a s  

t h e  b r o m i d e  i s  e x t r e m e l y  h y g r o s c o p i c .

C o n d u c t i v i t y  g r a d e  w a t e r 2® w a s  p r e p a r e d  b y  p a s s i n g

(7) W. Y . Wen and S. Saito, J. Phys. Chem., 69, 3569 (1965).
(8) C. D. Price, Technical Report, Armed Services Technical 
Information Agency, AD 276280 (1961).
(9) J. L. Hawes and R. L. Kay, J. Phya. Chem., 69, 2420 (1965).
(10) D. F. Evans, C. Zawoyski, and R. L. Kay, ibid., 69, 3878 
(1965).
(11) R. L. Kay, C. Zawoyski, and D. F. Evans, ibid., 69, 4208 
(1965).
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Figure 1. Plots of eq 1 for (EtOH)4NBr in aqueous 
solution at various temperatures.

d i s t i l l e d  w a t e r  t h r o u g h  a  4 - f t  m i x e d - b e d  i o n - e x c h a n g e  

c o l u m n .

R esults

T h e  d e n s i t y  i n c r e m e n t s  f o r  t h e  v o l u m e  c o n c e n t r a 

t i o n s  a n d  v i s c o s i t y  m e a s u r e m e n t s  w e r e  o b t a i n e d  b y  

d i r e c t  m e a s u r e m e n t  o n  0 . 0 6  M  s o l u t i o n s .  T h e  6 
v a l u e  i n  t h e  d e n s i t y  e q u a t i o n ,  d =  d 0 +  9m, w h e r e  m 
i s  t h e  c o n c e n t r a t i o n  i n  m o l e s  p e r  k i l o g r a m  o f  s o l u t i o n ,  

w a s  f o u n d  t o  b e  0 . 0 9 8  a t  2 5  a n d  4 5 °  f o r  t h e  b r o m i d e  a n d  

w a s  a s s u m e d  t o  b e  c o n s t a n t  i n  t h e  t e m p e r a t u r e  r a n g e  

0 - 6 5 °  u s e d  i n  t h e  v i s c o s i t y  m e a s u r e m e n t .  T h e  v a l u e  

o f  0 w a s  a s s u m e d  t o  b e  0 . 0 3  h i g h e r  f o r  t h e  i o d i d e  i n  k e e p 

i n g  w i t h  p r e v i o u s  e x p e r i e n c e . 2a

T h e  v i s c o s i t y  d a t a  f o r  ( E t O H ) 4N B r  a r e  g i v e n  i n  

g r a p h i c a l  f o r m  i n  F i g u r e  1 a n d  c a n  b e  s e e n  t o  c o n f o r m  

t o  t h e  J o n e s - D o l e  e q u a t i o n 12

i / C '/2 =  A +  B C 'h ( 1 )

w h e r e  <p — (v/vo) —  1 -  T h e  i n t e r c e p t  A =  0 . 0 0 8  i s  

i d e n t i c a l  w i t h  t h e  v a l u e  c a l c u l a t e d  f r o m  t h e  F a l k e n -  

h a g e n  e q u a t i o n 13 w i t h i n  t h e  p r e c i s i o n  o f  t h e  m e a s u r e 

m e n t s .  I t  c a n  b e  s e e n  t h a t  B  =  0 . 3 2  ±  0 . 0 2  i s  i n 

d e p e n d e n t  o f  t e m p e r a t u r e  w i t h i n  t h e  s t a t e d  p r e c i s i o n .  

T h e  s m a l l  a m o u n t  o f  s p r e a d  i n  t h e  p o i n t s  i n  F i g u r e  1 

c a n  b e  a t t r i b u t e d  a l m o s t  e n t i r e l y  t o  t h e  t e m p e r a t u r e  

d e p e n d e n c e  o r  t h e  b r o m i d e  i o n  t h a t  h a s  b e e n  s h o w n  t o  > 

h a v e  i o n i c  B  v a l u e s 3 t h a t  v a r y  f r o m  — 0 . 0 8  t o  — 0 . 0 1  

i n  t h e  t e m p e r a t u r e  r a n g e  0 - 6 5 ° ,  r e s p e c t i v e l y .

T h e  m e a s u r e d  e q u i v a l e n t  c o n d u c t a n c e s  a n d  c o r r e 

s p o n d i n g  c o n c e n t r a t i o n  i n  m o l e s  p e r  l i t e r  a r e  g i v e n  i n  

T a b l e  I  a l o n g  w i t h  k0, t h e  s p e c i f i c  c o n d u c t a n c e s  o f  t h e  

s o l v e n t .  C o n d u c t a n c e  p a r a m e t e r s  i n  T a b l e  I I  w e r e  

o b t a i n e d  f r o m  t h e  F u o s s - O n s a g e r  c o n d u c t a n c e  e q u a 

t i o n 14

A =  A o -  S C Vl +  E C  l o g  C  +  ( J  -  BA 0)C  ( 2 )

u s i n g  a  l e a s t - s q u a r e  c o m p u t e r  a n a l y s i s . 9 T h e  v a l u e s  

0 . 8 9 0 3 ,  0 . 5 9 6 3 ,  7 8 . 3 8 ,  a n d  7 1 . 5 1  w e r e  u s e d  f o r  t h e  v i s 

c o s i t y  i n  c e n t i p o i s e  a n d  d i e l e c t r i c  c o n s t a n t  o f  w a t e r  a t  

2 5 2a a n d  4 5 ° , 2b r e s p e c t i v e l y .  T h e  l i m i t i n g  i o n i c  c o n d u c -

Table I : Equivalent Conductances in Aqueous Solution

10  *c A 104(7 A 104(7 A

( T T + O T T  V M ' R r  9 ^ ° _ '
10 v0 = 1 . 6 1 0 V 0 = 1.9 1 0 V o  = 3.2

11.991 102.31 10.665 102.47 11.358 146.40
24.631 101.02 23.891 101.03 23.570 144.54
35.153 100.17 37.560 99.97 31.423 143.60
44.402 99.54 49.757 99.18 41.746 142.53
54.642 98.92 62.286 98.46 51.758 141.62
65.980 98.28 73.549 97.89 61.643 140.80
75.307 97.83 84.532 97.38 70.911 140.09
87.613 97.25 98.814 96.77 80.652 139.42

(EtOH)4NI, 25°
10Vc = 1.3 10V0 = 1.5

7.887 101.52 7.415 101.48
17.570 100.23 17.489 100.20
26.910 99.30 27.366 99.27
36.716 98.49 36.063 98.57
44.803 97.94 44.026 98.01
53.101 97.39 52.889 97.44
61.330 96.90 61.858 96.92
69.680 96.44 71.445 96.41

t a n c e s ,  c a l c u l a t e d  o n  t h e  b a s i s  o f  A o ( B r _ ) 25» =  7 8 . 2 2  

a n d  A 0 ( I - ) 2ó° =  7 6 . 9 8 ,  a r e  A o [ ( E t Q H ) 4N + ] 25° =  2 7 . 0 7  

f r o m  t h e  b r o m i d e  a n d  2 6 . 8 7  f r o m  t h e  i o d i d e .  C o n s i d e r 

i n g  t h e  p r o b l e m s  o f  s t a b i l i t y  o f  t h e s e  s a l t s  a n d  t h e  e x 

t r e m e  h y g r o s c o p i c  n a t u r e  o f  t h e  b r o m i d e ,  t h i s  a g r e e 

m e n t  i s  e n t i r e l y  a c c e p t a b l e .  A t  t h e  h i g h e r  t e m p e r a 

t u r e ,  a  A 0 [ ( E t O H ) 4N + ] 45o =  4 0 . 0 s  1S o b t a i n e d  f r o m  A 0 

( B r - ) « »  =  1 1 0 . 6 9 . 2

T h e  & p a r a m e t e r  g i v e n  i n  T a b l e  I I  f o r  ( E t O H ) 4N B r  

a t  2 5 °  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  v a l u e s  1 . 6 ,  1 . 8 6 ,  

a n d  1 . 8  r e p o r t e d 2 f o r  P r 4N B r  a t  1 0 ,  2 5 ,  a n d  4 5 ° ,  r e 

s p e c t i v e l y ,  a n d  t h e  v a l u e  a t  4 5 °  o f  2 . 4 1  i s  n o t  t o o  d i f 

f e r e n t .  O n  t h e  o t h e r  h a n d ,  t h e  a v e r a g e  & v a l u e  f o r  

( E t O H ) 4N I  o f  1 . 3  r e p o r t e d  h e r e  i s  s u b s t a n t i a l l y  h i g h e r  

t h a n  t h e  0 . 1 ,  0 . 3 ,  a n d  0 . 4  o b t a i n e d  f o r  P r 4N I  a t  1 0 ,  2 5 ,  

a n d  4 5 ° ,  r e s p e c t i v e l y . 2 I n  t h e  c a s e  o f  P r 4N I ,  t h e  

c o n d u c t a n c e  d a t a  a n a l y z e d  f o r  a  s m a l l  a m o u n t  o f  a s 

s o c i a t i o n .  T h e  s a m e  a n a l y s e s  o f  t h e  d a t a  f o r  ( E t -  

O H ) 4N I  d e t e c t e d  a  s m a l l  a m o u n t  o f  a s s o c i a t i o n  i n  t h e  

f i r s t  r u n  b u t  n o n e  i n  t h e  s e c o n d .

D iscussion

I n  t h e  a b s e n c e  o f  a n y  c h a n g e  i n  t h e  i n t e r a c t i o n  w i t h  

t h e  s o l v e n t ,  r e p l a c e m e n t  o f  a  t e r m i n a l  m e t h y l  b y  a

(12) G. Jones and M. Dole, J. Am. Chem. Soc., 51, 2950 (1929).
(13) H. S. Harned and B. B. Owen, “The Physical Chemistry of 
Electrolytic Solutions,” 3rd ed, Reinhold Publishing Corp., New 
York, N. Y ., 1958, p 240.
(14) R. M . Euoss and P. Accascina, “ Electrolytic Conductance,”
Interscience Publishers, Inc., New York, N . Y ., 1959.
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Table II : Conductance Parameters in Aqueous Solution at 25 and 45°

Tem p,
°C

(EtOH)4NBr 25

45
(EtOH)4NI 25

Ao à

105.30 ±0 .006 1.91 ±
105.27 ± 0 .0 1 1.97 ±
150.77 ± 0 . 0 1 2.41 ±
103.92 ±  0.02 1.08 ±
103.84 ±  0.005 1.48 ±

o  A J

0.02 0.008 92.3
0.03 0.01 95.4
0.03 0.015 181.7
0.08 0.03 44.4
0.02 0.006 68.1

h y d r o x y l  g r o u p  i s  e x p e c t e d  t o  r e s u l t  i n  l i t t l e  c h a n g e  i n  

t h e  s i z e  o f  a  q u a t e r n a r y  a m m o n i u m  i o n .  C o n s e 

q u e n t l y ,  t h e  a l k y l  a n a l o g  o f  t h e  ( E t O H ) 4N  +  i o n  i s  t h e  

P r 4N  +  i o n ,  a n d  t h e  t w o  i o n s  s h o u l d  h a v e  t h e  s a m e  h y 

d r o d y n a m i c  p r o p e r t i e s  i f  s i z e  i s  t h e  o n l y  c r i t e r i o n .  

H o w e v e r ,  i n  a q u e o u s  s o l u t i o n  a t  2 5 ° , 2“  X0 ( P r 4N + )  =

2 3 . 2 2 ,  s o m e  1 5 %  l o w e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e  

f o r  ( E t O H ) N +  a s  r e p o r t e d  h e r e .  T h i s  m o b i l i t y  d i f f e r 

e n c e  s u g g e s t s  t h a t  t h e  e n f o r c e m e n t  o f  w a t e r  s t r u c t u r e  

a r o u n d  t h e  h y d r o c a r b o n  s i d e  c h a i n s  d e t e c t e d 2b i n  t h e  

P r 4N +  i o n  i s  a b s e n t  i n  t h e  c a s e  o f  t h e  ( E t O H ) 4N +  i o n ,  

o w i n g  t o  t h e  p r e s e n c e  o f  t h e  p o l a r  g r o u p s  i n  t h e  o t h e r 

w i s e  i n e r t  s i d e  c h a i n s .  T h i s  c o n c l u s i o n  i s  s u b s t a n t i a t e d  

b y  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  m o b i l i t i e s  i n v o l v e d ,  

a s  i s  s h o w n  i n  F i g u r e  2 .  T h e  A 0t?o p r o d u c t  f o r  t h e  ( E t -  

O H ) 4N +  i o n  d o e s  n o t  s h o w  a n  i n c r e a s e  w i t h  t e m p e r a 

t u r e  a s  d o  t h e  l a r g e r  q u a t e r n a r y  a m m o n i u m  i o n s  a r o u n d  

w h i c h  w a t e r  s t r u c t u r e  e n f o r c e m e n t  i s  p r e v a l e n t . 211 I n  

c o n t r a s t  t o  i t s  a l k y l  a n a l o g ,  t h e  W a l d e n  p r o d u c t  f o r  

( E t O H ) 4N +  s h o w s  a  v e r y  s l i g h t  d e c r e a s e  w i t h  t e m 

p e r a t u r e ,  a  b e h a v i o r  m u c h  m o r e  c h a r a c t e r i s t i c  o f  s t r u c 

t u r e - b r e a k i n g  i o n s  s u c h  a s  M e 4N + . 2b F u r t h e r  e v i d e n c e  

t h a t  ( E t O H ) 4N  +  d o e s  n o t  e n f o r c e  w a t e r  s t r u c t u r e  i n  i t s  

i m m e d i a t e  v i c i n i t y  c o m e s  f r o m  t h e  f a c t  t h a t  i t s  W a l d e n  

p r o d u c t  ( 0 . 2 4 1 )  f o r  a q u e o u s  s o l u t i o n  i s  a l m o s t  i d e n t i c a l  

w i t h  t h o s e  f o r  i t s  a l k y l  a n a l o g  i n  a c e t o n i t r i l e 2“ ( 0 . 2 4 0 ) ,  

n i t r o m e t h a n e 16 ( 0 . 2 4 5 ) ,  a n d  m e t h a n o l 2“  ( 0 . 2 5 1 ) ,  i n  

w h i c h  t h e  h y d r o d y n a m i c  p r o p e r t i e s  o f  t h e  P r 4N +  i o n  

s h o u l d  b e  e s s e n t i a l l y  u n a f f e c t e d  b y  s o l v e n t  i n t e r a c t i o n .

F u r t h e r  e v i d e n c e  t h a t  c a g e s  o f  w a t e r  d o  n o t  f o r m  

a r o u n d  t h e  s i d e  c h a i n s  o f  t h e  ( E t O H ) 4N +  i o n  c a n  b e  

o b t a i n e d  f r o m  t h e  v i s c o s i t y  d a t a .  V i s c o s i t y  B  c o e f f i 

c i e n t s  f o r  ( E t O H ) 4N B r  a r e  c o m p a r e d  w i t h  t h o s e  f o r  

t h e  t e t r a a l k y l a m m o n i u m  b r o m i d e s 3 a t  t e m p e r a t u r e s  b e 

t w e e n  0  a n d  6 5 °  i n  F i g u r e  3 .  T h e  " m e l t i n g ”  o f  s u c h  

c a g e s  a r o u n d  t h e  s i d e  c h a i n s  o f  b o t h  t h e  P r 4N +  a n d  

B u 4N +  i o n s  i s  e v i d e n t 3 f r o m  t h e  r a p i d  d e c r e a s e  i n  B  f o r  

t h e  b r o m i d e s  o f  t h e s e  i o n s  w i t h  i n c r e a s e d  t e m p e r a t u r e .  

I n  c o n t r a s t ,  t h e  B  c o e f f i c i e n t s  f o r  ( E t O H ) 4N B r  a r e  i n 

d e p e n d e n t  o f  t e m p e r a t u r e  a n d  m u c h  l o w e r  t h a n  t h o s e  

f o r  P r 4N B r .  I t  i s  p o s s i b l e  t h a t ,  a t  t e m p e r a t u r e s  h i g h  

e n o u g h  f o r  t h e  e l i m i n a t i o n  o f  a l l  w a t e r  s t r u c t u r a l  

e f f e c t s ,  t h e  B  c o e f f i c i e n t s  f o r  t h e s e  t w o  s a l t s  w o u l d  b e

Figure 2. Temperature dependence of the Walden 
product for the (EtOH)4N + ion as compared to the 
tetraalkylammonium ions in aqueous solution.

t h e  s a m e  a s  t h e o r y  p r e d i c t s  f o r  i o n s  o f  t h e  s a m e  s i z e .  

A g a i n ,  f r o m  v i s c o s i t y  m e a s u r e m e n t s  i t  w o u l d  a p p e a r  

t h a t  t h e  t r a n s p o r t  p r o p e r t i e s  o f  t h e  ( E t O H ) 4N +  i o n  a r e  

a f f e c t e d  v e r y  l i t t l e  b y  i n t e r a c t i o n  w i t h  w a t e r .

W e  c o n c l u d e  f r o m  t h e s e  r e s u l t s  t h a t  t h e  s u b s t i t u t i o n  

o f  a n  e t h a n o l  f o r  a  p r o p y l  g r o u p  i n  a  q u a t e r n a r y  a m 

m o n i u m  i o n  r e s u l t s  i n  a n  i n c r e a s e  i n  m o b i l i t y  i n  a q u e o u s  

s o l u t i o n  d u e  t o  t h e  d i s r u p t i n g  e f f e c t  o f  t h e  p o l a r  g r o u p  

o n  t h e  w a t e r - s t r u c t u r e  e n f o r c e m e n t  n o r m a l l y  a r o u n d  a  

p r o p y l  g r o u p .  T h i s  c o n c l u s i o n  w o u l d  a p p e a r  t o  b e  i n  

c o n f l i c t  w i t h  t h e  r e s u l t s  r e p o r t e d  i n  p r e v i o u s  i n v e s t i g a 

t i o n s  o f  t h i s  t y p e  o f  i o n 6' 6 s i n c e  t h e  i n c l u s i o n  o f  a n  * 1223

(15) R. L. Kay, S. C. Blum, and H. I. Schiff, J. Phys. Chem., 67,
1223 (1963).
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Figure 3. Temperature dependence of the 
viscosity B coefficients for (EtOH)4NBr as compared 
to the tetraalkylammonium bromides.

e t h a n o l  g r o u p  i n  a  q u a t e r n a r y  a m m o n i u m  i o n  w a s  

c l a i m e d  t o  h a v e  l i t t l e  o r  n o  e f f e c t  o n  i t s  m o b i l i t y  i n  

a q u e o u s  s o l u t i o n .  W e  h a v e  r e s o l v e d  t h i s  c o n f l i c t  b y  

n o t i n g  t h a t  t h e  a l k y l  a n a l o g s  u s e d  f o r  c o m p a r i s o n  h a d  

t h e  s a m e  n u m b e r  o f  c a r b o n  a t o m s  b u t  d i d  n o t  h a v e  t h e  

c o r r e c t  g e o m e t r y .  T h i s  c a n  b e  s e e n  i n  F i g u r e  4  w h e r e  

t h e  l i m i t i n g  c o n d u c t a n c e s  f o r  a  n u m b e r  o f  q u a t e r n a r y  

a m m o n i u m  i o n s  a t  2 5 °  i n  a q u e o u s  s o l u t i o n  a r e  s h o w n  

a s  a  f u n c t i o n  o f  t h e  n u m b e r  o f  c a r b o n  a t o m s  i n  t h e  s i d e  

c h a i n s .  T h e  v a l u e s  u s e d  f o r  t h e  l i m i t i n g  c o n d u c t a n c e s ,  

a f t e r  r e c a l c u l a t i o n  o n  t h e  b a s i s  o f  e q  2 ,  a r e  g i v e n  i n  

T a b l e  I I I  a n d  w e r e  t a k e n  f r o m  s o u r c e s  a l r e a d y  c i t e d  

a n d  f r o m  d a t a  q u o t e d  b y  K r a u s  a n d  c o - w o r k e r s . 16-18  

T h e  r e s u l t s  o f  p r e v i o u s  i n v e s t i g a t i o n s 5,6 o f  q u a t e r n a r y  

s a l t s  c o n t a i n i n g  e t h a n o l  s i d e  c h a i n s  w e r e  c o m p a r e d  t o  

a  s m o o t h  c u r v e  p a s s i n g  t h r o u g h  t h e  p o i n t s  f o r  t h e  

s y m m e t r i c a l  R 4N +  i o n .  S i n c e  t h e  p o i n t  f o r  M e 3~ 

( E t O H ) N +  w a s  v e r y  c l o s e  t o  t h i s  l i n e  a n d  t h a t  f o r  M e 2-  

( E t O H ) 2N +  w a s  n o t  t o o  f a r  r e m o v e d  f r o m  i t ,  i t  w a s  c o n 

c l u d e d  t h a t  e i t h e r  t h e  a d d i t i o n  o f  a n  e t h a n o l  g r o u p  

a f f e c t s  t h e  m o b i l i t y  t o  t h e  s a m e  e x t e n t  a s  a  p r o p y l  

g r o u p 5 o r ,  i f  t h e  e t h a n o l  g r o u p  w a s  i n t e r a c t i n g  w i t h  

t h e  w a t e r  m o l e c u l e s  i n  i t s  v i c i n i t y ,  t h e r e  w e r e  c o m 

p e n s a t i n g  f a c t o r s  t h a t  m a s k e d  t h e  e f f e c t  o n  t h e  m o b i l 

i t y . 6 S p i v e y  a n d  S n e l l 6 a t t r i b u t e d  t h e  l o w  m o b i l i t y  o f  

t h e  M e 3P r N  +  i o n ,  a s  c o m p a r e d  t o  t h a t  f o r  t h e  s y m -

Figure 4. Limiting conductances for various quaternary 
ammonium ions in water at 25° as a function of the total 
number of carbon atoms or their equivalent in the side chains:
A, predicted value for the Me2Pr2N + ion.

m e t r i c a l  q u a t e r n a r y  c a t i o n s ,  t o  i t s  a s y m m e t r y .  H o w 

e v e r ,  t h e  M e 3( E t O H ) N +  i o n  i s  e q u a l l y  a s  a s y m m e t r i c  

a n d  h a s  a  m u c h  h i g h e r  m o b i l i t y  t h a n  t h e  M e 3P r N +  i o n .  

F u r t h e r m o r e ,  ( E t O H ) 4N +  a n d  P r 4N +  a r e  b o t h  s y m 

m e t r i c  i o n s  w i t h  e q u i v a l e n t  n u m b e r s  o f  c a r b o n  a t o m s ,  

b u t  t h e  m o b i l i t y  o f  t h e  l a t t e r  i s  1 5 %  l o w e r .  I t  w o u l d  

a p p e a r  f r o m  t h e s e  o b s e r v a t i o n s  t h a t  s y m m e t r y ,  a s  w e l l  

a s  n u m b e r  o f  c a r b o n  a t o m s ,  i s  n o t  t h e  d e c i d i n g  f a c t o r  o n  

w h i c h  t o  b a s e  a  c o m p a r i s o n  o f  t h e  m o b i l i t y  f o r  t h e s e  

l a r g e  i o n s .

T h e  m o b i l i t i e s  o f  t h e  i o n s  g i v e n  i n  T a b l e  I I I  f a l l  i n t o  

t h r e e  s e p a r a t e  f a m i l i e s  d e p e n d i n g  o n  t h e  n u m b e r  o f  s i d e  

c h a i n s  a b o u t  w h i c h  t h e r e  i s  e n f o r c e m e n t  o f  w a t e r  s t r u c 

t u r e .  W e  h a v e  u s e d  a  d i f f e r e n t  a p p r o a c h  i n  o r d e r  t o  

c o m p a r e  t h e  m o b i l i t y  o f  t h e s e  l a r g e  i o n s .  T h e  l a r g e r  

s y m m e t r i c a l  t e t r a a l k y l a m m o n i u m  i o n s  f a l l  i n t o  o n e  

c a t e g o r y ,  a s  s h o w n  b y  t h e  l i n e  t h r o u g h  t h e  p o i n t s  f o r  

P r 4N + ,  B u 4N + ,  a n d  n - A m 4N +  i n  F i g u r e  4 .  T h e  E t 4N  +  

i o n ,  h o w e v e r ,  d o e s  n o t  f i t  o n  t h e  e x t e n s i o n  o f  t h i s  l i n e  

t o  t h e  M e 4N  +  i o n  o w i n g  t o  i t s  i n a b i l i t y  t o  e n f o r c e  w a t e r  

s t r u c t u r e  t o  t h e  s a m e  e x t e n t  p e r  c a r b o n  a t o m  a s  t h e  

i o n s  c o n t a i n i n g  l a r g e r  s i d e  c h a i n s .  T h i s  s u g g e s t s  t h a t  

t h e r e  i s  a  c r i t i c a l  s i z e  o f  h y d r o c a r b o n  c h a i n  i n  a  q u a t e r -

(16) H . M . D aggett, E . J. Bair, an d  C . A . K rau s, J. A m . Chem. Soc., 
73 , 799 (1951).
(17) M . J. M cD o w e ll and C . A . K raus, ibid., 73 , 2170 (1951).
(18) E . J. B air and C . A . K rau s, ibid., 73 , 1129 (1951).
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Table III: Limiting Ionic Conductances for Aqueous Solutions at 25°“

ion Xo + Ref

Me4N + 44.42 1
Et4N + 32.22 1
Pr4N + 23.22 1
Bu4N + 19.31 1
n-Am4N + 17.38 16

Me8(EtOH)N+ 38.21 5, 6
Me2(EtOH)2N + 33.58 5
(EtOH)4N+ 27.0 This work

Ion Ion Ref
Me3EtN+ 40.86 5, 17
Me3PrN + 36.64 6
Me3BuN + 33.54 17
Merhexyl-N + 29.52 17
MerOCtyl-N + 26.49 17
Me3-decyl-N + 24.30 17
Me3-dodecyl-N + 22.40 17, 18
Mertetradecyl-N + 20.96 17

“ The cation limiting conductances are based on the following anion limiting conductances:2 X0(CI_ ) = 76.39, X0(Br~) =  78.22, 
Xo(I-) =  76.98, and X„(NOs-)  = 71.57.

n a r y  a m m o n i u m  i o n  b e l o w  w h i c h  w a t e r  s t r u c t u r e  e n 

f o r c e m e n t  d r o p s  o f f  r a p i d l y  b u t  a b o v e  w h i c h  s u c h  s t r u c 

t u r e  i s  c o o p e r a t i v e l y  f o r m e d  w i t h  r e l a t i v e  e a s e .  T h u s ,  

i n  t h e s e  i o n s ,  t h e  m e t h y l  a n d  e t h y l  g r o u p s  a r e  p o o r  

s t r u c t u r e  m a r k e r s ,  b u t  t h e  p r o p y l  g r o u p  h a s  e x c e l l e n t  

s t r u c t u r e - m a k i n g  p r o p e r t i e s .  F u r t h e r  e v i d e n c e  f o r  t h i s  

c r i t i c a l  s i z e  a n d  c o o p e r a t i v e  a s p e c t  c a n  b e  s e e n  i n  t h e  

i o n i c  c o n d u c t a n c e s  f o r  t h e  t r i m e t h y l a l k y l a m m o n i u m  

i o n s ,  a s  s h o w n  i n  F i g u r e  4 .  O n  t h e  b a s i s  o f  n u m b e r  o f  

c a r b o n  a t o m s ,  t h e y  f a l l  o n  a  s e p a r a t e  a n d  h i g h e r  l i n e  

t h a n  d o  t h e  R 4N +  i o n s ;  t h a t  i s ,  t h e y  a c t  a s  i o n s  w i t h  

f e w e r  c a r b o n  a t o m s .  T h u s ,  t h e  t h r e e  m e t h y l  g r o u p s  a r e  

i n e f f e c t i v e  a s  s t r u c t u r e  m a r k e r s  a n d  m a y  w e l l  b e  r e 

f l e c t i n g  s o m e  s t r u c t u r e - b r e a k i n g  p r o p e r t i e s .  T h i s  s u g 

g e s t s ,  t h e r e f o r e ,  t h a t  t h e  l o g i c a l  c o m p a r i s o n  f o r  t h e  

M e 3( E t O H ) N +  i o n  i s  t h e  M e 3P r N +  i o n  a n d  t h a t  t h e  

c o r r e c t  c o m p a r i s o n  f o r  t h e  M e s ( E t O H ) j N +  i o n  i s  n o t  

t h e  E t 4N +  i o n  b u t  r a t h e r  t h e  M e 2P r 2N +  i o n .  A  c a l c u l a 

t i o n  s h o w s  t h a t  t h e  i n c r e a s e  i n  t h e  l i m i t i n g  c o n d u c t a n c e s  

f o r  M e 3( E t O H ) N +  a n d  ( E t O H ) 4N +  o v e r  t h e i r  c o r r e c t  

a l k y l  a n a l o g s  i s  4 . 0  ±  0 . 2 %  p e r  e t h a n o l  g r o u p .  O n  t h i s  

b a s i s ,  t h e  m o b i l i t y  t o  b e  e x p e c t e d  f o r  t h e  M e 2P r 2N +  i o n  

i s  3 1 . 0  o r  8 %  l o w e r  t h a n  t h a t  f o r  M e 2( E t O H ) 2N + . T h i s  

p o i n t  i s  d e s i g n a t e d  b y  a  s o l i d  t r i a n g l e  i n  F i g u r e  4  a n d ,  

a s  e x p e c t e d  f o r  a n  i o n  w i t h  w a t e r  s t r u c t u r e  e n f o r c e m e n t  

a b o u t  t w o  s i d e  c h a i n s ,  i t  i s  b e t w e e n  t h e  l i n e s  f o r  i o n s  

a b o u t  w h i c h  t h e r e  i s  w a t e r  e n f o r c e m e n t  a b o u t  o n e  s i d e  

c h a i n  a n d  a b o u t  f o u r  s i d e  c h a i n s .

T h e  o b v i o u s  c o n c l u s i o n  r e s u l t i n g  f r o m  t h e s e  d a t a  i s  

t h a t  a n  e t h a n o l  g r o u p  d o e s  n o t  e n f o r c e  w a t e r  s t r u c t u r e  

w h e n  s u b s t i t u t e d  i n  a  q u a t e r n a r y  a m m o n i u m  i o n .  O n  

t h e  o t h e r  h a n d ,  e t h a n o l  i t s e l f ,  w h e n  a d d e d  i n  s m a l l  

a m o u n t s  t o  p u r e  w a t e r ,  i s  k n o w n  t o  e n f o r c e  w a t e r  s t r u c 

t u r e , 19’ 20 p r e s u m a b l y  b y  b e i n g  h y d r o g e n  b o n d e d  i n t o  

t h e  w a t e r  c a g e s . 21 H o w e v e r ,  t h e r e  i s  n o  e v i d e n c e  t h a t  

t h e  e t h a n o l  g r o u p s  i n  t h e  ( E t O H ) 4N +  i o n  a r e  i n c o r 

p o r a t e d  i n t o  t h e  “ f l i c k e r i n g  c l u s t e r s ” 4 o f  s t r u c t u r e d

w a t e r  s i n c e  a  s u b s t a n t i a l  d e c r e a s e  i n  m o b i l i t y  w o u l d  r e 

s u l t .  N o  s u c h  d e c r e a s e  i n  m o b i l i t y  h a s  b e e n  d e t e c t e d  

h e r e  o n  t h e  b a s i s  o f  a n y  r e a l i s t i c  c o m p a r i s o n .  W e  c o n 

c l u d e  t h a t  t h e  s i d e  c h a i n s  o f  t h e  ( E t O H ) 4N +  i o n  a r e  

n o t  i n c o r p o r a t e d  i n t o  t h e  s u r r o u n d i n g  w a t e r  s t r u c t u r e .

I n  a  p r e v i o u s  i n v e s t i g a t i o n 1 o f  t h e  t e t r a a l k y l a m -  

m o n i u m  s a l t s  i n  a q u e o u s  s o l u t i o n ,  i t  w a s  s h o w n  t h a t  t h e  

d e c r e a s e  o f  t h e  c o n d u c t a n c e  w i t h  c o n c e n t r a t i o n  b e c a m e  

g r e a t e r  t h e  l a r g e r  t h e  a n i o n  a n d  c a t i o n ,  c o n t r a r y  t o  t h e  

p r e d i c t i o n s  o f  t h e o r y . 14 T h e  p o s s i b i l i t y  o f  a t t r i b u t i n g  

t h e  e f f e c t  t o  i o n i c  a s s o c i a t i o n  a n d  t o  c h a n g e s  i n  s o l v e n t  

s t r u c t u r e  d u e  t o  o v e r l a p  o f  i o n i c  c o s p h e r e s  h a s  b e e n  

c o n s i d e r e d  i n  s o m e  d e t a i l . 2 T h e  s a m e  e f f e c t  w a s  o b 

s e r v e d  b y  S k i n n e r  a n d  F u o s s 22 i n  t h e i r  m e a s u r e m e n t s  o n  

f - A m 3B u N B r  i n  a q u e o u s  s o l u t i o n ,  b u t  t h e  e f f e c t  i s  

p a r t i c u l a r l y  e v i d e n t  i n  t h e  i o d i d e s .  H o w e v e r ,  t h e  c o n 

d u c t a n c e  o f  ( E t O H ) 4N I  i s  a b o u t  0 . 5 %  g r e a t e r  a t  C =  
0 . 0 0 7  M  t h a n  t h a t  w h i c h  w o u l d  b e  r e q u i r e d  f o r  t h e  

s a m e  c o n c e n t r a t i o n  d e p e n d e n c e  a s  P r 4N I .  T h i s  i s  a  

s i g n i f i c a n t  a m o u n t  c o n s i d e r i n g  t h e  a g r e e m e n t  i n  X 0+  

f r o m  t h e  b r o m i d e  a n d  i o d i d e .  I t  i n d i c a t e s  t h a t  ( E t -  

O H ) 4N I  a c t s  m o r e  l i k e  M e 4N I  t h a n  l i k e  P r 4N I  a n d  s u g 

g e s t s  t h a t  t h e  a b n o r m a l l y  l a r g e  d e c r e a s e  i n  c o n d u c t a n c e  

f o r  P r 4N I  a n d  B m N I  i s  d u e  t o  w a t e r  s t r u c t u r e  c o n 

s i d e r a t i o n s .  O p p o s e d  t o  t h i s  c o n c l u s i o n  i s  t h e  f a c t  

t h a t  s o d i u m  t e t r a p h e n y l b o r i d e  i n  a q u e o u s  s o l u t i o n  h a s  a  

n o r m a l  c o n c e n t r a t i o n  d e p e n d e n c e 22 a l t h o u g h  r e c e n t  

m e a s u r e m e n t s 23 i n d i c a t e  t h a t  w a t e r  s t r u c t u r e  e n f o r c e 

m e n t  a r o u n d  t h e  a r y l  g r o u p s  i s  a b o u t  t h e  s a m e  a s  t h a t  

a r o u n d  a  b u t y l  g r o u p .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  a l l

(19) F . Franks, A n n . N . Y . Acad. Sei., 125, 277 (1965).
(20) R . L . K a y  and T . V itu ccio , t o  be published.
(21) A . D . P otts  and D . W . D avid son , J. P h ys. Chem „ 69, 996 
(1965).
(22) J. F . Skinner and R . M . Fuoss, ibid., 68 , 1882 (1964).
(23) G . P . C unningham , D . F . E vans, an d  R . L . K a y , to  be p u b 
lished.
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T h e  p h a s e  r e l a t i o n s h i p s  b e t w e e n  l a n t h a n u m  a n d  l a n t h a n u m  h y d r i d e  h a v e  b e e n  d e t e r 

m i n e d .  T h e  a d d i t i o n  o f  h y d r o g e n  i n c r e a s e d  t h e  m e l t i n g  p o i n t  a n d  d e c r e a s e d  t h e  f c c - t o -  

b c c  t r a n s f o r m a t i o n  t e m p e r a t u r e  o f  l a n t h a n u m  t o  a  e u t e c t o i d  a t  7 7 3 °  a n d  2 3 . 5  a t .  %  h y d r o 

g e n .  T h e  s o l u b i l i t y  o f  l a n t h a n u m  h y d r i d e  i n  f e e  l a n t h a n u m  r a n g e d  f r o m  2 . 8 3  a t .  %  a t  

3 7 5 °  t o  2 1 . 3  a t .  %  h y d r o g e n  a t  7 7 3 ° .  T h e  e n t h a l p y  o f  s o l u t i o n  w a s  c a l c u l a t e d  t o  b e  

5 . 7 6  ±  0 . 1 7  k e a l .  A b o v e  7 7 3 °  t h e  s o l u b i l i t y  o f  l a n t h a n u m  h y d r i d e  i n  b c c  l a n t h a n u m  

i n c r e a s e s  r a p i d l y ,  a n d  c o m p l e t e  s o l u b i l i t y  o c c u r s  a t  t e m p e r a t u r e s  a b o v e  9 6 0 ° .  H y d r o g e n  

d e p r e s s e d  t h e  l o w - t e m p e r a t u r e  t r a n s f o r m a t i o n  i n  l a n t h a n u m  b y  2 7 ° .

Introduction

T h e  l a n t h a n u m - h y d r o g e n  s y s t e m  h a s  b e e n  i n v e s t i 

g a t e d  b y  M u l f o r d  a n d  H o l l e y 2 b y  d e t e r m i n i n g  p r e s s u r e -  

c o m p o s i t i o n  i s o t h e r m s  i n  t h e  t e m p e r a t u r e  r a n g e  b e 

t w e e n  6 0 0  a n d  8 0 0 ° .  T h e y  f o u n d  a  s i g n i f i c a n t  s o l u 

b i l i t y  o f  h y d r o g e n  i n  t h e  m e t a l  w h i c h  i n c r e a s e d  w i t h  

i n c r e a s i n g  t e m p e r a t u r e  w h i l e  t h e  l o w e r  h y d r o g e n  c o n 

c e n t r a t i o n  l i m i t  o f  t h e  h y d r i d e  d e c r e a s e s  w i t h  i n c r e a s i n g  

t e m p e r a t u r e .  P r e s s u r e - c o m p o s i t i o n  i s o t h e r m s  a r e  

l i m i t e d  t o  a  s m a l l  t e m p e r a t u r e  r a n g e  b e c a u s e  t h e  h y 

d r o g e n  d i s s o c i a t i o n  p r e s s u r e  b e c o m e s  e i t h e r  t o o  s m a l l  

o r  t o o  l a r g e  t o  m e a s u r e  w i t h  r e a s o n a b l e  a c c u r a c y .  

G e n e r a l  r e l a t i o n s h i p s  b e t w e e n  t h e  p r o p e r t i e s  o f  m e t a l l i c  

h y d r i d e s  a n d  t h e i r  s t r u c t u r e  h a v e  b e e n  r e v i e w e d  b y  

L i b o w i t z . 3 T h e  h e a t  o f  f o r m a t i o n  o f  l a n t h a n u m  h y 

d r i d e  i s  — 4 9 . 7  k c a l / m o l e  o f  H 2. T h e  f a c e - c e n t e r e d -  

c u b i c  ( f e e )  f l u o r i t e  s t r u c t u r e  o f  l a n t h a n u m  h y d r i d e  

e x h i b i t s  a  c o m p o s i t i o n  r a n g e  f r o m  b e l o w  l a n t h a n u m  

d i h y d r i d e  t o  n e a r l y  l a n t h a n u m  t r i h y d r i d e .  N e u t r o n  

d i f f r a c t i o n  s t u d i e s  i n d i c a t e  t h a t  t h e  t e t r a h e d r a l  h o l e s  

a r e  f i l l e d  b y  h y d r o g e n  f i r s t ,  a n d  f u r t h e r  a b s o r p t i o n  o f  

h y d r o g e n  r e s u l t s  i n  t h e  f i l l i n g  o f  t h e  o c t a h e d r a l  h o l e s

i n  t h e  s t r u c t u r e .  T h e  e f f e c t  o f  h y d r o g e n  o n  t h e  m e l t  

i n g  p o i n t  a n d  s t r u c t u r a l  t r a n s f o r m a t i o n s  o f  l a n t h a n u m  

m e t a l  h a s  n o t  b e e n  i n v e s t i g a t e d .  I n  o r d e r  t o  d e t e r 

m i n e  t h e s e  e f f e c t s  a n d  m o r e  a c c u r a t e l y  e s t a b l i s h  t h e  

s o l u b i l i t y  l i m i t s  o v e r  a  w i d e r  r a n g e  o f  t e m p e r a t u r e s ,  

t h i s  s y s t e m  w a s  i n v e s t i g a t e d  b y  d i f f e r e n t i a l  t h e r m a l  

a n a l y s i s ,  i s o t h e r m a l  e q u i l i b r a t i o n ,  X - r a y  d i f f r a c t i o n ,  

e l e c t r i c a l  r e s i s t i v i t y ,  a n d  d i l a t o m e t e r  t e c h n i q u e s .

T h e  m e l t i n g  p o i n t  a n d  t h e  a l l o t r o p i c  t r a n s f o r m a t i o n  

t e m p e r a t u r e s  o f  p u r e  l a n t h a n u m  h a v e  b e e n  m e a s u r e d  

b y  a  n u m b e r  o f  i n v e s t i g a t o r s .  L o v e 4 r e p o r t s  a  l o w -  

t e m p e r a t u r e  t r a n s f o r m a t i o n  f r o m  a  h e x a g o n a l - c l o s e -  

p a c k e d  ( h e p )  s t r u c t u r e  t o  a n  f e e  s t r u c t u r e  a t  3 1 0 °  a n d  

a  t r a n s f o r m a t i o n  f r o m  t h e  f e e  s t r u c t u r e  t o  a  b o d y -

(1) T h is  w ork  was perform ed in the A m es L a b ora tory  o f  the A to m ic  
E nergy  C om m ission .
(2) R , N . R . M u lford  and C . E . H olley , Jr., J . P h ys. Chem., 59, 1222 
(1955).

(3) G . G . L ibow itz , “ T h e  S olid -S tate C h em istry  o f  B in a ry  M e ta l 
H y d rid es ,”  W . A . B en jam in , In c ., N ew  Y o rk , N . Y .,  1965.
(4) B . L o v e  in “ M eta ls H a n d b o o k ,”  V ol. 1, A m erican  S o c ie ty  for  
M eta ls, N ov e lty , O hio, 1961, p p  1230, 1231.
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c e n t e r e d - c u b i c  ( b c c )  s t r u c t u r e  a t  8 6 2 ° .  T h e  b c c  r e 

m a i n s  s t a b l e  u n t i l  t h e  m e l t i n g  p o i n t  o f  9 1 7 °  i s  r e a c h e d .  

T h e s e  v a l u e s  f o r  t h e  h i g h - t e m p e r a t u r e  t r a n s f o r m a t i o n  

a n d  t h e  m e l t i n g  t e m p e r a t u r e  a r e  i n  a g r e e m e n t  w i t h  t h e  

r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s .  H o w e v e r ,  t h e r e  i s  

c o n s i d e r a b l e  d i s a g r e e m e n t  a b o u t  t h e  l o w - t e m p e r a t u r e  

t r a n s i t i o n .  T h e r e  i s  d i s a g r e e m e n t  a s  t o  t h e  e x a c t  

t e m p e r a t u r e  o r  r a n g e  o f  t e m p e r a t u r e s  a t  w h i c h  t h e  

t r a n s i t i o n  o c c u r s  a n d  a s  t o  t h e  e x t e n t  o f  t h e  t r a n s f o r m a 

t i o n .  T h e  p r i o r  h i s t o r y  o f  t h e  m e t a l  a n d  i t s  s h a p e  

a n d  s i z e  s e e m  t o  i n f l u e n c e  t h e  s t r u c t u r e  o f  t h e  m e t a l  

b e l o w  t h i s  t r a n s f o r m a t i o n  t e m p e r a t u r e .  T h e  t r a n s 

f o r m a t i o n  h a s  b e e n  s t u d i e d  b y  d i l a t o m e t e r , 5 6 e l e c t r i c a l  

r e s i s t i v i t y , 6' 7 8 9 a n d  X - r a y  d i f f r a c t i o n  t e c h n i q u e s . 8,9 

T h e  r e s u l t s  o f  m a n y  o f  t h e  i n v e s t i g a t o r s  h a v e  b e e n  

r e v i e w e d  b y  H e r r m a n n , 10 11 12 a n d  h e  r e p o r t s  t h e  l o w -  

t e m p e r a t u r e  p h a s e  t o  b e  a n  h e p  s t r u c t u r e  w i t h  a  

d o u b l e  c  a x i s .

Experim ental Procedures

T h e  l a n t h a n u m  m e t a l  u s e d  i n  t h i s  s t u d y  w a s  p r e 

p a r e d  b y  t h e  m e t h o d  d e v e l o p e d  b y  S p e d d i n g  a n d  

D a a n e . 11,12 T h e  m a i n  i m p u r i t i e s  w e r e :  T a ,  1 3 0 0  

p p m ;  P r ,  3 0 0  p p m ;  C e ,  3 0 0  p p m ;  N d ,  2 0 0  p p m ;  O ,  

4 8 0  p p m ;  N ,  1 0 4  p p m ;  a n d  H ,  1 6  p p m .  T h e  m e t a l  

w a s  s t o r e d  u n d e r  a n  a r g o n  a t m o s p h e r e ,  a n d  m o s t  o f  

t h e  h a n d l i n g  w a s  d o n e  i n  a  g l o v e  b o x  e v a c u a t e d  t o  l e s s  

t h a n  1 0  n a n d  f i l l e d  w i t h  a r g o n .  T h e  e x p o s u r e  o f  t h e  

m e t a l  t o  a t m o s p h e r i c  m o i s t u r e  w a s  k e p t  a t  a  m i n i m u m  

t o  p r e v e n t  c o n t a m i n a t i o n .  P u r e  h y d r o g e n  w a s  o b 

t a i n e d  f r o m  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  U H 3, w h i c h  

h a d  b e e n  f o r m e d  b y  r e a c t i n g  h y d r o g e n  w i t h  u r a n i u m  

t u r n i n g s .

T h e  t r a n s f o r m a t i o n  a n d  m e l t i n g  t e m p e r a t u r e s  w e r e  

i n v e s t i g a t e d  b y  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s .  T h e  

t h e r m a l  a n a l y s i s  s a m p l e s  w e r e  p r e p a r e d  b y  p l a c i n g  

a p p r o x i m a t e l y  2 0  g  o f  l a n t h a n u m  m e t a l  i n  a  t a n t a l u m  

c a p s u l e  6  c m  l o n g  a n d  1 . 9  c m  i n  d i a m e t e r .  T h e  b o t t o m  

o f  t h e  t a n t a l u m  c a p s u l e  c o n t a i n e d  a  t h e r m o c o u p l e  w e l l  

w h i c h  w a s  1 c m  l o n g  a n d  0 . 3  c m  i n  d i a m e t e r .

T h e  c a p s u l e  c o n t a i n i n g  t h e  s a m p l e  w a s  p l a c e d  i n  a  

V y c o r  f u r n a c e  t u b e ,  t h e  s y s t e m  w a s  e v a c u a t e d ,  a n d  

t h e  s a m p l e  w a s  h e a t e d  t o  a  t e m p e r a t u r e  b e t w e e n  

6 0 0  a n d  7 0 0 ° .  T h e  r e q u i r e d  a m o u n t  o f  h y d r o g e n  w a s  

m e a s u r e d  b y  f i l l i n g  t h e  c a l i b r a t e d  v o l u m e  t o  t h e  a p 

p r o p r i a t e  p r e s s u r e .  T h e  h y d r o g e n  w a s  t h e n  a l l o w e d  

t o  r e a c t  w i t h  t h e  l a n t h a n u m  s a m p l e  u n t i l  i t  h a d  b e e n  

a b s o r b e d .  B y  c l o s i n g  t h e  s t o p c o c k  i n  f r o n t  o f  t h e  

f u r n a c e  t u b e ,  t h e  w h o l e  a s s e m b l y  c o u l d  b e  t r a n s f e r r e d  

t o  a  g l o v e  b o x  f i l l e d  w i t h  a r g o n  w i t h o u t  e x p o s i n g  t h e  

s a m p l e  t o  a t m o s p h e r i c  m o i s t u r e .  A  t a n t a l u m  c a p  w a s  

w e l d e d  o n  t h e  t h e r m a l  a n a l y s i s  c a p s u l e  i n  t h e  g l o v e  b o x .  

T h e  s a m p l e s  w e r e  h e l d  u n d e r  a  s t a t i c  v a c u u m  d u r i n g

t h e  t h e r m a l  a n a l y s i s  s o  t h a t  a n y  h y d r o g e n  e v o l v e d  

d u r i n g  t h e  h e a t i n g  a n d  c o o l i n g  o f  t h e  s a m p l e  c o u l d  b e  

d e t e c t e d  w i t h  a  m a n o m e t e r .  T h e  p r e s s u r e  i n  t h e  2 5 0 -  

m l  v o l u m e  o f  t h e  a p p a r a t u s  w a s  a l w a y s  l e s s  t h a n  5 0  

m m  d u r i n g  t h e  a n a l y s i s  o f  a l l  t h e  a l l o y s  w i t h  l e s s  t h a n  

3 0  a t .  %  h y d r o g e n .  T h i s  a m o u n t e d  t o  a  c o m p o s i 

t i o n  c h a n g e  o f  l e s s  t h a n  0 . 1  a t .  %  h y d r o g e n  f o r  t h e  

t h e r m a l  a n a l y s i s  s p e c i m e n s .  A t  t h e  h i g h  t e m p e r a 

t u r e s  r e q u i r e d  t o  m e l t  t h e  h i g h  h y d r o g e n  a l l o y s ,  h i g h e r  

h y d r o g e n  p r e s s u r e s  w e r e  o b s e r v e d  b u t  t h e  h y d r o g e n  

g a s  e v o l v e d  a l w a y s  r e p r e s e n t e d  a  c o m p o s i t i o n  c h a n g e  

o f  l e s s  t h a n  1 a t .  %  h y d r o g e n  i n  t h e  s p e c i m e n .  A  

m a n u a l  p o t e n t i o m e t e r  w h i c h  c o u l d  b e  r e a d  t o  0 . 1  m v  

w a s  u s e d  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  o f  t h e  t r a n s 

f o r m a t i o n s .

T o  d e t e r m i n e  t h e  s o l u b i l i t y  o f  l a n t h a n u m  h y d r i d e  

i n  l a n t h a n u m  m e t a l ,  l a n t h a n u m  s p e c i m e n s  w h i c h  h a d  

b e e n  e q u i l i b r a t e d  w i t h  l a n t h a n u m  h y d r i d e  a t  v a r i o u s  

t e m p e r a t u r e s  w e r e  a n a l y z e d  b y  h o t  v a c u u m  e x t r a c 

t i o n .  T h e  l a n t h a n u m  s p e c i m e n s  w e r e  3 X 3  m m  a n d  

3  c m  l o n g .  T h e  s p e c i m e n s  t o  b e  e q u i l i b r a t e d  a t  t e m 

p e r a t u r e s  b e l o w  6 0 0 °  w e r e  f i r s t  h e a t e d  t o  a  t e m p e r a 

t u r e  b e t w e e n  6 0 0  a n d  7 0 0 °  f o r  1 5  m i n  t o  b r e a k  u p  a n y  

p r o t e c t i v e  s u r f a c e  l a y e r  w h i c h  c o u l d  h i n d e r  t h e  r e a c 

t i o n  o f  h y d r o g e n  w i t h  t h e  s a m p l e  t o  f o r m  a  u n i f o r m  

h y d r i d e  l a y e r .  S u f f i c i e n t  h y d r o g e n  w a s  m e a s u r e d  i n t o  

t h e  c a l i b r a t e d  v o l u m e  t o  c o n s t i t u t e  a  2 5 %  e x c e s s  a b o v e  

t h a t  n e c e s s a r y  t o  s a t u r a t e  t h e  s p e c i m e n  a t  t h e  t e m p e r a 

t u r e  i n  q u e s t i o n .  T h e  h y d r o g e n  w a s  c h a r g e d  i n  

i n c r e m e n t s  b e c a u s e  t h i s  p r o c e d u r e  g a v e  a  h y d r i d e  l a y e r  

w h i c h  w a s  m o r e  u n i f o r m  i n  t h i c k n e s s  t h a n  i f  t h e  h y 

d r o g e n  w e r e  a l l  a d m i t t e d  a t  o n e  t i m e .  T h e  a d d i t i o n  o f  

h y d r o g e n  i n  i n c r e m e n t s  a l s o  r e d u c e d  t h e  t e m p e r a t u r e  

f l u c t u a t i o n  o f  t h e  s a m p l e  d u e  t o  e i t h e r  t h e  a d d i t i o n  o f  

t h e  c o o l  g a s  o r  t h e  h e a t  o f  r e a c t i o n .  T h e  t i m e  t h a t  t h e  

s a m p l e s  w e r e  h e l d  a t  t h e  e q u i l i b r a t i o n  t e m p e r a t u r e  

i n  o r d e r  t o  e n s u r e  e q u i l i b r i u m  v a r i e d  f r o m  2  h r  a t  9 6 0 °  

t o  4 0  h r  a t  2 5 9 ° .  T h e s e  t i m e s  w e r e  e s t i m a t e d  o n  t h e  

b a s i s  o f  t h e  d i m e n s i o n s  o f  t h e  s p e c i m e n  a n d  t h e  d i f 

(5) (a) M . F oex , Com pt. Rend., 217, 501 (1 943 ); (b ) F . B arson,
S. L egvo ld , and F . H . S pedding, P h ys . Rev., 105, 418 (1957).
(6) F . M . Jaeger, J. A . B ottem a , and E . R osen b oh n , Rec. Trav. 
Chim ., 57 , 1137 (1938).
(7) N . R . Jam es, S. L eg vo ld , an d  F . H . S pedding, P h ys . Rev., 88, 
1092 (1953).
(8) W . T . Ziegler, R . A . Y o u n g , and A , L . F lo y d , J. A m . Chem. Soc., 
75 , 1215 (1953).
(9 ) G . S. A nderson , P h .D . T hesis, Iow a  S tate U niversity  o f  Science 
and  T e ch n o log y , A m es, Iow a , 1957.
(10) K . W . H errm ann, P h .D . Thesis, Iow a  S tate U n iversity  o f 
S cience and T e ch n o log y , A m es, Iow a , 1955.
(11) F . H . S pedd ing and A . H . D aan e, J. M etals, 6 , 1131 (1954).
(12) F . H . S pedd ing  and A . H . D aane, ib id ., 6 , 504 (1954).
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f u s i o n  c o e f f i c i e n t s  o f  h y d r o g e n  i n  t h o r i u m 13 t o  b e  a t  

l e a s t  1 0  t i m e s  a s  l o n g  a s  n e c e s s a r y  t o  a c h i e v e  9 5 %  o f  

t h e  s a t u r a t i o n  v a l u e .  A f t e r  e q u i l i b r a t i o n  a n d  c o o l i n g  

t o  r o o m  t e m p e r a t u r e ,  t h e  f u r n a c e  t u b e  w a s  t r a n s f e r r e d  

t o  a  g l o v e  b o x .  A  p o r t i o n  o f  t h e  s p e c i m e n  w a s  p o l i s h e d  

a n d  e x a m i n e d  m e t a l l o g r a p h i c a l l y .  I n  e v e r y  s a m p l e ,  

a  l a y e r  o f  h y d r i d e  p h a s e  w a s  o b s e r v e d  s u r r o u n d i n g  t h e  

s a t u r a t e d  c o r e ,  a n d  t h e  b o u n d a r y  b e t w e e n  t h e  t w o  

p h a s e s  w a s  d i s t i n c t .  T h e  d a r k  g r a y  h y d r i d e  l a y e r  w a s  

r e m o v e d  f r o m  t h e  r e m a i n d e r  o f  t h e  s p e c i m e n  b y  f i l i n g  

a n d  t h e  s a t u r a t e d  c o r e  w a s  c u t  i n t o  s a m p l e s  f o r  a n a l y s i s .  

