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Radiolytic Chain Decomposition of Peroxomonophosphoric and Peroxomonosulfuric 
Acids1

P. Maruthamuthu and P. Neta*
Radiation Laboratory, University o f Notre Dame, Notre Dame, Indiana 46556 (Received January 5, 1977)
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Radiolytic studies of peroxomonophosphoric acid, H3P05, and peroxomonosulfuric acid, H2S05, have been carried 
out over a wide pH range. Unlike the corresponding peroxodiacids, H,vP.,Og and H2S20 8, the peroxomono acids 
undergo radiolytic chain decomposition, with G values increasing from about 6 to 60 in going from pH 1 to 
12.6. Sharp rises in G values appear at pH values near the pKa of the hydroperoxy proton (highest pKa). The 
mechanism suggested for these chain reactions involves successive oxidation and reduction of the parent 
compounds by radicals produced in the preceding step. Pulse radiolysis experiments showed that the reaction 
of eaq with peroxomonophosphate (k  = 4,4 X  108 M 1 s 1 at pH 7) produces OH radicals twice as frequently 
as H P04 radicals. Previous results with peroxomonosulfate showed a factor of 4 for similar reactions. The 
rate constant for reaction of OH radicals with peroxomonophosphate at pH 7 was found to be 4.3 X 107 M '1 
s '1, and with peroxomonosulfate 1.7 X  107 M 1 s '1 at pH 7 and 2.1 X  109 M '1 s '1 at pH 11. The reactions of 
OH are suggested to be the chain initiation step and possibly responsible for the main chain propagation as 
well.

Introduction
Peroxomonophosphoric acid, H3P 0 5 (PMP), and per

oxomonosulfuric acid, H2S 0 5 (PMS), can be considered 
as substituted hydrogen peroxide in which one of the 
hydrogens is replaced by an oxyanion group of phosphorus 
or sulfur. They are more powerful oxidizing agents than 
the corresponding peroxodi acids (H4P20 B or H^S^Oa) but 
they may act sometimes as reducing agents similar to H20 2. 
Hart2 has used mixtures of H2S20 8, H2S 0 5, and H20 2 in 
the radiolytic decomposition of formic acid and has 
concluded that peroxomonosulfuric acid was more reactive 
in this chain decomposition than peroxodisulfuric acid. 
Pulse radiolytic studies3 showed that the reaction of eaq 
with PM S may take two different courses:

S 042 + OH (lb )

to produce OH radicals four times more frequently than 
S04'  radicals. Moreover, PMS was found to react with OH

relatively rapidly while peroxodisulfate does not react with 
OH.3

Thermal reactions of these compounds showed4,5 a 
marked dependence upon pH and it was inferred that the 
rate of spontaneous decomposition was maximum when 
the pH was equal to the pKa of the respective acid. As part 
of a program of studies o f various secondary oxidants it 
was felt desirable to carry out radiolytic studies of these 
peracids to extend the information from the thermal 
studies. Unlike S20 82~ and P20 84 or their pTotonated 
forms, PMS and PMP were found to undergo radiolytic 
chain decomposition. This chain reaction is a result of 
their ability to be both reduced and oxidized. The 
mechanism of the chain reaction is discussed in this report.

Experim ental Section
Reagents. (1) Peroxomonophosphoric Acid. The 

preparation consists of essentially two stages: (a) con
version of K4P 20 8 into Li4P20 8-4H20  and (b) acid hy
drolysis of Li4P20 84H 20. (a) K4P20 8, donated by the FMC 
Corporation, was purified to greater than 99.5% by

937
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converting into Li4P ,0 8-4H20  and recrystallizing from 
methanol-water mixture, as described previously.6,7 Extra 
care was taken to remove even a trace amount o f methanol 
used for recrystallization. The purity of the salt, Li4P 2- 
Og-4H20 , was determined by iodometric analysis as well 
as by reaction with Fe2+. In the latter case the solution 
was treated with a known excess concentration of Fe2+ in 
1 N H2S 0 4 and the unused Fe2+ was titrated with Ce4+ 
using ferroin indicator, (b) The method of Edwards and 
co-workers8 to prepare H 3P 0 5 by acid hydrolysis of 
LpP20 s-4H20  was slightly modified so that H20 2-free 
peroxomonophosphoric acid was obtained. A solution 
containing 0.03 M Li4P20 8.4H20  and 0.6 M HC104 was 
slowly h,eated to a final temperature of 50 °C with oc
casional’' stirring such that the increment in temperature 
is 5 °C per 20 min. The solution was then cooled in'an 
ice bath arid neutralized with NaOH to pH 4-5. It was 
then kept.in a refrigerator and used within'# few days. 
Analysis o f this solution by reaction with Fd2+ (in 1 N 
H2S 0 4) and estimation of Fe3+ formed spectrophoto- 
metrically at 304 nm using an e o f 2174 M 1 cm"1, as well 
as iodometric titration in acetate buffer, showed that the 
hydrolysis was complete >99% . Tests carried out with 
KMnOy’ showed, that the solution contained no free H20 2 
(<10"® M), and the concentration of H3P 0 5 was found to 
be constant for more than a month.

(2) Peroxomonosulfate. Peroxomonosulfate, in the form 
of a triple salt (2KHS05-KHS0 4-K2S0 4) was donated by 
DuPont Chemical Co. Analysis of this sample as in the 
case of PMP showed that it was 96% pure. Test with 
K M n04 showed the absence of free H20 2 (<10 6 M). 
Attempts to further purify this compound proved futile 
and so this sample was used as such. From the method 
of preparation of this compound, it is assumed that KH S04 
or K 2S 0 4 or both might account for the 4% difference 
between the formula and the analysis results.

Other chemicals such as HCI04, NaOH, NaH2P 0 4, 
Na2H P 0 4, and Na2B4O7-10H2O were Baker Analyzed 
Reagents.

Solution Preparation. Quadruply distilled water was 
used for the preparation of all solutions for y irradiation. 
For the pulse radiolysis experiments reagent grade water 
from a Millipore Milli-Q system (passed through five 
cartridges: filter, reverse osmosis, charcoal, and two ion 
exchange) was found to be satisfactory, i.e., t1/2 for the 
decay of eaq" in 0.01 M methanol solution at pH 11 was 
~40  fxs. PMP or PMS at concentration of 3.5-10 mM 
were used for the experiments. The pH in the region of
1-4 was adjusted with dilute HC104. Sodium phosphates 
and tetraborate were used as buffers to maintain the pH 
5-10. In the case of PMS it was always necessary to use 
4 to 6 mM of buffers since the product of the decompo
sition (HS04 ) is a stronger acid than the reactant (HS05). 
NaOH was used to maintained pH >10.

Irradiation. Solutions were bubbled with nitrogen to 
remove oxygen or were saturated with N20. y irradiations 
were carried out at room temperature using 60Co y source 
with dose rate of 4.8 X 1017 eV g"1 min"1. After irradiation, 
the samples were analyzed for the concentration of PMP 
or PMS decomposed. Since both these acids react im
mediately with Fe2+ (in 1 N H2S 0 4), Fe3+ formed was 
measured spectrophotometrically at 304 nm using the 
molar extinction coefficient of 2174 M"1 cm“1. The values 
of G (-PM P) or G(-PM S) were calculated from the slope 
o f  the plot o f OD vs. irradiation time. This plot was in 
most cases linear up to ~40%  decomposition.

Hydrogen peroxide produced by the radiolysis also 
reacts with Fe2+. In order to estimate the contribution of

H20 2 analyses were also carried with iodide at pH 4.5 using 
acetate buffer. Under these conditions PMP and PM S 
oxidize I" rapidly but H20 2 does not. The difference 
between the results of the two analytical methods was 
found to be very small. An attempt to determine H20 2 
by K M n04 also showed that the yield of H20 2 is very small. 
It appears that most o f the hydrogen peroxide produced 
in the spurs is destroyed, possibly by reaction with S 0 4" 
or H2P 0 4. In any case, the maximum yield of hydrogen 
peroxide amounts to only ~ 10%  of the lowest yield 
measured in the present experiments and its contribution 
is neglected in the discussion of our results.

Solutions for determination of G (02) were evacuated on 
a vacuum line and after irradiation were opened on the line 
and the 0 2 quantities were measured by volume-pressure 
measurement after being transferred by a Toepler pump. 
The gas contents were verified *by mass-spectrometric 
analysis and corrected wherever necessary.

The spectrophotometric pulse radiolysis experiments 
were performed using an ARCO LP-7 linear accelerator 
with the optical detection apparatus interfaced with the 
computerized system described previously.1011 Electron 
pulses were of 5 or 10 ns duration and produced 1-10 #M 
of radicals as determined by thiocyanate dosimetry.

Thermal Reactions. Both these acids, under the present 
experimental conditions, do not undergo thermal de
composition up to pH 8. The thermal decomposition 
amounted to ~10%  in the pH range 9—12 and blank 
experiments were always carried out and corrections 
applied. It was not possible to carry out experiments at 
higher pH since PMS at pH >12 and PMP at pH >12.6 
exhibited a high degree of spontaneous decomposition 
under our experimental condition.

Peroxomonophosphoric acid does not undergo hydrolysis 
to produce H20 2 down to pH 0.5 Tests carried out with 
each sample of PMP and PMS before irradiation showed 
the absence of H20 2.

Results and D iscussion
The G value for decomposition of peroxomonosulfuric 

acid'G(-PMS) ranged from 10 at pH 1 to 60 at pH 12, and 
G(-PM P) ranged from 6 at pH 1 to 60 at pH 12.6. It is 
clear that both of these compounds undergo radiolytic 
chain decomposition. The initiation steps are the reactions 
of eaq (la  and lb ) and of OH

HSOy + OH -  SOy + H ,0 (2)

In this reaction the OH radical abstracts hydrogen from 
the -OOH group, similar to the reaction of OH with H20 212 
and a peroxy radical OOS03 is produced. At higher pH 
values, where this group dissociates, the reaction may be 
an electron transfer:

SOs2 + O H -S O y  + OH“ (3)

When OH dissociates into 6 " (pK = 11.9) a reaction similar 
to (3) is expected to take place to produce S 0 6", possibly 
at a slightly lower rate owing to electrostatic repulsion 
between the reactants. Hydrogen atoms may either reduce 
the peroxomono acid in a reaction similar to 1 or abstract 
H as in reaction 2. The S 05" radical may be stable as such 
or may hydrolyze to give 0 2~ as is the case with some 
organic peroxy radicals:13

SOy + HjO -  s o y -  + Oy + 2H2 (4)

In any case, S 0 5" or its product 0 2 may act as a re- 
ductant toward the parent molecule and propagate the 
chain, e.g.

The Journal o f Physical Chemistry, Vol. 81, No. 10, 1977
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1 804 - + 8°4 '- + O2 + H3 0+

H80,- + 80s- + H
2
0

, \ .
OH + 28° 4

2
- + O 2 + 2H+

(5a)

(5b) 701- -

ooL.--~t2~L..-..J4---l-'tr...l6---1.---I.8---1.-r-l.tl O---L---L12- t,.L-...J14

pK1(PMP) pK2(PMP) pK2(PMS) pK3(PMP)

pH

Figure 1. Effect of pH on the radiolytic decomposition of peroxo
monophosphoric and peroxomonosulfuric acids. Sol Jtions contained
3.5 mM PMP (e, N20 saturated; 0, deoxygenated) 'x PMS (.... , N20
saturated).

The rate constants for OH radical reactions were
measured by competition with p-nitrobenzoic acid as
described previously.17 The value for HP05~' at pH 7 was
found to be 4.3 X 107 M'I SI and for HS05' at pH 7, 1.7
X 107 M'I S'I. However, at pH 11 the rate constant for OH
+ sol was much higher, 2.1 X 109 M 1S'I. The value of
2.9 X 108 reported previously3 for OH + HS05- appears
to contain contributions from both OH + S052- and OH
+ HS05'reactions as it was measured by competition with
carbonate ion. The rates for HS0!:i' and HP05

2' are
comparable with the value of 4.5 X 10' M-l S-1 for H20 2,12
which suggests a similar mechanism, i.e., in all cases the
OH radical abstracts hydrogen from the -DOH group. The
much higher value found for S052, indicates a change in
mechanism from reaction 2 to reaction 3, wi,,;h the electron
transfer being much faster than the H abstraction. The
large difference observed in the rate constant for OH +
PMS between pH 7 and 11 may be part of the cause for
the change in G(-PMS) with pH (see Figure 1).

The reactio~ of OH with PMS was previously3 suggested
to produce SOG" This radical was observed in pulse ra
diolysis experiments by its weak UV absorption.3 It was
also observed by ESR in irradiated potassium peroxodi
sulfate in the solid state. 18.19 In the present work the
radical POG

2' produced by the reaction of OH with PMP
was monitored by pulse radiolysis and found to have a
weak absorption in the UV (E26IJ 500, E300 250, E350 150, and
E4QO 100 M'I cm'l) somewhat. similar t~ t,t.at assigned to
SOli. The absorptions of S05' and P05

2
, are not suffi

ciently intense to allow meaningful monitoring of the
kinetics of formation or decay of these radicals. However,
the absorptions appear to b~ broad~r than tp.at of O2- 20
so that rapid hydrolysis of S05 or P05

2, inco O2' (reaction
4) can be ruled out. Slow hydrolysis may take place and
playa part in the mechanism of the chain reaction. It
should be noted that a reaction similar to 4 takes place

-

-

601-

...
o

t:) 401-

Vl 501
:=!:
a..

(6)

In order to verify th¢ mechanism, steady-state and'pplse
radiolysis experiments were carried out under variOus
conditions. Rate conitants for the initiation steps were
measured by pulse radiolysis. The rate constant for re
action of eaq' with PMP was measured by following the rate
of decay of the eaq' absorption in the presence of varying
concentrations of PMP. A plot of the pseudo-first-order
d~cay rates vs. the PMP concentration gave a good straight
line from which k = 4.4 X 108 M-I S-I was calculated for
the reaction of eaq' with HP05

2- at pH 7. The rate constant
for H2PO,- could not be measured because it exists only
in acidic solution5 where eaq - will rapidly react with H+.
It is expected, however, to be somewhat higher than the
value observed at pH 7. The rate for the fully dissociated
form P05

3' is expected to be lower because of the multiple
negative charge, but could not be experimentally J;I1easured
owing to the instability of PMP at high pH. The rate
constant for eaq' reaction with HS05' was reported:l to be
8.4 X 109 M'I S-I. All of these eaq' rate constants are
sufficiently fast to suggest that reactions 1a and 1b for both
PMS and PMP would be quantitative under the 'Y ra
diolysis experimental conditions.

The distribution between reactions 1a and 1b was
reported3for PMS to be 1:4. Consequently 80% of the eaq

are converted into OH by reaction 1b and the OH then
reacts with PMS. The ratio between reactions 1a and 1b
for PMP was determined in the present study by com
paring the absorption spectra observed in pulse radiolysis
experiments with PMP and PDP (peroxodiphosphate).
The re.action of eaq' with PDP gives a quantitative yield
of HP04' (at pH 7), the spectrum of which was determined
by several investigators. 14 16 We have repeated these
experiments and observed an identical spectrum. The
reaction of eaq with PMP at pH 7 yielded a transient with
a similar spectrum but only one third of the absorbance.
It is concluded, therefore, that the distribution between
reactions 1a and 1b is 1:2. Again, PMP converts eaq' into
OH with a high efficiency, though not as high as PMS. It
appears that OH is the main initiator of the chain reac
tions.

Experiments with N20 saturated solutions gave very
similar G values as with deoxygenated solutions, except
for the case of PMP in alkaline pH where somewhat higher
values were observed. This finding suggests that the OH
radical is an important initiator of the chain. The lack of
large differences between the yields with N2 and N20
saturated solutions is a result of the conversion of most
eaq' into OH by reaction lb. In fact, when reaction 1b is
four times more efficient than la, as is the case with PMS,·3
no measurable effect of N20 was found. With PMP, when
the parallel reaction Ibis only twice more efficient than
la, higher yields were observed under N20. These results
indicate that the reaction of OR with the solutes is nec
essary for the chain reaction. No chain reaction is observed
with the peroxodi acids, which do not react with OH.

or similar reactions with O2' to produce the same radical
species and oxygen. The propagation cycle is completed
when OH or S04' produced by reaction 5, similarly with
those produced by reaction L react with the parent
compound to produce S05' as exemplified in reactions 2
and 6.
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with the parent compounds, i.e., they hydrolyze'to H20 2, 
but only in strongly acidic solutions.5

The propagation o f the chain reaction may or may not 
involve 0 2~ radicals. In order to check whether 0 2 is 
capable o f propagating this chain reaction a few experi
ments were carried out in oxygen saturated solutions under 
such conditions that all eaq react with 0 2 to produce 0 2~. 
The G values were found to be only slightly (~ 15% ) lower 
than those in the absence of oxygen. This fact indicates 
that if 0 2 is produced by reaction 4 the chain decom
position may propagate efficiently, although it does not 
exclude the direct reaction of S 0 5 as shown in reactions
5.

Oxygen should be produced in reactions 5 or their 
analogues involving 0 2 instead of S 0 5 , with a yield 
approximately half that of the decomposition of the parent 
compounds. A few experiments with PMS at pH 3 and 
with.PMP at pH 7 showed that 0 2 is indeed produced in 
the expected yields.

The effect of pH on the decomposition rate is shown in 
Figure 1. Increases in the G values appear at several pH 
regions which appear to be related to the pA a Values of 
PM P and PMS (shown on the abscissa). The steepest 
increase appears at thé pH region where the last portion 
dissociâtes ;(from the OOH'group). One o f the propa
gation steps must, therefore*, become accelerated upon 
dissociation of thepafent compound. It is unlikely that 
the^ceelerated .propagation is related to the conversion 
of S 0 4~ or P 0 42" to OH radicals by reaction with OH

S04-+  Ô H - - S O / - +  OH ■ (7)

since this process will not explain the changes observed 
in acid solutions. Moreover, the rate constant for reaction 
7 was reported to be 8.3 X 107 M”1 s' 121 while the corre
sponding value for P 0 42- was measured in the present work 
and found to be 6.2 X 105 M 1 s ' . It should be also noted 
that most oxidizing radicals produced by the reduction of 
PM S of PMP in reactions 1 or 5 may be OH radicals so 
that further conversion as in reaction 7 is unimportant. 
The large increase in the rate constant of OH radical 
reaction with PMS upon dissociation, owing to a change 
in mechanism from reactions 2 to 3, is probably the main 
reason for the pH effect on the G values. The reactions 
o f OH are the main initiation step and may be also one 
o f the main propagation steps. The alternate propagation 
by S 0 4 or P 0 42“, as in reaction 6, may also have pH 
dependent rate constants. An attempt was made to 
measure the rate constant for reaction 6. The S 0 4~ or 
HPÔ4- were produced by reaction of S20 82“ or H P20 83“ 
with hydrated electrons and the rate of decay of their 
absorptions at 450 and 520 nm, respectively, was followed 
in the presence of increasing concentrations of peroxomono 
acids. In both cases it was found that the rate constant 
for reaction 6 was <105 M 1 s 1 so that the pH dependence 
could not be examined. However, as mentioned above, 
reaction 2 is probably far more important in these systems 
than reaction 6.

940 P. Marutham uthu and P. N e ta

All the propagation steps involve the reaction of a radical 
with the parent compound, either to reduce or oxidize it. 
It is not surprising, therefore, that an increase in con
centration from 3.5 X 10“3 to 6  X 10 3 M  at pH 6  caused 
an increase in G(-PMS) from 31 to 45 and G(-PMP) from 
15 to 22.

Summary and Conclusions
The rate constant for the reaction of eaq~ with H S05~ is

8.4 X 109 M 1 s“13 and with H P 0 52_ is 4.4 X 108 M“1 s“1. 
The rates for reaction with S 0 52- and P 0 53- are probably 
lower than those for the corresponding protonated forms. 
The reaction of eaq with PMS yields OH four times more 
frequently than it yields S 0 4“.3 In the case o f PMP the 
ratio is only 2:1. The OH radical reacts with H S05 with 
a rate constant o f 1.7 X 107 M“1 s 1 and with H P 052~, 4.3 
X 107 M“1 s \ to abstract hydrogen from the -OOH group 
and produce S 05 or P 0 52 , respectively. When the parent 
compound is fully ^dissociated the reaction with OH is 
much faster, k = 2.1 X 109 M"1 s 1 for SOr,2 , and proceeds 
by electron transfer. The S 0 5" and P 0 52“ radicals appear 
to be able to reduce their parent compounds, or to produce 
a radical ( 0 2 ) which reduces their parent compound, 
forming again an oxidizing species and thus propagating 
a chain reaction. The G values for decomposition of PMS 
or PMP in irradiated aqueous solutions were found to be 
very high, especially at high pH, indicating an efficient 
chain reaction. The OH radical is the main initiator and 
propagator of the chain. The suggested mechanism in
volves oxidation of PMS or PMP, mainly by OH, to 
produce S 0 5 or P 0 52 , which then reduce their parent 
compounds to produce maihly'.OH.
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The interactions of positrons with inorganic compounds in aqueous solutions are discussed in terms of the
"modified Ore gap" model and the "spur reaction" model.

Introduction
In contrast to the negatively charged electron whose

importance in the various aspects ,)f radiation chemistry
has been early and widely acknowledged, the role of the
positron, its reactions,I-8 and the ccntribution it can make
to radiation chemistry have only very re,cently been rec-
ognized, .

Thus in the following a few aspects of the interactions
of the positron and its possible interrelationship with
electron interactions and in turn W:th radiation chemistry
shall be demonstrated by a reexamination of some of our
previously reported experimental results5-8 on the posi
tronium (Ps) formation prorp.ss in terms of thespur're-
action model.9-14 •

Experimental Section
A description of .the expfrimental prq~edures, the as

sessment of the rate constants, as well as the actual.ex
perimental results can be {pui-Jd in the previous papers,58

Results and Discussio.n
Positrons are most comm'only emitted as a result of the

radioactive decay of a neutron deficient nucli~e. They lose
their high kinetic energy.in collisions with the surrounding
matter until they reach thermal or near thermal energies
at which point the cross section for mass annihilation with
an electron assumes a maximum value. .

A certain fraction"ofthese positrons, however, may enter
the bound state of the P9sitronium (Ps) which could be
formed in two ground states either in the triplet or ortho
state, with parallel spin orientation and an intrinsic average
annihilation lifetime of 1.4 X 10-7 s, or in the singlet or para
state with antiparallel spin oriflltation, which has an
intrinsic average lifetime of 1.25 X 1O-~0 s.

Two basic models, the Ore gap model and the spur
reaction mode,9-13 have been inv.)ked to describe the Ps
formation process. More recently a modified spur reaction
model has been suggested. 14

In the previolJs papers5-8 WE have interpreted our ex
perimental results in terms of the (modified) Ore gap
model of Ps fo:-mation. 3

·
8 It postulates that positrons

generated in the radioactive decay of certain nuclides are
slowing down from higher energies and pass through an
energy gap in which they can abst:-act an electron and form
Ps (e+e-).

It was assumed that the energetic ooPs, which is formed
in the Ore gap with kinetic energies varying between 6.8
eV and thermal energies, has, as any other "hot" atom, two
alternatives, namely, it may undergo chemical reactions
while still hot, followed by a rapid annihilation of the
positron in the resulting reaction produc:s, or lose its excess
kinetic energy in moderating collisions, becoming a
thermalized Ps atom and reacting as such.

The thermalization time of Ps is sufficiently long so that
the presence and the reactions of the thermalized Ps which
lead to subsequent rapid annihilation of the positron can

be recognized by the appearance of a second (long-lived)
component in the tiple spectra, and the changes of the
average lifetime, TZ, associated with this component.

On the other hand,'''hot'' reactions between solute and
Ps atom have to take place shortly after the birth ~nhe
Ps before it becomes thermalized. Thus, the lifetime of
the positrons incorporated in positronium atoms taking
part in 'fhot" reactions will become indistinguishable from
that of.tH,efree positrons or p-Ps,.i.e., it will drop out of
the secon~ component and app~ar as a part of the
short-lived corr_ponent. The only 6bs~rvable evidence for
the occurrence of sucha~hot reactioIl·is then Ii reduction
of the number of Ps aWm!; reaching thermal energies.
Since this number is related to the 'i~tensity, /~,;ofthe

sec,9nd component in the time spectra; 'hot reacti()~:can
be detected by a decrease of [2' ..
. By using this approach it was found tha-:- in aqueous
solutions of inorganic ions where the rate constant for the
reaction between Ps and solute remains close or below the
detectable limit (107 M-I

S'l), i.e., where reactions of
thermal Ps are extremely slow, [2 eventually a~sumes a
lower limit (or saturation value), /2

satd ,t. 0, which is
characteristic for each individual compound.5

. This result was interpreted by assuming that ([2° 
/2satd

) / /2° represents the fraction of all Ps atoms fDrmed
which have sufficient energy to overcome the reaction
barrier ([2° is the intensity in pure solvent).

By correlating the //atd in the various systems to the
free-energy changes involved in the reduction of the in
organic ion (Aaqn+ + e -~ A(n-J)+) the redox potential of
the Ps atom was roughly approximated. 15

If one wants to interpret the experimen:al results in
terms of the spur reaction model9-14 which postulates that
Ps is formed as a result of a spur reaction between the
positron and a secondary electron in the positron spur, one
would have to consider the competition between positron
and electron combination and the reaction of the electron
with the scavenger (inorganic ions) in the spur created by
the positron.

Qualitatively one can expect that the presence of
compounds which can effectively react with the electrons
formed in the spur will reduce the probability of Ps for
mation via recombination of an electron with the positron.
Since the number of (thermalized) Ps atoms formed is
related to /2, the intensity of the long-lived component in
the positron lifetime spectra (vide supra), a decrease in Ps
formation will again be indicated by a simultaneous re
duction of [2.

A quantitative approach to assess the Ps yield as a
function of scavenger concentration would have to make
certain assumptions about the competition between po
sitrons and scavenger for the available electrons.

If one assumes that the Ps yield resubng from the
electron-positron combination in the positron spur can be
compared with the electron-ion recombination in the
electron spur one can invoke the familiar concepts from
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radiation chemistry,11 where by using a simple competitive 
kinetic model a function F(M) has been derived which 
describes the removal of free electrons by the scavenger 
at moderate scavenger concentration [M]:16,17

F(M) = * [ M ] / ( 1  + fc[M]) ( la )

(k is the scavenging constant).
Thus in analogy with the approach used by Hamill16,17 

and several other authors for a simple competition for dry 
or solvated electrons in a solution one could derive the 
following correlation between the o-Ps formation proba
bility P at a given solute concentration [M], if the o-Ps 
formation probability in the pure solvent is P0:11

P = P°
M M ] \

1 +K[U]J
( lb )

or

P = P° l ( l+K[M] )  ( lc)

where K is now the rate constant for inhibition of o-Ps 
formation.

If the solute is also capable o f undergoing chemical 
reaction with thermal o-Ps (rate constant KJ and if the 
thermal o-Ps annihilation with solvent is Ap, and fur
thermore the annihilation rate of the free positrons in 
solution is XF, then the following expression can be ob
tained which correlates the intensity / 2 with the Ps for
mation probability P:18

J2 = 3 /4P (1  + M [ M ] / ( X F - X p - M I M ] ) )  (2)

In a pure solvent (intensity / 2°)

/ 2° = 3/4P°

Substitution of eq 2 and 3 into eq 1 results:19

_ _________/2°(Af ~ AP)__________________
2 ~ Af -A p +( (XF - \ P) K - A T i ) [ M ]  ~KKi  [M]2

( 3 )

(4) .

In water:

AFest = 2.50 X 109 s“1 

AP . , = 0.54 X 109 s_1r  obsd
I2 = 28%

Ki can be obtained from the well-know correlation 
between the lifetime r2 of the long-lived component in the 
positron lifetime spectra and the solute concentration. In 
dilute solutions:
l / r 2 =  A2 =  AP + K i [ M ]  (5 )

Thus by determining I2 at various solute concentrations 
[M], the rate constant K for inhibition of Ps formation can 
be derived.

If the solute is only weakly reacting with thermal o-Ps,
i.e., Ki < 108 s ', and in the case of relatively small solute 
concentrations, i.e., [M] < 1 M, /^ [M ] and iCj/ffM]2 can 
be considered as insignificant compared with (Ap -  AP) and 
(Af -  AP)X[M], respectively, and eq 4 can be simplified and 
rewritten to give

(/20/ / 2) - l  = M M ]  (6)

Plots of this function for various aqueous solutions 
containing solutes which exhibit only a weak reactivity 
toward thermal Ps are shown in Figure 1. (Data taken 
from ref 5-8.)

The K values assessed from these plots are summarized 
in Table I which also includes for comparison the known

(I2°/I2)- I vs [m]

Figure 1. Plot of (4 /4 ° )  -  1 vs. [M] in aqueous solutions of organic 
compounds: A, Pb(N03)2; V, SnCI2; A , CdCI2; □ ,  TICI04; ■ ,  N aC I04; 
• ,  Pb(CI04)2; O ,  AgCI04; O , H CI04; 4 ,  ZnCI2.

TABLE I: Positronium Inhibition Constants, K, Rate 
Constants, K (eaq ), and C37 Values for the Reaction o f a 
Variety o f Inorganic Ions in Solution with Solvated 
Electrons and Dry Electrons, Respectively

Ion K, M“ ! 1010 M '1 s 1 Ref
c  Q

mol dm 3
Pb2 + 2.5 3.9 25
Sn2 + 1.2 0.34 25
Cd2* 0.37 3.5 21 0.35 ± 0.05
Ag+ 0.35 3.2 25
H* 0.22 1.2 21 >10
TP 0.10 3.7 25
Zn2 + 0.10 0.12 21 8 ± 1
Na* <0.05 <0.00001 25
NCV 3.5 

° Reference 21.
2.0 21 0.45 ± 0.05

rate constants for the reactions of these ions with hydrated 
electrons.

No apparent correlation seems to exist between the 
inhibition constants K and the reported rate constants for 
the reactions of hydrated electrons (Table I) with these 
compounds, which makes an interpretation of the observed 
inhibition in terms of a competition for solvated electrons 
between positron and scavenger, i.e., the inorganic ions, 
rather unlikely.

Another possibility would involve the combination of dry 
electrons and positrons, in which case scavenger and 
positron compete for the dry electrons. Unfortunately very 
little is known about the rate constants for dry electron 
reactions so that no satisfactory comparison can be made.20 
In the few cases for which the relative activities of the dry 
electrons toward the scavenger have been determined, e.g., 
in the form of C37 values as reported by Lam and Hunt,21 
no correlation between K and C37 can be found (Table I). 
However, one has to keep in mind that the C37 values are 
still very uncertain20 and therefore do not allow any final 
conclusions as to the participation of dry electrons in the 
Ps formation process.
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In K vs -A G  FOR Aqqn* + e ' -*■ Aaqn' ll+ 

FOR VARIOUS IONS IN AQUEOUS SOLUTIONS

• Na+
_______ i_i_____ i_______ i_______ i_______ i

0 20 40 60 80 100
-A G  (Kcal/M O LE)

Figure 2. In K  vs. - A G  for Aaq"+ +  e~ —* Aaqin 1i+ for various ions 
in aqueous solutions.

If, however, these C37 values should prove to be correct, 
it would most likely preclude dry electrons from being 
considered as precursors of the Ps and other explanations 
such as the one suggested by Eldrup et al.11 would have 
to be invoked if one wants to explain the results within 
the framework of the spur model.

On the other hand, Byakov22 presented some evidence 
for the participation of dry electrons in Ps formation when 
he studied the nature of the precursors of radiolytic 
molecular hydrogen in water and compared the observed 
yields of radiolytic H2 in the presence of scavengers with 
the Ps yields in similar solutions. On the basis of his 
results he suggested that both H2 and Ps have nonsolvated 
electrons as common precursors.22

In Figure 2 the inhibition constants K  are plotted on a 
logarithmic scale as a function of -A G°, the free energy 
for the one electron transfer process.

AG° has been obtained either directly from the known 
standard redox potentials or calculated by using Baxen- 
dale’s method.7,15,23 In the case of Ag+|Ag°, T1+|T1°, etc. 
the standard redox potentials were used and corrections 
made for the sublimation energy which does not become 
available in these reactions because of the small number 
of atoms involved.

The correlation between the inhibition constants K  and 
free energy for the one electron transfer process (Figure
2) is interesting. It could be interpreted by assuming that 
the energy maximum of the cross section curve for electron 
attachment to the scavenger ions coincides with the free 
energy change involved in the process:

Aaq+ + (7)
or as previously suggested for the case of Cd2+11 to the fact 
that only “ dry” electrons with energies above a certain 
threshold can be scavenged by these ions.

The higher the energy threshold the less electrons are 
available which fulfill this minimum energy requirement 
for reaction 7 and therefore less electrons will be scavenged.

This explanation, however, closely resembles certain 
features of the Ore model1 and it will be difficult to 
distinguish the results of the scavenging of dry or ki-

netically excited electrons from the results of a similar 
attachment of kinetically excited positrons or Ps atoms to 
the scavenger.

In the latter case one could argue that the cross section 
curve for nondissociative or dissociative attachment of 
kinetically excited positrons or Ps atoms to these inorganic 
ions, resulting among others in Ps complex formation24 or 
electron transfer, shows certain energy maxima which again 
coincide with the -AG values for the electron transfer, 
assumptions which are an essential part of the modified 
Ore model.7,8

Thus, in summary, it can be said that the réévaluation 
of our experimental data seems to exclude Ps formation 
in aqueous solution via recombination of positrons with 
hydrated electrons. It can, however, not distinguish be
tween Ps formation via positron- (dry) electron combi
nation (spur model) or Ps* formation in the Ore gap.

Such a •decision will have to wait until more reliable data 
on the rate constants of dry electrons with these scavengers 
become available which allow a conclusive comparison with 
the Ps inhibition constants.

If this comparison should suggest that dry electrons are 
the precursors of Ps the Ps inhibition studies could in turn 
provide a convenient tool to study the reactions of dry 
electrons with chemical compounds.
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The equilibrium constants and rate constants for the formation of inclusion complexes of cycloheptaamylose 
with small inorganic anions were measured by a spectrophotometric technique and an ultrasonic relaxation 
technique, respectively. The stability of the complexes of anions with cycloheptaamylose decreased in the order 
C104~ > I > SCN > Br > N 03" > Cl". Comparison is made between the equilibrium constants and the 
interaction of free anions with the solvent. Periodate and C104 exhibited a complexation rate constant 30 
times greater than the remainder of the anions. A concentration independent relaxation was observed for aqueous 
cyclohexaamylose in the uncomplexed state. No like behavior was observed for cycloheptaamylose. A con
formational change in the cycloheptaamylose may be the rate-determining step in the complexation of the more 
slowly reacting anions.

Introduction
The cycloamyloses (cyclodextrins) are capable of forming 

inclhsion complexes with a wide variety of guests ranging 
from hydrophobic to ionic character.1-3 The mode of ionic 
complexation is the least studied and understood facet of 
cycloamylose chemistry. Recently, equilibrium constants 
for cyclohexaamylose, sometimes denoted by a-CD, with 
various inorganic salts were measured.4 The complexes 
were determined to be anionic, and a correlation was 
observed between the logarithm of the measured equi
librium constant and the “structure breaking” properties 
o f the free anions.

Explanations for the driving force for complexation have 
been as diverse as the guests which are complexed. 
Complexation has been attributed to hydrophobic in
teractions, hydrogen bonding, and nonspecific van der 
Waals forces.1 Saenger and co-workers have postulated 
a driving force arising from the relaxation of the con
formational strain in the cyclohexaamylose brought about 
by complexation.5 Crystallographic evidence suggests that 
the cyclohexaamylose in the complexed state with both 
hydrophobic and ionic guests is in a slightly different 
conformation than in the uncomplexed state.6-8

In the present study of the mode of ionic complexation 
with cycloamylose, the kinetics, and equilibrium constants 
o f complexation were measured for cycloheptaamylose 
(/3-CD) and various inorganic salts. The kinetics of an 
apparent conformational change in pure aqueous cyclo
heptaamylose and cyclohexaamylose were also studied by 
means of an ultrasonic absorption relaxation technique.

Experimental Section
All solutions were prepared using deionized, redistilled 

water. Cyclohexaamylose and cycloheptaamylose were 
purchased from Sigma Chemicals and Aldrich Chemicals, 
respectively. Both cycloamyloses were purified by liter
ature methods.9 All inorganic salts used were reagent grade 
sodium salts.

The equilibrium constants for the various salt-cyclo- 
heptaamylose systems were measured with a Cary 14 
recording UV-vis spectrophotometer equipped with a 
thermostated cell compartment kept at 25.0 ±  0.1 °C. 
Equilibrium constants for the various salt-cycloamylose 
complexes were measured by a spectral competitive in

hibition technique.2 A 4-nitrophenylazo-2'-hydroxy-6'- 
sulfonaphthalene dye was used in this study and was 
prepared by standard azo dye coupling procedures.10

All spectroscopic measurements were made at 510 nm 
which corresponds to the largest difference in extinction 
coefficient between the free and complexed forms of the 
azo dye. Solutions were 0.1 M in salt and 2.0 X 10-6 M  in 
azo dye while the cycloheptaamylose concentration varied 
from 0 to 10"2 M. All equilibrium constants were deter
mined at pH 5.7 and an ionic strength I = 0.1 M. At least 
seven solutions varying in cycloheptaamylose concentration 
were used in obtaining the equilibrium constant for each 
anion. The equilibrium constant for the dye-cyclo- 
heptaamylose system was measured in the same manner 
as above but with Na2S 0 4, a salt which does not complex, 
establishing the I  = 0.1 M.2

The ultrasonic absorption kinetic measurements were 
made at a temperature of 25.0 ±  0.1 °C over the frequency 
range of 15-205 MHz using a laser acousto-optical tech
nique.11

Results
Spectrophotometric titrations were made with 4- 

nitrophenylazo-2/-hydroxy-6'-sulfonaphthalene and cy
cloheptaamylose in the presence of the sodium salts of 
C104-, I", SCN-, Br-, N 0 3- , Cl", and SO42-, respectively. 
The equilibrium constant for the dye interacting with 
cycloheptaamylose was measured in the absence of added 
electrolyte and also with I = 0.1 M (Na2S 0 4). The two 
measured equilibrium constants were the same within 
experimental error. The following equation describes the 
interaction of such hydrophobic guests with cyclohepta
amylose:

kd
CD + In CD-In (1)

Here In, CD, and CD-In represent the free dye, free cy
cloheptaamylose, and complexed form of cyclohepta
amylose, respectively. In Figure 1, curve A represents the 
data obtained by plotting the change in absorbance, AA, 
vs. the cycloheptaamylose concentration. In all cases the 
dye concentration was constant at 2.0 X 10-5 M and the 
cycloheptaamylose varied from 0 to 10-2 M. The data were 
plotted using the Hildebrand-Benesi relation.12 The
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vs. aqueous cycloheptaamylose concentration in pH 5.7, 25 °C  solutions 
that are 2 X  10"5 M in 4-nitrophenylazo-2'- hydroxy-6'-sulfonaphthalene 
and 0.1 M in sodium salts of S 0 42 (curve A), I" (B), C I04 (C), SCN" 
(D). The hash mark identified by an °° sign is the A  A  a t infinite 
cycloheptaamylose concentration determined from the Hildebrand- 
Benesi relation.

equilibrium constant as well as the extinction coefficient 
of the fully complexed form o f the dye were obtained. 
Using molar units of concentration, a value KD = 7.7 X  102 
was found for the stability constant o f the cyclohepta- 
amylose-dye system.

In the spectral competitive inhibition technique2 for 
determining the equilibrium constants for the various 
salt-cycloheptaamylose systems a high concentration of 
inorganic salt is added to various solutions of cyclo
heptaamylose and dye. Assuming the lack of occupancy 
of the cycloheptaamylose binding site by both dye and salt, 
the equilibrium constants for the various salt-cyclohep
taamylose systems are calculated from mass balance
relations. The combination of eq 1 with

hi
C D + X ' ^ C D - X -  (2)

fcr

describes the interactions. The equilibrium constants are

K u = [ C D I n ] / [C D ] [ I n ]  (3)

K x- = [ C D X - ] / [ C D ] [ X ]  = kt/kr (4)

The total concentrations of cycloheptaamylose and salt are 
conserved according to the mass balance equations:

CDt = [CD]  +  [CD In] + [CD X  ]

X t - =  [ X " ] +  [CD -X - ]  (5)

The observed absorbance, A, is given by

A = e i„ [In] +  eCD.In[CD In] (6)

Since the initial concentrations of all reagents are known 
as well as KD, tin, and eCD.In the equilibrium constant for 
the salt-cycloheptaamylose system, Kx , can be readily 
obtained.

Figure 1 shows the effect of 0.1 M C104”, SCN , and I 
on the absorbance of the dye-cycloheptaamylose system. 
All the ions studied showed similar effects with the ex
ception of Na2S04. Perchlorate anion showed the largest 
effect. Cramer used this method to calculate a Kx value 
for the C104 -cyclohexaamylose system.2 The equilibrium 
constant calculated in this manner was in good agreement 
with that obtained by an independent conductometric 
technique.4 Table I contains the cycloheptaamylose results 
along with earlier data4 for the same ions with cyclo
hexaamylose.

TABLE I: Stability Constants for 
Anion-Cycloamylose Complexes

Cyclohepta
amylose K x -, M -1 Cyclohexa

amylose
k x - , m ->cAnion Obsda Calcdb

cio4- 26.7 20.2 28.9
SCN" 9.9e 13.1 18.7
T 18.0 17.5 12.4
N<V 5.5 7.4 1.4
Br‘ 6.5 5.5 3,5cr 2.56 2.3 N.B.

a Determined by spectrophotometric competitive in
hibition study. b Calculated from the B~ structure 
breaking parameter correlation. c Calculated from con- 
ductimetric data and originally reported in ref 4.

TABLE II: Relaxation Parameters from Computer 
Analysis for Aqueous Cyclohexaamylose at 25 ° C° • 10

1017A, 10"B ,
[<*-CD]0, fR, Np Np 1018- 

M MHz cnT1 s2 era 1 s2 RMSb
0.102 12.01 52.1 26.8 0.71
0.0714 12.32 39.5 24.8 0.50
0.0500 12.66 36.9 23.0 0.51

“ All symbols as defined in the text. b Root mean 
square deviation.

The calculated Kx values for all anions except SCN- 
are independent of the cycloheptaamylose concentration 
as an equilibrium constant should be. In the case of SCN-, 
a concentration dependent Kx was observed, and a value 
of Kx = 10.0 was obtained at an extrapolated zero con
centration of cycloheptaamylose. This is consistent with 
a value of Kx = 9.9 calculated by a conductometric 
technique.4 Figure 1 shows that the asymptotic AA value 
in the case of SCN- is significantly smaller than the as
ymptotic AA value measured for the dye-cyclohepta
amylose system in the presence of other salts. Thiocyanate 
anion at 0.1 M showed no effect on the absorption 
spectrum of the pure dye.

The ultrasonic absorption data, expressed as (a/f2) Np 
s2 cm ' , were analyzed in terms of a single relaxation using 
the following relation

(a/f2) = A [1 + (f/fr)] ~' + B (7 )

where A denotes the relaxation amplitude of the process, 
/  is the experimental frequency, fr is the relaxational 
frequency, and B is the solvent absorption. Table II shows 
the experimental ultrasonic absorption relaxation fre
quencies and the calculated parameters A and B that give 
the best fit to eq 7 for the pure aqueous cyclohexaamylose 
solutions at different concentrations. The raw ultrasonic 
absorption data are available as supplementary material. 
(See paragraph at end of text regarding supplementary 
material.) The observed relaxation frequency is inde
pendent of the concentration of cyclohexaamylose and 
occurs at 12.3 MHz with an experimental error o f ±0.5 
MHz. As would be expected from solutions of increasing 
viscosity, the background absorption, B, at high frequencies 
was above that of pure water alone varying from an in
crease of 5 X  10-17 Np s2 cm"1 over water for the most 
concentrated solution, 0.102 M, to 1 X  10 17 Np s2 cm-1 over 
water for the 0.05 M solution.

A concentration independent relaxation in pure aqueous 
cyclohexaamylose can be described by

k x
CD CD’ (8)

fc-i
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TABLE III: Relaxation Parameters from Computer Analysis for Aqueous Complexation by Cycloheptaafhylose“

[(3-CD]0,b M [ Anion ]0,b M fR, MHz
10,7A, 

Np cm '1 s2
1017R, 

Np cm "1 s2 ‘10"iRMSc

0.010 0.0116
Perchlorate

18.28 22.6 21.7 0.55
0.019 1 0.0120 19.70 27.2 21.7 0.73
0.025 2 0.0114 20.56 39.4 21.7 0.79
0.010 1 0.0509 26.01 20.5 21.7 0.63

0.019 7 0.297
Iodide

3.46 334.1 22.4 1.0
0.009 72 1.09 11.39 46.1 19.8 0.55
0.010 8 1.48 16.61 35.5 19.5 1.0

0.011 6 0.560
Thiocyanate

4.62 192. 21.00 1.59
0.024 0 1.51 11.20 41.3 21.00 1.0
0.028 5 1.92 13.67 r • 44.5 19.97 1.1

■ O'.OIO 6 * >!: 0.981
Bromide

8.04 , 76.5 20.3 0.81
0.010 0 •: ' *1-52 12.03 V 38.5 19.6 0.60
0.011 2 • ; 1.98 + 15.28 33.8 17.3 0.79

. 6-010 2 '  1.02
Nitrate

8.25 84.8 20.4 * 0.76
. 0.009 92 1.5 12.15 44.8 21.0 ' 0.63

0.010 3 2.02 16.43 29.0 21.8 0.63

0.009 71 1.0
Chloride

11.94 42.0 20.0 0.54
0.009 17 1.49 16.24 22.3 19.6 0.52

“ All symbols as defined in the text. b The subscript zero on concentration denotes total initial concentrations. c R oot 
mean square deviation.

for which

.r-1 = ki + k-1 (9)

Since the reciprocal relaxation time equals the sum of two 
rate constants and is independent of concentration (eq 9), 
in the absence of relaxation amplitude data at several 
temperatures the values of k{ and kA can be known only 
as the sum. Such first-order processes as reaction 8 are 
generally the result of conformational changes that alter 
the solvation of the sound absorbing solute.

Aqueous cycloheptaamylose, at 0.016 M, showed no 
similar absorption over the accessible 15-205-MHz fre
quency range. In this case only the solvent absorption was 
observed. The fact that the cyclohexaamylose showed an 
absorption whereas the cycloheptaamylose did not may be 
attributable to the more limited solubility of cyclo
heptaamylose in water. Using the relaxation amplitude 
calculated for cyclohexaamylose, the absorption of cy
cloheptaamylose, if it were present, at 0.016 M would only 
be marginally above that of the solvent and would 
therefore be immeasurable.

Ultrasonic absorption relaxation frequencies for aqueous 
cycloheptaamylose complexing with C104~, SCN~, N 0 3~, 
CT, Br“, and 1“ are presented in Table III. Raw ultrasonic 
absorption data appear in an appendix (supplementary 
material). In these cases only one relaxation was detected 
which was concentration dependent on both cyclo
heptaamylose and salt. All the data are consistent with 
the complexation reaction of eq 2. When high concen
trations o f salt were employed (up to 2 M) variable 
backgrounds were used to fit the ultrasonic absorption 
data. The B values decreased below that o f pure water as 
the concentration of salt increased, being as low as 17 X 
10“17 Np s2 cm“1 in the most concentrated solution of NaBr. 
This background absorption was consistent with the 
observed absorption of only the salt and water alone. This 
depression of the solvent ultrasonic absorption by simple 
electrolytes is attributable to several factors.13

TABLE IV : Complexation Rate Constants, fef, and 
Dissociation Rate Constants, kr, for Several Anions and 
Aqueous Cycloheptaamylose at¿25 °C

Anion1 _ kf, M 1 s 1 fer, s 1
CIO,’  (2’.0 ± 0.1) X 109
T  (6.5 ± 0.3) X 107
SCN" ' (4.4.± 0.2) X 107
Br’ (4.5 ± 0.2) X 107
N 03- (4.5 ± 0.2) X 107
CL (5.4 ± 0 .3 ) X 101

(7.4 ± 2) X 107 
(3.6 ± 1) X 106 
(4.4 ± 1) X 106 
(6.9 ± 1) X 106 
(8.2 ± 2) X 106 
(2.1 ± 0.5) x 107

The individual rate constants for anionic complexation, 
kf and k„ were calculated using the following equation:

t 1 =  f e f ( [ C D ]  +  [ X ]  +  Ælx -_1) ( 1 0 )

Table IV contains the rate constants calculated in this 
manner.

Discussion
Anions bind to cycloheptaamylose as they do to cy

clohexaamylose to varying degrees depending on the anion. 
It is evident from the new data that cycloheptaamylose 
binds anions roughly as well as does cyclohexaamylose and 
in the same general order of stability. Increasing the ring 
size by one glucose residue does not seem to affect the 
nature of anionic complexation although ring size does play 
a significant role in hydrophobic binding.3’10 One would 
expect the relaxation of torsional angle strain to be greater 
in cyclohexaamylose than in cycloheptaamylose due to the 
smaller size and therefore more rigid structure of the 
former. Thus the equivalence of equilibrium constants for 
cyclohexa- and cycloheptaamylose introduces some doubt 
as to the importance of the conformational relaxation as 
the principal driving force for ionic guest-host com
plexation in the cycloamyloses.

A correlation exists between the order of stability of the 
complexes and “ structure breaking” properties of the free 
anions as has been shown in previous work on salt-cy- 
clohexaamylose complexes.4 A parameter which correlates
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Figure 2. Logarithm of the stability constant K x- for several aqueous 
cycloheptaamylose-salt solutions vs. vaiues of the B~ “ structure 
breaking” parameter for the several anions. A least-squares straight 
line has been drawn with a correlation coefficient of 0.92. (The negative 
of B~ values have been plotted for convenience.)

