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Multistep Collisional Deactivation of Chemically Activated Methylcyclobutane1
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The photolysis of ketene at 334 nm, in the presence of cyclobutane and small amounts of oxygen, was investi
gated at pressures between 297 and 2  Torr at 298 K. Chemically activated methylcyclobutane was formed 
at energies about 50 keal/mol in excess of the threshold energy for unimolecular decomposition to propylene 
and ethylene by the addition of CIUOAi) to cyclobutane. The data, plotted as the ratio of propylene yield 
to methylcyclobutane yield vs. reciprocal collision frequency, showed concave upward curvature indicative 
of multistep collisional deactivation. In these experiments, cyclobutane was the major collision partner. The
oretical calculations, using RRKM theory and a stepladder deactivation model, showed that the data could 
be fit by deactivation step sizes in the range 4 to 6 kcal/mol. The dependence of the results on collision num
ber and molecular frequency model for the activated complex were examined in detail.

Introduction

One of the most attractive methods for producing chemical 
species with large nonequilibrium amounts of internal energy 
is the addition of CIUOAi) to hydrocarbons. In favorable cases 
the molecular adducts are chemically activated to energies in 
the vicinity of 40-50 kcal/mol above the critical energy for 
unimolecular isomerization or decomposition of the adduct. 
Because of uncertainties in AHf°(CH2(1Ai)), as well as any 
nonthermal equilibrium amounts of energy carried by 
CH2(1Ai) from its method of genesis, the energy distribution 
and mean energy of the adduct is correspondingly uncertain. 
At these high excess energies, several deactivating collisions, 
even with a polyatomic collision partner, may be required to 
stabilize the hot adduct. This can be experimentally tested 
at low pressures where conventional plots of the ratio of de
composition products to deactivated products vs. (pressure) - 1  

are concave upward if multistep deactivation occurs. At higher 
pressures curvature is slight, experimental data appear to be 
linear with (pressure) - 1  due to random errors, and no infor
mation is obtained on whether or not multistep deactivation 
occurs. Thus, data taken only at higher pressures are fre
quently treated within the framework of the strong collision 
hypothesis. The application of unimolecular rate theory then 
leads to an overestimate of the average rate coefficient, and 
hence the average energy, of the chemically activated spec
ies.23 This can be misleading in methylene chemical activation

systems because of uncertainly in level of energization, dis
cussed above. In fact, the high pressure linear region can be 
fit equally well by any combination of average energy and 
average step size that is consistent with bounding values of 
the system thermochemistry, all other factors remaining 
constant.2b Large values of average deactivation step size re
sult in larger values of activated species average energy re
quired to fit the data, and vice versa.

The data reported in all but one3 of the studies of methylene 
chemical activation studies in which the complicating reac
tions of CH2(3Bi), and of secondary decomposition reactions, 
have been taken into account have been confined to the higher 
pressure region. There is need for more data in the low pres
sure region to test whether the strong collision hypothesis is 
an adequate approximation for polyatomic collision partners. 
In this paper we report data on chemically activated meth
ylcyclobutane, formed from CRfeOAi) insertion into the C-H 
bonds of cyclobutane, over a wide range of pressures. Appli
cation of RRKM theory would be expected to provide infor
mation on deactivation step size and level of energization in 
the sense that any low pressure curvature would have to be 
predicted by the average deactivation step size, and the high 
pressure slope, which is most sensitive to energy, would have 
to be matched for the same step size.

Two recent studies of chemically activated methylcyclo
butane, both done in the high pressure regime, led the inves
tigators to different conclusions from the application of

1393



1394 Richard J. M cC luskey and Robert W. Carr

RRKM theory to their data. Frey, Jackson, Thompson, and 
Walsh4 discovered tha~. the theoretically predicted energy of 
methylcyclobutane formed from ketene photolysis at 325 nm 
in the presence of cyclobutane was larger than the upper 
bound energy allowed by system thermochemistry. The au
thors concluded that either the strong collision hypothesis 
used in the calculations must be rejected, or the assumption 
that all vibrational modes of the activated molecule are active 
is incorrect, or some combination of the two. Simons, Hase, 
Phillips, Porter, and Growcock5 were able to obtain agreement 
between RRKM theory and experiment in the methylcyclo
butane chemical activation system, using the strong collision 
hypothesis, by employing molecular transition state models 
based upon different values6’7 of the Arrhenius preexponential 
factor than the one used8 by Frey et al.4

Experimental Section

Experiments were done on a conventional all glass vacuum 
apparatus capable of evacuation to 10- 5  Torr, and employing 
PTFE-glass needle valves in the reaction product handling 
system. A chemical ligh~ filter, consisting of 5 cm of an aqueous
0.1 g/cm3 of NiS04-6H20  solution, and 1  cm of 0.1 M naph
thalene in isooctane, isolated the 334.1-nm emission of a Ha- 
novia 673A 500-W medium pressure Hg arc from other Hg 
emission lines in the ketene absorption region above the Pyrex 
cutoff. Transmission of the adjacent 313- and 366-nm lines 
was negligible. Photolyses were done at room temperature (ca. 
300 K) in either a cylindrical 55.2-cm3 Pyrex reactor (10 cm 
X 2.7 cm i.d.), used for experiments at pressures greater than 
10 Torr, or a spherical 1-1. Pyrex reactor of ca. 13 cm i.d., used 
for experiments at lower pressures.

All analyses were performed on a Barber-Colman 5000 gas 
chromatograph equipped with a flame ionization detector. A
7.0 m 3% squalane on firebrick column at 0 °C, with 140 
cm3/min of He carrier at 40 psig, was used for routine analyses. 
Relative peak areas were determined by the product of peak 
height and half-height peak width. The relative sensitivities 
of propylene and methylcyclobutane were determined from 
calibration mixtures prepared from authentic samples.

Gas chromatographic analysis of cyclobutane purchased 
from Merck Sharp and Dohme of Canada, Ltd., revealed ca. 
0.05% methylcyclobutane as an impurity. This was used only 
in higher pressure photolyses where the methylcyclobutane 
yield could be corrected with little error. Cyclobutane from 
the Farchan Division of Storey Chemical Co. contained ca.
0 .1 % methylcyclobutane impurity which was removed by gas 
chromatographic separation before use in all other experi
ments. Ketene, prepared by pyrolysis of acetic anhydride,9 

was purified by several trap to trap distillations at —78 and 
—196 °C before use. Oxygen was Chemetron industrial grade 
which was used as received.

Pressure measurements were made using a conventional 
Hg manometer for pressures greater than 10 Torr, and by 
means of a cathetometer and large bore differential manom
eter for pressures less than 10 Torr. The cathetometer vernier 
was calibrated to 0.05 mm; experimental pressures were de
termined to ± 0 .1  mm by averaging three measurements.

Photolyses were performed on mixtures of cyclobutane, 
ketene, and oxygen having the ratios cyclobutane:ketene: 
oxygen of 5:1:1,10:1:1, and 10:2:1.

Results

The reaction products observed were methylcyclobutane, 
ethylene, propylene, and 1-pentene. These are the products

predicted by the mechanism given below, which is consistent 
with the behavior of methylene as currently understood.

CH2CO + h v  - *  CH^Ai) + CO

CH2(1A1) + c-C4Hg —*■ MCB*

CHaOAj) + CH2CO — C2H4 +  CO

MCB* — C2H4 + C3H6

MCB* 1-C5H , 0

MCB* + M — MCB ±  M

CH2CO + h v  - *  CH2(3Bi) + CO

CH2(3B!) + 0 2 -  CO, C02, H2, H20 , . . .

MCB represents methylcyclobutane, and the asterisk a 
chemically activated species. The chemically activated 
methylcyclobutane may either react or be deactivated by 
collision with cyclobutane, ketene, or oxygen. The deactivation 
is represented as a one step process for simplicity: actually it 
is (see below) a multistep process. The yields of ethylene, 
propylene, methylcyclobutane, and 1 -pentene were pressure 
dependent products, as predicted by the mechanism. The 
ratios of 1 -pentene to methylcyclobutane were never larger 
(at the lowest pressures) than 0.036 and were less than 0.01 
above 6  Torr. Thus we neglected 1-pentene formation in the 
analysis to follow. With oxygen present, CH2(3Bi) was scav
enged10 and its possible complications could be safely ignored.

The qualitative shape of P/MCB vs. to- 1  can be determined 
by the following simple kinetic models. For one-step deacti
vation (strong collision hypothesis) a steady-state on MCB* 
yields the following relationship:

( K )  = MP/MCB) (1 )

between ( k a) , the average unimolecular rate constant, a>, the 
collision frequency of MCB*, and P/MCB where P represents 
propylene. For multistep deactivation with uniform deacti
vation stepsize, P/MCB is given by

P/MCB = ft (1 + ki/w) -  1 (2)
i=i

where the index i runs over the energy levels above the critical 
energy, is the unimolecular rate constant which is a function 
of energy level, and is independent of energy. (In deriving 
eq 2 , up transitions are neglected, but the qualitative behavior 
would be the same if they were included, as they were in the 
theoretical calculations.) Equation 1  predicts that P/MCB vs. 
a)- 1  is linear, while (2) predicts concave upward shape. Thus 
the existence of curvature provides a basis for determining 
whether multistep deactivation is important. The collision 
diameters for the calculation of to which have been used by 
different investigators vary widely.4’5’11 Since there is no basis 
for the selection of one set over another, we have used two sets 
of collision diameters which embrace this range. One set gives 
a reasonable low collision number, the other a reasonable high 
collision number. This not only allows comparisons with 
previous work, but in the calculations to follow allows an as
sessment of the effect of variations in collision number.

The experimental data are presented in Figure 1  for co cal
culated from the lower collision number. For the higher col
lision number the plot would be almost identical except for 
compression of the abscissa by the factor Z|(,w/Z high. The 
curvature of Figure 1 demonstrates the occurrence of mul
tistep deactivation with cyclobutane as the principal collision 
partner. In the high pressure limit P/MCB vs. w- 1  becomes
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Chemically Activated Methylcyclobutane 1395

TABLE I: Collision Diameters and Efficiencies

Species

“Low set”

Ref Ref

‘High set”

Ref Ref

MCB*
c-C4H8
c h 2co
0 2

5.2
5.1
4.7
3.43

1 1

1 1

4
1 1

1

1

0 .6

0.38

a Hard sphere collision diameter. b Collisional efficiency.

5.11
5.11 

1 1

1 1

6.8

6.49
5.45
3.6

1

1

1

0.25

TABLE II: Comparison of High Pressure </ra), Assuming 
Strong Collisions, with Earlier Work

Figure 1. P/MCB experimental data; solid line: calculated curve for 
model I with Zhigh, (E ) =  115.4 kcal/mol, and AE = 6.9 kcal/mol.

nearly linear, implying that (k g )  is nearly constant. Figure 2 

shows the high pressure region; note the zero intercept, as 
predicted by the mechanism. The values of {k &) computed 
by (1) at pressures greater than 100 Torr yielded the average 
value of 3.16 ±  0.14 X 108 s-1, where the error is reported as 
±<r. Thus (k g )  may be considered constant, within experi
mental error, in the high pressure region. Average values of 
(k g )  from this work are reported in Table II along with those 
reported by previous investigators.4’5 ’11 The agreement is 
satisfying. The experimental P/MCB values at lower pressures 
(Figure 1) have estimated errors of ±15%. The reasons for the 
greater uncertainty at low pressures are: (1) The reduced 
quantity of reaction sample available for analysis permitted 
fewer replicate gas chromatographic analyses of the same 
sample and (2 ) the relative error in pressure measurement 
becomes larger. Although we were able to obtain data at 
P/MCB values as large as 157, we are uncertain about the re
liability of the data at P/MCB greater than about 60 to 80.

Theoretical Computations

M a th e m a t ic a l  M o d e l . A mathematical model of the uni- 
molecular decomposition of MCB was made on the University 
of Minnesota Cyber 74 computer. The model uses RRKM 
theory to give specific microcanonical rate constants, k (E ) ,  
for each energy level of MCB, and the stepladder scheme to 
describe the stabilization process.

The RRKM expression for the microcanonical rate constant 
is given by

2(10:1:1) X IO“ 7 s’ 1 Torr- 1.106 1.87

Ref (k g ) X 10~ 8 S_1

4 
1 1

5
This work

2.9
3.6
3.2
3.2

5.0
5.9
5.4
5.4

Figure 2. Higher pressure P/MCB experimental data; solid line: calcu
lated curve for model I with Zhigh, (E) =  115.4 kcal/mol, and AE = 6.9 
kcal/mol.

k ( E ) = L * ( Q i 7 Q i )  £  P ( E  — E 0)/ h N (E )
E = E 0

(3)

where the symbols have their conventional meaning. 12’13 Four 
molecular models of the activated complex, necessary for 
calculation of the sums of quantum states in (3), have been 
reported in the literature.4’5 Since the frequency assignments 
were made for agreement with each of the three reported en
tropies of activation6-8 we have adopted those models in these 
calculations for consistency and ease of comparison. The 
harmonic oscillator model of Frey, Jackson, Thompson, and 
Walsh,4 called model I here, is consistent with the entropy of 
activation derived from the experimental high pressure 
thermal decomposition data of Das and Walters.8 In the three 
molecular frequency models reported by Simons, Hase, 
Phillips, Porter, and Growcock,5 the methyl group is treated 
as a one-dimensional free rotor, the remainder of the 
frequencies as harmonic oscillators. Model S-l is consistent 
with the Das and Walters8 thermal data, model S-2 fits the 
preexponential factor reported by Pataracchia and Walters,6
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and model S-3 gives agreement with the A  factor reported by 
Thomas, Conn, and Swinehart.7

For model I the sums and densities were computed using 
the Beyer and Swinehart algorithm14 with a grain size of 10 
cm-1. The round-off error introduced by this grain size was 
less than 2%, as judged by comparison of a direct count, i.e., 
a grain size of 1 cm-1. For models S-l, S-2 , and S-3, the sums 
and densities were calculated by the Whitten and Rabinov- 
itch15 approximation. At energies too low for this approxi
mation to be accurate, the energy levels of the internal rotor 
were approximated by harmonic oscillator levels and the sums 
and densities computed by the Beyer and Swinehart14 algo
rithm.

The ratio P/MCB was computed from the matrix formu
lation16

— - —  = - L  [ k ( l - P  + -)~ V |  (4)
P +  MCB ¡o f  L \ J  i i

In (4), k is a main diagonal matrix with k ( E )  as its elements, 
I is the unit matrix, P is a matrix with elements P jj, and f  is 
a vector with elements f(E ) , the energy distribution function 
of MCB*. The collisional transition probabilities from state 
j  to state i, =  0 unless j  — i = specified stepsize. The 
principles of detailed balance, I\j =  P ji [N {E i)/ N (E j ) ]  exp[(,Ej 
— E i)/ k T ] , and completeness, 2¿Py- = 1, were adhered to.

In all of the calculations to be presented, the energy dis
tribution of MCB* was approximated by a delta function lo
cated at the average energy of MCB*. To examine the effect 
of broadening the distribution function, several calculations 
were made using an approximation suggested by Forst,17 with 
the additional constraint that f(E) d E  = 0 at E  = E mm, and 
also using a distribution function derived by application of 
the principle of micrcscopic reversibility to the reverse of the 
methylene-cyclobutane addition. The former had a width 
(variance) of 1 .6  kcal/mol, and the latter a width (variance) 
of 1.9 kcal/mol. Test calculations with MCB* average energies 
in the vicinity of 1 1 2  kcal/mol showed that the high pressure 
(fca) was 2 and 4% arger, respectively, than with a delta 
function, well within experimental error, so that the delta 
function certainly is an adequate approximation at high 
pressures. There was more sensitivity to i ( E )  d E  at low pres
sures. For example, the 2.7 Torr value of P/MCB decreased 
by 13 and 20%, respectively, relative to a delta function. The 
former is barely within the estimated low pressure error 
(±15%) and the latter lies outside. The effect of energy dis
tribution function on the conclusions will be presented below.

C o m p u ta tio n a l R e su lts . Values of P/MCB as a function of 
pressure were obtained from eq 4 for combinations of ( E ) ,  the 
average MCB* energy, and deactivation stepsize, A E  for each 
of the four activated complex models for both Zhigh and Z\ovl. 
The grain size used in the matrix was 2 0 0  cm-1. Test calcu
lations showed the results to be insensitive to the graining at 
this level. Sets of input data yielding a high pressure ( k a) 
within ±10% (±2aj of the experimental value, and P/MCB 
within ±15% of the experimental value at 2.7 Torr were con
sidered “good” data fits. The value of ( E ) ,  moreover, had to 
be consistent with thermochemistry. The maximum possible 
energy of MCB*, ( E ) max, can be computed from the overall 
photoreaction

CH2CO ±  c-C4H8 ±  h v  (334 nm) = MCB* ±  CO (5)

by assuming that all of the exothermicity and excess photon 
energy is pooled into MCB*. The energy balance is given by

(£)max = —A H ° o  ±  NJl v  ±  Eth (6 )

TABLE III: Computer Calculations of < ka)„ and P/MCBn

Energy parameters Caleulational results

Initial energy, 
kcal/mol

Stepsize,
kcal/mol

(ka ) 2 0 0  Torr X  
IO“8, s " 1 D/S,., Torr

Z = Z\ow(10:1:1) = 1.106 X  IO7 3 “ 1 Torr-1
109.1 4.6 2.75 73.1
110.2 4.6 3.32 123.9

5.7 2.84 57.4
111.3 4.6 4.00 217.0

5.7 3.40 91.4
6.9 3.02 51.5

112.5 5.7 4.07 149.3
6.9 3.60 78.6
8.0 3.29 " 49.8

113.6 6.9 4.29 122.5
8.0 3.90 73.7
9.1 3.63 50.4

Exptl 2.9-3.5 60-80

Z = Zhigh (10:1:1) == 1.87 X  107 s-1 Torr“1
112.5 4.6 4.63 81.4
113.6 4.6 5.53 135.8

5.7 ' 4.74 61.4
114.8 5.7 5.62 96.2

6.9 4.98 53.4
115.9 6.9 5.87 80.4

8.0 5.34 50.4
117.1 8.0 6.28 73.5

9.1 5.82 49.9
Exptl 4.9-5.9 60-80

a Model I: f(E ) =  delta function.

N a is Avogadro’s number, and 7?th is the thermal energy of the 
reactants. Using A H ° o  =  —22.0 kcal/mol, N ah v  =  85.6 kcal/ 
mol and E th = 4.5 kcal/mol results in ( E ) max =  112.1 kcal/mol. 
A lower bound to the energy of MCB*, ( E ) iow, can be calcu
lated from the exoergicity of

CHuOAi) ±  c-C4Hg = MCB* (7)
and is given by

( E )iow = ±  E th + E act (8 )

In this calculation, CH^Ai) is assumed not to carry any ex
cess photon energy. E act is the activation energy for CFUOAj) 
addition to C-C4H8. To obtain the lower bound a low value of 
the heat of formation of singlet methylene, AHf°o(CH2(1Ai)) 
= 96 kcal/mol was used, and E act was assumed to be zero. This 
resulted in ( E )  iow = 104.2 kcal/mol. However, larger values 
of the heat of formation of methylene have been reported and 
if A//f°o(CH2(1Ai)) = 101 kcal/mol is usee,18 along with E act 
— 1 kcal/mol (methylene additions occur extremely rapidly, 
and presumably have low activation energies), then ( E )  =
1 1 0 .8  kcal/mol is deduced from eq 8 , and the upper and lower 
limit are very close. This is a reflection o: the fact that the 
photon energy at 334 nm is close to the dissociation limit in 
ketene, and very little excess photon energy is available.

A tabulation of computer results for various input values 
of ( E )  and A E , using model I, is given in Table III. For Zh;gh, 
it is apparent that at an energy of 112.5 kcal/mol and a stepsize 
of 4.6 kcal/mol the high pressure ( k a) is too low while the D/S 
ratio at 2.7 Torr is too high. If the stepsize were decreased to 
bring up the (k a) the D/S ratio would go even higher. Thus 
no stepsize will give an adequate fit to the data at this input 
energy. Examination of the computer data for an energy of 116 
kcal/mol shows that the experimental data could be fit with
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TABLE IV: Energy Parameters that Reproduce the 
Experimental Results0

Zfow Zhigh

Model
1j range* kcâl/ Æ rangej kcal/ E range* kcal/ A E range* kcal/

mol mol mol
Grange* J

mol

I 109.5-112.5 5-7.5 113.5-116.5 5-7.5
S-I, 108-111.5 4.5-7.5 112-115 5-7.5
S-II 106-109 4.5-7 110-112.5 4.5-7
S-III 102.5-105.5 4-6.5 106-108.5 4-6.5

“ All data were obtained using f (E )  =  5 (E ). More represen
tative distribution functions reduce the energy and AE  by about 
1 kcal/mol. See text.

a range of stepsizes from 6.9 to about 7.6 kcal/mol, the stepsize 
range being limited by the low pressure data. As energy is in
creased further the computer results show that at 117 kcal/mol 
any stepsize fitting the low pressure data would give too high 
a value for the high pressure rate constant. The same trends 
were seen in the results for the low collision number and for 
all the other molecular frequency models examined. At too low 
an energy the model’s high pressure constant is too low and 
the low pressure D/S is too high; for too large an energy the 
high pressure result becomes too high and the low pressure 
D/S too low.

How well a computer model constrained to fit ( k a) „  and 
the low pressure D/S matches the intermediate pressure data 
can be seen in Figures 1 and 2 which show a plot of calculated 
D/S vs. w- 1  for model I and Zhigh, at ( E ) = 115.4 kcal/mol and 
AE  =  6.9 kcal/mol. Fits could also be obtained for other mo
lecular models, energies, and stepsizes.

The result for all the different molecular models are sum
marized in Table V. The range of stepsizes which allow a fit 
to the experimental data are almost the same for both collision 
numbers, the stepsize values for the two collision numbers 
differing by less than 0.5 kcal/mol. The (E ) values which 
permit a data match are about 3-4 kcal/mol smaller for the 
lower collision number. These results are independent of the 
molecular frequency model.

For every frequency model a data fit is obtained at ap
proximately the same ratio of k ({E ))/ c o . Hence models giving 
higher microcanonical rate constants require lower energies 
to fit the data. There is also a slight reduction in stepsize which 
accompanies this lowering of ( E ) .

Discussion
We interpret the curvature of the data plotted in Figure 1 

as evidence for multistep deactivation of MCB*. The com
parisons with RRKM theory summarized in Table IV show 
the nature of RRKM data fits very clearly. The best fits for 
model I and S-I, using Zhigh, are obtained at values of ( E )  
larger than allowed by system thermochemistry, and can be 
disregarded. However, the same two models work satisfacto
rily for Zjow. It could also be argued that the data fit for model
S-III and Ziow is obtained for ( E )  which is marginally on the 
low side, and should be disregarded. Nevertheless, each model 
gives a fit to the data for some combination of deactivation 
stepsize, ( E )  (in the accessible range), and collision number. 
Thus the difficulty of determining the average energy, (E ),  
of chemically activated species by this technique is amply il
lustrated. In the present case the uncertainty is about 10 
kcal/mol.

On the other hand, Table IV shows that the values of AE

TABLE V: Thermochemical Estimates of AHf°o(CH2(IAi))

Model Afff°o(1CH2) + £ xs, kcal/mol
*

I 98.5-102
S-I 97-102
S-II 95-102
S-III 94-98.5

TABLE VI: Thermochemical Data

Species A/if°o, kcal/mol Ref

MCB ■6.7 a
c-C4H8 1 2 .2 b
ch2co -10.7 c
CO -27.2 d

° W. D. Good, R. T. Moore, A . G. Osborn, and D. R. Douslin,
J. C hem . T h erm od yn ., 6 , 303 (1975). b M. Kh. Karapet’yants 
and M. L. Karapet’yants, “Thermodynamic Constants of Inor
ganic and Organic Compounds”, Translated by J. Schmorak, 
Humphrey Science Publishers, Ann Arbor, Mich., 1970, p 343. 
c R. L. Nuttall, A. H. Läufer, and M. V. Kilday, J. C hem . 
T h erm od yn ., 3, 167 (1971). d D. D. Wagman, W. H. Evans, I. 
Halow, V. B. Parker, S. M. Bailey, and R. H. Schumm, N a tl. 
Bur. S tan d . (U .S .) T ech n . N o te , No. 270-1 (1965).

are relatively insensitive to ( E ) ,  Z, and the activated complex 
model. This fortunate circumstance means that studies of 
collisional energy transfer can be accomplished even in sys
tems where these quantities are not very well known.

The effect of using a broader, more realistic distribution 
function was tested by trial calculations using the two distri
butions referred to above with model I. The effect was to lower 
the range of ( E ) and AE  for which a good fit could be obtained 
by about 1 kcal/mol. The effect is relatively minor, and the 
delta function distribution is not an unreasonable approxi
mation to use. However, the ranges of (E) and AE  reported 
in Table IV must be regarded as being 0.5 to 1 kcal/mol higher 
than those that would be obtained by using a more accurate 
distribution function. We conclude that a stepladder model 
with stepsizes in the range 4-3 kcal/mol is adequate to de
scribe the multistep deactivation of MCB* by C-C4H8 collider.

The apparent failure of RRKM theory to adequately de
scribe the MCB* system, which was reported by Frey, Jack- 
son, Thompson, and Walsh,4 can be attributed to use of the 
strong collision hypothesis in their theoretical treatment. 
(They suggested this as a possible failing at the time.) Our 
experiments (Figure 1 ) clearly show evidence for multistep 
deactivation, and we were able to quantitatively account for 
the data with RRKM theory using the same molecular fre
quency model for the activated complex (model I). The other 
possible causes of failure which they discussed,4 collisional 
deactivation inefficiency (elastic collision) or fewer active 
vibrational modes, are not necessary to obtain agreement 
between theory and experiment. However, the effects of elastic 
collisions can be simulated by decreasing collision diameters.

Simons, Hase, Phillips, Porter, and Growcock5 reported 
RRKM calculated values of ( E )  for MCB* from CH2CO at 
334 nm for each of the four molecular frequency models used 
here, but with the strong collision hypothesis. For each of the 
four models, ( E )  was larger than the allowable thermo
chemical maximum. This was used as a basis for judging 
“goodness” of the models, and hence a basis for evaluation of 
Arrhenius preexponential factors. The data in Table IV,
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however, show that nr iltistep deactivation yields values of ( E )  
which are energetically allowable for each of the four fre
quency models, and hence reveals another aspect of the in
adequacy of the strong collision hypothesis in methylene 
chemical activation systems. Taken alone, the calculations 
done here allow no basis for discrimination among the three 
published values of the preexponential factor.

The values of (E) obtained as a “best fit” to the data for 
each of the models and collision numbers can be related to the 
sum of the heat of formation of CH2(1A1) plus the excess 
photon energy carried by methylene at the time of addition 
through

AHf°o(CH2(1A1)) + Exs = ( E )

-  E th -  E H f°0(c-C4H8) + Atff°o(MCB) (9)

The results are shown in Table V. Although E xs at 334 nm is 
unknown, it must be small, probably no more than 1 - 2  kcal/ 
mol at most. Thus the data are consistent with a range of 
values of AHf°o(CH2(1Ai)), and it is quite apparent that 
nothing very precise can be learned about its value from this 
type of experiment. The data are not inconsistent with either 
the low value previously put forward from this laboratory, or 
the somewhat higher value reported in a previous RRKM 
study. 18
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The gas phase thermal decomposition of various isotopically substituted 1,4-cyclohexadienes was studied in 
the 275-375 °C temperature region to obtain transition state information for the Woodward-Hoffman sym
metry allowed hydrogen elimination reaction. Competitive decompositions with (i) a 1 : 1  mix of 1,4-cyclohex- 
adiene and perdeuterio-l,4-cyclohexadiene or (ii) l,2,3,4,5,6-hexadeuterio-l,4-cyclohexadiene produced (t) 
Ho and Do or ( i i )  H2, Do, and HD. The difference in E a for H2 and D2 elimination was 2.1 ±  0.4 and 2.4 ±  0.8 
kcal/mol for systems (i) and (ii), respectively; the difference in E & for H2 and HD was 1.5 ±  0.4 kcal/mol. The 
results indicate a tight transition state which resembles benzene in its vibrational frequency assignment 
while the reaction coordinate is predominately the concerted breaking of two carbon-hydrogen bonds.

The decomposition of 1,4-cyclohexadiene2 has previously 
been reported. The only detectable reaction is the homoge
neous first-order intramolecular stereospecific elimination 
of molecular hydrogen3

The reaction has been studied in the unimolecular high 
pressure region and the temperature dependence of the rate 
constant between 330 and 390 °C is best described by the 
equation

log k 12.4 2 303 R T  '

where R  is 1.98 cal/K mol.
The activation energy (.Ea = 43.8 kcal/mol) for this elimi

nation reaction is approximately 18 ± 3 kcal/mol lower than 
the reported E a’s of analogous Woodward-Hoffman allowed 
hydrogen elimination reactions, i.e., cyclohexene4-5 (E a = 62 
±  3 kcal/mol) and cis-butene-2 6 (E a =  65 ±  2 kcal/mol) .6-7 The 
present work was undertaken to obtain information of the A  
and E  factors which are involved in the reaction process and 
to further test the concerted mechanism for the reaction.
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Figure 1. Yield plots of H2/D2 for intermolecular (II) and intramolecular 
(I) comparisons and H2/HD for intramolecular (III) comparison as a 
function of temperature. The least-squares analysis (solid lines) yielded 
slopes (kcal/mol) and intercepts of: (I) —2.38 ±  0.8, 0.67 ±  0.4; (II) 
-2 .06 ±  0.4, 0.67 ±  0.4; (III) -1.46 ±  0.4, 0.33 ±  0.2.

These particular objectives can be obtained through the 
studies of isotopically substituted cyclohexadienes. Two 
studies will be reported in this note:

(i) The intermolecular competitive eliminations of various 
hydrogens from a 1:1 mix of 1,4-cyclohexadiene (CH)8 and 
perdeuterio-l,4-cyclohexadiene (CD) .8 No HD was detected 
in conformity with the intramolecular molecular hydrogen 
elimination mechanism of Alfassi et al.7

(ii) The intramolecular competitive elimination of H2, HD, 
and D2 from 1 ,2 ,3,4,5,6 - hexadeuterio-1,4-cyclohexadiene 
(CHD) .8-9

Most of the pyrolyses were done between 275 and 375 °C 
at pressures of approximately 600 Torr in a seasoned vessel 
with a surface-to-volume ratio of 1.3 cm-1. A few pyrolyses 
were carried out with a surface-to-volume ratio of 6 .1  cm- 1  and 
showed the reaction to be homogeneous. The hydrogen iso
topes were quantitatively analyzed with amass spectrometer 
calibrated with known compositions of H2, HD, and D2. The 
hydrogen ratios were found to be independent of reaction time 
and pressure.

Assuming Arrhenius behavior, a two-parameter (the acti
vation energy difference AE and A factor ratio AA) least- 
squares analysis of the data in Figure 1 was performed. For 
the H2 and D2 elimination AE  is —2.06 ±  0.410 and —2.38 ±
0.8 kcal/mol10 while AA is 0.67 ±  0.410 and 0.67 ±  0.410 for the 
intermolecular and intramolecular comparisons, respectively. 
No quantitative conclusions on the fact that the intramolec-

O ̂ Ha + O
For comparative purposes the zero point energies of a and b in the boat 
forms are taken as equal, while the zero point energy of a in the half 
boat form is arbitrarily taken as zero.

ular comparison exhibits the largest isotope effect will be made 
since within experimental error there is no difference in AA 
or AE  for the two comparisons. However, the magnitude of 
A E  suggests a mechanism where the C- H stretch participates 
in the reaction coordinate since the difference in zero point 
energies (ZPE) of a C-H and C-D stretch is —1.2 kcal/mol as 
compared to that of —0 .6  kcal/mol for the respective bends.

For the CHD system AA(H2/HD) is experimentally de
termined to be one-half of AA(H2/D2). This is in agreement 
with the fact that the CHD was not formed stereospecifically 
and thus there are twice as many isomers producing HD as 
compared to H2 or D2. AJ?(H2/HD) is approximately half of 
A£(H2/D2) as to be expected oy a simple difference in ZPE.

An analogous isotope effect in the thermal decomposition 
of cyclopentene has been brought to our attention by one of 
the referees. Knecht11 reported AJ?(H2/D2) and AE(H2/HD) 
of —2.50 and —1.25 kcal/mol while AA(H2/D2) and AA(H2/  
HD) were 0.63 and 0.99, respectively. These values are re
markably similar to our results even though the activation 
energy in the cyclopentene system is 57.8 kcal/mol. Knecht’s 
results for AA(H2/HD) may be in error since his value was 
obtained from a 23.3% cyclopentene-d7 impurity in the cy- 
clopentene-ds.

The previously reported A factors4'5 suggest a tight tran
sition state (TS). A TS theory calculation in which the cy
clohexadiene ring modes were tightened to simulate those of 
benzene and the reaction coordinate was taken as the carbon 
hydrogen stretch, gives a H2/D2 yield ratio which is greater 
for the intramolecular comparison, in accordance with the 
experimental data. This was not true for other models. Hence, 
the data support a tight TS which resembles benzene in its 
vibrational frequency assignments while the reaction coor
dinate is predominately the breaking of carbon hydrogen 
bonds in the 3 and 6 positions of the cyclohexadiene ring.

The allowed cis elimination requires that the hydrogen 
atoms in the 3 and 6 positions must be either sufficiently close 
for a bonding interaction or sufficiently extended for the a 
electrons associated with the C-H bond to be delocalized in
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the rr electron system of the nascent benzene. In either case 
the ring conformation of the TS must have boatlike charac
teristics. From x-ray data12 the stable conformation of CH has 
the nonvinylic carbon atoms approximately 156° from the 
plane formed by the vinylic carbon atoms, thus supporting a 
boatlike ground state. With this geometry the hydrogens are 
approximately 3 A from one another, too large for sufficient 
bonding overlap to give TS stabilization. A discussion of the 
energetics and TS of the elimination in the CH, cyclohexene, 
and cyclopentene systems is presented in ref 4b. Since strain 
energy builds very rapidly with displacement, the observed 
E a cannot bring these H’s close enough to interact. Hence, the 
relatively low E a for the reaction must reflect the influence 
of the 7r bonds on partly decoupling the a bonds of the allylic 
hydrogens.

The difference of 18 kcal/mol between the E a’s for the 
analogous eliminations of H2 from CH and cyclohexene can 
be understood with an energy profile as depicted in Figure 2. 
A difference of 6  kcal/mol13 in E a can be accounted for by the 
conformation difference of the reactants since cyclohexene 
is predominately in a half-boat configuration. The remaining 
difference of 12 ±  3 kcal/mol must be due to stabilization of 
the TS by about one-third of the benzene resonance energy

of 35.95 kcal/mol. 14 It is interesting that this resonance energy 
is present when the TS is in a boat configuration.
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1,1,1-Trideuterioethane has been pyrolyzed in the temperature range 500-600 °C. The reaction products are 
formed via chains initiated by C-C bond cleavage of ethane, but the hydrogen and deuterium content of the 
ethylene products and the H2, HD, and D2 yields are not predicted by the conventional mechanism. The re
sults may be understood in terms of a mechanism involving isomerization of ethyl radical by a 1,2-H (or -D) 
shift along the carbon skeleton competing with abstraction from the parent and decomposition. The kinetic 
evidence suggests that the E a for decomposition of ethyl radical and the 1,2 isomerization are within 1.5 kcal/ 
mol, the difference in rate constants reflecting the difference in preexponential factors.

Introduction

The intramolecular shift of hydrogen in free radicals has 
been well documented2 in the liquid and gas phases for 
transfers involving cyclic transition states larger than five 
members; i.e., 1,4- and 1,5-hydrogen shifts via five- and six- 
membered transition states, respectively, have been observed. 
These studies have been performed using both thermal and 
chemical activation techniques.

Due to geometrical considerations (i.e., strain energy) 1,2- 
and 1,3-hydrogen shifts should have high energy barriers as 
compared to 1,4 and 1,5 shifts; barriers between 18 and 12 
kcal/mol have been measured for 1,4 and 1,5 shifts. The small

* Address correspondence to this author at the Department of 
Chemistry, University of Iowa, Iowa City, Iowa 52242.

rate constant associated with these high barriers have large 
experimental uncertainties and hence, the evidence is some
what controversial.

Jackson and McNesby3 have studied the thermal isomer
ization of labeled isopropyl radicals and concluded that the
1,2 isomerization rate constant is approximately 9 ±  2% of the 
rate constant for breaking a carbon-hydrogen bond to give a 
hydrogen atom and propylene between 472 and 553 °C. 
However, Heller and Gordon4 have also studied the thermal 
decomposition of isopropyl radicals generated by the pho
tolysis of diisopropyl ketone, and their results suggest that 
approximately 50% of the isopropyl radicals isomerize. Both 
studies revealed that the fraction isomerized was independent 
of temperature. Kerr and Trotman-Dickenson5 have studied 
the isomerization of the isobutyl radical, and their results
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indicate that the isomerization becomes less important as the 
temperature is increased. Using chemical activation tech
niques Tardy6 has shown qualitatively and semiquantitatively 
that 1,2 or 1,3 shifts do occur in the n-pentyl radical system 
with critical energies of approximately 31 kcal/mol.

The above-mentioned systems suffer from chemical com
plexities and the presence of a rapid competitive process, 
carbon-carbon bond rupture. To measure the slow isomer- 
izations, competitive paths should have rate constants with 
a similar value as that of the isomerization, and the number 
of reaction paths should also be minimized. The ethyl radical 
meets these requirements. Labeled ethyl radicals were pro
duced by the pyrolysis of 1 ,1 ,1 -trideuterioethane (1,1,1-TDE). 
The pyrolysis7 is a chain reaction that involves the initial 
formation of methyl radicals

CH3CD3 -  CH3 + CD3 (I)

which abstract a hydrogen or deuterium from the parent 
ethane

CH3 + CH3CD3 — CH3H + CH2CD3 or CH3D + CH3CD2

(II)

CD3 + CH3CD3 — CD3H + CH2CD3 or CD3D + CH3CD2

(HI)

producing the marked ethyl radicals. The ethyl radical can 
in turn (a) decompose, (b) abstract, or (c) isomerize followed 
by (a) or (b). The main products, hydrogens and ethylenes, 
indicate that decomposition predominates. Both hydrogen 
and ethylene are found to follow first-order kinetics and are 
formed homogeneously.

The present work was undertaken to further document
1,2-hydrogen shifts in free radicals and to obtain Arrhenius 
A  and E  factors for this process so that a physical model for 
the hydrogen transfer could be postulated.

Experim ental Section

Three different batches of 1,1,1-TDE were purchased from 
Merck Sharpe and Dohme, Montreal, Canada. Two of the 
batches were special orders involving preparation of 
CD3CH2Br and CH3CD2Br in which a Grignard was formed 
from the ethyl bromide and treated with the appropriate 
water. All of the 1,1,1-TDE was purified by gas chromatog
raphy.

Mass spectrometer analysis established that there was no 
d4 content in any of the 1,1,1-TDE samples synthesized by 
three different routes. It was much more difficult to establish 
d2 content and whether 1,1,2-TDE was present. The parent 
peak mass spectra indicated that the d2 content was probably 
less than 4%. The similar ethylene-d3 and ethylene-d2 ratios 
in the products of ethane synthesized by different methods 
was considered good evidence that little or no 1,1,2-TDE was 
present in the ethane. 13C and 1H NMR analysis also indicated 
the mole ratio of 1,1,2-TDE to 1,1,1-TDE was less than 0.03.12

The pyrolyses were performed either in a cylindrical quartz 
reaction vessel, 5-cm in diameter, 100-cm3 volume, with a 
surface/volume ratio of 1.3 cm-1, or in a similar vessel packed 
with quartz shell tubing whose axes were parallel to the axis 
of the reaction vessel and had a S/V of 6.1 cm-1.

The reacted mix was expanded through a 5-cm3 U-trap 
packed with silica sand into a sample flask at 77 K. The vol
atile products from liquid N2 were analyzed with a mass 
spectrometer and the remaining material was separated by 
gas chromatography. The ethylene fraction was trapped and

examined with a mass spectrometer for parent ion peaks. The 
validity of the experimental procedure was checked by 
subjecting known mixes of ethylene and et,hylene-d4 as well 
as H2, HD, and D2 to the above procedure.

Experim ental Results

The data in Table I show the H2/D2 and HD/D2 ratios with 
variation of temperature, pressure of reactant, and time of 
reaction. It may be seen that temperature has an effect on the 
ratios; both H2/D2 and HD/D2 ratios decrease with increasing 
temperature. The total amount of H atom/total amount of D 
atom (2H/2D) calculated by (2 X yields + yieldnD)/(2 X 
yield n, + yieldim) is always larger than unity, decreasing with 
increasing temperature. The effect of methyl radical on the 
distribution of deuterium marking is very slight since the 
hydrogen/methane ratio is about 1 0 0 .7

The ethylene-d3/ethylene-d2 ratios indicate that ethyl- 
ene-d3 increases from 4 to 10% of the ethylene-d2, as the 
pressure decreases from 960 to 40 Torr. The d3 percentage 
tends to be somewhat higher at higher temperatures, but this 
small effect is somewhat masked by data scatter. Within the 
limits of the data scatter (not over 1 0 %) there is no effect of 
time of reaction, temperature, or surface on the ethylene- 
d3/ethylene-d2 ratio.

The ethylene-di/ethylene-d2 ratios are less reliable than 
the ethylene-d3/ethylene-d2 ratios due to extraneous back
ground at masses 27, 28, and 29. Hence, conclusions in this 
paper will not depend on the quantitative analysis of this ratio.

The addition of carbon dioxide or xenon slightly increased 
the ethylene-d3/ethylene-d2 ratio: the increase is slightly larger 
than the experimental error associated with these measure
ments. However, the 2H/2D ratio did decrease as the “inert” 
gas was added.

Reaction vessels of high and low surface-to-volume ratios 
were used. The yield ratios H2/D2, HD/D2, 2H/2D, 
CHDCD2/CH2CD2, and CH2CHD/CH2CD2 were within ex
perimental error, independent of S/V.

Discussion

H  A b s tr a c t io n . If the H2, HD, and D2 are formed via ab
straction by H and D atoms, then the following reactions are 
of importance:

c h 3c d 2 -  H + c h , c d 2 (1 )

c h 2c d 3 — d  + c h 2c d 2 (2 )

H + CH3CD3 — H2 + CH2CD3 (3)

H + CH3CD3 —- HD + CH3CD2 (4)

D + CH3CD3 — HD +  CH2CD3 (5)

D + CH3CD3 — D2 + CH3CD2 (6 )

Assuming H and D atoms discriminate similarly in abstraction 
of H and D atoms from hydrocarbons, the ratio of rate con
stants k 3/k4 should equal k 5/k6. Setting r  =  k 3/k4 then

(H2) fe 3(H)
(D2) k 6(D )

and
(HD) = fe4(H)(CH3CD3) + k 5(D ) (C H 3C D 3) =  1 /Hg\ +  ̂
(D2) MDKCH3CD3) r  W

Substituting the experimental ratios of hydrogens and using 
the larger root since r is known to be greater than 1 , it is seen 
that for low S/V, r equals 2.0 at 578 °C and 2 .1  at 520 °C.
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TABLE I: Ratios of Hydrogens and Ethylenes Formed in the Decomposition of CH3CD3 as a Function of Experimental 
Variables

Temp,
°C

P  (total), 
Torr

Inert
CH3CD3 Time, s H2/D2 h d /d 2 ZH/2D

CHDCDa/
CH2CD2

CH2CHD/ »
ch 2cd 2

520 40 0 360 1.69 2.97 1.28 0.091 0.040
520 ^0 0 600 1.62 2.89 1.25 0.097 0.030
520 40 0 600 1 .6 6 2 .8 6 1.27 0.094 0.036
520 40 0 750 1.64 2.82 1.27 0.095 0.033
520 40 0 12 0 0 1.69 2.90 1.28 0.092 0.041
520 150 0 12 0 1.70 2 .8 6 1.29 0.076 0.036
520 150 0 180 1.78 2.94 1.32 0.068 0.028
520 150 0 180 1.72 2.92 1.29 0.070 0.028
520 154 0 12 0 0 1.78 2 .8 8 1.32 0.095 0.047
520 960 0 180 0.045 0.028
520 960 0 360 1.72 2 .8 6 1.28 0.056 0.026
520 920 0 600 1.73 2.89 1.29 0.045 0.032

Inert = C02

520 968 2 2 .2 :1 180 1.52 2 .8 8 1 .2 1 0 .1 0 2 0.042
520 968 2 2 .2 :1 360 1.54 2 .8 6 1 .2 2 0.105 0.041
520 968 2 2 .2 :1 360 1.43 2.74 1.18 0.097 0.038
520 968 2 2 .2 :1 360 1.52 2.83 1 .2 1 0.106 0.047
520 968 2 2 .2 :1 360 1.50 2.83 1 .2 1 0.107 0.040
520 968 2 2 .2 :1 360 1.48 2.74 1 .2 0 0.108 0.027
520 968 2 2 .2 :1 600 1.55 2.82 1.23 0.119 0.053
520 968 2 2 .2 :1 12 0 0 1.48 2.72 1 .2 0 0.142 0.056
520 968 2 2 .2 :1 1800 1.58 2.73 1.24 0.160 0.082

Inert = Xenon
520 982 2 2 .2 :1 180 1.60 2 .8 6 1.24 0.097
520 10 0 2 2 2 .2 :1 180 1.48 2.74 1 .2 0 0.108 0.036
520 982 2 2 .2 :1 180 1.58 2.80 1.24 0 .10 0 0.048
520 946 2 2 .2 :1 180 1.60 2.89 1.25 0.113 0.050
520 982 2 2 .2 :1 180 1.62 2.81 1.26 0.105 0.040
520 860 2 2 .2 :1 180 1.63 2.91 1.26 0 .1 0 2 0.037
520 960 2 2 .2 :1 180 1.55 2.84 1.23 0.105 0.042
520 982 2 2 .2 :1 240 1.62 2.85 1.26 0.103 0.038
520 1150 2 2 .2 :1 240 1.61 2.82 1.25 0.108 0.044
520 900 2 2 .2 :1 360 1.74 2.89 1.30 0.106 0.037
520 800 2 2 .2:1 360 1.69 2.95 1.28 0.091 0.035
520 860 2 2 .2 :1 1800 1.59 2.85 1.24 0.196 0.053
578 40 0 30 1.45 2.75 1.19 0.099 0.056
578 40 0 45 1.46 2.74 1.19 0.098 0.036
578 153 0 15 1.46 2.64 1 .2 0 0.091 0.039
578 153 0 30 1.52 2.80 1 .2 2 0.085 0.029
578 153 0 45 1.56 2.81 1.23 0.092 0.046
578 153 0 150 1.54 2.78 1.23 0.107 0.048

Similarly, for high S/V, r equals 2.0 at 600 °C and 2 .2  at 510 
°C. Thus, within experimental error, S/V has no effect on the 
ratio of abstraction of H or D. The small change in r  with 
temperature indicates that the difference in energy of acti
vation for abstraction of H and D must be small. If the value 
of r at the high and low temperatures of the range studied is 
substituted in the Arrhenius equation, then the ratio of 
preexponential factors for abstraction of H and D atoms, 
AhM d, is calculated tc be 1.25 and the corresponding energy 
of activation difference £ d — -Eh = 800 cal/mol. Both values 
are in harmony with unpublished data of Gordon and Smith 
on studies of abstraction of H and D from hydrocarbons by 
H or D atoms, and those reported by McNesby.8

E t h y l  A b s tr a c t io n  a n d  I s o m e r iz a t io n . Reactions 1-6 
comprise a self-regulating closed system in which 2H/2D and 
H2/D2 should be unity. The deficiency of D atoms (which only 
show when D2 < H2) suggests that D atoms are buried in other 
products. Two possibilities exist:

(1) Exchange of CH3CD2 and CH2CD3 radicals via an ab
straction reaction from the parent ethane.

CH3CD2 +C H 3CD3 ^ C H 3CD2H + CH2CD3 (7) 

CH2CD3 + CH3CD3 — CD3CH2D + CH3CD2 (8 )

(2) Isomerization of CH3CD2 and CH2CD3.

CH3CD2 — CH2CD2H (9)

CH2CD3 — CH2DCD2 (10)

followed by decomposition

CH2CD2H CH2CD2 + H (1 1 )

CH2CD2H — CH2CDH + D (1 1 ')

CH2DCD2 — CHDCD2 + H (12)

CH2DCD2 — CH2CD2 + D (12')

or abstraction

CH2CD2H + CH3CD3 — CH3CHD2 + CH2CD3 (13) 

CH2CD2H -I- CH3CD3 — CH2DCHD2 + CH3CD2 (130
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CH2DCD2 + CH3CD3 — CH2DCD3 + CH3CD2 (14) 

CH2DCD2 + CH3CD3 — CH2DCD2H + CH2CD3 (14')

A competition between decomposition or isomerization 
followed by abstraction is suggested. Both processes are 
moderated by abstraction. Abstraction will dominate at high 
ethane pressures. Consequently, at high ethane pressures the 
D atoms are buried in the ethane-d4 for the most part. At low 
ethane pressure the ethylene-d3 mainly accounts for the D- 
atom deficiency.

The presence of ethylene-d3 supports the possibility for 
isomerization. However, other paths producing ethylene-d3 

must first be eliminated. Four such paths are: (i) heteroge
neous decomposition of C2H3D3; (ii) homogeneous decom
position of C2H2D4; (iii) homogeneous decomposition of 
CH2DCD2H; (iv) addition of D to C2H2D2. Path (i) is dis
missed since the CHDCD2/CH2CD2 yield ratio was found to 
be independent of S/V. Likewise, (ii) and (iii) are eliminated 
since there is only a small percentage of ethane-d4 and -d 3 
generated during the reaction and the initial C2H3D3 con
tained only 1 ,1 ,1 -triceuterioethane. The formation of ethyl- 
ene-d3 by path (iv) would involve the addition of D atoms to 
a primary product, ethylene-d2

D -I- CH2CD2 — CH2DCD2 (15)

followed by

CH2DCD2 — H + CHDCD2 (16)

CH2DCD2 — D + CH2CD2 (16')
If reaction 15 was important, then increasing the time of re
action should markedly increase the d3/d2 ratio. Since the 
ethylene is a produce of the reaction, a longer reaction time 
permits a larger average reaction of D atoms and 1,1-dideut- 
erioethylene. The ethylene-d3/d2 ratios remained constant, 
within experimental error, for small percentage of decompo
sition (see Table I). The evidence clearly indicates that reac
tion 15 is not important in our reaction system, and that the 
ethylene-d3 is probably the result of reaction 1 0  followed by 
reactions 12 and 14.

If we ignore the hydrogen and deuterium atoms buried in 
the d2 and d4 ethane products, the 2H/2D may be calculated 
from the ethylenes and compared with the same ratio from 
the hydrogens. Every CH2CD2 in the products results in one 
hydrogen plus one deuterium atom being injected into the 
product hydrogens £ nd similarly ethylene-d3 and -d  1 results 
in two hydrogen plus no deuterium and two deuterium plus 
no hydrogen atom, respectively.

Assuming that all the deficient D atoms are buried in the 
ethylenes then 2 H/ID can be calculated from the ethylene-di, 
-d2, and -d3 yields by

2H r ; 2 (CHDCD2)l  /r  2 (CH2CHD)1
2 D ethylene L (CH2CD2) J /  L (CH2CD2) J

where (2H/2D)|ethylene is the 2 H /2 D calculated from the 
ethylenes. From the experimental ethylene yields, the calcu
lated (2H/2D)|ethyiene decreases from 1.10 to 1.04 as the eth
ane pressure increases from 40 to 960 Torr, while the observed 
2H/2D from the product hydrogens remains constant at 1.27 
within experimental error (see Table I). Thus, D atoms may 
be buried in ethane products in addition to those buried in the 
ethylenes.

To check this hypothesis, steady-state and time-dependent 
computer experiments using reactions 1 - 8  with literature 
values9 for the rate constants and isotope effects were per

formed. From these hydrogen yields based on the above cal
culations, 2H/2D was 1.32; changing the isotope effect for 
ethyl abstraction of H and D by 20% altered 2H/2D by ap
proximately 10%. Thus, the deviation of 2H/2D from unity 
is due both to abstraction from the parent and to isomerization 
to form ethylene-d3 and -d  1 .

The competition between ethyl radical abstraction and 
isomerization/decomposition is shown by the fact that the 
experimental CHDCD2/CH2CD2 ratio decreases as the ethane 
pressure increases, but remains constant for a given ethane 
concentration when the pressure is increased with an inert gas 
such as C02 or Xe. The results with C02 and Xe also indicate 
that the CH2DCD2 radical precursor of the ethylene-d-j de
composes from a thermalized population distribution (see 
Table I).

The competition is also qualitatively shown by the tem
perature dependence of the H2/D 2 or 2H/2D ratios. These 
ratios decrease with an increase of temperature since the de
composition reactions 1, 2, 9-12 have a higher activation en
ergy than the abstraction reactions 7, 8 , 13, and 14.

E th y l  S t e a d y  S ta te . As the reaction goes from the decom
position region (low pressure) to the abstraction region (high 
pressure), the steady-state concentrations calculated from the 
model are affected as shown below.

Assuming (a) that the H and D atoms behave similarly in 
abstraction reactions and (b) reactions 7-14 are unimportant, 
the steady state CH2CD3/CH3CD2 ratio is

CH2CD3/CH3CD2 = { k x/k2)r

The difference in activation energy between reactions 1 and 
2 is the bond strength difference between C-D and C-H, so 
k\/k2 = 2.5 at 520 °C. Thus, the CH2CD3/CH3CD2 ratio at 520 
°C is approximately 5.3.

However, if reactions 7 and 8 are very rapid compared to 
reactions 1 and 2 , then the CH2CD3/CH3CD2 ratio would be 
lowered to 2 .1  at 520 °C. The decrease of CH2CD3/CH3CD2 

with an increase of pressure in the transition region suggests 
that CHDCD2/CH2CHD will decrease since CH2CD3 and 
CH3CD2 are the precursors to CHDCD2 and CH2CHD, re
spectively. This prediction is in accord with the experimental 
findings.

I s o m e r iz a t io n  R a te  C o n s ta n t . The rate constant for 
isomerization can be estimated by extrapolating the 
CH2CD2/CHDCD2 ratio to zero pressure: the extrapolated 
value is approximately 10. Thus, one CHDCD2 is observed for 
10 CH2CD2 in the decomposition environment. The CHDCD2 

is produced from CH2DCD2 which can also produce a 
CH2CD2. In the temperature range of this study, the rate of 
loss of an H atom is about 2.5 times the loss of a D atom. 
Therefore, 1.2 CH2DCD2 must decompose for every CHDCD2 

formed. CH2CD2 is formed from two dominant radicals: 
CH2CD3 and CH3CD2. Since they are in a steady-state ratio 
of ~5.1 and have a decomposition rate constant ratio of 0.4, 
approximately 6 .8  of the 10 observed CH2CD2 originate from 
the CH2CD3 radical. Thus, the relative rate of D isomerization 
to D splitoff is 0.18. Using the preferred Arrhenius parameters 
for the decomposition of ethyl radicals,9 the A  factor and ac
tivation energy for isomerization are 1012 8 ± L 1 s_1 and 40.7 ±
4.0 kcal/mol, respectively.

Computer experiments were performed using reactions 1-8 
and 11-14 and their published rate constants.9 Within the 
uncertainties in these rate constants it was concluded that the 
isomerization rate constant is 0 .2  ± 0 .1  of the competitive 
decomposition rate constant, this is in qualitative agreement 
with the simple reasoning given above.
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I s o m e r i z a t i o n  M o d e  The fact that CH2CD2/CHDCD2 is 
independent of temperature in the range 520-586 °C suggests 
that reactions 2 and 1 0  have similar critical energies (within
1.5 kcal/mol) and thus the difference in rate constants is due 
solely to the difference in A  (steric) factors. This fact strongly 
suggests that in both reactions the initial reaction coordinate 
is similar, and as the hydrogen or deuterium carbon bond 
lengthens (C2—H), there is a certain probability (approxi
mately 0 .1 ) that the “expelled” hydrogen or deuterium will 
be “captured” by the

Cx—c 2-h

radical carbon (Ci). This can be visualized with two models:
(i) The C1C2H bending motion in similar decomposition 

complexes10 is taken to be approximately 150 cm-1. Assuming 
a Boltzmann energy distribution and a temperature of 550 °C 
(midway in the experimental temperature range), the average 
occupied vibrational quantum state of the bending motion is 
n  = 3. In this quantum state the classical maximum amplitude 
of oscillation is ±75°, and the probability of an amplitude 
greater than 55° is approximately 0.1. The corresponding 
C1C2H bond angle would be less than 54°. The process can 
thus be envisioned as or.e in which the hydrogen is stretching 
and bending and that ~ 1 0 % of the time it is captured by the 
adjacent carbon atom, Ci.

(ii) Preliminary quantum calculations (MINDO/II') have 
been performed for various configurations of the ethyl radi
cal. 11 The minimum path for the process in which H + C2H4 

is formed has been computed. This minimum path involves 
the carbon-hydrogen stretch such that the hydrogen is 
“exiting” in a direction toward the nonbonded carbon (Ci); 
the maximum energy on the minimum path corresponds to

the hydrogen and two carbon atoms at the vertices of an iso
sceles triangle. From a static (motionless) point of view, the 
atom in this configuration has three possible paths: (a) de
composition to H ±  C2H4; (b) addition to carbon 1  producing 
an ethyl radical, or (c) addition to carbon 2  also producing an 
ethyl radical. The actual probability of each path depends on 
the trajectories (motions) involved.

Introducing the kinematic factor in both models, one would 
expect atoms with low velocities to be trapped by the adjacent 
carbon atom, while high velocity atoms will fly off, producing 
H + C2H4. Consequently, D would be expected to isomerize 
more rapidly than H in these systems.
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Laser Augmented Decomposition. 2. D3BPF3

K-R. Chien and S, H. Bauer*

Department of Chemistry, Cornell University, Ithaca, New York 14853 (Received January 12, 1976)

We continued the study of the accelerated decomposition of H3BPF3 induced by laser radiation (930-950 
cm'1), and extended it to the fully deuterated species. While in all essential respects the kinetics of the ir 
photolysis for the two compounds are identical, the few differences which were uncovered proved crucial in 
pointing to interesting features of the mechanism. These verified predictions based on a normal mode analy
sis for the distribution of potential energy among the internal coordinates. For the laser augmented decom
position, f?aL = 3.5 ±  1 kcal/mol, compared with £ ath = 29.3 kcal/mol for the thermal process. The quantum 
efficiency is low, ~ 4  X 104 photons/molecule decomposed. The rates of decomposition depend on the isotopic 
content and are sensitively dependent on the frequency of the irradiating line. For example, with P(24) large 
fractionation ratios were found for D3BPF3 vs. H3BPF3, and small differences for D3UBPF3 vs. D310BPF3. 
The levels of decomposition induced by the sequential three-photon absorption have been semiquantitative- 
ly accounted for.

Introduction

We previously reported1 (designate I) on the laser aug
mented decomposition:

10.6 M
2H3BPF3 B2H6 + 2PF3 (1)

and demonstrated that (i) the enhanced rate at room tem
perature is a consequence of vibrational excitation, not of 
thermal heating; (ii) the effect is highly specific, being sensi
tively dependent on the P(J) value of the irradiating CO2 laser 
line; (iii) vibration-vibration pumping appears to be ineffec
tive for augmenting the rate of the strictly analogous reaction

2H3BCO — B2H6 + 2CO

when the carbonyl was admixed with the perfluorophosphine 
adduct; and, (iv) the dependence of decomposition on power 
levels indicated participation of three or more photons.

At this time we report on further studies of reaction 1, with 
primary emphasis on D3BPF3. A vibrational normal mode 
analysis for these compounds indicated that the augmentation 
factor may be increased by deuteration, and that in D3BPF3 
the difference in rates for 10B/11B may be detectable. We also 
undertook to determine directly the dependence of the 
laser-induced decomposition on time, pressure, laser power, 
and ambient temperature. We have estimated the quantum 
efficiency.

These experiments were designed to generate critical in
formation on multiphoton absorption processes and on 
questions pertaining to intramolecular energy migration.

Experimental Section
1. P rep a ra tion s  and S p ectra l A n alysis . The D3BPF3 was 

prepared in a high-pressure bomb by mixing 1 part B2D6 with 
10 parts of PF3, at a total pressure of about 3 atm. The mixture 
attained equilibrium at room temperature in about 30 h. It was 
fractionated through a -160 °C trap (2-methylbutane) into 
a liquid nitrogen trap; the D3BPF3 remained in the —160 °C 
vessel, from which it was transferred to sample tubes. The 
product was characterized by its infrared absorption spectrum 
(Perkin-Elmer No. 521) and mass analyzed (CEC21-103A). 
To ascertain the extent of any hydrogen impurity, the sample 
was submitted for a high resolution, mass spectral analysis

(AEI-MS-902); D2HBPF3 was present at 8.5%, with no sig
nificant levels of DH2BPF3.

Moderate resolution infrared spectra in the P-F stretching 
region for the hydrogenic and deuterated adducts are shown 
in Figure 1. Except for the hatched region including the sharp, 
unassigned feature at 931 cm-1 present in H3BPF3, the band 
shifts to higher frequency by »12 cm-1, without substantial 
changes in shape. This has been checked for several inde
pendent preparations. Thus, it appears that the shifted band 
has the character of the normal mode ¡>3 , ascribed primarily 
to the P-F symmetric stretching vibration.2 To confirm our 
previous conclusion that there is no substantial rotational fine 
structure at this region3 we measured, line by line, the low 
power absorption coefficient for D3BPF3 [aqo] with the sample 
external to the cavity, utilizing a spectrophone. The results 
are shown in Figure 2, wherein the ai,o’s for H3BPF3 were 
included for comparison. These band shapes reproduce the 
shapes recorded with the PE 521. Clearly there is no indication 
of significant rotational fine structure in these bands. How
ever, at very low pressures the absorption coefficient is 
pressure dependent. Thus, for P(28), c*io [for H3BPF3] de
clines from 6.8 X  10~2 at 150 mTorr to 1.24 X 10~ 2 at 43 
mTorr, indicating that saturation is a factor. Pressuring the 
sample with He has very little effect, but added Xe, even when 
present in the ratio of only 2/1, increases a w  by 2.3.

2. D etails o f  E xp erim en ta l O perations. The apparatus and 
experimental method were described in I. The salient points 
are as follows. Before each-run, the D3BPF3 sample at —160 
°C, was pumped on to remove residual B2D6 and PF3. Pres
sures in the intracavity reaction cell were 2-5 mTorr, but on 
occasion was raised to 15 mTorr. The samples were irradiated 
with selected laser lines for specified periods, generally 12 min. 
Laser powers were monitored with a Coherent Radiation No. 
201 power meter which fed into a strip chart recorder for time 
averaging of the signal. Since a 95% reflecting output mirror 
was used, the total irradiating laser power was 40X the mea
sured output power. The irradiated sample was then trapped 
in a U tube cooled with liquid nitrogen, and transferred for 
mass spectral analysis, or collected in a small cell for ir spectral 
analysis. The percent decomposition was estimated from the 
relative peak heights at mass 103 (D2BPF3+) for the irradiated 
and nonirradiated samples. The ratio of mass 88 (PF3+) to 
mass 103 was also used to check on the composition. The inlet
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1/ (cm ')

Figure 1. Absorption spectrum, recorded with the PE No. 521: sample 
pressure, 1.7 Torr; cell temperature, room temperature; cell length, 
7.5 cm; spectrometer resolution, 0.2 cm-1 . The assignments shown 
are those given by Taylor and Bissot.23 The reassignments proposed 
in ref 2b for the vapor at —126 °C show four unaccounted frequencies 
(vs +  vvs); indeed, our normal mode analysis appears to be in better 
agreement with the 1956 assignments.

R (J) P(J)

Figure 2. Absorption coefficients [«i,o] at low power levels [0.3 
W/cm2] with the sample at ^300 mTorr. The coefficients peak at P(4) 
for D3BPF3 and at P(22) for H3BPF3.

system of the mass spectrometer (CEC-103A) is equipped with 
a capacitance manometer, so that the initial sample pressures 
could be controlled.

With the cell at room temperature the compound was ir
radiated with different P(J) lines, for selected laser power and 
time, to determine the most effective line for augmenting the 
decomposition. With the grating set on that line, we deter
mined the dependence of decomposition rate, for a set laser 
power, on sample pressure, and on irradiation time. Then, we 
also determined the dependence of the extent of decomposi
tion on laser power (which ranged from 50 to 120 W). Finally 
many runs were repeated at a higher sample temperature (38 
°C) so that we could estimate an “activation energy’’ for the 
augmented rate.

To determine the photon conversion efficiency we measured 
changes in laser output levels due to intracavity power ab
sorption by the sample, at the laser power levels used for the 
moderate photolysis runs (approximately 60 W). Samples 
were injected into the intracavity cell, and the decrease in 
power was rapidly recordad. The m ea n  absorption coefficients
( a )  were calculated following the analysis of Kaufman and 
Oppenheim.4 These authors developed relations between the 
absorption coefficients measured for gaseous samples external 
to the cavity, at specified power levels, and changes in the laser

output with the same absorbers intracavity. Thereby they 
were able to determine the laser parameters under high gain 
operation. They found that laser output decreased essentially 
linearly with (1 -  e ~ aD) until lasing was quenched; D  is the 
intracavity absorption cell length and a  is in cm-1. Write 
Jb/J-L0 = 1 — /?(! — e ~ aD ). For their CO2 laser, at the P(20) 
line the unsaturated single-pass gain coefficient, go = 0.0053 
cm- 1  and ii = 3.33. It follows that for lasing conditions with 
known (3, the effective intracavity absorption coefficient can 
be determined from measurement of the decrement in laser 
output produced by the injected sample.

a D  = ln [(/? -  1 ) + (2) 
To obtain ( a )  values for our sample, we assumed /3 = 3.33, 
since our lasers are of very similar construction, and the results 
are not sensitive to small changes in ¡3. Also, a  = (a ) p  at these 
low pressures. Typically, for H3BPF3 at P(32) (J/ J 0) is plotted 
vs. p(sample) in Figure 3, and the ( a )  coefficients for selected 
lines are listed in Table I; their absolute uncertainty is about 
75% due to the instability in the laser power output; their 
r e la t iv e  magnitudes are much more reliable, ( a )  differs from 
« 1,0 in magnitude and P(J )  dependence because the former 
measures multiphoton processes.

The isotopic compositions of the sample [10B /nB and 
D2HnB/D310B] were first estimated from the high resolution 
spectral scans. The mixture used consisted of approximately 
92% D3BPF3 and 8 % HD2BPF3; under these conditions the 
contribution to mass 11 from 10BH was negligible. Hence the 
m /e ratio for 1 0 / 1 1  obtained with the low resolution spec
trometer was used to ascertain the isotopic selectivity of the 
laser driven photolysis. The mixture of reaction products 
(B2D6, PF3, and D3BPF3) was kept at —160 °C, so that the PF3 

and B2D6 vented into the inlet line of the spectrometer first. 
The boron isotope ratios were then measured for both the 
product, B2D6, and the remaining reactant. The isotopic 
composition relative to H/D was determined by combining 
the ratio of the peak heights for 10/11 with those for 104/105 
[(HD2UBPF3 + D310BPF3)/D3nBPF3]. In these experiments 
the laser power level was kept at 120 W with the sample 
pressure at 2 mTorr. Products from thermal decomposition 
driven to the same extent as were the laser irradiated samples 
were analyzed concurrently to establish the specificity for 
isotope separation by laser irradiation.

Sum m ary of Results

1. P ( J )  D e p e n d e n c e .  The percent of decomposition of 
D3BPF3 and H3BPF3 for 12-min irradiation times, utilizing 
selected laser lines at the specified laser powers, are plotted 
in Figure 4. We estimate the precision of each point to be 
«35%, due to the combined uncertainties introduced by 
fluctuations in laser power, losses during handling of the 
sample, and the analytical methods. Note that the highest 
decompositions are produced by P(32) for H3BPF3 and by 
P(24) for D3BPF3. In each case th e  m o s t  e f f i c i e n t  f r e q u e n c y  
d o e s  n o t  c o r r e s p o n d  to  th e  m a x im u m  in  th e  « 1,0 v a lu e s  b u t  
to  m a x im a  in  th e  ( a ) ’s ; refer to Table I. Furthermore, the 
highest yield for D3BPF3 is larger than the corresponding one 
for H3BPF3. Finally, the percent decomposition increases 
nonlinearly with laser power. In view of the low efficiency for 
decomposition of D3BPF3 at P(32) where the rate for H3BPF3 

is a maximum [and, vice versa for P(24)] this procedure pro
vides a basis, albeit not a practical one, for the separation of 
H/D isotopes. For this process, the CO laser augmented de
composition of D3BCO will prove more efficient.
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TABLE I: Mean Absorption Coefficients ( a )  (cm- 1  

Torr-1) and Quantum Efficiencies ip (photons absorbed/ 
molecule decomposed)

D3BPF3 H3BPF3

Laser line ( a )  1p ( a )  <p

P(20) 1.07 X IO“ 2 *

P(24) 3.20 X IO“ 2 4.24 X 104

P(26) 2.24 X IO“ 2

P(32) 3.00 X 10- 2 5.48 X 104

Figure 3. Changes in laser output at P(32) with increasing sample 
pressure. p(H3BPF3) in mTorr: D = 11D cm, T =  298 K.

Figure 4. Percent of reactant decomposed during 12 min of irradiation 
at the indicated power levels.

2. P o w e r  D e p e n d e n c e . The percent decomposition at two 
temperatures, as a function of the total laser flux in the cavity, 
is plotted in Figure 5; it is not linearly dependent on the power. 
Graphs of log(pereent decomposition of D3BPF3) vs. log(laser 
power), Figure 6 , were linear, with slopes »3.1, similar to our
previously reported values for H3BPF3 .1 This indicates that
at least three photons are required per mole of reactant for the 
augmented decomposition. Our data are not sufficiently 
precise to determine whether there is a threshold power level.

Power (Watts)
Figure 5. Percent decomposed in 12 min of irradiation, as a function 
of irradiating power (intracavity), at two temperatures.

Figure 6. Percent decomposed vs. irradiating power, in log-log coor
dinates.

3. P r o o f  o f  S p e c i fic i ty . In I we found that when H3BCO was 
added to H3BPF3 and the mixture irradiated, there was no 
augmented decomposition of the carbonyl while the rate of 
decomposition of the perfluorophosphine adduct remained 
unaltered. This demonstrates that a specific mode of vibration 
had to be excited to induce decomposition of the H3BCO, and 
that v-v transfer was inadequate. Similar tests were made with 
D3BPF3 plus H3BCO mixtures, with identical results.

4. R a te  C o n s ta n t  a n d  A c t iv a t io n  E n e r g y . We found that 
the augmented rate, i.e., percent of H3BPF3 decomposed by 
P(32), was independent of the sample pressure from 1 to 15 
mTorr, which suggests that the reaction is essentially first 
order. When the pressure was raised to 25 mTorr and later to 
50 mTorr the rate increased by factors of 2 and 3, respectively. 
We interpret the enhanced rate at the higher pressure as a 
thermal contribution to the overall rate. For runs below 15
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TABLE II: Rate Constants and “Activation Energies”

Compd Laser line and power level

H3BPF3 P(32); 50 W 1.46 X IO" 4 s~x
P( 32); 60 W 4.37 X IO“ 4 s' 1

D3BPF3 P(24); 50 W 3.06 X IO“ 4 s" 1

P(24); 60 W 5.67 X IO“ 4 s" 1

P(24); 70 W 1.14 X IO“ 3 s' 1

P(24); 80 W 2.38 X IO- 3  s" 1

k (wall temperature) E ah, kcal/mol

(25 °C) 
(25 °C) 5.58 X IO“ 4 s” 1 (36 °C) 4.03

(25 °C) 3.75 X 10- 4  s- 1  (38 °C) 2.65
(25 °C) 8.30 X 10- 4  s_1 (38 °C) 5.90
(25 °C) 1.39 X 10~ 3 s_1 (38 °C) 2.61
(25 °C) 2.83 X 10- 3  s- 1  (38 °C) 2.46

mTorr the rate constants at several laser powers were calcu
lated on the basis of a first-order rate law; the reaction time 
was kept constant at 1 2  min. The results are summarized in 
Table II. The “activation energies” (£aL) were deduced from 
pairs of rate constants at two wall temperatures: 25 and 38 °C. 
The magnitudes of E ah range from 2.5 to 5.9 kcal/mol, with 
a mean value of 3.5 kcal/mol. At this stage we assumed that 
the increment in average gas temperature (which must be 
somewhat higher than the wall temperature) is equal to the 
increment in wall temperature.