T h e  l a n t h a n u m  h y d r i d e  l a y e r  s u r r o u n d i n g  t h e  c o r e  

w a s  a l s o  a n a l y z e d  f r o m  s e v e r a l  s p e c i m e n s  w h i c h  h a d  

b e e n  e s p e c i a l l y  p r e p a r e d  w i t h  a  t h i c k e r  h y d r i d e  l a y e r .  

T h e  h y d r i d e  l a y e r  w a s  r e m o v e d  b y  p o u n d i n g  i n  a  

m o r t a r  a n d  p e s t l e ,  a n d  t h e  r e s u l t i n g  c h i p s  o f  h y d r i d e  

w e r e  w r a p p e d  i n  t a n t a l u m  f o i l  s o  t h a t  t h e y  c o u l d  b e  

e a s i l y  h a n d l e d  d u r i n g  t h e  a n a l y s i s .  T h e  s a m p l e s  w e r e  

a n a l y z e d  b y  h o t  v a c u u m  e x t r a c t i o n  o f  t h e  h y d r o g e n  

a t  9 5 0 ° .  T h e  s a m p l e s  w e r e  d r o p p e d  i n t o  a  q u a r t z  

b o a t  i n  t h e  f u r n a c e  t u b e  t o  p r o t e c t  t h e  f u r n a c e  t u b e  

f r o m  t h e  m o l t e n  l a n t h a n u m .  S i x  s a m p l e s  w e r e  

a n a l y z e d  f r o m  e a c h  e q u i l i b r a t i o n  s p e c i m e n .  T h e  r e l a 

t i v e  s t a n d a r d  d e v i a t i o n  o f  a l l  t h e  h y d r o g e n  a n a l y s e s  

w a s  0 . 0 5 5 .  T h i s  f i g u r e  i s  b a s e d  o n  8 7  s e p a r a t e  a n a l y s e s  

o f  h y d r o g e n  c o n c e n t r a t i o n s  f r o m  1 a t .  %  h y d r o g e n  

t o  4 0  a t .  %  h y d r o g e n .  T h e  r e l a t i v e  e r r o r  i n  t h e  h y 

d r o g e n  a n a l y s i s  w a s  d e t e r m i n e d  f r o m  t h e  a n a l y s e s  o f  

s i x  s a m p l e s  f r o m  a  s p e c i m e n  o f  k n o w n  h y d r o g e n  c o n 

c e n t r a t i o n  a n d  w a s  f o u n d  t o  b e  + 0 . 0 0 6 8 .

A n  X - r a y  d i f f r a c t i o n  p o w d e r  p a t t e r n  o f  l a n t h a n u m  

h y d r i d e  w a s  o b t a i n e d  w i t h  a  D e b y e - S c h e r r e r  c a m e r a  

u s i n g  n i c k e l - f i l t e r e d  c o p p e r  r a d i a t i o n .  T h e  X - r a y  

s a m p l e  w a s  p r e p a r e d  b y  c r u s h i n g  l a n t h a n u m  h y d r i d e  i n  

a  m o r t a r  a n d  p e s t l e  a n d  p a s s i n g  t h e  p o w d e r  t h r o u g h  a  

2 0 0 - m e s h  s c r e e n .  T h e  f i n e  p o w d e r  w a s  t r a n s f e r r e d  

t o  a  t h i n - w a l l e d  c a p i l l a r y .  T h e  a b o v e  o p e r a t i o n  w a s  

c a r r i e d  o u t  i n  a n  a r g o n - f i l l e d  g l o v e  b o x ,  a n d  t h e  o p e n  

e n d  o f  t h e  c a p i l l a r y  w a s  s e a l e d  w i t h  A p i e z o n  w a x  

b e f o r e  e x p o s i n g  i t  t o  t h e  a t m o s p h e r e .  T h e  s e a l e d  

c a p i l l a r y  w a s  t h e n  h e a t e d  t o  2 5 0 °  t o  r e m o v e  a n y  

d i s t o r t i o n  i n  t h e  s a m p l e  c a u s e d  b y  t h e  f i l i n g  a n d  

c r u s h i n g .

B u l k  s p e c i m e n s  o f  p u r e  l a n t h a n u m  a n d  a  1 0  a t .  

%  h y d r o g e n - l a n t h a n u m  a l l o y  w e r e  e x a m i n e d  w i t h  a  

d i f f r a c t o m e t e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  h y d r o g e n  o n  

t h e  c r y s t a l  s t r u c t u r e  o f  l a n t h a n u m  a t  r o o m  t e m p e r a 

t u r e .  T h e  1 0  a t .  %  h y d r o g e n - l a n t h a n u m  a l l o y  w a s  

p r e p a r e d  a t  7 0 0 ° ,  a n d  t h e  a l l o y  w a s  h e l d  a t  t h i s  t e m 

p e r a t u r e  f o r  3  h r  t o  e n s u r e  e q u i l i b r i u m .  T h e  p u r e  

l a n t h a n u m  s a m p l e  w a s  a l s o  a n n e a l e d  a t  7 0 0 °  f o r  3  h r ,  

a n d  b o t h  s a m p l e s  w e r e  f u r n a c e  c o o l e d  f r o m  t h i s  

t e m p e r a t u r e .  A  p o r t i o n  o f  t h e  1 0  a t .  %  h y d r o g e n -

l a n t h a n u m  a l l o y  w a s  s e a l e d  i n  a  q u a r t z  c a p s u l e  u n d e r  

v a c u u m ,  r e h e a t e d  t o  9 0 0 °  f o r  2  h r ,  a n d  q u e n c h e d  i n  

w a t e r .  T h e  t h r e e  s a m p l e s  w e r e  t h e n  m o u n t e d  i n  

B a k e l i t e ,  g r o u n d  t h r o u g h  6 0 0 - g r i t  a b r a s i v e ,  a n d  e x 

a m i n e d  o n  t h e  d i f f r a c t o m e t e r .  T h e  s a m p l e s  w e r e  

a l s o  e x a m i n e d  a f t e r  e l e c t r o p o l i s h i n g  i n  a  s o l u t i o n  o f  

6 %  p e r c h l o r i c  a c i d - m e n t h a n o l 14 a t  a  t e m p e r a t u r e  o f  

—  7 6 ° .  T h e  d i f f r a c t o m e t e r  t r a c e s  o b t a i n e d  w i t h  t h e s e  

d i f f e r e n t  s u r f a c e  p r e p a r a t i o n s  w e r e  t h e  s a m e .

T h e  e f f e c t  o f  h y d r o g e n  o n  t h e  l o w - t e m p e r a t u r e  

t r a n s f o r m a t i o n  f r o m  t h e  h e p  t o  t h e  f e e  s t r u c t u r e  w a s  

i n v e s t i g a t e d  b y  e l e c t r i c a l  r e s i s t i v i t y  a n d  d i l a t o m e t e r  

m e a s u r e m e n t s .  T h e  e l e c t r i c a l  r e s i s t i v i t y  s a m p l e s  w e r e

2 . 5 - m m  d i a m e t e r  s w a g e d  l a n t h a n u m  r o d s  1 2 . 5  m m  l o n g .  

A  t h e r m o c o u p l e  t o  m e a s u r e  t h e  t e m p e r a t u r e  o f  t h e  

s a m p l e  w a s  a t t a c h e d  b y  s p o t w e l d i n g  a s  w e r e  t a n t a l u m  

l e a d s  t o  m e a s u r e  t h e  v o l t a g e  d r o p  a l o n g  t h e  l e n g t h  o f  

t h e  r o d .  T h e  d i l a t o m e t e r  s p e c i m e n s  w e r e  o b t a i n e d  

f r o m  a  6 . 3 - m m  d i a m e t e r  m a c h i n e d  l a n t h a n u m  r o d  a n d  

w e r e  2 5 . 4  m m  l o n g .  A n  X - Y  r e c o r d i n g  p o t e n t i o m e t e r  

w a s  u s e d  t o  m e a s u r e  t h e  t e m p e r a t u r e  a n d  t h e  v o l t a g e  

d r o p  o r  c h a n g e  i n  l e n g t h  o f  t h e  s a m p l e s .

R esu lts and D iscussion

T h e  l a n t h a n u m - l a n t h a n u m  h y d r i d e  p h a s e  d i a g r a m  

i s  p r e s e n t e d  i n  F i g u r e  1 .  T h e  d o t t e d  l i n e s  i n d i c a t e  

p h a s e  b o u n d a r i e s  t h a t  w e r e  n o t  d e f i n i t e l y  e s t a b l i s h e d  

i n  t h i s  s t u d y  b u t  w e r e  d r a w n  f r o m  c o n s i d e r a t i o n  o f  

t h e  t h e r m o d y n a m i c  r u l e s  t h a t  g o v e r n  t h e  c o n s t r u c t i o n  

o f  p h a s e  d i a g r a m s .  T h e  f e e  t o  b c c  t r a n s f o r m a t i o n  a t  

8 6 0 °  a n d  t h e  m e l t i n g  p o i n t  a t  9 1 8 °  f o u n d  f o r  p u r e  

l a n t h a n u m  a r e  i n  a g r e e m e n t  w i t h  t h e  v a l u e s  r e p o r t e d  

b y  L o v e . 4 D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  r e v e a l e d  t h a t  

t h e  a d d i t i o n  o f  h y d r o g e n  i n c r e a s e d  t h e  m e l t i n g  p o i n t  

o f  l a n t h a n u m  a n d  d e c r e a s e d  t h e  f e e  t o  b c c  t r a n s f o r m a 

t i o n  t e m p e r a t u r e .  T h e  d e c r e a s e  i n  t h e  t r a n s f o r m a t i o n  

t e m p e r a t u r e  c o n t i n u e d  d o w n  t o  7 7 3 °  w h e r e  t h e  b c c  

l a n t h a n u m  u n d e r g o e s  a  e u t e c t o i d  d e c o m p o s i t i o n  t o  

f e e  l a n t h a n u m  p l u s  l a n t h a n u m  h y d r i d e .  T h e  e u t e c t o i d  

c o m p o s i t i o n  w a s  2 3 . 5  a t .  %  h y d r o g e n .  T h e  t h e r m a l  

a r r e s t  d u e  t o  t h i s  e u t e c t o i d  d e c o m p o s i t i o n  w a s  f o u n d  

i n  a l l o y s  t h a t  c o n t a i n e d  u p  t o  6 0  a t .  %  h y d r o g e n .  

T h e  m e l t i n g  p o i n t s  w e r e  m e a s u r e d  o n  s a m p l e s  u p  t o  

t h e  4 0 . 3  a t .  %  h y d r o g e n  a l l o y  w h i c h  m e l t e d  a t  1 0 7 9 ° .  

T h e  m e l t i n g  t e m p e r a t u r e s  o f  s p e c i m e n s  a b o v e  t h i s  

h y d r o g e n  c o m p o s i t i o n  c o u l d  n o t  b e  m e a s u r e d  o w i n g  

t o  t h e  h i g h  d i s s o c i a t i o n  p r e s s u r e .  T h e  t h e r m a l  a n a l y 

s i s  r e s u l t s  s h o w n  o n  F i g u r e  1 a r e  f r o m  h e a t i n g  c u r v e s  

a n d  w e r e  a v e r a g e d  f r o m  a  n u m b e r  o f  a n a l y s e s  o f  e a c h

(13) D . T . P eterson  and D . G . W estlake, J. P h ys. Chem ., 64 , 649 
(1960).
(14) E . N . H op k ins , D . T . P eterson , and H . H . B aker, su bm itted  
t o  the  19th A E C  M eta llograp h y  G rou p  M eetin g , A p ril 1965.
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a l l o y .  T h e  u s u a l  h e a t i n g  a n d  c o o l i n g  r a t e s  w e r e  5 ° /  

m i n ,  a n d  c h a n g e s  i n  t h i s  r a t e  h a d  l i t t l e  e f f e c t  o n  t h e  

t r a n s f o r m a t i o n  t e m p e r a t u r e s .  T h e  a r r e s t s  o n  h e a t i n g  

a n d  o n  c o o l i n g  a l w a y s  a g r e e d  w i t h i n  4 ° .  T h e  l o w -  

t e m p e r a t u r e  h e p  t o  f e e  t r a n s f o r m a t i o n  w a s  n o t  o b 

s e r v e d  b y  t h e r m a l  a n a l y s i s  i n  e i t h e r  t h e  p u r e  l a n t h a n u m  

o r  t h e  l a n t h a n u m - h y d r o g e n  a l l o y s .  T h i s  w a s  e x p e c t e d  

s i n c e  t h e  e n t h a l p y  o f  t h i s  t r a n s f o r m a t i o n  h a s  b e e n  

r e p o r t e d  t o  b e  o n l y  6 7  c a l  b y  B e r g . 15

T h e  s o l u b i l i t y  l i m i t s  o f  l a n t h a n u m  h y d r i d e  i n  l a n 

t h a n u m  m e t a l  w e r e  d e t e r m i n e d  b y  i s o t h e r m a l  e q u i l 

i b r a t i o n  a n d  t h e  r e s u l t s  a r e  t a b u l a t e d  i n  T a b l e  I .

T h e s e  s o l u b i l i t y  l i m i t s  c o u l d  n o t  b e  d e t e c t e d  b y  

t h e r m a l  a n a l y s i s  a n d  c o u l d  b e  c h e c k e d  o n l y  p a r t i a l l y  

b y  m e t a l l o g r a p h y .  T h e  s o l u b i l i t y  o f  l a n t h a n u m  h y 

d r i d e  i n  f e e  l a n t h a n u m  r a n g e d  f r o m  2 . 8  a t .  %  h y d r o 

g e n  a t  3 7 5 °  t o  2 1 . 3  a t .  %  h y d r o g e n  a t  7 3 3 ° .  T h e  

s o l u b i l i t y  o f  l a n t h a n u m  h y d r i d e  i n  l a n t h a n u m  m e t a l  

a t  2 5 9 °  w a s  f o u n d  t o  b e  1 . 1  a t .  %  h y d r o g e n .  T h i s  

v a l u e  f a l l s  o n  t h e  e x t e n s i o n  o f  t h e  s o l u b i l i t y  c u r v e  f o r  

i h e  f e e  r e g i o n  b u t  i t  i s  n o t  c e r t a i n  w h e t h e r  t h e  m e t a l  

w a s  i n  t h e  c u b i c  o r  h e x a g o n a l  m o d i f i c a t i o n  a t  t h i s  

t e m p e r a t u r e .  I f  i t  w a s  i n  t h e  h e x a g o n a l  f o r m ,  t h e  

l a n t h a n u m  h y d r i d e  s o l u b i l i t y  w a s  n o t  a p p r e c i a b l y

Table I : Isothermal Equilibration Data

--------------- A t . %  h y d r o g e n -----------------* ✓---------------- A t . %  h y d r o g e n -----------------*
T e m p , M e t a l H y d r id e T e m p , M e t a l H y d r id e

°c p h a se p h a se °c p h a se p h a se

259 l . i 740 17.5
340 2.9 795 24.2
345 1.1 826 25.2
375 2.8 840 25.5
450 4.6 859 58.7
595 9.3 912 29.8
652 12.0 922 31.8 49.5
692 63.6 960 39.6 46.3
700 14.5

RECIPROCAL DEGREES KELVIN * IO4

Figure 2. The solubility of lanthanum hydride in 
lanthanum as a function of temperature.

c h a n g e d  b y  t h e  t r a n s f o r m a t i o n .  A  p l o t  o f  t h e  l o g a 

r i t h m  o f  t h e  s o l u b i l i t y  o f  l a n t h a n u m  h y d r i d e  i n  f e e  

l a n t h a n u m  a s  a  f u n c t i o n  o f  r e c i p r o c a l  t e m p e r a t u r e  i s  

s h o w n  i n  F i g u r e  2 .  A n  a n a l y t i c a l  e x p r e s s i o n  w a s  

f i t t e d  t o  t h e  d a t a  b y  a  l e a s t - s q u a r e s  m e t h o d .  T h i s  

e q u a t i o n  w a s  t h a t  l o g  C =  — 1 2 6 0  ±  3 0 / 7 ’  +  2 . 4 0 2  ±  

0 . 5 0 7 ,  w h e r e  C  i s  t h e  a t .  %  h y d r o g e n .  T h e  e n t h a l p y  

o f  s o l u t i o n  c a l c u l a t e d  f r o m  t h i s  e q u a t i o n  i s  + 5 . 7 6  ±  

0 . 1 7  k e a l .

A b o v e  7 7 3 °  t h e  s o l u b i l i t y  o f  l a n t h a n u m  h y d r i d e  i n  

b c c  l a n t h a n u m  i n c r e a s e d  r a p i d l y ,  a n d  c o m p l e t e  s o l u 

b i l i t y  o c c u r s  a t  t e m p e r a t u r e s  a b o v e  9 6 0 ° .  T h i s  r a p i d  

i n c r e a s e  i n  t h e  s o l u b i l i t y  o f  h y d r o g e n  i n  l a n t h a n u m  

m e t a l  a l o n g  w i t h  a  r a p i d  d e c r e a s e  i n  t h e  h y d r o g e n  

c o n c e n t r a t i o n  o f  t h e  c o e x i s t i n g  l a n t h a n u m  h y d r i d e  i s

(15) J. R . B erg, P h .D . T h esis , Io w a  S ta te  U n iv ers ity  o f  S cien ce  and 
T e ch n o lo g y , A m es, Iow a , 1961.
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i n  a g r e e m e n t  w i t h  t h e  s o l u b i l i t y  l i m i t s  f o u n d  b y  

M u l f o r d  a n d  H o l l e y . 2 T h i s  t y p e  o f  r e l a t i o n s h i p  h a s  

b e e n  o b s e r v e d  i n  a  n u m b e r  o f  m e t a l - h y d r o g e n  s y s t e m s .

L a n t h a n u m  h y d r i d e  c o e x i s t i n g  w i t h  l a n t h a n u m  m e t a l  

a t  r o o m  t e m p e r a t u r e  w a s  f o u n d  b y  X - r a y  d i f f r a c t i o n  

t o  h a v e  t h e  f e e  f l u o r i t e  s t r u c t u r e  r e p o r t e d  b y  H o l l e y ,  

M u l f o r d ,  a n d  E l l i n g e r . 16 T h e  l a t t i c e  c o n s t a n t  w a s  

5 . 6 6 9  A  w h i c h  i s  i n  s a t i s f a c t o r y  a g r e e m e n t  w i t h  t h e  

v a l u e  o f  5 . 6 6 7  A  r e p o r t e d  b y  t h e  a b o v e  a u t h o r s .  T h i s  

f e e  h y d r i d e  w o u l d  n o t  b e  e x p e c t e d  t o  b e  a b l e  t o  f o r m  a  

c o n t i n u o u s  s o l i d  s o l u t i o n  w i t h  t h e  b c c  l a n t h a n u m  

m e t a l .  C o n s e q u e n t l y  a  p h a s e  t r a n s i t i o n  i n  l a n t h a n u m  

h y d r i d e  h a s  b e e n  p o s t u l a t e d  a l t h o u g h  n o  e v i d e n c e  f o r  

t h i s  t r a n s i t i o n  w a s  f o u n d  i n  t h e  t h e r m a l  a n a l y s e s .  I f  

t h e  p h a s e  t r a n s i t i o n  i s  a t  a  h i g h  t e m p e r a t u r e ,  i t  w o u l d  

b e  v e r y  d i f f i c u l t  t o  e s t a b l i s h  b e c a u s e  o f  t h e  h i g h  h y 

d r o g e n  d i s s o c i a t i o n  p r e s s u r e .

T h e  c r y s t a l  s t r u c t u r e  o f  p u r e  l a n t h a n u m  a n d  l a n 

t h a n u m - h y d r o g e n  a l l o y s  a t  r o o m  t e m p e r a t u r e  w a s  i n 

v e s t i g a t e d  w i t h  a n  X - r a y  d i f f r a c t o m e t e r  u s i n g  b u l k  

s a m p l e s .  T h e  p u r e  l a n t h a n u m  m e t a l  s t r u c t u r e  w a s  

f o u n d  t o  b e  a  m i x t u r e  o f  f e e  l a n t h a n u m  a n d  h e p  

l a n t h a n u m .  T h e  l a n t h a n u m - h y d r o g e n  a l l o y  a l s o  c o n 

t a i n e d  b o t h  c r y s t a l  f o r m s  o f  l a n t h a n u m  b u t  t h e  f e e  

p e a k s  w e r e  s l i g h t l y  s t r o n g e r  t h a n  i n  t h e  p u r e  m e t a l .  

A  s a m p l e  o f  t h i s  a l l o y  w a s  q u e n c h e d  f r o m  a  r e g i o n  

w h e r e  a l l  t h e  h y d r o g e n  w a s  i n  s o l u t i o n  a n d  r e e x a m i n e d  

o n  t h e  X - r a y  d i f f r a c t o m e t e r .  T h e  r e s u l t s  s h o w e d  t h a t  

b o t h  c r y s t a l  f o r m s  o f  l a n t h a n u m  w e r e  s t i l l  p r e s e n t  b u t  

t h e  r a t i o  o f  f e e  l a n t h a n u m  t o  h e p  l a n t h a n u m  h a d  g r e a t l y  

i n c r e a s e d .  A  s l i g h t  i n c r e a s e  o f  t h e  d i f f r a c t i o n  a n g l e s  

w a s  a l s o  f o u n d ,  a n d  t h i s  i n d i c a t e d  a n  i n c r e a s e  i n  t h e  

l a t t i c e  p a r a m e t e r  o f  l a n t h a n u m  a p p a r e n t l y  d u e  t o  

t h e  r e t e n t i o n  o f  s o m e  h y d r o g e n  i n  s o l u t i o n .

T h e  e f f e c t  o f  h y d r o g e n  o n  t h e  t e m p e r a t u r e  o f  t h e  h e p  

t o  f e e  t r a n s f o r m a t i o n  w a s  s t u d i e d  b y  d i l a t o m e t e r  a n d  

e l e c t r i c a l  r e s i s t i v i t y  m e a s u r e m e n t s .  F i g u r e  3  s h o w s  

t h e  e x p a n s i o n  o f  p u r e  l a n t h a n u m  a n d  a  3  a t .  %  h y 

d r o g e n - l a n t h a n u m  a l l o y  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  

T h e  h y s t e r e s i s  i n  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e  w a s  

f o u n d  b y  b o t h  t h e  d i l a t o m e t e r  a n d  e l e c t r i c a l  r e s i s t i v i t y  

m e a s u r e m e n t s .  T h e  r e s u l t s  i n d i c a t e d  t h a t  a  s l i g h t  

e x c e s s  o f  h y d r o g e n  o v e r  t h e  s o l u b i l i t y  l i m i t  i n  t h i s  

t e m p e r a t u r e  r a n g e  l o w e r s  t h e  t e m p e r a t u r e  o f  t h e  h e p  

t o  f e e  t r a n s f o r m a t i o n .  T h e  t r a n s f o r m a t i o n  t e m p e r a 

t u r e s  w e r e  n o t  c h a n g e d  b y  v a r i a t i o n  i n  t h e  h e a t i n g  a n d  

c o o l i n g  r a t e .  T h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  s h o w n  

i n  F i g u r e  1 a r e  m i d p o i n t  v a l u e s  o f  t h e  t r a n s f o r m a t i o n  

o n  h e a t i n g .  T h e  p u r e  l a n t h a n u m  t r a n s f o r m e d  a t  3 2 4 °  

a n d  t h e  a d d i t i o n  o f  h y d r o g e n  a p p a r e n t l y  r e s u l t s  i n  a n  

e u t e c t o i d  r e a c t i o n  o f  f e e  l a n t h a n u m  t o  h e p  p l u s  l a n 

t h a n u m  h y d r i d e  a t  2 9 7 ° .

TEMPERATURE °C

F ig u r e  3. R e la t iv e  ch a n g e s  in  le n g th  vs. te m p e ra tu re .

H y d r o g e n  h a s  b e e n  f o u n d  t o  b e  e x t e n s i v e l y  s o l u b l e  

i n  l a n t h a n u m  a t  e l e v a t e d  t e m p e r a t u r e s  a n d  t o  s t a b i l i z e  

t h e  b c c  p h a s e  b y  r a i s i n g  t h e  m e l t i n g  t e m p e r a t u r e s  a n d  

a l s o  l o w e r i n g  t h e  t r a n s i t i o n  t o  f e e  l a n t h a n u m .  T h e  

i n c r e a s e  i n  t h e  m e l t i n g  t e m p e r a t u r e  i s  s i m i l a r  t o  t h e  

e f f e c t  o f  h y d r o g e n  i n  t h e  a l k a l i n e  e a r t h  m e t a l s .  T h e  

l o w e r i n g  o f  t h e  t r a n s i t i o n  t o  t h e  b c c  f o r m  i s  a n a l o g o u s  

t o  t h e  e f f e c t  o f  h y d r o g e n  i n  z i r c o n i u m  a n d  t i t a n i u m  

b u t  d i f f e r s  f r o m  t h e  e f f e c t  o f  h y d r o g e n  i n  c a l c i u m  a n d  

s t r o n t i u m .  T h e  f e e  t o  h e x a g o n a l  p h a s e  t r a n s i t i o n  i n  

l a n t h a n u m  i s  l o w e r e d  s l i g h t l y  b y  h y d r o g e n  b u t  t h e  

k i n e t i c s  a n d  c o m p l e t e n e s s  o f  t h e  t r a n s f o r m a t i o n  a r e  n o t  

a f f e c t e d .  T h e  i n t e r p r e t a t i o n  o f  t h e  i n f l u e n c e  o f  h y 

d r o g e n  o n  t h e  p h a s e  t r a n s i t i o n s  i n  t h e  r a r e  e a r t h  m e t a l s  

w i l l  p r o b a b l y  n o t  b e  p o s s i b l e  u n t i l  m o r e  o f  t h e s e  s y s t e m s  

h a v e  b e e n  s t u d i e d .
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T h e  v a p o r  p r e s s u r e  o f  m o l t e n  m e r c u r i c  c h l o r i d e  h a s  b e e n  m e a s u r e d  b y  a n  i n v e r t e d  c a p i l l a r y  

t e c h n i q u e  f r o m  5 7 3 ° K  a n d  0 . 9 6  a t m  t o  9 6 8 ° K  a n d  1 1 1 . 6  a t m .  T h e  d a t a  a r e  f i t t e d  b y  t h e  

l i n e a r  r e l a t i o n  l o g  P ( a t m )  =  4 . 9 9 2 9  —  2 8 5 4 . 8 / T ° K  f r o m  6 6 0  t o  9 6 8 ° K  w i t h  a n  a v e r a g e  

d e v i a t i o n  o f  0 . 9 %  f o r  t h e  2 5  e x p e r i m e n t a l  p o i n t s .  B e l o w  6 6 0 ° K ,  t h e  e x p e r i m e n t a l  p o i n t s  

f a l l  b e l o w  t h e  l i n e a r  r e l a t i o n s h i p .  A  c r i t i c a l  p r e s s u r e  o f  1 1 3 . 7  ±  1 . 6  a t m  i s  p r e d i c t e d  b y  

t h e  l i n e a r  e q u a t i o n  a t  a  c r i t i c a l  t e m p e r a t u r e  o f  9 7 2  ±  2 ° K .  T h e  e n t h a l p y  o f  v a p o r i z a t i o n  

o f  m o l t e n  m e r c u r i c  c h l o r i d e  h a s  b e e n  c a l c u l a t e d  f r o m  7 0 0  t o  9 7 0 ° K .

Introduction

A n  i n v e s t i g a t i o n  o f  s o m e  o f  t h e  p r o p e r t i e s  o f  m o l t e n  

s a l t s  a b o v e  t h e  n o r m a l  b o i l i n g  p o i n t  h a s  b e e n  u n d e r  w a y  

f o r  s o m e  t i m e  i n  t h i s  l a b o r a t o r y .  A  p r e v i o u s  p a p e r 2 

r e p o r t e d  t h e  c r i t i c a l  t e m p e r a t u r e  a n d  c o e x i s t e n c e  c u r v e  

o f  m e r c u r i c  c h l o r i d e .  T h i s  r e p o r t  d e s c r i b e s  t h e  m e a s 

u r e m e n t  o f  t h e  v a p o r  p r e s s u r e  o f  m e r c u r i c  c h l o r i d e  

f r o m  t h e  n o r m a l  b o i l i n g  p o i n t  t o  t h e  c r i t i c a l  p o i n t .

Experimental Section

T h e  s e m i m i c r o  b o i l i n g  p o i n t  m e t h o d  u s e d  i n  t h i s  

s t u d y  w a s  t h e  s a m e  a s  t h a t  e m p l o y e d  i n  t h e  d e t e r m i n a 

t i o n  o f  t h e  v a p o r  p r e s s u r e  o f  b i s m u t h  c h l o r i d e . 3 T h e  

a p p a r a t u s  h a s  b e e n  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e . 4

T h e  m e r c u r i c  c h l o r i d e  w a s  f r o m  t h e  s a m e  p r e p a r a t i o n  

u s e d  i n  t h e  d e t e r m i n a t i o n  o f  t h e  c o e x i s t e n c e  c u r v e  a n d  

c r i t i c a l  t e m p e r a t u r e .  T h e  a n a l y s i s  w a s  7 3 . 8 9 %  H g  

a n d  2 6 . 1 3 %  C l  b y  w e i g h t ,  c o m p a r e d  w i t h  t h e  t h e o r e t i 

c a l  v a l u e s  o f  7 3 . 8 8 %  H g  a n d  2 6 . 1 2 %  C l .

R esults and D iscussion

T h e  v a p o r  p r e s s u r e  o f  m o l t e n  m e r c u r i c  c h l o r i d e  w a s  

d e t e r m i n e d  a t  3 5  p o i n t s  o v e r  a  t e m p e r a t u r e  r a n g e  o f  

5 7 3  t o  9 6 8 ° K  a n d  a  p r e s s u r e  r a n g e  o f  0 . 9 6  t o  1 1 1 . 6  a t m .  

T h e  e x p e r i m e n t a l  d a t a  a r e  p r e s e n t e d  i n  T a b l e  I .  T h e  

t e m p e r a t u r e s  r e c o r d e d  w e r e  c o r r e c t e d  f o r  g r a d i e n t s  b e 

t w e e n  t h e  p o s i t i o n  o f  t h e  t h e r m o c o u p l e  a n d  t h e  l i q u i d  

s u r f a c e .  T h e s e  c o r r e c t i o n s  r a n g e d  f r o m  2  t o  3 °  d e 

p e n d i n g  o n  t h e  t e m p e r a t u r e .  T h e  l i s t e d  p r e s s u r e s ,  u p  

t o  1 7  a t m ,  w e r e  c o r r e c t e d  b y  t h e  a d d i t i o n  o f  0 . 0 2

a t m  f o r  t h e  s t a t i c  h e a d  o f  m o l t e n  m e r c u r i c  c h l o r i d e .  

V a p o r  p r e s s u r e s  a b o v e  1 7  a t m  a r e  r e c o r d e d  t o  t h e  

n e a r e s t  0 . 1  a t m  a n d  t h e  c o r r e c t i o n  w a s  n e g l i g i b l e .

T h r e e  r u n s  w e r e  m a d e  u s i n g  d i f f e r e n t  s a m p l e s  o f  

m e r c u r i c  c h l o r i d e  a s  i n d i c a t e d  i n  T a b l e  I .  I t  w a s  

f o u n d  t h a t  t h e  e x p e r i m e n t a l  d a t a  c o u l d  b e  f i t t e d  b y  t h e  

r e l a t i o n

l o g  H ( a t m )  =  4 . 9 9 2 9  -  2 8 5 4 . 8 / T ° K  ( 1 )

f r o m  6 6 0  t o  9 6 8 ° K  w i t h  a n  a v e r a g e  d e v i a t i o n  o f  0 . 9 %  

f o r  t h e  2 5  e x p e r i m e n t a l  p o i n t s .  F r o m  6 6 0  t o  5 7 3 ° K  

t h e  e x p e r i m e n t a l  p o i n t s  t e n d  t o  f a l l  b e l o w  t h e  s t r a i g h t  

l i n e  d e f i n e d  b y  e q  1 .  I n  t h a t  r e g i o n  t h e  v a p o r  p r e s 

s u r e  c u r v e  i s  i n  t r a n s i t i o n  b e t w e e n  t h e  h i g h - t e m p e r a t u r e  

l i n e a r  f o r m  a n d  t h e  l o w - t e m p e r a t u r e  C l a u s i u s - C l a p e y -  

r o n  e q u a t i o n  f o r  l o w  p r e s s u r e s ,  w h i c h  i n c l u d e s  c u r v a t u r e  

d u e  t o  a  A C P t e r m .  B e c a u s e  t h e r e  i s  n o  e s t a b l i s h e d  

t h e o r e t i c a l  f o r m  f o r  t h e  e q u a t i o n  i n  t h e  t r a n s i t i o n  r e 

g i o n ,  a  s m o o t h  c u r v e  w a s  d r a w n  t h r o u g h  t h e  d a t a  o n  a  

l a r g e  s c a l e  p l o t .  V a l u e s  t a k e n  f r o m  t h e  c u r v e  a r e  c o m 

p a r e d  w i t h  t h e  e x p e r i m e n t a l  p o i n t s  i n  t h e  l o w e r  p a r t  o f  

T a b l e  I  i n  t h e  t e m p e r a t u r e  r a n g e  5 7 0  t o  6 6 0 ° K .  V a l u e s

(1 ) T h is  w ork  w as m ade possib le b y  th e  su pp ort o f  th e  R esearch  
D iv ision  o f the  U . S. A tom ic  E n ergy  C om m ission  under C on tract 
N o . A T (0 4 -3 )-1 0 6 .
(2) J. W . Johnson , W . J. S ilva, an d  D . C u b icc io tti, J. P h ys . Chem., 
70 , 1169 (1966).

(3) J. W . Johnson , W . J. S ilva , and D . C u b icc io tt i, ibid., 69 , 3916 
(1965).
(4) W . J. S ilva, J. W . Johnson , and  D . C u b icc io tt i, Rev. S ci. Instr., 
36, 1505 (1965).
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Figure 1. Vapor pressure of mercuric chloride:
O, run no. 1; ffi, run no. 2; •, run no. 3, this work;
+  , Prideaux; □, Wiedemann, et a l.;  A, Johnson.
Full line is calculated from eq 1; dashed curve represents 
smoothed curve through lower temperature data.

o f  t h e  v a p o r  p r e s s u r e  i n  t h a t  r a n g e ,  t a k e n  f r o m  t h e  

s m o o t h e d  c u r v e ,  a r e  g i v e n  i n  T a b l e  I I  f o r  1 0 °  i n t e r v a l s .

F i g u r e  1 p r e s e n t s  t h e  e x p e r i m e n t a l  d a t a  o n  a  l o g  P  vs. 
1/T  p l o t .  T h e  c i r c l e s  r e p r e s e n t  t h e  d a t a  p o i n t s  o b 

t a i n e d  o n  t h r e e  d i f f e r e n t  s a m p l e s .  T h e r e  i s  n o  e v i d e n c e  

o f  a  s y s t e m a t i c  d e v i a t i o n  b e t w e e n  t h e  i n d i v i d u a l  r u n s .  

T h e  s o l i d  l i n e  d r a w n  t h r o u g h  t h e  p o i n t s  i n  t h e  h i g h -  

p r e s s u r e  r a n g e  w a s  c a l c u l a t e d  f r o m  e q  1 .  T h e  d a s h e d  

l i n e  t h r o u g h  t h e  p o i n t s  i n  t h e  l o w - p r e s s u r e  r a n g e  r e p r e 

s e n t s  t h e  s m o o t h e d  c u r v e  o f  t h e  l o w e r  t e m p e r a t u r e  d a t a .

T h e  c r i t i c a l  p r e s s u r e  c a l c u l a t e d  f r o m  e q  1 i s  1 1 3 . 7  ±

1 . 6  a t m  u s i n g  t h e  c r i t i c a l  t e m p e r a t u r e  o f  9 7 2  ±  2 ° K ,  r e 

p o r t e d  p r e v i o u s l y , 2 f o r  m e r c u r i c  c h l o r i d e .

T h e  p r e s e n t  w o r k  o v e r l a p s  t h a t  o f  p r e v i o u s  i n v e s t i g a 

t o r s  P r i d e a u x , 5 W i e d e m a n n ,  S t e l z n e r ,  a n d  N e d e r -  

s c h u l t e , 6 a n d  J o h n s o n 7 o v e r  a  v e r y  s h o r t  r a n g e  o f  p r e s 

s u r e  a n d  t e m p e r a t u r e  a s  i s  s h o w n  i n  F i g u r e  1 .  T h e  

n o r m a l  b o i l i n g  p o i n t  o b t a i n e d  i n  t h i s  w o r k  i s  5 7 5 . 0 ° K ,  

c o m p a r e d  w i t h  t h e  5 7 7 ° K  d e r i v e d  f r o m  t h e  d a t a  o f  

P r i d e a u x 6 a n d  t h e  5 7 5 . 7 ° K  r e p o r t e d  b y  J o h n s o n . 7 

P r i d e a u x  d e t e r m i n e d  t h e  v a p o r  p r e s s u r e  o f  m e r c u r i c  

c h l o r i d e  i n  t h e  t e m p e r a t u r e  r a n g e  o f  5 6 0  t o  5 8 2 ° K  i n  

g r e a t  d e t a i l ,  r e p o r t i n g  o v e r  3 5  d a t a  p o i n t s .  O u r  p r e s -

Table I: Vapor Pressure Data for Molten Mercuric Chloride

•Obsd----------------- . ,------------Caled, eq 1-
R un T em p, Pressure, Pressure, D ev,

no. ° K atm atm %

9 7 2  ±  2 “ 1 1 3 .7  ±  1 . 6 ”;

3 9 6 7 .7 1 1 1 .6 1 1 0 .4 - i t
3 9 5 7 .3 1 0 4 .1 1 0 2 .5 - 1 . 5
2 9 5 5 .5 9 9 . 3 1 0 1 .4 2 . 1
2 9 3 2 .9 8 5 . 7 8 5 . 7 0
3 9 2 4 .1 8 3 . 0 8 0 . 1 - 3 . 5

2 9 1 3 .5 7 2 . 0 7 3 . 7 2 . 4
1 9 0 0 .6 6 6 . 0 6 6 . 5 0 . 8
2 8 9 2 . 0 6 0 . 8 6 2 . 0 2 . 0
1 8 8 3 .2 5 8 . 0 5 7 . 6 - 0 . 7
3 8 7 8 .4 5 6 . 0 5 5 . 3 - 1 . 2

1 8 6 5 . 6 4 9 . 2 4 9 . 5 0 . 6
2 8 5 7 . 5 4 5 . 5 4 6 . 1 1 . 3
1 8 4 7 . 2 4 2 . 0 4 2 . 0 0
1 8 2 8 .8 3 5 . 2 3 5 . 3 0 . 3
1 8 0 9 .1 2 9 . 3 2 9 . 2 - 0 . 3

2 7 9 8 .5 2 6 . 3 2 6 . 2 - 0 . 4
1 7 9 1 .9 2 4 . 4 2 4 . 4 0
1 7 7 3 .4 2 0 . 0 2 0 . 0 0
1 7 5 4 .6 1 6 .2 4 1 6 .2 1 - 0 . 2
1 7 3 5 .3 1 2 .8 8 1 2 .8 9 0 . 1

1 7 1 8 . 3 1 0 .4 5 1 0 . 4 3 - 0 . 2
1 6 9 9 . 2 8 . 1 1 8 . 1 3 0 . 2
2 6 8 6 . 6 6 . 9 6 6 . 8 4 - 1 . 7
1 6 8 1 .7 6 . 4 0 6 . 3 8 - 0 . 3
1 6 6 3 .4 4 . 8 2 4 . 8 9 1 . 4

Av 0 . 9 %

Smooth curve values

2 6 5 1 .8 4 . 1 3 4 . 1 0 - 0 . 7
1 6 4 2 .7 3 . 5 1 3 . 5 5 1 . 1
3 6 4 1 .1 3 . 4 1 3 . 4 5 1 . 2
1 6 3 9 .4 3 . 2 7 3 . 3 6 2 . 8
1 6 2 2 .8 2 . 6 5 2 . 5 4 - 4 . 2 *

2 6 1 4 .5 2 . 1 9 2 . 1 9 0
1 6 0 2 .2 1 . 7 1 1 . 7 4 1 . 8
2 5 9 3 .6 1 . 4 9 1 . 4 7 - 1 . 3
1 5 8 2 .6 1 . 1 7 1 . 1 8 0 . 8
1 5 7 3 .0 0 . 9 6 0 . 9 6 0

Av 1 . 1 %

“ Critical point. 6 Value omitted in curve-fitting and devia
tion calculation.

s u r e s  a r e  a b o u t  5 %  h i g h e r  t h a n  t h o s e  o f  P r i d e a u x .  I t  

w i l l  b e  r e c a l l e d  t h a t  P r i d e a u x ’ s  l i q u i d  d e n s i t i e s  w e r e

(5) E . B . R . P rideaux, J. Chem. Soc., 97 , 2032 (1910).
(6) E . W iedem ann , K . Stelzner, and G . N ederschulte, B er. D eut. 
P h ysik . Ges., 3 , 161 (1905).
(7 ) F . M . G . Johnson , J. A m . Chem. Soc., 33 , 777 (1911).
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Table II: Vapor Pressures of HgCl;2 from 570
to 66CFK (from Smoothed Curve) ■

T, P , T, P ,
° K a tm ° K a tm

660 4.64 600 1.67
650 3.99 590 1.37
640 3.40 580 1.11
630 2.88 575.0° 1.00
620 2.42 570 0.92
610 2.02

° Boiling point taken from the curve.

h i g h e r  a n d  m e l t i n g  p o i n t  l o w e r  t h a n  t h o s e  r e p o r t e d  i n  

r e f  2 .  T h e  w o r k  o f  Y o s i m  a n d  M a y e r 8 s h o w s  t h a t  

H g 2C l 2 i s  s o l u b l e  i n  t h e  l i q u i d  a n d  l o w e r s  t h e  f r e e z i n g  

p o i n t  o f  H g C l 2 a n d  p r e s u m a b l y  w o u l d  l o w e r  t h e  v a p o r  

p r e s s u r e .  A l s o ,  s i n c e  t h e  d e n s i t y  o f  H g 2C l 2 i s  g r e a t e r ,  

i v e  w o u l d  e x p e c t  i t  t o  i n c r e a s e  t h e  d e n s i t y  o f  H g C l 2. 

T h e s e  t h r e e  t y p e s  o f  m e a s u r e m e n t  a r e  a l l  i n  a c c o r d  i n  

s u g g e s t i n g  t h a t  t h e r e  w a s  a n  i m p u r i t y  o f  H g 2C l 2 i n  

P r i d e a u x ’ s  m a t e r i a l .

T h e r e  w a s  n o  i n d i c a t i o n  o f  t h e r m a l  d i s s o c i a t i o n  o f  

H g C l 2 a t  t h e  h i g h e s t  t e m p e r a t u r e  r e a c h e d  i n  t h i s  s t u d y .  

T h e  l i q u i d  p h a s e  r e m a i n e d  t r a n s p a r e n t  a n d  c o l o r l e s s  

a n d  n o  m e r c u r y  d e p o s i t  w a s  o b s e r v e d  i n  t h e  p a r t s  o f  

t h e  a p p a r a t u s  m a i n t a i n e d  a t  r o o m  t e m p e r a t u r e .  O n  

t h i s  b a s i s  i t  i s  p r e s u m e d  t h a t  H g C l 2 d o e s  n o t  d i s s o c i a t e  

a t  t h e  c r i t i c a l  t e m p e r a t u r e .

A  c o m p a r i s o n  o f  t h e  v a p o r  p r e s s u r e  o f  H g C l 2 w i t h  

o t h e r  s u b s t a n c e s  i s  m a d e  i n  F i g u r e  2 .  T h e r e  t h e  l o g  

o f  r e d u c e d  v a p o r  p r e s s u r e  ( v a p o r  p r e s s u r e  d i v i d e d  b y  

v a l u e  a t  t h e  c r i t i c a l  t e m p e r a t u r e )  i s  p l o t t e d  vs. r e c i p r o 

c a l  o f  r e d u c e d  t e m p e r a t u r e .  T h e  d a t a  f o r  t h a t  f i g u r e  

w e r e  t a k e n  f r o m  D i n ’ s  t a b l e s 9 e x c e p t  t h a t  H 20  v a l u e s  

w e r e  f r o m  F a x e n 10 a n d  B i C l 3 f r o m  r e f  3 .  T h e  f i g u r e  

i n d i c a t e s  t h a t  t h e r e  i s  a  d e g r e e  o f  c o r r e l a t i o n  b e t w e e n  

t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  v a p o r  p r e s s u r e  c u r v e s  a n d  

t h e  p o l a r i t y  o f  t h e  m o l e c u l e s  o f  t h e  s u b s t a n c e .  W i t h  

i n c r e a s i n g  p o l a r i t y ,  t h e  p r e s s u r e  c u r v e  i s  l o w e r  i n  t h e  

f i g u r e .  T h e  c u r v e  f o r  H g C l 2 f a l l s  i n t e r m e d i a t e  b e 

t w e e n  t h o s e  f o r  t h e  s u b s t a n c e s  h a v i n g  s y m m e t r i c a l  

n o n p o l a r  m o l e c u l e s  ( A r ,  N 2, C 2H 6)  a n d  t h o s e  h a v i n g  

p c l a r  m o l e c u l e s  ( H 20 ,  B i C b ) . I n  f a c t ,  t h e  c u r v e s  f o r  

C 0 2 a n d  H g C l 2 f a l l  v e r y  c l o s e  t o g e t h e r .  S i n c e  t h e s e  

b o t h  h a v e  l i n e a r ,  q u a d r u p o l a r  m o l e c u l e s ,  t h i s  r o u g h  

c o r r e l a t i o n  o f  m o l e c u l a r  s t r u c t u r e  w i t h  s i m i l a r i t y  o f  

v a p o r  p r e s s u r e  c u r v e  i s  b o r n e  o u t .  T h e  f a c t  t h a t  N H 3 

f a l l s  v e r y  c l o s e  t o  H g C l 2 ( a n d  C 0 2)  p r e s u m a b l y  i n 

d i c a t e s  t h a t  i t s  ( d i - )  p o l a r i t y  h a s  t h e  s a m e  n e t  e f f e c t  a s  

t h e  q u a d r u p o l a r i t y  o f  H g C l 2 a n d  C 0 2.

T h e  e n t h a l p y  o f  v a p o r i z a t i o n  o f  H g C l 2 m a y  b e  c a l -

Figure 2. Reduced vapor pressure curves for 
several substances: 1, Ar; 2, N2; 3, C2H6;
4, C 02; 5, HgCk; 6, NH3; 7, H20 ; 8, BiCl,.

c u l a t e d  f r o m  t h e  p r e s e n t  d a t a  u s i n g  t h e  C l a p e y r o n  r e l a 

t i o n ,  w h i c h  c a n  b e  w r i t t e n

T (V g -  VQ (dp/dT) 
4 1 , 3 0 0

w h e r e  Ve a n d  Vi a r e  t h e  o r t h o b a r i c  v o l u m e s  o f  v a p o r  

a n d  l i q u i d ,  r e s p e c t i v e l y ,  a n d  (dp/dT)  i s  t h e  r a t e  o f  

c h a n g e  o f  v a p o r  p r e s s u r e  w i t h  r e s p e c t  t o  t e m p e r a t u r e ;  

t h e  n u m e r i c a l  f a c t o r  c o n v e r t s  t h e  v a l u e  t o  k i l o c a l o r i e s  

p e r  m o l e .  T h e  o r t h o b a r i c  v o l u m e s  w e r e  c a l c u l a t e d  

f r o m  t h e  d a t a  o f  r e f  2  a n d  (dp/dT)  f r o m  e q  1 .  T h e  

r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  s h o w n  i n  T a b l e  I I I .

F i g u r e  3  s h o w s  t h e  v a r i a t i o n  o f  t h e  e n t h a l p y  o f  

v a p o r i z a t i o n  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  T h e  c i r c l e s  

r e p r e s e n t  t h e  e n t h a l p y  o f  v a p o r i z a t i o n  u s i n g  t h e  m o d i 

f i e d  G u g g e n h e i m  r e l a t i o n  f r o m  r e f  2  t o  c a l c u l a t e  Vg —  

V\ a n d  (dp/dT)  f r o m  e q  1 .  T h e  v a l u e s  o f  t h e  e n 

t h a l p y  o f  v a p o r i z a t i o n  a r e  r e a s o n a b l e  a b o v e  7 5 0 ° K ,  b u t  

b e l o w  t h i s  t e m p e r a t u r e  t h e  v a l u e s  a r e  t o o  h i g h .  T h i s  i s  

p r o b a b l y  d u e  t o  a n  e r r o r  i n  (V g —  F i )  s i n c e  t h e  m o d i f i e d  

G u g g e n h e i m  r e l a t i o n  u s e d  i n  r e f  2  f i t s  t h e  e x p e r i m e n t a l

(8) S. J. Y osim  and S. W . M ayer, J. P h ys. Chem ., 64, 909 (1960).
(9) F . D in , E d ., “ T h erm od yn a m ic F u n ctions o f  G ases,”  Y o l. 1 -3 , 
B u tterw orth  and C o. (Publishers) L td ., L on d on , 1962.
(10) O. H . F axen, “ T h erm od yn a m ic T ab les  in th e  M etr ic  S ystem  for  
W ater and S team ,”  N ordisk  R otog ra v y r , S tock h olm , Sw eden, 
1953.
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Table III : Vaporization Data for Mercuric Chloride

Aiïvap,
T , P, dp/ dt, A  V  va p . k c a l /

° K a tm a t m /d e g c c /m o l e m o le

700 8.21 0.1102 6856 12.80
725 11.36 0.1420 4642 11.57
750 15.36 0.1795 3254 10.61
775 20.4 0.2231 2393 10.02
800 26.6 0.2732 1763 9.33
825 34.1 0.3292 1326 8.72
850 43.1 0.3922 1004 8.10
860 47.1 0.4187 897.0 7.82
870 51.5 0.4473 804.2 7.58
880 56.1 0.4763 717.9 7.28
890 61.0 0.5063 638.3 6.96
900 66.2 0.5373 565.2 6.62
910 71.7 0.5692 496.9 6.22
920 77.6 0.6028 433.0 5.81
930 83.8 0.6370 372.2 5.34
940 90.3 0.6719 312.7 4.78
950 97.2 0.7081 252.5 4.11
960 104.5 0.7455 187.4 3.25
970 112.2 0.7840 90.84 1.67
972“ (113.7) (0.7917) (0) (0)

“ Critical point.

d e n s i t i e s  w i t h  a n  a v e r a g e  d e v i a t i o n  o f  ± 0 . 0 0 8  g / c c .  