' . »
the “ structure breaking” properties of the anions is the 
coefficient of the linear term o f the concentration de
pendence of proton nuclear magnetic resonance relaxation 
rates in aqueous salt solutions, B“.14 If the logarithm of 
the equilibrium constant for the various salt-cyclohep- 
taamylose systems is plotted against the B~ value for, each 
anion a good correlation is observed (Figure 2). TJm line 
log Kx = -12.5B + 0.242 is the linear Jeast-squafeç fit of 
the data with a correlation coefficient of 0.92'. Table I 
contains the calculated equilibrium constants using the 
above relation. If one compares the similar correlation 
found4 for cyclohexaamylose, log Kx = -26.5B -, 0.75» one 
finds that the magnitude o f the slope’ (.elm for cyclo
hexaamylose is significantly larger. This indicates that the 
salt-cycloamylose equilibrium constant for - cyclohexa
amylose is more sensitive to the B~ values or “ structure 
breaking” effects of the free anions.

The abnormal effect SCN“ has on the spectral titration 
(see Figure 1) warrants some explanation. If the extinction 
coefficient varies continuously from characterizing free 
indicator to tcr>in of the complex depending upon the depth 
of penetration of dye into the cycloamylose cavity, the 
SCN“ may be affecting this penetration depth. In other 
words, in the case of SCN“ the assumption of no simul
taneous complexation of dye and anion by cyclohepta- 
amylose may be invalid. Results of x-ray studies7 of 
crystalline complexes of cyclohexaamylose suggest the 
anion is probably located in the hydrophilic plane defined 
by the primary hydroxyl groups. Hydrophobic guests such 
as the dye are generally believed to be located within the 
hydrophobic cavity.1 Since the cavity may have these two 
distinct regions, dual occupancy by different guests could 
conceivably occur in some cases. Binding sites for hy
drophobic guests and ionic guests would each have their 
own unique driving force responsible for complexation.

The rate constants calculated for complexation, kf (see 
Table IV), are strikingly similar. All the anions with the 
exception of C104 have roughly the same forward rate 
constant. The C104“ has a k( a factor of 30 larger than that 
measured for the rest of the anions and approaches the 
diffusion controlled limit. The décomplexation rate 
constant, k„ for all the ions increases with decreasing 
equilibrium constant, again with the exception of C104“.

Since C104“ is anomalous with respect to kf, the kinetics 
of complexation of I0 4“ were also studied. Periodate ion 
reacts oxidatively with such sugars, hence the kinetics were 
measured immediately after preparation of the solutions. 

*

A slow degradation process was indeed observed. However, 
this reaction was slower than the time necessary to 
measure the kinetics of complexation. The amplitude of 
the ultrasonic absorption associated with this slow 
chemical process decreased in a few hours to a constant 
value identical with that observed in a pure aqueous 
periodate solution of the same concentration (38.2 X  10“17 
Np cm '1 s2 for 0.05 M concentration). A 0.01 M cyclo- 
heptaamylose solution that was also 0.05 M in I0 4 gave 
rise to a 72.2 X  10 17 Np cm"1 s2 ultrasonic absorption 
amplitude. Since the stability constant of eq 2 could not 
be measured, the correlation between log K  and B  (Figure
2) was used to calculate an equilibrium constant for the 
I0 4 -cycloheptaamylose system, Kx (calcd) = 15.5. The 
kinetic data obtained demonstrated that I0 4“ has a kf 

.similar to that obtained for C104 .
Since all the fefs for the anions, with the exception of 

C i04” and IO4 , are roughly equal and well bejow the 
diffusion controlled limili, some other process is rate 
limiting. ‘When log k( is plotted vs. reciprocal anionic 
radius for all these anions no systematic trend is found 
suggesting that anion desolvation is not rate:<ietermining 
for k(. It should be added parenthetically that a linear 
correlation of log k{ with reciprocal ionic radius is well 
known for similarly charged cations, and the present range 
o f  anionic radii (3.19-1.81 A) is quite comparable to that 
required in isovalent cations to convincingly demonstrate 
that cation desolvation is rate limiting in their com
plexation.

The conformational relaxation reported above for pure 
aqueous cyclohexaamylose could occur on the same time 
scale as a rate limiting conformational change in cyclo
heptaamylose in going from the uncomplexed to the 
complexed state5 8 in all cases except C104 and I0 4“. The 
complexation mechanism could then be described as 

K Q k 0
‘ CD + X - ^  C D I I X - ^  CD X- ( i i )

where the first equilibrium is achieved very rapidly and 
may be described as the formation of a contact ion complex 
and the next step involves the slower rate-determining 
conformational change of the cycloamylose complex. To 
compare the measured first-order relaxation time o f the 
conformational change of cyclohexaamylose to the overall 
second-order complexation rate constant kf, it is necessary 
to calculate the equilibrium constant K0 for contact ion 
formation since
kf  = K g k o  (1 2 )

Theoretical expressions exist15 for K0 from which a value 
K0 = 1.51 ±  0.15 is calculated. From this and measured 
values of kt it follows that k0 3.4 ±  0.7 X  107 s“1 which 
is of the same order of magnitude as the r“1 = kf +  =
7.7 X  107 s“1 measured for a conformational change in 
aqueous cyclohexaamylose. This similarity favors the 
speculation that a conformational change is rate deter
mining in the anion complexation process.

The C104“ and I0 4“ ions may not show this rate-limiting 
behavior because o f their larger radii. They may be ca
pable of forming a straddle type complex with either 
conformation of the cycloheptaamylose because these 
anions are too large to fit into the primary (smaller) side 
of the cycloheptaamylose. In such a case a cycloamylose 
conformational change would not be rate limiting for anion 
complexation.
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Calorimetric studies have been made at 25 °C of the formation of cobalt(II), nickel(II), and copper(II) complexes 
with 2,2',2"-terpyridine at an ionic strength maintained constant at 0.1 M by the addition of potassium nitrate. 
The results have been combined with free energy data to provide AG, AH, and AS values for each of the equilibria. 
Values of the thermodynamic data strongly support the tridentate coordination of the ligand" in these complexes. 
The temperature independent components of the enthalpy changes have been calculated and are compared 
with the values for other nitrogen coordinating ligands.

Introduction
There has been considerable interest in the bidentate 

and tridentate analogues of the pyridine molecule as 
ligands for transition metal complex formation because of 
their similarity to the biologically important heterocyclic 
nitrogen ligands such as the porphyrins and purines. 
Although some thermodynamic studies have been made 
o f transition metal complex formation with a number of 
bidentate nitrogen coordinating ligands including heter
ocyclic nitrogen compounds,13 few tridentate ligands have 
been investigated. 2,2/,2"-Terpyridine is of particular 
interest because it forms very stable complexes with 
transition metal ions.4-7 It is a weak base and values of 
the proton association constants have been reported by a 
number of workers.6-9 In addition, equilibrium constants 
of complexation with some transition metals have been 
reported over a narrow temperature range from which 
approximate thermodynamic functions have been calcu
lated.4-6 The present study was undertaken in order to 
obtain more reliable thermodynamic data for the cop- 
per(II)-, cobalt(II)-, and nickel(II)-terpyridine systems 
using a direct calorimetric method.

Experimental Section
2,2/,2"-Terpyridine, obtained from the J. T. Baker 

Chemical Co. and from G. Frederick Smith Chemical Co., 
was first recrystallized from petroleum ether, and again 
from aqueous methanol. The crystals were further purified

^Current address: Chemical Engineering Division, Argonne
National Laboratory, Argonne, 111. 60439

by repeated vacuum sublimation at 90 °C. The pale yellow 
crystals had a mp of 89-91 °C (Frederick Smith Chemical 
Co., Columbus, Ohio; Manufacturer specification, 88-89 
°C (before repurification); 86 °C, Holyer et al4). Reagent 
grade nitrates of copper(II), cobalt(II), and nickel(II) were 
employed, and their solution concentrations were deter
mined both by EDTA titration and by passing through an 
ion-exchange column (Dowex 50W-X8) in the hydrogen 
form followed by titration of the eluted acid.

The electrode systems of the type
glass electrode I solution under study I satd KC11 Hg2Cl2 Hg

were standardized before and after each experiment with 
NBS standard buffer solutions as recommended by 
Bates.10 In all experiments, potassium nitrate was added 
to the solutions so as to maintain an ionic strength within 
5% of 0.10 M throughout the experiments. pH values were 
converted to hydrogen ion concentration by using a hy
drogen ion activity coefficient 0.7816, calculated from the 
extended form of the Debye-Huckel equation proposed 
by Davies.11 In order to obtain protonation data under 
conditions identical with those used in the calorimetric 
experiments, the proton association constants of ter- 
pyridine were determined by potentiometric titration of 
aqueous solutions of terpyridine with standard nitric acid 
at 25 °C. The calorimeter and its electrical calibration has 
been described previously.12 Enthalpy changes for the 
formation of 1:1 metal complexes were determined by 
calorimetric titrations of approximately 3 X 10-2 M metal 
ion solutions with 0.15 M terpyridine dihydronitrate so
lution. Terpyridine dihydronitrate solution was prepared

■»
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TABLE I: Thennodynamic Functions for the Protonation o f  Neutral Heterocyclic Nitrogen Ligands0

py phen bpy terpy
-  i G , p, kJ mol“1 29.5 27.6 25.1 26.3 26.6 26.5 ± 0.04
-A G 2p, kJ mol“1 18.7 19.5 ± 0.13
-  A /f ,p, kJ mol-1 20.6 16.5 15.3 16.8 2.9 17.2 ± 0.21
-  AH2p, kJ mol“1 28.5 24.8 ± 0.75

AS,5, J deg'1 30.1 38.5 34.3 (31.4) 79.5 31.4 ± 0.8
mol“1

AS,P, J deg"1 -3 3 .5 CO+1

G
OtHI

mol“1
Ref 14 2 2 3 9 This work

° PY, pyridine; phen, 1,10-phenanthroline; bpy, 2,2'-bipyridine; terpy, 2,2',2"-terpyridine.

by dissolving purified terpyridine in a stoichiometric 
amount of a standardized nitric acid solution to provide 
a 1:2 molar ratio of terpyridine to nitric acid. The enthalpy 
changes for the formation of the 1:2 metal-terpyridine 
 ̂complexes were determined by titration of approximately
1.5 X  10 2 M terpyridine dihydronitrate solution in the 
calorimeter with 0.15 M metal ion solutions.

Results
Protonation. 2,2,,2"-Terpyridine, L, is protonated in two 

steps in the pH region of interest to form HL+ and H2L2+ 
cations with corresponding proton association constants 
Kip and K2P at an ionic strength of 0.1 M given by,
K ? =  [H L +] / [L ] [H +] ‘ (1)
K 2p = [H 2L 2+]/[H L +][H +]  ̂ (2)

where the square brackets refer to molarities.- 
Mass balance and electroneutrality require that

Tl = [H 2L 2+] + JHL+] + [L ] . (8)

and

2 [H 2L 2+] + [HL+] + [H +] = [N 0 3']  + [O H '] (4)

It follows that if /3 = [N03"] +  [OH ] -  [H+j, we may write 
Y = K ^ K ^ X  + ■ (5)

in which

-------X (x104) — ►

Figure 1. Plot of Xagainst V(eq 5) for the determination of protonation 
constants.

Y = /3/[H+] (T L - 0 )  

and
X =  [H +](2 T l -  U )/(Tl -  (3)

By a least-squares analysis of the linear plot of X  and Y, 
K xp and K 2P values are obtained from the intercept and 
the slope, respectively. A typical such plot is shown in 
Figure 1 and calculated AGip and AG2p values are given 
in Table I.

The heats of protonation of terpyridine, A fijp and A if2p 
for the equilibria represented by eq 1 and 2, respectively, 
were determined simultaneously in the pH region 3.5-6.7.

The ion species in solution were calculated using eq 1, 
2, and
[L ] = Tl /(  1 + i f , p [H +] + ^ ^ [ H * ] 2) (6)

and the experimental heat is given by

Q e x p t  =  Q h l  + Q h 2l  + Q h 2o (7)

where
Q h l  = A H ip(A nHL + A hHjL) (8)

Q h 2l  =  A i /2p(AiiH,L) (9)

and

Q h 2o  =  _ A H w(A nOH) (10)

AHw is the heat of water formation (-56.23 kJ mol-1 at I 
= 0.1 M). The An values are the incremental changes in 
the number of moles of each constituent during the ti
tration of L in the calorimeter with standard nitric acid. 
The equations can be rearranged to give

Y’ = A H fX '  + A tf2p (11)

in which

Y '= (Qexpt ~ Q h2o ) /A « h2l 

and

X  = (A nHL 4- A nHiL)/A n H2L

By a least-squares analysis of the plot of Y' against X', the 
heats of protonation, Aflip and Aff2p, were obtained from 
the slope and the intercept, respectively. A typical plot 
is shown in Figure 2 and the enthalpy values are given in 
Table I along with data for other heterocyclic nitrogen 
ligands for comparison.

Metal Complex Formation. Since the association 
constant, Kx = [ML2+]/[M 2+][L], for the formation of the 
monocomplex with the metal ions is much larger than the 
corresponding protonation value, the heats of formation 
of the monocomplexes could be determined by direct ti
tration of ligand, H2L2+, into metal(II) ion solutions. 
Terpyridine dihydronitrate was titrated into excess metal
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TABLE II: Thermodynamic Functions for Metal Complex Formation with Nitrogen Ligands
den“ enb phen bpy terpy

Cobalt
-A G ,, kJ m o l1 45.6 33.9 40.6 33.9 48.1 54.2 (54.2)
-A G j, kJ mol“1 33.5 27.2 37.7 30.1 56.5 52.0 (52.0)
- a G3, kJ mol"1 17.2 33.5 26.8
- A / / , ,  kJ mol"1 34.3 28.9 38.1 34.3 44.8 92.0 44.6 ± 0.1
-A H 2, kJ mol"1 42.7 29.7 28.0 29.3 51.0 49.0 ± 0.4
- A H 3, kJ mol"1 34.3 33.5 25.5

a S „  J deg"1 m ol'1 37.7 16.7 8.8 -1 .5 -126 32
AS2, J deg"1 m ol'1 -31 .4 -8 .4 32.6 2.9 0 10
AS3, J deg“1 mol"1 -58 .6 0.0 4.4
Ref 23 24 2 2 4 5 This work

Nickel
-A G ,, kJ mol"1 60.5 43.9 49.4 40.2 61.1 (61.1)
- a Gj, kJ mol"1 45.6 36.4 46.4 38.5 63.3 (63.3)
- A G j , kJ mol"1 24.7 43.5 36.8
-A H lt kJ mol"1 49.6 37.2 46.9 40.2 39.7 54.1 ± 0.1
- A H 2, kJ mol"1 56.3 39.1 38.9 39.3 59.8 ± 0.8
- A H 3, kJ mol"1 42.3 39.7 38.5

AS,, J deg"1 m ol"1 35.6 23.0 8.8 0 23
a S2, J deg"1, m ol"1 -35 .6 -10 .5 25.5 -2 .9 12
AS3, J deg"1 mol"1 -58 .6 12.6 -5 .9
Ref 23 24 2 2 ' 4 This work

Copper
-A G ,, kJ mol"1 90.4 61.1 51.9 44.8 -7 4 .1 (74.1)
-A G 2, kJ mol"1 29.7 51.9 38.1 31.4
- a G3, kJ mol"1 29.7 19.7
-A H n kJ mol"1 75.3 49.8 49.0 49.8 66.1 ± 0.4
-A H 2, kJ mol"1 34.3 47.3 27.2 22.6
-A H 3, kJ mol"1 34.3 27.2

AS,, J deg"1 mol"1 50.2 37.7 10.0 -17 .2 -2 7
AS2, J deg"1 mol"1 -14 .6 15.5 36.8 30.1
AS3, J deg"1 mol"1 -15.5 -25 .9
Ref 23 25 2 2 6 This work

“ den, diethylenetriamine. b en, ethylenediamine.

Figure 2. Rot of Y  against V  (eq 11) for the determination of the heats 
of protonation.

ion solution, and all added ligand was effectively depro- 
tonated and complexed with the metal ion to form 1:1 
species in the concentration ranges studied. The exper
imental heat, Qexpt> is given by

Qex.pt = Q ml +  Q h 2L T Q hL +  Q h 20 (1 2 )

and Qh l> Qh2l> and QH2o were calculated from eq 8-10. 
The concentration of species in the calorimeter was cal
culated from eq 1-3 and 6, together with the extended form 
of the Debye-Huckel activity coefficient expression 
proposed by Davies.11 An iterative computational pro

cedure was used in order to correct for the small deviations 
(<5% ) of ionic strength from 0.10 M during the experi
ments. The molar heat of formation of the 1:1 complexes, 
A /fi = Qml/A uml, is given in Table II along with other 
nitrogen ligand data for comparison. The heats o f for
mation of the bis species, ML22+, were determined by a 
direct titration of metal ion solutions into excess ligand 
solution. Owing to the much larger d2 values for 1:2 
complex formation4,5 (d2 = [ML22+]/[M 2+][L ]2), as com
pared with those for protonation, effectively all the added 
metal ions were converted to the 1:2 species at metal to 
ligand molar ratios of 1:3 used in the experiments. The 
molar heats of bis-complex formation were calculated from 
the expression

= QML2M nML2

where QMl2 represents the experimental heat of M L2 
formation given by

Q m l 2 =  Q e x p t  ~  ( Q h L  +  Q h 2L  +  Q h 2o )

The molar heat of formation of the bis from the mo
nocomplex, i.e., AH2, for the reaction

M L2+ + L M L22+

is given by AH2 = AHih -  AHx and the values are included 
in Table II along with other thermodynamic functions.

Discussion
The proton association constants of 2,2',2"-terpyridine 

in Table I are in good agreement with those reported by 
Offenhartz et al.9 It can be assumed that terpyridine 
accepts two protons only when they are in nonadjacent 
positions and that the asymmetric doubly protonated form
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¡H+

Figure 3. Possible protonation steps for terpyridine; I, neutral molecule; 
I I ,  monoprotonated form; I I I ,  diprotonated form.

has no appreciable formation9 in the pH region of interest 
since 2,2/-bipyridyl accepts only one proton down to pH
1.6.13 Protonation o f nitrogen (2) in Figure 3 is expected 
to be sterically restricted. The AG,P values for the pro
tonation of the first ring nitrogen in heterogeneous ligands 
vary little with changes in molecular structure. This 
observation has been made for the protonation of amines 
in general14 and it can be seen (Table I) that the mono
protonation enthalpy of terpyridine obtained in this study 
is close to the corresponding values for other highly 
conjugated ligands. The widely different AH',p value for 
terpyridine obtained by Offenhartz et al.9 reflects the 
uncertainties in enthalpy values calculated from changes 
in the association constants over a limited range of 
temperature (13-36 °C).

The positive entropy change, AS^, reflects the desol
vation accompanying monoprotonation. Although the 
electron-withdrawing effect of a protonated pyridyl group 
of terpyridine, N(1)H+ in Figure 3, is base weakening, the 
second protonation on N(3) should be almost independent 
of this effect because of the negligible inductive effect 
between N(1)H+ and N(3). For the diprotonated form of 
terpyridine the charge to radius ratio is about double that 
of the monoprotonated species and a greater degree of 
solvation is to be expected. This is reflected by the more 
exothermic AH2P as compared with A a n d  by the 
negative entropy change, AS2P. Electrostatic and steric 
considerations also support these arguments. In the 
monoprotonated terpyridine, the protonated pyridyl group 
probably rotates about the C-C single bond to reach the 
more stable form II shown in Figure 3. For the second 
protonation, however, the pyridyl group carrying the 
-N (3)H + would retain structure III in Figure 3 and, with 
its less restricted surroundings as compared with -N(1)H+, 
the N(3)H+ would have more solvated water molecules 
associated with it.

Thermodynamic functions for formation of terpyridine 
complexes with Co(II), Ni(II), and Cu(II) are given in 
Table II along with data for other nitrogen coordinating 
ligands. The entropy changes are calculated by using AH 
values determined in this study (I = 0.1 M) and reported 
AG values.4-6 Although the latter were obtained at ionic 
strengths somewhat different from the 0.1 M of the present

work [Co-terpy at I = 0.24 M (NaCl);5 Ni-terpy variable 
/  up to 0.1 M (NaCl);4 and Cu-terpy at I = 0.3 M (K2S04)6] 
experimental data for other uncharged ligands, such as 
ethylenediamine, 1,10-phenanthroline, and 2,2/-bipyridine, 
indicate that, as expected, there is little variation in the 
association constant with change in ionic strength.15

In Table II are given values for the enthalpy changes 
calculated by previous workers from the temperature 
dependence of free energy and kinetic data. Although this 
method is subject to considerable errors, the AHi value for 
Co(II) and Ni(II) are quite close to those obtained by 
Holyer et al.4 from kinetic studies. The AH2 value for 
Co(II) complexation obtained by Prasad and Peterson6 is 
also in quite good agreement but the large discrepancy in 
A r e f l e c t s  the uncertainty involved in estimating the 
temperature coefficient o f the first association constant. 
Comparison of AH values with those for the 2,2'-bipyridyl 
and 1,10-phenanthroline analogues in Table II suggests the 
coordination of all three terpyridines ring nitrogens with 
metal(II) ions. The same conclusion has been reached in 
x-ray diffraction studies in solids containing aeetatoter- 
pyridylcopper(II)16 and solid dichloro-2,2',2"-terpyridyl- 
cobalt(II)1' in which all three nitrogens coordinate with 
metal ions with little strain. The same coordination has 
been observed in crystals o f ¿i-(2,2/;6,2'/-terpyridyl- 
cadmium)-bis(pentacarbonylmanganese),18 chloro(2,2',- 
2"-terpyridine)palladium(II) chloride dihydrate,19 di- 
methyldiisothiocyanato(terpyridyl)tin(IV),20 and chloro- 
pentaaquoterpyridylpraseodymium(III) ion.21

In the case of metal ammines, the similarity of the heat 
changes for successive additions of ligand molecules is to 
be expected when the metal-nitrogen bond is uncom
plicated by factors such as steric strain and changes of 
configuration.“  For polyamine complex formation, 
however, there is a tendency for the successive enthalpy 
changes to become more exothermic23 and it can be seen 
in Table II that similar trends are followed in this study. 
Values of Hlh (= AiHl + AH2) for Co (93.5 kJ mol-1) and 
Ni (113.9 kJ mol-1) terpyridine complexes (Table II) are 
quite close to the Aid,,, values for the reaction

M 2+ + 3 L t t  M L32+

89.1 for Co(bpy)3,2 99.6 for Co(phen)3,2 92.9 for Co(en)3,24 
118 for Ni(bpy)3,2125.5 for Ni(phen)3,2 and 118.6 kJ mol-1 
for Ni(en)3.24 This strongly suggests that terpyridine 
behaves as a terdentate ligand in both its cobalt and nickel 
complexes.

The separation of thermodynamic functions into tem
perature-dependent and temperature-independent com
ponents was first suggested by Gurney26 for proton ion
ization reactions. The method was extended to metal 
complex formation by Nancollas,2' and subsequently by 
Anderegg.28 The temperature-independent part of the 
enthalpy,29 AHc, is given by
AHC = A H -  ( T -  * ) ( A S -  AnR In 55.5) (13)
where v is a temperature characteristic of solvent (219 K 
for water). Some representative values of -  AHc/x, where 
x is the number of nitrogen atoms contained in the ligand 
molecule, are given in Table III. The similarity again 
points to the terdentate character of the terpyridine 
complexes for all three metal ions.

The formation of metal complexes with uncharged 
ligands is usually accompanied by smaller positive entropy 
changes than with charged ligands since the latter are more 
highly solvated. Nevertheless the positive ASj and AS, 
values in Table II indicate that changes in solvation are 
more important than librational changes of the terpyridine 
molecule when it complexes with the metal ions. In the
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TABLE III: Values o f -  AH J x  (kJ mol“1 )

952

den en phen bpy terpy

Cu2 + 27.2 27.6a 25.9 25.5 23.8
Co2 + 13.4 16.3 20.5 18.4 16.7
Ni2 + 18.4 20.9 25.1 21.3 19.7
Ref 23 24 2 2 This work

a Data from ref 25.

monocomplex, coordination of all three nitrogen atoms 
with the metal ions and subsequent distribution of the 
charge over the aromatic rings would be expected to 
contribute to the overall positive entropy change. The data 
in Table II show that there is a striking increase in AS for 
the formation of the monoterpyridyl as compared with the 
monobipyridyl complexes.
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Infrared and Raman spectra of gaseous, liquid (130-300 K), solid, and matrix isolated 4-chloro-1,2-butadiene 
have been recorded between 33 and 4000 cm“1. The vibrational data are consistent with the predominance 
of a single skew conformation (i.e., Cl out of skeletal plane) at ambient temperature. These results are in sharp 
contrast to previous studies of structurally related molecules (i.e., 3-chloropropene and chloroacetaldehyde) 
for which two distinct conformers have been resolved. Conclusions from the vibrational data are based upon 
the measured depolarization ratios, the number of bands resolved (equal, approximately, to the 24 fundamentals 
expected for a single conformer), and the absence of significant band intensity variations with temperature. 
Spectral changes observed upon annealing the sample are attributed to the relaxation of an amorphous solid 
into an ordered polycrystalline form. The -CH2C1 torsional frequency is assigned to a weak infrared band centered 
at 102 cm“1 for solid CH2=C =C H C H 2C1. By using a calculated F value of 0.78 cm“1, a barrier height (V*) 
of 38 kcal/mol is determined from the assigned torsional frequency. The vibrational data measured for
4-chloro-1,2-butadiene are compared to a recent microwave study of the same system and a possible potential 
function for the molecule is developed.

Introduction
In view of the careful experimental studies on molecules 

containing C(sp2)-C (sp3) bonds during the past several 
years, conformational trends that accompany systematic 
functional group substitution have begun to emerge.1,2 For 
instance, microwave experiments have shown that the cis 
form o f CH2= C H C H 2F and CH2= C H C H 2CN is more 
stable than the skew conformer by 166 and 450 cal/mol, 
respectively.3,4 The cis and skew conformations of 
CH2=CHCH2C1 have also been assigned but the rotational

 ̂Present address: Regional Director-Grants, Research Corpo
ration, 6075 Roswell Road, N.E., Atlanta, Ga. 30328.

study did not permit a quantitative determination of the 
more stable form; however, the spectral intensities sug
gested the cis form is probably less stable.5 It should also 
be noted that Bothner-By and co-workers concluded from 
the analysis of NMR data that the 3-halopropenes exist 
in two rotameric forms and the population of the cis form 
decreases as one goes from the chlorine to iodine deriv
atives.6 Similarly, the NMR studies suggested the amount 
of cis conformer decreased7 as the substituent in 3-propene 
was varied from CH3 to i-C3H7 to f-C4H9.

Given the observation that significant rotamer popu
lation changes can accompany simple functional group 
replacements for the propenes, a study o f specific buta-
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Figure 1. Infrared spectra of gaseous (top) and solid (bottom 
CH2= C = = C H C H 2CI.

diene systems which can also exhibit rotational isomerism 
about a C(sp2)-C(sp3) single bond has been initiated. In 
the present report we consider the structure of 4- 
chloro- 1,2-butadiene, CH2—C =C H C H 2C1, by examining 
the vibrational spectra as a function of temperature. Since 
there has not been a previous study o f the infrared and 
laser-Raman data for CH2= C H C H 2C1, the vibrational 
spectra are investigated to provide information on the 
magnitude of the internal rotational barrier. During the 
course o f the present study,-Karlsson et al.8 provided us 
with a summary o f their recently completed microwave 
study of CH2= C = C H C H 2C1; thus, we shall compare the 
conclusions of the vibrational and rotational studies in a 
subsequent section of this paper when a proposed potential 
function for 4-chloro-l,2-butadiene will be discussed. 
Given the surprising conformational properties determined 
for 4-chloro-l,2-butadiene from the spectroscopic studies, 
the structure for CH2= C = C H C H 2C1 will be compared to 
structurally related molecules. Also included is a brief 
summary o f the vibrational assignments for the 24 fun
damentals of 4-chloro-l,2-butadiene.

Experim ental Section
The sample of 4-chloro-l,2-butadiene was synthesized 

by mixing 75 mL of concentrated HC1,13 g of CaCl2-2H20, 
and 13 g of vinylacetylene (from 50% xylene solution) for 
10 h at room temperature. The organic phase was sep
arated and washed successively with 20 mL of aqueous 
NaH C03 and 20 mL of saturated brine. The product 
mixtures from three reactions were combined for distil
lation after drying. The 4-chloro-l,2-butadiene sample was 
obtained in 28% yield in a fraction boiling at 86.5-89.0 °C. 
Sample authenticity was established by comparison of its 
boiling point and refractive index (1.4775) with literature 
values. The NMR spectrum consisted of signals at 8 5.3
(m), 4.9 (m), and 4.0 (m) with relative areas of 1.0:1.9:2.0 
(theoretical 1:2:2) and was in agreement with that reported 
by Ferguson.9 The sample used for spectroscopic studies 
was prepared by careful fractionation on an annular teflon 
spinning band column. The fraction boiling at 87.0 °C was 
shown by GLPC to have a purity of greater than 99%.

Infrared spectra were obtained by using Perkin-Elmer 
Model 621 and Beckman Model IR-11 spectrophotometers 
(see Figures 1-3). A standard 10-cm gas cell equipped 
with Csl windows was used to obtain the mid-infrared 
spectrum o f the gas phase. A Cryogenic Technology In
corporated Model Spectrim closed cycle refrigerator was 
utilized to record the spectra for crystalline and matrix 
isolated 4-chloro-1,2-butadiene between 200 and 4000 cm-1. 
In order to record the far-infrared spectrum (down to 33 
cm x) of solid 4-chloro-l,2-butadiene, a standard low

T
-A 1■Y'Tl 1 -if r ' i

3000 "  2000" “  1500 1000" 5CQ 200

i J
IÁJ

3000 '  2000 1000 
WAVENUMBER (cm“ ')

100

Figure 2. Infrared (top) and Raman (bottom) spectra of CH2= 
CHCH2CI isolated in an argon matrix.
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Figure 3. Far-infrared spectrum of solid CH2= C = C H C H 2CI.

temperature cell fitted with polyethylene windows and 
operating with liquid nitrogen as the cryogenic fluid was 
employed.

All Raman spectra were recorded on a modified Jar
rell-Ash Model 500 spectrophotometer. The spectra were 
excited by the 488.0-nm line from a CRL-52B argon ion 
laser. Whereas Raman spectra for the liquid state were 
measured after sealing the sample in a standard capillary 
cell, spectra for the gaseous material were obtained by 
utilizing a multipass gas cell (see Figure 4). Raman spectra 
for solid and matrix isolated 4-chloro-l,2-butadiene were 
obtained by depositing the sample onto a copper wedge 
maintained at 15 K by the CTI cryostat described earlier 
(see Figures 4 and 5). Variable temperature Raman 
studies on the liquid state were conducted after a capillary 
tube had been affixed to the copper substrate with 
Dow-Coming high vacuum silicon grease. A thermocouple 
attached to the copper surface was used to measure 
temperatures between 130 and 300 K. The positions of 
the sharp Raman lines are expected to be accurate to ±2 
cm 1 (see Tables Land II).

Results
Since studies of related molecules (see Tables III and 

IV) would suggest that a pair (i.e., cis and skew) of distinct 
conformers could be identified from the vibrational spectra 
of 4-chloro-l,2-butadiene, the infrared and Raman spectra 
of all three physical states were studied in detail. In 
principle, it should be possible to distinguish between a 
cis and skew conformer of 4-chloro-l,2-butadiene by 
comparing Raman depolarization ratios with group the
oretical predications. Whereas a cis or trans structure has

’ A v i l i r
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WAVE.NUMBER (cm'1!
Figure 4. Raman spectra of (A) gaseous CH2= C = C H C H 2CI; (B) liquid 
CH2= C = C H C H 2CI displaying depolarization traces; (C) unannealed 
solid CH2= C = C H C H 2CI; (D) annealed solid CH2= C = C H C H 2CI.

Cs symmetry and gives rise to 15 polarized (a') and 9 
depolarized (a") bands, a skew form has C, symmetry and 
all 24 fundamentals are expected to be polarized. In
spection of Table I reveals that all but two of the measured 
Raman transitions have p values less than 0.70. Since a 
polarized Raman line can have a depolarization ratio 
between 0 and 0.75, these two bands may also be con
sidered polarized. In view of the depolarization ratios and 
the fact that none of the Raman fundamentals disappear 
when the spectrum of the crystal is recorded (see Figure
4), it is concluded that the vibrational data for 4- 
chloro-1,2-butadiene are most consistent with a single skew 
form.

The above structural conclusions are also supported by 
a recent rotational study by Karlsson et al.8 which was 
interpreted for a single skew structure. It is important to 
note, however, that Karlsson et al. could not rule out the 
possible presence of up to 10% of a second conformer and 
suggested that the infrared spectrum should be studied 
“ to prove the absence of other rotamers.”8 As noted above, 
the vibrational data appears to support the conclusion 
advanced from the microwave study that a single skew 
form of 4-chloro-l,2-butadiene is predominant at ambient 
temperature. If there is a second conformer, its vibrational 
frequencies are coincident10 with the skew form.

Vibrational Assignment and -CH 2C1 Torsional 
Barrier

Since no previous infrared or Raman data have been 
reported for 4-chloro-l,2-butadiene, a tentative vibrational 
assignment is proposed for the 24 fundamentals expected 
for this system. In view of the lack of symmetry and 
isotopic data for CH2= C = C H C H 2C1, the assignment is 
based principally on assignments for similar systems:

7‘:f

WAVENUMBER (cm i

Figure 5. Raman spectra of solid CH2= C = C H C H 2CI indicating the 
spectral changes that occur upon annealing.

3-chloropropene,11,12 allene,13 3-methyl-l,2-butadiene,14
3- methylpropene,15 chlorocyclobutane,16 and chloro- 
cyclopentane.17 The assignment proposed for CH2=  
C =C H C H 2C1 is listed in Tables I and II. Since the as
signment corresponds well with the earlier studies,11"17 a 
detailed discussion is not considered appropriate.

It is of interest, however, to review the assignment of 
the low frequency fundamentals since such modes are 
typically important to conformational studies. In par
ticular, Table III reveals that the skeletal atom stretches 
will often appear as discrete bands (doublets) if a pair of 
rotational conformers are present. In the assignment for
4- chloro-l,2-butadiene, however, there is no clear evidence 
for spectral transitions from a second conformer (see 
Figures 1-4). The C -C -C  stretching fundamentals are 
centered at 1955 and 1126 cm“1, respectively. In a previous 
study11 of H2C=CH CH 2C1, however, it was reported that 
distinct bands could be assigned to the C = C  stretching 
mode of each conformer (see Table IV). The C-C and 
C-Cl stretching motions are expected to give rise to intense 
Raman lines in the 500-800-cm“1 region on the basis of 
related studies.16’17 As such, the bands in this spectral 
region have been assigned to the C-C and C-Cl stretching 
modes of 4-chloro-l,2-butadiene and, again, there is no 
evidence for conformer doublets.

The fundamentals remaining to be assigned are the 
carbon-skeleton bending motions, the C-Cl bends and a 
-C H 2C1 torsional mode. Since all of these fundamentals 
are expected below 600 cm“1, they occur in a relatively 
uncomplicated region of the spectrum and have been 
assigned to the bands summarized in Table I. We might 
note that our assignment of the 102-cm“1 band (see Figure
3) to the -C H 2C1 torsion is supported11 by comparable 
assignments for C3H5C1 and C3H5Br. For each of the 
halogenated propenes, the -C H 2X  (X  = Br, Cl) torsional
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Spectra and Structure of 4-Chloro-1,2-butadiene

TABLE I: Infrared and Raman frequencies for 4-Chloro-l,2-butadienea ( c m 1)

955

Infrared Raman Infrared Raman Raman

Gas
Rei
int Gas

Rei
int Matrix

Rei
int Matrix

Rei
int Liquid

Rei
int

DP
ratio Approx description

3080(br) VW 3071 11 3062 5 0.77 =  CH stretch
3012 14 =  CH stretch

3030 22 3001 14 0.16 =  CH stretch
3006(br) w 3012 49 3005 30 2990 48 0.12 -C H 2 stretch
2968 m 2971 29 2971 mw 2970 19 2962 25 0.06 -C H 2 stretch

2934 w
2874 vw 2867 w

1982 m
1955 s 1957 s C = C = C  asym stretch
1716(R )
1711(ctr) w 1706 w
1706(P)

1635 8
1451(sh) m

=  CH2 deformation
1445 ,-1441 14

1444 ' mw 1438 8 1434 mw 1431 9 1438., 7 0.57 -C H 2 deformation

1363 w
1336(sh) mw

1331(br) w 1339 12 1327 m 1332 17 1331 14 0.20 =  CH bend
T 2 6 3 (R ) s
1258(Q ) s 1254 4 1254 ■ s 1254 14 1251 6 0.57 -CEL bend
1252(P) s
1218 w 1222 m
1 172(R )
1166(ctr) w 1166 9 1164 m 1164 19 1161 9 0.59 2 x 851 = 1162
1161 ( P )
1128(R )
1124(ctr) w 1126 53 1122 w 1122 75 1120 69 .23 C = C = C  sym stretch
1121(P) -•
1012 w 1015 . 28 1014 1012 45 1008 40 .10 -CH„ bend

990 w
976 w 975 w
924 w 919 mw

* 884 m • 888 8 882 6 .29 =  CH 2 bend
871 8 876(sh) m 872 4 = CH 2 bend

852 s 859 8 848 s 853 19 852 10 .73 = CH, bend
7 36(R )
731(ctr) s 732 100 718 s 711 100 711 100 .24 C-C stretch
726(P)
696 w

608 w
569(R )
565(ctr) m 567 m 568 12 581 14 .49 = CH bend
56 1 (P)
514(br) w 516 50 511 m 511 93 509 88 .10 C-Cl stretch
342 m 339 m 342 13 340 7 .57 C-Cl bend

287 43 288 51 289 58 .18 C-Cl bend
187 59 204 98 200 55 .65 Skeletal bends

vw = very weak, w = weak, mw = medium weak, m = medium, s = strong, sh = shoulder, br = broad, ctr = center, DP =
depolarization ratio.

fundamental has been assigned to bands between 50 and 
94 cm“1, respectively. It should be emphasized that our 
reported torsional frequency (102 cm“1) for C H ,= C = C - 
HCH2C1 was measured for the solid state at reduced 
temperatures. An effort was made to detect the gas phase 
counterpart of this 102-cm“1 torsional transition at path 
lengths up to 8.2 m, but the 1 — 0 frequency was not 
resolved. Clearly, however, the torsional fundamental for 
gaseous CHo= C = C H C H 2C1 should be centered signifi
cantly below 100 cm“1, which dictates several populated 
excited torsional states at ambient temperature. In fact, 
Karlsson et al.8 suggest the torsional frequency for gaseous
4-chloro-l,2-butadiene is centered between 60 and 70 cm"1 
on the basis of microwave measurements in support of our 
assignment.

In the absence of torsional frequencies from each 
conformer or a manifold of transitions originating from the 
ground and excited torsional levels of skew CH2= C =

CHCH2C1, we can calculate only a total barrier height,10 
V* (V* = Vx + 4V2 + 9V3). The 1 — 0 -C H 2C1 torsional 
transition determines V* by the expression V* = v 2/F. In 
this definition i> is the 1 - 0  torsional frequency and F, 
a reduced moment of inertia constant, is calculated from 
assumed geometrical parameters. By using an F value of 
0.782 cm“1, V* is calculated to be 38.0 kcal/mol.

D iscussion
The results of this work do not appear to be in accord 

with any previous study of molecules containing C(sp2) -  
C(sp3) bonds since only transitions from a single con
formation are resolved in the vibrational spectra. It is, of 
course, possible that the vibrational frequencies for a 
second conformer could be coincident with the frequencies 
for the skew form, but this is considered unlikely when the 
results of the complementary microwave study8 are 
considered. Both the vibrational and rotational investi-
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TABLE II: Vibrational Frequencies for Solid 4-Chloro-l,2-butadiene (cm ' )

Raman Infrared Raman
annealed unannealed unannealed

solid Rel int solid solid Rel int Approx description
3051 8 3062 vw 3060 10 = CH stretch
3026 4 = CH stretch
3008 8 3001 14 = CH stretch
2978 16 2987 w 2983 23 -CH, stretch
2968 16 2960 m 2961 14 -CH 2 stretch
1976 1 1972 m 1979 1

1953 s 1954 2 C=C=C asym stretch
1721 (br) w

1438 2 1444 m 1442 12 = CH2 deformation
1426 4 1430 m 1431 8 -CHj deformation

1362 vw
1337 6 1330 m 1332 15 = CH bend
1327 5
1253 8 1254 s 1252 10 -CH, bend

1215 w
1170 6 1164 m 1163 13
1118 32 1123 m 1122 60 C=C=C sym stretch
1083 3
1008 7 1013 m 1011 37 -CH 2 bend

983 3 984 w 984 3
884 3 886 m 887 5 = CH2 bend
877
867

5
8 =CH2 bend

859 3 850 s 858 15 = CH2 bend
702 100 704 s 702 100 C-C stretch

604 w
571 29 569 m 569 15 = CH bend
521 70 512 m 511 79 C-Cl stretch
355 344 m 345 12 C-Cl bend
301 17 285 m 289 40 C-Cl bend
215 41 208 mw 207 70 skeletal bend

198 (sh) skeletal bend
102 w -CH2C1 torsion

TABLE III : Typical Frequency Splittings for Conformer 
Vibrational Modes

Fre-
Con- quency,

Molecule Vibration former cm 1 Ref

n 2f 4 N-N stretch Trans
Cis

600
588 24

p 2(c h 3)4 P-P stretch Trans
Skew

455
429 25

c h 2= c h c h 2ci C=C stretch Cis
Skew

1647
1642 11

CH2=CHCH2Br C=C stretch Cis
Skew

1645
1637 11

TABLE IV : Conformer Bands Identified“ for the Cis and 
Skew Forms o f CH2=CHCH2C1 below 1700 cm 1

Vibrational Cis, Skew,
mode cm“ 1 cm-1

C=C stretch 1647 1642
= CH2 bend 1430 1412
CH2 bend 1177 1100
= CH bend 1050 987
C-C stretch 923 938
=CH bend 550 590
CCC bend 513 409
CCC1 bend 253 290

a Taken from ref 11.

gations suggest that a single, skew conformer is the pre
dominant structure for 4-chloro-l,2-butadiene at room 
temperature. This result is even more interesting in view 
o f the detailed microwave analysis published for the cis 
and trans forms of chloroacetaldehyde by Ford.18 Although 
the trans form of chloroacetaldehyde is reported to be more 
stable than the cis form, the trans structure is slightly 
higher in energy than the skew forms. The proposed 
potential function for chloroacetaldehyde (see Figure 6)

Figure 6. Schematic potential energy functions for chloroacetaldehyde 
(top) and 4-chloro- 1,2-butadiene (bottom). The V =  0 level is believed 
to be slightly above the bump corresponding to the trans conformation 
of chloroacetaldehyde.

is analogous to that determined previously for small ring 
systems (i.e., methylene oxide19 and cyclobutanone20) which 
have a small bump at the planar conformation.
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Since the vibrational and rotational studies provide no 
evidence for a second conformer of 4-chloro-l,2-butadiene, 
a potential function for CH2=C=CHCH2C1 modeled after 
that suggested for chloroacetaldehyde is illustrated in 
Figure 6. If one assumes that the vibrational frequencies 
for a second conformer of 4-chloro-l,2-butadiene would not 
be degenerate with those measured for the skew, it is 
possible to estimate a minimum magnitude for AH based 
upon limitations imposed by signal detection. If it as
sumed, conservatively, that the vibrational experiment 
could not detect less than 5% of a second conformer (i.e., 
cis), the resultant AH would be on the order of 1.3 
kcal/mol. This AH value is appreciably greater than the 
enthalpy differences determined for the chloropropene and 
chloroacetaldehyde, which underscores the delicate balance 
o f forces that dictate conformational properties of 
structurally related molecules.
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13C (natural abundance) and XH nuclear magnetic resonance spectra of a homogeneous nonionic surfactant, 
n-dodecyl octaethylene glycol monoether, and 13C spectra for the oligomeric series of di- to hexaethylene glycol 
are assigned. Measurements of the 13C spin-lattice relaxation times (Tx) suggest that the surfactant exhibits 
segmental motions in both the hydrophobic alkyl and the polar polyoxyethylene chains. In organic solvents, 
the oxyethylene groups of the surfactant appear similar in mobility to those of the ethylene glycols. The surfactant 
forms micelles in aqueous media, and decreases in Tx for all carbons are observed, consistent with restriction 
of the molecules from free tumbling upon micelle formation. In contrast, hexaethylene glycol exhibits no 
significant changes in Tx between organic solvents and aqueous media. The structure of the nonionic micelle 
was investigated with paramagnetic Mn2+ ions, and a detailed analysis of the relaxation data was attempted 
to obtain the rates of internal motions of the methylene groups and the terminal methyl group spinning. The 
results are consistent with a classical structure for the nonionic micelle, with the hydrophobic alkyl chains in 
an interior region and the polar oxyethylene chains forming an external palisade layer exposed to solvent molecules. 
The data also suggest that a restriction of internal motion occurs at the hydrophobic-hydrophilic interface, 
and that progressively increasing fluidity occurs away from the interface in both the nonpolar interior and polar 
exterior regions of the nonionic micelle.

Nonionic polyoxyethylene surfactants are currently used 
to solubilize membrane phospholipids,1,2 and are the major 
means of purifying membrane-bound proteins and en
zymes with retention of their biological activity.3 These 
amphipathic surfactant molecules self-associate in aqueous 
and nonaqueous media to form micellar aggregates of 
differing sizes and shapes.4-6 An understanding of the

detailed arrangement, local configuration, relative mobility 
of various groups in the surfactant micelle, and the degree 
of water penetration is therefore of considerable interest.

We wish to present detailed 13C and !H NMR studies 
on the solution structure of a homogeneous alkylpoly- 
oxyethylene (APE) surfactant as well as 13C NMR studies 
on a number of ethylene glycols which serve as excellent
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analogues for the polar portion of the polyoxyethylene 
surfactants. Previous ’ H NM R studies o f APE 
surfactants7' 9 have considered the mesomorphic and 
micellar states in aqueous media. From chemical shifts, 
Corkill et al.7 suggested considerable interaction of water 
with the polyoxyethylene group and speculated that water 
might penetrate the micellar core to the alkyl CH2 group 
closest to the polyoxyethylene head group. However, from 
average proton T1 relaxation times, Clemett8 concluded 
that there is no significant water penetration to the hy
drophobic core of APE micelles.

These early studies were carried out at low field 
strengths where resolution of overlapping lines was dif
ficult, and two of the above studies assumed that the 
polyoxyethylene protons of surfactant micelles can be 
treated as chemically equivalent.8,9 More recently, H 
NM R at high field strengths (220 MHz) and natural 
abundance 13C NMR studies have resolved individual 
resonance lines in octylphenolpolyoxyethylene (OPE) 
surfactants,110,11 and have suggested that the polyoxy
ethylene chain can exhibit chemically shifted resonances 
sensitive to the micellar structure. The present study 
proposes detailed 13C and ’H NMR spectral assignments 
for the primary APE surfactants and considers the 
localized structure and mobility of the hydrophobic alkyl 
and hydrophilic oxyethylene chains from chemical shifts, 
spin-lattice relaxation times (T1,), line widths, and the 
effects of shift reagents and paramagnetic ions on these 
parameters. Some preliminary 13C NMR results for this 
system have been reported.12

E xperim ental Section
n-Dodecyl octaethylene glycol monoether (C12E 0 8) was 

obtained from Nikko Chemicals Co., Ltd. Thin layer 
chromatography on silica gel G with ethyl acetate:acetic 
acid:water, 30:5:4 (v:v:v), gave a single spot. This solvent 
system will separate oligomeric molecules differing in only 
one oxyethylene unit (R. Robson, unpublished data).
2-Methoxyacetic acid, 2-methoxyethanol, diethylene (EO2), 
triethylene (E 03), and tetraethylene glycol (E 04) were 
obtained from Aldrich; hexaethylene glycol (E 06) and 
bis(2-chloroethyl) ether were obtained from Curtin Sci
entific Co. Deuterated solvents were obtained from 
Mallinckrodt. 2-Methoxyethanol deuterated in the 1 
position was prepared by reduction of 2-methoxyacetic acid 
with LÍAID4. The lH and 13C NMR spectra were con
sistent with its structure based on comparison of the 
chemical shifts and splitting patterns observed for 2- 
methoxyethanol and 2-methoxyacetic acid.

Continuous wave XH NMR spectra were obtained at 220 
MHz on a Varian HR-220 spectrometer previously de
scribed.2 Proton decoupled 13C NMR spectra were ob
tained at 25.03 MHz on a JEOL PFT-100/Nicolet 1085 
Fourier transform system also previously described.11 The 
90° pulse was 1411s. Probe temperature on both systems 
was 40 ±  1 °C except as noted.

13C NMR spin-lattice relaxation times (7\) were 
measured according to Void et al.13 Peak heights ( /T) were 
hand-measured on expanded spectra of appropriate regions 
and the T4 values were obtained from the slope of plots 
of log (L  -  L ) vs r. Generally 8-14 useful IT values were 
obtained for each carbon atom. For routine work and T\ 
runs, spectra were generally obtained over 5000 Hz using 
4K channels. For line widths, spectra were obtained over 
a spectral window of 2500 Hz using 16K channels, so that 
the digital resolution was 0.31 Hz/channel.

Ti measurements in organic solution were made in
10-mm custom-made thick-walled tubes with a capillary 
constriction to prevent vortexing upon spinning of samples.