5. P o w e r -T im e  R e la t io n s . Figure 7 illustrates the time 
dependence of augmented rates for several laser powers and 
sample temperatures. Curves a and b show induction periods, 
for low powers (50-60 W) at room temperature. However, 
curves c and d are linear with time for high powers (120 W at 
room temperature) or low powers at higher temperatures, 60 
W at 36 °C.

6 . S e le c t iv i t y  o f  D e c o m p o s i t i o n  R a te  o n  10B / n B  C o n te n t .  
Define k  =  R fj R N where R  n  in the natural abundance ratio 
(10B/nB) and R\, is the ratio present in either the undecom
posed material or in the product after laser irradiation. In 
Table III we listed values of k for boron and hydrogen for 
several irradiation times with P(24); f?N[10B/nB] was mea
sured to be 0.248 ±  0.006, and Bn[(HD21 1BPF3 + 
D310BPF3)/D3UBPF3] was 0.338 ±  0.008. These experiments 
show that Kmax(10B/nB) occurs in about 5 min of irradiation 
time. We anticipate the separation factor to be small based 
on the computed small shift in the normal mode frequencies 
for this molecule due to UB/10B substitution. In contrast, 
<cmax(H/D) was found to increase with time, consistent with 
the large difference in frequencies at which ( a ) max occurs for 
the two species. To ensure that the differential isotope effects 
were due to laser irradiation, we analyzed mixtures decom
posed thermally to comparable levels; k  remained unchanged.

Discussion
The two elementary steps which account for the thermal 

reaction5 are:

H3BPF3 ^  H3B + PF3 AHi0 5» 24.5 kcal/mol
d k -\

(la, -la )

H3B + H3BPF3 — B2H6 + PF3 AHb° «  -13.4 kcal/mol 
kb

(lb)

During laser photolysis ir energy is absorbed in the i<3 mode 
(nominally the symmetric P-F stretch) and this enhances the 
overall rate of steps la,lb which require the scission of the B-P 
bond. Nevertheless, the augmentation is highly specific, since 
v-v energy transfer, which cannot be avoided in H3BPF3/  
H3BCO mixtures, is not effective for decomposing the car
bonyl. Furthermore, although the magnitude of the ( a ) ’ s with 
P(24) for D3BPF3 and with P(34) for H3BPF3 are very nearly

TABLE III: Isotope Enrichment Factors («thermal = 1.00)

Time, min

1 3 5 8

B(10)/B(ll)° 0.85 0.87 0.82 0.96
B(10)/B(ll)h 1.09 1.35 1.53 1.36
H/Dc 1.16 1.79 4.19 8 .10

“ Calculated from ratio of B(10)+ to B(ll)+ mass peaks,
from B2D6. b Calculated from ratio of B(10)+ and B(ll)+ mass
peaks, from D3BPF3. c Calculated from the ratio of B(10)+ to 
B(ll)+ mass peaks, and from ratio of D2H1 1BPF3+ and 
Ds'^PFsl mass peaks from D3BPF3; laser power = 120 W at 
P(24); P  =  2 Torr.

Figure 7. Time dependence of percent decomposed at the specified 
power levels and temperatures: (a) H3 BPF3 , 50 W [P(32)J at room 
temperature (23 °C); (b) H3 BPF3 , 60 W [P(32)] at room temperature; 
(c) H3 BPF3 , 60 W [P(32)] at 36 °C; (d) D3 BPF3, 120 W [P(24)] at room 
temperature.

equal (Table I), the efficiency for decomposing the deuterated 
compound with P(24) is considerably greater than that for the 
hydrogenic specie with P(32), Figure 4. Clearly, the average 
number of photons absorbed per molecule, that is, the total 
vibrational energy content is not the only parameter which 
determines the rate of reaction. Finally, the fact that no dif
ferential rate for 10B/nB was found for H3BPF3, while a 
measurable difference was found for D3BPF3, is evidence that 
the effects of laser pumping are sensitive to the molecular 
dynamics. A normal mode analysis proved illuminating. In 
Table IV we listed a set of adjusted force constants for a 
Urey-Bradley potential function for borane-trifluorophos- 
phine, based on the reported raman and infrared spectra. 
Similar lists of force constants were proposed by Taylor3 and
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TABLE IV: Force Constants (Symmetry Coordinates) 
Used in Normal Mode Analysis Based on a Urey-Bradley 
Force Field

F i  =  / b h  +  2 / b h ,b h '  =  3 .3 7 6
A  =  / pb =  2 .3 4 2 3

F% = / p f  + 2 / p f ,p f '  =  6 .4 5 3 0

F t  f  1 / 2 / h B H  +  1 / 2 / p b H  +  /(H BH ).(H BH )' ~  /(PRH ).(PBH )' =  
0 .4 7 7 0

F g  =  1 / 2 / f p f  +  1 / 2 / b p F  +  /(F P F ) ,(F P F ) ' ~  / ( B P F ),(B P F )' =  1 .4 0 0 0
F  6 =  / b h  — / bh .bh ' =  3 .1 5 2 5

F i  — f p F  ~  / pf .pf ' =  5 .7 3 2 3

F — =  / hbh  -  / ( h bh ).(hbh )' =  0 .3 5 3 8

F g  =  / P B H  -  / ( P B H ).(P B H ) ' =  0 .3 8 0 1

F\o =  / fpf -  / (F P F ) ,(fpf)' =  1 .3 0 8 0

F l l  =  / bpF -  /(B P F ) .(B P F ) ' =  0 .3 1 6 3

F 12 =  /  P B tors ion  =  0 .0 9 1 6

F i3  =  v ^6(/pb ,fpf -  / pb ,fpb ) =  0 .3 8 3

F  i4  =  2 \ / 2 ( / p f ,f p f  — / p f .b p f ) =  0 .3 7 2 2
F  is  =  2 \ / 3 / p b ,p f  =  0 .4 5 0 3

TABLE V: Calculated and Observed Wave Numbers 
(cm-1)

H3nBPF3
H310BPF3

D3UBPF3
D310BPF;

Mode Calcd Obsd Calcd Calcd Obsd Calcd

n 2393 2385 2394 1700 1717 1702
V2 1081 1077 1 1 0 0 854 867
V 3 932 944 932 986 957 10 0 0
V \ 613 607 618 571 572 571
v h 436 441 443 400 421 405
v 6 197 197 197 142 142
V I 2455 2455 2470 1843 1845 1864
"8 1115 1 1 1 7 1118 813 807 817
V9 960 957 960 959 958 959
V 1 0 689 697 692 514 517
i ' l l 366 370 366 365 362 365
V 1 2 191 196 193 179 169 180

Sawodny and Goubeau.6 Several interesting features appear. 
While c9 is unaffected by either D/H or 1 1B/10B substitution, 
the computed value for i>3 in H3BPF3 is 932 cm-1, irrespective 
of the boron isotope, while in D3BPF3 the computed value for 
¡>3 appears at a considerably higher frequency for the UB 
species (986 cm-1) and at a still higher value for D310BPF3. 
True, the computed frequencies for these normal modes show 
substantial discrepancies from those observed, which indicates 
that the assignments are incomplete, but the analysis does 
provide a rationale for the observed trend in the chemical 
behavior produced by isotopic substitution. This becomes 
clearer when one compares the potential energy distribution 
in symmetry coordinate space,7 as is illustrated in Figure 8 . 
The internuclear distances were derived from microwave 
spectra3 while the bracketed numbers show the proportions 
of the energy in 1/3 allocated to each type of internal vibration. 
The upper values are for the D3 compound and the lower for 
the H3 species. On the basis of this s h o  approximation we 
propose that when the adduct absorbs infrared (in normal 
mode F3) a larger fraction of the energy is deposited into the 
B-P stretching vibration for D3BPF3 than for H3BPF3. We 
have yet to calculate analogous energy partitions for mul- 
tiexcited molecules, where allowance will have to be made for 
finite amplitude motions.8

An estimate of the gross photochemical efficiency was ob
tained, as follows. The laser power extracted by the sample 
in the cavity per passage through the cell is 2 0 J l( 1 — 
where Jl is the power read with the monitoring meter, through 
the output mirror (95% reflecting). At 3 mTorr (298 K), there 
are ~1018 molecules in the cell, of which «30% decompose in 
12 min. The number of photons absorbed is

40J l M p D  • 107At 
hu

The ratio of photons absorbed/molecule decomposed is ~4 
X 104 (Table I). This low efficiency9 and the observed low 
value for 2?aL (mean 3.5 ±1. 1 kcal/mol), in contrast to the 
overall thermal value of 29.3 kcal/mol, may be accounted for 
by considering: (a) the geometry of the reaction cell, (b) the 
previously estimated thermal activation energy, £ ath(lb) «  
5 kcal/mol, and (c) the slope of the log (percent decomposi
tion) vs. log(power) line.

The reaction cell was made 12 cm i.d. to provide a large 
enough volume so that a sufficient amount of material could 
be manipulated for analysis at the 2-3 mTorr level. The illu
minated core is 12 mm in diameter, approximately 2/3 of a

Figure 8. Structure of and energy partition in borane-trifiuorophosptiine.

mean free path (mpf). It is plausible to assume that the vi- 
brationally excited adducts do dissociate to a greater extent 
than via the thermal reaction. Under high flux irradiation, the 
D3BPF3 (t>3; j/9) leave the illuminated core and collide with 
unexcited adducts and dissociation fragments in the larger 
encompassing volume. They lose their excess energy by v-v 
and v-T energy transfer, or react. Those that reach the wall 
probably decompose to produce small amounts of hydrogen, 
as previously reported. However, since BD3’s recombine to 
B2D6 and D3BPF3 with essentially kinetic cross sections, its 
concentration level in the encompassing volume is no more 
than a factor of 10 higher than under thermal conditions. This 
accounts for the fact that there is no significant enhancement 
of the H3BCO decomposition when the latter is admixed with 
the trifluorophosphine adduct. Most of the infrared energy 
is thus dissipated at the walls of the reactor. The augmented 
rate is produced by D3BPF3/  which enter the annular region 
around the illuminated core and there encounter BD3’s. A 
semiquantitative account follows.

(a) First consider the mean temperature in the encom
passing volume. Clearly it must be somewhat higher than the 
wall temperature, to provide a driving gradient for removal 
of energy extracted from the laser by the illuminated core. The 
absence of detectable decomposition of admixed H3BCO (in 
a 12 min run) merely imposes an upper limit of «45 °C.

(b) A conventional steady-state condition on [BD3] leads 
to:

[BD3lss = ( i r )  7| + (feb/fe-i) ( 1  -  9  (4)

where £ is the fraction of D3BPF3 decomposed at the specified 
time, and 7  ranges from 2 (at early times, when [BD3] =* [PF3])
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to unity, when [PF3] »  [BD3], Since [BD3]SS is i n d e p e n d e n t  
of the initial concentration of the adduct, it is not surprising 
that we observed an overall order of unity.

(c) For thermal reactions la,lb at 45 °C: ( k i / k - i )  = 3.35 X
10-14 mol/cm3 and ~  1.5 X 10-3 ( k - \  =  1012, ref 10);
so that at £ ^  0.1, [D3B]SS *  3 X 10-13 mol/cm3 (Note: the 
steady-state concentration must be less than the equilibrium 
value, calculated from (la); at 45 °C, [BD3]eq = 2.3 X 10“ 12 
mol/cm3j.

(d) Under laser irradiation both'/e i and ky, increase. Thus, 
for those adducts that accumulate 3c3, about 3 kcal/mol reside 
in B-P extension (refer to Figure 8). Since E y th = 4.8 kcal/mol 
and Fiath = 24.5 kcal/mol, we postulate that

*!<»**> = 2.4 X 1015 exp

feb<3‘'3) = 3 X1 0 42e x p [ - ^ ]

Application of eq 4 gives [BD3]SS* ~ 1.2 X 10-11 mol/cm3, when 
f —1► 0.1, and T  =  318 K. This concentration level applies only 
to the annular region, 1 mfp thick, surrounding the illumi
nated core (volume of reaction cell 1.2 X 104 cm3; of annulus
1.3 X 103 cm3).

(e) The number of adducts that enter and leave the illu
minated core (per second) is 2.8 X 102°, when the molecule 
density is 1014 cm“3 (3 mTorr) [derived from N c A / 4]. Their 
mean exposure time (met) to the radiation is 4 X 10-5 s. 
During one such period 1.12 X 1016 D3BPF3 enter and leave; 
concurrently, from eq 3,1.4 X 1015 photons are absorbed; i.e., 
o n  t h e  a v e r a g e  one out of eight adducts picks up a single 
photon. Indeed, Goodman deduced, for our experimental 
conditions, that one out of six picks up a single photon, that 
one out of 17 picks up two, and one out of 79 picks up three in 
a c o h e r e n t  s e q u e n t ia l  process.11 Thus, «¡1.8 X 1013 
D:iBPF3(3"3> enter the annular region (1 mfp = 1.5 cm) per met. 
These either get deexcited or react with a D3B prior to en
tering the remaining volume.

The total moles of B2D6 produced during a 12 min run, at 
the 60 W level, via

&b*
D3BPF3(3p3) ■+■ BD3 —»■ B2D6 "I- p f3

720 \ 1.8 X 1013 1
4 X IO"5/  6.02 X 1023 1300 [2 X 10U][BD3]SS (5)

If we accept the above estimate (d) for [B D ^ s1, M  -  9.9 X 
10 ~7 mol, compared with 3.9 X 10-6 mol of the adduct initially 
present; that is, a conversion of «¡25%, close to that observed.

The significance of this calculation is that [BD3]SSJ is pri
marily determined by the transient D3BPF3(3,,3) population 
and the local temperature in the annular region adjacent to 
the illuminated core. Only secondarily does the steady-state 
level depend on the wall temperature. Thus, it is difficult to 
assign a precise physical significance to the apparent activa
tion energy of 3.5 kcal/mol. From Figure 5, one merely notes 
that raising the wall temperature by 18 °C accelerates the net 
rare of decomposition by the factor 1.4 due to an increase in 
[BD^ss1. This corresponds to a rise in temperature in the ef
fective volume from 318 to 321 K. At these temperatures,

contributions from the thermal reaction are within the ana
lytical noise.

(f) Left unaccounted for are the induction times found when 
we used low power levels at room temperature (Figure 7). A 
qualitative explanation hinges on the time required to reach 
steady state concentration levels of BD3 in the reactive vol
ume. If that is the case, more precise measurements of. the 
delays, over a wider range of pressures and power levels, 
should permit us to estimate the augmented rate for step la. 
Another factor may be the time required to establish the 
temperature gradient from the illuminated core to the colder 
wall.

Our case contrasts with the model developed by Letokhov 
and Makarov12 in which multiphoton absorptions are predi
cated upon the intervention of rotational relaxation between 
successive steps. Even at the low pressures used in these ex
periments rotational spectra of these species are sufficiently 
broadened so that a virtual continuum is present. The mis
match due to anharmonicity although small and easily acco
modated within the average overlap of adjacent states nev
ertheless limits the quantum efficiency by reducing the up
ward radiation transition probability. Our case also contrasts 
with the very high levels of radiation required to affect sepa
ration of the isotopes of sulfur in the laser pyrolysis of SF6, as 
explained by Bloembergen.13 The power levels used here 
(<150 W/cm2) are minuscule compared to the 109 levels used 
for SF6 and similar decompositions.14
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The reactions of 128I activated by radiative neutron capture with acetylene occur primarily through an addi
tion channel forming an electronically excited reaction intermediate. Acetylene is unlike olefins in that no 
photochemical addition occurs under conditions simulating sample handling. In an excess of gaseous acety
lene, at 1 atm 14.9 ±  0.6% of 128I is stabilized as organic activity to the following extent: CH3I 0.49%, CH2I2 

0.70%; C2H3I 0.40%, C2H5I 9.30%; ¿-C3H7I 2.71%; CH3CH2CHICH3 1.10%, CH3(CH2)3l 0.20%. The effects 
of rare gas additives in moderating 128I with gaseous C2H2 were determined in an effort to ascertain the na
ture of the activation process. Only the C2H5128I yield is decreased by the presence of rare gases, suggesting 
that both hot 128I ions and thermal I+(1D2) and other excited ions are involved in the primary addition to 
acetylene. The gas to condensed phase studies showed a depletion of all Ci, vinyl iodide, C3, and C4 128I-la- 
beled products; where the only product observed in high pressure gas and condensed phase systems was 
C2H5128I. A reaction scheme is proposed which postulates the existence of an excited complex reaction inter
mediate. The properties of the proposed complex are compared qualitatively to those predicted by RRKM, 
“caged” complex, and caging radical theories of enhancement yields.

Introduction
Since the significant studies of Richardson and Wolfgang2 

employing the gas to condensed phase transition in the hot 
18F reactions with CH3F, the density variation technique has 
become very popular in suggesting the relative importance of 
cage and molecular reactions, resulting in an active discussion 
in the recent literature. 3" 6

In our attempt to resolve the nature of enhancement yields 
in the condensed phase as due to molecular, complex (cage), 
or radical (cage) reactions we tried to find a hot atom system 
resulting in an electronically excited intermediate. It would 
then be of interest to observe the effects of the gas to con
densed phase transition on this species.

We selected the system 128I activated by radiative neutron 
capture (CF3I source) in acetylene for several reasons. Acet
ylene is a low mass, two carbon system with a triple bond to 
which iodine does not add photochemically in simulated 
sample handling conditions. CF3I not only provides an iodine 
source but also assures that acetylene is the sole source of 
hydrogen atoms. Radiative neutron capture activated iodine 
provides a large diameter atom (often as a positive ion) which 
not only can possess electronic excitation energy but possesses 
a low translational energy7 compared to other hot atom acti
vations. Rowland8 has studied the production of excited 
radicals in the reactions of acetylene with near thermal 18F.

Experimental Section
M a ter ia ls . Xenon, helium, and krypton were obtained from 

Matheson Chemical Co. (Research Grade) with stated purities 
of 99.995 mol % and were used without further purification. 
Acetylene (Matheson Research Grade) and trifluoroiodo- 
methane (Pierce Chemical Co.) were used after repeated de

* Address correspondence to this author at The University of Ne
braska.

gassing on the vacuum line. Methyl iodide (Analytical Grade) 
obtained from Mallinckrodt was stored under vacuum with 
copper turnings. Iodine was sublimed from a mixture of 
Mallinckrodt reagent grade I2, Baker reagent grade KI, and 
calcium oxide.

P r e p a r a t io n  o f  R e a c t io n  S y s te m . A description of the 
techniques used to produce atmospheric, high pressure gas 
and condensed phase samples has recently been reported.5 

High pressure gaseous samples were prepared by freezing 0.2 
±  0.01 Torr of iodine and 5 Torr of the iodine source into the 
ampoule, followed by the measured quantity of acetylene. 
Rare gas moderators used in the 1-atm samples were filled in 
the customary manner.5

Liquid samples were prepared by first freezing known 
quantities of (6 .8  X 1 0 “ 4 mole fraction) iodine into the am
poule followed by a known quantity of acetylene.

All samples were wrapped in aluminum foil and stored 
under liquid nitrogen until just prior to irradiation.

N e u tr o n  Irra d ia tion . All irradiations were performed in the 
Omaha, Nebraska V.A. Hospital TRIGA reactor at a thermal 
neutron flux of 1.1 X 1011 neutrons cm“ 2 s“ 1 and an accom
panying y  ray flux of 3 X 1017 eV g“ 1 min“1. The samples were 
irradiated from 0.5 to 30 min and back extrapolated to zero 
irradiation time for correction of radiation damage.5

E x tr a c t i o n  P r o c e d u r e . After irradiation, the ampoules for 
total organic product yields (TOPY)9 were broken in a sep
aratory funnel containing 5 ml each of CCI4 + I2 and 0.5 M 
Na2S0 3  solution. The organic and aqueous phase (3 ml each) 
were counted separately on an Ortec single-channel analyzer 
employing a 3 X 3 in. Nal(Tl) detector. The samples con
taining xenon moderator were counted on a Harshaw 12.2% 
efficient Ge(Li) detector interfaced with a Nuclear Data 2400 
1024-channel analyzer. The liquid phase samples were irra
diated immersed under ice or dry ice. The density of the re
action mixture was determined by the method of Willard and
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Rice10 and compared to literature values. 11 No temperature 
greater than 25 °C12 or lower than —78 °C13 was attempted.

R a d io g a s  C h r o m a to g r a p h ic  S e p a r a t io n s  o f  t h e  A c t i v a t e d  
M ix tu r e s . Gaseous samples were injected into the radiogas 
chromatograph, as previously described.5 A mixture of known 
carrier composition was simultaneously injected into the he
lium stream and detected by means of a thermal conductivity 
cell for purposes of calibration and identification of products. 
Liquid samples were extracted,5 and a known portion of the 
organic phase was injected into the chromatograph.

The column used was a 3-m stainless steel coil containing 
5% by weight di-(2-ethylhexyl)sebaeate on 50/60 mesh fire
brick. Linear temperature programming from 25 to 150 °C was 
used. Individual product yields were determined by triplicate 
radiogas chromatographic runs. Integration of the chro
matograms produced relative yields which were normalized 
to the total organic product yield to give the absolute indi
vidual organic product yields (IOPY) for a particular mole 
fraction additive. A radiation dose curve was established for 
each sample condition by evaluating yields for 0.5-, 1.0-, 2.0-,
5.0-, 10.0-, 15.0-, 20.0-, and 30.0-min irradiations. Extrapo
lation to zero irradiation time produced TOPY and IOPY 
values corrected for radiolytic contributions.

Results and Discussion
E n e r g e t ic s  o f  R e c o i l  I o d in e . The reactivity of 128I in 

methane15 and halomethane7 and olefin17 systems has been 
discussed in detail. Iodine-128 activated by the radiative 
neutron capture process can possess a variety of energy states 
composed of translational and/or electronic excitation energy 
in addition to possessing a positive charge. Carlson and 
White14 reported that icdine atoms as a result of activation 
can possess a positive charge ranging from +1 to +13 due to 
Auger and secondary electron emission. If an iodine ion is in 
an environment possessing an ionization potential interme
diate of the first and second ionization potentials of iodine the 
ion will undergo charge transfer reactions and rapidly be re
duced to the +1 state. Iodine can then react as an ion or neu
tral atom.

In addition to charge, iodine can react as an electronically 
excited species. This energy due to excited electronic states 
of iodine can be utilized during the course of chemical reac
tions. I+(1D2) from rare gas additive experiments in the re
actions of 128I with methane,15 123I with methane and ethane,16 

and 128I in lower excited states in reaction with olefins17 have 
been assumed as a reactive species.

Yoong et al.,7 utilizing Monte Carlo and three-dimensional 
random walk in space techniques, investigated the (n,y) recoil 
spectrum of 128I. The calculated kinetic energy spectrum 
ranged from 0 to 194 eV with a maximum probability at 152 
eV.

R e a c t io n s  o f  G as P h a s e  1287 w ith  C2H2. T h e  S u g g e s t io n  o f  
th e  F o r m a tio n  o f  a C h a rg ed  R e a c t io n  In te r m e d ia te . Depicted 
in Figure 1 is a plot of total organic product yield (TOPY) vs. 
mole fraction of the three moderators helium, krypton, and 
xenon. This plot is qualitatively similar to that reported by 
Rack and Gordus15 in their study of (n,y)-activated 128I with 
gaseous methane in that our plots extrapolate from the un
moderated 1 atm, room temperature gas yield (14.9%) to 12.9% 
for He and Kr and to a lower value (8 .8%) for Xe. The inter
pretation is that of 14.9% TOPY, 3.6% is the result of hot 
(translational) reaction (as IOPY data will reveal) and 11.3% 
is thermal in character. Xenon undergoes charge transfer with 
iodine ions in the XD2 electronic states. The larger reduction 
in TOPY by Xe is due to (4.1%) quenching of excited iodine

Figure 1. Effect of mole fraction of moderator on gas phase TOPY. The 
moderators are helium (A), krypton (O), and xenon (0).

ions and to kinetic energy moderation (3.6% hot reaction). Of 
14.9% 128I organically bound, 3.6% TOPY may be attributed 
to hot (kinetic energy dependent) reactions and 11.3% to 
thermal (kinetic energy independent) reactions. The thermal 
reactions may be classified as the result of I+(1D2) (4.1%) and 
other thermal processes (7.2%) probably involving iodine ions 
in ground or low-lying electronic states.

Employing radiogas chromatography it is possible to obtain 
individual organic product yields (IOPY values) .9 Summa
rized in Table I are the observed absolute yields of the indi
vidual products (IOPY) formed in the reaction of (n,7 )-acti- 
vated 128I with acetylene at room temperature and 1 atm total 
pressure. Ethyl iodide (9.30%) is the major product. Six other 
products of varying magnitude are also observed. It would 
appear from the identity of products observed that the pri
mary reaction of 128I is a d d itio n  to acetylene. Iodine has been 
observed to add to olefins in hot, 17 photochemical, 18 and 
thermal19 reactions. In contrast, preliminary experiments 
duplicating sample handling techniques have shown n o  
c h a n g e  in  t o t a l  o r g a n ic  p r o d u c t  y i e ld  even when exposed to 
ambient light for periods of 30 min. A further investigation 
of acetylenic photochemical reactivity is being conducted. No 
attempt was made to quantitate the inorganic products H 128I 
produced by abstraction or 128I-I from thermal exchange with 
scavenger because of the rapid thermal exchange between I2 

and HI. An additional shortcoming in this type of experi
ment20 is that any product formed by reaction involving ex
pulsion or nonretention of the radioiodine cannot be observed.

In order to determine the relative importance of hot and 
thermal reactions, especially I+(1D2) ,21 we studied individual 
organic product yields as a function of mole fraction of helium, 
krypton, and xenon (Figures 2-4). Minor products were not 
plotted due to difficulties in determining small yields and 
CH3I and CH2I2 were plotted as a single organic product 
combination (COPY) .9 In all three plots the CH3I + CH2I2 

COPY is insensitive to moderators indicating complete 
thermal character. Although the yield of stabilization product, 
vinyl iodide, is too small to plot the ethyl iodide product shows 
a decrease in IOPY from 9.3 ±  0.5% to 5.7 ±  0.5% in krypton 
(6 .1  ±  0.5% in helium). This ~4% drop is the result of kinetic 
energy dependent (hot) reactions. We suggest that the addi
tional 4.1% drop of ethyl iodide in Xe is due to I+(1D2) reac
tions. Since ethyl iodide is the only product which is sensitive 
to kinetic energy moderators and electronically deexcited by 
xenon we may ascribe a 3.6% “hot” IOPY and 4.1% I+(1D2) 
IOPY to ethyl iodide formation.
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TABLE I: TOPY, COPY, and IOPY Values of the 
Reaction of 127I(n,y)128I + C2H2 in the Gas Phase without 
Additives

Product IOPY Carbon length COPY

CH3I 0.49 ± 0.02
CH2I2 0.70 ± 0.05

1.19 ± 0.07 SCx
c 2h 3i 0.40 ± 0.05
C2H5I 9.30 ± 0.46

9.70 ± 0.51 2 C2

¿-c3h 7i 2.71 ± 0.43 2.71 ± 0.43 2C3

CH3CH2CHICH3 1 .1 0  ± 0 .20

CH3(CH2)3I 0.20 ± 0.03
1.30 é 0.23 2 C4 

TOPY = 14.9 ± 0.6%

Figure 2. Effect of mole fraction of helium on gas phase IOPY: C2H5I 
(0), CH3CHICH3 (□), CH3CH2CHICH3 (CH3CH(CH3)CH2I>23 (A), CH3I + 
CH2I2 as COPY (O). Other product yields are too small to plot.

Figure 3. Effect of moie fraction of krypton on gas phase IOPY: C2H5I 
(0), CH3CHICH3 (□), CH3CH2CHICH3 (A), CH3I + CH2I2 as COPY (O).

MOLE FRACTION OF XENON

Figure 4. Effect of mole fraction of xenon on gas phase IOPY: C2H5I 
(0), CH3CHICH3 (□), CH3CH2CHICH3 (A), CH3I + CH2I2 as COPY (O).

The secondary addition products, 2-iodopropane and 2- 
iodobutane (1 -iodobutane has too small a yield to plot), show 
an interesting property by increasing with increasing mole 
fraction of moderator, the magnitude of the 2 -iodopropane 
increases being in the order He < Kr < Xe. This increase in 
yield partially compensates for the reduction of “hot” ethyl 
iodide; thus giving the illusion of a 2% hot yield in Figure 1. 
A similar phenomenon has been reported by Loberg and 
Welch16 for 123I (EC//J+) activated reactions with methane. 
This moderator trend may be indicative of a molecular ion 
complex or the presence of ion-molecule reactions. 17

We studied the effect of 30 mol % O2 on total and individual 
organic product yields and found a reduction but not a total 
quenching of reaction products. At this concentration, 0 2 may 
exhibit kinetic energy moderator and/or competing substrate 
characteristics in addition to being a radical scavenger. 
Analysis of product identification and yield shows no ob
servable oxygen containing organic compounds. The reduction 
in the total organic yield is greater than expected from purely 
kinetic energy moderation arguments. The TOPY value is 
reduced from 14.9 to 7.0%. The C2H5I yields dropped to 4.8 
from 9.3%. The minor products vinyl iodide and isopropyl 
iodide were reduced to 0.36 and 1.83%, respectively. No other 
products were observed. It should be noted that the vinyl io
dide IOPY values are equal, within experimental error, for 0 2 

additive and (ambient) I2 systems. The observance of only 
three products, with reduction in two, suggests the presence 
of some radical reactions, but that the reaction pathways are 
not solely radical in nature.

The yield data summarized in Table I when compared to 
higher density values (to be discussed in the next section) 
reveal a pattern emerging from groupings of individual organic 
product yields. These groupings will be referred to as com
bined organic product yields (COPY) .9 We grouped in d iv id u al 
p r o d u c ts  into the following three classes. The classes of re
actions leading to final stabilization of radioiodine containing 
products are (1) decomposition, (2) stabilization, and (3) 
secondary addition. The decomposition class (2 Ci COPY) is 
characterized by the products CH3I and CH2I2 where car
bon-carbon bond scission occurs as a result of high internal 
energies; the -CH128I fragment might be stabilized by further 
reaction22 or scavenged by I2. Stabilization (2C2 COPY) oc
curs by collisional deexcitation and abstraction of hydrogen 
to form the major product C2H5I or its precursor vinyl iodide 
(C2H3I). It should be noted that in the reaction system (CF3I 
+ C2H2 + I2) the only source of hydrogen atoms is acetylene. 
The labeled molecules 1- and 2-iodobutane23 can be formed 
by the joining of a second acetylene molecule (secondary ad
dition) to an iodine-acetylene reaction intermediary followed 
by deexcitation and hydrogen abstraction. An alternative to 
collisional deexcitation could be the expulsion of a carbon 
(with attendant atoms) to remove excess energy as transla
tional (rotational and/or vibrational energy). Such an expul
sion, followed by H- abstraction, would lead to formation of
2 -iodopropane. (The expulsion of a C2 unit must also be con
sidered but would lead to the same products as the stabiliza
tion class; therefore, such expulsion could be regarded as a 
slow (long term) collision.)

The above product analysis suggests th e  fo r m a t io n  o f  a n  
i o d in e -a c e t y l e n e  r e a c tio n  c o m p le x  as th e  f ir s t  s t e p  in  s ta b le  
p r o d u c t  fo r m a tio n . The [C2H2I+]exc complex may (a) de
compose, (b) stabilize by collisional deexcitation and hydrogen 
abstraction, or (c) undergo a further (addition) reaction with 
acetylene leading to longer chain iodohydrocarbons. Our 
tentative reaction mechanism for such a complex is shown in
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Scheme I
12r7I(rvy)128I 

P +  ('• H [C2H2I+],

(A)

[C2H2P]e,

c,H,

, (4)

(31

(CH3I )
\ch2i2)

[C2H3P]e

( 3 ' )
/

( 5 )
c2h3i

[BulLxc —  * butyl iodides (6 )

( 3 a )  \  ( 3 b )

propyl iodide C2H5I

Scheme I where reaction A is the activation of 128I resulting 
in excess kinetic energy, positive charge and/or electronic 
excitation energy, and (1 ) is the creation of the iodine-acet
ylene reaction complex, '2 ) the decomposition of the complex 
to form (following abstraction or scavenging) CH3I or CH2I2,
(3) the addition of a second C2H2 molecule to form butyl io
dides24 (3') or decomposition to propyl iodide (3a) (or possibly 
ethyl iodide (3b)), (4) the formation of a vinyl iodide secondary 
intermediate which may stabilize (5) or abstract H- (6 ) to form 
ethyl iodide.

Although a kinetics study has not been undertaken, some
thing of the relative magnitudes of these reaction pathways 
can be ascertained by the observed organic product distri
bution.25 Reaction 1 can be correlated with total organic 
product yields since, as previously mentioned, abstraction and 
substitution products were not observed and addition can be 
initiated by hot or I+(1D2) ions or other thermal iodine species 
in ground or low electronic states. Reaction 2 is effectively 
blocked at 1 atm as evidenced by the small 2Ci COPY. Of the 
alternatives to reaction 2, reaction 4 appears larger than (3) 
in that 2C2 COPY > 2 (C3 + C4) COPY and further (3a) > (3') 
and (6 ) > (5). As will be shown, the reaction pathway desig
nated by (4) is sufficiently large that pathway 3 is eliminated 
at higher pressures and that hydrogen abstraction (6 ) from 
the reactive cage wall overshadows collisional deexcitation (5).

In contrast to iodine addition to acetylene, Rowland and 
Williams8 reported on the reaction of near-thermal 18F with 
acetylene and found abstraction and substitution products 
of about 2-3% yield. No addition product was found unless HI 
was added where >50% CH2=CHF was formed; the other 
products remaining unchanged. The additional product CH3F 
was found in 0.1% yield when HI was added. Additional HI 
decreased the vinyl fluoride yield from competition by the 
exothermic reaction F + HI —► HF + I. Hot 18F is known26 to 
react as a neutral atom. Fluorine has a small atomic radius and 
low polarizability. Therefore, it would appear that positive 
charge, a larger atomic radius, higher polarizability, and a 
greater electrophilicity aid in the formation and reactions of 
the iodine-acetylene complex.

Summarized in Table II are total and individual organic 
product yields for the reactions of iodine with methane, eth
ane, ethene, and ethyne. Abstraction products could not be 
reported because of the previously mentioned experimental 
difficulties. In methane the only labeled products observed 
were by substitution mcdes. Ethane presents a two carbon

system that should block addition. Any attempt by iodine to 
enjoin the carbon-carbon bond should result in rejection of 
the iodine or displacement of (substitution for) a methyl 
group. However, evidence4 for the existence of the [C2H6l+]exc 
complex followed by decomposition to CH3I or collisional 
deexcitation with hydrogen expulsion to form C2H5I appears 
to be conclusive. The mechanism for formation of C2H3I re
mains unknown. The existence of a reaction complex 
[C2H4I2+] which can decompose or stabilize by I or HI elimi
nation has been postulated in ethene. 17 In this system there 
was experimental evidence to suggest that the formation of 
CH3I was the result of ion-molecule (thermal) reactions. Our 
work on acetylene indicates similar products of decomposition 
and stabilization by the gain of hydrogen. Therefore, it is 
logical to postulate the formation of a reaction complex for 
iodine and acetylene.

H ig h  P r e s s u r e  G a s a n d  C o n d e n s e d  P h a se . If the proposed 
reaction scheme proceeds as indicated in the last section, we 
should observe definite density (pressure) effects on the 
product distribution. Table III contains yield data for systems 
ranging from 1  atm, room temperature gas to those in the 
liquid phase near the freezing point. It was not possible to 
obtain a solid state sample due to fractional crystallization of 
the sample. It was also not possible to obtain data between 30 
atm and room temperature liquid conditions due to the low 
critical temperature (35.5 °C) and high critical pressure (61.6 
atm) of acetylene which can create an explosive hazard in the 
reactor.

Three characteristics of Table III are noteworthy: (1) the 
TOPY remains approximately constant from 1 to 30 atm; (2) 
the 2 C2 COPY increases at the expense of the secondary ad
dition and decomposition COPY values until the latter dis
appear; and (3) the vinyl iodide IOPY increases to a maximum 
and then decreases until it disappears. A t  h ig h  p r e s s u r e s  a n d  
l iq u id  s t a t e  c o n d i t io n s  th e  IO P Y , C O P Y , a n d  T O P Y  v a lu e s  
a r e  e x p e r im e n t a l ly  id e n t ic a l . The sole product observed is 
ethyl iodide, C2H5I.

Our proposed [C2H2I+]exc reaction complex can be con
sidered the activation step of a unimolecular decay reaction 
scheme.32 However, the observance of C3 and C4 compounds 
suggests that the complex is not wholly unimolecular in nature 
in that [C2H2l+]exc may undergo a secondary (bimolecular) 
reaction with another C2H2 molecule to form propyl and butyl 
iodides. Of interest are the data for reactions 5 and 6 . Initially, 
both the formation of vinyl iodide and ethyl iodide increase 
with increasing density. Vinyl iodide reaches a maximum 
around 8 X  10- 3  g cm- 3  and then decreases and disappears. 
Vinyl iodide should increase with increasing pressure (as the 
number of collisions increases) since C2H3I is formed by sta
bilization of the secondary reaction intermediate [C2H3I+]exc 
formed in reaction 4. At higher densities this stabilization 
mode competes unfavorably with hydrogen abstraction and 
stabilization to form ethyl iodide. Two factors need to be 
considered. First, the thermodynamically more stable product 
is ethyl iodide. It is reasonable to assume that the thermody
namically more stable product will be formed if energy bar
riers, molecular rearrangements, and other kinetic parameters 
do not forbid the reaction. Secondly, if caging reactions occur 
a reactive cage wall (C2H2) will supply the necessary hydrogen 
needed for saturation. The abstraction of hydrogen from 
acetylene to form vinyl and ethyl iodide appears to be en- 
doergic and thus provides an additional deexcitation mode.

Figure 5 presents yield data as related to density. For pur
poses of convenience 2 Ci, 2 C3, and 2C4 COPY’S have been 
combined. TOPY values, when different from 2C2 COPY
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TABLE II: Summary of Gas Phase Iodine Reactions with Selected Alkanes, Alkenes, and Alkynes

Reaction TOPY, % Products IOPY Reaction

128I + CH4a 5.4 ±  0.05 ch3i 53.4 Substitution
ch 3i2 1 . 0 Substitution

123I + ch46 51.8 ±  2.9
. 123I + c2h65 2.5 S ch3i ~ 2 . 0 Decomposition

C2 H 3 I < 0 . 1

C2 H 5 I 0.5 Addition
128I + c2h6c 3.0
128I + C2 H 4d 18 ±  1 CH 3 I 1 0 .0 % Decomposition

c2h3i 4.0% Elimination
C2HbI 4.0% Addition

128I + C 2 H 2 14.9 ±  0.6 See Table I

a See ref 15. 5  See ref 16 .c A. A. Gordus and J. E. Willard, J. A m . C h em . Soc., 79, 4609 (1957). d See ref 17.

TABLE III: TOPY, COPY, and Selected IOPY Values in the Gas to Condensed Phase Transition

COPY IOPY

p, g cm - 3 X/(T TOPY 2C, sc 2 2 C3 SC4 C2 H 5 I C2 H3I

0 . 0 0 1  ( 1  atm) 8.35 14.9 ±  0.6 1.19 9.70 2.71 1.30 9.30 0.40
0.004 5.26 15.2 ±  0.7 0 . 2 2 12.4 1 . 8 8 0.70 . 11.4 0.76
0.008 4.18 15.4 ±  0.6 0.14 14.0 0.40 0.80 12.4 1.59
0 . 0 1 0 3.88 15.4 ± 0.4 0.14 15.3 14.4 0.85
0.032 (30 atm) 2.62 16.2 ± 1.3 16.2 16.2
0.388 (liq, 23 °C) 1.15 41.0 ±  1.3 41.0 41.0
0.465 (liq, 0  °C) 1.08 49.0 ±  1.6 49.0 49.0
0.615 (liq, -7 8  °C) 0.98 56.3 ±  7.7 56.3 56.3

Figure 5. COPY as a function of density: SC2 COPY (O), sum of other 
products COPY (A). Dashed (— ) line from p = 0.032 to 0.388 g cm-3 
interpolated via A/cr data. Dashed line for p < 0.032 g cm-3  is TOPY 
behavior with density where different from ZC2 COPY.

(<0.032 g  cm-3), are indicated by a dashed line. The dashed 
curve from 0.032 to 0.388 g cm- 3  was interpolated using in
formation obtained from the A la  plot (Figure 6 ). It is note
worthy that the curve obtained from COPY vs. density data 
is similar to that of Richardson and Wolfgang2 and others.3-6 

Of further interest is the fact that the high density curvature 
is similar to that of 82Br(IT) reactions in methyl halides5 as 
opposed to the characteristic shape of bromine reactions ac-

Figure 6 . COPY as a function of A/cr: 2C2 COPY (O), sum of other 
products COPY (A). Dashed (— ) line represents computer interpolation 
of experimental data. (Insert) TOPY and selected lOPY’s as a function 
of A/cr: TOPY (■); C2H5I (•); C2H3I (0). For A/cr < 2.62 TOPY and C2H5I 
IOPY values are equivalent.

tivated by radiative neutron capture. The main difference in 
activation between 79Br(n,y.>80Br and 82Brm(IT)82Br is that 
82Br is born with a higher positive charge and lower kinetic 
energy.5 128I born by the (n,~) process also possesses a lower 
kinetic energy and higher charge population than (n,7 ) acti
vated 80Br.

Figure 6 presents the COPY data as a function of normal
ized intermolecular distance, A/cr,5 where A represents the 
intermolecular distance bet ween centers of spheroidal mole
cules of diameter a. This suggests28 a lowest value of A/cr = 1.0; 
yet a value of A/cr = 0.98 is observed. This discrepancy is minor 
and may be easily explained by the approximate nature of the
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normalized intermolecular distance construct. One physical 
consideration is the nonspherical nature of acetylene. The 
value of a (4.2 A)26 for acetylene is taken along the long mo
lecular axis; however, molecular rotations may be restricted 
in low temperature, high density liquids near phase transi
tions.

The results depicted in Figure 6 are similar to those re
ported by Root6 for the CF3CH3 and CF3CH2F systems with 
18F and to our previous work5 with 80Br(n,7 ) and 82Br(IT) with 
halomethanes. We note the intersection of two straight line 
segments at \/<r =  1.42; the first segment exhibiting a minor 
rise with decreasing \/<r, the second a sharp rise in d ic a t in g  
c a g e  e n h a n c e m e n t  r e a c t io n s  o f  th e  i o d i n e - a c e t y l e n e  c o m 
p l e x .  In our work with halomethanes5 we suggested the near 
horizontal segment to be indicative of molecular reactions and 
the angled segment of caging reactions. This is further sup
ported by our current work, especially (see insert to Figure 6 ) 
in light of the variation of TOPY and the ethyl and vinyl io
dide yield values as functions of X/cr.

Based on our work with halomethanes,5 we suggested the 
possible importance of the degradation and packing effects 
on cage radical reactions. These effects are not directly ap
plicable to the iodide-acetylene system. The degradation ef
fect is the ability of the solvent medium to deexcite transla- 
tionally excited hot atoms or adducts by collision. The energy 
degradation factor (EDF)29 for 128I(n,7 ) is 0.561 as compared 
to 0.993 for 80Br(n,7 ) + CH3Br. While it can be suggested that 
CH3Br collisionally “cools” faster and is a better radical 
producer than C2H2, the differences among the condensed 
phase TOPY’s are not that great; an alternate approach must 
be sought. The sole product in the condensed phase is C2H5I. 
This can only be produced by the abstraction of hydrogen 
from the cage wall, an endoergic process which aids in the 
cooling of the hot atom complex. The packing effect correlates 
molecular diameter with “holes” in the cage wall. While 
acetylene’s molecular diameter (4.2 A) compares favorably 
with that of CH3Br (4.13 A) two important differences are 
present. First, CH3Br has a much larger EDF resulting in 
CH3Br molecules being more difficult to dislocate, which 
would produce a “hole” in the cage wall. Secondly, C2H2 is 
spheroidal only when molecular rotations are excited. When 
molecular rotations are not excited, as near the freezing point, 
the molecules more clcsely resemble an ellipsoid, possessing 
both a long and short axis. As these molecules attempt to or
ient in a crystalline configuration, “holes” open along certain 
orientations.

Although \/<7 information provides insight into reactions 
in terms of molecular environment and other molecular pa
rameters, the controversy in the literature among RRKM 
(molecular),6 “caged” complex,3 and radical cage reactions4’5 

as explanations of enhancement yields has not been resolved.
In their work with 18F + CH3F, Richardson and Wolfgang2 

suggested that the enhanced product yields of CH318F and 
CH2F18F were the result of radical cage reactions. They felt 
that in systems with small intermolecular distances any re
action complex would have to be stabilized within a period of 
vibration and therefore could not have previously existed (as 
a chemically bound entity). This does not invalidate the 
concept of collisional stabilization, rather it prevents its in
vocation to explain the appearance of new products in the 
condensed phase. One of the strong points of the radical cage 
reaction concept is its  a b ility  to  ex p la in  th e  e m e r g e n c e  o f  n ew  
p r o d u c ts  in  th e  c o n d e n s e d  p h a s e  that cannot be the result of 
simple molecular reaction. The new products are the results 
of the hot atom being “trapped” within the confines of a cage

cell with radicals of its own creation. The hot atom after 
cooling can combine with these radicals to form products.

Unimolecular decay theory has been employed recently to 
investigate the nature of enhancement yields.6,20 T h e  a c t i 
v a te d  c o m p le x  is  e n v is io n e d  a s  a n  e n e r g y  s in k  o f  l o o s e l y  
c o u p l e d  o s c i l la to r s  w h ich  in t e r c h a n g e  e n e r g y .  Although 
molecular rotations and reorientations are allowed to RRKM 
theory, unimolecular decay cannot explain products indicative 
of extensive scavenger reactions. Recently,30“ 34 non-RRKM 
kinetic behavior has been found in several systems which in
dicate the failure of the random lifetime distribution.35

Halogen hot atom for halogen substitution reaction studies3 

of diastereomeric molecules as functions of phase and solvent 
have led to the suggestion of a “caged” complex. In this hy
pothesis an electronically excited intermediate is held together 
by the solvent for a time sufficient for reaction. The adduct 
formed from the hot atom and substrate constitute the sole 
occupants of the cage cell, thus bridging the idea of a complex 
with caging reactions. T h e  c o m p le x ,  h o w e v e r ,  n e e d  n o t  b e  
c h e m ic a l ly  b o u n d  as n o  in t e r c h a n g e  o f  in t e r n a l  e n e r g y  is 
n e c e s s a r y .

The iodine-acetylene system is unlike any other hot halogen 
system in that the number of observed products d e c r e a s e  
rather than increase in the gas to condensed phase transition. 
In the high pressure region and liquid state, only one product, 
C2H5128I, was observed. Our proposed reaction scheme 
suggests the formation of an electronically excited reactive 
intermediate, [C2H2I+]eXc- T h e  g a s  to  c o n d e n s e d  p h a s e  
tr a n s it io n  d a ta  d o  n o t  in d ic a te  a n y  e v id e n c e  f o r  c a g e  ra d ica l  
r e a c t io n s .  T h e r e fo r e ,  th e  g a s  to  c o n d e n s e d  p h a s e  s tu d y  
s h o u ld  s u g g e s t  w h e th e r  a  c o m p le x  c a n  c a g e  a n d  h a v e  b e 
h a v io r  s im ila r  to  th a t  p r e d i c t e d  f o r  ra d ic a l  r e a c t io n s .

While it would be desirable to characterize the nature and 
lifetimes36 of reaction complexes on a rigid mathematical basis 
employing the arguments presented by Richardson and 
Wolfgang2 it is virtually impossible for the following reasons:
(1 ) the distribution of the hot atom’s translational energy into 
internal and translational modes of the complex is not known;
(2 ) the intermolecular distance required in the collisional 
lifetime calculations is dependent on the microscopic density 
which c a n n o t  be assumed identical with the macroscopic 
density because of local perturbations and possible radical 
formation; (3) the unimolecular rate constants for RRKM 
kinetic lifetimes is experimentally unobtainable; and (4) the 
energy distribution function is non-Boltzmann in nature as 
a result of incomplete thermalization.

A “true” unimolecular complex requires >10- 1 2  s to com
pletely randomize internal energy.37 Lifetimes of this mag
nitude require low internal energies and small collision 
numbers. These conditions require thermal or near-thermal 
systems at low to moderate pressures. An order of magnitude 
calculation of the collisional lifetime36 in comparison with 
simple RRK kinetic lifetimes38 indicates that the condensed 
phase iodine-acetylene reaction complex is c o l l i s io n a lly  
lim ited  and of the order of a vibrational period or less (~ 1 0 - 1 4  

s). W e  m u s t  c o n c lu d e  th a t  a n  in s u f f i c ie n t  t im e  is a v a ila b le  
to  t h e  c o m p le x  f o r  e n e r g y  r e d is tr ib u t io n  and concede the 
possibility that the complex might not be chemically bound 
as a result of lack of vibrational modes. Although gas phase 
calculations appear to be of the same order of magnitude 
(10—13 to 10“ 12 s) or greater than RRK calculations, the life
time cannot be ascribed to collisional or kinetic limitation 
because of large uncertainties in the calculations. In either 
case, it  is o n ly  p o s s ib l e  to  o b ta in  s u f f i c ie n t  t im e  fo r  e n e r g y  
r e d is tr ib u t io n  a t  low  p r e s s u r e s  a n d  low  in te r n a l  en e r g ie s .
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We must conclude that except at low energies and pressures, 
unimolecular decay complexes do not play a significant role 
in product formation.

Analysis of our product yields as functions of density 
(pressure), intermolecular distance, and phase shows that a 
collapsing molecular environment decreases the decomposi
tion and secondary addition modes by increasing stabilization 
as we would expect. In contrast to our halomethane study5 the 
number of products has decreased in the gas (seven) to con
densed (one) phase transition. Caging radical reactions 
suggests the opposite trend with an increase in the number 
of observed products with increasing density.

Our data suggest t.iat in the iodine-acetylene system the 
enhancement yield in c r e a s e  is d u e  to  th e  c a g in g  o f  th e  e l e c 
t r o n ic a l ly  e x c i t e d  c o m p le x . It is our contention that unless 
systematic studies such as described elsewhere5 are performed 
and consideration given to all reaction channels that can be 
observed involved in the hot atom reactions, we cannot on an 
a priori basis conclude that enhancement yields are primarily 
the result of a cage radical or caged complex reaction.

We feel that kinetic energy, positive charge, and electronic 
excitation energy of 128I with subsequent electrophic attack 
on the acetylene 7r-bond system result in an excited complex 
with unimolecular (low pressure) and caged complex (high 
pressure) characteristics. , .
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The rate of the reaction of the ethyloxalate ion with hydroxide ion has been measured at eight different tem
peratures, using a potentiometric method, in the presence of twelve different salts. Where a direct compari
son is possible, an agreement with published results within 4% was obtained, despite the difference in condi
tions (method and concentrations). The Olson-Simonson effect was shown to be predicted by a numerical 
integration of the Poisson-Boltzmann equation (IPBE). The effects of alkali metal sulfates and tri- and te- 
trametaphosphates, however, cannot be quantitatively predicted neither by IPBE nor by the Mayer theory 
in its simplest form (DHLL + B2), using a single & parameter, but only by DHLL + B2 using two different 
d, which are the same for all the salts. Different methods give values of ko , extrapolated at I  =  0 for the alkali 
metal salts, which are in good agreement with each other, and fit very accurately an Arrhenius plot. Results 
for the alkaline earth metal ions require the additional assumption of ion pair formation, whereas results for 
the tetraalkylammonium ions cannot be predicted by any of the above theories or assumptions. It is conclud
ed that nonelectrostatic effects are present, and this is confirmed by the values of AH *  and A S * . For Mg2+ 
inner-sphere interactions appear to be the most likely explanation, whereas for tetraalkylammonium ions 
the effects appear to be related to the structure-forming properties of these electrolytes.

Is it well known that elementary electrostatic theories, 
such as the Debye-Hiickel theory, are inadequate to interpret 
the details of salt effects in reactions between ions, particularly 
when multivalent anions and/or cations or tetraalkylammo
nium salts are involved. 1-7 It has been shown qualitatively that 
the use of more sophisticated electrostatic theories can ac
count for some of the most striking anomalies.2-4 We consid
ered it useful to make a careful study of a rather simple reac
tion in a variety of conditions in order to test the extent to 
which different theories can account for all the results, using 
as few adjustable parameters as possible. The reaction of 
ethyloxalate with hydroxide ion was chosen because it has 
already been studied with remarkable care,fl'5 >6 so that a 
comparison with previous results is possible.

Experimental Section

M a te r ia ls . Most of the chemicals were Erba RP. Sodium, 
potassium, magnesium, strontium, and barium nitrates were 
recrystallized three times from conductivity water and dried 
under vacuum. Potassium sulfate was recrystallized three 
times from conductivity water and then dried in a furnace at 
350 °C. Sodium tri- and tetrametaphosphates were prepared 
and purified as described in preceding papers.8

Stock solutions of these salts were prepared by weighing, 
and the various concentrations were obtained by dilution. The 
tetraalkylammonium nitrates were prepared by adding to the 
corresponding bromides an amount of silver nitrate slightly 
lower than stoichiometric. The resulting solutions, after 
concentration under vacuum, were passed through an ion- 
exchange column filled with Dowex 50 resin in the nitrate 
form. The solutions were dried and the solid salts were dis
solved in hot conductivity water and crystallized at low tem
perature. This was possible only for tetramethyl- and tetra- 
ethylammonium nitrates, while the n-tetrapropyl- and n -  
tetrabutylammonium nitrates, because of their high solubil
ities in water, were precipitated at low temperature from ac

etone and benzene, respectively. The solutions of tetraalkyl
ammonium nitrates were standardized by passing them 
through an ion-exchange column filled with Dowex 50 in acid 
form and the effluents were titrated with 0.1 N NaOH using 
brom thymol blue as an indicator.

Potassium ethyloxalate was prepared by Nielsen’s method9 

and crystallized from absolute ethanol. It was found to be 
99.5% pure by complete hydrolysis and titration.

K in e t ic s . All the kinetic measurements were carried o u t  a t 
4, 10, 15, 20, 25, 30, 35, and 40 °C, in thermostats which as
sured a temperature constancy of better than 0.005 °C.

A tenfold excess of potassium ethyloxalate was used, so that 
the reaction was pseudo-first order. The disappearance of 
OH-  was followed potentiometrically using a glass electrode 
Metrohm EA 121, which can be used without appreciable error 
up to a pH of 12. Since the reaction, even in the absence of 
added salts, did not involve a remarkable change in ionic 
strength, or in general of the ionic environment, the logarithm 
of [OH~] is a strictly linear function of the potential, with a 
Nernstian slope. This has been confirmed in preliminary runs 
using different additions of NaOH. In all the following runs 
the concentration of potassium ethyloxalate was 10~ 3 M and 
that of NaOH was 10- 4  M. The electrode potential was mea
sured and recorded using a Metrohm potentiograph E 436. A 
solution of potassium ethyloxalate was put in a quartz flask 
and freed from C02 by bubbling with pure nitrogen. After 
thermal equilibration the appropriate quantity of C02-free 
NaOH solutions was added with a microsyringe. Continuous 
stirring was maintained by means of a magnetic bar during 
all runs. The kinetic measurements were all repeated from two 
to four times.

Results

The rate constants at 25 °C, where a direct comparison is 
possible, agree with the results already published3,6 within 4%, 
despite the different experimental method, and the different
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Figure 1. Values of log k -or the reaction in the presence of NaN03 
(squares), KN03 (circles), Na3P30 9 (triangles), and (CH3)4NN03 (dia
monds): filled symbols, present results; half-filled symbols, ref 6; open 
symbols, ref 3. Blank values of log kare_1.716 for / =  0.001 10 (present 
results), 1.732 for / =  0.001 30,6 and 1.717 for / =  0.001 67.3 Tem
perature, 25 °C.

reactant concentrations. This is shown in Figure 1 , where some 
examples of the rate constants plotted against the square root 
of the ionic strength at 25 °C are reported. The agreement 
between our results in the presence of alkaline earth metal 
nitrates and the results of Hoppe and Prue5 in the presence 
of the corresponding chlorides is somewhat poorer. This can 
probably be attributed to the conditions chosen by Hoppe and 
Prue (high concentration of reactants, in comparison with the 
added salts), and to their sampling technique, which was not 
well suited for high reaction rates.

In the presence of sodium or potassium the substitution of 
N 03-  for CIO4-  or Cl-  does not appear to have a remarkable 
influence. On the contrary, the tetraethylammonium nitrate 
shows an effect which is strikingly different from that of the 
corresponding perchlorate.8 A lack of additivity of the action 
of the cation and the anion of the added salts has been ob
served in the persulfate iodide reaction: KCIO4 is as effective 
as KC1, whereas NaC104 is more effective than NaCl. 10 In the 
presence of multivalent anions SO.}2-, P3O92-, or P4O124-, the 
well-known “Olson-Simonson effect” 7 is observed, that is the 
rate does not depend upon the ionic strength, but only upon 
the concentration of the cations. This is in agreement with 
what had been already reported.3’6

Alkaline earth cations have a large accelerating effect in
creasing in the order Ba2+ < Sr2+ < Mg2+ at all temperatures. 
A summary of the results is reported in Tables I, II, and III, 
which give activation parameters for the reactions in the 
presence of different salts. These values were obtained from 
rate measurements at eight temperatures from 4 to 40 °C.

Discussion

One of the main features of the reaction between anions, 
that is, the Olson-Simonson effect, has been shown by Scat- 
chard2 to be in agreement with the prediction of the Mayer 
theory. 11 These results have been later confirmed for very high 
dilutions.3’4 On the other hand, the Mayer theory, in the 
simple form called by Friedman DHLL + B2,12 fails to predict

0.5 1.0

Figure 2. Natural logarithm of the ratio of the activity coefficients for 
the reaction A-  +  B2- =  C3~, in the presence of salts of different 
valence types, MX, M2Y, M3W, and M4Z_, calculated by means of IPBE 
for a distance of closest approach of 3.0 A and plotted against /1/z (lower 
curves, lower and right scales) or against [M+] 1/2 (upper and left scale; 
•  , O, A, and * for the presence of MX, M2Y, M3W, and M4Z, respec
tively): Dash-and-dot line, Debye-Huckel limiting slope; temperature 
25 °C.

the activity coefficients and the molar enthalpies at I  >  
0 .0 1 . 1314  The numerical integration of the Poisson-Boltzmann 
equation (IPBE) gives satisfactory results for the same 
problems up to I  =  0 .1 . 13>14 Therefore we tried first of all to 
see whether IPBE is able to predict the Olson-Simonson ef
fect.

The calculations, performed with the usual method, 13 have 
shown that for reactions between two anions, independently 
of the charge of the activated complex, from — 2  to —7, the 
Olson-Simonson effect is predicted in a range of ionic strength 
and of distance of closest approach (d) much wider than for 
the Mayer theory. Figure 2 shows one example for a reaction 
between a univalent and a bivalent anion, for a = 3.0 A. In 
contrast, the decrease in rate when increasing the charge of 
the ions of the same sign as that of the reactants for small d  
(or for low values of the dielectric constant) is not predicted 
by IPBE. Such effect, which is opposite to the predictions of 
the Brf/msted-Debye-Scatchard equation, has been some 
times observed experimentally, 14- 16 and is predicted by the 
Mayer theory.3’4 On the other hand, for very large values of 
d  (beyond 6 A and much more for highly charged activated 
complexes) IPBE, as well as DHLL 4- B2,3’4 predicts a gradual 
disappearance of the Olson-Simonson effect and a depen
dence upon the ionic strength.

We conclude that the failure of the simple Debye-Huckel 
theory appears to be due mainly to the neglecting of the higher 
terms of the series development of the exponential, rather 
than to the well-known internal inconsistency of the Pois
son-Boltzmann equation.17

Both IPBE and DHLL + B2 predict the Olson-Simonson 
effect even in the presence of quadrivalent anions. This is not 
in agreement with our experimental data which show that in
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TABLE I: AH* (kJ mol ') and AS* (J mol 1 deg"-1) for the Reaction in the Presence of Alkali Metal Salts“
/ 1/2 NaN03 KNOa k 2so4 Na3P30 9 Na4P40i2

0.105 A H * 35.2 ± 0.2 35.7 ± 0 .1 35.4 ± 0.4 35.3 ± 0.3 35.2 ±  0.2
A S * -331.0 ±0.4 128.9 ± 0.4 130.1 ± 1.3 -130.8 ± 1.0 -131.5 ± 0.8

0.145 A H * 35.2 ± 0.2 36.0 ± 0 .1 35.8 ± 0.5 35.9 ± 0.3 35.8 ±  0.4
A S * -130.2 ± 0.4 127.3 ± 0.5 - 128.4 ± 1.5 -128.4 ± 0.8 -129.2 ±  1.1

0.203 A H * 35.3 ± 0.2 36.6 ± 0.2 35.5 ± 0.2 35.0 ± 0.3 34.9 ±  0.3
A S * -128.9 ±0.6 124.7 ± 0.5 - 128.4 ± 0.8 -130.8 ± 0.7 -131.8 ± 0.9

0.247 A H * 36.0 ±  0.3 36.5 ± 0.2 35.2 ± 0.4 34.8 ± 0.3 34.3 ±  0.2
A S * -125.9 ±  1.0 124.5 ± 0.5 129.4 ± 1 .1 -131.0 ± 0.9 -133.5 ±  0.7

0.285 A H * 37.3 ± 0.3 36.1 ± 0 .2 35.3 ± 0.3 34.8 ± 0.3 34.2 ± 0.2
A S * - 1 2 1 . 1  ± 1 .1 125.2 ± 0 .6 128.6 ± 1 .0 -130.6 ± 0.9 -133.8 ± 0.5

“ The values of A H *  and AS* for the reaction in absence of added salt (71/2 = 0.033) are 35.2 ±  0.4 ajid 132.1 ±  1.3, respectively.

TABLE II: AH* (kJ mol ’ ) and AS* (J mol 1 deg 1') for the Reaction in the Presence of Tetraalkylammonium Nitrates

/ 1/2 (CH3)4NN03 (C2H5)4NN03 (n-C3H7)i4NN03 (n-C4H9)4NN03

0.105 A H * 35.3 ± 0.2 36.7 ± 0.4 37.3 ±0.3 35.2 ±  0.3
AS* -131.0 ±0.5 -126.6 ± 1 .2 -124.6 ± 0.8 -131.8 ±  1.0

0.145 A H * 36.2 ± 0.1 37.7 ± 0.4 37.5 ±0.3 35.6 ± 0.3
A S * -127.6 ±0.4 -123.5 ± 1 .2 -123.4 ±0.7 -129.9 ±  0.9

0.203 A H * 36.1 ± 0.4 38.8 ± 0.2 38.0 ± 0.5 35.9 ±  0.3
A S * -127.6 ± 1.1 - 1 2 0 .1 ± 0.5 - 1 2 2 .1 ± 1.4 -128.8 ±  0.9

0.247 A H * 35.2 ± 0.2 39.0 ± 0.2 38.3 ±0.4 35.7 ±  0.6
A S * -130.5 ± 0.4 - 12 0 .0 ± 0.5 - 1 2 1 .0 ±  1.4 -129.3 ±  2.1

0.285 A H * 34.9 ±  0.5 39.0 ± 0.3 38.5 ±  0.4 35.4 ±  0.6
A S * -131.1 ±  1.5 -120.7 ± 0.8 - 12 0 .8 ±  1.4 -130.6 ±  1.8

a reliable extrapolation at zero ionic strength, using all results 
obtained with the five mentioned salts. The values of log k o/ T  
at 4,10,15, 20, 25, 30, 35, and 40 °C are respectively 4.745 ±  
0.010, 4.889 ±  0.00713.000 ±  0.004, 3.111 ±  0.005, 3.208 ±  
0.003,3.313 ±  0.005,3.417 ±  0.006, and 3.510 ±  0.008, and are 
a strictly linear function of 1  I T  with a standard deviation of 
±0.003. The corresponding AH* and AS* values are 35.22 ±
0.07 kJ mol- 1  and —132.7 ±  0.3 J mol- 1  deg-1, respectively.

Practically the same values of fe0 can be obtained using 
IPBE in the presence of NaN03, KNO3, K2SO4, and Na3P30 9 , 
assuming d  = 4.0 A. A reasonable fit, giving again the same 
values of ko , can also be obtained using the simple 
Br^nsted-Debye-Scatchard equation if individual values of 
d  are assumed for each different salt, namely, d  =  3.0 for 
NaNO;; and KN03, 5 A for K2SO4, 7 A for Na3P30g, and 15 A 
for Na4P4 0 i2 (the fit in the last case is somewhat poorer). The 
latter treatment cannot be considered more than an empirical 
curve-fitting method, in our opinion, but it is reassuring that 
practically the same extrapolations are obtained.

In contrast, none of the three treatments succeeds in ac
counting for the rates obtained in the presence of tetraalkyl- 
ammonium salts, particularly for the tetraethyl- and tetra- 
propylammonium nitrates. Since for 1-1 electrolytes the three 
theories give very similar results, the discrepancy must be 
attributed to the presence of nonelectrostatic effects.

A similar conclusion can be reached for the effects of the 
alkaline earth metal ions. Both DHLL + B2 and IPBE predict 
a large accelerating effect of such cations, but neither succeeds 
in giving a quantitative agreement with the experimental 
values, no matter what average d is assumed for IPBE, or what 
combination of d ’s is assumed for DHLL + B2. The results of 
the two treatments are remarkably different, though, so that, 
in principle, the possibility that a different type of electrostatic 
treatment gives a good results cannot be ruled out. However, 
further support for the existence of a nonelectrostatic effect 
will be given below.

TABLE III: AH* (kJ mol ') and AS* (J mol 1 deg ')for  
the Reaction in the Presence of Alkaline Earth Metal 
Salts

71/2 Mg(N03) 2 Sr(N03) 2 Ba(N03) 2

0.052 A H * 45.7 ±  0.2 38.7 ±  0.2
A S * - 8 8 .7  ±  0.5 -1 1 6 .1  ± 0 .5

0.071 A H * 45.8 ±  0.4 39.0 ±  0.4
A S * - 8 3 .5  ±  1.4 - 1 1 2 .2  ±  1.1

0.084 A H * 45.4 ±  0.3 39.2 ±  0.2
A S * - 8 2 .8  ±  0 .8 -1 0 9 .5  ±  0.4

0.105 A H * 46.0 ±  0.4 40.6 ±  0.4 41.3 ± 0 .4
A S * - 7 8 .0  ±  1.3 -1 0 2 .6  ±  1.3 -1 0 2 .2  ±  1.3

0.145 A H * 45.1 ±  0.3 40.5 ±  0.5 42.1 ±  0.6
A S * - 7 8 .3  ±  1.1 - 100.1  ±  1.6 - 9 6 .8  ±  1.9

0.203 A H * 42.3 ±  0.2 40.5 ±  0.5 42.7 ±  0.8
A S * -8 5 .1  ±  0.7 - 9 7 .3  ±  1.6 - 9 2 .0  ±  2.5

0.247 A H * 39.4 ±  0.4 41.7 ±  0.5 42.7 ±  0.5
A S * - 9 4 .0  ±  1.3 - 9 1 .6  ±  1.7 -9 0 .7  ±  1.7

0.285 A H * 39.1 ±  0.6 40.5 ±  0.5 42.6 ±  0.3
A S * - 9 4 .6  ±  1.8 - 9 4 .8  ±  1.5 -8 9 .7  ±  0.8

the presence of Na4P40 12 the rate is definitely smaller than
in the presence of NaNO,3, at constant [Na+], A good agree
ment can instead be obtained by using DHLL + B2 applied 
to a slightly different model, which involves two values of d, 
one for the pairs of ions containing the activated complex and 
the other for all the other pairs of ions. For instance, in the case 
of alkali metal salts, assuming d  =  3.7 for the first value and 
d = 3.0 for the second, a good quantitative agreement can be 
found for the reaction rate in the presence of NaN03, KNO3, 
K2SO4, Na3P30 9 , and NeuP40 i2 at 25 °C (Figure 3) . 18

For other temperatures, the agreement is almost as good 
as at 25 °C for 15, 2 0 , and 30 °C and deteriorates progressively 
both at higher and lower temperatures. Probably this is due 
to the oversimplifying assumption of constant d ’ s. Even at 4 
and 40 °C, however, the agreement is good enough to obtain
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i_____________ L

\/lNa+] + [K+]
--------------------1------------------- 1------------------ 1—

0.1 0.2

Figure 3. Values of log k/Tas a function of the total cation's concen
tration in the blank solution (*) and in the presence of NaN03 ( • ) ,  KN03 
(+), K2S 04 (O), Na3P30 9 (A), and (□ ). As a comparison,
DHLL + B2 calculated curves for a model which assumes 3.7 A as a 
distance of closest approach with the activated complex and 3.0 A in 
all the other cases, by starting from log k0/T  =  3.208 for / =  0: con
tinuous, dashed, dotted, and dash-and-dot lines for the presence of 1-1, 
1-2, 1-3, and 1-4 electrolytes, respectively. Temperature, 25 °C.

A good agreement can be obtained using DHLL + EL and 
the assumption of different reaction paths, involving the as
sociation of the alkaline earth metal cations with the reactants 
(see Figure 4). One path could involve the ion pair MOH+ and 
Etox~, another OH~ and MEtox+, and a third MOH+ and 
MEtox+. The reaction rate, v , was therefore calculated from

v = [OH- ][Etox~]/_i2

x |Ao/ - 2_1 + k i[M \ f+ 2  +  Ao[M]2/ +2| (1)

where [OH- ], [Etox- ], and [M] are the concentrations of hy
droxide, ethyloxalate, and alkaline earth metal ions calculated 
from the association constants, f+%  f - i ,  and / _ 2 are the DHLL 
+ B2 activity coefficients of a +2, —1, and —2 charged ion, and 
k\ and k 2 are rate constants including the association con
stants of alkaline earth metal ion with OH-  (K ') and with 
Etox" ( K " ) ,  k i  =  k \ K '  + k i ' K "  and k 2 = k 2'K 'K ' ' .  k\ and 
k 2 were calculated by least squares with given values of d (or 
&’s), K ',  and K " .  A wide range of association constants and a  
values leads to very similar fits to the experimental data, in 
spite the fact that very different values of k i  and k 2 are ob
tained. No particular meaning can therefore be given to the 
various rate and association constants. Figure 4 shows the 
results of the calculation performed at 25 °C by assuming for 
d ’s the same values as previously used for the alkali-metal ions 
case (d = 3.7 and 3.0 A) and arbitrarily setting K "  equal to K ’ . 
To K '  were attributed the values of 380, 6 .6 , and 4.35 M- 1  for 
Mg2+, Sr2+, and Ba2+, respectively, 19 a choice which also is 
rather arbitrary. The respective values of k i  (M- 2  s_1) and k 2 
(M-3 s "1) are 3.91 X 103 and 1.32 X 106 for Mg2+, 7.63 X 102 

and 8.54 X 103 for Sr2+, and 5.48 X 102 and 2.77 X 103 for Ba2+, 
whereas k o  has the previously extrapolated value of 0.482 M_1 

s-1. A similar treatment was adopted by Hoppe and Prue,5 

using the simple Br^r sted-Debye-Scatchard equation. The 
fact that, even using DHLL + B2, ionic association must be 
invoked suggests that inner-sphere interactions are involved.

A critical, although difficult, test for the existence of non

Figure 4. Values of log k/T from experimental measurements (* for 
the blank solution, • ,  ▲, and ■  in the presence of Mg(N03)2, Sr(N03)2, 
and Ba(N03)2, respectively) and comparison with calculated values: 
dashed lines, DHLL +  B2 previsions for "a =  2.5 A (curve a) and 3.0 A 
(curve b); continuous lines, IPBE for a =  2.0 A (curve c) and 2.6 A (curve 
d); dotted lines, DHLL +  B2 with the assumption of different reaction 
paths (see text). Temperature, 25 CC.

electrostatic effects is the dependence upon the concentration 
of the activation parameters.1,7 The Brqnsted-Debye -Scat- 
chard equation predicts that an increase in the rate due to salt 
effects is accompanied by an increase in the activation en
thalpy and an increase (eventually, a less negative value) of 
the activation entropy. This occurs because when increasing 
the temperature the product D T  decreases, and in all cases 
this product appears in the denominator of the different 
equations expressing the logarithms of the activity coeffi
cients. Therefore all electrostatic treatments should give the 
same trend. Not all the apparent exceptions have a clear 
meaning, because of the experimental errors. In the case of the 
alkali metal salts, for instance, this prediction cannot be 
considered unfulfilled.

In the case of the alkaline earth cations and particularly of 
Mg2+, at very low concentration, up to 0.02 M, there is a con
tinuous increase of the activation entropy, but from 0 .0 2  on
ward the increase in the rate is entirely due to a decrease in 
A H * , AS+ becoming progressively more negative. Of course, 
if the ion pair assumption is considered as the explanation of 
the increase in the rate due to the magnesium salt, the acti
vation parameters contain the enthalpy and entropy of for
mation of the ion pairs. However if the ion pairs were elec
trostatic in nature, the above rule for the comprehensive ac
tivation parameters should be obeyed in any case. This can 
be taken as another indication that Mg2+ forms inner-sphere 
compounds with the reactants or the activated complex.