T h e r e f o r e ,  t h e  d a s h e d  l i n e  r e p r e s e n t s  o u r  e s t i m a t e  o f  t h e  

e n t h a l p y  o f  v a p o r i z a t i o n  b e t w e e n  7 5 0  a n d  7 0 0  ° K .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a t  7 0 0 ° K  t h e  i d e a l  v a p o r  

d e n s i t y  a n d  t h e  v a p o r  d e n s i t y  c a l c u l a t e d  f r o m  t h e  

m o d i f i e d  G u g g e n h e i m  r e l a t i o n  o f  r e f  2  a r e  i d e n t i c a l ,  

i.e., 0 . 0 3 9  g / c c ,  w h i l e  t h e  v a p o r  d e n s i t y  c o r r e s p o n d i n g  

t o  t h e  e n t h a l p y  o f  v a p o r i z a t i o n  i n d i c a t e d  b y  t h e  d a s h e d  

l i n e  i s  0 . 0 4 2  g / c c .  W i t h  t h e  h i g h  s e n s i t i v i t y  t o  t h e  

v a p o r  d e n s i t y  i n  t h i s  r e g i o n  a n d  t h e  s c a t t e r  o f  t h e  e x p e r i 

m e n t a l  v a p o r  d e n s i t i e s , 2 i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  

e n t h a l p y  o f  v a p o r i z a t i o n  c a n n o t  b e  c a l c u l a t e d  w i t h  p r e 

c i s i o n  b e l o w  a b o u t  7 5 0 ° K .

P a r t i n g t o n 11 h a s  p o i n t e d  o u t  t h a t  t h e r e  h a v e  b e e n  

m a n y  e m p i r i c a l  r e l a t i o n s  e v o l v e d  b e t w e e n  e n t h a l p y  o f  

v a p o r i z a t i o n  a n d  t e m p e r a t u r e .  O f  t h e s e  t h e  r e l a t i v e l y  

s i m p l e  o n e  o f  W i n t e r  m o d i f i e d  b y  B o w d e n  a n d  J o n e s 12 

w a s  a p p l i e d  t o  t h e  p r e s e n t  c a s e ,  n a m e l y

i n  w h i c h  l0 a n d  n a r e  c o n s t a n t s .  A  l o g - l o g  p l o t  o f  t h e  

d a t a  f o r  H g C l 2 i s  s h o w n  i n  F i g u r e  4 .  T h e  r e s u l t s  f a l l

Figure 3. Enthalpy of vaporization of mercuric 
chloride: o , calculated from eq 3.

Figure 4. Enthalpy of vaporization vs. 
(T<> — T)/Tc on log-log plot.

o n  a  s t r a i g h t  l i n e  f r o m  2 °  t o  a b o u t  2 5 0 °  b e l o w  t h e  

c r i t i c a l  p o i n t ,  t h e n  d e v i a t e  f r o m  t h e  l i n e .  T h e  v a l u e s  

o f  t h e  c o n s t a n t s  d e r i v e d  f r o m  t h e  s t r a i g h t  l i n e  d r a w n  

t h r o u g h  t h e  d a t a  a r e :  Z0 =  1 8 . 5 0 ,  n  =  0 . 3 9 4 .  T h e s e  

c a n  b e  c o m p a r e d  w i t h  v a l u e s  g i v e n  b y  P a r t i n g t o n  f o r  

s e v e r a l  f l u i d s .  F o r  n, h i s  v a l u e s  r a n g e  f r o m  0 . 3  t o  0 . 4 5  

a n d  a v e r a g e  a b o u t  0 . 3 9  f o r  n o n a s s o c i a t e d  l i q u i d s .  

V a l u e s  o f  Z0 f o r  t h e s e  s a m e  l i q u i d s  d e p e n d  o n  t h e  m o l e c u 

l a r  c o n s t i t u t i o n  m u c h  m o r e  t h a n  n a n d  r a n g e  f r o m  a b o u t  

4 7  t o  S n C l 4 t o  a b o u t  1 5 5  f o r  C 0 2. T h e  l o w  v a l u e  f o r  

H g C l 2, o f  c o u r s e ,  r e f l e c t s  i t s  r e l a t i v e l y  h i g h e r  e n t h a l 

p i e s  o f  v a p o r i z a t i o n  ( o r  h i g h e r  b o i l i n g  p o i n t ) .

(11) J. R . P artington , “ A n  A d va n ced  T reatise on  P hysica l C hem is
try ,”  V o l. I I , L ongm ans, Green and C o., L on d on , 1951, p p  31 9 -3 2 4 .
(12) W . J. Jones and S. T . B ow den , P hil. M ag., 37 , 480 (1946).
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The Saturation Thermodynamic Functions for Mercuric Chloride

from 2 9 8 °K to the Critical Point1

by D aniel Cubicciotti, H . Eding, and J. W .  Johnson

Stanford Research Institute, M en lo  P a rk , C a liforn ia  94025  ( Received A p r il  29, 1966)

T h e  s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s  a b o v e  r o o m  t e m p e r a t u r e  f o r  H g C l 2 i n  i t s  c o n d e n s e d  

p h a s e s  w e r e  d e t e r m i n e d  w i t h  a  d r o p  c a l o r i m e t e r  t o  w i t h i n  5 0 °  o f  t h e  c r i t i c a l  p o i n t .  T h e s e  

w e r e  c o m b i n e d  w i t h  p r e v i o u s l y  d e t e r m i n e d  e n t h a l p i e s  o f  v a p o r i z a t i o n  t o  o b t a i n  v a l u e s  

f o r  t h e  s a t u r a t e d  v a p o r ,  a n d  t h e  d a t a  w e r e  e x t r a p o l a t e d  t o  t h e  c r i t i c a l  p o i n t .  S a t u r a t i o n  

e n t r o p i e s  f o r  v a p o r  a n d  c o n d e n s e d  p h a s e s  w e r e  c a l c u l a t e d  f r o m  t h e  e n t h a l p i e s .  T h e  

i n t e r n a l  e n e r g y  d e p a r t u r e s  o f  t h e  g a s  f r o m  i d e a l  v a l u e s  w e r e  e v a l u a t e d  a n d  c o m p a r e d  w i t h  

s i m i l a r  d a t a  f o r  m o l e c u l a r  f l u i d s .

Introduction

T h e  p r e s e n t  r e p o r t  i s  a  p a r t  o f  o u r  s t u d y  o f  t h e  t h e r 

m o d y n a m i c  p r o p e r t i e s  o f  i n o r g a n i c  l i q u i d s  a t  e l e v a t e d  

t e m p e r a t u r e s .  R e c e n t  i n v e s t i g a t i o n s  o f  b i s m u t h  c h l o 

r i d e 2  3̂ 4 5 a r e  b e i n g  f o l l o w e d  b y  s t u d i e s  o n  m e r c u r i c  c h l o 

r i d e .  T h e  v o l u m e  c h a n g e  o n  v a p o r i z a t i o n 6 a n d  t h e  

v a p o r  p r e s s u r e 6 o f  H g C l 2 u p  t o  i t s  c r i t i c a l  p o i n t  w e r e  

d e t e r m i n e d  p r e v i o u s l y  i n  t h i s  l a b o r a t o r y ,  a n d  t h e  

e n t h a l p y  a n d  e n t r o p y  o f  v a p o r i z a t i o n  h a v e  b e e n  o b 

t a i n e d  f r o m  t h o s e  r e s u l t s .  I n  t h e  p r e s e n t  p a p e r ,  w e  

h a v e  d e t e r m i n e d  t h e  e n t h a l p y  i n c r e m e n t s  ( a b o v e  t h e  

s o l i d  a t  2 9 8 ° K )  f o r  t h e  c o n d e n s e d  p h a s e s  u n d e r  s a t u r a -  

i o n  c o n d i t i o n s ,  a n d  f r o m  t h e m  a n d  t h e  e n t h a l p i e s  

o f  v a p o r i z a t i o n  w e  h a v e  o b t a i n e d  v a l u e s  f o r  t h e  s a t u 

r a t e d  v a p o r .  T h e  e n t r o p i e s  a n d  f r e e  e n e r g y  f u n c t i o n s  

f o r  b o t h  t h e  c o n d e n s e d  a n d  g a s  p h a s e s  w e r e  c a l c u l a t e d  

f r o m  t h e  e n t h a l p y  i n c r e m e n t s  a n d  t h e i r  t e m p e r a t u r e  

d e r i v a t i v e s .

M easu red  H eat Increm ents

T h e  s a m e  m e t h o d  w a s  u s e d  f o r  t h i s  w o r k  a s  r e p o r t e d  

in  o u r  B i C l 3 s t u d y : 4 s a m p l e s  o f  H g C l 2 s e a l e d  i n  e v a c u 

a t e d  q u a r t z  g l a s s  a m p o u l e s  w e r e  h e a t e d  t o  v a r i o u s  

t e m p e r a t u r e s ,  s o m e  w i t h i n  5 0 °  o f  t h e  c r i t i c a l  t e m p e r a 

t u r e ,  a n d  d r o p p e d  i n t o  a  m o d i f i e d  P a r r  c a l o r i m e t e r  a t  

r o o m  t e m p e r a t u r e .  F r o m  t h e  h e a t  t r a n s f e r r e d  t o  t h e  

c a l o r i m e t e r ,  t h e  e n t h a l p y  o f  H g C I 2 i n  t h e  c o n d e n s e d  

p h a s e s ,  u n d e r  s a t u r a t i o n  c o n d i t i o n s ,  w a s  c a l c u l a t e d .

T h e  s a m p l e s  h e a t e d  t o  t h e  h i g h e r  t e m p e r a t u r e s  

r e q u i r e d  h e a v y - w a l l e d  g l a s s  a m p o u l e s  t o  w i t h s t a n d

t h e  v a p o r  p r e s s u r e  o f  t h e  H g C l 2. A s  a  r e s u l t ,  a  s u b 

s t a n t i a l  f r a c t i o n  o f  t h e  h e a t  e v o l v e d  c a m e  f r o m  t h e  

g l a s s ,  a n d  s o  t h e  a c c u r a c y  o f  t h o s e  d e t e r m i n a t i o n s  w a s  

l i m i t e d .  T o  o b t a i n  m o r e  a c c u r a t e  d a t a  i n  t h e  l o w e r  

t e m p e r a t u r e  r a n g e ,  w h e r e  t h e  v a p o r  p r e s s u r e  w a s  l o w  

e n o u g h ,  s e a l e d  p l a t i n u m  c o n t a i n e r s  w e r e  u s e d .  T h e  

i m p o r t a n t  d e t a i l s  o f  t h e  s a m p l e s  a r e  l i s t e d  i n  T a b l e  I .

Table I : Details of Samples Used

Internal Symbol
Wt of W t of voi. of used in

Sample Container HkCI., container, ampoule, Figures
no. material g cc 1 and 2

A Quartz glass 2 4 .0 6 0 8 6 .8 6 1 7 6 .9 1 8 1 (D
B Quartz glass 7 .0 6 0 9 6 .4 4 0 9 2 .0 8 9 1 9
C Quartz glass 5 .3 0 8 3 6 .0 7 7 9 2 .2 1 3 2 0
D Platinum 1 3 .4 6 0 0 7 .7 8 6 0 X

(1 ) T h is  w ork  w as m ade possib le  b y  financial su pp ort from  th e R e 
search D iv ision  o f the  U . S. A tom ic  E nergy  C om m ission  under 
C ontract N o . A T  (04-3)-100.
(2 ) J. W . Johnson  and D . C u b icc io tti, J. P hys. Chem ., 68 , 2235
(1 904 ) .
(3 ) J. W . Johnson , W . J. S ilva , and D . C u b icc io tti, ibid., 69 , 3910
(1 905 ) .
(4) D . C u b icc io tt i, H . E d in g , F . J. K eneshea, and J. W . Johnson , 
ibid., 70, 2389 (1900).
(5 ) J. W . Johnson , W . J. S ilva , and D . C u b icc io tti, ibid., 70, 1109 
(1900).
(0) J. W . Johnson , W . J. S ilva, and D . C u b icc io tti, ibid., 70, 2985 
(1900).
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A  s m a l l  p a r t  o f  t h e  h e a t  l i b e r a t e d  b y  t h e  s a m p l e  w a s  

d u e  t o  c o n d e n s a t i o n  o f  H g C l 2 v a p o r .  T h e  a m o u n t  o f  

t h a t  h e a t  f o r  e a c h  d r o p  w a s  c a l c u l a t e d  f r o m  t h e  k n o w n  

l i q u i d  a n d  v a p o r  d e n s i t i e s  a n d  t h e  v o l u m e s  o f  t h e  

a m p o u l e s .  F o r  t h e  c a l c u l a t i o n ,  t h e  e n t h a l p y  o f  v a p o r i 

z a t i o n  a t  t h e  s a m p l e  t e m p e r a t u r e  w a s  u s e d  i n s t e a d  o f  

t h e  m o r e  c o m p l i c a t e d  c a l c u l a t i o n  o f  i n t e g r a t i o n  o v e r  

t h e  r a n g e  o f  t e m p e r a t u r e s  f o r  w h i c h  c o n d e n s a t i o n  

o c c u r r e d .  S i n c e  t h e  t o t a l  c o r r e c t i o n  w a s  s m a l l ,  t h e  d i f 

f e r e n c e  i n  m e t h o d s  o f  c a l c u l a t i o n  w a s  n e g l i g i b l e .  F o r  

d e t e r m i n a t i o n s  m a d e  b e l o w  7 0 0 ° K ,  t h e  c o r r e c t i o n  i t s e l f  

w a s  n e g l i g i b l e .

T h e  h e a t  l i b e r a t e d  b y  t h e  f u s e d  q u a r t z  c o n t a i n e r s ,  

t o  b e  s u b t r a c t e d  f r o m  t h e  r e s u l t s  f o r  t h e  t o t a l  s a m p l e ,  

w a s  c a l c u l a t e d  f r o m  t h e  e q u a t i o n  g i v e n  i n  r e f  4 .  V a l u e s  

o f  t h e  h e a t  l i b e r a t e d  b y  t h e  p l a t i n u m  c o n t a i n e r  w e r e  

t a k e n  f r o m  t h e  w o r k  o f  K e n d a l l ,  O r r ,  a n d  H u l t g r e n . 7

T h e  m e r c u r i c  c h l o r i d e  u s e d  w a s  p r e p a r e d  a s  d e s c r i b e d  

i n  r e f  5  a n d  w a s  f i l t e r e d  t h r o u g h  s i n t e r e d  g l a s s  u n d e r  

v a c u u m  i n t o  t h e  q u a r t z  b u l b s ,  w h i c h  w e r e  s e a l e d  u n d e r  

v a c u u m .  T h e  p l a t i n u m  c a p s u l e  w a s  f i l l e d  i n  a i r  a n d  

t h e  e n d  w a s  p i n c h e d  c l o s e d  a n d  p l a t i n u m - s o l d e r e d .

T h e  r e s u l t a n t  h e a t  i n c r e m e n t s  f o r  H g C l 2 i n  i t s  c o n 

d e n s e d  p h a s e s  ( h e . ,  h e a t  l i b e r a t e d  w h e n  c o o l e d  f r o m  T  
t o  2 9 8 ° K )  a r e  s h o w n  a s  d a t a  p o i n t s  i n  F i g u r e s  1 a n d

2 .  T h e  m o r e  p r e c i s e  r e s u l t s  o b t a i n e d  o n  t h e  p l a t i n u m  

c a p s u l e  a r e  s h o w n  o n  a  l a r g e r  s c a l e  i n  F i g u r e  1 .

T h e  h e a t  e v o l v e d  b y  a  s a m p l e  i n  e q u i l i b r i u m  w i t h  i t s  

v a p o r  w h e n  c o o l e d  f r o m  T  t o  2 9 8  ° K  i s  e q u a l  t o  t h e  

i n t e g r a l 8

T h e  t e m p e r a t u r e  d e r i v a t i v e  o f  t h a t  q u a n t i t y  g i v e s  

C c, t h e  s a t u r a t i o n  h e a t  c a p a c i t y .  T h e  q u a n t i t y  C a i s  

r e l a t e d  t o  t h e  s a t u r a t i o n  e n t h a l p y  b y

C .  +  V
(T

c p +  7

F o r  t e m p e r a t u r e s  a t  w h i c h  t h e  v a p o r  p r e s s u r e  i s  l e s s  

t h a n  a  f e w  a t m o s p h e r e s ,  t h e  l a s t  t e r m  i s  n e g l i g i b l e  

a n d  d r o p  c a l o r i m e t e r  m e a s u r e m e n t s  g i v e  t h e  e n t h a l p y  

i n c r e m e n t s  a t  c o n s t a n t  ( l o w )  p r e s s u r e  a s  w e l l  a s  t h e  

s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s .  F o r  p r e s s u r e s  w e l l  

a b o v e  a  f e w  a t m o s p h e r e s  ( w h i c h  o c c u r  a b o v e  7 0 0 ° K ) ,  

t h e  d i f f e r e n c e s  b e c o m e  s i g n i f i c a n t ,  a l t h o u g h  s m a l l .  

S i n c e  w e  h a v e  n o  i n f o r m a t i o n  a b o u t  t h e  c o m p r e s s i b i l i t y  

o f  t h e  l i q u i d ,  w e  a r e  n o t  a b l e  t o  e v a l u a t e  t h e  c o n s t a n t  

p r e s s u r e  h e a t  c a p a c i t y  o r  e n t h a l p y  i n c r e m e n t s ,  a n d  s o  

w e  c a n  o n l y  e v a l u a t e  t h e  s a t u r a t i o n  q u a n t i t i e s  a b o v e

Figure 1. Standard enthalpy increments above 298 °K 
for solid HgCk. Crosses are data obtained in Pt 
capsule. Dashed line represents data of Topol and 
Ransom.10 Circle is data of Ewald.9 Full curves 
are calculated from eq 1 and 2.

7 0 0 ° K .  T h e r e f o r e ,  t h e  t r e a t m e n t  o f  t h e  d a t a  i s  d i v i d e d  

i n t o  t w o  p a r t s — o n e  a b o v e  a n d  t h e  o t h e r  b e l o w  7 0 0 ° K .

Enthalpy Increm ents for C ondensed  
P h ases to 7 0 0 °K

T h e  r e s u l t s  f o r  t h e  s o l i d  a r e  b e s t  s h o w n  i n  F i g u r e  1 .  

T h e  d i f f e r e n c e  b e t w e e n  t h e  s t a n d a r d  e n t h a l p y  ( r e 

f e r r i n g  t o  t h e  s u b s t a n c e  u n d e r  c o n s t a n t  p r e s s u r e  o f  1 

a t m )  a n d  s a t u r a t i o n  e n t h a l p y  ( r e f e r r i n g  t o  t h e  s u b s t a n c e  

u n d e r  i t s  o w n  v a p o r  p r e s s u r e ,  w h i c h  c h a n g e s  w i t h  

t e m p e r a t u r e )  i s  e n t i r e l y  n e g l i g i b l e  i n  t h e s e  m e a s u r e 

m e n t s .  T h e  e n t h a l p y  i n c r e m e n t s  i n  F i g u r e  1 a r e  d e 

s c r i b e d  a s  s t a n d a r d - s t a t e  v a l u e s ,  b u t  t h e y  m a y  e q u a l l y  

b e  c o n s i d e r e d  s a t u r a t i o n  v a l u e s .

T h e  d a t a  i n d i c a t e  t h a t  t h e r e  i s  a  s m a l l  d i s c o n t i n u i t y  

i n  t h e  c u r v e  a t  a b o u t  4 2 8 ° K .  T h i s  e f f e c t  s e e m e d  

l a r g e r  t h a n  c o u l d  b e  a c c o u n t e d  f o r  o n  t h e  b a s i s  o f  e x 

p e r i m e n t a l  s c a t t e r .  I n  a n  a t t e m p t  t o  r e s o l v e  t h e

(7 ) W . B. K en dall, R . L . Orr, and R . H u ltgren , J. Chem. Eng. D ata, 
7 , 516 (1962).

(8) F or a discussion o f th erm od yn am ics under saturation  co n d itio n s , 
see E . A . G uggenheim , “ T h erm od y n a m ics ,”  3rd ed, N orth -H o lla n d  
P ublish ing  C o., A m sterdam , 1957, p 149, or J. S. R ow lin son , “ L iq u id s  
and L iqu id  M ixtu res,”  A cad em ic  Press, N ew  Y o rk , N . Y .,  1959, 
p  16 ff.
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TEMPERATURE---- °K
Figure 2. Saturation enthalpy increments referred to 
solid HgCk at 298°K. Lower curves refer to condensed 
phases, upper curves to vapor. The various symbols for 
data points refer to the samples described in Table I.
Numbers on curve give the number of indistinguishable 
circle points in each cluster. Dashed curves represent 
interpolated or extrapolated data; full curves are 
based on measured results. The dot-dash curve 
represents the vapor in the ideal standard state.

q u e s t i o n ,  X - r a y  p o w d e r  p a t t e r n s  w e r e  t a k e n  a b o v e  

a n d  b e l o w  t h e  t r a n s i t i o n  t e m p e r a t u r e ;  h o w e v e r ,  t h e s e  

i n d i c a t e d  n o  d i f f e r e n c e  i n  s t r u c t u r e .  T h u s  t h e  d i s 

c o n t i n u i t y  m u s t  b e  d u e  t o  a  c h a n g e  t h a t  i s  m o r e  s u b t l e  

t h a n  a  f i r s t - o r d e r  t r a n s i t i o n  a n d  m a y  r e p r e s e n t  a  l a m b d a  

p o i n t .  T h e  t o t a l  h e a t  e f f e c t  f o r  t h e  t r a n s i t i o n  w a s  a b o u t  

7 7  c a l / m o l e .

E q u a t i o n s  w e r e  d e r i v e d  t o  f i t  t h e  d a t a  a b o v e  a n d  

b e l o w  t h e  d i s c o n t i n u i t y .  T h e s e  w e r e

H°t —  H°298 ( c a l / m o l e )  =

1 1 . 7 3 T  +  8 1 8  X  1 0 - 6T 2 -  4 2 2 4

( 2 9 8  t o  4 2 8  ° K )  ( 1 )

H ° t  —  H ° i98 ( c a l / m o l e )  =

- 5 . 3 3 T  +  2 5 . 2  X  1 0 - 8T 2 +  3 6

( 4 2 8  t o  5 5 3 . 7 ° K )  ( 2 )

T h e  f u l l  c u r v e s  i n  F i g u r e  2  r e p r e s e n t  t h e s e  e q u a t i o n s .  

T h e  m e l t i n g  p o i n t  o f  t h e  m a t e r i a l  u s e d  i n  t h i s  w o r k  w a s

5 5 3 . 7  ±  0 . 5 ° K .

T h e r e  a r e  t w o  l i t e r a t u r e  r e f e r e n c e s  o f  c o m p a r a b l e  

d a t a  k n o w n  t o  u s .  E w a l d ’ s 9 r e s u l t s  p r o v i d e  t h e  p o i n t  

s h o w n  a s  a  c i r c l e  i n  F i g u r e  1 .  I t  i s  i n  g o o d  a g r e e m e n t  

w i t h  o u r  s m o o t h e d  c u r v e .  T o p o l  a n d  R a n s o m 10 11 r e 

p o r t  t h e  e n t h a l p y  i n c r e m e n t  a b o v e  2 9 8 ° K  f o r  t h e  s o l i d  

a t  t h e  m e l t i n g  p o i n t  a n d  a  ( c o n s t a n t )  h e a t  c a p a c i t y

d e r i v e d  f r o m  e n t h a l p y  m e a s u r e m e n t s  j u s t  b e l o w  t h e  

m e l t i n g  p o i n t .  T h e s e  w e r e  u s e d  t o  c a l c u l a t e  t h e  d a s h e d  

l i n e  i n  F i g u r e  1 .  T h e i r  e n t h a l p y  i n c r e m e n t s  a r e  a b o u t  

1 2 0  c a l / m o l e  g r e a t e r  t h a n  o u r s  a t  t h e  m e l t i n g  p o i n t .  

F o r  t h e  l i q u i d ,  t h e i r  e n t h a l p y  i n c r e m e n t s  a r e  a b o u t  

2 0 0  c a l / m o l e  g r e a t e r  t h a n  o u r s  n e a r  t h e  m e l t i n g  p o i n t .  

W e  h a v e  n o  g o o d  e x p l a n a t i o n  f o r  t h e s e  d i f f e r e n c e s ,  

w h i c h  a r e  s u b s t a n t i a l l y  l a r g e r  t h a n  t h e  c o m p a r a b l e  

d i f f e r e n c e s  f o r  B i C l 3. I t  m a y  b e  t h a t  t h e  p u r i t y  o f  

t h e i r  H g C l 2 w a s  d i f f e r e n t  f r o m  o u r s .  T h e i r  m e l t i n g  

p o i n t  w a s  l o w .

T h e  e n t h a l p y  i n c r e m e n t s  a b o v e  2 9 8 °  f o r  t h e  l i q u i d  

a r e  s h o w n  i n  F i g u r e  2 .  T h e  d a t a  w e r e  a d e q u a t e l y  f i t  

b y  a  s t r a i g h t  l i n e  u p  t o  7 0 0 ° K  a n d  b e y o n d .  B e l o w  

7 0 0 ° K ,  w h e r e  t h e  p r e s s u r e  d o e s  n o t  e x c e e d  8  a t m ,  t h e  

s l o p e  o f  t h e  l i n e  i s  e q u a l  w i t h i n  e x p e r i m e n t a l  e r r o r  t o  

C p, t h e  c o n s t a n t  p r e s s u r e  ( 1  a t m )  h e a t  c a p a c i t y ,  a n d  

h a d  a  v a l u e  o f  2 8 . 1  ± 1 . 0  c a l / m o l e  d e g .  T h i s  v a l u e  

i s  i n  a g r e e m e n t  w i t h  t h e  2 7 . 2  ±  1 . 1  f o u n d  b y  T o p o l  

a n d  R a n s o m .

T h e  h e a t  o f  f u s i o n  w a s  d e r i v e d  b y  e x t r a p o l a t i n g  t h e  

e n t h a l p y  c u r v e s  f o r  t h e  s o l i d  a n d  l i q u i d  t o  5 5 3 . 7 ° K ,  

t h e  m e l t i n g  p o i n t  o f  o u r  m a t e r i a l .  T h e  v a l u e  o b t a i n e d  

w a s  4 . 4 9  ± 0 . 1  k c a l / m o l e .  T h i s  i s  s o m e w h a t  s m a l l e r  

t h a n  t h e  v a l u e  o f  T o p o l  a n d  R a n s o m .

T h e  s t a n d a r d  e n t h a l p y  i n c r e m e n t s  c a l c u l a t e d  f r o m  

o u r  e q u a t i o n s  f o r  t h e  s o l i d  a n d  f r o m  t h e  s t r a i g h t  l i n e  

d r a w n  t h r o u g h  t h e  l i q u i d  d a t a  a r e  r e p o r t e d  i n  T a b l e  

I I  u p  t o  7 0 0 ° K .

2 -P lo t  Treatm ent o f Vapor Pressure D ata

T h e  v a p o r  p r e s s u r e  o f  H g C l 2 h a s  b e e n  r e p o r t e d  f r o m  

r o o m  t e m p e r a t u r e  t o  t h e  c r i t i c a l  p o i n t  ( 9 7 2 ° K ) .  

E n t h a l p y  i n c r e m e n t  d a t a  r e p o r t e d  a b o v e ,  t o g e t h e r  w i t h  

t h e  c o m p a r a b l e  i n f o r m a t i o n  f o r  t h e  g a s  o b t a i n e d  f r o m  

m o l e c u l a r  c o n s t a n t  d a t a ,  m a k e  i t  p o s s i b l e  t o  c a r r y  o u t  

a  c a r e f u l  2 - p l o t  t r e a t m e n t  o f  t h e  v a p o r i z a t i o n  d a t a  o v e r  

t h e  r a n g e  i n  w h i c h  t h e  l o w - p r e s s u r e  f o r m  o f  t h e  

C l a u s i u s - C l a p e y r o n  e q u a t i o n  h o l d s ,  n a m e l y  f r o m  r o o m  

t e m p e r a t u r e  t o  s o m e w h a t  a b o v e  t h e  b o i l i n g  p o i n t .  

T h e  S - p l o t  m e t h o d  d e s c r i b e d  i n  r e f  1 1  w a s  u s e d  f o r  

t h i s  p u r p o s e .  S  i s  d e f i n e d  a s

—  2 '  =  R  I n  p ( a t m )  - f -  A  f e f  i n c r

i n  w h i c h

A  f e f  i n c r  =  f e f  ( g a s ,  T)  —  f e f  ( g a s ,  2 9 8 )  —

f e f  ( c o n d e n s e d ,  T) +  f e f  ( c o n d e n s e d ,  2 9 8 )

(9) R . E w ald, A nn . P h ysik  Chem., 44 , 1213 (1914).
(10) L . E . T o p o l and L . D . R an som , J. P hys. Chem., 64 , 1339 
(1960); 65, 2267 (1961).
(11) D . C u b icc io tti, ibid., 70, 2410 (1966).
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2992 D . C u b i c c i o t t i , H . E d i n g , a n d  J. W .  J o h n s o n

Table I I : Thermodynamic Functions for HgCk in Standard 
State Condensed Phases up to 700°K

11° T —
77° OQ* aH ° ,  98,“ - ( G ° t  - V a p o r

T, k c a l / S °T , press .,
" K m o le eu eu a tm

298 34.93 34.93 1.63 X 10“7
320 370 36.12 34.97 1.60 X 10“ 6
340 710 37.16 35.07 2.31 X 10“6
360 1,060 38.15 35.21 5.06 X 10"6
380 1,415 39.12 35.39 2.12 X lO“ 4
400 1,775 40.04 35.60 7.75 X lO"4 13 14 15
420 2,145 40.94 35.83 2.47 X lO"3
428 2,295 41.30 35.94 3.81 X 10"3
428 2,370 41.48 35.94
440 2,570 41.93 36.09 7.08 X 10-3
460 2,920 42.70 36.36 1.84 X lO“ 2
480 3,280 43.49 36.64 4.42 X 10~2
500 3,670 44.28 36.93 9.93 X 10~2
520 4,080 45.07 37.23 0.206
540 4,510 45.88 37.54 0.406
553.7 (s) 4,810 46.44 37.75 0.62
553.7 (1) 9,300 54.55 37.75
560 9,480 54.86 37.94 0.72
580 10,040 55.85 38.54 1.12
600 10,600 56.80 39.14 1.67
620 11,160 57.72 39.72 2.39
640 11,720 58.62 40.30 3.33
660 12,280 59.48 40.67 4.55
680 12,850 60.32 41.42 6.08
700 13,410 61.13 41.98 7.87

“ The reference state for these values is the solid in its stand
ard state at 298 °K.

a n d  f e f  r e p r e s e n t s  t h e  f r e e  e n e r g y  f u n c t i o n ,  n a m e l y  

(iG °t —  H ° 2%)/T. V a l u e s  f o r  f e f  i n c r  f o r  t h e  c o n 

d e n s e d  p h a s e s  w e r e  c a l c u l a t e d  f r o m  t h e  e n t h a l p y  d a t a  

r e p o r t e d  a b o v e  b y  t h e  m e t h o d s  o f  r e f  1 2 ,  w h i l e  t h o s e  

f o r  t h e  g a s  w e r e  o b t a i n e d  f r o m  t h e  d a t a  i n  t h e  “ J A N A F  

T a b l e s ” 13 (w rh i c h  h a d  b e e n  c a l c u l a t e d  f r o m  m o l e c u l a r  

c o n s t a n t  d a t a ) .

T h e  d a t a  g i v e n  i n  t h e  f o l l o w i n g  l i t e r a t u r e  r e f e r e n c e s  

( w i t h  t e m p e r a t u r e  r a n g e  a n d  m e t h o d  i n  p a r e n t h e s e s )  

w e r e  i n c l u d e d  i n  t h e  2 - p l o t  t r e a t m e n t :  P r i d e a u x 14 

( 2 8 6  t o  3 0 9 ° ,  b o i l i n g  p o i n t  m e t h o d ) ;  J o h n s o n ,  S i l v a ,  

a n d  C u b i c c i o t t i 6 ( 3 0 0  t o  6 9 5 ° ,  b o i l i n g  p o i n t  m e t h o d ) ;  

N i w a 16 ( 4 5  t o  7 0 ° ,  e f f u s i o n ) ;  R u f  a n d  T r e a d w e l l 16 

( 1 1  t o  5 9 ° ,  e f f u s i o n ) ;  J o h n s o n 17 ( 1 5 2  t o  3 0 2 ° ,  s p i r a l  

g a u g e ) ;  S c h m i d t  a n d  W a l t e r 18 ( 1 0 0  t o  1 8 0 ° ,  t r a n s p i r a 

t i o n ) ;  a n d  S t e l z n c r ,  N i e d e r s c h u l t e ,  a n d  W i e d e m a n n 19 

( 6 0  t o  3 0 0 ° ,  t r a n s p i r a t i o n ) .

T h e  d a t a  o f  S t o c k  a n d  Z i m m e r m a n n 20 w e r e  n o t  i n 

c l u d e d  i n  t h e  t r e a t m e n t ,  s i n c e  t h e i r  v a l u e s  w e r e  s o  

d i s c o r d a n t  w i t h  t h o s e  o f  t h e  a b o v e  a u t h o r s  a s  t o  i n d i 

c a t e  a  s y s t e m a t i c  e r r o r  i n  t h e i r  w o r k .  T h e  2  p l o t

Figure 3. 2 plot for HgCh vapor pressure data. Data
points were from the following references: 0, Johnson,
Silva, and Cubicciotti;6 A, Prideaux;14 O, Johnson;14 
X, Stelzner, Niederschulte, and Wiedemann;19 □, Schmidt and 
Walter;18 ®, Niwa;16 and V, Ruf and Treadwell.18

i t s e l f  i s  s h o w n  i n  F i g u r e  3 .  T h e  d a t a  f e l l  q u i t e  c l o s e  

t o  a  s t r a i g h t  l i n e ,  a n d  m o r e  t h a n  9 0 %  o f  t h e  9 6  p o i n t s  

f e l l  b e t w e e n  t w o  s t r a i g h t  l i n e s  d e f i n e d  b y  t h e  ( 2 ' ,  

l/ T )  c o o r d i n a t e s :  ( — 3 . 9 0 ,  1 . 6  X  1 0 - 3 )  a n d  ( 3 6 . 1 8 ,

3 . 6  X  1 0 - 3 )  f o r  o n e  l i n e  a n d  (  —  3 . 5 8 ,  1 . 6  X  1 0 - 3 ) 

a n d  ( 3 5 . 5 8 ,  3 . 6  X  1 0 ~ 3)  f o r  t h e  o t h e r .  T h e  t h e r m o d y 

n a m i c  p a r a m e t e r s  f o r  s u b l i m a t i o n  o f  H g C l 2 a n d  t h e i r  

9 0 %  c o n f i d e n c e  l e v e l s  c a l c u l a t e d  f r o m  t h e  d a t a  w e r e  

A i 7 ° 298 =  1 9 . 8 5  ±  0 . 2 0  k c a l / m o l e  a n d  AS°m  =  3 5 . 5  

±  0 . 8  e u .

T h e  e n t h a l p y  i n c r e m e n t s  f o r  t h e  i d e a l  g a s ,  r e f e r r e d  

t o  t h e  s o l i d  i n  i t s  s t a n d a r d  s t a t e  a t  2 9 8 ° K ,  w e r e  c a l 

c u l a t e d  f r o m  t h e  e n t h a l p y  o f  s u b l i m a t i o n  a t  2 9 8  ° K  

a n d  t h e  e n t h a l p y  i n c r e m e n t s  f o r  t h e  i d e a l  g a s  w e r e  

c a l c u l a t e d  f r o m  m o l e c u l a r  c o n s t a n t  d a t a  a n d  r e 

p o r t e d  i n  t h e  “ J A N A F  T a b l e s . ”  T h e s e  a r e  s h o w n  a s  

t h e  f u l l  c u r v e  i n  t h e  u p p e r  p a r t  o f  F i g u r e  2  b e l o w  6 0 0 ° K  

a n d  a  d o t - d a s h  c u r v e  a b o v e  6 0 0 ° K .  B e l o w  6 0 0 ° K  

t h e  v a p o r  p r e s s u r e  i s  l o w  e n o u g h  s o  t h a t  t h e  e n t h a l p y  

o f  t h e  i d e a l  g a s  i s  e s s e n t i a l l y  e q u a l  t o  t h a t  o f  t h e  r e a l  

g a s .

(12) K . S. P itzer and L. Brewer, “ T h erm odyn am ics,”  revision o f  
book  b y  G . N . Lewis and M . R andall, M cG ra w -H ill B ook  C o., In c ., 
N ew  Y ork , N . Y ., 1961, p 166 ff.
(13) “ J A N A F  Therm och em ical T ables ,”  T h e  D o w  C hem ical C o ., 
M idland , M ich ., revised D e c  31, 1965.
(14) E . B . R . Prideaux, J. Chem. Soc., 97 , 2032 (1910).
(15) K . N iw a, J. Chem. Soc. Japan , 57, 1309 (1936).
(16) R . R u f and W . D . Treadw ell, Helv. Chim. A cta , 37, 1941 (1954),
(17) F . M . G . Johnson, J. A m . Chem. Soc., 33, 777 (1911).
(18) G . C. Schm idt and R . W alter, A nn . P hysik , 72, 565 (1923).
(19) K . Stelzner, G . N iederschulte, and E . W iedem ann, Ber. D eut. 
P hys. Ges., 3, 159 (1905).
(20) A . S tock  and W . Zim m erm ann, M onatsh., 53 -54 , 786 (1929).
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T h e  a b s o l u t e  e n t r o p y  o f  s o l i d  H g C l 2 c a n  b e  o b t a i n e d  

f r o m  t h a t  o f  t h e  g a s  a n d  t h e  a b o v e  v a l u e  f o r  t h e  s u b l i 

m a t i o n  e n t r o p y .  F o r  t h e  g a s  t h e  a b s o l u t e  e n t r o p y  a t  

2 9 8 ° K  h a s  b e e n  r e p o r t e d  i n  t h e  “ J A N A F  T a b l e s ”  

a s  7 0 . 4 3  a s  c a l c u l a t e d  f r o m  o b s e r v e d  m o l e c u l a r  c o n 

s t a n t s .  T h e r e f o r e ,  t h e  a b s o l u t e  e n t r o p y  o f  c r y s t a l l i n e  

H g C l 2 a t  2 9 8 ° K  i s  3 4 . 9 3  ±  0 . 8  e u .  T h i s  q u a n t i t y ,  

t o g e t h e r  w i t h  t h e  e n t h a l p y  d a t a  r e p o r t e d  a b o v e ,  a l l o w s  

t h e  c a l c u l a t i o n  o f  t h e  a b s o l u t e  e n t r o p i e s  a n d  t h e  f r e e  

e n e r g y  f u n c t i o n s  f o r  e l e v a t e d  t e m p e r a t u r e s .  T h e  

v a l u e s  f o r  t h e s e  f u n c t i o n s  f o r  H g C l 2 i n  i t s  c o n d e n s e d  

p h a s e s  u p  t o  7 0 0 ° K  a r e  g i v e n  i n  T a b l e  I I .

T h e  v a p o r  p r e s s u r e  o f  H g C l 2 c a n  r e a d i l y  b e  c a l c u 

l a t e d  f r o m  t h e  e v a p o r a t i o n  p a r a m e t e r s  t h r o u g h  t h e  

r e l a t i o n

A H °ig a
2 '  =  — — ------------A * S 0298 =  R  I n  p ( a t m )  —  A  f e f  i n c r

V a l u e s  c a l c u l a t e d  i n  t h i s  w a y  a r e  g i v e n  i n  T a b l e  I I .  

T h e  b o i l i n g  p o i n t  o b t a i n e d  b y  i n t e r p o l a t i o n  w a s  5 7 5  ±

C . 5 ° K .

Enthalpy Increm ents from  7 0 0 °K  
to Critical Point

A s  i n d i c a t e d  a b o v e ,  t h e  h e a t  c a p a c i t y  d e r i v e d  f r o m  

t h e  d r o p  c a l o r i m e t e r  m e a s u r e m e n t s  o n  a  s a m p l e  i n  

e q u i l i b r i u m  w i t h  v a p o r  i s  t h e  s a t u r a t i o n  h e a t  c a p a c i t y ,  

C a, a n d  i t  i s  c l o s e l y  e q u a l  t o  t h e  c o n s t a n t  p r e s s u r e  h e a t  

c a p a c i t y ,  C p , a s  l o n g  a s  t h e  v a p o r  p r e s s u r e  i s  l e s s  t h a n  

a  f e w  a t m o s p h e r e s .  T h e s e  c o n d i t i o n s  o b t a i n  b e l o w  

7 0 0 ° K  a n d  t h e  r e s u l t s  b e l o w  t h a t  t e m p e r a t u r e  w e r e  

u s e d  t o  c a l c u l a t e  t h e  s t a n d a r d  s t a t e  ( 1  a t m )  t h e r m o 

d y n a m i c  f u n c t i o n s .  A t  s o m e  t e m p e r a t u r e  a b o v e  

7 0 0 ° K ,  Cp a n d  C„ d i f f e r  b y  t h e  q u a n t i t y  T (b V /d T )p, 
a n d  s i n c e  t h e  e x p a n s i v i t y  o f  t h e  l i q u i d  i s  u n k n o w n ,  w e  

c a n  o n l y  e v a l u a t e  t h e  t h e r m o d y n a m i c  f u n c t i o n s  u n d e r  

s a t u r a t i o n  c o n d i t i o n s  a b o v e  t h a t  t e m p e r a t u r e .  W e  

h a v e  a r b i t r a r i l y  c h o s e n  7 0 0 ° K  a s  t h e  t e m p e r a t u r e  

a b o v e  w h i c h  t h e  t w o  t y p e s  o f  h e a t  c a p a c i t i e s  a r e  n o  

l o n g e r  c o n s i d e r e d  e q u a l .

T h e  s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s  a b o v e  2 9 8  ° K  

f o r  t h e  l i q u i d  w e r e  o b t a i n e d  a s  f o l l o w s .  A  s m o o t h  

c u r v e  w a s  d r a w n  t h r o u g h  t h e  m e a s u r e d  v a l u e s  o f  t h e  

h e a t s  e v o l v e d .  T h i s  c u r v e  i s  s h o w n  a s  a  d o t t e d  l i n e  

( w h i c h  m e r g e s  a t  l o w e r  t e m p e r a t u r e s  w i t h  t h e  f u l l  

c u r v e  r e p r e s e n t i n g  t h e  e n t h a l p y  i n c r e m e n t s )  i n  F i g u r e

2 .  T h e  s l o p e  o f  t h a t  c u r v e  w a s  t a k e n  a s  C„. T h e  

s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s ,  (.H T —  H ° MS, s ) „ ,  w e r e  

c a l c u l a t e d  f r o m  7 0 0  t o  9 1 0 ° K  i n  1 0 °  i n c r e m e n t s  b y  

n u m e r i c a l  i n t e g r a t i o n  o f  t h e  e q u a t i o n

( £ ) . - * + ■ C ) .

V a l u e s  o f  V (d P /d T )a w e r e  t a k e n  f r o m  o u r  e a r l i e r  m e a s 

u r e m e n t s  o f  t h e  v o l u m e  o f  t h e  l i q u i d  a n d  t h e  v a p o r  

p r e s s u r e .  T h e  r e s u l t i n g  e n t h a l p y  i n c r e m e n t  c u r v e  

f o r  t h e  l i q u i d  i s  s h o w n  a s  a  f u l l  l i n e .

F o r  t h e  c r i t i c a l  p o i n t  a  v a l u e  o f  ( H T —  / / ° 298j s ) ff, 

t h e  s a t u r a t i o n  e n t h a l p y  r e f e r r e d  t o  t h e  s o l i d  i n  i t s  

s t a n d a r d  s t a t e  a t  2 9 8 ° K ,  w a s  e s t i m a t e d  f r o m  t h e  

e n t h a l p y  i n c r e m e n t s  b e l o w  9 1 0 ° K  a n d  d a t a  f o r  o t h e r  

s u b s t a n c e s .  T o  d o  t h i s ,  a  p l o t  o f  r e d u c e d  e n t h a l p y  

i n c r e m e n t s  f o r  b o t h  l i q u i d  a n d  v a p o r  vs. r e d u c e d  d e n s i t y  

w a s  c o n s t r u c t e d 21 f o r  s e v e r a l  s u b s t a n c e s :  A r ,  C 0 2, 

N H 3, a n d  H 20 .  T h e s e  f o r m e d  a  f a m i l y  o f  c u r v e s  t h a t  

w e r e  r e l a t i v e l y  c l o s e  t o g e t h e r  f o r  t h e  l i q u i d .  C o m p a r i 

s o n  o f  t h e  d a t a  f o r  H g C l 2 f r o m  a b o u t  8 5 0  t o  9 1 0 ° K  

w i t h  t h e  o t h e r  s u b s t a n c e s  l e d  t o  a  v a l u e  o f  2 3 . 8  k c a l /  

m o l e  f o r  ( H r  —  H ° 29g, s ) „  a t  t h e  c r i t i c a l  p o i n t .  T h i s  

i s  s h o w n  a s  a  c r o s s  a t  t h e  a p e x  o f  t h e  c u r v e  i n  F i g u r e  2 .

T h e  s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s  f o r  t h e  v a p o r  

f r o m  7 0 0  t o  9 1 0 ° K  w e r e  c a l c u l a t e d  f r o m  t h o s e  o f  t h e  

l i q u i d  a n d  t h e  e n t h a l p i e s  o f  v a p o r i z a t i o n  r e p o r t e d  

e a r l i e r . 6 A  f u l l  c u r v e  i s  u s e d  t o  r e p r e s e n t  t h e  v a l u e s  

f o r  t h e  v a p o r  i n  t h a t  r e g i o n .  T h i s  c u r v e  a n d  t h e  d a t a  

f o r  t h e  l i q u i d  w e r e  e x t r a p o l a t e d  t o  t h e  c r i t i c a l  p o i n t  i n  

s u c h  a  w a y  t h a t  t h e  d i f f e r e n c e  b e t w e e n  t h e  c u r v e s  w a s  

e q u a l  t o  t h e  e n t h a l p y  o f  v a p o r i z a t i o n  a n d  s o  t h a t  t h e  

c u r v e s  j o i n e d  a t  t h e  v a l u e  e s t i m a t e d  a b o v e  f o r  t h e  

c r i t i c a l  p o i n t .  T h e s e  e x t r a p o l a t i o n s  a r e  s h o w n  a s  

d a s h e d  c u r v e s  i n  F i g u r e  2 .

T h e  s a t u r a t i o n  e n t h a l p y  c u r v e  f o r  t h e  v a p o r  w a s  

e x t r a p o l a t e d  b e l o w  7 0 0 ° K  s o  t h a t  t h e  c u r v e  j o i n e d  

s m o o t h l y  w i t h  t h a t  f o r  t h e  i d e a l  v a p o r  s l i g h t l y  a b o v e  

t h e  b o i l i n g  p o i n t .

V a l u e s  f o r  t h e  s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s  o f  

l i q u i d  a n d  v a p o r  f r o m  7 0 0 ° K  t o  t h e  c r i t i c a l  p o i n t  a r e  

g i v e n  i n  T a b l e  I I I  w i t h  o t h e r  t h e r m o d y n a m i c  d a t a  i n  

t h a t  t e m p e r a t u r e  r a n g e .

Entropies and Free Energy Functions above 7 0 0 °K

T h e  e n t r o p i e s  o f  t h e  l i q u i d  a b o v e  7 0 0 ° K  u n d e r  s a t u 

r a t i o n  c o n d i t i o n s  w e r e  c a l c u l a t e d  b y  i n t e g r a t i n g  C a d  I n  

T  n u m e r i c a l l y  a t  1 0 °  i n t e r v a l s .  T h e  b a s e  p o i n t  w a s  

t h e  a b s o l u t e  e n t r o p y  a t  7 0 0  ° K  a s  e s t a b l i s h e d  a b o v e .  

T h e  v a l u e s  o f  C„ w e r e  t a k e n  f r o m  t h e  s l o p e s  o f  t h e  c u r v e s  

o f  m e a s u r e d  h e a t  e v o l v e d  u p  t o  9 1 0 ° K .  A b o v e  9 1 0 ° K ,  

t h e  s l o p e  o f  t h e  e x t r a p o l a t e d  e n t h a l p y  c u r v e  w a s  

d i m i n i s h e d  b y  t h e  q u a n t i t y  V(dp/dT)„  t o  o b t a i n  C„. 
T h e  v a l u e s  o f  C„ u s e d ,  a s  w e l l  a s  t h e  s a t u r a t i o n  e n t r o p i e s  

c a l c u l a t e d  f o r  t h e  l i q u i d ,  a r e  g i v e n  i n  T a b l e  I I I .

V a l u e s  f o r  t h e  s a t u r a t i o n  e n t r o p i e s  f o r  t h e  v a p o r  i n  

t h e  r a n g e  7 0 0  t o  9 7 2 ° K  w e r e  o b t a i n e d  b y  a d d i n g  t h e

(21) D a ta  for  these substances w ere taken  from  F . D in , “ T h e rm o 
dyn am ic F un ctions o f  G ases,”  V o l. 1 -3 , B u tterw orth  an d  C o . L td ., 
L on d on , 1961, 1962.
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Table III: Thermodynamic Functions for HgCh under Saturation Conditions to the Critical Point

T, H t  ~~ H ° 298,° S t ,

------ L iqu id ----------
-(O r -

cv , V , d p / d T , H t  — H °  298,“

------------------ Gas-

S t ,
-(ffr  -  

H °M s)/ T ,a V,
° K k ca l/m o le eu eu eu c c /m o le a tm /d e g k ca l/m o le eu eu cc /m o le

7 0 0 1 3 . 4 4 6 1 . 1 3 4 1 . 9 3 2 8 . 3 6 9 . 7 0 . 1 1 0 2 5 . 2 6 7 9 . 4 4 4 3 . 3 5
7 2 0 1 4 .0 1 6 1 . 9 3 4 2 . 4 7 2 8 . 5 7 1 . 1 0 . 1 3 5 2 5 . 7 7 7 8 . 2 6 4 2 . 4 7
7 4 0 1 4 . 5 9 6 2 . 7 2 4 3 . 0 0 2 8 . 8 7 2 . 5 0 .1 6 4 2 5 . 6 4 7 7 . 6 5 4 3 . 0 0
7 6 0 1 5 . 1 8 6 3 . 5 0 4 3 . 5 3 2 9 7 4 . 2 0 . 1 9 6 2 5 . 5 2 7 7 . 1 1 4 3 . 5 3 2 9 4 0
7 8 0 1 5 . 7 8 6 4 . 2 6 4 4 . 0 3 3 0 7 5 . 9 0 . 2 3 3 2 5 . 6 5 7 6 .9 1 4 3 . 0 3 2 3 2 0
8 0 0 1 6 . 3 9 6 5 . 0 2 4 4 . 5 4 31 7 7 . 9 0 . 2 7 3 2 5 . 7 0 7 6 . 6 6 4 4 . 5 3 1 8 4 0
8 2 0 1 7 . 0 2 6 5 . 8 4 5 . 0 31 8 0 . 2 0 . 3 1 7 2 5 .8 1 7 6 . 4 4 4 . 9 1 4 8 0
8 4 0 1 7 . 6 6 6 6 . 5 4 5 . 5 3 2 8 2 . 6 0 . 3 6 6 2 6 . 0 3 7 6 . 5 4 5 . 5 1 2 1 0
8 6 0 1 8 .3 1 6 7 . 3 4 6 . 0 3 3 8 5 . 6 0 . 4 1 8 2 6 . 1 2 7 6 . 4 4 6 . 0 9 8 0
8 8 0 1 9 . 0 0 6 8 . 1 4 6 . 5 3 5 8 8 . 9 0 . 4 7 5 2 6 . 2 7 7 6 . 3 4 6 . 4 8 0 7
9 0 0 1 9 . 7 6 8 . 8 4 6 . 9 3 7 9 3 . 1 0 . 5 3 6 2 6 . 3 7 6 . 2 4 7 . 0 6 5 8
9 2 0 2 0 . 5 6 9 . 7 4 7 . 4 3 9 9 8 . 5 0 .6 0 1 2 6 . 3 7 6 . 0 4 7 . 4 5 3 2
9 4 0 2 1 . 3 7 0 . 6 4 7 . 9 41 1 0 6 .1 0 . 6 7 0 2 6 . 1 7 5 . 6 4 7 . 8 4 1 9
9 6 0 2 2 . 4 7 1 . 7 4 8 . 4 6 8 1 2 0 0 . 7 4 4 2 4 . 6 7 5 . 1 4 8 . 4 3 0 7
9 7 2 2 3 . 8 7 3 4 8 . 5 1 4 0 2 3 . 8 7 3 4 8 . 5 1 4 0

(Critical
point)

° The reference state used for both liquid and vapor was the solid in its standard state at 298°K.

e n t r o p y  o f  e v a p o r a t i o n  t o  t h e  e n t r o p i e s  o f  t h e  l i q u i d .  