9 5 8

CH3(CH2)9CH2CH20CH2CH2(0CH2CH2)70H '

A. A. Rlbeiro and E. A . Dennis

peak V W X y 2

¿(ppm) 0.87 1.29 1.56 3.43 3 .6 -3 .7
! HOD

l6 9 8 7 6 5 4 3 2 I 0
PPM

Figure 1. 220-MHz 1H NMR spectrum of 0.1 M C 12E 0 8 in D20  containing 
TSP. The full spectrum was recorded at 2500 Hz sweep width. The 
expanded spectrum of the alkyl peaks was recorded at 250 Hz sweep 
width and that of the oxyethylene region was recorded at 100 Hz sweep 
width. Spin decoupling experiments show that peak y collapses to a 
singlet upon irradiating peak x suggesting that these peaks comprise 
a first-order AX system (J /A k =  0.017 at 220 MHz).

These samples were thoroughly degassed by 5-6 freeze- 
pump-thaw cycles. T, measurements on samples in D 20  
were made in 10-mm NMR sample tubes (Wilmad) fitted 
with Teflon vortex plugs. For chemical shift determi
nations and titration experiments, these NMR sample 
tubes were fitted with a coaxial insert containing CC14.

Results
A representative JH NMR spectrum of C12E 0 8 micelles 

in D20  is shown in Figure 1. At 220 MHz, three meth
ylene triplets (peaks v, x, and y) and a methylene envelope 
are observed for the alkyl chain while the polyoxyethylene 
protons give several closely spaced, chemically shifted lines 
(peak z); these oxyethylene lines were not previously re
solved at lower field strengths.7“9 The triplets v, x, and 
y are assigned to the C-12 (terminal methyl), C-l, and C-2 
methylene protons of the alkyl chain. The asymmetric 
oxyethylene band of chemically shifted lines is similar to 
that previously observed for OPE micelles in D20 .1,2,10 In 
contrast, the oxyethylene protons of the polyethylene 
glycols (up to the octamer) are known to be chemically 
equivalent.14

Because the common commercial nonionic OPE sur
factants possess polydisperse oxyethylene moieties, it was 
possible that polydispersity could have contributed to the 
various oxyethylene lines observed for the OPE micelles. 
The present spectrum of the homogeneous surfactant 
suggests that the oxyethylene lines are indicative of subtle 
differences in the local, segmental environment of each 
polyoxyethylene proton in a micellar structure. Exami
nation of the accumulated evidence using a combination 
of chemical shifts, proton 7\ values, and intensity changes 
as a function of oxyethylene chain length suggests that the 
protons on the low field side of the oxyethylene band arise 
from oxyethylene units at the end of the chain, while 
protons on the high field side correspond to interior oxy
ethylene units closer to the hydrophobic part o f the 
molecule.1,10,15 A more detailed assignment will require the 
synthesis of deuterated analogues.

13C NMR spectra of C12E 0 8 micelles in D 20  and an 
ethylene glycol in CDC13 are shown in Figures 2 and 3, 
respectively. In contrast to the H spectra, the 13C spectra 
show well-resolved resonances in both the alkyl and oxy
ethylene regions. 13C chemical shifts and proposed as
signments for several linear alkyl glycol ether derivatives 
are listed in Table I. The assignment for the C-2 to C-12 
carbons of the alkyl chain is based on previous assignments 
for aliphatic compounds19“24 while the C-l carbon is readily 
assigned from the data for the dialkyl ethers (Table I).

In micelles in D20 , the oxyethylene carbons of the 
surfactant give rise to a major resonance (peak i, 69.8 ppm),
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Nonionic A lkyl Polyoxyethylene Ether M icelles 9 5 9

TABLE I: l3C NMR Chemical Shifts (8) o f Alkyl Polyoxyethylene Ethers, Ethylene Glycols, and Ether Derivatives“
CH3 CH2 CH2 CH2 (CH2 )6 CH2 CH2 (OCH2 CH2 )6 OCH, CH2 OCH2 CH2 OH(-OCH3)
a b f d e c j i h k g 1

Compound Solvent a b f d e c i i h k g 1
CH3(CH2 )21 (OCHjCHj )8 OH d 2o 13.8 22.6 31.9 29.4 29.8 26.1 71.0 69.8 69.6 71.9 60.5
c h 3 (c h 2 )n (o c h 2 c h 2 )s OH c d c i3 14.0 22.6 31.7 29.4 29.6 26.2 71.5 70.6 70.2 72.7 61.7
CHj(CH2 )n (OCH2CH2 )sOH c d 3o d 14.3 23.5 32.9 30.3 30.5 27.0 72.2 71.4 71.1 73.5 62.1
CH3OCH2CH2OHb c d c i3 73.7 61.5 58.8
CH3CH2OCH2CH2OHc c d c i3 15.0 66.5 72.0 61.5
c h 3 c h 2 c h , c h . o c h 2 c h 2 o h c c d c i3 13.9 19.3 31.8 71.1 72.2 61.6
CH3OCH2CH,OCH3c Dioxane 72.3 58.6
c h 3 o c h 2 CH2 OCH3 d Dioxane 72.2 58.3
c h 3 c h 2 c h 2 CH2 OCH3 d Dioxane 14.2 19.9 32.4 72.8 58.3
(CH3CH2CH2CH2)20 « 
H(OCH2 CH2)2OH b CDC13

14.6 20.3 33.1 71.2
72.4 61.5

H(OCHj CH2 )2 OHb CDCIj 72.3 61.4
H(OCH2CH2)3OH CDC13 70.3 72.7 61.4
H(OCH2C H J3OH d 2o

70.5^
69.6 71.7 60.4

H(OCH2CH2)„OH CDCIj 70.2 72.7 61.5
H(OCH2CH2 )4OH D20 69.7^ 69.5 71.7 60.5
H(OCH2CH2 )6OH c d c i3 70.5 70.3 72.7 61.6
(C1CH2CH, )2Oh c d c i3 71.3 42.7

(CHjCl)
a Except as noted, data are given for 0.4 M solutions at 40 “ C. In CDC13 and CD3OD, shifts are referenced to internal 

TMS. In DjO, an external CC14 reference was used and shifts are converted to the TMS scale by 6 ™ s = 8 c c h + 96.05 
ppm. The conversion factor is that determined under our experimental conditions and is close to that previously re
ported.'6 b Data for 1.5 M CH3OCH2CH2OH, 1.0 M H(OCH2CH2)2OH, and 1.6 M (C1CH2CH2)20  obtained at 30 3C. 
c Data o f Johnson and Jankowski,17 spectra 92, 216, and 93. The assignments shown here for peaks g and k are the reverse 
of that given in ref 17. d Data o f Dorman et al.1* e Data o f Lippmaa and Pehk as listed by Stothers16 on p 144. f Peak i 
results from only the two most interior carbons.

c h 3c h2c h2 c h2 (c h2 ) 6 c h 2c h 2 (o c h 2 c h 2 )6 o c h 2c h 2 o c h 2c h 2 oh

b f  d

HOCHgCH^CHXHJOCHÿl-y.OCHÿHgOCH^HÿH 

g k h i  i i i h k g

ecu

1 --1___ I—  I____ 1__l__1____ I___ 1_1_____I___ I--- 1___ I__ 1---- 1--1---- 1--1---
160 140 120 100 80 60 40 20 0

P P M

Figure 2. N atural a b u n d a n c e  ,3C  N M R s p e c t r u m  o f  0 .4  M C 12E 0 8 in 
D 20  o b ta in e d  w ith 8 0 0  s c a n s ,  a  p u ls e  r e c y c le  t im e  o f  3 0  s , a n d  4K  
p o in ts  o v e r  a  5 0 0 0  H z s w e e p  w idth.

a shoulder resonance line (peak h, 69.4 ppm) and two 
well-resolved peaks (peak g, 60.5 ppm; peak k, 71.9 ppm). 
Similar carbon resonances are observed for the homologous 
series of OPE surfactants11 and for the glycol derivatives 
of Table I and indicate that peaks (h, i) arise from interior 
oxyethylene units while peaks (k, g) arise from the terminal 
oxyethylene group. Peak k is assigned to the first 
methylene group of the penultimate oxyethylene group 
from the spectrum of triethylene glycol. Peak i, however, 
presumably includes contributions from the other 
methylene group of the penultimate oxyethylene unit as 
well as all other interior oxyethylene units, as the intensity 
of this peak increases with increasing oxyethylene content.

Regarding the terminal oxyethylene unit, previous work 
has assigned peak g and peak k respectively to the pen
ultimate and the terminal oxymethylene carbons.17 
However, although the terminal alcoholic carbon of pri
mary alcohols generally appears at about 67 ppm,1619 there 
appears no a priori reason to expect that the terminal 
oxymethylene should be shifted up- or downfield from this

h
k

C D C Ij

T M S

J ----1_____ 1____I____1_____ I___1______ I____ i I I_____ I____ I_____ I___ I______I____I---- 1---1-----L .
180 160 140 120 100 80 60 40  20 0

PPM

Figure 3. Natural a b u n d a n ce  13C  NMR s p e c tru m  o f  0 .4  M EO s in CDCI3 
o b ta in e d  w ith 1 5 0  s c a n s ,  a  p u lse  r e c y c le  t im e  o f  2 0  s , a n d  4 K  po in ts  
o v e r  a  5 0 0 0  H z s w e e p  w idth.

position, and we have noted that the reverse assignment 
for peaks g and k might be possible.11 Since the published 
13C NMR data on ethers was minimal,16“18 we gathered 
additional evidence for an unequivocal assignment, as 
summarized in Tables I and II. Comparison o f the 13C 
NMR shifts for 2-methoxyethanol, diethylene glycol, and 
bis(2-chloroethyl) ether under the same experimental 
conditions suggests that peak g arises from the terminal 
oxymethylene and peak k from the penultimate oxy
methylene carbons. Additional evidence (Table II) was 
obtained by titrating various glycol derivatives with the 
paramagnetic shift reagent Yb(DPM)3, or C12E 0 8 micelles 
in D20  with the paramagnetic relaxation reagent Mn2+. 
The experiments consistently show that peak g is some
what more perturbed than peak k by the titrating agent. 
Furthermore, l,l-dideuterio-2-methoxyethanol was syn
thesized and the 13C NMR spectrum lacks peak g, showing 
that peak g results from the terminal oxymethylene line. 
Thus, we have reversed the assignments of ref 17.

As the solvent is changed from D20  to CDC13 to CD3OD, 
the alkyl chain exhibits small but significant downfield 
shifts while the oxyethylene chain exhibits much larger
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TABLE II: Observed Changes in l3C NMR Parameters for Terminal Oxyethylene Unit o f  n-Uodecyl Octaethylene Glycol 
Monoether, Diethylene Glycol, and Methoxyethanol

Metal ion Chemical shift, ppm Line width, Hz
Compound Solvent (8.4 mM) Peak g Peak k Peak g Peak k

0.4 M CH3(CH2 )n (OCHjCHj ),OH D20 None 60.5 71.9 2.0 1.7
Mn2 + 60.5 71.9 49 8.7

0.4 M CH3 (CH, ), j (OCH2CH, )8OH CDCI3 None 61.7 72.7
Y b3 + 62.5 73.1

1.0 M H(OCH2CH2)2OH CDCI3 None 61.5 72.4
Yb3 + 62.6 73.1

1.5 M CH3OCH2CH2OH° CDCI3 None 61.5 74.0

CH3OCH2CD.OHft
Y b3 + 61.9 74.2

c d c i3 None 73.6
a Y b 3 + shift reagents are known to coordinate to alcohol functional groups and to produce downfield shifts.25’ 26 No shift 

changes are observed for the methoxy carbon (58.9 ppm) in the absence/presence o f Y b3+. b No resonance was detected in 
the 61 ppm region; the methoxy carbon signal was at 58.9 ppm.

TABLE III: 13C NMR Spin-Lattice Relaxation Times (T ,) o f  n-Dodecyl Octaethylene Glycol Monoether and Various
Ethylene Glycols

CH3CH2CH2CH2(CH2)6CH2CHj(OCH2CH2)6OCHjCH2OCH2CH20  
a b f d e c j  i h k g

Pulse
recycle

Compound Solvent time, s a b f d e c i i h k g
c h 3 (c h 2 )j j (o c h 2 c h 2 )8 OH d 2o 8.0 2.3 1.7 1.1 0.63 0.48 0.45 0.45 0.65 0.67 1.5 1.4
CH3(CH2)11(OCH2CH2)8OH c d c i3 17.5 (7.4) 5.1 3.4 1.9 1.4 1.3 1.8 1.9 3.9 3.6
CH3(CH2)n (OCH2CH2)8OH c d 3o d 15 5.6 5.1 3.6 2.1 1.9 1.4 1.7 2.3 2.2 3.5 3.6
H(OCH2CH2)4OH CDC13 20 1.9 2.6 3.1 2.9
H(OCH2CH2)6OH CDC13 15 1.9 2.2 2.7 2.8
H(OCH2CH2)6OH d 2o 15 1.9 2.1 2.9 2.9

a 71, values reported in seconds for 0.4 M samples. Ideal T i measurements require bT l recycling times. At 3Tl transient 
magnetizations equilibrate to about 95% o f equilibrium value. Delay times below 37\ are not sufficient for return to equi
librium magnetization, and apparent T, values obtained under these circumstances are lower limit values. Parentheses are 
placed around apparent T , values.

TABLE IV : Calculated Correlation Times (reff)a for n-DodecyJ Octaethylene Glycol Monoether and Various 
Ethylene Glycols

CH3CH2CH2CH2(CH2)6CH2CH2(OCH2CH2)6OCH2CH2OCH2CH2OH
a b f d e c j i h k g

Compound Solvent a b f d e c j i h k g
c h 3 (c h 2 ),, (o c h 2 c h 2 )a OH d 2o 6.8 14 21 37 49 52 52 36 35 16 17
CH3(CH2)11(OCH2CH2)8OH c d c i3 (2 .1 ) 4.6 6.9 12 17 18 13 12 6.0 6.5
CH3(CH2 )n (OCH2CH2)8OH CD3 0 D 2.8 4.6 6.5 1 1 12 17 14 10 1 1 6.9 6.5
h (o c h 2c h , )4o h CDC13 12 9.0 7.5 8.0
h (o c h 2c h „ )6o h CDC13 12 1 1 8.6 8.3
H(OCH2CH2)6OH d 2o 12 1 1 8.0 8.0

° In picoseconds. Calculated from xeff = rCH6/A T ,A H where is the internuclear distance (assumed 1.09 A). T i is the 
spin-lattice relaxation time, NH is the number o f attached protons, and A is a constant. See ref 27 and 28.

CH3CH2CH2CH2(CH2)6CH2CH2(OCH2CH2l6OCH2CH2OCH2CH2OH

Figure 4. Plot of 13C NT, values against the long molecular axis for 
C12E08 in (□) CDCI3, (•) CD3OD, and (O) D20.

downfield shifts. Similar downfield shifts are observed for 
the ethylene glycols and the OPE surfactants.11 Molecular 
motion in the ethylene glycols and Ci2E0 8 in various 
solvents was monitored by determining 13C Tl relaxation 
times (Table III). Hexaethylene glycol shows similar 7\ 
relaxation times in D20  and CDC13, while C12E 0 8 shows 
decreased Tx values in D20  compared to the values in 
CD3OD and CDCI3 similar to observations for the OPE 
surfactants.11 A plot of 13C NT} values for C12EOg is shown 
in Figure 4. In all solvents, the Ar711 appear shortest at 
the confluence of the alkyl and oxyethylene chains. The 
NT] values progress to higher values along both chains 
toward the chain terminal carbons.

Effective NMR correlation times, reff, calculated from 
the T: relaxation times appear in Table IV. The reff values 
are calculated in the table by assuming relaxation due only 
to a heteronuclear dipolar interaction between a pro- 
tonated carbon and its directly bonded protons.27,28 
Theories of dipolar relaxation, however, actually predict
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Figure 5. Qbserved ’H NMR (top) and 13C NMR (bottom) line widths 
for C12E 08 micelles in the presence of added paramagnetic Mn2+ ions. 
Note that the.points corresponding to zero added Mn2+ have been plotted 
at the 0.01 position of the log scale.

that Tx is double-valued with respect to motional corre
lation times. Fortunately, T2, the spin-spin relaxation time 
is single-valued with respect to the correlation time. T2* 
obtained from peak line widths is commonly used as a 

■lower limit to T2. The resolved single carbon resonances 
of C12E 0 8 in organic solution and in D20  all exhibit narrow 
line widths (1.5-3.6 Hz at a digital resolution of 0.31 
Hz/channel) and suggest motions in the short correlation 
time regime. At 25 MHz, the motional narrowing region 
of the short correlation time side occurs when T ( exceeds 
about 0.17 s; all of the experimentally determined T, values 
appear to satisfy this condition, allowing calculation of reff 
as in Table IV.

The penetration of metal ions into micelles in D20  was 
investigated by observing NMR line width changes for the 
resolved lines of C12E 0 8 in D20  in the presence of para
magnetic Mn2+ ions (Figure 5). Since it was not possible 
to identify the proton oxyethylene resonances, we used 13C 
NMR results for these groups. With the addition of Mn2+, 
the HOD resonance line representing bulk solvent im
mediately broadens while no changes are observed for 
other lines. Further addition of Mn2+ broadens the peaks 
of the terminal oxyethylene (peak g) preferentially with 
smaller effects for other oxyethylene groups. Thus the data 
suggest an association between the end hydroxyl and Mn2+ 
ions. Unfortunately, the end hydroxyl proton was not 
observed because it is exchangeable with solvent. Because 
paramagnetic effects decrease with the sixth power of 
distance, smaller effects are expected for other oxyethylene 
units. At higher concentrations, it is possible that some 
Mn2+ may penetrate into the oxyethylene layer and even 
up to the C-l methylene group as suggested by some degree 
of line broadening in both the lH and 13C spectra. In 
contrast the terminal alkyl carbons and protons exhibit 
only a small amount of line broadening, suggesting these 
groups are well secreted from the paramagnetic ion.

Discussion
Aggregation State, Relaxation Times, and Mobility of 

C12EOs in Solution. The nonionic polyoxyethylene sur
factants exhibit solvent dependent aggregation states.5,6 
Solvents with two or more potential hydrogen bonding 
centers enhance micelle formation similar to that in

water.29 Thus micelle formation has been reported in 
ethylene glycol30 and formamide.29,31,32 In contrast, in 
hydrocarbon solvents, such as decane or cyclohexane, 
inverted micelles may form.6 Linear hydrogen bonding 
solvents with a single hydrogen bonding center, however, 
do not support micelle formation29 and several reports 
clearly show the destruction o f micelles by the lower al
cohols ethanol and methanol.33’ 37 Consequently, we made 
our NTi measurements for C12EOg in the organic solvents 
methanol and chloroform for comparison with the results 
for aqueous micelles. Presumably in methanol, a relatively 
good hydrogen bonding solvent, C12E 0 8 behaves as a 
monomer while in chloroform, a weaker hydrogen bonding 
solvent, the exact aggregation state is not clear at this time.

The 13C NMR spin-lattice relaxation of directly pro- 
tonated carbon atoms can be effected by two kinds o f 
molecular motion: (i) overall molecular tumbling with an 
average rate (r0)_1 which contributes equally to 'l  fNTx at 
every carbon atom o f a given spherical molecule, and (ii) 
internal rotations about single bonds which are inde
pendent o f the motions about all other bonds with rate 
(r,) 1 between the ;th  and jth +  1 carbon. Consequently, 
in large molecules carbon atoms which do not partake in 
internal motion will have the same effective correlation 
times while carbon atoms which undergo internal rotations 
can have shorter correlation times (longer 7\ for short side 
of 7\ minimum). Thus, the protonated carbons o f rigid 
rings often have identical NTi values while the NTt o f 
long, flexible carbon chains can progressively increase along 
a chain from the rigid part of a molecule to the chain 
terminus, a process termed segmental motion.28 The latter 
phenomenon in particular has been noted in the long alkyl 
chains of 1-decanol,19 C10-C 20 alkanes,20 and ionic mi
celles.21’ 24

Recently we found that OPE surfactant molecules have 
identical NTl values in the rigid phenyl ring and in the 
hindered methyl and methylene carbons of the isooctyl 
group, suggesting that these carbons reflect only the 
molecular tumbling o f the surfactant; also in the oxy
ethylene chain we found larger NTi values which pro
gressively increase away from the phenyl ring and imply 
that segmental motions can occur in this chain in an 
analogous manner to that for the alkyl chain.11 The 
present data for the APE molecule, which is completely 
flexible, show that segmental motions are exhibited in both 
the alkyl and the oxyethylene chains.

A more rigorous analysis of the calculated reff for C12E 08 
requires a detailed model o f the chain motion. Recently, 
Levine and co-workers38,39 have shown, for both isotropic 
and anisotropic tumbling, that for carbon atoms four bonds 
away from the tumbling center (usually the center of 
mass) the 13C relaxation times are independent of the 
tumbling motion of the molecule. For these carbons, the 
effective rotational motions can be simply analyzed in 
terms of the overall rotation of the molecule (viewed rigid) 
with an average rate (r0) 1 and internal rotations about 
single bonds with rate (r,)’ 1. The difference in (r;) 1 for 
individual adjacent carbon atoms (denoted as [r( j, j  +
1)] ') is then a measure of internal motions, as by definition 
t„ is constant for the C12E 0 8 molecule.

For the alkyl chain, the calculated differences in cor
relation times r(j, j  + 1) suggest the least internal motion 
occurs about the bond between carbon atoms c and j  as 
shown in Table V. The terminal methyl group, however, 
appears to undergo rapid internal rotation about the 
terminal bond. The rotational potential barrier about this 
terminal bond can be estimated from

r(a ,b) = A exp (Vt/RT)
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TABLE V : Correlation Times r(j, j  + 1) Corresponding to Differences in Rates o f Internal Motion" for rc-Dodecyl
Octaethylene Glycol Monoether and Various Ethylene Glycols

Compound Solvent r(a,b) r (b ,f) r(f,d) r(c,j) r(g,k)
CH, (CH2),, (OCH2CH2), OH d 2o 13 39 50 DO 233
CH3 (C H ,),, (OCH2 CH2 )8 OH c d c i3 3.9° 14 233 47
C H jjC H jjjj (OCH2CHj )5 OH CDjOD 7.1b 16 16 78 233
H(OCH2CH2),OH CDC13 117
H(OCH2CH2)6OH c d c i3 231

' H(0'CJ12CH2)60H d 2o oo

" In picoseconds. . Calculated from [ r ( ; , ;  + 1 ) ]_1 = [ref f ( j) ]_1 -  [r ?ttU + l ) ] ' 1 = [r ,(y ) ] '1 -  [r ,(; + l ) ] ' 1 assuming Tef f ' ‘ 
= T0 + r f ' ,  where t0 is constant. Note that the values given for r(c,j) and r(g,k) are subject to large errors since the reff 
values for each, carbon pair are quite similar. Thus, the values o f r { j j  + 1) for these carbon pairs are clearly large, but are 
not quantitatively significant. ° Similar values o f T(a,b) in the 4-8-ps range have been observed for the terminal CH3 group 
o f «-alkanes.,/8 alkyl bromides,38 alkyl amines,23 alkyl ammonium salts,23 and alkyl borides39 in solutions o f  low viscosity 
typically about 1-2 cP.
where A (the preexponential factor) is taken as the rate 
o f methyl group, rotation in the gas phase.20,28 Values of
2.2 and 2.6 kcal/mol are obtained for C12E 08 in CDC13 and 
CD3OD, respectively; similar values of 2.6 kcal/mol have 
been reported for methyl group rotation in an entire series 
of neat primary alkanes.20

For the oxyethylene chain, quantitative treatment with 
the model is possible only wjrere data are available for two 
adjacent carbons. Treatment p i  the terminal unit of 

.Ci2E 08 and the ethylene glycols gives relatively large values 
for r( j, j  + 1), suggesting much jess internal motion about 
the intervening C-C bond, when compared to the values 
for the carbon pairs at the alkyl chain terminus.

Structure and Mobility of Nonionic Surfactant Mi
celles: In water at 25 °C, the cmc of C12E 0 8 is about 7 X 
10“5 Ml40 Concentrations ca. 50 000 times that value are 
used in this work and thus our measurements in water 
refer to the surfactant in the. micellar state, and any effects _ 
due to.single molecules are presumed negligible. In mi
celles, the nonionic surfactant molecules presumably as
sociate with their hydrophobic alkyl chains in an interior 
core, and their more polar polyoxyethylene chains forming 
an exterior palisade layer. Early work on polydisperse 
Ci2E 0 841 and on polydisperse42 and homogeneous43“45 
samples of other C12EO„ (n = 6-14) suggest a micelle 
molecular weight of 50000-100000 at 25 °C. Becher and 
Arai41 suggested that the polydisperse C12E 0 8 surfactant 
forms micelles that are prolate ellipsoids. Tanford et al.46 
have now determined that homogeneous C12E 0 8 forms 
micelles of about 65 000 and have suggested from calcu
lations with various models that Ci2E 08 micelles are oblate 
ellipsoids. We47 have suggested from calculations that 
Triton X-100 micelles are either oblate ellipsoids or 
spherical (nonclassical) micelles and similar considerations 
should apply to C12E 0 8 micelles.

Presumably, the dominant contributions to relaxation 
phenomena in micelles are from the overall reorientation 
of surfactant molecules in micelles and the internal 
motions about single bonds. Experimentally, this appears 
plausible since the NT j parameters clearly suggest similar 
motional trends for C12E 0 8 in micelles and in the organic 
solvents. In micelles, however, the NT1 values for both 
the alkyl and oxyethylene chains are clearly decreased. 
Furthermore, increases in the calculated r(j, j  +  1) suggest 
decreases in internal motion about single bonds. Although 
bulk solvent viscosity differences might be suggested to 
account for the decrease in NTh28 this possibility appears 
unlikely as the NTl values for the oxyethylene chain of 
hexaethylene glycol, determined under similar conditions 
as those for C12E 0 8, are similar in CDC13 and D20 . The 
most plausible interpretation for the decrease in relaxation 
times for Ci2E 0 8 then is that upon micelle formation both 
a restriction of individual molecules from free tumbling

and a restriction of internal motions about single bonds 
occurs.

The site of greatest immobilization for the surfactant 
molecules in micelles appears to be at the bond between 
.cqrbon atoms c and j as these carbons show the smallest' 
AfTi values and their calculated r(j, j  +  1) is very large. 
These are precisely the carbons that should constitute the 
hydrophobic/hydrophilic interface as the methylene group 
(corresponding to carbon atom j) is clearly in a rather polar 
environment, being shifted downfield o f the other 
methylene groups in both the XH and 13C NMR spectra 
(Figures 1 and 2).

.The internal motions occur to a greater extent for the 
terminal methyl and penultimate groups than for other 
methylene groups. If one assumes that the former groups 
are located closer to the center of the hydrophobic core 
and the latter groups closer to the interface, increasing 
motions are suggested toward the inner core o f  the micelle 
from the interface. In this hydrophobic interior core, 
terminal methyl group rotation is calculated t.o face a 
barrier of 3.0 kcal/mol. Analogous calculations with NTl 
data at 34 °C23 for ionic micelles yield a methyl group 
rotation barrier of 2.5 kcal/mol. Thus, although the data 
might indicate a slight immobilization of methyl group 
rotation for C12E 0 8 micelles as compared to organic so
lutions of Ci2E 0 8, neat alkanes, and ionic micelles, it 
appears that, to a first approximation, similar methyl 
group motions occur in all these systems.

For the polyoxyethylene chain in micelles, the 13C re
laxation data are consistent with increasing mobility from 
the interface toward the terminal unit, which is most likely 
at the periphery of the nonionic micelle; these phenomena 
have been previously noted in the OPE micelles.11

A major question involving the detailed structure of 
nonionic micelles concerns the extent and nature of their 
hydration by solvent molecules.4,5 Some confusion exists 
in the literature on the role of water penetration into the 
hydrophobic core of these nonionic polyoxyethylene mi
celles.48 19F NMR studies on partially fluorinated APE 
surfactants have suggested that water penetrates to the 
fluorocarbon group, and on the implicit assumption that 
the fluorocarbon group samples the hydrophobic core, 
imply that water does penetrate into the core.49 The XH 
NMR chemical shift and T, relaxation time studies1,8,10 on 
the OPE and APE systems, however, have suggested that 
water does not penetrate to the alkyl chain. Consistent 
with these studies, the Mn2+ titration results (Figure 5) 
suggest that on the NMR time scale, the alkyl chain is 
never exposed to solvent but well-secreted in the hydro- 
phobic core. The disparate 19F evidence appears dis
countable by the suggestion that partially fluorinated 
moieties are actually phobic and not philic with hydro
carbon chains, and fluorinated surfactant micelles may not
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be representative of “ protonated” surfactant micelles.50
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On the  C orrelation b etw een  Electron S p in -L a ttice  Relaxation Tim es and Hydrogen Atom  

D ecay  K inetics in Sulfuric Acid G lasses X -Irrad ia ted  at 4 to 90 K

Larry Kevan* and Andrzej Plonkâ
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The electron spin-lattice relaxation time measured by progressive saturation methods at 77 K for trapped 
hydrogen atoms in sulfuric acid glasses is found to be sensitive to the x-irradiation temperature from 4 to 90
K. This effect of irradiation temperature qualitatively correlates with similar effects on the H atom decay 
kinetics at 77 K and suggests that the spin-lattice relaxation time may be diagnostic for differences in trap 
limited radical decay kinetics.

Introduction
It is somewhat remarkable, but true, that an entity as 

reactive as a hydrogen atom can be trapped following y 
irradiation of various oxyacid ices at 77 K .1 At 77 K the 
H atoms do decay slowly but only to the extent of about 
5% in 50 h. Furthermore, the decay rate becomes slower

 ̂On leave from the Institute of Applied Radiation Chemistry, 
Technical University of Lodz, Lodz, Poland.

with time. The H atom decay kinetics can be speeded up 
and more easily studied by increasing the temperature 
above 77 K or by adding reactive solutes such as alcohols. 
Recent kinetic studies by electron spin resonance at 77 K 
have suggested that the environment of the trapped H 
atom changes with time at a given temperature2 and that 
it depends upon the irradiation temperature at which the 
H atoms are formed.3 The environmental changes have 
been interpreted as due either to a dynamic, thermally

The Journal o f Physical Chemistry, Vol. 81, No. 10, 1977



9 6 4

activated redistribution of H atoms from shallower to 
energetically deeper preformed traps,2 or to a thermally 
activated relaxation of the matrix around a trapped H 
atom in a given trap.3

The electron spin-lattice relaxation time measures the 
rate of magnetic energy transfer from a radical to its 
environment and is thus expected to be a sensitive probe 
of the interaction of a trapped H atom with its environ
ment.4 If the environmental interaction does control the 
H atom decay kinetics we expect that the spin-lattice 
relaxation time may correlate with decay rates and give 
molecular insights into how the decay process occurs. To 
assess this postulate we need first to explore whether the 
same factors that affect H atom decay rates give meas
urable differences between electron spin-lattice relaxation 
times.

In this work we investigate the effect of irradiation 
temperature at which H atoms are formed on the relátive 
electron relaxation times measured by a progressive 
saturation technique. For irradiation temperatures be
tween 4 and 90 K we find that the relaxation time for H 
atoms at 77 K are distinguishable.

Experim ental Section
The aqueous solutions 6 M in H2S 0 4 without and with

0.05 M FeS04 added Were prepared from Baker Analyzed 
sulfuric acid and ACS certified ferrous sulfate (Fisher 
Scientific Co.).

To prepare the acid glass samples the above solutions 
were poured into cylindrical containers made from thin 
aluminum foil (diameter 2.5 mm, height 10 mmj immersed 
in liquid nitrogen. A small piece of copper wire introduced 
into the freezing solution enabled easy handling of the 
frozen samples. The aluminum foil was striped off under 
liquid nitrogen and the samples were x-irradiated at 
temperatures from 4 to 90 K. For irradiation at 4 -and 77 
K liquid helium or liquid nitrogen dewars were used. All 
other irradiations were performed with the use of a cold 
helium gas flow system. In each case the tail section of 
the dewar was in contact with the beryllium window of a 
Siemens x-ray tube (AGW 61) driven by a Kristalloflex-2 
power supply. At 60 kV and 50 mA the dose rate was equal 
to about 8.8 Mrad/h, as estimated from a comparison of 
the amount of trapped hydrogen atoms produced by x-rays 
to the hydrogen atom yield from a Co-60 y source which 
had a calibrated dose rate of 0.16 Mrad/h.

The acid glass samples were typically x-irradiated for 
15 min, transferred quickly into another dewar for mea
surement to avoid background signals, and electron spin 
resonance spectra were recorded at 6-kHz magnetic field 
modulation with a Varían V-4500 spectrometer. A bal
anced mixer type microwave bridge, built in this labo
ratory, was used in the place of the Varian bridge.

The microwave magnetic field Hlt in mG, was estimated 
from the relation5 for a Varian TE104 cavity with a quartz 
insert used in the present experiments:

H , =  2 . 2 2  X 1 0 3P 1/2

where the microwave power, P, is in watts. The microwave 
power was measured with a thermistor connected to a 
Hewlett-Packard power meter (HP 431 C).

Results
The microwave power saturation behavior of the main 

transition and o f one o f the proton spin-flip satellites of 
the high field hydrogen line, measured at 90, 77, 55 and 
4 K  for 6 M H2S04 glass x-irradiated at 90 K, is presented 
in Figure 1. It is evident that with temperature decrease 
the saturation of the main transition and of the satellite

Larry Kevan and A ndrzej P lonka

Figure 1. Microwave power saturation curves on a log -log  scale fo r 
the main high field ESR line and for one of the. single spin-flip satellite 
lines due to trapped H atoms in 6 M H2S 04 glass x-irradiated (2.2 Mrad) 
at 90 K and measured at 90, 77, 55, and 4 K.

Figure 2. Microwave power saturation curves on a log-log scale for 
the main high field ESR line and for one of the single spin-flip satellite 
lines due to trapped H atoms in 6 M H2S 0 4 glass containing 0.05 M 
of F e S 04 x-irradiated (2.2 Mrad) at 77 K and measured at 77 and 4
K.

occur at successively lower values of Hx. The vertical 
position of the curves was adjusted so that all satellite 
transition curves reach the same values at low microwave 
power below saturation. This also adjusts the scale of the 
main transition curves. This procedure is justified from 
the results for' 6 M H2S 0 4 glass, containing 0.05 M o f 
FeS04 (see Figure 2) in which the saturation occurs at 
higher values of H1 due to cross relaxation o f H with Fe2+.6 
The occurrence of saturation at lower power as the 
measurement temperature decreases (Figure 1) is com
patible with Ti increasing at lower temperature.

For measurement at 77 K the saturation behavior of the 
glasses irradiated at 90, 77, and 4 K are all different and 
do not even show a monotonic trend with irradiation 
temperature; see Figure 3. The H atoms produced by 
irradiation at 77 K are more easily saturated than those 
produced by irradiation at either 90 or 4 K. Thus, the 
saturation behavior reflects the temperature of the matrix 
at which the H atoms were originally trapped as well as 
the temperature of measurement. All measurements were
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Figure 3. Microwave power saturation curves on a log-log scale for 
the main high field ESR line and for one of the single spin-flip satellite 
lines due to trapped H atoms in 6 M H2S 0 4 glass x-irradiated (2.2 Mrad) 
at 90, 77, and 4 K and measured at 77 K.

begun within 30 min after irradiation, so that the temporal 
history o f each sample was similar.

Discussion
Although the relaxation times obtained from saturation 

studies under fast passage conditions, as we have, have 
doubtful absolute validity, we may use them for valid 
comparisons within a given paramagnetic system.4,5 The 
saturation parameter Z for an inhomogeneously broadened 
line under fast passage conditions is given by

[ 1 +  (2yHi2TlfirHm) V  /  ( 1 )

The spin-lattice relaxation time Tx may be calculated 
by finding the numerical value o f Hx for which the signal 
intensity is one-half o f what it would be in the absence of 
saturation. Substituting i i 1/2 for Hx at Z = 1 /2 the 
spin-lattice relaxation time is given by4

Ti = nHmi2yHU22 ' (2)

where Hm denotes the modulation amplitude and y is the 
gyromagnetic ratio o f the electron, 
v Making use of relation 2 we have estimated T, at 77 K 
for samples x-irradiated at 77 K to be equal to about 2.0 
ms. This value has been confirmed by direct T\ mea
surements by the saturation recovery method on a pulsed 
ESR spectrometer. For samples irradiated at 90 K the 
relaxation times measured at 90, 77, and 55 K are equal 
to 0.25, 0.84, and 1.4 ms, respectively. This trend for Tx 
with temperature is typical and appears independent of 
matrix relaxation effects. No additional matrix relaxation 
is expected when cooling the matrix below its irradiation 
temperature.

The striking effect of irradiation temperature on Tx 
(Figure 3) is shown by the following results which are coded

by irradiation temperature/observation temperature: 77 
K /77 K, 2.0 ms; 90 K /77 K, 0.84 ms; and 4 K /77 K, 0.27 
ms. This effect o f irradiation temperature on the spin- 
lattice relaxation time seems analogous to the effect o f 
irradiation temperature on the H atom decay kinetics in 
sulfuric acid matrices containing 2-propanol. Two types 
of relative kinetic behavior were found in those studies. 
The initial relative slopes of d [H ]/d t were respectively
0.08,1.0, and 2.0 for 90 K /77 K, 77 K /77 K, and 63 K /77 
K irradiation and observation temperatures; while the 
relative slopes after about 80 min o f decay had changed 
to 0.32, 1.0, and 0.17 for 90 K /77  K, 77 K /77 K, and 63 
K /77 K, respectively. For the decays at longer times the 
77 K /77 K slope was larger than for higher or lQwer ir
radiation temperatures. We cannot make a quantitative 
comparison of the kinetic and relaxation time results 
because the experimental conditions are different, but the 
qualitative features do suggest that the ¿pin-lattice re
laxation time may be diagnostic for differences in trap 
limited radical decay kinetics.

Earlier work has shown that changes in the environment 
of a trapped H atom with time (100 h at 77 K) may be 
probed by measuring a change in the ratio of satellite to 
main line-intensities. Although the quantitative analysis 
o f H atom to matrix proton distances was carried out 
incorrectly in that work,7 the decrease' in the ratio with 
time does:indicate an increase in this distance.' In our 
studies on a much shorter time scale no significant changes 
in the satellite to main line ratio were observed as a 
function of irradiation temperature. Thus Tx measure
ments appear to be somewhat more-sensitive than satellite 
intensity measurements to environmental changes that 
affect radical decay kinetics.

Since we have shown that electron spin-lattice relaxation 
times are distinguishable under conditions that lead to 
different radical decay kinetics, we are optimistic that Tx 
data will be useful in unraveling the subtleties of the 
complex radical decay features typically observed in ir
radiated solids. It will be more incisive to make rapid and 
direct measurements of 7\ by pulsed electron spin reso
nance techniques which can be directly compared with 
instantaneous radical decay rates under the same ex
perimental conditions. Such investigations are in progress.
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M echanism  of Spin Diffusion in Electron Spin R esonance S pectra  of Trapped E lectrons  

in A queous G lasses. E lec tro n -E lec tro n  Double R esonance Studies
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Electron-electron double resonance (ELDOR) has been used to test the validity of the noninteracting spin 
packet model for inhomogeneously broadened ESR lines. For trapped electrons in 10 M NaOD/D20  glassy 
ice the saturation of field-swept ELDOR spectra fits the above mentioned model in contrast to earlier w.ork 
on trapped electrons in protiated matrices. In the protiated matrix spin diffusion produces significant interaction 
between the spin packets. The difference between the protiated and deuterated matrices suggests that nuclear 
relaxation is the mechanism for spin diffusion. The deuterated matrices show no structure in frequency-swept 
ELDOR spectra due to deuteron spin-flip transitions whereas structure due to proton spin-flips is seen in 
protiated matrices.
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Introduction
Electron spin resonance (ESR) spectra of trapped 

radicals in disordered solids are typically inhomogeneously 
broadened due to unresolved hyperfine interaction with 
matrix nuclei. Inhomogeneous broadening arises because 
the average static magnetic field varies for different spins 
and this variation can be associated with different nuclear 
configurations around the unpaired spins. To describe the 
microwave power saturation behavior of inhomogeneously 
broadened ESR lines Portis originally introduced a 
“ noninteracting spin packet” model in which he assumed 
that each set of electron spins that interacted with the 
same nuclear configuration formed a homogeneously 
broadened spin packet.2 The various spin packets su
perimpose to produce the observed inhomogeneously 
broadened line.

This noninteracting spin packet model has been widely 
used to interpret power saturation behavior of ESR lines 
in terms of radical spatial distributions and to deduce the 
magnetic relaxation parameters Tj, spin-lattice relaxation 
time, and T2, spin-spin relaxation time.3 Portis originally 
assumed that the spin packet width was much less than 
the observed inhomogeneous line width.2 Castner4 gen
eralized the model so that this assumption was not nec
essary. Recently, Bowman et al.5 have further extended 
the model to include ESR detection by magnetic field 
modulation which is the common experimental method 
now used. We now explore the interaction between spin 
packets.

Communication or interaction between spin packets can 
be described as spin diffusion within an ESR line. Portis6 
apparently first introduced the concept of spin diffusion 
and considered the specific mechanism of electron spin- 
electron spin dipolar interaction. In later treatments 
others7-9 have considered a variety of mechanisms of spin 
diffusion, including electron spin-lattice relaxation, ex
change interactions, nuclear relaxation, instantaneous 
diffusion by microwave pulses, and even macroscopic 
diffusion of individual radicals. Thus spin diffusion now 
broadly means transfer of saturation between spin packets 
without implying any specific mechanism.

Electron-electron double resonance (ELDOR)10 has been 
used to incisively study the spin packet model for trapped 
electrons in KC1 crystals (F centers)11 and for trapped 
electrons in y irradiated 10 M NaOH aqueous glass.12 In 
both cases the noninteracting spin packet model fails 
quantitatively, although not qualitatively, and indicates 
the existence of significant spin diffusion. ELDOR is ideal

for such studies because two microwave frequencies are 
used which can be applied to different spin packets in a 
single ESR line. In the present work we investigate the 
mechanism of spin diffusion for trapped electrons in 
aqueous glasses by changing the magnetic matrix nuclei 
from protons to deuterons. The results indicate that 
nuclear relaxation is involved and, interestingly, that the 
noninteracting spin packet model is satisfactory for 
deuterated matrices.

Experimental Section
Fresh solutions of 10 M NaOD/D20  were prepared from 

40 wt % N aO D /D 20  and D20  from Stohler Isotope 
Chemicals. Samples were sealed in 4-mm o.d. suprasil 
quartz tubes, frozen rapidly in liquid nitrogen to the glassy 
state, and irradiated with ^Co y rays at 77 K at a dose rate 
of 0.21 Mrad h"1. Trapped electrons (et~) and O are the 
paramagnetic species produced by irradiation, with O" 
downfield from et .

The ELDOR spectrometer and operating procedures 
have been described.12 Magnetic field modulation at 100 
kHz with a peak-to-peak amplitude of 0.6 G was used to 
record the spectra. The maximum pumping microwave 
magnetic field at 0 dB was Hlp = 0.68 G. Field-swept 
ELDOR spectra are obtained with both pumping and 
detecting microwave frequencies held constant. Fre
quency-swept ELDOR spectra are obtained by sweeping 
the pumping microwave frequency fp while holding the 
detecting microwave frequency f¿ and the magnetic field 
constant; different frequency swept spectra may be ob
tained for different magnetic field positions. The detecting 
microwave power was kept below the saturation region, 2 
¡xW, for the trapped electrons. Different sets of spectra 
at various temperatures were studied and analyzed to 
compare with the data on protiated systems12 under similar 
conditions.

Results
The field-swept ELDOR spectra for et" at A / = / p -  / d 

= 6 MHz at various pump powers are shown in Figure 1. 
As the spectrum is swept from low to high field the pump 
frequency lags the detecting frequency when Af  is positive 
as it is here. In Figure 1 at -39 dB with effectively no 
pump power applied, the usual ESR spectrum is seen. As 
the pump power increases, the spectra become asymmetric 
as the high field part of the derivative curve diminishes. 
The low field peak of the derivative curve slowly decreases. 
These results are similar to those previously observed for
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Figure 1. Field-swept ELDOR spectra of trapped electrons in 10 M 
N a 0 D /D 20  glassy ice y  irradiated to 2.3 Mrad at 77 K and measured 
at 40 K. The pumping frequency is higher than the detecting frequency 
by 6 MHz and the pumping microwave powers are shown in dB below 
the maximum; -3 9  dB corresponds to the ESR spectrum unperturbed 
by pumping power.
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Figure 2. Field-swept ELDOR spectra or trapped electrons in 10 M 
N a 0 D /D 20  glassy ice 7 irradiated to 5.3 Mrad and measured at 77 
K. The pumping frequency is higher than the detecting frequency by 
6 MHz and the pumping microwave powers are shown in dB below 
the maximum; -3 9  dB corresponds to the ESR spectrum unperturbed 
by pumping power.

et~ in 10 M N a0H /H 20  except that the high field peak of 
the derivative curve decreases more rapidly with pump 
power in the deuterated matrix. This will be seen to be 
consistent with less spin diffusion in the deuterated matrix.

Figure 2 shows the same type o f ELDOR spectra as in 
Figure 1 at a higher dose of 5.3 Mrad. The same type of 
behavior is observed except that the ELDOR spectra 
appear to be more strongly saturated at high pump power.

Figure 3 shows field-swept ELDOR data for 0 dB 
pumping power for various A/  from 50 to 6 MHz. At Af  
= 40-50 MHz no difference is observed between the 
spectra with and without pumping power. At A/ = 30 MHz 
the ESR line shape is distorted constituting an ELDOR 
response. This frequency difference corresponds to about

96 7

- 6 MHz

- 10 MHz

- 2C.MHz

- 30 MHz

-4 0  MHz

- 50 MHz

Figure 3. Field-swept ELDOR spectra of trapped electrons in *10 M  
N a 0 D /D 20  glassy Ice 7 irradiated to 2.3 Mrad and measured at 77 
K. The pumping microwave frequency is higher than the detecting 
microwave frequency by the amounts Indicated. The pump power is
0 dB.

Figure 4. Frequency-swept ELDOR spectra of trapped electrons in 
10 M N a 0 D /D 20  glassy ice 7 irradiated to 2.3 Mrad and measured at 
77 K with the pumping frequency higher than the detecting frequency. 
The frequency difference is given on the abcissa. The pump power 
is 0 dB. The trapped electron ESR spectrum is also shown on the right. 
The ELDOR spectra were obtained when sitting on t ie  high field and 
low field derivative maxima of the ESR spectrum.

twice the ESR derivative line width A o f  5.4 G = 15.1 
MHz.

Frequency-swept ELDOR spectra are shown in Figure 
4 for the magnetic field set on each derivative peak of the 
ESR line. There is no evidence of structure in these 
spectra as is observed in the spectra in the protiated 
matrix.12

Spectral Analysis
The field-swept ELDOR spectra show the saturation of 

the ESR spectrum under ELDOR conditions. We analyze 
the spectra with the noninteracting spin packet model for 
ELDOR developed for et~ in protiated matrices.12 For 
detecting microwave power below the saturation region our 
signal is proportional to the imaginary part of the magnetic 
susceptibility at the detecting angular frequency given by

x”(wd) = C/o [(a{a2 + [(cod -  w')/Amg] 2}-1 exp{-[(co
- w 0)/AwG] 2} ) / ( l  + Sa2{a2 +[(cop
-a/j/Acoo]2}-1)] d(cj'/A«) (1 )

where C is a constant, a = Awl/  Awq. S = 7 2i f lp2T1T2, 7
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Figure 5. Theoretical analysis plot for pump saturation of field-swept 
ELDOR spectra with A f  =  6 MHz. The various parameters are defined 
in the text and n varies with pump microwave power.

= 1.76 X  107 G-1 s \ and wp = 2x/p. The spin packets are 
assumed to be Lorentzian with a half-width at half-height 
of AcoL = Tf\  and the distribution of spin packets is taken 
as Gaussian, in agreement with the observed ESR line 
shape, with a half-width at half-height of Ao)G = yAH^Qn 
2 /2 )1/2. The frequencies co0 and w' are the centers of the 
observed line and the spin packet, respectively. Equation 
1 is integrated numerically. Our experiments at 100-kHz 
magnetic field modulation correspond to fast modulation 
conditions12 so the theoretical field-swept ELDOR spectra 
are given by dx'Vdwd-

We will characterize the shape of simulated field-swept 
ELDOR spectra for fp > / d in terms of an asymmetry 
parameter A(n) dependent upon the pump power and use 
this to deduce values of Tx and T2.12 The constancy of Tl 
and T2 v s . pumping power will serve as a criterion for the 
adequacy of the noninteracting spin packet model. A(n) 
is defined as the value of the low field derivative peak 
height, measured from the baseline and normalized to 1.0 
in the absence of pump power, when the high field de
rivative peak height has decreased to n% o f its value in 
the absence of pump power. Thus A{n) characterizes the 
ELDOR saturation. One should note that A(n) can be 
greater than unity. The saturation of the ELDOR line 
shape in terms o f A(n) depends on the inhomogeneity 
parameter a as shown in Figure 5 for n = 50 and 20. The 
dependence of the saturation parameter S(n) for a given 
pump power corresponding to n also depends on a and S 
for a given n from theoretical curves such as those shown 
in Figure 5. T2 is then determined from a = 1.1 ¡T2yAHms 
and Ti is determined from S = y2Hip2TiT2. Figure 6 shows 
the Ti and T2 values calculated from the results shown in 
Figure 2. The values are obtained for n = 90 to 20 and 
correspond to a 15-fold range in pumping power.

Discussion
The objective of the present experiment is to test the 

noninteracting spin packet model for inhomogeneously 
broadened ESR lines in deuterated disordered matrices. 
For ELDOR experiments this model is represented by eq
1. One test of the model is given by Figure 6. The model 
predicts that 7\ and T2 should be constants independent 
o f pumping microwave power. Figure 6 suggests that the 
model is satisfactory for trapped electrons in deuterated 
aqueous matrices. This implies that spin diffusion does 
not occur at a faster rate than spin-lattice relaxation.