Nonelectrostatic effects must be present in the case of 
tetraalkylammonium salts as well, and particularly for 
tetraethyl- arid tetrapropylammonium salts, which at high 
concentration show consistently larger activation energies and 
less negative entropies than the alkali metal salts, despite the 
fact that the reaction rate is smaller. On the other hand, for 
the tetramethylammonium nitrate, there is apparently a slight 
decrease in A H *  and a slight decrease in A S *  when increasing 
the concentration. Finally for tetraethyl-, tetrapropyl-, and 
tetrabutylammonium nitrates the decrease in the rate at 
higher concentrations is accompanied by an increase in the 
activation energy. Although the experimental errors could 
invalidate some of these trends, it appears unlikely that they 
are not real. That these nonelectrostatic effects are due to the 
influence of these ions on the structure of the water is very 
likely. More specific effects, however, cannot be ruled out. The 
fact that the highest A H *  are observed for Et4NNC>3 and for
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n-Pr,tNN0a is perhaps related to the similarity in size with 
the leaving ethyl group.
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W ater Participation in P roton -T ran sfer R e a c tio n s  of G lycin e  and G lycin e  M ethyl E ste r 1
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NH-proton transfer reactions with water participation of glycine and methyl esters of glycine, alanine, and 
phenylalanine were studied by dynamic NMR methods. For glycine and its methyl ester, kinetic analysis 
(a n d  c o m p a r is o n  with to ta l  r a te s  o f  NH-proton e x c h a n g e  d u e  t o  Sheinblatt and Gutowsky) reveals that pro
cesses which are second order in substrate proceed partly with and partly without water participation. There 
is evidence for intramolecular proton transfer between the NH3+ and C02_ groups in glycine zwitterion, and 
for bifunctional proton transfer between the zwitterion and the uncharged amino acid. Rate constants are 
reported for proton transfer between ammonia and a series of carboxylic acids. A precise and convenient 
pulse sequence for NMR T 1 measurement is described.

The kinetics of NH3-proton exchange of glycine in aque
ous solution has been studied comprehensively by Sheinblatt 
and Gutowsky (SG) .2 These authors examined the CH2-pro- 
ton resonance and thus measured the to ta l rate of NH-proton 
exchange. Because of the insight one can gain into solvation 
phenomena by s tu d y in g  p r o to n  e x c h a n g e  w ith  w a ter  partici
pation,3 we now report a complimentary study of NH3-to- 
HOH proton exchange. Total rates of NH3-proton transfer 
between glycine and water have also been studied by l5N 
NMR,4’5 and by relaxation spectrometry.6’7

In the present work, exchange rates were deduced from 
measurements of (1/T2 — 1/Ti) of the H2O NMR or, for fast 
exchange, of the collapsed H2O-NH3 NMR. The technique 
and rate calculations are familiar from previous publications.8 

Rate measurements were made at five glycine concentrations 
ranging from 0.04 to 0.20 M, and in the pH range 3.9-6.3. All 
in all, ~60 independent solutions were measured at 25 °C and 
subjected to kinetic analysis.

T h e  k in e tic s  is fu lly  co n s is te n t  w ith  th a t es ta b lish ed  b y  SG . 
The rate law is shown as follows:

3/tnh = k A + &b[R*] + &c[OH- ] + &d[R- ] (1)
where t n h  = mean time a proton resides on -NH 3 during one 
cycle of proton exchange between R* and water; R+ = 
H3N+CH2C02H; R± = H3N+CH2C02-; R° = H2NCH2C02H; 
R-  = H2NCH2CO2“ . The factor 3 allows for the fact that there 
are three NH protons per molecule of the reactant, RA

The new rate constants for proton exchange with water, and 
comparable rate constants reported by SG2 for total NH- 
proton exchange, are listed in Table I. The ratio in each case 
measures the fraction /w  o f  reaction with water participation. 
These rate constants will now be discussed briefly.

k A. As p o in te d  o u t  by SG, th e  m a jo r  contribution t o  k A is 
made by an intramolecular reaction, R* ¡=> R°. Our rate con
stant is in good agreement with that of SG. Unfortunately, /w 
is indeterminate in this case because the C02H proton in R° 
is in rapid exchange with water protons.2’3

fee- Table I shows three possible reactions which might 
account for the observed kinetics. A fourth possibility, 2R± 
^  2R°, has a pK  of 10.8 and would be undetectably slow. 
Reactions III and IV, which yield R_ + R+, involve just one 
functional group in each of the reactants, while the symmet
rical process V involves two functional groups.

Reaction III involves the functional groups NH3+ and NH2. 
Rate constants for such processes in the direction of negative 
A G °  a re  r a r e ly  g r e a te r  th a n  2  X 109 s- 1  M - 1 . 9,10 Thus a 
plausible upper limit to the contribution of III to k g  is esti
mated to be 100 s_ 1 M_1. Reaction IV involves proton transfer 
between NH3+ and C02~. Rate constants for the analogue of 
the reverse reaction have been measured11,12 and are listed in 
Table II. The values are generally less than 109 s_1 M_1, and 
a plausible upper limit to the contribution of IV to kg is thus 
estimated to be 50 s_ 1 M_1. Thus reaction V appears to make 
a significant contribution. Jencks and Hand13 recently con-
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TABLE I: Kinetic Results for NH-Proton Exchange of Glycine in Water at 25 °C

Term 
(eq 1 ) Reaction p K °

Rate constant, 

with H20

s 1 or s' 1 M 1 

Total (23 ±  1 °C) f w

kh (I) R* <=* R- + H+ ( k a) 9.60 (1 0 )b (1 0 )* 1.0 0
(II) R* *  R° ( k intra) 5.39 160 ±  20 170c Indeterminate!

m ) R H f f ö R - i r  * hoi
(IV) R* + R± ^  R- + R+ 7.26 390 ±  100 640c 0.61 ±  0.16
(V) R± + R'° R0 + R'± 0.00

M OH-) (VI) R* + OH“ ^  R- + HOH -4 .40 (2.6 ±  1.0) X 1010 1.4 X 1010 d 1.5 ± 0 .6
1.9 X 1010 "

M R “) (VII) R* + R'- <=! R- + R'* 0.00 (7.9 ±  0.2) X 107 3.8 X 108 c 0 .2 1 ± 0 .0 1

a Based on data in ref 2 and 1 2 . b k - a for GME+ was multiplied by a factor of 1.88 to allow for the effect of the negative charge, to 
give k - a = 4.1 X 1010 s_1 M- 1  for R~ + H+. c Reference 2. d Reference 7. e Reference 6 . f  Because the C02H and water protons are 
in rapid exchange.

TABLE II: Rate Constants for Proton Transfer in the 
System RC02H + NHS *± RC02“ + NH4+ in 
Water at 25 °Ca

RCO2H L . s- ' M " 1 L , s- ! M-'

HC02H 8.0 X 108
CH3CO2H 6.5 X 10s
CH3CH2C02H 4.7 X 108
(CH3)3CC02H 6.1 X 108

2.5 X 103 
2.1 X 104 
2.0 X 104 
3.8 X 104

a Data of V. K. Anderson and E. Grunwald. Rate constants reter 
to total proton exchange.

sidered the formation of RC02“ -H02CR hydrogen-bonded 
complexes in aqueous solution and presented evidence that 
the association constant is 0.25 M - 1  for HC02~-H02CH. Ac
cordingly, reaction V could be rationalized as bifunctional 
proton transfer within a hydrogen-bonded complex, as follows:

H..N+H—- - - - N E
(HT»

HoC
\

CH,

0 /  X 0 '------ H— 0 ^  \

H,C CH.,
(2 )

O—  H------ ~ 0 ' V

be unity. However, the fact that the actual value is > 1 , and 
that a control experiment for CH,3NH3+ (Table III) gives good 
agreement between NMR and.relaxation results, leaves open 
the possibility that NH2-proton exchange of with water 
is significant. That is to say, at ’he higher pH’s more than one 
NH3+ proton exchanges per cycle of reaction.

For reaction VII, /w is accurately.determined as 0.21 ±  0.01. 
Thus symmetrical proton exchange in this case proceeds 
largely by direct bimolecular reaction, without water partic
ipation. For the analogous symmetrical proton exchange of 
aliphatic amines, / w is considerably < 1  for primary amines, 
but not for secondary or tertiary amines.3 Data for methyl- 
amine are included in Table III.

E s te r s  o f  A m in o  A cid s . NH3' to HOH proton exchange was 
measured for the methyl esters of glycine (GME), alanine 
(AME), and phenylalanine (PAME) between pH 2 and 5. The 
kinetic results are reproduced satisfactorily by

3 I t = k a +  fcD[Me02CCH2NH2] (3)

Equation 3 involves fewer terms than (1) because analogues 
of reactions II-V do not exist for esters, and reaction VI is 
expected to be negligible compared to VII. The first-order rate 
constant is denoted by k a to indicate that it represents acid 
dissociation, reaction I. For GME+, rate constants for total 
reaction have been reported by SG.2 /w for k a is essentially 
unity, as expected, while /w for ¿ d is 0.33 ±  0.05, being ap
preciably less than unity. Values obtained for the rate constant 
k ~ a for the reverse of acid dissociation (~NH2 + H+) are rel
atively insensitive to the nature of the amine ester, and are of 
the same magnitude, ~1010 s' 1 M-1, as rate constants for 
proton addition to the C02-  group in amino acids. 15

According to the upper-limit estimates for III and IV, the 
second-order rate constant for V should be between 490 and 
640 s- 1  M“ 1 total, and between 240 and 390 s_I M - 1  for re
action with water participation. On adopting a value of 0.25 
for If assoc of R± with R° and allowing for the equilibrium ratio 
of R°/R+, we obtain first-order rate constants k y  of (4-6) X 
108 s' 1 total and (2-4) X 108 s- 1  with water participation. 
According to results presented elsewhere,14 such values are 
not unreasonably high.

feci hv> The, rate. c<ms,ba.at for reaction of R* with hydroxide 
has been measured by relaxation spectrometry.6’7 The NMR 
measurement of the corresponding rate constant k c  is ex
perimentally difficult because reaction VI makes an appre
ciable contribution to 1 /r only at such low R* concentrations 
that the exchange broadening is too small to be highly accu
rate. Within the experimental error, /w for reaction VI could

Experimental Section
M a ter ia ls . Glycine, hydrochlorides of glycine methyl ester, 

DL-alanine methyl ester, and DL-phenylalanine methyl ester 
were purchased from Sigma Chemical Co. and were used 
without further purifications. Methylammonium chloride was 
purchased from Eastman Organic Chemical and was recrys
tallized twice from pure ethanol. Weighed chemicals were 
added to the freshly distilled wnter to make proper molar 
concentrations. HC1 or NaOH was added to the solutions to 
adjust the pH to the desired values.

p H  M e a s u r e m e n ts . A Fisher glass electrode together with 
a calomel reference electrode was used. A Corning digital 112 
pH meter was calibrated by a Fisher buffer solution of pH 4, 
and the pH of the solutions was measured on the same scale.

pcH (-log [H+]) for the solutions used in NMR measure
ments was calculated according to
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TABLE III: Kinetic Results for NH-Proton Exchange in Water

Rate constant, s 1 or s 1 M 1

Substrate pKaa Symbol with H20 (25 °C) Total (23 ± 1 °C) f  w

GME+ 7.59 k a 570 ±  30 470b 1.2C
k - a X 10“ 10 2 .2

fcD X 10“ 8 0.92 ±  0.13 2.8b 0.33 ±  0.05
AME+ 7.77 k a 410 ±  30

k - a X 10-10 2.4
k D X 10“ 8 0.86 ±  0.10

PAME+ 7.00 k a 1600 ±  200
k - t  X 10“ 10 1.6
k o  X 10"8 0.39 ±  0.08

CH3NH3+ 10.66 k D X 10“ 8 7.4 ± 0 .5
5.8d 10.2d 0.57

k c  x 1 0 “ 10 4.2 ±  0.4 3 .7e l c

n Reference 12. b Reference 2 .c Unity, within the experimental error. d Reference 9 .p M. Eigen, G. Maas, and G. Schwarz, Z. P h ys. 
C hem . (F ra n k fu r t am. M a in ), 74, 319 (1971).

pcH = pH + log 7 ± (4)

log 7 ± = -0.509v7/(1 + V ?) (5)

where I  is the ionic strength. [OH- ] was then calculated from
Kw/([H+b±2).

N M R  R e la x a t io n  T im es . Transverse (T2) and longitudinal 
(Tj) relaxation times were measured using a modified Bruker 
Model SXP pulsed NMR spectrometer operating at 56.7 
MHz. The modification consisted of (1) omitting the high- 
power radiofrequency amplifier, so that transmitter power was 
limited to 15 W; (2) installing a network of Kay Electric Co. 
Model 1/432 1-W attenuators, so that radiofrequency power 
supplied to the probe could be attenuated in successive steps 
of 0.3 (X 2), 0.5 (X5), 1 (X 3), and 2 (X2) db, followed by ran
domly switchable steps of 2, 3, 5,10, and 20 (X2) db. The ra
diofrequency voltage supplied to the probe could be monitored 
with a Boonton Electronics Model 92 BD radiofrequency 
millivoltmeter; (3) using a Redfield pulse programmer,16 built 
by Mr. W. J. Shea of Brandeis University; (4) interfacing the 
spectrometer with a Wang Model 700 programmable calcu
lator, using an Adam-Smith Model 100 instrument interface. 
The modified spectrometer is particularly convenient for the 
measurement of proton T\, T 2, and rotating-frame T ip.

In the present work, T2 of the H20, or exchange-averaged 
H20 -NH 3 protons, was measured with better than 2 % preci
sion by the familiar Meiboom-Gill pulse sequence. 17 T\ was 
measured by a convenient, and apparently novel, pulse se
quence which begins with a 180° pulse and permits monitoring 
of the entire decay curve of the longitudinal magnetization in 
a single experiment. At chosen times, the magnetization is 
observed by (a) giving a + 1 0 ° pulse and measuring the signal 
voltage Va; (b) giving a —2 0 ° pulse and measuring Vj,; (c) 
giving a +10° restoring pulse and measuring V c. This sequence 
of observation pulses is repeated at convenient intervals 
(300-400 ms) until a total time of ~ 6 Ti has elapsed. A sche
matic diagram of the signal visible on the oscilloscope is shown 
in Figure 1 .

During the observation periods (which are a small fraction 
of the total time) the longitudinal magnetization is reduced 
from M z ( t )  to M z ( t )  cos (10°), or 0.985Mz(f), while the ob
servable transverse component is M z ( t )  sin (10°), or 
0.174Mz(f). Thus the signal is proportional to M z ( t ) ,  which 
is itself hardly perturbed by the measurement. Moreover, Va, 
Vh, and Vc (see Figure 1) can be combined so as to give zero 
baseline and full compensation for any linear drift. Let s de
note the signal (proportional to M z ( t ) ) ,  b the baseline, and d

180°
Pulse

' - i l \ — ^ ^

Figure 1. Schematic of signals observed in 7, measurement. See text.

the linear drift. Then V a =  b +  s, V\, =  b — s  +  d , and V c = b 
+ 2d. Hence V a — 2Vb + Vc = 3s. In our experience, the 
monitoring of an entire decay curve, combined with the drift 
compensation, improves the precision of 1/Ti to better than 
1 %, and probably the absolute accuracy as well. The choice of 
the ± 1 0 ° angle for the observation pulse is of course not crit
ical; any precisely reproducible small angle 9 will do.

N M R  C h em ica l S h ifts . Values of 1/r were <5 at low pH and 
> 8  at high pH, where & denotes the NH-to-OH proton chem
ical shift (in radians/s). The exchange broadening therefore 
went through a maximum from which 8 could be calculated.8 

Values of 8 thus obtained led to the following NH-to-OH 
chemical shifts, in ppm at 25 °C: for glycine, 2.77 ±  0.08; for 
GME+, 3.06 ±  0.08; for AME+, 3.06 ±  0.08; for PMAE, 3.26 
±  0.08; for MeNH3+, 2.39 ± 0.08. (The NH protons are 
downfield.) In the case of glycine, we thought it worthwhile 
to confirm the chemical shift by direct measurement at 0.2 M 
concentration at pH 4, where NH3 and OH protons still give 
separate (though exchange-broadened) resonances. Mea
surements were made on Refield’s NMR spectrometer at 90 
MHz,16 using the Alexander pulse16-18 to suppress the water 
resonance. The result was 2.89 ±  0.17 ppm, in adequate 
agreement with the result inferred from maximum exchange 
broadening. In the calculations of 1/r,8 values of 8 based on 
exchange-broadening were used; the N14-H  spin-spin inter
action was taken to be 340 s-1.
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K in etics of Bifunctional Proton T ransfer. 2 . L ysine and C y ste in e  in A q u e o u s Solu tion s 1

Ernest Grunwald,* K. C. Chang, P. L. Skipper, and V. K. Anderson

Chemistry Department, Brandeis University, Waltham, Massachusetts 02154 (Received January 15, 1976)

From a kinetic analysis of proton exchange with water participation, measured by NMR, we report the fol
lowing rate constants: For the conjugate base of lysine, H3N+(CH2)4CHNH2*C0 2-  H2N(CH2)4CHNH3+- 
C02~, kf =  4.7 X 106 s-1, k r = 5.2 X 107 s_1; reaction takes place with an average number of 1.6 ±  0.5 water 
molecules. For the conjugate base of cysteine, HSCH2CHNH2-C02_ «=► ~SCH2CHNH3+C02- , reaction with 
water participation has kf  *  2 X 106 s_ 1 and k r ~ 2 X  106 s_1. Reaction without water participation, according 
to ultrasonic relaxation data by Maas and Peters, has kf  = 2.0 X 108 s- 1  and k T = 1.6 X 108 s_1. The kinetic 
analysis also leads to approximate rate constants for bifunctional proton transfer between the a-NH3+ group 
and the C02_ group of these substrates, and to precise rate constants for bimolecular reaction. A kinetic 
analysis is also reported for S-methylcysteine. Chemical shifts at 25 °C (relative to H20, in dilute aqueous 
solution) are —2.85 ppm for the NH protons of lysine, and +2.94 ppm for the SH protons and —3.19 ppm for 
the NH protons of cysteine.

Bifunctional proton transfer by definition is a process in 
which one site in a molecule acts as a proton donor while an
other site acts as a proton acceptor.2 In aqueous solution, 
kinetically first-order bifunctional proton transfer involving 
oxygen or nitrogen sites is often very fast, with rate constants 
well above 106 s- 1 .3*4 In some such reactions, e.g., p-amino- 
benzoic acid <=* p-ammoniumbenzoate zwitterion,3 the proton 
donor and acceptor sites are so far apart in the molecule that 
the transfer cannot be simply an intramolecular proton shift; 
it must be inferred that water molecules participate.

In this series we are interested in defining steric require
ments for bifunctional proton transfer, and how they affect 
solvent participation and reaction rate. Our kinetic analyses 
are based mostly on proton NMR. Dynamic NMR methods5 

are precise enough to unravel even complicated rate laws, and 
by examining the water resonance we obtain direct proof of 
participation by water molecules.6 The experimental approach 
has been described in part l .4

In this paper we examine the proton-transfer reactions of 
lysine and cysteine, with special emphasis on bifunctional 
proton transfer of the conjugate bases:

Kl
CH.^CH^CHCOr = =  CH,(CH2)3CHC02 (1 )

nh3+ nh2 nh2 nh3+
u ,  L,

CH2CHC02“ =&  CH,CHC02“ (2)

HS NH, ~S NH3+
Cm Cs

According to estimates made ir. the Appendix, K y, =  0.089 and 
K c  = 1.3. These values are near enough to unity so that bi
functional proton transfer could be fast in both directions, and 
thus be detectable by our methods. Reaction 1 is of interest 
because the donor and acceptor sites are separated by a long 
chain of five carbon atoms. Reaction 2 is of interest because 
one of the sites is a sulfur atom. According to a recent study 
by the ultrasonic relaxation method, the specific relaxation 
rate (1 / / )  for (2) is 3.6 X 108 s- 1 .7

Results
L y s in e . Formal acid dissociation constants are: p K y  =  2.18; 

pK 2 =  9.08; PIC3 = 10.51.8 Actual acid-base equilibria and 
microscopic pK  values are summarized in Figure 1. NH-to- 
OH2 proton exchange rates were measured in the pH range
3.4-7, in which lysine exists largely in the t.ripolar form Lz+. 
Direct observation of the NH-proton resonance was possible 
at 90 MHz for ~ 0 .0 2  M lysine in 20% D2O-80% H20  at 4 °C 
and pH 3.5. 1 A single resonance, 2.85 ±  0.06 ppm downfield 
from H20, of half-band width ~ 1 0  Hz was observed, indicating 
that direct exchange of a - and C-NH3 protons is fast enough 
to average out an expected ~0.4 ppm chemical-shift differ
ence.9“ In the absence of direct exchange, a broader resonance 
would be observed in which the two kinds of NH protons are 
probably resolved. In interpreting the NH-to-OH2 exchange 
broadening, we did not assume that the two NH3 groups ex
change at equal rates, but we did assume that all NH protons 
have the same chemical shift. From the maximum broadening, 
that chemical shift was inferred to be 2.72 ± 0.08 ppm, in fair 
agreement with the direct measurement.98

NH-to-OH2 exchange broadening of the dominant water
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Figure 1. Acid dissociation equilibria tor lysine. The indicated numbers 
are our estimates of microscopic pK values. (See Appendix.)

resonance was deduced from measurements of T2 and T 1.6 All 
in all, 70 independent solutions were measured at 25 °C, in 
which the lysine concentration ranged from 0.016 to 0.06 M. 
In the experimental pH range, the formal lysine concentration 
was justifiably set equal to [Lz+], and all other species in 
Figure 1 were treated as stoichiometrically and magnetically 
insignificant intermediates.

Bifunctional proton transfer according to (1) was included 
in the rate law according to the mechanism

Io
J  l +
h3n nh3

V  v*
c o r cor

j ĉyclic I - Y
NH, (H!0) H,N

I +
NH;,

L, L,

which R a and R t denote the total rates of proton abstraction 
from the respective NH3 groups, and Rcyciic denotes the rate 
of bifunctional proton transfer with water participation. At 
low pH, the lifetimes of L„ and L£ are short and the probability 
of further exchange of NH protons with water protons owing 
to the bifunctional process is small, while at higher pH the 
probability becomes considerable.

Let p denote the probability that Lc( will undergo bifunc
tional proton transfer during its lifetime, and let q denote the 
corresponding probability for Le. Because the system (3) is in 
dynamic equilibrium, p = /¿cyciic/(R cyclic + = R cyclic/
(/¿cyclic "h Similarly, q /¿cyclic/(/¿cyclic d /¿e). It can then 
be shown (see Appendix) that bifunctional proton transfer 
between L„ and Lt contributes an additional term, 2ftcycnc ( 1  

— [p + <?]/[6 -  4p q ] ) ,  to the rate of NH-to-OH2 proton ex
change.

Two limiting cases of this term are of interest. When R cyc\ic 
»  R a,R t, the term reduces to 5 (R a +  R ,), i.e., proton removal 
from Lz+ is rate determining. When /¿cyclic < /¿„/¿f, the term 
reduces to 2 R cyciic. It will be clear from rate constants to be 
presented (Table I) that the second case applies here, so that 
rate constants for bifunctional proton transfer can be deduced.

To derive the complete rate law for NH-to-OHc proton 
exchange, let /? n h  denote the total rate, /¿ n w ,« and R  n w .c the 
contributions due to reaction of Lz+ with water participation

Figure 3. Tracings of actual NH3 and SH proton resonances of cysteine 
at 90 MHz in 80% H20 -D 20  at 1.5 °C as a function of pH. (Note the 
breaks in the abscissa.) Half-bandwidths are as follows: pH, NH3 (Hz), 
SH (Hz), 3.373, 37, 30; 4.959, 52, 36; 5.491, 130, 80; the chemical 
shifts of the /3-CH2 and a-CH protons in C* are —1.08 and —2.20 ppm 
(downfield), respectively, with respect to the SH protons.

at the sites indicated, and 2 /?cyciic(l — [p + q }/[6 — 4p q ] )  ~  
2 /? cyclic the contribution owing to bifunctional proton transfer 
(L„ L() with water participation:

/¿NH = /¿NW,« + /¿NW.t + 2/?cvclic (4)

We then represent /¿nw,« and R  nw,( by rate laws of the same 
form that have been shown to fit the data for glycine6 and 
which, it turns out, also fit the present data.

/¿NW,« + /¿NW,e = (&A + kB[Lz+] + &c[OH- ]
+ feD[L„ + Le])[Lz+] (5)

In (5), k.A =  &a“ + ft a', = k n 01 +  ftg', and so on.
Recalling that 1/ tnh = /¿nh/(6 [Lz+]), and writing /¿cyclic = 

&cyclic[L„ + Lt] = (leCyCiic/<i2//fw)[Lz+][OH~], we obtain the 
final rate law:

6 / tnh = + M L Z+] + ( k c  + [&Cyciic-KVRw])[OH- ]
+ &d[L„ + LJ (6 )
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In testing eq 6 , and k B were obtained by fitting the data 
at pH 3.4-4, and the other two kinetic constants were obtained 
by fitting the rest of the data. The fit was satisfactory; results 
are listed in Table I. In order to separate k cyciicK y/ /K z from 
k c ,  we assumed that k c  = 6  X 1010 s- 1  M-1, which is the sum 
of k c  for glycine and CH3NH3+ . 10 On that basis, k c  accounts 
for about Hi of the observed kinetic constant, so that & cyclic can 
be deduced with an accuracy within 20%. The result is in
cluded in Table I.

In order to check on these results and determine the number 
of water molecules that participate in the bifunctional process, 
we also measured the rate of proton exchange among water 
molecules in 170-enriched water. These measurements were 
made in the pH range 7.5-9 where the residual water broad
ening from NH-to-OHj exchange is predictably small. The 
results of 18 experiments, in which the lysine concentration 
varied from 0.008 to 0.19 M, were reproduced by the following 
rate law:

1/tw = 2.7 X 109[H+] + 2.25 X 109[OH
1.8 X 108

no
[Lz+][L„ + Lt]

7.8 X 10sH--------------
1 1 0

[La + L(] (7)

The first two terms on the right in (7) represent proton ex
change catalyzed by H+ and OH- , respectively. 11 The kinetic 
constant for the H+-catalyzed exchange was taken from 
Meiboom;11 that for the OH- -catalyzed exchange was ob
tained by adjustment to our data and may be compared with 
literature values centered around 1.9 X 109 s- 1  M- 1 . 11-13  The 
remaining two kinetic constants refer to reactions involving 
lysine species and are compared in Table I with corresponding 
kinetic constants in the rate law for 1 /t n h - The ratio, n , 
measures the average number of water molecules that par
ticipate in the given process. For the bifunctional process 
measured by feCyCiic, n  = 1.6 ±  0.5.

C y s te in e . Formal acid dissociation constants are p K i  = 1.8, 
p K 2 = 8.33, pK 3 = 10.52.14 Actual acid-base equilibria and 
microscopic pK  values are summarized in Figure 2 . The figure 
also defines the abbreviations we shall use for the various 
species.

In interpreting the NMR results, we accepted Maas and 
Peters’ interpretation of their ultrasonic relaxation data7 that 
bifunctional proton transfer according to (2 ) proceeds with 
1/ t' = 3.6 X 108 s-1. Our own kinetic measurements with 
170 -enriched water (to be reported below) indicate that bi
functional proton transfer with water participation proceeds 
with 1/ t ~  1 X 106 s-1; thus the process measured by Maas and 
Peters would be a simple intramolecular proton shift. In our 
experiments, at pH 4—7, the conjugate bases Cn-  and Cs-  may 
be treated as stoichiometrically and magnetically insignificant 
intermediates. Nevertheless, the mean lifetimes of Cn-  and 
Cs-  are long enough relative to r' to justify the assumption 
of complete scrambling of NH and SH protons in these in
termediates.

At pH <5 and temperatures below ~10 °C we were able to 
observe the resonances of the NH3 and SH protons as separate 
signals. Tracings, showing the broadening of typical signals 
with increasing pH, are shown in Figure 3.1 Here and in the 
following, negative values denote d o w n fie ld  chemical shifts. 
At 1.5 °C, chemical shifts (relative to H20) are —2.94 ppm for 
NH3 and +3.20 ppm for SH in (H; and —3.49 ppm for NH3 

and +2.92 ppm for SH in C+. The temperature coefficients 
of these chemical shifts are essentially those of water, the

TABLE I: Kinetic Analysis for Proton Exchange o f Lysine
in Water at 25 °C

Kinetic Experimental result
constant From rNH From T \y n

k A ,  S_1 190 ± 20
k B , s-1  M-1 1300 ± 300
( k c K w / K 2 ) + (5 .0  ± 0 .4 )  x (7 .8  ± 2)  X 1.56 ± 0.4

^cyclic* s 106 106
feD, s 1 M-1 (1 .4  ± 0 .1 )  X (1 .8  ± 0 .2 )  x 1.27 ± 0.2

10s 108
k c , s-1  M-1 (6 x 10“ ’)" (6 X 1 0 10) "
^eyelid s 1 (4 .3  ± 0 .5 )  x (7 .1  X 1 0 6) 1.6 ± 0.5

1 0 ‘
"Assumed value is the sum of k c  from rNH for glycine 

and CH3NH3L The number of water molecules, n, partici
pating in base dissociation is assumed to be 1 .

latter being +0.0103 ppm/°C.15 Thus at 25 °C, chemical shifts 
are estimated to be —3.19 ppm for NH3 and +2.94 for SH in 
C*. The observation of separate signals for NH3 and SH 
protons indicates that direct proton transfer between these 
groups in C* under the stated conditions is relatively slow. 
However, this is not inconsistent with rapid scrambling of 
protons in the conjugate bases C- ; it merely indicates that the 
rate-determining step for the latter, the removal of a proton 
from C±, is relatively slow.

At 25 °C, measurements of exchange broadening of the 
water resonance indicate that the rate of direct NH3-SH 
proton exchange increases with pH. Thus, as shown in Figure 
4, the maximum exchange broacening, which occurs at ca. pH
5.5, is distinctly smaller than expected for separate signals and 
has the characteristic value expected for the average chemical 
shift of all four protons. A clear distinction is possible because 
the NH3 and SH chemical shifts (relative to H20) have op
posite signs (Figure 3).

In this connection it is useful to introduce an adaptation of 
Meiboom’s approximate method of e f f e c t iv e  chemical shifts11 

to the present problem. Let X denote the relaxation time for 
direct exchange of NH and SH protons, let t n h  and t s h  de
note the respective relaxation times for exchange of NH and 
SH protons with water, and let r denote the overall relaxation 
time, given by

1 3  1  1 1
-  = 7 ----- + 7 —  (8 )
r 4 TNH 4  TSH

The exchange broadening of the water resonance is then given 
by

7 V 1 -  T r 1 = PNH ¿NH.eff2

TNHw + ( — ) 2Xtnh/
, P  SH ¿SH.eff2

r SH /  i  \2
¿SH.efr +  ------)

Msh/

(9)

in which the e f f e c t i v e  chemical shifts are functions of re a l  
chemical shifts, X and r, according to

¿NH.eff =  ( ¿ )  +  (¿NH — < « » (X / [X  +  r ])  (10 a )

¿SH.eff =  ( ¿ }  +  (¿SH -  <<5>)(X /[X  +  r ])  (1 0 b )

(¿> = (35nh + ¿sh)/4 (1 0 c)

Because ¿ n h  and ¿ s h  are of opposite sign, eq 10 show that 
direct NH-SH proton exchange will cause both effective
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Figure 4. Exchange broadening of the water proton resonance for aqueous cysteine at 25 °C. Cysteine concentrations are (top to bottom) 0.103, 
0,061, 0.035 M. Maximum broadenings at pH 5-6 indicate effective averaging of NH and SH proton chemical shifts. The greater broadenings 
observed at low pH indicate that averaging is ineffective.

chemical shifts to be smaller than actual chemical shifts, and 
thus reduce the magnitude of the exchange broadening.

In deriving a rate law for proton exchange, we recognize 
three distinct proton exchange rates: (1 ) Rnw for NH-to-OH2 

proton exchange; (2 ) Rsw for SH-to-OH2 exchange; (3) Rsn 
= R ns for direct SH-to-NH exchange. These rates have direct 
contributions (R„w, R aw , Rap) from the primary processes (C * 
—» Cn-  and C* —*• Cs- ), and further contributions from bi
functional proton transfer, Cn-  <=* Cs- , of the conjugate bases.

By analogy with glycine, we shall write the following rate 
laws (11) and (1 2 ) for the rates R aw and R pw of the primary 
processes with water. (Kinetic terms of the form feetC*] are 
not required and will be omitted.)

R a w/[c±] = fcANH + ftcNH[OH-] + £dnh[Cn-  + C si (11) 

■R/sw/tC"1"] = &ash + ftcSH[OH- ] + /jdsh[Cn~ + Cs- ] (12) 
For R ap we visualize the reaction in

cor

i I + + r“S NH/ HS
Cs"

hence the rate-law

Rap = fesN[C±][Cs-  + Cn- ] (14)

in which &sn is a fo rm a l rate constant. We further define total 
rates of primary reaction R a =  R aw  +  R ap, and Re = RflW + 
Rat3. We assume complete scrambling of NH and SH protons

CO/

nh3-
c±

CO/ CO/

+
HS NH / HS NH2

C* CN-

(13)

TABLE II: Results of Kinetic Analysis for Proton Exchange 
of Cysteine and S-Methylcysteine in Water at 25 °C

Kinetic
constant“

Cysteine6

NH SH
S-Methyl-
cysteine“

feA, s  1
10- 10fcc , s- 1  M-1  
10- 6 feD, s-1 M-1

ĉyclic* s 
feSN, s-1  M- '

800 ± 100 100 ± 50 500 ± 100
2.5 (E)<* 1.4 (E)d 2.5 (E)c
7.4 ± 2 0.5 (s)e 28 ± 4

1 X 106 (s)«
1.2 X 106 (s)e

a Defined in eq 11, 12, 14, and 15. All kinetic constants 
except feSN refer to proton exchange with water. feSN 
refers to reaction 13. 6 Rate law assumes rapid proton scram
bling owing to reaction 2 without water participation. If 
such proton transfer were in fact negligible, the data could 
be reproduced with comparable error of fit and the follow
ing kinetic constants: fegN = 7-3 X 107 s- 1  M- 1 ;feDNH =
1.3 X 107 s- 1  M-1 ; other constants remain unchanged. 
“Chemical shift of NH3 in S-methylcysteine zwitterion rela
tive to H20  is —3.18 ppm at 25 °C. d Estimated by analogy 
with glycine6 for NH and phenol3 for SH. e Semiquantita- 
tive; correct with respect to magnitude only.

in the conjugate base (Cn-  + Cs- ) and let p denote the 
probability that a scrambled proton will exchange with a water 
proton during the lifetime of the conjugate base. As in the case 
of lysine, we let Rcyciic denote the rate of bifunctional proton 
transfer with water participation in the conjugate base, and 
define the rate constant cyclic according to

^cyclic cyclic [Cs T  C n  1  (15)

On that basis, eq 16-18 are derived in the Appendix; p =
R c y c l ic / (R a  R p  T  Rcyclic)-

Rnw = R«w + p(2Ra + 3Rp)/(3 — 2p) (16)

Rsw = Rpw + pRa/(3 ~  2p) (17)
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TABLE III: Microscopic Constants for Bifunctional Proton Transfer Reactions of Amino Acids in Water at 25 °C

Reaction kf ,  s 1 k r, s 1 Remarks
.cor 00. r

2.0 X 10si— o ■ —  i— r ' 1.6 X 10s Total rate
I l  I IHS NH, S~ NH„+ 1.3 2.3 X 106 1.8 X 10° Rate with H20

(í) /CO, (e) /C02
I— T ^  I— I

0.089 4.7 X 106 5.2 X 107 Rate with H20
Ĥ i+ NH, H,N NR/ n =  1.6 ± 0.5
RCHCOr RCHCO.H T " —► II . INH:i NH,
(a) Glycine 4.1 X 10“6 1.7 X 102 4.1 X 1C7 Total rate
(b) Cysteine 1.6 X 10"5 7.0 X 102 4.4 X 1C7 Total rate
(c) S-Methylcysteine 2.0 X 10“5 4.3 X 102 2.1 X 1C7 Total rate
(d) Lysine 1.6 X 10‘ 5 1.5 X 102 0.9 X 1C7 Total rate

R n s  =  R s n  =  R a/3 + — - ^ - ( 2 R a + 3R p) R a  (18)
1'J ¿P ) \*̂ a "i- (3/

Finally, the relaxation times required to calculate the ex
change broadening are given in

1 _ « nw 1 _  R  sw. 
tnh SfC*]’ TSH [C±]’

1 -  ^ N S  . R s N  _  4  R Ns 
X 3[C±] [C±] 3 [C±]

The kinetic scheme 11-19 involves eight rate constants, 
which is an unrealistically large number. The number was 
therefore reduced by (a) measuring &aNH + kaSH in separate 
experiments at lower pH; (b) measuring fecyciic in separate 
experiments in 170 -enriched water; (c) estimating the rela
tively unimportant rate constants &cNH and &cSH by analogy 
with glycine6 and phenol,3 respectively. The remaining four 
parameters were obtained by least-squares adjustment of data 
for 27 independent solutions. Final results are summarized 
in Table II. Comparative kinetic results were also obtained 
for S-methylcysteine and are included in Table II. As shown 
in the table, some of the rate constants are accurate enough 
to warrant the listing of standard errors; others are only 
semiquantitative. The fit of the experimental exchange 
broadenings is about 5%, about as good as for glycine.6

We wish to stress that the rate law adopted for fitting the 
data is not unique. In assuming proton scrambling in the 
conjugate base, we rely on Maas and Peters’ necessarily in
direct evidence from relaxation spectroscopy.7 An alternative 
model without proton scrambling fits equally well; see Table 
II, footnote b. Any of the semiquantitative rate constants in 
Table II could be omitted without serious deterioration of the 
overall fit.

Discussion

We shall limit this discussion to bifunctional proton transfer 
of amino acids. Microscopic constants obtained in this and 
previous work6’7 are listed in Table III. For reaction in the 
direction of decreasing standard free energy, rate constants 
for to ta l reaction are high, 1 0 7 s- 1  or greater in every case. The 
table covers a considerable range of functional groups and 
structures. Especially remarkable are the results for lysine, 
where the functional groups are separated by five carbon 
atoms and reaction proceeds with participation of an average 
of 1.6 water molecules. Another example of fast intramolecular 
proton transfer, probably of long range, is provided by glu
tathione, where Maas and Peters found a relaxation time of
1.6 X 10“ 8 s.7

Rate constants for the interconversion of a-amino acids

with their zwitterions were obtained by correction of formal 
rate constants hA for acid dissociation, as described pre
viously,6 and are listed in Table III. We cannot tell whether 
the bifunctional process proceeds with water participation, 
because the CO2H protons in the amino acid are in rapid ex
change with the water protons of the solvent.17 Molecular 
models do not provide a clue, because the insertion of a water 
molecule between the NH.3+ and CO2-  groups does not ob
viously relieve hydrogen-bond strain. In the case of lysine, the 
rate constant may also contain a small contribution from 
proton exchange with the eamino group. In the case of cys
teine, fcASH is somewhat greater than might have been ex
pected for acid dissociation (feaSH «  50 s_ 1 if k - a ~  2 X 1010 

s^ 1 M_1), suggesting that there is some bifunctional proton 
transfer from SH to CC>2~. Related evidence for bifunctional 
proton transfer between sulfur and oxygen atoms in 
HSCH2CH2OH has been reported by Kreevoy, Sappenfield, 
and Schwabacher. 16

Experimental Section

M a te r ia ls , S o lu t io n s ,  a n d  p H  M e a s u r e m e n ts . Reagent 
grade L-lysine hydrochloride, L-cysteine, and S-methyl-L- 
cysteine were purchased from Sigma Chemical Co. and were 
used without further purification. 170 -enriched water was 
purchased from Miles Laboratories and was vacuum distilled 
twice. Weighed chemicals, as well as 170-enriched water in the 
rw experiments, were added to freshly distilled water to make 
proper molar concentrations and 170  contents. Techniques 
of pH measurement have been reported.7

N M R  M e a s u r e m e n ts . Instrumentation and techniques for 
the measurements of longitudinal ( T { )  and transverse (T2) 
relaxation times of the dominant (OH2 or coalesced OH + NH 
+ SH) proton NMR line have been reported previously.6 

Calculation of exchange rates from these measurements were 
described previously, 18 except that the longitudinal (T1) re
laxation time of 170  was taken to be 0.0044 s. 11

Appendix

M ic r o s c o p ic  p K a V a lu es . Values listed in Figures 1 and 2 
are based essentially on ref 8 and 14. The following remarks 
explain the selections.

L y s in e . We adopted the average of reported p K  values at 
25 °C and an ionic strength of 0.1 M. We used an estimated 
pK  of 0.32 unit for L a + L ( <=> + Lz+, as suggested by Her
mann and Lemke,8 to allow for the acid-strengthening effect 
of the a-NH3+ electrical charge. These assumptions are suf
ficient to evaluate all pK  values to the right of Lz+ in Figure 
1. pK a for L2+ s=! Lz+ is essentially pKi. piíafor L2+ L° was 
estimated from the pK a of the methyl ester.
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Figure 5. Probability of bifunctional proton transfer with water partici
pation in the conjugate base of lysine.

C y s t e i n e .  On the basis of data for S-methylcysteine, S -  
ethylcysteine, and cysteine betaine, 14'19 K  for [C s ~ ] / [ C n - ] =
1.3. This value was then combined with pK 2 =  8 .3 3  and pK% 
=  10 .52  to obtain the pK a values to the right, of C* in Figure 
2 . p K a for C+ <=> C* is essentially p K i .  pK a for C+ <=t C n ° was 
estimated from the p K a for cysteine methyl and ethyl esters.14 

p K a for C+ Cs° was estimated from the p K a for C* *± Cs~ 
and an estimate of 0 .7  p K  unit for the acid-weakening effect 
of the C0 2 _-group negative charge.

R a te  L a w  fo r  L y s in e . In this section we wish to derive the 
contribution to R n h  due to bifunctional proton transfer (La

Le) with water participation. We shall neglect bifunctional 
proton transfer without water participation because it makes 
no contribution to the NMR exchange broadening (we see only 
a single NH-proton resonance; see previous text).

Figure 5 shows a scheme for calculating the number of 
protons lost during the lifetime of the conjugate base. In 
Figure 5, the initial step is removal of the N„ proton, and the 
rate of proton exchange triggered by this process is therefore 
R ap ( 3 + 2 q ) / (3  — 2pq). Removal of the N( proton analogously 
triggers proton exchange in the conjugate base with a rate of 
R eq ( 3 -I- 2 p ) / ( 3  -  2pq). To obtain a simple expression in
volving R cyclic» we apply the definitions of p and q to obtain: 
R ap  =  RCyciic(l — p ) ;  R<q = Rcyclic! 1 — <?)• Thus the total 
contribution to R n h  due to bifunctional proton transfer is 
given by

R cyclic[(1 -  p ) ( 3 +  2q) +  (1 -  q)(3 +  2 p ) ] / ( 3  -  2pq)  (20 )

which reduces to the expression given in the text.

E. Grunwald, K. C. Chang, P. L. Skipper, and V. K. Anderson

rY

Figure 6. Effect of scrambling in the conjugate base of cysteine on RNS 
and R Sn -

R a te  L a w  f o r  C y s t e in e . In this section we wish to consider 
the effect of proton scrambling in the conjugate base of cys
teine on the rates of proton exchange. Initially we shall neglect 
bifunctional proton transfer (Cn~ «=* Cs_) with water par
ticipation; i.e., p = 0. Figure 6  then shows how proton 
scrambling enhances the rates, Rns and Rsn, of direct proton 
transfer between NH and SH sites. By adding R als to the rate 
terms given in Figure 6 , and recalling that p = 0, we obtain
(18) at once.

When the reaction mechanism is expanded to include bi
functional proton transfer with water participation in the 
conjugate base, a rate law can be derived by applying the 
general method of Figure 5. Because of the rapid proton 
scrambling, the conjugate base may be treated as a single 
species for this purpose, and the probability of reaction with 
water participation during its lifetime may be expressed by 
a single variable, p .  This leads to eq 16-18. We shall not give 
details.
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Aqueous glasses of 8 M NaC104 containing 0-0.15 M Cd(C1 0 4)2 in H20  and D20  have been pulse irradiated 
at 77-160 K. Yields of matrix-trapped electrons (et_ ) and of Cd+ obey simple Stern-Volmer type kinetics 
with no evidence of recombination of et_ or conversion to Cd+ in the dark at >10~ 8 s. Electron trapping by 
Cd2+ is more efficient in D20  than in H20  and the initial yield of et_ in D20  is much greater than in H20. Iso
tope effects appear to be a consequence of relatively inefficient electron localization prior to hydration in 
D20, for which there is direct evidence. Optical bleaching of et_ at 400 nm and 77 K following 60Co irradia
tion converts et~ to Cd+ with progressively diminishing quantum yield <f>, no loss of electrons by recombina
tion, and <£(D20) = 1.7̂ >(H20) throughout. The trapped charge pair are presumed to be free after dipole re
laxation, but the photoelectron is Coulombically bound to the trapping site by oriented dipoles. The electron 
is expected to return to this site if it is not trapped by Cd2+. For small [Cd2+], prolonged optical bleaching 
selects a population of electrons characterized by local [Cd2+] much less than the average and steadily de
creasing quantum yields.

Introduction

The dynamics of localization of dry electrons in polar media 
has not been examined theoretically, but it is expected to 
depend on long-range collective polarizations and on localized 
defects arising from statistical fluctuations.3

Dry electron (e_) scavenging by Cd2+ in aqueous solutions 
can be distinguished from that for hydrated electrons (eaq~) 
by adding large concentrations of acid to remove the latter 
selectively.4 The 1 0 0 -eV yield, G(Cd+), was greater in D20  
than in H20 .5 Localization of an electron at a defect site entails 
dissipation of the binding energy to the lattice, presumably 
by vibrational excitation. Efficient coupling is provided by 
compound ion states, H20~ and D20~. Sanche and Schulz 
concluded from their failure to resolve the resonance of H20 _ 
that the autoionization width was greater than 1 eV.6 The 
resonance has been found in the solid state." Both H20  and 
D20 thin-film solids at 77 K under slow electron impact have 
resonances at ~0.6 eV. Prompt autoionization of H20~ and 
D20 _ may compete with vibrational excitation and thus in
troduce an isotope effect.

The work reported here describes a further effort to ex
amine the role of the lattice in dry-electron localization and 
subsequent solvation for 8 M NaC104 in H20  and D20  glasses 
in competition with scavenging by Cd2+. Yields of both et~ and 
of Cd+ were measured from 77 to 150 K. The relative quantum 
yields of bleaching et~ with added Cd2+ in H20  and D20

provided information for isotope effects in the process of de- 
localization.

Experimental Section

Pulse irradiations were performed with a linear accelerator 
providing ~ 8  MeV electrons for 10-ns pulses and doses of ~5 
krads. Samples in Spectrosil cells were immersed in liquid 
nitrogen or the temperature was manually controlled (S 10 0  

K) by flowing cooled nitrogen gas through the dewar con
tainer. Some experiments were performed with 60Co irradia
tion at 77 K by conventional methods.

Optical bleaching experiments were performed using the 
monochromatic light beam of a Cary 14R spectrophotometer. 
The accuracy of these measurements was somewhat limited 
by cracked glasses.

NaC104 was obtained from the G. F. Smith Chemical Co., 
Cd(C104) 2 from ICN Pharmaceuticals, Inc. Water was triply 
distilled. Heavy water was used as received from Merck Sharp 
and Dohme.

Results
All samples contained 8 M NaC104 and 0-0.15 M Cd(C104) 2 

which permitted observation of both the et~ band at 540 nm 
and the Cd+ band at 300 nm. These bands were quite stable- 
under the conditions of both pulsed and 60Co irradiations. 
Typical oscilloscope traces are shown in Figure 1 for 0.05 M
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Cd2+ in D20  for et~ (upper) and Cd+ (lower). Much faster 
sweep rates also showed no evidence for conversion of et~ to 
Cd+. In 60Co-irradiated glasses at 77 K, as well, both bands 
were stable to ~50 min except under photobleaching condi
tions. Miller has also observed no change in these bands for 
8  M NaC1 0 4  in methanol at ~100 K during the interval ~10- 3  

to ~ 1 0  s.8

If all Cd+ and et~ arise from a common precursor, the dry 
electron, the results may conform to a simple competition 
described by the following when there is no competing process

G( Cd+) = G°(e-)(1 + i^itC d2*]-1) (1 )

where G°(e_) is the primary yield of dry electrons and iq and 
1/2 are the efficiencies of trapping e-  by Cd2+ and localization 
by the matrix. A test of this simple model for H20  and D20  
at 77 K by pulse radiolysis, corrected for e t~ absorption at 300 
nm, appears in Figure 2 . The efficiency for trapping e_ by 
Cd2+, given by v\/»2 , is greater in D20  than in H20. The con
centration of Cd2+ required for G(Cd+) = 0.37G°(e~) was 0 .2 2  

M in H20  and 0.16 M in D20.
The dependence of G(et~) on [Cd2+] is described by

G(et") = G°(e- ) ( 1  + v , [ C A ^ ] l v 2T l (2)

where i/2' = av%  1  — a  is the probability of recombination and 
the results appear in Figure 3. The efficiency is 34% greater 
in D20. These results are collected in Table I for comparison 
with earlier data for isotope effects at ~290 K .5

The yields of et~ in pulse-irradiated Cd2+-free glasses de
pend on temperature, being greater in D20, as shown in Figure
4. Higher yields in DzO were also observed for 60Co irradia
tions.

The dependence of the ratio of optical densities 
OD(Cd+)/OD(et_) on temperature appears in Figure 5 for 25, 
50, and 100 mM Cd2+. The data at 77 K were obtained by 60Co 
irradiation. If the empirical Arrhenius equation is applicable 
AEact is in the range 0.1-0.3 kcal/mol for v\/v2, depending upon 
the weight assigned to the data at 77 K. Since optical spectra 
commonly change somewhat with temperature, there is no 
clear evidence for activation, particularly at >100 K.

Photobleaching of e t~ at 400 nm in 60Co-irradiated H20 and 
D20 glasses with 0.025 M Cd2+, both at 77 K, was monitored 
at 540 and 400 nm. There was negligible bleaching during 
measurements of OD. The results in Figure 6  show that 
bleaching is more efficient in D20  than in H20. Within the 
uncertainty caused by cracked glasses in measuring trans
mitted light intensities before and after irradiation, the effects 
are similar at 400 and 540 nm. The concomitant increases in 
OD(Cd+) at 300 nm are shown in Figure 7. The two sets of 
results obey the relation OD(et_) + a;OD(Cd+) = ¡3, where a  
and are constants, within an average deviation of ~ 0 .0 1  units 
of OD. The transfer efficiency is the same for H20  and D20  
throughout, and is probably unity.

Discussion

Miller has observed transfer of matrix-trapped electrons 
to various electron acceptors in aqueous 6 M NaOH at >77 K.9 

G(et_) decreased roughly linearly with log t from 1 0 - 8  to 1 0 2 

s and approached zero. A tenfold increase in acceptor con
centration decreased the lifetime of et_ about 106. The 
mechanism was attributed to quantum mechanical tunneling.

The system used in the present work behaves quite differ
ently. At 77 K, G (et~) does not decrease in the range 10~ 8 to 
103 s and a sixfold change in [Cd2+] alters OD(et_) only at t <  
1 0 - 8  s. There is no evidence that et_ is converted to Cd+ at t 
< 10- 8  s and comparison with the NaOH glass excludes dy-

Figure 1. Oscilloscope traces tor 8 M NaCI04 with 0.05 M Cd(CI04)2 
in D20  at 180 K for et~ at 540 nm (above) and Cd+ at 300 nm (below).

Figure 2. The normalized reciprocal yield of Cd+, measured at 300 nm, 
vs. [Cd2+] _1 in 8 M NaCI04 at 77 K in H20  (O) and D20  (X), from eq 
1 .

Figure 3. The normalized reciprocal yield of e,-  vs. [Cd+2], measured 
at 532 nm for D20  and 540 nm for H20, in 8 M NaCI04 at 77 K, from eq
2 .

Figure 4. The dependence of OD535 for e, on irradiation temperature 
in 8 M NaCI04 in (X) H20  and (O) D20.
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TABLE I: A Summary of Results for the Relative Yields 
of et~ and Cd+ in 8 M NaC104 Glasses in H2O and D2O

System Transient
«1/ 1/2
H20

«1/«2
d2o

Isotope effect,
%

4 M HC104 Cd+ 2.87 4.25 47 ..
and Cd2+, 
290 K“

8 M NaC104 Cd+ 7.8C 10.4C 33
and Cd2+, 
77 K6

8 M NaC104 et_ 30.9d 41.2d 34
and Cd2+,
77 K b

0 From ref 5 - b For G cd+ = 0.37G°, [Cd2+]0.37 is 0 .2 2  in H20
and 0.16 in D20 for these glasses at 77 K. c From eq 1. d From 
eq 2 .

Figure 5. The optical density ratio for Cd+ and e,~ vs. irradiation tem
perature for (X) 25, (O) 50, and (A) 100 mM Cd(CI04)2 in H20. Data for 
77 K were obtained following 60Co irradiation, all others by pulse irra
diation.

namic similarities. If all et~ are comprised within a single 
continuous distribution, failure to detect et_ + Cd2+ —► Cd+ 
over a range of 1 0 11 in time excludes this mechanism for t <  
1 0 ~ 8 s except for contact pairs, both for hopping and for tun
neling. Consequently, all Cd+ can be attributed to dry-electron 
scavenging by Cd2+. This is consistent with eq 1 and Figure
2. Similarly, eq 2 and Figure 3 describe yields of et~ resulting 
exclusively from dry-electron precursors. The data summa
rized in Table I show that v\/v2 for et_ is four times greater 
than «1/ 1/2 for Cd+, both in H20  and D20. By eq 1 and 2, this 
is interpreted as (1 — a )  = 0.75, the probability of recombi
nation of the localized electron prior to relaxation.

It is notable that («i/ ^ ^ o/Ĉ i/'^H sO for G(Cd+) vs. [Cd2+] 
is approximately the same in 8 M NaC104 at 77 K and in 4 M 
HCIO4 at ~300 K ,5 and no activation is involved. It has been 
proposed that the isotope effect in liquid solutions resides 
almost entirely in v 2, the frequency of localization of e ~ .  Also, 
it involves transferring to the lattice the binding energy of e~ 
at the trapping site as a vibrational excitation, probably 
through formation of H20 _ or D20 ~ .5 An isotope effect in i/2 

could arise from the very fast autoionization, with AE  >  1  eV,5 

which competes with vibrational excitation. The slower vi
brations of D20  could produce a smaller cross section to form 
the transient ion. Such an effect has been observed for the 
resonances of H20 -  and D20 _.

Figure 6. Photobleaching at 400 nm of et_ at 77 K for 8 M NaCI04 with 
25 mM Cd(CI04)2 in (O) H20  and (X) D20. The OD was monitored at 400 
and 540 nm.

Figure 7. The ODCcj+ at 300 nm vs. ODe r at 540 nm for the same ex
periment as Figure 6.

There is a large cross section near resonance for H20 _ , and 
an appreciably smaller cross section for D20 _, measured by 
retarding potential analysis of very low energy electrons back 
scattered from thin ice films at 77 K. Results of Hiraoka7 and 
Huang10 are summarized in Figure 8 . Both resonances appear 
at ~0.6 eV (cf. Figure 24 of ref 7). Their amplitudes are ex
pressed as the ratio of the area under the loss peak to the area 
under the elastic peak from curves for d/h/dVr vs. V T of the 
back-scattered current and the retarding potential.7 The or
dinate in Figure 8 depends both on the cross section and on 
the probability for the inelastically scattered electron to es
cape from the film to vacuum. Since these films have bulk 
electron affinities x of ~1.0 eV, relatively few inelastically 
scattered slow electrons can reach vacuum. The threshold is 
~1.6 eV, in rough agreement with Figure 8 . The zero of energy 
is the bottom of the conduction band. If x h 2o =  x d 20 and the 
probability of escape to vacuum depends only on the electron 
energy and x, then the ratio of ordinates in Figure 8 provides 
a rough measure of the relative inelastic cross sections.

The larger yields of et~ in D20, Figure 4, may be a conse
quence of the smaller cross section for D20 - . Trapping in the 
matrix competes with prompt recombination since G ( e t~ ) ‘ in
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Figure 8 . The normalized yields of inelastically back-scattered electrons 
for H20 -  and D20 _ resorances at ■~0 6 eV at various electron energies.

Figure 9. The time-dependent quantum efficiency for bleaching et at 
77 K and 400 nm according to eq 4. The results are those of Figure 5 
for (O) H20  and (X) D20.

the H2O glass is ~ 1 .8 ' 11 A small percentage change in recom
bination produces a threefold change in G(et~). The electron 
energy goes negative at a larger charge-pair radius in D2O, 
consistent with a greater probability of trapping. The large 
yield of free electrons in neopentane is associated with a 
negligible cross section for C5H 12- .7

Prompt Coulombic recombination of the localized electron, 
prior to relaxation, involves the high-frequency dielectric 
constant. No comparable electron transfer to Cd2+ can occur, 
excepting nearest neighbors, because it is fully screened.

These considerations imply that recombining electrons may 
have very short ranges, but this is contrary to the small value 
of C37 for Cd2+. The remaining possibility is a large range for 
H20 + in its electronically conducting state. This mechanism 
decreases G°(e~) by removing Cd+ and et_ indiscriminately. 
G(et- ) would be greater in D20  because localization to form 
D30 + is slower..12

Following the regime of prompt recombination the self- 
trapped positive holes are screened by dipole relaxation and 
the probability of further recombination is greatly decreased.

There was no appreciable change in the spectrum of et~ 
during photobleaching. The OD’s at 400 and 540 nm in Figure 
6  cannot be compared by simple scaling because cells acquired 
some frost while transferring between dewar containers and 
base lines are not comparable before and after irradiation. 
Nevertheless OD400 vs. OD540 is linear, implying (OD40o + 
A i ) / ( O D 54o + A2) is constant for unknown shifts A and a single 
trapped species is implied throughout optical bleaching. In 
alkaline glasses there are at least two distinguishable species 
of et ~ .13

The decay of et_ and growth of Cd+ in Figures 6 and 7 
during photobleaching can plausibly be attributed to quan
titative electron transfer. While the photoejected electron is 
in the conducting state it is dry and cannot react with H3 0 aq+, 
unlike alkaline glasses. 13

The efficiency of photobleaching should be described by

—ÿ l o t l t

V N

- d n / á t  = A/a = (f>I0[ 1 -  exp(—2.30D)]

= ODo -  OD -  0.43 In 1 -  exp(—2.30D)~1 1
1 -  exp(—2.30D1J

(3)

(4)

where the number of electrons bleached, n , depends on the 
quantum yield, (j>, the absorbed light intensity, / a, and the 
extinction coefficient, e. The results of Figure 6 for e t~ at 400 
nm are presented in Figure 9 according to eq 4. The quantum 
yield of photobleaching decreases strongly with progressive 
bleaching, but 0 d2o = 1-70h2O for given t over the entire range 
and neither is unity initially. Consequently, the inefficiency

changes throughout in D20  as in H20  for the same stage of 
photobleaching.

Since Cd2+ is an efficient trap for e~, the photoelectron has 
a fairly limited range if the process involves direct ionization 
of et-  as proposed for alkaline glasses. 13 The electron vacancy 
has an effective charge of about + 1 , the electron range is small 
at 77 K, and the electron can be retrapped at the original un
relaxed site or by Cd2+. When the former occurs the local 
[Cd2+] is, on the average, less than the bulk concentration. 
After repeated photoionizations the surviving population of 
et_ is a selected group, relative to its environment, with a small 
quantum yield for bleaching. A comparable mechanism may 
apply to solute-free systems where recombination occurs ef
ficiently, e.g., CT in NaOFI glasses. 13 The local environment 
now depends on charge separation and repeated photoion
ization produces a surviving population with larger-than- 
average separation.

Photoelectrons in NaC104 glass appear to be “free” with 
respect to recombination, but they must still be Coulombically 
bound to the polarized trapping site. It is quite plausible that 
they can reoccupy the same site. It is improbable that the 
excited electron is in a stationary state in the disordered solid. 
For Coulombic retrapping the electron must excite lattice 
vibrations while it is still being strongly scattered. During this 
process it may be trapped by Cd2+. Possibly '-40% more 
scattering events are required in D20  than in H20. Since 4>d 2o  
= 1.7</>h2o it may be that some energy is dissipated by exci
tation of hindered rotations with ho>H2o = 2ho>D2o-

The possibility that et~ is H20~, or D20~, deserves serious 
consideration. These species have been observed by Rusch and 
Seidel14 as substitutional impurity centers in the KC1 lattice. 
They were fully characterized by ESR, ENDOR, optical, and 
electrooptical investigations. The zero-field optical spectrum 
at 4 K consists of peaks at 2.09 and 2.40 eV with a long vibra
tional tail, the envelope resembling that for et~ and eaq_. The 
hydration energy of KC1 closely matches the lattice energy and 
hydrated H20~ must be considered. It offers an attractive 
alternative to eaq~ + eaq_ — H2.

A c k n o w le d g m e n t. The authors are indebted to J. L. Magee 
and P. K. Funabashi for many stimulating discussions.
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The radicals produced by y  radiolysis of adamantane and adamantane containing 2-methyltetrahydrofuran 
(MTHF), 2-methyltetrahydrothiophene (MTHT), and tetrahydrothiophene (THT) have been investigated 
for the purpose of obtaining a better understanding of radical reactions in the adamantane matrix and of 
clarifying the identity of the radical formed by y  irradiation of pure glassy MTHF. Thermal and photochem
ical changes in the identity of the radicals produced by y  irradiation of pure adamantane can be induced at 
77 K. If solutes are present the adamantyl radicals formed at 77 K are quantitatively replaced by solute radi
cals on warming, apparently as a result of diffusion of solute molecules to the adamantyl radical centers fol
lowed by abstraction of an H atom. For the solutes MTHT, MTHT, and THT, the radicals form only by H 
abstraction from carbon atoms adjacent to the heteroatom. MTHT forms only the secondary a  radical; 
MTH? forms both the secondary and tertiary a  radicals. MTHT radicals in adamantane decay by second- 
order kinetics with a rate constant of ~0.17 M- 1  s_ 1 at 295 K. The tertiary and secondary MTHF radi
cals decay by first-order kinetics with half-lives of ~1.5 and 3.4 min, respectively, at ~245 K, accompanied 
by growth of new radicals. The evidence suggests a unimolecular ring opening followed by H atom abstrac
tion from the matrix. Reversible changes in the ESR spectrum of the MTHT radical in adamantane indicate 
that the axial methyl conformation is favored relative to the equatorial at 77 K, and that the enthalpy and 
entropy differences for the two conformations are 1.7 kcal mol- 1  and —4.2 cal deg^1, respectively. Analyses 
of the ESR spectra of the MTHF radicals in adamantane as a function of temperature indicate that the ESR 
spectrum of the matrix radical in 7 -irradiated glassy MTHF is attributable to the tertiary a  radical.

Introduction

The polycyclic hydrocarbon adamantane (I) has been ex
tensively used3 as a matrix for the ESR examination of radi
cals produced from solutes by radiolysis and photolysis. It 
offers several advantages over isolation of the radicals in the 
low temperature matrices of the parent compounds of the 
radicals. These include freer rotation of the radicals (and 
hence better resolved spectra) and the possibility of studying 
the radicals on a convenient time scale over a wide tempera
ture range without excessive decay due to softening of the 
matrix. Also, in some cases, solute radicals of interest are 
produced which cannct be formed by irradiation of the solute 
compound in the pure state. We have determined the ESR 
spectra of the radicals produced in adamantane samples 
containing 2 -methyltetrahydrofuran (MTHF, II), 2-methyl
tetrahydrothiophene (MTHT, III), and tetrahydrothiophene
(IV) to assist in the interpretation of the broad spectra of 
trapped intermediates produced by 7  irradiation of the neat

glassy states of MTHF4 and MTHT. Observations have also 
been made on: (1 ) the effects of temperature and photolysis 
on the radicals formed by 7  irradiation of adamantane without 
solutes; (2 ) the mechanisms by which solute radicals are 
formed by adamantyl radicals; (3) the decay kinetics of the 
radicals, and the temperature dependence of the axial-
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equatorial equilibrium of the secondary a-MTHT radical in 
adamantane. These studies contribute to the understanding 
of the adamantane isolation technique for radical investiga
tions. This is part of a broader investigation of the nature, 
yields, and decay mechanisms of trapped intermediates pro
duced by the 7  radiolysis glassy and polycrystalline organic 
matrices. 5

Experimental Section

R e a g e n ts  a n d  S a m p le  P r e p a r a t io n . Adamantane from 
Aldrich Chemical Co. was recrystallized from cyclohexane 
which had been passed through a 150-cm column of freshly 
activated silica gel. For the ESR experiments on neat ada
mantane the crystals were then dried in air, sublimed twice 
under vacuum, and sealed in the Suprasil tubes while still 
under vacuum. For a few experiments the recrystallization 
from cyclohexane was preceded by stirring with activated 
charcoal and filtration. These gave the same results.

Adamantane containing a few mole percent of MTHT, 
MTHF, or THT was prepared by crystallization of the puri
fied adamantane from its saturated solutions in MTHT, 
MTHF, and THT. These solvents were purified by fractional 
distillation and, for MTHF, by more thorough methods.2 The 
concentration of the MTHT in the adamantane was deter
mined by dissolving a weighed sample of the crystals in pu
rified 3-methylpentane and measuring the absorbance due 
to the MTHT at a wavelength where its extinction coefficient 
is known.2 The polycrystalline adamantane-solute samples 
were prepared for ESR analysis by placing a 2-3 cm height in 
a 2 or 3 mm i.d. Suprasil or Kel-F tube, evacuating at 200 K 
to <10~ 5 Torr, and sealing. Polycrystalline samples for spec- 
trophotometric analysis were prepared by compression to 
1 -cm diameter semitransparent disks of < 1  mm thickness in 
a pellet press. These were not degassed.

MTHT was synthesized6 from 1,4-dibromopentane and 
sodium sulfide and purified by fractional distillation, de
gassed, and stored over activated type 3A molecular sieve in 
a glass bulb with a Teflon stopcock. It had a boiling point of 
132 ±  1 °C in agreement with literature reports.7 The ab
sorption spectra from 200 to 400 nm and from 15 to 30 n and 
the mass spectrum were identical with those previously re
ported.8 Both gas chromatography, using a Carbowax 1540 
on Chromosorb P column with thermal conductivity detec
tion, and thin-layer chromatography on silica gel with hexane 
as the solvent showed only one component present. The pro
ton NMR spectrum at 60 MHz was consistent with that ex
pected for MTHT by comparison with the spectra of MTHF 
and THT.

MTHF from Aldrich Chemical Co. contained as impurities, 
water, 2 -methylfuran, methyldihydrofurans, and 1 % hydro- 
quinone stabilizer. Refluxing for 3 days under bubbling N2 

partially removed the more volatile impurities. Passage 
through a column of freshly activated alumina followed by 
fractional distillation through a column of stainless steel 
helices removed the remaining impurities detected by gas 
chromatographic and spectrophotometric analyses.

7  Irra d ia tion s . 7  Irradiations were made with a 60Co source, 
with the samples under liquid nitrogen, unless otherwise in
dicated. Dose rates were determined by Fricke dosimetry.2 For 
the sample positions, and over the period of this work, they 
ranged from ~ 3  X 101 8  to 1 X 101 9  eV g- 1  min-1 .

O p t ic a l  a n d  E S R  A b s o r p t io n  M e a s u r e m e n ts . Optical ab
sorption spectra were determined with a Cary 14R spectro
photometer. Pellets of adamantane for optical analysis were 
held between two quartz plates in the sample compartment.

Figure 1. Optical absorption Induced by 7  radlolysls of an adamantane 
pelletât room temperature. The pellet thickness was ~ 1  mm: (A) before 
radiolysis; (B) 7 min after a 10-min radiolysis to ~ 8  X 101 9  eV g-1 ; (C) 
same as B except 22 h later; (D) optical absorption induced by the ra
diolysis, obtained by subtraction of curve A from curve B.

Light scattering in the opaque pellets limited measurements 
to wavelengths above 215 nm. Neutral density screens were 
used to offset the light attenuation by the sample.

ESR measurements were made in the X-band with a Varían 
E-15 or 4502 spectrometer using 100-kHz field modulation 
and a V-4531 cavity. The temperatures of measurement were 
77 K, maintained by liquid nitrogen, or >83 K maintained by 
a Varían variable temperature controller. A copper-con- 
stantan thermocouple adjacent to the sensitive region of the 
sample, with a digital thermocouple meter for readout, was 
used for monitoring the temperature when the variable tem
perature device was used. Microwave powers were measured 
with a Hewlett-Packard 431-C power meter. Double inte
gration of the first derivative ESR signals was performed with 
a Tracor Northern electronic integrator/signal averager. The 
g  factors were determined from the positions of the centers 
of the radical spectra relative to the high-field line at g  =  
2.00099 in the spectrum of the 7 -irradiated silica sample cells.

Results

7 -I r r a d ia te d  P u r e  A d a m a n ta n e . O p t ic a l  S p e c t r a . 7  irra
diation of pure adamantane pellets induces optical absorption 
peaking at 260 nm, which decays over hours, as illustrated in 
figure 1 . The difference between the spectrum before irra
diation (curve A) and that at the end of irradiation (curve B) 
is plotted as curve D. We tentatively ascribe this absorption 
to 2-adamantyl radicals, in accordance with ESR signal as
signments discussed in a later section.

E S R  S p e c tr a . 7  irradiation at 77 K of purified degassed 
adamantane or adamantane containing 2 mol % of MTHF, 
MTHT, or THT produced a species which gave a structureless 
ESR singlet of 28-G line width (AHpp, peak-to-peak width of 
the first-derivative spectrum) at low microwave powers. In the 
sections that follow, we discuss the changes in this signal with 
standing or photolysis of the sample at 77 K and on warming. 
For convenient reference, some of these are summarized in 
Table I.

The 28-G singlet shows the onset of saturation at microwave 
powers above a few microwatts (Figure 2). A paramagnetic 
species produced by 7  irradiation of the Suprasil tube is re
sponsible for the signal at S in the figure. This silica signal is 
broadened by the large modulation amplitude used. Above 
10 mW the 28-G singlet is no longer observable and a much 
weaker 18-G singlet is revealed.

When a 7 -irradiated sample giving the ESR signal of Fig-
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TABLE I: Suggested Assignment of Sequential Reactions Initiated by 7  Irradiation at 77 K and Warming of 
Adamantane, Adamantane—MTHF, and Adamantane-MTHT

Adamantane 
7  irradiation at 77 K

28-G Aifpp ESR singlet 
(2 -adamantyl radical)

Adamantane + MTHF 
7  irradiation at 77 K 

\
28-G A H p p  ESR singlet 

(2 -adamantyl radical)

Standing at 77 K 
or

254-nm exposure

Unassigned five-line 
spectrum

Warming to 208 K

Warming to > 180 K

H abstraction by 2-A- 
forming se c - and ferf-a-MTHF-

MTHF ring rupture 
giving radicals which 

abstract H from 
A forming 

1 -adamantyl radical

Adamantane + MTHT 
7  irradiation at 77 K

28-G A H pp ESR singlet 
(2 -adamantyl radical)

Warming to > 180 K

H abstraction by 2-A- 
forming sec-a-MTHT- which 

undergo reversible 
conformation change. 

They disappear by 
bimolecular 

combination.

Partially resolved 
ESR doublet 

(2 -adamantyl radical)

J POWER, mWl/ 2

Figure 2. ESR spectrum and power saturation curve of the 28-G singlet 
signal from 7 -irradiated adamantane at 77 K. The first-derivative peak 
height was used in the measurement of the saturation behavior. The 
data shown for the upper curve are an extension of the saturation 
measurements above 1 mW. Dose, 4.9 X 101 9  eV g-1 ; S, position of 
the Suprasil signal. The spectrometer settings for the spectrum shown 
are microwave power, 0.001 mW; gain, 800; modulation amplitude, 
6.3 G; recorder sensitivity, 1 V.

ures 2 and 3A is allowed to stand at 77 K, the signal changes 
to that of Figure 3C with intermediate stages such as Figure 
3B. During the 2 h between recording the spectra of Figure 3A 
and 3B, the radical concentration decreased by 9% as deter
mined from the double integrals of the first-derivative spectra. 
Photolysis with ~80 mW cm- 2  of 254-nm light (from a Vycor 
spiral low-pressure Hg lamp) for 30 s immediately after irra
diation caused the complete change from the spectrum of 
Figure 3A to 3C with no loss of radical concentration. An ad
ditional 6 -min photolysis produced an 8% decrease in con
centration with no further enhancement of resolution. The 
five-line spectra produced by standing in the dark at 77 K and 
by 254-nm exposure are identical, with a 2 1 .2  ±  0.3 G spacing 
between adjacent lines at 1  pW and relative areas of the peaks 
of ~0.6:4.9:8.7:4.6:1.0. Neither 633-nm (2 mW cm-2) or 365 
nm (5 mW cm-2) light produced any change in either the 28-G 
singlet or the five-line spectrum during several minutes ex
posure. Adamantane has negligible absorption at each of the 
photolysis wavelengths tested.