T h e  e n t r o p i e s  o f  e v a p o r a t i o n  w e r e  c a l c u l a t e d  f r o m  t h e  

e n t h a l p i e s  o f  e v a p o r a t i o n  f r o m  r e f  6  d i v i d e d  b y  t e m 

p e r a t u r e .

B e l o w  a b o u t  6 0 0 ° K  t h e  s a t u r a t i o n  e n t r o p i e s  w e r e  

c a l c u l a t e d  b y  s u b t r a c t i n g  R  I n  p ( v a p o r  p r e s s u r e  i n  

a t m o s p h e r e s )  f r o m  t h e  s t a n d a r d  e n t r o p i e s  o f  t h e  i d e a l

Figure 4. Absolute entropy for HgCl2 vapor and condensed 
phases. Upper curves refer to liquid; lower to condensed 
phases. Dot-dash curve is entropy of ideal vapor in 
standard state. Full and dashed curves present the 
entropy under saturation conditions, the dashed portion 
representing interpolated and extrapolated regions.

Figure 5. Energy departure from ideal 
gas values for several substances.

g a s  g i v e n  i n  t h e  “ J A N A F  T a b l e s . ”  T h e  r e s u l t s  a r e  

s h o w n  a s  a  f u l l  c u r v e  i n  F i g u r e  4 .  B e t w e e n  6 0 0  a n d  

7 0 0 ° K ,  t h e  t w o  c u r v e s  o f  s a t u r a t i o n  e n t r o p y  f o r  t h e  

v a p o r  w e r e  s m o o t h l y  j o i n e d  b y  t h e  d a s h e d  l i n e  s h o w n .
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G a s Imperfection Energy

T h e  q u a n t i t y  ( A ’r ldeal —  E TTeal) / T 0 f o r  t h e  g a s  i s  a  

f u n c t i o n  t h a t  d e p e n d s  o n l y  o n  r e d u c e d  p r o p e r t i e s  o f  

t h e  g a s  a n d  i s  a  m e a s u r e  o f  t h e  n e t  a t t r a c t i v e  e n e r g y  

b e t w e e n  t h e  m o l e c u l e s .  I t  w a s  c a l c u l a t e d  f o r  H g C l 2 

b y  t h e  s a m e  m e t h o d  t h a t  w a s  u s e d  f o r  B i C l 3 ( s e e  e q  

4  o f  r e f  4 ) .  T h e  v a l u e s  o b t a i n e d  f o r  ( ¿ ? r ldeal —  

E r rea1) / T o  f o r  H g C l 2 g a s  a r e  s h o w n  a s  a  f u n c t i o n  o f  r e 

d u c e d  t e m p e r a t u r e  c o m p a r e d  t o  s e v e r a l  o t h e r  s u b 

s t a n c e s 21 i n  F i g u r e  5.
T h e  c u r v e  f o r  m e r c u r i c  c h l o r i d e  i s  q u i t e  c l o s e  t o  

t h a t  f o r  c a r b o n  d i o x i d e .  T h i s  i s  n o t  s u r p r i s i n g  b e 

c a u s e  o f  t h e  s i m i l a r i t y  i n  t h e i r  m o l e c u l a r  s t r u c t u r e s —  

b o t h  a r e  l i n e a r  s y m m e t r i c a l  m o l e c u l e s  o f  p o i n t  g r o u p  

D „ h . F o r  b o t h  m o l e c u l e s  t h e  i n t e r m o l e c u l a r  i n t e r 

a c t i o n  e n e r g y  m u s t  a r i s e  p r i m a r i l y  f r o m  q u a d r u p o l e -  

q u a d r u p o l e  a t t r a c t i o n s .  O n  t h e  r e d u c e d  b a s i s  o f  

F i g u r e  5 ,  d i f f e r e n c e s  b e t w e e n  i n t e r a c t i o n  e n e r g i e s  f o r  

m o l e c u l e s  o f  t h e  s a m e  t y p e  a r e  s u p p r e s s e d ,  a n d  o n l y

q u a l i t a t i v e  d i f f e r e n c e s  b e t w e e n  t y p e s  o f  i n t e r m o l e c u 

l a r  p o t e n t i a l s  i n f l u e n c e  t h e  r e l a t i v e  s h a p e s  o f  t h e  c u r v e s .  

W a t e r  a n d  a m m o n i a  a r e  s e e n ,  o n  t h i s  b a s i s ,  t o  h a v e  

s i m i l a r  s h a p e s  t h a t  a r e  d i f f e r e n t  f r o m  t h e  f o r m  o f  t h e  

c a r b o n  d i o x i d e  a n d  m e r c u r i c  c h l o r i d e  c u r v e s .  T h e  

c u r v e  f o r  B i C l 3 h a s  a p p r o x i m a t e l y  t h e  s a m e  s h a p e  a s  

t h e  H 20  a n d  N H 3 c u r v e s  b u t  i s  d i s p l a c e d  d o w n w a r d .  

T h e i r  s i m i l a r i t y  p r o b a b l y  o r i g i n a t e s  i n  t h e  f a c t  t h a t  

t h e s e  t h r e e  m o l e c u l e s  a r e  d i p o l a r .  T h e  d i s p l a c e m e n t  

p r o b a b l y  a r i s e s  b e c a u s e  H 20  a n d  N H 3 a r e  h y d r o g e n  

b o n d e d ,  w h i l e  B i C l 3 i s  n o t .  M o r e  d e t a i l e d  c o n s i d e r a 

t i o n  o f  t h e  r e l a t i o n  b e t w e e n  t h e  n a t u r e  o f  i n t e r m o l e c u l a r  

p o t e n t i a l s  a n d  p l o t s  o f  t h e  t y p e  o f  F i g u r e  5  s h o u l d  

p r o b a b l y  b e  m a d e  f r o m  s t a t i s t i c a l - t h e r m o d y n a m i c  

c o n s i d e r a t i o n s .

Acknowledgment. T h e  X - r a y  s e a r c h  f o r  a  c h a n g e  

i n  s t r u c t u r e  o f  s o l i d  H g C l 2 i n  t h e  n e i g h b o r h o o d  o f  4 2 8 ° K  
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T h e  b i n d i n g  o f  a , t o - p o l y m e t h y l e n e b i s p y r i d i n i u m  b o l a f o r m  c a t i o n s  t o  p a r t i a l l y  n e u t r a l i z e d  

p o l y ( a c r y l i c  a c i d ) ,  a s  w e l l  a s  i s o t a c t i c  a n d  s y n d i o t a c t i c  p o l y ( m e t h a c r y l i e  a c i d )  w a s  s t u d i e d  

b y  a  d i a l y s i s  e q u i l i b r i u m  t e c h n i q u e .  T h e  v a r i a b l e s  e x p l o r e d  i n c l u d e d  t h e  c o n c e n t r a t i o n  o f  

p o l y i o n s  a n d  b o l i o n s ,  t h e  s p a c i n g  o f  t h e  c h a r g e s  o n  t h e  b o l i o n s ,  t h e  d e g r e e  o f  i o n i z a t i o n  

o f  t h e  p o l y m e r i c  a c i d ,  a n d  t h e  c o n c e n t r a t i o n  o f  a d d e d  u n i - u n i v a l e n t  s a l t .  T h e  b i n d i n g  o f  

M g 2 +  b y  t h e  p o l y i o n s  d i f f e r s  m o s t  s t r i k i n g l y  f r o m  t h e  b i n d i n g  o f  t h e  b o l i o n s  i n  i t s  m u c h  

l o w e r  s e n s i t i v i t y  t o  t h e  c o n c e n t r a t i o n  o f  a d d e d  u n i - u n i v a l e n t  e l e c t r o l y t e .

I t  i s  c o m m o n l y  o b s e r v e d  t h a t  c o u n t e r i o n s  i n  s o l u 

t i o n s  o f  p o l y e l e c t r o l y t e s  h a v e  u n u s u a l l y  l o w  a c t i v i t y  

c o e f f i c i e n t s .  S e v e r a l  f a c t o r s  c o n t r i b u t e  t o  t h i s  e f f e c t .  

P a r t  o f  t h e  i n a c t i v a t i o n  m a y  b e  a s c r i b e d  t o  l o n g - r a n g e  

e l e c t r o s t a t i c  f o r c e s  w h i c h  a r e ,  o f  c o u r s e ,  p a r t i c u l a r l y  

p o w e r f u l  i n  s y s t e m s  c o n t a i n i n g  p o l y i o n s  w i t h  h i g h  

c h a r g e  d e n s i t i e s .  A n o t h e r  p a r t  i s  a  c o n s e q u e n c e  o f  

i o n - p a i r  f o r m a t i o n  o f  c o u n t e r i o n s  w i t h  i o n i z e d  g r o u p s

c a r r i e d  b y  t h e  p o l y i o n  o r  t h e  f o r m a t i o n  o f  c o m p l e x  

i o n s ,  f r e q u e n t l y  c o n s i d e r e d  t o g e t h e r  u n d e r  t h e  t e r m  o f  

“ s i t e  b i n d i n g . ”  T h e s e  p h e n o m e n a  h a v e  b e e n  f u l l y

(1 ) A bstracted  from  a  d octora l d issertation  su bm itted  b y  A . Y . 
K an da n ian  t o  the G raduate  S ch oo l, P o ly tech n ic  In stitu te  o f  B rook 
ly n , June 1964. W e  are gratefu l fo r  a  fe llow sh ip  received  b y  A . Y . 
K an da n ian  from  th e  A m erican  M ach in e  an d  F ou n d ary  C o . and  
fo r  financial assistance o f  th is  w ork  b y  G ran t G M -05 811  o f  the 
N a tion a l Institu tes o f  H ealth .
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d i s c u s s e d , 2’ 3 a n d  L y o n s  a n d  K o t i n 4 h a v e  r e c e n t l y  c o n 

s i d e r e d  t h e  p r o b l e m  o f  h o w  l o n g - r a n g e  e l e c t r o s t a t i c  

i n t e r a c t i o n s  a n d  s i t e  b i n d i n g  m a y  b e  d i f f e r e n t i a t e d  

f r o m  e x p e r i m e n t a l  d a t a .  F r e q u e n t l y ,  s u c h  a  d i s t i n c 

t i o n  c a n n o t  b e  m a d e  u n a m b i g u o u s l y ,  b u t  a  q u a n t i t a 

t i v e  m e a s u r e  o f  s i t e  b i n d i n g  c a n  b e  o b t a i n e d  f o r  t h e  

i n t e r a c t i o n  o f  t r a n s i t i o n  m e t a l  c a t i o n s  w i t h  a  p o l y -  

c a r b o x y l i c  a c i d ,  w h e r e  c o m p l e x  f o r m a t i o n  i s  e v i d e n c e d  

b y  c h a r a c t e r i s t i c  c h a n g e s  i n  t h e  a b s o r p t i o n  s p e c t r u m 6 

a n d  i n  t h e  t i t r a t i o n  c u r v e . 5® '6 I t  c a n  a l s o  b e  d e m o n 

s t r a t e d  b y  d i a l y s i s  e q u i l i b r i u m  m e a s u r e m e n t s  u n d e r  c o n 

d i t i o n s  w h e r e  a  s i m p l e  e l e c t r o l y t e ,  w h i c h  d o e s  n o t  

p a r t i c i p a t e  i n  c o m p l e x  f o r m a t i o n ,  i s  i n  l a r g e  e x c e s s  o v e r  

t h e  p o l y e l e c t r o l y t e . 5b

I n  t h e  p r e s e n t  s t u d y  w e  h a v e  u s e d  t h e  d i a l y s i s  e q u i 

l i b r i u m  t e c h n i q u e  t o  d e t e r m i n e  t h e  a s s o c i a t i o n  o f  t h e  

d o u b l y  c h a r g e d  s p e c i e s  P 2 ,  P 3 ,  P 4 ,  P 1 0 ,  a n d  P X  w i t h  

p a r t i a l l y  i o n i z e d  p o l y ( a c r y l i c  a c i d )  a n d  w i t h  p o l y -  

( m e t h a c r y l i c  a c i d )  s a m p l e s  o f  d i f f e r e n t  s t e r e o r e g u l a r i t y .

n—2 , 3 , 4 , 1 0  

(P2, P3,P4, P10)

PX

Q

S u c h  s p e c i e s ,  i n  w h i c h  t w o  i o n i c  c h a r g e s  a r e  s e p a r a t e d  

b y  s e v e r a l  u n c h a r g e d  a t o m s  h a v e  b e e n  d e s i g n a t e d  a s  

“ b o l a f o r m  i o n s ” 7 ( o r  b o l i o n s ) ,  a n d  i t  s e e m s  t h a t  t h e i r  

i n t e r a c t i o n  w i t h  p o l y i o n s  h a s  b e e n  i n v e s t i g a t e d  p r e 

v i o u s l y  o n l y  b y  E h r e n p r e i s  a n d  h i s  c o l l a b o r a t o r s , 8 9 w h o  

r e p o r t e d  o n  t h e  f o r m a t i o n  o f  i n s o l u b l e  c o m p l e x e s  w h e n  

c e r t a i n  b o l a f o r m  c a t i o n s  w e r e  a d d e d  t o  s o l u t i o n s  o f  

a c i d i c  p o l y s a c c h a r i d e s .  T h i s  w o r k  s u g g e s t e d  t h a t  

c o m p l e x  f o r m a t i o n  m a y  d e p e n d  c r i t i c a l l y  o n  a  c o r r e 

s p o n d e n c e  o f  t h e  s p a c i n g  o f  t h e  c h a r g e s  i n  t h e  p o l y i o n  

a n d  t h e  b o l a f o r m  c o u n t e r i o n  b u t  c h a n g e s  i n  s o l u b i l i t y  

a r e  k n o w n  t o  b e  a  r a t h e r  u n r e l i a b l e  c r i t e r i o n  o f  c o u n t e r 

i o n  b i n d i n g  b y  p o l y i o n s . 2,9 T h e  p r e s e n t  s t u d y  e m 

p l o y e d ,  t h e r e f o r e ,  t h e  d i a l y s i s  e q u i l i b r i u m  m e t h o d  t o  

g i v e  a n  u n a m b i g u o u s  m e a s u r e  o f  t h e  e x t e n t  o f  s i t e 

b i n d i n g  o f  b o l a f o r m  c o u n t e r i o n s .

Experim ental Section

Preparation of Bispyridinium Salts. T h e  s y n t h e s i s  

o f  t h e  b i s p y r i d i n i u m  s a l t s  m a y  b e  e x e m p l i f i e d  b y  t h e  

p r o c e d u r e  u s e d  f o r  l , l ' - e t h y l e n e b i s p y r i d i n i u m  b r o m i d e .  

T w o  g r a m s  o f  d r y  e t h y l e n e  b r o m i d e  w a s  h e a t e d  a t  5 0 °  

f o r  1 0  m i n  w i t h  a n  e x c e s s  o f  f r e s h l y  d i s t i l l e d  p y r i d i n e .  

T h e  b i s p y r i d i n i u m  s a l t  p r e c i p i t a t e d  a n d  w a s  c o l l e c t e d  

o n  a  B ü c h n e r  f u n n e l .  I t  w a s  r e c r y s t a l l i z e d  t w i c e  f r o m  

9 5 %  e t h a n o l  a n d  d r i e d  a t  9 5 °  a t  a  p r e s s u r e  o f  2  m m .

T h e  o t h e r  s a l t s  w e r e  p r e p a r e d  i n  t h e  s a m e  m a n n e r  

u s i n g  t h e  a p p r o p r i a t e  a , c o - d i b r o m i d e s .  T h e  m e l t i n g  

p o i n t s  o f  t h e  d i b r o m i d e s  w e r e :  P 2 ,  2 9 0 °  ( l i t . 10 2 9 5 ° ) ;  

P 3 ,  2 4 0 °  ( l i t . 11 2 4 2 . 5 ° ) ;  P 4 ,  2 3 7 °  ( l i t . 11’ 12 2 3 7 - 2 3 9 ° ) ;  

P 1 0 , 1 9 6 °  ( l i t . 1 1 1 9 6 . 5 - 1 9 8 ° ) ;  P X , 2 8 0 °  ( l i t . 1 3 2 8 1 - 2 8 2 ° ) .  

I n  a d d i t i o n ,  / 3 - p h e n y l e t h y l p y r i d i n i u m  ( Q )  b r o m i d e  w a s  

p r e p a r e d  t o  s e r v e  a s  a  s i n g l y  c h a r g e d  a n a l o g  o f  P 2 .  I t  

h a d  a  m e l t i n g  p o i n t  o f  1 2 5 °  ( l i t . 1 4 1 2 5 - 1 2 6 ° ) .  B r o m i n e  

a n a l y s e s  f o r  t h e  s i x  s a l t s  w e r e  ( t h e o r e t i c a l  v a l u e s  i n  

p a r e n t h e s e s ) :  4 6 . 2 5 %  ( 4 6 . 1 8 ) ,  4 4 . 4 5 %  ( 4 4 . 3 8 ) ,  4 2 . 5 6 %  

( 4 2 . 7 2 ) ,  3 4 . 8 2 %  ( 3 4 . 9 1 ) ,  3 7 . 7 7 %  ( 3 7 . 8 8 ) ,  a n d  3 0 . 0 4 %  

( 3 0 . 2 8 ) .

Polymeric Acids. F r e s h l y  d i s t i l l e d  a c r y l i c  a c i d  w a s  

p o l y m e r i z e d  t o  a  3 0 %  c o n v e r s i o n  i n  b u t a n o n e  s o l u t i o n  

( 1 5 %  b y  w t  o f  m o n o m e r )  a t  6 0 °  u s i n g  a z o b i s i s o b u t y r o -  

n i t r i l e  i n i t i a t o r .  T h e  p o l y m e r  w a s  p u r i f i e d  b y  e x 

t e n s i v e  d i a l y s i s  i n  b a g s  o f  r e g e n e r a t e d  c e l l u l o s e  ( F i s h e r  

S c i e n t i f i c  C o . ) ,  u n t i l  t h e  d i a l y z a t e  w a s  n e u t r a l .  I t  

w a s  t h e n  f r e e z e  d r i e d  f o r  s t o r a g e .  S y n d i o t a c t i c  p o l y -  

( m e t h a c r y l i c  a c i d )  ( s - P M A )  w a s  p r e p a r e d  b y  i r r a d i a t 

i n g  a  m i x t u r e  o f  1 5  m l  o f  g l a c i a l  m e t h a c r y l i c  a c i d  a n d  

3 0  m l  o f  d r y  m e t h a n o l  w i t h  1 0  M r a d s  o f  y  r a y s  f r o m  a  

C o 60 s o u r c e  a t  — 7 8 ° .  I s o t a c t i c  p o l y ( m e t h a c r y l i c  

a c i d )  ( i - P M A )  w a s  d e r i v e d  f r o m  p o l y ( m e t h y l  m e t h 

a c r y l a t e )  p r e p a r e d  b y  n - b u t y l l i t h i u m - c a t a l y z e d  p o l y 

m e r i z a t i o n  o f  m e t h y l  m e t h a c r y l a t e  i n  t o l u e n e  s o l u t i o n  a t  

— 7 8 ° .  T h e  p o l y ( m e t h y l  m e t h a c r y l a t e )  w a s  d i s s o l v e d  

i n  c o l d  9 6 %  s u l f u r i c  a c i d  a n d  w a r m e d  f o r  3 0  m i n  t o  6 0 ° .  

A f t e r  c o o l i n g ,  t h e  s o l u t i o n  w a s  p o u r e d  s l o w l y  i n t o  a  

1 0 0 - f o l d  e x c e s s  o f  w a t e r ,  p r e c i p i t a t i n g  t h e  p o l y m e r ,  

w h i c h  w a s  p u r i f i e d  b y  w a s h i n g  a n d  p r o l o n g e d  d i a l y s i s

(2 ) H , M ora w etz , Fortschr. H ochpolym er. Forsch., 1, 1 (1958).
(3 ) S. A . R ice  and  M . N agasaw a, “ P o lye lectro ly te  S o lu tion s,”  
A ca d em ic  Press In c ., N ew  Y o rk , N . Y ., 1961, C hapters 5 and  9.
(4 ) J. W . L y o n s  and  L . K o tin , J. A m . Chem. Soc., 87 , 1670 (1965).
(5 ) (a ) F . T . W all and S. J. G ill, J. P h ys . Chem., 58, 1128 (1 9 5 4 ); 
(b ) A . M . K o t lia r  an d  H . M ora w etz , J. A m . Chem. Soc., 77 , 3692 
(1 955 ); (c ) H . M ora w etz , J. P o lym er Sei., 17, 442 (1 955 ); (d ) H . 
M oraw etz  and  E . Sam m ak, J. P h ys . Chem ., 61 , 1357 (1957).
(6 ) (a ) H . P . G regor, L . B . L uttin ger, an d  E . M . L oeb l, ibid., 59, 
34 (1 955 ); (b ) M . M a n d el and J. C . L eyte , / .  P olym er Sei., A 2 ,2883, 
3771 (1964).

(7 ) O . V . B ro d y  and  R . M . F uoss, J. P h ys. Chem., 60 , 156 (1 9 5 6 ).
(8) (a ) S. E hrenpreis and M . M . F ishm an, Biochem . B iop h ys . A cta ’ 
44, 577 (1960); (b ) S. E hrenpreis and  M . G . K elloek , ibid., 45, 525 
(1960).
(9 ) U . P . Straus, D . W oodsid e , and P . W in em an , J. P h y s . Chem., 
61, 1353 (1957).
(10) J. A . G autier and J. R enau lt, Compt. Rend., 225, 682 (1947).
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2040 (1950).
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A s s o c i a t i o n  o p  B i s p y r i d i n i u m  C a t i o n s  w i t h  P o l y c a r b o x y l i c  A c id s 2997

( t h e  u n - i o n i z e d  i s o t a c t i c  p o l y m e r i c  a c i d  i s  i n s o l u b l e  i n  

w a t e r ) .  T h e  c o m p l e t i o n  o f  t h e  h y d r o l y t i c  p r o c e s s  

w a s  c h e c k e d  b y  i n f r a r e d  s p e c t r o s c o p y  o f  t h e  n e u t r a l i z e d  

p o l y m e r i c  a c i d ,  w h i c h  s h o w e d  n o  a b s o r p t i o n  a t  1 7 3 0  

c m - 1 .

T h e  s t e r e o r e g u l a r i t y  o f  t h e  i s o t a c t i c  p o l y ( m e t h y l  

m e t h a c r y l a t e )  w a s  c h a r a c t e r i z e d  b e f o r e  h y d r o l y s i s  b y  

t h e  h i g h - r e s o l u t i o n  n m r  m e t h o d  o f  B o v e y  a n d  T i e r s ; 15 

i t  w a s  f o u n d  t o  c o n t a i n  9 0 %  o f  i s o t a c t i c  t r i a d s .  T h e  

s y n d i o t a c t i c  p o l y ( m e t h a c r y l i c  a c i d )  w a s  m e t h y l a t e d  

w i t h  d i a z o m e t h a n e 16 t o  o b t a i n  a  s a m p l e  s u i t a b l e  f o r  

n m r  a n a l y s i s .  I t  w a s  f o u n d  t o  c o n t a i n  8 5 %  o f  s y n 

d i o t a c t i c  t r i a d s .

Determination of Dialysis Equilibria. S o l u t i o n s  w e r e  

p r e p a r e d  c o n t a i n i n g  p a r t i a l l y  n e u t r a l i z e d  p o l y a c i d  

w i t h  t h e  d e s i r e d  c o n c e n t r a t i o n s  o f  s o d i u m  b r o m i d e  a n d  

t h e  s a l t  o f  a  c a t i o n  w h o s e  i n t e r a c t i o n  w i t h  t h e  p o l y 

a n i o n  w a s  t o  b e  s t u d i e d .  T h i s  s o l u t i o n  ( 1 0  m l )  w a s  

p l a c e d  i n s i d e  a  d i a l y s i s  t u b e  ( F i s h e r  S c i e n t i f i c  C o .  r e 

g e n e r a t e d  c e l l u l o s e ) ; t h e  t u b e  w a s  l o o p e d  a n d  p l a c e d  

i n  a  b o t t l e  w i t h  b o t h  e n d s  o f  t h e  t u b e  h a n g i n g  o v e r  t h e  

r i m .  T h e  b o t t l e  c o n t a i n e d  5 0  m l  o f  a  s o d i u m  b r o m i d e  

s o l u t i o n  o f  t h e  s a m e  c o n c e n t r a t i o n  a s  t h e  i n s i d e  o f  t h e  

d i a l y s i s  t u b e  a n d  t h e  l e v e l s  o f  t h e  t w o  s o l u t i o n s  w e r e  

e s s e n t i a l l y  i d e n t i c a l .  T h e  s t o p p e r e d  b o t t l e s  w e r e  t h e r -  

m o s t a t e d  a t  2 4  ±  1 °  a n d  s h a k e n  o n c e  a  d a y .  A b o u t  

4  d a y s  w a s  r e q u i r e d  t o  a t t a i n  e q u i l i b r i u m .  T h e  c o n 

c e n t r a t i o n s  o f  t h e  b i s p y r i d i n i u m  i o n s  i n s i d e  a n d  o u t s i d e  

t h e  d i a l y s i s  b a g  w e r e  d e t e r m i n e d  b y  o p t i c a l  d e n s i t y  

m e a s u r e m e n t s  a t  2 5 9  m g ,  w h e r e  t h e  m o l a r  e x t i n c t i o n  

c o e f f i c i e n t  w a s  f o u n d  t o  b e  4 7 0 0  p e r  p y r i d i n i u m  r e s i d u e .  

T h e  c o n c e n t r a t i o n  o f  t h e  b o l i o n  i n  t h e  d i a l y s a t e  w a s  

d e s i g n a t e d  ( B o l f 2 + ) ,  e q u a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  

f r e e  b o l i o n s .  T h e  b o u n d  b o l i o n  c o n c e n t r a t i o n  ( B o l b 2 + )  

w a s  o b t a i n e d  a s  t h e  d i f f e r e n c e  i n  t h e  c o n c e n t r a t i o n s  i n 

s i d e  a n d  o u t s i d e  t h e  d i a l y s i s  t u b e .  T h e  c h e m i c a l  

s t a b i l i t y  o f  t h e  b i s p y r i d i n i u m  s a l t s  w a s  c h e c k e d  b y  

k e e p i n g  a  s o l u t i o n  o f  P 2  f o r  1 9 2  h r  a t  p H  1 0 . 2  a n d  2 5 ° .  

S i n c e  H o f f m a n n  d e g r a d a t i o n  w i t h  l i b e r a t i o n  o f  f r e e  

p y r i d i n e  w o u l d  l e a d  t o  a  6 0 %  r e d u c t i o n  i n  t h e  o p t i c a l  

d e n s i t y ,  t h e  a b s e n c e  o f  a n y  c h a n g e  i n  t h e  a b s o r b a n c e  o f  

t h e  s o l u t i o n  w a s  t a k e n  a s  p r o o f  t h a t  d e g r a d a t i o n  w a s  

n e g l i g i b l e  e v e n  i n  s o l u t i o n s  m u c h  m o r e  b a s i c  t h a n  t h o s e  

e m p l o y e d  i n  t h e  d i a l y s i s  e x p e r i m e n t s .  A d s o r p t i o n  o f  

t h e  b i s p y r i d i n i u m  s a l t s  o n  t h e  d i a l y s i s  m e m b r a n e  w a s  

n e g l i g i b l e  a n d  s a t i s f a c t o r y  m a t e r i a l  b a l a n c e s  w e r e  o b 

t a i n e d  f r o m  c o n c e n t r a t i o n s  d e t e r m i n e d  i n s i d e  a n d  o u t 

s i d e  t h e  d i a l y s i s  t u b e .

I n  e x p e r i m e n t s  i n  w h i c h  t h e  d i a l y s i s  e q u i l i b r i u m  o f  

M g 2 +  w a s  i n v e s t i g a t e d ,  t h e  m a g n e s i u m  c o n c e n t r a t i o n  

w a s  d e t e r m i n e d  s p e c t r o s c o p i c a l l y  a s  t h e  c o m p l e x  w i t h  

e r i o c h r o m e  b l a c k  T . 17

R esu lts and D iscussion

O v e r  t h e  r a n g e  o f  t h e  e x p e r i m e n t a l  c o n d i t i o n s  s t u d 

i e d ,  t h e  r a t i o  r  =  ( B o l b 2 + ) / ( B o l f 2 + )  o f  b o u n d  f r e e  

b o l i o n s  w a s  f o u n d  t o  b e  i n d e p e n d e n t  o f  t h e  s t o i c h i o 

m e t r i c  b o l i o n  c o n c e n t r a t i o n .  T h i s  i s  i l l u s t r a t e d  i n  

F i g u r e  1 f o r  s o l u t i o n s  c o n t a i n i n g  P 2  a n d  h a l f - n e u t r a l i z e d  

p o l y  ( a c r y l i c  a c i d )  ( P A A ,  a = 0 . 5 )  a n d  w o u l d  b e  e x 

p e c t e d  a s  l o n g  a s  t h e  c o n c e n t r a t i o n  o f  t h e  a n i o n i c  s i t e s  

a t t a c h e d  t o  t h e  p o l y m e r  c h a i n s  i s  i n  l a r g e  e x c e s s  o v e r  

t h e  c o n c e n t r a t i o n  o f  t h e  b o l i o n s .  S i m i l a r  s e r i e s  i n  

w h i c h  t h e  P A A  c o n c e n t r a t i o n  w a s  v a r i e d  a t  a  c o n s t a n t  

d e g r e e  o f  n e u t r a l i z a t i o n  o f  t h e  p o l y m e r i c  a c i d  s h o w e d  

t h a t  r  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  p o l y 

a n i o n s  ( s e e  T a b l e  I ) ,  i n d i c a t i n g  t h a t  t h e  c h a i n  m o l e 

c u l e s  a c t  a s  a d s o r p t i o n  s i t e s  w h i c h  a r e  i n d e p e n d e n t  o f  

e a c h  o t h e r .  T h e  d e p e n d e n c e  o f  r o n  t h e  s p a c i n g  o f  t h e  

c a t i o n i c  g r o u p s  i n  t h e  b o l i o n s  i s  s h o w n  i n  F i g u r e  2  f o r  

t h e  b i n d i n g  t o  h a l f - n e u t r a l i z e d  0 . 0 2  N  p o l y a c i d s  i n  t h e  

p r e s e n c e  o f  0 . 0 2  N  N a B r .  I t  i s  s t r i k i n g  h o w  t h e  t h r e e  

p o l y m e r i c  a c i d s  d i f f e r  f r o m  o n e  a n o t h e r ,  w i t h  t h e  i s o 

t a c t i c  P M A  l e s s  e f f i c i e n t  a n d  t h e  s y n d i o t a c t i c  P M A  

m o r e  e f f i c i e n t  t h a n  P A A  i n  i t s  b i n d i n g  o f  t h e  b o l a f o r m  

c o u n t e r i o n s .  O n l y  w i t h  P A A  d o e s  t h e  b i n d i n g  c l e a r l y  

d e c r e a s e  w i t h  i n c r e a s i n g  s e p a r a t i o n  o f  t h e  c h a r g e s  o f  

t h e  b o l i o n s ;  w i t h  i - P M A  t h e  d e p e n d e n c e  o n  c h a r g e  

s e p a r a t i o n  i s  v e r y  s m a l l  a n d  w i t h  s - P M A  t h e  a f f i n i t y  

f o r  t h e  d o u b l y  c h a r g e d  c a t i o n s  a c t u a l l y  i n c r e a s e s  

s l i g h t l y  w i t h  i n c r e a s i n g  s e p a r a t i o n  o f  t h e i r  t w o  c h a r g e s .  

T h e  b e h a v i o r  o f  P A A  i s  t h e  o n e  t o  b e  e x p e c t e d  o n  e l e c 

t r o s t a t i c  g r o u n d s ;  w i t h  P M A  i t  m a y  b e  a s s u m e d  t h a t  

h y d r o p h o b i c  b o n d i n g  i s  a n  a d d i t i o n a l  f a c t o r  a n d  t h i s  

w o u l d  b e c o m e  m o r e  i m p o r t a n t  a s  t h e  l e n g t h  o f  t h e  h y 

d r o c a r b o n  c h a i n  b e t w e e n  t h e  t w o  p y r i d i n i u m  r e s i d u e s

io4 ( bol**i

Figure 1. Equilibrium between bound and free P2 
bolions in 0.01 N PAA at a degree of ionization 
a = 0.5 and in the presence of 0.02 N  NaBr.

(15) F . A . B o v e y  and G . V . D . T iers, J. P olym er Sci,, 44 , 173 (1960).
(16) A . K a tch a lsk y  and  H . E isenberg, ibid., 6 , 145 (1951).
(17) A . Y o u n g  and T . R . Sweet, A nal. Chem., 27 , 418 (1955).
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No, of carbon atoms between 
cationic charges

Figure 2. Dependence of the binding ratio r on the 
spacing of the cationic charges of bolions P2, P3, P4, PX, 
and P10. Polymeric acid concentration 0.02 N\ degree 
of ionization a = 0.5; NaBr concentration 0.02 AT).

i s  b e i n g  e x t e n d e d .  T h e  d e p e n d e n c e  o f  t h e  s i t e - b i n d i n g  

e f f i c i e n c y  o n  t h e  s t e r e o i s o m e r i s m  o f  t h e  c h a i n  i s  d i f f i c u l t  

t o  i n t e r p r e t .  I t  s h o u l d  b e  n o t e d ,  i n  a n y  c a s e ,  t h a t  t h e  

b o l i o n  P X ,  i n  w h i c h  t h e  s p a c i n g  o f  t h e  p y r i d i n i u m  r e s i 

d u e s  i s  s i m i l a r  t o  t h a t  t o  b e  e x p e c t e d  f r o m  1 , 6 - h e x a -  

m e t h y l e n e b i s p y r i d i n i u m ,  i s  b o u n d  m o r e  t i g h t l y  t o  a l l  o f  

t h e  p o l y a n i o n s  t h a n  e x p e c t e d  o n  t h e  b a s i s  o f  i t s  c h a r g e  

s e p a r a t i o n .  T h i s  m a y  b e  a c c o u n t e d  f o r  b y  t h e  r i g i d i t y  

o f  t h e  P X  s t r u c t u r e ,  w h i c h  r e d u c e s  t h e  l o s s  o f  e n t r o p y  

w h e n  t h e  t w o  c a t i o n i c  c e n t e r s  a r e  r e s t r a i n e d  t o  l i e  c l o s e  

t o  t w o  i o n i z e d  g r o u p s  o f  t h e  p o l y a n i o n s .  T h e  e x t e n t  

t o  w h i c h  h y d r o p h o b i c  b o n d i n g  c o n t r i b u t e s  t o  t h e  b i n d 

i n g  o f  P X  m a y  b e  a s s e s s e d  f r o m  r e s u l t s  o b t a i n e d  w i t h  i t s  

s i n g l y  c h a r g e d  a n a l o g  Q .  U n d e r  c o n d i t i o n s  c o m p a r a b l e  

t o  t h o s e  i l l u s t r a t e d  i n  F i g u r e  2 ,  t h e  b i n d i n g  r a t i o  r f o r  

Q  i s  0 . 3 8  w i t h  s - P M A  a n d  0 . 2 6  w i t h  P A A .

I t  w o u l d  b e  e x p e c t e d  t h a t  a n  i n c r e a s e  i n  t h e  c o n c e n 

t r a t i o n  o f  a d d e d  s o d i u m  b r o m i d e  w o u l d  r e d u c e  t h e  e x -

Table I: The Dependence of P2 Binding to Half-Neutralized 
PAA on the Normality of Carboxylate Groups Carried 
by the Polymer Acid (Cpa)

C N a B r C pa r r /C p a

0 . 0 2 0 . 0 2 8 . 0 3 4 0 1
0 . 0 2 0 . 0 1 4 . 5 8 4 5 8
0 . 0 2 0 . 0 0 5 2 . 2 7 4 5 4
0 . 0 4 0 . 0 2 3 . 2 9 1 6 4
0 . 0 4 0 . 0 1 1 . 5 5 1 5 5
0 . 0 4 0 . 0 0 5 0 . 8 0 1 6 0
0 . 0 6 0 . 0 2 1 . 0 2 51
0 . 0 6 0 . 0 1 0 . 8 0 8 0
0 . 0 6 0 . 0 0 5 0 . 4 0 8 0

t e n t  o f  b i n d i n g  o f  t h e  b i s p y r i d i n i u m  i o n s .  T h e  d e 

p e n d e n c e  o f  t h e  b i n d i n g  r a t i o  r o n  t h e  t o t a l  N a +  c o n 

c e n t r a t i o n  ( f r o m  t h e  n e u t r a l i z a t i o n  o f  t h e  p o l y a c i d  a n d  

f r o m  t h e  a d d e d  s a l t )  w a s  f o u n d  t o  b e  o f  a  v e r y  s i m p l e  

f o r m ,  w i t h  r ( N a + ) 2 h a v i n g  a  n e a r l y  c o n s t a n t  v a l u e  f o r  

a n y  g i v e n  p o l y a c i d ,  d e g r e e  o f  n e u t r a l i z a t i o n ,  a n d  b o l a -  

f o r m  c o u n t e r i o n .  T h i s  g e n e r a l i z a t i o n  i s  i l l u s t r a t e d  i n  

T a b l e  I I  o n  t h e  b i n d i n g  o f  P 2  a n d  P X  b y  t h e  h a l f -  

i o n i z e d  p o l y m e r i c  a c i d s .  I t  s u g g e s t s  t h a t  t h e  n u m b e r  

o f  c o u n t e r c h a r g e s  s i t e - b o u n d  n e a r  t h e  i o n i z e d  g r o u p s  

o f  t h e  p o l y i o n  i s  i n d e p e n d e n t  o f  w h e t h e r  t h e s e  c h a r g e s  

b e l o n g  t o  u n i v a l e n t  i o n s  o r  t o  b o l i o n s .  T h e  e q u i l i b r i u m  

o f  t h i s  p r o c e s s  m a y ,  t h e r e f o r e ,  b e  r e p r e s e n t e d  b y

B o l f 2 +  +  ( N a b + ) 2 B o l b 2 +  +  2 N a f +  ( 1 )

W e  a r e  r e p r e s e n t i n g  h e r e  t h e  b o u n d  s o d i u m  i o n  a s  

( X a b +)'2 t o  e m p h a s i z e  t h a t  o n  b i n d i n g  o f  a  b o l i o n  t w o  

N a +  i o n s  a r e  r e l e a s e d  f r o m  s i t e  b i n d i n g  t o  t h e  s a m e  

m a c r o m o l e c u l e .  W e  s h o u l d  n o t e  t h a t  i n  t h e  p r o c e s s  

r e p r e s e n t e d  b y  e q  1 t h e  c h a r g e  o f  t h e  p o l y i o n  w i t h  t h e  

s i t e - b o u n d  c o u n t e r i o n s  r e m a i n s  u n c h a n g e d .  T h i s  c o n 

c l u s i o n  i s  s u p p o r t e d  e x p e r i m e n t a l l y  b y  t h e  o b s e r v a t i o n

Table II: Dependence of the Binding of P2 and PX by 
Half-Ionized 0.02 N  Polymeric Acids on the 
Concentration of Na+ Counterions

B o lio n P o ly m e r (N a + ) ,  N r 1 0 V (N a +)2 1 0 4r ( N a f + ) 2

P2 PAA 0.03 4.58 41,2 28.6
0.05 1.55 38.8 31.4
0.07 0.80 39.2 33.8

P2 i-PMA 0.03 3.02 27.2 18.9
0.05 0.88 22.0 17.8
0.07 0.40 19.6 16.9

P2 s-PMA 0.03 4.15 37.4 25.9
0.05 1.52 38.0 30.8
0.07 0.73 35.8 30.8

PX PAA 0.03 3.85 34.7 24.1
0.05 1.32 33.0 26.7
0.07 0.73 35.8 30.8

PX i-PMA 0.03 3.34 30.1 20.9
0.05 1.04 26.0 21.1
0.07 0.53 26.0 22.4

PX s-PMA 0.03 7.45 67.0 46.6
0.05 3.03 75.7 61.2
0.07 1.46 71.5 61.7

t h a t  a d d i t i o n  o f  s m a l l  a m o u n t s  o f  b o l i o n  s a l t s  t o  p a r 

t i a l l y  i o n i z e d  p o l y c a r b o x y l i c  a c i d s  d o e s  n o t  l e a d  t o  a n  

a p p r e c i a b l e  d r o p  o f  p H ,  a s  w o u l d  b e  e x p e c t e d  i f  b o l i o n  

b i n d i n g  r e d u c e d  t h e  p o l y i o n  c h a r g e  a n d  i n c r e a s e d ,  i n  

c o n s e q u e n c e ,  t h e  a c i d i t y  o f  t h e  c a r b o x y l  g r o u p s .  S i n c e  

t h e  n u m b e r  o f  N a +  c o u n t e r i o n s  b o u n d  t o  a  p o l y a n i o n  

a p p e a r s  t o  d e p e n d  l i t t l e  o n  t h e  c o n c e n t r a t i o n  o f
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a d d e d  u n i - u n i v a l e n t  e l e c t r o l y t e , 18 r  s h o u l d  b e  i n v e r s e l y  

p r o p o r t i o n a l  t o  ( N a f + ) 2, r a t h e r  t h a n  t h e  s q u a r e  o f  t h e  

t o t a l  N a +  c o n c e n t r a t i o n ,  a n d  t h e  l a s t  c o l u m n  o f  T a b l e  

I I  l i s t s  v a l u e s  o f  r ( N a f + ) 2 b a s e d  o n  t h e  a s s u m p t i o n  t h a t  

h a l f  o f  t h e  c h a r g e s  c a r r i e d  b y  t h e  h a l f - i o n i z e d  p o l y 

m e r i c  a c i d s  a r e  a s s o c i a t e d  w i t h  s i t e - b o u n d  c o u n t e r i o n s . 19 

I t  m a y  b e  n o t e d  t h a t  f o r  a  s e r i e s  i n v o l v i n g  P 2  b i n d i n g ,  

r ( N a f + ) 2 v a r i e s  w i t h i n  l e s s  t h a n  2 0 %  f o r  v a r i a t i o n s  o f  

t b y  f a c t o r s  b e t w e e n  5 . 7  a n d  7 . 5 .  F o r  t h e  b i n d i n g  o f  

P X ,  a  m o r e  n e a r l y  c o n s t a n t  v a l u e  i s  o b t a i n e d  f o r  

r ( N a + ) 2.

T h e  q u e s t i o n  n o w  a r i s e s  a s  t o  h o w  t h e  b i n d i n g  r a t i o  

d e p e n d s  o n  t h e  d e n s i t y  o f  a n i o n i c  g r o u p s  a t t a c h e d  t o  

t h e  p o l y a n i o n .  W e  m a y  d i v i d e  t h e  p r o c e s s  r e p r e 

s e n t e d  i n  e q  1 i n t o  t w o  s t a g e s  a s  s h o w n  i n  F i g u r e  3 .  I n  

s t a g e  a ,  o n e  e n d  o f  t h e  b o l i o n  i s  b o u n d  t o  a  f i x e d  c h a r g e  

o f  t h e  p o l y i o n  a n d  a  b o u n d  s o d i u m  i o n  i s  s i m u l t a n e o u s l y  

r e l e a s e d  ( n o t  n e c e s s a r i l y  f r o m  t h e  s a m e  s i t e ) .  T h e  

e q u i l i b r i u m  o f  t h i s  s t a g e  s h o u l d  d e p e n d  o n  t h e  c o n c e n 

t r a t i o n  o f  i o n i z e d  g r o u p s  a t t a c h e d  t o  a l l  o f  t h e  p o l y i o n s  

i n  t h e  s y s t e m ,  i.e.

( B o l 2 + b ) ' ( N a + f ) / ( B o l 2 + f ) C P a  =  K ,  ( 2 )

w h e r e  ( B o l 2 + b ) '  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  o f  b o l i o n s  

s i t e - b o u n d  t o  a  s i n g l e  p o l y i o n  c h a r g e .  H o w e v e r ,  o n c e  a  

b o l i o n  i s  a t t a c h e d  a t  o n e  e n d  t o  a  g i v e n  p o l y i o n ,  t h e  

p r o b a b i l i t y  o f  s t e p  b  d e p e n d s  o n l y  o n  c o n d i t i o n s  w i t h i n  

t h e  d o m a i n  o f  t h a t  o n e  p o l y i o n .  T h e  s i m p l e s t  a s s u m p 

t i o n  i s  t o  s e t  t h e  p r o b a b i l i t y  o f  s t e p  b  p r o p o r t i o n a l  t o  

t h e  f r a c t i o n  a o f  i o n i z e d  m o n o m e r  r e s i d u e s .  S i n c e  t h e  

s e c o n d  b o l i o n  c h a r g e  h a s  t o  c o m p e t e  w i t h  f r e e  s o d i u m  

i o n s  f o r  t h e  b i n d i n g  s i t e ,  t h e  e q u i l i b r i u m  o f  t h i s  s t e p  

s h o u l d  b e  o f  t h e  f o r m

( B o l 2 + b ) " ( N a + , ) / ( B o l 2 + b ) ' a  =  K 2 ( 3 )

w h e r e  ( B o l 2 + b ) "  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  o f  d o u b l y  

b o u n d  b o l i o n s .  A s s u m i n g  t h a t  s u b s t a n t i a l l y  a l l  b o u n d  

b o l i o n s  i n t e r a c t  w i t h  t w o  b i n d i n g  s i t e s ,  t h e  b o l i o n  b i n d 

i n g  r a t i o  r  =  ( B o l 2 + b ) / ( B o l 2 + f )  w o u l d  b e  e x p e c t e d  t o  

d e p e n d  o n  p o l y i o n  c o n c e n t r a t i o n  a n d  i o n i z a t i o n  a n d  

o n  t h e  c o n c e n t r a t i o n  o f  f r e e  m o n o v a l e n t  i o n s  a s  p r e 

d i c t e d  f r o m

r =  K C p a 2/  ( N a + f ) 2 ( 4 )

T h e  d e p e n d e n c e  o f  t h e  b i n d i n g  r a t i o  r o n  t h e  d e g r e e  

o f  i o n i z a t i o n  a o f  t h e  v a r i o u s  p o l y m e r i c  a c i d s  w a s  

m e a s u r e d  i n  a  s e r i e s  o f  e x p e r i m e n t s  i n  w h i c h  t h e  p o l y 

m e r  c o n c e n t r a t i o n  w a s  v a r i e d  i n v e r s e l y  w i t h  a s o  a s  t o  

k e e p  t h e  c o n c e n t r a t i o n  o f  i o n i z e d  c a r b o x y l  C-pa a t  a  

c o n s t a n t  v a l u e .  T h e  r e s u l t s  o b t a i n e d  i n  d u p l i c a t e  d e 

t e r m i n a t i o n s  o f  t h e  d i a l y s i s  e q u i l i b r i u m  a r e  l i s t e d  i n  

T a b l e  I I I .  W e  m a y  s e e  t h a t  t h e  b e h a v i o r  o f  t h e  v a r i o u s  

s y s t e m s  i n v e s t i g a t e d  d o e s  n o t  c o n f o r m  t o  t h e  p r e d i c t i o n

( o l

(b)
Figure 3. Schematic representation of the two stages 
in the binding of a bolion by a polyion.

o f  e q  4  b u t  t h a t  t h e  d e p e n d e n c e  o f  b o l i o n  b i n d i n g  o n  t h e  

d e g r e e  o f  i o n i z a t i o n  o f  t h e  p o l y i o n  e x h i b i t s  c h a r a c t e r i s 

t i c  d i f f e r e n c e s  f o r  t h e  t h r e e  p o l y m e r i c  a c i d s .  I n  t h e  

c a s e  o f  P A A ,  rjCpa  r i s e s  t o  a  m a x i m u m  a t  a b o u t  a =

Table III: Binding of P2 to Polymeric Acids as a Function 
of the Degree of Ionization of the Polyanion

P o ly 
m e r ic
a c id 10*Cp a

( N a +) =  
0 .0 3  N

r/Cpa 
( N a +) =  
0 . 0 5  N

( N a +)  =  
0 . 0 7  N

PAA 10.00 0.10 182 ±  2 106 ±  2
4.00 0.25 235 ±  13 92 ±  1 50 ±  1
2.00 0.50 458 ±  9 154 ±  12 79 ±  2
1.66 0.60 523 ±  37 179 ±  8
1.33 0.75 462 ±  9 143 ±  5 67 ±  5

i-PMA 4.00 0.25 125 ±  1 9 ±  1 3 ±  3
2.00 0.50 303 ±  6 88 ±  0 40 ±  1
1.33 0.75 360 ±  39 143 ±  5 59 ±  7

s-PMA 4.00 0.25 536 ±  9 223 ±  2 117 ±  4
2.00 0.50 415 ±  16 151 ±  9 74 ±  1
1.33 0.75 558 ±  7 172 ±  12 75 ±  5

0 . 6  a n d  d e c r e a s e s  s o m e w h a t  a t  h i g h e r  d e g r e e s  o f  i o n i z a 

t i o n .  W i t h  i - P M A ,  t h e  b o l i o n  i s  b o u n d  e x t r e m e l y  

w e a k l y  a t  a =  0 . 2 5 ,  p a r t i c u l a r l y  a t  t h e  h i g h e r  c o n c e n 

t r a t i o n s  o f  s i m p l e  e l e c t r o l y t e .  T h i s  m a y  b e  r e l a t e d  t o  

t h e  l o w  s o l v a t i o n  o f  t h e  p o l y m e r  w h i c h  i s  w a t e r  i n 

s o l u b l e  i n  t h e  u n - i o n i z e d  s t a t e .  F i n a l l y ,  w i t h  s - P M A ,  

r/Cpa  c h a n g e s  l i t t l e  a s  t h e  d e g r e e  o f  i o n i z a t i o n  i s  

c h a n g e d ,  w i t h  p o s s i b l y  a  s l i g h t  t e n d e n c y  f o r  r/Cpa  t o

(18) Z. A lexandrow icz , J. P olym er S ci., 43 , 337 (1960); 56 , 115
(1962).
(19) J. R . H u izenga , P . F . G rieger, and  F . T. W all, J. A m . Chem. 
Soc., 72 , 4228 (1950).
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p a s s  t h r o u g h  a  s h a l l o w  m i n i m u m  a r o u n d  a =  0 . 5 .  W e  

s e e  t h e n  t h a t  ( w i t h  t h e  e x c e p t i o n  o f  i - P M A  a t  l o w  

i o n i z a t i o n )  t h e  b o l i o n  b i n d i n g  i n c r e a s e s  g e n e r a l l y  m o r e  

s l o w l y  t h a n  i n  p r o p o r t i o n  t o  a 2. T h e  c o m p l i c a t e d  b e 

h a v i o r  o b s e r v e d  m a y  r e f l e c t  n o t  o n l y  c o n f o r m a t i o n a l  

t r a n s i t i o n s  o f  t h e  p o l y m e r i c  a c i d s 20 b u t  a l s o  t h e  d e 

p e n d e n c e  o f  t h e  b i n d i n g  o f  u n i v a l e n t  c o u n t e r i o n s  o n  t h e  

d e g r e e  o f  i o n i z a t i o n .

I t  i s  o f  i n t e r e s t  t o  c o m p a r e  t h e  b i n d i n g  o f  t h e  b o l a -  

f o r m  c a t i o n s  d i s c u s s e d  a b o v e  w i t h  t h e  c h e l a t i o n  o f  a  

d i v a l e n t  c a t i o n  s u c h  a s  M g 2 + . T h e  c h a r a c t e r i s t i c s  o f  

M g 2 +  b i n d i n g  w e r e  f o u n d  t o  h a v e  a  s u r p r i s i n g l y  l o w  

s e n s i t i v i t y  t o  t h e  c o n c e n t r a t i o n  o f  a d d e d  s o d i u m  b r o 

m i d e .  F o r  i n s t a n c e ,  w i t h  0 . 0 2  N  h a l f - i o n i z e d  P A A ,  t h e  

b i n d i n g  r a t i o  r w a s  1 3 . 6 ,  1 1 . 1 ,  a n d  7 . 3  f o r  c o n c e n t r a t i o n s  

o f  N a +  c o u n t e r i o n s  o f  0 . 0 3 ,  0 . 0 5 ,  a n d  0 . 0 7  N, r e s p e c 

t i v e l y .  T h e  c h a r a c t e r i s t i c  r a t i o s  r / C p a  f o r  t h e  b i n d i n g  

o f  M g 2 +  t o  i s o t a c t i c  a n d  s y n d i o t a c t i c  P M A  a t  v a r i o u s  

d e g r e e s  o f  i o n i z a t i o n  a r e  l i s t e d  i n  T a b l e  I V .  I t  w a s  

f o u n d  t h a t  r/Cpa  r e m a i n s  c o n s t a n t  f o r  i - P M A  a s  a  i s  i n 

c r e a s e d  f r o m  0 . 2 5  t o  0 . 5 0 ,  b u t  d r o p s  o f f  f o r  a  =  0 . 7 5 .  

F o r  t h e  s y n d i o t a c t i c  p o l y m e r ,  r / C ' p a  i s  d o u b l e d  a s  a  

r i s e s  f r o m  0 . 2 5  t o  0 . 5 0 ,  b u t  d e c r e a s e s  a g a i n  f o r  a =  0 . 7 5 .  