In contrast to the deuterated matrix, similar experiments 
on et in 10 M N aO H /H 20  have shown that the nonin

PUMPING POWER (ARB.)
Figure 6. Dependence of T, and T2 for trapped electrons in 10 M 
N aO D /D jO  based on the ELDOR saturation measurements in Figure 
2 and the noninteracting spin packet model vs. relative pumping 
microwave power.

teracting spin packet model is not satisfactory.12 In the 
protiated matrix 7\ decidedly decreases with increasing 
pumping microwave power and implies that the spin 
packets do interact. This interaction occurs phenome
nologically by spin diffusion characterized by a time TD 
such that 7 Y  <  TD <  T i  where T i  and T {  are the re
laxation times in the absence of spin diffusion. In both 
protiated and deuterated matrices T2 increases slightly 
with increasing pump power; this small effect is not un
derstood in detail.

The different relative importance of spin diffusion in 
the protiated and deuterated matrices suggests that the 
spin diffusion mechanism involves nuclear relaxation via 
an electron-nuclear dipolar (END) interaction. In this case 
the spin diffusion time is about 7h2/T d2 ~  42 times longer 
in the deuterated matrix compared to the protiated matrix 
and is consequently much less important in deuterated 
matrices. The nuclear gyromagnetic ratios have been used 
to make this estimate. The other mechanisms of spin 
diffusion mentioned in the Introduction7-9 are not directly 
dependent on the gyromagnetic ratio of the matrix nuclei.

A related indication o f the different importance of spin 
diffusion in protiated and deuterated matrices is given by 
the pumping power range over which the high field peak 
of the derivative ESR line decreases to the baseline; see 
spectra in Figures 1 and 2. In the deuterated matrices this 
range is about 20 dB in pump power. However in protiated 
matrices this range is about 30 dB.12 When significant spin 
diffusion occurs, some effective desaturation occurs for the 
detected spin packet which causes saturation to occur more 
slowly with pumping power.

Finally we comment on the absence of structure in the 
frequency-swept ELDOR spectra in deuterated matrices 
(see Figure 4). This stands in contrast to the structure 
observed in protiated matrices.12 The structure in pro
tiated matrices was originally assigned to isotropic hy- 
perfine structure, but subsequent analysis has shown that 
the isotropic hyperfine constant is much smaller13,14 and 
that the structure in the ELDOR spectra is due to for
bidden transitions involving simultaneous proton and 
electron spin-flips.15 At our magnetic field deuteron 
spin-flip lines should occur with a spacing of about 2.2 
MHz. However, the intensity of the deuteron spin-flip 
lines in ESR spectra will be reduced by about 7 h /7 d2 ~  
42 times relative to proton spin-flip lines. Although the 
spin-flip transition probabilities may be altered somewhat 
in ELDOR spectra they still appear too weak to be ob
served.
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Laser Photolysis Study of the Photoracemization of 1,1' -Binaphthyl
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The photoracemization mechanism of 1,l'-binaphthyl has been studied from the effect of additives as well as
by a laser photolysis method. The effect of additives revealed that photoracemization occurs in the triplet
excited state. The ;"otation process along the intraannular e-e bond, which causes the racemization, was directly
followed by measurement of time-resolved triplet-triplet (T-T) absorption spectra of 1,l'-binaphthyl at low
temperature with the laser photolysis technique. The almost rectangular conformation changed to a less twisted
coplanar conformation with a rate constant of 1.0 X 104

S'l at -150 °e. The potential energy surface along
the photoracemization coordinate was also discussed.

Its dissymmetry is molecular in nature and enantiomer
conversion is induced by rotation along the intraannular
bond. Information about the fundamental processes of the
racemization reaction is of importance not only for pho-

Introduction
Photoresolution of a racemic mixture by means of

circularly polarized light was first observed for the oxalate
complex of chromium(III) by Stevenson et al. 1 This is a
unique example of photoresolution. They suggested that
the illumination of circularly polarized light on a racemic
mixture would induce optical activity, if the photochemical
reaction undergone by an isomer is only in inversion to its
enantiomer.

Although several works have dealt with the photo
racemization of biphenyl derivatives and sulfoxides,2,3 these
works are limited to systems in which the racemization is
accompanied by irreversible side reactions and has a low
quantum yield. Up to the present moment, the mechanism
of photoracemization has not yet been established.

The purpose of this study is to reveal fundamental
processes involved in the photoracemization of 1,l'-bi
naphthyl and to apply the information to the study of
photoresolution.4 1,l'-Binapht':1yl is one of the simplest
chiral hydrocarbons.5

,6 The racemization is expressed as
follows:

toresolution study but also for study of the electronic
structure of the excited state of nonplanar compounds.7- 9

Experimental Section

l,l'-Binaphthyl was resolved by the method of Pincock
et al. 1O The optically active 1,1'-binaphthyl thus obtained
had an [aj20D of 156°. Tetrahydrofuran and 2-methyl
tetrahydrofuran were distilled twice over calcium hydride.
Triplet quenchers or sensitizers, dibenzalacetone, fluor
enone, piperylene, benzophenone, and acetophenone, were
of analytical grade and used as received. All samples were
degassed by the freeze-thaw cycle in vacuo.

Photoillumination was carried out with a super-high
pressure lamp (l kW), the wavelength being selected by
Toshiba glass filters. The reaction was followed by
measuring [aj20D with a Hitachi polarimeter (Type PO-B).

Triplet-triplet (T-T) absorption measurement was
carried out with a ruby laser photolysis apparatus (JEOL,
JLS-R9). The fundamental wavelength of 694 nm was
doubled to 347 nm by use of a second harmonic generator
ofRDP. The second harmonic thus obtained has the pulse
width of 20 ns and a photon number of 1 X 1017 per pulse.
The time constant of the monitoring system is less than
10 ns.

Results
(i) Photoracemization under Stationary Light. Figure

1 shows the dependence of the rate of photoracemization
of 1,l'-binaphthyl in tetrahydrofuran at 0 °e on the
wavelength of illuminating light. Photoexcitation of the
absorption band of 1,1'-binaphthyl (which has an ab
sorption tail around 340 nm) results in racemization, while
no racemization is observed by light pa3sed through a
UV-39 filter (A >365 nm) or in the dark at 0 °C. This

,...::;

S( + )-l,l'-binaphthylR(- )-l,l'-binaphthyl
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Figure .1. Photoracemization of 1,1'-binaphthyl (2.0 X  10 2 M) in 
tetrahydrofuranwith light passed through (O) UV-31 (X > 2 7 0  nm), (3 )  
UV-35 (X > 3 3 0  nm), and ( • )  UV-39 (X > 3 6 5  nm) filters at 0 °C .

Figure 2. Photosensitized racemization of 1,1'-binaphthyl (3.2 X  10-2 
M) in tetrahydrofuran at 0 °C  in the presence of benzophenone (1.2 
X  10 3 M) with a  mercury line of 366 nm.

Figure 3. Temperature dependence of the rate of photoracemization 
of 1,1'-binaphthyl (2.1 X  10-2 M) in tetrahydrofuran.

result shows that l,T-binaphthyl inverts to its enantiomer 
in its photoexcited state. In the above experiments the 
concentration of l.l'-binaphthyl measured by gas chro
matography as well as by ultraviolet absorption remained 
constant even after almost complete racemization and no 
side product was detected by gas chromatography. This 
indicates that the only photochemical reaction undergone 
by the isomer is inversion to its enantiomer. The pho
toracemization proceeded similarly in other solvents, such 
as toluene and methylene chloride.

In the presence of air the rate of racemization is re
markably suppressed to a few percent of that of the de
gassed sample. This oxygen effect suggests that the in
version occurs in the triplet state. To substantiate this 
mechanism, effects o f the addition of several triplet 
sensitizers or quenchers on the racemization rate were 
examined.11 A sensitizing experiment with a mercury line 
o f 366 nm revealed that photoexcitation of acetophenone 
or benzophenone, which has a triplet energy higher than 
65 kcal/mol, causes appreciable racemization, as shown 
in Figure 2. The excitation of fluorenone or dibenzal- 
acetone, however, does not result in racemization. 
Fluorenone and dibenzalacetone have a triplet energy less

WAVELENGTH, nm. - .

Figure 4. Triplet-triplet absorption spectrum of 1 ,1 '-binaphthyl (a) at 
25 °C  taken at 2 n s  after the pulse and (b) at - 1 9 6  °C  taken at 14 
ms after the pulse in the laser photolysis of 2-methyltetrahydrofuran 
solution containing 3.9 X  1CT2 M 1,1'-binaphthyl and 2.2 X  10-3 M  
benzophenone.

than 55 kcal/mol. This result indicates that the triplet 
excited state is responsible for the racemization reaction 
and the triplet energy is around 60 kcal/mol, which agrees 
with the reported value.12

The rate of photoracemization with light which passed 
through a UV-31 filter (X >270 nm) was suppressed by the 
addition of piperylene, which is a triplet quencher with a 
triplet energy of 57 kcal/mol. The concentration de
pendence of the rate gave a quenching constant of 4.3 X  
103 M \ This value suggests a lifetime for the intermediate 
longer than 0.4 /¿s, which is much longer than the 
fluorescence lifetime. The effects of these additives prove 
unambiguously that racemization occurs in the triplet state 
of l,r-binaphthyl.

The rate of photoracemization depended on the tem
perature. It decreased at a lower temperature. The 
temperature dependence of the rate in the range between 
-45 and 25 °C gave an activation energy of 1.9 kcal/mol 
in tetrahydrofuran as shown in Figure 3. This value is 
much smaller than that of thermal racemization, for which 
~22  kcal/mol is reported.13

The quantum yield of racemization was also measured 
at 0 °C. The quantum yield was found to depend on the 
concentration of l,T-binaphthyl; it increased with an 
increase of the concentration of l,l'-binaphthyl. Values 
of 1.0 and 1.4 were obtained at concentrations of 1.0 X  10 2 
and 2.0 X  10~2 M, respectively. The high quantum yield 
means that the photoracemization of l,T-binaphthyl is a 
very efficient reaction.

(ii) Primary Processes. In order to clarify the primary 
processes involved in the racemization reaction, direct 
observation of the dynamic behavior of the triplet excited 
state is indispensable, since quenching and sensitizing 
experiments prove that the triplet excited state is re
sponsible for the racemization reaction.

Figure 4a shows the transient T -T  absorption spectrum 
of l,l'-binaphthyl at 25 °C observed 2 ¿ts after the pulse 
in 2-methyltetrahydrofuran solutions containing 3.9 X  10 2 
M 1,1/-binaphthyl and 2.2 X  10 1 M benzophenone. The 
spectrum is the same as that observed by pulse radiolysis 
and ascribed to the T -T  absorption of l.l'-binaphthyl by 
Kira et al.12 In our system benzophenone is added as an 
energy absorber, since l.l'-binaphthyl has no absorption 
at the wavelength of a ruby laser pulse of 347 nm. The 
concentration of l,l'-binaphthyl is so adjusted that the 
energy absorbed by benzophenone is effectively transfered 
to l.l'-binaphthyl (at 2 ¿¿s after the pulse the T -T  ab
sorption of benzophenone was not detected).
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0.2

Figure 6. Oscillograms at (a) 530. (b) 417, and (c) 600 nm at -150
°C in the laser photolysis of 2-methyttetrahydrofuran sOlutiOn containing
7.9 X 10-2 M 1,1'-binaphthyl and 1.9 X 10-3 M benzophenone.

o 400 500 600
WAVELENGTH, nm

-Figure 5. Triplet-triplet absorption spectrum of 1,1'-binaphthyl at -150
°C taken at (-) 10, (- - -) 30, and (- • -) 60 /J.5 after the pulse in the
laser photolysis of the 2-methyltetrahydrofuran solution containing 7.9
X 10'2 M 1.1'-binaphthyl and 1.9 X 10-3 M benzophenone.
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Figure 7. Dependence of the rate of formation of the absorption at
600 nm on temperature in the laser photolysis of 2-methyltetF;myaofuran
solution containing 7.9 X 10-2 M 1,1'-binaphthyl and 1.~. X 10-3 M
benzophenone.

Discussion

Two mechanisms, vibrational "hot" ground state and
excited singlet state mechanisms, have been proposed for
photoracemization of biphenyl derivatives by Mislo~ and
Zimmerman.4 Mislow et al. interpreted the photo
racemization of 1,11-dimethyldibenzo[a,c1[1,3Jcyclo
heptadiene as due to the vibrational "hot" ground state
formed as a result of internal conversion of an electron
ically excited state. Zimmerman et al., on the other hand,
preferred the explanation by the direct rotation in the

almost rectangular conformation)' decreases with time,
while the absorption around 610 nm (which is attributable
to a triplet state in a less twisted coplanar conformation)
increases during the first 100 !lS. The spectrum change
shows clearly that the rectangular conformation changes
to the coplanar one in the triplet excited state in the
microsecond region at -150 °e.

rn order to analyze the formation process of the coplanar
conformation quantitatively, transient absorptions were
followed at 530, 417, and 600 nm, as shown in Figure 6.
The absorption at 530 nm is due to the T-T absorption
of benzophenone, which is formed immediately after the
pulse and decays in a few microseconds completely, giving
its energy to 1,l'-binaphthyl. The absorption at 417 nm
is formed concomitantly with a decrease of the absorption
at 530 nm and decays slowly. This shows the formation
of the rectangular conformation triplet state of l,l'-bi
naphthyl as a result of the acceptance of triplet energy
from excited benzophenone.

On the other hand, the absorption at 600 nm is formed
slowly together with a decrease of the absorption at 417
nm. The decay at 417 nm follows first-order kinetics and
the decay rate is 0.9 X 104

S·I. The rate cf formation at
600 nm obtained was 1.0 X 104

S·I. The coincidence of the
two rates clearly indicates that the coplanar conformation
is formed from the rectangular conformation in the triplet
excited state.

The temperature dependence of the rate of formation
of the coplanar conformation was measured in 2
methyltetrahydrofuran in the temperature region between
-154 and -142 °e, as shown in Figure 7. The slope gives
an activation energy of 9.3 kcal/mol. The high value is
considered to reflect a special temperature dependence of
the local viscosity of the solvent surrounding excited
l,l'-binaphthyl in this temperature region. Below -160
°e the spectrum change due to rotation as well as race
mization was not observed.
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The broad T-T absorption is completely different from
the T-T absorption of naphthalene itself, which has an
absorption around 420 nm. The large spectral difference
indicates that two naphthalene rings of 1,l'-binaphthyl
have considerable interaction in the triplet excited state.
The appearance of the intramolecular interaction in the
triplet state is explained by an increase of the overlap
between the two aromatic planar ring systems. This is
brought about as a result of the change of the interplanar
angle to a more planar geometry. The rotation along the
intraannular bond in the triplet state is considered to be
the initial step of the racemiza-:-ion reaction.

The T-T absorption spectrum of 1,l'-binaphthyI14 ms
after the pulse at -196°C in 2-methyltetrahydrofuran is
shown in Figure 4b. A high concentration of 1,l'-bi
naphthyl is also adopted so that 1,l'-binaphthyl effectively
accepts the triplet energy of excited benzophenone. The
spectrum is similar to the T-T absorption of naphthalene.
Rotation along the intraannular c-e bond is inhibited at
-196 °e due to rigidity of the matrix and the conformation
of the ground state is maintained also in the excited state.
The similarity of the T-T absorption spectrum in the
ground state conformation to the spectrum of naphthalene
indicates that the two naphthalene rings are almost in a
rectangular conformation to each other in the ground state
and the electronic interaction between them is negligible.

Although the rigidity of the matrix prevents rotation of
the naphthalene rings at -196 °e, intramolecular rotation
becomes possible at higher temperatures due to the de
crease of rigidity of the matrix. This is directly observable.

Figure 5 shows the time dependence of the T-T ab
sorption spectrum of 1,l'-binaphthyl at -150°C in the
microsecond region. The absorption around 420 nm (which
is attributable to the triplet state of 1,l'-binaphthyl in an
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Figure 8. Schematic diagram of the ground and triplet states of
1,1'-binaphthyl.

singlet excited~· state for· the racemization of 2,2'-di
methyl-6,6'-diethylbiphenyl. As a possible explanation of
the reaction, Zinunerman et al. also proposed a mechanism
involvilJ.g reversible benzvalene formation.

Nona,uf. these mechanisms is applicable to the race
mizationreaction of l,l'-binaphthyl. The vibrational "hot"
ground state cannot account for the high quantum yield,
which results from a chain reaction via rather stable in
termediates, because of its short lifetime. The quenching
and sensitizing experiments remove the possibility of a
singlet .~xcited state being resporisible for racemization.

_It .is·, not necessary to consider the benzvalene-like
'J:neclianism for this compound, since no side reaction was

detected. with the experimental conditions used.
The quenching and sensitizing experiments prove clearly

that racemization occurs in the triplet excited state of
l;l'-binaphthyl.

Post et al.9 have proposed a coplanar conformation for
the excited singlet state of l,l'-binaphthyl. They regarded
this as due to the large difference of 8n +- 81 absorption
spectrum, fluorescence spectrum, and the decay time in
a fluid solution as compared to a rigid solution. Our result
of racemization, however, indicates that the conformation
in the excited state keeps the original chirality and in
version to the enantiomer does not occur in that state. The
optical property of the singlet excited state observed in
a fluid solution is presumably caused by a small confor
mational change in the interplanar angle around the
rectangular conformation. Not only the change of the
intramolecular angle but also the change in the electronic
state due to an intramolecular charge transfer interaction
in cooperation with the surrounding solvent should be
taken into account for the remarkable spectral changes
proposed for 9,9'-dianthryl. 8,14

On the other hand, the spectrum change observed in the
triplet state by laser photolysis is unambiguously ascribed
to rotation along the intraannular C-C bond, since the
spectrum does not depend on the polarity of the solvent
and racemization is really observed in this state.

The rotation along the intraannular C-C bond in the
triplet state is an exothermic reaction as shown sche
matically in Figure 8. In the excited state the bond order
between the intraannular C-e bond is expected to increase.
Therefore, the potential energy curve for the excited state
is steeper than that of the ground state and the resulting
greater resistance to twist leads to a smaller angle between
the two naphthalene rings in the excited state. The
stabilization energy gained by the decrease of the angle
from the equilibrium angle 8e of the ground state to the
angle of 8E of the triplet state is considered to cause ro-
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tation along the C-C bond, giving more planar confor
mation. The activation energyfor the rotation obtained
from the laser experiment is attributable to the difference
between the activation energy ofthe replacement of the
solvent molecules by the rotation and stabilization energy
of the triplet excited state to the most stable conformation.
The rather high value in comparison with photoracemi
zation is presumably due to the fact that the temperature
range used for a laser experiment is close to the glass
transition temperature of the solvent. 15 The value is
expected to become equal to or less than the value of
racemization when it is measured in the same temperature
region, though at this moment it is difficult because of the
limitation of the time resolution of the laser pulse.

The spectrum change due to rotation along the C-C
bond is the primary step of racemization and is a necessary
step for racemization. The racemization was not observed
below the temperature in which the spectrum change in
the triplet state was not detected and rotation was sup
pressed.

For inversion to the enantiomer l,l'-binaphthyl has to
over(wme the barrier at the angle of 00 due to steric
hin'tirance of hydrogens at the 2 and 8 positions in the
coplanar conformation. The barrier in the ground state
is reported as ~22 kcal/molY The barrier in the triplet
state measured from the temperature dependence of the
rate of photoracemization is 1.9 kcal/mol. The value is
considered to be the minimum estimation of the barrier,
since some excess vibrational energy from the singlet
excited state aftel: intersystem crossing may contribute to
the photoracemiz'ation rate. However, it is certain that the
barrier in the triplet excited' state is much smaller than
the ground state. The smaner \'almi is an unexpected
result, .since the higher bond order :in the excited state
causes a smallet"bond distance and gives rise to large steric
hindrance. The low barrier observed in the triplet state
suggests that the electronic stabilization energy gained as
a result Qf the interaction of the·two naphthyl rings is
superior to steric hindrance.
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Radiation induced racemization of l,l'-binaphthyl has been studied in tetrahydrofuran and toluene, The effect"
of additives proved that the racemization reaction in tetrahydrofuran occurs mainly in a radical anion state
of l,l'-binaphthyl, while in toluene the reaction occurs mainly in the triplet excited state. The ~o~ activation
energies of the reaction in both solvents, 1.1 kcal/mol in tetrahydrofuran and 1.9 kcal/mol in toluen~, as compared
to thermal racemization indicate that the introduction of an electron to the lowest vacant molecular orbital
causes an electronic structure change favorable to rotation along the intraannular C-C bond. The conformational
change in the radical anion state is directly followed by the measurement of the absorption spectrum change
at a low temperature. The concentration dependence of the G value of the racemization in both soltents clearly
indicates a chain reaction with chain carriers of the radical anion state in tetrahydrofuran and tl:ll~triplet, excited
state in toluene. The chain reaction,via the triplet excited state in toluene gives a G value',as high as 30.

Introduction
The study of the isomerization process induced by

photoillumination1 as well as radiation2 has yielded ideas
concerning the potential-energy surface along the isom
erization coordinate. It has also provided invaluable in
formation about the electronic structure of the interme
diate state through which isomerization occurs. 1

Cis-trans isomerization of diasteieomers has been
thoroughly studied from the kinetic view point and from
the electronic structure of the intermediate state.1 The
isomerization, for -example, cis-trans isomerization of
stilbene, is now well known to be induce.d by photoillu
minatior., l by radiation,:! and also by alkali metal reduction
of it to a radical anion.3 The study of isomerization of
enantiomers, however, is limited to a few cases, such as
biphenyl derivatives4

]; or sulfoxides,6 presumably due to
the difficulty of the resolution of the enantiomer. The
isomerization study of biphenyl derivatives is expected to
provide information about the conformational change
induced by the rotation of the single bond between two
aromatic rings in the intermediate state as well as its
barrier.?

In a previous papers we described the photoracemization
process of l,l'-binaphthyl. It was proved that racemization
occurs in the triplet excited state and the barrier to ro
tation in the excited state is much less than in the ground
state. The purpose of this paper is to extend the study
to the reaction by radiation. The effect of radiation on
solutions yields several kinds of reactive intermediates.
The contribution of these intermediates to the racemi
zation process of l,l'-binaphthyl was examined in several
solvents and the differences in the behavior of the con
formational change between the intermediates were dis
cussed.

Experimental Section
l,l'-Binaphthyl was resolved by the same method as

before.s The optical activity thus obtained gave an [a]20D
of 154°. Tetrahydrofuran, methylene chloride, and toluene
were distilled twice over calcium hydride. Triplet
quenchers of the same compounds were used as described
in a previous paper.s Each sample was degassed by a
freeze-thaw cycle in vacuo at less than 10-5 mmHg.

')'-Irradiation was carried out by 6OCO ')' rays with a dose
rate of 9.2 X 105 rads/h. The reaction was followed by
measuring [a]20D with an Hitachi polarimeter (Type
PO-B). The absorption spectra of the ')'-irradiated samples

were measured with a conventional recordirig'spectrometer
(Hitachi EPS-3T). The temperature of th,e samples was
controlled by the use of appropriate cooling soh:erits and
thermocouples. "

The transient abscifption spectra of the irradiated
samples were measuredpy a pulse radiolysi3 apparatus as
described previously.9

Results and Discussion
(i) Racemization in Solutions. FigurE: 1 shows the

dependence of the rate of racemization of l,l'-binaphthyl
induced by ')' irradiation of solvents at 0 °c. ')'-Irradiation
of solutions of l,l'-binaphthyl in tetrahydrofuran and
toluene causes racemization, though the reaction is scarcely
observed in methylene chloride. The reaction follows
first-order kinetics to a conversion of 80% of the initial
optical activity. The decomposition product of l,l'-bi
naphthyl was not detected either in tetrahydrofuran or in
toluene by gas chromatography even after 80% conversion.
The concentration of l,l'-binaphthyl measured by gas
chromatography as well as by absorption measurements
remained constant. This means that the racemization
reaction does not involve a bond-breaking process but
proceeds merely by rotation along the int:raannular C-C
bond.

The dependence of the rate on solvents suggests that
the reaction occurs either via the radical anion or triplet
excited state of l,l'-binaphthyl. The possibility of a radical
cation state is removed, since it is generally held that
radical anion, radical cation, and triplet excited states of
added solutes are predominant transient intermediates
generated in tetrahydrofuran, methylene chloride, and
toluene solutions, respectively.lO The absence of the ra
cemization reaction in methylene chloride also indicates
that the neutralization process of the ra.dical cation of
l,l'-binaphthyl with negative entities, presumably cr, does
not lead to the formation of the triplet excited state of
l,l'-binaphthyl, since the formation of the triplet excited
state was proved to result in the racemization reaction.8

In order to substantiate the above mechanisms (via
radical anion state in tetrahydrofuran and via triplet
excited state in toluene), the effects of additives (anion and
triplet quenchers) were examined. The addition of
methylene chloride suppressed the rate:>f racemization
considerably in a tetrahydrofuran solution, though the rate
was slightly affected in toluene as shown in Figure 2.
Methylene chloride is well known to capture electrons by
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Figure 1. Radiation induced racemization of 1,1'-binaphthyl (8.0 X  10~3 
M) in (€ )  toluene, (O ) tetrahydrofuran, and ( • )  methylene chloride at 
0 °C . The dose rate was 9.2 X  10s rads/h.

CONCENTRATION OF METHYLENE CHLORIDE, 
m o le %

Figure 2. Effect of the addition of methylene chloride on the rate of 
racemization of 1,1'-binaphthyl (8.0 X  1CT3 M) in ( • )  tetrahydrofuran
and (O) toluene irradiated to a dose of 1.4 X  106 rads with a dose rate 
of 9.2 X  105 rads/h at 0 °C .

Figure 3. Dependence of 1 /(G e +  GT -  G) on the concentration of 
added methylene chloride in tetrahydrofuran at 0 °C . G and (G e +  
G t ) are G values for racemization in the presence and absence of 
methylene chloride, respectively. G 0 and GT express the G values 
attributable to the radical anion and to triplet mechanisms, respectively.

a dissociative electron capture reaction and to inhibit the 
formation of radical anions. The decrease of the rate by 
the addition of methylene chloride clearly proved that the 
racemization reaction in tetrahydrofuran proceeds through 
a radical anion state of l,l'-binaphthyl.

The racemization, however, was not completely inhibited 
even when the concentration of methylene chloride was 
increased to 30 vol %, where almost all of the radical anion 
is considered to be quenched. This suggests the contri
bution o f another intermediate in the racemization re
action, presumably the triplet excited state. To estimate 
the contribution quantitatively, the value of l / (G e + GT 
-  G) is plotted as a function of concentration of methylene 
chloride in Figure 3 following eq 2. G expresses the G 
value o f racemization in the presence of methylene 
chloride. Ge and GT are G values attributable to the radical 
anion mechanism and to the triplet excited state mech
anism in the absence of methylene chloride, respectively.

TR IPLET ENERGY, Kcal/m ole

Figure 4. Effect of additives on the rate of radiation induced racemization 
of 1,1'-binaphthyl (8.0 X  10 "3 M) in toluene at 0 °C . The additives were 
(a) acetophenone, (b) benzophenone, (c) piperylene, (d) fluorenone, 
(e) dibenzalacetone, and (f) oxygen. The concentration of the additives
was 2 X  10“3 M.

Figure 5. Temperature dependence of the rate of radiation induced 
racemization of 1,1'-binaphthyl (8.0 X  10-3 M) in ( • )  tetrahydrofuran
and (O) toluene solutions.

G= G ke R

keU+ kq [CH 2C12]

G„ _ , &eR

+ Gr,

G„ 4- G t — G
= 1 +

kq [CH2C12]

( 1 )

(2)

keR and kq are the rate of racemization in the radical anion 
state and the rate of quenching, respectively. In the above 
equation it is assumed that methylene chloride does not 
affect the formation of the triplet state. The intercept 
gives the value of Gc of 1.2. GT value is obtained to be 0.15 
by the subtraction of Ge from the initial value (Ge + GT) 
in the absence of methylene chloride. These values show 
the large contribution of the radical anion state in com
parison with the triplet excited state to the racemization 
reaction in tetrahydrofuran.

The ineffectiveness of the addition of methylene chloride 
coincides with the triplet mechanism in toluene solution. 
The effect of triplet quenchers in toluene solution is shown 
in Figure 4. In this experiment the quenchers were added 
in the same concentration. The quenchers, which have a 
triplet energy less than 55 kcal/mol, remarkably sup
pressed the reaction, while the addition of acetophenone 
and benzophenone with a triplet energy larger than 65 
kcal/mol had no effect on the reaction. This effect of 
triplet quenchers proves unambiguously that the race
mization reaction proceeds through a triplet excited state 
in toluene. The contribution of the radical anion state, 
however, is not removed completely, since the addition of 
methylene chloride decreased the reaction rate to some 
extent. Methylene chloride possibly quenches the ionic 
precursor of the triplet state in toluene.11

The temperature dependences o f the reaction rates in 
tetrahydrofuran and toluene are shown in Figure 5. The
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Figure 6. Dose rate dependence of the rate of radiation induced 
racemization of 1,1'-binaphthyl (8.0 X  10“3 M) in ( • )  tetrahydrofuran 
and (O ) toluene solutions at 0 °C .

Figure 7. Transient absorption spectra of 1,1'-binaphthyl at room 
temperature taken at 2 n s after the pulse in the pulse radiolysis of (O) 
tetrahydrofuran and ( • )  toluene solutions containing 4 X  10“3 M 
1 ,1 '-binaphthyl.

slopes give activation energies of 1.1 and 1.9 kcal/mol in 
tetrahydrofuran and in toluene, respectively. The value 
o f 1.9 kcal/mol is the same as the value observed for 
photoracemization in toluene, in which the triplet excited 
state of l,T-binaphthyl is responsible for the racemization 
reaction.

The activation energy of 1.1 kcal/mol in tetrahydrofuran 
represents the barrier necessary for the naphthyl ring to 
rotate along the intraannular C-C bond in the radical 
anion state o f l,T-binaphthyl. The contribution of the 
triplet state formed by the neutralization reaction is re
moved in tetrahydrofuran, since the activation energy is 
lower than the value necessary for the triplet state, 1.9 
kcal/mol.

The low barrier in both cases (triplet excited state and 
radical anion state), in comparison with the barrier in the 
ground state, which is reported to be ~22 kcal/mol,12 
suggests a similarity of the electronic structure in the 
triplet excited state and the radical anion state. The 
electronic structure change induced by the introduction 
of an electron to the lowest vacant molecular orbital is 
considered to be responsible for the conformational change, 
which gives rise to the racemization reaction.

The dose rate dependences on the rate of the reaction 
in tetrahydrofuran and toluene are shown in Figure 6. In 
both cases first-order dependence is obtained, which means 
that the reaction is a one molecule reaction and does not 
need the help of more than two reactive species.

(ii) Spectroscopic Study. The formation of the radical 
anion of lT'-binaphthyl in tetrahydrofuran and the triplet 
excited state in toluene were further confirmed by the 
pulse radiolysis method. Figure 7 shows the absorption 
spectra obtained 2 ns after the pulse in tetrahydrofuran 
(solid line) and in toluene (dotted line). The spectrum in

975

Figure 8. Absorption spectra of 2-methyltetrahydrofuran solution
containing 5 X  10~2 M 1,1'-binaphthyl at (A ,------- ) 77 and (B, — ) 100
K irradiated to a dose of 1.9 X  105 rads at 77 K. The radical anion 
of 1 ,1 '-binaphthyl obtained by sodium reduction (— ) is also shown. :

tetrahydrofuran is similar to the spectrum o f the radical 
anion formed by sodium reduction of l,l'-binaphthyl and 
is certainly attributable to the radical anion o f l,T -bi- 
naphthyl. It decayed following second-order decay ki
netics. The existence of the triplet state in the spectrum 
is not discerned, which implies that the contribution of the 
triplet state is small.

The spectrum in toluene is similar to the spectrum 
obtained by laser photolysis in tetrahydrofuran and is 
safely attributable to the triplet-triplet absorption of
l.l'-binaphthyL The presence of the radical anion is not 
discerned in the spectrum, which indicates that the triplet 
excited state is much more predominant in the inter
mediates rather than the radical anion in an irradiated 
toluene solution. The triplet state decayed according to 
first-order decay kinetics and the rate constant obtained 
was 7.1 X  104 s '1.

In the above experiments the spectrum of the radical 
anion or triplet-triplet absorption indicates that the 
naphthyl ring of l,l'-binaphthyl has already rotated into 
an almost coplanar conformation within 2 ns after the 
pulse. The rotation process in a solution at room tem
perature is considered to be too fast to be detected by a 
conventional microsecond pulse radiolysis method.

In order to follow the rotation process in a radical anion 
state directly, a spectroscopic study at a low temperature 
was carried out. Figure 8A shows the spectrum of 1,1'- 
binaphthyl irradiated in 2-methyltetrahydrofuran at 77 K. 
According to the criterion of Hamill,13 the spectrum is 
attributable to the radical anion of l,T-binaphthyl. The 
conformation of the radical anion, however, is considered 
to be almost rectangular and to be different from the stable 
conformation of the radical anion state, since at 77 K 
rotation of the naphthyl ring is suppressed. On raising the 
temperature, the spectrum changed at 100 K to that in 
Figure 7B. The maximum at 710 nm observed at 77 K 
decreases and a new peak appears at 505 nm. Above 100 
K the spectrum did not show any noticeable change in 
shape but decreased. It disappeared above 118 K.

The spectrum observed above 100 K is similar to the 
spectrum obtained by a pulse radiolysis method at room 
temperature as well as that of a radical anion formed by 
reduction with an alkali metal. This spectrum is attrib
utable to the radical anion of l,T-binaphthyl in a less 
twisted coplanar conformation.

The spectrum change at 100 K corresponds to the 
conformational change from rectangular to coplanar. The 
change occurs at a lower temperature for the radical anion
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state than for the triplet excited state in which the rotation 
occurs about 120 K.8 This fact suggests that the most 
stable conformation of a radical anion state is more planar 
than that of a triplet state. The stabilization energy gained 
by rotation from the rectangular conformation to the most 
stable coplanar one is larger for the radical anion state in 
comparison with the triplet excited state. The lower 
activation energy of the racemization in the radical anion 
state coincides with the above argument.

Racemization at a lower temperature was also measured 
in order to correlate the spectrum change observed above 
with the racemization reaction itself. 2-Methyltetra- 
hydrofuran solutions containing 8.0 X 1(T3 M o f optically 
active l,T-binaphthyl were irradiated at 77 K to a dose 
o f 1.5 X 106 rads. Then they were warmed quickly to a 
given temperature and kept for 1 h at that temperature. 
After that the optical activity of the sample was measured 
at room temperature. ■*

Racemization to 32% conversion .was observed at 100 
±  2 K, though no reaction was detected at 110 it 2 K. The 
sample quickly warmed to room temperature did not show 
any racemization. These results indicate that rotation of 
the naphthyl ring along the C-C  bond, which results,in 
racemization, occurs below 100 K. Above 110 K tjie 
neutralization reaction between the radical anion of 
l,T-binaphthyl and positive charges becomes faster than 
the racemization reaction in this viscous matrix. >

(iii) Concentration Dependence of G Values. Figures 
9A and B show the dependence of the G value of race
mization on the concentration of l,l'-binaphthyl in tet- 
rahydrofuran and toluene, respectively. In both cases the 
devalue increases with an increase of concentration and 
shows a value as high as 30, which is much higher than the 
value of the yield of the primary radical anion or the triplet 
excited state (G value of ~3). This fact suggests a chain 
reaction via the radical anion as well as the triplet excited 
state in the racemization reaction as follows:
S-A*»S+, e, S* (3)
R-BN + e -  R-BN-- 
(S-BN + S-BN’ -)

(4)

R-BN"- -  S-BN“- 
(S-BN"- -  R -BN '-)

(5)

S-BN ■ + R-BN -+ S-BN + R-BN“- 
(R-BN-- + S-BN -»• R-BN + S-BN'-)

(6)

R-BN ■ + (+)-*• R-BN 
(S-BN-- + (+ )-+  S-BN)

(7)

R-BN + S* -  3 R-BN* 
(S-BN + S* -  3S-BN*)

(8)

3R-BN* -  3S-BN* 
(3S-BN* -  3R-BN*)

0 )

3S-BN* + R-BN -» S-BN + 3 R-BN 
(3R-BN* + S-BN -  R-BN + 3S-BN*)

(10)

3R-BN* -  R-BN 
(3S-BN* -  S-BN)

(11)

where S, e, and (+) are solvent, electron, and positive 
charge, respectively. R -B N  and S-BN indicate the two 
enantiomers of l,T-binaphthyl. By repetition of processes 
5 and 6 in the case of the radical anion, and reactions 9 
and 10 in the case o f the triplet excited state, the yield of 
racemization is considered to increase.

Irie et al.

Figure 9. Dependence of G value of the racemization of 1,1'-binaphthyl 
on the concentration of 1,1'-binaphthyl in (A, • )  tetrahydrofuran and
(B, O ) toluene at 0 °C . . ./

The chain reaction through radical anion state is re
ported for stilbene, in which a very high G valtJe of.210 
is» obtained.14 For diastereomers, such as stilbene, the 
energies of triplet excited states or the radical anion states 
of two isomers are inherently different. The difference 
prevents the chain reaction of isomerization via the triplet 
state for stilbene, though the low energy difference of the 
two isomers in the radical anion state allows the chain 
reaction via the radical anion statt.

On the other hand, enantiomers have the same energy 
in a triplet excited state as well as in a radical anion state 
and a chain reaction is expected to occur in both* cases. 
The kinetic chain length depends on the lifetime of the 
intermediate states. The chain reaction via the triplet state 
observed for the racemization reaction o f 1,1',-binaphthyl 
is, as far as the authors know, the first example o f a chain 
reaction with a carrier of the triplet excited ¿täte.
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Knowledge of the mechanism of the Hg photosensitized production of trapped radicals in 3-methylpentane
glass has been extended by investigation of the effects of light intensity (234 and 200-300 run) and of temperature
(5-77 K) on the rates of radical production. At 77 K the Hg is removed by 254-nm light with a quantum yield
near unity, producing a nonparamagnetic Hg species. Continuing radical production occurs by photoactivated
reaction of this species. Competing reactions involve one or more other intermediates, the relative roles of
which,are governed by the light intensity, wavelength, and temperature. Many of the radicals are produced
in configurations such that their ESR sensitivity changes reversibly with temperature in the range between
5 and' 45 K, the apparent radical concentration be.ing several fold higher at. the higher temperature.

Introduction
I\1erc~photosensi:t,izedproo':lction ottrapped radicals

in;3-me.thylpentane ~MP) glass at 77 K by 254-nm l~ht

is accompanied by the prodQttion of one or more Hg
containing intermed.iates which can be photolytically
decomposed 1;>y otMt wavelengths in the 20G-300-nm
range,regeneraWlg fIg and makin~ possible the production .
of sevEjral radicals per Hg atom. The radicals must be
present in the regions of the parent Hg'atoms and their
spacing ang probability of reacting with.each other and
with Hg or an intermediate must depend on the extent of
diffusion ~tween successive photon absorptions. In the
work of the present 'paper we bave investigated the effects

. on 'the radiCal production rate of changing the interval
between p40ton absorptions (by changing the incident light
intensity) ..and of changing ,the rates of diffusion (by
changing the temperature). We have extended information
on the optical absorption spectra which grow in the
2OG-300-nm region as a result of the photosensitization
process. New evidence on the rate ofe Hg removal by
254-nm light relative to the rate of radical growth indicates
that radical formation occurs primarily by photoactivation
of an intermediate rather than by the initial step of Hg
activation. A unique temperature dependence of the
apparent radical concentration measured by ESR has been
observed.

Experimental Section
Sample Preparation. Phillips Pure Grade 3MP was

further purified, degassed, and sealed under vacuum in 2.5
X 2.5 cm quartz optical cells or 3-mm i.d. Suprasil ESR
tubes, with a drop of Hg included. After standing over
night, and a period of vigorous shaking in a water bath at
55°C, the samples were immersed in liquid nitrogen to
form the glass. The spectra of liquid solutions of Hg in
3MP at six temperatures are shown in Figure 1, and the
spectrum of one glassy solution at 77 K in Figure 2.
Assuming the value of 7.35 X 103 M-1 cm-1 3 for the ex
tinction coefficient at A~, the data of Figure 1 indicate
a concentration of 7 X 10 M at 25°C. Assuming the same
extinction coefficient for Al!1ax at 77 K, the Hg concen
trations in the solutions obtained by quenching from 55
°C varied from 2.7 X 10-6 to 26 X 10-6 M with an average
of 11.6 X 10-6 M and an average deviation of ±4.6 X 10-6

M. The variation undoubtedly reflects variable loss of Hg
from solution during the quenching process. It is probable
that this loss was less, and more constant, for the samples
prepared in 3-mm i.d. tubes for the ESR studies of in
tensity and temperature effects.

When glassy 3MP is cooled below ~65 K, it always
cracks ana if the .cooling is done by sudden exposure to
«60 K ~ a 3-mm Ld. fused silica ESR tube, the tube as
well as the 3MP cracks. This can be avoided by allowing
the cracking of the 3MP to occur at 60-65 K4 while slowly
introducing the sample into the cold He gas flow from the
Vli1iable temperature device used. The cracking does not
interfere with ESR measurements or, as far as we have
observed, alter the properties of the matrix other than to
~ten its approach to the annealed condition5 and to
reduce its light transmission. Spectrophotometric niea
ljutements 8.!e precluded at temperatures much less tlum

.77 K by the excessive light scattering in cracked samples
of the thickness required by the dilute Hg solutions. .
. Spectrophotometric Measurements. The spectra of the

3MP-Hg glasses at 77 K were measured with a Cary
spectrophotometer, using two 2.5 cm X 2.5 em fused silica
sample cells in series to give a light path of 5 cm in the
liquid nitrogen cryostat described earlier.2 For photolysis,
the cryostat was rotated 90° so that the entrance light pipe
faced a hole in the side of the Cary sample compartment.
This allowed illumination of the sample with the 254-nm
radiation from a Vycor filtered Hanovia SC2537 end
window low pressure Hg arc or the broad band focused
beam from a quartz-jacketed AH4 medium pressure Hg
lamp. Intensity measurements made with a Yellow Springs
thermopile light meter indicated that the beam entering
the cryostat box was diverging, giving an average intensity
at the inner face of the exit light pipe about one-third that
at the point of entrance to the box. Typical averages of
the entrance and exit intensities were 0.36 mW cm-2 for
the Hanovia lamp and 35.5 mW cm-2 for the AH4.

ESR Measurements. ESR measurements were made at
77 K with the sample under liquid N2 in the finger of a
Varian ESR dewar, or, at temperatures between 4 and 77
K, with the sample in a Heli-Tran (Air Products Co.)
helium flow dewar. Varian 4501 and E-15 spectrometers
were used, with 4531 type cavities, one of which has an
open waveguide in the cavity wall and the other a slotted
wall to admit photolyzing light. The spectra were taken
in the X-band using 100-kHz modulation and microwave
powers at which saturation was shown to be negligible over
the temperature range of this work. The first derivative
ESR spectra were fed to a Northern Scientific NS-570
signal averager-data processor, with NS-ll1 tape cassette
accessory, for storage and double integration. The radical
concentrations were estimated by comparison of the
magnitude of the doubly integrated signal with that of a
pitch sample with known spin concentration.
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Figure 1. Absorption,spectra of saturated solutions Of Hg in 3MP at 
different temperatures using a 5-cm light path. The background due 
to absorption by the quartz cells has been subtracted.

Figure 2. Effect of 254-nm photolysis with SC2537 lamp with Vycor 
filter on absorption spectra of 3M P-Hg solution at 77 K using a 5-cm  
light path. The background absorption from 300 to 210 nm is due to 
the quartz.

Photolysis o f samples in the ESR cavities were made 
with the AH4 lamp at total intensities on the sample of 
~ 20-100 mW cm , dependent on which cavity was used. 
The intensity of the light in the 250-260-nm region of the 
AH4 spectrum (i.e., the region absorbed by Hg in 3MP 
glass) was estimated to be ~ 4%  of the total intensity from 
a knowledge of the spectrum and selective filtering ex
periments. Photolyses of ESR samples with 254-nm light 
were done outside the ESR cavity with the finger of the 
ESR sample dewar in the center of a spiral Vycor low 
pressure Hg lamp, giving ~35  mW cm-2 on the sample, 
and at 2.3 cm outside the lamp where the intensity was 
~3.7  mW cm“2.

Results
Spectral Changes During Photolysis. When solutions 

of Hg in 3MP glass are exposed to 254-nm radiation, the 
absorption in the 250-265-nm region due to Hg drops,

B. J. Brown and J. E . W illard

Figure 3. Absorption by products of 1-, 3-, and 15-min photolyses of 
Figure 2, obtained by subtracting the'spectrum before photolysis from 
spectra after photolyses (omitting the 250-260-n rit region of Hg ab
sorption).

while that at both higher and lower wavelengths increases 
(Figure 2). Subtraction of the spectrum before illumi
nation from that after has previously been found to yield 
a broad difference spectrum (Figure 3 o f rèf 2) with \m„  
at 238 ±  3 nm, attributable to 3-methylpentyl radicals. 
When such subtraction is done for the spectra for different 
times of irradiation o f the sample of Figure 2, the dif
ference spectra o f Figure 3 are obtained. In addition to 
the peak in the region o f 225-245 nm, these show a peak 
with Amax in the 215-220-nm region. The accuracy of the 
subtractions in this steeply rising region o f the spectra is 
relatively poor but this peak appears to be real. The peak 
was found for each time of illumination used, both with 
the AH4 and SC2537 lamp.

Further evidence that species in addition to 3- 
methylpentyl radicals contribute to the absorption induced 
in the 200-300-nm region by photosensitization includes 
nonuniform spectral changes on standing in the dark and 
on prolonged illumination.

When an Hg-3MP sample from which the Hg had been 
bleached by 254-nm light was exposed to the AH4 lamp, 
filtered (25 mm o f 0.17 g o f KI/100 mL of H20 ) to remove 
>99% of the 254-nm radiation while passing wavelengths 
>260 nm, the Hg, measured by its absorption at 254 nm, 
was regenerated to a steady state value equal to 15% of 
its original concentration in a few minutes. This value did 
not change on continued illumination for 2 h, during which 
the filter solution was periodically renewed to avoid de
pletion.

Effect of Light Intensity on Rate of Radical Production. 
Figures 4 and 5 show the growth of radical concentration 
with time of photolysis of 3MP-Hg solutions at 77 K for 
two intensities of 254-nm monochromatic light from the 
Vycor spiral low pressure Hg lamp, and three intensities 
o f broad band light from the AH4 medium pressure Hg 
lamp, respectively. Within the error of measuring the 
initial slopes, the initial rates o f radical production are 
proportional to the first power of the incident light in
tensity for each lamp, but the rates are some sixfold lower 
for the monochromatic 254 nm from the low pressure lamp 
than for the same intensity from the 250-260-nm region
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Figure 4. Growth of radical concentration in two samples of 3M P-Hg  
glass exposed to different light intensities from Vycor low pressure Hg 
lamp at 77 K: • ,  sample in center of spiral, 35 mW cm-2; ▲, sample 
at side of spiral, 3.7 m W  cm -2.

Figure 5. Growth of radical concentration in three samples of 3MP-Hg 
glass exposed to different light intensities from AH4 medium pressure 
Hg lamp at 77 K. The intensities in the 250-260-n m  range absorbed 
by Hg are about 4 %  of the total intensities shown on the figure.

of the AH4 accompanied by the wavelengths from that 
lamp which are not absorbed by Hg. The ratio of the 
concentrations of the radicals at the plateaus of the curves 
for the 254-nm illuminations (Figure 4) is 3.9, much lower 
than the ratio of the light intensities, which is >9. To avoid 
the uncertainties in interpretation of such experiments 
imposed by the irreproducibility in the concentration of 
Hg in 3MP glass on successive refreezings of a sample 
(noted in the Experimental Section), we have done ex
periments with both the AH4 lamp and with monochro
matic 254-nm radiation in which the light intensity was 
changed without melting the sample. Two tests with the 
monochromatic 254-nm light were made by first exposing 
a sample 2.3 cm from the external surface of the helical 
Vycor lamp (3.7 mW cm"2) and then, after the radical 
concentration appeared to have reached its steady state 
plateau, to the full light in the center of the helix (35 mW 
cm-2). Figure 6 shows that this ninefold increase in in
tensity on the sample increased the steady state radical 
concentration of the plateau by a factor of only ~1.1, 
although continuous illumination of two samples at the 
same two intensities (Figure 5) produced plateau con-

Figure 7. Apparent concentration of trapped radicals as a function 
of time of illumination of 3M P-Hg glass at 77, 58, 23, and 5 K with 
light from AH4 medium pressure Hg lamp. At 5 and 23 K the true radical 
concentrations are higher than indicated in the figure because the 
radicals are present in a configuration that is relatively insensitive to 
ESR detection (see text).

centrations which differed by a factor o f ~ 4 . With the 
AH4 lamp an increase in intensity to 100 mW after 100 
min illumination at 20 mW (full spectrum o f the lamp) 
increased the rate by a factor of 3, while in two other 
experiments on a somewhat different time scale the rel
ative enhancement was considerably less.

Temperature Dependence of Radical Production and 
Detection. Figure 7 shows that radical production occurs 
during exposure of 3MP Hg samples to AH4 light at 58, 
23, and 5 K as well as at 77 K. In this work it has 
unexpectedly been found that at temperatures less than 
~50  K the apparent concentrations of the radicals de
duced from the double integrals of the ESR spectra depend 
on the temperature of measurement (Figure 8). The data 
of Figure 8 have been normalized for the Boltzmann 1 /T  
dependence of the ESR sensitivity and to the ratio of spins 
to area of the strong pitch reference. The shapes and line 
widths of the spectra do not change significantly with 
temperature. All measurements were made at a microwave 
power which was demonstrated for each temperature of 
Figure 8 to be below the onset of saturation effects. It 
appears that this unique temperature sensitivity of the 
ESR response to radical concentration must result from 
a pairing-unpairing equilibrium of closely associated 
radicals which is controlled by a temperature dependent
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T *
Figure 8. Variation In apparent radical concentration with temperature 
for radical populations produced at 10 K by AH4 illumination of Hg in 
3MP glass. The data were taken at a power where the,.ESR signals 
are unsaturated and have been corrected for the Boltzmann V T  intensity 
dependence. The arrows on the upper two curves indicate the' sequence 
of successive measurements on the same sample. ’ „

matrix deformation or phonon flux. Continuing inves
tigations of this phenomenon in the Hg system and other 
systems by D. D. Wilkey o f Pur laboratory indicate that 
the true rate of radical growth from the Hg photoserisi- 
tization at 5 K is equal to that at 23 K. When a sample 
photolyzed at 5 K is warmed to 23 K, the ESR signal 
increases to a value equal to that of an identical sample 
exposed throughout at 23 K. Radicals produced with 
greater interradical distances, by y irradiation of 3MP, do 
not show the unusual temperature dependence of the ESR 
signal intensity.