When either a sample giving the 28-G singlet or one giving 
the five-line spectrum is warmed, the spectrum changes to the 
poorly resolved doublet shown in Figure 3E, having a coupling 
constant of ~ 2 1  G but retaining the 28-G peak to peak sepa
ration of the outer halves of each hyperfine peak, in coinci-

Figure 3. ESR spectra of adamantane 7  irradiated at 77 K: (A) at 77 K 
5 min after 10-min irradiation; (B) at 77 K 2 h after irradiation; (C) at 77 
K after 30-s photolysis with 254-nm light of a sample of type A or B; 
(D) after warming type C sample to 206 K; (E) after warming type A or 
D sample to 256 K. (A,B,C) dose, 4.9 X 1019 eV g_1; power, 0.001 mW; 
modulation amplitude, 6.3 G; gain, 800; recorder, 1 V. (D,E) dose, 5 X 
101 8  eV g-1 ; microwave power, 2 mW; modulation amplitude, 2.5 G; 
gains, 2000 and 4000; recorder, 1 V. S indicates signal induced in the 
Suprasil sample cell.

dence with the width of the 28-G singlet observed immediately 
after irradiation at 77 K. Since controlled warm-up experi
ments with repeated ESR scans were not done on samples 
warmed immediately after irradiation (before development 
of the five-line spectrum), it is not known whether the spectral 
change from Figure 3A to 3E involved an intermediate stage 
of conversion to the five-line spectrum. During further 
warming after appearance of the unresolved doublet, the 
radical concentration decreases steadily. In samples which 
have had a high dose (> 1020 eV g "1), the decrease in total 
concentration is accompanied by a growth of a new eight- or 
nine-line signal with overall width of ~160 G. It appears to be 
the spectrum of a species formed by reaction of the 2 -adam
antyl radical (believed to give the spectra of Figures 3A and 
3E, as discussed later) with a product of the 7  irradiation.

A photolyzed sample of '/-irradiated adamantane which 
gave the five-line spectrum of Figure 3C was warmed from 77 
K by increments of 20 to 30 K. At ~145 K two new lines sep
arated by ~21 G, one on each side of the central line of the 
five-line spectrum, appeared and increased with increasing
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Figure 4. Total radical concentration during warm-up from 77 K of 7 - 
irradiated adamantane (A) and adamantane containing 2 mol % MTHT 
( • )  following irradiation at 77 K to 4.4 X 1019 eV g-1 . Microwave power 
0.001 mW. The integrated ESR absorptior areas were multiplied by the 
temperature to correct for the change in Boltzmann distribution of spins.

temperature as the lines of the five-line spectrum decreased. 
A spectrum taken at 206 K (Figure 3D) indicates both radicals 
and the line narrowing which occurs as the temperature is 
increased. Below the adamantane phase transition10 from the 
tetragonal crystalline form to the disordered cubic form at 208 
K the intensity of the spectrum at each temperature of ob
servation remained constant for at least several minutes. 
Above the phase transition there was a continual decrease in 
the five-line spectrum relative to the two-line spectrum and 
a decrease in the total radical concentration. When a sample 
which has been warmed to above the phase transition is cooled 
to temperatures below the transition, the spectrum does not 
revert to its earlier form but radical decay slows to a rate which 
is imperceptible over several minutes. Typically the total 
radical concentration at 255 K was half of the original con
centration at 77 K, for warm-up in increments of 30 K over 45 
min (Figure 4).

The g  factors of the original 28-G singlet, the five-line 
spectrum, and the 21-G doublet produced on warming are all
2.0061 ±  0.0003.

The radiation G  value for species which gives the 28-G 
singlet has not been measured for pure adamantane but we 
have obtained a value of 1.8 ± 0.7 at 77 K in adamantane 
containing ~ 2% MTHT, using double integration of the ESR 
signals and a G  value for trapped electrons in MTHF4 glass 
of 2.6 as the standard. Other results of the present work imply 
that the initial G at 77 K of the species produced from ada
mantane is not significantly affected by the MTHT solute.

S e a r c h  f o r  T r a p p e d  H  A to m s . Two samples of purified 
degassed adamantane were 7  irradiated to doses of 1 X 1019 

and 4.4 X  1019 eV g-1, respectively, in sealed Kel-F tubes 
which, unlike fused silica, do not give an H atom signal on ir
radiation. ESR measurements at 77 K began 10 min after ir
radiation at 77 K. No H atom signal could be observed in ei
ther sample at 0.001, 0.10, 1.0, or 100 mW. The absence of 
trapped H atoms is in agreement with a previous report.11

7 -I r ra d ia ted  A d a m a n ta n e  C o n ta in in g  S o lu tes . C on v ers ion  
o f  A d a m a n ty l  R a d ica ls  to  S o lu te  R a d ica ls . When a 2 mol % 
solution of MTHF, MTHT, or THT in adamantane at 77 K 
is 7  irradiated, the initial ESR signal is indistinguishable from 
the 28-G singlet (Figure 3A) obtained from pure adamantane. 
On warming the sample to room temperature this signal 
changes to the signal of the solute radical and this is not con
verted to the matrix radical spectrum on cooling the sample 
to 77 K. An adamantar.e-MTHT sample stored in the dark 
at 77 K for 12 days following 7  irradiation at 77 K showed 
partial replacement of “.he adamantyl signal by a signal due 
to MTHT radicals. When the total radical concentration in 
samples of pure adamantane and adamantane containing 
MTHF or MTHT is monitored as the samples are gradually 
warmed following irradiation at 77 K, very little conversion 
of adamantyl to solute radicals occurs at <180 K unless several

I4.5G [•---- J .
I6.0G ----- ■!
3I.8G f------------ -1

Figure 5. (A) ESR spectra of an adamantane-THT sample 7  irradiated 
at 295 K or at 77 K and then warmed to room temperature before 
measuring. The room temperature spectrum consists of a doublet of 
16.0 G and a triplet of 24.5-G splitting. (B) The spectrum at 77 K: four 
doublet couplings of 4.6, 14.5, 16.0, and 31.8 G are observed: dose, 
5.6 X 101 9  eV g-1 ; microwave power, 200 mW; modulation amplitude, 
0.5 G; gain, 2000; recorder, 1 V. The 77 K spectrum is partially saturated 
and the 295 K spectrum is unsaturated.

hours pass. Solute radicals appear more rapidly at higher 
temperatures still below the adamantane phase transition at 
208 K, with more rapid conversion occurring at and above 208
K. Cooling back to below 208 K does not reverse the changes 
in spectral shape caused by the warming, but slows their rate. 
Figure 4 shows the total radical concentration (arbitrary scale) 
as a function of temperature for a sample of pure adamantane 
and a sample of adamantane containing MTHT. The coinci
dence of the two curves through temperatures where complete 
conversion of adamantyl radicals to MTHT radicals occurs 
in the mixed system indicates that an MTHT radical replaces 
every adamantyl radical which would not have promptly de
cayed in the absence of MTHT. The 50% decrease in radical 
concentration in the neat adamantane in the temperature 
range of ~140-230 K is plausibly attributed to intraspur re
actions similar to those in glassy hydrocarbon samples. 12 

Extensive diffusion seems precluded by the reported activa
tion energy of 36 kcal mol- 1  for diffusion of adamantane 
molecules in adamantane.13  A decay mechanism involving 
migration of the radical center by H atom exchange between 
an adamantane radical and a molecule3®’11 has been suggested 
but no evidence exists for this mechanism.

E S R  S p e c t r a  o f  T H T  R a d ica ls  a t  2 9 5  a n d  77 K . When ad
amantane containing a few mole percent THT is 7  irradiated 
at 295 K (or at 77 K and warmed to 295 K), it gives the ESR 
spectrum of Figure 5A, which is different from any spectrum 
observed from pure adamantane. This six-line spectrum 
consists of a doublet splitting of 16 G and a triplet splitting 
of 24.5 G with a first-derivative line width of 5.5 G. The peak 
height ratios are nearly 1 : 1  for the doublet and 1 :2 :1  for the 
triplet. The hyperfine pattern is only consistent with the 
radical formed by abstraction of a hydrogen atom from a po
sition a  to the sulfur atom of the THT molecule. This agrees 
with the exclusive abstraction of a  H atoms from THT14 and 
straight chain alkyl sulfides15 by peroxy radicals. The cou
plings reported in the THT work were a a =  16.9 G (doublet), 
a p  = 26.1 G (triplet), and a y  = 2.2 G (triplet) at 295 K.

The broad (5.5 G) line width of the spectrum of Figure 5A 
implies unresolved hyperfine structure and/or exchange 
broadening due to conformational equilibrium of the ring 
rotamer structures. The equivalence of the two ;! proton 
couplings indicates that ring pseudorotation equilibrium is 
rapid relative to the difference in frequences of the d protons 
in their limiting configurations. When the sample temperature
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is lowered to 77 K, the spectrum undergoes a reversible change 
to that of Figure 5B, indicating that the rate of conformational 
change has decreased. At 77 K the line widths narrow and a 
new doublet coupling of 4.6 G is revealed which is most ob
vious from the outer two lines of Figure 5B. The inner lines 
show additional changes from the 295 K spectrum due to the 
nonequivalence of the ¡3 H atoms at this temperature. The five 
major groupings of lines at 77 K, separated by the X marks on 
Figure 5B, have an integrated ratio of 1:2:2:2:1, to the nearest 
integer, corresponding to a total of eight hyperfine substates, 
in agreement with the finding at room temperature. The hy
perfine pattern at 77 K can be resolved into doublet splittings 
of 31.8, 16.0, 14.5, and 4.6 G. The a  proton coupling in the 
THT radical is expected to be insensitive to temperature 
relative to the 33 protons, which are expected to show non
equivalent coupling at 77 K due to slow exchange of the ring 
conformations indicated by

The doublet coupling of 16.0 G which does not change with 
temperature must be due to the a  proton. The ¡3 couplings are 
then 14.5 and 31.8 G. As expected, these are sensitive to 
temperature. The spectrum appears complex because of the 
fortuitous near degeneracies resulting from a a =: ap 1 and 2 a a  
~  a y 2. The doublet coupling of 4.6 G appears to be due to one 
of the 7 -hydrogen atoms adjacent to the sulfur atom. This 
coupling is absent in the ESR spectrum of the secondary a -  
MTHT radical in adamantane (V), in which a methyl group 
is present in place of one of the H atoms of the THT 7  position 
adjacent to the sulfur atom (discussed below). The methyl 
group in the MTHT radical may occupy an axial or an equa
torial site on the 7 -carbon adjacent to the sulfur atom for the 
equilibrium analogous to that illustrated for THT in eq 1. 
However, at 77 K where this equilibrium is slow the axial 
methyl conformation in the MTHT radical must be pre
dominant, since only then will the remaining 7 -hydrogen atom 
be in the plane of the ring, and hence in an unfavorable posi
tion for coupling with the spin density on the adjacent sulfur 
atom. The sulfur atom bears about 25% of the spin density 
according to estimates made from the ¡3 proton coupling.2’ 14 

The axial 7 -hydrogen atom is positioned in a nearly eclipsed 
conformation with the orbital on the sulfur atom bearing the 
spin density and so would be predicted to produce a larger 
splitting than the equatorial hydrogen atom. At room tem
perature where ring equilibrium is rapid, the 7  coupling in 
THT should become a triplet of coupling constant approxi
mately one-half that observed for the axial H atom in the 
frozen conformation, i.e., ~2.3 G. This structure was not re
solved in the room temperature spectrum of the THT radical 
in adamantane, although the large 5.5 G line width for tran
sitions not involving the exchanging /? H atoms implied the 
existence of this unresolved coupling. A 2.2-G triplet splitting 
has been observed for the 7  protons in this radical produced 
in aqueous solutions at room temperature. 14 An alternative 
explanation for the large 7 -hydrogen atom coupling involving 
a “through space” interaction with the unpaired electron16 

is not supported by the data.
E S R  S p e c tr a  o f  M T H T  R a d ica ls  a t  2 9 5  a n d  77 K . Like the 

THT solid solutions in adamantane, MTHT solutions 7  ir
radiated at room temperature or 7  irradiated at 77 K and

H--------------4  28.8G
8--------- 4 2I.7G
8------ H I6 G

Figure 6 . ESR spectra of adamantane-MTHT: (A) determined at 295 
K following 7  irradiation at 77 or 295 K; (B) determined at 77 K. The 
spectra change reversibly between (A) and (B) on temperature cycling. 
The coupling constants at 295 K are aa = 16.0, a)3] =  21.7, and af l2 =  
28.8 G. Dose, 5.6 X 101 9  eV g~1; microwave power, 0.2 mW; modu
lation amplitude, 0.4 G; gain setting X 10~ 3  given at right of each 
spectrum; recorder, 1 V.

warmed to room temperature give an ESR signal attributable 
only to solute radicals (Figure 6 A). This signal changes re
versibly on cooling to 77 K (Figure 6 B), indicating a slowing 
down of the rate of pseudorotation of the conformational 
isomers. The room temperature spectrum which consists of 
eight lines of equal intensity is consistent with coupling to 
three unequivalent protons. The coupling constants are a a =
16.2 G, a g 1 = 22.1 G, and <ifo — 28.7 G at 303 K. The g  factor 
is 2.0047. The spectrum is consistent with the secondary a  
radical:

HC
I

CHo-

CR,

—ch2

V

"H

and there is no evidence for the presence of the tertiary a  
radical. The line width at 303 K of 2.5-2.6 G is much narrower 
than for the THT radical. The broad line width for the latter 
was attributable partly to unresolved hyperfine splitting due 
to the hydrogen atoms a  to the sulfur in the 7  position relative 
to the radical site. No such splitting is observed for MTHT 
radicals, from 77 to 303 K. As discussed above for the THT 
radical, this requires that the most stable (i.e., low tempera
ture) conformation of the MTHT radical must be the axial 
methyl conformation. This is opposite to the usual preference 
displayed by substituted five- and six-membered ring com
pounds and some cyclic 7r radicals16b for the equatorial con
formation indicating the significant influence which spin 
delocalization with the adjacent sulfur atom has on deter
mining the most favored conformation in MTHT.

The line width for the MTHT radical spectrum at room 
temperature is due principally to dipolar interactions with 
hydrogen atoms on neighboring adamantane molecules. Some 
of the lines show additional broadening due to the (3 protons 
exchanging their positions upon ring flipping, analogous to 
that found in THT. Unlike the THT radical, however, the 
MTHT radical conformations are of unequal energy. At 77 K 
the lowest energy conformation exists in by far the largest 
relative amount. The ESR spectrum at 77 K consists of five 
lines of relative integrated intensities 1 :2 :2 :2 :1  (Figure 6 B). 
This pattern is due to the three nonequivalent protons with
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B

Figure 7. (A) ESR spectrum of a 7 -irradiated adamantane-MTHF sample 
immediately following warm-up from 77 to 233 K. Dose at 77 K, 3.2 X 
101 9  eV g_1; microwave power, 100 rrW; modulation amplitude, 0.5 
G; gain, 2500; recorder, 1 V. (B) Theoretical ESR spectrum of a 1:2 ratio 
of the tertiary to secondary a-MTHF radicals. The coupling constants 
used for the tertiary radical are a(CH3 > =  18 G and a(CH2) =  24 G, and 
for the secondary radical are aa ~ 12 G, ag, =  24 G, and aps =  30 G. 
The ESR g values are assumed equal.

coupling constants a a ^  a p 1 ~  17 G and a p 2 — 34 G. No y  
splitting is observed. The temperature dependence of the 
/3-proton couplings from 303 to 77 K for MTHT radicals in 
adamantane is described in a later section and implies an ac
tivation energy for ring inversion of several kilocalories per 
mole.

E S R  S p e c t r a  o f  M T H F  R a d ic a ls  a n d  R a d ic a ls  P r o d u c e d  
D u r in g  T h e ir  D e c a y , y  irradiation of adamantane containing 
MTHF at 77 K produces the adamantyl radical signal (Figure 
3A). When the sample is warmed to 233 K and the spectrum 
is taken immediately, the signal of Figure 7A is observed, 
which is in close agreement with the predicted spectrum of 
Figure 7B for a 2:1 mixture of secondary to tertiary a-MTHF 
radicals having identical g  values. The theoretical spectra of 
the two radicals are shown individually in Figure 8 C and 8 D, 
it being assumed that conformational exchange is rapid at the 
temperatures in question. The coupling constants noted in 
the figure legends are similar to those found for the a-THF 
radical. 17 If the sample is allowed to stand at 233 K for ~ 1 0  

min or more following the conversion to MTHF radicals, or 
is warmed, changes in the spectrum occur which indicate that:
(1) two MTHF radicals are present, one of which decays faster 
than the other; (2 ) at least two new radicals are generated in 
the decay of the MTHF radicals, during which there is also 
a decrease in total spin concentration. Figure 8A shows the 
spectrum recorded at 273 K, 10 min after rapid warming from 
77 K at which time all of the more rapidly decaying MTHF 
radical (the tertiary a  radical, see below) is gone. Figure 8 B 
is the spectrum after nearly all the MTHF radicals had de
cayed, taken on a sample which warmed slowly after emptying 
the liquid nitrogen from the dewar. The rapid decay of both 
MTHF radicals (which, as shown in a later section, follows 
first-order kinetics) and the replacement by new radicals 
during their decay is in sharp contrast to the relatively slow 
second-order decay (also discussed below) of MTHT radicals, 
which occurs without concurrent formation of new radicals. 
The decay kinetics of THT radicals were not measured but it 
was observed that these radicals decay without the production 
of new radicals.

The predicted secondary a  radical spectrum of Figure 8 C 
agrees well with the spectrum of the slower decaying compo
nent of the Figure 7 A spectrum, part of which is still present 
in the spectrum of Figure 8 A. The g  values for the two initial

Figure 8. (A) ESR spectrum of a 7 -irradiated adamantane-MTHF sample 
after complete decay of the outer pair of hyperfine lines (due to the 
tertiary a radical). Spectrum A was recorded at 273 K, 10 min after 
warming from 77 K. Two new radicals, R, and R2, grow in as the original 
MTHF radicals decay. (B) ESR spectrum ~25  min after complete con
version of the adamantyl radicals to solute radicals during slow warm-up. 
Dose at 77 K, 3.2 X 101 9  eV g-1 ; modulation amplitude, 0.5 G; gain, 
1600; recorder, 1 V; microwave power, 100 mW. (C) Theoretical 
spectrum of the secondary a-MTHF radical with aa = 12 G, ap, = 24 
G, and ap2 = 30 G. (D) Theoretical spectrum of the tertiary a-MTHF 
radical with a(CH3) =  18 G and a(CH2) =  24 G.

MTHF radicals were nearly identical at 2.0040 ±  0.0003. Ri 
and R2 of Figure 8 indicate lines of the new radicals which 
grow as the original MTHF radicals decay. As discussed later, 
the intense signal of Ri, which continues to grow with con
tinuing decay of the original radicals, is probably due to the
1-adamantyl radical, which may be produced by H abstraction 
from a bridgehead site by an alkyl-like radical which is formed 
when one of the original MTHF radicals undergoes ring 
opening. The Ri signal is a singlet of line width of 6.5 G, in 
good agreement with the 6 .6 -G peak-to-peak width observed 
for the envelope of the hyperfine structure for the 1 -adam
antyl radical in solution. 18 The center of the Ri spectrum, at 
g  = 2.0009 ±  0.0003, is 3.7-G upfield from the center of the 
MTHF radical spectra, and ~9-G upfield from the center of 
the doublet spectrum of 20.7-G coupling (likely the 2-adam- 
antyl radical) produced in 7 -irradiated adamantane. A lower 
g  value is expected for the 1 -adamantyl radical than the 2 - 
adamantyl radical since the former is presumably a <r-type 
radical and these are known to have low g  values. 19 The R2 

signal, which represents a much lower concentration than R], 
may be from one or more radicals. The g  values of both radi
cals Ri and R2 are lower than that of either MTHF radical. 
This is consistent with the suggestion to be discussed below 
that ring opening of the MTHF radicals occurs forming rad
icals in which the unpaired electron is no longer on an atom 
adjacent to an oxygen atom, thus decreasing the g  value.

D e c a y  o f  M T H T  R a d ica ls . The MTHT radicals produced 
on warm-up from 77 K to room temperature of a sample 
of 7 -irradiated 2% MTHT in adamantane decay by second- 
order kinetics (Figure 9) as determined by ESR measurements 
using either the peak heights or double integrals of the ESR 
spectra of the type of Figure 6A. No new radicals are produced 
during the decay. The ESR measurements at 295 K were 
begun within 1 min of the start of warm-up from 77 K. At all 
7  doses studied (1.0 X 1019 to 5.6 X 1019 eV g“ 1), the initial 
half-lives are in the range of 8.3-1.5 h. The rate constant was
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Figure 9. Second-order plots of the decay of MTHT radicals in ada
mantane at 295 K following y  irradiation to different doses at 77 K. Plots 
are normalized at time =  0 .

~0.17 M - 1  s_1. For this calculation the initial concentration 
of MTHT radicals, [R]o, has been estimated from the initial 
concentration of adamantyl radicals and the ~50% conversion 
of adamantyl radicals to solute radicals on warming (Figure
4).

D e c a y  o f  M T H F R a d ic a ls . Data are available from a single 
but highly informative exploratory experiment on the decay 
rates of the two MTHF radicals produced by warm-up of y -  
irradiated adamantane-MTHF solutions. The decay rate of 
the tertiary radical was monitored by the decrease in height 
of the unobscured outer peak of the spectrum of Figure 7A, 
while the relatively intense adjacent line was used to follow 
the secondary radical. Since the intensity of the latter line is 
made up of three degenerate substates from the tertiary 
radical to one from the secondary, the relative secondary 
radical concentration was obtained by subtracting three time 
the height of the outer peak (nondegenerate) from the height 
of the second peak. Upon complete decay of the faster 
decaying tertiary a  radical, the peak height of the secondary 
radical from this composite peak was the same as the peak 
height of other nondegenerate hyperfine lines. This method 
avoided using lines from the interior part of the spectrum 
where overlapping of adjacent lines is serious.

The sample was allowed to warm slowly from 77 K in an 
ESR dewar from which the liquid nitrogen had been emptied. 
The solute radicals started to grow within a few minutes and 
reached their maximum concentration between 230 and 240
K. After complete conversion of the adamantyl radicals to 
solute radicals, the radicals decayed with first-order kinetics 
(Figure 10), with rate constants of 7.7 X 10- 3  s- 1  for the ter
tiary and 3.4 X 10~ 3 s_ 1  for the secondary. Although the exact 
temperature range within which the decays of Figure 1 0  oc
curred was not measured, it may be estimated with confidence 
that >50% of the decay represented by the straight line por
tions of the two decay curves occurred between 240 and 250 
K and that the temperature of the sample at the 26 min point 
of Figure 10 was less, and perhaps much less, than 270 K.

The initial relative yield of the tertiary (T) and secondary
(S) a  MTHF radicals does not vary with different rates of 
warm-up following irradiation at 77 K. The mean relative yield 
of [T] = (0.3 ± 0.15) [S] was obtained from four separate 
measurements using two different sets of peak heights. The 
wide error limits (variation between extremes) reflect the 
somewhat different estimates of the relative yields given by 
the two methods. Considering the faster decay of the tertiary 
radical, this estimated initial relative yield is probably slightly

Figure 10. Decay of tertiary (T) and secondary (S) MTHF radicals in an 
adamantane-MTHF sample y  irradiated at 77 K and allowed to warm 
by emptying the liquid nitrogen from the dewar. Solute radicals are 
produced as the adamantyl radicals decay, and reach a maximum 
concentration shown at early times in this figure (~235 K) following 
which only decaying solute radicals are present. The major portion of 
the decay occurred at 245 ±  5 K. The radical concentration was 
monitored by ESR peak heights as discussed in the text.

low as a result of decay in the short time ( ~ 1  min) necessary 
for warm-up and scanning of the spectrum after warm-up.

R a d ic a ls  P r o d u c e d  b y  P h o to ly s i s  o f  M T H T  in  A d a m a n 
ta n e . Exposure of samples of ~2% MTHT in adamantane at 
300 K to 254-nm light (~80 mW cm-2) in the center of a spiral 
Vycor low-pressure Hg lamp generated secondary a-MTHT 
radicals (with spectra identical with that of Figure 6A). 
MTHT absorbs at 254 nm while the absorption by adaman
tane is negligible. The concentration of radicals produced in 
a 2 -min photolysis was the same as that produced when a 
sample which had received a y  dose of 1.6 X 1019 eV g_ 1  at 77 
K was warmed to 300 K. Photolysis of gaseous203 and solid 
neat alkyl sulfides20b produces C-S bond rupture as the pri
mary process. Thus primary C-H bond rupture on absorption 
of a photon by the MTHT in adamantane seems improbable. 
If C-S bond rupture occurs, the biradicals formed must rap
idly abstract H from MTHT molecules upon diffusive en
counters, or abstraction must occur through a sequence of 
reactions involving the adamantane. Either process would be 
too fast at 300 K for conventional ESR detection.

Decay of the radicals formed by photolysis of MTHT in 
adamantane does not follow a simple kinetic order. Second- 
order plots (1/[R) vs. t )  rise relatively rapidly at the onset and 
approach straight line character after ~70% decay. Presum
ably this reflects spatially nonhomogeneous radical produc
tion resulting from greater absorption of light near the surface 
of the semiopaque polycrystalline samples than in the interior.

Discussion
R a d ica ls  P r o d u c e d  in  P u r e  A d a m a n ta n e . At least six 

groups11,2 1-2 5  have reported ESR spectra of radicals produced 
by x- or 7 -ray irradiation of adamantane without added so
lutes. No two of the groups have found exactly the same 
spectra. Both the 1-adamantyl and 2-adamantyl radicals have 
been postulated as responsible for the observed signals. Only 
two groups have indicated the radiation dose used and one the 
microwave power. Only one has prepared the adamantane by 
sublimation under vacuum, as was done in the present work.
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None has made observations on the effects of time and pho
tolysis at 77 K on the radical spectra.

The paramagnetic species which may conceivably be pro
duced by 7  irradiation of adamantane are 1 -adamantyl radi
cal, 2 -adamantyl radical, anion radicals, cation radicals, rad
icals produced by rupture of C-C bonds in adamantane or by 
subsequent isomerization of such radicals, trapped electrons, 
and radicals produced from impurities present before y  irra
diation or produced by the irradiation.

The 1 -adamantyl radical in solution displays a 6 .6 -G cou
pling to six equivalent /3 protons, with further splittings from 
the remaining protons resolved. 18 The envelope of these hy- 
perfine splittings is a singlet of 6 .6 -G line width (AH pp). In a 
polycrystalline sample an unresolved singlet of this line width 
can be expected since aroadening due to dipolar interactions 
causes coalescence of neighboring hyperfine components. 
Little hyperfine anisotropy is expected for this radical since 
there are no a  protons. The g  anisotropy is also expected to 
be small. The 2-adamantyl radical would be expected to show 
a doublet splitting due to the single a  proton. If the radical 
anion were formed, with the unpaired electron in the center 
of the adamantane cage, the electron might be expected to 
participate in electron exchange with the bonding electrons 
of the four bridgehead C-H bonds through interaction with 
the backsides of these orbitals, giving rise to a five-line spec
trum. The radical cation can be visualized likewise as having 
the unpaired electron shared equally between the backsides 
of the four bridgehead C-H bonds. Such rear-orbital inter
actions are known to give unusually large long-range cou
pling.16’^  Physically trapped electrons in hydrocarbon glasses 
produce an ESR singlet of 3-4-G line width.5 *3 The expected 
nature of the spectra of the four radicals which might ensue 
from C-C bond rupture in 7 -irradiated adamantane has been 
discussed;2 they do not coincide with the observations re
ported here.

The most plausible assignment for the singlet of 28-G AHPP 
and 80-G total width (Figures 2 and 3) observed at 77 K, and 
the poorly resolved doublet (a = 20.7 G) of the same width and 
g  value to which it converts on warming, seems to be the 2 - 
adamantyl radical, the doublet character being obscured at 
77 K by line broadening.

It has been reported that at 77 X irradiated adamantane 
yields “a typical powder spectrum with peak-to-peak sepa
ration of ~43 G and a semiresolved doublet splitting” ,11 an 
“unresolved broad singlet” 21b and a broad singlet envelope 
~80 G in breadth of ~25-G AH pp with superimposed hyper
fine components.24 In Lie first work cited1 1 the AH pp is greater 
than that of Figures 2 and 3A, but is reported to narrow on 
warming with the doublet splitting becoming resolved with 
an" = 20.5 G at 239 K. This 239 K spectrum is in close agree
ment in total width and line splitting with that of Figure 3E 
and has been assigned by the authors to the 2 -adamantyl 
radical. The envelope of the spectrum of Hyfantis and Ling24 

at 77 K which they assign to the 1-adamantyl radical is very 
similar to Figures 2 and 3A save for the superimposed fine 
structure. The assignment appears questionable since the 
envelope of hyperfine lines for the 1 -adamantyl radical has 
been shown to be a singlet of only 6 .0 -G line width. 18 We have 
observed a singlet of 6 .6 -G AHPP (Figure 8 A) in 7 -irradiated 
adamantane containing MTHF where, as discussed in a later 
section, 1 -adamantyl radicals appear to be formed by hydro
gen abstraction by radicals resulting from MTHF radical 
decay. The spectrum of Figure 2 was obtained from ada
mantane samples which had received 7  doses of 4.9 X  1019 or 
1 X  1019 eV g- 1  and were measured at a microwave power of

10- 3  mW. The measurements of Hyfantis and Ling were made 
with a dose of ~1018 eV g- 1  and an undesignated power. Figure 
2 shows that the 28-G singlet (produced with a radiation yield 
of G  =  —-1 .8 ) begins to saturate at low powers. At powers > 1 0  

mW the spectrum of a radical presumably due to a trace im
purity obliterates the 28-G singlet. The evidence suggests that 
this may be the cyclohexyl radical formed by H abstraction 
from a small amount of solvent not removed during purifica
tion.

As far as we are aware, the thermal and photochemical 
changes at 77 K of radicals produced by 7  irradiation of ada
mantane (Figure 3) have not previously been noted. We do not 
have a consistently satisfactory assignment for the five-line 
spectrum of Figure 3C. The radical anion of adamantane with 
the electron in the cage would give a five-line spectrum but 
could not be a conversion product of the 28-G singlet species 
if the latter is the 2 -adamantyl radical, and could not convert 
to the doublet attributed to the 2 -adamantyl radical on 
warming, as it is observed to do (Figure 3A-E). Further, the 
anion seems to be eliminated by the absence of bleaching by 
633- and 365-nm light, in contrast to the bleaching of the 
trapped electron signal in organic glasses.5 Although rupture 
of C-C bonds by 254-nm light might occur, this process seems 
to be ruled out since the spectral changes occur thermally at 
77 K as well as photochemically. Further, if thermal rupture 
of the 2-adamantyl radical occurred at 77 K, it would not be 
plausible for the radical to re-form on warming. These eval
uations suggest that perhaps the 28-G singlet observed at 77 
K may not represent the same species as the doublet observed 
after warming, but we are not aware of a plausible alternative.

S e le c t iv e  F o r m a t io n  o f  a - M T H F  a n d  a -M T H T R a d ic a l s .  
7  irradiation of 2% solutions of MTHF or MTHT in ada
mantane yields adamantyl radicals with which solute mole
cules react when the samples are warmed to form exclusively 
a  radicals. Both the secondary and tertiary a  radicals are 
formed from MTHF and only the secondary from MTHT. 
The number of secondary a  MTHF radicals is some 2 to 5 
times the number of tertiary radicals, indicating that ab
straction from MTHF at these two sites does not show high 
selectivity. Presumably the slightly lower bond energies of the 
a  C-H bonds than the C-H bonds and in the case of the 
MTHT of the secondary a  than of the tertiary a  are respon
sible for the selectivity. (The a  C-H bond energy in THF is 
92 ± 2 kcal mol- 1  while the C-H bond energy in cyclopentane 
is 95 ±  1  kcal mol-1.) The lower bond energy for the a-H atoms 
probably arises from the electron-donating influence of the 
adjacent heteroatom which stabilizes the resulting electron 
deficient radical center. Spin delocalization can account for 
the formation of both a  radicals of MTHF and the single 
MTHT radical.26 For MTHT only the secondary a  radical 
forms, presumably because formation of the tertiary a radical 
is inhibited by the relatively greater electrostatic repulsion 
that would occur between the electron-rich methyl group and 
the slightly negative trigonal center (due to the approximate 
25% spin delocalization from the S). Since spin delocalization 
in the a  MTHF radical is considerably lower (12%), such re
pulsive interactions are of less importance, and so the directing 
effect of the methyl group is decreased. This is supported by 
the data which show the secondary radical to be favored by 
a minimum of two to one over the tertiary a  MTHF radical 
(this lower limit would indicate a totally nonpreferential ab
straction at the two a  sites).

M T H T  C o n fo r m a t io n a l  E q u ilib r iu m . The ESR spectra 
of both the THT and MTHT radicals are temperature de
pendent because of the temperature sensitive equilibrium
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between the axial (A) and equatorial (B) conformations of the 
type indicated in eq 1. If the rate of exchange between the two 
forms is much faster than the difference in frequencies for the 
hyperfine interactions of the two ¡3 protons in their limiting 
conformations, then only a single average hyperfine coupling 
giving a triplet signal is found. If the rate is much slower than 
this difference, two distinct couplings occur and a pair of 
doublets results. The enthalpy and entropy differences of the 
two conformations of MTHT can be obtained from the 
available data, since the position of the hyperfine lines for 
exchanging hydrogen nuclei reflects the equilibrium ratio of 
the two conformations. The observed hyperfine splitting 
constant (hfsc) for a particular proton, a0bsdH, is the time 
average of two limiting values aEH and aAH,l6b hence the 
probability (/e) of the radical existing in conformation E is

r _ Q obsrî
aEH - a AH

The equilibrium constant for the equatorial-axial equilibrium 
is then K  =  f j f e , where / a = 1 — / e- The values for the hfsc, 
and K  as a function of temperature are given in Table II. A 
plot of log K  vs. 1/ T  shows a linear relationship from which 
A H  and AS in the relationship — R T  In K  =  A H  — T A S  can 
be evaluated. The enthalpy and entropy differences between 
the equatorial and axial configurations of MTHT are H E — 
H \  = 1.7 kcal mol- 1  and Se — SA = —4.2 cal deg-1. These are 
typical of the values for similar unsymmetrical cyclic radi
cals. 1615 The conformation with the methyl group axial is the 
more stable, and the predominant form at low temperatures 
in contrast to the majority of five- and six-membered cyclic 
molecules and some radicals. 16

The activation energies for the conformational exchange 
in MTHT must be on the order of several kilocalories per 
mole, since even at room temperature (RT = 0.6 kcal mol-1) 
the exchange is sufficiently slow that separate hfsc are ob
served for hydrogen nuclei in axial and equatorial sites. This 
is in qualitative agreement with the energy barrier to internal 
rotation about the C-S bond for the trigonal carbon in 
•CH2SC(CH3) 3 (6.3 kcal mol- 1 ) . 14 The spin delocalization 
between the trigonal carbon and sulfur accounts for the fairly 
large barrier. The barriers between the conformations of the 
symmetric radicals of cyclopentane (C5H9) and THF (a- 
C4H7O) in adamantane30 are 2.8 and 2.4 kcal mol-1. These 
compare with 2 .8  kcal mol- 1  for the barriers in the stable 
molecules of cyclopentane27 and THT28 in the gas phase. It 
is plausible that the barriers for the A «=* E exchange in the 
MTHT molecule are similar to that for the THT molecule. 
However, it is not apparent that the barriers for the MTHT 
molecule and radical will be similar, since the spin delocali
zation in the radical can significantly affect the barrier height. 
Both a twist and an envelope (S at the apex) configuration, 
each having its own conformational equilibrium, can be for
mulated. However, the envelope configuration is unlikely for 
the MTHT radical, since the delocalization will favor a planar 
geometry between the trigonal carbon and sulfur. The barriers 
in cyclic radicals like THT and MTHT may then involve ring 
equilibrium between conformations of the twist configuration 
(see eq 1 ), which does not involve the loss of planarity at the 
sulfur atom. If there is a change from the envelope to the twist 
configuration in going from the molecule to the radical, this 
may account for the observed preference for the axial con
formation of the MTHT radical at low temperatures.

M e c h a n is m  o f  S o lu te  R a d ica l F o r m a t io n . Adamantyl 
radicals formed by 7  irradiation at 77 K of adamantane con
taining a solute are completely converted to solute radicals

TABLE II: MTHT Radical Proton Coupling Constants3 
and Axial—Equatorial Equilibrium Constant as a 
Function of Temperature

Temp, K 1000/T ad as, “ Pi feb K c

303 3.30 16.1, 2 2 . 1 28.7 0.313 2.19
293 3.41 15.9S 21.7 28.8 0.306 2.27
273 3.66 15.9 2 1 . 0 29.5 0.266 2.76
253 3.95 16.0 20.5 30.3 0 .2 2 0 3.55
223 4.48 16.3 19.7 31,5 0.150 5.67
213 4.69 16.5S 19.5 31.8 0.133 6.52
203 4.93 16.6 19.2 32.3 0.104 8.62

77 13.0 16.8 16.8 34.1 ~ 0

a In gauss. b f e = (aobsd̂ 1 o > X )/(qEH - a A H ). 3 K  =

in the time required to warm to room temperature and begin 
ESR measurement (~ l - 2  min). Because diffusion of ada
mantane is very slow (Ea for self-diffusion = 36 kcal mol- 1 ) ,13 

and because the decay of solute radicals is slow compared to 
the rate of radical formation, intermolecular H atom transfer 
from adamantane molecules to adamantyl radicals has been 
proposed38’11 to explain the rapid migration of radical centers 
to solute molecules where abstraction can occur giving the 
solute radical. The results of the present work do not require 
postulation of this mechanism. They are consistent with the 
conclusion that the solute radicals form when a diffusing so
lute molecule in the ~ 2% solution encounters a nonmigrating 
adamantyl radical. It may be assumed that the rate of diffu
sion of MTHT molecules is the same as that of MTHT radi
cals for which the rate constant (k ) for combination at 295 K, 
reported in a previous section, is 0.17 M- 1  s-1. Assuming a 
high probability for reaction on each encounter of an MTHT 
molecule with an adamantyl radical (A-), the rate of solute 
radical formation may be estimated as d[MTHT-]/di = 
A [A-] [MTHT] = 4 X 10-s M s- 1  at 295 K for an A- concen
tration of 1.2 X 10- 3  M and ¡MTHT] = 0.2 M. At this rate 
essentially all the MTHT radicals that could be formed by 
abstraction reactions by A- would be formed in the 1-2-min 
period between warming of an irradiated sample from 77 K 
to room temperature and the initiation of ESR measurement.

M e c h a n is m  o f  D e c a y  o f  M T H T  a n d  M T H F  R a d ica ls . The 
data of Figure 9, showing second-order decay of MTHT rad
icals in adamantane at 295 K, together with the observation 
that no new radicals grow during the decay, indicate that the 
radicals are removed by reaction with each other upon en
counter by diffusion, the rate constant being 0 .17  M- 1  s-1, as 
estimated in the Results section. Assuming reaction on every 
encounter, the diffusion coefficient (D ) obtained from the 
relation k  = 3 X 1 0 -22  cm3 molecule- 1  s -1  = 4rcd 2D  is 2 X 
10- 1 6  cm2 s-1, if the diameter (d ) of the radical is taken as 5
A.

The first-order decays (Figure 10) of the secondary a -  
MTHF and tertiary a-MTHF radicals require either a uni- 
molecular decomposition mechanism or a pseudo-first-order 
abstraction from the adamantane matrix molecules. It seems 
improbable, although not impossible, that the original MTHF 
radicals abstract from the bridgehead position of adamantane 
to give the 1 -adamantyl radical believed to be responsible for 
the Ri signal of Figure 8 . If this occurs, the tertiary a-MTHF 
radicals abstract more readily than the secondary a-MTHF 
radicals, and in contrast to MTHT radicals which do not ab
stract.

The most plausible mechanism to explain the first-order 
decay, the two different rate constants, the growth of the 1 - 
adamantyl radical and much smaller growth of a second rad-
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ical (R2) (Figure 8) seems to involve unimolecular ring opening
by each of the two MTHF radicals:

followed by abstraction of H from adamantane by the alkyl
like radical to give the l-adamantyl radical. An analogous ring 
opening has been observed for the radical of the cyclic ether
1,3-dioxolane.29 Radical R2 of Figure 8 which has an overall 
width of ~30 G may be similar to the radical on the right side 
of (2) or of (3) above but with the radical center on the C atom 
adjacent to the carbonyl group. Such radicals formed in ada
mantane by other methods have spectral widths similar to 
R2.30

T h e  M T H F  R a d ic a l  in  7 - I r r a d ia te d  M T H F  G la ss . The 
ESR spectrum of radicals in y-irradiated MTHF glass (Figure
11) has been assigned to the tertiary a  radical.4a’b The spectra 
of the a-MTHF radicals in adamantane (Figures 7 and 8) 
support this assignment. The 104-G width of the spectrum 
from the glass precludes the possibility that the secondary 
radical (66 G width at 273 K) can be responsible for the entire 
spectrum. Evidence that the secondary a  radical is not formed 
in the glass is given by the total lack of similarity between the 
radical spectrum from the glass, and the spectrum of a 3:1 ratio 
of secondary to tertiary a-MTHF radicals, produced by 
cooling the sample of Figure 7 to 7 1 K after sufficient decay 
of the tertiary radical no produce this ratio. The theoretical 
spectrum of the tertiary a  radical at 77 K, where ring confor
mational equilibration is slow, is shewn in Figure 11B. At this 
temperature the /? proton couplings becomes nonequivalent 
since pseudorotation is slow, although the sum of the /? cou
plings should remain nearly constant with temperature.

a(d)isotropic — % M d i)  + a'.fo) ] 77 k = 24 G

The theoretical spectrum in Figure 11 fits the experimental 
spectrum when the /3 couplings are 16 and 33 G, while the more 
freely rotating methyl group retains its room temperature 
coupling of 18 G. The seven groups of lines in the theoretical 
spectrum have relative integrated intensities of 1:4:7:8:7:4:1. 
The large peak height of the central line in the experimental 
spectrum is expected for the choice of couplings used in the 
theoretical spectrum, which shows a closer spacing of the 
component hyperfine lines in the central line group than for 
other groups of lines. The intensities and couplings agree well 
with the experimental spectrum.

Simulated spectra based on hign temperature coupling 
constants, assuming no temperature dependence of the /? 
proton couplings, have led to the conclusion that neither 
secondary nor tertiary radicals alone nor their mixture can 
account for the ESR spectrum of y-irradiated MTHF glass.25 
However, the temperature dependence of the ¡3 proton cou
plings in MTHT glass (Figure 6, where the slowness of radical 
decay allows study of the temperature dependence of the 
couplings) indicates that such dependence must be considered 
in MTHF. When it, and the additional evidence given above, 
are taken into account, the results strongly support assign
ment of the spectrum to the tertiary radical.

U n iq u e  F e a tu r e s  o f  A M a m a n ta n e  as a R e a c t io n  M e d iu m .  
Polycrystalline adamantane (CioH^) melts at 268 °C when 
warmed in a sealed tube but sublimes readily in the air at room 
temperature; its melting point contrasts with that of n  -decane 
(C10H22) (—30 °C) and that of the smaller symmetric molecule
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Figure 11. (A) ESR spectrum of MTHF glass y  irradiated at 77 K and 
exhaustively bleached with light >400 nm to remove trapped electrons: 
dose, 2.3 X 1019 eV g_1; microwave power, 0.20 mW; modulation 
amplitude, 0.5 G; gain, 2400; recorder, 1 V. (B) Theoretical ESR 
spectrum of the tertiary ot radical of MTHF at low temperature where 
ring equilibrium is slow. The coupling constants used are a(CH3) =  18 
G, =  16 G, and a(Hg2) = 33 G. The theoretical relative intensities 
are shown below the groups of lines.

neopentane (C5H12, —20 °C). The calculated density changes 
from 1.18 g cm- 3  for the tetragonal crystalline form below the 
phase transition temperature of 208 K to 1.08 for the disor
dered cubic form at 295 K10 and contrasts with the 0.73 g cm- 3  

density of liquid n -decane at 295 K.
The second-order decay of MTHT radicals in adamantane 

occurs readily at 295 K (0.5 of the melting point) whereas 
readily measurable decay of matrix radicals in their parent 
crystals in general does not occur below ~ 0 .8  of the melting 
point. The MTHT radical decay at 295 K occurs much faster 
than the decay of 3-methylpentyl radicals in glassy 3MP at 
77 K12 (k  = 0.17 M_1 s_ 1 as compared to 2.4 X 10~ 6 M^ 1 s_1) 
even though the density of the latter is only 0.85 g cm~ 3 as 
compared to the 1.08 g cm- 3  for adamantane at 295 K. The 
decay of matrix radicals in polycrystalline n-decane (d  ~  0 .8 6 ) 
at 77 K is undetectable over many hours.31
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Rigid solutions of naphthalene or pyrene in mixed alkane matrices at 77 K were 7  irradiated and optical 
measurements were carried out for samples under controlled warming. Two new species, unrelaxed dimer 
cations and probably tetramer cations of the solutes, were found. It is presumed that the unrelaxed dimer 
cation is produced upon the capture of migrating positive holes in the alkane matrix by the preexisting neu
tral dimer molecule of the solutes and holds the conformation of the neutral dimer. Thus, the unrelaxed 
dimer cation differs from the known dimer cation whose conformation is relaxed in a thermal equilibrium. 
The absorption maxima of characteristic bands of the unrelaxed dimer cations of naphthalene and pyrene 
are situated at about 2 1 0 0  and 1600 nm, respectively. The tetramer cation is formed upon softening of the 
irradiated sample by a reaction between the relaxed dimer cation and the neutral dimer molecules. The tet
ramer cation is characterized by the absorption at 1450 nm for naphthalene and the one at 1900 nm for py
rene Although explicit spectral evidence was not obtained, the formation of dimer anions was also indicated 
by the concentration dependence of the formation of the monomer anions.

Introduction

Hamill and co-workers pioneered the use of organic ma
trices at 77 K for the spectroscopic study of ionic processes 
induced by 7  irradiation. 1 The rigidity of the frozen solution 
ensures the preservation of reactive ionic intermediates and 
enables the spectroscopic measurement of otherwise elusive 
species. Ionic processes occurring in matrices such as meth- 
yltetrahydrofuran and s e c -butyl chloride appear to be 
amazingly simple because in most cases absorption spectra 
in the near-ir through near-uv region are exclusively attrib
utable to the monomer anions and cations of solute mole
cules.2'3 Irradiation of a number of organic compounds in these 
matrices has provided comprehensive spectral data on ion 
radicals.3’4

The rigidity, however, prevents the study of the dynamic 
behavior of the ion radicals. Thus, controlled warming of ir
radiated rigid solution and softer matrices has been used for 
the study of diffusion-induced reactions of the ion radicals and 
the effect of rigidity on their optical spectra.5-9 Badger and 
Brocklehurst measured the spectra of dimer cations resulting

from the diffusion in soft or softened matrices.5’6 Biihler and 
Funk have recently reported the dependence of the charge 
resonance energy on rigidity.7

However, it has been repeatedly experienced that warming 
the sample leads to cracking which interferes with the mea
surement of subtle changes in the spectrum. Using properly 
chosen matrices which do no: suffer cracking we have studied 
the dynamic aspect of frozen intermediates. In this paper we 
present the results for naphthalene and pyrene in matrices 
of mixed alkanes. It was found that the matrices provide new 
species, a transient “unrelaxed” dimer cation and a tetramer 
cation.

Experimental Section
Methylcyclohexane (MCH) and 3-methylpentane (MP) 

from Tokyo Kasei Co. were distilled and passed through a 
silica gel column. Zone-refined naphthalene from Tokyo Kasei 
Co. was used as received. Pyrene from the same source was 
purified chromatographically. The aromatic hydrocarbons 
were dissolved in a 3:1 (by volume) mixture of MCH and MP.
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The solution in a 1.5-1.7-mm thick Suprasil cell was degassed, 
unless otherwise stated, and the frozen solution was 7  irra
diated with a dose rate of 3 X 1018 eV/g min- 1  at 77 K. The 
optical change induced by irradiation and by subsequent 
warming was measured using a Cary 14 spectrophotometer. 
The warming was effected by raising the cell above the level 
of the liquid nitrogen for a limited period. The sample was 
intermittently cooled to 77 K to record the spectrum change 
at each step of warming. The glassy sample was not cracked 
by the warming and cooling procedure.

Results

N a p h t h a le n e . The absorption spectra immediately after 
irradiation of 15 and 49 mM naphthalene in the MCH-MP 
matrix are shown by bold curves in Figures la and lb. The 
peaks and shoulders marked with S+ and S-  in the region 
600-900 nm coincide with the known bands of monomeric 
cations and anions of naphthalene.3 Addition of triethylamine, 
a known positive hole scavenger, at 1-3 vol % removed the 
peaks denoted with S+. Nitromethane (1%) and sec-butyl 
chloride (1 %), which are known to scavenge electrons, sup
pressed the absorption indicated by S- . The effect of the 
scavengers confirms the assignment of the peaks. Besides 
these bands the spectra in bold curves exhibit a hitherto un
known peak at about 2 1 0 0  nm.

The optical density for the S+ and S_ bands decreased with 
an increase in the solute concentration as seen in Figure 1. 
Figure 2a shows the initial optical densities at 700 nm (for S+) 
and at 850 nm (for S_) as a function of solute concentration. 
Since the absorption at 700 nm comprises a considerable 
amount of the S_ absorption, corrections were made to extract 
the net S+ absorption by referring to the spectra of S~ at each 
concentration. 10 The broken curve in Figure 2a corresponds 
to the corrected S+ absorption. Figure 2a demonstrates that 
the intensity of the 2 1 0 0 -nm band also increases with solute 
concentration. Careful measurements revealed that the 
wavelength of the absorption maximum gradually shifted 
from 2050 to 2150 nm as the concentration was varied from 
15 to 77 mM. The 2100-nm band disappeared when triethyl
amine (1-3%) was added, and was not removed by addition 
of nitromethane or sec-butyl chloride (1%). The scavenger 
effect indicates that the 2 1 0 0 -nm band is due to a cationic 
species. In the softer 3MP glass the corresponding band ap
peared at 1900 nm. It is emphasized that, although the band 
is associated with a caticnic species, it was not observed either 
in butyl chloride or in a Freon mixture which is the established 
matrix for the production of a monomer cation of the solute.3 

Addition of more than 20 vol % of butyl chloride and analogous 
compounds to alkane matrices also eliminated this band. 
Thus, the appearance of the cationic species absorbing at 
about 1900 nm to about 2150 nm is peculiar to the alkane 
matrices.

Warming the irradiated sample in the alkane matrices 
caused the spectral change shown by broken and dotted curves 
in Figure 1. The spectra in the broken curve were recorded 
when the intensity of the 1040-nm band attained its maxi
mum. Likewise, the dotted curves correspond to the step of 
the maximum development of the 1450-nm band. The bands 
at 1040 and 580 nm have been assigned to the naphthalene 
dimer cation, S2+ by previous workers.5’60 The 1450-nm band 
accompanying a weak band near 570 nm was first observed 
in the present work. Figure 3 shows detailed changes in the 
spectrum. The numbers indicate consecutive warming steps. 
The 2100-nm band assigned to the new cationic species shifts 
gradually toward shorter wavelengths as warming proceeds.

Figure 1. Absorption spectra in 15 (a) and 49 mM (b) naphthalene so
lutions in the MCH-MP matrix Irradiated with a dose of 9 X 1019 eV/g: 
immediately after irradiation (bold curves), after warming by which the 
intensity at 1040 nm was maximized (broken curves), and after further 
warming which maximized the absorption at 1450 nm (dotted curves).

Figure 2. The concentration dependence of the relative yield of ionic 
species produced by irradiation (a) and by subsequent warming (b). 
Naphthalene solutions in the MCH-MP matrix were irradiated with a dose 
of 9 X 1019 eV/g. See text for the two curves for 700 nm in (a).

Curves 3 and 4 resemble the spectrum measured for a solution 
in 3MP at 77 K which is slightly softer than the solution in 
MCH-MP at the same temperature. The intensity at 1040 nm 
increases with the concomitant shift of the band initially at 
2150 nm. The 1450-nm band begins to increase at step 5. After 
step 6 the absorption at 1040 nm diminishes but absorption 
at 1450 nm still grows. Exessive warming removes all the
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Figure 3. The detailed the-mal change In a 60 mM naphthalene solution 
in the MCH-MP matrix ¡radiated with a dose ot 9 X 1019 eV/g. The 
number indicates the warming consecutive steps.

Figure 4. The absorptior spectra In a 39 mM pyrene solution in the 
MCH-MP matrix irradiated with a dose of 4.5 X 1019 eV/g : Immediately 
after Irradiation (bold curve), after warming (broken curve); and after 
further warming (dotted curve).

bands including the most persisting one at 1450 nm. The de
crease in the absorption of S+ at 700 nm and the increase in 
the absorption of S2+ at 1040 nm are not complementary as 
shown in Figure 3. The maximum optical densities at 1040 and 
1450 nm attained by warming are shown as a function of the 
solute concentration in Figure 2b. The correction for the 
overlap of the bands was not made.

Warming the irradiated solutions in the alkane matrices 
induced luminescence. Weak greenish yellow emission was 
observed at an early stage of warming, and was followed by 
whitish blue emission. The emission terminated with the 
disappearance of the 1450-nm band. When the irradiated 
solution was photobleached at 77 K with light longer than X 
480 nm, the anionic bands were removed, but cationic bands 
remained with their intensity reduced. On warming the pho
tobleached solution the remaining cationic band eventually 
changed to the 1450-nm band. The appearance of the 1450-nm 
band was not affected by addition of 1% nitromethane. Thus, 
it appears that any anionic species is not involved in the for
mation of the species giving the 1450-nm band.

P y r e n e .  Experiments for pyrene solutions in MCH-MP 
were carried out without deaeration since a preliminary test 
showed that dissolved air did not affect the intrinsic feature 
of the results.

Figure 5. The concentration dependence of the relative yield of ionic 
species produced by irradiation (a) and by subsequent warming (b). 
Pyrene solutions in the MCH-MP matrix were Irradiated with a dose of 
4.5 X 1019 eV/g.

As in the naphthalene solutions, pyrene solutions imme
diately after irradiation also exhibited a hitherto unknown 
band at 1600 nm in addition to the known bands of monomer 
ions3 as shown by the solid curve in Figure 4. Subtle spectral 
changes (corresponding to the shift of the 2 1 0 0 -nm band in 
Figure 3) of the 1600-nm band on warming could not be re
corded for pyrene because of the overlap of the bands of S2+ 
with a peak at 1420 nm. The spectral change induced by 
warming is analogous to that for naphthalene. The 1600-nm 
band and the bands of S+ were first replaced by the band of 
the dimer cation at 1420 nm6c shown by a broken curve, which 
was substituted upon further warming by a new band at 1900 
nm in the dotted curve in Figure 4. Figure 5 shows the con
centration dependence of the yields of the pyrene ions and t wo 
new species absorbing at 160C and 1900 nm.

Discussion

The spectral change observed in the present experiments 
are summarized as follows:

Naphthalene
S —  S+(700 nm)

A(2100 nm)
S- (850 nm)

Pyrene
S —  S+(450 nm)

A(1600 nm)
S (490 nm)

Symbol A denotes the new species appearing immediately 
after irradiation. Symbol B represents another new species 
appearing in a later stage of controlled warming. Both A and 
B are cationic, and most likely related to aggregate ions of the 
solute molecule as suggested by the concentration dependence 
of their formation. So far, only dimer cations have been 
studied in some detail. Badger and Brocklehurst employed

Ŝ +(1040 nm) — ► B(1450 nm)

— *• S,+ (1420 nm) — B(1900nm)A
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an isopentane-butyl chloride matrix to find new absorption 
bands attributable to the dimer cation of benzene, naphtha
lene, and others.5 '6 Pulse radiolytic studies have proved the 
formation of dimer cations in equilibrium with the monomer 
cation.11 ’ 12

The result that species A and B were found only in the al
kane matrices suggests that formation of A and B depends 
critically on the properties of the matrix. Alkane matrices are 
generally known to freeze solute molecules partly as aggregates 
composed of two or more molecules. Ferguson first found the 
dimerization of perylene in isopentane-MCH glass, 13 and 
similar examples have been reported.13-16 Such dimerization 
has not been observed in matrices other than alkanes.

If both monomeric and dimeric solute molecules are frozen 
in the alkane matrices, the positive hole in the matrix, M+, 
produced by irradiation will be competitively scavenged by 
the monomer and dimer which are in equilibrium as shown 
by eq 4.

M - *  M+ + e-  (1)

M+ + S — S+ (2)

M+ + (S2) -  (S2)+ (3)

S + S ^  (S2) (4)

The parenthesized dimer cation in reaction 3 indicates that 
its conformation is the same as that of the frozen neutral dimer 
molecule, (S2). The ion, (S2)+, may not be equal to the relaxed 
dimer cation, S2+, which is in the most favorable conformation 
for the ion in a thermal equilibrium.

If the mechanism represented by reactions 2-4 is correct, 
the ratio of the yield of (S2)+ to that of S+ will increase with 
solute concentration. The observed behavior of species A is 
consistently accounted for by assigning it to the unrelaxed 
dimer cation, (S2)+; it is formed initially on irradiation, fa
vored in concentrated solutions, and different from the known 
relaxed dimer cation absorbing at 1040 nm for naphthalene 
and at 1420 nm for pyrene. The thermally induced gradual 
shift of the band assigned to A is considered to correspond to 
the following sequence:

(S2)+ —► intermediate conformations S2+ (5)

All dimer cations thus far reported in the literature are re
garded as the relaxed ones. Figure 3 shows that in spite of the 
increase in the (relaxed) dimer cation at an early stage of 
warming the monomer cation does not decrease appreciably 
until the stage of curve 3. This result is understood by eq 5,
i.e., the unrelaxed dimer cation supplies the relaxed dimer 
cation. The relaxed dimer cation can also be produced from 
the monomer cation by

S+ + S — S2+ (6 )

Reaction 6 is the usual process for the formation of a dimer 
cation in rigid solutions and fluid solutions in other sol
vents,5'6’1 1 ’12 but reaction 5 prevails in concentrated solutions 
in the alkane matrices where the unrelaxed dimer cation 
predominates. The slight shift of the 2100-nm band for 
naphthalene with concentration might be due to the in
volvement of aggregates (S„), with n  larger than 2, which 
produce ions (S„)+.

Species B appears on prolonged warming at the expense of 
the relaxed dimer cation. The yield of species B relative to that 
of the relaxed dimer cation increased with solute concentra
tion as shown in Figures 2b and 5b. The result indicates that 
species B results from a reaction of the dimer cation with

neutral solute molecules. Taking into account the fact that in 
concentrated solutions equilibrium 4 shifts to the right in favor 
cf the dimeric solute molecules, we consider that species B 
may be a tetramer cation formed by

s 2+ + (S2) -  S4+ (7 )

Our unpublished results show that in matrices of alkyl halides 
cr Freon mixtures neither the unrelaxed dimer cation nor the 
proposed tetramer cation is produced. The appearance of 
these two cations is, therefore, specific to the alkane matrices. 
The prerequisite for reaction 7, i.e., the existence of neutral 
timer molecules, is also peculiar to the alkane matrix. The 
whitish blue emission observed at later stages of warming is 
considered to be due to charge neutralization which competes 
with reactions 6  and 7.

In the low concentration region the yield of the monomer 
anion of electron-scavenging solutes increases with the in
crease of the concentration as Gallivan and Hamill showed for 
biphenyl in 3MP matrix. 17 However, in the present study of 
concentrated solutions a reverse concentration dependence 
was found as seen in Figures 2a and 5a. The reactions

e~ + S —»■ S-  (8 )
e_ + (S2) —<• (S2)-  (9)

similar to 2 and 3 for cations, together with equilibrium 4, 
account for the concentration dependence of the yield of the 
monomer anion in the high concentration region. However, 
no definite band attributable to either (S2)-  or S2-  presum
ably formed by warming was detected in the region 320-2200 
nm even when the cationic bands were removed by triethyl- 
amine in order to record the subtle change in the anion spec
trum. Attempts to produce dimer anions of aromatic hydro
carbons have not been successful except for the anthracene 
timer anion derived from the anthracene photodimer.8 The 
present results suggest that the dimer anions of naphthlene 
and pyrene are produced by reaction 9 but do not absorb ap
preciably in the above described region. The charge resonance 
bands5'18’19 of the dimer anions may be located at wavelengths 
longer than 2 2 0 0  nm and beyond the limit of our measure
ments.
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A Qualitative Failure of Electrostatic Theories of Salting In.
The Enthalpy of Interaction of Glycine and Sodium Chloride in Water
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The enthalpy of interaction between NaCl and glycine in an aqueous medium has been determined calorime- 
tricahy. For the reactions NaCl(ag) = NaCl(ideal, 1 M Gly) or Gly(aq) = Gly( ideal, 1 M NaCl) the enthalpy 
has been determined as AH s° = —211 cal/mol. This value differs qualitatively from the value predicted from 
Kirkwood’s and others theories, even though these same theories have given a relatively good quantitative 
description of the free energy of interaction.

Introduction

Amino acids, peptides, and proteins are extremely polar, 
even when their net charge is zero. These molecules exist 
predominately as zwitter or dipolar ions at their isoelectric 
point. The interactions between these important molecules 
and ions have therefore been extensively studied, both ex
perimentally and theoretically. 1^3

Experimentally, the focus of the work has been on the free 
energy of interaction. The majority of this work involves the 
influence of an electrolyte on the solubility of amino acids, 
peptides, or proteins, that is, salting in (or out) .2-4 Activity 
coefficients of dilute aqueous solutions of amino acid-elec
trolye mixtures have also been determined2-5-6 from which the 
free energy of interaction can be calculated.

A variety of theories have been proposed to account for 
these experimental results,3-7 the most widely applied being 
those of Kirkwood. These theories have enjoyed considerable 
quantitative success in that, for example, the dipole moments 
of simple amino acids and peptides calculated via them are 
in good agreement witn those obtained from either dielectric 
constant measurements or structural consideration.3

In this paper, we report the experimental measurement of 
the enthalpy of interaction between NaCl and glycine. Orig
inally our intention was to use this experimental method as 
an alternative way of obtaining information about solvated 
dipolar ions via Kirkwood’s theories. The results reported here 
however indicate that these theories do n o t  account for the 
enthalpy of interaction, either quantitatively or qualtitatively. 
The eventual explanation of this failure should prove to be of 
considerable interest and importance.

Experim ental Section

The calorimeter used has been described previously.8 

Several modifications have been made. A 100-1. water bath is 
used instead of the aluminum block bath. The thermometer 
circuit consists of two 1 0 0 0 -ohm thermistors connected in two 
arms of a transposed Maier bridge.9 A Leeds and Northrup 
K-4 potentiometer and dc null detector were used to measure 
the bridge potentials. Temperature differences could be 
measured to ±0.000 Of °C under normal operating conditions. 
All calorimetric data were obtained with 300 ml of solution in 
the dewar at 25.0 ± 0 .1  °C. Electrical calibration of the calo
rimeter preceded and succeeded each run.

Certified ACS sodium chloride was obtained from Fisher 
Scientific Co. When used as a part of the solvent system in the 
first set of runs, it was used without further purification. In

the second set of runs, when used as the solute it was recrys
tallized from water.

Glycine (ammonia free) was obtained from Eastman Kodak 
Co. and used without further purification. Samples from two 
different lots were used and gave identical results.

Solutions of NaCl-16.69H20  and Gly-18.86H20  were made 
up by weight. Samples of about 6 g were taken from these so
lutions and weighed accurately into thin walled glass bulbs 
of 6 to 1 2  ml capacity. Sample entry was effected by breaking 
the bulb.

Results

M e t h o d  1 . Enthalpies of “solution” of Gly-18.86H20  and 
H20  into 0, 0.25, 0.5, 0.75, and 1  M NaCl were determined 
calorimetrically. These results are reported in Table I and 
correspond to

Gly • 18.86H20  = Gly*(a M NaCl)
±  18.86 • H20(a M NaCl) AH x(a ) (1 )

and

18.86 • H20  = 18.86 • H20(a M NaCl) AH 2(a )  (2 )

The uncertainties reported are average deviations.
The enthalpy of dilution of glycine from the final concen

tration of our measurements (0.05 M) to infinite dilution is 
small (±5 cal/mol). We could not measure this accurately and 
therefore corrected the measured heats by using the literature 
values for the heats of dilution in water, 10 assuming these are 
not appreciably affected by the concentration of NaCl. Be
cause of the small amount of H20  used as a solute compared 
to the amount of solution, we apply no correction to A H 2 (a ) .  
The enthalpies for reactions 1 and 2 at infinite dilution, 
A H i * ( a ) and AH2*(a), are reported in Table II.

The enthalpy of transfer of glycine, AH 3 * (a ) ,  from water 
to a NaCl solution

Gly*)“ , aq) = Gly*!“ , a M NaCl) (3)

may be calculated by the equation

AH 3 * ( a )  =  AH x* (a )  -  AH 2* (a )  -  A H x* (0 )  ±  A H 2 * (0 ) (4)

These values are reported in Table II. Finally, we define an 
enthalpy, AH 3° , as the limit of H 3 * (a )/ a  as a approaches 0. 
This is the value of the enthalpy of the reaction

Gly(°°, aq) = Gly(“ , ideal 1 M NaCl) (5)
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TABLE I: Enthalpies of Solution of G ly l 8 .8 6H2 0

a M 
NaCl

No. of 
runs

Final
Gly, M

A H i(a ),
cal/mol

No. of 
runs

AH2(a), 
cal/mol

0 3 0.048 + 188 ±  3 0

0.25 2 0.051 + 134 ±  2 3 -1 + 0 .5
0.5 2 0.046 + 8 6  ± 1 2 + 8  + 1

0.75 2 0.046 +46 ± 1 2 +28 ± 1

1 .0 2 0.049 +25 ± 1 2 +57 ± 2

TABLE II: Enthalpy of Interaction (Method 1)

A H i* (a ) ,  A H 2* (2 ), A H  3* (a ), A H s*(a)/a ,
a cal/mol cal/mol cal/mol cal/mol

0 + 192 0

0.25 + 138 - 1  -53 - 2 1 2

0.5 +90 + 8  -n o - 2 2 0

0.75 +50 +28 -170 -227
1 .0 +29 +57 -220 - 2 2 0

TABLE III: Enthalpies of Solution of NaCM6.69H20

No. of Final A H e(a ), No. of AH7(2),
a M Gly runs NaCl, M cal/mol runs cal/mol

0 3 0.057 +412 ± 4 0

0.25 2 0.052 +361 ± 2  2 -0.2 ± 0.5
0.50 3 0.052 +315 ± 2  2 - 2  ± 1

1 .0 3 0.046 +260 ± 5  3 + 18 ± 2

TABLE IV: Enthalpy of Interaction (Method 2)

(A H g* -
a A H e* (a ) A H 2* (a ) A H g *(a ) A H n * (a ) A H n *)/a

0 +338 C
0.25 +289 —C.2 -49 2 -204
0.50 +243 —2 -93 4 -194
1.0 +183 + 18 -173 9 -182

It is directly related to the temperature derivative of the in
teraction coefficient, k s, as determined by either isopiestic 
vapor pressure measurements, freezing point depression data, 
or approximately by salting in coefficients.

Linear extrapolation of our data gives a value of AH50 = 
— 2 1 2  ±  1 0  cal/mol.

M e t h o d  2. Enthalpies of “solution” of NaCl-16.69H20 into 
0, 0.25, 0.5, and 1.0 M glycine were determined. Equation 
analogous to eq 1-5 may be written as

NaCl • 16.69H20 = NaCl(a M Gly) + 16.69H20(a M Gly)
(6 )

16.69H20  = 16.69H20(a M Gly) (7)

NaCl(c°, aq) = NaCl(<», a M Gly) (8 )

A H 8* ( a )  =  A H 6* (a )  — A H i* {a )  — A H e * (0 )  + AH7*(0)
( 9 )

NaCl(% aq) = NaCl(°=, ideal 1 M Gly) (10)

The results reported in Tables III and IV were calculated in 
a manner similar to that in method 1 . The heat of dilution of 
NaCl from the final concentration of our measurements (0.05 
M) at infinite dilution is not small (75 cal/mol in H20) and 
could be appreciably affected by the glycine. Using the 
Debye-Hiickel theory and the temperature dependence of the

dielectric constant of aqueous glycine solutions, 11 we calculate 
that the heats of dilution of NaCl in the glycine solutions are 
within 5% of those in aqueous solution. Heats of dilution of 
aqueous NaCl solutions12 were therefore used for all solution.

In method 2, the intermolecular proton transfer reaction

2GlyH = GlyH2+ + Gly- (11)

must be considered. Using the acid ionization constants of 
glycine,1 the enthalpies of ionization, 13 and estimated activity 
coefficients, a straightforward calculation leads to the result 
that in 1 M Gly, the introduction of 0.05 M NaCl causes a shift 
from 0.019% ionic glycine to 0.024%. Because of the large 
amount of glycine present and the large Afin, this small 
change results in A H e  about 9 cal larger than if reaction 11 had 
not occurred. This effect is subtracted from AHs in deter
mining A H io -

A value of H 10 = —210 ±  10 cal/mol is obtained.
A ccu r a cy . AHi*(0) and A H s * (0 ) are in excellent agreement 

with the literature values10’11 of 192 and 334 cal/mol, respec
tively.

AH5 and AH10 should be equal to each other by the 
Gibbs-Duhem equation and are within experimental error. 
The enthalpy of interaction corresponding to either reaction 
5 or 10 is AH s =  —211 ±  10 cal/mol. No previous determina
tion of this quantity has been reported.

The interaction coefficient, k s, has been determined at 0 and 
25 °C.2'6 It is related to the thermodynamics of reactions 5 and 
1 0  by the relationships

A Gs° = -2.303R77es (12)

AGs° = AHs° -  T ASs° (13)

AHs° = -2.303J?TiT2Afes/AT (14)

Use of eq 14 (the integral form of the van’t Hoff equation as
suming ACp =  0) allows calculation of a value of AH s =  —2330 
cal/mol from the interaction coefficient data. It should be 
noted however that the uncertainty in this quantity is large 
and that there is a very large concentration dependence as 
indicated by a calculated value of AH3(1) = —370 cal/mol 
using the same data.

T h e r m o c h e m ic a l  C a lcu la tio n s . The interaction coefficient 
reported by Schrier and Robinson is used in conjunction with 
our enthalpy and eq 12 and 13 to obtain the experimental 
quantities reported in Table V.

Discussion
From purely electrostatic considerations, Kirkwood has 

derived the equation

2 irz 2e 2 /  3m2 

s _  2303D/?Ta \2D k T
(1 5 ).

Assuming the same parameters as Schrier and Robinson (p  
=  13.5 D, V  =  51 cm3, a = 4.2 A, a (p )  = 1.29) and D  =  78.54 
and d In D / d T  = 4.579 X 10- 3 ,14 values of &s, AGs°, AHs°, and 
ASs° are calculated using eq 15 and eq 12-14. These results 
are included in Table V.

Similar results are obtained with the Debye-McAulay 
theory7

k s
/ze\ 2 5 

\ D /  a k T
(16)

that forms the basis of many more elaborate theories. In cal
culating the values reported in Table V, the dielectric incre-
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TABLE V: Thermodynamics of Interaction between Sodium Chloride and Glycine

k a A G s°, cal/mol A H s° , cal/mol ASs°,ca lm ol 1 deg 1

Exptl 0.127
Kirkwood 0.156
Debye- 0.218

McAulay

-173
-214
-295

- 2 1 1  

+ 195
-30 to +330

-0.13 
+ 1.38

+ 1.81 to + 0.8

ment, 5, was taken as 22.7,11,15  d<5/dT = 0.05215 to 0.14,11 and 
a = 4.2 A.