A t  t h e  h i g h e r  d e g r e e s  o f  i o n i z a t i o n ,  t h e  m a g n e s i u m  i o n  

i s  b o u n d  m u c h  m o r e  s t r o n g l y  t o  t h e  s y n d i o t a c t i c  p o l y 

a c i d .  I t  w a s  p o i n t e d  o u t  p r e v i o u s l y  t h a t  t h e  a f f i n i t y  

o f  i - P M A  a n d  s - P M A  f o r  M g 2 +  i s  t h u s  i n  a n  o r d e r  o p 

p o s i t e  t o  t h a t  f o u n d  f o r  t h e  a f f i n i t y  o f  t h e s e  t w o  p o l y 

m e r s  f o r  C u 2 + . 21 T h i s  s p e c i f i c i t y  s e e m s  t o  i n d i c a t e  t h a t  

n e i g h b o r i n g  c a r b o x y l a t e  g r o u p s  a l o n g  t h e  p o l y m e r  c h a i n ,

Table IV : Binding of Mg2+ by Isotactic and Syndiotactic 
PMA in the Presence of 0 .0 4  N  NaBr

, ----------------------------- r / C p a ------------------------
a. 102Cp i-P M A s-P M A

0 . 2 5 4 . 0 0 1 3 7 0  ±  1 0 0 1 5 1 0  ±  1 1 0

0 . 5 0 2 . 0 0 1 3 6 0  ±  6 0 3 2 0 0  ±  1 8 0

0 . 7 5 1 . 3 3 9 1 0  ±  7 0 2 3 5 0  ±  3 5 0

w i t h  a  w e l l - d e f i n e d  m u t u a l  s p a t i a l  r e l a t i o n s h i p ,  a r e  i n 

v o l v e d  i n  c h e l a t e  f o r m a t i o n .

T h e  r e l a t i v e l y  s m a l l  d e p e n d e n c e  o f  t h e  b i n d i n g  o f  

M g 2 +  b y  P A A  o n  t h e  c o n c e n t r a t i o n  o f  s i m p l e  e l e c t r o 

l y t e  d e s e r v e s  s o m e  c o m m e n t .  T h e  p H  o f  h a l f - n e u 

t r a l i z e d  0 . 0 2  N  P A A  w a s  f o u n d  t o  b e  5 . 9  a n d  5 . 5  i n  t h e  

p r e s e n c e  o f  0 . 0 2  a n d  0 . 0 6  N  N a B r ,  r e s p e c t i v e l y .  T h u s ,  

t h e  i n c r e a s e  i n  t h e  i o n i c  s t r e n g t h  l e a d s  t o  a n  i n c r e a s e  o f  

t h e  a p p a r e n t  i o n i z a t i o n  c o n s t a n t  o f  t h e  p o l y m e r i c  a c i d  

b y  a  f a c t o r  o f  2 . 5 .  I t  i s  w e l l  u n d e r s t o o d  t h a t  t h i s  

e f f e c t  i s  a  c o n s e q u e n c e  o f  t h e  r e d u c t i o n  o f  t h e  e x c e s s  

e l e c t r o s t a t i c  f r e e  e n e r g y  a s s o c i a t e d  w i t h  t h e  r e m o v a l  o f  

a  h y d r o g e n  i o n  a w a y  f r o m  t h e  f i e l d  o f  t h e  p o l y a n i o n . 22 

S i n c e  t h e  M g 2 +  i o n  b e a r s  a  d o u b l e  c h a r g e ,  t h e  a s s o c i a 

t i o n  c o n s t a n t  o f  t h i s  i o n  w i t h  h a l f - i o n i z e d  P A A  m i g h t  

b e  e x p e c t e d  t o  b e  r e d u c e d  b y  a  f a c t o r  o f  ( 2 . 5 ) 2 =  6 . 2 5  

a s  t h e  N a B r  c o n c e n t r a t i o n  r i s e s  f r o m  0 . 0 2  t o  0 . 0 6  N. 
T h i s  p r e d i c t i o n  i s  n o t  a t  a l l  i n  a c c o r d  w i t h  t h e  e x p e r i 

m e n t a l  r e s u l t s ,  w h i c h  g a v e  a  r e d u c t i o n  o f  r b y  a  f a c t o r  o f  

l e s s  t h a n  2 .  W e  s h o u l d  n o t e  t h a t  t h e  a r g u m e n t  b a s e d  

o n  c o n s i d e r a t i o n s  o f  t h e  e l e c t r o s t a t i c  f r e e  e n e r g y  a s 

s u m e s  i m p l i c i t l y  t h a t  t h e  b i n d i n g  o f  a n  M g 2 +  i o n  b y  

P A A  r e d u c e d  t h e  n e g a t i v e  c h a r g e  o f  t h e  p o l y a n i o n  b y  2  

u n i t s .  I t  n e g l e c t s  t h e  p o s s i b i l i t y  t h a t  b i n d i n g  o f  

d o u b l y  c h a r g e d  c a t i o n s  m a y  b e  a c c o m p a n i e d  b y  t h e  r e 

l e a s e  o f  s i t e - b o u n d  u n i v a l e n t  c a t i o n s . 23 I t  i s  a p p a r e n t  

t h a t  f u r t h e r  p r o g r e s s  i n  t h e  u n d e r s t a n d i n g  o f  c h e l  a t i o n  

e q u i l i b r i a  i n v o l v i n g  p o l y e l e c t r o l y t e s  w i l l  r e q u i r e  e x 

p e r i m e n t a l  e v i d e n c e  b e a r i n g  o n  t h i s  p o i n t .
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A c c o r d i n g  t o  B o n d , 2 n i t r o g e n  i s  n o t  c h e m i s o r b e d  o n  

g r o u p  V I I I - B  m e t a l s .  W e  h a v e  f o u n d  t h i s  t o  b e  t h e  

c a s e  f o r  i r i d i u m  a n d  r h o d i u m  b y  t h e  a b s e n c e  o f  a  p r e s s u r e  

i n c r e a s e  o n  h e a t i n g  a  s a m p l e  f i l a m e n t  ( I r  o r  R h )  d o s e d  

w i t h  n i t r o g e n  a t  3 0 0 ° K .  H o w e v e r ,  w e  h a v e  f o u n d  

s o m e  e v i d e n c e  t h a t  n i t r o g e n  a d s o r p t i o n  d o e s  o c c u r  o n  

i r i d i u m  a n d  r h o d i u m  i f  t h e  n i t r o g e n  i s  t h e r m a l l y  a c 

t i v a t e d .  T h e  s o u r c e  o f  t h i s  t h e r m a l  e n e r g y  i s  t h e  h o t  

t u n g s t e n  f i l a m e n t s  p r e s e n t  i n  c o n v e n t i o n a l  i o n i z a t i o n  

g a u  g e s .  T h i s  n o t e  i s  a  s u m m a r y  o f  o u r  f i n d i n g s .

T h e  v a c u u m  s y s t e m  a n d  e x p e r i m e n t a l  p r o c e d u r e  a r e  

d e s c r i b e d  e l s e w h e r e . 3 N i t r o g e n  g a s  w a s  l e a k e d  i n t o  

t h e  v a c u u m  s y s t e m  u n t i l  t h e  s t e a d y - s t a t e  p r e s s u r e  w a s  

4  X  1 0 - 7  t o r r .  O n  f l a s h i n g  t h e  f i l a m e n t ,  e i t h e r  i r i d i u m  

o r  r h o d i u m ,  t h e  t o t a l  p r e s s u r e  i n c r e a s e  w a s  m e a s u r e d  

w i t h  a  B a y a r d - A l p e r t  i o n i z a t i o n  g a u g e  c o n t a i n i n g  a  

t h o r i a t e d  t u n g s t e n  f i l a m e n t  o p e r a t i n g  a t  0 . 4 - m a  e m i s 

s i o n ,  a n d  t h e  p a r t i a l  p r e s s u r e  i n c r e a s e  w a s  m e a s u r e d  

w i t  h  a  s m a l l  b a k e a b l e  m a s s  s p e c t r o m e t e r .  T h e  r e s i d 

u a l .  g a s e s  p r e s e n t  i n  t h e  b a c k g r o u n d  w e r e  l e s s  t h a n  

0 . 5 %  o f  t h e  t o t a l  n i t r o g e n  p r e s s u r e .  I t  w a s  o b s e r v e d  

t h a t  u n d e r  t h e s e  c o n d i t i o n s ,  n o  a d s o r p t i o n  o f  n i t r o g e n  

o c c u r r e d  a s  i n d i c a t e d  b y  t h e  a b s e n c e  o f  a  p r e s s u r e  i n 

c r e a s e  o n  f l a s h i n g  a f t e r  d o s i n g  t h e  f i l a m e n t  f o r  1 5  m i n  

a t  3 0 0 ° K .  A t  t h i s  p r e s s u r e  ( 4  X  1 0  _ 7  t o r r ) ,  e n o u g h  

m o l e c u l e s  s t r i k e  t h e  s u r f a c e  t o  f o r m  a  m o n o l a y e r  i n  ~ 6  

s e c  ( i f  t h e  s t i c k i n g  p r o b a b i l i t y  i s  u n i t y ) .  S i n c e  t h e  

f l a s h  f i l a m e n t  t e c h n i q u e  i s  c a p a b l e  o f  d e t e c t i n g  0 . 0 2  

m o n o l a y e r ,  t h e  a b s e n c e  o f  a  p r e s s u r e  i n c r e a s e  o n  f l a s h 

i n g  i m p l i e s  t h a t  t h e  a m o u n t  o f  a d s o r p t i o n  w a s  n e g l i g i 

b l e .

N i t r o g e n  a d s o r p t i o n  c a n  b e  m a d e  t o  o c c u r  o n  i r i d i u m  

o r  r h o d i u m  i f  t h e  t u n g s t e n  f i l a m e n t s  i n  t h e  N o t t i n g h a m  

i o n  g a u g e 4 a r e  o p e r a t e d  a t  a  t e m p e r a t u r e  T f g r e a t e r  

t h a n  2 0 0 0 ° K .  S i n c e  n o  d i r e c t  l i n e  o f  s i g h t  e x i s t s  b e 

t w e e n  t h e  t u n g s t e n  f i l a m e n t s  a n d  t h e  i r i d i u m  o r  r h o 

d i u m  f i l a m e n t ,  a  p a r t i c l e  m u s t  m a k e  m a n y  c o l l i s i o n s  

w i t h  t h e  g l a s s  w a l l s  o f  t h e  v a c u u m  s y s t e m  i n  t r a v e l i n g  

f r o m  t h e  t u n g s t e n  f i l a m e n t s  t o  t h e  s a m p l e  f i l a m e n t .  

T h e  a m o u n t  o f  n i t r o g e n  d e s o r b e d  i s  p r o p o r t i o n a l  t o  

t h e  d o s i n g  i n t e r v a l  f o r  f i x e d  Tt, a n d  t h e  p r o p o r t i o n a l i t y  

c o n s t a n t  i n c r e a s e s  s t r o n g l y  w i t h  T t ( F i g u r e  1 ) .  T h e  

a d s o r b i n g  i r i d i u m  o r  r h o d i u m  f i l a m e n t  w a s  h e l d  a t

3 0 0 °  K  d u r i n g  d o s i n g .  A  p l o t  o f  t h e  l o g  o f  t h e  a m o u n t  

o f  n i t r o g e n  d e s o r b e d  f o r  f i x e d  d o s i n g  p e r i o d  ( t h i s  

a m o u n t  i s  p r o p o r t i o n a l  t o  t h e  a d s o r p t i o n  r a t e  c o n s t a n t )  

a g a i n s t  1/T( i s  l i n e a r  a s  s h o w n  i n  F i g u r e  2 .  T h e  s l o p e  

o f  t h i s  p l o t  c o r r e s p o n d s  t o  a n  a c t i v a t i o n  e n e r g y  o f  5 8  

k c a l / m o l e ,  w h i c h  i s  a p p r o x i m a t e l y  o n e - f o u r t h  t h e  d i s 

s o c i a t i o n  e n e r g y  o f  m o l e c u l a r  n i t r o g e n  ( 2 2 6  k c a l / m o l e ) .

TIME (min)
Figure 1. Desorption of nitrogen from iridium as a function 
of dosing time and temperature of the ion gauge filament.

D u r i n g  t h e  l o n g  a d s o r p t i o n  t i m e ,  t h e r e  w a s  a p p r e c i a b l e  

a d s o r p t i o n  o f  C O  f r o m  t h e  a m b i e n t  b a c k g r o u n d  i m 

p u r i t i e s .  T h e  l o w - t e m p e r a t u r e  ( s h o r t  t i m e )  m a s s  2 8  

p e a k  i n  F i g u r e  3  i s  d u e  t o  c a r b o n  m o n o x i d e ,  a s  i s  s h o w n  

b y  t h e  c o i n c i d e n t  p e a k  i n  t h e  m a s s  1 2  f r a g m e n t .  F i g u r e  

3  a l s o  s h o w s  t h a t  t h e  h i g h - t e m p e r a t u r e  p e a k  c o n s i s t s  o f  

14N 2, 14N 16N ,  a n d  16N 2 i n  s u b s t a n t i a l l y  s t a t i s t i c a l  r a t i o  

a l t h o u g h  t h e  d o s i n g  m i x t u r e  c o n t a i n e d  o n l y  14N 2 a n d  

15N 2. H e n c e ,  s u b s t a n t i a l l y  c o m p l e t e  s c r a m b l i n g  o f  i s o 

t o p e s  h a s  o c c u r r e d  i n  t h e  a d s o r p t i o n - d e s o r p t i o n  p r o c 

e s s .  T h i s  s t r o n g l y  i n d i c a t e s  t h a t  t h e  n i t r o g e n  h a s  b e e n  

a d s o r b e d  a s  i n d e p e n d e n t  a t o m s  m o b i l e  o n  t h e  s u r f a c e  

a t  a  t e m p e r a t u r e  b e l o w  t h e  d e s o r p t i o n  t e m p e r a t u r e .  

T h e  h i g h  d e s o r p t i o n  t e m p e r a t u r e  ( ~ 1 0 0 0 °  K )  i n d i c a t e s  

s t r o n g  b i n d i n g  o f  t h e  n i t r o g e n  t o  t h e  s u r f a c e  w h i c h  i s  

a l s o  c o n s i s t e n t  w i t h  a t o m i c  a d s o r p t i o n .

T h e  a d s o r p t i o n  o f  n i t r o g e n  o n  i r i d i u m  a n d  r h o d i u m  

c a n  b e  e x p l a i n e d  b y  a  m o d e l  b a s e d  o n  t h e  d i s s o c i a t i o n

(1) W ork was performed at the Ames Laboratory of the U. S. 
Atomic Energy Commission. Contribution N o. 186z.

(2) G. C . Bond, “ Catalysis by M etals,”  Academic Press, New  
York, N . Y „  1962.
(3) V . J. Mimeault and R . S. Hansen, J. Chem. Phys., in press.

(4) W . B . Nottingham, Natl. Symp. Vacuum Technol. Trans., 1, 
76 (1954).
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Figure 2. Dependence of the rate of adsorption 
of activated nitrogen on iridium on the 
temperature of the activating source.

Figure 3. Desorption of nitrogen isotopes from rhodium 
dosed at 300°K with a mixture of ,4N2 and 16N2. The 
curves are translated vertically for clarity. The arrows in 
each case relate the curve to the appropriate scale.

o f  m o l e c u l a r  n i t r o g e n  o n  t h e  h o t  t u n g s t e n  f i l a m e n t ,  w i t h  

t h e  a t o m i c  n i t r o g e n  p r o d u c e d  l a r g e l y  r e c o m b i n e d  

c a t a l y t i c a l l y  o n  t h e  g l a s s  w a l l s  s o  t h a t  a  s t e a d y - s t a t e  

a t o m i c  n i t r o g e n  c o n c e n t r a t i o n  i s  m a i n t a i n e d  b y  t h e  

b a l a n c e  o f  t h e r m a l  d i s s o c i a t i o n  a n d  c a t a l y t i c  r e c o m 

b i n a t i o n .  T h e  r a t e  o f  a d s o r p t i o n  o n  t h e  r h o d i u m  o r  

i r i d i u m  f i l a m e n t  i s  t h e n  p r o p o r t i o n a l  t o  t h e  s t e a d y - s t a t e  

c o n c e n t r a t i o n  o f  a t o m i c  n i t r o g e n .  L e t  N g, N w , a n d  

N g b e  t h e  n i t r o g e n  a t o m  c o n c e n t r a t i o n s  ( v o l u m e  o r  s u r 

f a c e  a s  a p p r o p r i a t e )  i n  t h e  g a s  p h a s e  a n d  o n  t h e  t u n g 

s t e n  a n d  g l a s s  s u r f a c e s ,  r e s p e c t i v e l y ,  a n d  l e t  N 2{ g )  b e  

t h e  g a s  p h a s e  c o n c e n t r a t i o n  o f  m o l e c u l a r  n i t r o g e n .  T h e  

m o d e l  i s  s u m m a r i z e d  i n  e q  1 - 3

£ ,  k'
y 2N 2 ( g )  ^  N „  — >  N e  ( t h e r m a l  d i s s o c i a t i o n )  ( 1 )

K '
N g  N g ( a d s o r p t i o n )  ( 2 )

k"
2 N g — >  i V 2( g )  ( c a t a l y t i c  r e c o m b i n a t i o n )  ( 3 )

p l u s  t h e  s t e a d y - s t a t e  a s s u m p t i o n  t h a t  N g i s  p r o d u c e d  

b y  r e a c t i o n  1 a n d  c o n s u m e d  b y  r e a c t i o n s  2  a n d  3  a t  t h e  

s a m e  r a t e .

T h e  r a t e  o f  p r o d u c t i o n  o f  a t o m i c  n i t r o g e n  d u e  t o  t h e  

h o t  f i l a m e n t  i s

( ^ ) f = k'Nw =  k>KP^ h =  kP^ h =
A9-*afr/BTp  N V .  ( 4 )

w h e r e  A H *  i s  t h e  e f f e c t i v e  a c t i v a t i o n  e n e r g y  a n d  A  i s  

t h e  p r e e x p o n e n t i a l  t e r m  f o r  t h e  o v e r - a l l  r e a c t i o n  1 ;  

p r e s u m i n g  t h e  t r a n s i t i o n  s t a t e  f o r  t h e  s e c o n d  r e a c t i o n  

i s  v e r y  n e a r l y  d e s o r b e d  a t o m i c  n i t r o g e n ,  a s  s e e m s  l i k e l y ,  

A H i*  = 1 1 3  k c a l ,  i.e., h a l f  t h e  d i s s o c i a t i o n  e n e r g y  o f  

n i t r o g e n .

F r o m  r e a c t i o n s  2  a n d  3  w e  o b t a i n  f o r  t h e  r a t e  o f  r e 

c o m b i n a t i o n  o f  a t o m i c  n i t r o g e n  o n  t h e  g l a s s

=  f c ' W G 2 =  k " { K ’ N g Y  ( 5 )
at J g

F o r  s t e a d y  s t a t e ,  t h e  p r o d u c t i o n  o f  a t o m i c  n i t r o g e n  a c 

c o r d i n g  t o  e q  4  m u s t  b e  b a l a n c e d  b y  i t s  c o n s u m p t i o n  

a c c o r d i n g  t o  e q  5 ,  i.e.

f c P N ! V !  =  k " ( K ' N g Y  ( 6 )

o r

Ng =  (J r ) V ' ) - 1f W /‘ (7)

T h e  r a t e  o f  a d s o r p t i o n  i s  a s s u m e d  p r o p o r t i o n a l  t o  N g. 

O f  t h e  r a t e  c o n s t a n t s  o n  t h e  r i g h t  s i d e  o f  e q  7 ,  o n l y  k 
c h a n g e s  a s  T f i s  v a r i e d .  T h e  e f f e c t i v e  a c t i v a t i o n  e n e r g y  

f o r  a t o m i c  n i t r o g e n  a d s o r p t i o n  s h o u l d  h e n c e  b e  h a l f
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Figure 4. Equilibrium distribution of the nitrogen 
isotopes in the ambient of a flow system as a function of 
the temperature of the ion gauge filament.

t h a t  o f  k o r  5 6 . 5  k c a l ,  w h i c h  c o m p a r e s  w e l l  w i t h  t h e  5 8  

k c a l  o b s e r v e d .

T h e  a m b i e n t  d i s t r i b u t i o n  o f  n i t r o g e n  i s o t o p e s  i s  

s h o w n  a s  a  f u n c t i o n  o f  i o n  g a u g e  f i l a m e n t  t e m p e r a t u r e  

i n  F i g u r e  4 .  T h e  i n c r e a s e  i n  14N 16N  a n d  d e c r e a s e  i n  

14N 2 a n d  16N 2 ( t h e  i n p u t  g a s e s )  a b o v e  2100 ° K  i s  a p 

p a r e n t ;  p a r t  o f  t h e  d e c r e a s e  i s  a t t r i b u t e d  t o  p u m p i n g  

b y  t h e  g l a s s  w a l l s .

Catalysis over Supported Metals. VI. The 

Application of Magnetic Studies in the 

Interpretation of the Catalytic 

Properties of Nickel

b y  J .  L .  C a r t e r  a n d  J .  H .  S i n f e l t

E sso Research and E ngineering Com pany, L ind en , N ew  Jersey  
(.Received M arch  8, 1966)

I n  p r e v i o u s l y  r e p o r t e d  s t u d i e s  f r o m  t h i s  l a b o r a t o r y ,  

i t  w a s  s h o w n  t h a t  t h e  c a t a l y t i c  a c t i v i t y  o f  n i c k e l  f o r  

e t h a n e  h y d r o g e n o l y s i s  v a r i e d  m a r k e d l y  w h e n  t h e  

n i c k e l  w a s  s u p p o r t e d  o n  d i f f e r e n t  o x i d e  c a r r i e r s .1’2 3 4 5 6 7 8 
F r o m  h y d r o g e n  c h e m i s o r p t i o n  m e a s u r e m e n t s  i t  w a s  

c o n c l u d e d  t h a t  t h e  v a r i a t i o n s  i n  n i c k e l  s u r f a c e  a r e a s  

o n  t h e  d i f f e r e n t  s u p p o r t s  w e r e  s m a l l  c o m p a r e d  t o  t h e  

v a r i a t i o n s  i n  c a t a l y t i c  a c t i v i t y .  I n  o t h e r  w o r d s ,  t h e  

s p e c i f i c  c a t a l y t i c  a c t i v i t y  o f  t h e  n i c k e l  v a r i e d  w i t h  t h e  

s u p p o r t .  I t  w a s  a l s o  s h o w n  t h a t  t h e  s p e c i f i c  c a t a l y t i c  

a c t i v i t y  o f  n i c k e l  o n  a  g i v e n  s u p p o r t  v a r i e d  s i g n i f i c a n t l y  

w i t h  t h e  n i c k e l  c o n c e n t r a t i o n .  I n  t h e  i n t e r p r e t a t i o n

o f  t h e s e  r e s u l t s ,  i t  i s  i m p o r t a n t  t o  c o n s i d e r  f a c t o r s  s u c h  

a s  d i f f e r e n c e s  i n  t h e  c r y s t a l l i t e  s i z e  a n d  r e d u c i b i l i t y  o f  

t h e  n i c k e l  i n  t h e  c a t a l y s t s .  U s e f u l  i n f o r m a t i o n  o f  t h i s  

t y p e  c a n  b e  o b t a i n e d  f r o m  m a g n e t i c  s t u d i e s .8-8 T h e r e 

f o r e ,  i t  w a s  d e c i d e d  t o  o b t a i n  m a g n e t i c  d a t a  o n  t h e s e  

p a r t i c u l a r  c a t a l y s t s ,  w h i c h  i n c l u d e  n i c k e l  s u p p o r t e d  

o n  a l u m i n a ,  s i l i c a ,  a n d  s i l i c a - a l u m i n a  a t  c o n c e n t r a 

t i o n s  o f  1 a n d  1 0 %  n i c k e l .  I n  t h i s  r e p o r t ,  t h e  c a t a l y t i c  

p r o p e r t i e s  o f  t h e s e  s a m p l e s  a r e  c o n s i d e r e d  i n  t h e  l i g h t  

o f  t h e  i n f o r m a t i o n  o b t a i n e d  f r o m  t h e  m a g n e t i c  s t u d i e s .

Experim ental Section

Apparatus and Procedure. T h e  F a r a d a y  m e t h o d  

w a s  u s e d  t o  d e t e r m i n e  t h e  m a g n e t i c  p r o p e r t i e s  o f  t h e  

s u p p o r t e d  n i c k e l  c a t a l y s t s .  T h e  a p p a r a t u s  i s  s i m i l a r  

t o  o t h e r s  d e s c r i b e d  i n  t h e  l i t e r a t u r e .9’ 10 T h e  s a m p l e ,  

i n  a  q u a r t z  b u c k e t ,  w a s  s u s p e n d e d  f r o m  a  C a h n  e l e c t r o 

b a l a n c e  w h i c h  w a s  u s e d  t o  m e a s u r e  t h e  f o r c e  o n  t h e  

s a m p l e .  A  V a r i a n  4 - i n .  m a g n e t  w i t h  “ c o n s t a n t  

g r a d i e n t ”  p o l e  p i e c e s  a n d  a  2- i n .  g a p  p r o v i d e d  m a g 

n e t i c  f i e l d s  u p  t o  6 5 0 0  g a u s s .  T h e  v a c u u m  s y s t e m  w a s  

a r r a n g e d  s o  t h a t  s a m p l e s  c o u l d  b e  r e d u c e d  in situ 
i n  f l o w i n g  h y d r o g e n .  P r e s s u r e s  o f  1 0 -6  t o r r  w e r e  

r e a d i l y  a t t a i n a b l e  i n  t h e  a p p a r a t u s .  T h e  s t a n d a r d  

p r o c e d u r e  i n c l u d e d  r e d u c t i o n  o f  t h e  c a t a l y s t  o v e r n i g h t  

a t  3 7 0 °  i n  a  h y d r o g e n  f l o w  o f  5 0 0  c c / m i n .  T h e  s a m p l e  

w a s  t h e n  o u t g a s s e d  a t  t h e  s a m e  t e m p e r a t u r e  f o r  3 0  

m i n .  T h e  m a g n e t i c  m e a s u r e m e n t s  w e r e  m a d e  e i t h e r  

in  vacuo o r  i n  h e l i u m .  I f  t h e  m e a s u r e m e n t s  w e r e  m a d e  

in vacuo, t h e  a p p r o a c h  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e  

w a s  v e r y  s l o w ,  w i t h  a  t e m p e r a t u r e  o f  8 5  t o  9 0 ° K  b e i n g  

t h e  p r a c t i c a l  l o w e r  l i m i t .  I n  m o s t  c a s e s  a  s m a l l  a m o u n t  

o f  h e l i u m  w a s  a d d e d  t o  f a c i l i t a t e  t h e  c o o l i n g  t o  8 0 ° K .  

T h e  c a t a l y s t s  u s e d  i n  t h e s e  s t u d i e s  h a v e  b e e n  d e s c r i b e d  

p r e v i o u s l y . 1’ 2
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Figure 1. Specific magnetization of nickel on 
different supports.

m a g n e t i z a t i o n  a t  8 0 ° K  a r e  g i v e n  i n  F i g u r e s  1 a n d  2 .  

I n  F i g u r e  1 ,  t h e  d a t a  w e r e  o b t a i n e d  o n  t h e  c a t a l y s t s  

a f t e r  r e d u c t i o n  i n  h y d r o g e n  f o r  1 6  h r  a t  3 7 0 ° ,  f o l l o w e d  

b y  e v a c u a t i o n  a t  3 7 0 ° .  T h e  s p e c i f i c  m a g n e t i z a t i o n  

i n c r e a s e s  w i t h  i n c r e a s i n g  f i e l d  s t r e n g t h  a n d  i s  h i g h e r  

w h e n  t h e  n i c k e l  i s  s u p p o r t e d  o n  s i l i c a - a l u m i n a  t h a n  

w h e n  i t  i s  s u p p o r t e d  o n  a l u m i n a  o r  s i l i c a .  F u r t h e r 

m o r e ,  f o r  a  g i v e n  s u p p o r t ,  t h e  s p e c i f i c  m a g n e t i z a t i o n  

i n c r e a s e s  w i t h  i n c r e a s i n g  n i c k e l  c o n c e n t r a t i o n .  I t  

s h o u l d  b e  n o t e d  t h a t  t h e  s p e c i f i c  m a g n e t i z a t i o n  d o e s  

n o t  a p p r o a c h  t h a t  o f  b u l k  n i c k e l  f o r  a n y  o f  t h e  n i c k e l  

c a t a l y s t s  s h o w n .  A t  8 0 ° K ,  b u l k  n i c k e l  h a s  a  s p e c i f i c  

m a g n e t i z a t i o n  o f  5 7 .11 I n  t h e  i n t e r p r e t a t i o n  o f  t h e s e  

r e s u l t s ,  t w o  a l t e r n a t i v e  e x p l a n a t i o n s  m i g h t  b e  a d 

v a n c e d :  ( a )  t h e  n i c k e l  c a t a l y s t s  a r e  n o t  f u l l y  r e d u c e d

a n d  t h e  e x t e n t  o f  r e d u c t i o n  v a r i e s  w i t h  t h e  s u p p o r t  

a n d  w i t h  n i c k e l  c o n c e n t r a t i o n ,  o r  ( b )  a  s i g n i f i c a n t  

f r a c t i o n  o f  t h e  n i c k e l  c r y s t a l l i t e s  i s  t o o  s m a l l  t o  e x h i b i t  

f e r r o m a g n e t i s m .  T o  d e c i d e  b e t w e e n  t h e  t w o  a l t e r n a 

t i v e  e x p l a n a t i o n s ,  i t  i s  c l e a r l y  n e c e s s a r y  t o  d o  a n  e x 

p e r i m e n t  i n  w h i c h  i t  i s  p o s s i b l e  t o  s e p a r a t e  t h e  e f f e c t s  

o f  r e d u c i b i l i t y  a n d  c r y s t a l l i t e  s i z e .  O n e  w a y  t o  d o  

t h i s  i s  t o  h e a t  t h e  c a t a l y s t s  i n  a  n o n r e d u c i n g  a t m o s p h e r e  

t o  i n d u c e  g r o w t h  o f  t h e  m e t a l  c r y s t a l l i t e s .  I f  s u c h  

t r e a t m e n t  i n c r e a s e s  t h e  m a g n e t i z a t i o n  t o  a  v a l u e  

a p p r o a c h i n g  t h a t  o f  b u l k  n i c k e l ,  t h e n  o n e  c a n  c o n c l u d e  

t h a t  t h e  c a t a l y s t  w a s  w e l l  r e d u c e d  a n d  t h a t  t h e  l o w  

m a g n e t i z a t i o n  o f  t h e  o r i g i n a l  c a t a l y s t  s a m p l e  w a s  d u e  

t o  c r y s t a l l i t e  s i z e  e f f e c t s .

T o  r e s o l v e  t h i s  p o i n t ,  t h e  s a m p l e s  w e r e  s i n t e r e d  

u n d e r  v a c u u m  f o r  1 5  m i n  a t  8 0 0 ° ,  a n d  m a g n e t i z a t i o n

Figure 2. Effect of sintering on the specific magnetization 
of nickel on various supports. All samples were sintered 
under vacuum for 15 min at 800° after reduction 
in hydrogen at 370°.

d a t a  a t  8 0 ° K  w e r e  t h e n  o b t a i n e d .  T h e  r e s u l t s  a t e  

s h o w n  i n  F i g u r e  2 .  T h e r e  i s  c l e a r l y  a  l a r g e  i n c r e a s e  I n  

m a g n e t i z a t i o n  u p o n  s i n t e r i n g .  T h e  v a l u e s  f o r  a l l  

o f  t h e  1 0 %  n i c k e l  c a t a l y s t s  a n d  f o r  t h e  1 %  N i  o n  S i -

O 2- A I 2O 3 c a t a l y s t  a p p r o a c h  t h e  v a l u e  f o r  b u l k  n i c k e l .  

T h e  1 %  n i c k e l  o n  S i 0 2 i s  e x t r e m e l y  d i f f i c u l t  t o  s i n t e r ,  

h o w e v e r ,  a n d  t h e  m a g n e t i z a t i o n  i s  s t i l l  f a r  b e l o w  t h a t  

o f  b u l k  n i c k e l .  I n  a  s e p a r a t e  e x p e r i m e n t  t h e  1 %  N i  

o n  S i 0 2 c a t a l y s t  w a s  h e a t e d  a t  a  s t i l l  h i g h e r  t e m p e r a 

t u r e ,  1000 ° ,  u n d e r  v a c u u m ,  w i t h  t h e  r e s u l t  t h a t  t h e  

s p e c i f i c  m a g n e t i z a t i o n  i n c r e a s e d  t o  3 5 . 7  a t  a  f i e l d  o f  

6 4 5 0  g a u s s .  I n  g e n e r a l ,  i t  i s  c o n c l u d e d  t h a t  t h e  

n i c k e l  i n  t h e s e  c a t a l y s t s  i s  w e l l  r e d u c e d  a f t e r  t r e a t m e n t  

w i t h  f l o w i n g  h y d r o g e n  f o r  1 6  h r  a t  3 7 0 ° .  T h e  l o w  m a g 

n e t i z a t i o n s  o b s e r v e d  w i t h  t h e  f r e s h l y  r e d u c e d  s a m p l e s  

a r e  a t t r i b u t e d  t o  c r y s t a l l i t e  s i z e  e f f e c t s  c h a r a c t e r i s t i c

(11 ) “ A m erican  Institu te  o f  P hysics H a n d b o o k ,”  2nd  ed , M cG ra w - 
H ill B o o k  C o ., In c ., N ew  Y ork , N . Y ., 1963, Section  5, p  170.
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o f  h i g h l y  d i s p e r s e d  m e t a l s .  I n  t h e  c a s e  o f  t h e  1 %  

N i  o n  S i 0 2 c a t a l y s t ,  t h e  e v i d e n c e  i s  l e s s  c o n v i n c i n g  

t h a n  f o r  t h e  o t h e r  c a t a l y s t s .  H o w e v e r ,  a  m e a s u r e 

m e n t  o n  t h e  f r e s h l y  r e d u c e d ,  n o n s i n t e r e d  s a m p l e ,  i n  

w h i c h  t h e  s a m p l e  c o n t a i n e r  w a s  s u r r o u n d e d  b y  l i q u i d  

h e l i u m ,  s h o w e d  a  m u c h  h i g h e r  s p e c i f i c  m a g n e t i z a t i o n  

t h a n  w a s  o b s e r v e d  a t  8 0 ° K .  T h e  e s t i m a t e d  t e m p e r a 

t u r e  o f  t h e  s a m p l e  w a s  3 8 ° K  r a t h e r  t h a n  4 . 2 ° K ,  

o w i n g  t o  p o o r  h e a t - t r a n s f e r  c o n d i t i o n s .  T h e  s p e c i f i c  

m a g n e t i z a t i o n  w a s  3 0 . 3  a t  a  f i e l d  o f  6 4 5 0  g a u s s ,  c o m 

p a r e d  t o  a  v a l u e  o f  6 . 2  a t  8 0 ° K .  A  r e a s o n a b l e  e x t r a p o 

l a t i o n  o f  t h e  d a t a  t o  0 ° K  w o u l d  g i v e  a  s a t u r a t i o n  m a g 

n e t i z a t i o n  c l o s e  t o  t h a t  o f  b u l k  n i c k e l .  T h i s  f u r t h e r  

s t r e n g t h e n s  t h e  c o n c l u s i o n  t h a t  t h e  n i c k e l  i s  w e l l  r e 

d u c e d  a n d  t h a t  t h e  l o w  m a g n e t i z a t i o n  a t  h i g h e r  t e m 

p e r a t u r e  i s  a  c o n s e q u e n c e  o f  t h e  h i g h  d e g r e e  o f  d i s 

p e r s i o n  o f  t h e  n i c k e l .

A  q u a n t i t a t i v e  e s t i m a t e  o f  c r y s t a l l i t e  s i z e  c a n  b e  

o b t a i n e d  f r o m  t h e  m a g n e t i c  d a t a  b y  u s i n g  a n  a d a p t a 

t i o n  o f  a  l o w - f i e l d  a p p r o x i m a t i o n  o f  t h e  L a n g e v i n  

t h e o r y  f o r  t h e  m a g n e t i z a t i o n  o f  a n  a s s e m b l y  o f  p a r t i c l e s ,  

a s  d i s c u s s e d  b y  S e l w o o d . 12 A c c o r d i n g  t o  t h i s  t h e o r y ,  

t h e  a v e r a g e  c r y s t a l l i t e  v o l u m e  v2/v i s  g i v e n  b y  t h e  r e l a 

t i o n

v2 _  3 k T  fM  \
v ~  I SVH \ M J  ( 1 )

w h e r e  k i s  B o l t z m a n n ’ s  c o n s t a n t ,  T  i s  t h e  a b s o l u t e  

t e m p e r a t u r e ,  I sp i s  t h e  s p o n t a n e o u s  m a g n e t i z a t i o n ,  

H  i s  t h e  f i e l d  s t r e n g t h ,  a n d  M /M B i s  t h e  r a t i o  o f  t h e  

m a g n e t i z a t i o n  t o  t h e  t r u e  s a t u r a t i o n  m a g n e t i z a t i o n .  

T h e  r a t i o  M /M s c a n  b e  r e p l a c e d  b y  t h e  c o r r e s p o n d i n g  

r a t i o  o f  s p e c i f i c  m a g n e t i z a t i o n s  <r/<rB. A s s u m i n g  t h a t  

t h e  s p o n t a n e o u s  m a g n e t i z a t i o n  o f  v e r y  s m a l l  n i c k e l  

c r y s t a l l i t e s  i s  t h e  s a m e  a s  t h a t  o f  b u l k  n i c k e l  ( 5 0 5  g a u s s  

a t  8 0 ° K )  a n d  t h a t  <rs i s  a l s o  t h e  s a m e  a s  f o r  b u l k  

n i c k e l  ( 5 7 . 5 ) ,  w e  c a n  t h e n  c a l c u l a t e  a v e r a g e  c r y s t a l l i t e  

v o l u m e s  f o r  t h e  v a r i o u s  c a t a l y s t s  f r o m  v a l u e s  o f  t h e  

q u a n t i t y  <r/H a t  s u f f i c i e n t l y  l o w  f i e l d s .  T h e  c r y s t a l l i t e  

s i z e  i s  t h e n  d e t e r m i n e d  b y  t a k i n g  t h e  c u b e  r o o t  o f  t h e  

v o l u m e  s o  o b t a i n e d .  T h e  q u a n t i t y  a/H  c a n  b e  o b 

t a i n e d  f r o m  t h e  i n i t i a l  s l o p e  o f  a  p l o t  o f  a vs. H ,  s i n c e  

e q  1 a p p l i e s  a t  l o w  f i e l d s  w h e r e  t h e  m a g n e t i z a t i o n  i s  

s m a l l  c o m p a r e d  t o  t h e  s a t u r a t i o n  v a l u e .  F o r  t h e  

n o n s i n t e r e d  s a m p l e s  a f t e r  r e d u c t i o n  a n d  e v a c u a t i o n  

a t  3 7 0 ° ,  c r y s t a l l i t e  s i z e s  o b t a i n e d  f r o m  t h e  m a g n e t i 

z a t i o n  c u r v e s  i n  F i g u r e  1 a r e  s u m m a r i z e d  i n  T a b l e  I .  

T h e  c r y s t a l l i t e  s i z e s  a r e  i n  t h e  a p p r o x i m a t e  r a n g e  o f  

1 0 - 3 0  A ,  a n d  t h i s  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  

t h a t  t h e  c r y s t a l l i t e s  a r e  t o o  s m a l l  t o  b e  d e t e c t e d  b y  X -  

r a y  d i f f r a c t i o n  l i n e  b r o a d e n i n g  ( < 4 0  A ) .  T h e  c r y s t a l 

l i t e  s i z e s  a r e  l a r g e r  o n  s i l i c a - a l u m i n a  t h a n  o n  a l u m i n a  

o r  s i l i c a ,  a n d  i n  t h e  c a s e  o f  t h e  1 %  N i  o n  S i 0 2 c a t a l y s t

t h e  c r y s t a l l i t e s  a r e  m u c h  s m a l l e r  t h a n  f o r  t h e  o t h e r  

s a m p l e s .  A l t h o u g h  p r e v i o u s  h y d r o g e n  c h e m i s o r p t i o n  

m e a s u r e m e n t s 2 d i d  n o t  i n d i c a t e  a n  i m p r o v e m e n t  i n  t h e  

d i s p e r s i o n  o f  t h e  n i c k e l  w h e n  t h e  c o n c e n t r a t i o n  o f  t h e  

n i c k e l  w a s  d e c r e a s e d  f r o m  1 0  t o  1 % ,  t h e  d a t a  o n  t h e

Table I : Summary of Data on Crystallite Size and Catalytic 
Activity of Nickel on Various Oxide Supports

C a ta ly s t

N i
c r y s ta ll i te

s ize ,
A

S p e c if ic  
a c t iv it y  

f o r  e th a n e  
h y d r o 

g en o lysis®

Ni on Si02
1% Ni 1 2 1 1

10% Ni 24 500
Ni on AI2O3

10% Ni 23 260
Ni on Si0 2 -Al20 3

1% Ni 26 <0.08
10% Ni 29 9.5

a Micromoles of ethane converted to methane per hour per 
square meter of nickel; conditions: 205°, ethane pressure 0.030 
atm, hydrogen pressure 0.20 atm. For details of the catalytic 
studies, see ref 1  and 2 .

m a g n e t i c  p r o p e r t i e s  o f  t h e  n i c k e l  o n  s i l i c a  c a t a l y s t s  

l e a v e  l i t t l e  d o u b t  t h a t  t h e  n i c k e l  i s  d i s p e r s e d  m o r e  

h i g h l y  a t  t h e  l o w e r  c o n c e n t r a t i o n .  I t  i s  p o s s i b l e  t h a t  

t h e  a d s o r p t i o n  m e a s u r e m e n t s  o n  t h e  l o w - c o n c e n t r a 

t i o n  s a m p l e s  w e r e  n o t  v e r y  a c c u r a t e  o w i n g  t o  t h e  l o w  

a m o u n t s  o f  h y d r o g e n  a d s o r b e d .

D iscussion

P r e v i o u s l y  r e p o r t e d  r e s u l t s  o n  e t h a n e  h y d r o g e n o l y s i s  

o v e r  t h e  n i c k e l  c a t a l y s t s  a r e  s u m m a r i z e d  i n  T a b l e  I  f o r  

d i s c u s s i o n  p u r p o s e s .  I n  c o n s i d e r i n g  p o s s i b l e  e x p l a n a 

t i o n s  f o r  t h e  d i f f e r e n c e s  i n  c a t a l y t i c  a c t i v i t y  o f  n i c k e l  

o n  t h e  d i f f e r e n t  s u p p o r t s ,  o r  a s  a  f u n c t i o n  o f  n i c k e l  

c o n c e n t r a t i o n ,  o n e  m i g h t  s p e c u l a t e  t h a t  d i f f e r e n c e s  i n  

t h e  e x t e n t  o f  r e d u c t i o n  o f  t h e  n i c k e l  c o u l d  b e  r e s p o n 

s i b l e  f o r  t h e  e f f e c t .  H o w e v e r ,  t h e  r e s u l t s  o f  t h e  p r e s e n t  

i n v e s t i g a t i o n  i n d i c a t e  t h a t  t h e  n i c k e l  o n  t h e  v a r i o u s  

o x i d e  s u p p o r t s  i s  w e l l  r e d u c e d  a f t e r  t r e a t m e n t  i n  

f l o w i n g  h y d r o g e n  f o r  1 6  h r  a t  3 7 0 ° ,  a t  l e a s t  f o r  t h e  1 0 %  

n i c k e l  c a t a l y s t s  a n d  f o r  t h e  1 %  N i  o n  S i 0 2- A l 20 3. 

S i n c e  t h e s e  r e d u c t i o n  c o n d i t i o n s  w e r e  e m p l o y e d  

t h r o u g h o u t ,  t h e  v a r i a t i o n  i n  c a t a l y t i c  a c t i v i t y  o f  t h e  

n i c k e l  o n  t h e  v a r i o u s  s u p p o r t s  i s  n o t  a t t r i b u t e d  t o  

m a r k e d  d i f f e r e n c e s  i n  t h e  e x t e n t  o f  r e d u c t i o n .

I n  p u r s u i n g  a n  e x p l a n a t i o n  f o r  t h e  e f f e c t  o f  t h e  s u p 

p o r t  o n  t h e  c a t a l y t i c  p r o p e r t i e s  o f  n i c k e l ,  i t  m i g h t  b e

(12) See ref 4, p  44.
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s u g g e s t e d  t h a t  t h e  e f f e c t  i s  a s s o c i a t e d  w i t h  d i f f e r e n c e s  

i n  t h e  s i z e  o f  t h e  n i c k e l  c r y s t a l l i t e s  o n  t h e  d i f f e r e n t  

s u p p o r t s .  I t  i s  e m p h a s i z e d  t h a t  s u c h  a n  e x p l a n a t i o n  

w o u l d  r e q u i r e  a n  i n f l u e n c e  o f  c r y s t a l l i t e  s i z e  o v e r  a n d  

a b o v e  a n  e f f e c t  o n  t h e  e x t e n t  o f  m e t a l  s u r f a c e  a r e a ,  s i n c e  

t h e  e f f e c t  o f  t h e  l a t t e r  i s  a c c o u n t e d  f o r  i n  t h e  d e t e r m i 

n a t i o n  o f  s p e c i f i c  c a t a l y t i c  a c t i v i t y .  S u c h  a n  e f f e c t  

o f  c r y s t a l l i t e  s i z e  o n  s p e c i f i c  a c t i v i t y  m a y  w e l l  e x i s t  

a n d  m a y  a c c o u n t ,  i n  p a r t ,  f o r  t h e  o b s e r v e d  e f f e c t  o f  

t h e  s u p p o r t .  A c c o r d i n g  t o  t h i s  l i n e  o f  r e a s o n i n g ,  t h e  

h i g h e r  c a t a l y t i c  a c t i v i t y  a n d  g r e a t e r  d i s p e r s i o n  o f  n i c k e l  

o n  s i l i c a  o r  a l u m i n a  a s  c o m p a r e d  t o  s i l i c a - a l u m i n a  i n d i 

c a t e  t h a t  t h e  i n t r i n s i c  c a t a l y t i c  a c t i v i t y  i s  g r e a t e r  f o r  

t h e  s m a l l e r  c r y s t a l l i t e s .  H o w e v e r ,  t h e  c a t a l y t i c  d a t a  

o n  t h e  e f f e c t  o f  n i c k e l  c o n c e n t r a t i o n  i n d i c a t e  j u s t  t h e  

o p p o s i t e ,  s i n c e  i n c r e a s i n g  t h e  n i c k e l  c o n c e n t r a t i o n  

i n c r e a s e s  c r y s t a l l i t e  s i z e  a n d  a c t i v i t y  c o r r e s p o n d i n g l y .  

T h u s ,  o n e  d o e s  n o t  o b t a i n  a  c o m p l e t e l y  c o n s i s t e n t  

e x p l a n a t i o n  o n  t h e  b a s i s  o f  c r y s t a l l i t e  s i z e  e f f e c t s  a l o n e .  

T h e  p o s s i b i l i t y  o f  a n  o p t i m u m  c r y s t a l l i t e  s i z e  f o r  

c a t a l y t i c  a c t i v i t y  h a s  b e e n  c o n s i d e r e d ,  b u t  i t  w o u l d  b e  

d i f f i c u l t  t q  e s t a b l i s h  s u c h  a n  e f f e c t  f r o m  t h e  a v a i l a b l e  

d a t a .

T h e  r e s u l t s  o f  t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  t h e  

i n f l u e n c e  o f  t h e  s u p p o r t  o n  t h e  c a t a l y t i c  p r o p e r t i e s  o f  

n i c k e l  i s  a  m o r e  c o m p l e x  e f f e c t  t h a n  o n e  o f  g r o s s  d i f 

f e r e n c e s  i n  t h e  r e d u c i b i l i t y  o f  t h e  m e t a l  o r  o f  c r y s t a l l i t e  

s i z e .  T h e  t r u e  n a t u r e  o f  t h e  e f f e c t  r e m a i n s  t o  b e  s e e n .  

I t  i s  t o  b e  n o t e d  t h a t  t h e  e f f e c t  i s  p a r t i c u l a r l y  i m p o r t a n t  

a t  l o w  m e t a l  c o n c e n t r a t i o n s .

van der Waals Volumes and Radii of 

Metals in Covalent Compounds

b y  A .  B o n d i

Shell Development Company, Emeryville, California 
{Received April 19, 1966)

I n  a n  e a r l i e r  p a p e r , 1 a n  a t t e m p t  w a s  m a d e  t o  e s t i m a t e  

v a n  d e r  W a a l s  r a d i i  o f  m e t a l l i c  a t o m s .  A d d i t i o n a l  

c o n s i s t e n t  d a t a  c o u l d  n o t  b e  o b t a i n e d  f r o m  X - r a y  d i f 

f r a c t i o n  p a t t e r n s  o f  o r g a n o m e t a l l i c  c o m p o u n d s .  Y e t ,  

t h e  i n c r e a s i n g  i n t e r e s t  i n  o r g a n o m e t a l l i c  c o m p o u n d s  

m a k e s  i t  d e s i r a b l e  t o  c o r r e l a t e  t h e i r  p r o p e r t i e s  w i t h i n  

a n  e x i s t i n g  b o d y  o f  p r o p e r t y  c o r r e l a t i o n s .  H e n c e ,  

t h o s e  v a n  d e r  W a a l s  v o l u m e s  o f  s e v e r a l  c o m p o u n d s  

h a v e  b e e n  c a l c u l a t e d  w h i c h  y i e l d  t h e  c o r r e c t  n u m b e r  

o f  e x t e r n a l  d e g r e e s  o f  f r e e d o m  ( 3 c )  p e r  m o l e c u l e  w h e n

l i n k e d  w i t h  t h e  k n o w n  d e n s i t y  a n d  h e a t  o f  v a p o r i z a t i o n  

d a t a . 1

W i t h  m o s t  m e t a l  a l k y l  c o m p o u n d s ,  s u c h  a s  d i m e t h y l  

c a d m i u m ,  f r e e  r o t a t i o n  o f  t h e  a l k y l  g r o u p  a r o u n d  t h e  

m e t a l - c a r b o n  b o n d  c a n  b e  a s s u m e d ,  s o  t h a t ,  f o r  

e x a m p l e ,  f o r  C d M e 2 3 c  «  7 ,  e t c .  T h e  v a n  d e r  W a a l s  

v o l u m e  i n c r e m e n t s  a n d  r a d i i  o f  v a r i o u s  m e t a l l i c  e l e 

m e n t s  t h a t  a r e  c o m p a t i b l e  w i t h  t h a t  r e q u i r e m e n t  a r e  

l i s t e d  i n  T a b l e  I .  I t  i s  n o t e w o r t h y  t h a t  t h e s e  V w i n 

c r e m e n t s  a r e  o f  t h e  s a m e  o r d e r  a s  t h e  e l e c t r o n i c  p o l a r i z 

a b i l i t y  [jffijoo ( a n d  a s  t h e  a t o m i c  v o l u m e  o f  t h e  e l e m e n t  

i n  i t s  m e t a l l i c  s t a t e ) ,  a  w e l l - k n o w n  r e s u l t  o f  c l a s s i c a l  

p h y s i c s  f o r  t h e  c a s e  o f  c o n d u c t i n g  s p h e r e s .

Table I : van der Waals Volumes and Radii of Several 
Metals Derived from Metal Alkyl Data“

E°, Fw(X), [Sloo,
k ca l/ 0L, cm 8/ r„(X), cm 8/

C om pd m ole °K 3 c X m ole A m ole

ZnMe2 7 . 7 8 3 7 8 6 . 2 Zn 8 . 9 3 1 . 3 9 8 . 9
ZnEtî 1 0 . 1 0 4 4 5 6 . 9 Zn 8 . 9 3
CdMe2 9 . 5 7 4 4 3 6 . 5 Cd 1 2 .4 6 1 . 6 2 1 2 . 7
HgMe2 8 . 9 1 4 2 0 6 . 4 Hg 1 3 . 3 0 1 . 7 0 1 3 . 8
PbMe4 9 . 7 9 4 8 2 6 . 1 Pb 1 7 . 8 1 7 . 9

a E° is the energy of vaporization at that temperature at
which the ratio of molai volume to van der Waals volume
(V /V w) =  1.70. 0 l is the characteristic temperature of liquid 
= E°/5cR, determined experimentally as 1.535 X (temperature 
(°K ) at which V/Vw = 1.80). r„ is the van der Waals radius. 
Vw is the van der Waals volume. [R]® is the molar refractivity. 
References to the definitions and physical meaning of the first 
four items are given in ref 1.