Radical Decay Rates. Periodic measurement over 1 h 
o f the doubly integrated first derivative signals of radicals 
produced by 200-300-nm AH4 Hg photosensitization in 
3MP at 5, 58, and 77 K and measured at these temper
atures showed 0, 0, and 3% decay h“1, respectively. The 
rate for radicals produced at 77 K by 254-nm SC2537 
radiation appeared to be ~10%  h l. The initial con
centrations in the four determinations were 1.1 X  10 6, 5.6 
X  10“6, 16 X  10 s, and 4.3 X  10“6 M, respectively.

Discussion
Spectrometric Evidence for Hg-Containing Reaction 

Intermediates. The broad absorption from 210 to 300 nm 
which results from 254-nm illumination of 3MP-Hg glass 
(Figure 2) is in the region where radicals produced by 
radiolysis in the liquid,6 gas,7 and glass8® phases absorb. 
It must be the envelope of the absorption of the radicals 
which are seen by ESR plus any Hg-containing compounds 
formed which absorb in this region. The presence of such 
compounds is implied by the 215-220 nm peak and by the 
changes in spectral shape, noted in the Results section, but 
the spectra o f the plausible products (HgH, HgH2, 
HgC6H13, Hg(C6H13)2, HHgC6H13) are not well enough 
known to make the data useful in selecting which may be 
present.

In the present work which has included a search in the 
3000-9000-G range where lines of mercury-alkyl radicals 
have been reported,81* we have found, as in the earlier 
work,2 no ESR signal assignable to a paramagnetic Hg 
species (e.g., HgH or HgC6H13) produced in 3MP-Hg glass 
by 254-nm illumination. If such a species is formed, its 
ESR spectrum is obscured by the 3-methylpentyl radical

spectrum or is too weak to be resolved.
Rate of Hg Removal Relative to Radical Growth. The 

estimated half-life for Hg disappearance in a sample o f low 
optical density exposed to an intensity of ~0.36 mW cm-2 
at 254 nm is 50 s if the quantum yield is unity. The rate 
of removal of Hg in the experiment of Figure 2 is consistent 
with this estimate. At low optical densities, the half-life 
should be independent o f the geometry o f the sample and 
the concentration of Hg and inversely proportional to the 
light intensity. This being the case, the Hg in the ESR 
tubes exposed to 3.7 and 37 mW cm-2 from the Vycor low 
pressure lamp (Figure 4) was removed with half-lives of 
~ 6  and 0.6 s, respectively. For the AH4 illuminations of 
Figure 5, where ~ 4 %  of the indicated total intensity was 
in the 250-260-nm Hg absorption band, the estimated 
half-lives for the three experiments were ~ 6 , 30, and 90 
s. Thus, in the experiments of Figures 4 and 5, the Hg was 
nearly all removed before substantial radical growth oc
curred. Therefore, excited Hg atoms formed by absorption 
of a 254-nm photon must usually react with matrix 
molecules to form a Hg compound and no 3-methylpentyl 
radical. The only plausible Hg compounds seem to be 
HgH2, formed by the reaction Hg* +  C6H i4 -*■ HgH2 +  
C6Hi2, and HHgR formed in a concerted reaction, or by 
Hg abstraction to form HgH, followed by prompt com
bination with the geminate radical. To account for the 
subsequent growth of radicals (Figure 4), the compound 
must produce radicals on absorption of 254 nm, in a 
process for which the product o f the extinction coefficient 
and the quantum yield («</>) is much jow er than that for 
the initial removal o f Hg.

Implications of Shape of Radical Growth Curves and 
Intensity Effects. Rationalization of the observed growth 
rate, intensity, and temperature effects requires processes 
which result in a gradually decreasing rate o f radical 
production with time of illumination until a nearly flat 
plateau is reached with pure 254-nm light and a nearly 
constant continuing rate prevails with broad band AH4 
light. At high intensities the available processes must favor 
formation of more than one radical per Hg atom in 
competition with a process which limits the. formation to 
one or less at low intensities. In the absence of definitive 
evidence as to the species present, we shall use hypothetical 
intermediates as prototypes to discuss the characteristics 
that the correct intermediates must have. For this working 
model, we assume that HHgR formed in reaction 2 absorbs

hv
H g --------y Hg* (1)

254 nm

Hg* + RH -> HHgR (2)

HHgR ^  HgR + H* (3)
H* + R H ^ R + H 2 (4)

254-nm light and produces hot H atoms (reaction 3), which 
form radicals by the hot abstraction process (reaction 4).9 
We further assume that HgR can absorb 254-nm photons 
to form HgR* (reaction 5), which abstracts H from RH or

H gR— > HgR* (5)

decomposes to a radical and Hg (reaction 6), leaving HHgR 
+RH>rHHgR + R-

HgR* (6)
N iH g  + R-

and/or Hg available for more radical production. To 
account for the effects of continuing illumination, intensity, 
and temperature on the growth rate, HgR must be re-
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moved fro m  fu rth e r substan tia l p a rtic ip a tio n  in  rad ica l 
production  by a reaction w hich competes w ith  the (5)-(6 ) 
sequence, such as
HgR + R -► HgR2 (7)

the p ro d u c t o f w h ich has a neg lig ib le  e$ value a t 254 nm  
re la tive  to  the (1)—(4) and (5 )-(6 ) sequences. A t low  lig h t 
in te n s itie s  the p ro b a b ility  o f pho ton absorption by HgR  

..before occurrence o f reaction  7 is low , resu lting  in  a low  
R */H g  ra tio . W ith  increasing lig h t in te n s ity  the R -/H g  
ra tio  goes up b u t a t a ra te  th a t is less than  p rop o rtio n a l 
to  th e  in te n s ity  because the  life tim e  o f H gR  re la tive  to  
reaction  7 decreases w ith  the increasing concentration o f 
rad ica ls in  p ro x im ity  to  the  HgR.

T o  account fo r the  continued grow th o f rad ica ls w ith  
200-300-nm  lig h t in  con trast to  the steady state p lateau 
w ith  m onochrom atic 254-nm  lig h t, the species we have 
designated as H gR 2 m ust absorb and undergo photode
com position (reaction 8) su ffic ie n tly  a t wavelengths w ith in

HgR2 ^  Hg + R 2 or HgR + R (8)

the broad band o f exciting  lig h t to  regenerate H g or HgR  
w hich Can then generate m ore radica ls.

The properties ascribed above to  H gR  and HgRg are 
consistent w ith  the observation (F igure 6) th a t a n inefo ld  
increase in  254-nm  lig h t in te n s ity  a fte r the steady state 
plateau has been reached causes a very sm all change in  the 
steady state rad ica l concentra tion com pared to  the  .d if
ference in  the  p lateau concentrations fo r tw o separate 
samples illu m in a te d  th roughou t w ith  the tw o d iffe re n t 
in ten s itie s  (F igure 4). The smallness o f the change, is 
p red ictab le  if, as assumed, the  plateau is reached when 
m ost o f the Hg has been converted to  HgR2 and the la tte r 
does no t absorb s ig n ifica n tly  a t 254 nm . The data o f 
F igure 5 show ing re la tive  rates o f grow th o f rad ica l con
cen tra tion  w ith  d iffe re n t in tens ities o f A H 4 illu m in a tio n  
can also be corre lated w ith  the postu la ted properties o f 
the  reaction  in term ediates.

Tem perature E ffects. As noted in  the Results section, 
the rates o f radical production a t 5 and 23 K  (and probably 
also 58 K ) are ind is tin gu ishab le  a fte r the m easured ap
paren t fates are adjusted fo r the  unique tem perature 
se n s itiv ity  o f the ESR detection o f radica ls produced by 
the H g pho tosensitiza tion. The apparent large increase 
in  ra te  o f p roduction  from  58 to  77 K  (F igure 7) cannot, 
however, be due to  the type  o f tem perature se n s itiv ity  
illu s tra te d  in  Figure 8, because th is  does no t persist above 
~ 5 0  K . The 58-77 K  increase m ay resu lt, in  whole or in  
p a rt, fro m  a d iffe rence in  the e ffective  lig h t in te n s ity  
entering the sample a t 77 K , where the 3M P glass is 
uncracked, as com pared to  low er tem peratures where it  
is always cracked. I t  is p lausib le, however, th a t a t least 
pa rt o f the effect may be the result o f changes in  the m atrix  
properties. A t tem peratures below 77 K  (w hich is ap
p roxim ate ly the glass tra n s itio n  tem perature) the energy 
tran s fe r characteristics o f the m a trix  m ay be such th a t 
H H gR  w hich has absorbed a photon is stab ilized , ra the r 
than dissociating by reaction 3, or th a t the p ro b a b ility  o f 
HgR  from  reaction  3 com bining p ro m p tly  w ith  the 
gem inate R  from  reaction 4 is s ig n ifica n t.

A nother e ffect reducing the  grow th rate o f radica ls a t 
tem peratures below 77 K  may be the increased p robab ility  
o f rad ica l-rad ica l reactions (reactions 9a and 9b) because

Hg Photosensitized Radical Production in 3-MP Glass-

U c6H12 + C6H14 (9b)

the radica ls successively produced from  a single H g atom  
are in  closer p ro x im ity  as a re su lt o f slower d iffu s io n  o f 
the Hg, H gH , and H H gR  between successive photon 
absorptions.

O ther Considerations. I t  has been estim ated2 th a t fo r 
3M P -H g  samples saturated at 25 °C and quenched to  77 
K , followed by irrad ia tion  in  the center o f the Vycor spiral, 
the  ra tio  o f trapped  radica ls a t the  p la teau to  H g atoms 
in itia lly  present is 3, and th a t in  s im ila r samples w ith  AH4 
lam p illu m in a tio n  the  ra tio  was s t ill grow ing when I I  
rad ica ls had been produced per H g atom . I f  these were 
produced from  adjacent molecules by im m obile H g atoms, 
they w ould be ra p id ly  rem oved by ra d ica l-ra d ica l com 
b ina tion . I t  m ay be estim ated th a t an H g atom  in  3M P  
glass a t 77 K  undergoes an average d iffus ive  displacem ent 
o f ~ 0.07 A  s '1, w h ich is su ffic ie n t to  provide several tens 
o f angstroms separation between the sites o f fo rm ation  o f 
rad ica ls produced on the  tim e  scales o f F igures 4-7.

The decay kinetics o f 3-m ethylpentyl radicals produced 
by y  irra d ia tio n  o f 3M P a t 77 K  have been reported  
earlie r10, and used to  estim ate the  d iffu s io n  coefficients a t 
77 and 87 R . Photon absorption by radicals in  ^-irrad ia ted  
hydrocarbon glasses11 has been shown to  fa c ilita te  rem oval 
o f p a rt o f the in tra sp u r rad ica l popu la tion .

H gH  form ed by reaction 10 has been observed as a 
Hg* + R H -> HgH + R (10)

tra n s ito ry  in te rm ed ia te  in  gas phase reactions o f alkanes 
photosensitized by H g .12 However, the  absence o f sig
n ific a n t grow th in  rad ica l concentra tion in  3M P glass a t 
77 K  du rin g  the sho rt tim e  requ ired  fo r the  H g to  be 
removed rules out th is reaction as an im portan t contributor 
to  the H g-sensitized p roduction  o f radica ls. I f  i t  occurs, 
i t  m ust be fo llow ed p rom p tly  by com bination o f the H gH  
w ith  the R  to  fo rm  H H gR .
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Apparent m olar volumes, 4>v, at various concentrations in  water at 25 °C o f some cyclic b ifunctiona l amines 
[m orpholine, 4-m ethylm orpholine, piperazine, 1-m ethylpiperazine, 1,4-dim ethylpiperazine, 1,4-diazabicyclo- 
[2.2.2]octane (triethylenediam ine)] and the ir mono- and dihydrochlorides have been determ ined. The volume 
changes AV ,0 and AV2°, involved in  the firs t and second proton ionizations from  the protonated amines, have 
been calculated from  the lim itin g  pa rtia l m olar volumes V2°. Furtherm ore, the volumes o f ionization fo r the 
b ifunctional cyclic amines have been compared w ith  those fo r the m onofunctional amines and the relationship 
between entropies and volumes o f ionization has been examined.

Introduction .
Volum e changes, AV°, in  the p ro ton  ion iza tion  process 

o f amines in  aqueous so lu tion  have become the subject o f 
considerable a tte n tio n  because such data can provide 
in fo rm a tio n  on so lu te -so lven t in te rac tio ns .2-8 However, 
com pared w ith  enthalpies and entropies o f io n iza tion 9,18 
m uch less is know n about AV°.

T h is  led  us to  commence studies on the in fuence o f 
su b s titu e n ts  on AV° o f some p o ly fu n c tio n a l organic 
compounds containing nitrogen, varying in  the num ber and 
typ e  o f rad ica ls attached to  the n itrogen atom . In  th is  
w o rk, we re p o rt data fo r ce rta in  secondary and te rtia ry  
b ifu n c tio n a l cyclic am ines, fo r w h ich we have already 
reported data fo r transfer properties from  the gaseous state 
to  d ilu te  aqueous so lu tion11 and heat capacity changes fo r 
p ro ton  io n iza tio n .12,13

The volum e changes, AV°, fo r p ro ton  io n iza tion  have 
been calcu la ted from  the lim itin g  p a rtia l m olar volum es 
(V 2°) o f the species invo lved in  the  reaction. V2° values 
have been obtained from  density measurements o f aqueous 
solu tions o f the am ine, o f the m onohydrochloride, and o f 
the  d ihyd roch lo ride  as a fu n c tio n  o f concentration.
Experimental Section

M a teria ls. The am ines exam ined [m orpho line , 4- 
m ethylm orpho line , piperazine, 1-m ethylp iperazine, 1,4- 
d im e thy lp ip e ra z ine , and l,4 -d iazab icyclo [2 .2 .2 ]octane  
(trie thy lened iam ine )] were available com m ercially. A ll 
liq u id s  have been p u rifie d  by fra c tio n a l d is tilla tio n  a t 
atm ospheric pressure a fte r prolonged re fluxing on m eta llic 
sodium . P iperazine (m p 110 °C) was p u rifie d  by zone 
m e lting ; trie th y len ed ia m ine  was sublim ed tw ice under 
vacuum. The p u rity  o f these compounds, as examined by 
G LC , was found to  be >99.5% .

Stock so lu tions o f the  m ono- and d ihydroch lo rides o f 
the  am ines were prepared, im m edia te ly p rio r to  mea
surem ents, by a d d itio n  o f a s to ich iom etric  q u a n tity  o f 
am ine to  a standardized HC1 so lu tion . In  the case o f 
piperazine d ihydrochloride, a commercial sample was used 
also. I t  was p u rifie d  by recrysta lliza tion from  ethanol and 
w a ter (m p 320 °C). N o appreciable d ifference was ob
served between the results obtained from  the com m ercial 
so lid  sample and the prepared stock sa lt so lu tion . The

w ater used in  a ll the experim ents was firs t deionized and 
then d is tille d  from  an a lka line  K M n 0 4 so lu tion.

A pparatus and M easurem ents. A  d iffe re n tia l hyd 
rosta tic balance, capable o f a precision o f 1 ppm , was used 
fo r the density measurements. The deta ils o f the  m ethod 
have been described earlie r.14 The solutions to  be studied 
were prepared by  successive a d d itio n s  o f a weighed 
q u a n tity  o f am ine (B ), or o f stock so lu tion  o f m ono- 
hydrochloride (B-HC1), or o f d ihydroch loride (B-2HC1) o f 
the am ine to  a know n q u a n tity  o f water.

In  each case, the observed apparent m olar volum e 
($ vob8d) was calcu la ted from

(|) obsd : M

d °

d  \ 1 0 0 0

d °  7  c ( 1 )

where M  is the  fo rm u la  w eight o f the solute, c its  m olar 
concentration, and d° and d are the density o f w ater and 
o f so lu tion , respective ly.

Treatment of Data
From  the $>vobsd values obtained by using eq 1, the 

apparent m olar volume $ V(I) o f the species I  ( I = B , B-HC1, 
B-2HC1) has been calculated by app ly ing  corrections fo r 
hydro lysis (a), fo r acid ic d issocia tion (b and c), and fo r 
d isp ro po rtiona tio n  (d).
B + H20  ïî BH+ + OH' (a)
BH+ ^  B + H+ (b)
BH,2+^ B H + + H + ( c )

BH+ ^  ‘ / 2B + '/2BH22+ (d)

The values o f 4>V(I) are re lated to  $ vobsd(I) by the fo l
low ing general equation:
4>V( I)  = <ï>vobsd( I)  - û A V  (2 )

where a is the degree o f d issociation o f species I, w h ich 
is involved in  processes a, b, c, o r d, and A V  is the cor
responding reaction volum e.

In  F igure 1 are reported a  values153 fo r processes a, b, 
and c vs. pK  values fo r the corresponding processes a t the 
in itia l concentration c° = 0.01 M . E xam ination o f Figure 
1 shows th a t fo r the hydrochlorides o f the m onoamines
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Figure 1. A correlation of a vs. pKfor CIO = 0.01 mol L- 1
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range for processes a, b, and c for the amines studied here is indicated.

studied, the degree of dissociation is always negligible (a
< 0.002). Consequently, <I>y(B.HCl) is practically equal to
<I>yobsd and can be calculated directly from eq 1. For
aqueous solutions of amines or diamine dihydrochlorides,
however, a is nonnegligible and, hence, corrections must
be aRrlied to obtain <I>y values for Band B·2HCl. A plot
of a vs. pK for process d is shown in Figure 2. Although
the degree of disproportionation is small (a < 0.02) for the
monohydrochlorides of the diamines examined here, a
correction has been applied in all cases.

The procedure to be followed for hydrolysis, i.e., for
process a, involving

c:I\(B) = {<pyobsd(B) - 0: [<py(BH+OH-)

- VO(H 20)]} /(1 - 0:) (3)

has already been described. 14 YO(HzO) is the molar volume
of liquid water.

For process c, which must be considered in the case of
solutions containing the diamine and hydrochloric acid in
the ratio 1:2, the corrected <I>y values have been calculated
by

<py(B'2HCI) = {<pyObSd(B-2HCI) - 0: [<I\(B'HCI)
+ <py(HCI)]}/(l- 0:) (4)

For process d, the corrected <I>y values are given by
<pAB- HCI) = {<pyobsd(B- HCI) - 0: /2[ (l'y(B)

+ <pAB'2HCI)]}/(l- 0') (5)

From eq 3-5, it is evident that the calculation of <I>y of
a diamine (B) or of its salts (B·HCI or B·2HCl) entails a
knowledge of <I>y of the other species present in solution.
Experimental <I>yobsd values for B·HCI are used as initial
values in an iterative procedure, which involves eq 3-5,
successively. Three iterations were adequate to obtain
convergent values of <I>y(I) (I = B, B·HCl, B·2HCl). The
values of the equilibrium constants, needed for the cal
culation of a, were obtained from the thermodynamic
equilibrium constants reported in the literature and from

the molal activity coefficients calculated from the De
bye-Huckellimiting law.

The accuracy of the above corrections depends on both
the pK uncertainty and the magnitude of the correction
itself, the latter being a function of ~Y as we~l as of a (see
eq 2), and consequently of concentration and pK values.
For the substances examined here, the magnitude of the
corrections does not exceed 6 mL mol-' in any case, with
an error which has been estimated to be always lower than
0.08 mL mot l . .

The corrected <I>y values, obtained via eq 3-5, were fitted
to an equation of the type

<Py = V/ + SyC I
/

2 + he (6)

which is the Redlich-Meyer equation for electrolytes,16
where Sy = 1.868 and 9.706 mL VIZ mot3/2 for 1:1 and 1:2
electrolytes, respectively, at 25 °C. In the case of amines,
Sy = o. 11zo is the partial molar volume at infmite dilution
and h is an empirical constant determined from experi
mental results. c is the actual molar concentration of the
solute related to the stoichiometric concentration CO by c
= (1 - a)c°.

As an example, in Figure 3 are reported <I>y values as a
function of concentration for triethylenediamine for the
free base, monohydrochloride, and dihydrochloride, with
and without the corrections considered above.

Results and Discussion
An alternative5

,17-'9 to the hydrolysis correction applied
above is to carry out density measurements of the amine
in alkaline solutions, in order to suppress hydrolysis. The
apparent molar volume of solute is then calculated directly
from eq 1, where dO is the density of the alkaline solu
tion;5,'7,'8 a relationship based on Young's rule '9 has also
been used. Both of these procedures, which are equivalent,
do not take into account the terms arising from the de
viation of the system from the above rule, i.e., terms that
may not be negligible and that may not be predictable a
priori. In Table I are compared 11zo values of some ni
trogen containing compounds in water and in aqueous
alkaline solutions. That the 11z° values in water are greater
than those obtained from measurement in aqueous alkaline
solutions is clearly evident. Sometimes the data of the
same authors differ by as much as 0.8 mL mol-I.

In the specific case of cyclic bifunctional amines, the
difference between 11zo obtained from measurement in
water and in aqueous alkaline solutions appears to be

108642

o

The Journal of Physical Chemistry, Vol. 81, No. 10, 1977



984

TABLE.I: Comparison between the Values of V2° for 
Nitrogen Bases Obtained from Measurements in Water or 
in Aqueous Alkaline Solutions at 25 “C

v  °
Substance mL mol-1 Medium Ref

Piperidine 92.13“ Water 14
91.97 0.1 N KOH 14
91.8 Water 18
91.65 0.1 N NaOH 18
91.10 0.1 N KOH 17

1-Methylpiperidine 110.54 Water 14
109.91 0.1 N KOH 17

Methylamine 41.68 Water 20
41.15 0.025 N KOH 20
40.0 0.025 N KOH 5

Dimethylamine 59.80 Water 20
59.0 0.025 N KOH 20
58.6 0.025 N KOH 5

Trimethylamine 78.8 Water 20
78.6 0.025 N KOH 20
77.9 0.025 N KOH 5

Triethylamine 120.9 Water 20
119.7 0.025 N KOH 5

a The value of 92.53 mL mol 1 reported earlier (ref 14) 
is incorrect due to a typographical error.

negligible, as is seen from  the close agreement o f our results 
w ith  those o f others (cf. Tab le I I) .  B y using.the values 
o f V 2° reported in  Tables I I  and I I I ,  and the  value o f 
V2°(HC1) =  17.83 m L m oL1 a t 25 °C ,8 the volum e changes 
in  p ro ton  io n iza tio n  have been calcula ted as fo llow s:
A V ,° = F 2°(B ) +  V 2°(HC1) -  T V (B -H C l) ( 7 ) .
A V 2° = V 2°(B  HC1) +  y 2°(H C l) -  F 2°(B-2HC1) ( 8 )

The results are sum m arized in  Tab le iV  together w ith  
the  values o f the therm odynam ic functions p K , A H °, and 
AS °  fo r p ro ton ion iza tion. To fa c ilita te  com parison, data 
fo r  re la ted  com pounds have been included in  the table. 
The results are in te rpre ted  in  term s o f (1) in troduc tion  o f 
a m ethy l group on the nitrogen atom o f a cyclic am ine and
(2) in troduction o f a polar center in  a cyclic m onofunctional 
am ine.

Introduction o f a M eth yl Group on the Nitrogen Atom . 
A ll secondary am ines considered in  Tab le  IV  have an 
alm ost constant value fo r AS1!0 = -8.5 ± 1.5 cal m ol' 1 deg'1, 
w h ich  is considerably less negative than  th a t fo r the 
corresponding te rtia ry  V -m ethylated amines (ASi° =  -15.4 
± 2 cal m ol“1 deg'1). Th is substantial difference in  entropy 
on going from  the secondary to  the te rtia ry  am ine is ac
com panied by a decrease in  bas ic ity  o f the order o f one 
pK  u n it and a decrease in  A H f  3 kca l m ol“1. A 1 V ,
however, rem ains p ra c tica lly  unaffected on th e .in tro 
duction o f a m ethyl group on the nitrogen atom o f a cyclic 
secondary am ine. T h is  tren d  is s im ila r to  th a t shown by

Cabani et al.

c , m ol L -1
Figure 3. Apparent molar volumes of (A) triethylenediamine, (B) tri- 
ethylenediamine monohydrochloride, (C) triethylenediamine dihydro
chloride in aqueous solution at 25 °C , uncorrected (O) and corrected 
( • )  for hydrolysis, disproportionation, and acidic dissociation, respectively. 
For the monohydrochloride, corrected and uncorrected data are 
practically identical.

TABLE II: Apparent Molar Volumes, <t>v = V2° + he, of Bifunctional Cyclic Amines in Water at 25 °Ca

Substance
No. of 
expt

Concn range, 
M V2°, mL moT1 h, mL L mol"2 Ref

Morpholine 23 0.03-1.03 82.56 ± 0.03 -0 .5 4  ± 0.05 This work
82.54b -0 .478 18
82.7 21

4-Methylmorpholine 12 0.02-1.08 101.28 ± 0.03 -1 .2 2  ± 0.06 This work
Piperazine 14 0.03-0.72 83.53 ± 0.03 -0 .9 3  ± 0.07 This work

83.31b -1 .01 18
1-Methylpiperazine 18 0.03-0.91 102.30 ± 0.03 -1 .9 5  ± 0.05 This work
1,4-Dime thylpiperazine 21 0.03-0.84 121.00 ± 0.02 -2 .91  ± 0.05 This work
Triethylenediamine 25 0.02-0.95 105.93 ± 0.02 -1 .8 0  ± 0.05 This work

0.03-0.38 105.7 ± 0.1c -1 .5 19
“ The reported uncertainties are standard deviations. b From measurements in 0.1 N NaOH solutions. c From measure

ments in 0.011 N NaOH solutions.
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TABLE III: Apparent Molar Volumes, <t>v = V2° + Svc 1/2 + he,
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of Bifunctional Cyclic Amine Salts in Water at 25 °Ca

Substance
No. of 
expt

Concn range, 
M V ° ,  mL mob1 h, mL L mol V; Ref

Morpholine 18 0.01-0.79 92.99 ± 0.04 -0 .17  ± 0.09 . This work
hydrochloride

4-Methylmorpholine
hydrochloride

17 0.01-0.67 111.71 ± 0.06 -0 .5 3  ± 0.19 This work

Piperazine 12 0.01-0.27 95.12 ± 0.06 -0 .3 0  ± 0.44 This work
hydrochloride

1-Methylpiperazine
hydrochloride

10 0.02-0.51 113.97 ± 0.07 -0 .8 6  ± 0.25 This work

1,4-Dimethylpiperazine 12 0.01-0.43 132.61 ± 0.05 -1 .1 5  ± 0.20 This work
hydrochloride

Triethylenediamine 15 0.01-0.61 116.97 ± 0.06 -0 .9 0  ± 0.20 This work
hydrochloride 0.03-0.29 117.03 ± 0.06 -0 .9 19

Piperazine 15 0.02-0.22 99.26 ± 0.11 -4 .0 5  ± 0.96 This work
dihydrochloride

1-Methylpiperpzine 12 0.01-0.41 117.48 ± 0.07 -3 .6 3  ± 0.40 This work
dihydrochloride

1,4-Dimethylpiperazine
dihydrochloride

13 0.01-0.40 135.76 ± 0.09 -3 .5 7  ± 0.45 This work

Triethylenediamine _ * • 
dihydrochloride

14 0.01-0,33 118.55 ± 0.14 -4 .0 1  ± 0.75 This work

“ The Sv values are 1.868 and 9..706 mL L1' 2 
uncertainties are standard deviations.

mol 3' 2 for mono- and dihydrochloride salts, respectively.“5 The reported

TABLE IV: Thermodynamic Parameters for Ionization of Selected Cyclic Amines in Water at 25 ° C a

~  : ~  W , B1IJ 4 -  BHr 7” (F
A

Substance

BH+ - B + H4 ' •

P K,

A H ° ,  
kcal 

mol"1

a s ; ,
cal

m ol"1
deg"1

. a V2°, 
mL 

; m ol"1P K,
' A //,\  
kcal mol"

A V ,
cal mol 1

' deg"1

A W ,
mL

mol"'
Morpholine 8.49 9.33 -7 .6 7.4
4-Methylmorpholine * - 7.73 6.56 -1 3 .6 7.4
Piperazine /v . 9.73 10.25 -1 0 .1 6.2 6.33 7.43 0.5 13.7
1-Methylpiperazine 9.10 8.40 -1 3 .5 6.2 4.94 4.00 4 -9 .2 14.3
1,4-Dimethylpiperazine 8.23 6.66 -1 5 .4 6.2 4.18 3.96? 1 -5 .8 ' 14.7
Triethylenediamine 8.82 7.21 -1 6 .2 6.8 2.95 3.00 -3 .4 16.3
Pyrrolidine 11.31 13.03 -8 .0 3.9
1-Methylpyrrolidine 10.46 9.05 -1 7 .5 4.5
Piperidine 11.12 12.76 -8 .1 3.2
1-Methylpiperidine 4 10,08 9.44 -1 4 .4 2.9

a pK, AH°, and AS° values were taken from ref 22 (morpholine, piperazine), ref 23 (4-methylmorpholine in 0.5 M K N 03; 
a value of pK t = 7.41 at m = 0 Was reported in ref 24), ref 25 (1-methylpiperazine, 1,4-dimethylpiperazine in 0.1 N K N 03), 
ref 26 (pyrrolidine, piperidine, first ionization o f triethylenediamine), ref 27 (second ionization o f triethylenediamine at 
M = 0.1), ref 28 (1-methylpyrrolidine, 1-methylpiperidine). For pyrrolidine, 1-methylpyrrolidine, piperidine, 1-methyl- 
piperidine the A V °  values were' taken from ref 29.

the a lip h a tic  m ethylam ine series.20
T he observed v a ria tio n  in  AS i° on increasing the 

num ber o f m ethyl groups on the n itrogen atom  (p rim a ry 
— secondary —► te rtia ry ),30 according to  the m odel p ro 
posed by T rotm an-D ickenson ,31 is due to  the d iffe re n t 
num ber o f molecules o f hydra tion  attached to  the charged 
n itrogen center. Since w ater bound to  a charged center 
has presum ably a d iffe ren t volume than th a t o f bu lk water, 
a va ria tio n  in  A V V  w ould be expected on going from  the 
secondary to  the te rtia ry  iV -m ethylated amines. In  order 
to  ra tiona lize  the  lack o f va ria tion  in  A V ,°, the fo llow ing  
com pensation phenomenon is proposed: the difference in  
the co n trib u tio n  to  V 2°  o f the m ethy l group in  a neu tra l 
m olecule and in  the cation acid is equal to  the difference 
in  the  co n trib u tio n  o f a hydrogen atom  attached to  a 
neutra l nitrogen atom and one bound to  a charged nitrogen 
center.

An in d irec t confirm ation o f th is  hypothesis is furn ished 
by the  p rac tica lly  id en tica l estim ated values o f the above 
differences. On the basis o f in trin s ic  volumes reported by 
Edw ard ,32 the difference in  volum e o f a hydrogen atom on 
N  and N + centers, V2°(H N) -  ? 2°(H N+) =  4.4 m L m ol”1,33 
is  p redom inan tly  a ttrib u te d  to  the fa c t th a t the volum e 
o f the b u lk  w ater is la rge r than the volum e o f the w ater

attached to  a charged n itrogen center. On the  contra ry, 
the  volum e d iffe rence o f a m e th y l group on N  and N + 
centers, V2°(MeN) -  V2°(M eN+) =  4.5 m L m ol”1,34 is  due 
m ain ly to  in trin s ic  effects, although effects associated w ith  
changes in  the arrangement o f water molecules around the 
m ethyl group m ight also be taken in to  consideration .36,37”39 
U nfo rtuna te ly, the lack o f data on the in trin s ic  volum e o f 
a m ethyl group bound to  a charged nitrogen atom  does not 
enable us to  estim ate the  d iffe rence in  volum e o f w ater 
m olecules in  the  neighborhood o f a m ethy l group, ac
cording to  w hether the n itrogen is charged or not.

Comparison between Cyclic M ono functional and Cyclic 
Bifunctional Am ines. The data in  Table IV  show th a t the 
in tro d u c tio n  o f a second po la r group in  a cyclic am ine 
causes an increase in  AV^0. The greater the decrease in  
basicity caused by the presence o f the hyd roph ilic  group, 
the larger the increase in  A W  (cf. p K j and A W , in  the 
series p ipe rid ine  —► piperazine —► m orpholine and 1- 
m e th y lp ip e rid in e  —► 1-m ethylp iperazine -*■ 4-m ethyl
m orpholine). A W  shows a regular decrease w hich par
a lle ls the increase in  A W - However, AS ,0 is alm ost in 
dependent o f the  nature o f the second group introduced.

Some in d ire c t evidence fo r the la rger value o f A W  in  
b ifunctiona l amines, when compared w ith  m onofunctional
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TABLE V : Differences, 8 V2° , of Limiting Partial 
Molar Volumes for Pairs of Molecules Differing 
in One Heteroatom“

TABLE VI: Comparison between V °  and V 2*  Values o f
Bifunctional Cyclic Amines and Their Mono- and
Dihydrochlorides in Water at 25 °C

SV 2°, v 2° -
Process X mL mol'1 v 2°, v * ° V  *,

H CH 0 4 mL mL mL
0

1
0 1 .6 Substance mol'1 mol'1 mol'1

c 1 0 NH 1 .0 1,4-Dioxane 80.96 81.0 0.0
n c h 3 1 .0 Morpholine 82.56 81.4 1.2
n h 2+ 2 .1 Morpholine-HCl 92.99 96.0 -3 .0

CH3 CH 18 8 4-Methylmorpholine 101.28 99.8 1.5
O 20 3 4-Methylmorpholine- HC1 111.71 114.7 -3 .0

r 1 c 1 NH 19.7 Piperazine 83.53 81.8 1.8
^x NCH, 19.7 Piperazine-HC1 95.12 96.4 -1 .3

n h c h 3+ 20.9 Piperazine-2HC1 99.26 111.1 -11 .8
1-Methylpiperazine 102.30 100.2 2.1

H1 CH,1 c h 2 18.4 1 -Methylpiperazine- HC1 113.97 114.8 -0 .9
0 18.7 1-Methylpiperazine-2HC1 117.48 -429.8 -12 .3

L ) L J NH 18.8 ; 1,4-Dimethylpiperazine 121.00 118.6 2.4
X X n c h 3 18.7 ,1,4-Dimethylpiperazine-HCl 132.61 133.5 -0 .9

“ V 2° values for tetrahydropyran, piperidine, 1-methyl- V 1,4-Dimethylpiperazine-2HC1 135È76 148.5 -1 2 .7
piperidine, and 1,4-dioxane have been taken from ref 14.

amines, can be obtained by considering the volume change, 
6V 2° ,  fo r the h ypo the tica l process o f the type:

(9)

in  w hich th e .Y  group, e.g., ethereal 0 , is substitu ted  by 
a Z g roup, e.g., N H ; the  X  group in  position  4 being C H 2, 
0 , N H , NCHa, N H 2+, or N H C H 3+. 5V2° is the fo rm a l 
d ifference o f the con tribu tions o f Z and Y  to  V 2° ,  and the 
changes in  5 V2° on varying group X  may be a ttrib u te d  to  
the  d iffe re n t in teractions between the groups in  positions 
1 and 4.

In  Table V  are reported values o f 8V 2°  fo r process 9 cited 
above. The su b s titu tio n  o f an ethereal oxygen by a n i
trogen center causes a greater change in  8 V °  in  b ifu n c
tio n a l compounds than in  m onofunctional compounds (X  
=  CH 2). Th is confirm s earlier observations, based on other 
therm odynam ic p roperties11,13 o f neu tra l and charged 
species, th a t there are in te ractions between the po lar 
centers in  positions 1 and 4. These in te ractions produce 
a sm aller e ffect on vo lum etric  changes in  the neu tra l 
m olecule than  in  the  charged species.

In  order to  confirm  th a t the 1,4 in teraction is responsible 
fo r the volume change, a comparison can be made between 
the experim ental p a rtia l m olar volum e, V2°, fo r the cyclic 
b ifu n c tio n a l am ine w ith  the  values, V 2*, calculated from  
the fo llo w in g  equation:

w + ko -  k, (10)

“ Values obtained using-eq 10. Cyclohexane has been 
assigned a V 2° .value of 102.5 mL mAh1 obtained as an 
average of (a) 103.1 mL mol"1, estimated from group con
tributions reported by Hdiland (ref 40) and from V2° 
(cyclohexanol) = 103.54 mL mol-1 (ref 20], and (b) a 
value of 101.8 mL mol'1, estimated from V2̂ _(l,4-cyclo- 
hexanediol) = 105.3 mL mol"1 (ref 41) and V ° (cyclo
hexanol). The V2° values for tetrahydropyran, 1,4-diox
ane, piperidine, and 1-methylpiperidine have been taken 
from ref 14 and those of piperidine-HC1 and 1-methyl
piperidine-HC1 from ref 29.

*
to  m onofunctiona l m olecules, is due to  the in te ra c tio n  
between the  centers in  1,4 positions, in  bo th  the  neu tra l 
m olecule and the cation acid. I t  is no t possible, however, 
to  establish w ith o u t a doubt i f  the deviations from  the  
a d d itiv ity  rule, caused by the in teraction between the polar 
centers, is greater in  the neu tra l m olecule or the  ca tion  
acid. For exam ple, V °  -  V 2* fo r m orpholine is less than 
th a t fo r its  corresponding' hydroch lo ride , whereas fo r
1,4-dim ethylprperazine and its  m onohydrochloride the 
opposite is true . T h is  unce rta in ty  m ay be a ttrib u te d  to  
the am b igu ity  in  the estim ated value o f V 2° fo r cyclo
hexane.

N o tw ithstand ing  th is  unce rta in ty, the large deviations 
from  the a d d itiv ity  ru le fo r the dications (V 2° -  V 2* ^  -12  
m L m ol“1) ind ica te  th a t i t  is the strong in te ractions be
tween the pos itive ly  charged n itrogen centers w hich lead 
to  the unusually high A V2° values fo r the proton ionization 
process represented by eq 8 . The values o f AV2° w ill be 
discussed in  greater d e ta il in  the fo llow ing  a rtic le .

A ckn ow ledgm en t. T h is  w o rk has been supported 
through financia l assistance from  the Consiglio Nazionale 
delle R icerche (C .N .R .).
References and Notes

fo r w h ich  i t  is necessary to  have a value fo r V 2°  o f cy
clohexane and fo r the cyclic  hexatom ic m onofunctiona l 
m olecules. The values fo r V 2* obtained from  eq 10 are 
p a rtia l m olar volumes o f b ifun ctiona l molecules, in  w hich 
i t  is hypothesized th a t there are no in te ractions between 
po la r groups X  and Y .

From  the  data in  Tab le V I, i t  is obvious th a t the ex
perim enta l p a rtia l m olar volumes d iffe r, in  a ll cases, from  
the p a rtia l m olar volumes calculated using the hypothesis 
based on group a d d itiv ity  (eq 10). The experim enta l V 2° 
values fo r the neu tra l m olecules is la rger than  the ca l
culated V2 values, whereas the contrary holds true  fo r the 
ca tion acids. T h is  im p lies th a t the increase in  A V j0 fo r 
p ro ton ion iza tion  in  b ifu n c tio n a l m olecules, w ith  respect

(1) Present address: Department of Chemistry, University of Calgary, 
Calgary, Alberta, Canada.

(2) W. Kauzmann, A. Bodanszky, and J. Rasper, J. Am . Chem. Soc., 
84, 1777 (1962).

(3) L. G. Hepler, J. Phys. Chem., 69, 965 (1965).
(4) B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Z. Phys. Chem., 

230, 157 (1965).
(5) R. E. Verrall and B. E. Conway, J. Phys. Chem., 70, 3961 (1966).
(6) B. E. Conway and L. H. Laliberté, “Hydrogen Bonded Solvent 

Systems” , A. K. Covington and P. Jones, Ed., Taylor and Francis, 
London, 1968, p 139.

(7) E. J. King, J. Phys. Chem., 73, 1220 (1969).
(8) F. J, Millero, Chem. Rev., 71, 147 (1971).
(9) J. W. Larson and L. G. Hepler, “Solute-Solvent Interactions” , J. P. 

Coetzee and C. D. Ritchie, Ed., Marcel-Dekker, New York, N.Y., 1969.
(10) L. G. Hepler and E. M. Wooley, “Water: A Comp-ehensive Treatise” , 

Vol. I l l ,  F. Franks, Ed., Plenum Press, New York, N.Y., 1973.
(11) S. Cabanl, G. Conti, D. Giannessi, and L. Leporl, J. Chem. Soc.,

The Journal o f Physical Chemistry, Vol. 81, No. 10, 1977



Volume Changes in the Proton Ionization of Amines 987

Faraday Trans. 1, 71, 1154 (1975).
(12) S. Cabani, G. Conti, P. Gianni, and E. Matteoli, Gazzetta, 106, 541 

(1976).
(13) S. Cabani, G. Conti, and E. Matteoli, J. Solution Chem., 5, 125 (1976).
(14) S. Cabani, G. Conti, and L. Lepori, J. Phys. Chem., 76, 1338 (1972).
(15) (a) a ’s for processes a, b, and c are defined by the following relation: 

a  =  [ - K  +  ( /f  +  4 /fc °)1/5]/2c°, where K and c° are the dissociation 
constant and the initial concentration of B, BH+, or BH22+, respectively, 
in processes a, b, or c. (b) The value of a  for process d is calculated 
from: a  =  2 (K ,/K 2)m / [ t  +  2 (K 1/ K 2)V2],  where K , and K 2 are 
the dissociation constants for proton ionization processes b and c. 
In deriving a, processes b and c for the products of disproportionation

' have been assumed to be negligible. This is a valid assumption for 
the solutions of the monohydrochlorides of the diamines here ex
amined, because the difference between c B and c m22r does not 
exceed 1 ppm. The pK for process d is related to p/C, and p K 2 by 
p K  = Vjip/f, - p K 2).

(16) .0 . Redlich and D. M. Meyer, Chem. Rev., 64, 221 (1964).
(17) L  H. Laliberté and B. E. Conway, J. Phys. Chem., 74, 4116 (1970).
(18) 0 . Kiyohara, G. Perron, and J. E. Desnoyers, Can. J. Chem., 53, 

2591 (1975).
(19) W. V. Wen, N. Takeguchi, and D. P. Wilson, J. Solution Chem., 3, 

103 (1974).
(20) G. Cabani, G. Conti, and L. Lepori, J. Phys. Chem., 78, 1030 (1974)?
(21) M. V. Kaulgud and 8kJ. Patil, J. Phys. Chem., 80, 138 (1976)..*
(22) H. B. Hetzer, R. A. Robinson, and R. G. Bates, J. Phys. Chem., 72,

2081 (1968). *  .
(23) M. J. Blais, 0 . Enea, and G. Berthoh,. Thermachim. A c ta ,,12, 25

(1975). *  • '*
(24) H. K. Hall, J. Am . Chem. Soc., 60, 63 (1956).
(25) G. Berthon, O. Enea, and K. Houngbossa, Thermochim. A cta, 9, 

379 (1974).
(26) F. M. Jones and E. M. Arnett, “ Progress in Physical Organic 

Chemistry”, Vol. II, A. Streitwieser and R. W. Taft, Ed., Wiley, New 
York, N.Y., 1974.

(27) J. W. Larson, G. L. Bertrand, and L. G. Hepler, J. Chem. Eng. Data, 
11, 595 (1966).

(28) S. Cabani, G. Conti, and L. Lepori, Trans. Faraday Soc., '67, 1933 
(1971).

(29) S. Cabani, G. Conti, L. Lepori, and G. Leva, J. Phys. Chem., 76, 
1343 (1972).

(30) D. H. Everett and W. F. K. Wynne-Jones, Proc. R. Soc. London, 
Ser. A , 177, 499 (1940).

(31) A. F. Trotman-Dickenson, J. Chem. Soc., 1293 (1949).

(32) J. T. Edward, J. Chem. Educ., 47, 261 (1970).
(33) The volume tifference, 4.4 mLrnoT1, between a hydrogen atom bound 

to a neutral nitrogen atom, V2°(HN), and one bound to a charged 
nitrogen center, l/2°(HN+), has been evaluated by: l/2°(F W - V2°(HN+) 
=  V ,[  V2°(NH3) -  V(N)] -  1/ 4[ V2°(NH4 V  V(N+)] , where V,°(NH3) 
=  24.85 mL mol (ref 20) and V2°(N H ,+) =  12.46 m l mol . The 
partial molar volume of the ammonium ion was obtained by adding 
the conventional partial molar volume of the NH4+ ion reported by 
Millero8 and the value of V'2°(H+) =  -5 .4  mL moF1 reported by R. 
Zana and E. Yeager (J. Phys. Chem., 71, 521 (1967)). The intrinsic 
volumes of a neutral nitrogen atom, V(N) =  4.3 mL mol“1, and a 
charged nitrogen center, l/(N+) =  2.8 mL mol“1, were taken from 
Edward.32 If the above volume difference, 4.4 mL mol“1, which 
includes intrinsic and solvent contributions, is combined with the intrinsic 
volumes of a hydrogen atom on N, l/(HN) =  3.1 mL mol“1, and on 
N+, l/(HN+) =  1.4 mL mol"1, a volume decrease of 2.7 mL mol“1 is 
evaluated for the change buk water * water bound to a >NH+ group.

(34) The value of 4.5 mL moT1 for the volume difference of a methyl group 
bound to a neutral nitrogen atom, V 2°(M eN), and one bound to a 
charged nitrogen center, V2°(MeN+), has been calculated by: V2°(MaJ
-  l /2°(MeN+) =  1/ 3[ V2°(NMe3) -  V(N)] -  1/ 4[ i /2°(N M e /) l/(N+)J,
where l/,°(NMe3) =  78.8 mL mor (ref 20) and l/2°(NMe4+) =  84.3 
mL mol“1 (ref 35). The l/(N) and V(N+) values are reported in ref 
33. The value of the difference l/2°(MeN) -  l /2°(MeN+) is practically 
identical with the value of 4.3 mL mol“1 for the difference V 2°(Mec)
-  l /2°(MeN+), calculated from the limiting partial molar volumes of 
neopentane, i /20(CMe4) =  102 mL mol 1 (ref 36), and of the NMe4+ 
ion, as well as from the intrinsic volumes of a carbcn atom, V(C) 
=  3.4 mL mol"1, and of a charged nitrogen center:32 i/20(Mec) -  
¡72°(MeN+) =  1/ 4[t7°(CMe4) -  l/(C)] -  f/<[ t/2°(NMe4+) -  V(N*)].

(35) R. Zana and E. Yeager, J. Phys. Chem., 71,. 4241 (1967).
(36) Value estimated on the basis of V2°  determined by C. Jollcoeur and

G. Lacroix (Can. J. Chem., 54, 624, (1976)) for peptaerythritol (101.81 
mL mol"1), 1,1,1-trihydroxymethylethane (102.3 mL mol“1), 2,2-di
methyl-1,3-propanediol (102.34 mL mol“1), and ngopentanol (101.87 
mL mol“1). <• <

(37) W. Y. Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964).
(38) F. J. Millero and W. Drost-Hansen, J. Phys. Chem.', 72 ,1758 (1968).
(39) B. E. Conway, R. E. Verrall, and J. E. Desnoyers,. Trans. Faraday 

Soc., 62, 2738 (1966).
(40) H. Hdland and E. Vikingstad, Acta Chem. Scand., Se/r. A , 3 0 ,182

(1976). ■
(41) S. Cabani, L. Lepori, and E. Matteoli, Chim. Ind. (Milano), 58, 221 

(1976).

Volume Changes in the Proton Ionization of Amines in Water. 2. Amino Alcohols, 
Amino Ethers, and Diamines

S. Cabani,* V. Mollica,

Istituto di Chimica Fisica, Università di Pisa, Via Risorgimento 35, 56100 Pisa, Italy

L. Lepori, and S. T. Lobo1

Laboratorio di Chimica Quantistica ed Energetica Molecolare del C.N.R., Via Risorgimento 35, 56100 Pisa, Italy (Received 
November 19, 1976)

Publication costs assisted by Consiglio Nazionale delle Ricerche, Rome

From density measurements (25 °C) o f aqueous solutions at various concentrations o f solute, apparent molar 
volumes o f some open-chain bifunctional amines, w ith  the amine group being prim ary, secondary, and tertia ry, 
have been determined. The compounds studied were 2-aminoethanol, 3-amino-1-propanol, 2-methoxyethylamine,
3-methoxy-l-propylamine, ethylenediamine, 1,3-diaminopropane, 2-(methylamino)ethanol, 2-(ethylamino)ethanol, 
2-(dim ethylam ino)ethanol, 2-(diethylam ino)ethanol, and the ir mono- and dihydrochlorides. AV,° and AV2° 
fo r the firs t and second steps of proton ionization have been calculated from the lim iting  partia l molar volumes. 
AVV values o f the above bifunctional amines are compared w ith  the corresponding values fo r m onofunctional 
amines. The difference in  AVj° caused by the in troduction o f the second hydrophilic center is discussed. The 
volumes and entropies o f ionization o f the amines and carboxylic acids are compared and the deviations of 
these functions from  predictions based on simple electrostatic theories are considered.