Even though these theories account rather well for the free 
energy of interaction, neither theory even qualitatively ac
counts for the enthalpy of interaction. Although one would 
not expect good agreement in a complex system, a qualitative 
breakdown in the results calculated for the system studied in 
this work is surprising.

A resolution of this anomaly is not readily apparent. For 
example, an additional term has been introduced in eq 15 by 
Schrier and Robinson to account for the salting out of the 
nonpolar portion of the nonelectrolyte (in the case of glycine 
it is just the CHa group) - Assuming the contributions to this 
term are additive, a value for the enthalpy associated with this 
term can be estimated from literature values for the heat of 
solution of HC1 in aqueous methanol, 16 ethanol, 16 and ethyl
ene glycol17 or NaCl in aqueous ethanol15 and hydrogen per
oxide.18 The values obtained for the enthalpy of interaction 
between these electrolytes and the CH2 group are +203 and 
+153 cal/mol, respectively. Thus applying this “correction” 
would result in an even larger discrepancy.

More experimental data on similar systems are needed 
before an explanation of this anomaly can be offered.
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Ultrascnic absorption measurements on 0.200 M Nd(N03) 3 solutions as a function of water composition in
dicate the existence of at least two relaxations. The results are interpreted in terms of an equilibrium be
tween two forms of inner-sphere complexes in aqueous methanol. The extension of these measurements to 
aqueous solution confirms the existence of both inner- and outer-sphere complexes in water. The rate con
stant for the formation of the inner-sphere NdN02+ complex in water at 25 °C is (1.5 ±  0.2) X 108 s '.

We have applied the ultrasonic relaxation technique as 
a spectroscopic and kinetic probe to examine cation interac
tions with solvent and ligand molecules in aqueous methanol

* Address correspondence to this author at the Division of Earth 
and Physical Sciences, The University of Texas at San Antonio, San 
Antonio, Tex. 78285.

solutions. 1" 5 A problem of particular interest has been that 
of the environment surrounding lanthanide cations, since 
different coordination number species have been postulated 
for the light and heavy rare earths, coupled to a region between 
Nd and Dy where an equilibrium between the two forms of 
solvated cations has been used to explain experimental ob
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servations.6 Because of the relatively large volume change 
observed for the formation of inner-sphere complexes in 
lanthanide systems, the ultrasonic relaxation technique easily 
discriminates between inner- and outer-sphere ion pairs in 
solution. By switching solvents from water to aqueous meth
anol the concentrations of both types of complexes are in
creased and any coordination number change which is induced 
upon complexation would be enhanced and would be ob
servable as an increase in the excess absorption maximum, 
Mmax, which is proportional to the concentrations of reacting 
species times the square of the volume change upon reaction.

In an earlier ultrasonic relaxation study in water utilizing 
the rare earth nitrates, an abnormally high nimax was observed 
for outer-sphere complexation with neodymium relative to 
the heavy lanthanides, and this was attributed a solvation 
number change equilibrium reaction.7 The kinetic data were 
interpreted in terms of the multistep complexation mecha
nism:8

Ln3+(aq) + N 0 3- (aq) = Ln3+(H2 0 )yN0 3-  
step I

= LnS+iHaOLNOa- = LnN032+(aq) (1) 
step II step III

Step I represents the diffusion-controlled formation of an 
outer-sphere complex and the rate constant for this step can 
be evaluated by the Debye-Smoluchowski9 and the Eigen10 

equations. Solvent is lost from the anion inner solvation shell 
to form a second outer-sphere complex in step II. Step III, the 
slow step, involves the loss of solvent from the cation solvation 
shell followed by cation-ligand bond formation. The relaxa
tion corresponding tc step I is expected to occur near 500 MHz 
and has not been detected in any lanthanide system. There
fore, the first two steps of reaction 1  are generally combined:

Ln3+(aq) + N 0 3- (aq) ^  Ln3+(H20)xN 03-
*21

step 1 2

4 ^ L n N 0 32+(aq) (2)
*43

step III
For all of the caticns studied (Nd, Gd, Dy, and Er) the re

sults were interpreted in terms of both inner- and outer-sphere 
ion pairs even for those solutions where the existence of a 
high-frequency relaxation attributable to outer-sphere com
plexes was ambiguous. These solutions were composed of 
Ln(N03) 3 and excess nitrate added in the form of NaN03. 
This analysis, in terms of two types of complexes present, is 
consistent with the observations of optical spectroscopic 
measurements,1 1 ’12 "O NMR data,13 NMR data, 14 and 
ultrasonic measurements on stoichiometric concentrations 
of the rare earth nitrate salts in water. 13 3 7  This investigation 
on Nd(N03) 3 in aqueous methanol was undertaken in an effort 
to determine if the unusual high frequency relaxation could 
be characterized, and in addition to provide a comparison for 
different rare earth nitrates in aqueous methanol.

Experimental Section
The stoichiometry of the neodymium nitrate (American 

Potash and Chemical Corp.) was established to be Nd(N03)3- 
4.7H20 by ion exchange.18 Stock solutions were made in 
methanol and water by weight. The methanol was distilled 
from a solution of methanol plus magnesium metal. The 
concentrations of all solutions were 0.200 M Nd(N03) 3 for the 
spectroscopic study as a function of water mole fraction, A h2o -

The kinetic investigations were carried out with different salt 
concentrations in a solvent system containing 50% water by 
final volume, corresponding to X h2o = 0.68. All experimental 
temperatures were at 25 °C. All calculations were carried out 
on a Wang 700 programmable calculator.

The ultrasonic relaxation apparatus and technique em
ployed were similar to those described earlier.7 For a system 
undergoing chemical relaxation, the measured sound ab
sorption, a / f2, fits a standard curve defined by

where /  is the frequency, / r, is the relaxation frequency of each 
independent chemical relaxation step, A; is the amplitude of 
each relaxation, and B  is the experimental background char
acteristic of the solvent medium. The difference between the 
solution absorbance and that of the solvent is described in 
terms of the excess absorbance, ¿¿, defined as:

n =  («/Z2 -  B ) f c  (4)

where c is the sound velocity in the solution.

Results
An excess absorption occurs within the frequency range of 

10-190 MHz for the 0.200 M Nd(N03) 3 solutions in water and 
in aqueous methanol.19 The absorption data can be calculated 
in terms of either a single or a double relaxation process as 
shown in Table I. For 0.200 M Nd(III) solutions the calculated 
single relaxation values of B  increase with increasing water 
content to a maximum of 50.2 X 10~17 Np cm- 1  s2 at -Xh2o = 
0.48 and then decrease to 27.5 X 10-17 Np cm- 1  s2 in water. 
In 50% aqueous methanol solutions, the calculated single re
laxation values of B  increase with increasing concentration 
to 80.9 X 10~17 Np cm- 1  s2 for a 0.50 M salt solution. In 
aqueous solution B  is known to be between 21.5 and 22.4 X 
10-17 Np cm- 1  s2 from high frequency measurements on 
lanthanide salts.20 For aqueous methanol alone the observed 
solvent background is (25 ±  2) X 10-17 Np cm- 1  s2, a result 
which has also been obtained when NaC1 0 4  is added. 1 ’21 As 
in aqueous solution and in the previous papers in this series, 
the existence of an abnormally high B  value indicates that at 
least one additional relaxation process is present within the 
experimental frequency range. Therefore, we believe that the 
data calculated in terms of a double relaxation computer 
program are the correct interpretation.

The two relaxations can be identified with the two reaction 
steps in reaction 2 , analogous to the results in water for the 
nitrates7’15’16 and to other lanthanide salt systems in aqueous 
methanol. 1-5 The high frequency relaxation corresponds to 
the formation of the outer-sphere complex and the low fre
quency one to the formation of the inner-sphere NdN032+ 
complex. Figure 1  shows typical data for Nd(N03) 3 in aqueous 
alcohol. After resolution into two relaxations, the Nd(N03) 3 

solutions possess a systematic deviation of the experimental 
data at frequencies above 110 MHz, a feature not character
istic of any of our earlier aqueous methanol systems. 1 -5  One 
interpretation of this result is that the difference corresponds 
to the start of a third relaxation appearing at high frequency. 
Although measurements at much higher frequencies are 
necessary to confirm the true existence of a third relaxation, 
its presence is certainly consistent with the observations on 
plus-two metal ion complexation systems in water.22*23

The excess absorption maximum, /¿max, is defined as:

2/*max — / r;A,-C (5)
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TABLE I: Relaxation Data at 25 °C for 0.200 M Nd(N03>3 in Aqueous Methanol
A. Single Relaxation Calculation

A h2o A a / r B a

0.03 503.9 ± 32.3 9.7 ± 0.5 39.5 ± 1.1
0.06 460.0 ± 29.0 11.5 ± 0.7 37.8 ± 1.7
0.20 753.1 ± 36.1 10.4 ± 0.4 42.2 ± 1.2
0.35 577.1 ± 22.0 13.3 ± 0.5 45.5 ± 1.8
0.48 367.9 ±  13.6 18.0 ± 0.8 50.2 ± 2.2
0.59 283.2 ± 6.7 24.9 ± 0.9 48.4 ± 2.0
0.68 254.0 ± 5.9 31.2 ± 1.3 39.9 ± 3.0
0.83 241.8 ± 3.8 37.6 ± 1.2 34.2 ±  2.2
0.95 198.6 ± 2.2 52.5 ± 1.3 27.5 ± 1.9
1.00 169.9 ± 1.2 59.1 ± 1.3 27.5 ± 2.2

B. Double Relaxation Calculation6

A h2o A 12° / Ri2, MHz Am“ /Riii» MHz Mmasi2C MmaxmC

0.03 22.0 ±  2.6 150.5 ± 28.3 582.1 ± 49.9 8.4 ± 0.6 18.3 ± 5.6 26.9 ± 4.2
0.06 18.1 ± 4.9 167.8 ± 81.4 484.4 ± 41.2 10.7 ± 1.0 17.2 ± 13.0 29.3 ± 5.1
0.20 31.6 ±3.0 123.0 ± 14.7 883.7 ± 45.1 8.8 ± 0.4 24.1 ± 5.2 47.9 ± 4.6
0.35 .31.1 ±  5.0 162.3 ± 41.0 608.2 ± 27.5 12.2 ± 0.7 32.3 ± 13.4 47.3 ± 4.8
0.48 65.1 ±  5.5 98.9 ± 7.8 419.3 ± 18.1 12.4 ± 0.8 44.4 ± 7.3 35.8 ± 3.8
0.59 68.1 ± 5.6 100.6 ± 6.8 274.0 ± 4.7 17.9 ± 0.8 50.8 ± 7.6 36.4 ± 2.3
0.68 121.6 ± 12.6 64.3 ± 4.1 207.5 ± 8.6 14.8 ± 1.9 60.1 ± 10.1 23.6 ± 4.0
0.83 141.2 ± 24.8 58.8 ± 4.9 134.9 ± 18.3 19.4 ± 3.8 65.6 ± 17.0 20.7 ± 6.9
0.95 158.3 ± 18.3 65.4 ± 3.6 58.2 ± 15.2 22.4 ± 6.7 79.9 ± 13.8 10.1 ± 5.6
1.00 152.5 ± 7.2 70.0 ± 2.0 36.8 ± 4.4 16.9 ± 5.8 79.9 ± 6.1 4.7 ± 2.2

a Units, 1017 Np cm 1 s2. b B =  25.0 X 10~17Np cm-1 s2 except in the solutions with X r2o = 0.95 and greater where B = 21.7 X
) 17 Np cm' 1 s2. c Units, 104 Np.

Figure 1. The excess absorption for 0.300 M Nd(N03)3 in aqueous 
methanol. The triangles represent the difference between the measured 
and calculated absorption assuming only two relaxations are present, 
indicating the possible existence of a third relaxation.

The variation in ¿¿max with water mole fraction is shown in 
Figures 2 and 3 for the high and low frequency relaxations, 
respectively. The data for Er(NC>3)3 in aqueous methanol are 
also plotted in the figures. The analysis of these two figures

Figure 2. The excess absorption maxima corresponding to outer-sphere 
ion pair formation in aqueous methanol solutions of erbium and neo
dymium nitrates. The vertical arrows at high water mole fractions for 
erbium are an estimate because the relaxation amplitude is too low to 
be resolved by our relaxation program: (A) 0.22 M Er(N03)3; ( • )  0.200 
M Nd(N03)3.

will be used to explain the behavior of the rare earth nitrates 
in water and aqueous methanol.

The relaxation data for different concentration Nd(N0 3 )3  

solutions in 50% aqueous methanol, shown in Table II, indi
cate that the relaxation frequency errors are larger than the 
variation of / r with concentration. This difficulty is partially 
caused by the closeness of both the high and low relaxation 
frequencies (approximately 70 and 15 MHz). To obtain a 
successful separation usually requires that the two frequencies 
be separated by at least a decade, a condition which was ful
filled in the other aqueous methanol studies.2’3 Furthermore, 
systematic errors are present in this study due to the possible

The Journal of Physical Chemistry, Voi. 80, No. 13, 1976



1454 Herbert B. Silber and John Fowler

Figure 3. The excess absorption maxima corresponding to inner-sphere 
Ion pair formation in aqueous methanol solutions of erbium and neo
dymium nitrates: (A) 0.22 M Er(N03)3; ( • )  0.200 M Nd(N03)3.

TABLE II: Relaxation Data at 25 °C for Nd(N0 3)3 in 50% 
Aqueous Methanol (X h2o = 0.68.1°

c, M A 12*b / ri2> MHz A illb /Rm. MHz

0.100 73.8 ± 8.8 70.9 ± 5.5 126.8 ± 7.0 14.9 ± 2.4
0.200 121.6 ± 12.6 64.3 ± 4.1 207.5 ± 8.6 14.8 ± 1.9
0.300 133.1 ± 9.8 79.3 ± 4.5 420.2 ± 16.0 13.4 ± 1.0
0.400 119.9 ± 7.2 100.2 ± 5.2 541.5 ± 7.9 16.4 ± 0.6
0.500 154.5 ± 8.5 98.7 ± 4.8 760.5 ± 13.8 14.7 ±0.5

° Double relaxation calculation, B = 25 X io~ 17 Np cm-1 s:
b units, 1017 Np cm 1 s2.

existence of the third relaxation at still higher frequencies. 
Under these conditions, further kinetic analysis in 50% 
aqueous methanol is impossible.

Discussion

The first question to be answered is whether these effects 
reflect specific neodymium nitrate-solvent interactions or 
whether the salt causes a solvent-solvent interaction for the 
aqueous methanol solutions similar to that observed in the 
absence of salt for the higher alcohols.21 Aqueous alcohol so
lutions have the same sound absorption in the presence or 
absence of NaC1 0 4 , a nonassociating salt.2’3 At water mole 
fractions greater than 0 .6 , Ca(ClC>4)2 possesses a single high 
frequency relaxation attributed to outer-sphere ion pair for
mation4 and Mg(C104) 2 appears to have no excess absorption, 
although at lower water mole faactions outer-sphere com- 
plexation is detected.24 The corresponding erbium perchlorate 
salt, Er(C1 0 4 )3, possesses two relaxations, attributed to both 
outer- and inner-sphere complex formation.3 If there is an 
electrostatic interaction between the salt and solvent to cause 
the solvent ordering, '.hen the data in terms of ionic charge are 
consistent with this argument. However, the weaker interac
tion observed when the small Mg(II) ion is compared to the 
larger Ca(II) ion is inconsistent with this thesis. Major ultra
sonic absorption differences are observed in aqueous methanol 
for the erbium nitrates, chlorides, and perchlorates.1 5  Since 
these anions all have a single negative charge, one would ex
pect the same effect upon solvent-solvent interactions if 
specific salt effects are ignored. These changes as a function 
of ligand parallel the optical spectroscopic changes observed 
in the spectral lines characteristic of lanthanide cations in 
water and in aqueous alcohols.25 Therefore, we believe that

ultrasonic differences must be attributed to specific cation- 
ligand solvation effects.

The variation in iimax for inner-sphere complex formation, 
shown in Figure 3, is similar to that for Er(N03)3. The data 
can best be explained in terms of the coupling of an additional 
reaction step to step III. As in the case of ErlNO^ , 1 we believe 
the additional step to be an equilibrium between two forms 
of solvated Nd(III) ion. This means that the solvation number 
of the inner-sphere complex in water is different from that 
observed for the inner-sphere complex in methanol. The ob
servation that the maximum in /umax occurs at different water 
mole fractions for the two rare earth ions is reasonable, since 
it has previously been demonstrated that the solvation num
ber changes in aqueous methanol are a function of the solvated 
cation plus the ligand. ,.

The excess absorption maximum is greater for the ErN032+ 
than for the NdN032+ complex at all solvent compositions. 
A quantitative explanation for this observation may be made 
by calculating the parameters contributing to m̂ax for the 
erbium and neodymium nitrates. The complex formation 
constants for NdN032+ formation is 1715 and for ErN032+ the 
maximum value is 7.5.7 If the same outer-sphere association 
constant is assumed for both salts, the volume change at
tributed to step III of reaction 2 , AVjn, can be determined 
using the equations derived earlier.7 AUi:i >s calculated to be
2.7 and 4.7 cm3/mol for the neodymium and erbium nitrate 
solutions in water, respectively. These results are similar to 
earlier studies where AVni equals 3.5 cm3/mol for NdN032+ ,7

3.4 cm3/mol for CeN032 + ,26 and 4.2 cm3/mol for EuN032 + .26 

At all water mole fractions, jumax is a factor of 1.5-2 greater for 
Er than for Nd, consistent with the calculated A Uni in water. 
The observation that A Vm is greater for the heavy rare earths 
than for the light ones may be a reflection of the different 
geometries surrounding these cations.

As the water content of the 0.20 M Nd(N03)3 solutions in
creases, the relaxation frequencies corresponding to inner- 
sphere ion pair formation tend to increase, although the 
closeness of the double relaxation frequencies causes scatter 
in the results. For step III, the relaxation frequency is related 
to the solution concentration by

nil-1 = 27r/n,n = &43 + &34</>(c) (6)

where

0 (c) =e(c)/(0(c) + X 12- 1)

8(C) = Tty [Nd«l + [NOs - ] ( 1  + i i i | g - )

Kc = [NdN03 7NdNQ32+
a In [Nd3

_____ [NdNQ32+] 1

[Nd3+][N03~] 7Nd3+7N03- [Nd3+][N03~] iry

K c =  K n ( 1 + K m )

(7)

(8 )

(9)

(1 0 )

Even in aqueous rare earth solutions, ir7  cannot be accurately 
obtained. In aqueous methanol we have measured the complex 
formation in terms of concentration and we use a simplified 
form of eq 8 :

0(c) = [Nd3+] + [N03-] (1 1 )

Although K c has not been measured in aqueous methanol for 
NdN032+, a 10-fold increase in K c has been estimated for 
ErCl2+ association in going from water to 50% aqueous 
methanol.2 Calculations utilizing eq 1 1  result in only an 1 1 % 
change in 0(c) as K c is increased 10-fold from the water value. 
Further increases in K c result in the limiting value of 0(c) = 
0.4, which corresponds to the excess nitrate concentration
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after stoichiometric amounts of the 1 : 1  complex are formed. 
Thus 8 (c ) is relatively insensitive to water mole fraction 
changes for constant concentration lanthanide salt solutions. 
Although there is no a priori reason why K 12 should be inde
pendent of solvent composition in aqueous methanol solu
tions, direct evidence exists for this in MnSC>4 association.22 

Experimental K 12 values for lanthanide association with 
minus-one anions in water and aqueous methanol are essen
tially constant, and therefore we assume that K 12 is insensitive 
to water-methanol composition. The net result is that 0 (c) 
shows only a small variation with methanol content for 0 .2 0 0  

M Nd(N0 3 ) 3  solutions and the variation of relaxation fre
quency with solvent composition must be explained in terms 
of the variations in the rate constants with composition.

Bear and Lin investigated the relaxation kinetics of metal 
ion complexation with murexide in 50% aqueous ethanol and 
they compared the results to earlier aqueous studies.27 Al
though a 5-fold increase in the complex formation rate con
stant was found for a d-type transition metal element such as 
Ni(II), essentially no change in this rate constant was observed 
for lanthanide systems. However, the dissociation rate con
stant was decreased in tie aqueous alcohol leading to the in
creased stability of complexes. This same effect has been 
noted in our earlier lanthanide studies in aqueous methanol. 1' 3 

Thus, as water is added to 0.200 M Nd(NOs)3 solutions, / r is 
expected to increase due to an increasing £43, even though 
both &34 and 0 (c) are essentially constant. The absence of a 
large decrease in / r,,, in the region of low water content indi
cates that the bisnitrato complex is not formed with Nd or Er, 
whereas the bis complex is stable with ErCls,2 Er(C1 0 4)3,3 and
Gd(C1 0 4 ) 3 . 5

The analysis of Figurs 2 for the formation of outer-sphere 
complexes for the Nd and Er system is extremely interesting. 
As water is added to the Nd solutions there is continual in
crease in axi2, which can be interpreted in terms of an in
crease in the concentration of outer-sphere complex or an 
increase in AF12. For the reaction between a lanthanide salt 
and a plus-one anion, A'12  has been determined to be 2.9 for 
Nd(NC>3)3 in water, 3.3 and 3.7 for ErCls in aqueous methanol 
containing 1.5 and 2.9% water, respectively,2 and 0.9 to 1.6 for 
ErlClCD in 50% aqueous methanol.3 The near constancy of 
K \ 2, independent of the nature of the univalent ligand and the 
solvent composition, argues against the 4-fold increase in 
Mmaxi2 arising simply from an increased concentration of 
outer-sphere complex. This suggests that in the NdiNOsL 
system there is an increased AV12 with increasing water 
composition. This is analogous to the effect observed in step 
III except that the additional process coupled to the formation 
of the outer-sphere complexes continues to increase in im
portance as water is adced and is not absent even in water. As 
was postulated in the Er(NOs)3 case where a maximum in 
Amaxi2 was observed, this process probably involves either a 
loosening of the bound solvent molecules in the outer-sphere 
complex or perhaps a second decrease in solvation number. 1 

This process decreases in importance for Er(N0 3 )3  in the high 
water compositions resulting in a large decrease in /rmaxi2. At 
very high water content, the amplitude of the high frequency 
relaxation is so low that the solutions appear to have only one 
relaxation present with a B  value slightly higher than in pure 
water. In water, this abnormally large excess absorption for 
step 12 is observed only for Nd and is also attributed to a 
solvation number charge.

During the course of this study, Hemmes published an ul
trasonic investigation o: Y(NC>3)3 association in water in which 
only a single relaxation was observed and was assigned to only

Figure 4. Relaxation data for the kinetic evaluation of the inner-sphere
rate constants in water at 25 °C.

a single type of complex.28 Hemmes attributed the high fre
quency relaxation in our earlier study7 to the formation of a 
bis complex, a hypothesis which can be eliminated by the re
sults of this study. We believe that the yttrium results parallel 
the erbium system and in water no solvation number change 
is associated with outer-sphere complexation between Y(III) 
and nitrate. Thus, only a single relaxation in water would be 
observed corresponding to the formation of the inner-sphere 
complex. We believe outer-sphere complexes are present in 
the solution, but A V12 is so small that the excess absorbance 
for this step disappears. If the Y(NC>3)3 study is extended to 
aqueous methanol, we are confident that outer-sphere com
plexation would be detected in the region of high water con
tent.

Hemmes28 attributes bis complex formation to the large 
excess of ligand used in our aqueous study. The present data 
for 0.200 M Nd(NC>3)3 in water are calculated by eq 6-9 and 
combined with the earlier results in Figure 4, based upon the 
assumption that reaction 2 holds. If the proposed mechanism 
is wrong, the point in the absence of excess nitrate would not 
fit the same line as those where the bis complex is formed. The 
new values of the rate constants for inner-sphere complexes 
are: A34 = (1.5 ±  0.2) X 108 s_ 1 and £43 = (6  ±  1) X 107 s_1, and 
these are within experimental error of the earlier results of L34 

= (1.8 ±  0.3) X 108 s' 1 and A43 = (4 ±  3) X 107 s- 1 .7 Both sets 
of results cannot be considered exact since the relaxation ex
pressions are treated separately for the high and low frequency 
relaxations, due to the relatively large errors in determining 
the high frequency relaxation parameters. Although the ab
solute values of the rate constants cannot be obtained, com
parisons across the lanthanide series can still be made.

Further confirmation of the absence of bis complexation 
comes from Figure 2. If the high frequency peak corresponds 
to bis complex formation, its amplitude would decrease as 
water is added to the system due to destabilization of this 
complex, and this is not observed. Thus, in water and in 
aqueous methanol, the data can be best explained in terms of 
the formation of the 1 : 1  complex predominating, both as 
inner- and outer-sphere species.
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The Two-Step Equilibrium Reaction of 2-Substituted 
4,6-Diamino-s-triazine with Formaldehyde
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Facutty of Engineering, Kansai University, Senriyama, Suita-shi, Osaka 565, Japan (Received November 14, 1975)

The reaction of amino groups of 2-substituted 4,6-diamino-s-triazine (I) with formaldehyde is an equilibri
um reaction, and the equilibrium state is expresed by: -NH 2 + CH20  “  -NHCH2OH (K i)\  -NHCH2OH + 
CH20  =  -N(CH2OH) 2 ( K 2). This paper describes a method to determine the equilibrium constants K \  and 
K -2 of the two reactions. K i and K 2 values have been determined for 2-methoxy- (MT), 2-isopropoxy- 
(iPT), 2 -methyl- (acetoguanamine, AG), 2-diethylamino- (Af,A/'-bis(ethyl)melamine, BEM), and 2-guani- 
dinyl-4,6-diamino-s-triazines (guanylmelamine, GM). The apparent equilibrium constant K  has been cal
culated using the K i  and K 2 values determined by this method (Kcaicd)- The Kcaicd were in good agreement 
with the observed values, K nbsd. The theory also agreed well with experimental data in other points and the 
validity of the proposed method has been proved. The van’t Hoffs isochore was observed for iPT, and the 
heats of reaction were —4.96 for K i  and —5.08 kcal/mol for K 2.

Introduction
The melamine or 2-substituted 4,6-diamino-s-triazine (I) 

undergoes an equiliorium reaction with formaldehyde as 
follows:

X

n^ c^n 
I II

H2rr N nit 
i

+ CH.,0
K

X

H,-,, N ^ N  0A
I II /  '

N -—C w C —  N
/

(HOCH.)p (CH2OH),

* Address correspondence to this author at the Research Insti
tute for polymers and textiles.

The apparent equilibrium constant K , which is calculated 
from the simple equilibrium equation

K  =  [II]/[I][CH20]

varies with the concentration of reactants. In the reaction 
of formaldehyde with the amino groups of melamine or I, 
-NHCH2OH groups are produced first. Formaldehyde 
reacts further with these groups to form -N(CH2OH) 2 

groups. The change of the K  value with the concentrations 
of reactants is considered attributable to the fact that this 
two-step reaction is dealt with by use of a simple equilibri
um equation. Actually, in the reaction of acetoguanamine 
with formaldehyde, large differences have been observed 
among the individual equilibrium constants for the forma
tion of mono-, di-, tri-, and tetramethylol compounds.1 

(Detailed discussion will be described later.)
This study has been carried out to obtain definite equi

librium constants, which are not influenced by the concen
trations of reactants, eliminating the difficulty of deter
mining the individual equilibrium constants for each meth-
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TABLE I: xe and K  of the Reaction of 2-Methoxy-4,6-diamino-s-triazine (MT) with Formaldehyde a

AM Xe, M (/ -  xe), M (4m — x e), M i^obsdi Scaled* M * (l//e -  K), M- 1 K lfe , M- 2

0.050 0.0263 0.0237 0.1737 6.39 6.43 35.80 269.6
0 .10 0 0.0475 0.0525 0.1525 5.93 6 .0 2 13.11 113.0
0.150 0.0651 0.0849 0.1349 5.68 5.67 6 .1 0 66.90
0.20 0 0.0797 0.1203 0.1203 5.51 5.39 2.80 46.05
0.300 0.0999 0 .2 0 1 1 0 .1 0 0 1 4.96 4.97 0.013 24.66
0.400 0.1143 0.2857 0.0857 4.67 4.70 -1.17 16.35
0.500 0.1266 0.3734 0.0734 4.62 4.51 -1.94 12.37
0.690 0.1369 0.5531 0.0631 3.92 4.27 - 2 .1 1 7.09
1.0 0 0.1561 0.8439 0.0439 4.21 4.07 -3.13 4.99

K i  = 13.8 M "1, K 2 = 1.79 M“ 1

“ [MT] = 0.050 M, 30 ±  0.1 °C.

ylol compound. This paper describes a method to deter
mine the equilibrium constants K\ and K 2 of the two reac
tions of the amino groups of I with formaldehyde, i.e., 
-NHCH2OH and -N(CH2 0 H)2 groups formation reactions, 
from the equilibrium concentration of formaldehyde.

The apparent equilibrium constants ( K )  of the reactions 
of I with formaldehyde were calculated using K\ and K 2 
values determined by this method. The calculated appar
ent equilibrium constants (Xcaicd) were compared with the 
observed values ( K absc) and the validity of the method was 
examined.

Equations for the Determination of Equilibrium 
Constants Ki and K 2

The equilibrium sta :e for the reaction of amino groups of 
I with formaldehyde is expressed by

-NH2 + CH20 ^ -N H C H 20 H (1 )

K 2
-NHCHzOH + CH2 0  -N(CH2OH)2 (2 )

The concentrations of -NHCH2OH and -N(CH2OH) 2 

groups at equilibrium are given by

[-NHCH20 H] = K 1[-NH2][CH20 ] (3 )

]-N(CH2OH)2] = K2[-NHCH20 H][CH20 ]
= KiK2[-NH2][CH20 ]2 (4)

The concentrations of reacted amino groups and formalde
hyde are expressed by

[-NH2]o -  [-NH2] = [~NHCH2OH] + [-N(CH2OH)2] (5)

[CH20]o -  [CH20 ] = i-NHCH2OH] + 2 [-N(CH2OH)2] (6 )

where [-NH2]o and [CH20 ]o are the initial concentrations 
of amino groups anc formaldehyde. Elimination of [-N- 
(CH2OH)2] and [~NHCH2OH] terms from eq 5 and 6 leads 
to

2 ([-NH2]o -  [-NH2]) -  ([CH2O]0 -  [CH20 ])
= [-NHCH2OH] = /Cil-NHaHCHzO] (7 )

([CH2O]0 -  [CH20 ]) -  ([-NH2]0 -  [-NH2])
= [-N(CH2OH)2] = X iE2[-NH2][CH20 ]2 (8)

Rearranging eq 7 and 8 gives

2 [-NH2]0 -  [CH20]o + [CH20 ] = (2 + Ki [CH20 ])[-NH2]
(9)

[CH2O] 0 -  [-NH2]o -  [CH20]
= ( K i K 2[CH20 ]2 -  1 )[-NH2] (10)

In order to eliminate the [-NH2] term, dividing eq 9 by eq 
1 0  leads to eq 1 2  via eq 1 1 .

K 1 (2X2[CH20] + 1)[-NH2]o[CH20] = ([CH2O]0

-  [CH20])(1 + KxjCHaO] + E 1K2[CH20]2) (1 1 )

[CH2O]0 -  [CH20]
EjCHgO] + 2K 1X 2[CH2Q] 2 

1  + X i[CH20] + K i K 2[c h 2o ]2
(1 2 )

When xe and f e denote respectively the concentrations of 
combined and unreacted free formaldehyde at equilibrium 
state (M), [CH20]o — [CH20] is replaced by x e. Calculating 
2[-NH2]o — eq 1 2  leads to

2[-NH2]q — xe
2 + E i/e

1 + fij/e + K 1K 2f e2
[-NH2]o (13)

Substituting the [-NH2]o term in eq 1 2  into eq 13 gives

2[-NH2]q -  xe 2 + K i f e

K 1f e +  2 K iK 2f e^ Xe
(14)

The apparent equilibrium constant K  is expressed by

(2[-NHz]c - x e) ( f - x e)

where f  is taken as the initial concentration of formalde
hyde (M). As I has two amino groups, 4 mol of formalde
hyde at maximum can combine with I, i.e., the ability of an 
-NHo group to combine with formaldehyde is 2. Therefore, 
if 2[-NH2]„, the concentration of functional groups of I, is 
represented by 4m  {m , the initial concentration of I, M)

K  =
________________
(4m -  X e)(/ ~ Xe)

( f̂ obsd) (150

Since /  — is f e, introduction of eq 14 into eq 15 yields

Ki(l + 2  K -J e) 

2 + K l f e
( Kcatcd) (16)

Thus, the apparent equilibrium constant is a function of 
the formaldehyde concentration at the equilibrium state, 
i.e., it depends on f e . Further, rearrangement of eq 16 leads 
to

7  = ^  ( r  "  K )  + K 1 K 2 (17)
f e  ^ V e  '

Here, we can expect a linear relationship between K / fe and 
l / /e — K . The f e values can be measured at the equilibrium
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Figure 1. Correlations between K/fe and Mfe — K for the reactions 
of 2-methoxy-, 2-isopropoxy-4,6-diamino-s-triazines, and N,N- 
bis(ethyl)melamine with formaldehyde at 30, 25, and 30 ±  0.1 °C: 
( • )  MT, [MTl =  0.050 M, the molar ratios of [CH20 ]/[M T ] =  1-20; 
(O) iPT, [iPT] =  0.050 M, the molar ratios of [CH20 ]/[iP T ] =  1-20; 
(A) BEM, [BEM] =  0.0125 M, the molar ratios of [CH20]/[BE M ] = 
1 - 1 2 .

states in the reactions of formaldehyde of various concen
trations with I of constant concentrations and E values can 
be calculated from eq 15'. The values of Ei and E 2 can be 
determined from the slope and the intercept of the plotted 
line, which can be calculated from the several values of 
K / fe and l / /e — E by the least-squares method.

When 4m  = /, eq IE' = eq 16, i.e.
f - f e K 1( l  +  2 K 2f e) 

f e 2 2 + E ,/e
leads to

2E xE 2/ e3 + 2 E , / e2 -  (Ex/  -  2 ) / e -  2/ = 0 (18)

Insertion of f j f  = z into eq 18 and rearrangement gives

K i/ -  2  1

2EXE 2/2 2 K , K 2p
= 0 (19)

As E x and K 2 can be determined by the method described 
above and /  is known, z can be obtained by solving this 
cubic equation. Thereafter, E is computable from

K f =  ( l - z ) /z 2 (2 0 )

Experimental Section

M a te r ia ls . The 2-substituted 4,6-diamino-s-triazines 
(I’s) used were 2-metaoxy- (MT), 2-isopropoxy- (iPT), and
2-diethylamino-4,6-diamino-s-triazines (iV,A/-bis(ethyl)- 
melamine, BEM). These compounds were synthesized from 
cyanuric chloride using the method described by Controu- 
lis et al.2 and Thurston et al.3 MT was recrystallized from 
dioxane, mp 229-230 °C, iPT from water, mp 170-171 °C, 
and BEM from isopropyl alcohol, mp 167-169 °C. As for 
formaldehyde, the best grade formalin of Wako Junyaku 
Co. was used.

R e a c t io n  o f  I  w ith  F o r m a ld e h y d e  a n d  M e a s u r e m e n t  o f  
F r e e  F o r m a ld e h y d e . As a general procedure, 0.3529 g 
(0.0025 mol) of MT was dissolved in 20-40 ml of distilled 
water in a measuring flask. To this were added 0.5 ml of 0 .1  

N sodium hydroxide and diluted, neutralized formalin con
taining formaldehyde of 1-20 molar ratios to MT. The re
action solution was dipped in a thermostat bath regulated

TABLE II: x e and K  of the Reaction of
2-Isopropoxy-4,6-diamino-s-triazine with Formaldehyde a

A M x e, M
- ôbsd»
M "1

^calcd»
M "1

(1 /fe ~  E ), 
M "1 E / /e, M -2

0.050 0.0291 8.15 8.18 39.70 389.95
0.100 0.0524 7.46 7.40 13.55 156.72
0.150 0.0703 6.80 6.75 5.75 85.64
0.200 0.0839 6.22 6.24 2.39 53.57
0.250 0.0944 5.75 5.84 0.68 36.95
0.400 0.1184 5.15 5.11 -1 .60 18.29
0.500 0.1273 4.70 4.82 -2 .02 12.61
1.00 0.1555 4.14 4.20 -2 .96 4.90

E i = 18.1 M “ 1, K 2 = 1.78 M “ 1 

“ [iPT] = 0.050 M, 25 ±  0.1 °C.

TABLE III: x e and K  of the Reaction of 
7V,7V-Bis(ethy 1)melamine with Formaldehyde a

A M x e, M
K obsd>
M "1

Scaled?
M "1

(1 If, -  E ), 
M "1 K/fe, M -2

0.0125 0.003 01 6.75 6.75 93.62 711.28
0.0250 0.005 64 6.57 6.62 45.08 339.36
0.0375 0.007 91 6.35 6.50 27.45 214.60
0.0500 0.010 11 6.35 6.39 18.72 159.19
0.0625 0.012 03 6.28 6.29 13.53 124.43
0.100 0.017 11 6.28 6.04 5.78 75.76
0.150 0.021 42 5.83 5.79 1.95 45.36

E x = 13.8 M “ 1, E 2 = 2.27 M -1

“ [BEM] = 0.0125 M, 30 ±  0.1 °C.

TABLE IV: x e and K  of the Reaction of Acetoguanamine 
with Formaldehyde a

A M Xe, M
-^obsdj
M "1

-̂ calcd?
M -1

(l//e  -  E ), 
M “ 1 K/fe, M -2

0.0618 0.0330 5.54 5.56 29.18 192.36
0.120 0.0588 5.30 5.17 11.04 86.60
0.180 0.0774 4.64 4.80 5.11 45.24
0.275 0.1026 4.33 4.38 1.47 25.12
0.361 0.1206 4.20 4.11 -0 .04 17.47
0.596 0.1488 3.65 3.66 -1.41 8.16

E i = 1 2 .1 M -\ E 2 = 1.39 M -1

0 [AG] = 0.060 M, 20 ±  0.5 °C, pH 7.6.

TABLE V: x e and K  of the Reaction of Guanylmelamine 
with Formaldehyde a

A M x e, M
K obsdi
M "1

- ĉalcd?
M "1

(l//e  -  E ), 
M —1 K/fe, M -2

0.101 0.059 4.12 4.16 19.69 98.10
0.202 0.110 4.12 3.90 6.75 44.78
0.303 0.146 3.66 3.67 2.71 23.31
0.404 0.181 3.71 3.50 0.77 16.64
0.505 0.203 3.41 3.36 -0 .10 11.29
0.708 0.238 3.13 3.16 -1 .00 6.66
1 .0 1 1 0.274 2.95 2.99 -1 .59 4.00
2.022 0.319 2.31 2.76 -1 .72 1.36

E i = 8.93 M -I, E 2 = 1.29 M “ 1 

° [GM] = 0.10 M, 40 ±  0.1 °C, pH 7.2.
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to operating temperature, and was made up to 50 ml at this 
temperature. The reaction solution became pH 10.2-10.3 
by this procedure. When the reaction attained equilibrium, 
the pH value had decreased to 8.5-8.0. Free formaldehyde 
concentration was measured by the sulfite method modi
fied by Kurabayashi et al.4 An appropriate amount of sam
ple containing ca. 1  mmol of formaldehyde was pipetted 
into a 100-ml beaker containing 5-24 ml of ice-cold dis
tilled water acidified by hydrochloric acid and the final vol
ume was made to 25 ml. The solution was adjusted to pH 
9.33-9.35 by adding 0.1 N sodium hydroxide. Into this was 
poured immediately 20 ml of 0.1 N HC1-0.5 N Na2S0 3 so
lution and the excess hydrochloric acid was titrated with 
0.1 N sodium hydroxide to pH 9.35 which was determined 
experimentally. Iodometry was used for titrating of the 
sum of both methylol groups and unreacted free formalde
hyde. In the iodometry, an aliquot containing ca. 0.1 mmol 
of total methylol and free formaldehyde was poured into 5 
ml of 1 0 % sodium hydroxide, and immediately 2 0  ml of 0 .1  

N iodine solution was added. Then, 5 ml of 10% hydrochlo
ric acid was added after 15 min, and thereafter the excess 
iodine was titrated witn 0.1 N sodium thiosulfate.

Results
D e te r m in a t io n  o f  K \, K %  a n d  K  f o r  th e  H y d r o x y m é t h y 

la t io n  o f  S e v e r a l  F s . K  K 2, a n d  K  f o r  M T . The reaction 
solutions with 1-20 mclar ratios of formaldehyde to 0.050 
M of MT were prepared and allowed to stand at 30 ±  0.1 
°C. After attaining equilibria, the reaction solutions were 
titrated by the modified sulfite method and iodometry, and 
the measured x e and f e values are listed in Table I. The 
formaldehyde concentration of each reaction solution eval
uated by iodometry was in accord with the initial concen
tration of added formaldehyde within experimental error. 
The analytical data suggest that no methylene and dimeth
ylene ether groups were formed during the reaction pro
cess. The values of 1 //,, — K  and K / fe were calculated 
(Table I) and the plot of the K / fe vs. l / /e -  K  gave a 
straight line (Figure 1). The values of K 1 and K >  were de
termined from the slope and the intercept. They are listed 
in Table I. The values of Kcaicd (Table I) were computed by 
inserting the values of K 1 and K 2 into eq 16. The values of 
K obsd were in good agreement with AcaIc(i except for the 
value at /  = 0.069 M. This disagreement will be probably 
ascribable to titration error.

K \, K 2, a n d  K  fo r  iP T . The reactions were carried out 
similarly to MT. The measured x e ’s are listed in Table II. 
The plot of K / fe vs. l/ fe -  K  gave a straight line (Figure 1) 
and K 1 and K% were determined as 18.1 and 1.78 M_1, re
spectively. Also the values of Kobsd were in fairly good 
agreement with the K caicd (Table II).

K \ , K 2, a n d  K  f o r  B E M . As the solubility of BEM is 
small compared with MT and iPT, the reaction was carried 
out under the condition of m  =  0.0125, f/m  molar ratio = 
1-12, and at 30 °C. The K / fe and l / /e -  K  values were cal
culated from the measured xe’s (Table III). The plot of 
K / fe vs. l / /e — K  gave a straight line (Figure 1), and K i  and 
K 2 were 13.8 and 2.27 M_1, respectively. The Kobsd values 
were in good agreement with the ffcaicd (Table III).

K 1, K 2, a n d  K  f o r  A G . These values were determined 
from the data measured by Morimoto5 (Table IV). Plot of 
K / fe vs l / /e — K  gave a straight line (Figure 2) and K \  and 
K 2 were determined to be 12.1 and 1.39 M_1, respectively. 
The Kobsa values were in fairly good agreement with the
Scaled.

-2 0 4 8 12 16 20

Figure 2. Correlations between K/fe and ^/fe -  k for the reactions 
of acetoguanamine and guanylmelamlne with formaldehyde at 20 ±  
0.5 and 40 ±  0.05 °C: (O) AG, [AG] =  0.060 M, the molar ratios of 
[CH20 ]/[A G ] =  1-10; ( • )  GM, [GM] =  0.10 M, the molar ratios of 
[CH20]/[G M ] =  1-20.

Figure 3. The van’t Hoff’s isochore for the reaction of 2-isopropoxy- 
4,6-diamino-s-triazine with formaldehyde at 25-40 °C.

K 1, K 2, a n d  K  f o r  G M . These values were determined 
from the data measured by Kurabayashi et al.4 (Table V). 
The correlation between K / fe and l / /e -  K  showed good 
linearity (Figure 2), and the K x and K 2 values were 8.93 
and 1.29 M_1, respectively. The Kobsd values were in fair 
agreement with the Kcaicd except for f  = 2.022 M, of which 
disagreement will be attributable to experimental error.

From the K\ and K 2 values determined here, it became 
clear that the K 2 values were small compared with the K u  
and about x/6 to Vi 0 of the K b

E f f e c t  o f  T e m p e r a tu r e  o n  K i  a n d  K 2. The and K 2 
values of the reaction of iPT with formaldehyde were de
termined at 25-40 °C. Table VI lists the values of x e, K obsd, 
K 1 , K~2, and K ca\cd at each temperature. The K obsd values 
were in good agreement with the Kcaicd, and a good linear 
correlation was observed between K / fe and l / /e — K  at 
each temperature.

Figure 3 illustrates the van’t Hoff’s isochore, which gives 
straight lines with almost equal slope. The heats of reaction 
were calculated as —4.96 for K 1 and —5.08 keal/mol for K 2.

K  V a lu es  f o r  th e  R e a c t io n  a t  4 m  =  f. The values of z and 
k  at 4m = /  were calculated from eq 19 and 20 (Table VII). 
The calculated K  values were consistent with the Kobsd- 
Further, the values of z and K  at 4m = /  = 0.40 M were cal
culated by using the K 1 and K 2 values determined atm = 
0.050 M for iPT (Table VIII). Although slightly larger dif
ferences were observed between the calculated K  values 
and the Kobsd, the calculated K  values were approximately
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TABLE VI: xe and K  of the Reaction of 2-Isopropoxy-4,6-diamino-s-triazine with Formaldehyde at 30, 35 and 40 °C a

30 °C 35 °C 4D°C

f , M xe, M -̂ obsd» M * Sealed j M ^ xe, M Kobsdi ^ Scaled» M ^ xe, M tfobsd, M -1 -̂ calcd M

0.050 0.0277 7 .2 1 7 .2 2 0.0262 6 .3 3 6 .3 5 0.0246 5.52 5.56
0.10 0.0499 6.63 6 .5 7 0.0474 5.90 5.81 0.0447 5.20 5.38
0.15 0.0671 6.09 6 .0 2 0.0639 5.45 5.36 0.0601 4.78 4.75
0.20 0.0804 5.62 5 .5 9 0.0767 5.05 4.99 0.0729 4.51 4.45
0.25 0.0870 4.72 4.69 0.0832 4.27 4.20
0.30 0.0987 4.84 4 .9 7

0.40 0.1144 4.68 4.58 0.1078 4.00 4.10 0.1038 3.64 3.68
0.50 0.1242 4.36 4.32 0.1172 3.70 3.86 0.1125 3.32 3.46
0.70 0.1353 3.70 3.98
1.00 0.1514 3.67 3.73 0.1463 3.19 3.31 0.1403 2.73 2.96

K x = 15.9 M -1 K t  = 13.9 M '1 Ki = 12.1 M "1
K 2 = 1.54 M“1 to

II C
O 0
1 2
 1 K 2 = 1.18 M“ 1

« [iPT] = 0 .0  5 0  M

TABLE VII: Comparison of Kobs(i with Kca]ca Calculated 
from Eq 19 and 20 at 4m = f  for I’s

I f , M Xe, M -̂ obsc.5 M * z Scaled» M *

MT 0.20 0.079 7 5.51 0.606 5.36
BEM 0.050 0.010 11 6.35 0.797 6.39
AG 0.24 0.604 4.52
GM 0.404 0.181 3.71 0.559 3.53

in agreement with the K 0bsd- The calculated K  values were 
consistent with the K0bsd at- 4m  =  f  =  0.20 M.

Discussion
In this experiment, we calculated the equilibrium con

stants without taking the activity coefficient of formalde
hyde (7 ) into consideration. In calculating the 7  value on 
the basis of the partial pressure of formaldehyde solution,6 

the following values were obtained:

If the individual equilibrium constants of all reaction 
steps are expressed on the basis of the concentration of 
functional groups, they are given by following equations.

H i [IF]
k  U ~4[I][CH20]

k\.-l [FIF]
k 2-l ' 3[IF][CHoO]

k-2-3 [FIF2]
3̂-2 2[FIF][CH20]

. * 1-2' [if2]
k r .\ '  3[IF][CH20]
k 2'-3 [f if2]
k ‘A-2' 2[IF2][CH20]
3̂-4 [F2IF2]
4̂-3 [FIF2][CH20]

Concn, % 3.88 3.89 3.95 4.46 7.93 7.95 7.98 8.00

7  0.976 0.988 0.957 0.990 0.951 0.949 0.964 0.943
From these results, the 7  values are presumed about 0.98 at 
1  M formaldehyde solution and about 0.96 at 2 . Therefore, 
the activity coefficient correction can be neglected at the 
concentration of formaldehyde used in this experiment.

Taking into account the reaction scheme shown by Gor
don et al.7 for the nydroxymethylation of melamine, the 
hydroxyméthylation of I can be illustrated by 

FIF

* /  * \
l J ±  if FIF, =¿4 F,IF,

/  1

IF,

where I denotes 2-X-4,6-diamir_o-s-triazine, Fj, monom- 
ethylol, F2, dimethylol as the following examples show:

N^<VN 
! II

H,N N NHCILOH

X

HOCH.HN

N^Cs'N 
I II

N TJ(CH2OH),

IF FIF,

Ideally speaking, it is necessary to determine these indi
vidual constants. For AG, the determination was actually 
tried by Uragami and Oiwa.8 No compound of the IF2 type 
had been observed by means of paper chromatography, and 
mono-, di-, tri-, and tetramethylol AG were synthesized 
and isolated.8 The K  m , K  1.2, K  2.3, and K 3.4 values were de
termined by measuring the equilibrium concentrations of 
formaldehyde in the hydroxyméthylations of AG, mono-, 
di-, and trimethylol AG, by measuring those of the cleava
ges of the methylol AG’s, and by calculating the ratios of 
the rate constant of the formation of methylol AG to the 
one of the cleavage of methylol AG. 1 Table IX shows two 
examples of them.

Judging from their studies, however, it is difficult to iso
late the each methylol compound and determine these in
dividual equilibrium constants. Therefore, we determined 
K 1 and K 2 by assuming eq 1 and 2 : these values were com
paratively easily obtained.

Taking AG for an example, the K\ and K 2 values ob
tained by our method are now examined. The reactivity of 
-NH 2 groups to formaldehyde is about twice as large in AG 
as in other of monomethylol compound. 1 The reactivity of 
a secondary amino hydrogen atom in a -NHCH2OH group 
is smaller than the amino hydrogens of an -NH 2 group in 
monomethylol compound. The reactivity is larger in di
methylol compound than in trimethylol. Accordingly, the 
K\ determined here is a value which contains on the aver-
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TABLE VIII: Comparison of if0bsd with ifcaicd Calculated from Eq 19 and 20 for iPT
o o

4m =  /  =  0.20 4m =  jr‘  =  0.40

x e, M - ^ o b s d >  M  * S c a l e d  j M  * z x e, M - ^ o b s d >  M  * K c a le d »  M  ^ z

25 0.0839 6 .2 2 6.24 0.580 0.2072 5.57 5.54 0.483
30 0.0804 5.62 5.59 0.599 0.2050 5.39 4.89 0.501
35 0.0767 5.05 5.05 0.619 0.1951 4.65 4.44 0.520
40 0.0729 4.51 4.45 0.638 0.1890 4.24 3.97 0.539

TABLE IX: Equilibrium Constants (M ') for the 
Formation of each Methylol AG at 20 °C

K u K u 2 K 2.3 K 3..4

pH 7 Obsd“ 1 1 1 38.5 5.26 2.00

Caled6 1 1 2 38.2 6.16 2.44
pH 8 Obsd° 125 33.3 5.56 1.96

Caled* 104 30.3 5.27 1.85

° Estimated from the equilibrium concentration of CH20.
* Calculated from the ratios of K\.\!K  i .j , etc.

age the reactivity of -NH 2 groups for AG and the reduced 
reactivity of an -NH 2 group for monomethylol AG. The K 2 

is a value which contains on the average the reactivity of 
each secondary amine hydrogen atom of two -NHCH2OH 
groups of dimethylol AG and the reduced reactivity of a 
-NHCH2OH group in trimethylol AG.

Uragami and Oiwa1 determined the K\.\, K \ .2, K 2.3, and 
X 3.4 for AG on the basis of molecular concentration. We 
converted them to the basis of the concentration of func
tional groups, and obtained K\.\ = 26.0, K  1.2 = 10.1, K 2.3 =  
2.64, and K 3.4 = 1.85 (from the values of fen/feu, etc.) at 
pH 8 .

Calculating the averages of K m and K  1.2 as well as K 2.3 

and K'3.4, we obtain ( K m + K i.2)/2  = 18.0, (/Ci-i/Ci.2) 1/2 =
16.2, (K2.3 + K 3.4)/2 = 2.24, and ( K 2.3K 3.4) 1/2 = 2.21. These 
average values differ from the K \  and K 2 values. The dif
ferences will be partly ascribable to the measured values of 
the two workers. The difference between the K\ and the 
average value of K y i  and K \ .2 can be explained by a consid
eration that K\ may also contain in part the reactivity of a 
-NHCH2OH group in dimethylol AG. However, the differ
ence concerning the K 2 and the average value remains 
inexplicable.

Strictly speaking, the K \  and K 2 values are not the equi

librium constants of eq 1 and 2. However, K\ and K 2 are 
the definite values which are not influenced by the concen
trations of reactants. Since the K 0bsd in the reaction of 4 m  
= f  can be determined by the use of the K\ and K 2 values, 
K 1 and K 2 are applicable to a wider range of concentration 
than the X 0bs<j determined from the ordinary equilibrium 
equation; the K „ bsd value varies with the concentrations of 
I and formaldehyde. Therefore, the practical utility value 
of the K 1 and K 2 is much superior.

Conclusions

We proposed a method to determine K \  and K 2 for the 
formation of -NHCH2OH and -N(CH2OH) 2 groups in the 
hydroxymethylation of I. The K\ and K 2 values of five 
kinds of I’s were determined by the method, and the Eobsd 
values were in good agreement with the K caicd’s, which were 
calculated by the use of K 1 and K 2. A good linear correla
tion was observed between K / fe and l / /e — K .  Further, in 
the case of 4 m  = f, the ffobsa values were in accord with the 
K  values calculated from eq 19 and 20. Thus, the results 
proved the validity of the proposed method for the deter
mination of K\ and K 2.
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The Raman spectra of a series of cationic, anionic, and nonionic surfactants have been examined as pure sol
ids or liquids, and in aqueous micellar solutions. The spectra show that cationic surfactants such as hexade- 
cyltrimethylammonium bromide (CTAB), dodecylammonium chloride (DAC), and decyltrimethylammon- 
ium bromide (DeTAB), alpng with anionic surfactants such as sodium laurate (NaL) and sodium lauryl sul
fate ,'NaLS) exist in all-trans structures in the crystalline state. Aqueous micellar solution of these surfac
tants show additional Raman lines which correspond to a liquidlike nature of the micellar core. Raman spec
tral studies indicate that the ethylene oxide chains in nonionic surfactant such as Igepal CO-880 and Brij 35 
assume dihedral helical structures. Nonionic liquid surfactants with shorter ethylene oxide chains such as 
Triton X-100 and Igepal CO-630 have a major part of the ethylene oxide chain in an open coil form. No sig
nificant differences are observed in Brij 35 in H2O. However, micellization of Igepal CO-630 shows spectra 
which indicate a partial ordering of the ethylene oxide chains. The phase changes associated with the electro- 
lyte-induced sphere-rod transition in micellar systems have also been examined by Raman spectroscopy. 
These studies show a greater ordering of the hydrocarbon chain in the rod-shaped compared to the sphere
shaped aggregates.

Introduction

A renewed interest has arisen recently in the study of mi
cellar assemblies.2' 4 Several aspects of the structural and 
dynamical properties of micellar assemblies such as, the pa
rameters which characterize a micelle, nature of the micellar 
core, charge on the Stern-layer and counterions binding to it, 
permeability of the micelle with respect to various species, 
kinetic aspects of the micellar association equilibria, etc., have 
been investigated. Of immediate interest is information on the 
micellar core. It is argued5 that the interior or core of micelles 
must be “liquidlike”. (This is based on thermodynamic 
analysis, on observations that micelles can solubilize a wide 
variety of hydrophobic organic solutes, and on the ability of 
surfactants to form mixed micelles.) Strong experimental 
evidence on the liquidlike core comes from studies of fluo
rescence depolarization of aromatic probes solubilized selec
tively in the micellar core. The measured microviscosities of 
the order of 30 cP agree well with similar values obtained in 
pure (homogeneous) hydrocarbon liquids.6 Quite recently the 
measurement of carbon-13 spin-lattice relaxation times7 for 
various carbon atoms that form the backbone of the hydro
carbon chains show that the fluidity of the micellar core is 
probably restricted tc a few carbon atoms toward the end of 
the hydrocarbon chain in the micellar core. Further investi
gations on these aspects of the micelle are necessary at this 
point, viz., on the conformational state of the hydrocarbon 
chain in the micelle core and also studies on the influence, if 
any, of external additives solubilized in the micellar core on 
the hydrocarbon chain conformation. Laser Raman spec
troscopy is an ideal technique for the study of conformations 
of molecules, especially in aqueous solutions.

In the first part of the paper, Raman spectra of several 
cationic, anionic, and nonionic surfactants have been exam
ined as pure solids or liquids and also in aqueous solutions. In 
aqueous media, above a certain critical micelle concentration 
(cmc), the surfactants aggregate together to form spherical

micelles. Assignment of the various peaks in these spectra 
leads to (further) direct evidence for the liquidlike nature of 
the micellar core. In the second part, the influence of external 
additives on the micellar core is examined. In particular the 
phase changes associated with the electrolyte-induced 
sphere-rod transition in micellar systems have been investi
gated. These studies provide significant information on the 
conformational state of the hydrocarbon chains in the solid 
state and how they are affected following micellization.

Experimental Section
The laser-excited Raman spectra reported in this study 

were recorded on a Spex Ramalog laser-Raman spectrometer 
system equipped with a Spectra-Physics Model 164 Ar ion 
laser and a photon counting system. Typically the laser was 
operated to give about 200 mW power (for pure solid and 
liquid samples) and about 700 mW power (for aqueous solu
tions) of the 5145-A green line on the sample. The samples 
were contained in 1 -mm melting point capillaries and the 
scattered light was collected at 90° to the incoming laser light 
and analyzed in a Spex dual-grating monochromator. The 
spectra were run with approximately 2 0 0 -Mm slit width cor
responding to ^4-cm - 1  band width. Hence the accuracy in 
the reported frequencies is estimated to be ±2 cm-1. None of 
the spectra reported in this work are polarized. No interfer
ence filters were used in this work.

All surfactants used in this study were of purum grade and 
were recrystallized several times in ethanol-ether mixtures 
before recording the spectra. No significant differences, 
however, were observed in the solid spectra of the samples 
used before and after crystallization. All spectra reported were 
recorded at room temperature (25 °C). All electrolytes and 
additive used were also of AR grade.

Results and Discussion
(1) L a s e r -E x c i t e d  R a m a n  S p e c t r a  in  P u r e  a n d  M ic e l la r  

F o rm , (a) C a t io n ic  S u r fa c ta n ts  in  th e  S o lid  S ta te . The
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Figure 1. Raman spectra (up to 1700 cm - 1 ) of the crystalline surfactant solids hexadecyltrimethylammonium bromide (CTAB), dodecylammonium 
chloride (DAC), and decyltrimethylammonium bromide (DeTAB).
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TABLE I: Raman Frequencies for the Cationic Surfactant Solids CTAB, DAC, and DeTAB

CTAB Hexadecane3 DAC Dodecane3 DeTAB Decane3 Tentative assignments

128 150 184 194 177 231 \
256
268

452 452 452
463 > Longitudinal accordion modes

494 472
504 506
537 535 y
753 ]
763 759 CH3 rock from N+(CH3)3 group
11& 770 )
800 806
888 883 888 892 891 886 CH3 rock (terminal methyl)
910 910 909 C—N+ stretch
939 948 950
960
988

961
988 Î CH2 rock

1013 1014 1033
1048 1045 1055 CHj twist, crystalline
1063 1053 1064 1061 1064 1060 C—C sym stretch + CH2 wag
1093
1101

1073 1079 C—C stretch, crystalline
1128 1135 1122 1136 1124 1136 C—C asym stretch + CH2 wag
1151 1163 1151 from (TGmT) with m large 

CH2 rock
1179 1177 1186
1212
1229 1224

1217
CH2 wag, crystalline

1241 1240 1243
1276 1274
1296 1295 1298 1297 1296 1295 CH2 twist

1331 1356 CH2 wag
1371 1372 1372 C—CH3 sym bending * •
1398 1399 C—H sym bend from t5(CH3)3

group
1418 1420 —CH2 bend
1441 1442 1442 1441 1441 1447 —CH2 bend
1467 1471 1453 1462 1463 1475 —CH2 bend, crystalline
1480 1470 —CH2 bend
2849 2846 2848 2845 2851 2843 C—H sym stretch of — CH2~
2857 2857 2858
2882 2878 2882 2879 2883 2877 C-H sym stretch of CH3"
2889 2888
2904 2902 2906
2914 2914
2933 2934 2932 2933 2933 2935 C—H asym stretch of — CH2~
2944 2950 2943
2972 2963 2973 2964 2965 2964 C-H asym stretch of CH3-
2981 2981 2982 C—H sym stretch of

CH2-N+(CH3)3 group
a Data taken from ref 12.

Raman spectra of the typical cationic surfactants hexade- 
eyltrimethylammoniurr- bromide (CTAB), dodecylammonium 
chloride (DAC), and decyltrimethylammonium bromide 
(DeTAB) in the crystalline solid state are shown in Figure 1 . 
The observed Raman frequencies (100-1700-, 2800-3000- 
cm' 1 regions) along with their tentative assignments are 
summarized in Table I. These assignments are based on a 
comparative analysis of the spectra of a wide series of sur
factants of different chain length and of different head groups 
and on the basis of the earlier assignments made on the ir and 
Raman spectra for n-paraffin solids and liquids.8 For the 
purpose of comparison we have also included in this table data 
for solid n-hexadecane dodecane, and n -decane.

Chain conformations of solid and liquid long-chain hy
drocarbons have been examined already8-10 by ir and Raman 
spectroscopy. Several regions in the Raman spectra are sen
sitive to conformational changes. The 1000-1200-cm- 1  region

corresponds to the skeletal C-C stretching vibration in which 
the alternate carbon atoms move in the opposite direction. For 
an extended chain with all-trans structures, there are two 
intense bands in this region: one at 1064 ±  2 cm- 1  and the 
other around 1130 cm-1. These bands have been assigned to 
the symmetric or in-phase C-C stretching and the asymmetric 
C-C stretching, respectively. In addition, there is another 
additional band at 1075-1100 cm- 1  arising from all-trans 
crystalline structure vibrations. In molten polyethylene and 
in liquid hydrocarbons a broad intense band centered around 
1090 cm- 1  is observed in addition to much weaker bands at 
1064 and 1130 cm-1. The collapse of the symmetric and an
tisymmetric C-C stretching into a central spectral maximum 
implies that an ordered crystalline and extended all-trans 
chain becomes kinked with the concomitant appearance of 
a wide distribution of structures which include several gauche 
rotations. The acoustical mode vibrations due to the presence
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Figure 2. Raman spectra (up to 1700 cm ') of the hydrocarbon liquids dodecane and dodecyl alcohol.
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Figure 3. Raman spectra (2800-3000-cm_1 region) for CTAB solid, DAC solid, and dodecane liquid.
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of random gauche isomers also give rise to a broad band 
around 230 cm- 1  (cf. Figure 2). In the C-H stretching region, 
in the crystalline state the peak around 2880 cm- 1  due to the 
symmetric stretch of the CH3 group is more intense than the 
symmetric stretch of the CH2 group at 2850 cm-1. These 
bands assume equal intensities cr even h m o  <  -12850 when 
several gauche isomers are present.

The Raman spectra of the cationic surfactants CTAB, DAC, 
and DeTAB, presented in Figure 1, all indicate the existence 
of an all-trans extended chain structure. All three spectra show 
intense bands at 1064 and 1124 cm, " 1 (due to C-C symmetric 
stretching in an all-trans structure), and a weak band around 
1100 cm-1. The longitudinal accordion motions of the hy
drocarbon chains lead to the peaks at 128 cm- 1  in CTAB, 184 
cm- 1  in DAC, and 177 cm- 1  in DeTAB, respectively. The peak 
at 1296 ± 2 cm- 1  and the resolved fine-structure band around 
1450 cm- 1  arise from the methylene twisting and bending 
modes, respectively. Another salient feature of all three 
spectra is the occurrence of peaks at constant frequencies of 
452, 8 8 8 , and 960 cm- 1  having their origin in the C-N 
stretching, CH3 rocking, and -CH2 rocking modes, respec
tively. As the hydrocarbon chain length increases from 10 
carbons in DeTAB tc 16 in CTAB, the spectrum becomes 
more-and more complex due to the several additional combi
natorial vibrational modes of the hydrocarbon chain.

Returning now to Figure 2 , which represents the Raman 
spectra of the pure hydrocarbon liquids dodecane and dodecyl 
alcohol, one observes two significant differences. As men
tioned earlier, the presence of several gauche rotational iso
mers in these liquids gives rise to new bands at frequencies of 
about 1080 ±  2 cm- 1  and a broad band around 235 cm-1. The 
peak at 1080 cm-1, due to random liquidlike configurations, 
has been used earlier to study phase transition in phospholipid 
dispersions.10

Further evidence for an extended chain conformation in 
solid cationic surfactants derives from the nature of the 
Raman spectrum in the 2800-3000-cm-1 region. The solid 
state spectra for CTAB, and liquid dodecane, in this region 
are presented in Figure 3. It is seen that in liquid dodecane the 
symmetric CH2 group vibration (at 2851 cm-1) is more intense 
than the methyl symmetric vibration (at 2882 cm-1) and the

asymmetric vibration of the CH2 group (at 2927 cm"1). The 
reverse situation, however, prevails in solid CTAB and DAC. 
In a rigid crystalline structure, the CH3 symmetric vibrations 
are well defined and hence the peaks at 2882 cm- 1  are more 
intense.

(b) C a t io n ic  S u r fa c ta n ts  in  M ic e l la r  F orm . In aqueous 
solutions of about 0.1 M, the cationic surfactants CTAB and 
DAC aggregate together to form “spherical” micelles. For 
CTAB Figure 4 represents the Raman spectrum of a 5% 
(0.1375 M) aqueous solution of this surfactant. The critical 
micelle concentration of CTAB is 9.2 X 10- 4  M and hence 
contributions from monomeric surfactants are < 1 % and can 
be safely assumed to be negligible. This situation is also true 
for all the surfactants examined in micellar form in this study. 
Micellization of the surfactant in water leads to a simplifica
tion of the Raman spectrum. In Figure 4 a new intense band 
at 1084 cm- 1  is noted which indicates that the hydrocarbon 
chains in the micellar core remain “fluid” (kinked) with sev
eral gauche isomers present. In contrast to the spectra of liquid 
hexadecane or molten polymethylenes in this region, the 
bands at 1064 cm- 1  (due to C-C symmetrical stretching) and 
at 1126 cm- 1  (due to C-C asymmetrical stretching) are still 
present showing that a significant length of the hydrocarbon 
chain remains in an all-trans form. In the low frequency region 
(<500 cm-1), the water scatter background tends to obscure 
any well-defined spectral structure. However, it is still possible 
to observe a broad intense band around 460 cm- 1  and a diffuse 
band at ca. 150 cm- 1  due to random gauche configurations.

In n -paraffins, it is suggested that as the random character 
of the hydrocarbon chain increases (either by an increase in 
chain length or by a phase change, viz., the melting of a solid 
to the liquid state) and that the accordion motions shift to 
higher frequencies. Mizushima and Simanouti12 have calcu
lated the skeletal deformational frequencies for n -paraffin 
solids in the extended form (all-trans) to be around 432 (n  =
4), 402 (n  = 5), and 369 cm- 1  (n  = 6 ). Indeed these frequencies 
have been observed in the spectra of n -paraffins. The presence 
of a broad band in the 350-520-cm-1 region in the micellized 
CTAB implies that this band should have its origin in the 
carbon atoms of the hydrocarbon chain that are removed 
four-six CH2 units from the polar head group. The polar head
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groups are anchored in the Stern-layer of the micelle. Hence 
the motion of the hycrocarbon chain subsequent to the head 
group is considerably restricted.

The identification of exact location of the chain kinking,
i.e., the positions of tine carbon atoms involved in the forma
tion of “gauche” isomers, requires a complete vibrational 
analysis similar to those performed by Snyder et al.8 For short 
chain hydrocarbons, (n  < 8 ) the Raman frequencies and in
tensities are calculated for various configurations of the hy
drocarbon chain, viz., those with two, three, or four gauche 
isomers. The most probable configurations are then identified 
by comparison of the calculated spectra to those observed 
experimentally. Unfortunately for long-chain surfactants 
where the number of C atoms is greater than eight, the cal
culations become prohibitively complex. The experimental 
task of identifying and observing each of the numerous Raman 
frequencies is also difficult. In a qualitative sense the Raman 
spectral data presented above confirm the presence of gauche 
isomers (fluidity). The data also indicate that the molecular 
motions of the hydrocarbon chains are n o t  as random as ob
served in pure hydrocarbon liquids such as hexadecane or 
molten polymethylene.

The above picture for the conformational state of hydro
carbon chains in the micellar core agrees well with the car
bon-13 spin-lattice relaxation data.7 In micellar solutions of 
0.2 M DAC the carbon-13 T 1 values for backbone carbons 
range from 0.34 to 0.5C s. These data indicate that about eight 
carbon atoms adjacent to the polar head group are in a rigid 
structure. The T i values, however, show a sharp increase to 
2 s for the remaining carbon atoms (three carbons in DAC) at 
the end of the chains. This T i value is comparable to those 
observed for the various carbon atoms in n-paraffin liquids. 13 

It is suggested that the gauche isomers which contribute to the 
1081-cm-1 band in the laser-Raman spectrum should arise 
from the liquidlike structures associated with the carbon 
atoms toward the end of the chains. The presence of gauche 
isomers is also indicated by the increased intensities of the 
methyl and methylene wagging modes of gauche isomers in 
the 890-cm“ 1 spectral region (compare Figures 2 and 4).

(c) C r y s ta l l in e  A n io n ic  S u r fa c ta n ts . The laser-Raman 
spectra of two representative anionic surfactants, sodium 
lauryl sulfate (NaLS), and sodium laurate (NaL), in the 
crystalline state are presented in Figure 5. A similarity is ob
served on comparing the NaL spectrum to the spectra of the 
cationic surfactants (Figure 1). The spectrum of NaLS, 
however, seems to show some apparent anomalies. The sodium 
laurate spectrum exhibits features characteristic of an ex
tended all-trans chain, viz., (a) intense C-C symmetric and 
antisymmetric stretching modes at 1063 and 1128 cm-1, (b) 
a rather sharp and intense methylene twists peak at 1296 
cm-1, and (c) and intense CH2 wagging mode frequencies 
characteristic of trans structures at 592 and 924 cm-1. These 
features were also observed in cationic solids CTAB and DAC.

Sodium lauryl sulfate is one of the few surfactants which 
has been studied extensively by a variety of physicochemical 
techniques. Hence a detailed study of its laser-Raman spec
trum was made. It is possible by a comparison of the solid state 
spectrum of a series o: sodium alkyl sulfates [CH3(CH2)n- 
SCLNa with n  =  4 ,6 , 8,10,12,16] to assign the various peaks 
in the Raman spectrum of solid NaLS. As in other long chain 
hydrocarbon solids, NaLS shows C-C symmetric and an
tisymmetric stretching frequencies at 1064 and 1130 cm-1. In 
all sodium alkyl sulfates, the symmetric stretching of S03 

appears as a strong band around 1080 cm-1. (In NaLS this 
band appears at 1086 cm"1.) In addition to the Raman

frequencies arising from the hydrocarbon chain, Raman 
frequencies due to the sulfate head group appear: (a) RO-SO3 

stretch at 839 cm-1, (b) symmetric and antisymmetric de
formation modes at 575 and 633 cm-1, and (c) SO3 rocking at 
408 cm"1. In n-paraffins Raman spectra are characterized by
(a) a broad intense peak at 1086 cm-1, (b) a broad band in the 
830-900-cm“ 1 region, and (c) a broad band in the 600-650- 
cm“ 1 region. These imply the presence of extensive gauche 
forms of the hydrocarbon chains. The appearance of Raman 
frequencies in these regions due to the sulfate head group14 

obviates clear cut answers on this point. However, the pres
ence of an extended chain with all-trans structures is indicated 
by several features: (i) presence of sharp intense bands at 1064 
and 1130 cm- 1  due to C-C stretching; (ii) a sharp peak at 1297 
cm" 1 as in CTAB and DAC solids and unlike the rather broad 
peak at 1303 cm" 1 in hydrocarbon liquids; (iii) the appearance 
of the accordion mode frequency at 146 cm"1. The corre
sponding frequencies for DAC solid and dodecane liquid are 
184 and 278 cm"1, respectively. With increasing amounts of 
gauche isomers, the accordion frequencies shift to higher 
frequencies; (iv) the nature of the Raman spectrum in the C-H 
stretching region 2800-3000 cm“ 1 (Figure 6 ). The features of 
this spectrum resemble that of extended chain solids, e.g., 
CTAB and DAC, as compared to that of liquid dodecane.