T h e  p r o x i m i t y  o f  t h e  F w increments t o  [R]„  i s  s o m e 

w h a t  f o r t u i t o u s  b e c a u s e  t h e  i n c r e m e n t s  w e r e  c a l 

c u l a t e d  f o r  c o n n e c t i o n  w i t h  c a r b o n  a n d  w o u l d  h a v e  

b e e n  s o m e w h a t  ( b u t  n o t  v e r y )  d i f f e r e n t  h a d  t h e y  b e e n  

c a l c u l a t e d  f o r  c o m b i n a t i o n s  w i t h  o t h e r  e l e m e n t s .  T h e  

p r i m a r y  r e s u l t  o f  t h i s  i n v e s t i g a t i o n  i s  t h e  s u g g e s t i o n  

t h a t  t h e  r e a d i l y  a v a i l a b l e  L o r e n t z - L o r e n z  r e f r a c t i v i t y  

[ R ] c o  o f  m e t a l s 2 c a n  b e  u s e d  a s  a  s t a r t i n g  p o i n t  f o r  t h e  

e s t i m a t i o n  o f  V w a n d  o f  rw o f  m e t a l s  i n  m e t a l  o r g a n i c  

c o m p o u n d s .

S h o u l d  t h e  i n d i c a t e d  r e l a t i o n  b e  v a l i d  f o r  m e t a l  

a t o m s  g e n e r a l l y ,  i t  w o u l d  m e a n  t h a t  t h e  e l e c t r o n  

d e n s i t y  o f  m e t a l  a t o m s  d e c r e a s e s  f a r  m o r e  s t e e p l y  

w i t h  d i s t a n c e  o u t w a r d  f r o m  t h e  p o i n t  o f  m a x i m u m  

e l e c t r o n  d e n s i t y 3 * t h a n  i s  t h e  c a s e  w i t h  t h e  a t o m s  o f

(1 ) A . B on d i, J. Phys. Chem., 68, 441 (1964).

(2 ) S. S. B atsan ov, “ R e fra ctom etry  and C rysta l S tru ctu re ,”  C o n 
su ltants B ureau , N ew  Y ork , N . Y ., 1961.

(3 ) J. C . Slater, "Q u an tu m  T h e o ry  o f  M olecu les  and S o lid s ,”  V o i.
II , M cG ra w -H ill B o o k  C o., In c ., N ew  Y ork , N . Y ., 1965, p  106 ff.
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n o n m e t a l l i c  e l e m e n t s .  I n  v i e w  o f  t h e  c o m p a r a t i v e l y  

l o w e r  i o n i z a t i o n  p o t e n t i a l s  o f  t h e  m e t a l l i c  e l e m e n t s ,  

t h i s  i s  a  r a t h e r  u n e x p e c t e d  r e s u l t  w o r t h y  o f  f u r t h e r  i n 

v e s t i g a t i o n .

Studies on Solutions of High Dielectric Constant.

VIII. The Cationic Transport Numbers of 

Potassium Bromide in N-Methylformamide 

at Different Temperatures and Concentrations1

b y  R a m  G o p a l  a n d  0 .  N .  B h a t n a g a r 2

Departm ent o f  C hem istry, Lucknow  U niversity,
Lucknow , In d ia  {Received F ebru ary  7, 1966 )

I n  v i e w  o f  t h e  l a c k  o f  t h e  t r a n s p o r t  n u m b e r  d a t a  o f  

i o n s  i n  N - m e t h y l f o r m a m i d e ,  i t  w a s  c o n s i d e r e d  d e s i r a b l e  

t o  e x t e n d  t h e  p r e v i o u s  w o r k 3' 4 5 o n  t h e  d e t e r m i n a t i o n  

o f  t h e  t r a n s p o r t  n u m b e r s  t o  s o l u t i o n s  i n  N - m e t h y l 

f o r m a m i d e  ( N M F )  i n  o r d e r  t o  e v a l u a t e  t h e  l i m i t i n g  

i o n i c  m o b i l i t i e s  f r o m  t h e  e x i s t i n g  e l e c t r o l y t i c  c o n d u c t 

a n c e  d a t a  a n d  a l s o  t h r o w  s o m e  l i g h t  o n  t h e  i o n - s o l v e n t  

i n t e r a c t i o n  i n  t h i s  s o l v e n t  o f  v e r y  h i g h  d i e l e c t r i c  c o n 

s t a n t  ( e  1 8 2 . 4  a t  2 5 ° ) . 4a W i t h  t h i s  a i m  i n  v i e w ,  t h e  

c a t i o n i c  t r a n s p o r t  n u m b e r s  o f  K B r  i n  N M F ,  a t  d i f 

f e r e n t  t e m p e r a t u r e s  a n d  c o n c e n t r a t i o n s ,  h a v e  b e e n  

d e t e r m i n e d  a n d  a r e  r e p o r t e d  i n  t h e  p r e s e n t  c o m m u n i c a 

t i o n .

Experim ental Section

P o t a s s i u m  b r o m i d e  w a s  f o u n d  t o  b e  a n  a p p r o p r i a t e  

e l e c t r o l y t e  o n  a c c o u n t  o f  i t s  a p p r e c i a b l e  s o l u b i l i t y  i n  

N M F  s o  t h a t  t h e  t r a n s p o r t  n u m b e r s  c o u l d  b e  d e 

t e r m i n e d  a t  t h e  s i g n i f i c a n t l y  d i f f e r e n t  c o n c e n t r a t i o n s .  

T h e  A . R .  g r a d e  K B r  w a s  r e c r y s t a l l i z e d  f r o m  c o n d u c t i v 

i t y  w a t e r ,  t h o r o u g h l y  d r i e d  i n  a n  e l e c t r i c  o v e n  a t  1 1 0 ° ,  

a n d  w a s  u s e d  f o r  p r e p a r i n g  t h e  s o l u t i o n s .

T h e  N M F  o f  s p e c i f i c  c o n d u c t a n c e  1 0 - 4  m h o  w a s  

d r i e d  o v e r  f r e s h l y  i g n i t e d  q u i c k l i m e  a n d  d i s t i l l e d  t w i c e  

u n d e r  r e d u c e d  p r e s s u r e .  T h e  p r o c e s s  o f  d r y i n g ,  d i s t i l l 

i n g ,  a n d  c o l l e c t i n g  t h e  m i d d l e  f r a c t i o n  f o r  r e d i s t i l l a t i o n  

w a s  r e p e a t e d  u n t i l  t h e  c o n d u c t a n c e  o f  t h e  s a m p l e  

w a s  r e d u c e d  t o  a b o u t  1 0 ~ 6 m h o .  T h e  s a m p l e  o f  N M F  

t h u s  o b t a i n e d  w a s  k e p t  i n  a n  a m b e r  b o t t l e  a n d  s t o r e d  

i n  t h e  d r y  n i t r o g e n  b o x .  T h e  s a m p l e  w a s  u s e d  f o r  

p r e p a r i n g  t h e  s o l u t i o n s  s o o n  a f t e r w a r d  a s  t h e  s o l v e n t  

a p p e a r e d  t o  b e  s l i g h t l y  m o r e  u n s t a b l e  t h a n  t h e  o t h e r  

s o l v e n t s  o f  t h i s  f a m i l y  u s e d  e a r l i e r . 3' 4 H o w e v e r ,  t h e  

v a r i a t i o n  o f  c o n d u c t a n c e  w i t h  t i m e  w a s  f o u n d  t o  b e  

v e r y  l i t t l e  a n d  w a s  n o t  e x p e c t e d  t o  a f f e c t  t h e  r e s u l t s  o n

t h e  t r a n s p o r t  n u m b e r s  a t  o r d i n a r y  t e m p e r a t u r e s .  

A l l  o f  t h e  s o l v e n t  t r a n s f e r s  w e r e  m a d e  i n  t h e  d r y  n i t r o 

g e n  b o x .

T h e  t r a n s p o r t  n u m b e r  c e l l  w a s  s i m i l a r  t o  t h a t  u s e d  

i n  f o r m a m i d e 3 a n d  N - m e t h y l a c e t a m i d e 4 s o l u t i o n s .  

T h e  c a t h o d e  o f  t h e  c e l l  w a s  a  s i l v e r  b r o m i d e  e l e c t r o d e  

a n d  w a s  p r e p a r e d  a s  d e s c r i b e d  e l s e w h e r e . 4 T h e  a n o d e  

w a s  a  s i l v e r  w i r e  w o u n d  i n  t h e  f o r m  o f  a  s p i r a l  o f  a b o u t

4 - 5 - m m  d i a m e t e r  a n d  7 - 8  c m  i n  l e n g t h .  T h e  s o l u 

t i o n  o f  a n y  d e s i r e d  c o n c e n t r a t i o n  w a s  p r e p a r e d  i n  t h e  

m a n n e r  d e s c r i b e d  e a r l i e r  a n d  a l l  p o s s i b l e  p r e c a u t i o n s ,  

g i v e n  i n  d e t a i l  i n  t h e  p r e v i o u s  c o m m u n i c a t i o n s , 3' 4 

t o  k e e p  a w a y  t h e  a t m o s p h e r i c  m o i s t u r e  w h i l e  p r e p a r i n g  

t h e  s o l u t i o n s  a n d  d u r i n g  t h e  c o u r s e  o f  e x p e r i m e n t s ,  

w e r e  t a k e n .  T h e  e x p e r i m e n t a l  r e s u l t s  a r e  s u m m a r i z e d  

i n  T a b l e  I .

Table I : Cationic Transport Numbers of Potassium 
Bromide in N-Methylformamide

Concn,
M 15°

------ Transport number, t+ ------
25° 35° 45°

0 . 0 0 0 .4 9 4 5 0 . 5 0 8 0 0 . 5 2 1 0 0 . 5 2 9 0 '
0 . 0 5 0 . 4 9 0 9 0 .5 0 4 8 0 .5 1 8 4 0 .5 2 8 8
0 . 1 0 0 .4 8 8 1 0 .5 0 3 7 0 .5 1 6 9 0 .5 2 5 7
0 . 2 0 0 . 4 8 0 4 0 . 4 9 8 0 0 .5 1 1 9 0 . 5 2 1 0
0 . 2 5 0 .4 7 6 5 0 .4 9 5 3 0 . 5 0 9 7 0 .5 1 4 8
0 . 3 0 0 .4 7 2 3 0 .4 9 3 1 0 .5 0 8 4 0 . 5 1 3 0

“ From the graph by interpolation.

F r o m  t h e  t r a n s p o r t  n u m b e r s  g i v e n  i n  T a b l e  I ,  t h e  

l i m i t i n g  t r a n s p o r t  n u m b e r s ,  t+°, o f  p o t a s s i u m  i o n  a t  d i f 

f e r e n t  t e m p e r a t u r e s  w e r e  e v a l u a t e d  b y  u s i n g  t h e  L o n g s -  

w o r t h  p r o c e d u r e . 6 T h e  v a l u e s  o f  t h e  v a r i o u s  t e r m s  

i n v o l v e d  i n  c a l c u l a t i n g  t h e  L o n g s w o r t h  f u n c t i o n  w e r e  

a s  f o l l o w s .  L i m i t i n g  e q u i v a l e n t  c o n d u c t i v i t i e s  o f  

K B r  a t  1 5  a n d  2 5 °  w e r e  3 6 . 5 1  a n d  4 3 . 6 9 ,  a s  g i v e n  

b y  F r e n c h  a n d  G l o v e r , 6 w h i l e  t h o s e  a t  3 5  a n d  4 5 °  

w e r e  5 3 . 0 0  a n d  6 0 . 7 5  a n d  w e r e  d e t e r m i n e d  e x p e r i m e n 

(1) W ork  supported  b y  the  C oun cil o f  S cientific and Industria l 
R esearch  (In dia ).
(2 ) C S IR  Junior R esearch Fellow .
(3 ) R . G op a l and  O. N . B hatnagar, J. Ph.ys. Chern., 68 , 3892 (1964).
(4 ) R . G opal and O . N . B hatnagar, ibid., 69 , 2382 (1965).
(4a) N o t e  A d d e d  i n  P r o o f . G .  P .  Johari and P .  H .  T ew a ri [ibid., 
70, 197 (1966)] have published the ca tion ic transport nu m bers o f  
KC1 in form am ide and in N M A  w ithou t discussing and referring to 
the data  given in ref 3 and 4. I t  is interesting to  note  th a t  th e  
"ever -v ig ila n t”  refereeing staff o f  the  Journal o f  P hysical C hem istry  
appears to  have fa iled  to  draw  the au th ors ’ atten tion  to  the already 
existing detailed  investigations3' 4 o f  such a recent publication .
(5 ) L . G . L ongsw orth , J . A m . Chem. Soc., 54, 2741 (1932).
(6 ) C . M . F ren ch  and K . H . G lover , Trans. Faraday Soc., 51 , 1418 
(1955).
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t a l l y  b y  t h e  u s u a l  p r o c e d u r e .  T h e  d i e l e c t r i c  c o n s t a n t s  

w e r e  «15-  2 0 0 . 1 ,  625» 1 8 2 . 4 ,  e35° 1 7 4 . 3 ,  a n d  £45» 1 6 7 . 1  

a t  t h e  t e m p e r a t u r e s  i n d i c a t e d  a n d  w e r e  t h o s e  r e p o r t e d  

b y  L e a d e r  a n d  G o r m l e y .7 T h e  v a l u e s  o f  v i s c o s i t i e s  

a t  t h e  d i f f e r e n t  t e m p e r a t u r e s  w e r e  7715» =  0 . 0 1 9 9 ,  

7725» =  0 . 0 1 6 5 ,77350 =  0 . 0 1 4 2 ,  a n d  7745» =  0 . 0 1 2 3  p o i s e .6’8 
T h e  v a l u e s  o f  t h e  l i m i t i n g  t r a n s p o r t  n u m b e r s ,  f + ° ,  o f  

K + , a t  v a r i o u s  t e m p e r a t u r e s ,  o b t a i n e d  f r o m  t h e  p l o t  

o f  t h e  L o n g s w o r t h  f u n c t i o n  a g a i n s t  c o n c e n t r a t i o n ,  a r e  

a l s o  g i v e n  i n  T a b l e  I  u n d e r  t h e  c o n c e n t r a t i o n  h e a d i n g  

0 . 0 0  M.

R esults and D iscussion

A s  c a n  b e  s e e n  f r o m  T a b l e  I ,  t h e  v a r i a t i o n s  i n  t h e  

t r a n s p o r t  n u m b e r ,  t+, o f  K  i o n  i n  N - m e t h y l f o r m a m i d e  

a r e  v e r y  m u c h  s i m i l a r  t o  t h o s e  i n  f o r m a m i d e 3 a n d  i n  

N - m e t h y l a c e t a m i d e ;4 i.e., t+ d e c r e a s e s  w i t h  i n c r e a s e  

i n  c o n c e n t r a t i o n  a n d  i n c r e a s e s  w i t h  i n c r e a s e  i n  t e m p e r a 

t u r e .  T h e  l i m i t i n g  t r a n s p o r t  n u m b e r  o f  p o t a s s i u m  

i o n ,  i.e., i + ° ( k +), i n c r e a s e s  f r o m  0 . 4 9 4 5  a t  1 5 °  t o  5 2 9 0  

a t  4 5 ° .  T h i s  b e h a v i o r  i s  o p p o s i t e  t o  t h a t  i n  a q u e o u s  

s o l u t i o n s  i n  w h i c h  f + ° ( K + )  d e c r e a s e s  s l i g h t l y  w i t h  r i s e  

i n  t e m p e r a t u r e .  R e c e n t l y ,  G i l l 9 h a s  r e p o r t e d  s i m i l a r  

b e h a v i o r  o f  t h e  c a t i o n i c  t r a n s p o r t  n u m b e r  o f  K N 0 3 
i n  l i q u i d  a m m o n i a  i n  w h i c h  £ + °< k +) h a s  b e e n  f o u n d  t o  

d e c r e a s e  w i t h  r i s e  i n  t e m p e r a t u r e  i n  t h e  r a n g e  — 6 5  t o  

—  4 5 ° ,  a l t h o u g h  f + ° (N a m  £ + ° a i + ) ,  a n d  i + ° ( N H 4 +) i n 

c r e a s e  w i t h  r i s e  i n  t e m p e r a t u r e  a s  i + °< k +> ( K B r )  d o e s  

i n  N - m e t h y l f o r m a m i d e .

I t  m a y  b e  n o t e d  t h a t  ¿ + ° ( k +) i n c r e a s e s  b e y o n d  0 . 5  

w i t h  r i s e  i n  t e m p e r a t u r e .  T h i s  i s  a  l i t t l e  u n u s u a l  a l 

t h o u g h  s u c h  v a l u e s  o f  t h e  t r a n s p o r t  n u m b e r  h a v e  b e e n  

r e p o r t e d  i n  t h e  l i t e r a t u r e . 10

Ionic M obilities

T h e  l i m i t i n g  c a t i o n i c  t r a n s p o r t  n u m b e r s  a t  d i f f e r e n t  

t e m p e r a t u r e s  c a n  b e  u s e d  t o  c a l c u l a t e  t h e  i o n i c  m o b i l i 

t i e s  f r o m  t h e  a v a i l a b l e  e l e c t r o l y t i c  c o n d u c t a n c e  d a t a 6 
i n  t h i s  s o l v e n t  a n d  m a k i n g  u s e  o f  t h e  u s u a l  K o h l r a u s c h  

l a w  o f  t h e  i n d e p e n d e n t  m i g r a t i o n  o f  i o n s .  T h e  i o n i c  

c o n d u c t i v i t i e s  a t  i n f i n i t e  d i l u t i o n  o f  s o m e  i o n s  t h u s  

o b t a i n e d  a r e  g i v e n  i n  T a b l e  I I .

S i n c e  n o  i o n i c  c o n d u c t a n c e  d a t a  a r e  a v a i l a b l e  i n  t h e  

l i t e r a t u r e ,  i t  i s  n o t  p o s s i b l e  t o  v e r i f y  t h e  v a l u e s  g i v e n  

i n  T a b l e  I I .  H o w e v e r ,  t h e y  s e e m  t o  b e  r e a s o n a b l e  i f  

t h e y  a r e  c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  v a l u e s  i n  

f o r m a m i d e  a n d  i n  N - m e t h y l a c e t a m i d e .  S i n c e  t h e  

t e t r a h e d r a l  s t r u c t u r e  p r e s e n t  i n  w a t e r  i s  m i s s i n g  i n  

t h e s e  s o l v e n t s ,  t h e  s t r u c t u r e - b r e a k i n g  e f f e c t  o f  t h e  l a r g e r  

i o n s  l i k e  K +  i s  a l s o  m i s s i n g  i n  t h e s e  s o l v e n t s  a n d  s o  

a l l  t h e  i o n s  b e h a v e  n o r m a l l y .  I n  v i e w  o f  t h e  l a c k  o f  

s u f f i c i e n t  a n d  a p p r o p r i a t e  e l e c t r o l y t i c ,  a n d  h e n c e  t h e  

i o n i c ,  c o n d u c t a n c e  d a t a  i n  t h i s  s o l v e n t ,  i t  i s  n o t  p o s s i b l e

Table II: Mobilities of Some Ions in N-Methylformamide 
at Different Temperatures

-•------------------------ Ionic mobility at---------------------
Ion 15° 25° 35° 45°

Na + 1 7 .5 9 2 1 . 5 6
K + 1 8 . 0 5 2 2 . 1 3 2 7 . 6 2 3 2 . 1 5
Cs + 1 9 . 9 0 2 4 . 3 9
(C2H5)4N + 2 1 . 5 2 2 6 . 2 0
Picrate- 1 1 . 2 8 1 3 . 0 8

c l - 1 6 . 8 8 1 9 .7 0
Br- 1 8 . 4 6 2 1 . 5 6 2 5 . 3 8 2 8 . 6 0
I - 1 9 . 3 8 2 2 . 7 6

t o  m a k e  a  r e a s o n a b l e  e s t i m a t e  o f  t h e  s o l v a t i o n  o f  i o n s  

a s  w a s  d o n e  i n  N M A .4 T h i s  a s p e c t  w i l l  b e  e x a m i n e d  

l a t e r  w h e n  t h e  r e q u i r e d  d a t a  a r e  a v a i l a b l e .

Acknowledgment. A  g r a n t  f r o m  t h e  S o c i e t y  o f  

S i g m a  X i  a n d  R E S A  R e s e a r c h  F u n d  o f  t h e  U n i t e d  

S t a t e s  o f  A m e r i c a  f o r  t h e  p u r c h a s e  o f  t h e  s o l v e n t s  

( N M A ,  N M F ,  a n d  N M P )  i s  v e r y  m u c h  a p p r e c i a t e d .

(7 ) G . R . Leader and J. F . G orm ley , J. A m . Chem. Soc., 73 , 5731 
(1951).
(8 ) R . G op a l and S. A . R izv i, J. Ind ian  Chem. Soc., 43, 179 (1966).
(9) J. B . G ill, J. Chem. Soc., 5730 (1965).
(10) B . E . C on w a y , "E lectroch em ica l D a ta ,’ ’ E lsevier P ublish ing  
C o ., L on d on , 1952, p 166.

Photooxidation of Perfluoroethyl Iodide 

and Perfluoro-n-propyl Iodide1®

b y  D a n a  M a r s h  a n d  J u l i a n  H e i c k l e n 1*5

A erospace C orporation , E l Segundo, C aliforn ia  
{Received F ebruary 15, 1966)

I n  e a r l i e r  r e p o r t s ,  t h e  o x i d a t i o n  o f  C F 32 3 a n d  C F C I 23 
r a d i c a l s  w a s  e x a m i n e d .  I n  t h e  f o r m e r  c a s e ,  t h e  o n l y  

c a r b o n - c o n t a i n i n g  p r o d u c t  w a s  C F 20 ,  w h e r e a s  i n  t h e  

l a t t e r  c a s e  o n l y  C F C I O  w a s  f o u n d .  I n  t h e  p r e s e n c e  o f  

H I ,  t h e  r e s u l t s  w e r e  u n c h a n g e d .

I n  t h i s  w o r k ,  w e  e x t e n d  t h e  o x i d a t i o n  s t u d i e s  t o  

C 2 F 5  a n d  R - C 3 F 7  r a d i c a l s  i n  o r d e r  t o  d e t e r m i n e  t h e  

p r o d u c t s  o f  r e a c t i o n  a n d  t h e  n a t u r e  o f  t h e  i n t e r m e d 

i a t e s .  I n  b o t h  c a s e s ,  t h e  m a j o r  p r o d u c t  i s  C F 20 .

(1 ) (a) T h is  w ork  was su pported  b y  th e  U . S. A ir F orce  under C on 
tra ct N o . A F  04(695 )-669 . (b ) T o  w hom  requests for  reprints
should  be sent.
(2 ) J. H eick len , J. P h ys. Chem., 70, 112 (1966).
(3 ) D . G . M arsh and J. H eick len , ibid., 69 , 4410 (1965).
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I n  t h e  C 2F 5I  s y s t e m ,  i t  i s  p r o d u c e d  w i t h  a  q u a n t u m  

y i e l d  o f  a b o u t  2 . 0 .  C F 3C F O  i s  a l s o  p r o d u c e d ,  b u t  i s  

o n l y  V 40 a s  i m p o r t a n t .  W i t h  H I  p r e s e n t ,  t h e  o x i d a 

t i o n  i s  d r a s t i c a l l y  m o d i f i e d ,  a n d  t h e  R 0 2 i n t e r m e d i a t e  

m u s t  l i v e  a t  l e a s t  10~7 s e c .

Experim ental Section

P e r f l u o r o e t h y l  i o d i d e  a n d  p e r f l u o r o - n - p r o p y l  i o d i d e  

w e r e  o b t a i n e d  f r o m  P e n i n s u l a r  C h e m R e s e a r c h ,  I n c .  

G a s  c h r o m a t o g r a p h i c  a n a l y s i s  s h o w e d  n o  i m p u r i t i e s  

i n  t h e  C 2F SI  b u t  o n e  m a j o r  i m p u r i t y  o f  a b o u t  7 %  i n  

t h e  « - C 3F 7I .  T h e  C 2F 5I  w a s  u s e d  a f t e r  d e g a s s i n g  a t  

—  1 9 6 ° ,  b u t  t h e  C 3F 7I  w a s  p u r i f i e d  b y  t r a p - t o - t r a p  

f r a c t i o n a t i o n ,  a n d  t h a t  f r a c t i o n  v o l a t i l e  a t  — 6 3 . 5 °  

b u t  c o n d e n s a b l e  a t  — 1 2 6 °  u s e d .  I n  t h i s  w a y ,  t h e  

i m p u r i t y  l e v e l  w a s  r e d u c e d  b u t  n o t  e l i m i n a t e d .  F u r 

t h e r m o r e ,  t h e  v i o l e t  c o l o r  o f  t h e  i m p u r e  m a t e r i a l  d i s 

a p p e a r e d .  M a t h e s o n  r e s e a r c h  g r a d e  0 2 a n d  a n h y 

d r o u s  H I  ( d e g a s s e d  a t  — 1 9 6 ° )  w e r e  u s e d .

I n f r a r e d  a n a l y s e s  w e r e  p e r f o r m e d  in situ i n  a  P e r k i n -  

E l m e r  M o d e l  1 3  U n i v e r s a l  s p e c t r o m e t e r .  A  T - s h a p e d  

c e l l  w a s  u s e d ,  h a v i n g  1 1 . 5 - c m  i n f r a r e d  a n d  1 0 . 7 - c m  

u l t r a v i o l e t  p a t h  l e n g t h s .  T h e  u l t r a v i o l e t  l i g h t  e n t e r e d  

t h e  s t e m  o f  t h e  T  t h r o u g h  a  q u a r t z  w i n d o w .  T h e  t o p  

o f  t h e  T  h a d  s o d i u m  f l u o r i d e  w i n d o w s  a t  e a c h  e n d  a n d  

w a s  s i t u a t e d  i n  t h e  i n f r a r e d  b e a m .  R a d i a t i o n  w a s  

f r o m  a  H a n o v i a - t y p e  S H ,  U - s h a p e d  m e r c u r y  l a m p  a n d  

p a s s e d  t h r o u g h  a  C o r n i n g  0 - 5 3  g l a s s  t o  r e m o v e  w a v e 

l e n g t h s  b e l o w  2 8 0 0  A  b e f o r e  e n t e r i n g  t h e  c e l l .  T h e  

e f f e c t i v e  r a d i a t i o n  w a s  p r i m a r i l y  a t  3 1 3 0  A  w i t h  t h e  

l i n e  a t  3 0 2 0  A  a l s o  p l a y i n g  s o m e  r o l e .

T h e  u l t r a v i o l e t  a b s o r p t i o n  c o e f f i c i e n t s  f o r  H I ,  

C 2F 5I ,  a n d  C 3F 7I  w e r e  d e t e r m i n e d  a t  3 0 2 0  a n d  3 1 3 0 A  

o n  a  C a r y  M o d e l  1 5  s p e c t r o p h o t o m e t e r .  F o r  l o n g e r  

w a v e l e n g t h s  (i.e., 3 3 4 0  A  a n d  a b o v e )  t h e r e  w a s  n o  

a b s o r p t i o n .  A b s o l u t e  q u a n t u m  y i e l d s  w e r e  m e a s u r e d  

b y  c o m p a r i s o n  w i t h  t h e  C F 20  p r o d u c e d  f r o m  p h o t o l y s i s  

o f  C F 3I - 0 2 m i x t u r e s  w h e r e  $ ( C F 20 )  =  1 . 0 .

R esults and D iscussion

T h e  p h o t o l y s i s  o f  C 2F 6I  o r  C 3F 7I  y i e l d s  n o  p r o d u c t s ,  

e v e n  f o r  e x t e n d e d  e x p o s u r e s .  A s  i n  a l l  a l k y l  i o d i d e s ,  

t h e  i n d i c a t e d  m e c h a n i s m  i s

R I  +  hv — >- R  +  I ( 1)

2 R  — * - R * ( 2 )

R  +  I  - R I ( 3 )

2 1  +  M  -— >  I . ( 4 )

H o w e v e r ,  t h e  I 2 i s  a  p o w e r f u l  r a d i c a l  s c a v e n g e r ,  a n d  

v e r y  q u i c k l y  t h e  r e a c t i o n  i s  i n h i b i t e d  b y

R  +  I 2 — >  R I  +  I  ( 5 )

W i t h  C 2F 6I - 0 2 m i x t u r e s ,  t h e  p r o d u c t s  f o u n d  w e r e  

C F 20 ,  C F 3C F O ,  a n d  S i F 4. I o d i n e  i s  a l s o  f o r m e d  a n d  

p e r h a p s  F 2 o r  F 20 ,  t h o u g h  t h e y  w o u l d  n o t  b e  d e t e c t e d  

b y  i n f r a r e d  a n a l y s i s .  T h e  r a t e  o f  S i F 4 f o r m a t i o n  i n 

c r e a s e s  w i t h  e x p o s u r e  t i m e ,  i n d i c a t i n g  s e c o n d a r y  d e 

c o m p o s i t i o n  o f  s o m e  p r o d u c t .  H o w e v e r ,  t h e  C F 3-  

C F O  a n d  C F 20  g r o w  l i n e a r l y  w i t h  t i m e ;  t h e i r  q u a n 

t u m  y i e l d s  a r e  l i s t e d  i n  T a b l e  I .  T h e  C 2F 5I  a n d  0 2

Table I : Photooxidation of C2F5I
( T  =  2 5 ° ,  h  =  3 5  ±  5  M/min)

(C 2F 8I) ,
mm

(O 0 .
m m # (C F 20 ) $ (C F 3C FO )

i t 1 0 2 . 1 0 . 0 7 2
1 0 3 0 0 2 . 0 0 . 0 5 4
3 1 1 0 1 . 4 0 . 0 4 0
2 8 3 3 2 . 7 0 . 0 7 2
2 8 2 6 5 1 . 6 0 . 0 3 5

1 0 0 1 0 1 . 7 0 .0 6 9
10 2 1 2 7 2 . 1 0 . 0 5 1
10 0 3 0 0 1 . 9 0 .0 4 3
3 1 5 10 0 . 0 5 6
3 0 0 3 1 5 2 . 2 0 . 0 2 4
3 0 0 3 6 2 4 . 8 0 . 0 6 9

A v 2 . 0  ±  0 . 3 0 . 0 5 3  ±  0 . 0 1 3

p r e s s u r e s  w e r e  v a r i e d  f r o m  1 0  t o  3 0 0  m m ,  b u t  t h e  

q u a n t u m  y i e l d s  w e r e  u n a f f e c t e d .  T h e y  a r e  $ ( C F 20 )  =

2 . 0  a n d  $ ( C F 3C F O )  =  0 . 0 5 .  T h e  m e c h a n i s m  t h a t  

m o s t  e a s i l y  e x p l a i n s  t h e  r e s u l t s  i s

C 2F 5 +  0 2 C 2F 50 2 ( 6 )

C 2F 60 2 — >  C F 20  +  C F 30  ( 7 )

C 2F 60 2 — >  C F 3C F O  +  F O  ( 8 )

w h e r e  h/kg i s  a b o u t  2 0 .  T h e  C F 30  f o r m e d  f r o m  ( 7 )  

m a y  h a v e  s u f f i c i e n t  e n e r g y  t o  d e c o m p o s e  i m m e d i a t e l y

C F 3O *  — C F 20  +  F  ( 9 )

o r  i t  m a y  f o r m  C F 20  b y

2 C F 30  — >  2 C F 20  +  F 2 ( 1 0 )

W i t h  C 3F 7I —0 2 m i x t u r e s ,  t h e  r e s u l t s  a r e  m o r e  d i f 

f i c u l t  t o  i n t e r p r e t  b e c a u s e  o f  t h e  p r e s e n c e  o f  t h e  i m 

p u r i t y .  T h e  p r o d u c t s  o b s e r v e d  w e r e  t h e  s a m e  a s  i n  

t h e  C 2F 5I - 0 2 p h o t o l y s i s .  I n i t i a l l y ,  t h e  u n p u r i f i e d  

C 3F 7I  w a s  i r r a d i a t e d  a n d  C F 20  w a s  p r o d u c e d  w i t h  a  

q u a n t u m  y i e l d  o f  f r o m  1 0  t o  3 0 .  P u r i f i c a t i o n  o f  t h e  

C 3F 7I  b y  f r a c t i o n a t i o n  r e d u c e d  t h e  i m p u r i t y  l e v e l  c o n 

s i d e r a b l y ,  b u t  d i d  n o t  e l i m i n a t e  t h e  i m p u r i t i e s .  P h o t o 

l y s i s  o f  m i x t u r e s  o f  0 2 a n d  t h e  p u r i f i e d  C 3F 7I  s h o w e d  

t h e  i n i t i a l  l a r g e  $ ( C F 20 ) ,  b u t  t h e  r a t e  o f  C F 20  p r o d u c -

V olum e 70, N um ber 9 September 1966
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t i o n  r a p i d l y  d r o p p e d  t o  a  s m a l l e r  c o n s t a n t  v a l u e  a s  t h e  

C F 20  a p p r o a c h e d  a b o u t  1 %  o f  t h e  C 3F 7I .  P r e s u m 

a b l y ,  t h e  i n i t i a l  r e a c t i o n  i s  s i m i l a r  t o  t h a t  f o r  C 2F 5 
r a d i c a l s

C 3F 7 +  0 2 — ► C 3F 70 2 ( 1 1 )

I n  s o m e  m a n n e r ,  t h e  C 3F 70 2 r a d i c a l  m u s t  y i e l d  p r i m a r i l y  

C F 20 .  H o w  t h i s  o c c u r s  i s  n o t  c l e a r  a t  a l l .

I t  i s  o f  i n t e r e s t  t o  k n o w  w h e t h e r  t h e  R 0 2 r a d i c a l  h a s  

a  m e a s u r a b l e  l i f e t i m e .  T o  t h a t  e n d ,  w e  d i d  a  n u m b e r  

o f  e x p e r i m e n t s  w i t h  5  t o  4 0  m m  o f  H I  a d d e d .  T w o  

s e r i e s  o f  e x p e r i m e n t s  w e r e  d o n e ,  o n e  w i t h  2 8 0  m m  o f  

C 2F 5I  a n d  3 0 0  m m  o f  0 2, a n d  t h e  o t h e r  w i t h  1 0 0  m m  o f  

C 3F 7I  a n d  3 0 0  m m  o f  0 2. H y d r o g e n  i o d i d e  h a d  n o  

e f f e c t  a t  a l l  o n  C F 3 o r  C F C 1 2 o x i d a t i o n .1 2’3 H o w e v e r ,  

w i t h  C 2F 5 a n d  C 3F 7, v e r y  m a r k e d  c h a n g e s  o c c u r r e d  

i n  t h e  o x i d a t i o n .  T h e  r e s u l t s ,  t h e  s a m e  f o r  b o t h  s e r i e s ,  

s h o w e d  n o  t r e n d  w i t h  H I  p r e s s u r e ,  t h u s  i n d i c a t i n g  t h a t  

t h e  i n i t i a l l y  f o r m e d  p e r f l u o r o a l k y l  r a d i c a l  w a s  c o m 

p l e t e l y  s c a v e n g e d  b y  0 2.

T h e  r e s u l t s  c a n  b e  s u m m a r i z e d  a s  f o l l o w s .  F i r s t ,  

a  r e d  d e p o s i t  w a s  f o r m e d .  S e c o n d ,  4 > ( C F 20 )  w a s  r e 

d u c e d  a t  l e a s t  5 -  t o  2 0 - f o l d .  T h i r d ,  $ ( C F 3C F O )  m a y  

h a v e  i n c r e a s e d  t o  0 . 1 3  t o  0 . 3 0  f o r  C 2F 5 r a d i c a l s  a s  b a s e d  

o n  t h e  9 . 0 5 - ^  b a n d  o f  C F 3C F O .  T h e  a n a l y s i s  i s  d i f 

f i c u l t  b e c a u s e  o f  t h e  H I  a b s o r p t i o n  i n  t h i s  r e g i o n .

F

F o u r t h ,  t h e  c h a r a c t e r i s t i c  C — C = 0  b a n d  a t  5 . 3 1  p 
w a s  t h e  m o s t  i n t e n s e  b a n d  a n d  w a s  f o r m e d  a t  t h e  s a m e  

r a t e  i n  a l l  e x p e r i m e n t s  w i t h  H I .  T h e  C F 3C F O  c a n  

a c c o u n t  f o r  o n l y  2 5  t o  5 0 %  o f  t h e  5 . 3 1 - m  b a n d  i n  t h e  

C 3F 7I  s e r i e s ,  b u t  p e r h a p s  a l l  o f  i t  i n  t h e  C 2F 6I  s e r i e s .  

A t  l e a s t  f o r  t h e  C 3F 7I  s e r i e s ,  a n o t h e r  p r o d u c t  p r o b a b l y  

w a s  f o r m e d .  T h e r e  c a n  b e  n o  d o u b t  t h a t  H I  i n t e r 

f e r e s  w i t h  t h e  o x i d a t i o n .  C o n s e q u e n t l y ,  t h e  R 0 2 
r a d i c a l  m u s t  h a v e  a  l i f e t i m e  i n  e x c e s s  o f  10~7 s e c .
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R e v i s e d  v a l u e s  f o r  t h e  h e a t s  o f  t r a n s p o r t ,  Q*, o f  t h e  

r a r e  g a s e s  H e ,  N e ,  A r ,  K r ,  a n d  X e  i n  r u b b e r  a r e  p r e 

s e n t e d .  I n  t h e  c a s e  o f  h e l i u m ,  i t  i s  s h o w n  t h a t ,  w i t h i n

e x p e r i m e n t a l  e r r o r ,  t h e r e  i s  n o  p r e s s u r e  d e p e n d e n c e  o f  

t h e  h e a t  o f  t r a n s p o r t  i n  t h e  p r e s s u r e  r a n g e  2 5 - 6 5  c m .  

T h e  a p p a r e n t  Q* v a r i e s  s l i g h t l y  w i t h  t e m p e r a t u r e  d i f 

f e r e n c e  a c r o s s  t h e  m e m b r a n e .  N e v e r t h e l e s s ,  d e 

p a r t u r e s  f r o m  l i n e a r i t y  i n  t h e  l o c a l  p h e n o m e n o l o g i c a l  

e q u a t i o n s  s e e m  t o  b e  n e g l i g i b l e  e v e n  t h o u g h  t h e  

t e m p e r a t u r e  g r a d i e n t s  r a n g e  u p  t o  9 0 0 ° / i n .

R e v i s e d  H e a t s  o f  T r a n s p o r t  (Q*)
I n  a n  e a r l i e r  a r t i c l e ,  B e a r m a n 2 r e p o r t e d  t h e  h e a t s  

o f  t r a n s p o r t  ( o r  “ t r a n s f e r ” ) ,  Q * ,  o f  t h e  r a r e  g a s e s  i n  a  

r u b b e r  m e m b r a n e .  H i s  v a l u e s  w e r e  o b t a i n e d  f r o m  

t h e r m o o s m o s i s  e x p e r i m e n t s  w h e r e ,  a t  s t e a d y  s t a t e

I n  ( P n / P c k  =  ~ (Q * /R )(1 /TC -  1 / T h )  ( 1 )

H e r e ,  H  a n d  C  r e f e r  t o  t h e  h o t  a n d  c o l d  s i d e ,  r e s p e c 

t i v e l y ,  T  i s  a b s o l u t e  t e m p e r a t u r e ,  p i s  p r e s s u r e ,  a n d  R  
i s  t h e  g a s  c o n s t a n t .  H i s  m e a s u r e m e n t s  w e r e  s u b j e c t  

t o  s e v e r a l  e r r o r s  o f  u n k n o w n  m a g n i t u d e  a r i s i n g  c h i e f l y  

f r o m  u n c e r t a i n t i e s  i n  t h e  p r e s s u r e  a n d  t e m p e r a t u r e .

W i t h  t h e  u s e  o f  s t r a i n  g a u g e  p r e s s u r e  t r a n s d u c e r s  

a n d  s e v e r a l  t h e r m o c o u p l e  p r o b e s ,  w e  h a v e  c o n s t r u c t e d  

a n  i m p r o v e d  a p p a r a t u s ,  f u l l y  d e s c r i b e d  e l s e w h e r e ,3’4 * 
i n  w h i c h  t h e  e r r o r s  h a v e  b e e n  g r e a t l y  l o w e r e d .  I n  

T a b l e  I ,  w e  p r e s e n t  r e v i s e d  v a l u e s  f o r  t h e  h e a t s  o f  

t r a n s p o r t  t o g e t h e r  w i t h  a  c o m p a r i s o n  w i t h  t h e  e a r l i e r  

r e s u l t s .  T h e  e r r o r  e s t i m a t e s  t a k e  i n t o  a c c o u n t  t h e  o b 

s e r v e d  i r r e p r o d u c i b i l i t y  a n d  a l s o  e r r o r s  a r i s i n g  f r o m  

t e m p e r a t u r e  a n d  p r e s s u r e  m e a s u r e m e n t s .  T h e  i r 

r e p r o d u c i b i l i t y  i s  c a u s e d  m o s t l y  b y  l e a k a g e ,  d e g a s s i n g ,  

a n d  a d s o r p t i o n  i n  t h e  s y s t e m 3 o v e r  t h e  l o n g  c o u r s e  

o f  t h e  r u n s ,  w h i c h  l a s t  d a y s  o r  s o m e t i m e s  w e e k s .  

A  p u r e  g u m  r u b b e r  m e m b r a n e  0 . 0 3 2 5  t o  0 . 0 3 5 0  c m  i n  

t h i c k n e s s  w a s  u s e d  f o r  o u r  m e a s u r e m e n t s  r e p o r t e d  h e r e .

P r e s s u r e  a n d  T e m p e r a t u r e  D i f f e r e n c e  

D e p e n d e n c e  o f  Q*

S o m e  a d d i t i o n a l  m e a s u r e m e n t s  w e r e  m a d e  w i t h  

h e l i u m .  I n  T a b l e  I I ,  w e  s h o w  t h a t ,  w i t h i n  t h e  e x 

p e r i m e n t a l  e r r o r ,  t h e  h e a t  o f  t r a n s p o r t  a t  c o n s t a n t  

m e a n  t e m p e r a t u r e  a n d  t e m p e r a t u r e  d i f f e r e n c e  i s  i n d e 

p e n d e n t  o f  m e a n  g a s  p r e s s u r e  i n  t h e  s y s t e m  i n  t h e  r a n g e  

f r o m  2 5  t o  6 5  c m .  F r o m  t h i s ,  w e  c o n c l u d e  t h a t  t h e  

H e - H e  i n t e r a c t i o n s  i n  t h e  m e m b r a n e  p l a y  l i t t l e  r o l e
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Table I

------------------------------------------------------------- T h is  work---------------------------------------------- - ------------------------------------- Bearman-
Pmean, ¿mean, At, Q*, Pmean, ¿mean. At, Q*.

Gas cm ° c ° c ca l/m o le cm ° c ° c ca l/m o le

He 65-25 31.0 7.9 1375 ±  39 62.5 34.0 4 1130
Ne 65-45 31.4 7.3 1204 ±  37 45 34.5 4 900
Ar 53 30.7 7.7 -5 8  ± 1 1 62 34.5 4 -6 0
Kr 50 30.5 8.2 -275  ±  10 45 34.5 4 -170
Xe 46-26 30.5 8.7 -589  ±  18 40 34.5 4 -320

Figure 1.

i n  d e t e r m i n i n g  Q* a t  t h e s e  p r e s s u r e s ,  a n d  t h a t  t h e  g a s  i s  

e f f e c t i v e l y  a t  i n f i n i t e  d i l u t i o n  i n  t h e  m e m b r a n e .

I n  F i g u r e  1 ,  w e  p l o t ,  a t  c o n s t a n t  m e a n  t e m p e r a t u r e ,  

T n T c l o g  (p h / pc )«, v s .  AT, t h e  t e m p e r a t u r e  d i f f e r e n c e  

a c r o s s  t h e  m e m b r a n e .  W e  s e e  t h a t  t h e r e  i s  a  p e r 

c e p t i b l e  d e p a r t u r e  f r o m  l i n e a r i t y  i n  c o n t r a d i c t i o n  w i t h  

e q  1 w h i c h  p r e d i c t s  t h a t  t h e  p l o t  s h o u l d  b e  a  s t r a i g h t  

l i n e  w i t h  s l o p e  p r o p o r t i o n a l  t o  Q*. H o w e v e r ,  e q  1 i s  

n o t  e n t i r e l y  g e n e r a l .  I t  i s  v a l i d  o n l y  w h e n  Q* i s  i n 

d e p e n d e n t  o f  t e m p e r a t u r e  a n d  m o l e  f r a c t i o n  o f  g a s  

i n  t h e  m e m b r a n e .  T h i s  c a n  b e  s e e n ,  f o r  e x a m p l e ,  

f r o m  e q  1 3  o f  r e f  2 .  I f  w e  a s s u m e  t h a t  Q *  v a r i e s  l i n e a r l y  

w i t h  t e m p e r a t u r e  a n d  t h a t  t h e  g a s  i s  a t  i n f i n i t e  d i l u 

t i o n  i n  t h e  m e m b r a n e ,  t h e n  i t  i s  n o t  d i f f i c u l t  t o  s h o w  

t h a t  i n  p l a c e  o f  e q  1 , w e  h a v e

T hT c I n  ( p h / P c ) »  =

- Ä “ 1^ Q-
ÒQ*

1 A T  - I -  - L - 
r  Ò T

(A T ) 2
n 2

( 2 )

w h e r e  T  i s  t h e  a r i t h m e t i c  m e a n  t e m p e r a t u r e .  I n  t h i s  

c a s e ,  T-r T c I n  ( p n / p c ) «  vs. A T  s h o u l d  b e  a  p a r a b o l a ,  

w h i c h  a p p e a r s  t o  b e  t h e  s h a p e  o f  t h e  c u r v e  i n  F i g u r e  

1 .  A  p a r a b o l i c  l e a s t - s q u a r e s  f i t  o f  o u r  d a t a  g i v e s  Q* =  

1 4 9 5  c a l / m o l e  a n d  dQ*/dT =  — 3 1 . 4  c a l / m o l e  d e g  

a t  t h e  m e a n  t e m p e r a t u r e  o f  3 1 ° .  T h e  h e a t  i s  c l e a r l y  

o f  t h e  p r o p e r  m a g n i t u d e  a n d  t h e  t e m p e r a t u r e  c o e f 

f i c i e n t  i s  n o t  u n r e a s o n a b l e ,5 s o  t h a t  i t  a p p e a r s  e q  2 
a d e q u a t e l y  a c c o u n t s  f o r  t h e  e x p e r i m e n t a l  r e s u l t s .

I f  e q  2  d o e s  c o r r e c t l y  a c c o u n t  f o r  t h e  t e m p e r a t u r e  

d i f f e r e n c e  d a t a ,  w e  m a y  c o n c l u d e  t h a t  t h e  u s u a l  l o c a l  

l i n e a r  p h e n o m e n o l o g i c a l  e q u a t i o n  f o r  t h e  f l u x  o f  m a t t e r ,

J i

■A =  —T L n
cW T

dz
L i d  Ò T  

T  òz (3)

i n  t h e  n o t a t i o n  o f  r e f  2 , i s  v a l i d ,  p r o v i d e d  w e  u s e  v a l u e s  

o f  t h e  p h e n o m e n o l o g i c a l  c o e f f i c i e n t s ,  L u  a n d  L i u ,  

a p p r o p r i a t e  t o  t h e  s t a t e  a t  e a c h  p o i n t  o f  t h e  m e m b r a n e .  

T h e  n o n l i n e a r i t y  o f  L f i T c  I n  ( p n / p c ) « .  i n  A T  i s  t h e n  

c a u s e d  s o l e l y  b y  t h e  v a r i a t i o n  o f  t h e  t r a n s p o r t  c o e f 

f i c i e n t s  a c r o s s  t h e  m e m b r a n e .  O u r  e x p e r i m e n t s  p r o 

v i d e  a  f a i r l y  s e v e r e  t e s t  o f  t h e  l i n e a r  p h e n o m e n o l o g i c a l  

e q u a t i o n  s i n c e  t h e  t e m p e r a t u r e  g r a d i e n t s  r a n g e  u p  t o  

9 0 0 ° / i n .

E v i d e n t l y ,  t h e  v a l u e s  f o r  t h e  h e a t s  o f  t r a n s p o r t

Table II

Run
Pmean,

cm

27 64.8
40 54.5

1 51.8
3 51.6

30 34.9
32 34.9
31 25.2

¿mean, A t ,

° c "C

3 1 . 2 8.0
3 1 . 2 7 . 6
3 0 . 6 8 . 3
3 0 . 9 8.2
3 0 . 9 8.0
3 1 . 1 7 . 9
3 1 . 0 8.0

Q*.
cal/mole

Length 
of run, 

min

1385 4190
1383 3255
1442 2720
1374 4190
1365 3420
1364 3465
1378 3525

(5) C. M . Crowe, Trans. Faraday Soc., 53, 692 (1957).

V olum e 70 , N um ber 9 September 1966



3012 N o t e s

l i s t e d  i n  T a b l e  I  a n d  c a l c u l a t e d  f r o m  e q  1 m a y  b e  s u b 

j e c t  t o  s y s t e m a t i c  e r r o r s  a r i s i n g  f r o m  t h e  t e m p e r a t u r e  

d e p e n d e n c e  o f  Q*. T h u s ,  f o r  p r e c i s e  w o r k ,  o u r  r e s u l t s  

m u s t  b e  a c c e p t e d  a s  e f f e c t i v e  v a l u e s  o f  Q* v a l i d  a t  t h e  

q u o t e d  t e m p e r a t u r e  d i f f e r e n c e  a n d  m e a n  t e m p e r a t u r e .

The Methylene Blue-Ferrous Iron Reaction 

in a Two-Phase System1

b y  D .  F r a g k o w i a k  a n d  E .  R a b i n o w i t c h

Department of Botany and Department of Physiology and 
Biophysics, University of Illin o is , Urbana, Illin o is  
{Received February 25, 1966)

T h e  p h o t o s y n t h e t i c  a p p a r a t u s  o f  l i v i n g  p l a n t s  s e p 

a r a t e s  f r o m  e a c h  o t h e r  t h e  p r o b a b l y  h i g h l y  u n s t a b l e ,  

i n t e r m e d i a t e  o x i d a t i o n  a n d  r e d u c t i o n  p r o d u c t s  o f  t h e  

p r i m a r y  p h o t o c h e m i c a l  p r o c e s s  a n d  t h u s  p e r m i t s  t h e i r  

c o n v e r s i o n  t o  ( r e l a t i v e l y )  s t a b l e  f i n a l  p r o d u c t s ,  c a r b o 

h y d r a t e s  a n d  o x y g e n .  T h i s  i s  p r o b a b l y  a c c o m p l i s h e d  

b y  c o n v e y i n g  t h e s e  i n t e r m e d i a t e s  i n t o  d i f f e r e n t  p h a s e s  

i n  t h e  l a m e l l a r  s t r u c t u r e .2 T h e  f a i l u r e  t o  i m i t a t e  in 
vitro t h e  s t o r a g e  o f  l i g h t  e n e r g y  a s  c h e m i c a l  e n e r g y ,  

a c h i e v e d  b y  p l a n t s  i n  p h o t o s y n t h e s i s ,  m a y  b e  d u e  p r i 

m a r i l y  t o  n o t  p r o v i d i n g  s u c h  a  s e p a r a t i o n  m e c h a n i s m .  

M a t h a i  a n d  R a b i n o w i t c h 3 s h o w e d  t h a t  a n  in vitro s y s 

t e m  c a n  b e  c o n s t r u c t e d ,  i n  w h i c h  t h e  p r o d u c t s  o f  a n  

o x i d a t i o n - r e d u c t i o n  r e a c t i o n  ( t h a t  b e t w e e n  t h i o n i n e  

a n d  f e r r o u s  i o n s ) ,  w h i c h  r u n s  i n  l i g h t  a g a i n s t  t h e  

g r a d i e n t  o f  c h e m i c a l  p o t e n t i a l ,  a r e  s e p a r a t e d  b y  d i s t r i 

b u t i o n  b e t w e e n  w a t e r  a n d  e t h e r  i n  a n  e m u l s i o n .  T h e  

l i g h t  e n e r g y  s t o r e d  i n  t h i s  w a y  c a n  b e  l i b e r a t e d  b y  p e r 

m i t t i n g  t h e  t w o  p h a s e s  t o  m i x  a g a i n  ( e.g. ,  b y  a d d i n g  

m e t h a n o l ) .

I n  c o n t i n u i n g  t h i s  w o r k ,  G h o s h 4 5 i n  t h i s  l a b o r a t o r y  

o b s e r v e d  t h a t  s e p a r a t i n g  i s  m o r e  e f f e c t i v e  i f  m e t h y l e n e  

b l u e  i s  s u b s t i t u t e d  f o r  t h i o n i n e ;  p e r h a p s ,  m o r e  o f  t h e  

n e u t r a l  s p e c i e s  o f  t h e  l e u c o  d y e  i s  p r e s e n t  i n  m e t h y l e n e  

b l u e  t h a n  i n  t h i o n i n e  a t  t h e  p H  v a l u e s  u s e d .  ( T h i s  

s p e c i e s  a l o n e  i s  l i k e l y  t o  b e  i n v o l v e d  i n  t h e  e x t r a c t i o n  

o f  t h e  l e u c o  d y e  i n t o  e t h e r . )

T h e  f o l l o w i n g  e x p e r i m e n t s  d e a l  w i t h  t h e  m e t h y l e n e  

b l u e - f e r r o u s  i r o n  s y s t e m .  T h e y  p r o v i d e  s o m e  a d d i 

t i o n a l  i n f o r m a t i o n  c o n c e r n i n g  t h e  e f f e c t i v e n e s s  o f  t h e  

s e p a r a t i o n .