Introduction
The earlie r w ork2 on the volumes o f ion iza tion o f cyclic 

b ifu n c tio n a l am ines is here extended to  some selected 
open-chain b ifu n c tio n a l am ines. The compounds (2- 
am inoethanol, 3-am ino-1-propanol, 2-m ethoxyethylam ine,

3-m e th o x y -l-p ro p y la m in e , e thy lened iam ine , 1 ,3 -d i
am inopropane , 2-(m e th y la m in o )e th a n o l, 2-(e th y l- 
am ino)ethanol, 2-(d im e thy lam ino )e thano l, 2-(d ie th y l- 
am ino)ethanol) have been chosen w ith  a view  to  varying 
the am ine from  p rim a ry  to  secondary to  te rtia ry , and to
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sp e c ifica lly  exam ine the in fluence o f an oxygen ether, 
a lcohol, and am ine function  on the vo lum e tric  properties 
o f am ines and th e ir corresponding hydrochlorides.

W h ile  values fo r therm odynam ic param eters o f io n i
za tion , AG °, AH ° ,  and AS0, have been reported3 fo r the 
above com pounds, there  are no corresponding AV° data, 
except fo r e thylened iam ine .4,5 In  e ffect, AV° values are 
ava ila b le  o n ly  fo r am m onia ,6-8 open-chain a lip h a tic  
am ines,4-9 and a licyc lic  am ines.6,10 T h is  enables the ex
am ination o f A V° as a function o f the num ber o f hydrogen 
atom s attached to  the  n itrogen  atom  in  m onofunctiona l 
am ines. The b ifu n c tio n a l com pounds stud ied  here now 
provide a m ore general p ic tu re  o f the io n iza tion  process. 
In  a d d itio n , the  vo lum e tric  behavior o f the  diam ines, 
com pared w ith  th a t o f the  d ica rboxy lic  acids, studied 
recently by  H yiiland ,11 enables us to  exam ine the e ffect o f 
the nature  o f the charged center and the separation o f two 
charged centers on the volum e o f ion iza tion .

Experimental Section
M aterials. 2 -A m inoethanol, 3 -am ino-l-p ropano l, 2- 

m ethoxye thylam ine , 3-m ethoxy-1 -propylam ine, e th y l
enediamine, 1,3-diam inopropane, 2-(m ethylam ino)ethanol,
2-(e thy lam ino )e thano l, 2- (d im ethylam ino)e thano l, and
2-(d ie th y la m in o )e th a n o l were a ll o f the purest grade 
(>99%  pu rity ) available com mercially. The amino alcohols 
were d is tille d  from  calcium  hydride and the am ino ethers 
fro m  m e ta llic  sodium , a fte r re flu x in g  fo r 48 h. E th y l
enediam ine was refluxed over potassium  hydroxide pellets 
and the m idd le  fra c tio n  obtained was re d is tille d . In  a ll 
cases, the m iddle frac tio n  was reta ined a fte r checking the 
p u rity  o f the compounds, by GLC, to  be better than 99.5%.
1,3-Diaminopropane was used w ithou t fu rthe r purifica tion . 
S tock solutions o f the mono- and d ihydrochlorides o f the 
p u rifie d  am ines were prepared by the ad d itio n  o f the 
am ine to  a standard HC1 so lu tion. D eionized w ater was 
used in  a ll experim ents.

A pp a ra tu s and M ea su rem en ts. D ensities o f the 
aqueous solutions o f the amines and th e ir salts were 
measured by a hydrosta tic d iffe re n tia l balance, w hich has 
been described ea rlie r.12 The observed apparent m olar 
volum e, $ vob8d, was calculated by

rïj obsd _
*  v  , n

d °

' d  \ 1 0 0 0

4 ° 7 c (1 )

where M  is the fo rm ula  w eight o f the solute and d and d° 
are the densities o f so lu tion and water, respectively. The 
4>vobsd values o f the am ines were corrected fo r hydrolysis, 
those o f the d ihydrochlorides fo r ion iza tion , and those o f 
the diam ine m onohydrochlorides fo r d isp roportiona tion  
fo llow ing  the procedure described earlie r.2 No correction 
was found necessary fo r the hydrochloride o f monoamines 
stud ied  here.
Results

Tab le  I  shows the lim itin g  p a rtia l m olar volum es, V 2°, 
and the  slope, h, o f the  s tra ig h t lin e  th a t represents the 
concen tra tion  dependence o f <1>V, w h ich according to  
R ed lich  and M eyer13 is
<i>v -  Svc l / 2 = V 2° +  h e  (2 )
Sv is the theoretical lim itin g  slope and is 0 fo r amines, 1.868 
m L L 7 2 m ol-3/2 fo r m onohydrochlorides, and 9.706 m L L 1/2 
m ol-3/2 fo r d ihydroch lo rides a t 25 °C. The values o f <f>v, 
a t concentrations c o f solute, have been obtained from  
<hvobsd (eq 1) a fte r the correction procedure described 
ea rlie r2 has been app lied.

O f the substances exam ined here, V °  values have been 
reported on ly fo r 2-am inoethanol,14 e thylenediam ine ,515

and fo r e thylenediam ine and 1,3-diam inopropane d i
hydrochlorides.16 These values are in  good agreement w ith  
values determ ined by us.

F rom  V 2°  values reported in  Tab le  I,  volum e changes 
A V j" =  y 2°(B ) +  V 2°(HC1) -  V 2°(B-HC1) and A V 2° =  
T 2°(B-HC1) +  V2°(HC1) -  V 2°(B-2HC1) have been cal
culated fo r the fo llow ing  processes:
BH+A B + H+ (3)
BH22+A B H ++ H + (4)

The value o f V 2°  assumed fo r HC1 is 17.83 m L m ol-1.17 
The results obtained are reported in  Tab les I I  and I I I ,  in  
w hich are also reported data fo r some o ther amines2,4-10,23 
and the results o f H 0 ila n d  on m onocarboxylic18 and d i
carboxylic acids.11 A T !0, in  the case o f carboxylic  acids, 
represents the volum e change in  the p ro ton  ion iza tion fo r 
m onocarboxylic acids:
A H ^ A + H + (5)

or in  the firs t step o f p ro ton  io n iza tion  fo r d ica rboxylic  
acids:
AH, it AH- + H+ (6)

and A V 2° is the volum e change fo r the second p ro ton  
io n iza tion  o f d ica rboxy lic  acids:
AH" A 2- + H+ (7)

Tables I I  and I I I  also re p o rt values fo r pK ,  AH ° ,  and 
AS °  fo r the above-m entioned processes (eq 3-7).

W ith  the exception o f A 17° and A V 2° fo r e thylened i
am ine by Lawrence and Conway5 and Kauzm ann e t a l.,4 
there are no other data available fo r com parison w ith  the  
compounds studied by us. The agreement o f our data w ith  
the results o f Lawrence and Conway is good, bu t the values 
d iffe r considerably from  those o f Kauzm ann e t a l., who 
used a d ila to m e tric  m ethod.
Discussion

I t  is apparent from  the results reported in  Tables I I  and 
IE  th a t AC ,0 and AV2° fo r amines vary system atically w ith  
the num ber and nature  o f the groups attached to  the 
nitrogen atom, thus enabling a correlation o f structure w ith  
volum e o f ion iza tion . In  p a rticu la r, regular trends are 
observed in  p ro ton  ion iza tion  volum es, e ithe r when the 
hydrocarbon chains are lengthened or when fu rth e r hy 
d ro p h ilic  centers are in troduce d  in  m ono functio na l 
compounds. These sa lien t features w ill be exam ined in  
de ta il by considering carboxylic acids in  conjunction w ith  
amines. In  th is  context, the d ifference in  sign fo r A 17° 
and A V 2° o f am ines and carboxylic acids ca lls fo r a 
com m ent. Processes 3 and 4, w h ich represent the  io n i
zation o f amines, involve no change in  the num ber o f ions, 
whereas in  processes 5, 6 , and 7, corresponding to  the  
ion iza tion  o f carboxylic acids, there  is an increase in  the 
num ber o f charged species, w h ich produces an e lectro- 
s tric tive  contraction in  volume. However, the m ajor p o in t 
o f in te rest is ne ithe r the sign nor the m agnitude o f AV °, 
b u t the m anner in  w hich a change in  structu re , such as 
chain lengthening or substituen t effects, influences AV° 
o f amines and carboxylic acids.

W hen re p o rtin g  A V °  values fo r am ines m any 
authors4,6,8,26,27 p re fe r to  consider AV° fo r the process
B + H20  it BH+ + OH" (8)

instead o f process 3. However, in  order to  conform  w ith  
the usual reporting o f therm odynam ic functions AG°, AH°, 
AS0, and ACP° fo r am ine ion iza tion  in  the lite ra tu re ,3 i t  
is m ore appropria te  to  repo rt A V °  values fo r processes 3 
and 4.
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TABLE I: Apparent Molar Volumes, <tJ v = V2 0 + SV C l/
2 + hc, of Bifunctional Aliphatic Amines and Their Hydrochlorides

Salts in Water at 25 °Ca

h,mL L
mo!-2

-0.03 ±. 0.06

-0.16 ± 0.11
-0.23 ± 0.10
-0.59±. 0.15
-0.13 ± 0.07

-0.49 ± 0.12
- 0.59 ± 0.05
-1.08 ± 0.07
-1.10 ± 0.08
-1.88 ± 0.08
- 0.32 ± 0.16
- 0.38 ±. 0.22
-0.69± ).16
-1.07 ± J.12
+0.30 ± ),17
+0.16 ± 3.28
-0.38 ±. 0.17
-1.05 ± 0.16
-0.86 ± 0.15
- 2.12 ± 0.17
-5.02 ± 0.62
-5.5

'1,0,
mL mol- l

0.02-0.41h15

No. of Concn range,
Substance expt M

2-Aminoethanol 17 0.03-0.69

3-Amino-I-propanol 12 0.03-0.47
2-Methoxyethylamine 9 0.04-0.48
3-Methoxy-l-propylamine 19 0.02-0.51
Ethylenediamine 22 0.02-0.61

1,3-Diaminopropane 18 0.03-0.55
2-(Methylamino )ethanol 12 0.04-0.56
2-(Ethylamino )ethanol 11 0.04-0.52
2-(Dimethylamino)ethanol 14 0.03-0.52
2-(Diethylamino )ethanol 16 0.03-0.55
2-Aminoethanol hydrochloride 18 0.01-0.54
3-Amino-1-propanol hydrochloride 14 0.01-0.41
2-Methoxyethylamine hydrochloride 13 0.02-0.47
3-Methoxy-1-propylamine hydrochloride 15 0.02-0.50
Ethylenediamine hydrochloride 13 0.02-0.55
1,3-Diaminopropane hydrochloride 12 0.02-0.54
2-(Methylamino )ethanol hydrochloride 14 0.02-0.43
2-(Ethylamino )ethanol hydrochloride 13 0.02-0.49
2-(Dimethylamino )ethanol hydrochloride 18 0.02-0.46
2-(Diethylamino)ethanol hydrochloride 12 0.02-0.40
Ethylenediamine dihydrochloride 18 0.01-0.43e

1,3-Diaminopropane dihydrochloride

59.25 ± 0.02
58.8b

75.21 ± 0.04
79.59 ± 0.03
95.55 ± 0.04
62.88 ± 0.03
63.1 ± O.4c

62.1 d

78.83 ± 0.03
77.07 ± 0.02
92.91 ± 0.02
94.17 ± 0.03

123.04 ± 0.03
70.90 ± 0.05
87.40 ± 0.05
91.50 ± 0.04

107.89 ± 0.03
74.05± 0.05
91.09 ± 0.07
89.49 ± 0.05

106.03 ± 0.04
106.97 ± 0.04
137.96 ±. 0.04

79.77 ±. 0.08
80.10t

81.04g

98.88 ±. 0.09 -5.70 ± 1.00
99.58t -5.1

a Sv is the theoretical limiting slope taken from Redlich and Meyer (ref 13); Sv = 0 for amines, 1.868 for monohydro
chlorides, and 9.706 mL L- 1/2 mol- 3I2 for dihydrochlorides.· The reported uncertainties are standard deviations. b At 20
°C, ref 14. c Reference 5. d Reference 15. e The plot of (<1>'1 - 9. 706c '12 ) vs. c has been found a straight line t:.p to c =

0.25 M. f Reference 16. g Calculated using the value of 94.8 mL L- t for '12° of ethylenediamine'2HBr (ref 5) and
'1,o(Br-) - '1,O(Cn = 6.88 (ref 17). h The plot of (<1>'1 - 9. 706c 1/2) vs. c has been found a straight line up to c = 0.15 M.

~V I O for Amines and Carboxylic Acids. Table II shows
that the ~VI° values for compounds with a low number
of carbon atoms always decrease as the hydrocarbon chain
is lengthened. Moreover, the ~VI° values of polyfunctional
compounds are always larger than those for the mono
functional compounds, the latter corresponding to bi
functional compounds in which the hydrophilic center is
replaced by hydrogen atoms.

In order to give an interpretation of these features, we
have adopted the following criteria: (a) for an under
standing of ~V1<) changes with chain lengthening, the
methylene contribution to the limiting partial molar
volume, V2°(CH2), in a homologous series of neutral or
charged compounds has been taken into account; (b) for
an explanation of the effects of the introduction of a second
hydrophilic group, we have considered the differences
between the experimental, V2o, and calculated, V2*,
limiting partial molar volumes of compounds of the type
X-(CH2)n-Y' The V2* values have been calculated from

These quantities are the limiting partial molar volumes
of hypothetical bifunctional molecules, which are free of
interactions between the hydrophilic centers X and Y.

In Table IV are reported the values of the methylene
contribution, V2°(CHz), for some species of the type
X-(CH2)n-Y, where X, Y =H, COOH, COO-, NH2, NH3+,

etc., and n is the number of methylene groups. Some
interesting facts emerge from these results. In neutral

c_ompounds (e.g., n-alkylamines and carboxylic acids),
VzO(CHz}, after an initial decrease, attains a constant value
(~16 mL mol-1

) for n = 2, which indicates that the in
fluence of the hydrophilic center (X) on the hydration
sphere of the hydrocarbon chain is felt up to the carbon
atom in the {3 position with respect to X. Also, in ac
c_ordance with Sakurai et al.,16 when the group X is NH3+,
V2°(CHz} diminishes with an increase in n; when, however,
X is COO-, V2°(CH2) increases with increasing n. In both
cases, constant values of V2°(CH2) are reached for n > 3.
Thus, irrespective of the type of group, the effect of the
charged group is propagated up to the 'Y carbon atom.

The ~VI° trends in homologous series of amines and
carboxylic acids can thus be attributed to effects, different
both in magnitude and direction, that either neutral or
charged centers exert on the hydration sphere of the
hydrocarbon chain near them. For instance, the large
decrease of ~VI° in the series formic acid - acetic acid
....... propionic acid (see Table II) can be accounted for by
the opposite trend that V2°(CH2) contributions of the
neutral and anionic forms, respectively, show in going from
n = 1 to n = 3. On the contrary, in the case of primary
monoamines the limiting value V2°(CH2) =16 mL mol-I

is reached for both the neutral and acid species with the
same trend. As a consequence, the differences between
~VI° of ammonia and primary amines with a large number
of carbon atoms are much less than the diffe:ences found
between the ~VI° values of formic acid and carboxylic
acids with a large number of carbon atoms.

The mechanism for the opposed change in volume
around the hydrocarbon moiety adjacent to the charged
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TABLE II: Thermodynamic Parameters for Ionization o f  Selected Amines and Carboxylic Acids in Water at 25 °C a

Substance
AV,°, 

mL mol"1 P K,
A H,°, 

kcal mol 1

A S,°, 
cal mol"1 

deg"1
Primary Amines

Ammonia 6.4b 9.24 12.48 -0 .4
Methylamine 5.6C 10.65 13.18 -4 .5
Ethylamine 5.4d 10.68 13.71 -2 .9
n-Propylamine 4.7e 10.57 13.84 -1 .9
n-Butylamine 4.3 10.64 13.98 -1 .8
n-Pentylamine 4.3 10.63 13.98 -1 .8
n-Hexylamine 4.3 10.64
n-Heptylamine 4.4 10.66
2-Aminoethanol 6.2 9.49 12.08 -2 .9
3-Amino-l-propanol 5.6 9.96 12.70 -3 .0
2-Methoxyethylamine 5.9 9.39 12.08 -2 .5
3-Methoxy-l-propylamine 5.5 10.01 12.84 -2 .7
Ethylenediamine 6.7 f 9.93 11.94 -5 .4
1,3-Diaminopropane 5.6 10.47 13.19 -3 .7

Secondary Amines
Dimethylamine 5.1* 10.78 12.04 -8 .9
Diethylàmine 2.8* 11.02 12.73 -7 .7
Di-n-propyl amine 2.2 11.00 13.17 -6 .2
Di-n-butylamine 2.5 11.25 13.66 -5 .7
2-(Methylamino)ethanol 5.4 9.88 11.06 -8 .1
2-(Ethylamino)ethanol 4.7 9.96 11.40 -7 .4
Piperidine 3.2 11.12 12.76 -8 .1
Morpholine 7.4 8.49 9.33 -7 .6
Piperazine 6.2 9.73 10.25 -10 .1

Tertiary Amines
Trimethylamine 6.0' 9.80 8.82 -1 5 .3
Diethylmethylamine 1.8
Triethylamine O.V 10.72 10.32 -1 4 .4
2-(Dimethylamino)ethanol 5.0 9.26 8.74 -1 3 .1
2-(Diethylamino)ethanol 2.9 9.81 9.66 -1 2 .5
Triethanolamine 4.0* 7.76 8.16 -8 .2
tV,N,Ar,AT'-Tetraethanol ethylenediamine -  0.2*
1-Methylpiperidine 2.9 10.08 9.44 -1 4 .4
4-Methylmorpholine 7.4 7.73 6.56 -1 3 .6
1,4-Dime thylpiperazine 6.2 8.23 6.66 -1 5 .4
Triethylenediamine 6.8m 8.82 7.21 -1 6 .2

Monocarboxylic Acids
Formic acid -8 .4 3.75 -0 .0 8 -1 7 .4
Acetic acid -1 1 .3 4.76 -0 .0 2 -2 1 .9
Propionic acid -1 3 .3 4.88 -0 .1 4 -2 2 .8
n-Butanoic acid -1 3 .9 4.82 -0 .6 4 -2 4 .2
n-Pentanoic acid -1 4 .2
n-Hexanoic acid -1 4 .2

Dicarboxyiic Acids
Oxalic acid -6 .7 1.27 -1 .0 2 -9 .2
Malonic acid -10 .1 2.85 0.02 -1 3 .0
Succinic acid -1 2 .9 4.21 0.76 -1 6 .7
Glutaric acid -1 3 .2 4.34 0.12 -2 0 .3
Adipic acid -1 3 .5 4.41 -0 .3 0 -2 1 .5
Pimelic acid -1 4 .1 4.49 -0 .3 0 -2 1 .6

a The reported quantities refer to the following processes o f protonic ionization: BH+ ït B + H+ (amines), AH A
H+ (monocarboxylic acids), AH2 A H ' + H+ (dicarboxyiic acids). The AVt° values for amines are our data (this work and 
refs 2, 7, 10); the values for monocarboxylic acids were taken from ref 18, for dicarboxyiic acids from ref 11. The p K u 
i f f , “, and AS,° values were taken: for amines from ref 3c, except for 2-methoxyethylamine and 3-methoxy-l-propylamine
(ref 19), 4-methylmorpholine (ref 20), 1,4-dimethylpiperazine (ref 21); for monocarboxylic acids from ref 22; for dicar
boxyiic acids from ref 3a. b Other datum reported: 7.0 mL m ol'1 (ref 8). c Other data reported: 3.9 mL m o l'1 (ref 6),
3.4 mL m ol'1 (ref 4), 4.1 mL mol"1 (ref 9). d Other datum reported: 3.1 mL m ol'1 (ref 4). e Other datum reported: 3.6 
mL mol"' (ref 4). f Other data reported: 4.5 mL mol"1 (ref 4), 5.5 mL mol"1 (ref 5). g Other data reported: 3.8 mL
m ol"1 (ref 6), 3.4 mL m ol"1 (ref 4), 3.9 mL m ol"1 (ref 9). h Other datum reported: 2.9 mL mol"1 (ref 4). 1 Other data
reported: 4.5 mL mol"1 (ref 6), 4.5 mL m ol"1 (ref 4), 5.0 mL mol"1 (ref 9). J Other datum reported: -1 .0  mL mol"1 (ref 
9). * Reference 4. 1 Reference 4. m Other datum reported: 6.5 mL mol"1 (ref 23).

nitrogen center and charged carboxylate group is no t clear. 
M ost lik e ly  these effects m ay be re lated to  the d iffe re n t 
o rien ta tio n  o f water molecules around these centers. The 
opposed behavior o f expansivity and viscosity o f solutions 
o f salts o f R N H 3+ and RCOO -30 w ould seem to  con firm  
th is  view . The d iffe re n t o rien ta tio n  o f w ater m olecules 
around the COO and N H 3+ centers is probably responsible

also fo r the observed AS °  trends in  the  series o f n -a lky l- 
amines and carboxylic acids.

As fa r as the comparison polyfunctional-m onofunctional 
compounds is concerned, Table V  reports the experim ental 
V 2° values o f b ifu n c tio n a l com pounds w ith  the corre
sponding V 2* values calculated from  eq 9. A  glance a t th is  
table indicates th a t V 2* is always larger than V °  and the
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TABLE III: Thermodynamic Parameters for Ionization 
Process o f  Selected Diamines and Dicarboxylic 
Acids in Water at 25 °C“

Substance

a V2°,
mL

m ol"1 P k 2

A H 2°, 
kcal 

m ol"1

a s ; ,
cal

mol"1
deg-

Ethylenediamine 12.1ft 6.85 11.00 5.6
1,3-Diaminopropane 10.0 8.88 12.78 2.2
Piperazine 13.7 5.33 7.43 0.5
1-Methylpiperazine 14.3 4.94 4.00 -9 .2
1,4-Dimethylpiperazine 14.7 4.18 3.96 -5 .8
Triethylenediamine 16.3 2.95 3.00 -3 .4
N, N,N', V-Tetraethanol 14.I e

ethylenediamine

Oxalic acid -11 .9 4.27 -1 .5 7 -2 4 .8
Malonic acid -18 .6 5.70 -1 .1 5 -2 9 .9
Succinic acid -13 .6 5.64 0.04 -2 5 .7
Glutaric acid -13 .6 5.42 -0 .5 8 -2 6 .7
Adipic acid -13.5 5.41 -0 .6 4 -2 6 .9
Pimelic acid -13 .6 5.42 -0 .9 0 -2 7 .9
° The reported quantities refer to the following processes

of protonic ionization: BH22 + — BH+ + H+ (diprotonated 
diamines), A H ' — A 2" + H+ (dicarboxylic acid mono
anions). For amines the AV,° values are our data (this 
work and ref 2); for dicarboxylic acids data were taken 
from ref 11. The pK 2, AH 2°, and AS2° values were taken 
from ref 3a (ethylenediamine, triethylenediamine at m =
0.1, dicarboxylic acids), ref 24 (1,3-diaminopropane in 
K N 03 0.5 M), ref 25 (piperazine), ref 21 (1-methylpipera- 
zine, 1,4-dimethylpiperazine in K N 03 0.1 M). b Other 
data reported: 10.0 mL mol"1 (ref 4), 11.5 mL mol"1 
(ref 5). c Reference 4.

difference V 2°  -  V 2* is strong ly negative fo r the d ications 
and less so fo r the  m onocations and n e u tra l bases. T h is  
suggests th a t in  n e u tra l b ifu n c tio n a l am ines and in  th e ir 
corresponding acid cations, the in teraction between the two 
h yd ro p h ilic  centers causes a con traction  in  the p a rtia l

m olar volum e w ith  respect to  V 2* calculated on the basis 
o f the  group a d d itiv ity  ru le , w h ich assumes th a t the  tw o 
centers behave independently  o f each o ther. The con
tra c tio n  in  volum e due to  the  in te ra c tio n  between tw o 
neutra l centers is sm aller than th a t between a neutra l polar 
group and a charged nitrogen center. T h is  w ould account 
fo r the  la rge r volum e o f ion iza tion , A t7!0, o f the  b ifu n c
tio n a l am ine than  the  corresponding m onofunctiona l 
am ine. The same exp lana tion has been proposed2 to  
ra tiona lize  the la rger A V i° values fo r cyclic  b ifu n c tio n a l 
am ines com pared to  m onofunctiona l am ines.

As fo r the  am ines, the d iffe rence  V 2° -  V 2* fo r d i
carboxylic acids ind ica tes the  presence o f in te ractions 
between h yd ro p h ilic  centers, n e u tra l o r charged. In  th is  
case, however, such in te ractions do n o t always produce a 
con traction  in  volum e, b u t can also cause a volum e in 
crease, as in  the  case o f m alonic acid.

A V 2° for D iam ines and D icarboxylic A cids. AV2° fo r 
d iprotonated diam ines is positive and larger than A t7!0 fo r 
m onoprotonated amines (cf. Tables I I  and I I I ) .  T h is  has 
no para lle l in  the ionization o f d icarboxylic acids, fo r which, 
w ith  the exception o f oxa lic and m alon ic acids, the  d if
ferences between A t7! 0 and A V 2° are very sm all.

The entropies, AS 2° , corresponding to  the second proton 
ion iza tion  o f acids A H  , have the same sign as A V 20. For 
the  firs t three m embers, A V 2° increases in  a s im ila r 
m anner to  AS 2° ,  b u t fo r homologues larger than  succinic 
acid, A V 2° values are a lm ost constant whereas the  mag
n itud e  o f AS2° increases. F or the  d ica tions o f amines 
B H 2+, in  some instances A V 2° and AS2° have the  same 
sign, b u t in  o ther cases they are opposed. M oreover, fo r 
an increase in  A V 2°, there is a decrease in  AS 2°  (cf. F igure
1).

These facts in d ica te  th a t e lec tros ta tic  in te rac tio ns 
between charged centers are no t p redom inant in  de te r
m in ing  the va ria tio n  in  A l^ 0 and AS2° as the  distance 
between the  charges is increased. A n  eva luation o f the 
im portance o f e lectrosta tic  term s in  p ro ton  exchange 
involving diam ines and dicarboxylic acids may be obtained

TABLE IV: Contributions o f  Methylene Group, V2°(CH2), to the Limiting Partial Molar Volume in a Homologous Series o f 
Compounds o f  the type Y-(CH2)„-X a

Y = H H H H H COOH COOH COO-
X = COOH COO" n h 2 n h 3+ H S03" COOH COO" COO-

n
0-+ 1 17.3 14.2 16.9 18.3 18.1 14.8 8.1
1 - 2 15.9 14.4 16.7 16.8 17.7 15.7 12.9 17.9
2 - 3 16.6 15.6 15.7 16.5 16.2 15.9 15.9
3 - 4 15.9 16.4 15.9 16.0 16.5 16.2 16.2
4 - 5 15.5 15.7 15.9 16.0 16.3 15.6 15.6
5 - 6 15.7 16.0 15.9
6 - 7 16.0 16.0 15.8
7 - 8 15.7 16.0

Y = OH OH o c h 3 o c h 3 n h 2 n h 2 NH3+ NEt3+
X = n h 2 n h 3+ n h 2 n h 3+ n h 2 n h 3+ n h 3+ NEt3+

n
2 ^ 3 16.0 16.5 16.0 16.4 16.0 17.0 19.1
3 - 4
3 -  6
4 -  6 
6 - 8  
8 - 1 0

17.5
19.2

17.1
16.1 
15.8

a The reported data (mL m ol'1) have been calculated by V2°(CH2)=  V2°[Y -(C H 2)„+1- X ] -  V2°[Y -(C H 2)„-X ], using the 
V2° values taken from ref 28 and 29 (monocarboxylic acids); ref 30 (sodium n-alkanecarboxylates); ref 7 (n-alkylamines); 
ref 31 (n-alkylamine hydrobromides); ref 32 (bolaform electrolytes o f the type (CH2)n(Et3NBr)2, with n = 3, 4, 6, 8, 10); ref 
16 (sodium salts o f n-alkylsulfonic acids and a,co-diamine dihydrobromides (CH2)„(NH3Br)2, with n = 3, 6); ref 11 (dicar
boxylic acids and their mono- and disodium salts); this investigation (all the other compounds).
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Figure 1. Ionization entropy changes t:;.t:? plotted against ionization volume changes t:;. VO for organic solutes in aqueous solution ~,25 °C,. The
solid line represent the Hepler cutye (ref 35), the nonsolid lines, which fit homologous compounds, have be~ 9rawn only for an easier.·~ndersta/lding
of the figure. Monocarboxylic acids (.+.+.): 1, formic acid; 2, acetic acid; 3, propionic acid; 4, n-butanoli:: acid. Dicarboxy~c acids, first ionization
( ): 5, oxalic acid; 6, malonic acid; 7, succinic acid; 8, glutaric acid; 9; adipic acid; 10, pimelic acktDicarboxylic a'eids, second ioni~ation
(_.._.._): 11, oxalic acid; 12, malonic acid; 13, succinic acid; 14, glutaric and adipic acid; 15, pimelic apid. Primary amines (....); 16, methy~mine;
17, ethylamine; 18, n-propylamine, n-butylamine, n-pentylamine; 19, 1,3-diaminopropane (first ionization), 2-aminoethanol, 3-amino-'1-propanol,
2-methoxyethylamine, 3-methoxy-1-propylamine; 20, ethylenediamine (first ionization). Secondary a'mi~s (+++++): 21, dimethylamine; .22,
diethylamine; 23, di-/J1lropylamine, di-n-butylamine; 24, 2-{methylamino)ethanol; 25, 2-{ethylamino)ethanol; 26, piperidine; 27, morpholine; 28, piperazine
(first ionization). Tertiary amines (_._._): 29, trimethylamine, 1,4-dimethylpiperazine (first ionization); 30,otriethylamine; 31, 2-{dimethylamino)eth8riol;
32, 2-{diethylamino)ethanol; 33, 1·methylpiperidine; 34, 4-methylmorpholine; 35, triethylenediamine (first ionization). Diamines, second ionization
(+_+_): 36, ethylenediaTiine; 37, 1,3-diaminopropane; 38, piperazine; 39, 1-methylpiperazine; 40, 1,4-eimE\lhylpiperazine; 41, triethylenediamine.
The t:;. VO and t:;.t:? are reported in Tables II and III with the relative references.

by considering the process of disproportionation repre
sented by eq 10 and 11, instead of examining eq 3 and 4
or 6 and 7:

For these processes, the change in volume or entropy is
given by AXdo = j(li.X j O - AX2°), where X = V,S and j
= 1 for diamines and -1 for dicarboxylic acids. Processes
10 and 11 are compa:able because the number of charged
species and protons involved are the same. Also, for the
type of bonds being broken and formed, it is reasonable
to assume that electrostatic factors are dominant. On the
basis of Bjerrum's el8ctrostatic model, AVdo and ASdo are
predicted to be negative and to tend to zero when the
distance between the two functional groups becomes in
creasingly large. The experimental results in Table VI
confirm these predictions, However, for the dicarboxylic
acids, succinic acid, and its higher homologues show no
change in AVdO

, as if the two COO- groups in A2- are
equivalent to two negative ions bearing a unit charge. This
picture in reality, besides being unacceptable physically,
is contrary to the trend shown by other thermodynamic
properties, particularly t:;.Sdo, which is nonnegligible and
continually varies even for homologues larger than succinic
acid.

Contrary to the case of the dicarboxylic acids, the
formation of BH2

2+ from BH+ by disproportionation is
accompanied by a remarkable volume decrease, even when
the two centers of positive charge in the dication of 1,3
diammopropane are separated by a distance approximately
equal to the charge separation distance in the succinate
anion. The volume contraction caused by the interaction

2BH+:;:: BH22+ + B

2AH-:;:: A2- + AH2

(10)

(11)

between the two positively chaJ;ged nitrogen centers is
confirmed directly from" the results in' 'Table V and in
directly from the large values of V2°(CH2) found for bo
laform electrolytes, with the nitrogen atoms well separated
(cf. Table IV). From the process of disproportionation
examined above, the negative signs for AVdo and ASdo
indicate that the electrostatic theory can qualitatively
account for the behavior of the diamines and dicarboxylic
acids in solution. However, the trends shown by AVdo and
ASdo are not consistent with predictions based on the same
theory. This inadequacy of the simple electrostatic theory
is not surprising because of the complexities involved in
aqueous solutions.

Conclusions

The following conclusions may be drawn:
(a) V2°(CH2) values in the homologous series of amines

and carboxylic acids indicate that the polar centers NH2
and COOH influence the hydration sphere associate with
the hydrocarbon chain up to the {3 carbon atom. In the
case of the NH3+ and COO- groups the effect of the
charged centers extends up to the 'Y carbon atom; the
positively charged nitrogen center causes a reduction in
the volume of the hydrocarbon hydration sphere, whereas
the opposite is true for the carboxylate group.

(b) The V20 values of bifunctional amines are always
smaller than the V2* values calculated assuming no in
teraction between functional groups. The interaction
between two neutral polar groups is smaller than that
between a polar group and a charged center.

(c) In molecules containing two charged centers, the
interaction between the charged centers results in a
contraction in V20 compared with values calculated from
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TABLE V: Comparison between the Experimental V, °
and Calculated V: Values of Aliphatic Bifunctional
Compounds in Water at 25°C

principle of group additivity. This contraction is very large
for the diprotonated amines, but small for the dianions of
carboxylic acids.

(d) For amines, the regular changes in 6. V10 and 6.V20,

associated with chain lengthening or with the introduction

1l;.Yalyes obtained using eq 9. The ~,o value~of hydro
clrbons:·metharie, ethane, propane were taken from
Masterton (ref 33). The V,o valuej.of the monofunctional
molecules were taken from refj4 t~thanol, I-propanol);
ref 7 (ethylamine, n-propylamirte, diethylamine, triethyl
amine, and their hydrochlorides); rer 29 (monocarboxylic
acids); ref 30 (socUum n-alkanecarboxylates). The experi
mental V,o value~ for dicarboxylic acids and their sodium
salts were taken from ref 11.

TABLE VI: V01ume and Entropy Changes in the
Disproportionation Processes of,Diamine Monocations and
Dicarboxylic Acid Monoanionso

Ethylenediamine - 5.4 - 8.3
1,3-Diaminopropane -4.4 -3.2
Piperazine -7.5 - 5.6
1,4-Dimethylpiperazine -8.5 -6.9
Triethylenediamine -9.5 -9.9

Oxalic acid -5.2 -12.9
Malonic acid - 8.5 -14.2
Succinic acid -:-0.7 -6.3
Glutaric acid - 0.4 - 3.7
Adipic acid - 0.1 - 2.7
Pimelic acid + 0.6 - 3.6

° t.Xct° =j(t.X,o - t.X,O), with X = V, S, andj = 1 for
diamines, and j = -1 for dicarboxylic acids. The t.X, °
and /:lX,° values are reported in Tables II and III. b The
R In 4 term is the correction for the statistical term of the
reaction.
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of a second hydrophilic center, are determined by anal·
.ogous regular changes of V20 of both neutral and charged
species involved in the ionization process (see points a, b,
c).

From the available volumes of ionization, there is no
doubt that there is a correlation between 6. \.,0 and mo
lecular structure of the species involved in the ionization
process. However, there is no simple interrelation between
6. VO and other thermodynamic parameters of ionization.
Thus there are exceptions to the ~eneral tendency of 6.VO
to increase with increasing 6.so ,3 e.g., amines (cf. Figure
1).

That thermodynamic functions, such as volumes and
entropies of reaction in aqueous solution respond to the
changes in molecular structure in a different manner, is
not surprising. Even though the different behavior of these
functions does not lend itself to an unequivocal inter
pretation, it can help in formulating a model for water
structure around. different types of ionic solutes and
molecules.

t.Sct° +
R In 4,b

cal mol-'
deg-'Substance

VO-,
V,o, V,*,o V,*,
mL mL mL

Compound mol-' mol-I mol-'

2-Aminoethanol 59.25 62.4 -3.2
2-Aminoethanol·HCI 70.90 74.8 -3.9
3-Amino-I-propanol 75.21 77.9 -2.7
3-A,mino-1-propanol· HCI 87.40 90.9 -3.5
Ethybmediamine 62.88 65.6 -2.7
Ethylenediamine' HCI 74.05 78.1 -4.1
Ethylenediamine·2HCI 79.77 90.5 -10.7
~,3-Diaminopropane 78.83 31.3 - 2.5
1~3.D,aminopropane·HCI 91.09 94.4 -3.3
1. ,3-DiamiiJ,opropane·2HCI 98.88 107.5 -8.6
2-(Ethylamino )ethanol~ 92.91 95.7 -2.8

'2:(EWylamino )ethanol' BCI 106.03 110.7 -4.7
2-(Diethyl~niino)ethano~ . 128.04 124.9 -1.9

; 2"(Ifj~thyianiino )ethano·l· HCI 1~~.96 142.6 -4.6
'" '. '. :~. ~

Malonic acid 67.22 6G:5 +0.7
Malo~ic acid·Na salt

...
55.96 53.9 +2.0

:.,' Malonic ¥:id·2Na salt 36.21 41.3 -5.1
SU~cinictid 82.94 84.7 -1.8
SU'ccini& . id· Na salt '68.88 70.5: -1.6
S~ccinic'acid·2N.a salt 54.10 56.3 -2.2
CYutaric acid' .. 99.14 102.3 -3.2
Glutaric acid·Na salt 84:77 87-.0 -2.3
Glutaric acid·2Na salt 6l:1.98 71.6 -1.8
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Homogeneous Nucléation in Metal Vapors. 2. Dependence of the Heàt of Condensation 
on Cluster Size
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By shock heating moderately volatile m etal bearing compounds [fo r example, Fe(CO)5] highly d ilu ted  in  argon, 
supersaturated m etal vapors, S  =  50-3000, at controlled densities and temperatures can be generated. The 
subsequent homogeneous condensation was followed by recording the tu rb id ity  of the gas as a function of distaiice 
behind the shock fron t. D eterm ination o f density gradients behind the shock fron t, using the laser-schlieren 
technique, provided measures o f the rates and enthalpies o f the exotherm ic reactions w hich occurred; in  th is 
case, the condensation o f m etal droplets. A  model was developed which accounted fo r the observed^density 
gradient profiles, and led to  parameters which specify the particle size d is trib u tion  as a function  o f tirffe, and 
the average size (40-2000 atoms) to  which the particles grow fo r any set o f experim ental cond itions.' These 
experiments also provide .an estim ate fo r the “ binding energy”  fo r the reaction nFe —► Fe„, AE„/rc = AE„(1 
-  n~° 25), where AE„ is the bu lk energy of sublim ation. This em pirical representation is surprisingly well fitte d  
by several theoretical calculations o f binding energies o f sm all clusters (2 ’< n S 2000).

Introduction
In  the firs t paper o f th is  series' we described a shock- 

tube technique fo r preparing con tro lled  levels o f super
saturated iron  vapor, and procedures fo r determ in ing the 
dependence o f the c ritic a l supersatura tion on the te rn -, 
pera ture . The catastrophic onset o f condensation was 
ascertained by recording either a rap id  rise in  the tu rb id ity , 
or the appearance o f black body emission from  the glowing 
clusters. These investigations have now been extended, * 
and more refined diagnostics were developed. The starting 
p o in t o f the present re p o rt was the observation by Kung, 
and B auer1 th a t the nascent clusters had a black body 
tem pera ture  w h ich  was always h igher than  th a t o f the 
ca rrie r gas (50-150 K ); c lea rly  there was a lag in  the 
tran s fe r o f the heat o f condensation to  the am bient me
d ium . The goal o f our cu rren t study is the  developm ent 
o f s u ffic ie n t sta tis tica l-the rm odynam ic data so th a t a 
purely k ine tic  m olecular model could be developed w ithout 
recourse to  bu lk-type  properties; fo r example, we consider 
i t  unacceptable to  discuss the free-energy increm ent fo r 
cluster form ation in  term s o f a surface free energy fo r very 
sm all aggregates (range 5 <  n ;S 50), whereby one even
tu a lly  substitu tes b u lk  liq u id  m agnitudes fo r the pa
ram eters o f state. Here we take the firs t step, measure
m ent o f the en tha lpy co n trib u tio n  to  the free energy o f 
c luste r fo rm ation ; in  paper 5 we present estim ates o f the 
en tropy term , and in troduce a consistent k in e tic  model.

D u ring  the f irs t decade o f th is  century J. J. Thom son 
discussed the condensation from  a supersaturated vapor 
in  term s o f a m etastable equ ilib rium  between tw o phases. 
The nascent clusters were trea ted as tin y  drops o f liq u id , 
to  w h ich the K e lv in  equation was applied. The m eta
equ ilib rium  vapor pressure (p „) fo r a un ifo rm  assembly o f 
such droplets (radius r„), relative to  th a t o f the bu lk  liq u id  
( p j  is 2

In  (PnlPJ) =
2 o n 1  

rnP n k T (1)

<jn and pn are the surface free energy and the monomer 
density, respectively, in  a cluster size n. A fte r six decades 
o f evolution o f theories fo r homogeneous condensation3 th is 
aspect o f the model has not been fu lly  relinquished, in  spite 
o f the fa c t th a t re la tio n  1 connects obviously nonmea- 
surable quantities. One has bu t to  inspect the in teresting

density p ro files o f re la tive ly  large clusters derived by Lee 
e t a l.4 who perform ed a M onte-C arlo energy m in im iza tion  
ca lcu la tion . Inspection o f th e ir F igure  9 (rad ia l density  
curves fo r 13, 43; and 87 atom  clusters) shows th a t there 
is no definable “ surface”  layer, nor can pn be defined, since 
p(r) decreases gradually to  zero, a t a radius determ ined by 
an a rb itra rily  specified con fin ing  volum e.

The obvious alternative to  the application o f bulk, liq u id  
concepts to  clusters in  the range 5 <  n <  50 is to  trea t them  
as large molecules. We undertook to  measure th e ir heats 
o f condensation from  monomers. T o  our knowledge th is  
is the firs t such reported measurem ent, and w h ile  a t th is  
stage our data are crude, they are o f su ffic ie n t accuracy 
to  a ffirm  several novel conclusions. Ind irect estimates have 
been made on the basis o f mass spectrom etric analyses o f 
clusters from  effusion cells or from  divergent nozzle flows, 
b u t values fo r n >  10 are not generally available. G ingerich 
and co-workers reported extensively on mass spectrom etric 
measurem ents o f m e ta llic  clusters w h ich  effuse from  
Knudsen cells .5 They measured6 re la tive  popu la tions o f 
t in  clusters (1 <  n  <  8) over the tem pera ture  range 
1379-1651 K , b u t to  deduce AH ° n i t  was necessary to  
in troduce th ird  law estim ates fo r the entropies (AS ° n). 
C onfigurationa l contributions were neglected. F or lead (1 
<  n <  5) both second and th ird  law  values were obtained .7 
However, the accuracy o f data on the re la tive  concen
tra tio n s  o f clusters from  free ly  expanding je ts , based on 
mass spectrom etric detection, has been seriously ques
tione d .8

There have been m any theo re tica l studies o f the  de
pendence o f energy content on cluste r size. Am ong the 
recent reports, Anderson9 using a low  spin M O  app rox i
m ation  estim ated the b ind ing  energies fo r 2 -*• 13 atom  
clusters o f T i, C r, Fe, and N i. Baetzo ld10 undertook ex
tended H iicke l and CNDO  M O  calculations; he obtained 
cluster b inding energies fo r Ag and N i. He considered the 
effect o f d im ensionality on the b ind ing  energy, and found 
th a t fo r sm all num bers o f m etals atoms, a linea r config
u ra tion  is more stable than a three-dim ensional structure. 
F rip ia t e t a l.u  com puted b ind ing  energies in  L i crysta ls 
(a t a fixed  geom etry) using the SCF X «  scattered wave 
method. Another technique was introduced by Gelb et a l.12 
(the d iatom ics-in-m olecule approach) in  th e ir s tudy o f 
sm all clusters o f Na atoms; D ykstra and Schaefer13 applied 
the theory o f self-consistent electron pairs to  Be4. B u rton14
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Figuré 1. Theoretical (5 sets) and experimental values (1 set) for the 
reduced energy of condensation (per atom), as a function of cluster 
size. In the least-squares fitting of the points to a function of the form 
A E „ /n  — A £„(1  -  an b). Baetzold’s values for Ag (three-dimensional 
calculations) were not Included, but all other points were given equal 
weight.- A correction coefficient of 0.91 was obtained for best fit: a ’ 
=  0.96 and b  =  0.235. W hen b =  0 .250, the correlation coefficient* 

.declined inappreciably (to 0.90), for a -  1.015. Other computed points 
(including water) fall-within a  band of width ± 0 .1  about the empirical 
curve; for example, J. C. Owicki, et al., J . Phys.. Chem .. 79, 1794 
(1975). ’

determ ined the b ind ing energies fo r sm all spherical clusters 
o f argon using a no rm a l m ode analysis w ith  energy 
m in im iza tion* based on a Lennard-Jones p a ir po ten tia l. 
These theo re tica l data  are p lo tte d  on a reduced scale in  
F igure 1. [A iEn/n ]  is the condensation energy p6r  atom ; 
AE „  is the  corresponding energy released .upon conden
sation to  a m acroscopic cluster. In  view  o f the density 
p ro files w ith in  sm all clusters4 i t  is no t surprising th a t the 
b ind in g  energy per atom  fo r sm all n is. considerably less 
than th a t fo r the  b u lk .15 The question to  be answered is 
the general shape o f the  fu n c tio n  w h ich ties the n =  2 to  
the n  =  104 po in ts.

Experimental Section
W e have dem onstrated1 th a t there  was a measurable 

tim e  lag fo r transfe r o f the heat o f condensation from  the 
nascent clusters to  the  ca rrie r gas. I t  fo llow s th a t the 
heating rate is determ ined by the fo llow ing : (i) the nm er 
grow th rate , averaged over the instantaneous size d is tr i
b u tio n ; ( ii)  the  d iffe re n tia l heat o f condensation fo r m o
nom er add ition ; and ( iii)  the heat transfer coefficient from  
the nascent clusters to  the am bient argon. The the rm a l 
balance downstream  from  a shock fro n t can be measured 
by the very sensitive “ laser-schlieren”  technique developed 
by K ie fe r and L u tz 16 fo r th e ir study o f the v ib ra tio n a l 
re laxation tim e  o f H 2 and D 2. Since the shock heated gas 
rem ains essentia lly a t constant pressure, i t  fo llow s th a t
l d p  _ J L d T

p d x  T  d x
Now, the index o f re fraction  (m ) is a linear function  o f the 
mass density (p): m  =  1 +  r(p /p 0), where r is the D a le - 
G ladstone constant, w h ich is add itive  fo r a m ix tu re  o f 
gases: r =  S; is the m ole fra c tio n , and p0 is the
reference density. Furtherm ore, the gradient in  the index 
o f re fraction can be sensitively measured by the deflection 
o f a narrow  laser beam, using a long lever arm. Hence, the 
laser beam deflection is d irec tly  related to  the rate o f heat 
in jection or removal from  the carrier gas. The lig h t is bent 
in to  the region o f higher density. The density grad ient is 
given in  term s o f the beam displacem ent 5 (see Figure 2):
d p /d x  =  8 lw r L  (2 )

For these experim ents shock conditions were chosen so 
th a t the Fe(CO )5 decomposed essentially w ith in  the shock

Figure 2. Schematic for the laser-schlieren system.

fro n t. The estim ated life tim e  o f the  carbonyl a t 1600 K  
1 is lbss than 10~10 s; its  in it ia l concentration was 0 .5- 1.2%
. o f the argon. Hence the average m olecular w e ight o f the 
te s t gas changed inappreciab ly upon d issocia tion o f the 

. Fe(CO )B o f condensation o f the Fe. Upon d iffe re n tia tio n  
o f the (idea l) equation o f state , subject to  the shock 

• conservation equations, one can .derive  (R  is the  gas 
( constant per u n it mass):

p'i"u, P i W
p 2 R .  p 22

(3)
-, The subscripts 1 and 2 refer to  the unshocked and shocked 
* conditions, respectively. The m agnitude o f R is unchanged 
since the increm ent in  m olecular w eight is sm all; u x is the 
shock speed. The loca l density beh ind the  shock fro n t is 

. 're la ted  to  the corresponding tem perature, and the in itia l 
cond itions:

p - 1  +  P i u i 2 | +  P i » i 2V

2 1 r t 2 l\  r t 2 /
4 P i W l 1/2)- - r - 1- (4)

r t 2 J )

A t any t a fte r shock arriva l, ap/sx is known; then fo llow ing 
an in te ra tive  procedure one can derive corresponding 
values fo r aT/ax. In  tu rn , the tem pera ture g rad ien t is 
determ ined by the change in  the specific en tha lpy o f the 
gas
ar2 i 9t2 i  dh2 1

8x  u 2 3 f cp d t  u 2

where cp is the heat capacity o f the gas (here also we 
neglected the sm all effect o f the Fe), and u2 is The shocked 
gas ve locity. In te g ra tion  w ith  respect to  tim e  allows one 
to  estim ate the total change in  the  en tha lpy (or tem 
perature) due to  condensation o f the  Fe atom s. A n es
tim a te  o f the se n s itiv ity  o f our laser-schlieren system , 
expressed in  term s o f a general mechanism wherein several 
reactions occur concu rren tly ,17 is
(bp I d x )  oc E [<R/f> -  <R/r>] A H °  

j

^  0 .0 2  k c a l cm -3 s" 1 (6 )
where (R;(f) and (R/r) are the forw ard and reverse rates fo r 
the ; th  reaction, in  m ol cm 3 s '1, and AH °  i3 the corre
sponding ne t entha lpy change per mole.
Experimental Details and Data

Figure 3 is a schem atic o f the overa ll experim enta l 
arrangem ent. P h o to m u ltip lie r 2 records the schlieren
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Figure 3. Schematic of overall experimental arrangement: F, and F2 
are a  neutral density filter and narrow band filter, respectively: P2 to 
pumps, sample reservoir, and pressure gauges; M2 Is mounted on a 
rotatable shaft for intensity level calibration. The distance from the 
center of the shock tube to the rotating mirror is 555 cm.

signal w h ile  p h o to m u ltip lie r 1 measures the a ttenua tion  
o f the beam by the tu rb id ity  o f the shocked sam ple due 
to  absorption and scattering by the growing clusters. Th is 
channel provides the necessary correction ra tio  fo r the 
schlieren signal, and a measure o f the am ount o f m ate ria l 
w h ich  had condensed a t any tim e.