(d) A n io n ic  S u r fa c ta n t s  in  M ic e l la r  F o r m s . The laser- 
Raman spectrum of a 0.1 M aqueous micellar solution of NaLS 
is presented in Figure 7. The 1000-1200- and 2800-23000-cm“ 1 

regions for micellar NaLS and NaL are specifically compared 
in Figures 6  and 8 . As in the case of cationic surfactants mi- 
cellization of the surfactant leads to changes in the chain 
configurations. A predominance of gauche rotomers is ob
served. This is quite apparent in the case of sodium laurate 
micelles. The sodium laurate micelles appear to be more 
fluidlike, as the intensity of the 1081-cm"1 peak is greater than 
the 1065- and 1123-cm“ 1 peaks. In the case of NaLS, micel- 
lization leads to a considerable reduction in the intensity of 
the 1084-cm“ 1 peak (it appears as a shoulder in the 1063-cm“1 
peak). In addition there are broad bands around the 828- and 
300-500-cm“ 1 regions, respectively. The spectral features of 
the 2800-3000-cm"1 region are also in accord with the picture 
of a micelle with a fluid core. A change in conformation for 
NaLS following interactions with lysozyme has been noted 
recently by Lord et al. 15 Presumably the significant drop in 
the intensity of the 1086-cm"1 peak is due to a freezing of the 
sulfate head group in the electrical double layer of the micelle.

(e) R a m a n  S p e c t r a  o f  P u r e  N o n io n ic  S u r fa c ta n ts . In ad
dition to examining the Raman spectra of cationic and anionic 
surfactants, we have also investigated the Raman spectra of 
a series of nonionic surfactants. In particular we have exam
ined Igepal CO-630, Igepal CO-880, Triton X-100, and Brij

Brij 35

Triton X-100 C8H15 /

(di-i-butyl

(0 C2H4),„— OH

35. The lower members of these polyoxygenated surfactants 
are viscous liquids at room temperature (25 °C), while the 
higher member Igepal CO-880 is a waxy solid. Raman spectra
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Figure 7. Raman spectrum of 0.1 M micellar solution of NaLS in Fl20.
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Figure 8. Raman spectra (1000-1200-cm~1 region) for 0.1 M micellar solution of NaLS and NaL in Fl20.

for Triton X-100 and Igepal CO-630 liquids and Brij 35 and 
Igepal CO-880 as solids are presented in Figures 9 and 10. The 
Raman spectra of nonionic surfactants give information on 
the nature of hydrocarbon core of these micelles. In addition 
information on the configuration of the ethylene oxide chain 
is also obtained. Both “zig-zag” and “meander” models for the 
oxyethylene group have been discussed in the literature.16 The 
first model refers to ethylene oxide configurations which are 
“fully extended” chains in the paliside layer on the exterior 
of the micelle. In the second model the ethylene oxides assume 
helical coil forms which twist and wind in the paliside layer 
from the hydrophobic center to the micellar surface.

Several interesting conclusions can be drawn from exami
nation of the Raman spectra presented in Figures 9 and 10. 
The Raman spectra in Figures 9 and 10 look entirely different 
from those of long chain fatty acids, but resemble more those 
of polyethylene glycols17 (PEG). This is to be expected as the

hydrocarbon part of the nonionic surfactants examined here 
are either short or highly branched. The Raman frequencies 
arising from the alkane chains overlap with those arising from 
the polyxyethylene chains. In short the Raman spectra are 
dominated by vibrations arising from the polyoxyethylene 
chain, thereby facilitating a direct observation of the confor
mational state of the hydrophilic part of the micelles formed 
by these nonionic amphiphiles. In the series Igepal CO-630, 
Brij 35, and Igepal Co-880, the ethylene oxide (EO) unit in
creases from 9 to 30. Examination of the Raman spectra show 
drastic changes from Igepal CO-630 to Igepal Co-880. Brij 35, 
occupying an intermediate position, shows a spectrum which 
is an overlap of the spectra of the shorter chain CO-630 and 
longer chain CO-880.

As mentioned earlier, the Raman spectrum of solid Igepal 
CO-880 strongly resembles that of solid polyethylene glycol 
(PEG). Table II summarizes the observed Raman frequencies
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Figure 9. Raman spectra for the nonionic surfactants Triton X-100 liquid, Igepal CO-630 liquid, and Brij 35 waxy solid.

together with their intensities for comparison with solid PEG. 
The conformational states of the ethylene oxide unit in solid 
PEG, molten PEG, and PEG in aqueous solution have been 
examined earlier by Koenig and Ar.good.17 Combined (x-ray 
analysis, ir, NMR, and Raman) studies of PEG have estab
lished that PEG has a helical conformation in the crystalline 
solid with the seven chemical units (CH2-CH2-O) and two 
turns in a repeat distance of 19.3 A. Furthermore the PEG has 
a dihedral symmetry (i.e., the chain possesses two kinds of 
twofold axis: one passing through the oxygen atom and the 
other bisecting the C-C bond). The PEG repeating unit has

a TGT (T = trans, G = gauche) conformation of the CH2-
O-CH2-CH2-O sequence. The dihedral helical conformation 
is characterized by typical Raman lines and will be discussed 
below. The striking similarities between the Raman spectra 
of the 30 (EO) unit nonionic surfactant Igepal CO-880 and 
that of PEG solid indicate that the long ethylene oxide unit 
has a helical structure with the dihedral symmetry in the 
surfactant. However, as the length of the ethylene oxide de
creases from 30 EO units to 9 in Igepal CO-630 (the latter is 
a viscous liquid at room temperature), the helical conforma
tion is no longer preferred. A disordered structure prevails
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TABLE II: Raman Frequencies for Igepal CO-880 Solid 
along with Those of Polyethylene Glycol (PEG) Solid

PEG
Igepal

CO-800
solid3 solid Tentative assignments

537 s 538 w (OCC) bending
583 586 w

811 w

591 w 
643 w 
777 vw 
806 vw Amorphous (from disordered

846 vs 846 vs
structures) 

CHj rock
860 m 863 m CH2, C = 0  rock

936 vm
911 m 
929 w Amorphous (from disordered

947 w 945 w
structures) 

CH2 0 = 0  rock
1065 m 1065 m ]j- C—O stretch, CH2 rock1073 sh 1078 sh j
1125 m 1128 m C—C stretch, CH, wag
1142 s 1143 s C—O stretch
1232 m 1232 m | CH2 twist1237 w 1242 m
1283 vs 1283 vs
1286 w 
1376 w 1 367 w
1396 1399 mwi GH2 wag, G-G stretch
1448 m 1448 m 1" CH2 scissoring1 4 7 1 sh 1473 sh /
1481 s 1 4 8 1 s 1 CH2 scissoring1486 s 1488 s j

3 Data taken from ref 17: s = strong, w = weak, m = 
medium, sh = shoulder, vw = very weak.

which includes the presence of several rotational isomers. 
Table III presents a comparison of the Raman frequencies for 
liquid Igepal CO-630 and Triton to that of molten PEG. The 
Raman spectra of lower member short EO chain surfactants 
resemble that of molten PEG.

As indicated earlier, the Raman spectra of solid Igepal 
CO-880 and liquid Igepal CO-630 show several differences. 
In Igepal CO-880 there are two intense bands at 846 and 863 
cm- 1  in the methylene and methyl rocking regions. In Igepal 
CO-630, however, there are three peaks at 807, 848, and 892 
cm-1, the 807-cm“1 peak being more intense than the other 
two. For Igepal CO-880 in the methylene rocking region the 
1143-cm“ 1 line is more intense than the 1128-cm“1 line. In 
Igepal CO-630 these two lines merge together, the 1126-cm“ 1 
line is more intense, and the 1143-cm-1 line appears as a 
shoulder. The CH2 bending region also shows significant 
changes. The four peaks at 1448, 1473, 1481, and 1488 cm- 1  

of the surfactant Igepal CO-880 merge to two peaks (at 1453 
and 1467 cm-1) on reduction of the ethylene oxide unit from 
30 to 9. It is also noted that the peaks at 1234 and 1242 cm- 1  

merge to 1251 cm- 1  in CO-630 with a significant increase in 
the intensity of the 1189-cm“1 line. There is also a consider
able reduction in the intensity of the peaks at 945 and 1399 
cm“1. The shorter chain surfactants show a more intense band 
at 1615 cm“1. These spectral differences are also observed in 
liquid and solid PEG. Based upon the assignments of various 
peaks (which in turn are based on model vibrational analysis, 
details are discussed at length in the reference cited above) 
it is concluded that cn the melting of PEG (or on reduction 
of the EO chain length in the surfactant) that the helical EO 
structure opens up with the formation of new rotational mo
tions. These motions occur mainly at the C-0 bonds rather 
than around the C-C bonds. According to Koenig et al., this

TABLE III: Raman Frequencies for the Nonionic 
Surfactant Liquids Igepal CO-630 and Triton X-100 along 
with Those of PEG Melt

Triton
X-100

Igepal
CO-630

PEG
melt3

Tentative
assignments

248 w 250 w 261 w
330 w
393 vw
430 vw

524 w
595 w 570 vw 526 w
641 m 641 m
687 m 684 m
723 vw
736 w 735 w
755 s 753 vw
807 s 809 s 807 m
822 sh
844 m 848 sh 834 m CH, rock
875 m
893 sh 892 w 884 mw .
927 m 927 w 919 sh
982 vw 

1 0 0 0  vw CH2 rock, C-O,
1015 vw 1015 vw C—C stretch
1046 w 1044 m
1063 w 1063 sh 1052 m C—O, C -C  stretch
1103 s 1103 sh C—O, C—C stretch

CH, rock
1136 m 1126 s 1134 s C—O, C—C stretch
1170 w
1190 m 1189 m
1215 s
1251 s 1251 m 1
1290 s 1289 s 1283 s 1 CH, twisting
1299 s 1295 sh 1291 m
1 3 5 1 vw 1352 m |
1 3 7 1 vw CH, wagging
1390 vw 1380 w J
14 5 2 sh 1453 1448 sh 1
1474 s 1467 s 1470s | CH, scissoring

3 See footnote a to Table II.

also implies the presence of several additional rotational iso
mers, with the ethylene oxide configuration changing from a 
trans-gauche-trans sequence in the solid to a gauche- 
gauche-trans sequence in the liquid.

The surfactant Brij-35 has an intermediate EO chain 
length. Here the Raman spectrum shows features of both the 
longest chain Igepal CO-880 (with 30 EO unit) and that of 
shortest Igepal CO-630 (9 EO units). With a chain length of 
23 EO units significant portions of the polyoxyethylene chains 
remain in a helical form with a dihedral symmetry, while a 
small part of the chain exhibits a disordered structure (open 
coil) with several gauche isomers. The nonionic amphiphile 
Triton X-100 is a homogeneous mixture of different EO chain 
lengths, with an average around 9.5. Consequently the Raman 
spectrum resembles that of Igepal CO-630 except that the 
Raman lines due to open coils are more intense.

(f) N o n io n ic  S u r fa c ta n ts  in  M ic e l la r  F orm . Alkyl polyox
yethylene glycol monoethers, such as Brij 35, as well as alkyl 
phenoxy polyethyleneoxy ethanols, such as Igepals or Tritons, 
aggregate together in aqueous solution to form spherical mi
celles. As the molecular chain lengths are quite large, large 
micelles are formed with aggregation numbers typically 
around 100-150.5a As in the case of ionic micelles, these non
ionic micelles18’19 have a liquidlike hydrophobic core formed 
by the alkyl chains, while the ethylene oxide units form a 
hydrophilic palisade layer. NMR studies19 indicate that the 
ethylene oxide units are hydrated and that the water mole-
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Figure 11. Raman spectra of micellar solution of Igepal CO-630 (0.059 M) and Brlj 35 (0.025 M) in H20.

Figure 12. Raman spectrum (1000-1200-cm-1 region) for 0.1 M CTAB 
In the presence of an increasing concentration of NaBr and a plot of 
(I1 0 8 2 / / 1 1 2 5 ) for the series of spectra shown.

cules in the region between the polyoxyethylene chains appear 
to be partially immobilized. It is of interest to see whether any 
additional information can be obtained from Raman spectral 
studies.

The Raman spectra of micellized Igepal CO-630 (0.059 M) 
and Brij 35 (0.025 M) in H20  are presented in Figure 11. A 
comparison of the spectra of Igepal CO-630, in the pure and 
micellar form, shows instructive differences. In micellar form, 
the spectrum show additional peaks at 851,1194,1453,1479, 
and 1616 cm-1. These features are characteristic of a helical 
structure as found in solid PEG. The peaks due to the disor

dered structure, as found in the pure liquid, are still present 
indicating that on micellization there is an ordering of the 
polyoxyethylene units from a random to a more ordered he
lical structure. For the long chain surfactant Brij 35 there are 
no significant differences in the Raman spectra in aqueous 
micellar solutions indicating no significant change in chain 
conformation.

(2) E l e c t r o l y t e - I n d u c e d  M ic e l la r  P h a s e  C h a n g e s . Hither 
to the studies have been concerned with Raman spectra of 
pure surfactants and the spherical micelles formed by these 
compounds. Raman spectroscopy has also been utilized to 
probe chain conformations, in CTAB micelles, both spherical 
and in the bigger rodlike structures, and bilayers which are 
formed by the addition of electrolytes such as NaBr. The 
micellar change or growth into larger structures at high con
centrations of surfactants, or in the presence of added elec
trolytes, is a well established phenomenon.

In a decimolar aqueous solution, CTAB exists in the form 
of “spherical” micelles with an aggregation number around 
80. On addition of NaBr, these micelles grow into bigger 
rodlike structures.20 We recently investigated70 a similar type 
of electrolyte-induced phase changes for DAC micelles in 
detail by several physicochemical techniques and observed 
an increase in the microviscosity of the micellar interior on 
introduction of the electrolyte.

The increases in the microviscosity of the interior of the 
CTAB micelles on addition of NaBr is also observed by ob
serving the 1082-cm-1 peak in the laser-raman spectrum of 
CTAB. In Figure 12 the ratio / 1082/11125 is plotted against the 
concentration of added NaBr. Due to the highly viscous nature 
of these solutions, the background scatter increases consid
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erably with increasing concentration of the electrolyte, and 
this was to be taken into consideration in the measurement 
of peak intensities. On addition of NaBr, the ratio decreases 
indicating an increase in rigidity of the micellar hydrocarbon 
core. A limiting ratio for / 1082//1125 is reached at high elec
trolyte concentration. The presence of the 1082-cm“ 1 peak 
shows that, even in these larger rod-shaped aggregates (mi
cellar molecular weight ^  2 000 000), a significant amount 6f 
gauche isomers is still present. The above data are also con
sistent with the data of Shinitzky et al.6 who showed that the 
microviscosity of the interior of the CTAB micelles increases 
with increasing NaBr concentration. Presumably in these 
larger aggregates several carbon atoms at the end of the chains 
retain their fluidity.
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A simple model for the phase transition in polystyrene latexes has been developed. The model assumes a 
priori that the transition is fundamentally caused by repulsion between the spherical latex particles, i.e., it 
is fundamentally hard sphere in nature, but that the hard sphere diameter of the polystyrene particles is in 
fact ionic-strength dependent. The resulting volume fraction vs. salt concentration phase diagram is in qual
itative accord with the experimental phase diagram of Hachisu and co-workers.

Introduction

Modern emulsion polymerization techniques can produce 
concentrated monodisperse suspensions of spherical polymer 
particles which, in the freshly prepared state, are typically 
milky white in color. Luck and coworkers1“3 demonstrated 
that highly concentrated aqueous polystyrene latexes and 
their dried films exhibit iridescence for a certain range of 
particle diameters. They showed that the iridescence is due 
to Bragg diffraction of visible light from ordered layers of 
particles stacked parallel to the surface of the container.

Vanderhoff et al.4 noted that the latex particles are charged 
and that therefore double-layer interactions should be im
portant in any ordering. They observed that interparticle 
spacing increases when an iridescent latex is diluted, order 
being maintained by long-range repulsion between the 
spheres. Krieger and co-workers5’6 studied the diffraction in 
deionized aqueous latexes and found that the particles remain 
in a close-packed array down to volume fractions as low as 1%. 
Deionization of the latex removes excess salt and surfactant, 
resulting in a suspension of charged spheres interacting in an 
aqueous environment which contains (ideally) a mobile
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counterion concentration just sufficient to maintain electro
neutrality.

Addition of sufficient electrolyte to a deionized latex screens 
the interparticle repulsions and destroys the order, yielding 
a milky nondiffracting suspension characteristic of the “as 
prepared” latex. Krieger and Hiltner5-6 found that at inter
mediate electrolyte concentrations ordered and disordered 
phases coexist at equilibrium with the volume fractions of the 
coexisting phases being functions of the ionic strength. They 
noted that the transition is strongly reminiscent of the solid- 
liquid melting transition, and suggested that the polystyrene 
system might provide insight into melting transitions in 
general. The interparticle forces here are of classical origin and 
can be continuously varied by changing the salt concentration 
and/or the charge density on the spheres.

Hachisu and co-workers7-9 have attempted to map out the 
volume fraction vs. salt concentration phase diagram for a 
polystyrene latex by simple visual observation of iridescence. 
The general shape of the coexistence region has been deter
mined (see ref 9, Figure 7). No theoretical study of the phase 
diagram has appeared to date.

In 1939 Kirkwood10 developed an approximate theory of 
the radial distribution function for a liquid composed of 
spherical nonpolar molecules. The behavior of his approxi
mate equations led him to the speculation that in his theory 
a limiting density (less than closed packed) might exist above 
which a liquid structure cannot exist. Only structures with 
crystalline long-range order would be possible above this 
density. This observation did n o t require the existence of 
attractive forces between the molecules. “Experimental” ev
idence for such a transition appeared in 1957, when Wood and 
Jacobson11 and Alder and Wainwright12 reported Monte Carlo 
and molecular dynamics computer “experiments” which in
dicated that a finite system of hard spheres will undergo a 
fluid-to-solid-like transition. The spheres begin to crystallize 
at a volume fraction 0 C (c = crystallization) of about 0.50 and 
the transition is complete by a volume fraction 0 m (m = 
melting) of about 0.55. No analytical proof that an infinite 
system of hard spheres indeed does undergo such a transition 
is available, de Llano and Ramiréz13 have recently shown that 
equations of state for dense hard sphere fluids and solids can 
be used to predict transition parameters which are in excellent 
agreement with the computer experiments. No single equation 
of state, however, has yielded the transition.

It has been suggested7-9-14 that the observed order-disorder 
transition in polystyrene latexes is in fact a hard-sphere type 
of transition. Hachisu and Kobayashi9 have done experiments 
with aqueous latexes at high electrolyte concentrations (thus 
effectively neutralizing the charge on the spheres) which give 
<j>c = 0.39 — 0.49 and <t>m = 0.48 — 0.55 depending on electrolyte 
concentration and stabilizing surfactant used. They have also 
studied uncharged cross-linked latexes in nonaqueous solvents 
and find rj>c ~  0.5 and 0 ,n = 0.58 — 0.60. Thus, the measure
ments in high salt and those in nonaqueous solvents yield 
roughly comparable transition parameters and are in ap
proximate agreement with the computer “experiments” giving 
support to the hypothesis that the observed phase behavior 
is fundamentally a hard-sphere transition.

Long-range attractive (van der Waals) interactions between 
polystyrene spheres are expected to play a minimal role in the 
ordering phenomenon. The attractive energies are generally 
very small compared with the repulsive energies, and at those 
intersphere separations where the attractive energy does be
come a significant fraction of the total energy, i.e., in the region 
of the secondary minimum of DLVO theory, 15 -17 the total

Figure 1. The pairwise interaction energy vs. separation for charged 
polystyrene spheres of radius 850 A and N = 6000. The dashed 
curves are the repulsive energies only (eq 2) and the solid curves in
clude the van der Waals attraction (see ref 17 for details). The 
Debye lengths (1 I k) are 50, 30, 20, and 10 A for curves A-D, re
spectively.

energy is generally small compared to the energy of Brownian 
motion, k T . Examples of the total pairwise interaction energy 
including van der Waals forces are shown in Figure 1 for sev
eral salt concentrations. It can be seen that only at high salt 
concentrations, where effective screening of the repulsive force 
takes place, does the attractive force become more than an 
energetically small perturbation on the repulsive energy. At 
the highest volume fraction at which coexistencesis observed 
(0 c = 0.55), the surface-to-surface distance between 1700-A 
diameter spheres such as those used by Hachisu et al.7-9 is 
about 177 A. From Figure 1 it is clear that that distance is 
considerably larger than the position of force balance, i.e., the 
minimum in the potential energy curve. One therefore expects 
long-range attraction to be important only at very high volume 
fractions and when salt concentrations are high. A similar 
conclusion has been reached concerning the relative unim
portance of long-range attraction in forming ordered arrays 
of rodlike proteins and protein aggregates, 18 e.g., in the for
mation of equilibrium gels of tobacco mosaic virus.

This note proposes a simple method for modifying the 
hard-sphere transition parameters to take into account dou
ble-layer interactions. The transition parameters are taken 
to be those for hard spheres. For a given salt concentration, 
the hard-sphere diameter is chosen as that center-to-center 
distance between a pair of spheres at which the electrostatic 
interaction energy is on the order of the energy of Brownian 
motion (see Figure 2 ). The ionic strength dependence of the 
interaction energy yields an effective hard-sphere diameter 
that changes with salt concentration; the effective diameter 
increases with decreasing salt. The method produces a phase 
diagram in qualitative accord with observed by Hachisu et 
al. , 7-9 but uncertainty in the available experimental data 
precludes a quantitative comparison.

Theory

The hard-sphere system studied in the computer experi
ments is defined by specifying the pairwise interaction energy 
as a function of center-to-center separation of the spheres

U (R )  =  ™

U(R) = 0 R > a  (1)
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Figure 2. Two hard spheres of diameter a a center-to-center dis
tance R apart. The dashed lines delineate the effective hard-sphere 
diameter a ' chosen such that the pairwise interaction energy at a' 
is on the order of thermal energy.

where a is the hard-sphere diameter. Thus the spheres behave 
like nondeformable billiard balls. The interaction energy 
between a pair of uniformly charged polystyrene spheres in 
an aqueous salt solution is given approximately by19“ 21

U(I?) = 00 R  <cr

U («) = R  >  a (2 )

where N  is the number of unit charges smeared uniformly over 
the surface of each sphere, <r is the diameter of the sphere, t 
is the dielectric constant of the aqueous medium, and —e is 
the electronic charge. The Debye constant k is given by

* 2 =
8  ir c e 2 

e k T
C = -  £  Ci°2 i2

2  Cj0 (3)

where k is the Boltzmann constant, T  is the absolute tem
perature, and the Ci° are the concentrations of ions of valence 
Z[ in the bathing medium far from the spheres. Equation 2 is 
accurate when the radius cr/2 is greater than the Debye length 
l//c and when the electrostatic energy of a counterion near the 
sphere is smaller than thermal energy k T . Equations more 
general than eq 2 have been developed.19-21 The interaction 
potential given by eq 2 appears at first glance to be consider
ably softer than that given in eq 1. It is shown below that for 
the purposes of studying the phase transition eq 2  can be ap
proximated by eq 1 by choosing an effective hard-sphere di
ameter a*.

Computer experiments are not available for a potential of 
the form given in eq 2. There are molecular dynamics calcu
lations for systems of soft spheres interacting with an inverse 
power potential22’23

UCR) = Uo (4)

for n =  4, 6 , 9, 12 and °° (clearly n  = °° corresponds to the 
hard-sphere potential, eq 1). It might seem tempting to try 
to fit eq 2  to an inverse power law at some R , and then use the 
transition parameters for soft spheres to describe the poly
styrene transition. However, as will be seen later, the potential 
given by eq 2 is considerably “harder” than an inverse twelfth 
power at “important” values of R  for most values of k.

Computer calculations show that a finite system of hard 
spheres undergoes a solid-to-fluid transition characterized 
by the densities24

Figure 3. The electrostatic repulsive energy vs. separation for 
charged polystyrene spheres of radius 850 A and N = 6000 for a 
salt concentration of 10-2 M 1-1 electrolyte (1/ k ~  30 A). Hard- 
sphere potentials chosen on the basis of eq 7 are indicated by 
dashed lines for y  =  1 and 10.

pc =  0.736po 

p m = 0.667p0
(5)

(c = crystallization, m = melting) where po is the close-packed 
density

Po = '̂ / 2/<r3 (6)
Assume that a system of charged spheres governed by the 
potential in eq 2 also undergoes a transition at the densities 
given by eq 5 b u t that the close-packed density is determined 
by an e f f e c t i v e  hard-sphere diameter cr* (see Figure 2). cr* is 
chosen by requiring that the pairwise interaction energy at a* 
be on the order of thermal energy

U(<r*) = y k T  (7)

where U  is given by eq 2. The constant y is fixed and the 
values of a* are determined for a range of salt concentration. 
If U(c) < k T  then a* = cr. An example showing the actual 
potential from eq 2 and effective hard-sphere potential is 
given in Figure 3.

The use of an effective hard-sphere diameter in colloid 
chemistry was suggested by Stigter.25 The modeling of a real 
fluid using a hard-sphere model with a density and tempera
ture dependent hard-sphere diameter is well known in modern 
statistical mechanics (see, e.g., ref 26). The choice of y k T  as 
the value of the potential at which to fix the effective hard- 
sphere diameter is motivated by the fact that any force be
comes important as soon as the work of that force (i.e., the 
potential) is on the order of thermal energy.

Results
a* is found from eq 7 for a given k; calculate p0 from eq 6  and 

P c, Pm  from eq 5. The transition volume fractions are obtained 
from the relation <p =  pv where v is the volume of a polystyrene 
sphere of radius cr/2 , v = Veircr3.

The sphere radius is chosen as 850 A and a  the surface 
charge density as 1 pC/cm2 to be consistent with the experi
ments of Hachisu et al.7-9 ’35 This charge density corresponds
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Figure 4. The volume fraction vs. salt concentration phase diagram. 
At high </> and low C there is complete order; at low 4> and high C 
there is disorder, while between the curves for a given 7 , there is 
coexistence. The volume fractions of the coexisting phase for a 
given C can be located by constructing a vertical tie line.

TABLE I: Effective Hard-Sphere Diameter, Power Law 
Exponent, and Surface Potential as a Function of Ionic 
Strength"

c, M <r*,Á n b e\ps/kT

1 1700 560 0.2

1 0 - 1 1721 180 0.6

1CT2 1834 61 1.7
K T 3 2310 25 5.0
n r 4 4040 14 13.0
1 0 -5 9615 11 26.0

“ For cr = 1700 Ä, 7  = 1, e = 80, T  = 300 °C. b N  = -d  In
U /d ln R  at R =  a* (see ref 17).

to a value of N  ~ 6000. The resulting phase diagram is plotted 
in Figure 4 for values of 7  = 1  and 100. Table I gives several 
values of the effective hard-sphere diameter a*, the exponent 
of the power law that fits U { R ) at <r*. and the reduced surface 
potential on the spheres where

e 4/&
k T

(8 )

At high salt concentrations the transition volume fractions 
are those characteristic of hard spheres of diameter a* =  0 . 
As the salt concentration is lowered (see Figure 4) the effective 
diameter a* increases, the close-packed density decreases, and 
the transition volume fractions decrease. The experimentally 
observed sigmoid shaped coexistence region is obtained, and 
the absolute density difference between coexisting phases 
decreases with decreasing ionic strength as observed experi
mentally. Note that the effect of increasing 7  is to shift the 
coexistence region to the left without markedly altering its 
basic shape. The pure hard-sphere transition parameter will 
obtain when C gets large or as 7  —► °o.

The effective power law at R  = a* is seen in Table I to be 
characterized by very large n  except for extremely low salt

concentrations. It is therefore not possible to fit the potential 
to an effective power law form comparable to those studied 
by Hoover et al.23’24

The linearized form of the Poisson-Boltzmann equation 
used to derive eq 2 19-21 is in principle not valid for reduced 
surface potentials eip J k T  > 1 . Linearization is, in fact, valid 
for high surface potentials as long as the ionic strength is very 
low27' 29,36 or when the surface-to-surface distance between 
the sphere is large compared to the Debye length.20 The high 
surface potentials seen toward the bottom of Table I occur for 
very low ionic strengths and thus the use of eq 2 is less suspect 
than it might appear at first glance.

A quantitative comparison with the observed experimental 
transition parameters would be tenuous at this time for several 
reasons. It is clear from Figure 2 of Hachisu et al.7 that the 
boundaries of the phase diagram at low salt concentrations 
are not unambiguously established due to experimental dif
ficulties. Hachisu32 comments that minute fragments of the 
friable ion-exchange resin beads were produced by their me
chanical mixing procedure and that such fragments may have 
caused error in judging the starting point of order formation, 
effectively shifting the coexistence-disorder phase boundary 
to the right. A narrower transition region would be more in 
accord with the results obtained by this analysis. Finally, a 
quantitative comparison is impossible without an accurate 
measure of the surface charge density which is not available 
for those latexes used in the phase diagram work.

A more exhaustive and detailed study of the phase diagram, 
perhaps using the diffraction technique of Krieger et al.5’6 is 
needed before a quantitative comparison with theory can be 
made. Computer “experiments” on a system of large charged 
spheres interacting with a screened Coulomb potential (eq 2) 
would allow critical examination of the assumption that such 
a system can be modeled as hard spheres with ionic strength 
dependent diameters.

A more refined theory of the phase transition might be 
developed by a modification of the method of de Llano and 
Ramiréz. 13 The equation of state for the solidlike phase could 
be constructed using a cell model (see, e.g., ref 33) and the 
fluidlike phase could be modeled using a virial series, or a Padé 
approximant to a virial series. The analysis by Stigter and 
Hill34 of the second and third osmotic virial coefficients for 
spheres interacting with a screened Coulomb potential could 
provide a starting point for such an analysis.

Notes Added in Proof; Snook and van Megen (J. Snook 
and W. van Megen, J. C h em . S o c ., F a r a d a y  T ra n s . 2, 72,216 
(1976)) have recently reported a Monte Carlo study of a sys
tem of spherical particles interacting via a screened Coulombic 
repulsion and van der Waals attraction. Ordered and disor
dered regions were obtained.

Andrews (F. Andrews, J. C h em . P h y s ., 64, 1941, 1948 
(1976)) has recently studied the equilibrium statistical me
chanics of Lennard-Jones fluids using a temperature-de
pendent hard-core diameter defined as in eq 7 with 7  = 1 in 
two dimensions, % in three dimensions. Thus Andrews takes 
the hard-core diameter to be the separation distance at the 
classical distance of closest approach corresponding to the 
average kinetic energy of two particles due to their relative 
motion.
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Mean Adsorption Lifetimes of Cesium Chloride on Nickel Surfaces
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A pulsed-molecular-beam method was applied to the study of the mean adsorption lifetimes of adsorbed 
CsCl on single crystal and polycrystalline nickel surfaces. The experiments were conducted in an ultra-high 
vacuum system free of hydrocarbon contaminates and with pressures less than 2 X 10- 8  Torr. A molecular 
beam of CsCl was formed from species effusing from a double-oven effusion cell equipped with a conical ori
fice. A rotating chopper served to pulse the molecular beam; the CsCl molecular beam was on for 10.7% of the 
period of the cycle. The molecular beam struck a nickel target inclined at a 45° angle. Four targets were used 
in these experiments: Ni(lll) surface, Ni(100) surface, clean polycrystalline Ni surface, and a contaminated 
polycrystalline Ni surface. The mean adsorption lifetimes were determined by measuring the rate of evapo
ration of CsCl from the surface by means of a surface ionization detector. The desorption has been found to 
follow first-order kinetics in cases of single crystal targets for which equilibrium surface coverage of the ad
sorbate is much less than 0.001 monolayer. The activation enthalpy for the desorption process, A H * , and the 
preexponential, to, are dependent on surface structure and surface cleanliness, but they are not dependent 
on surface coverage. In an attempt to interpret the present values of to, one must use a mobile adsorption 
model.

Introduction

Vaporization of bullc materials or of foreign species on an
other substance is an important process. The study of the 
kinetics of vaporization hopefully will lead to a greater un
derstanding of the vaporization process.

The vaporization kinetics of an adsorbed species on a solid 
surface can be characterized by the reciprocal of the first-order 
rate constant, t, the mean adsorption lifetime. The length of 
time an adsorbed molecule spends on a surface is important

in several processes such as thermal accommodation, surface 
migration, condensation, chemical reaction with the surface 
material or other adsorbed species, and catalysis. This par
ticular research was initiated because data for surface mi
gration of CsCl on Ni were desired in order to perform calcu
lations suggested by Winterbottom;2 see also papers by 
Wahlbeck et al.3,4

The great bulk of previous determinations of mean ad
sorption lifetimes has been for the desorption of ions from 
metal surfaces. Among these are studies of the mean adsorp-
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tion lifetimes of Cs+ on polycrystalline W5“ 7 and on single 
crystal W surfaces,8 and of the mean adsorption lifetimes of 
Cs+ when CsCl is on polycrystalline W surfaces9 and when Csl 
is on polycrystalline W surfaces.9

There have been very few studies of the mean adsorption 
lifetimes of neutrals on surfaces. Shelton and Cho10 have 
studied the mean adsorption lifetimes of Cu, Cr, Be, Ni, Pe, 
and Ti on W and oxygen covered W polycrystalline surfaces. 
Hudson and Sandejas1 1 '12 have studied the adsorption of Cd 
on W surfaces. The mean adsorption lifetime of Rb on single 
crystal W has been examined by Hughes. 13 The mean ad
sorption lifetimes of CO on Ni have been studied by De- 
gras. 14’ 15 The adsorption of CO on Ni single crystal surfaces 
has been studied by Madden, Kiippers, and Ertl16 and by 
Tracy.17 The system of Csl on W surfaces has been studied by 
Kolesnikov et al. 18

The desorption of neutral U from polycrystalline W surfaces 
has been studied by Smith, 19 and the desorption of U+ from 
polycrystalline W and Re surfaces has been studied by Her- 
tel.20

In addition to the experimental studies, interesting theo
retical studies have been performed. Molecular orbital cal
culations have been performed by Blyholder considering ad
sorption of H21 and CO22 on Ni atom clusters. Anderson and 
Hoffmann23 have considered the case of adsorption of first 
period diatomic molecules on W and Ni atom clusters. These 
studies have provided energetics associated with the ad
sorption process as well as information regarding surface 
migration.

The temperature dependence of the r data may be analyzed 
by

r = to exp(AH * / R T )  (1 )

where AH* is the activation enthalpy for the desorption 
process and to is a constant. The previous studies of ions and 
of Csl on W surfaces indicate that to values are about 1 0 “ 13 

s whereas CO on W surfaces gives a to value of 7 X 10- 3  s and 
7 X 10- 4  s for phases 1 and 2 of adsorbed CO (see ref 14).

Equations for r0 may be developed from statistical me
chanics using either a localized adsorption model or a mobile 
adsorption model. For localized adsorption, t0 is predicted to 
have a dependence on surface coverage. For mobile adsorp
tion, to is predicted to be l/i>, where v is the vibrational fre
quency perpendicular to the surface, and this gives a good 
explanation of to being 10- 1 3  s. DeBoer24 has pointed out 
correctly that for mobile adsorption there is no way of 
changing the statistical mechanical equation to make to larger 
than 1 0 - 1 3  s.

The chemical system in this study was CsCl adsorbed on 
Ni surfaces. The mean adsorption lifetimes of neutral mo
lecular CsCl on Ni single crystal and polycrystalline (both 
clean and contaminated) surfaces were measured. The ex
perimental apparatus was developed following the design used 
by Cho and Hendricks.25 A molecular beam of CsCl was 
formed by using an effusion cell. The beam was pulsed by 
using a rotating chopper. The beam has a trapezoidal time 
profile and was effectively on 10.7% of the beam period. The 
pulsed molecular beam was allowed to strike a heated Ni 
surface inclined to the beam at a 45° angle. The rate at which 
CsCl evaporated from the surface was measured by using a 
surface ionization detector. The ion current flowed to a signal 
averaging device to increase the signal-to-noise ratio. The time 
dependence of the ion current was analyzed to give the mean 
adsorption lifetime. The dependences of t  on surface tem-

n BEAM CHOPPER 
~ 1 SLIT 1

. /  \ ________________________________ _i

O -1 cm

Figure 1. Top view of experimental apparatus with locations of parts 
of the apparatus drawn to scale as indicated. Distance from effusion 
ceil to slit 1 was 4.4 cm; slit 1 was 0.24 X 0.60 cm. Distance from 
effusion cell to slit 2 was 15.1 cm; slit 2 was 0.60 X 0.60 cm. Distance 
from effusion cell to target was 19,4 cm. Distance from target to de
tector was 5.1 cm.

perature, crystal surface, surface coverage, and contamination 
were studied.

Experimental Section

In Figure 1 is given a schematic view of the apparatus that 
was used in these experiments. The different components of 
this apparatus are described in the following paragraphs.

V a c u u m  S y s te m . The apparatus represented in Figure 1 
was mounted in a bell jar vacuum system pumped by vac-ion 
pumps and gettered by a titanium sublimator, Ultek TNB-C, 
Model 400-2000. The vacuum system never was exposed to 
oil. During experiments reported here, the pressure was 
maintained lower than 2 X 10- 8  Torr.

M o le c u la r  B e a m  S o u rce . The origin of the molecular beam 
was a double-oven effusion cell. The construction details of 
the cell are shown in Figure 2. The effusion cell was fabricated 
from grade A nickel. The orifice of the cell was a long divergent 
conical orifice located in the face of the upper oven. The 
smaller, entrance diameter of the orifice was 1.342 ±  0.013 
mm, the larger, exit diameter of the orifice was 6.941 ±  0.045 
mm, and the half-angle of the cone was 16.00 ±  0.08°. The 
conical orifice was chosen because small angular misalignment 
would not greatly change the molecular beam intensity; see 
angular number distribution data by Adams, Phipps, and 
Wahlbeck.26 The two ovens of the effusion cell were heated 
independently by radiation from dc resistively heated W 
filaments placed in alumina thermocouple protection tubing. 
The temperatures of the two ovens were measured by cali
brated chromel-alumel thermocouples placed at positions 
indicated in Figure 2.

The molecular beam species chosen for these experiments 
was CsCl(g). To produce CsCl(g), CsCl(s) was placed in the
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w

Figure 2. Details of construction of effusion cell. Solid sample was 
contained in lower oven. Lower left is top view of upper oven. Lower 
right is bottom view of lower oven: 0, conical orifice; W, thermocouple 
well; C, piece connecting upper and lower ovens; R, bolts; H, heater 
hole; S, bolt hole; T, trihedral cavity for kinematic support; D, dihedral 
slot for kinematic support; F, flat for kinematic support.

lower oven of the effusion cell; the CsCl(s) was purchased from 
Alfa Inorganics, Inc. and was indicated to be 99.99+% pure 
with principal impurities being Rb, Na, and K. The equilib
rium vapor pressure of CsCl(s) has been given by Treadwell 
and Werner 27as

9970
log PTorr = ~ ~  + 9 -9 4 2  T < 915 K (2)

and of CsCl(l) by Kelley28 

, 10 210
log PTorr = ------ —---- F 20.62 -  3.52 log T  T  > 915 K (3)

The vapor species in the equilibrium vapor are principally 
monomer with less than 7% dimer as shown by the experi
mental studies by Miller and Kusch29 and by Berkowitz and 
Chupka.30

In order to form the molecular beam from the CsCl(g) ef
fusing from the conical orifice, molecules passed through slit 
1 which was water cooled; see Figure 1. This slit eliminated 
molecules leaving the effusion cell at large angles. Slit 2 is the 
beam defining slit and determined the final geometry of the 
molecular beam. The dimensions of slit 2 were 0.60 by 0.60 cm. 
Both slits 1 and 2 were knife-edged slits. The distance from 
the orifice to slit 1 was 4.4 cm and from the orifice to slit 2 was
15.1 cm.

In order to produce a pulsed molecular beam, a rotating 
beam chopper was placed between slit 1 and slit 2. The design 
of the chopper blade is shown in Figure 3. From the geometries 
of the chopper blade, the beam is opening during 2.75%, is 
open fully for 5.20%, and is closing during 2.75% of the beam 
period. The chopper blade was made from an aluminum alloy,

1"

Figure 3. Construction detail of rotating chopper blade for pulsing 
molecular beam.

Figure 4. Construction detail of Ni targets. Left target was designed for 
mounting mica sheet. Right target was used for polycrystalline surface. 
Screw was used to secure the thermocouple for target temperature 
measurements. ‘

Alcoa 2024-T3. The chopper blade was rotated by a syn
chronous motor, Globe Industries, Type 53A 107-2. The 
chopper blade was placed directly on the motor shaft. The 
motor was powered from a variable frequency power supply 
consisting of an audio oscillator, Hewlett-Packard Model 200 
J, and a power amplifier. A trigger signal was generated by 
placing two iron screws on the periphery of the chopper blade 
and by mounting near the periphery a magnetic pick up ob
tained from Power Instruments, Inc., Model 813 BNC (this 
was modified for the vacuum environment). The signal from 
the magnetic pick-up was sent to a Hewlett-Packard ta
chometer, Model 500C. The tachometer could produce a large 
voltage pulse, which was used to trigger an oscilloscope and 
the signal averaging device, or could produce an analog signal 
which was used for chopper speed observations.

T a rg e ts . All of the targets used in experiments reported 
here were of Ni and were heated to various temperatures. 
Single crystal surfaces were mounted on a large Ni block, and 
polycrystalline surfaces were a face of a large Ni block. These 
large Ni blocks are shown in Figure 4. The large Ni blocks were 
heated by dc resistively heated W filaments mounted in alu
mina thermocouple protection tubes. The temperature of the 
target was measured by means of a calibrated chromel-alumel 
thermocouple mounted as shown in Figure 4. All targets were 
heated for outgassing prior to use.

Results were obtained with four surfaces: (1 ) Ni(lll), (2) 
Ni(100), (3) a clean poly'crysoalline surface, and (4) a con
taminated polycrystalline surface.

For the first three surfaces, it was necessary to obtain and 
maintain a clean surface. Oxygen cannot be removed from a 
Ni surface by flash heating because of the low volatility of 
nickel oxide compared to Ni. A clean surface was generated 
by evaporation of Ni onto the surface. Short lengths of Ni wire 
of 99.999% purity obtained from Leico Industries, Inc. were
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wound on a W filament. The evaporator, positioned as shown 
in Figure 1, was heated by low voltage ac before each deter
mination of a mean adsorption lifetime. Rough calculations 
indicate that with each vaporization about 50 atomic layers 
of Ni were deposited on the target.

With the pressure in the vacuum system being lower than 
2 X 10~8 Torr, one had ca. 350 s before a monolayer would 
form of species from the residual gases assuming all species 
would stick upon their first surface collision. All experimental 
data for the first three targets were collected within 25 s.

Two single crystal surfaces were investigated in this study: 
(1 ) Ni(lll), and (2) Ni(100). The Ni(lll) surface was grown 
epitaxially on a mica single crystal surface. A selected piece 
of mica was mounted on the Ni target block as shown in Figure
4 . The Ni evaporator, as described above, evaporated Ni onto 
the mica producing a Ni(lll) single crystal surface. Detailed 
studies of surface structures of Ni deposited on vacuum- 
cleaved mica have been made by Allpress and Sanders31 and 
on air-cleaved mica by Anderson and MacDonald.32 The 
Ni(100) surface was produced by cutting through a single 
crystal boule for which the orientation was known. The single 
crystal boule was purchased from the Materials Research 
Corp. and had a purity of 99.999%. In this case, the single 
crystal face was polished using metallurgical polishing pro
cedures. The Ni(100) surface was overlayed with Ni from the 
evaporator.

Two polycrystalline targets were studied also: (3) a clean 
polycrystalline Ni and (4) a contaminated polycrystalline Ni. 
Both of these target surfaces were surfaces of the target blocks. 
The target surfaces were polished using metallurgical pol
ishing procedures. The clean target had been overlayed with 
Ni from the evaporator during the experiments. The con
taminated target experiments were performed before the Ni 
evaporator was installed.

Photomicrographs of the targets, using an optical metal
lurgical microscope, were obtained for the four target surfaces 
after the experiments were performed. Magnifications up to 
1000X were used. Photomicrographs of these targets are 
shown in Figure 5. Both the single crystal surfaces show uni
form surfaces up to a magnification of 1000X. There is clear 
evidence for nucleation in the photomicrographs of 1000X. 
The nucleation sites are between 1 and 2 X 10-4 cm apart. 
There are a few scratches present on the Ni(100) surface. The 
polycrystalline targets show evidence of grain boundaries; the 
contaminated target surface, surface 4, shows the clearest 
evidence of grain boundaries. The dark spots, target surface 
4, probably were caused by pits originating from Ni evapo
ration which occurred when the Ni was heated. The differing 
densities of these spots probably indicate different exposed 
crystal surfaces; if so, there are at least four different exposed 
faces present. It is highly probable that these same crystal 
faces are present on the clean polycrystalline surface on which 
Ni was evaporated.

The targets were mounted inside a stainless steel cylinder. 
The Ni evaporator was located inside the stainless steel cyl
inder. The cylinder had openings so that the molecular beam 
of CsCl(g) could enter and evaporating CsCl could pass to the 
detector. The cool walls of the cylinder acted as a sink for stray 
CsCl and also protected the target from stray molecules.

D e te c to r . The detector in these experiments was a surface 
ionization detector using a 3 mil Re filament heated at 1300 
°C. The filament was biased +22.5 V with respect to the ion 
collector which was at ground potential. The entrance slit of 
the detector was 10 mm long. Molecules from a large area of 
the target could strike the detector filament. An ion current

Figure 5. Optical microscopic views of surfaces: (upper left) Ni(111), 
1000X; (upper right Ni(100), 1000X; (lower left) polycrystalline Ni, with 
NI deposit, 500X; (lower right) polycrystalline NI, no Ni deposit, 200X.

would have resulted from the species CsCl, Cs, and Cs+, pos
sibly resulting from this experiment, and from other alkali and 
alkaline earth containing species.

S ig n a l C ir c u itr y . The signal generated from the surface 
ionization detector is an ion current of approximately 1 0 -n  
A. The circuit used to process this signal is shown in Figure
6 . The signal is repetitive in nature with a frequency of 3.833 
or 8.167 Hz.

Signal averaging was performed in order to increase the 
signal-to-noise ratio. A waveform eductor manufactured by 
Princeton Applied Research, Model TDH-9, was used. This 
instrument is a 100-channel analyzer. Delay times and sweep 
times are variable. In addition to the waveform eductor, the 
signal from the experiment could be observed directly on the 
oscilloscope, Tektronix, Model 543A, with plug-in D. The 
output signal, intensity vs. time, from the waveform eductor 
was recorded with an X -Y  recorder.

A p p a r a t u s  T i n e  C o n s ta n ts . In order to measure a time 
constant for a particular process, the time constants of thè 
signal detection system must be known.

The surface ionization detector has a time constant de
pendent on the mean adsorption lifetime of Cs+ when CsCl 
is admitted to a Re surface which is at 1300 °C. From experi
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mental data for this case by Scheer and Fine,7 one may com
pute that the time constant for the detector was 5.0 X 10- 7  

s.
The oscilloscope had a rise time of 0.01 ixs.
Because the waveform eductor is a 100-channel analyzer, 

it has a resolution of 0 01 times the sweep time. In these ex
periments the sweep times were 2 0 0  ms giving a resolution of 
2 X 10- 3  s.

The time constant associated with the PAR preamplifier, 
the PAR waveform ecuctor, and the 108-ohm resistor was 
concluded to be 7.731 ±  0.172 ms. The other time constants 
in the data handling system are much shorter than 7.731 ms. 
The signal system was analyzed in detail assuming (1) a 
trapezoidal beam shape for which the shutter was fully open 
at a time 11 after opening began, the shutter began to close at 
a time f2, and the shutter was fully closed at a time f3; (2 ) 
first-order desporption kinetics with a mean adsorption life
time of CsCl on the Ni surface, r; and (3) the circuit time 
constant, ra, to be 7.731 ms. If f is the time after the shutter 
is fully closed, the signal, V ( t ), should obey the equation (valid 
when r ?£ Ta)

V ( t )  =  Kj[l -  exp(—fi/ra) -  exp(-t2/ra)
+ exp(—i3/ ra)](ra2/ra -  r) exp(-i/ra) + [1  -  exp(-f1(/r)

-  exp(-i2/r) + exp(-i3/r)](r2/r -  ra) exp(-f/r)j (4 )

The data for V { t ) ,  with fi, t % ¿3, and ra known, can be ana
lyzed to determine r. A non-linear least-squares computer 
program, originally written by Struble,33 was used for the 
determination of r.

E x p e r im e n ta l  P r o c e d u r e . Previous to initial evacuation of 
the apparatus, the oven was filled with CsCl(s), the target was 
prepared and inspected, the Ni evaporator was prepared and 
positioned in front of the target, the alignments of the oven, 
target, and detector were checked, and the electrical circuits 
for the heaters, thermocouples, and signal were checked.

After the vacuum system was closed by placing the bell jar 
in position, evacuation was begun by use of a carbon-piston 
pump manufactured by Bell and Gossett, Model SYC 18-1. 
Evacuation was continued to a pressure of 0.5 X 10- 3  Torr by 
use of a liquid-nitrogen-cooled sorption pump. The evacuation 
was continued by using the vac-ion and Ti sublimation 
pumping. With the system cold, pressures as low as 3 X 10- 9  

Torr were obtained. During all collection of data, the pressure 
was lower than 2 X 1C“ 8 Torr.

In order to perform an experiment, the effusion cell ovens 
were heated so that Lie back oven was 932 K and the front 
oven was 950 K. It would require at least 2 h to achieve stable 
operating temperatures of the effusion cell. A molecular beam 
of 7.07 X 1013 molecules/s then would strike an area of 0.58 cm2 

on the target. The target was heated to a desired experimental 
temperature. The detector filament was heated so that the 
temperature was 1300 °C, and the filament was biased. The 
chopper was set into motion, and its speed was stabilized.

A Ni evaporation was performed by heating the Ni evapo
rator for 3 min. Immediately following the evaporation, after 
the power to the evaporator was turned off, data were collected 
by the waveform eductor for 25 s.

After all data were collected for a particular day, the 
chopper motor, the effusion cell heaters, the target heater, and 
the surface ionization detector were turned off. Vacuum was 
not broken until the apparatus had cooled and was broken 
only if major internal adjustments to the apparatus were 
necessary.

9 10 11 12 13 14 15

( I /T IX IO 4

Figure 7. Apparent mean adsorption lifetimes of CsCl on clean poly
crystalline Ni vs. reciprocal of target absolute temperature. Horizontal 
data to the left were used in establishing the time constant of the circuit.

Results

I n c id e n t  B e a m  a n d  S u r fa c e  C o v e r a g e . The number of 
molecules per second effusing from the effusion cell was de
pendent on the effusion cell temperatures. The back oven 
temperature was 932 ±  5 K, and the front oven temperature 
was 950 ±  5 K. The number of molecules per second which 
struck the target depended upon the number of molecules 
effusing per second and upon the geometry factors of the slits. 
When the chopper was open, the arrival rate on the target was 
7.07 X 1013 molecules s-1.

If equilibrium had been achieved, then the number of 
molecules on the surface (centimeter) - 2  would have been the 
product of r and the arrival rate when the chopper was open 
fully. With a value of the arrival rate given above, with a value 
of t of 1 0  ms, and with the area of the target which was struck 
by the beam given above, the number of molecules adsorbed 
on the surface would be 1.2 X 1011 molecules cm-2. Assuming 
ionic radii for Cs+ and Cl- , the fraction of the surface covered 
had to be ca. 2 X 10-4. Since equilibrium was not achieved, the 
fraction of the surface covered was less than 2 X 10-4.

D e s o r b in g  S p e c ie s . In this experiment utilizing a surface 
ionization detector, an integrated signal from all alkali bearing 
species was obtained. With the chemical system studied here, 
the most probable species are CsCl, Cs, and Cs+. The amount 
of dimer, CS2CI2, is less than 7% 29’30 in the original molecular 
beam since the vapor is not saturated; after the species strike 
the surface, the dimer will be insignificant (estimated to be 
less than 0 .0 1 %).

The thermal dissociation of gaseous CsCl using equilibrium 
data from the JANAF Thermochemical Tables34 gives an 
amount of atomic Cs which is about 10- 7  times the amount 
of CsCl. The probability of the species being Cs is very low.

The surface ionization of CsCl on a Ni surface would pro
duce Cs+. During these experiments, the Re filament of the 
detector was turned off, but the filament was biased giving an 
electric field in the detector. If Cs+ was evaporating from the 
Ni target, the Cs+ would have passed through the slits of the 
detector, entered the electric field, and passed to the ion col
lector. No signal was observed, and it was concluded that 
surface ionization was not a significant process. Sloth et al.35 

studied the surface ionization of LiCl, a species with a disso
ciation energy of 4.85 eV compared to CsCl which has a value 
of 4.6 eV, on a Re surface, a surface with a work function of 5.1 
eV compared with Ni which has a work function of 4.84 eV. 
Sloth observed no significant surface ionization at surface 
temperatures less than 1200 K. The absence of Cs+ in the 
present investigation is reasonable in view of the results of
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0 1 2 3

Figure 8. Sample data obtained from X-Y recording of output from PAR 
waveform eductor. Run 53-2. Non-linear least-squares fitting of eq 4 
to this curve gave an average deviation of 1.45% with no deviation 
larger than 2.7 %. Chopper times are indicated at the top of the figure: 
0, chopper beginning to open; 1, f-i; 2, f2; 3, f3.

Sloth et al. since the case of CsCl on Ni is less favorable for Cs+ 
formation than the case of LiCl on Re for Li+ formation.

D e te r m in a t io n  o f  ra (S ig n a l C ir c u it  T im e  C o n s ta n t ) . In 
experiments performed with a clean polycrystalline target, 
the data were analyzed initially with a single exponential; i.e.

V’ = V0 exp(-f/r) (5)

In this case when the beam pulse frequency was 8.167 Hz, the 
Texpti values plotted as a function of temperature are given in 
Figure 7. There was a distinct break in the curve at 1 I T  = 10.5 
X 10-4. Upon analysis of the system more fully, it became 
apparent that the r values at high temperatures were values 
appropriate for the signal circuit. The Texpti values at T  > 1000 
K were averaged to obtain a value for ra of 7.731 ±  0.172 ms

The value of ra was found to be in approximate agreement 
with a directly measured value of ra of 1 0  ms obtained several 
months later.

F irs t -O rd er  K in e tic s . The basic data in this experiment are 
ion intensity as a function of sweep time. Only data acquired 
after the chopper was closed completely were analyzed. A 
typical set of such data for experiments using a single crystal 
surface is shown in Figure 8 ; these are the output data from 
the waveform eductor. All data were fitted by a non-linear 
least-squares computer program to eq 4. Agreement between 
the experimental curve and the fitted curve gave an average 
deviation of 1.45% with no deviation larger than 2.7%. It is 
concluded that the assumption used in the derivation of eq 
4, i.e., the evaporation process car. be treated by first-order 
kinetics, is correct. The first-order rate constants are the re
ciprocals of the r values which shall be presented.

With a polycrystalline surface, it was expected that one 
would have evaporation kinetics much more complex because 
of the several crystallites on the surface, see Figure 5. There 
is some evidence that such complexity results. The r values 
were determined assuming first-order kinetics, and these 
values will be presented.

S in g le  C ry s ta l S u rfa ces . The values of the mean adsorption 
lifetimes, the r values, are given in Figure 9 for a Ni(lll) 
surface and in Figure 10 for a Ni(100) surface. All data were 
acquired with a pulse frequency of 3.833 Hz. The dependence 
of the r values upon target temperature may be analyzed using 
a linear least-squares computer program with

Leo W. Huang and P. G. Wahlbeck

10 3/ t

Figure 9. Mean adsorption lifetimes of CsCl on Ni(111) vs. reciprocal 
of target absolute temperature.

• •

1 .0  1 2  1 4  1 .6

i o 3/ t

Figure 10. Mean adsorption lifetimes of CsCl on Ni(100) vs. reciprocal 
of target absolute temperature.

In r = In to + AH * / R T  (6 )

where to is a constant and A H *  is the activation enthalpy for 
the desorption process at the average experimental target 
temperature. Values of to and A H *  are given in Table I.

C le a n  P o ly c r y s t a l l in e  S u r fa c e . The temperature depen
dence of the values of t  is given in Figure 11 for a chopper 
speed of 3.833 Hz. The values of to and A H *  are given in Table
I. It is to be noted that the values of to and A H *  are interme
diate between those of Ni(lll) and Ni(100).

C o n ta m in a te d  P o ly c r y s t a l lm e  S u r fa c e . With a contami
nated polycrystalline Ni target, the data were fitted to eq 5. 
The t  values were observed to be significantly smaller than 
the t  values derived from the data for the clean polycrystalline 
surface. A quantitative value for t  was not determinable in this 
case.

Discussion

M o d e l. There are several models which may be considered 
for the desorption process. The localized model would demand 
that V ( t )  be dependent on surface coverage which would lead 
to desorption kinetics of non-first order. The experimental 
data do not support non-first-order desorption. The nonlo- 
calized model which allows quasi-free translation and rotation 
of adsorbed species is the most reasonable model to select. 
With the assumption that translational and rotational motions 
are unhindered and that internal vibrations are not changed, 
one may show that
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TABLE I: Desorption Data for CsCl on Ni

Surface“ ro, s A H *, cal/mol

(1 1 1 ) (1.22 ± 0.31)10"4 5039 ± 407
(1 0 0 ) (2.38 ± 0.18)10-5 7992 ± 772
Polycrystalline (9.6C ± 2.99)10—s 6485 ± 632

“ All surfaces are believed to be clean since Ni was deposited
on them immediately prior to data collection.

7"*,MS

Figure 11. Mean adsorption lifetimes of CsCl on clean polycrystalline 
Ni vs. reciprocal of target absolute temperature.

t0 = (h / k T ) a/vib, (7)

where h, k , and T  have their usual meanings and afvibz is the 
partition function for vibrational motion perpendicular to the 
surface.

Evaporation of molecules from a surface of the bulk solid 
has been shown to occur with a mechanism involving atom 
motion from a kink site to a ledge site to a terrace site to the 
gas phase.36 The rate-determining step is the motion from the 
kink site to the ledge site. In the case of desorption of a species 
from a surface of a different substance, the rate-determining 
step appears to be desorption from particular sites on the 
terrace. The identity of such sites is not known. Several types 
of sites on the terrace including nucleation sites, grain 
boundary sites, dislocation sites, and impurity sites are pos
sible.

D e p e n d e n c e  o f  A H *  o n  S u r fa c e  S t r u c tu r e . From the data 
for A H *  presented in Table I, it is clear that there is a signif
icant dependence of A H *  upon the surface structure. For 
Ni(lll), A H *  is ca. 50S9 cal/mol, and for Ni(100), A H *  is ca. 
7992 cal/mol. It is to be noted that AH*(111)/AT/*(100) = 
0.631.

Blyholder2'2 has recently reported results from a CNDO 
study of CO adsorption on Ni surfaces. These calculations 
indicated that the ratio of the binding energies of CO adsorbed 
on Ni(lll) to Ni(100) is 2/3. This ratio is in good agreement 
with the experimental observation for CsCl adsorbed on the 
Ni surfaces.

to V a lu es . The experiments with CsCl on Ni surfaces gave 
rise to to  values given in Table I. These values of t () are be
tween 0 .0 2  and 0 .1 2  ms.

Values of tq are predicted by eq 7. Making a substitution 
for a/vib2, one finds that r0 should be 1 /e, where v is the vibra
tional frequency perpendicular to the surface; this indicates

that to should be 10“ 13 s. As indicated earlier, any change in 
the model for nonlocalized adsorption will make to even 
smaller. Thus, for the largest value of r0 possible, r0 must be 
given by 1 h .

The large experimental values can be understood if de
sorption occurs only at specific sites. The molecules of CsCl 
adsorbed on the surface must migrate to the desorption sites. 
This desorption model will be discussed more fully by Liu and 
Wahlbeck.37

P o ly c r y s ta l l in e  D a ta . By examining the photomicrographs 
of the polycrystalline surface after the targets had been used, 
Figure 5, the existence of several small crystallites with dif
ferent crystal faces exposed was evident. One would expect 
the mean adsorption lifetimes to be a sum of exponentials with 
each surface having its own characteristic t 0 and A H *. In 
approximating the data with a single exponential, interme
diate values of A H *  and t 0 between single crystal surfaces data 
would be effected.

E f f e c t  o f  C o n ta m in a t io n . From observations presented 
earlier, it is apparent that contaminants on a surface lower the 
value of t . An increase in t  has oeen observed with Cs+ on W 
surfaces when Cs, CsCl, and Csl were the adsorbed species by 
Scheer and Fine. ' ’9 This may be explained if the contaminants 
weaken the bonding of the adsorbed gas on the surface.
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Mean Adsorption Lifetimes of Cesium and Cesium Iodide on Nickel Surfaces

Ming Biann Liu1 and P. G. Wahlbeck*
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(Received October 6, 1975)

Mean adsorption lifetimes of Cs and Csl adsorbed on N i(lll)  and Ni(100) surfaces have been determined by 
a pulsed-molecular-beam technique using ultra-high vacuum techniques and clean surfaces. Molecules ef
fusing from a double-oven Knudsen cell were collimated with slits and chopped with a rotating wheel. The 
molecular beam was on for 11.086% of the period of the pulsing cycle. The desorption process was found to 
be first order. The mean adsorption lifetimes have been determined as a function of surface temperature. 
Surface populations have been varied in some cases, but in all cases they were less than 0.001 monolayer. A 
mechanism for the desorption process has been proposed which utilizes surface migration of the physically 
adsorbed species to particular desorption sites. The nature of the possible desorption sites is considered.

Introduction

The mean adsorption lifetimes of Cs and Csl on single 
crystal surfaces have been determined experimentally. These 
determinations were part of a continuing effort which began 
with studies reported by Huang and Wahlbeck.2 Reasons for 
interest in the mean adsorption lifetime of species on surfaces 
and related previous studies have been given by Huang and 
Wahlbeck.2

Huang and Wahlbeck2 determined the mean adsorption 
lifetime of CsCl adsorbed on N i(lll) , Ni(100), and polycrys
talline Ni. They analyzed their data using

r = T0 exp{AH*/RT) (1)

where r is the mean adsorption lifetime, to is a preexponential 
factor, T is the absolute temperature, R is the gas constant, 
and AH* is the activation enthalpy for the desorption process. 
The values of AH* indicated that CsCl is physically adsorbed 
on Ni surfaces, and the values showed a dependence on surface 
structure. The mobile adsorption model was concluded to be 
correct rather than the model for localized adsorption. The 
values of to were much larger than theoretically expected. For 
mobile adsorption to is expected to be approximately equal 
to the reciprocal of the vibrational frequency for the vibra
tional motion perpendicular to the surface; i.e., 10~12 to 10~13 
s. However, values of to were found to be 10~4 to 10~5 s. Rea
sons for the difference of a factor of 10s have been sought.

To aid in the understanding of mean adsorption lifetimes, 
it was decided to study Cs and Csl adsorbed on Ni surfaces. 
The selection of Cs was made since there would be no influ
ence of a diatomic molecule in this case. The species Csl was

* Address correspondence to this author at Wichita State Uni
versity.

chosen because of the increased size of the I atom and because 
of the changes in bonding characteristics. In this paper, the 
new experimental results will be presented. A possible 
mechanism will be given as an explanation of the experimental 
results.

Experimental Section

The experimental apparatus that was used in this study was 
the same one described by Huang and Wahlbeck.2 A pulsed 
molecular beam was produced from vapor effusing from a 
double-oven effusion cell. The beam molecules passed through 
two collimating slits with a rotating chopper positioned be
tween the slits. The pulsed molecular beam struck a Ni target 
which was heated resistively. Desorbed molecules were de
tected by a surface ionization detector as a function of time.

The following changes were made to the apparatus used by 
Huang and Wahlbeck:2 (1) The apparatus was mounted inside 
an Ultek table top vacuum system Model TNB-X instead of 
Model TNB-C. (2) A new beam chopper was made on which 
the slots were cut along radial lines; the beam was opening 
during 2.750%, was open fully for 5.584%, and was closing 
during 2.750% of the beam period. (3) The size of the stainless 
steel protection cylinder around the surface target was in
creased from 1.34 in. i.d. to 2.25 in. i.d. (4) The detector signal 
circuit was modified in order to reduce the time constant of 
the electronic circuit; this eliminated the complex analysis of 
the experimental data as performed by Huang and Wahlbeck.2

In experiments performed with Csl(g), the first collimating 
slit was water-cooled. When experiments were performed with 
Cs(g), the first collimating slit was cooled with liquid nitrogen.

Samples. The sample of anhydrous Csl with a stated purity 
of 99.9% was purchased from Research Organic/Inorganic
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Chemical Co. The sample was dried initially at 150 °C before 
being placed in the apparatus.

Vapor pressure data were measured by Cogin and Kimball3® 
and by Scheer and Fine.3b The results of Scheer and Fine3b 
are given by

log Patm = 7.775 -  10 106/r (2)

The composition of the vapor was measured by Rothberg, 
Eisenstadt, and Kusch;4 the amount of dimer was found to be 
less than 0.5%.

Experiments were performed with Cs. Because cesium 
metal is so reactive, it was decided to generate Cs in the ap
paratus by chemical reaction. The reaction mixture consisted 
of Cs2CrC>4 and Si in a molar ratio of 1:2. A mass spectrometric 
study indicated that Cs(g) was the only volatile reaction 
product. The chemical reaction occurs rapidly at 710 °C.

The sample of CsaCrCR was purchased from Research Or- 
ganic/Inorganic Chemical Co., and the Si in powder form of 
100 mesh was purchased from Alfa Inorganics.

The reaction mixture was placed in the back oven of the 
effusion cell, the back oven only was heated, and the cesium 
produced by the reaction could be used for a few days.

Cesium is produced by the chemical reaction involving 
Cs2Cr0 4 and Si. The equilibrium vapor pressure associated 
with this reaction has not been studied to the authors’ 
knowledge. The dependence of the Cs pressure upon oven 
temperature has not been used, but experiments have been 
performed by heating the ovens to temperatures at which 
useable intensities have been found.

Targets. Nickel targets were used in this study. The targets 
were described by Huang and Wahlbeck.2 In this study, only 
single crystal surfaces were studied. A N i(lll) surface was 
prepared by deposition of Ni on air-cleaved mica. A Ni(100) 
surface was cut from a single crystal boule purchased from 
Materials Research Corp. The stated purity of the boule was 
99.999%. The orientation of the boule was checked by von 
Laue x-ray diffraction. The Ni(100) surfaces were prepared 
by spark cutting followed by electropolishing. Spark cutting 
was done with a rotating slotted disk lowered by a servo
mechanism. The electropolishing was performed with an 
electrolyte of 70% concentrated H2SO4 and 30% H2O by vol
ume. A current of 2 A cm-2 was used for 30 s to 2 min.

As in the case of the experiments by Huang and Wahlbeck,2 
clean surfaces were obtained by vaporization of Ni onto the 
mica or the Ni(100) boule before each datum collection. The 
Ni wire used for these vaporizations was obtained from Leico 
Industries Inc. and had a stated purity of 99.999%.

Before the targets were used, they were outgassed between 
550 and 600 °C for 5 h at pressures in the 10-8 Torr range. The 
target was returned to room temperature before the initial Ni 
deposition. The initial deposition was performed with the 
target at room temperature and a vacuum of ca. 6 X 10-9 Torr.

After experiments were performed, the surfaces were ex
amined by optical microscopy with magnifications up to 
1600X. The instrument used was a Unitron series N metal- 
lograph, Unitron Instruments Co. Selected targets were ex
amined with a scanning electron microscope in the SEM 
laboratory at the Illinois Institute of Technolgoy.

Detector Circuit. The circuit to handle the ion currents 
from the surface ionization detector, with final signal aver
aging analysis performed by a waveforn eductor (Princeton 
Applied Research Model TDH-9), was modified from that of 
Huang and Wahlbeck2 by changing the 108-ohm resistor to 
a 106-ohm resistor and by adding an additional operational 
amplifier with a gain of 100; see Figure 6 of Huang and

Wahlbeck.2 These changes reduced the time constant of the 
electronic circuit. It was possible, therefore, to treat the ex
perimental data of V(t), desorbing species current as a func
tion of time, with a single exponential; i.e.

V(t) = V(t = 0) exp(—f/r) (3)

Apparatus Checks. In order to ascertain whether the mo
lecular beam source, the detector, and the signal circuitry were 
functioning properly, the detector was placed directly in the 
molecular beam; i.e., the position normally occupied by the 
surface target. In all other ways, the apparatus was functioning 
normally. With the chopper running, the beam profile should 
be observed with a trapezoidal shape as described earlier and 
with additional flight time effects. With a beam pulse fre
quency of 10 Hz, the most often used frequency, the time be
tween beam pulses was 100 ms. The most probable flight time 
was less than 0.1 ms; flight time effects consequently were 
expected to be insignificantly small. The beam profile was 
found to be trapezoidal; it was concluded that the beam 
source, the detector, and the signal circuitry were functioning 
properly with an apparatus time constant which was much 
smaller than the mean adsorption lifetimes.

Another apparatus check was performed by allowing CsCl 
molecules to strike a hot Re target. Scheer and Fine5 have 
studied this case determining the r values of Cs+ desorption. 
They observed the mean adsorption lifetimes with a surface 
cleaned by flash heating to 2400 K and with a contaminated 
surface. They found

t ( s )  = (2.8 X 10-13) exp(1.95 eV/RT) (4)
(clean surface)

t ( s )  = (2.8 X 10-11) exp(1.55 eV/RT) (5)
(contaminated surface)

With the apparatus used in these studies, ions were detected 
by the surface ionization detector when the Re filament of the 
detector was not heated. The Re target surface was not ca
pable of being heated to 2400 K. The dependence of r upon 
Re target temperature gave

r(s) = (1.1 X 10“ 9; exp(2.1 eV/RT) (6)

These results are most probably valid for a contaminated 
surface as indicated by the larger to, or preexponential, value. 
The AH* values, numerators of the exponents, are all ap
proximately the same. The results indicate that the apparatus 
is functioning correctly.

Results

Surface Coverage. The number of molecules per second 
which struck the target depended upon the number of mole
cules effusing per second and upon the geometry factor of the 
beam defining slits. The rate of effusion was dependent upon 
the oven temperatures and upon the vapor pressure of the 
effusing species. The dimensions of the beam defining slits and 
other dimensions are provided on Figure 1 of Huang and 
Wahlbeck.2

If equilibrium on the adsorbing surface had been achieved, 
the number of molecules (centimeter)-2 on the surface would 
have been the product of r and the arrival rate. The largest 
values of r observed were less .̂han 30 ms.

For experiments performed for Csl, the maximum incident 
flux was 1.4 X 1014 molecules cm-2 s-1  which gave a surface 
population of 4.2 X 1012 molecules cm-2. Using ionic radii for
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Figure 1. Optical microscopic view of Ni(111) surface at a magnification 
of 1600X. This surface was used in experiments designated OP-16, 
17.

Figure 2. Optical microscopic view of Ni( 100) surface at a magnification 
of 1600X. This Ni( 100) surface was designated as single crystal no.
1 .

Cs+ and I” , one computes that under equilibrium conditions 
the fraction of the surface covered would be 0.001. Since 
equilibrium is not achieved, the surface coverage fraction must 
have been less than 0.001.

D e s o r b in g  S p e c ie s . The detector for desorbing species was 
a surface ionization detector; the signal would be an integrated 
signal for all alkali bearing species. For the case where Cs was 
desorbed, the signal could have been from Cs, Cs2, and Cs+. 
For the case of desorbing Csl, the signal could have been from 
Csl, CS2I2, Cs, and Cs+.

In order to detect positive ions desorbed from the Ni sur
faces, the heating power for the Re filament of the detector 
was turned off leaving the bias to the filament on. No signals 
were detected in the cases of Csl and Cs impinging on the 
surface indicating that no ions were desorbing from the Ni 
targets. Using this technique in experiments with CsCl im
pinging on a hot Re target surface, ion desorption was easily 
detected.

For the case of Cs, the equilibrium amount of dimer in the 
gas phase is indicated to be small according to the “ JANAF 
Thermochemical Tables” ;6 the ratio of dimer to monomer 
would have been at least as small as 10-5 at 1000 K. The de
sorbed species from the Ni surfaces are indicated to have been 
neutral Cs(g).

For the case of Csl, the equilibrium amount of dimer in the 
gas phase was indicated to he small by Rothberg, Eisenstadt, 
and Kusch.4 Calculations were performed to estimate the 
amount of dissociation of Csl on the Ni surface. These cal
culations utilized thermodynamic properties for Cs(g) and 1(g) 
from the “JANAF Thermochemical Tables”6 and thermo
dynamic properties for Csl(g) calculated by statistical me
chanics using the harmonic-oscillator, rigid-rotor model. The 
spectroscopic data are given by Rice and Klemperer,7 Barrow 
and Caunt,8 and Honig et al.9 The dissociation energy of Csl, 
Do° [Csl(g)], was taken from Gaydon10 as 3.4 eV. With an 
incident intensity of Csl molecules of 1.4 X 1014 molecules 
cm-2 s_1 and with a target temperature of 907 K, the disso
ciation fraction was calculated to be 2 X 10~5 which is negli
gibly small.