T h e  r e a c t i o n  v e s s e l  u s e d  w a s  a  c y l i n d r i c a l  P y r e x - g l a s s  

v e s s e l  c o n t a i n i n g  3 0  m l  o f  a q u e o u s  s o l u t i o n  a n d  1 5  m l  

o f  e t h e r  ( o r  a n o t h e r  s o l v e n t  i m m i s c i b l e  w i t h  w a t e r ) .  

T h e  a p p r o x i m a t e  i n i t i a l  c o n c e n t r a t i o n s  o f  m e t h y l e n e  

b l u e  a n d  F e S 0 4 w e r e  o f  t h e  o r d e r  o f  10-5  a n d  5  X  1 0 -3

M, r e s p e c t i v e l y .  T h e  m i x t u r e  w a s  s t i r r e d  b y  b u b b l i n g  

t h r o u g h  a  s t r e a m  o f  p u r i f i e d  a r g o n .  N o  b u f f e r  w a s  

u s e d ;  t h e  p H  w a s  3 . 5 - 4 .

T h e  l i g h t  u s e d  f o r  i l l u m i n a t i o n  w a s  e i t h e r  w h i t e  l i g h t  

f r o m  a  1000- w  c o i l e d  f i l a m e n t  i n c a n d e s c e n t  l a m p  o r  t h e  

s a m e  l i g h t  f i l t e r e d  t h r o u g h  a n  i n t e r f e r e n c e  f i l t e r  ( B a l z e r  

K - 6)  w i t h  m a x i m u m  t r a n s m i s s i o n  o f  6 5 0  m ^  ( n e a r  t h e  

p e a k  o f  t h e  m e t h y l e n e  b l u e  a b s o r p t i o n  b a n d  a t  6 6 4  m ^ u ) .

T h e  e x p e r i m e n t s  w e r e  m a d e  a t  r o o m  t e m p e r a t u r e  

m a i n t a i n e d  i n  a  w a t e r  b a t h .

M e r c k  r e a g e n t  g r a d e  m e t h y l e n e  b l u e  w a s  u s e d  w i t h 

o u t  p u r i f i c a t i o n .  C h r o m a t o g r a p h y  o n  a l u m i n u m  o x i d e  

a n d  t h e  t e s t  o f  B e r g m a n n  a n d  O ’ K o n s k i 6 i n d i c a t e d  

t h a t  t h e  d y e  w a s  p u r e  e n o u g h  f o r  o u r  p u r p o s e .  W e  

t r i e d  o u t  s e v e r a l  c o m b i n a t i o n s  o f  i m m i s c i b l e  s o l v e n t s ,  

b u t  t h e  m o s t  e f f i c i e n t  s e p a r a t i o n  o f  t h e  p h o t o p r o d u c t s  

w e  w e r e  a b l e  t o  o b t a i n  t o o k  p l a c e  i n  t h e  s y s t e m  w a t e r  

+  e t h y l  e t h e r ,  a l r e a d y  u s e d  i n  M a t h a i ’ s  w o r k .

T h e  r e a c t i o n  i s

ligh t
M B  +  w F e 2 +  ( S  +  L )  +  n F e 3 +

dark

H e r e ,  M B  i s  m e t h y l e n e  b l u e ,  S ,  t h e  s e m i q u i n o n e ,  a n d  

L ,  t h e  l e u c o  m e t h y l e n e  b l u e ;  n i s  b e t w e e n  1 a n d  2 ,  d e 

p e n d i n g  o n  r e l a t i v e  a m o u n t s  o f  S  a n d  L  f o r m e d .  

F r o m  t h e  w o r k  o f  P a r k e r 6 a n d  t h e  e a r l i e r  w o r k  o f  

R a b i n o w i t c h ,7 i t  a p p e a r s  t h a t  i n  t h e  p h o t o s t a t i o n a r y  

s t a t e ,  p a r t l y  r e d u c e d  s o l u t i o n s  o f  m e t h y l e n e  b l u e  c o n 

t a i n  o n l y  a  s m a l l  p e r c e n t a g e  o f  s e m i q u i n o n e ,  s o  t h a t  n i s  

c l o s e  t o  2 .  T h e  p r e d o m i n a n t  i o n i c  s p e c i e s  ( a t  t h e  p r e 

v a i l i n g  a c i d  p H ’ s )  a r e  m o n o v a l e n t  p o s i t i v e  i o n s  o f  M B  

a n d  m o n o v a l e n t  ( o r  d i v a l e n t )  p o s i t i v e  i o n s  o f  L .  T h e  

n e u t r a l  f o r m  o f  L ,  w h i c h  w e  c a n  a s s u m e  t o  b e  t h e  

o n l y  o n e  s o l u b l e  i n  e t h e r ,  i s  p r e s e n t  o n l y  i n  m i n u t e  

a m o u n t s .  T h i s  p r o b a b l y  a c c o u n t s  f o r  t h e  s l o w n e s s  

w i t h  w h i c h  t h e  l e u c o  d y e  i s  e x t r a c t e d  i n t o  e t h e r .  F u r 

t h e r  e x p e r i m e n t s  o n  t h e  e f f e c t  o f  p H  o n  t h e  r a t e  o f  e x 

t r a c t i o n  s h o u l d  c l a r i f y  t h i s  p o i n t .

I n  t h e  s t a t i o n a r y  s t a t e ,  t h e  e x t e n t  o f  e x t r a c t i o n  d e -

(1) T h is  research was supported by  research grants from  the N a tio n a l 
Science Foundation  (G B  1946 and G B  3305) and from  the  A to m ic  
E nergy Comm ission [AT(11-1)-1502],
(2) E . R ab inow itch , paper presented a t the  B iophysica l Society  
M eeting, W ashington, D . C., 1962, A bs tra c t FC3.
(3) K . G. M a th a i and E . R ab inow itch , J. Phys. Chem., 66, 663
(1962) .
(4) A . K . Ghosh, unpublished.
(5) K . Bergm ann and C. T . O ’K onsk i, J. Phys. Chem., 67, 2169
(1963) .
(6) C. A . P arke r in  “ P hotochem istry  in  the  L iq u id  and Solid States,”  
L . J. H e id t, et al., E d., John W ile y  and Sons Inc ., New Y o rk , N . Y ., 
1960, p  48.

(7) E . R ab inow itch , J. Chem. Phys., 8, 551 (1940); see also L . F. 
E pste in , F . K arush , and E. R ab inow itch , J. Opt. Soc. Am., 31, 77 
(1941).
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Figure 1. Apparatus used to study the bleaching of 
methylene blue by Fe2+ in light: B1; 1000-w tungsten 
filament lamp; Ft, 2 cm thick water filter; Li, L2, L3, 
lenses; F2, Balzers broad-band interference filter (Type 
K-6), transmission peak at 650 mju; V, reaction 
vessel; Ph, photomultiplier (RCA 6217); T, water bath; 
M, Bausch and Lomb monochromator, 600 grooves/mm; 
B2, 6 - v , 18-amp tungsten ribbon filament lamp.

p e n d s  o n  t h e  p a r t i t i o n  c o e f f i c i e n t  o f  L  b e t w e e n  t h e  t w o  

s o l v e n t s .  F o r  s m a l l  r e l a t i v e  c o n c e n t r a t i o n s  o f  L  (i.e., 
w h e n  o n l y  a  s m a l l  p a r t  o f  t h e  d y e  i s  r e d u c e d ) ,  t h e  

a m o u n t  e x t r a c t e d  i n t o  e t h e r  i s  p r o p o r t i o n a l  t o  t h e  

t o t a l  c o n c e n t r a t i o n  o f  L . 8 F o r  a  l a r g e r  c h a n g e  o f  c o n 

c e n t r a t i o n  ( o r  f o r  d i m e r i z e d  s o l u t i o n s ) ,  t h e  a m o u n t  o f  

l e u c o  d y e  e x t r a c t e d  i n t o  e t h e r  c e a s e s  t o  b e  p r o p o r t i o n a l  

t o  i t s  c o n c e n t r a t i o n  i n  w a t e r .

I n  a  o n e - p h a s e  s y s t e m ,  t h e  s t a t i o n a r y  r a t i o  [ M B ] : [ L ]  

i s  e s t a b l i s h e d ,  i n  i n t e n s e  l i g h t ,  w i t h i n  a  f e w  s e c o n d s  a f t e r  

t h e  b e g i n n i n g  o f  i l l u m i n a t i o n . 7 I f  t h e  b l e a c h i n g  i s  

m e a s u r e d  ( w i t h  t h e  i n s t r u m e n t  s h o w n  i n  F i g u r e  1 )  i n  

t h e  t w o - p h a s e  s y s t e m ,  w h i l e  t h e  i l l u m i n a t i o n  i s  i n  p r o g 

r e s s  ( b y  r e d u c i n g  m o m e n t a r i l y  t h e  s t i r r i n g  b e f o r e  e a c h  

m e a s u r e m e n t ) ,  t h e  b l e a c h i n g  o f  t h e  a q u e o u s  p h a s e  i s  

f o u n d  t o  o c c u r  a s  r a p i d l y  a s  i n  t h e  a b s e n c e  o f  e t h e r .  

H o w e v e r ,  t h i s  f a s t  p r o c e s s  i s  s u p e r i m p o s e d  b y  a  m u c h  

s l o w e r  s h i f t ,  c a u s e d  b y  p r o g r e s s i v e  e x t r a c t i o n  o f  t h e  

l e u c o  d y e  i n t o  e t h e r .  T h i s  s l o w  e x t r a c t i o n  i s  d e m o n 

s t r a t e d  b y  t h e  f o l l o w i n g  t h r e e  e x p e r i m e n t s .

( I )  Change of Absorption in the Reoxiclized Water 
Phase. A f t e r  a  p e r i o d  o f  i l l u m i n a t i o n ,  t h e  g a s  f l o w  i s  

s t o p p e d  a n d  t h e  t w o  p h a s e s  a r e  a l l o w e d  t o  s e p a r a t e .  A n  

a l i q u o t  o f  t h e  w a t e r  p h a s e  i s  t r a n s f e r r e d  b y  a  s y r i n g e  

f r o m  t h e  p h o t o l y t i c  v e s s e l  i n t o  a  B a u s c h  a n d  L o m b  

s p e c t r o p h o t o m e t e r  c u v e t t e .  D u r i n g  t h i s  o p e r a t i o n ,  

t h e  d y e  i n  t h e  a q u e o u s  p h a s e  i s  r e o x i d i z e d  b y  r e a c t i o n  

o f  t h e  l e u c o  d y e  w i t h  F e 3 + , b u t  b e c a u s e  p a r t  o f  t h e  l e u c o  

d y e  h a d  b e e n  e x t r a c t e d  i n t o  e t h e r ,  t h e  r e o x i d i z e d

I

X  mpL
Figure 2. Absorption spectrum of the water phase after 
prolonged illumination: 1, t =  0; 2, t = 50 min; 3, t = 90 min.

a q u e o u s  s o l u t i o n  c o n t a i n s  l e s s  d y e  t h a n  i t  d i d  b e f o r e  t h e  

i l l u m i n a t i o n .

A f t e r  t h i s  m e a s u r e m e n t  o f  t h e  a b s o r p t i o n  s p e c t r u m ,  

t h e  s a m p l e  c a n  b e  r e t u r n e d  t o  t h e  r e a c t i o n  v e s s e l ,  t h e  

i l l u m i n a t i o n  r e s u m e d ,  a n d  m e a s u r e m e n t s  r e p e a t e d  

s e v e r a l  t i m e s .  T h e  d e c r e a s e  o f  t h e  a b s o r p t i o n  b a n d  

a r e a ,  s h o w n  i n  F i g u r e s  2  a n d  3 ,  i s  p r o p o r t i o n a l  t o  t h e  

t o t a l  t i m e  o f  i l l u m i n a t i o n .  T h i s ,  o f  c o u r s e ,  m e a n s  t h a t  

t h e  i l l u m i n a t i o n  t i m e s  u s e d  i n  t h e s e  e x p e r i m e n t s  w e r e  

s h o r t  c o m p a r e d  t o  t h e  t i m e  n e e d e d  t o  r e a c h  a  s t a t i o n a r y  

d i s t r i b u t i o n  o f  t h e  l e u c o  d y e  b e t w e e n  t h e  t w o  p h a s e s .

(2) The Potential Difference between the Water and 
the Ether Phase. F o r  t h i s  m e a s u r e m e n t ,  a  s m a l l  v o l u m e  

( 0 . 5  m l )  o f  t h e  e t h e r  p h a s e  w a s  r e m o v e d ,  a f t e r  a  c e r t a i n  

i l l u m i n a t i o n  t i m e ,  a n d  p l a c e d  i n  o n e  h a l f - c e l l  o f  a  g a l 

v a n i c  c e l l ,  w h e r e  i t  w a s  m i x e d  w i t h  0 . 5  m l  o f  m e t h a n o l .  

A  s t a n d a r d  h a l f - c e l l  c o n t a i n i n g  a  ( M B  +  F e S 0 4)  s o l u -

(8) J. H . H ildeb rand  and R . L . S co tt in  “ S o lu b ility  o f Non-elec
tro ly te s ,”  3rd  ed, R einhold  P ublish ing C orp., N ew  Y o rk , N . Y ., 1950, 
p 205.
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Figure 3. Changes of potential difference ( Ae) between 
water and ether phases (crosses) and concomitant 
increase in absorption, AOD (integrated over the band) 
in water phase (circles); squares show the concomitant 
increase in absorption in reoxidized ether phase.

t i o n  o f  k n o w n  c o n c e n t r a t i o n  w a s  c o n n e c t e d  b y  a n  a g a r  

b r i d g e  s a t u r a t e d  w i t h  K C 1 .  B e c k m a n  p l a t i n u m  e l e c 

t r o d e s  w e r e  u s e d ,  a n d  t h e  d i f f e r e n c e  o f  p o t e n t i a l  ( A e )  

b e t w e e n  t h e  h a l f - c e l l s  w a s  m e a s u r e d  b y  a  L e e d s  a n d  

N o r t h r u p  u n i v e r s a l  p H  i n d i c a t o r  a s s e m b l y .  T h e  r e s u l t s  

a r e  s h o w n  i n  F i g u r e  3  ( c r o s s e s ,  s c a l e  a t  r i g h t ) .  T h e  

c u r v e  i n d i c a t e s  g r o w i n g  a c c u m u l a t i o n  o f  t h e  r e d u c e d  

d y e  i n  t h e  e t h e r  p h a s e .

( 3 )  Reoxidation of the Extracted Leuco Dye. T h e  

s e p a r a t e d  e t h e r  p h a s e  w a s  e x p o s e d  t o  a i r  a f t e r  d i l u t i o n  

b y  m e t h a n o l  ( t o  p r e v e n t  p r e c i p i t a t i o n  o f  M B ) .  T h e  

i n c r e a s i n g  a m o u n t  o f  M B  f o u n d  i n  t h i s  p h a s e  a f t e r  p r o 

l o n g e d  i l l u m i n a t i o n  i s  s h o w n  i n  F i g u r e  4 .  ( R e c o l o r a 

t i o n  c o u l d  b e  o b s e r v e d  u p o n  e x p o s u r e  t o  a i r  a l s o  i n  

m e t h a n o l - f r e e  e t h e r — a l t h o u g h  s o l i d  M B  d o e s  n o t  d i s 

s o l v e  m a r k e d l y  i n  e t h e r ,  a n d  n o  M B  i s  e x t r a c t e d  i n t o  

p u r e  e t h e r  f r o m  a n  a q u e o u s  s o l u t i o n . )

T h e s e  t h r e e  s e t s  o f  e x p e r i m e n t s  i n d i c a t e  s l o w l y  g r o w 

i n g  e x t r a c t i o n  o f  t h e  l e u c o  f o r m  o f  R I B  i n t o  e t h e r  d u r i n g  

p r o l o n g e d  i l l u m i n a t i o n .  T h e  m a x i m u m  a m o u n t  e x 

t r a c t e d  i n  s o m e  o f  o u r  e x p e r i m e n t s ,  a b o u t  3 5 %  o f  t h e  

t o t a l  d y e  p r e s e n t ,  s e e m e d  t o  b e  c l o s e  t o  s a t u r a t i o n .  

T h e  w h o l e  p r o c e s s ,  b l e a c h i n g  a n d  e x t r a c t i o n ,  i s  f u l l y  

r e v e r s i b l e — a t  l e a s t ,  a f t e r  a  n o t  e x c e s s i v e l y  l o n g  i l 

l u m i n a t i o n  p e r i o d .  I f  b o t h  p h a s e s  a r e  m i x e d  t o g e t h e r  

a g a i n  a n d  t h e  e t h e r  i s  p e r m i t t e d  t o  e v a p o r a t e ,  t h e  a b 

s o r p t i o n  s p e c t r u m  o f  t h e  r e m a i n i n g  a q u e o u s  s o l u t i o n  i s  

f o u n d  t o  b e  t h e  s a m e  a s  b e f o r e  t h e  e x p e r i m e n t .

W i t h  l a r g e r  c o n c e n t r a t i o n s  o f  M B  ( > 5  X  1 0 - 5  M ) , 

t h e  s h a p e  o f  t h e  a b s o r p t i o n  c u r v e  c h a n g e d  d u r i n g  i l l u m i 

n a t i o n .  T h i s  m u s t  b e  a t t r i b u t e d  t o  t h e  d i m e r i z a t i o n  o f  

t h e  d y e . 9 S i n c e  t h e  t o t a l  c o n c e n t r a t i o n  o f  R I B  i n  

w a t e r  w a s  r e d u c e d  b y  t h e  e x t r a c t i o n  o f  a  p a r t  o f  i t  ( a s  

l e u c o  d y e )  i n t o  e t h e r ,  t h e  d i m e r i z a t i o n  e q u i l i b r i u m  m u s t  

h a v e  b e e n  s h i f t e d .

T h e s e  r e s u l t s  c o n f i r m  t h a t  a  s t o r a g e  o f  p h o t o c h e m i c a l  

e n e r g y  c a n  b e  a c h i e v e d  b y  d i v i d i n g  t h e  p h o t o p r o d u c t s
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Figure 4. Absorption by reoxidized leuco dye in the ether 
phase after different times of illumination of the two-phase 
system: 1, 10 min; 2, 35 min; 3, 95 min; 4, 120 min.

b e t w e e n  t w o  p h a s e s  i n  a n  i n h o m o g e n e o u s  s y s t e m .  T h i s  

c o u l d  b e  c o n s i d e r e d  a s  a  m o d e l  o f  t h e  s t o r a g e  o f  p h o t o 

c h e m i c a l  e n e r g y  i n  p h o t o s y n t h e s i s . 2

E x p e r i m e n t s  s h o u l d  b e  m a d e  o n  t h e  c h a n g e  i n  e f f e c 

t i v e n e s s  o f  t h e  s e p a r a t i o n  o f  l e u c o  m e t h y l e n e  b l u e  f r o m  

i l l u m i n a t e d  s o l u t i o n s  a s  f u n c t i o n  o f  c o n c e n t r a t i o n  o f  

t h e  c o m p o n e n t s ,  t h e  p H ,  a n d  t h e  i n t e r f a c e  a r e a  b e t w e e n  

t h e  t w o  p h a s e s .  ( C o m p e t i t i o n  b e t w e e n  h o m o g e n e o u s  

r e c o m b i n a t i o n  i n  t h e  a q u e o u s  p h a s e  a n d  t h e  r e m o v a l  o f  

t h e  r e d u c t i o n  p r o d u c t  i n t o  a n o t h e r  p h a s e ,  p r e v e n t i n g  

t h i s  r e c o m b i n a t i o n ,  m u s t  d e p e n d  o n  t h e  d i f f u s i o n  p a t h  

b e t w e e n  t h e  l o c u s  o f  t h e  p r i m a r y  r e a c t i o n  a n d  t h e  

w a t e r - e t h e r  i n t e r f a c e . )  I n  o r d e r  t o  r e p r o d u c e  b e t t e r  

t h e  s i t u a t i o n  i n  t h e  l i v i n g  c e l l ,  o n e  c o u l d  p r e p a r e  v e r y  

t h i n  l a y e r s — o n l y  a  f e w  m o l e c u l e s  t h i c k — a l t e r n a t e l y  

h y d r o p h i l i c  a n d  h y d r o p h o b i c ,  a n d  s t u d y  t h e  s e p a r a t i o n  

p r o c e s s  i n  s u c h  s y s t e m s .  F i n a l l y ,  o n e  s h o u l d  t r y  t o  

f i n d  a n d  u s e  d y e s  i n  w h i c h  a  h i g h e r  p r o p o r t i o n  o f  t h e  

l e u c o  f o r m  i s  i n  t h e  n e u t r a l  s t a t e  u n d e r  t h e  p H  c o n d i 

t i o n s  u s e d .

(9) E . R ab inow itch  and L .  F . E pste in , J. Am. Chem. Soc., 63, 69 
(1941).

The First Ionization Potentials of Samarium, 
Europium, Gadolinium, Dysprosium, Holmium, 
Erbium, Thulium, and Ytterbium by the 
Electron-Impact Method

b y  K .  F .  Z m b o v  a n d  J .  L .  R l a r g r a v e

Department of Chemistry, Rice University, Houston, Texas 
(Received A p ril 1, 1966)

D u r i n g  a  m a s s  s p e c t r o m e t r i c  s t u d y  o f  g a s e o u s  e q u i 

l i b r i a  i n v o l v i n g  r a r e  e a r t h  s u b f l u o r i d e s ,  i t  w a s  p o s s i b l e
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ELECTRON ENERGY (VOLTS)

Figure 1. Ionization efficiency data for Sm+, Hg+, and 
Ca+ using the semilog matching method. The Sm+ scale 
must be shifted 4.87 and 0.65 ev to give the indicated 
matchings with Hg+ and Ca+, respectively.

Table I : Ionization Potentials of Rare Earth 
Atoms by Different Methods

E le m e n t

I o n iz a t io n
p o te n t ia l,

e v M e t h o d Ref

Sm ( 5 . 6 ) “ Optical spectroscopy 6
5 . 7 0  ±  0 . 0 2 Surface ionization 7
5 . 5 6  ±  0 . 1 0 Electron impact This work

Eu ( 5 . 6 7 ) Optical spectroscopy 6
5 . 6 8  ±  0 . 0 3 Surface ionization 7
5 . 6 1  ±  0 . 1 0 Electron impact This work

Gd ( 6 . 1 6 ) Optical spectroscopy 6
5 . 9 8  ±  0 . 1 0 Electron impact This work

Dy ( 6 . 8 ) Optical spectroscopy 6
5 . 8 0  ±  0 . 0 2 Surface ionization 7
5 . 8  ± 0 . 1 0 Electron impact This work

Ho 6 . 1 9  ±  0 . 0 2 Surface ionization 7
5 . 8 5  ±  0 . 1 0 Electron impact This work

Er 6 . 0 8  ±  0 . 0 3 Surface ionization 8
6.11 ±  0 . 1 0 Electron impact This work

Tm 6 . 1 5  ±  0 . 0 3 Surface ionization 7
5 .8 7  ±  0 . 1 0 Electron impact This work

Yb ( 6 . 2 ) Optical spectroscopy 6
5 . 9 0  ±  0 . 1 0 Electron impact This work

“ All values in parentheses indicate estimates.

t o  m e a s u r e  t h e  i o n i z a t i o n  p o t e n t i a l s  o f  S m ,  E u ,  G d ,  

D y ,  H o ,  E r ,  T m ,  a n d  Y b  a t o m s  b y  t h e  e l e c t r o n - i m p a c t

ELECTRON VOLTS (CORRECTED)

Figure 2. Ionization efficiency curves 
for D y+, H o+, and Er+ ions.

m e t h o d .  T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  a  

m a g n e t i c  m a s s  s p e c t r o m e t e r  d e s c r i b e d  p r e v i o u s l y . 1 

O p t i c a l  s p e c t r a  o f  r a r e  e a r t h  a t o m s  a r e  c o m p l e x  a n d  

i n c o m p l e t e l y  i n t e r p r e t e d . 2

G a s e o u s  r a r e  e a r t h  a t o m s  w e r e  p r o d u c e d  e i t h e r  b y  

h e a t i n g  t h e  m e t a l  i n  a  t a n t a l u m  K n u d s e n  c e l l  o r  b y  r e 

d u c t i o n  o f  t h e  v a r i o u s  t r i f l u o r i d e s  a n d  C a F 2 w i t h  G d  

o r  H o  i n  t h e  s a m e  c e l l .  A s  a  t y p i c a l  e x a m p l e ,  t h e  i o n i 

z a t i o n  e f f i c i e n c y  c u r v e  o f  S m +  i s  c o m p a r e d  w i t h  t h a t  

o f  H g +  i o n  f r o m  t h e  b a c k g r o u n d  i n  F i g u r e  1 ,  c u r v e  I ,  

o r  w i t h  C a +  f r o m  C a F 2 r e d u c t i o n  i n  F i g u r e  1 ,  c u r v e  I I ,  

b y  u s i n g  t h e  s e m i l o g  m a t c h i n g  m e t h o d , 3 w h i c h  c o n 

s i s t s  o f  m e a s u r i n g  t h e  v o l t a g e  s h i f t  r e q u i r e d  t o  m a t c h  

t h e  i n i t i a l  p o r t i o n  o f  t h e  i o n i z a t i o n  e f f i c i e n c y  c u r v e  o f  

t h e  r a r e  e a r t h  i o n  w i t h  t h a t  o f  t h e  r e f e r e n c e  i o n .

W i t h  t h e  k n o w n  i o n i z a t i o n  p o t e n t i a l s  o f  H g  ( 1 0 . 4 3  

e v ) 2 ,4 a n d t h a t  o f  C a ( 6 . 1 1  e v ) , 2,5 o n e  o b t a i n s  5 . 5 6  ±  0 . 1 0  

e v  f o r  t h e  i o n i z a t i o n  p o t e n t i a l  o f  S m .  T h i s  c o m p a r e s

(1) G. D . B lue, J. W . Green, R. G. B a u tis ta , end J. L . M argrave, 
J. Phys. Chem., 67, 877 (1963).
(2) (a) Fo r example, C. E . M oore, N a tio n a l Bureau of Standards 
C ircu la r 467, V o l. I —I I I ,  U . S. G overnm ent P r in tin g  Office, W ash
ing ton , D . C., 1949, 1952, and 1958, has n o t ye t issued a vo lum e on 
rare ea rth  spectra, (b) J. Sugar and J. Reader, J. Opt. Soc. Am., 
55, 1286 (1965).
(3) S. N . Foner and R . L . Hudson, J. Chem. Phys., 36, 2681 (1962).
(4) (a) W . B. N o ttin g h a m , Phys. Rev., 55, 203 (1939); (b) R . E . Fox, 
J. Chem. Phys., 35, 1379 (1961).
(5) J. C. Boyce, Rev. Mod. Phys., 13, 1 (1941).
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Figure 3. Ionization efficiency curves for Tm+, Eu+, Y b +, and Gd+ with Hg+ as a reference.

w e l l  w i t h  t h e  e s t i m a t e d  s p e c t r o s c o p i c  v a l u e  o f  5 . 6  e v 6 

a n d  t h e  r e c e n t l y  p u b l i s h e d  s u r f a c e  i o n i z a t i o n  d a t a ,  5 . 7 0  

e v . 7 D i r e c t  s t u d i e s  o f  G d  a t o m s  s u b l i m e d  f r o m  a  T a  

K n u d s e n  c e l l  y i e l d e d  5 . 9 8  ±  0 . 1 0  e v  a s  t h e  i o n i z a t i o n  

p o t e n t i a l  o f  G d .

E u ,  D y ,  H o ,  E r ,  T m ,  a n d  Y b  a t o m s  w e r e  p r o d u c e d

b y  h e a t i n g  a  m i x t u r e  o f  t h e  c o r r e s p o n d i n g  t r i f l u o r i d e s  

w i t h  G d  m e t a l  i n  t h e  t a n t a l u m  K n u d s e n  c e l l .  I o n i 

(6) W . E. Forsythe, “ Sm ithsonian Physical Tables,”  9 th  revised ed, 
P ub lica tio n  4169, Sm ithsonian In s t itu tio n , W ashington, D . C., 1954.
(7) N . I .  A lekseev and D . L . K a m in sk ii, Zh. Tekhn. Fis., 34, 1521
(1964).
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z a t i o n  e f f i c i e n c y  c u r v e s  o n  a  s e m i l o g  p l o t  a r e  s h o w n  f o r  

D y ,  H o ,  a n d  E r  i n  F i g u r e  2  a n d  f o r  E u ,  G d ,  T m ,  a n d  

Y b  i n  F i g u r e  3 .  T h e  e l e c t r o n - v o l t a g e  s c a l e  w a s  c a l i 

b r a t e d  b y  t h e  v a n i s h i n g - c u r r e n t  m e t h o d ,  u s i n g  t h e  

b a c k g r o u n d  m e r c u r y  a s  a  s t a n d a r d .  T h i s  m e t h o d  

y i e l d e d  6 . 1 1  ±  0 . 1  e v  f o r  t h e  i o n i z a t i o n  p o t e n t i a l  o f  

E r ,  i n  e x c e l l e n t  a g r e e m e n t  w i t h  r e c e n t l y  p u b l i s h e d  d a t a 8 

o b t a i n e d  b y  t h e  s u r f a c e  i o n i z a t i o n  m e t h o d  ( 6 . 0 8  ±  

0 . 0 3  e v ) .  B y  u s i n g  t h e  E r  v a l u e  a s  a  s t a n d a r d ,  o n e  

o b t a i n s  I . P . ( D y )  =  5 . 7 8  ±  0 . 1  e v  a n d  I . P . ( H o )  =  

5 . 8 5  ± 0 . 1  e v ,  a n d  t h e  u s e  o f  t h e  H o  v a l u e  a s  a  s t a n d a r d ,  

a l o n g  w i t h  H g ,  y i e l d s  t h e  i o n i z a t i o n  p o t e n t i a l s  o f  E u ,  

T m ,  a n d  Y b .

T a b l e  I  s u m m a r i z e s  v a l u e s  f o r  t h e  i o n i z t i o n  p o t e n 

t i a l s  o b t a i n e d  b y  t h e  d i f f e r e n t  m e t h o d s .  I t  a p p e a r s  

t h a t  t h e  g e n e r a l  r u l e

7 ( M ) / / ( M + )  =  0 . 5 0  ±  0 . 0 1

h o l d s  f o r  t h e  r a r e  e a r t h  a t o m s  b a s e d  o n  t h e s e  d a t a  a n d  

t h o s e  o f  S u g a r  a n d  R e a d e r . 2b

Acknowledgment. T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  

U .  S .  A t o m i c  E n e r g y  C o m m i s s i o n  u n d e r  C o n t r a c t  

A T - ( 4 0 - l ) - 2 9 0 7 .

(8) N . I .  Io n o v  and M . A . M itse v , Zh. Eksperim. i  Teor. Fiz., 38 ,
1350 (1960),
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Comments on the Paper “ Solubility of 

Hydrogen in Potassium Hydroxide and 

Sulfuric Acid; Salting-out and Hydration”  

by P. Ruetschi and R. F. Amlie

S ir :  R e c e n t l y , * 1350 1 C o n w a y ,  D e s n o y e r s ,  a n d  S m i t h  d e 

v e l o p e d  a  d e t a i l e d  t h e o r y  o f  s a l t i n g - o u t  o f  n o n e l e c t r o 

l y t e s  b y  s i m p l e  s a l t s  a n d  p o l y m e r i c  i o n s  a n d  s h o w e d  

t h a t  s u b s t a n t i a l  i m p r o v e m e n t s  o n  p r e v i o u s  c o n t i n u o u s -  

d i s t r i b u t i o n  t h e o r i e s 2’ 3 c o u l d  b e  m a d e  b y  r e g a r d i n g  t h e  

s a l t i n g - o u t  a s  a r i s i n g  f r o m  e f f e c t s  i n  t w o  d i s t i n g u i s h a b l e  

r e g i o n s  n e a r  t h e  i o n : ( i )  t h a t  d u e  t o  t h e  l o s s  o f  n o r m a l  

s o l v e n t  f u n c t i o n  o f  t h e  w a t e r  m o l e c u l e s  a t t a c h e d  t o  t h e  

i o n  i n  t h e  p r i m a r y  h y d r a t i o n  s h e l l 4 5 o f  r a d i u s  Th, w h e r e  

a p p r e c i a b l e  d i e l e c t r i c  s a t u r a t i o n  o c c u r s ;  a n d  ( i i )  t h a t  

d u e  t o  t h e  m o r e  c o n t i n u o u s  d i s t r i b u t i o n  o f  s o l v e n t  a n d  

n o n e l e c t r o l y t e  i n  t h e  r e g i o n  o f  s o l u t i o n  b e y o n d  t h e  

h y d r a t i o n  r a d i u s ,  a r i s i n g 2' 3,6 f r o m  t h e  d i f f e r e n t  s i z e  

a n d  p o l a r i z a t i o n  o f  t h e  n o n e l e c t r o l y t e  a n d  s o l v e n t  

w a t e r  m o l e c u l e s  i n  t h e  f i e l d  o f  t h e  i o n .

F r o m  t h e  p e r i p h e r y  o f  t h e  i o n  o f  r a d i u s  a t o  ?’h, t h e  

d i e l e c t r i c  c o n s t a n t  i s  q u i t e  l o w  ( c a .  2 - 6 )  a n d  m o s t  n o n 

e l e c t r o l y t e s  ( e x c e p t  t h o s e  m o r e  p o l a r  t h a n  w a t e r  a n d  o f  

c o m p a r a b l e  s i z e )  w i l l  v i r t u a l l y  b e  c o m p l e t e l y  s a l t e d -  

o u t . 1

W e  w i s h  t o  p o i n t  o u t  t h a t  i n  a  p a p e r  r e c e n t l y  p u b 

l i s h e d  b y  R u e t s c h i  a n d  A m l i e , 6 a  t y p e  o f  a p p r o a c h  v e r y  

s i m i l a r  t o  t h a t  w h i c h  w e  p u b l i s h e d  p r e v i o u s l y 1 h a s

e v i d e n t l y  b e e n  m a d e  i n d e p e n d e n t l y  a n d  a  r e l a t i o n  f o r  

t h e  s a l t i n g - o u t  i n v o l v i n g  t w o  i n t e g r a n d s  f r o m  a t o  

?’h a n d  th t o  R  ( cf. r e f  1 ,  6 )  o r  <» i s  g i v e n  a s  i n  o u r  e a r l i e r  

p a p e r . 1 A  t w o - r e g i o n  m o d e l  h a s  a l s o  b e e n  u s e d  b y  

G l u e c k a u f 7 i n  t h e  i n t e r p r e t a t i o n  o f  i o n i c  d i e l e c t r i c  

d e c r e m e n t s  w h e r e  a  s t e p - f u n c t i o n  f o r  t h e  d i e l e c t r i c  

c o n s t a n t  w a s  u s e d  w i t h  t h e  d i s c o n t i n u i t y  a t  ? v  W h i l e  

R u e t s c h i  a n d  A m l i e 6 b a s e d  t h e i r  c a l c u l a t i o n s  o f  t h e  

c o n t r i b u t i o n  i i  a r i s i n g  f r o m  t h e  n o n e l e c t r o l y t e - s o l v e n t  

d i s t r i b u t i o n  b e t w e e n  ?*h a n d  R  ( o r  ° ° )  o n  D e b y e ’ s  

t h e o r y 2 i n  t e r m s  o f  d i e l e c t r i c  d e c r e m e n t s  ( w h i c h  a r e  

n o t  a l w a y s  e x p e r i m e n t a l l y  a v a i l a b l e ) ,  w e  p r e f e r r e d  t o  

e x t e n d  D e b y e ’ s  t h e o r y  t o  o b t a i n  t h e  s a l t i n g - o u t  c o n 

s t a n t s  i n  t e r m s  o f  t h e  m o r e  r e a d i l y  a v a i l a b l e  p a r t i a l  

m o l a l  v o l u m e s  a n d  d i p o l e  m o m e n t s  o f  t h e  n o n e l e c t r o 

l y t e s .  I n  d o i n g  s o ,  i t  w a s  p o s s i b l e  t o  s h o w  t h a t  a n  

e q u a t i o n  s u c h  a s  o u r s  ( o r  t h e  s i m i l a r  o n e  n o w  g i v e n  b y  

t h e  a b o v e  a u t h o r s )  c a n  a c c o u n t  f o r  t h e  o b s e r v e d  s a l t 

i n g - o u t  o f  a  n u m b e r  o f  c o m b i n a t i o n s  o f  s i m p l e  s a l t s  

a n d  s i m p l e  n o n e l e c t r o l y t e s .

(1) B . E . Conway, J. E . Desnoyers, and A. C. S m ith , P hil. Trans. 
Roy. Soc. (London), A256, 389 (1964).
(2) P. Debye and J. M cA u la y , Physik. Z „ 26, 22 (1925); P. D ebye, 
Z. Physik. Chem.. 130, 55 (1927).
(3) J. A . V . B u tle r, J. Phys. Chem., 33, 1015 (1929); Proc. Roy. Soc. 
(London), A122, 399 (1929).
(4) J. O’ M  B ockris, Quart. Rev. (London), 3, 173 (1949).
(5) J. O’ M . Bockris, J. Bow ler-Reed, and J. A . K itchener, Trans. 
Faraday Soc., 47, 184 (1951).
(6) P. R uetschi and R. F. A m lie , J. Phys. Chem., 70, 718 (1966).
(7) E . G lueckauf, Trans. Faraday Soc., 60, 1637 (1964).
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We agree with the above authors that salting-out 
data can in principle be used to obtain Vh, the volume 
of the hydrated ions. However, it must be pointed 
out that the corresponding radii cannot be obtained 
from the spherical model since, near the ions, the sol
vent cannot be considered dimensionless compared with 
the size of the hydrated ions and part of the free space 
between the molecules is included in the experimentally 
determined Eh, as pointed out in ref 1 and by Gluec- 
kauf.8 In order to take the dead-space effect into ac
count, we have shown1'9 that a term proportional to the 
surface area (cf. ref 8) of the hydrated ion should be 
added to the equation for the sphere and, if Vh is ex
pressed in milliters and rh in angstroms, the equation

Eh = 2.51?'h3 +  3.15rh2

results and was shown1’9 to account reasonably well 
for the relation between the radii and volumes of ions 
in water. With this relation, the mean radii of hy
drated K +  and OH~ are between 3.55 and 3.6 A, values 
which are in better agreement with those obtained by 
Nightingale10 from mobility data.

(8 ) E . G lu e c k a u f, Trans. Faraday Soc., 61 , 914 (1965 ); 60, 572
(1964).

(9 ) B . E . C o n w a y , R . E . V e r ra ll,  and  ,T. E . D esnoyers, Z. Physik. 
Chem., 230, 157 (1965).

(10) E . R . N ig h tin g a le , J. Phys. Chem., 63, 1381 (1959).

D e p a r t m e n t  o f  C h e m i s t r y  J .  E. D e s n o y e r s

U n i v e r s i t y  o f  S h e r b r o o k e  

S h e r b r o o k e , Q u e b e c , C a n a d a

D e p a r t m e n t  o f  C h e m i s t r y  B .  E. C o n w a y

U n i v e r s i t y  o f  O t t a w a  

O t t a w a , O n t a r i o , C a n a d a

R e c e i v e d  J u n e  15. 1966

Ultrasonic Study of the Helix—Coil Transition 

in Poly-L-lysine1

Sir:  In the neighborhood of room temperature and at 
pH less than 8, polylysine in aqueous solution exists in 
the random-coil form. As the pH is increased, there is 
a gradual transition proceeding presumably through a 
series of states involving alternating helical and coiled 
segments along a single chain until, at pH 12, the transi
tion from coil to helix is essentially complete.2

In the absence of significant dispersion, the fre
quency dependence of the excess ultrasonic attenuation, 
a, due to a single process with relaxation time r, may 
be expressed as shown in eq 1.

f  1 +  4tr2/ V

For a simple reaction of the form A  ^  B  in dilute 
aqueous solution, where C p and C v are very nearly 
equal and the temperature fluctuations associated with 
the passage of the sound wave may be neglected, C  =  
2 x 2pc[xa.rb/(^a +  % )][(A V y / V R T ] ,  where p is the den
sity, c the velocity of sound, and Xb the mole fractions 
of species A and B, A V  the volume change (per mole) 
for A B , and V  the molar volume of the solvent.3 
Thus, in favorable cases it should be possible to deduce 
a relaxation time and the volume change for the helix- 
coil transition from ultrasonic attenuation.

We have determined the optical rotation and the 
frequency dependence of ultrasonic velocity and 
attenuation as a function of pH and ionic strength in 
aqueous solutions of poly-L-lysine of weight-average 
molecular weight 86,300 (about 675 residues/chain). 
The attenuation at 35.8° in 0.6 M  N aCl with the total 
polymer concentration of 20 g/1. is given in Figure 1, 
and the values of C  and r obtained by a least-square fit 
of the data to eq 1 (solid lines in Figure 1) are recorded 
in Table I as are the volume changes deduced from the 
observed values of C. The average velocity of sound 
at 35.8° is 1.56 1 X  105 cm/sec with the change in 
velocity between 1 and 50 Me less than 0.2% . The 
fraction (/H) of polymer present in the helical form was 
deduced from measurement of the optical rotation 
between pH 4 and 12.

Table I

p H
lO8̂ , 

sec cm-1
1 0 8r ,
sec

AV,
cm3/mole / h

1 0 4XaZb 

Za +

9 .6 0 8 .8 2 3 .3 9 6 .2 0 .1 4 6 3 .4 9
9 .2 2 6 .9 0 3 .2 1 7 .6 0 .0 6 8 1 .7 7
7 .2 0 2 .2 7 5 .6 6 < 0 .0 3 < 0 .8 1

Burke, Hammes, and Lewis4 have investigated the 
excess acoustic absorption in solutions of poly-L- 
glutamic acid in dioxane-water mixtures attributing 
the observed attenuation to perturbation of the solva-

(1) S u p p o rt b y  th e  N a t io n a l In s t i tu te  o f H e a lth  a nd  th e  A . P . S loan  
F o u n d a tio n .

(2) J. A p p le q u is t a n d  P . D o ty ,  “ In te rn a t io n a l S y m p o s iu m  on  P o ly 
a m in o  A c id s , P o ly p e p tid e s , a n d  P ro te in s ,”  M .  S ta h m a n n , E d .,  
U n iv e rs ity  o f W isco ns in  Press, M a d is o n , W is ., 1961.

(3) K .  H e rz fe ld  a nd  T .  L it o v i t z ,  “ A b s o rp t io n  and  D is p e rs io n  o f 
U ltra s o n ic  W a ve s ,”  A ca d e m ic  Press In c ., N e w  Y o rk ,  N . Y . ,  1959 p  
150.

(4) J. B u rk e , G . H am m es, and  T .  L ew is , J. Chem. Phys., 42 , 3520
(1905).
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Figure 1. Ultrasonic absorption as a function of frequency
in 0.156 M  (moles of monomer/liter) poly-L-lysine
solutions in 0.6 M  NaCl at 35.8° and various values of
the pH. Solid lines are least-square fits to the single
relaxation equation. The classical value of a / /2 is
13.95 X 10-16 db sec2 cm-1, in good agreement with the value
for water interpolated from the data of Herzfeld (see ref 3, p 358).

t i o n  e q u i l i b r i u m .  T h e r e  i s  n o  a b s o l u t e  a s s u r a n c e  t h a t  

s i m i l a r  p h e n o m e n a  a r e  n o t  i n v o l v e d  i n  o u r  r e s u l t s ;  

i n d e e d  t h e  v o l u m e  c h a n g e  c a l c u l a t e d  i s  r a t h e r  c l o s e  

t o  t h a t  e s t i m a t e d  b y  C o h n  a n d  E d s a l l 5 f o r  t h e  s o l v a t i o n  

o f  a  s i n g l y  i o n i z e d  g r o u p .  H o w e v e r ,  t h e  d e p e n d e n c e  o f  

C  o n  t h e  p H ,  m u c h  m o r e  p r o n o u n c e d  t h a n  t h a t  o b 

s e r v e d  b y  B u r k e ,  H a m m e s ,  a n d  L e w i s ,  a n d  i n  p a r t i c u l a r  

t h e  v i r t u a l l y  n e g l i g i b l e  e x c e s s  a b s o r p t i o n  a t  l o w  p H  

w o u l d  a r g u e  a g a i n s t  s u c h  a n  i n t e r p r e t a t i o n .  T h e  o b 

s e r v e d  v a r i a t i o n  o f  C  w i t h  / h  i s  c o n s i s t e n t  w i t h  t h e  

n o t i o n  t h a t  a b s o r p t i o n  d u e  t o  p e r t u r b a t i o n  o f  t h e  

h e l i x - c o i l  e q u i l i b r i u m  i s  b e i n g  o b s e r v e d .

O u r  d a t a  d o  n o t  s h o w  a  s i g n i f i c a n t  i n c r e a s e  i n  t h e  

r e l a x a t i o n  t i m e  w h e n  / h  i s  i n c r e a s e d  a s  p r e d i c t e d  b y  

S c h w a r z . 6 H o w e v e r ,  w e  a r e  r e s t r i c t e d  t o  r a t h e r  l o w  

v a l u e s  o f  / h  b y  s o l u b i l i t y  l i m i t a t i o n s  a n d  s u c h  b e h a v i o r  

c a n n o t  b e  r u l e d  o u t .  W h e n  a t t e m p t s  w e r e  m a d e  t o  

a n a l y z e  o u r  d a t a  i n  t e r m s  o f  a  D a v i d s o n - C o l e 7 d i s t r i b u 

t i o n  o f  r e l a x a t i o n  t i m e s ,  s o m e w h a t  s u r p r i s i n g l y ,  v a l u e s  

o f  j3 c l o s e  t o  1 r e s u l t e d  i n d i c a t i n g  a  s a t i s f a c t o r y  f i t  i n  

t e r m s  o f  a  s i n g l e  r e l a x a t i o n .  I n  s u m m a r y ,  t h e  e x c e s s  

a c o u s t i c  a b s o r p t i o n  i n  p o l y l y s i n e  s o l u t i o n  m a y  b e

a d e q u a t e l y  d e s c r i b e d  b y  a  s i n g l e  p r o c e s s  w i t h  a  r e l a x a 

t i o n  t i m e  3 - 6  X  1 0 - 8  s e c  a n d  a n  a s s o c i a t e d  v o l u m e  

c h a n g e  o f  6 - 8  c m 3/ m o l e  o f  m o n o m e r .  T h e  d e p e n d e n c e  

o f  t h e  a b s o r p t i o n  o n  p H  i s  c o n s i s t e n t  w i t h  t h e  n o t i o n  

t h a t  t h e  p r o c e s s  i s  t h e  h e l i x - c o i l  t r a n s i t i o n .

(5) E . J. Cohn and J. T . E dsa ll, ‘ ‘P ro te ins, A m in o  A cids and P eptides  
as Ions and D ip o la r Io n s ,”  R einhold  P ub lish in g  C orp ., N ew  Y o rk ,  
N . Y ., 1943.
(6) G. Schwarz, / .  Mol. B io l., I I ,  64 (1965).
(7) D . W . D avidson and R . H . Cole, J. Chem. Phya., 19, 1484 (1951).

D e p a r t m e n t  o p  C h e m i s t r y  R. C. P a r k e r

U n i v e r s i t y  o p  W a s h i n g t o n  K .  A p p l e g a t e

S e a t t l e , W a s h i n g t o n  98105 L .  J .  S l u t s k y

R e c e i v e d  J u n e  16, 1966

Geminate Recombination in Photochemistry s 

A First-Order Process1

S ir :  T h e  d e p e n d e n c e  o f  G v a l u e s  a n d  q u a n t u m  y i e l d s  

o n  s o l u t e  c o n c e n t r a t i o n  i n  r a d i a t i o n  c h e m i s t r y 2,3 a n d  

p h o t o c h e m i s t r y 4 - 6  h a s  b e e n  t h e o r e t i c a l l y  i n t e r p r e t e d  

b y  t h e  u s e  o f  d i f f u s i o n  k i n e t i c s .  A  r e c e n t  c r i t i c a l  r e v i e w  

o f  t h e  p e r t i n e n t  l i t e r a t u r e  i n  r a d i a t i o n  c h e m i s t r y  l e d  

t h e  a u t h o r 7 t o  i n d u c e  a n  a l t e r n a t i v e  m o d e l :  “ e x c i t e d  

w a t e r , ”  e i t h e r  a n  e l e c t r o n i c a l l y  e x c i t e d  s t a t e  o r  t h e  

H 30 - 0 H  r a d i c a l  p a i r  w h i c h  u n d e r g o e s  g e m i n a t e  

r e c o m b i n a t i o n  b y  a  f i r s t - o r d e r  p r o c e s s ,  i s  p r e c u r s o r  o f  

i n t r a s p u r  h y d r o g e n  i n  t h e  r a d i o l y s i s  o f  w a t e r .

W o o d s 8 r e c e n t l y  p u b l i s h e d  v e r y  i m p o r t a n t  r e s u l t s  i n  

t h e  p h o t o c h e m i s t r y  o f  i r o n ( I I )  i n  1 M  s u l f u r i c  a c i d .  

T h e  d e p e n d e n c e  o f  < f> (F e m )  a n d  $ ( A s I n )  o n  a r s e n i c  

a c i d  c o n c e n t r a t i o n  i s  i d e n t i c a l  b o t h  w i t h  t h e  d e p e n d e n c e  

o f  i n t r a s p u r  h y d r o g e n  G  v a l u e s  o n  s o l u t e  c o n c e n t r a t i o n 7 

a n d  w i t h  t h e  d e p e n d e n c e  o f  g e m i n a t e  r e c o m b i n a t i o n  

o n  s o l u t e  c o n c e n t r a t i o n  d e d u c e d  b y  N o y e s 5 i n  t h a t  

s o l u t e  c o n c e n t r a t i o n s  m u s t  e x c e e d  0 . 0 1  M  f o r  s i g n i f i c a n t  

e f f e c t s .  H o w e v e r ,  W o o d s 8 c o n c l u d e d  t h a t  t h e  e f f e c t  o f  

a r s e n i c  a c i d  w a s  n o t  d u e  t o  i n h i b i t i o n  o f  g e m i n a t e  1 2 3 4 5 6 7 8

(1) Research sponsored b y  the  U . S. A to m ic  E ne rgy  C om m ission  
under con trac t w ith  U n io n  C arb ide  C orp .
(2) A . Samuel and J. L . Magee, J. Chem. Phya., 21, 1080 (1953).
(3) A . K upp e rm a nn  in  “ The C hem ica l and  B io lo g ica l A c tio n s  o f 
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3020 C o m m u n i c a t i o n s  t o  t h e  E d i t o r

r e c o m b i n a t i o n  s i n c e  $ ( F e m )  a n d  $ ( A s i n )  a r e  n o t  

l i n e a r l y  r e l a t e d  t o  t h e  s q u a r e  r o o t  o f  a r s e n i c  a c i d  c o n 

c e n t r a t i o n .

T h e  d e p e n d e n c e  o f  A $ ( F e m )  a n d  $ ( A s m )  o n  a r s e n i c  

a c i d  c o n c e n t r a t i o n  i s  q u a n t i t a t i v e l y  g i v e n  b y

l / A $ ( F e n i )  =  ( 0 . 6 4 5  ±  0 . 0 6 8 )  +  0 . 2 9 7 /  [ A s v ] ( I )

l / $ ( A s i n )  =  ( 1 . 0 0 7  ±  0 . 0 8 3 )  +  0 . 4 9 3 /  [ A s v ] ( I I )

w i t h  c o n s t a n t s  a n d  s t a n d a r d  d e v i a t i o n s  d e t e r m i n e d  b y  

t h e  m e t h o d  o f  l e a s t  s q u a r e s .  A 4 > ( F e m )  i s  t h e  i n c r e a s e  

i n  $ ( F e m )  i n d u c e d  b y  a r s e n i c  a c i d .

E q u a t i o n s  I  a n d  I I  a r e  c o n s i s t e n t  w i t h  a  r e a c t i o n  

m e c h a n i s m  b a s e d  o n  t h e  f o l l o w i n g  a s s u m p t i o n s :  ( 1 )

l i g h t  a b s o r p t i o n  y i e l d s  “ e x c i t e d  f e r r o u s  i o n ”  w h i c h  

d i s a p p e a r s  b y  a  f i r s t - o r d e r  p r o c e s s  w i t h  r a t e  c o n s t a n t  

o f  1 / t ; ( 2 )  a r s e n i c  a c i d  r e a c t s  o n l y  w i t h  F e 11*  w i t h  

r a t e  c o n s t a n t  o f  k t o  y i e l d  a r s e n i c ( I V )  w h i c h  o x i d i z e s  

i r o n ( I I ) ;  a n d  ( 3 )  t h e  q u a n t u m  y i e l d  f o r  t h e  p r o c e s s  

w h i c h  y i e l d s  i r o n ( I I I )  i n  t h e  a b s e n c e  o f  a r s e n i c  a c i d  i s  

r e d u c e d  b y  a  f a c t o r  e q u a l  t o  t h e  f r a c t i o n  o f  F e 11*  

w h i c h  r e a c t s  w i t h  a r s e n i c  a c i d .  T h i s  r e a c t i o n  m e c h a 

n i s m  y i e l d s  e q  I '  a n d  I I '

l / A $ ( F e m )  =  ( 1  +  l / r f c [ A s v ] ) / 1 . 7 7 7 $ ( F e n * )  ( F )

l / A $ ( A s m )  =  ( 1  +  1 /  rk  1A  s v  ] )  /<i> ( F e 11 * )  ( I F )

E q u a t i o n s  I '  a n d  I "  b e c o m e  i d e n t i c a l  w i t h  t h e  e q u a 

t i o n s  o f  W o o d s 8 w i t h  t h e  f o l l o w i n g  s u b s t i t u t i o n s :  

r fc  =  f2K / (l a n d  $ ( F e n * )  =  A S  =  (A, -  A 0 / 1 . 7 7 7 .  