The shock tube is o f stainless steel, o f rectangular cross 
section, 6.35 cm by 4.45 cm. Shock waves were in itia te d  
by pressure bu rsting  prescribed 16-m il a lum inum  d ia 
phragms; the driver gas was He or H e /N 2 m ixtures. Before 
each run , the d rive n  section was pum ped to  below 10“4 
T o rr. The com bined leak-outgassing ra te  was 5 X 10 3 
T o rr/m in . A pproxim ate ly 1 m in  was taken to  f i l l  the tube 
w ith  the  sample and to  bu rs t the diaphragm . Sample 
load ing pressures ranged between 10 and 20 T o rr. The 
F e (C 0 )5 was double d is tille d , and each tim e  we reta ined 
on ly the m iddle fraction ; u ltra  h igh p u rity  argon was used 
as the  d iluen t. The experim ents were made w ith  0.5 or
1.22 m ol % o f the carbonyl.

Shock speeds were measured using tw o p la tin u m  film  
heat transfe r gauges (no. 3 and 4 in  F igure 3). Shock 
attenuation was found to  be about 1% /m , b u t ideal shock 
equations were used to  calculate the tem perature. The 
lig h t source was a Spectra-Physics M odel 123 H e-N e laser, 
equipped w ith  a m odel 235A exciter; its  ou tpu t power was 
specified a t 7 mW . The beam w id th  a t the center o f the 
shock tube was 0.9 m m  a t the e 2 po in ts. An E M I 9558 
phototube was used in  channel 1 and E M I 9658 in  channel
2. B o th  phototubes have a 1 /e  response tim e o f less than 
200 ns. The ca lib ra tion  procedure via  the ro ta ting  m irro r 
has been described in  a previous pub lica tion .18 In itia l and 
ty p ic a l shock heated cond itions are lis te d  in  Tab le I.

F igure 4 shows an oscilloscope record; (a) measures the 
den s ity  g rad ien t w hich m ust be corrected fo r the beam 
a tte nua tio n  using the low er trace (b). The la tte r is a 
measure o f the change w ith  tim e o f the fraction o f m aterial 
condensed. Reduced graphs are illu s tra ted  in  Figure 5 fo r

TABLE I : Typical Experimental Parameters ■ •
T, = 298 K T,l = 1600-1800 K
p, = (2.3-4.6) X 10“5 g cm-3 p2 = ( l - 2 ) X  l ( r 4 g cm -3 
P, = (10-20 ) Torr P 2 = (0 .3 -0 .7 ) atm
<M> = 39.7 g mol-1 u, = (1.37-1.46) mm ps"1

Post dissociation o f Fe(CO)s: mol % Fe = 1.15 
dpidx  = (lO -’ -lO “ 5) g cm"4 dTg/d f = (0 .1-10) K p s '1 

dhg/d t =  (1 -8) X 103 erg cm"3 ps-1

•Figure 4. Dual beam scope traces: (a) schlieren signal, 0.05 V/division; 
fb) turbidity; 0.02 V/division. The zero level for this beam was displaced 
above the screen to permit recording of the small intensity loss. For 
this run, T2 =  1648 K; p2 =  1.81 X  1016 monomers cm-3.

Figure 5. Reduced curves for the rate of temperature rise and the 
integrated Increment In the temperature of the carrier gas.

ru n  B-5. V ia  ite ra tive  calculations w ith  eq 3-5, the to ta l 
heat in jected  in to  the A r per u n it volum e, Q, can be de
term ined from  the corrected density gradient trace. T h is  
q u a n tity  d iv ided  by the in it ia l num ber density  o f iro n  
atom s gives the heat released per Fe atom  (q) due to  the  
exotherm ic condensation step. These resu lts  are sum 
m arized in  Tab le I I .

O ur in it ia l assum ption was th a t a narrow  d is trib u tio n  
o f clusters, average size ( n ), is present d u rin g  conden
sation. The reaction
O D Feg^Fe^) (7)

expresses the “ phase”  transfo rm ation  w hich occurs. The 
mean entha lpy increm ent, per atom , fo r th is  reaction (or, 
the mean atom ization energy per atom ) may be iden tified  
w ith  the experim enta lly  determ ined q u a n tity , q. The 
obvious check is satisfactory; the q values are in  the range 
(4-6) x  10-12 e rg /a tom , somewhat less than b u t close to  
the heat o f condensation (per atom) to  the bu lk phase. For 
a d is trib u tio n  o f fin ite  w id th  we m ust estim ate an average
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TABLE II: Experimental Parameters and Deduced Magnitudes o f  Heat Release

Run no.
P,(total),

Torr < (i= T0 ),K
WF e (t = 0 ) ,

cm-3 Sb A T, K Q, erg cm-3 q, erg atom-1
B-8 10.4 1.377 1617 1.80 X 1016 2250 130 7.11 X 104 3.95 X 10-12
B-33 10.3 1.431 1747 1.82 X 1016 310 143 7.95 X 104 4.36 X ID-12
B-5 10.2 1.405 1684 1.81 X 1016 773 190 9.88 X 104 5.46 X 10-12
B -l l 10.7 1.374 1609 1.89 X 1016 2640 135 7.64 X 104 4.04 X 10-12
B-24 10.3 1.416 1710 1.82 X 1 0 '6 536 181 9.44 X 104 5.2 X 10-12
A-24 20.4 1.449 1791 3.62 X 1016 344 216 2.22 X 10s 6.1 X 10-12
A-27 20.4 1.458 1814 3.60 X 1016 307 238 2.38 X 10s 6.6 X 10-12
A-21 20.8 1.425 1732 3.70 X 1016 796 115 1.29 X 10s 3.47 X 10-12

- A-18 20.2 1.416 1710 3.59 X 10u 1050 184 2.01 X 105 5.60 X 10-12

°  Shock speed, in mm /is-1. T, = 298 K, Cp == 0.131 cal-1 g K ' ’ . 6 S is the supersaturation ratio at t = 0. S = P Fe/PFee<».

size ( n ) „  fo r the d iffe re n t supersatura tion ra tios. Then 
we could determ ine the  e ffe c t o f c luste r size on the  en
th a lp y  o f the  condensation reaction. T o  ob ta in  ( n } „  a 
specific  m odel has to  be inserted.
Energy Transfer Model

The recorded beam de flection  measures the ra te  o f 
change o f the en tha lpy content o f the gas sample probed 
by the  beam; i.e., the  ra te  o f in je c tio n  o f energy in to  the 
ca rrie r gas behind th e  in c id e n t shock wave, dhg/d t .  We 
sought the  sim plest m odel w hich reproduces the shape o f 
these {dhg/dt) traces. We sha ll p o in t to  the app rox i
m ations w h ich were made in  the  m odel and hope e ithe r 
to  remove them  or to  ju s tify  them  in  dep th  a t the  next 
stage o f its  evolution. In  the present form , fou r parameters 
were in troduced  w h ich, upon eva luation to  op tim ize  the 
f it ,  relate the b ind ing energy o f sm all clusters to  th e ir size, 
and specify the change o f the d is trib u tio n  function  o f sizes 
w ith  tim e.

The rate o f change o f the energy content o f the clusters, 
as they grow and concu rren tly  cool, is the sum o f tw o 
p rin c ip a l term s. The firs t is the ra te  o f increase o f its  
energy content due to  monom er add ition , and the second 
te rm  is the loss o f energy due to  collisions w ith  the cooler 
am bient gas. W e neglected loss o f energy due to  radia tion. 
The fo llow ing  d e fin itio n s  were used: 
n  num ber o f atom s per cluster; n w ill be trea ted as 

a continuous variab le
E „(n ,t) mean energy content a t tim e  t o f an nm er
N i(t)  m onom er density  a t tim e  t
N g ca rrie r gas density
cg average speed o f ca rrie r gas molecules, averaged 

over the tem perature range fo r the run
Ci average speed o f the m onom er
A (n ) surface area o f raner (assumed spherical)
a{n) n et s tick in g  coe ffic ien t
r (n )  energy increm ent fo r the add ition  o f a monomer: 

Fe„_i +  Fe —  Fe„
T g am bient gas tem perature
9(n) fra c tio n  o f excess energy transfe rred  from  nm er  

to  the carrier gas, per collision w ith  a gas molecule 
Then the  rate o f change o f energy content o f the clusters 
is given by
d E p /d t  =  7 «  { N d t ) C i A { n ) a { n ) ¥ h k T 6 +  T (n )]

-  NgCgA {n )6  ( n ) [E p (n , t) -  Ep {n , f j ] }  ( 8 )
W e d id  no t include a te rm  fo r cooling due to  evaporation;
i.e., the loss o f a monomer e ither spontaneously or induced 
by a su ffic ie n tly  energetic co llis ion  w ith  an A r atom . The 
la tte r process is o f low p robab ility , b u t the form er m ay be 
s ig n ifica n t. T o  take th is  in to  consideration requires a 
considerably m ore com plex m odel than  is used in  the 
present analysis.19 However, in  the accom panying paper 
(p a rt 5) we dem onstrated th a t du ring  cluste r grow th fo r 
Fe evaporation is neg lig ib le  fo r n  i  15. In  add ition , we

assumed: (i) the  second te rm  o f the  r ig h t m em ber o f (8) 
is the net heat tran sfe r due to  co llis ions between clusters 
and the am bient gas; ( ii)  the gas tem perature, T g, and the 
num ber density, N „  are constant w ith  tim e. A lthough the 

. tem perature and the  density  obviously do change due to  
condensation, the  fra c tio n a l change in  th is  d ilu te  system 
is sm all; thus in  (8), average values o f the tem perature and 
density are im plied; ( iii)  in  the follow ing analysis we neglect 
(w ith  ju s tific a tio n ) the  tra n s la tio n a l energy, (3 /2 )k T g, 
com pared to  r ( n ) ;  fin a lly  (iv ) in  fo rm u la tin g  the  cooling 
term , we assumed th a t a ll clusters o f size n  (a t any instan t) 
have the same (mean) energy con te n t E p(n, t). T he in 
troduction  o f another param eterized d is trib u tio n  function  
a t th is  stage w ould hopelessly com plicate the analysis. 
Tests o f a h y b rid  m odel in  w h ich we in troduced  a tra n 
s itio n  layer between the  ho t c luste r and the  am bient gas 
showed th a t, to  a very good app rox im a tion , the  gas 
tem perature in  th is  layer was equal to  the  tem perature o f 
the  surroundings.

E quation  8 can be s im p lifie d  by w ritin g  (fo r i  >  0): 
Y ( n , t )  =  E p( n , t ) ~  E p( n , t J

$  =  [ 3 ^ c / ( 4 7 t ) ] 2 /  3 ( 9 )

‘Pit) = nN-f - - Cl-[3vJ(4ir)]2l 3

where vc is the volum e per atom  in  the  condensed phase, 
a t the average tem perature. Thus
d F (n , f ) / d t=  <p{t)n2/ 3 r (n )a (n )

-< !> n 2 /3 6 ( n ) Y ( n , t )  (1 0 )

T h is  equation has an ana ly tic  so lu tion  i f  <p{t) is specified. 
W e may deduce <p(t) from  N ^ t)  by em p irica lly  fittin g  the 
observed tu rb id ity  curve to  a po lynom ia l o f the  fo rm  (A  
+  B t +  C t2 +  D t3), between t =  0 and the tim e  a t w h ich 
the trace levels o ff (end o f condensation). Since the a t
tenuation [ { I i ° - I i )  a x(t)] measures the cluster density ,20 
one may thus estim ate the concentration o f the rem aining 
m onom er.21 The constan t o f in te g ra tio n  fo r (10) is 
evaluated by se tting  Y(n, 0) =  0, since a t t =  0 no nm er 
had been generated.

The ra te  o f energy tran sfe r to  the am bient gas is the 
p roduct o f the second te rm  in  eq 8 and the cluste r d is
trib u tio n  fu n c tio n , in tegrated over n:

( ~ j£ )  = ‘h / r  d n N (n , t )n 2/ 3 6 (n )Y (n , t) (1 1 )

where we have id e n tifie d  the  specific en tha lpy w ith  the 
energy transferred . N (n , t) is defined as the num ber 
density o f nmers, and we have assumed i t  has the general 
fo rm 22

N (n ,  t )  = fn  e x p (-g n 2) ( 1 2 )
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T he  conservation cond ition  requires
/ “  N (n , t)n  dn = N ( l ,  O )x (t) (13)

where x (t)  is the fraction o f starting m ateria l w hich entered 
the condensed phase. The choice o f th is  fu n c tio n a l form  
is n o t overly  re s tric tive  in  so fa r as these experim ents are 
concerned. Indeed, a de lta  fu n c tio n  was also tested, and 
w hile the overall f i t  fo r the experim ental runs was no t quite 
as good as w ith  (12) i t  d id  ind ica te  th a t the  m odel is no t 
pa rticu la rly  sensitive to  the precise form  o f the d is trib u tion  
func tion . The no rm a liza tion  cond ition  leads to  f  =  (4 / 
w1/2)g3/2N {  1, O )x (t), when the  low er lim it is set a t zero 
(approxim ate ly). The m edian size (n ) can be determ ined 
g ra p h ica lly  from

J{0n)n N {n , t) dn  = J^n)n N {n , t ) dn (14)

The m axim um  o f [nN (n, t) ]  is a t g 1/2. T o  a very good 
approxim ation n a t N mm is equal to  the median size. Since 
g  is a fu n c tio n  o f tim e , the average size is then specified 
by ( n (t))  =  [g (f) j 1/2; thus, g(t) characterizes the tim e 
dependence o f the condensation process. For th is function 
we assumed a sim ple fo rm

g{t) = ( 1  + xP(t)(n)Jrl (15)
where (3 and ( n ) „  are tw o param eters o f the m odel. T h is  
is equ iva len t fo r large n to

<n(i)> ^ X3/2(i)<»>„ (16)
The lim itin g  m edian size (t -*■ °°) is < n )„ when x  =  1. The 
param eter ft determ ines how fast the clusters grow, i.e., 
when th e ir grow th rate becomes very steep. I f  j8 is assigned 
too sm all a value, then from  eq 16, the m edian size o f the 
clusters in  the early stages o f condensation becomes m uch 
larger than th a t allowed by k in e tic  co llis ion num bers. An 
op tim um  value is 2.5.

Consider next the  heat tran sfe r param eter, 9. I t  is 
plausible to  expect th a t it  is a function o f n. As the clusters 
grow, th e ir v ib ra tio n a l d is trib u tio n  spreads ou t in  fre 
quency so th a t single co llis ions become less e ffective  in  
abstracting  energy from  the conglom erate. We assumed
9 =  h / ( n +  1) (17)
where h is a param eter independent o f n. B y op tim iz ing  
the  fu n c tio n a l f i t  o f the density gradients, we fin d  h =
0.024. For very sm all clusters, 9 is o f the order o f 1%. For 
a c luste r w ith  5 0 -2 0 0  k ca l/m o l o f v ib ra tio n a l energy 
(accumulated heat o f condensation), the energy transferred 
per co llis ion  is therefo re several k iloca lories; th is  is con
sisten t w ith  (A E )  magnitudes derived fo r the deexcitation 
o f h ig h ly  energized m olecules undergoing unim olecu lar 
reactions .23

The stick ing  coeffic ien t a is also a function  o f n. Some 
atom s w ill n o t s tick  s im p ly  because o f th e ir tra jecto ries, 
e.g., glancing co llis ions. W hen some monomers s trike  a 
cluste r, the la te n t heat m ay no t get delocalized ra p id ly  
enough, and the incom ing atom  essentially reevaporates. 
U n fo rtu n a te ly , the va ria tio n  o f a w ith  n is no t known; it  
appears to  be between 0.1 and l.O .24 We assumed a was 
independent o f n, and set i t  equal to  u n ity . I f  its  value 
is independent o f n b u t less than one, on ly the rate o f 
energy tran s fe r is a ffected by the corresponding m u lti
p lica tive  fa c to r; the  shape o f the dhg/d t  curve is no t 
changed [a  facto rs in  the so lu tion  fo r Y(n, t) ].

The energy deposited upon add ition  o f one m onom er 
to  a cluste r size (n -  1) is given by

r ( n )  = IA E ° n -  A E ° n _ , -  A E \ \  (1 8 )

TABLE III: Values o f (n>„ Estimated by Fitting the 
Model to Density Gradients

Run no. Scale factor <n>„„
A-21 1.73 200 0.53
A-18 2.23 130 0.85
B-24 3.80 400 0.79
B-8 2.27 40 0.60
A-21 2.18 2000 1.00
B-5 3.04 250 0.83
A-24 1.83 1400 0.92
B-33 1.53 500 0.66
B -ll 2.38 40 0.61

a AH \  = 6.6 X 1 0 '12 erg.

where AE ° n is the energy o f fo rm a tio n  o f an tim er from  
monomers. We assumed AE °  «= AH °  [a t the temperatures 
o f in te rest th is  introduces an erro r o f 10- 20% , depending 
on n]. Then the difference equation m ay be rew ritte n  as
r(n) = d\AH °„\/dn  (19)

where |A ff° „| is the entha lpy fo r the reaction, Fen —  nFe. 
T o  in teg ra te  eq 11, a fu n c tio n a l form , fo r T (n) m ust be 
inserted. R eca lling  our objective, to  evaluate < n )„ fo r 
p lo ttin g  vs. q (Table I) , tests w ith  several expressions 
showed th a t the results were n o t sensitive to  the assumed 
fo rm . Since these p re lim in a ry  tests a ll gave values close 
to  those p lo tte d  in  F igure 1, we in troduced  a t th is  p o in t 
the em pirical expression which w ell represents the reduced 
theo re tica l calculations:

A H ° n/n  =  A I7 °o o (l -  n~0'25) (2 0 )

T h is  leads to

r ( n )  = ! A H ° „  1(1 -  0 .7 5 /U 0-25) (2 1 )

E quation 11 was then in tegrated num erica lly  and d h j d t  
determ ined a t various tim es. The theoretica l curves were 
fitte d  to  the experim ental histograms in  the fo llow ing way: 
/3 was held constant, ( n ) „  was f irs t set a t a value (from  
k in e tic  theory) a t w h ich condensation occurred very 
ra p id ly ; h was then adjusted u n til the best v isua l f i t  was 
obtained. For the rem ain ing runs, {n).„ was used as an 
adjustab le  param eter. R epresentative graphs o f the  
agreem ent a tta ined  between the  ca lcula ted and experi
m ental po ints are shown in  Figure 6a-c. The theore tica l 
values had to  be m u ltip lie d  by a constant scale facto r, 
approxim ate ly 2.5, to  norm alize the values a t the peaks.25 
The results are sum m arized in  Table I I I .  F luctua tions 
in  the scale facto r from  run  to run  are a ttrib u ta b le  to  our 
experim enta l erro r, and possibly inconsistent procedures 
in  data reduction .

The curves in  Figure 6a-c indicate th a t generally, during 
the early stages o f condensation, the  m odel p red icts too 
fast a rate o f energy in p u t onto the carrier gas. This is due 
to  the se n s itiv ity  o f the m odel to  the  heat tran s fe r pa
ram eter, 9(n). F o r sm all n, 9 is large and energy transfe r 
is e ffic ien t. I t  should be pointed out th a t experim enta lly, 
and in  the com puter m odel, the early stages o f conden
sation incorporate the largest errors.

The m odel is re la tiv e ly  insensitive  to  changes in  (n )a. 
Changes in  /3 a ffect the early stages o f the energy transfer 
process when the clusters are qu ite  sm all. W hile  changes 
in  e ithe r 0  or (n )»  by 30% a ffect the  f i t  on ly s lig h tly , a 
change o f 30% in  the heat tran s fe r param eter, h, is suf
fic ie n t to  spo il the  f it .  F igure 7a,b illu s tra te  the m agni
tudes o f these departures from  optim um  f it .

Using the values o f (n ) „  estim ated from  the m odel fo r 
each run, the experim enta l values o f A H °n/ ( n )  were
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Figure 6. (a -c ) Comparisons of computed d /^ /d t curves with ex
perimental points derived from density gradient traces, such as illustrated 
in Figure 5.

Figure 7. (a,b) Typical sensitivity tests for model parameters.

p lo tted  vs. the average size. These were included in  Figure 
1 , and they do cluste r about the  curve fo r
A H ° n/(n )  =  A H ° „ [ 1  -  < n ) - ° -2S]

qu ite  w e ll, p rov id ing  a self-consistency check on the 
function  used in  developing the model. Furtherm ore, w ith  
the determ ined param eters, the tim e  dependence o f the 
d is trib u tio n  function  may be p lo tted . Figure 8 shows N (n , 
t) a t a sequence o f tim es during condensation fo r run  A-18. 
The spreading out w ith  tim e is due to  the random  grow th 
process.
Critique of Model

Considering the s im p lic ity  o f the energy transfer model, 
i t  is remarkable th a t good agreement was obtained between 
the calculated and observed (d h jd t)  vs. t curves. B y using 
the hard-sphere k in e tic  theory fo r co llis ion  num bers we 
neglected long-range a ttra c tive  forces when a m onom er 
encounters a Fe cluster. C oagulation was neglected, b u t 
on our tim e  scale i t  is an in s ig n ifica n t fac to r; the proper 
tim e  dependence was obtained. The o the r obvious as
sum ptions, such as spherical drop le ts and use o f b u lk  
density (to  determ ine surface area from  the num bers o f 
atom s (per cluste r), are very d iffic u lt to  avoid.

Perhaps the  m ost rem arkable conclusion developed in  
th is  s tudy is the em p irica l scaling law  fo r A H °n. W ith in  
± 0.1|A //°m|, the large variety o f theoretical calculations and
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Figure 8. Evolution of the derived distribution function.

m ateria ls (fo r n <  102), and our experim enta l values fo r 
Fe vapor ( n ^ 2 X 103), a ll f i t  the  (1 -  rT°'25) facto r. I t  is 
plausible to  postulate th a t fo r m uch larger n th is  w ill d r ift 
over to  (1 -  n  0,33), as is required fo r a m odel in  w hich the 
to ta l energy o f a drop le t is partitioned between the in te rna l 
volum e and a surface layer (re f 3b, p 4). However, i t  is fo r 
values o f n <  102 th a t the em pirica l function  is crucia l fo r 
estim a ting  m agnitudes o f AG °„; th is  is discussed in  the 
accom panying m anuscrip t.
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The temperature dependence of the critical supersaturation ratio was measured for the onset ·)f very rapid
condensation from the vapors to "liquid" clusters for iron, lead, and bismuth. Controlled supersaturation levels
",:ere generated by shock heating corresponding organometallics, highly diluted in argon. Both incident and
reflected shock regimes were used. While the conditions for attaining criticality differed markedly for the two
modes of operation, the two sets of data check quite well. We demonstrated that even though the experiments
are inherently subject to substantial random errors, none of the current theories for homogeneo"Js nucleation
satisfll<;torily prediGt, to within generously allocated error limits, the observed SeCT). Empirically the data
are best represented by functions of the form SeCT) = 102a exp(-1O-3bT, K) with 0.7 :5 a :5 2 &.Ild 1.5 ':5 b :5
3.5. We~onclude that in view of the concurrent ambiguities in the magnitudes of the assumed flux currents
lind theclependence of the surface tension 'on temperature, one may question whether determimition of S e(T)
can provide a meaningful test for the classical theories of condensation.

Introduction

This,;is a brief report on the determination of critical
supersaturation ratios for avalanche condensation from the
vaporS of iron, lead, arul bismuth, and of their dependence
on tllie tempex:.ature. Our experimental approach [de
veloped by :Kung arid Bauer,! and Homer and Prother02

]

consisted of shock heating gaseous organometallics [Fe
(COh, Pb(CH3)4, and Bi(CH3h] to temperatures such that
all the ligands were stripped from the central metal atom
within a few microsec.onds after passage of the shock front.
Specified supersaturation levels with respect to the metal
atoms were thus produced. The onset of condensation
under essentially isothermal conditions was monitored by
measuring the attenuation of an unpolarized He-Ne laser
beam, as a function of time. A listing of the requisite
turbidity equations is given below.

In a system which is sufficiently dilute, so that multiple
scattering can be neglected, and the scattering-absorbing
particles are randomly positioned, the transmitted in
tensity of monochromatic radiation is I = 10exp(-Tl), where
T is the "turbidity", expressed in terms of T = NCext; N is
the number density of particles, and Cext is an extinction
cross section. From Mie's full solution for small absorbing
spheres3 [A» mean diameter], for unpolarized incident
radiation

(1)

where (u) is the mean particle volume, (u) = f uP(u) du;
P(u) is the normalized distribution function, and m is the
complex index of refraction [m == n'- iq]. Hence, for a
condensing system, where the density of particles is
changing and unknown, turbidity measurements alone are
insufficient to determine particle sizes. However, it has
been shown4that the recorded turbidity signal, (10 - 1), is
directly proportional to the mass fraction of the metal
condensed. Since the nucleation rate is extremely sensitive
to the supersaturation ratio, S, it is expected and ex
perimentally confirmed that (10 - 1) shows a very fast rise
for high S, once condensation starts. As the supersatu
ration ratio is reduced, the nucleation rate decreases
rapidly and approaches zero at the critical S C' Then the
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TABLE I: Equilibrated Species
Considered in NASA Program'

Precursor Equilibrated species (gaseous)

Fe(CO), Fe(CO)" Fe; CO, Ar
Pb(CH,). Pb(CH3 ) .. Pb, CH" CH" CH, H" C,H6 ,

C,Hq , CH.. Ar
Bi(CH3 )3 Bi(CH,)" Bi, CH3 , CH" CH, H" C,H"

C,H.. CH.. Ar

transmitted signal shows little deviation fr'Jm the initial
light level.

Detailed descriptions of the operation of shock tubes and
the appropriate gas dynamic relations are given in standard
texts.5 To compute the temperature of the shock heated
gas from the measured shock velocity, one must specify
the thermodynamic state of the gas sample immediately
after passage through the "shock front". In these studies
one must adjust conditions so that dissociation of the metal
bearing compound occurs very quickly compared to the
subsequent condensation kinetics. To select appropriate
shock parameters, we used the NASA "equilibrium shock"
program.6 Standard enthalpies of formation, standard
entropies, the initial concentration of the parent com
pound, and appropriate heat capacity data must be in
serted as parameters to perform the calculations. The
temperature dependent free energy functions for all the
product species must also be included. The species which
we assumed to have attained equilibrium are listed in
Table I.

No rate data are available for the unimolecular de
composition of Fe(CO);,. By analogy with similar com
pounds, such as Ni(CO)4' the rate is presume to be very
fast at shock temperatures, 1500-2500 KY We estimate
that at 1500 K the half-life for the complete stripping of
the CO groups is less than 1 ns. Vapor pressure dataB for
Fe and Fe(COh indicate that a sample of Fe(COh can be
prepared at room temperature such that under typical
incident shock conditions the concentration of Fe atoms
is sufficiently supersaturated to condense. Experiments
showed that at moderate supersaturation, the time for
complete condensation of the Fe vapor was of the order
of 50 J.LS. The experimental requirements are therefore met
for Fe(COh at temperatures greater than 1500 K.
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Figure 1. Vapor pressure data.

H om er and H u rle 9 measured the rate o f decom position 
o f P b(C H 3)4 over the tem perature range 890-1060 K , and 
found  fo r the  un im o lecu lar ra te  constant
log k T U h = (13.25 ± 0.4)

- ( 9 . 0 +  0 .4 ) X 1 0 3/T K  (2 )
As in  the  case o f Fe(CO )5, the rem oval o f the f irs t C H 3 
group was assumed to  be rate lim itin g  and th a t the 
subsequent s trip p in g  o f the  rem ain ing m e th y l groups 
occurs m uch faster. They noted th a t there were no reports 
o f stable in te rm ed ia te  le ad -m e th y l radica ls. As w ill be 
described below, the tim e  fo r com plete condensation o f 
lead a t supersaturations near c ritic a l was experim enta lly 
determ ined to  be o f the order o f 300 /is. Hence a t least 
90% o f the T M L  should be decomposed w ith in  about one 
th ird  o f th a t tim e  a fte r passage o f the  shock fro n t. B y 
se tting  ¿90% = In  (10)/feTML = 100 its we fin d  th a t th is  
co n d itio n  is m et fo r tem peratures above 980 K . Vapor 
pressure data fo r Pb (F igure 1) show th a t large supersa
tu ra tio n  ratios can easily be obtained a t these temperatures 
fo r a d ilu te  m ix tu re  («1% ) o f the T M L  in  A r. Thus, the 
experim enta l requirem ents are also m et fo r T M L , as long 
as the  shocked gas tem perature is above 980 K . The 
m e th y l radica ls recom bine ra p id ly  to  produce C2H 6(g), 
C2H 4(g) +  H 2(g), and C H 4(g) +  CH 2(g), etc. These species, 
along w ith  T M L (g ), C H 3(g), Pb(g), and A r(g ), were con
sidered to  be in  the rm a l e q u ilib riu m  fo r ca lcu la ting  the 
shocked gas tem perature (Table I).

P rice  e t a l.10 determ ined the rate o f decom position o f 
trim e th y lb is m u th  (T M B ) over the tem perature range 
600-900 K , by measuring yields o f CH4(g) and C2H 6(g) [H 2 
and C2H 4 were also observed b u t in  m inu te  am ounts]. 
They observed th a t to ta l decom position to  the free m eta l 
and m e th y l groups was fas t re la tive  to  the in it ia l bond 
ru p tu re , and re p o rt fo r the un im o lecu lar ra te  constant
lo g  feTMB = 1 4 .0  -  9 .61  X 1 0 3/T  K  (3 )
As does T M L , w ith in  150 /is, 90% o f T M B  is decomposed 
a t a tem perature o f 980 K . However, we decided to  use

an a lte rna te  technique fo r b ism uth , as ou tlined  below.
E xperim ents w ith  re flected shocks, the  technique de

veloped by K ung and B auer,4 have tw o  advantages: (1) 
the  tem pera ture  range can be extended to  low er values, 
and (2) the  e ffic ie ncy o f data co llec tio n  is considerably 
increased since a de te rm ina tion  o f S C{T) is  obtained per 
successful run . The shock tube was tu n ed  so th a t the  
re flected  shock, head o f the expansion fan , and contact 
surface m et a t approxim ate ly the  same pos ition  in  the  
shock tube. The ne t re su lt is an exponen tia l decay o f 
tem perature and pressure a fter a specified dw ell tim e. The 
elevated tem pera ture  and re la tiv e ly  long residence tim e 
in  the reflected shock regime results in  ra p id  and complete 
decom position o f the T M B  to  generate an undersaturated  
vapor. However, a fte r the expansion wave cools the shock 
heated gas the level o f supersaturation rises, and eventually 
the  B i vapor becomes c ritic a lly  supersaturated and con
densation sets in . W ith  the N A S A  program  one m ay 
calculate cond itions in  the expansion wave a t the c ritic a l 
ta k e-o ff p oin t, using the instantaneous pressure, as 
measured by the piezoelectric sensor. The corresponding 
tem pera ture  in  the  expansion wave is given by the adia
ba tic  re la tio n  .
T s/ T 5e =  (is/P5e)7s"I/7s (4)

where the subscripts 5 and 5e re fe r to  the reflected shock 
and expansion waves, respectively. For d ilu te  samples, the 
heat capacity ra tio , y 5, is th a t o f the in e rt gas d ilu e n t. 
Since the c ritic a l supersaturation cond ition  is a tta ined in  
every run, one SC(T) p o in t is observed in  every, experim ent. 
T o  ob ta in  data over a w ider range o f tem peratures, one 
need only vary the in itia l pressure o f the test gas or change 
the sam ple com position.

Experimental Section
Sam ple Preparation. Samples o f the  m eta lloorganics 

Fe(CO)5, Pb(C H3)4, and B i(C H 3)3 were pu rified  and d ilu ted  
in  argon, to  concentrations 0.1- 2.0 m ol % ; u ltra -h igh -pu rity  
argon (99.999%) was used as a d iluen t. The m ixtures were 
allow ed to  stand fo r a m in im um  o f 24 h  before use. The 
m eta l bearing com pounds, a ll liq u id s  w ith  appreciable 
vapor pressures a t room  tem perature, were obtained from  
A lfa  Inorganics Co. The Fe(CO)5 was doubly d is tille d  and 
only the m iddle fraction  was used in  preparing the sample. 
The suppliers ind ica ted th a t the B i(C H 3) was pure; i t  was 
used w ith o u t fu rth e r p u rific a tio n  except fo r repeated 
freezing and outgassing. The P b(C H 3)4 was obta ined as 
an 80% so lu tion  in  toluene. T h is  was p u rifie d  to  99.5 ±
0.2% on a H ew le tt Packard M odel 700 gas chrom atograph, 
using a 6- f t  10% Carbowax 20M  prep-colum n. Adequate 
resolu tion o f the toluene and T M L  peaks was available a t 
a colum n tem perature o f 150 °C. D uring the la tte r stages 
o f the experim ents we obtained pure T M L  from  the 
RO C-R IC  Co. The experim enta l results rem ained un
changed.

The Shock Tube. A  deta iled descrip tion  o f the  1.5-in. 
brass shock tube used in  th is  experim ent has been pub
lished .11 The length o f the d rive r section was 4 f t ;  the test 
section was 13 f t  long fo r the inc ident shock experim ents, 
b u t was shortened to  10.5 f t  fo r the re flected shock ex
periments. Lucite  windows (1 in .) were m ounted flush w ith  
the inside walls 10 f t  4 in . downstream from  the diaphragm. 
The shock tube was operated in  the single pulse mode 
using a 3.28 X  104 cm3 dum p tank. The diaphragm s were 
m ylar and ranged in  thickness from  0.5 to  5 m il. Pure He 
or m ixtures o f He and N 2 were used as d rive r gases. A  
barium  tita n a te  pressure transducer upstream  from  the 
w indow  actuated the electronics. Four p la tinum  film  
gauges were used fo r measuring shock speeds. The ou tpu t
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from the gauges was amplified and fed into a Tektronix 
Model 535 oscilloscope, modified to provide 10 fis time 
marks to the raster display. Pressure history was moni
tored with a Kistler No. 610 quartz pressure transducer 
located immediately above the observation windows. The 
tube leak-outgassing rate was 0.5 mTorr/min.

Optical Arrangement. An unpolarized 1.5-mW Edmund 
Scientific He-Ne laser (6328 A) was directed through the 
center of the shock tube windows. Care was taken to direct 
file incident and transmitted beams normal to the win
dows; this ensured that the beam was also perpendicular 
to the flow. At a distance of about 2.5 cm from the exit 
window, the beam passed through an adjustable iris which 
was set to be slightly larger than the beam diameter at that 
point (2 mm). An EMI-9634 phototube was located 1 m 
from the exit window; it had a (1 je) rise time of 3.0 fts. 
The entrance to the phototube was masked with a 6328 
± 2  A interference filter, and a ground glass diffuser. 
There are no Ar, Bi, Pb, Fe, Hg, or Na emission lines in 
the range 6328 tfc 2  A. The combination of the iris plus 
the relatively large distance between the phototube and 
the shock tube ensured that a negligible amount of 
black-body radiation.from the condensing particles reached 
the detector. The phototube output (with the laser off), 
for every metal studied, showed no significant intensity 
from thermal emission. The output from the phototube 
was monitored simultaneously with the output from the 
pressure transducer on a Tektronix Model 502 dual beam 
oscilloscope. This allowed us to determine the exact shock 
arrival time in the incident shock experiments. In studies 
with reflected shocks this recorded the pressure history 
throughout the entire experiment and the essential data 
for calculating the temperature of the gas at the turbidity 
take-off point.

The powder that settled inside the tube was analyzed 
via powder x-ray diffraction. The results confirmed the 
presence of crystallites of the several metals. In addition, 
an analysis of the diffraction line widths gave crystallite 
sizes which agreed with an electron microscopic exami
nation of particle sizes. To prevent any heterogeneous 
nucleation on the metal particles attached to the walls, the 
tube was thoroughly cleaned after each run with a 
cheesecloth swab moistened with ethanol.

Data Reduction
Incident Shock Experiments with Fe and Pb. Figure 

2  shows a typical set of turbidity traces for a single 
concentration of Fe(CO)5,0.74% in Ar. The four records 
are for the same initial sample pressure but for differing 
shock strengths. Shock arrival is indicated by the step 
function in the pressure recorded by the gauge in the plane 
of the observation window center. At low temperatures 
(high supersaturations), (70 - 1) shows a very rapid increase 
due to attenuation by the condensate, then a flat plateau. 
Freund4 and Homer9 demonstrated that “plateauing” 
occurs when all the monomer had entered the condensed 
phase. As the shock temperature was increased, the level 
of supersaturation decreased, and the rate of condensation 
slowed, indicated by the longer time for the (70 - 7) trace 
to attain the plateau. Eventually a temperature and a 
supersaturation level was reached where no condensation 
appeared within 500 /is past shock arrival. This condition 
is identified as the critical supersaturation ratio, Sa at the 
temperature T. Its magnitude is given by the ratio of the 
calculated pressure of metal vapor behind the incident 
shock to the equilibrium vapor pressure at that shock 
temperature. The approach to Sc was repeated several 
times, starting either with a new initial total pressure of 
the same mixture or at the same initial pressure but with

1 7 6 0  °K

2 0 3 5

2 2 6 5

2315

Figure 2. A typical set of traces for the incident shock experiments, 
showing pressure and transmitted intensity. For this sequence, 0 .74%

■ Fe(CO)6 in Ar was subjected to increasing shock Mach numbers by 
’ increasing the diaphragm thickness, and thus the driver pressure. Shock 

arrival is indicated by the arrow (f); lab time scale is 100 /ts/division. 
Light extinction shows a rapid rise to a plateau, at the lower tem 
peratures, due to very rapid condensation. As the supersaturation ratio 
is decreased the rise to the plateau becomes gradual. The critical 
condition was interpolated as being midway between 2265 and 2315  
K. The fluctuating turbidity during later times in these two traces is 
probably due to diffusion of large particles into the narrow laser beam.

^.5 msec

a = f ? e

b=f?
Figure 3. A typical oscilloscope record for a reflected shock experiment. 
Lab time scale =  0.5 ms/division.

new concentrations. Thus, we were able to collect critical 
supersaturation data over a extended range of tempera
tures.

Reflected Shock Experiments with Bi. A typical 
pressure-intensity record for a reflected shock in Bi vapor 
(diluted in Ar) is shown in Figure 3. The turbidity trace 
shows no evidence of condensation in the incident and 
reflected shock regimes, as expected, since the incident 
shock temperature is too low for rapid TMB decomposition 
while the reflected shock temperature is high enough to 
generate an undersaturated state. The decay of the 
pressure trace indicates the arrival of the expansion wave 
which cools the gas via an adiabatic expansion. Thus a 
temperature is reached such that the Bi vapor attains 
critical supersaturation, and begins to condense. That 
point appears in the turbidity trace where the laser beam
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TABLE II: Physical Data for Fe, Bi, and Pb
Fe Bi Pb

Surface tension a(T),  erg cm '1 
Liquid density p(T), g cm '3 
Melting point-boiling point, K 
A / / Vap> kcal/mol 
Crystal structure

2187-0.22 T K 
8.5-8.5 x 10"4T K 

1808-3273 
84.6 

bccub

418-0.07T K  
10.7-1.2 x 1 0 '3T K 

544-1723 
42.6
Oft

514-0 .09T K 
10.7-1.3 X 10" 3T K 

600-1893 
42.0 
fccub

Figure 4. S c( T) for Fe,. The curves superposed on the experimental 
points show theoretical values, according to the following key: '(1) metal 
solid density (measured); (2) metal liquid density (measured); (3) classical 
theory with J =  1016 cm-3 s '1; (4) classical theory with J  =  1012; (5) 
classical theory, with J  =  108; (6) classical theory with J  =  10s; (7) 
Lothe-Pound theory with J =  1016; (8) Lothe-Pound theory with J  =  
1012; (9)-metal liquid (bulk) surface tension (measured); (10) critical 
size cluster; (11) bies't fit exponential to data points of this work ( • ) .  
(0 )  Kufig's results fro(n turbidity data in the expansion wave; (A ) Kung's
results from black-body, emission data.

is first attenuated (point A in Figure 3); it is identified as 
the critical supersaturation ratio at the temperature T5e, 
calculated from eq 4. The ratio P5/P5e was measured 
directly from the recorded output of the transducer. To 
obtain data over a wide range of temperatures we had only 
to vary (judiciously) the following; diaphragm thickness, 
initial test section pressure, sample concentration, and 
molecular weight of the driver gas. The shock tube became 
“detuned” (i.e., the pressure history in the reflected and 
expansion waves showed some unwanted structure) when 
the above parameters were changed too drastically. The 
tube was then retuned by adjusting the length of the driver 
section for each temperature range.

We investigated the possibility of applying these 
techniques to the study of condensing silicon, using the 
precursors Si(CH3)4 and SiH4. At incident shock tem
peratures (1000-1500 K), a 1% sample of TMS did not 
decompose fast enough to produce a critically saturated 
metal vapor. However, the absorption signal at 6328 A 
showed an initial rise and return to zero (within 50 ps) 
which we attributed to a short lived absorbing intermediate 
in the decomposition process. A 1% sample of silane did 
show evidence of decomposition under these conditions, 
to form a critically supersaturated vapor. The attenuation 
signal showed a rise and plateau, characteristic of con
densation. We conclude that silane is a good candidate 
for a source of silicon atoms.

Comparison of the Experimental Results with 
Theory

The “classical” and Lothe-Pound (LP) predictions of 
Sq(T) for Fe, Pb, and Bi are compared with our experi
mental points in Figures 4-6. A summary of the values 
for the bulk surface tension, a, and the bulk (liquid) 
density, p, used in these calculations is given in Table II. 
Since no data are available for the temperature dependence 
of the surface tension of Fe(l), Kung and Bauer1 estimated

Figure 6. S c( T) for Bi. The key is the same as for Figure 4.

<r(T) from surface entropy values; the same functional 
dependence was assumed here. In the case of iron, the 
experimental data spanned the bulk melting point. We 
extrapolated the values of a(T) and p(T) from the liquid 
region into the solid region. In our search for the “best 
fit”, the calculations were repeated for various values of 
the condensation current, J (number of nuclei generated 
per second per centimeter3). For the LP case, the value 
of the “replacement factor”, qrep, was set equal to unity. 
The moment of inertia of an nmer, inserted in the 
rotational partition function was assumed to be that for 
a sphere of uniform density

r 2  . 2 / 3 n
/„ = -nmr» — (5)

where m is atomic mass and p„ is the number of atoms per 
unit volume. In the classical BD theory SC(T) and J are 
related via a cubic equation

a(T) ln3S -  In J  in2 S -  j3(T) = 0 (6)

where a(T) and fi(T) are collections of temperature de
pendent parameters. In the LP formulation an iterative 
process must be used to complete the calculation.
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Iron V a por. Inspection o f F igure 4 shows th a t fo r 
reasonable values o f the condensation cu rren t (105 <  J  <  
1016 sr l cm "3), the experim enta l po in ts  e x h ib it a tem per
ature dependence which is steeper than predicted by either 
theory, a lthough they are closer to  the  L P  envelope o f 
curves than  to  the  B D  curves. E m p irica lly , they are w e ll 
expressed by

In  Sc = 7 7 .8 8  e x p [-  1 .57  X 10 “3 T  K ] (7 )

w ith  a corre lation coeffic ien t o f 0.95. The results o f Kung 
and B auer were also inc luded  in  F igure 4. T h e ir values 
show a somewhat steeper tem perature dependence, since 
th e ir po in ts  superpose the present set fo r T  >  1900 K  b u t 
rise above them  fo r low er tem peratures. N ote th a t they 
used th e  onset o f b lack body rad ia tion , ra the r than  tu r
b id ity  to  ascertain the s ta rt o f avalanche condensation, and 
operated w ith  reflected shocks ra ther than incident shocks.
On the whole, the agreem ent is very good. The devia tion  
a t low er tem peratures m ay be due to  the  re la tiv e ly  large 
u n c e rta in ty 'in  estim a ting  the  tem peratures in  the  ex
pansion wave.

We estim ated the length o f the error bars fo r the present 
data by noting th a t the largest single source o f erro r in ' the 
tu rb id ity  experim ents is the shock tem perature. The 
m axim um  u n ce rta in ty  in  m easuring the  shock- speed is 
±0.02 m m  us K To 'm in im ize the error in  reading the fin ite  
w id th  o f the raster pulse measurem ents were made from  '} 
peak to  peak. T h is  gave us a random  erro r o f about ±30 ■ 
K  in  the  ca lcu la ted e q u ilib riu m  tem peratures. Because ; 
o f the  exponentia l tem pera ture  dependence o f the equ i
lib riu m  vapor, pressure, the  u nce rta in ty  in  shock tem - - 
perature results in  m axim um  uncerta in ty in  In S c o f ±0.25. 
The experim enta l un ce rta in ty  is therefo re in su ffic ie n t to  
b ring  our data down to  the  theo re tica l p red ictions.

I t  is in te resting  to  note th a t Kung and Bauer estim ated 
c luste r tem peratures to  be 50-150 K  higher than  the 
am bient gas tem perature due to  the heat o f condensation. 
The abscissa scale in  F igures 4 -6  should be T du3tei since 
th is  determ ines the evaporation rate . F or a ll the m etals 
studied, the d is p a rity  between experim ent and theory 
w ould be enhanced.

T he condensation cu rre n t, J , is an unm easurable 
q u a n tity  in  th is  experim ent. One m ay in qu ire  w hether it  
is possible to  f it  the theoretica l curves to  the experim ental 
points by using J  as an adjustable param eter. I t  is evident 
th a t the theo re tica l ca lcu la tions are insensitive to  value 
o f J; fo r exam ple, we m ust set J  £  1024 s“1 cm ’ 3 in  order 
th a t the  L P  theory f i t  the lower tem perature data. T h is  
is la rger than  any conceivable nucleation ra te  under the 
present cond itions. A t the  o the r end, to  f i t  the high 
tem perature range requires J  % 1 s“1 cm’ 3. T h is  is ob
viously too slow, since we observed com plete condensation 
o f a ll the  Fe m onom er w ith in  200 [is.

Since the theoretica l curves are sensitive to  the assumed 
value o f the surface tension one can force f i t  the LP  curves 
to  the  experim enta l po in ts  by selecting a tem perature 
dependent surface tension. Curve 11 in  F igure 4 shows 
the  f i t  obtained by assum ing the fu n c tio n
o ( T )  =  4 0 5 9 -  1 .1 6 T K , erg cm ’ 2 ( 8 )

The published surface tension values fo r Fe(l) a t 1825 K 12,13 
range from  1788 to  1865 erg cm“2; eq 8 gives a =  1942 erg 
cm’ 2, w hich is on ly 0.4% above the largest experim enta l 
value. However, the tem perature coe ffic ien t o f 1.16 is 
m uch too large; s im ila r factors fo r B i and Pb were ex
pe rim e n ta lly  determ ined as 0.07 and 0.09, respectively. 
A lso, since a - *  0 as the  tem perature T  -*• T „  one is led 
by eq 8 to  a c ritic a l tem perature fo r Fe o f 3500 K , only
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1700 K  above its  m e ltin g  p o in t, obviously m uch too low.
Note also th a t there is no break in  the experim ental data 

a t the b u lk  m e lting  p o in t (1808 K ). The clusters are 
generated w ith  short-range order, as supercooled liqu ids , 
w e ll above the nucleation tem perature fo r tra n s itio n  to  the 
so lid  phase.

P b Vapor. F igure 5 shows the experim enta l po in ts and 
the corresponding theore tica l ca lcu la tions fo r lead. Due 
to  k in e tic  constra in ts on the ra te  o f T M L  decom position 
a ll the runs were made a t tem peratures greater than 980
K . As in  the case o f Fe vapor, the  expe rin ien ta l po in ts 
exh ib it a tem perature dependence w hich is too steep. The 
data were em p irica lly  fitte d  to  an exponentia l fu n c tio n  
(curve 11)
In  Sc =  6 9 .4  e x p ( - 2 .79  X 10 “ 3T K )  (9 )

In  contrast to  the Fe data, the experim enta l values fo r Pb 
are close to  the p red iction  o f the  classical B D  theory w ith  
J  =  108 s“1 cm“3. The uncerta in ty in  the shock tem perature 
leads to  e rro r bars abo^.t equal to  those fo r Fe vapor, b u t 
they wefe in su ffic ie n t to  exp la in  the  observed deviations 
from  theory. In  th is  case,.force) f it t in g  the  experim enta l 
data to  the B D  curve, using J  as a param eter, leaves i t  
w ith in  reasonable bounds. • • ,  .■

The resu lts o f H om er and H u rle 9 are shown in  F igure 
5 as th e  shaded area. They d id  n o t fin d  a tem pera ture  
dependence fo r the C ritica l supersaturation ra tio  over the 
range 950-1100 K . The center o f the ..shaded envelope 
straddles our curve. One possible exp lana tion fo r th e ir 
tem perature independence is th a t they ca lcu la ted the 
shock tem perature inserting the therm odynam ic functions 
solely fo r the in e rt gas d ilu e n t. There is a substan tia l 
d iffe rence («¡100 K ) between the calculated frozen and 
e q u ilib riu m  tem peratures. Due to  the exponentia l tem 
perature dependence o f the  e q u ilib riu m  vapor pressure, 
H om er’s ca lcula ted c ritic a l supersaturation ra tios  could 
be su ffic ie n tly  changed to  show the expected tem perature 
effect.