S u r fa c e s . All single crystal surfaces used in these studies 
were examined after measurements were completed. The 
surfaces were examined by optical microscopy to magnifica
tions of 1600X. Photomicrographs of typical surfaces are 
shown in Figures 1 and 2. From the photomicrographs, the 
surfaces show a uniform appearance over the entire surface. 
All of the surfaces show the same type of macroscopic struc

ture; i.e., the surfaces show patches which are typical when 
deposit growth occurs by two-dimensional nucleation phe
nomenon.

The same targets which are shown in Figures 1 and 2 using 
optical microscopy were studied using a scanning electron 
microscope. As with the optical micrographs, the surfaces 
appeared to be highly uniform with a hillock structure. The 
size of the hillocks shown in Figure 1 are about 5 X 10~5 cm 
in radius. On the N i(lll) surface, energy analysis of secondary 
electron emission showed no detectable amounts of W, Cs, or 
Mg (from mica). Contamination of the surface by the W heater 
of the Ni evaporator or by condensation of Cs bearing species 
appears to have not occurred. Since no Mg was observed, it 
is concluded that the Ni surface which was grown epitaxially 
was continuous.

Detailed studies of surface structures of Ni deposited on 
vacuum-cleaved mica have been made by Allpress and 
Sanders11 and on air-cleaved mica by Anderson and MacDo
nald.12

F ir s t -O r d e r  K in e t i c s . All V { t )  data were examined for ad
herence to first-order kinetics. It is believed that the desorp
tion process should be a first-order process; the data analysis 
should verify that this assumption is valid. Malfunctioning 
of the apparatus occasionally gave results which appeared not 
to be first order.

Plots of log V ( t )  vs. time were made, and the data should 
fall on straight lines if the process obeys first-order kinetics. 
Examples of such plots are given in Figures 3 and 4. All data 
which are reported are first-order data.

M e a n  A d s o r p t io n  L i f e t im e  D a ta . The experimental data 
of V ( t )  vs. time were treated by use of eq 3 to derive r values. 
The dependence of r on target temperature for Csl is given 
in Figures 5 and 6 for the N i(lll)  and Ni(100) targets, re
spectively, and for Cs in Figures 7 and 8 for the N i(lll)  and 
Ni(100) targets, respectively.

The data for the dependence of r on target temperature may 
be treated according to eq 1 , and values for AH* and ro may 
be derived. Table I summarizes data which have been ob
tained in this study.

Independence of the values of r of chopper speed should 
occur if one truly has first-order kinetics. Data from runs with 
Csl labeled OP-16 and OP-17 were acquired with chopper 
speeds of 12.5 and 20 Hz, respectively. From data presented 
in Figure 5, one may see that the r values are independent of 
chopper frequency. At low surface coverages, one would not 
expect the desorption process to be higher order.
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Figure 3. Intensity vs. time. Time scale was: OP-8-3, 1.742 ms/unit; 
OP-17-2, 4.59 ms/unit; 100-5-4, 5.50 ms/unit. These plots were used 
to test first-order kinetics. Data from OP-8  were not used.

Figure 4. Intensity vs. time. Time scale was: LN-1-2, 5.02 ms/unit; 
LN-100-5, 3.39 ms/unit. These plots were used to test first-order ki
netics.

Discussion

Mean Adsorption Lifetime Data. A summary of data ob
tained by Huang and Wahlbeck2 and data obtained in this 
study is given in Table II.

These data have varying reliability. Uncertainties found 
from least-squares analyses are reported with the values of 
AH* and to- The data obtained in this study are believed to 
have higher reliability because of the simpler data treatment 
to calculate r values. In this study the basic experimental data 
were fitted to eq 2 whereas Huang and Wahlbeck2 had to use 
a much more complex equation because of the importance of 
the time constant associated with the apparatus.

The data are believed to be reliable because of results from 
apparatus checks described earlier.

Surfaces. The surfaces which were used in this study were 
single crystalline. It is believed that the surfaces were clean 
since fresh nickel was evaporated onto the surfaces before each 
datum point was determined and since the vacuums were 
below 1 X  10-7 Torr. Data on sticking coefficients of different 
gases on nickel surfaces under low pressure conditions show 
that oxygen13-14 has a sticking coefficient of 0.01 on N i(lll)  
and Ni(100), nitrogen15 has a sticking coefficient of zero on 
Ni surfaces at temperatures above room temperature and 
pressures less than 10~3 Torr, and carbon monoxide has a 
sticking coefficient on Ni of 5 X 10-4 according to Degras16 
and 1.0 according to Horgen and King.17 The times required

Figure 5. Mean adsorption lifetimes of Csl on Ni(111) vs. reciprocal of 
target absolute temperature: ( • )  OP-16, beam pulsed at 20 Hz; (O) 
OP-16, beam pulsed at 12.5 Hz; (A) OP-17, beam pulsed at 12.5 Hz.

'103/T

Figure 6 . Mean adsorption lifetimes of Csl on Ni(f00) vs. reciprocal of 
target absolute temperature: (A) run 100-2; ( • )  run 100-5; (■) run 
100-7.

Figure 7. Mean adsorption lifetimes of Cs on Ni(111) vs. reciprocal of 
target absolute temperature.

1.15 1,20 1 25 1.30 1.35 1.40
103/T

Figure 8 . Mean adsorption lifetimes of Ni( 100) vs. reciprocal of target 
absolute temperature. Run LN-100.
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TABLE I: Mean Adsorption Lifetimes o f Csl and Cs on the Nickel Surfaces

Temp, °C
Target Front Back AH*, kcal/

Run no. System temp, K Vacuum, Torr oven oven TO, s mol Remarks

OP-16
OP-17

Csl/
N i(lll)

761-907 8 X 10“ 8 to 2 X 
IO“ 7

609 591 (3.20 ± 1.84) 
X IO“ 6

13.1 ±  0.9 20 and 12.5 Hz, 140 mono- 
layers per deposit (total 1.9 
mg)

100-2
100-5
100-7

Csl/
Ni(100)
No.l

812-905 8 X IO“ 8 to 2 X 
IO“ 7

615 6 0 8 (4.17 ± 2.81) 
X IO" 6

14.2 ± 1.2 10 Hz

100-4 Csl/ 
Ni(100) 
No. 1

842-888 8 X 10~8 to 2 X
i o - 7

629 621 (4.72 ± 4.28) 
X IO" 7

17.8 ± 1.6 10 Hz, no nickel deposition in 
this experiment

LN-1 Cs/Ni(lll) 824-902 1 X IO" 7 573 612 (3.00 ± 0.59) 
X IO' 3

2.0 ±  0.3 10 Hz, diameter of hillocks ~  2 
X 10-4 cm; 3 X 107 hillocks 

_2

LN-2 Cs/Ni(lll) 807-858 7 X IO” 8 to 1 X
i o - 7

579 620 (4.31 ± 0.97) 
X IO" 4

4.5 ± 0.4 10 Hz, 250 monolayers per de
posit (total 1.1 mg), diame
ter of hillocks ca. 1 X 10—* 
cm; 1 X 108 hillocks cm-2

LN-100 Cs/Ni(100) 
No. 2

702-870 (1-4) X IO" 7 620 625 (4 .4 6  ±  0 .4 5 ) 
X i o - 3

0.5 ± 0.2 10 Hz, repolished surface of 
nickel single crystal No. 2
using alumina and cloth. 
Probably not reliable

TABLE II: Experimental Data for to and AH*

Adsorbent“ Target6 AH*, kcal to, s

Cs N i(lll) 3.3 ± 0.4 (1.7 ±  1.6)10-3

CsCl N i(lll) 5.04 ± 0.41 (1.22 ±  0.31) 10-4
CsCl Ni(100) 7.99 ± 0.77 (2.38 ± 1.18)10-5
CsCl Ni, poly 6.50 ±  0.63 (9.60 ±  2.99)10-®

Csl N i(lll) 13.1 ± 0.9 (3.20 ± 1.84)10-6
Csl Ni(100) 14.2 ±  1.2 (4.17 ± 2.81)10-«

0 Data for adsorbed CsCl is from Huang and Wahlbeck.2
6 All surfaces are believed to be clean since Ni was deposited 
on them immediately prior to data collection.

for a monolayer of contaminants to deposit from the residual 
gases in vacuo is difficult to estimate from the above data. One 
would expect it to be longer than the time calculated (perhaps 
by a factor of 10) assuming all gases have a sticking coefficient 
of unity. If the sticking coefficients were unity and the pres
sure was 1 X 10~7 Torr, it would take 35 s for a monolayer of 
contaminants to be deposited.

Allpress and Sanders11 studied Ni surfaces grown on vac
uum-cleaved mica. These surfaces consisted of crystallites 
which had (111) faces oriented well with the mica surface. The 
orientations of other axes of the crystallites on the mica sur
face were excellent, and the crystallites grew together to form 
a homogeneous film. Anderson and MacDonald12 studied Ni 
deposits on air-cleaved mica. In the air-cleaved case, the 
crystallites were oriented well so that (111 ) faces were parallel 
to the mica surface. However, in this case, the other axes of the 
crystallites were not well oriented. There were a number of 
dislocations formed where the crystallites grew together. Since 
the mica was cleaved in air in experiments reported here, it 
is believed that the (1 1 1 ) surfaces which were used better fit 
the latter class.

The photomicrographs shown in Figures 1 and 2 and the 
scanning electron micrographs show the small hillocks which 
are the crysallites which have grown. From the study of An
derson and MacDonald12 it is concluded that there are dislo
cations in the regions where the crystallites have grown to
gether. The number of such defects would be directly pro
portional to the number of crystallites on the surface.

It is assumed that the deposits of Ni on the Ni(100) boule 
surface has (100) surfaces well oriented with the boule surface.

Types of surface sites can be classified as follows: (1) ledge 
and kink sites which are associated with the contours of the 
hillocks; (2) dislocations caused by the intergrowth of slightly 
misaligned hillocks where there are about 108 hillocks cm-2; 
and (3) impurity sites (about 1010 impurity sites cm-2) which 
are expected since the impurity levels in the Ni wire used on 
the evaporator and in the single crystal boule was 1 in 105 Ni 
atoms. These surface sites are believed to play an important 
role in the desorption process.

AH*. From the data presented in Table II, the values of 
AH* increase as one goes from atomic Cs to CsCl to Csl.

In all cases represented in Table II, the AH* values are such 
as to be classified as belonging to physical adsorption; i.e., a 
weakly adsorbed material.

CNDO calculations reported by Blyholder for H18 and for 
CO19 adsorption on Ni surfaces have revealed the following 
interesting conclusions. (1) The binding energy of either H or 
CO is greatest over a surface hole, less when the adsorbed 
species is in a bridged position between two Ni atoms, and 
least when the adsorbed species is directly over a Ni atom. (2) 
For H atoms, the binding energies for different Ni surfaces are 
such that (111) > (110) > (100), whereas for CO, (111) < (100) 
and (111)/(100) = 2/3. (3) The d electrons of the Ni atoms do 
not play a significant role in the binding of adsorbed species.
(4) The surface migration energy is the binding energy of the 
adsorbed species over a hole minus the binding energy in the 
bridged position; the surface migration energy is smaller than 
the binding energy over a hole position.
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TABLE III: Mean Times Calculated for Steps of the Proposed Mechanism

Step no. Process N AH,d kcal r, s Note

1 A(kink) —► A(ledge) 1 26 4.8 X 10-8
2 A(ledge) -*■ A(ledge) 100 22 6.4 X 10-7 a

A(ledge) -* A(terrace) 1 24 1.7 X 10-8
3 A(terrace) —► A(desorp) 106 13.1 7.3 X 10-5 b
4 A(desorp) -* A(g) 1 20 2.3 X 10-9

V A(ledge) -*• A(ledge) 100 22 6.4 X 10-7 a
A(ledge) —► A(kink) 1 22 6.4 X 10-9

2' A(terrace) -* A(ledge) 3000 13.1 2.2 X 10-7 c
4' A(g) -* A(terrace) [Z ~ «trap P/(2irmktj 1̂2]

“ For the adsorbed species to go from its initial ledge position to a terrace position requires multiple random walk steps involv
ing ledge to ledge positions. It has been estimated that no more than 100 such steps would be required. b For the adsorbed species 
to go from its initial terrace position to a desorption site requires multiple random walk steps involving terrace to terrace positions. 
An estimate of this number is given in the text. c For the adsorbed species to go from its initial terrace position to a ledge site re
quires multiple random walk steps involving terrace to terrace positions. An estimate of this number of steps was obtained by con
sidering that the average distance covered was about 50 A. d AH for step 3 and step 2' were taken from the experimental data for 
the desorption of Csl. Values for AH for the other steps were estimated by incrementing the values according to the number of 
nearest neighbor Ni atoms.

From the above conclusions, dislocation sites, in which there 
are more atoms present than the usual perfect array allows, 
would be less binding for H atoms but more binding for CO 
molecules.

From data presented in Table II, the ratio of AH* values 
for CsCl adsorbed on N i(lll) to Ni(100) is 0.631 which is close 
to the ratio found theoretically by Blyholder19 for CO ad
sorbed on Ni.

to Values. In the introduction of this paper, it was remarked 
that one of the purposes of this work was the search for an 
explanation of the large to values found by Huang and 
Wahlbeck2 for CsCl adsorbed on Ni. In this study with Cs and 
Csl adsorbed on Ni, large values of to again have been found. 
It is believed that the explanation for this mustjae sought in 
the detailed mechanism of the desorption process.

Proposed Mechanism. With physical adsorption, surface 
migration can occur readily as has been observed in field 
emission microscope experiments such as those performed by 
Ehrlich and Hudda.20 This is consistent with the discussion 
by Huang and Wahlbeck2 in which localized adsorption was 
ruled out and a mobile adsorption model was selected. The 
following mechanism is proposed which is consistent with the 
kink-ledge-terrace mechanism21"22 usually used for bulk va
porization processes, with the observations of surface migra
tion, and with the experimental data reported from this study:

1 2A(kink site) A(ledge site) A(terrace site)

X  \ ,
4

A(desorption site) — *■ A(g)

In the experiments reported in this study, most molecules 
will strike the surface on terrace sites (step 4') since the mo
lecular beam is uniform in intensity and most of the surface 
consists of terrace sites.

Step 3 consists of surface migration to a desorption site. The 
desorption site would have to be a site associated with the Ni 
surface for which the adsorbed species has a smaller binding 
energy.

All motions of the adsorbed species on the surface from one 
surface site to the next are assumed to occur because of vi
brational motions associated with the lattice potential surface. 
Each change of site will have a t value of

T.= T0°exp(AH/RT) (7)

where to0 = 10-13 s and AH is related to the depth of the po
tential well. For ledge motion and surface migrational motion, 
multiple (AO random walk steps are required with

t = N to° exp(AH/RT) (8)

In Table III are estimated values of the parameters associated 
with Csl adsorbed on N i(lll) . From the calculated r values, 
it is concluded that step 3, the surface migration of the ad
sorbed species from the first terrace site to the desorption site, 
is the rate-determining step in the process. A large N value 
for the rate-determining step is required for the predicted to 
(= N to°) value to agree with experimental data reported in 
Table II. In order for step 1 to be rate determining, AH for step 
1 would have to be greater than 40 kcal.

In order to explore this proposed mechanism, an identifi
cation of the desorption sites would be most helpful. Of the 
sites considered under the discussion of surface character
ization, ledge and kink sites and dislocation sites probably 
would have a greater binding energy for the adsorbed species. 
The impurity sites could serve as desorption sites if the im
purity atoms lowered the binding energy. There are about 1010 
impurity sites cm-2. The average area served by a defect would 
be 10-1° cm2 defect-1. Assuming circular geometry, the av
erage radius served by such a defect would be 5.6 X 1()-6 cm2. 
For a random walk motion on the surface, the average dis
placement, r, is given by

r2 = Nd2/ 3 (9)

where N is the number of jumps in the random walk and d is 
the jump distance. If the average jump distance for Ni is taken 
to be 1.24 A, then there would be 6 X 105 jumps.

The average surface migrational speed of the adsorbed 
molecules would be given by

C = d/ t = (d /to) exp(-A H*/RT) (10)

For the case of adsorbed Cs, C would be 1 X 104 cm s-1 . This 
surface migrational speed is in approximate agreement with 
that calculated from C = (irkT/2m)1/2, see Moelwyn- 
Hughes,23 which gives a value of C of 2.8 X 104 cm s-1. With 
the approach for the average surface migrational speed given 
by d/r, the values of C would decrease as AH* increases. This
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is a reasonable result. As the number of desorption sites de
creases, the observed value of ro would increase.

Contamination Effects. A decrease in r values with con
taminated surfaces has been observed in these studies with 
desorption of CsCl and Csl as well as in the case of desorption 
of U24 and U+.25 Studies by Scheer and Pine5 of desorption 
of Cs+ resulting from Cs, CsCl, and Csl adsorbed on W and 
Re surfaces showed that r increased when the surface was 
contaminated. An explanation of the decrease observed in the 
present studies with contamination of the surface is given by 
considering that more desorption sites are present with more 
impurities on the surface. Fewer random walk steps would be 
required in step 3. In the studies of Scheer and Pine, large 
values of AH* were observed which would lead one to believe 
that step 1 is probably the rate-determining step in their de
sorption process. The addition of contaminates to the surface 
in the studies of Scheer and Fine would not be expected to 
have the same effect since the rate-determining step is step 
1 rather than step 3.
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An Electron Spin Resonance Study of the Pressure Dependence of Ordering and Spin 
Relaxation in a Liquid Crystalline Solvent1
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An ESR study of ordering and relaxation as a function of pressure is reported for the perdeuterated Tem- 
pone nitroxide radical probe in phase V solvent. The study of ordering focuses on the nature of the intermo- 
lecular interactions between the probe and solvent (and between solvent molecules), which lead to the weak 
ordering of the probe. The results are suggestive of longer range interactions than were previously found by 
McColl in an NMR study on a pure solvent. The spin relaxation results have been analyzed in terms of acti
vated-state theory to obtain values of AHa and A Va as a function of T and P for the rotational reorientation. 
Anomalous features of the spin relaxation previously reported by Polnaszek and Freed in a temperature- 
dependent study cf this system are reported here as a function of pressure. These anomalies are most pro
nounced for rotational correlation times ( t r )  large enough that ESR line shapes are no longer motionally av
eraged (i.e., they are characteristic of the slow motional region). In general, the anomalous behavior depends 
mainly on tr and appears to be nearly independent of the particular combination of T and P. A mechanism 
in which the local structure around the probe relaxes more slowly than the probe, as proposed by Polnaszek 
and Freed, is taken to be the most likely explanation. Rapid motional effects in the rigid solvent are also re
ported. Details of the high-pressure accessory are given.

1. Introduction

ESR relaxation studies can supply useful information about 
molecular dynamics in condensed media. We have actively 
conducted careful studies of such processes in both isotropic 
and anisotropic (liquid crystalline) environments,2' 6 over a

wide range of temperatures, embracing the fast motional re
gion to the rigid limit. Some NMR studies have demonstrated 
the utility of experiments over a wide range of pressures to 
learn about molecular dynamics.7-8 However, there are few 
comparable ESR studies.9 In this work, we complement our 
previous experiments on temperature dependence, in which
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line shapes consistent with non-Brownian reorientational 
motion (e.g., large angle jump diffusion) and anomalous fre
quency dependences of the rotational reorientational corre
lation functions were observed, with a study of pressure de
pendence. This complementary study has yielded results 
which aid in interpreting the previous observations. For ex
ample, we can ask such questions as to whether “ pressure- 
induced” slow-motional spectra will be consistent with the 
same or different non-Brownian motional models; or whether 
anomalous frequency-dependent line width behavior also 
exists as a function of pressure.

The primary effect of increasing pressure at constant 
temperature is to increase the intermolecular potentials, while 
measurements at constant pressure, in which temperature is 
varied, include combined effects of molecular kinetic energies 
and intermolecular potentials. Thus, the pressure-dependent 
experiments are more directly amenable to analysis in terms 
of molecular models. [Of course representations of the ex
periments at constant volume are of considerable utility, but 
this requires the knowledge of PVT data.] Furthermore, as 
reviewed by Jonas,7 pressure-dependent experiments sire very 
useful in distinguishing between spin relaxation effects due 
to internal motions from those due to overall motions. This 
is of particular importance in assigning anomalous relaxation 
behavior.

We have, in this work, studied the spin-probe PD-Tempone 
in the liquid crystalline solvent phase V. We have shown in 
previous extensive studies at atmospheric pressure with a 
variety of isotropic and nematic liquid solvents that, by the 
use of this perdeuterated spin probe, one removes most of the 
undersirable width inhomogeneity typical of spin probes. This 
yields better resolved spectra, which can be analyzed with 
much greater confidence and accuracy. Also, it was found in 
our previous studies with this probe that the magnetic tensors 
are very nearly identical in a variety of nonhydrogen-bonding 
solvents, including nematic solvents,3-5 and we take this to 
imply that there are little or no specific interactions with the 
nitroxide entity in such solvents that might confuse our in
terpretations. We chose phase V solvent for this initial study 
as a function of pressure, because it was the only nematic 
solvent that in our previous studies5 had the properties of (1 ) 
having a nematic phase over a wide temperature range and (2) 
being viscous enough at its lower temperatures that spectra 
characteristic of the slow motional region were observed. 
These properties were expected to be manifested as a function 
of pressure.

It is possible, with nematic solvents, to study thermody
namic properties related to the measured order parameter as 
a function of T and P (or T and V), and one may interpret 
them in terms of statistical theories of the nematic state. 
There have been a few such NMR studies of nematics,10-12 
although this work is the first such ESR study. Thus, while 
our experiments were conceived primarily for studies of mo
lecular dynamics, we also discuss our results on ordering to 
indicate their relevance to nematic equations of state.

The experimental aspects, including a description of the 
high-pressure system, are given in section 2. Our results on 
ordering vs. T and P are given in section 3, where they are 
discussed in terms of simple mean field theory. The spin re
laxation results are presented and discussed in section 4. 
Conclusions appear in section 5.

2. Experimental Methods

Spectra of PD-Tempone in phase V at X-band were ob
tained with a Varian E-12 spectrometer modified for high

pressures and interfaced with a PDP-9 computer. The details 
of interfacing are discussed in ref 3. The high-pressure ex
periments were carried out in a thermostated Be-Cu vessel 
containing a slow-wave helix, and a pair of modulation coils 
mounted on a Teflon modulation capsule. The high-pressure 
system was designed for 10 kbars maximum pressure, but the 
actual maximum pressures required in this work (e.g., 4.5 
kbars for phase V at 45 °C) were determined by the freezing 
point of the nematic phase of phase V.

The high-pressure generating system is capable of deliv
ering 14 1. of high-pressure fluid continuously without being 
disconnected from the vessel. The schematic of the high- 
pressure generating system is given in Figure 1 . Pressures up 
to 4 kbars can be conveniently generated with a Haskel 
DSXHW-602 air driven liquid pump. This is performed with 
valves 1 and 2 closed and valve 3 open. For pressures in excess 
of 4 kbars (and up to 10 kbars), a Harwood A2.5J high-pres
sure intensifier is brought into the circuit by closing valve 3 
and opening valve 2.

We show in Figure 2 the assembled ESR high-pressure 
vessel which was tested up to 7 kbars. The vessel is machined 
from a 2-in. rod of temper H Berylco 25. The rod was tested 
ultrasonically before machining using an immersion method. 
After machining, the finished parts were heat treated (at 600 
°F for 2 h) using a precipitation hardening process. Earlier 
work on the use of Berylco 25 for a high-pressure ESR vessel 
has been discussed by Plachy and Schaafsma13 and by Doyle 
et al.14 for a high-pressure ENDOR cavity. The microwave and 
pressure plugs, which seal the ESR vessel at both ends, employ 
true Bridgman seals,15 which cause minimal wear on the seals 
and yield a vessel virtually free of leaks.16 The microwave plug 
was designed for variable frequency experiments from S-band 
to X-band.

Variable temperature and high pressure experiments were 
performed using a brass temperature control jacket con
structed to fit around the pressure vessel. This system was 
made leak tight by means of a rubber sealant. The tempera
ture of the solution in the variable temperature jacket was 
monitored with a copper-constantan thermocouple or (when 
accurate temperature reading to 0.1 °C is required) a precision 
thermistor. The solution, which flows into the copper tubings 
of the temperature control jacket, is from a Tamson constant 
temperature bath, with temperature stability to within 0.01 
°C. The temperature in the temperature control jacket is 
constant to within 0.1 °C and has a temperature range from 
-2 5  to 75 °C.

The sample preparation and sample holder containing a 
helix are similar to the description given elsewhere.9 The so
lutions of PD-Tempone in phase V were somewhat more 
concentrated than previously used in I in order to enhance 
sensitivity. Some spin exchange, therefore, was present at the 
higher temperatures near atmospheric pressure, but it was still 
possible to introduce the appropriate line shape corrections 
for inhomogeneous deuteron broadening3’5 in the presence of 
spin exchange in the manner of Lang and Freed.17

Most of the other aspects of the experimental methods are 
as discussed in I; e.g., the magnetic tensor components used 
for PD-Tempone in phase V are those given in I.

3. Order Parameters and Statistical Thermodynamic 
Relations

The nominal ordering parameters (D,oo>2 = S (p) determined 
for PD-Tempone in phase V, appropriate for a one parameter 
potential,5 are plotted vs. pressure in Figure 3. [The Ẑ JM(il) 
are the generalized spherical harmonics, cf. ref 2-5, and the
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Electrical leads for modulation system

Figure 1. Schematic of the high pressure generating system.

angular brackets imply ensemble averaging.] These results 
are from the measured hyperfine shifts and are computed 
from eq 2.27a of I (with d' the tilt angle of the magnetic 2 axis 
with respect to the ordering z' axis set equal to zero). It is seen 
to vary linearly with pressure. (The significant deviations from 
linearity at high pressures are due to the fact that the data 
have not been corrected for the effects of slow tumbling and 
are not otherwise anomalous, cf. I.) In an NMR study on PAA 
of S(s) (the order parameter of the pure solvent) with pressure 
at more elevated temperatures, the graphs were generally 
nonlinear.11

It was shown in I, that the ordering of the spin probe is 
usually not axially symmetric, so that a pair of order param
eters {£ ,̂o>z and (D|o + 2,0)2 (and the principal axes) must
be specified. These may be determined from combined hy
perfine and g shift measurements and eq 2.26 of I. However, 
it was not conveniently possible to measure very accurate g 
values in the high-pressure vessel. It was therefore assumed 
for convenience that the nominal (Dfc0)z value shown in 
Figure 3 may be replaced by the associated pair of order pa
rameters found in I for the same nominal ( B qo) in the same 
system at atmospheric pressure (or more precisely the vapor 
pressure of solvent) and different temperatures. This would 
follow if, while the extent of ordering is affected by T and P, 
the “ symmetry” of the molecular alignment remains about 
the same for a given extent of ordering. The basis of the two- 
term ordering tensor is5

(EkuM ) = f  dQPo(i2)£ îM(il) (3.1)
where Po(12), the equilibrium distribution in Euler angles 12 
between the molecular coordinate system and the laboratory 
system, is given by

P0(Q) = exp(-U(U)/kT)/j d!2 exp(~U(Q)/kT) (3.2)

with (7(11) the mean restoring potential of the probe in the 
field of nematic solvent molecules, which is given by

U(a, d, 0)/kT —X cos2 d — p sin2 d cos 2a (3.3)

Figure 2. ESR high pressure vessel fully assembled. (The upper and 
lower halves are shown separately but are actually joined at the break 
lines.)

The Maier-Saupe-type form of the potential comes about 
when p = 0 in eq 3.3. Note that the mean torque on the probe 
is derived by taking the appropriate gradient of U(12), i.e.

T = +iMi/(12) (3.4)

where M is an angular gradient operator defined in I. Thus 
U(12) is statistically the potential of mean torque18 (within an 
arbitrary energy zero) for the spin probe.
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Temperature in °C
70 SC- 30 I0  - I0  -3 0

Figure 3. Nominal order ng parameter ( D o o ) z  vs. pressure for PD- 
Tempone in phase V. The solid lines show least-squares fits. The dashed 
curve is for the temperature variation at 1 atm from Polnaszek and 
Freed. The nonlinear effects for larger ordering are due to onset of slow 
motion. The X ’s mark the melting points from the least-squares fits 
given in the text.

The values of — Xz and pz obtained in this manner are shown 
in Figure 4. [The subscript z means that the molecular mag
netic z axis is taken as the primary orientation axis.] They are 
linear in P, just as S (r> was. It was noted in I that the probe 
orients weakly with the magnetic z axis tending to be per
pendicular to the director, the y  axis tending to be parallel to 
the director, and the x axis tending to be oriented nearly at 
the magic angle.

Our results on ordering of the spin probe (S(P>) as a function 
of T and P has some relevance for theories of the nematic 
state. First we note that, while the PD-Tempone spin probe 
is ordered to a lesser extent than the nematic solvent mole
cules themselves, it is indeed a probe of the surroundings. One 
often employs a “ mean field” theory to estimate the true po
tential of mean torque U which is measured experimentally. 
Then one may make use of orientation-dependent expansions 
such as19' 23

t/£K o)« E  (3.5)

UiSl(Q)« £  a[ÿ,K,K'(r)(Dkÿ(O0)i>k'!g)(i2) (3.6)
e ven  L , L ' ; K , K '

where the subscripts mf imply mean field approximation, the 
superscripts (s) and (p) refer to solvent and probe, and we are 
assuming low concentrations of probe molecules, so the latter 
only interact with solvent molecules. The solvent order pa
rameters (D k[o(!T)) are determined by self-consistency 
considerations. The coefficients ¿¿ti]ic(r) are a measure of the 
strengths of the anisotropic interaction between molecules of 
species i and j and they are averages over the pair distribution 
function n(2)(r), e.g.

û fô  = P2J«Ls,i(r) « (2)(r) dr (3.7)

where p is the number density. The other assumptions of such

Temperature in °C
70 50 30 10 -10

Figure 4. Asymmetric ordering, potential parameters, vs. pressure for 
PD-Tempone in phase V. The ordering parameters are defined with 
respect to the z molecular axis. The solid lines show least-squares fits. 
The dashed curve is for the temperature variation at 1 atm from Poln
aszek and Freed.

“ mean field”  approaches are discussed in numerous 
places.19"23 Note however the eq 3.5 for U^{ assumes a 
spherically symmetric pair distribution function for simplicity, 
while for this is not invoked to better allow for anisotropic 
ordering. The Maier-Saupe potential19 is based on the as
sumption that only is important and due to weak
attractive forces, although more recent theories have included 
( Do[)s)) - but in different ways.21-22 In general, for long rodlike 
solvents the K ^  0 terms in eq 3.5 should not be important, 
although for the probe they will generally have to be consid
ered. While it is, in general, possible to represent all types of 
attractive and repulsive pairwise intermolecular forces by 
equations such as eq 3.5 and 3.6, some theories have intro
duced repulsive forces as a purely entropic, excluded volume 
between hard spheres.10’20’24

One general feature of the various theories is that each 
predicts a universal value for S(s> = (Zjj),5*) for the isotropic- 
nematic, and possibly for the nematic-solid phase transitions. 
NMR studies on the liquid crystal PAA as a function of T and 
P have confirmed this.10 Our results at the nematic-solid 
phase transition for the different temperatures and pressures 
yield S[jp = —0.14 ±  0.017, at the melting point. (However, 
there appears to be a definite trend such that increases 
somewhat with increasing pressure.) This value is, as expected, 
smaller than the value 0.55 ±  0.015 obtained for for PAA. 
Our results appear to indicate that the ordering of the probe 
is a definite monitor of the thermodynamic properties of the 
liquid crystalline solvent. Note that it has recently been shown 
that the presence of small amounts of impurities does not 
normally change the value of S (s) at the nematic-isotropic 
transition, and we may expect this to be true at the melting 
point as well.

The observed pressure dependence of the solid-nematic 
melting point for phase V is

Tmp(P) = -2.5 °C + 12 °C/kbar X  P (3.8)

(While substantial supercooling of the freezing point was 
noted in the temperature-dependent studies involving sam
ples in thin capillary tubes, cf. I, it was not observed in this 
work.) This pressure dependence is smaller than that reported 
for PAA:10

Tmp(P) = H 6 °C + 24.5 °C/kbar X P (3.9)
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Note that solutions of nematics with small amounts of im
purity are known to be ideal, and they will cause a freezing 
point depression predicted in the usual fashion.

Our result can be interpreted, with the Clausius-Clapeyron 
equation (neglecting the small impurity effect) to yield at the 
melting point

= [T °)k)/12] kbars (3.10)AH/AV = T (

Unfortunately there is no latent heat (AH) or specific volume
(AV) data available for phase V (or the similar MBBA solvent) 
at the melting point. [If we were to use the AV for PAA,10,19 
then we would get AH ~  4.3 kcal/mol.]

McColl11 has introduced the thermodynamic quantity y

(3.11)

as a measure of the relative importance of density (or specific 
volume) vs. temperature in establishing nematic order. This 
parameter is best calculated by converting data of S (l) taken 
as a function of T and P to results as a function of T and V by 
means of data on the T and P dependences of molar volume.12 
However, one may rearrange eq 3.11 for y to obtain

where dr = (3 In p/dP)r is the isothermal compressibility. 
Thus, while the slopes (dP/dT)s may be determined from our 
experiments, dr and (dP/dT)p must be determined by other 
measurements. No such data have as yet been obtained for 
phase V, so we make use of published data on sonic velocity,26 
heat capacity,27,28 and thermal expansion29"30 for the liquid 
crystal MBBA, since in our previous work (I), we found that 
phase V and MBBA yielded similar results for ordering of the 
probe and for viscosity at the same temperatures. Our results 
for (dP/dT)s with some results on y are given in Table I. Note 
that McColl and Shih12 have found 7  = 4, and it is constant 
over a range of temperatures (at 1 bar). Our estimates from 
less data amount to 7 »  1.9 ±  0.4. Note that this difference is 
directly traceable to our values of (dP/dT)s = 45 bars/K, 
which is fairly constant, as shown in Figure 5 where nearly 
straight lines curves of T vs. P at constant S (p) have been 
obtained.31 McColl12 also found a near constancy, but with 
(dP/dT)s — 23 bars/K or nearly half our result. We also give 
results for another useful thermodynamic derivative, (dS/  
dT)v, which may be obtained from our measurement, as was 
7 , using

/ dS\ / dS\ a / dS\
\ST/ v “  (d f)p  + Jr (dp) t  (3‘13)

with a = (d In V/dT)p also computed from the published 
data.26' 30

The theoretical importance of these quantities may be il
lustrated in the context of eq 3.5-3.7. The pair-interaction 
coefficients u£,K(rij) will in general depend on inverse powers 
of rij or ryn, e.g., n = 6 for dispersion forces which were the only 
forces introduced by Maier and Saupe.19 More general 
treatments of attractive and repulsive forces yield more 
complex dependences on ry. One can hope to estimate a 
“ mean” n from experiment to shed some light on the relative 
importance of these terms. This is done as follows. One as
sumes that

MË,K(Oj) «  V '"/ '3 (3.14)

since an r^n dependence implies a V n/3 dependence. Now

Figure 5. Graph of temperature vs. pressure showing contours of 
constant ( D o o )  z- The results shown are for the pressure runs at 24 and 
45 °C, and the atmospheric pressure experiments of Polnaszek and 
Freed (ref 5).

the minimization of the Helmholtz free energy of orientation 
in the limit of very dilute solution of probes, for the mean field 
potentials of eq 3.5 and 3.6 leads to the result that P°[[-(Q) is 
given by the form of eq 3.2, but with given by eq 3.5. Then, 
in the mean field of the aligned solvent molecules, the distri
bution function for the probe molecules, P^I(Q), is also given 
by the form of eq 3.2, but with of eq 3.6. Thus our mea
surements of S (p) are to be interpreted in the mean field theory
by

S<p> = JBgS»(Q)PS(Q) dQ (3.15)

Let us, purely for simplicity, assume Maier-Saupe-type po
tentials (i.e., only Doo(Q) terms in the expansions of eq 3.5 and
3.6). Furthermore we assume, u|p/kT = asp/V ypT and uf/kT  
= ass/Vy‘T with asp and ass independent of T and V. Also ass 
is negative for rods and asp is positive for PD-Tempone. Then 
from the functional relation

S(i)(T,V) = gi(T,V,S^) (3.16)

where i = s or p, (and, e.g., gp is given by the right-hand side 
of eq 3.15) we obtain

with a similar expression for (dS'/dV) t - We then obtain for 
this simple mean field model

/d In S<s>\ _ (ASs)2ass/V y*T
(3.18)V d In T ) v 1 + (ASs)2ass/V y»T

where (AS(s))2 is the mean square fluctuation in 
rameter given by

order pa-

(A,s w )2 m u 4 s,)2> - < i 4 s,>2 (3.19)

Then utilizing
/8T\ /dSls>\ //dS < s>\ 
\dv)sm \ dV ) t!  \ 3T Jv

(3.20)

we obtain
/ d In T\
\S In V /sm ~  ~ 7s

(3.21)
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TABLE I: Thermodynamic Quantities of PD-Tempone Dissolved in Phase V

(T/S(p>)(aS<pVaT)v

T, K (aP/dT)s(p), mol/cm s2 K V S( p> 5 <s) a Exptl value Predicted value from eq 3.22

298 1.68 X 105 2.28 - 0.101 0.58 -1.85 -2.75
313 1.68 X 105 1.9 -0.0824 0.5 -2 .58 -4.34
“ The values given are for MBBA from ref 32.

Actually it is easy to show that eq 3.21 is obtained from more 
general mean field distribution functions utilizing eq 3.5, 
provided only that the uffi/kT for all L and K show the same 
1 /V ysT dependence; but eq 3.18 would then become more 
complicated. McColl and Shih12 compare in a graph the 
Maier-Saupe prediction for S(s) vs. T at constant V with their 
actual experimental results. One sees that, in general, the 
(3S(3VdT) v, which are negative, are predicted to be too large 
in magnitude by a Maier-Saupe theory. Note that 
—(AS(s))2uss/feT is predicted from Maier-Saupe theory to 
range from ~ 1  to % over the nematic range (with the values 
near unity in the vicinity of the isotropic-nematic phase 
transition). Thus, only small changes in the equivalent of 
(ASs)2uss/kT resulting from including other terms in the po
tential (cf. eq 3.5, e.g., Boo(B)) will have a significant effect on 
the denominator of eq 3.18. Thus, we would expect that the 
equivalent of (ASs)2uss/kT must be corrected to smaller values 
to agree with experiment by the inclusion of other terms in the 
potential.

The similar results for the probe ordering are given by
/d In S<p>\ _ (AS<p> )V pS<sVV^pTS<p> 
V din T Jv~  1 + (AS<s>)2a3s/V^T’

and

1 + qss
vy*T

(AS3)2 (3.23)

where for PD-Tempone probe, S(p) is negative. Thus the mean 
field theory, wherein the ordering potential of the probe is 
taken to be proportional to S(s) (cf. eq 3.6), aptly shows from 
eq 3.23 that the volume dependence at constant S (p) depends 
on both 7 P and ys. And, in general, the thermodynamic de
pendence of S(p> is a function of both usp and uss. We list, in 
Table I, the results for (d In S(p>/<9 In T)v predicted from eq 
3.22 from our measurements on S(p’ and published results on 
MBBA32 for S (s) (recall that the results in I implied very 
similar ordering behavior in MBBA and phase V). These 
predictions are qualitatively in reasonable agreement with the 
experimental values, but tend to be 50-70% high. However, 
our previous discussion of (d In S<sVd In T) v indicated that 
a “ corrected” (AS(3,)2uss/£T  that is smaller than the predic
tion from a Maier-Saupe potential is needed to produce 
agreement with experiment. This also clearly applies to eq 
3.22, and the order of the correction in this parameter (i.e., 
about 25% lower) is also similar. Thus, the thermodynamic 
properties of the probe ordering S(p) appear to be amenable 
to the same kind of analysis as S<s). The expression of eq 3.23 
suggests that our measurement of y (call it yp0 is roughly yp' 
~  (y47p + %7 S), for (ASis))2uss/k T ----- %, but with a “ cor
rected” (AS(s,)2uss/feT, it would, from the above indications, 
be closer to yp' ~  l/2(yp + 7 S). Thus, it may well be that our 
result of 7P' ~  2 compared to McColl’s ys = 4 in PAA reflects 
either a 7p < 7s in phase V (or “ quasi” -MBBA) or else if 7p = 
7S in this solvent, then the overall result is different from PAA.

Note, however, that our observed trend of S ^ , viz., that it 
appears to show a systematic increase with increasing Pmp 
would in the context of the mean-field theory used here, imply 
Tp < 7 s, provided S^p is constant as one expects.10

4. Relaxation and Rotational Reorientation

(A) Line Width Analysis. Motional Narrowing Region. The 
observed motional narrowing line widths are fit to the usual 
quadratic in m\, the z component of the I4N nuclear spin 
quantum number:

T^Hmi)  = A + Bmi + C m f  (4.1)

The results for the variation of A, B, and C plotted logarith
mically with pressure are shown in Figure 6. The In A, In B, 
and In C are found to be linear with pressure except for the 
higher pressures consistent with the onset of slow tumbling. 
The results are found to be very similar to the results in I ob
tained as a function of T. The overall similarity in results for 
the different pressures and the work of I is emphasized in 
Figure 7 where the important C/B ratio2“5 is plotted vs. t r  (the 
determination of tr, the rotational correlation time, is dis
cussed below). The increase in C/B with t r  is due to some 
extent to the increase in ordering as either the pressure is 
raised or the temperature is lowered. (For an isotropic liquid 
C/B should remain constant.) However, there is a substantial 
increase in C/B with t r  not attributable to the ordering. As 
in I, this may be interpreted in terms of (1 ) anisotropic vis
cosity; (2) anisotropic diffusion; (3) modification of the 
pseudo-secular spectral densities to

;(w a)
tr

1 + f,C0a2TR2
(4.2)

where, for t' = 1, one recovers the well-known Debye spectral 
density. We summarize these (and other) mechanisms in 
Table II. None of these explanations are really satisfactory, 
and again for the same reason given in I. We summarize some 
of these reasons. When the results are analyzed in terms of 
anisotropic viscosity, the value of N = tr^ tr, continues to 
increase with increasing t r ±  (i.e., t r , remains nearly equal 
while t r ±  increases considerably). [Here t r ±  and TRy are the 
components of the rotational correlation time that are re
spectively perpendicular and parallel to the director.] When 
the results are analyzed in terms of anisotropic diffusion, one 
finds that Ny = t r x / t r , must be increasing as t r x  increases, 
and this is “ turned on” only for t r x  >  2 X 10~10 s. Further
more, when t r  >  10~9 s, A ' is predicted to be negative. This 
is totally unexpected; typically A' is found to increase with 
increasing t r .2“ 5 [Here t r x  and t R|, are referred to a symmetry 
axis of the molecule.] The modification of the pseudo-secular 
spectral density with t' ~  13-20 yields results for t r  equal to 
that of the values of t R x  for the anisotropic viscosity model. 
However, in this case, a single, constant parameter (viz., t') 
adequately explains a range of results. [More precisely eps «
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Figure 6 . Line width parameters A, B, or C from fit of line width to ex
pression A + BMu +  CMu2 (where MN is the 14N nuclear spin quantum 
number) plotted vs. pressure. The solid I nes are the least-square fits. 
Parts a, b, and c are respectively for 7.7, 24, and 45 °C. The dashed 
lines in part a are results for the solid phase; the phase transition is 
indicated by the vertical dashed line.

20 effectively “explains” the low temperature lower pressure 
results, while ips ~ 13 is better for the higher temperature, high 
pressure results.] Thus the analysis in terms of t' is a useful 
way of representing the data and, as discussed in I and in 
Section C below, it has certain theoretical implications. Its 
limitations will be discussed below.

The results of an analysis of C and R to yield tr for the 
different models according to the procedures in I are given in 
Figure 8. That is, the analysis was based on the appropriate 
diffusion solutions under the two-term potential, eq 3.3, with 
the values of \z and p2 given in Figure 4. The theoretical ex
pressions for the line widths (A — A'), B, and C are given by 
eq 2.31 of I, and computer programs for their computation sire 
given elsewhere.33 It is seen from Figure 8 that the actual re
sults for t r  are not very sensitive to the particular model (no 
more than 10% difference). Since the anomalies, presumably 
due to model-dependent effects, become much greater in the 
slow-motional region, we defer further discussion of this.

(B) Activation Energy and Volume. The variation of t r  

with pressure at 8, 24, and 45 °C is shown in Figure 8. One 
finds that In t r  is linear in P (as well as in 1/T). It is possible 
to obtain the usual activation enthalpies AHa and volumes 
A Va from the P and T dependences, respectively.7’8’34’35® That 
is, if we assume activated-state theory for convenience, we may 
write

tr = tr,o exp[AGa//?T] (4.3)

where AGa is the difference in Gibbs function between the 
initial and the activated state. One expects tr o to be almost 
T and P independent, and we assume that it is. Then, from 
the thermodynamic relations

AGa = AH& + T(dAGJdT)P = AHa -  TASa (4.4)

and

AVa = (dAGjdP)r

one easily finds that
f  d In trI

AH a = R
ld(l/T)]p

= -R T 2 J" d In t r !

L dT J;
and

AVa = RT
,'d In t r \

\ dP /
respectively. Our data analyzed in this way yield 

AHa = (9.37 + 0.001 02P) kcal/mol

(4.5)

(4.6)

(4.7)

(4.8)

with P in bars (e.g., AHa is 9.43, 9.55,10.28,10.92 kcal/mol for 
P = 1, 200, 1000, and 1500 bars, respectively). [The linear 
variation of In t r  with 1/T results in a temperature indepen
dent AHa.] Also

AVa = (53.7 -  0.079T) cm3/mol (4.9)

and T is in K (i.e., AVa is 31.3, 30.4, 28.5 cm3/mol for T = 281, 
297, 318 K, respectively). [The linear variation of In t r  with 
P results in a pressure independent A Va.] By analogy to eq 4.6 
one typically defines

Then, since

Figure 7. Graph of (C/S) vs. tr for PD-Tempone in phase V. The points 
marked by O, A, and V  are for 45, 24, and for 7.7 °C, respectively. The 
points marked 0 are for the temperature variation at 1 atm from Poln- 
aszek and Freed.5

(I?5),-— (I),--
one easily shows that
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TABLE II: Summary o f Rotational Relaxation Mechanisms

Mechanism Characteristic

(1) Anisotropic 
diffusion

(2) Anisotropic 
viscosity

Unequal reorientation rates 
about principal axis system 
fixed in molecule. When the 
reorientation rates are equal 
this becomes isotropic 
Brownian rotational 
diffusion.

Unequal reorientation rates 
about principal axis system 
fixed in the laboratory (e.g., 
dc magnetic field axis).

(3) Fluctuating 
torques

Anisotropic torques which 
induce reorientation are 
themselves relaxing at a rate 
that is not much faster than 
the reorientation of the probe 
molecule.

(4) SRLS Probe molecule relaxes in a
local potential field, while 
the latter averages out 
isotropically at a significantly 
slower rate than the rate of 
probe molecule reorientation.

(5) Jump diffusion Molecule reorients by random
jumps of arbitrary angle.

(6) Free diffusion

(7) Director 
fluctuations

Molecular reorientation is 
partially due to free gaslike 
motion which is perturbed by 
the frictional effects of the 
surroundings.

A hydrodynamic effect in 
which the nematic director 
fluctuates in its orientation 
with respect to the applied 
magnetic field.

AEVa = A -  T vAVa (4.12)

The partial derivative (8P/8T) y = a/fi where a = (1/V) 
(8V/8T)p and = —(1 /V)(8V/8P)t have already been used 
in section 3. We have estimated a and /J from the appropriate 
data on MBBA (cf. section 3) to obtain

AEv,a “  0.803 + 0.001 02P + 0.0126T kcal/mol (4.13)

which is applicable only for T ^  313 K and P ~  1 bar. To the 
extent that one accepts activated state theory, AHa and AEy,a 
are measures of the energy required to reorient a molecule 
under conditions of constant P and V, respectively. Then eq 
4.8, 4.9, and 4.13 are consistent with the intuitive picture353 
that (1 ) the restoring torques exerted on the probe (hence

Parameters Ref

Ri! = (6tr|)-1 rotational diffusion 
coefficient about molecular 
symmetry axis. R i  = (OtrjJ -1 
rotational diffusion coefficient 
about molecular axes 
perpendicular to symmetry axis. N
= TRj/ tRi

R|| = (6tr|)-1 rotational diffusion 
coefficient about orienting axis in 
lab frame. Rx = (6-rR̂ )-1 
rotational diffusion coefficient 
perpendicular to orienting axis in 
lab frame. N = tr±/ tr, 

tr = relaxation time for rotational 
diffusion of probe molecule, tm = 
relaxation time for fluctuating 
torques inducing reorientation of 
probe molecule, t' = (1 + tm/ tr)2.
May be combined with analogues 
of models 1 (requiring additional 
specification of tm| and tm±) or 2 
(requiring f M| and tM±) .

S] = %(3 cos2 6 —1) the order 
parameter of the probe relative to 
the local anisotropic potential 
field (i.e., local structure). This 
ordering is assumed to be 
cylindrically symmetric for 
simplicity. tx = the relaxation rate 
of the local structure. (May also be 
combined with the analogues of 
models 1 or 2.)

R = (e2)av/6r where r is the time 
between jumps and (t2)av is the 
mean-square jump angle. Can be 
generalized to include anisotropic 
diffusion tensors, by analogy with 
models 1 or 2.

t r  and rj where rj is the angular- 
momentum relaxation time. They 
are often related by the Hubbard- 
Einstein relation: t r t j  = I/6kT 
with I the moment of inertia. Also 
rj-1 = /3 the friction coefficient.

Tq~ l  =  Kq2/tj where rq is the 
relaxation time of the qth Fourier 
component of the director 
fluctuation, with K the average 
elastic constant of the liquid 
crystal and tj is the viscosity.

AHa) increase as P increases, since the free volume is reduced; 
and (2) the kinetic molecular fluctuations increase as T in
creases so the activation volume that is needed decreases. The 
T and P dependence of APy.a is then a composite of these 
reasons, cf. eq 4.12.

(C) Slow Motional Region and the Various Reorientational 
Models. Typical spectra obtained at the highest pressures for 
which the nematic solvent has not frozen are shown in Figures 
9-11. The largest values of t r  occurred, surprisingly enough, 
at the higher temperatures, as a result of the nature of the 
pressure dependence of the phase transition (cf. eq 3.8) vs. the 
activation free energy of t r  (cf. eq 4.3,4.6-4.9). Also shown in 
those figures are the theoretical spectra predicted for an iso
tropic Brownian motion model with the X2 and pz from Figure 
4 ,  and the t r ’ s  from Figure 8  ¡extrapolated where necessary).

2a; J. H. Freed, J. 
Chem. Phys., 41, 
2077(1964)

4; 5; C. F. 
Polnaszek, G. V. 
Bruno, and J. H. 
Freed, J. Chem. 
Phys., 58,3185 
(1973)

3; 18

5

2a

2a; 3; G. V. Bruno 
and J. H. Freed, 
J. Phys. Chem., 
78, 935 (1974).

5
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Figure 8. Graph of t r  vs, pressure for PD-Tempone in phase V. The best 
fits with an asymmetric potential (i.e., either anisotropic viscosity or 
e' 7^ 1) are shown by V, A, O, while the best fits with an anisotropic 
rotation model are showr by ▼, ■, • .  See text. The dashed lines rep
resent extrapolated values used for the slow tumbling simulations.

Figure 9. Comparison of experimental and simulated spectra at 7.7 °C
and 652 bars for PD-Tempone in phase V: (------ ) experimental result;
(-  O -  O - )  theoretical result based on isotropic Brownian diffusion 
with r R =  8.0 X 1< r10 s, Az =  -0 .945, pz =  0.38, and A' =  1.18 G; 
(— ) theoretical result based upon model with es' = 1, eps' =  20, A1 — 
0.33 G but other values given by the Brownian model.

Figure 10. Comparison of experimental and simulated spectra at 24
°C and 1974 bars for PD-Tempone in phase V: (------ ) experimental
result; (- O -  O - )  theoretical result based on isotropic Brownian dif
fusion with tr =  1.59 X "0 - 9  s, Az =  —1.096, pz =  0.37, and A' = 
0.12 G; (— (theoretical result based upon model with es' =  1, eps' =  13, 
A' =  0.52 G, but other values given by the Brownian model.

It is clear that there are large discrepancies between experi
mental and predicted spectra, and they become worse as tr 
increases. These discrepancies are virtually the same as was 
observed in I for temperature-dependent studies. As in I, it 
was possible to get satisfactory fits with the anisotropic vis
cosity model but with anomalously large values of N  (and with 
TR|| eventually having to become negative for the slower mo
tions). The anisotropic diffusion model is not satisfactory and 
it requires that A '  become negative.

As in I, it was possible to satisfactorily fit the spectra with 
a model based upon frequency-dependent diffusion coeffi
cients, which result from having fluctuating intermolecular 
torques that induce the reorientation but are not fluctuating 
at a rate which is much faster than the reorientation. However, 
it was again necessary to distinguish between components 
which are parallel and perpendicular to the director. This

Figure 11. Comparison of experimental and simulated spectra at 45
°C for PD-Tempone in phase V: (a) 3450 bars, (-------) experimental
result; (-  O -  O - )  theoretical result based on isotropic Brownian dif- 
fussion with r R =  2.25 X 10- 9  s, ,\z =  1.124, pz =  0.40, and A' =  0; 
(— (theoretical result based upon model with es' = 1, eps' =  13, and A' 
=  0.95 G, but other values given by the Brownian model; (b) 4031 bars,
(-------) experimental result; (- O - O - O -) theoretical result based on
isotropic Brownian diffusion with r R =  4.3 X 10- 9  s, Az =  —1.21, pz 
=  0.43, and A' =  0; (— ) theoretical result based upon model with cs' 
=  1, fps' =  13, and A' =  1.35 G but other values given by the Brownian 
model.

matter is discussed in more detail in I. Here we just note the 
simplified formulae in the limit of zero ordering for L = 2:

J2, s(<*>) = m j [ l  + is'TRi «)2] (4.14a)

es' = (1 + i’Mi /TRi )2 (4.14b)

and

= tr,i/[1 + fps'nt.io)2] (4.15a)

6tr,i_1 = 5tr±_1 + tr,-1 (4.15b)

and

fps' = ( i + -  + -  tmi/ tr,  ̂ (4.15c)

In these expressions tmx and iy  are the relaxation times for 
the fluctuating torques inducing the reorientation, i.e., for 
those components parallel and perpendicular to the director. 
The subscripts s and ps refer to secular and pseudo-secular 
(or nuclear-spin flip) contributions, respectively.5 In general, 
we require ts' ~  1 or 2 and tp/ ~  20 for low T  and low P  slow 
tumbling while eps' ~  13 for high T  and high P  slow tumbling. 
These results are consistent with the motional narrowing 
analysis, but they are more dramatic in the slow tumbling case. 
This is evidenced in Figures 9-11, where the results of such 
an analysis are presented.351*

We have carried out an analogous analysis in terms of an
isotropic fluctuating torques referred to the molecular, as 
opposed to the director frame. Here one specifies tr,, trx, tm|, 
and tmj., and one obtains expressions analogous to (but dif
ferent from) those for the director frame. However, we could 
find no set of values of the adjustable parameters which could 
yield predictions in satisfactory agreement with experi
ment.

Despite the fact that the analysis based upon fluctuating
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torques as described above and shown in Figures 9-11 yielded 
satisfactory agreement with experiment, it was argued in I that 
such large values of eps' are inconsistent with the physical 
model; i.e., it implies tm i »  t r ,. Thus another model was 
considered there, viz., one assumes that significant compo
nents of the fluctuating torque persist for times long compare 
to tr. Then, on a longer time scale, rx, these components relax 
isotropically or nearly isotropically. This “slowly relaxing local 
structure” (SRLS) mechanism was analyzed in I and ap
proximate expressions were given for their contribution to the 
line width. These comments also apply to our present results. 
The SRLS is an effective mechanism for explaining an 
anomalous increase in C/B. Order of magnitude estimates 
yield Si = ( Do0(fi)) 1 ~  Vie, where Si measures the ordering of 
the probe relative to the temporarily static torque compo
nents, while ryjtr  ~  10. In particular, for motionally narrowed 
spectra, and where S\ is not large, one can derive expressions 
for the spectral densities jo(u) and j-Au)

j  o(w) t(0)
1 + w2t(0)2

D o(co) + ■Sl2rx 1 
1 + ü)2rx2 J

(4.16a)

T( 9)
j 2(w) = 2 , , 2 —• D2(oj) (4.16b)

where the first equality is the usual definition of the spectral 
density for anisotropic diffusion in an isotropic liquid2 and 
the arrow points to the new result.36 Also the Do(ad and D2(a)) 
are given in I, and for ar(0), o j t ( 2 )  «  1 , and Si 5  0.8 one has 
(using a more accurate expansion than in I):

D0(w = 0) ^  [1 + 0.27S, -  2.87S)2 + 1.522Si3]r(0)
(4.17a)

D2(o> = 0) =* [1 + 0.052Si + 0.264S1!2 + 0.177Si3]r(2)
(4.17b)

while for negative S\ S —0.4 one has

D 0(o) = 0) ~  [1 -  O.I8 OS1 -  3 .11S ,2 -  6.34Si3]r(0)
(4.18a)

D 2(co = 0) =* [1 -  0.134Si -  O.6 OIS12 -  2.654Si3]t(2)
(4.18b)

As in I, we assume that the molecular magnetic z axis orients 
perpendicular relative to the local ordering, so eq 4.18 apply. 
Then the hyperfine tensor is very nearly axially symmetric in 
this molecular reference frame, so at X-band we can neglect 
in a first approximation the terms contributing to A , B, and 
C  from LM“ )- Then for our rough estimates of Si2 ~  l/\% and 
tX/ tr ~  10, the terms Do(a>) and Si2rX/[l + o>2tX2] contribute 
roughly comparably lor w2tX2 «  1 (more precisely Do(0 ) ~  
0.95t(0) and S i2tX ~  0.6r(0), while for Si2 ~  0.1, Do(0) ~  
0.8r(0) and Si2rX ~  r(0)). Thus, this analysis indicates that 
tr calculated from j o(w) might be about 60% larger than the 
true value. (We have not attempted a total reanalysis based 
on such an observation given the other approximations in our 
analysis.)

One can explain the anomalous part of the C/B increase 
which begins to develop for t r  >  2 X 10“ 10 s by the choice of 
t X / t r  ~  10. This requires the analysis of the SRLS mechanism 
for t X  >  2 X 10“9 s, which is near the incipient slow-motional 
region for nitroxides. However, the analysis of A,  B, and C  near 
the incipient slow motional region becomes complicated be
cause of the need to precisely distinguish the relevant secular 
and pseudo-secular frequencies for the spectral densities as

sociated with the S i2tx /[1 + co2tx2] term. The more complex 
calculations which are required are summarized else
where.4,5>33 We show in Figure 12, the results of the contri
butions to A, B, and C from the SRLS mechanism, which were 
only briefly summarized in I. It should be emphasized that 
these results have been calculated neglecting any effects from 
the actual mean potential (cf. eq 3.3), so one must analyze the 
results assuming additivity of bs effects with that of the SRLS 
mechanism. Note that the increase in C/B is indeed predicted 
for t x  > 2 X 10“ 9 s from this contribution to the width, and 
it becomes very dramatic for tX ~  10“ 8 s, corresponding to t r  

~  10“ 9 s (according to our analysis) and this is indeed con
sistent with our experimental observations both in I and in 
the present work. Since a careful analysis based upon slow 
tumbling becomes important for tX Ü 2.5 X 10~9/S] (or ~2.5  
X 10“ 8 s in the present case) the results shown in Figure 12 
should not be used for the slower values of t X . It is seen from 
results quoted in I that more dramatic effects may be ob
tained, hence smaller values of S\2 and/or t x / t r  would be 
needed, if there is substantial anisotropy in the relaxation of 
the local structure. Furthermore, one would expect Sj2 to in
crease somewhat as the temperature is lowered and the 
pressure is increased.

Clearly, it is somewhat arbitrary to distinguish models in 
which the fluctuating torques are relaxing at rates comparable 
to or significantly greater than the reorienting probe molecule. 
Fluctuating torque components must be relaxing over a very 
wide range of frequencies.37 However it seems reasonable that, 
for a small spherical probe in a solvent of long rodlike nematic 
solvent molecules, there will indeed exist local structure 
around the probe, which can relax only by the more improb
able reorientation of the solvent molecules about axes per
pendicular to the director (however, for typical values of S (s‘ 
~  0.35-0.55; the Maier-Saupe-type theory prediction is 
(AS(s))2 ~  0.2-0.15 roughly corresponding to root-mean square 
angular fluctuations of ~37-40°; however, the actual values 
are probably somewhat smaller, cf. section 3). Or, perhaps 
even more likely, the translational diffusion of the rodlike 
solvent molecules directly affects the local structure about the 
probe.

We have discussed in I the de Gennes-Pincus-type hydro- 
dynamic model for fluctuations in the director38 and its po
tential effect on ESR relaxation.5 There it was concluded that 
it was both qualitatively and quantitatively of the wrong 
character to explain the observed anomalies. Our pressure- 
dependent results reinforce these conclusions. It is perhaps 
useful to distinguish between the two models or mechanisms: 
SRLS, and hydrodynamic director fluctuations. In simple 
physical terms, the former is a model involving molecular 
dimensions and molecular diffusion, while the latter involves 
coupled modes or waves with dimensions much greater than 
molecular dimensions. Partly as a result of this, the rotational 
reorientation of the probe molecule should be more signifi
cantly affected by the former molecular-type process. The 
frequency and temperature dependence of the latter model 
has been worked out,38’39 and it is substantially different from 
that for molecular reorientation. Our combined temperature 
and pressure studies show that the relaxation anomalies are 
closely related in their T and P dependence to the rotational 
reorientation, t r , while t r  exhibits very similar activation 
energies as the twist viscosity of the liquid crystal (cf. I). It is 
reasonable to expect that the SRLS mechanism is closely 
coupled to the rotational and translational diffusion processes 
of the solvent molecules. The frequency dependence of such 
a mechanism has not been analyzed yet; the discussion above
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Figure 12. Graph of the contributions of the slowly relaxing local 
structure (SRLS) mechanism to the nitroxide line widths as a function 
of Tx, the relaxation time for the local structure. The results are given 
as A/S\2, B/Si2 , C/S|2, where S| Is the local structure order parameter, 
and these are the additional contributions to be added to the main 
contributions due to the overall molecular reorientation. The O, • ,  O 
are the A/S\2 values for S, =  1/8, 1/4, and 1, respectively; the V, ▼, V 
are the B/S2 values for Si =  1/4, and 1, respectively; and the A, ▲,
A  are the C/S2 values for S| =  1/4, and 1, respectively. The insert
shows a portion of the main graph on an expanded scale.

assumes a simple Debye-type spectrum from the relaxing local 
structure. The qualitative effects of the two mechanisms on 
ESR relaxation (i.e., the relative magnitudes and signs of the 
contributions to A, B, and C) need not necessarily be different. 
For the analysis yielding Figure 12, it is assumed that the local 
structure about the probe is distributed isotropically; i.e., one 
averages the persistent local torque over an isotropic distri
bution. This is not at all unreasonable for a spherical probe 
weakly ordered in the liquid crystal. The director fluctuation 
model is not isotropic in this sense. The director fluctuations 
are small increments from the mean director. [One could, of 
course, incorporate such a feature into the local structure 
mechanism, as was shewn in I.] Because of this feature, it is 
predicted to make just a pseudo-secular (and nonsecular, or 
M = ±1 terms in general) contribution to the ESR, A, B, and 
C terms. In particular it would reduce C, hence C/B, which is 
opposite to the observed effect. An isotropic model can con
tribute just as effectively to secular (M = 0) and pseudo-sec
ular (M = ±1) terms, and, as shown in Figure 12, lead to an 
increase in C/B for appropriate values of rx-

Our analysis of the SRLS mechanism on the ESR line 
shapes is still very approximate, and the complicating features 
of slow tumbling in tr and rx have not as yet been adequately 
dealt with, although the methods have been outlined in I. This 
is, in part, why the theoretical fits of the incipient and slow 
tumbling spectra in Figures 9-11 have been based mainly on 
the probably less important frequency-dependent diffusion 
model (or mechanism). It represents, nevertheless, an effective 
“ semiempirical” method for fitting our results.

We turn now to what appears to be a somewhat larger effect

(c' ~  20) at low T and P compared to high T and P ((' ~  13). 
In the context of the activation analysis of the previous sec
tion, this would imply that the increase in the local structure 
(or restoring torques), due to the reduction in free volume as 
P is increased, is somewhat more than offset by the effects of 
the kinetic molecular fluctuations as T increases, which per
mits larger fluctuations of the probe, hence reduced ordering 
with respect to the local structure, as well as more rapid re
laxation.

(D) Frozen Solutions. When the pressure is increased above 
the values at the freezing point (shown in Figure 3), a meta
stable form of phase V is observed. The motion of the spin 
probe slows down considerably. This metastable form decays 
to a stable solid within about 10 min. Because of this rapid 
change, we were not able to obtain well-defined reproducible 
spectra for possible simulation.40

The spectrum of PD-Tempone in the solid phase is like that 
in isotropic liquids in the motional narrowing region, i.e., there 
are three fairly sharp unshifted lines. It was noted in I, where 
the frozen solutions yielded ESR spectra characteristic of the 
rigid limit, that these spectra showed no preferential ordering. 
Line width parameters for this frozen phase are displayed in 
Figure 6a. One notes (1) that B and C appear to change dis- 
continuously at the freezing point and (2) that B and C are 
decreasing as the pressure is increased above its value at the 
freezing point. Observation (1) requires some explanation. Our 
theoretical estimates are that ordering potentials typical of 
PD-Tempone in the nematic phase should lead to values of 
B and C that are about 30% lower than for the isotropic phase, 
provided tr remains the same. The isotropic and nematic 
values of B, when extrapolated to the freezing point, actually 
do lead to comparable estimates of t r  (1.0 X 10~9 and 9.1 X 
10~10 s for the nematic and isotropic phases, respectively). 
Now observation (2) implies that t r  decreases as the pressure 
is increased in the solid phase, as though the probe is located 
in a cavity (or clathrate) and, from the estimates of t r  from 
B, this structure is like that in the nematic phase, except that 
increasing the pressure freezes out movement of solvent 
molecules, and the motion of the spin probe becomes less 
hindered. At still higher pressures, the free volume of the 
cavity should be reduced, and t r  should again increase.41

We have not yet considered the increase in C upon freezing, 
which is larger than expected from the change in B discussed 
above. In the context of the SRLS mechanism, one notes from 
Figure 12 that an enhanced C/B ratio results from its large 
relative contributions to C. If the local structure is relaxing 
more slowly, i.e., t x  is longer in the solid phase, and/or S\ be
comes larger, then one might expect an enhanced C/B ratio. 
However, in our analysis of SRLS, we have assumed that in 
the nematic phase, its effects and those of the macroscopic 
director are additive. This may not be true, so we cannot at 
present be confident of the proposed explanation for the large 
increase in C upon freezing. Note, however, that when the 
pressure has been increased substantially (and t r  has de
creased) in the solid phase, then C/B ~ 1 , which is expected 
if the SRLS is not important.

5. Conclusions
In this work, it was shown that pressure-dependent ESR 

studies can supply useful information about molecular or
dering and dynamics in liquid crystalline solvents. The results 
on molecular ordering could be discussed in terms of simple 
mean field theory to show how they reflect, in general, the 
combined effects of the orientation dependent interactions 
between solvent molecules as well as between solvent and
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probe. The present results for a spherical probe molecule are 
consistent with somewhat longer range interactions (7 P' = 1.9 
±  0.4) than the results of McColl on a pure solvent (PAA with 
7 S = 4.0 ±  0.1), although the present results are somewhat of 
a preliminary nature.

The pressure-dependent spin-relaxation studies both am
plify and support the previous temperature-dependent studies 
on this system, and the results have been subjected to an ac
tivated state theory analysis. The anomalous relaxation be
havior previously noted for the temperature-dependent 
studies in the incipient slow-tumbling region has been con
firmed as a function of pressure. It is shown that this anom
alous behavior is nearly independent of what combination of 
T and P is required to achieve a given t r . The strong depen
dence of the anomaly on tr , and its virtual independence of 
the particular combination of T and P, is taken as strong ev
idence that the anomalous behavior is directly related to the 
viscous modes of motion associated with the reorientation of 
the spin probe in its surroundings of rodlike molecules. It has 
been argued that the most likely explanation for the anomaly 
is a slowly relaxing local structure mechanism, in which the 
rodlike solvent molecules present a persistent local structure 
for the probe, which relaxes on a time scale much slower than 
the reorientation of the probe. Furthermore, this would be 
consistent with an apparent cagelike structure which appears 
to be frozen in as the nematic phase solidifies. Also, it would 
be consistent with longer range orientation-dependent in
teractions acting on the probe than on the rodlike solvent 
molecules. This mechanism of a probe or solute molecule 
reorienting relative to a persistent potential, which then re
laxes on a slower time scale, is expected to be a very general 
one in liquid crystals and plastic crystals, structured liquids, 
and biological systems.

It would, of course, be of considerable interest to study the 
effects of the size and the shape of a variety of spin probes on 
both the molecular ordering as reflected in yp', as well as on 
the molecular dynamics and the proposed SRLS mechanism. 
Such experiments are currently planned.
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The Lewis acid sites on surfaces of polycrystalline oxides are energetically heterogeneous. It is shown that 
this site heterogeneity shows up in the band width and asymmetry of the carbonyl stretching band of suit
ably substituted ketones which are coordinately adsorbed on the Lewis acid sites of a <5-AI2O3. It follows from 
the experimental studies that ketones bearing electron-releasing substituents such as isopropyl or tert-butyl 
groups are chemically stable at temperatures up to approximately 100 °C. They are therefore suitable probe 
molecules. Acetone and hexachloroacetone on the other hand readily undergo chemical transformations 
even at room temperature and thus cannot be used as probes for surface Lewis acid sites.