T h u s ,  t h e  t w o  a l t e r n a t i v e  m o d e l s  g i v e  t h e  s a m e  d e 

p e n d e n c e  o f  $ ( F e m )  a n d  4 > ( A s m )  o n  a r s e n i c  a c i d  

c o n c e n t r a t i o n .

E q u a t i o n s  I  a n d  I I  y i e l d  v a l u e s  f o r  ^ ( F e 11* )  o f  

0 . 8 7  a n d  0 . 9 9 ,  r e s p e c t i v e l y ,  e q u a l  w i t h i n  s t a n d a r d  

d e v i a t i o n s  a n d  c o n s i s t e n t  w i t h  $ ( F e n * )  =  1 .  T h e y  a l s o  

y i e l d  v a l u e s  o f  2 . 0 4  a n d  2 . 1 7 ,  r e s p e c t i v e l y ,  f o r  rk. 
A s s u m i n g  r e a c t i o n  o f  a r s e n i c  a c i d  w i t h  F e 11*  i s  

d i f f u s i o n  c o n t r o l l e d ,  t  i s  1 0 ~ 9 t o  1 0 ~ 10 s e c .  T h e r e  i s ,  

t h e r e f o r e ,  s i m i l a r i t y  b e t w e e n  H 20 *  a n d  F e 11* .  F e 11*

m a y  b e  a n  e l e c t r o n i c a l l y  e x c i t e d  s t a t e  o r  m a y  b e  e i t h e r  

t h e  F e I n - e a q ~ ,  F e m - H ,  o r  F e m - H 30  r a d i c a l  p a i r  

w h i c h  u n d e r g o e s  g e m i n a t e  r e c o m b i n a t i o n  b y  a  f i r s t -  

o r d e r  p r o c e s s .

O t h e r  r e c e n t  s t u d i e s 9^ 12 i n  t h e  p h o t o c h e m i s t r y  o f  

a q u e o u s  s o l u t i o n s  i n d i c a t e  t h a t  i n h i b i t i o n  o f  g e m i n a t e  

r e c o m b i n a t i o n  i s  s e n s i b l y  c o m p l e t e  w i t h  s o l u t e  c o n 

c e n t r a t i o n s  a b o u t  0 . 0 1  M. F r o m  t h i s  a p p a r e n t  c o n 

t r a d i c t i o n ,  w e  m a y  c o n c l u d e  t h a t  s e c o n d a r y  r e c o m b i n a 

t i o n  i s  i n h i b i t e d  b y  0 . 0 1  M  s o l u t e  w h i l e  r e a c t i o n  o f  

s o l u t e  w i t h  F e 11*  i n h i b i t s  p r i m a r y  r e c o m b i n a t i o n .  

I f  t h i s  b e  t r u e ,  i t  i s  o f  g r e a t  s i g n i f i c a n c e  i n  t h e  r a d i a t i o n  

c h e m i s t r y  o f  w a t e r  s i n c e  d e c r e a s e  o f  i n t e r s p u r  h y d r o g e n

c o u l d  b e  a t t r i b u t e d  t o  i n h i b i t i o n  o f  s e c o n d a r y  r e 

c o m b i n a t i o n  w h i l e  d e c r e a s e  o f  i n t r a s p u r  h y d r o g e n  

c o u l d  b e  a t t r i b u t e d  t o  i n h i b i t i o n  o f  p r i m a r y  r e c o m 

b i n a t i o n .

(9) J. Jortner, M . O tto lengh i, and G. Stein, ./. Phys. Chem., 68, 247 
(1964).
(10) F . S. D a in to n  and S. R . Logan, Proc. Roy. Soc. (London), A287, 
281 (1965).
(11) F . S. D a in to n  and P. Fowles, ibid., A287, 312 (1965).
(12) P. L . A iry  and F . S. D a in ton , ib id., A292, 340 (1966).

C h e m i s t r y  D i v i s i o n  T .  J . S w o r s k i

O a k  R i d g e  N a t i o n a l  L a b o r a t o r y  
O a k  R i d g e , T e n n e s s e e  37831

R e c e i v e d  J u n e  28, 1966

Reactivity of Electron-Donor-Acceptor 

Complexes. III. Hydrogen Exchange 

between Acetylene and Organic 

Electron-Donor-Acceptor Complexes

S ir:  I n  p r e v i o u s  p a p e r s 1,2 w e  h a v e  s t u d i e d  t h e  r e a c 

t i v i t y  o f  e l e c t r o n - d o n o r - a c c e p t o r  ( E D A )  c o m p l e x e s .  

I t  w a s  f o u n d  t h a t  t h e  r e a c t i v i t y  o f  s u c h  c o m p o u n d s  a s  

p h t h a l o c y a n i n e s  a n d  a r o m a t i c  h y d r o c a r b o n s  i n c r e a s e d  

r e m a r k a b l y  w h e n  t h e y  w e r e  b r o u g h t  i n t o  c o n t a c t  w i t h  

s o d i u m ,  a n  e l e c t r o n  d o n o r ,  b y  f o r m i n g  E D A  c o m p l e x e s .  

A c c o r d i n g l y ,  t h e  e x c h a n g e  r e a c t i o n  o f  h y d r o g e n  b e 

t w e e n  a c e t y l e n e  ( o r  m o l e c u l a r  h y d r o g e n )  a n d  t h e  c o m 

p l e x e s  t a k e s  p l a c e  a t  r o o m  t e m p e r a t u r e s ,  w h i l e  i t  d o e s  

n o t  p r o c e e d  i n  t h e  a b s e n c e  o f  e l e c t r o n  d o n o r  e v e n  a t  

2 0 0 ° .  I n  t h i s  r e p o r t  p h e n o t h i a z i n e  i s  e m p l o y e d  a s  a n  

o r g a n i c  e l e c t r o n  d o n o r ,  a n d  t h e  r e a c t i v i t y  o f  t h e  E D A  

c o m p l e x e s  f o r m e d  w i t h  v a r i o u s  o r g a n i c  e l e c t r o n  a c 

c e p t o r s  i s  s t u d i e d .

P h e n o t h i a z i n e  w a s  p u r i f i e d  b y  r e p e a t e d  r e c r y s t a l 

l i z a t i o n  a n d  s u b l i m a t i o n .  A  f i l m  w a s  e v a p o r a t e d  o n  

t h e  s u r f a c e  o f  a  g l a s s  v e s s e l  u n d e r  v a c u u m ,  t o  w h i c h  

v a r i o u s  e l e c t r o n  a c c e p t o r s  s u c h  a s  2 , 3 - d i c y a n o q u i n o n e ,  

t e t r a c y a n o q u i n o d i m e t h a n e  ( T C N Q ) ,  p y r o m e l l i t i c  d i 

a n h y d r i d e ,  1 , 3 , 5 - t r i n i t r o b e n z e n e ,  p - c h l o r a n i l ,  a n d  2 , 3 -  

d i c y a n o - 5 , 6 - d i c h l o r o q u i n o n e  w e r e  s u b l i m e d ,  w h i c h  r e 

s u l t e d  i n  d e e p  g r e e n ,  r e d - v i o l e t ,  g r e e n - b l a c k ,  g r a y - g r e e n ,  

d a r k  g r e e n ,  a n d  d e e p  g r e e n  c o m p l e x e s ,  r e s p e c t i v e l y .

T h e  h y d r o g e n  e x c h a n g e  r e a c t i o n  b e t w e e n  t h e  c o m 

p l e x e s  a n d  a c e t y l e n e  w a s  s t u d i e d  i n  t h e  t e m p e r a t u r e  

r a n g e  b e t w e e n  2 5  a n d  1 4 0 °  u n d e r  a n  a c e t y l e n e  p r e s s u r e

(1) M . Ich ika w a , M . Soma, T . Onishi, and K . Tam aru , ./. Phys. 
Chem., 70, 2069 (1966).

(2) M . Ich ikaw a , M . Soma, T . Onishi, and K . Tam aru , J. Catalysis, 
accepted fo r pub lica tion .
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o f  1 5  c m  i n  a  c l o s e d  c i r c u l a t i n g  s y s t e m .  T h e  e x c h a n g e  

r e a c t i o n  p r o c e e d e d  r e v e r s i b l y  i n  t h e  f o l l o w i n g  m a n n e r  

o v e r  t h e  d i c y a n o q u i n o n e - p h e n o t h i a z i n e  c o m p l e x

C 2D 2 +  D Z  =  C 2H D  +  D Z  ( 1 )

T h e  p u r e  c a l c i u m  c a r b i d e  e m p l o y e d  i n  t h e  p r e p a r a 

t i o n  o f  d e u t e r i o a c e t y l e n e  w a s  p r e p a r e d  b y  D r .  N .  

T o r i k a i  o f  t h e  Y o k o h a m a  N a t i o n a l  U n i v e r s i t y  f r o m  

p u r e  c a l c i u m  o x i d e  a n d  a s h l e s s  c a r b o n ,  f o r  w h i c h  t h e  

a u t h o r s ’  t h a n k s  a r e  d u e .

C 2H 2 +  D Z  =  C 2H D  +  H Z  ( 2 )

w h e r e  H Z  r e p r e s e n t s  t h e  E D A  c o m p l e x .  W h e n  a n  

e q u i m o l a r  m i x t u r e  o f  C 2D 2 a n d  C 2H 2 w a s  e m p l o y e d ,  

t h e  o v e r - a l l  r e a c t i o n  t o  f o r m  C 2H D  f r o m  C 2D 2 a n d  C 2H  

c o u l d  b e  o b s e r v e d  o v e r  t h e  c o m p l e x .  T h e  t h r e e  c o m 

p o n e n t s  i n  t h e  g a s — C 2H 2, C 2H D ,  a n d  C 2D 2— w e r e  

a n a l y z e d  q u a n t i t a t i v e l y  b y  i n f r a r e d  s p e c t r o s c o p y .  A  

s e r i e s  o f  m e a s u r e m e n t s  w a s  a l s o  c a r r i e d  o u t  b y  i n t r o d u c 

i n g  C 2D 2 o n l y  o n t o  t h e  c o m p l e x  s u r f a c e .  A n  a c t i v a 

t i o n  e n e r g y  o f  a p p r o x i m a t e l y  1 0  k c a l / m o l e  i s  o b s e r v e d  

f o r  b o t h  e x c h a n g e  p r o c e s s e s .  C o m p a r i s o n  o f  t h e  r a t e s  

o f  t h e  t w o  e x c h a n g e  r e a c t i o n s ,  C 2H 2 +  C 2D 2 =  2 C 2H D  

a n d  C 2D 2 +  H Z  =  C 2H D  +  D Z ,  r e v e a l e d  t h a t  t h e  

f o r m e r  r e a c t i o n  p r o c e e d s  via s t e p s  1 a n d  2 .

I n  t h e  c a s e  o f  t h e  T C N Q - p h e n o t h i a z i n e  c o m p l e x ,  t h e  

r e a c t i o n  p r o c e e d e d  i n i t i a l l y  f o r  a  s h o r t  t i m e  a n d  t h e n  

s t o p p e d  a t  r o o m  t e m p e r a t u r e s ,  w h i l e  a  c o n s i d e r a b l e  

a m o u n t  o f  C 2H D  w a s  e v o l v e d  a t  t e m p e r a t u r e s  n e a r  

7 5 ° .  N o  r e a c t i o n  t o o k  p l a c e  o v e r  t h e  p y r o m e l l i t i c  

d i a n h y d r i d e -  a n d  t r i n i t r o b e n z e n e - p h e n o t h i a z i n e  c o m 

p l e x e s ,  p r o b a b l y  b e c a u s e  t h e y  a r e  c o m p a r a t i v e l y  w e a k  

e l e c t r o n  a c c e p t o r s .  D i c y a n o d i c h l o r o q u i n o n e  a n d  p- 
c h l o r a n i l ,  o n  t h e  o t h e r  h a n d ,  a r e  s t r o n g  e l e c t r o n  a c 

c e p t o r s ,  b u t  n o  r e a c t i o n  p r o c e e d e d  o v e r  t h e i r  c o m p l e x e s  

w i t h  p h e n o t h i a z i n e ,  p r e s u m a b l y  b e c a u s e  t h e y  c o n 

t a i n  n o  h y d r o g e n  i n  t h e i r  m o l e c u l e s .

T h e  e x c h a n g e  r e a c t i o n  p r o c e e d s  n e i t h e r  o n  t h e  p h e n o 

t h i a z i n e  n o r  o n  t h o s e  e l e c t r o n  a c c e p t o r s  a l o n e  e v e n  a t  

t e m p e r a t u r e s  a s  h i g h  a s  1 2 0 ° ,  w h i c h  l e a d s  t o  t h e  c o n 

c l u s i o n  t h a t  t h e  f o r m a t i o n  o f  E D A  c o m p l e x  r e s u l t e d  

i n  a  m a r k e d  r e a c t i v i t y  i n  t h e  c a s e  o f  d i c y a n o q u i n o n e -  

p h e n o t h i a z i n e  c o m p l e x .

T h e  f i l m  o f  t h e  d i c y a n o q u i n o n e - p h e n o t h i a z i n e  c o m 

p l e x  w a s  a l s o  p r e p a r e d  f r o m  t h e  m i x e d  s o l u t i o n  i n  

t e t r a h y d r o f u r a n .  T h e  r a t e  o f  t h e  e x c h a n g e  r e a c t i o n  

o v e r  t h e  f i l m  w a s  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e  w i t h  

t h a t  o v e r  t h e  e v a p o r a t e d  c o m p l e x  f i l m .  T h e  i r r a d i a 

t i o n  b y  u l t r a v i o l e t  l i g h t  s h o w e d  n o  e f f e c t  o n  t h e  e x 

c h a n g e  r a t e  w i t h i n  e x p e r i m e n t a l  e r r o r .  T h e  h y d r o g e n  

e x c h a n g e  r e a c t i o n  f o r  m o l e c u l a r  h y d r o g e n  i n s t e a d  o f  

a c e t y l e n e  d i d  n o t  p r o c e e d  o v e r  t h e  c o m p l e x  a t  1 3 0 ° .  

H o w e v e r ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  i s o m e r i z a t i o n  

o f  c f s - 2 - b u t e n e  p r o c e e d e d  s l o w l y  a t  1 2 0 °  t o  trans-2 -  

b u t e n e ,  b u t  n o t  t o  1 - b u t e n e ,  o v e r  t h e  d i c h l o r o d i c y a n o -  

q u i n o n e -  a n d  d i c y a n o q u i n o n e - p h e n o t h i a z i n e  c o m 

p l e x e s .

D e p a r t m e n t  o f  C h e m i s t r y  

T h e  U n i v e r s i t y  o f  T o k y o  

H o n g o , B u n k y o - k u  

T o k y o , J a p a n

M a s a r u  I c h i k a w a  

M i t s u y u k i  S o m a  

T a k a h a r u  O n i s h i  

K e n z i  T a m a r u

R e c e i v e d  J u n e  30, 1966

Electron Spin Resonance of Hydrocarbon 

Dianion Radicals

S ir :  W e  w i s h  t o  r e p o r t  o n  t h e  e l e c t r o n  s p i n  r e s o n a n c e  

o f  f l u o r e n e ,  9 - p h e n y l f l u o r e n e ,  b e n z o f l u o r e n e s ,  4 , 5 -  

m e t h y l e n e p h e n a n t h r e n e ,  c a r b a z o l e ,  a n d  4 , 5 - i m i n o -  

p h e n a n t h r e n e  d i a n i o n  r a d i c a l s  a n d  t h e  c o r r e l a t i o n  o f  

t h e  o b s e r v e d  h y p e r f i n e  s p l i t t i n g  w i t h  c a l c u l a t e d  s p i n  

d e n s i t i e s . 1

T h e  o b s e r v e d  c o u p l i n g  c o n s t a n t s  a r e  g i v e n  i n  T a b l e  I  

a c c o r d i n g  t o  t h e  f o l l o w i n g  n u m b e r i n g  s y s t e m

9

T h e  a s s i g n m e n t  o f  c o u p l i n g  c o n s t a n t s  h a s  b e e n  v e r i 

f i e d  b y  m e t h y l  s u b s t i t u t i o n  i n  t h e  c a s e  o f  f l u o r e n e  a n d  

c a r b a z o l e  ( 1 -  a n d  2 - m e t h y l f l u o r e n e  a n d  2 - m e t h y l -  

c a r b a z o l e  g i v e  s p e c t r a  c o n s i s t e n t  w i t h  m e t h y l  s u b 

s t i t u t i o n  a t  h i g h  s p i n  d e n s i t y  p o s i t i o n s ) .  A  p l o t  o f

(1) D ia n io n  radicals were prepared by in t ia l reaction  o f the  h y d ro 
carbon w ith  potassium  in  te tra h y d ro fu ra n  to  fo rm  the  carbanion o r  
n itra n io n  w h ich  on fu r th e r  reduc tion  produced the  d ian ion  ra d ica l 
(E . G. Janzen and J. G. P acific i, J. Am. Chem. Soc., 87, 5504 (1965)). 
Evidence fo r the  s tru c tu re  o f the  radicals is : (a) T h e  v is ib le  absorp
tio n  m ax im a fo r the  carbanion (T . E . H ogen-Esch and J. Sm id, ib id., 
88, 307 (1966); A . S tre itw iese r, J r., J. 1. B raum an, J. H . Ham m ons, 
and A . H . P ud jaa tm aka , ib id., 87, 384 (1965); E . C. S te iner and J. M . 
G ilb e r t, ib id., 87, 382 (1965)) decrease in  in te n s ity  and new bands 
appear a t the  p o in t where the  f irs t esr s igna l can be detected. The  
increase in  esr s igna l is accom panied b y  an increase in  the  new bands 
and a decrease in  the  carban ion  bands, (b ) H yp e rfin e  coup ling  can 
be detected fro m  tw o  m e ta l ions {e.g., 4 n s + — 0.85 gauss in  2,3- 
benzofluorene d ian ion  ra d ica l), (c) T h e  g values are 0.00025 larger 
th a n  fo r m onoanion rad ica ls  o f com parable s tru c tu re  (B . G. Segal, 
M . K a p la n , and G. K . F raenkel, J. Chem. Phys., 43, 4191 (1965)). 
(d ) L in e  broadening fro m  reversib le  e lec tron  tra n s fe r w ith  carban ion  
can be observed, (e) E le c tro n  tra n s fe r to  naphtha lene occurs, (f)  
I t  is kno w n  th a t tw o  equ iva len ts  o f po tassium  can be added to  fluorene  
re a d ily  w ith o u t ca rbon-ca rbon  bond cleavage o r rearrangem ent 
(G. W . H . Sherf and R . K . B row n , Can. J. Chem., 38, 697, 2450 
(1960); 39, 799 (1961)). A l l  experim ents were pe rfo rm ed  using  
vacuum  line  techniques and h igh  surface a lk a li m e ta l m irro rs . A  
V a ria n  4502 ep r spectrom eter was used fo r esr m easurements.
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c o u p l i n g  c o n s t a n t  a s  a  f u n c t i o n  o f  s p i n  d e n s i t y  u s i n g  

M c L a c h l a n  s p i n  d e n s i t i e s  g i v e s  a  r e a s o n a b l y  g o o d  

l i n e a r  r e l a t i o n s h i p  w i t h  s l o p e  =  2 3 . 1 2 T h e  o b s e r v e d  

c o u p l i n g  c o n s t a n t s  c o r r e l a t e  b e t t e r  w i t h  M c L a c h l a n  

s p i n  d e n s i t i e s  t h a n  w i t h  s p i n  d e n s i t i e s  c a l c u l a t e d  f r o m  

s i m p l e  H M O  t h e o r y .  O n  t h e  b a s i s  o f  t h e  e s r  s p e c t r a  o f  

f i v e  d i a n i o n  r a d i a l s ,  t w o  o f  w h i c h  c o n t a i n  n i t r o g e n  i n  

t h e  f r a m e w o r k  o f  t h e  a r o m a t i c  r i n g ,  w e  c o n c l u d e  t h a t  

M c C o n n e l l ’ s  a p p r o x i m a t e  e q u a t i o n  f o r  r e l a t i n g  o b s e r v e d  

p r o t o n  c o u p l i n g  c o n s t a n t s  w i t h  c a l c u l a t e d  s p i n  d e n s i t i e s  

o n  t h e  a t t a c h e d  c a r b o n

A H  =  Q c h H Pc h  ( 1 )

c a n  b e  a p p l i e d  t o  d i a n i o n  r a d i c a l s  w i t h  Q c h H  —  2 3 .  

T h e  a c c u r a c y  o f  t h i s  v a l u e  w i l l  u n d o u b t e d l y  i m p r o v e  

a s  t h e  s p e c t r a  o f  m o r e  d i a n i o n  r a d i c a l s  a r e  o b t a i n e d .

T h e o r y  p r e d i c t s  a n d  e s r  s p e c t r a  s u b s t a n t i a t e  t h a t  

v e r y  l i t t l e  s p i n  d e n s i t y  r e s i d e s  a t  c a r b o n - 9  o f  f l u o r e n e  

a n d  4 , 5 - m e t h y l e n e p h e n a n t h r e n e  d i a n i o n  r a d i c a l s .  T h e  

s m a l l e s t  p r o t o n  s p l i t t i n g  i n  f l u o r e n e  d i a n i o n  r a d i c a l  i s  

d u e  t o  t h r e e  a p p r o x i m a t e l y  e q u i v a l e n t  h y d r o g e n s .  

O n e  o f  t h e s e  h y d r o g e n s  c a n  b e  a s s i g n e d  t o  c a r b o n - 9  

s i n c e  t h i s  c o u p l i n g  i s  a b s e n t  i n  9 - p h e n y l f l u o r e n e .  T h e  

l a t t e r  h a s  v e r y  l i t t l e  s p i n  d e n s i t y  l o c a t e d  i n  t h e  p h e n y l  

r i n g  a n d  n o  s p l i t t i n g  f r o m  p h e n y l  h y d r o g e n s  i s  r e s o l v e d .

N i t r o g e n  c o u p l i n g  i n  a r o m a t i c  h e t e r o c y c l i c  r a d i c a l  

a n i o n s  i s  p r o p o r t i o n a l  t o  t h e  s p i n  d e n s i t y  l o c a t e d  o n  t h e  

n i t r o g e n  a t o m  a n d  n e i g h b o r i n g  c a r b o n  a t o m s 3

• d N  =  Q n N PN  +  S Q c i - N N pC ; ( 2 )
i

C a r b a z o l e  d i a n i o n  r a d i c a l  s h o w s  n o  n i t r o g e n  c o u p l i n g .  

T h e  c a l c u l a t e d  s p i n  d e n s i t i e s  a g r e e  w e l l  w i t h  t h i s  

o b s e r v a t i o n  s i n c e  n o t  o n l y  i s  t h e  s p i n  d e n s i t y  o n  n i t r o 

g e n  e s s e n t i a l l y  z e r o  b u t  t h e  s p i n  d e n s i t i e s  o n  n e i g h b o r 

i n g  c a r b o n  a t o m s  b o n d e d  t o  n i t r o g e n  a r e  a l s o  z e r o  

( 0 . 0 0 7  a n d  — 0 . 0 0 0 3  f o r  p N a n d  p c ,  r e s p e c t i v e l y ,  

M c L a c h l a n  c a l c u l a t i o n s ,  X  =  1 . 2 0 ,  a =  1 . 5 ) .  F o r

4 , 5 - i m i n o p h e n a n t h r e n e  d i a n i o n  r a d i c a l ,  t h e  0 . 6 0 - g a u s s  

n i t r o g e n  s p l i t t i n g  o b s e r v e d  i s  i n  g o o d  a g r e e m e n t  w i t h

Table I: Hyperfine Coupling Constants of Dianion Radicals

D ia n io n  -̂-----------------------------------------P o s it io n -
r a d ic a l 1 , 8 2 , 7 3 . 6 4 , 5 9 1 0 , 1 1

X  = CH 3.05 3.05 0.35 4.53 0.35
X = c - c 6h 5 2.76 3.98 0.59 3.98
X = N 2.48 4.10 0.59 4.10 <0.10

Y = CH 3.02 0.53 3.02 0.36 4.96
Y  = N 3.00 0.51 3.00 0.60 5.08

0.58 g a u s s  p r e d i c t e d  f r o m  e q  2 i f  QnN = 30.9 a n d  Qc- nN 
-  — 2.04 (pn =  —0.013, p c  =  0.0432, M c L a c h l a n

c a l c u l a t i o n s ,  X  =  1.20, a  = 1.5).
I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  s p i n  d e n s i t i e s  a n d  

e s r  c o u p l i n g  c o n s t a n t s  o f  4 , 5 - m e t h y l e n e p h e n a n t h r e n e  

d i a n i o n  r a d i c a l  a r e  v e r y  s i m i l a r  t o  p h e n a n t h r e n e  

m o n a n i o n  r a d i c a l .  S i m i l a r l y ,  1 , 2 - ,  2 , 3 - ,  a n d  3 , 4 - b e n z o -  

f l u o r e n e  d i a n i o n  r a d i c a l s  c a n  b e  d e s c r i b e d  a s  s u b s t i t u t e d  

n a p h t h a l e n e  a n i o n  r a d i c a l s .
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Pulse Radiolysis of the Aqueous Nitrate System. 

Formation of N 0 3 in Concentrated Solutions 

and the Mechanism of “ Direct Action” 1

S ir :  A l t h o u g h  u n u s u a l  e f f e c t s  i n  t h e  r a d i o l y s i s  o f  

c o n c e n t r a t e d  n i t r a t e  s o l u t i o n  h a v e  l o n g  b e e n  r e c o g 

n i z e d 2“  a n d  s u b s t a n t i a t e d  i n  l a t e r  w o r k 2b w h i c h  a s c r i b e d  

t h e m  t o  “ d i r e c t  a c t i o n ”  (i.e., t o  e n e r g y  a b s o r b e d  d i 

r e c t l y  b y  t h e  s o l u t e ) ,  n o t h i n g  w a s  k n o w n  a b o u t  t h e  

m e c h a n i s m  o f  t h e  p r i m a r y  p r o c e s s e s  a n d  s e c o n d a r y  

r e a c t i o n s  l e a d i n g  t o  t h e  o v e r - a l l  c h e m i s t r y .  A c c o r d 

i n g l y ,  a d v a n t a g e  h a s  b e e n  t a k e n  o f  t h e  r e c e n t l y  

d e v e l o p e d  t e c h n i q u e  o f  p u l s e  r a d i o l v s i s 3 t o  i n v e s t i g a t e  

t h i s  p r o b l e m .

A  1 4 - 1 5 - M e v  e l e c t r o n  b e a m  f r o m  t h e  A N L  l i n e a r  

a c c e l e r a t o r  w a s  u s e d  w i t h  p u l s e s  f r o m  0 . 4  t o  3  p s e c  a n d  

b e a m  c u r r e n t s  o f  4 0 - 1 6 0  m a ;  t h e  d e t e c t i o n  t e c h 

n i q u e  u s e d  w a s  k i n e t i c  a b s o r p t i o n  s p e c t r o s c o p y . 3 F o r  

4  M  N a N 0 3 t h e  c h a r a c t e r i s t i c  s t r u c t u r e d  s p e c t r u m  o f

(1) Based on w o rk  perform ed under the auspices o f the  U . S. A to m ic  
E nergy Commission.

(2) (a) T . J. Sworski, J. Am. Chem. Soc., 77, 4689 (1955); (b) H . A . 
M ah lm an , J. Phys. Chem., 67, 1466 (1963).
(3) L . M . D o rfm an  and M . S. M atheson, Progr. Reaction Kinetics,
3, 239 (1965).
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F i g u r e  1 w a s  o b t a i n e d  s h o w i n g  p e a k s  o f  6 7 0 ,  6 4 0 ,  a n d  

6 0 0  m/Li, c l e a r l y  v e r y  s i m i l a r  t o  t h e  g a s  p h a s e  s p e c t r u m  

o f  N 0 3. 4 5 T h e  p o s s i b i l i t y  o f  t h i s  t r a n s i e n t  b e i n g  N 0 32~  

m a y  b e  d i s c o u n t e d  a s  t h e  s p e c t r u m  i s  p r a c t i c a l l y  u n 

c h a n g e d  i n  6  M  H N 0 3 ( F i g u r e  1 )  a n d  a g r e e s  w i t h  t h a t  

o b t a i n e d  b y  f l a s h  p h o t o l y s i s  o f  c e r i u m ( I V )  i n  t h e  s a m e  

m e d i u m . 6

T h i s  t r a n s i e n t  a b s o r p t i o n ,  w h i c h  d e c a y s  b y  a  f i r s t -  

o r d e r  p r o c e s s  ( f i / 2 =  4 0  ps e c )  i s  n o t  f o u n d  i n  1 0 - 2  M  
N a N 0 3 b u t  i s  p r o d u c e d  i n  i n c r e a s i n g  a m o u n t s  a s  t h e  

c o n c e n t r a t i o n  o f  N 0 3 ~  i s  i n c r e a s e d  f r o m  0 . 5  M  u p  t o  

t h e  p r a c t i c a l  l i m i t  o f  8  M. O v e r  t h i s  r a n g e  a  c o n 

s i d e r a b l e  a m o u n t  o f  e n e r g y  i s  d e p o s i t e d  i n  t h e  n i t r a t e ,  

a n d  i n  o r d e r  t o  d e t e r m i n e  t h e  o r i g i n  o f  t h e  N 0 3, t h e  

a b s o r b a n c e  p e r  p u l s e ,  A, h a s  b e e n  t r e a t e d  a c c o r d i n g  t o  

t h e  e q u a t i o n

A  . / no»-.
~  — A m o  T  ~  ^-noj-
J H sO /H iO

w h i c h  h a s  b e e n  s e t  u p  b y  a r b i t r a r i l y  a s s u m i n g  t h a t  

N 0 3 m a y  o r i g i n a t e  a s  a  r e s u l t  o f  e n e r g y  d e p o s i t e d  

e i t h e r  i n  t h e  w a t e r  o r  i n  t h e  n i t r a t e  ( / h „c  a n d  / n o , -  a r e  

t h e  f r a c t i o n s  o f  e n e r g y  a b s o r b e d  i n  w a t e r  a n d  n i t r a t e ,  

r e s p e c t i v e l y ,  a n d  t h e  A ’ s  a r e  t h e  r e s p e c t i v e  c o e f f i c i e n t s ) .  

R e f e r e n c e  t o  F i g u r e  2  s h o w s  t h a t  i n  f a c t  A Ulo =  0 ;  

i.e., a l l  o f  t h e  N 0 3 i s  a  t r a n s i e n t  c h a r a c t e r i s t i c  o f  t h e  

r e a c t i o n s  i n v o l v e d  i n  “ d i r e c t  a c t i o n . ”  T h i s  r e s u l t  

c l e a r l y  m a k e s  u n n e c e s s a r y  a n y  d i s c u s s i o n  o f  e x c i t a t i o n  

e f f e c t s 6 a n d  e n e r g y  t r a n s f e r 7 f r o m  s o l v e n t  ( w a t e r )  t o  

s o l u t e  ( N 0 3- ) .

H o w e v e r ,  N 0 3 i s  n o t  t h e  p r i m a r y  s p e c i e s  f o r m e d  b y  

“ d i r e c t  a c t i o n . ”  T h i s  i s  s h o w n  b y :  ( 1 )  u n d e r  c e r 

t a i n  c o n d i t i o n s  t h e  k i n e t i c  c u r v e s  g i v e  i n d i c a t i o n s  o f  a  

r i s e  t i m e ,  t h o u g h  t h i s  c o u l d  n o t  b e  c l e a r l y  r e s o l v e d ;  

( 2 )  f o r m a t i o n  o f  N 0 3 c a n  b e  c o m p l e t e l y  e l i m i n a t e d  b y  

t h e  p r i o r  a d d i t i o n  o f  N 0 2~  a n d  m e t h a n o l  i n  c o n c e n t r a 

t i o n s  n o t  g r e a t l y  a f f e c t i n g  t h e  d e c a y  o f  N 0 3.

I t  m a y  b e  c o n c l u d e d  t h e n  t h a t  N 0 3 h a s  a  r a d i c a l  

p r e c u r s o r  a n d  t h u s  i s  n o t  f o r m e d  a s  a  r e s u l t  o f  t h e  

i o n i z a t i o n  p r o c e s s

N 0 3 -  — ►  N 0 3 +  e  ( 1 )

A s  a l t e r n a t i v e  p r i m a r y  p r o c e s s e s  t h e  d i s s o c i a t i o n  r e a c 

t i o n s

N O , "  — >  N 0 2 +  O -  ( 2 )

N 0 3 -  — ►  N 0 2-  +  O  ( 3 )

i n  w h i c h  O -  a n d  O  a r e  t h e  N 0 3 p r e c u r s o r s ,  m a y  b e  c o n 

s i d e r e d .  A l t h o u g h  t h e  p r e v i o u s  f i n d i n g  t h a t  A H jo  =  0  i n 

d i c a t e s  t h a t  O H  r a d i c a l s  r e a d i l y  a v a i l a b l e  f r o m  t h e  r a d i o l 

y s i s  o f  w a t e r  a r e  i n e f f e c t i v e  i n  l e a d i n g  t o  N 0 3 f o r m a t i o n  

a n d  h e n c e  a r e  n o t  t h e  p r e c u r s o r s  o f  N 0 3, a d d i t i o n a l  d i f -

Figure 1. Absorption spectra of transient 
produced in 4 M  NaN03 and 6 M  HNO».

/( NO»-). 
/(H2O)

Figure 2. Dependence of NO3 formation 
on fractional energy deposition.

(4) E. J. Jones and O. R. Wulf, J .  C h e m . P h y s . ,  5, 873 (1937); G. 
Schott and N. Davidson, J .  A m .  C h e m . S o c . , 80, 1841 (1958); D. A. 
Ramsey, P r o c .  C o llo q . S p e c tr o a . In t e r n . ,  1 0 th , U n iv .  M a r y la n d ,  1 9 6 2 ,  
583 (1963).
(5) T. W. Martin, A. Henshall, and R. C. Gross, J .  A m .. C h e m . S o c . ,  
85, 113 (1963).
(6) M. A. Proskurnin and V. A. Sharpatyi, R u s s .  J .  P h y s .  C h e m ., 34, 
1009 (1960).
(7) J. Bednar and S. Lukac, C o l l .  C z e c h .  C h e m . C o m m u n .,  2 9 , 341 
(1964).
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f  e r e n t i a t i n g  e v i d e n c e  o n  t h i s  p o i n t  h a s  b e e n  o b t a i n e d  b y  

c o m p e t i t i o n  k i n e t i c  s t u d i e s  f o r  t h e  p r e c u r s o r .  T h u s ,  e x 

p e r i m e n t s  w i t h  N 0 2 _  a n d  m e t h a n o l  g i v e  k (X  +  N 0 2 ~ ) /  

f c ( X  +  M e O H )  =  4 0 0  w h e r e  X  r e p r e s e n t s  t h e  p r e c u r s o r .  

H o w e v e r ,  i t  i s  k n o w n  t h a t  i f  X  i s  O H  ( 0 ~ ) ,  t h e n  t h i s  

r a t e  c o n s t a n t  s h o u l d  b e  ~ 5 .8 H e n c e ,  i t  i s  c o n c l u d e d  

t h a t  r e a c t i o n  2 d o e s  n o t  r e p r e s e n t  t h e  p r i m a r y  p r o c e s s  

o f  “ d i r e c t  a c t i o n ” ;  i t  i s  s u g g e s t e d  t h a t  t h i s  p r i m a r y  

p r o c e s s  m a y  b e  r e a c t i o n  3 .

T o  s u m m a r i z e ,  N 0 3 r a d i c a l  h a s  b e e n  d e t e c t e d  i n  t h e  

r a d i o l y s i s  o f  c o n c e n t r a t e d  n i t r a t e  s o l u t i o n s .  I t  i s  

c h a r a c t e r i s t i c  o f  t h e  “ d i r e c t  e f f e c t ”  b u t  i s  n o t  a  p r i m a r y  

s p e c i e s .  T h i s  i n d i c a t e s  s t r o n g l y  t h a t  e x c i t a t i o n  i s  a n  

i m p o r t a n t  p r i m a r y  p r o c e s s  i n  t h e  “ d i r e c t  e f f e c t . ”

A  f u l l e r  a c c o u n t  o f  t h e s e  r e s u l t s  a n d  o t h e r s  w i l l  b e  

p r e s e n t e d  l a t e r  i n  c o n j u n c t i o n  w i t h  w o r k  c u r r e n t l y  i n  

p r o g r e s s  o n  t h e  y  r a d i o l y s i s  o f  t h e s e  s o l u t i o n s .
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The Magnetic Susceptibility of 

Palladium Hydride

S ir :  T h e  l i n e a r  d e c r e a s e  o f  t h e  p a r a m a g n e t i c  s u s 

c e p t i b i l i t y  o f  p a l l a d i u m  a s  i t  a b s o r b s  h y d r o g e n  i s  w e l l  

k n o w n .1 T h e  p o r t i o n  o f  t h e  d e n s i t y  o f  s t a t e s  c u r v e  t o  

t h e  r i g h t  o f  t h e  F e r m i  l e v e l  i s  u s u a l l y  d r a w n  t o  i n d i c a t e  

t h a t  p a l l a d i u m  l a c k s  a b o u t  0 . 5 5  e l e c t r o n  t o  f i l l  t h e  

d  l e v e l .  I t  h a s  b e e n  s u g g e s t e d 2 t h a t  h y d r o g e n  d o n a t e s  

i t s  e l e c t r o n  t o  f i l l  t h i s  d  l e v e l  s o  t h a t  w h e n  t h e  s p i n s  a r e  

p a i r e d ,  t h e  s u b s t a n c e  s h o u l d  b e c o m e  d i a m a g n e t i c .  

T h i s  l a t t e r  i s  o b s e r v e d  e x p e r i m e n t a l l y  b u t  a t  a  c o m p o s i 

t i o n  v a r i o u s l y  r e p o r t e d  b u t  c l o s e  t o  P d H o . e s  r a t h e r  t h a n  

a t  P d H o . 55. I f  t h e  a b o v e  e x p l a n a t i o n  i s  c o r r e c t ,  i t  

s h o u l d  b e  p o s s i b l e  t o  o b t a i n  a  l i n e a r  i n c r e a s e  i n  s u s 

c e p t i b i l i t y  a s  h y d r o g e n  i s  r e m o v e d  f r o m  P d H ^ o .e e -  

T h i s  w a s  a t t e m p t e d 3 b y  a  h i g h - v o l t a g e  m e t h o d  f o r  

e x t r a c t i n g  h y d r o g e n  w i t h o u t  h e a t i n g  t h e  s a m p l e  a n d  

i t  w a s  c l a i m e d  t h a t  a l l  t h e  h y d r o g e n  c o u l d  b e  r e m o v e d

Figure 1. The effect of absorption and desorption of 
hydrogen on the paramagnetic susceptibility of palladium.

w i t h o u t  a n y  c h a n g e  i n  t h e  m a g n e t i c  s u s c e p t i b i l i t y .  

T h e s e  r e s u l t s  w e r e  n o t  c o n f i r m e d  b y  L e w i s , '  et al. ,4 
u s i n g  a n  e l e c t r o l y t i c  m e t h o d  f o r  r e m o v i n g  h y d r o g e n  

b u t  w e r e  p a r t i a l l y  c o n f i m e d  i n  t h i s  l a b o r a t o r y 5 u s i n g  

t h e  h i g h - v o l t a g e  m e t h o d .

I n  t h e  p r e s e n t  s e r i e s  o f  e x p e r i m e n t s  d i a m a g n e t i c  a n d  

s l i g h t l y  p a r a m a g n e t i c  s a m p l e s  o f  p a l l a d i u m  h y d r i d e  

w e r e  p r e p a r e d  f r o m  v e r y  f i n e  (O .8O -/1)  p a l l a d i u m  m e t a l  

p o w d e r ,  b y  a l t e r n a t e l y  h e a t i n g  a n d  c o o l i n g  t h e  m e t a l  

i n  p u r e  h y d r o g e n  ( o b t a i n e d  b y  e v o l u t i o n  f r o m  U H 3) ,  

a t  a  t e m p e r a t u r e  w h i c h  n e v e r  e x c e e d e d  200 °  a b o v e  

w h i c h  t h e  p o w d e r  s i n t e r s .  T h e s e  s a m p l e s  e v o l v e d  h y 

d r o g e n  a t  r o o m  t e m p e r a t u r e  w h e n  t h e  h y d r o g e n  p r e s 

s u r e  a b o v e  t h e m  f e l l  b e l o w  1 8  m m .  T h e  m a g n e t i c  

s u s c e p t i b i l i t y  o f  s a m p l e s  o f  p a l l a d i u m  h y d r i d e  w a s  c o n 

t i n u o u s l y  c o m p a r e d  t o  t h a t  o f  a  s t a n d a r d  ( M o h r ’ s  

s a l t ) ,  w h i l e  s m a l l  m e a s u r e d  q u a n t i t i e s  o f  h y d r o g e n  w e r e  

r e m o v e d  f r o m  t h e  s a m p l e ,  i n  a n  a p p a r a t u s  w h i c h  h a s  

b e e n  d e s c r i b e d  p r e v i o u s l y .6 T h e  r e s u l t s  a r e  s h o w n  i n  

F i g u r e  1 .  C u r v e s  1 a n d  2  s h o w  t h a t  i t  i s  p o s s i b l e  t o  

r e m o v e  a  l a r g e  f r a c t i o n  o f  t h e  h y d r o g e n  f r o m  d i a m a g 

n e t i c  p a l l a d i u m  h y d r i d e  a n d  f r o m  p a l l a d i u m  h y d r i d e  

w h i c h  i s  s l i g h t l y  p a r a m a g n e t i c  o w i n g  t o  a n  i n i t i a l  l o w e r  

h y d r o g e n  c o n t e n t ,  w i t h o u t  c h a n g i n g  t h e  s u s c e p t i b i l i t y  

(X g ). C u r v e s  3  a n d  4  f o r  t h e  a b s o r p t i o n  o f  h y d r o g e n  

b y  p a l l a d i u m  a r e  t a k e n  f r o m  S m i t h .1 I t  t h u s  a p p e a r s

(1) D . P. S m ith , “ Hydrogen in  Metals,”  U n ive rs ity  of Chicago Press, 
Chicago, 111., 1947.
(2) N . F . M o tt ,  Advan. Phys. 13, 325 (1964).
(3) A . M iche l and M . G allissot, Compt. Rend., 208, 434 (1939).
(4) J. C. B arton , F . A . Lewis, and I .  W oodward, Trans. Faraday 
Soc., 59, 1201 (1963).
(5) T . R . P. G ibb , J r., to  be subm itted .
(6) W . A . N order, Rev. Sci. Instr., 31, 849 (1960).
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t h a t  t h e  b a n d  t h e o r y  e x p l a n a t i o n  i s  n o t  t e n a b l e  f o r  t h e  

d e s o r p t i o n  o f  h y d r o g e n  f r o m  p a l l a d i u m  h y d r i d e  a n d  i t  

m a y  b e  t h a t  l a t t i c e  e x p a n s i o n  p l a y s  a  m o r e  i m p o r t a n t  

r o l e  t h a n  w a s  f o r m e r l y  t h o u g h t .  F u r t h e r  e x p e r i m e n t a l  

a n d  t h e o r e t i c a l  w o r k  i s  i n  p r o g r e s s .
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T h o m a s  R. P. G i b b , J r . 
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R .  J .  R o y

On the Validity of Single-Ion Activity in 

Polyelectrolyte Solution

Sir:  A s  i s  w e l l  k n o w n ,  t h e  l i q u i d - j u n c t i o n  p o t e n t i a l  

p r o b l e m  w a s  a  f o c u s  o f  e a r l i e r  s t u d i e s  i n  t h e  p h y s i c a l  

c h e m i s t r y  o f  e l e c t r o l y t e  s o l u t i o n s . 1 S o m e  t h e o r e t i c a l  

f o r m u l a s  h a v e  b e e n  d e r i v e d  f o r  t h e  p o t e n t i a l  a n d  h a v e  

b e e n  b e l i e v e d  t o  b e  f a i r l y  s a t i s f a c t o r y .  T h i s  s u c c e s s  

h a s  f u r n i s h e d  a  b a s i s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  

s i n g l e - i o n  a c t i v i t i e s  ( i n c l u d i n g  p H )  i n  e l e c t r o l y t e  s o l u 

t i o n s ,  w h i c h  h a v e  n o  u n i q u e  a n d  r i g o r o u s  t h e r m o d y 

n a m i c  m e a n i n g s . 1 T h o u g h  t h e  e l e c t r o c h e m i c a l  s t u d y  

h a s  b e e n  g r a d u a l l y  e x t e n d e d  t o  p o l y m e r i c  e l e c t r o l y t e s ,  

t h e  l i q u i d - j u n c t i o n  p r o b l e m  h a s  u s u a l l y  b e e n  r e g a r d e d  a s  

a l r e a d y  s o l v e d  a p p r o x i m a t e l y  o n  t h e  b a s i s  o f  t h e  e a r l i e r  

w o r k  m e n t i o n e d  a b o v e .  T h e  m a i n  p u r p o s e  o f  t h e  p r e s 

e n t  c o m m u n i c a t i o n  i s  t o  c a u t i o n  a g a i n s t  t h e  v a l i d i t y  o f  

t h i s  i n t e r p r e t a t i o n  i n  h i g h l y  c h a r g e d  p o l y e l e c t r o l y t e  

s o l u t i o n s ,  u s i n g  M a c l n n e s ’  w a y  o f  r e a s o n i n g . 2

C o n s i d e r  t h e  f o l l o w i n g  c o n c e n t r a t i o n  c e l l  w i t h  

t r a n s f e r e n c e

Figure 1. Test of equation for liquid-junction potential.

p o l y e l e c t r o l y t e ,  a2g i s  t h e  s i n g l e - i o n  a c t i v i t y  o f  t h e  g e g e h -  

i o n s ,  R, T ,  a n d  F  h a v e  t h e  u s u a l  m e a n i n g s ,  a n d  t h e  

s u b s c r i p t s  1 a n d  2  r e f e r  t o  t h e  t w o  s o l u t i o n s  f o r m i n g  t h e  

j u n c t i o n .  T h e  e m f  o f  c e l l  I ,  E ,  i s  k n o w n  t o  b e  g i v e n  

b y

1 +  a R T  a2
E  = --------- — Up In -

a  F  a i
( 2 )

e l e c t r o d e  

r e v e r s i b l e  

t o  g e g e n i o n s

p o l y e l e c t r o l y t e  

s o l u t i o n  ( 1 )

p o l y e l e c t r o l y t e  

s o l u t i o n  ( 2 )

e l e c t r o d e  

r e v e r s i b l e  t o  

g e g e n i o n s
( I )

T h e  t h e r m o d y n a m i c  c o n s i d e r a t i o n  g i v e s  f o r  t h e  l i q u i d -  

j u n c t i o n  p o t e n t i a l  E\

E  i =
1 +  oc R T  a2 R T  (a2g)2
---------- — ¿2p m ---------— In -— -

a F  ai F  (a2g)i ( 1 )

w h e r e  a a n d  ¿2p a r e  t h e  e f f e c t i v e  v a l e n c y  a n d  t h e  t r a n s 

f e r e n c e  n u m b e r  ( a s s u m e d  t o  b e  c o n c e n t r a t i o n  i n d e 

p e n d e n t )  o f  t h e  m a c r o i o n s ,  a i s  t h e  mean a c t i v i t y  o f  t h e

I f  w e  d e n o t e  t h e  s u m  o f  t h e  e l e c t r o d e  p o t e n t i a l s  b y  

E e, w e  h a v e

E e =  E  -  Ex ( 3 )

B y  m a k i n g  t e n t a t i v e l y  t h e  f u r t h e r  a p p r o x i m a t i o n  of

( a 2g)2 _  ^ 2  ^
(a2g)i ai

(1) See, fo r example, D . A . M ac lnnes, “ The P rinc ip les o f E le c tro 
chem is try ,”  R e inho ld  P ub lish ing  C orp ., N ew  Y o rk , N . Y ., 1939, 
C hapter 13; S. Glasstone, “ A n  In tro d u c tio n  to  E lec tro chem is try ,”  
D . V an N ostrand Co., Inc ., N ew  Y o rk , N . Y ., 1962, C hap te r 6; 
R. G. Bates, “ D e te rm ina tion  o f p H , T h eo ry  and P rac tice ,”  John  
W ile y  and Sons, Inc ., N ew  Y o rk , N . Y ., 1964, C hap te r 3. T h e  
re levant references are given in  these books.
(2) See C hap ter 13 o f M a c ln nes ’ w o rk  o r C hap ter 6 o f G lasstone’s 
w o rk  c ited in  re f 1.
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w e  h a v e

a n d

E\  =
( 1  +  a )<2 p

-  1
R T  ,  a2
——  I n  —  
F  a j

(5)

E e =
_  E_

1 +  a  ¿2P
( 6 )

F o r  s u f f i c i e n t l y  d i l u t e  s o l u t i o n s ,  i n  w h i c h  E e i s  i n 

d e p e n d e n t  o f  t h e  n a t u r e  o f  t h e  m a c r o i o n s ,  i f  t h e  r i g h t -  

h a n d  s i d e  i s  c o n s t a n t  f o r  v a i r o u s  p o l y e l e c t r o l y t e s  h a v i n g  

t h e  s a m e  s o r t  o f  g e g e n i o n s ,  e q  5  i s  c o r r e c t .  F i g u r e  1 

g i v e s  a  t e s t  f o r  t h e  r e l i a b i l i t y  o f  t h i s  e q u a t i o n .  T h e  

e x p e r i m e n t a l  d a t a  w e r e  t a k e n  f r o m  o u r  p r e v i o u s  m e a s 

u r e m e n t s  o f  t h e  mean a c t i v i t i e s  o f  a  s o d i u m  p o l y a c r y 

l a t e  ( N a P A A ) , 3,4 a  s o d i u m  s a l t  o f  p o l y v i n y l  a l c o h o l  

p a r t i a l l y  a c e t a l i z e d  w i t h  g l y o x y l i c  a c i d  ( N a P V A G ) , 6 

a n d  s o d i u m  c h l o r i d e . 4 F o r  t h e s e  e l e c t r o l y t e s  a n d  i n  t h e  

c o n c e n t r a t i o n  r a n g e  u n d e r  c o n s i d e r a t i o n ,  f 2p a n d  a w e r e  

f o u n d  t o  b e  i n d e p e n d e n t  o f  c o n c e n t r a t i o n . 3 - 6  F i g u r e  1 

t e l l s  u s  t h a t  a  l i n e a r i t y  h o l d s  b e t w e e n  E e a n d  c o n c e n 

t r a t i o n  ( o n  a  l o g  s c a l e )  w i t h  s l o p e s  o f  5 6 ,  4 3 ,  a n d  3 9 ,  f o r  

N a C I ,  N a P A A ,  a n d  N a P V A G ,  r e s p e c t i v e l y .  T h e s e  

d i f f e r e n c e s  i n  s l o p e  v a l u e s  i m p l y  t h e  i n c o r r e c t n e s s  o f  

e q  5  w h i c h  w a s  o b t a i n e d  b y  a s s u m i n g  e q  4 .

I n  p r e v i o u s  w o r k ,  t h e  mean a c t i v i t y  o f  p o l y e l e c 

t r o l y t e s  w a s  m e a s u r e d  e l e c t r o c h e m i c a l l y 4 - 6  a n d  i s o p i e s -  

t i c a l l y , 7 a n d  s i m u l t a n e o u s l y  t h e  s i n g l e - i o n  a c t i v i t y  o f  g e 

g e n i o n s  w a s  a l s o  m e a s u r e d  b y  t h e  c o n v e n t i o n a l l y  u s e d  

e l e c t r o c h e m i c a l  m e t h o d . 4 - 6  T h i s  m e t h o d  e s s e n t i a l l y  

d e p e n d s  o n .  t h e  v a l i d i t y  o f  e q  4 .  O u r  r e s u l t s  s h o w ,

h o w e v e r ,  t h a t  e q  4  d o e s  n o t  h o l d  f o r  p o l y e l e c t r o 

l y t e  s o l u t i o n s  a n d  d o e s  h o l d ,  t h o u g h  a p p r o x i m a t e l y ,  

f o r  l o w  m o l e c u l a r  w e i g h t  e l e c t r o l y t e  s o l u t i o n s .  T h e r e 

f o r e ,  t h e r e  e x i s t s  a n  i n c o n s i s t e n c y  b e t w e e n  t h e  a s s u m p 
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