Lewis acid sites on surfaces of polycrystalline oxides, on 
aluminas in particular, are generally believed to be energeti
cally heterogeneous. One should therefore expect that char
acteristic infrared bands of Lewis bases, which are coordi
nately adsorbed on these Lewis acid sites, should reflect the 
site heterogeneity in the band width and/or a continuous shift 
of the band position with surface coverage. Pyridine has often 
been used as a probe molecule,1-3 but steric restrictions be
tween the large pyridine ring and surface anions in the im
mediate vicinity of the Lewis acid site have been shown to be 
the reason for an activated chemisorption of pyridine.4 We 
have therefore chosen nitriles as alternative probe molecules.5 
These have the advantage of their functional group being 
small and unshielded so that steric restrictions cannot inter
fere with the interaction with the surface sites. However, ac
etonitrile is very reactive and undergoes various surface re
actions even under very mild conditions.6-7 One of these re
actions is a nucleophilic attack of basic surface hydroxyl 
groups onto the nitrile C atom of the coordinated molecule and 
leads to surface amide structures.6 Since this reaction is fa
cilitated by the polarization of the coordinated nitrile, the 
reactivity of the probe molecule can effectively be reduced by 
substitution with electron-releasing substituents. Thus, 
tert-butyl cyanide was found to be stable on alumina surfaces 
at temperatures up to 200 °C .5 The surface heterogeneity, 
however, could again not be detected with this probe molecule 
with certainty, since the position of the C =N  stretching band 
of the coordinatively adsorbed molecule was unaffected within 
the limits of resolution by the surface coverage as well as by 
the dehydroxylation temperature of the oxide and the band 
width of this band was only slightly larger than in the liquid. 
The insensitivity of the C =N  stretching vibration of nitriles 
vs. differences in the coordination bond strength is most 
probably due to two opposing effects which occur on coordi
nation, namely, a rehybridization (which leads to a net in
crease in bond order) and the polarization of the C =N  bond.5

We have therefore decided to study the behavior of ketones 
as probe molecules for the detection of Lewis acid sites on 
oxide surfaces, since in these molecules rehybridization does 
not take place on coordination and the polarization of the 
carbonyl group leads to a shift of the carbonyl stretching band 
toward lower frequencies. Hair and Chapman8 have proposed 
hexachloroacetone as a probe molecule that fulfills a variety 
of criteria necessary for the unequivocal detection of acid sites. 
However, ketones very easily undergo surface reactions by

nucleophilic attack of surface hydroxyl groups.3-6 Thus, ace
tone forms surface acetate anions and methane is detected in 
the gas phase.9-10 These reactions are facilitated by the coor
dination of the ketone and by the substitution of the ketone 
with electron-withdrawing substituents. Thus, hexachloroa
cetone is in fact much more reactive than acetone and the 
formation of trichloroacetic acid anions can readily be de
tected on alumina surfaces by their characteristic infrared 
bands at 1630 and 1430 cm-1  which appear on adsorption of 
hexachloroacetone at room temperature while chloroform and 
secondary reaction products are detected in the gas phase.6 
We have therefore concluded that ketones bearing electron
releasing alkyl groups as substituents might, in analogy to the 
reduced reactivity of substituted nitriles, be less reactive than 
hexachloroacetone and acetone. The adsorption of diisopropyl 
ketone and hexamethylacetone on aluminas has therefore 
been studied by the conventional infrared transmission 
technique.1-2-11 Figure 1 shows the carbonyl stretching region 
for the liquid ketones and after addition of AICI3 to the liquid 
ketones (solvent CCI4). A shift toward lower wave numbers 
of the carbonyl stretching band by 65 cm-1 is observed on 
formation of the AICI3 complex of hexamethylacetone. The 
band half-width of the carbonyl stretching band in the com
plex is 30 cm-1. In the case of diisoprolyl ketone, two shifted 
carbonyl stretching bands are observed in the AICI3 complex, 
their origin being not quite clear. The bands appear at 1657 
and 1637 cm-1, respectively, and correspond to wave number 
shifts of 58 and 78 cm-1. The occurrence of this doublet may 
be interpreted as being due to the existence of conformational 
isomers in the A1C13 complex. On adsorption of these two 
ketones on ¿¡-A120 3 (dehydroxylated at 500 °C), surface re
actions are much reduced as compared to hexachloroacetone 
or acetone, although not completely suppressed. As shown in 
Figure 2, the stepwise adsorption of diisopropyl ketone in 
small doses leads to the development of a broad asymmetric 
carbonyl stretching band, the position of which shifts toward 
higher wave numbers as the coverage increases. Finally, a band 
maximum is obtained at 1680 cm-1. At further increasing 
ketone pressure an additional band grows at 1695 cm-1. The 
corresponding species is readily desorbed and must therefore 
be weakly adsorbed, most probably via H bonds as indicated 
by the reversible perturbation of the surface OH groups. De
sorption at room temperature leaves a carbonyl band which 
is centered at 1680 cm-1  (i.e., shifted by 35 cm-1  with respect 
to the liquid) and which is asymmetric toward lower wave
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Figure 1. Carbonyl stretching bands of alkyl-substituted ketones and
their A IC I3  complexes in C C I 4 : (a) — , diisopropyl ketone;-------, A IC I3
complex of diisopropyl ketone; (b) — , hexamethyl ketone;-----, A IC I3
complex of hexamethyl ketone.

numbers and has a shculder around 1630 cm-1. The band 
half-width being 45 cm-1  is larger than in the homogeneous 
AICI3 complex. A small band near 1580 cm-1  is the result of 
slight surface reactions and is assigned as the asymmetric 
stretching vibration of a surface carboxylate species. The 
development of the carbonyl stretching band and its feature 
clearly indicates the ccordinative interaction of the ketone 
with Lewis acid sites representing a fairly wide range of acid 
strengths. A completely analogous behavior is observed on 
adsorption of the hexair.ethylacetone. The carbonyl stretching 
band is shifted by 39 cm-1  from 1685 cm-1  in the liquid hex- 
amethylacetone to 1646 cm-1  in the chemisorbed state after 
desorption at ambient temperature. The corresponding band 
half-width is 55 cm-1  as compared to 30 cm-1  in the homo
geneous AICI3 complex. It can thus be concluded that the 
carbonyl stretching band is in fact sensitive enough for the 
detection of acid strength distributions, as proposed by Hair.2 
The halogen-substituted ketones, however, are not suited as 
probe molecules because of their high reactivity; alkyl-sub-

Figure 2. Carbonyl stretching region of diisopropyl ketone adsorbed 
on <5-AI20 3 (pretreated at 500 °C). Spectra 1 to 4 develop at successive 
doses of the ketone, spectrum 5 is obtained after desorption at ambient 
temperature for 1 h at 10- 4  mmHg. The arrows at 1715 cm- 1  indicate 
position and band half-width of the liquid ketone.

stituted ketones on the other nand can be used at least at 
sufficiently low temperatures, e.g., below 100 °C.
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Histograms of calculated valence-band density of states for isolated and adsorbed clusters of Cu, Ag, and Au 
are reported. The features shown indicate that d bands continue spreading in size up to 13 atoms and when 
the metal cluster is adsorbed to carbon or silicon dioxide the band width becomes much greater. Minima in 
the curves for binding energy per atom vs. size are observed at a few atoms by CNDO and extended Hiickel 
calculations for Ag, Cu, Au, and Pd. This property is important in determining critical catalytic size for some 
reactions. Calculations for icosahedral clusters, thought to be important in catalytic reactions, show proper
ties differing little from fccub clusters.

Introduction

The objective of this work is to determine electronic prop
erties of metal clusters. This information will be compared 
with and used to explain various experimental properties now 
being measured for this type of system. Included in these 
measurements are the ESCA studies of valence-band struc
ture1 and catalytic studies of critical sizes.2 The eventual aim 
of this work is to gain a better understanding of heterogeneous 
catalysis.

This report examines electronic properties of Ag, Au, and 
Cu isolated and in interaction with a carbon or silicon dioxide 
model using complete neglect of differential overlap3 (CNDO) 
molecular orbital theory. It is an extension of previous work 
on isolated Ag and Pd metal clusters4 and those interacting 
with a 10-atom carbon model.5 In the present work a larger,
16-atom carbon model is employed and adsorption on a Si204 
model is treated by CNDO. In addition, extended Hiickel 
theory6 (EH) is used to examine binding energies of various 
metal clusters to compare with critical catalytic size. The 
icosahedral metal cluster geometry, thought to be important 
in some catalytic reactions,7 is compared in stability to other 
geometries including fccub, which we have previously inves
tigated.8 A comparison will be made of isolated vs. ad- 
sorbed-cluster results and EH with CNDO results.

The electronic properties that determine catalysis in metal 
clusters are not completely understood. Valence-band 
structure information is thought to be of importance since this 
feature determines which orbitals can best interact with the 
wave functions of an adsorbate. Ocher properties including 
binding energies, ionization potentials (IP), and electron af
finities (EA) are investigated in this report. The properties 
investigated here are similar to those examined by Blyhol- 
der9’10 in studies of chemisorption on nickel particles using 
CNDO and by Anderson and Hoffman11 in extended Hiickel 
calculations of transition-metal clusters.

Method
The method of calculation using CNDO3 has been employed 

for transition elements before.4-5 Tne resonance parameters
(d) and all other parameters employed by Pople and Segal12 
for Si, 0 , and C were used here. Values of ¡3 used for the tran
sition elements were determined by fit to experimental data 
of diatomic molecules as described before.4 The ionization

potential (IP) values were taken from atomic spectral tables,13 
and atomic electron affinities (EA) were taken from experi
ment, when available, or estimated. These values are listed 
in Table I.

The exponents of the Slater orbitals were taken from atomic 
Hartree-Fock calculations.14 This procedure works well for 
s and p orbitals, but not for d orbitals: it gives a band of d 
molecular orbitals that are too narrow and are located too far 
from the vacuum level. Therefore, to correct these problems 
partially, the d orbitals were made more diffuse by reducing 
the d exponent values to those shown in Table I.

The EH calculations have been performed using two par- 
ameterizations. When single Slater orbitals were employed, 
the exponents of Clementi14 were used and the Wolfsberg- 
Helmholz constant was optimized by fit to experimental data 
for diatomic molecules.4 Alternatively, when double f  d or
bitals were employed,15 the Wolfsberg- Helmholz constant was 
assigned the standard value 1.75. The use of two sets of pa
rameters serves to provide a check on the reliability of the 
calculation.

The 16-atom carbon model (Cm) and the six-atom silicon 
dioxide model (Si204) are shown in Figure 1, as well as sites 
(marked X) where the transition-metal atom was adsorbed. 
The placement of atoms were determined by potential energy 
minima for the most symmetric sites. Sites of low symmetry 
were not considered owing to computer time limitations. We 
expect to determine only general trends in properties by this 
process.

Results
A. Isolated Clusters—CNDO. Various metal cluster 

geometries were examined by determining potential energy 
curves while all nearest-neighbor bonds retain equal lengths. 
Straight linear chains were found to be the most stable for Cu 
and Ag, whereas symmetric three-dimensional structures were 
more stable for Au. Values for both types of geometries are 
reported in Table II, in which the sequence of three-dimen
sional geometries is: 4-pyramid, 5-bipyramid, 6-square bi
pyramid, 7-bicapped pentagon, 8-cube, and 9,13-fccub 
structure. It is observed that even-size clusters generally have 
higher BE/Vi values than odd-size ones for Ag, Cu, and Au. In 
these cases there is a general increase in BE In with n. The 
values of HOMO reflect the trend in IP values based upon 
Koopmans’ theorem.16 Since relaxation effects due to hole
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TABLE I: Input Parameters—CNDO

Atom -d° Orbital
% (IP + EA) 

eV
Slater

exponent

Ag 1 5p 2.39 1.35
5s 4.26 1.35
4d 6.27 1.90

Au I 6p 2.18 1.82
6s 5.11 1.82
5d 6.55 2.10

Cu 1 4p 2.56 1.46
4s 4.45 1.46
3d 6.46 1.90

Figure 1. Sketches of the carbon and silicon dioxide models used in 
this work. Adsorption sites marked by X.

formation are not included in these calculations, experimental 
IP values would be expected to be 1-2 eV less than the HOMO 
value. The LUMO reflects the trend in EA with size. Here it 
is observed that the LUMO and HOMO tend to approach one 
another with increasing n, but a large energy gap exists be
tween the two.

The band structures of the occupied levels of Au and Ag 
clusters are shown in the histograms of Figures 2 and 3. The 
d bands of Au spread with increasing size to ~2.25 eV at Aui3 
and the s molecular orbitals spread even more in energy. For 
Ag, the d-band spreading depends upon size and geometry, 
but the d bands are spread over a 1.25-eV energy range at nine 
atoms. Bulk Ag and Au have the experimental d-band widths
3.0 and 6.0 eV, respectively.17 In these calculations molecular 
orbitals composed primarily of s orbitals do not appear at 
lower energy than the d molecular orbitals although there is 
considerable spreading of the s levels. Some s orbitals are 
mixed into the d states, however. In the EH-type calculations 
s states have been observed at lower energy than d states for 
Aui3 and Agi3. The features of the Cu density-of-states his
togram are similar to the Ag case.

B. Clusters on Si20 4. The Si204 model consists of only six 
ions as shown in Figure 1. It was found that larger models did 
not give convergent results with the CNDO scheme. Thus, this 
small model having one fully coordinated Si and one Si with 
only one coordination is employed. Other calculations using 
Si02 models have been successful with only a few ions, so this 
provides some justification for the small model chosen here. 
The previous calculations for Si02 include the EH study of 
defect electronic structure by Bennett and Roth,18 X „ calcu
lations for silicates,19 and the linear combination of localized 
orbitals (LCLO) approach employed by Yip and Fowler20 for 
characterizing the valence-band structure.

The most favorable site for adsorption of transition-metal 
atoms of Ag, Cu, or Au on Si20 4 is near an oxygen ion. The 
greatest binding energy results when the metal atom bridges 
two oxygen ions. The data shown in Table III refer to this site

for one metal atom and linear bending to oxygen ions for two 
and three metal atoms. The fourth atom is added to form a 
pyramidal-shape metal cluster.

The data in Table III indicate considerable interaction 
between metal cluster and Si20 4 substrate. Electron transfer 
to Si20 4 and a decreasing trend in B E /n with n takes place.

Histograms showing the density of occupied states for Ag 
clusters on Si20 4 are shown in Figure 4. The Si20 4 cluster has 
several molecular orbitals composed of p orbitals on 0 , which 
interact with the metal cluster. The d states on Ag are shifted 
considerably depending upon whether the atom is next to a 
Si or an 0  ion. This difference is expected as deduced from the 
charge of neighboring ions and based upon Madelung con
siderations. As the cluster increases in size the d states form 
a band that contains only minor amounts of orbital contri
butions from Si02 orbitals. Considerable mixing of these or
bitals is seen for states on both sides of this band.

The shape of the energy-level histograms for Agn clusters 
isolated and adsorbed to Si20 4 can be compared by referring 
to Figures 2 and 4. We see that the major component of the 
d band is relatively unshifted in energy, but several d states 
split off from the main band upon adsorption. These states 
usually contain contributions from the substrate orbitals. 
Similar histograms for Au and Cu have been constructed and 
the general features observed are similar to those in the Ag 
case.

C. Aun and Cun Adsorbed to Ci6 Model. We examined the 
properties of gold and copper clusters adsorbed to the 16-atom 
carbon model (Cm) because of the possibility of making 
comparative ESCA measurements in this system. The Cio 
model was used to find adsorption sites and distances before 
doing the calculations with the Cm model. The sites of greatest 
binding were at hexagon centers with the bond distance 2.37 
A for AuC and CuC. Using the resonance parameter (/3°) for 
C, employed previously by Pople,12 gives the best convergence. 
This represents a condition of strong C-C and metal-C in
teraction. The binding energy per C atom in the model is 26.1 
eV, which is about four times the bulk experimental value of 
graphite, 7.4 eV. The ionization potential of the carbon model 
is 7.7 eV; the experimental value for bulk carbon is 5.0 eV.

The valence structure for a series of Au and Cu clusters on 
Cm is shown in the histograms of Figures 5 and 6. Comparison 
with Figure 3 shows that the d band in gold is ~3 eV wide for 
Aus on Ci6, but only ~1 eV for small, isolated clusters. In ad
dition, the d orbitals of a single gold atom are mixed strongly 
with the 2p orbitals of C resulting in considerable spreading 
of density for the single atom. Similar effects are found for Cu„ 
on C16.

The properties of the adsorbed metal clusters are shown in 
Table IV. Note that the values of binding energy per atom are 
much greater for the clusters interacting with Cj6 than for 
isolated ones. This is a consequence of the interaction with 
substrate orbitals, although this effect is believed to be over
estimated by a factor of 4. For most of the values in Table IV 
BE/n decreases with increasing n, which suggests that during 
nucleation experiments aggregation does not occur as long as 
substrate sites are open for single atoms to be bound. It is in
teresting that this effect is also found with other parameter- 
izations for carbon, such as the set giving weaker carbon-metal 
interactions studied before.5 There is a considerable gap be
tween HOMO and LUMO for the closed shell clusters, which 
decreases with increasing n, as was observed for the isolated 
clusters. Cu and Au show very little electron transfer with the 
substrate.

The results reported here may be compared with results

1505
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TABLE II: Properties o f Isolated Clusters— CNDO

Nonlinear Linear

Size Req, A
BE/n,

eV
HOMO,

eV
LUMO,

eV
BE/n,

eV
HOMO,

eV
LUMO,

eV

Cu
2 3.0 2.33 7.19 1.61
3 3.2 1.91 4.09 4.09 1.91 4.47 4.47
4 3.2 2.14 5.97 2.07 2.18 6.68 2.24
5 3.2 1.98 4.25 4.25 2.07 4.46 4.46
6 3.2 2.22 6.22 2.07 2.30 6.55 2.41
7 3.2 2.00 4.35 4.35
8 3.2 2.22 6.33 2.26 2.28 6.34 2.60

Au
2 2.8 1.68 8.16 2.13
3 2.8 1.21 5.09 5.09 1.24 4.64 4.64
4 3.0 1.71 7.20 2.37 1.63 7.79 2.56
5 3.0 1.54 5.04 5.04 1.42 5.04 5.04
6 3.0 1.82 7.25 2.60 1.68 7.62 2.73
7 3.0 1.66 4.90 4.90 1.50 5.02 5.02
8 3.0 1.77 7.29 2.78 1.33 6.01 4.61
9 3.0 1.77 4.88 4.88

13 3.0 1.95 5.15 5.15

Ag
2 3.2 1.52 7.00 1.53
3 3.4 1.14 3.76 3.76 1.10 4.27 4.27
4 3.4 1.50 5.80 1.86 1.51 6.68 2.02
5 3.4 1.46 4.02 4.02
6 3.4 1.88 6.25 2.02 1.68 6.51 2.20
7 3.4 1.57 4.02 4.02
8 3.4 1.68 6.24 2.06 1.51 6.37 2.31
9 3.4 1.71 4.03 4.03

13 3.4 1.87 4.07 4.07

Energy, eV

Figure  2. Histogram  of the num ber of energy levels per 0 .2 5 -e V  en
ergy interval for Au clusters as a function of energy. G eom etries  
w ere  linear, equilateral triangle, pyram id, square bipyram id, bccub  
unit cell, and fccub cell. Shaded areas indicate d states on Au.

employing a 16-atom carbon model with the d° = — 4 param
eterization for carbon. This represents a case of weaker C-C 
and C-metal interaction. It is found that the d states are 
centered at the same energy in the two types of calculation,

Energy, eV

Figure 3. Histogram  of the num ber of energy levels per 0 .2 5 -e V  e n 
ergy interval for Ag clusters as a  function of energy. G eom etries  
w ere  linear, equilateral triangle, pyram id, b icapped pentagon, and 
bccub unit cell. Shaded areas indicate d states on Ag.

but they are narrowed considerably in the /3 = — 4 case, bearing 
a strong resemblance to histograms in Figures 2 and 3. At Au4 
adsorbed to C16 the d width is 1.75 eV compared to 5 eV using 
these two parameterizations. The general shape of the d states 
is bimodal in each case.

D. Isolated Metal Clusters—EH. Isolated metal clusters 
have been investigated by EH because of the better d-orbital
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TABLE III: Properties of Metal Atoms Adsorbed to Si20,

No.  o f BE, Av HOMO, LUMO,
atoms eV charge eV eV

Ag 12.87 +0.65 3.91 3.91
Ag-2 15.78 +0.33 7.42 1 .6 8

Ag3 36.98 +0.30 3.41 3.41
Ag4 22.55 +0.14 5.00 1.44

Cu 11.26 +0.29 5.11 5.11
Cu2 16.13 +0.30 8.05 1.93
Cu3 35.58 +0.28 3.45 3.45
Cu4 20.61 +0.16 5.18 2 .1 0

12
10 A g ,
8
6-

„ 2Ti n ih 1 alflH Í1_____ D_____
<v
a> o Ag3 |
>> 4 l-
S’ 2 gj fl n Ik m D n n ___________
CDM- 4 O - Ag2
 ̂ 2

Q> nn ruu IcJSa_______________
i 4 Ag bonded to 2 - 0  s
Z 2 nn nauMi n n__________xi____

4 n Ag bonded to Si

n mu nn n n__________
* 4 S ijO ,

2 -
n n n n n <________j____

-12 -8 -4
Energy, eV

Figure 4. Histogram showing number of energy levels per 0.25-eV 
energy interval for Ag clusters bonded to Si20 4 model. Shaded 
areas indicate d orbitals on Ag.

Figure 5. Histogram showing number of energy levels per 0.25-eV 
energy interval for Au clusters adsorbed to C16 model. Shaded area 
denotes d orbitals on Au.

representations and larger cluster sizes that can be studied 
in this case relative to CNDO. It is also of interest to compare 
results calculated by the two methods as a means of judging 
reliability of the calculations. The several different types of 
parameterization for EH discussed before can be used.

The binding energy per atom is a fundamental property of

TABLE IV: Properties o f Adsorbed Metal Atoms on Ci6

Av metal

Cluster
BE/n, 

eV
HOMO,

eV
LUMO,

eV
atom
charge

Au 31.08 5.39 5.39 +0.16
AU2 27.35 7.78 3.17 +0.07
Au3 18.40 5.66 5.66 +0.05
Au4 24.12 9.69 4.34 +0.20
Au.5 19.13 6.45 6.45 + 0.12

Cu 10.81 6.55 6.55 -0.03
Cu2 13.43 8.52 3.37 +0.01
Cus 9.31 4.87 4.87 +0.01
Cu, 10.65 8.63 4.86 +0.04
Cu5 6.87 6.06 6.06 -0.04
Cu6 7.88 7.46 4.64 + 0.02

Figure 6 . Histogram showing number of energy levels per 0.25-eV 
energy interval for Cu clusters adsorbed to C16. Shaded areas de
note d orbitals on Cu.

metal clusters determining their cohesion. Figure 7 shows this 
property for several different three-dimensional metal clusters 
using the double-f parameters. For several of these metals, 
including Ag, Cu, and Au, linear chains are predicted to be 
more stable than the three-dimensional structures. Never
theless, we examine here only the three-dimensional proper
ties because these are most likely to be formed on substrates. 
Note that a minimum in BE In as a function of size is found 
for Pd, Cu, Au, and Ag. Such behavior is found also in the 
CNDO data for Au and Ag reported in Table I. The minima 
do not occur at the same size for each calculation. This type 
of behavior is also found when the Clementi-type paramet
erization is employed as shown for Ag and Pd in Figure 8. This 
behavior of the binding energy per atom could determine a 
critical size for nucleation or catalysis involving stabilization 
of metal atoms.2

The binding energies of the icosahedral structure and the 
fccub structure of large Pd and Ag clusters are also comparec 
in Figure 8. This icosahedral structure is interesting because 
of the pair-potential calculations of Allpress and Sanders,21 
Burton,22 and Briant and Burton23 suggesting its stability and 
catalytic properties. In addition, electron microscopic studies 
of rhodium24 and gold clusters on mica25 have given evidence 
for the existence of this geometry in some situations. The 
icosahedral structure is more stable than fccub for Pd, but the 
reverse is true for Ag as shown in Figure 8. This effect is also 
found using the double-f parameterization. Examination of
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Figure 7. Binding energy per atom for three-dimensional Ni (■), Pd 
( • ) ,  Cu (O), Ag (□), and Au (A). The double f  parameterization with 
K =  1.75 is used in these calculations. Large clusters with 13 or 
more atoms have the fccub geometry.

Number of croms

Figure 8. Binding energy per atom for -ccub Ag (•) ,  fccub Pd (O), 
icosahedral Ag (A), and icosahedra! Pd (Q) as a function of size. 
Clementi orbital exponents with K =  1.44 for Pd and K = 1.30 for 
Ag were employed.

this phenomenon for Ni and Cu shows similar behavior for 
members of a given column in the periodic table. Thus, the 
molecular orbital calculations indicate a greater stability for 
Pd and Ni geometries, which are unlike that of the bulk fccub 
metal. In the case of Ag and Cu small clusters, fccub is more 
stable than icosahedral geometry.

The electronic properties do not vary greatly between ico
sahedral and fccub geometries. In the case of IB metal clus
ters, ionization potential values are about 0.2 eV smaller for 
icosahedral than fccub across the range of sizes investigated. 
For the group 8 metal clusters, ionization potentials are 
smaller for icosahedral than for fccub geometry, but the av
erage number of d holes per Pd atom is the same (0.8) for both 
geometries. The calculations thus do not suggest any different 
catalytic activity for one cluster geometry than for the other

Differences in the preferred geometry of Ag and Pd clusters 
may be discussed in terms of the surface structure of icosa
hedral and fccub particles described by Burton.7 More closely 
packed surfaces are observed in icosahedral vs fccub particles 
and lead to a broader valence band and smaller ionization 
potential as reported above. The average electron configura

tion found here is 4d10 5s1 for Ag and 4d9-2 5s°-8 for Pd. Since 
filled bands are slightly destabilizing, the broader 4d band of 
the Ag icosahedral particle would lead to less stability than 
for the fccub particle. In the case of Pd, the 4d band is only 
partly filled and would be stabilized upon broadening. This 
favors the icosahedral structure. Of course, the effect of 
structure on 5s bands must also be considered in determining 
the total relative stability.

Conclusions

Histograms representing the density of states of metal 
clusters as a function of size have been reported for isolated 
and adsorbed metal clusters. It is observed that the substrate 
can severely distort the shape of the cluster density of states 
through mixing of wave function. Isolated metal particles have 
narrower d-band widths than their bulk counterparts, and 
linear geometries are predicted to be more stable for some 
metals, including Cu and Ag, by CNDO and EH molecular 
orbital theories.

A comparison of specific results of EH and CNDO methods 
is not always comforting as the results reported here for ab
solute values of binding energies show. Many general features 
do agree, such as the presence of increasing BE In  with n , the 
gap between HOMO and LUMO, the presence of weakly 
stable, small clusters, and the narrow d band found for small 
metal clusters. Electron transfer from Au, Ag, and Cu to Si02 
and carbon are predicted by both models. The general features 
of the valence-band spectrum shown here can be tested ex
perimentally by measurement of the density of states. As 
before,5 absolute values of binding energies for metal atoms 
adsorbed to the carbon model are expected to be about four 
times the experimental ones. The values reported for the ad
sorbed clusters in Tables III and IV are much larger than the 
values reported for isolated clusters in Table II reflecting the 
strong interaction with substrate. The trends in BE/n with 
n  are different for isolated and adsorbed clusters. The binding 
energy of adsorbed cluster is strongly dependent upon sites 
of adsorption so there may be more favorable sites for growth 
of the metal cluster on the substrate.

This treatment of metal clusters by semiempirical MO 
theories requires that all absolute values calculated be treated 
cautiously. Trends in a set of data for clusters or comparisons 
of data for similar properties are likely to be calculated with 
the most reliability.
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The diffusion of hexane isomers in argon confirms previous observations that diffusion coefficients increase 
with increased branching. The position and number of side chain groups affect the diffusion of the isomers, 
in agreement with the shielding theory. Group diffusion volumes, which are empirical quantities in the Ful- 
ler-Schettler-Giddings predicting equation, substantiate qualitatively the arguments of the shielding theo
ry. The present results indicate that methyl group diffusion volumes decrease slightly in going from octane 
to hexane isomers. The reasons for the decrease, if indeed real, are not yet known. By use of the Lennard- 
Jones (6-12) potential model (admittedly oversimplified for hexane isomers), it is shown that changes in the 
magnitudes of the diffusion coefficients are a function of the molecular geometry and not of the interaction 
energy.

Introduction

In a series of papers1’2 we have discussed the effect of mo
lecular structure on the gaseous diffusion coefficients of octane 
and heptane isomers. Such studies have practical significance 
in the designing of various systems where diffusion is impor
tant: i.e., gas adsorption beds, distillation columns, pollution 
studies, etc. In addition, much theoretical information can be 
ascertained from the dependence of the diffusion of isomers 
on the molecular geometry. Previous investigations have in
dicated that the diffusion coefficients of octane and heptane 
isomers increase with increased branching. Elliot and Watts’3 
studies of n-pentane and isopentane show the same trend. 
However, both Elliot and Watts,3 and Wakeham and Slater4 
found that isobutane diffused slower than the normal homo
logue.

It was also found previously that the position of the side 
chain on the long alkane backbone affects the diffusion coef
ficients. For example, the diffusion coefficient of 2,4-di- 
methylpentane in He was significantly different from D12 of
2,2-dimethylpentane. Vandensteendam and Piekarski5 
studied the effect of the position of an ester group in a series 
of molecules having the formula CH3(CH2)aî]COO- 
(CH2)m2CH3, where M\ + M2 = 6. Contrary to our findings, 
and the prediction of the shielding theory,6 the position of the 
COO group did not greatly affect the diffusion coefficients. 
Vandersteendam and Piekarski,5 however, did not give the 
precision of their measurements, and consequently, final 
conclusions based on their data cannot be made. The impor
tance of the dependence of D12 on the position of the side 
group lies in the fact chat some predicting equations can be 
modified to better estimate diffusion coefficients. One of the 
better predicting equations, namely, the one suggested by

Fuller, Schettler, and Giddings,' fails in the case of structural 
isomers. The present work, in conjunction with previous 
data,1’2 will indicate how the equation can be modified to in
clude geometric features.

With structural isomers, the molecular weights are constant. 
It is then of theoretical importance to ascertain whether 
changes in the diffusion coefficients, as a function of molecular 
shape, are due to changes in the size of the isomers or to 
changes in the interaction energies between the isomer mol
ecules and other gas molecules. It is difficult, however, to 
choose a correct potential model which can adequately de
scribe large polyatomic molecules. A great deal of work has 
been done on spherical molecules using the Lennard-Jones 
(6-12) potential (for review, see ref 8 and 9). For polyatomic 
molecules Dahler and co-wcrkers10-13 and Sandler and 
Mason14 developed the loaded sphere and spherocylindrical 
models, while Hoffman15 described an ovaloid model. More 
recently, Verlin, Matzen, and Hoffman16 have further dis
cussed the ovaloid system.

It was decided to utilize the Lennard-Jones (6- 12) potential, 
simply because this model was, and still is, extensively used 
for nonspherical molecules. Values of the collision integrals 
for the (6-12) potential are readily available.8 The Lennard- 
Jones potential yields the collison distance a 12 and the depth 
of the interactive potential €12- Even though this model does 
not accurately describe molecular interactions, the trends 
observed are useful for qualitative discussions on the effects 
of molecular structure. It must be recognized, as pointed out 
very elegantly by Kestin, Ro, and Wakeham,17 that the anal
ysis of diffusion data (or any other transport property for that 
matter) does not result in the validation of a potential model. 
Additional justifications for the use of this potential for large 
molecules is given by Svehla.18
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Hirschfelder, Curtiss, and Bird8 indicate that because no 
combining rules are required, diffusion data, provided it is 
accurate, are inherently a more reliable measure of the force 
constants 012 and eio. All that is needed is the temperature 
dependence of the diffusion coefficients. Weismann and 
Mason19 calculated gaseous diffusion coefficients from vis
cosity data. They recognized the loss in accuracy when cal
culating D j2 from viscosity. However, due to the ease of ob
taining accurate viscosity data, Weismann and Mason18 in
dicated that “ the accuracy in the calculated diffusion coeffi
cients is little worse than the accuracy obtainable by direct 
measurements” . However, due to recent developments and 
improvements in the so-called “ chromatographic broadening 
technique” 20 accurate diffusion coefficients can be measured 
rapidly with great ease. Instrumental improvements were 
discussed previously by Grushka and Maynard,1 Grushka and 
Schnipelsky,2 and by Wakeham and Slater.4 The mathe
matical relationships between the zone spreading in the 
chromatograph and the diffusion coefficient are discussed 
elsewhere (i.e., ref 1, 2, 4, 20).

Experimental Section
Apparatus and Procedure. The specially designed diffusion 

apparatus, as well as the procedure, were described elsewhere.2 
In the present study, diffusion coefficients were measured at
306.5 ±  0.1 and 372.9 ±  0.1 K.

Reagents. The hexane isomers, purchased from Chemical 
Sample Co., were (a) i-hexane (99.9%), (b) 2-methylpentane 
(99.9%), (c) 3-methylpentane (99.9%), (d) 2,2-dimethylbutane 
(99.9%), and (e) 2,3-dimethylbutane (99%). The argon carrier 
gas (Grade A), purchased from Liquid Carbonic, was passed 
over molecular sieves The H2 and air were of ordinary com
mercial grade.

Results and Discussion
The data collection and reduction were carried out as pre

viously mentioned.2 Possible sources of errors and their 
elimination, as well as a discussion on the reliability of the 
method, are described elsewhere.1-2

Diffusion of Hexane Isomers in Ar. Table I shows the dif
fusion coefficients of all the hexane isomers in Ar at two 
temperatures.

Since some of the diffusion cbefficients are very close in 
magnitude, a statistical examination of the data is required. 
An F test shows that, for all the data at each temperature, the 
standard deviation within 95% confidence level are not dif
ferent. More important perhaps is a t test for the differences 
between the reported D12 values. At 306.5 K the difference 
between the diffusion coefficients of 3-methylpentane and 
2-methylpentane is significant to within a 90-95% confidence 
level. The difference in D12 of the same compounds at 372.9 
K is significant at the 95% confidence level. The difference in 
Di2 values of 2,3-dimethylbutane and 2,2-dimethylbutane at
306.5 K is significant at the 80-90% confidence level. The 
difference in D ]2 values of the same two compounds at 372.9 
K is significant at the 90-95% confidence level. From the t test, 
it could be surmised that statistically the dimethylalkanes, 
at 306.5 K, have virtually identical diffusion coefficients. This 
perhaps is not surprising since the two molecules are quite 
similar in size and shape. Nonetheless, given the fact that the 
difference in the diffusion coefficients is significant at confi
dence levels above 75% (below which, customarily, no statis
tical inferences can be made), the discussion in this paper will 
assume that the D i2’s of the dimethylalkanes are different.

The data confirm previous observations; D 12 increases with

TABLE I: Diffusion Coefficients (cm2/s) of Hexane
Isomers in Argon

_______________ P l ,2 a'b____________

Compound 306.5 K 372.9 K

Hexane 0.0734
3-Methylpentane 0.0742
2-Methylpentane 0.0747
2,3-Dimethylbu- 0.0773

tane
2,2-Dimethylbu- 0.0778

tane

(0.71%) 0.1049 (0.60%)
(0.44%) 0.1061 (0.50%)
(0.63%) 0.1068 (0.42%)
(0.81%) 0.1105 (0.36%)

(0.73%) 0.1112 (0.54%)

0 Diffusion coefficients are corrected to 1 atm. b The num
bers in parentheses are percent relative standard deviation 
(i.e., standard deviation divided by Dab times 100).

increasing molecular branching. Unlike the results shown in 
Table I, Cummings and Ubbelohde found21 that at 288.6 K
2,3-dimethylbutane has a lower diffusion coefficient than 
n-hexane in Ar. The present results are not only in agreement 
with previous studies using different homologous isomers,1-2 
but also the trend in the present data is consistant at two 
different temperatures. It is to be noted that while the change 
in D12 when going from n-hexane to the methylpentanes and 
the dimethylbutanes is relatively large, the change in the 
diffusion coefficients within a class of isomers is much smaller. 
Moreover, the order is similar to that observed with the hep
tane isomers diffusion in He:2 the 3-methylalkanes diffuse 
slower than the 2-methylalkanes, and the more symmetrical 
dimethylalkanes diffuse faster than other dimethylalkanes.

Together with the data previously obtained,1-2 the above 
results substantiate Giddings’ shielding theory.6 As the 
number of methyl group increases, shielding of the methylene 
groups on the backbone of the molecule is more effective. 
According to the theory, the contribution of the latter to the 
molecular cross section is minimal. Consequently, the 
branched molecules are smaller than the linear ones. This 
results in the higher diffusion coefficients of the straight al
kanes. As the proximity of the two methyl side groups de
creases, the linear portion of the molecule (an ethyl group) can 
shield these two units more effectively. The case of 3- and 
2-methylpentane is more complex. In the latter, the long linear 
portion of the molecule can shield the methyl group to a 
greater extent than in the former (propyl vs. ethyl straight 
chain segments). On the other hand, the 2-methyl group 
shields a smaller portion of the straight chain part of the 
molecule than does the 3-methyl unit. Space filling models and 
experimental results given here (as well as in the case of the 
heptane isomers study) seem to favor the first explanation.

The consistency in the behavior of the diffusion coefficients 
in three classes of parent compounds is noteworthy. This fact, 
if indeed correct, should find utility in modifying such a pre
dictive equation as the FSG relationship.7 Grushka and 
Maynard1 have introduced the concept of group diffusion 
volumes, and have shown that the FSG equation can be 
rearranged to yield such diffusion volumes. In the case of an 
alkane with n carbon atoms, the methyl group diffusion vol
ume of a methylalkane is given by

where A is a function of temperature, pressure, and molecular 
weights of the solute and the carrier, Vs is the atomic diffusion
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volume of the carrier (Ar in the present paper), 2 Vc„-iH2n-i 
is summation of the atomic diffusion volumes of n — 1 carbon 
atoms and 2n — 1 hydrogen atoms, and V c h 3 is  the group 
diffusion volume of the methyl group. Similar equations can 
be set up for dimethylalkane or for other alkyl side groups. 
Table II shows the group diffusion volumes for the methyl 
groups at two temperatures. As was found with heptane2 and 
octane1 isomers, the contribution of each methyl group at a 
given temperature is a function of its position and the number 
of groups. Inner groups have larger diffusion volumes; CH3-  
in dimethyl isomers have smaller V c h 3 values than in 
methylalkanes. This is in qualitative agreement with the 
shielding theory. For example, the fact that the CH3-  group 
on the 3 position has a larger group diffusion than that on the 
2 position might be indicative of the fact that the former is not 
shielded as well by other groups in the molecule than the lat
ter. This contribution to the molecular dimension being large 
results in a smaller diffusion coefficient of 3-methylpentane 
as compared to that of 2-methylpentane.

The effect of temperature on group diffusion volumes is also 
of interest. The smaller group diffusion volumes at the higher 
temperature may reflect a change in the conformation of the 
molecules. As the temperature increases, not only transla
tional motions of the molecules increase, but so do the internal 
vibrational motions. Atomic diffusion volumes as described 
by Fuller, Schettler, and Giddings7 do not have any temper
ature dependence. The same may not be true with group 
diffusion volumes. It should also be emphasized that the 1.75 
power dependence of 7112 and T suggested by Fuller et al.6’7 
is based solely on empirical grounds. Thus, the observed be
havior in the group diffusion volumes as the temperature 
changes might indicate that these volumes are not true mo
lecular parameters. With regard to the temperature depen
dence of D 12, Massero and Mason22 recently have demon
strated how the power-law dependence can be improved upon. 
It is interesting to note that the volume difference between 
the two methylpentanes is approximately the same at the two 
temperatures. The same is true for the two dimethylbutanes, 
but not for the volume difference between the methyl and 
dimethyl isomers. More experimental data are needed to 
verify the importance of this observation.

A comparison of group diffusion volumes for equivalent 
positional isomers of hexane, heptane,2 and octane1 at about 
373 K is given in Table III. Several observations can be made 
and empirically explained, (a) The group diffusion volumes 
for the 3-methyl, 2-methyl, and 2,3-dimethyl isomers decrease 
in going from octane to hexane. An exception occurs with the
2,2-dimethyl isomer. It should be realized that the present 
data were obtained with Ar as the mobile phase while previous 
work utilized He. It is conceivable that, unlike He, the bulkier 
Ar could not probe closely the molecular structure of the al
kanes. At this point it is not clear whether the decreasing trend 
is a real one.

(b) The group diffusion volume for 2,3-dimethylbutane is 
greater than 2,2-dimethylbutane, while the inverse is true in 
the case of the analogous heptane isomers. This might be due 
to the fact that with the later solutes the backbone chain is 
longer and, consequently, the shielding effect on or by the 
methyl groups is a strong function of their positions. In the 
case of the dimethylbutanes, the molecules are so compact 
that the shielding effect in the 2,3 or 2,2 isomer is not much 
different. The previous discussion on the statistical analysis 
of the data should be kept in mind. This may explain the ob
servation of Wakeham and Slater4 that isobutane diffused 
slower than n-butane in Ar. (c) The differences in the mag-

TABLE II: Methyl Group Diffusion Volumes

Diffusion volume, cm3

Compound at 306.5 K at 372.9 K

3-Methylpentane 26.0 22.0
2-Methylpentane 24.1 20.1
2,3-Dimethylbutane 18.7 17.0
2,2-Dimethylbutane 17.8 16.1

TABLE III: Group Diffusion Volumes (cm3) for Some 
Octane (1), Heptane (2), and Hexane Isomers at 100 °C

2-Methyl 3-Methyl
2,3-

Dimethyl
2,2-

Dimethyl

Hexane 20.1 22.0 17.0 16.1
Heptane 22.4 25.5 17.8 19.1
Octane 26.2 20.5

nitude of group diffusion volumes of the positional isomers 
is smaller for the hexane series. This may be explained by (1) 
the general compactness of the isomers or (2) the effect of 
using a larger probe molecule, namely, argon.

Interaction Parameters. As indicated in the Introduction, 
it is of interest to ascertain whether the changes in the diffu
sion coefficients are due to changes in molecular shape (geo
metric factor) or to changes in the attractive and repulsive 
forces between the isomers and Ar (energetic factors). Diffu
sion data can be utilized to calculate interaction parameters 
provided that a particular potential model is assumed. The 
model used here is the Lennarc-Jones (6-12) potential. The 
advantages and disadvantages of this model were discussed 
previously. It is stressed again that though the model is not 
entirely applicable to nonspherical molecules, the results, in 
a qualitative manner, still convey the trends in the behavior 
of the data.

Diffusion data were used to obtain eiz/k and <712 by several 
workers.4-23̂ 30 In general, a least-square fit procedure was used 
to compare experimental data with theoretical calculations. 
The present method is a modification of the least-square 
technique which, while perhaps not as accurate, allows rapid 
calculation of tu/k and <712. It is based on measuring diffusion 
coefficients at two temperatures as discussed in ref 8. It is 
realized that a procedure using only two experimental points 
can be inferior to a least-squares fit scheme over a range of 
temperatures. However, the current method is fast, simple, 
and, as will be shown in a subsequent publication, yields re
sults which are in close agreement with literature values.

From the diffusion data in Table I, e^/k and <112 values for 
the hexane isomers are calculated, and shown in Table IV. 
Within the limitation of the applicability of the Lennard- 
Jones (6-12) potential, Table IV appears to indicate that while 
(12/k values do not show any particular trend, <r12 values de
crease as branching increases. It can be assumed, then, that 
geometrical factors, rather than energetic interaction, are 
more important in determining the order of diffusion. The 
same conclusion can be reached by noticing that the ratios of 
the D 12’s at the two temperatures are a constant, having the 
value of 1.43. The ei2, or energetic factor, affects the temper
ature dependence of the diffusion coefficient, whereas 012 
affects only the magnitude of D 12. Hence, since the ratios of 
the D 12’s at the two temperatures are the same for each com-
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TABLE IV: Interaction Parameters for Hexane 
Isomers-Argon

Isomer <712, Â (tu/k),K

n-Hexane 4.78 171
3-Methylpentane 4.76 173
2-Methylpentane 4.74 175
2,3-Dimethylbutane 4.67 171
2,2-Dimethylbutane 4.65 166

TABLE V: Force Constants for Hexane Isomers

Compound (t/k), K cr, Â

n-Hexane 240 6.15
3-Methylpentane 246 6.11
2 - Methylpentane 251 6.08
2,3-Dimethylbutane 241 5.92
2,2-Dimethylbutane 225 5.89

pound, they all have the same energy factors, and the mag
nitude of the diffusion coefficients is a function of the mo
lecular geometry.

Using combining rules such as suggested in ref 8, in con
junction with literature values of <r and t/k for Ar, the Len- 
nard-Jones (6- 12) force constants for the individual isomers 
can be obtained. The best values of a and t/k for Ar are per
haps the average values of the compilation on p 1212 of ref 8: 
a = 3.41 Â, t/k = 122 K. Table V shows a and t/k values for the 
various hexanes. A word of caution about the accuracy of these 
values should again be mentioned, especially since in obtaining 
the data for Table V, values of a and t/k from two different 
measurement techniques were used. The a and t/k values for 
n-hexane can be compared with those on p 1213 of ref 8. The 
tabulated values of the force constants of n-hexane, obtained 
from viscosity measurements, are out of line with other al
kanes. The values in Table V follow the behavior depicted in 
the above reference much better. The trend of decreasing <x 
with increasing molecular branching should be taken as a 
trend only in view of the simplicity of the model. Nonetheless, 
the fact that t/k is, within experimental errors constant, while 
a appears to be a function of the molecular geometry is in
dicative of the relative importance of the molecular structure 
in determining the magnitude of D 12.

The increase in diffusion coefficients of hexane isomers as 
the molecular branching increases is similar to the behavior 
of octane and heptane isomers. However, the difference in D 12 
between the isomers is smaller in the present study. This 
might be due to (a) the fact that here the probe molecule is Ar 
while previously He was used, or to (b) the fact that hexane 
isomers are more compact than octane or heptane isomers, and 
thus the size of e.g., 2,3-dimethylbutane, is very close to that 
of 2,2-dimethylbutane. Space filling models and CH3-  group 
diffusion volumes for these isomers tend to support the latter 
supposition.

Analysis of the data in terms of the Lennard-Jones (6-12) 
potential model in an admittedly oversimplified manner also 
indicates that the diffusion behavior is a function of molecular 
geometry i>f the isomers and not of changes in attractive or 
repulsive forces. In the future, more sophisticated potential 
models, along with better data fitting procedures, should be 
used in order to obtain more meaningful interaction param
eters.

Conclusion
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Ultraviolet spectrophotometric measurements were used to investigate ion association in solutions contain
ing hexaamminecobalt(III) perchlorate, supporting electrolyte, and either partially neutralized poly(acrylic 
acid) or acrylic acid-methyl acrylate copolymer with all the carboxylic acid groups neutralized. Several de
tailed models of the binding site are considered, and all but one rejected. It is concluded that the binding site 
is composed of adjacent carboxylate groups. When the polyion carries only short sequences of charged 
groups, the triply charged counterion is associated with fewer than three such groups. In contrast to Cu2+, 
it is unable to force a redistribution of charged and uncharged groups to create binding sites.

The association of di- and trivalent cations with poly
anions has been widely regarded as chelation of the cation by 
neighboring1̂  or widely separated5’6 anionic groups. However, 
Begala and Strauss7 have presented evidence against the 
chelation of Mg2+ and Ba2+ by polyacrylate (PA). The 
structure of the polyion-counterion adduct is thus uncertain.

Optical studies of the binding of nonlabile complexes can 
help clarify the nature of the binding site. We have previously 
reported8 the results cf a spectrophotometric study of the 
association of the hexaamminecobalt(III) cation (M) with PA 
in the presence of added NaC104 or LiC104. The ratio of bound 
to unbound M varies as the first power of the carboxylate 
concentration, and inversely as the cube of the concentration 
of added salt. From these observations we concluded that M 
is site-bound by three carboxylate groups on a single polymer 
chain. We further concluded tentatively that the carboxylate 
groups composing a binding site are close together. This model 
can be tested by examining the effect of interrupting the se
quence of carboxylate groups.

We now report the results of an extension of this work to 
samples of polyacrylic acid (PAA) in which the numbers of 
binding sites (carboxylate anions) have been limited either 
by partial neutralization or by partial esterification followed 
by complete neutralization of the remaining carboxylic acid 
groups. In the former case the “partitions” between sequences 
of carboxylate groups are free to move; in the latter case they 
are not. A comparison of the amounts of M bound by these 
substances should reveal the local requirements for the 
binding of a trivalent cation and thus provide a test of our 
model.

Experimental Section
The preparation of PAA ((M w) = 710000) and hexa- 

amminecobalt(III) perchlorate, and the spectrophotometric 
technique have been described previously.8 Absorbance 
measurements were made at 235.8 nm and 30.0 °C in 1 -cm 
cells using a Hilger and Watts Uvispek fitted with a circulating 
water thermostat. The concentration of M  was 5 X 10-4 M in 
all cases.

Mandel and Stadhouder9 have partially methylated po- 
lymethacrylic acid (PMAA) using dimethyl sulfate, but in this 
work we prepared the analogous PAA derivative by copo
lymerizing acrylic acid (AA) with methyl acrylate (MA).

Copolymers containing 62.2 and 77.24 mol % acid (calcu
lated on total monomer units) were dissolved in an equivalent 
quantity of aqueous NaOH for the ion-binding study. The pH 
of these stock solutions (Ccoo- = 0.1- 0.2 M) was 7-8, and ti

tration of aliquots with acidified KM n04 showed that a neg
ligible proportion of ester groups hydrolyzed over a period of 
several months.

PAA solutions at different degrees of neutralization a were 
made by addition of aliquots of standard NaOH or LiOH so
lution.

Sequence Length of Carboxylate Groups in the Copoly
mers. These are calculated from standard copolymer theory.10 
The fraction of all monomer units occurring in a sequence of 
n successive acid units is

PnA = Paa'Ml -  PAA) (1 )
where

P a a  =  r a / ( r a +  / e / / a ) (2 )

rg = &aa/&ae the ratio of rate constants for addition of acid 
and ester to a growing chain ending in acid, / e and / a are the 
fractions of ester and acid in the reaction mixture. The values 
of ra and te used are 1.44 and 1.0, respectively.11

The fraction of acid groups occurring in a sequence of n is

Pn = PnA/  £  PnA = P aA ^ 'O  -  PAA) (3)n = l
Another quantity of interest is the mean length of acid se

quences, given by12

rfiA =  1 /(1  -  P a a ) (4 )

Results and Discussion
The spectrophotometric results for the binding equilibrium 

M3+ + nCOO- MS

where M3+ represents a free, and MS a site bound hexaam- 
minecobalt(III) ion, are plotted in terms of the dimensionless 
absorbance increment

A = [MS] cms + [M3+]cms+
+ [COO“ ]cp -  Cm3+cm3+ — CpCp (5)

where the c are molar absorbances, C the stoichiometric molar 
concentrations, and the subscript p indicates polymer.

Figures 1-3 show the absorbance increment A as a function 
of the stoichiometric carboxylate concentration Ccoo - for 
eight series of solutions containing 5 X 10-4 M M(C104)3 and 
varying concentrations of polyelectrolyte and added per
chlorate. Curves for fully neutralized PA (a = 1 ) are included 
for comparison. It can be seen that decreasing the charge
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Figure 1. Absorbance increment A  vs. stoichiometric carboxylate 
concentration (M) in NaFA- NaCI04 solutions, [Na+] =  0.41 M: NaPA 
100% (+), 75% (▲), anc 50% (V) neutralized; 23% (A) and 38% (T) 
methylated.

Figure 2. Absorbance increment A  vs. stoichiometric carboxylate 
concentration in UPA-UCIO4 solutions: [Li+ ] =  0.41 M, LiPA 100% 
(+ )and 50% (▼) neutralized; [Li+] =  0.51 M, LiPA 100% (O) and 50% 
(A) neutralized.

Figure 3. Absorbance increment A  vs. stoichiometric carboxylate 
concentration (M) in NaPA-NaCI04 solutions, [Na+] =  0.26 M: NaPA 
100% neutralized ( • ) ;  23% (V) and 38% (▼) methylated.

density on the polyion reduces the absorbance increment, but 
even at the lowest charge density studied (a = 0.5), A is suf
ficiently large to indicate the occurrence of site binding.

The binding ability of the sodium polysalts is greater than 
that of the lithium at all charge densities, showing that binding 
must still be regarded as a competition between trivalent and 
univalent counterions for binding sites as was previously seen 
for fully neutralized polymer.

The structure of the binding site can be elucidated by 
considering the following possible types of site binding to a 
polyion with short sequences of charged monomer units: (a) 
attachment of M only to three adjacent carboxylate groups;

(b) the redistribution of carboxyl and carboxylate groups with 
the creation of binding sites consisting of three adjacent car
boxylate groups; (c) the bringing of three carboxylate groups 
close to a trivalent cation by changes in the conformation of 
the polyion; or (d) binding to fewer than three carboxylate 
groups when triads are not available. Models (b) and (c) pre
dict for the effective concentration C* of binding sites C* = 
%Ccoo-- Thus A should depend only on C coo- (and CNacio4)- 
However, the spectrophotometric data in Figure 1 show A at 
any Ccoo- to depend on the linear charge density of the 
polyion.

The similarity of the partly esterified and the incompletely 
neutralized polyacrylates is further evidence against model 
(b). The order of binding ability is a = 1 > 23% esterif > a = 
0.75 > 38% esterif > a = 0.50 showing that esterification does 
not block binding more effectively than does incomplete 
neutralization. The available intrinsic viscosity molecular 
weight data suggest that the unperturbed dimensions of PAA 
and poly(methyl acrylate) are not very different.13 Because 
of the high electrolyte concentration used in this work, the 
polyelectrolyte will not be expanded greatly above its un
perturbed dimensions. Thus the free energy gain from forming 
electrically neutral M(COO)3 units is insufficient to alter ei
ther the polyion conformation or the distribution of-COOH 
and -COO" groups. The binding of M to PA is therefore 
qualitatively different from the binding of Cu2+ to carboxylic 
polyacids. The observations of Morawetz3 suggest that binding 
of Cu2+ to PA involves a redistribution of charged and un
charged monomer units as postulated in model (b). A further 
difference between M and Cu2+ is seen in the dependence of 
the extent of binding of M on ionic strength (Figure 2). 
Mandel and Leyte14 have shown the association constant in 
the Cu(II)-PMA system to be independent of ionic strength 
up to 0.1 M. The difference in binding behavior between M 
and Cu2+ may presumably be attributed to the exceptionally 
strong covalent bonding between Cu(II) and polycarboxylic 
acids. Leyte et al.15’16 have demonstrated the existence of 
metal-to-metal bonds in the Cu(II)-PMA adduct at low de
grees of neutralization showing that Cu2+ ions are able to bind 
on adjacent sites. This would almost certainly require a forced 
redistribution of -COOH and -COO-  groups.

For type (a) binding, the hypothetical extent of association 
can be calculated from the absorbance data. In ref 8, we as
sumed the limiting value (0.942) of A at high C coo- to corre
spond to complete binding of M. Model (a) thus predicts for 
the fraction /  of M bound to three -COO-  groups,

/  = A/0.942 (6)

Equation 6 assumes that the M-PA adduct has the same 
molar absorbance at all charge densities as it does at a = 1 . 
The work of Mathews17,1« provides some support for this as
sumption. This work showed sites for the binding of M to 
anionic polysaccharides to consist of three or more charged 
groups, not all of which were able to approach very closely to 
the bound cation. Mathews found the adducts of M with 
chitosan derivatives having both one and two sulfate groups 
per saccharide unit to show the same absorbance increment, 
equal to 0.40 at 235 nm, under his experimental conditions. 
Chondroitin sulfates, which have -OSO3-  and -COO-  units 
on alternate saccharide units, also showed A = 0.40 at 235 nm. 
However, different binding behavior was observed with hep
arin, which has a greater number of anionic substituents per 
monomer unit. Several heparin samples yielded more strongly 
absorbing adducts than did either the chondroitin sulfates or 
the chitosan derivatives, and further sulfation increased still
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TABLE I: Distribution of Carboxylate Groups in Copolymers

Fraction of these occurring
Mole f r a c t i o n ---------------------------------------------------------------------Mean COO-  Concn of binding sites from eq

c o o - Singly (Pi') In pairs (P2 ) In triads (P3') sequence length 7, C*/Ccoo-

0.622 0.378 0.235 0.146 2.64 0.111
0.772 0.228 0.176 0.136 4.38 0.171

further the absorbance of the heparin-[Co(NH3)e] adduct. 
These observations suggest that the association of M with 
three anionic groups results in the same increase in absorbance 
at several charge densities. Only when more than three anionic 
groups are close to a trivalent ion, as in the case of heparin, 
does the absorbance become even greater.

For model (a), the stoichiometric concentration C* of 
binding sites in the copolymer solutions can be calculated from 
eq 4. If we assume that a sequence of three to five adjacent 
charged groups provides one binding site, a sequence of six to 
eight provides two, and so on, then

C* = Ccoo- - P 3' + - P 4' + - P 5' + - P 6' 
3 4 5 6

9 9 Q
+  -P Y  +  ~ P g '  + - P 9' +  . . . 

7 8 9 (7)

This series converges rapidly for the values of P a a  charac
terizing the copolymers used in this work, and the values of 
C* obtained are shown in Table I. It is apparent that most 
acrylate monomer units occur in short sequences, and C*/ 
Ccoo - is small.

The distribution of sequence lengths in the partly neu
tralized polyacids cannot be calculated in this way, but C* 
must be smaller than %Ccoo--

For the case of NaPA (a = 1) in NaClOi solution, plots of 
//(1 — /)  against [COO- ] are linear,8 with slope given by K / 
3[Na+] where K is the equilibrium constant for the association 
of M with a triad of -COO- Na+ units.

Figure 4 shows //(1  -  /)  plotted against the hypothetical 
concentration of binding sites C* — /C m, where Cm is the 
stoichiometric concentration of M. For the partly neutralized 
polyacrylates C* was approximated by %Ccoo-- The picture 
is similar when the neutralizing ion is Li+. Clearly interpreting 
the data according to model (a) leads to the conclusion that 
more binding occurs to the copolymers than to PA (a = 1) at 
a given concentration of carboxylate triads (at least at low 
carboxylate concentrations). Thus model (a) may be rejected, 
leaving only model (d). The curvature of the plots in Figure 
4 is further proof that the absorbance increase is not due to 
the formation of a single adduct, as is the fact that the gradi
ents of the linear portions of these curves at low Cp depend 
on some power smaller than the third of the salt concentration.

Our conclusion that the binding is type (d) can be tested by 
deriving an expression for the absorbance of a system con
taining M associated with one, two, and three carboxylate li
gands, in the presence of extraneous Na+ ions. The model to 
be used is essentially that of ref 8, the only change being a 
generalization to enable n to vary from one to three. Using A 
to represent the -COO-  ligands, and denoting the stepwise 
association constants by k, we have

kx = [MA][Na+]/[A][M] (8a)

feife2 = [MA2][Na+]2/[A][M] (8b)

kxk2k3 = K/3 = [MAa][Na+]3/[A][M] (8c)

io3 (c-rCy)

Figure 4. Test ot model (a): f/( 1 — f: vs. hypothetical concentration of 
binding sites, [Na+] =  0.41 M; NaPA 100% (+), 75% (A) and 50% 
(V) neutralized; 23% (▲) and 38% (▼) methylated.

Figure 5. General model of the binding equilibrium: reciprocal of the 
absorbance increment vs. reciprocal of the concentration of free li
gands: [Na+] =  0.26 M, NaPA 100% neutralized (•) ;  23% (V) and 
38% (▼) methylated; [Na+] =  0.41 M NaPA, ▲ 38% methylated.

It must be recognized that k2 and k3 (or K) incorporate “ ef
fective” carboxylate concentrations3'14 and may therefore 
depend on the charge fraction [A]/Cp, decreasing as [A]/Cp 
decreases. Activity coefficients are also incorporated in the 
association constants. This procedure should be quite satis
factory at constant ionic strength. The activity coefficient of 
M may vary significantly between 0.26 and 0.58 M although 
this is unlikely at the low concentration of M used in this work.

The absorbance increment then becomes

A = [MA3]fMA3 + [MA2]fMA2 + [MA] «ma
+  [M ]«m  +  [A]«a — C mcm — CpfA (9 )

- (
kik2k3
[Na+]3

fMA3 +
k-tki

[Na+]2 fMA2 ' [Na+; 
-  îm(Cm -  [M]) -

k1
f M A )  [A][M]

a ( C p - [ A ] )  (1 0 )
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where the e are molar absorbances. However

c“-'M' = (S+il̂ +iife|)[Al|M| (11)
i.e.

[M] = CM/ ( l  + [A] £  fei. . . k j[ Na+]") (12)

and

CP -  [A] =  ̂

therefore
Cm [A]

2&1&2 fe
[Na+]3 [Na+]2 [Na

i - )  [A][M] (13)

A = £  k1. . . kn
2 _  h .T  4 -T „ f M A „

i  + [ A l £  |Na+l"„ i  IN«‘l"

v  3 1 ^n-  £A 2 n 3 =  1
__________A fel • ■ ■ kn
[Na+]» fM.= i [Na+]"

Cm[A]___________________ A  kx. . .k n

i  +  ( A ] £  !Na* '”
B- i  [Na-]"

MAI
1 +  B[A]

(14)

X ( f MA „  ~ « « A  “  f M )  (15) 

(16)

1/A = 1M[A] + B/A (17)

The model reduces to that of ref 8 if the first and second 
terms of the series in the numerator and denominator of the 
right-hand side of eq 16 are much smaller than the third.

A plot of A-1  against [A]-1  would be linear under these 
conditions, with the gradient at any value of [A] increasing as 
the concentration of 1:1 electrolyte increases. In fact the sec
ond and third association constants are not negligible. They 
should diminish as the fraction of carboxylate groups on the 
polymer which are charged decreases, since the effective 
concentration of ligands about a -COC)-M3+ group will be 
smaller. (This would not be so if charges were able to move 
freely along the polyion.) Thus the gradient of the A-1  vs. 
[A]-1  plots would be expected to increase with decreasing 
charge density. [A]-1  is not known, but Figure 5 shows A-1  
plotted against (Ccoc- — 3/C m- 1)- This quantity approaches 
[A]-1  at high polymer concentrations and is a better approx

imation to [A] 1 than is Ccoo- x. The curvature of these plots 
shows that the effective ligand concentration is dependent on
[A]/Cp.

The gradient A -1  of each curve decreases as [A] 1 decreases, 
that is, as the polyion becomes less densely covered with tri- 
valent ions. Also, the gradients of the various curves are least 
for the most highly charged polyions, showing that the second 
and third association constants indeed diminish as [A]/Cp 
diminishes. Finally, it is seen that increasing the concentration 
of added salt increases the steepness of the curves, as expected.

However Figure 5 and Figures 1-3 show that at low charge 
densities A remains small even when the polyion is greatly in 
excess. Thus binding to fewer than three carboxylate groups 
persists even when sufficient triads are available to accom
modate all the trivalent cations present so that binding de
pends on the overall charge density of the polyion.

Acknowledgments. We are indebted to Mr. J. Charlesworth, 
who collaborated in the development of the copolymerization 
procedure and prepared some of the samples.'One of us (R.E.) 
gratefully acknowledges financial support from the Com
monwealth Department of Education and Science. This work 
has been supported by the Australian Research Grants 
Committee.

References and Notes
(1) F. T. Wall and S. J. Gill, J. Phys. Chan., 58, 1128 (1954).
(2) H. P. Gregor, L. B. Luttinger, and E. M. Loebl, J. Phys. Chem., 59, 990 (1955).
(3) H. Morawetz, J. Polym. Sci., 23, 247.(1957). .
(4) J. J. O’Neill, É. M. Loebl, A. Y. Kandanian, and H. Morawetz, J. Polym. Sci. 

A, 3, 4201 (1965).
(5) S. A. Rice and M. Nagasawa, "Polyelectrolyte Solutions” , Academic Press, 

New York, N.Y., 1961, p 443.
(6 ) V. Crescenzi, F. Quadrifogllo, and B. Pispisa, J. Chem. Soc. A, 2175 (1968).
(7) A. J. Begala and U. P. Strauss, J. Phys. Chem., 76, 254 (1972).
(8 ) R. J. Eldridge and F. E. Treloar, J. Phys, Chem., 74, 1446 (1970).
(9) M. Mandel and M. G. Stadhouder, Makromol. Chem., 80, 141 (1964).

(10) G. E. Ham, “ Copolym erization” , High Polymers Series, Vol. XVIII, Inter
science, New York, N.Y., 1964, Chapter 1.

(11) R. J. Eldridge and F. E. Treloar, J. Polym. Sci., Polym. Chem. Ed., in press.
(12) G. Goldtinger and T. Kane, J. Polym. Sci., 3, 462 (1948).
(13) J. Brandrup and E. H. Immergut, Ed., "Polym er Handbook ”, Interscience, 

New York, N.Y., 1966, pp IV 21-22.
(14) M. Mandel and J. C. Leyte, J. Polym. Sci., 56, S23 (1962); J. Polym. Sci. 

A, 2, 2883, 3771 (1964).
(15) J. C. Leyte, Kolloid-Z„ 212, 168 (1966).
(16) J. C. Leyte, L. H. Zuiderweg, and M. van Reisen, J. Phys. Chem., 72, 1127 

(1968).
(17) M. B. Mathews, Biochim. Biophys. Acta, 37, 288 (1960).
(18) M. B. Mathews, Arch. Biochem. Biophys., 104, 394 (1964). (In re f 8  we 

pointed out that eq 6  of ref 17 is incorrect. The correct form  of this equation 
was given by Mathews in re f 18.)

COMMUNICATIONS TO THE EDITOR

Vibrational Assignment and Force Constants of the 

Tetrasulfide Ion, S42 -

Sir: Recently Daly and Brown1 investigated the Raman 
spectra of solid Na2S4 and its aqueous solution. They observed 
six frequencies and assigned these to the six fundamentals of

S42-  assuming the molecular symmetry C2. They also made 
a normal-coordinate treatment using a valence force field with 
six force constants (2fT, f„', fa, fTa, and fT) and assuming rea
sonable values for the geometrical parameters. However, these 
parameters do not agree with the values found by x-ray crystal 
structure analysis of Na2S4,2 and some of the force constants
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have unlikely values. Fcr example, the two stretching force 
constants, / r = 1.6 and 1.9 mdyn/A for the central and terminal 
bonds, respectively, are too different from each other and too 
low compared with the values 2.3-2.4 mdyn/A obtained for
S6,3 §8,4 and S125 which contain bonds of very similar dis
tances, d. From the linear relationship

log fT = 2.66 -  7.26 log d

which has been derived from 14 experimental values,6 one 
expects / r = 2.32 mdyn/A for Si2-. Furthermore, the inter

action constant for the two terminal bonds, fTr' = -0.31 
mdyn/A, calculated by Daly and Brown,1 contrasts with the 
very small values (—0.005 to +0.049) found for S6,3 Ss,4 SgO,7 
and Si2-5 The interaction between neighboring bonds which 
is very strong in sulfur rings and chains ( /rr = 0.3-0.6 mdyn/ 
A3-7) was neglected by Daly and Brown. To find the reasons 
for these discrepancies we made a new normal-coordinate 
treatment.

The calculations were made using a modified Urey-Bradley 
force field (MUBFF) of the same type as has been applied 
successfully to S6,3 Ss,4 and S12:5

2V = SK(Ar)2 + 22/0+Ar + 2H(rAa)2

+ 22H'r2Aa + 2F(Aq)2 + 22F'qAq + Y(rAr)2
+ 2Y'r2Ar + 22PArAr' + C(Aq')2 + 2C'q'Aq'

with the force constants K  (bond stretching), H (valence angle 
bending), F (next nearest neighbor repulsion), Y (torsion), P 
(bond-bond interaction), and C (repulsion between atoms 
separated by two other atoms). The force constants K', H', and 
Y' are eliminated in the removal of the redundant coordinates, 
q and q', and F' and C  were constrained by the conventional 
assumptions F' = —0.1 F and C' = —0.1C. The geometrical 
parameters r, a,r,q, and q' are given in Table I, the symmetry 
coordinates are listed in Table II.

For the first calculations9 we used the force constants of Ss 
since S42”  and Ss have very similar r, a, and r values (see Table 
I). These force constants are K  = 1.849, H = 0.038, F = 0.329, 
Y = 0.025, P = 0.301, and C = 0.077 mdyn/A.4 The S42~ 
frequencies obtained with these force constants are shown in 
column 4 of Table II. In column 5 the six frequencies of the S4 
unit of H2S4 are listed which has been studied by ir and 
Raman spectroscopy.13 The comparison between the two sets 
of frequencies shows good agreement supporting the calcu
lated values.

The Raman lines observed by Daly and Brown1 for solid 
Na2S4 and its solution in water are listed in Table III together 
with the lines observed by Ward11 for a solution of Ss in 
aqueous Na2S which had the approximate composition Na2S6 
but which he believed to contain mainly S42~.

From Table III one can see that the spectra of solid and 
aqueous Na2S4 are considerably different. There are not only 
frequency differences of up to 33 cm-1  but also substantial 
changes of some intensities. Since it is well known12’13 that in 
aqueous polysulfide solutions equilibria of type

SnS2~ + SmS2~ + H20  =  S,1+mS2-  + HS- + OH-

exist we feel that proof has still to be given that the solution 
spectra obtained by Ward11 and Daly and Brown1 are in all 
details (frequencies, intensities, polarization behavior) those 
of S42-. Especially the line at about 420 cm-1 whose intensity 
increases very much on dissolution of Na2S4 in water and 
which becomes as intense as the 448-cm-1 line in dilute so
lution1 must belong to some other species S„2_ (n > 4, prob
ably 5) which is formed when the pH of the alkaline solution

TABLE I: Geometrical Parameters of the S42 Ion in Solid
Na2S42 and o fS 88a

S42~ s 8

Central bond, r2, A 2.061 2.060Terminal bonds, n> r3, A 2.074
Valence angle, a, deg 109.76 108.0
Dihedral angle, r, deg 97.81 98.8
Nonbonded distance, q, A 3.38 3.33
Nonbonded distance, q', A 4.54 4.5

0 The molecular symmetries are C2 and Did, respectively, and 
q and q' are the distances between atoms separated by one and 
two atoms, respectively.

TABLE II: Symmetry Coordinates and Frequencies of
S42- °

Frequencies, cm 1

Symmetry
species

Symmetry
coordinate

Nâ2&4
calcd

h 2s4
(in CS2)

Na2S4
obsd

A n A r2 462 484 481
»2 (1A/2) (An +  

Ar3)
429 450 448

n (l/v /2) (Aai +  
A«2)

179 184 209

t'4 A t 96 77 123
B *’5 (l/v/2) (An -  

An)
458 487 481

i'6 (H V 2) (Aai -  
Aa2)

194 225 278

0 The calculated values were obtained using the Ss force con
stants,4 the observed frequencies are from solid Na2S44 For 
comparison the corresponding H2S4 frequencies10 are given.

TABLE III: Raman Lines and Intensities Observed for 
Solid Na2S4 and Polysulfide Solutions1-11 (Frequencies in 
cm-1)
Na2S4, solid: 481s, 448vs, 424w, 278m, 209m, 123w 
Na2S4 in H20: 497m, 448vs, 414s, 245m, 191vw, 115vw 
“Na2Se” in H20: 493m, 454s, 419m, 251m 193w

decreases13 because of dilution.14 Unfortunately, no vibra
tional spectra of higher polysulfide anions have been reported 
so far but from the spectra of sulfur rings the stretching vi
brations can be expected in the region 400-490 cm- 1 .15 Using 
the same force field as for S42- and taking the force constants 
from S8 we calculated the frequencies of all fundamental 
modes of Ss2-, S62-, S72"", and Ss2- for many different con
formations assuming the following geometrical parameters: 
d = 2.06 A, a = 108°, and r = 68 or 98°.16 The stretching 
frequencies turned out to be almost independent of the con
formation and were found in the region 417-477 cm-1. The 
number of observable frequencies is expected to be lower than 
the number of bonds because of an increasing number of in
cidental degeneracies. In all cases, however, one mode near 
420 cm-1  is to be expected supporting our assignment of the 
corresponding Raman line in the spectra of Na2S4 to S„2- (n 
> 4). Obviously, small amounts of Sn2~ (n > 4) were also 
present in solid Na2S4 prepared by Daly and Brown causing 
the weak Raman line at 424 cm-1. The remaining solid state 
frequencies can be assigned to the S42- ion as shown in the last
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column of Table II assuming an incidental degeneracy of v\ 
and r»5 as has been observed for H2S4 also.10 This assignment 
is further supported by the observation that v\ and v5 are less 
intense than vi in the Raman spectrum of S2CI2, too, which 
belongs to the same point group.18

Since there are not enough frequencies to determine six 
force constants and since we have some doubts whether the 
278-cm-1 Raman line is a fundamental of S42~ we adjusted 
the stretching frequencies only by varying only the force 
constants K and P. The large gap of 170 cm-1  between 
stretching and bending modes justifies this approximation. 
After the force constant corrections became zero a maximum 
difference of 2 cm-1  between calculated19 and observed 
stretching frequencies was obtained with K = 2.036 and P = 
0.340 mdyn/A. From the F matrix, whose elements are simple 
linear combinations of the valence force constants, fr = 2.32 
and 2.37 for the central and terminal bonds, respectively, were 
calculated. The interaction constant / rr amounted to 0.61 
mdyn/A. All three values are in excellent agreement with the 
force constants calculated for sulfur rings.15

To prove our results we also tried to adjust the calculated 
and observed frequencies using the assignment given by Daly 
and Brown1,20 (a = 448, 414,191,115; b = 497, 245 cm“ 1) but 
after the force constant corrections became zero large differ
ences of up to 31 cm-1 remained for all stretching frequencies. 
The same happened with the assignment a = 497, 448, 191, 
115; b = 414, 245 cm-1.

The results of Ward,11 Daly and Brown,1 and of this work 
show that further investigations of the Raman and infrared 
spectra of tetrasulfides are necessary to establish all funda
mental modes and force constants of the S42- ion. Until this 
work has been done attempts to detect S42~ or other poly
sulfides in the complex solutions of Ss in aqueous IS^S1-11 or 
in amines1 by means of Raman spectroscopy should be done 
with caution.
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Comment on “ Vibrational Assignment and Force 

Constants of the Tetrasulfide Ion, S42~ ” by R. Steudel
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Sir: In the above communication Steudel suggests that the 
band at 424 cm-1, which we observe in the Raman spectrum 
of solid Na2S4, is due to an impurity. The solid was prepared 
by the method reported by Eibeck,2 who clearly showed by 
x-ray diffraction that pure S42- was obtained by the proce
dure. We are aware that in aqueous and amine solutions a 
band due to another sulfur species appears at 400 cm-1, and 
recently we have shown that this band is due to Sg" - .3 How
ever, the depolarization ratio for the band at 400 cm-1  in the 
spectrum of S8n~ is 0.37, whereas it is 0.619 for the band at 419 
cm-1  in the spectrum of an aqueous solution of S42-.4 This 
suggests that the two bands are due to two different species, 
and supports assignment of the band at 420 cm-1  to S42-.
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