Bi Vapor. B ism u th  vapor has a unique feature  in  th a t 
the gas in  equ ilib rium  w ith  the liq u id  contains a substantial 
concentration o f dim ers (Figure 1). K a tz et a l.14 state th a t 
the corresponding d e fin itio n  o f supersatura tion ra tio  fo r 
a m onom er-d im er e q u ilib riu m  is
2 B i(g ) *  B i2(g ) K = P BiJ P B?  (1 0 )
S = (Pi + F 2) / ( i ’i eq +  f*2eq)

= (P 1 +  P  i K ) l ( P  le +  P le* K )  (1 1 )

T h is  assumes th a t the d is trib u tio n  o f dim ers in  the 
m etastable regim e is governed by the same e q u ilib riu m  
constant as fo r the  undersaturated gas.

The resu lts fo r B i are shown in  F igure 6 . These data, 
w h ich show the largest devia tion  from  the  theo re tica l 
p red ic tions, are w e ll represented by the  exponen tia l 
function

In  Sc =  148  e x p [-  3 .39  X 10“ 3T  K ] (1 2 )

w ith  a co rre la tion  coe ffic ien t r  =  0.98. F or re flected, as 
w e ll as fo r in c id e n t shock experim ents, the  largest un
certa in ty is due to  the estim ation o f the tem perature. We 
measured the in c ide n t shock speed and used on ly the 
in it ia l pressure and the concentra tion o f the sample as 
in p u t to  the N A SA program . Since the reflected shock 
wave passes th rough  the  in c id e n t shock heated gas, 
cond itions in  the  reflected shock are determ ined by the 
state o f the  previously shocked gas. U n fo rtuna te ly , the 
N ASA program  was fo rm ula ted  fo r ca lcu la ting  reflected 
shock conditions fo r the extremes, either complete therm al
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e q u ilib riu m  or “ frozen chem istry”  in  the in c id e n t shock. 
T he re flected  shock tem perature, there fo re , depends on 
w hether the  in c id e n t shock heated gas was the rm a lly  
equ ilib ra ted . This, in  tu rn , depends on the residence tim e 
in  the  in c ide n t shock. In  ty p ic a l runs the in c ide n t shock 
residence tim e was n o t long enough fo r com plete therm al 
equ ilib rium  ye t no t short enough to  ju s tify  the assumption 
o f “ frozen”  cond itions. T h is  resu lted in  a la rger uncer
ta in ty  in  the  absolu te  re flected  shock tem pera ture, ±60
K . W e could n o t a llev ia te  th is  problem  s im p ly  by in 
creasing the  w indow  to  endplate distance, and thus in 
crease the in c id e n t shock residence tim es. In  order to  
o b ta in  the correct cond itions in  the re flected shock and 
subsequent expansion wave, the in c id e n t shock tem per
a tu re  had to  be in  a range such th a t appreciable con
densation w ill occur. Since we wanted to  m in im ize con
densation in  the  in c id e n t shock regim e, we kep t the in 
c iden t shock residence tim es short by keeping the w indow 
to  endp la te  distance sm all.

The u n ce rta in ty  in  the  tem perature results in  an ab
solute  u n ce rta in ty  in  In  S  o f ±1.5 fo r the en tire  experi
m enta l tem perature range. Nevertheless the unce rta in ty  
is in s u ffic ie n t to  account fo r the  steepness o f the T  de
pendence, or rem ove the  de v ia tio n  between the low  
tem pera ture experim enta l data and closest theore tica l 
curve (B D , J  =  1016 s“1 cm“3). A  force f it ,  using J  as a 
param eter, results in  an unreasonably large estim ate fo r 
J  (>1021 s" 1 cm -3) in  the low  tem perature regim e.

Furtherm ore , a lthough the  absolute e rro r in  the  tem 
perature  is re la tiv e ly  large, the re la tive  tem peratures are 
p rope rly  re la ted. F or th is  reason, we believe th a t the 
observed tem pera ture dependence is re liab le .

Conclusions and Comments
W e investigated the p o ss ib ility  th a t contam inants a f

fected the nuclea tion  process. Since the nucleation rate 
is  a strong fu n c tio n  o f the surface tension, the  presence 
o f oxygen a t su ffic ie n t levels could low er the  surface 
tension  o f the m olten m etals and thereby increase the 
nuclea tion  rate . A  mass spectrum  was taken o f the ex
pe rim en ta l m ixtu res o f A r +  Fe(CO )6; no 0 2 was in tro 
duced during  sample preparation, and the level o f oxygen 
was less than  1% o f the Fe(CO )5 concentration. The 
m easured outgassing-leak rate o f the shock tube was less 
than  0.5 m T o rr/m in . A  m axim um  o f 2 m in  elapsed be
tween the tim e  the sam ple was in troduced to  the  shock 
tube and diaphragm  rup tu re . Thus, approxim ate ly 0.2 
m T orr o f 0 2 could have been introduced. Since the sample 
ty p ic a lly  contained 250 m T o rr o f the m eta l ca rrie r the 
m axim um  relative oxygen concentration was 0.1% . To 
prove th a t th is  leve l o f contam ination had no e ffect on 
these experiments, a m ixture  o f 0.5% Fe(CO)5 and 0.005% 
0 2 was prepared (10 tim es the maxim um  0 2 contam ination

expected). T u rb id ity  data from  th is  sam ple were in d is 
tingu ishab le  from  our previous resu lts. The presence o f 
dust in  the shock tube m ight also affect the nucleation rate. 
A  series o f tu rb id ity  runs were made on a 0.5%  sample o f 
Fe(CO )5 th a t had passed th rough  a 250-Â pore size M il-  
lipo re  f ilte r  p rio r to  in je c tio n  in to  the  clean shock tube. 
Again, no d ifferences were discernable. A n  add ition a l 
argum ent against spurious dust a ffecting  our S c values is 
the overa ll consistency o f our data. The runs were made 
in  a random  sequence w ith  respect to  shock tem peratures, 
ye t they fa ll on a smooth curve. C ontam inations by either 
ions o r dust w ould have resulted in  considerable scatter.

T o  dem onstrate th a t the in c id e n t and re flected  shock 
experim ents gave the same results, we ran several reflected 
shocks fo r Pb and fo r Fe. The c ritic a l supersaturations 
determ ined by th is  m ethod agreed w ith in  10% w ith  the  
in c id e n t shock results.

We conclude the fo llow ing  fo r iron : (1) The experi
m enta l data do no t f i t  e ithe r the LP  or B D  prescrip tions, 
b u t they lie  closer to  the LP  curves. (2) T he unce rta in ty  
in he ren t in  our data and its  analysis is in s u ffic ie n t to  
account fo r these deviations. (3) A  force f i t  o f the LP  
theory to  the experim enta l po in ts  is possible using a 
m odified surface tension function . However, the deduced 
fu n c tio n  has an unreasonable tem perature dependence. 
The classical B D  theory does account fo r our data on Pb 
condensation, provided one uses a tem perature dependent 
c ritic a l nucleation rate. F in a lly  fo r B i, our data lie  closer 
to  the classical theory p red ic tion  than  to  the  L P , bu t no 
sa tis facto ry f i t  to  the  data  is possible. In  view  of the  
concu rren t am b igu ities in  J critical and a{T), one m ay 
question whether the determ ination o f S C(T) can provide 
a m eaningful test o f the classical theories o f condensation.
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Homogeneous Nucléation in Metal Vapors. 4. Cluster Growth Rates from Light 
Scattering

D. J. Frurip and S. H. Bauer*

Department o f Chemistry, Cornell University, Ithaca, New York 14853 (Received July 19, 1976; Revised Manuscript Received 
March 7, 1977)

We describe an experim ental arrangement fo r recording the tu rb id ity  developed in  a m etal vapor w hile i t  is 
undergoing homogeneous nucleation and condensation, and concurrently recording the intensity o f light, scattered 
a t 90° by the growing clusters. The supersaturated vapors were generated by shock heating m etalloorganics 
from  which the attached groups (CH3; CO) were stripped w ith in  the firs t few microseconds after passage through 
a shock front. The tu rb id ity  and scattered intensity data were collected w ith a tim e resolution o f approximately 
2 ms. Absolute tim e dependent scattering cross sections were evaluated fo r lead (vapor <=► clusters). The 
experim ental configuration was calibrated w ith  gases fo r which the scattering cross section are available (A r 
and CH F2C1). From  the ra tio  o f [Jaca/ ln ( I0/ I ) ]  we deduced separately the mean ra d ii as a function o f tim e, 
and the corresponding cluster densities. Our results are w ell accounted fo r by a sim ple kine tic  theory model. 
As a consequence, we have an ind irect procedure fo r estim ating the condensation flu x  (nuclei generated sec' 1 
cm“3) at c ritica l supersaturation and the tim e-dependent parameters fo r the cluster size d istribu tion  function.

Introduction
Am ong the various diagnostics we tested fo r observing 

nucleation-condensation processes in  m eta l vapors, we 
found fou r w hich proved generally applicable. The onset 
o f avalanche condensation can be established by recording 
a sudden rise  e ithe r in  the black-body ra d ia tio n  em itted  
fro m  the tin y  pa rtic les or in  the tu rb id ity  o f the  sample. 
Thus we determ ined the va ria tio n  o f the c ritic a l super
sa tu ra tion  ra tio  w ith  tem pera ture  fo r iro n ,1 lead, and 
b ism u th .2 The dependence o f the heat o f condensation 
on cluster size fo r iro n  was estim ated from  measurements 
o f post-shock density grad ients3 [app lied  to  clusters: 40 
< n <  2000]. In  th is  report we dem onstrate the use o f lig h t 
scattering to  fo llow  grow th rates o f clusters o f lead [applied 
to  104 <  n <  2 X  106]. As a consequence we obtained 
approxim ate net condensation fluxes and cluste r size 
d is trib u tio n s . The la tte r were ve rifie d  by e lectron m i
croscopic exam ination o f the fin a l m e ta llic  powders.

T u rb id ity  data provide values fo r the p roduct o f the 
num ber density, N  =  Y ,N n, and the  average volum e, (v ). 
To uncouple the tw o m agnitudes one m ust e ither estim ate 
the  density d ire c tly  o r in troduce an assum ption. In  a 
procedure described by K e rke r,4 generally used fo r s ta tic  
systems, one assumes th a t the to ta l mass o f m ate ria l is in  
the  condensed phase; then , know ledge o f the  in it ia l 
concentration is su ffic ie n t to  uncouple N  from  (u). In  the 
present experim ents, since we do no t have a p rio ri 
know ledge o f N (t) , we m easured sim u ltaneously the 
tu rb id ity  and the in te n s ity  o f lig h t scattered from  the 
grow ing clusters. F or absorbing spheres, the la tte r is 
p ropo rtiona l to  the product N (v 2), thereby p rov id ing  the 
means fo r estim ating  N (t)  and {v )  separately.

A lth ough  lig h t sca tte ring  m easurem ents have been 
applied extensively to  a varie ty o f systems few studies were 
made o f homogeneous nucleation from  the gas phase. 
V ie tti and Schuster5 determ ined the grow th rates o f large 
( ~ 104 A) w ater droplets in  a ir by detection o f oscillations 
in  the  in te n s ity  o f scattered lig h t from  a H e-N e source. 
Stein6 investigated the angular and wavelength dependence 
o f scattered lig h t from  a cloud o f ice partic les form ed by 
homogeneous nucleation in  nozzle expansion, and de
te rm ined  the  average p a rtic le  size and the  density as a 
fu n c tio n  o f the supersa tura tion  ra tio . E th y l alcohol 
d rop le ts were s im ila rly  studied by C lum pner.' He mea

sured the angular dependence o f R ayleigh scatte ring. 
Graham and Hom er8 investigated Rayleigh scattering from  
lead partic les generated by shock pyro lys is  o f P b(C H 3)4. 
They were p rim a rily  interested in  the coagulation process, 
a fte r a ll the m onom er had entered the  condensed phase 
and d id  n o t investigate  the  early  grow th regim e.

Scattering-Turbidity Theory (A Brief Summary)
The ra tio  o f tra n sm itte d  to  in c id e n t lig h t in te n s ity  is

H U  = e x p [-M C ext] (1 )

where the e x tin c tio n  coe ffic ien t is given by  M ie  theo ry ,9 
fo r sm all absorbing spheres.

C ext
-677 m 2 -  1  

m 2 +  2

In  ( / / / „ )  = m 2 -  1

m 2 +  2  _

(2 )

( 3 )

For Rayleigh scattering from  spherical partic les (size «  
X), where the in p u t beam is v e rtic a lly  po larized w ith  re
spect to  the scatte ring plane (F igure 1), the in te n s ity  o f 
the scattered rad ia tio n  a t 90° is

heat =  Io ~ C scaN  (4 )
R

where h and w are the dim ensions o f the view ing w indow 
a t a distance R  from  the scatte ring sample; C8ca is the  
corresponding cross section:

m 2 -  1 2 

m 2 +  2
( 5 )

On d iv id in g  (4) by (3)

/ scat/ ln  (J /J0) = C G ~  ' (6 )

w ith

C  =
m 2 -  1

'A
"m 2 -  1 "

m 2 +  2 m 2 +  2 .

G  =  h w I0/ R 2
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Figure 2. The real and imaginary components of the refractiveJndex
for liquid lead as a function of temperature.

(11)

(12)[
2iO(k)]112

m =n' - iq = e(k) -~

On separating m into its real and imaginary parts we have

n'2 - q2 =e(k) and n'q = o(k)/ck (13)

Hodgsonll measured n' and q for Pb(l) over the
wavelength range 400--2500 nm and at two temperatures,
840 and 1059 K. He then evaluated ~(k) and O"(k) from eq
13 and determined the best fit of values for Te and 0"0 from
eq 10 and 11. The wavelength dependence was well re
produced, confirming that Drude theory adequately de
scribes the optical properties of Pb(l). We extrapolated
his data to higher temperatures by assuming that the free
electron parameters T e and 0"01 c were linear over the
temperature range of interest (873-1273 K), and calculated
n' and q for the wavelengths used in our experiments. The
variation of n' and q with temperature is shown in Figure
2 for A4880 and 5682 A. With these values of n' and q
in eq 2 and 5 we calculated the dependence of the scat
tering and extinction cross sections on particle radius, and
plotted In (Cse.ICext) vs. (r> in Figure 3. The variation
of In (Cse.ICext) with temperature for a given (r> is neg
ligible.

One may properly question whether bulk values of n'
and q are applicable to the tiny clusters generated in this
experiment. Doremus12 found significant deviations be
tween the optical properties of small gold particles and
bulk gold. He suggested that when the mean free path of

The complex refractive index, expressed in terms of ~ and
0", is

case, we concluded that multiple scattering introduced nn
appreciable errors in any of our measurements.

To deduce an average particle size fromeq 8~:<)lle must
insert values for the complex refractive index fod:he liquid
at the wavelength of the scattered radiation, at the ex
perimental temperature. The Drude free electron theo~lO
provides the basic equations for macroscopic metals;,jil
terms of the dc electrical conductivity, 0"0' the density of
conduction electrons N e, the electron relaxation time Te,

and the electron charge, e. The ac conductivity is

0= 1/400(1TCf.,f2[k 2 + (11/2;CTe)~J k = 21T/A (lO)

and the dielectric constant, ~, is

, = 1 -:' .;,c [k' + (~/2~C,.),J

(8)

(9)

(C) [
-1 (21T)4 JIn ~ = In scat [--N' Q 2

Cext (Ic) In (IIIo) f.,4 p

For each pair of measurements, the right member of eq
8 was evaluated, and from a "master plot" of In (Csc.1 Cext)

vs. the mean radius, we read (r), defined by

(r) == [3(v) 14rr] 1/3

We confirmed that the growing droplets were indeed
spherical. A polarizer was placed between the shock tube
window and the collecting optics. When its axis was
normal to the plane of polarization of the incident beam
DO signal above the noise limit was recorded from the
illuminated sample region throughout the entire growth
process. This is required by Rayleigh theory for spheres.
Furthermore, electron microphotographs of the powder
scraped from the shock tube walls showed that the final
shapes of the particles were spherical.

The above scattering-turbidity analysis is valid only for
single scattering conditions, satisfied when In (f110) < 0.1.9

It is asserted that, for values of In (fol J) between 0.1 and
0.3, correction for multiple scattering may be necessary.
In our experiments In (fol J) values were generally less than
0.3 for most of the observation time. Were multiple
scattering significant we would have detected some de
polarization of the scattered light. Since this was not the

If one assumes (V2) "" (V) 2 (discussed below), the ratio of
Iscat to In (ll10) is directly propo'ftion.al to the average
particle 'volume. The constant G is difficult to measure
directly,~ince it depends critically on the experimental
configunition. Hence, G is determined by measuring the
light scAttered by a substance of known cross section. In
this i:t;l~estigationwefilledthe shock tube to latm with
a gas ofrelatively large Cse. [Ar; CHF2Clj and measured
the sc'attered signal under exactly the same conditions as
were used in the condensation experiment. The cross
section for a gas with polarizability, O!p, is

, (2rr)4 2 (7)
Csca =~Qp

and the corresponding

I f.,4

G = N'~p2 (211')4

where Ie is the scattered light intensity from the calibrating
gas and N' is the density of the calibrating molecules. To
facilitate data reduction, the above equations were
combined:
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/2

II END VIEW

TOP VIEW

Figure 5. Schematic of the disposition of laser, mirrors and detectors
around the shock tube: (1) Ar+ or Kr+ laser; (2) long focal length lens;
(3) scattered light collection lens; (4) Spex monochrometer; (5)
EMI-9S58-B phototube; (6) neutral density filter stack; (7) EMI 9634
phototube (to measure turbidity); (8) thin glass plate. The response
times for the phototubes was ""'2 /-1.5.

described. 14 The follo\Ying modifications were made. The
driven section was lEltigthened to 13 ft 8 in.; two lucite
windows were added'at the observation station. Mylar
diaphragms were used singly or in various combinations.
The driver gas was either helium or hydrogen. Theshock
tube was operated in the single pulse mode; its,Ieak rate
(out-gassing) was ""'0.5 mTorr/min. • .'

The optical arrangement is shown· schematically in
Figure 5. The light source was a Coherent Radiation
Model 52-G argon ion or krypton ion laser. The argon laser
was operated at 4880 Awith a power of "",350 mW, while
the krypton laser was operated at 5682 A at a power of "",80
mW. A 50-cm focal length lens focused the beam at the
center of the shock tube. The beam diameter at the focus
was ""'0.5 mm. The lens was mounted kinematically; two
micrometer screws permitted fme adjustment of the beam
position. The emitted laser radiation was vertically po
larized; the reflections converted the beam to horizontal
polarization, i.e., axial with the tube, to provide the
maximum of scattered intensity.

The most difficult problem encountered was elimination
of the stray light due to reflections and scattering by the
front and back surfaces of the input and exit windows.
Although the scattered intensity from the growing particles
was much greater than the stray intensity, the calibration
signal from the Ar or freon was of the same order of
magnitude as the stray light. To minimize these extra
neous signals the windows were arranged as shown in
Figure 6. The entrance and exit windows were recessed
behind aluminum spacers which fitted flush with the inside
of the tube. A small hole, 0.040 in. diameter, was drilled
in the center of each spacer and threaded to minimize
internal reflections of the main beam and to trap any stray,
off-axis radiation. Every part of the window cavity was
blackened with Aqua-Dag. The exit window was similarly
mounted, except that the front and back surfaces were set
30° to the laser beam to prevent reflections from the front
surface of the exit window from returning into the shock
tube. The inside of the shock tube near the windows was
also blackened with Aqua-Dag.

To monitor the scattered light, a 1.75 in. diameter, 3.375
in. focal length collecting lens was placed next to the side
window, 5.5 in. from the tube center. The collecting lens
focused an image of the scattering volume onto the front
slit of a Spex Minimate Model 1670 grating monochro
mator. A band width at half-height of 10 Awas obtained
with O.5-mm slits. There are no Pb, Ar, or Hg lines in the
intervals 4880 ± 10 or 5682 ± 10 A. In test runs, when we
looked only at emission from the shock tube, no signal
above the background was observed, demonstrating the
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3.6 q
3.5
3.4
3.3

(14)

~l.,,-------

,- 1.'-,.' ~.

;2.21

220

n'. 2.19 .
2.
tlr8
187
l.8b

1.85
1.84

<r>A

4o)c-----;5;';;-o---�~OO;:------:!,50",..-----=20~0---...."J250

o 100 0 150 200
<r>A

Figure 4. Dependence of the complex refractive indices on particle
radius according to KF theory.
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the electrons becomes equal to or less than the particle
diameter, the Drude free electron theory breaks down.
Kreibig and Fragstein13 developed an extended free
electron model which takes this effect into account. They
introduce a size dependent free path

.Agur~ 3. Size dependence of the ratio (Cscal CeX1) at two wavelengths.
II) each case the upper curve is the KF :heory for 1273 K, and the
lOWer eurve is the bulk value at 873 K. All other points for both the
t<F atld Drude theories fall within the envelope.

1 1 1
-=-+-
/(r) /0 r

where /0 is the bulk mean free path. For PbO), lo can be
derived from reovF = l~, where L'F is the Fermi velocity,lO
given by VF ~ 1.16[311" N eF/3

• The magnitude of N e was
determined by Hogdson. l1 Both the dc and ac conduc
tivities depend on re(/) = l(r)/vF, and therefore on the
particle radius. With the Drude eq 10-13 [lJo(r) =
N ee

2
T e(l)/m*], one may deduce the size dependence of n'

and q. Figure 4 shows graphs for Pb(l) at T = 1273 K and
A5682, 4880 A. Similar curves were obtained for T = 873
K. These n'(r) and q(r) values permit the recomputation
of In (Csca/Cext) vs. (r), also plotted in Figure 3. The
temperature and size dependence of In (Csca/ CexJ is small,
and all the values fall within a relatively narrow strip
bordered on top by the KF theory curve for T = 1273 K,
and on the bottom by the bulk curve for T = 873 K.

Experimental Section
The Shock Tube and Optical Systems. The 2-in. i.d.

shock tube used for this series of experiments has been

The Journal of Physical Chemistry. VOl. 81, No. la, 1977
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Figure 6. Detail of the window assembly: (1) aluminum spacers; (2) 
lucite windows; (3) 0.5-in. quartz windows; (4) truncated aluminum 
cylindrical spacer.

absence interference a t the recording sensitiv ities used in  
these experim ents. The ou tpu t o f both  the tu rb id ity  and 
scattering phototubes was m onitored on a T ektron ix M odel 
502 dua l beam oscilloscope. A m p lifie d  signals from  the 
tw o  pressure transducers, located near the observation 
s ta tio n  and used to  measure the shock speed, were 
m on ito red  on a T e k tro n ix  M odel 535 oscilloscope.

In  m aking the  op tica l a lignm ent we u tilize d  the rap id  
photodecom position o f Fe(CO )5 by green lig h t. W hen a 
20-60 T o rr sample o f ca. 1% Fe(CO)5 was illum ina ted  (in  
the  shock tube) w ith  any o f the m ore pow erfu l A r+ laser 
lines, or w ith  the 5682-Á line  o f the K r+ laser, the carbonyl 
decomposed in  the beam, and (presum ably) iron  particles 
condensed. The path o f the beam through the sample was 
th us made s trik in g ly  v is ib le , and the re la tiv e ly  large 
am ount o f scattered lig h t was suitable fo r alignm ent o f the 
optics. The laser beam was chopped m echanically at ~200 
H z, so th a t the loca tion  and wavelength se tting  o f the 
m onochrom ator (w ith  attached phototube) was read ily  
adjusted to  obta in  the m axim um  signal. The shock tube 
was then pumped to  below 10“3 T o rr fo r a t least 5 m in  and 
fille d  to  800 T o rr w ith  e ithe r A r or C H F2C1 (Freon-22). 
The scattered lig h t in te n s ity  from  the gas was then re
corded. A fte r recording the square wave signal due to  the 
ca lib ra tin g  gas (Jgas + background)» the tube was pum ped to  
< 1q-3 T o rr a j,^  background (stray lig h t) square wave 
signal (/background) was recorded. The d ifference between 
these tw o m easurements is the in te n s ity  due to  the gas 
scattering, defined as / c. S ignal to  background ratios were 
ty p ic a lly  1.5-4. The system was realigned i f  th is  ra tio  was 
less than 1.5. W ith  the tube evacuated, we also measured 
the square wave signal a t the tu rb id ity  phototube, defined 
as / 0. In  p reparation fo r the  shock, the  chopper was re
m oved and the laser beam was blocked w ith  a mechanical 
shu tte r. None o f the optics was d isturbed a fte r the  cal
ib ra tio n . The tube was pum ped below 3 X  10 4 T o rr w ith  
a d iffus ion  pum p; the driven and driver sections were then 
fille d  to  the desired pressures. Im m ediately p rio r to  shock 
in itia tio n , the mechanical shutter blocking the laser beam 
was opened.

T he  en tire  d riven  section, in c lud ing  the w indow  as
sembly, was thoroughly cleaned after each experim ent w ith  
a cheesecloth swab, m oistened w ith  ethanol. C onditions 
were varied by changing the tes t sample pressure or the 
sample concentration. The measured shock speed, in itia l

’ 0

•«-‘tiririe

t ’
Io-I

/
. is c a t  *

/'/ -

/ ■ ~  /-* < -3 5  usee

t

Figure 7. An “ early time” scattering-turbidity trace. The shock arrives 
at time (a). The scope is set at 20 mV/division for I mx and 5 mV/division 
for (J0 -  I). The indicated time interval applies to the particles: S =  
65; T =  1143 K.

Figure 8. Typical scattering-turbidity trace recorded for “ long times” 
showing large scattering spikes. Incident shock arrives at (a); the 
reflected shock arrives at (b). The turbidity ( I0 -  / )  remains essentially 
flat after point (b) due to particulate deposition on the windows. .The 
indicated time is particle time. Scope settings: / scat at MV/division; 
( I 0 -  / )  50 mV/division. . C 'i

Pb(C H 3)4 concentration, and the in itia l to ta l pressure were 
used to  calculate the shocked gas equ ilib rium  cond itions 
v ia  the N A SA e q u ilib riu m  shock program .

D ata Reduction. Tw o sets o f scatte ring experim ents 
were perform ed. In  the f irs t series o f runs the scattered 
in tens ity  and tu rb id ity  were m onitored fo r 800 ¿is (partic le  
tim e) a fte r the a rriv a l o f the incident shock. A  second 
series o f experiments was run in  which we investigated the 
in itia l grow th period (t <  200 ¿is). T yp ica l records o f the  
“ early”  scattering and tu rb id ity  traces are shown in  Figure 
7. The shock a rriva l tim e is indicated by a schlieren spike
(a) in  the tu rb id ity  trace. G enerally the  tu rb id ity  signal 
departed from  the zero line  somewhat before the scattering 
trace d id . However, a fte r a very short tim e  (=»10 ¿is, lab 
tim e) the lim it o f detection a t the scattering phototube was 
reached and th a t signal rose rap id ly .

The recorded o u tp u t from  the scatte ring photo tube is 
not / Scat ° f eq 6 ; corrections m ust be made fo r the  a t
tenuation o f the laser beam before i t  reaches the scattering 
volum e and fo r the a ttenua tion  o f the scattered lig h t as 
i t  traverses the gas to  the e x it w indow . However, the 
ca lib ra tio n  signal is p ropo rtiona l to  the unattenuated 
incident ligh t, / q. The net correction factor is sim ply ( // / 0), 
recorded as the tu rb id ity . T h is  results in  an increase o f 
the derived average radius o f no more than 10%. The tim e 
recorded a t the observation w indow , i iab, under in c id e n t 
shock conditions is no t the experim ental pa rtic le  tim e, tp, 
because the  shocked gas is flow ing  past the observation 
w indow ; they are re la ted by the ra tio  o f the shocked to  
unshocked gas densities, i p = t]ab(p2/p i) . A  typ ica l mag
nitude fo r P'i/ph also calculated in  the N ASA program, was 
~ 3 .6 ; i^b  =  0 was set when the in c id e n t shock arrived  a t 
the w indow.

F igure 8 reproduces very long tim e  traces w hich en
compass the en tire  in c ide n t shock regim e, o f about 3 ms.
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The sca tte ring  channel shows large rap id  flu c tua tio ns, 
beg inning a t «800 fis (p a rtic le  tim e) a fte r shock a rriva l. 
These, flu c tu a tio n s  are p robab ly due to  large partic les 
d iffus ing  in to  the re la tive ly  narrow  laser beam. W hen the 
s lit w id th  was narrowed, the sample concentration reduced, 
or the  supersatura tion decreased, the  frequency o f these 
flu c tu a tio n s  increased, consistent w ith  the above expla
nation. Reduction o f the s lit w id th  reduces the size o f the 
observed sca tte ring  volum e; reduction  o f the sam ple 
concentration decreases the  density o f scattering centers; 

'  and, decreasing the supersatura tion ra tio  increases the 
average partic le  size and necessarily decreases the density 
o f scattering centers. These fluctuations prevented us from  
u tiliz in g  data a t tim es longer than  800 fis. Furtherm ore, 
in  m ost runs, the in c ide n t lig h t in ten s ity  was considerably 
reduced by e x tin c tio n  a fte r 800 /xs. S pecifica lly , fo r 
C H F2C1 as a ca lib ra tin g  gas a t X 5682 A, l = 5.08 cm, N '  
= 2.59 X 1019 m ol cm " 3 (a t 800 T o rr), and ap = 53 X 10"25 
cm3,15 eq 8 reduces to

ln (C 1„ / C „ )  =  ln [ i - 1^ 5 . 5 3 X 1 0 - ’

From  the  m aster p lo t o f In  {C ^ J C ^ d  vs. ( r )  (F igure 3), 
we read' the average cluste r size a t the center o f the 
b u lk -K F  envelope o f curves, fo r each measurement. G iven 
the average size as a fu nction  o f tim e , one can determ ine 
the tim e dependence o f the partic le  density by rearranging 
eq 1:

N (t )  =
ln '( /o / / )

lQ ext[r(t)]
( la )

There isless than 5% difference between the bu lk  Cext and
the K F  Cext.

In  deriving the above equations we assumed th a t (v ) ' 
~  (v). Th is is equivalent to  assuming th a t the d is tribu tion  
func tion , P(u) [de fined  as the  fra c tio n  o f m olecules w ith  
volum es between v and v +  da], is a de lta  func tion , ob
viously unrealistic. To estim ate the m agnitude o f the error 
in troduced by th is  assum ption, define

P (v ) =  f v 2e  gv~ n o rm a liz e d  to  /^°P ( v ) da = 1 (1 5 )

Then, /  =  4g3/ 2/ 7r1/2. The mean volum e is
2 2

(V) = jT vP(v) du = ¡77- J7 v’ e *0 dv = -777-777- (1 6 )
it 1r g

and the  mean square volum e is

(v2) =  f 7 v 2P ( v ) d v = * h g  (1 7 )

So th a t, (u2) = (3t /8)(v )2. I t  fo llow s th a t fo r th is  
fu n c tio n a l fo rm , the p reviously calculated values o f In 
(Csca/Cext) should be increased by In (3 ir/8 ) = 0.16. In  tu rn , 
th is  leads to  an increase in  the calculated (r)  by about 3%. 
We neglected th is  correction and proceeded to  use the 
average ra d ii calculated previously to  estim ate the d is
trib u tio n  fu n c tio n  param eter g  = 4 / ir(v)2 =  9 /4 ir i (r )6.

Several e lectron m icrographs o f lead particles scraped 
from  the inside of the shock tube were scanned to  estimate 
the d is trib u tio n  function  o f ra d ii. A lthough the particles 
w hich were thus analyzed grew under cond ition  in  which 
they were subjected to  both  inc ident and reflected shocks, 
the fin a l d is trib u tio n  should s till be ind ica tive  o f the early 
tim e  d is trib u tio n . In  F igure 9 the  results o f the electron 
m icrograph analysis are com pared w ith  the d is trib u tio n  
based on eq 15. The e lectron m icrograph d is trib u tio n  
function is fa irly  sym m etric, w ith  an average radius o f «200

Figure 9. Distributions of particle radii, determined by electron mi
croscope analysis, and predicted via eq 15.

P artic le  Tim e in usee

Figure 10. “Early time” growth rates at various supersaturation ratios 
(4 4 -24 0 ). The dashed line is a  “best fit” through the origin. The 
temperature span is 1 0 50 -1 150  K.

PARTICLE TIME in MSEC

Figure 11. Experimental “ long-time” growth curves at several su
persaturations.

A, and reasonably close in  shape and w id th  to  the pre
d icted  d is trib u tio n .
Summary of Results and Analysis

Figures 10 and 11 are p lo ts o f the average cluster ra d ii 
vs. pa rtic le  tim e, fo r the early and long tim e experim ents, 
respectively. The experim ental conditions fo r these runs 
are summarized in  Table I. O verall, the shock conditions 
encompassed the tem perature range 990-1180 K , and 
supersaturation ratios 30-680. No scattering was observed 
in  experim ents in  which the supersaturation was less than
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TABLE I: Summary o f Experimental Conditions
Run no.“ ^maxj S = P/Pe ^shocks K

1
Long Time Runs 

>250 30 1181
2 170 50 1152
3 225 54 1140
4 166 60 1141
5 120 84 1124
6 109 94 1123
7 122 96 1110
8 63 680 990
9 81 240 1066

10
Short Time Runs 

44 1147
11 56 1139
12 88 1126
13 65 1143
14 240 1066

“ In all runs Pb(CH3)4 was 1.0 or 2.0% in argon.

c ritic a l over the 700 ms (lab) observation tim e. In  separate 
experim ents2 we measured S C{T), and found em p irica lly  
th a t i t  is w e ll represented by

In  Sc = 6 9 .4  e x p (-2 .'7 9  X 1 0 '3T K )  (1 8 )

In  some o f the “ long tim e ”  runs, flu c tu a tio n s  in  the 
sca tte ring  trace prevented data reduction  past 800 ms 
(partic le  tim e). As m entioned earlier, the scattering signal 
was no t observed above the background noise u n til »25 
MS (p a rtic le  tim e) a fte r shock a rriva l, so th a t no pa rtic le  
size data are available fo r ea rlie r tim es. The m in im um  
observable signal (above the  background) was 0.2 m V.

Several general features appear. F irs t, during early tim es 
the  scattered in te n s ity  is essentia lly independent o f the 
supersaturation ra tio  fo r a ll runs, despite the fact th a t th is  
ra tio  ranged from  44 to  240. [The tem perature range fo r 
these runs was re la tive ly sm all: 1110 ± 40 K .] The growth 
ra te , d ( r ) /d i,  is approxim ate ly linea r in  th is  region, and 
p ro p e rly  extrapolates to  the o rig in . Thus, fo r t  ^  80 ms 
fo r Pb vapor

d< r)/d t = y  =  9 .4  X 10 “3 cm  s' 1 (1 9 )

In  term s o f the average num ber o f atoms per cluster, since 
(4/ 3) ir ( r )3 =  (v) =  (ri)/p n, where pn is the num ber o f atoms 
per u n it volum e in  an nm er

d(,n)/dt =  y p n 4it(r)2 (2 0 )

i.e., the rate o f add ition  o f atoms onto a cluster o f size <n) 
is d ire c tly  p ropo rtiona l to  the surface area o f the cluster. 
E quation  20 follow s from  a sim ple k in e tic  model. D uring 
the  early  tim es in  the grow th process, monom er add ition  
is the rate -contro lling process.16 The rate o f bom bardm ent 
o f a spherical nm er by monomers is
Zn<-i = AnAT1c1/4
where N x is the m onom er density and Cj is its  mean 
m olecular ve locity . I f  one specifies th a t o f a ll the mo
nom ers w hich im pinge on a cluster on ly the fra c tio n  a 
s tick , the grow th ra te  is
d (n )/d t  = a A n iV jC i/4  (2 1 )

E a rly  in  the grow th process, the monom er concentration 
rem ains essentia lly a t its  in it ia l level so th a t one may 
id e n tify : y p n * *  (aN ,°C i/4). To estim ate p„, use the bu lk  
liq u id  density  pm =  2.7 X 1022 atoms cm -3; then our data 
give fo r yp  = 2.5 X 102°. In  tu rn , fo r N i°  = 9 X 1016 c m 3, 
so th a t a t 1110 K , we deduce a =  1 /3 . W hile  th is  rea-

D. J. Frurip and S. K- Bauer

Figure 12. Growth curves at various supersaturation levels (full curves) 
compared with a simple kinetic theory model (dashed curves); a =  1/3.

Figure 13. Correlation of ( r ) ^  with S  Arrow (f )  on data point indicates 
that ( r )  had not leveled off at ( r ) ^  during the observation time.

sonable value strong ly supports our experim enta l ap
proach, we note th a t i t  is based on a s im p lis tic  hard- 
sphere-binary co llis ion  m odel; i t  is a m ean  value fo r the 
range o f rim ers generated during  th is  tim e in te rva l. Were 
we to  use the te rnary co llis ion m odel in troduced in  re f 16, 
association rate constants w ith  specific n dependence (bu t 
no a) w ould appear in  eq 21.

The longer tim e  grow th curves show tw o general fea
tures: (i) d (n ) /d t decreases w ith  increasing t, and (ii) a fter 
»500 ms the growth curves level o ff to  < r)max, which varies 
inversely w ith  the supersaturation ra tio . B o th  are a
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Figure 14. Time evolution of the cluster density (mean size) for three 
supersaturations.

consequence o f depletion o f the monomer concentration. 
Instead o f assuming that the latter was constant, we set 
Ni(t) = N °  -  Nn(n). In terms of (r), N^t) = /V)0 -  
4ir(r)3pnNn/3. The growth rate then assumes the form

d<r>/df = f -  |<r>3 (22)

where <p =  ac1AT1°/4pn, and | =  irclNna l‘i. If one assumes 
that, for the late times, the density of particles remains 
essentially constant, eq 22 can be integrated. [We shall 
show later that the density of particles does change, but 
not significantly after initial nucleation.]

A r )  d <r > = f  =  ± [ L n  I «  +  <r>]2
0 <p -  Hr)3 3<p _2 ( k ) 2 -  Kir) + ir)2

+ ^ tan"  ( ‘ 'Î,w )  "  8 / 5 tan"  C w ) .
(23)

where x =  (¥>/£)1/3 = (3IVi°/4irpnJV„)1/3. Equation 23 has 
the correct limiting values; i.e. as t -*■ 0, (r) -*  0; and as 
t -*  oo, (r) -»• x. Hence identify x with (r)mta. Using the 
experimentally estimated magnitudes for (r )mM, the bulk 
value for p, a = 1 /3 and initial concentrations for the 
various runs, we calculated the right member of eq 23 for 
a range o f values of (r), and plotted these against (r). In 
Figure 12, these curves are compared with the experi
mentally derived growth curves (Figure 11). There is a 
transient maximum difference o f «2 0 %  between the 
simple model and the experimental rate. If the time 
dfependence of Nn were included, the rate equation would 
be difficult to integrate. More important, the ternary rate 
constant should be used in a refined model. At this stage 
we believe it is more significant to predict the magnitude 
o f (r)msa from the experimental parameters.

The value of (r>max varies approximately with the re
ciprocal of the supersaturation ratio. Qualitatively, this 
is expected. When S is increased, ntran3Itlon (defined in ref 
16; it is analogous to the classical ncr,ltical) decreases; i.e., 
the higher the supersaturation ratio the more critical size 
nuclei are generated, and the less material is available per 
nucleus. It is commonly known17 that the average particle 
size o f an aqueous precipitate is inversely proportional to 
its supersaturation level. Hence, at long times, the density 
of clusters (1V„) o f size (r )max is

No3 -*■
3N °

4 7T(r)m ax Pn
= 6NSS (24 )

where IVs8 is the density of critical size nuclei generated 
at the start of the steady state condition, and d is a 
constant, always less than unity and generally about 1/10. 
Thus, IVs8 is also proportional to l / ( r ) max3. Since the initial 
nucleation process occurs as a consequence of termolecular 
steps

Pb, + Pb, + Ar -» Pb2 + Ar

Pb(n_1)+ Pb, + Ar Pb„ + Ar

(1)
COc0)T>
coo
CD
E

Figure 15. Fraction of monomer condensed X(i) vs. particle time for three runs: (a) early times; (b) long times.
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in which all the species (except the monomer) rapidly 
approach steady state, the reaction rate, d[Pb„]/d£, is 
proportional to the square of the monomer concentration. 
Hence N89 (Nr0)2 <x (S)2, and

1/^raax 3 S 2 (25 )

If this dimensional analysis is correct, a plot of log (r )rnax 
vs. log S should be linear with slope ( -2/ 3). Figure 13 is 
a plot for the experimental values upon which a line of 
slope (—2/ 3) was superposed. Only the single point for the 
run in which the supersaturation was largest (S = 680) 
deviates significantly from the prediction. Indeed one 
should anticipate that such a curve level off at large S due 
to the finite amount of monomer available, and the rate 
at which the nuclei are produced. The “ best fit” straight 
line is given by

log ____0*)max
2.8 X  103 A

- j l o g S (26 )

or in terms of the kinetic theory growth parameter for Pb 
vapor

k ^  ( r W  = 2.8 X 1 0 3 A S'2'3

Another aspect o f the growth process follows from 
consideration o f cluster densities. Figure 14 is a plot of 
mean particle density vs. time, calculated from eq la  for 
three typical runs in which the temperature was near 1100 
K and S varied 44 — 240. In all cases, after «=50 /¿s, the 
particle density decreased monotonically. In a few runs 
we were able to read the scattering traces at early times; 
for these the derived density peaked at about 40 ns. Of 
course, N[n} = 0 at t = 0. These observations emphasize 
the differences between two regimes in the condensation 
process: (1) the initial fast nucleation, when critical size 
clusters are generated from monomers, and the cluster 
density increases with time; (2) the subsequent growth and 
coagulation o f clusters which causes their density to de
crease. Note also the anticipated dramatic dependence of 
cluster density on the supersaturation ratio. Doubling S 
increase N{n} by approximately one order of magnitude.

Since the density curves must start at the origin, we can 
estimate the steady state nucleation rate. For supersa
turation ratios of 240, 88, and 44, respectively, ~  1 0 , 1012, 
1011 nuclei s 1 crcf3 are generated within —50 /¿s. Hence 
the nucleation current, J, is approximately 1017,1016, and 
1015 nuclei s"1 cm 3, respectively. Extrapolating these 
values to the critical supersaturation ratio at 1100 K, Sc 
~  25, we deduce a critical nucleation rate of 1012-1014 s 1 
cm 3. Parenthetically, the predicted classical steady state 
rate is ~ 108-1010 s 1 cm 3.

One can now calculate the time dependence of the 
fraction of monomer which entered the condensed phase. 
Let x(£) denote that fraction; then

x(t) =
N„(n)
IV j°

(27 )

From liquid density data at 1100 K, (n) = 0.11(r)3 A-3. 
Figure 15a is a plot of x vs. particle time, for the three runs 
shown in Figure 14. For times less than 50 ns, x is less than
0.5, even when S = 240. This confirms our analysis of the 
linear growth rate for early times, where we assumed that 
the monomer concentration remained nearly constant for 
t IS 60 ms. Similar calculations for three typical longer time 
runs are shown in Figure 15b. When the supersaturation 
ratio is relatively high (curves a and b) essentially all the

r (l>
Figure 16. The distribution function for clusters, eq 15, with parameters 
given by eq 16 and the normalization condition: (a) S =  54; (b) S =  
84; (c) S =  680.

monomer enters the condensed phase when t > 600 n$‘, 
however, for S = 30, less than 30% of the monomer had 
condensed.

The calculated distribution functions (eq 15) for three 
runs are shown in Figure 16a-c. Although the specific 
form of the distribution function is arbitrary, it does have 
the expected features. At early times, the distribution is
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relatively narrow and symmetric. Progressively the dis
tribution becomes broader.

Error Analysis and Comments
The uncertainty in the calculated mean radius depends 

on the uncertainty in the experimentally determined 
quantities / 8cat, Ic, and In (Iq/I). Since

to calculate the maximum uncertainty in (r), sum the 
absolute values of the partial derivatives and rearrange (X 
are the estimated error limits):

X-fficat
T *• '•*■ scat .* *

+
U e lx In (loll)
Ic [ i n  (I0/I)

For typical runs, we found

IHcat//scatl ^  0 .05 , IA/C//Ci<  0 .10 , 
IX In (I o 11)/In (I0/I)\ <  0 .02

The largest source o f error is due to the relatively small 
signal to noise ratio in the calibration experiments. We 
conclude that X (r)/  (r) =  0.05. Since the largest (r) was 
==200 A, the maximum uncertainty is ±10 A. Note that 
the uncertainty in (r) is smaller at early times due to the 
lower (r). Thus the scattering-turbidity measurements 
constitute an appropriate diagnostic tool when applied to 
the growth of metal vapors in a shock tube.

During the early growth process (but still in the post- 
nucleation regime), a simple kinetic theory model (hard 
sphere, binary collisions) adequately accounts for our light 
scattering data, with a = 1/3. The expected dramatic 
dependence on the supersaturation ratio of the particle 
number density, o f the total amount o f monomer which 
enters the condensed phase at any time, and the final 
particle size (r )max are also derived. Of greater interest 
is the development of a technique for indirectly estimating 
flux rates at the critical supersaturation ratio for com
parison with theoretical predictions.
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The kinetic model developed for the condensation of metallic vapors is based on the solution of the master 
equation for rimer growth (2 < n < 80): A„ + A; + M An+i + M. In these calculations the forward and reverse 
rate constants were related via kn̂ n+l/kn+t ,n = K[c)n .n+l = (RT exp[-(AG°n+i -  AG°„ -  AG°,)/f?T]; AG°1 =  
0 where AG°n is the standard Gibbs free energy increment for the association of n monomers. The corresponding 
enthalpy and entropy increments were either measured or calculated. “ Constrained equilibrium” nmer densities 
were defined; these proved to be identical with NnBS (steady state densities) for n < n , at which Nnm has a 
minimum. A kinetic criterion for the onset of condensation emerged from this analysis. We demonstrated 
that the transition from the constrained equilibrium for n < n+ to avalanche cluster growth for n> o' is not 
dependent on the presence of a maximum in the free-energy function, but is sensitive to the supersaturation 
ratio. The time to attain steady state was estimated, and we formulated an expression for the condensation 
flux at that condition.

I. Introduction
In this report we present a self-consistent kinetic model 

for homogeneous nucléation and condensation of liquid 
droplets from a vapor. The specific example used to il
lustrate our procedure is the condensation of atomic iron 
generated under supersaturated conditions by shock 
heating Fe(CO)5 highly diluted in argon.1 While several 
kinetic models for homogeneous nucléation have been

described,2 in our opinion these are hybrids because they 
incorporated relations based on the liquid-drop model, and 
utilized undefinable quantities such as a surface free energy 
for clusters of the order of 10 monomer units. This ob
scured a significant feature of the approach to steady state. 
The self-consistent kinetic model (SCKM) will be con
trasted with those previously published. As initially 
formulated, all models have many aspects o f similarity.
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Specifically we will demonstrate the following:
(i) The SCKM, free from ambiguities associated with 

the usual free energy function (A<f>„ = 4irr„2 <r„ -  nkT In
S), predicts rapid approach to a steady state which is the 
start of avalanche condensation.

(ii) The thermodynamically defined standard free en
ergy increment for nAg = A„g [AG°n = AH°n -  TAS°n] is 
needed only to provide the relation between the forward 
and reverse rate constants for the growth step: An_; +  A; 
<=* An) and this is necessary only for small n < n\ as 
defined below.

(iii) SCKM naturally leads to an interesting interpre
tation for a condition which is designated as a “ constrained 
equilibrium” ; this has physical significance for values of 
n < n̂  but none for n >  n\

(iv) SCKM also requires that a “ critical” supersaturation 
level must be attained in order that condensation occur, 
but its basis is a low net flux through small raners; it is 
not a consequence of the presence of a maximum in the 
standard free energy function; rather it is determined by 
how rapidly, with respect to n, the free energy function 
attains substantial negative values.

(v) The critical condition for the onset of condensation 
is formulated in kinetic terms (i.e., relative rates for 
specified reactions) rather than thermodynamic terms.

(vi) Tests o f models based on the temperature depen
dence of the critical supersaturation ratio are not suffi
ciently sensitive to confirm or eliminate some of the 
proposed theories.

(vii) The fundamental unanswered question remains: 
how to calculate unambiguously and directly the standard 
enthalpy and entropy for a hypothetical gas of nmers, 
allowing for the wide range of structures such polymeric 
species could encompass.

In section II we formulated the kinetic model under the 
assumption that both AH°n and AS°n are known. We 
integrated the master equation, for several combinations 
o f boundary conditions, for 1 < n < 80. In section III we 
briefly outlined the basis for our assumed AS°n function 
and estimated the consequences of allowing for reasonable 
changes in its magnitude. We utilize, without additional 
justification, the empirically determined n dependence of 
AH°n, based on extensive theoretical and experimental 
studies.1 In section IV we introduced the concept of a 
“ constrained equilibrium” and show how this is related to 
the kinetic model developed in section II. Section V is a 
brief summary wherein the basic assumptions o f the 
classical3 and modified models4 are compared with those 
o f SCKM.

II. The K inetic Model
The apparent difference between the previously reported 

kinetic models and the one described here is our insistence 
on consistency in formulating the rate equations for ac
cretion and evaporation, subject to the usual thermo
chemical constraints, without introducing any aspects of 
the liquid drop model. As a consequence of solving for the 
time evolution of populations via the master equation, 
there emerged a characteristic n\ which has the features 
of a critical nucleus size, but is based on a kinetic criterion.

A. The growth of a cluster is a process o f accretion, 
whereby an nmer collides with an imer (i =  1 , 2 , . . . )  and 
the two adhere. Clearly, no bimolecular event can produce 
a permanently stable (n +  ¿)mer, because the nascent unit 
incorporates sufficient energy for reevaporations. Some 
energy removing collisions must take place within the 
mean lifetime of the energized, (n +  i)mer. Since the 
lifetimes of the nascent clusters increase rapidly with the 
number of atoms5 [extension of unimolecular reaction rate

ò . H. Bauer an<3 D. J. Frurip

theory gives for the mean lifetime

T ~ '  =  v * ( ^ * n + ' ~ j l  nWY  1v n+¡ /
where E*n+i is the internal energy content of a nascent 
(n+ i)mer; Ecn+i is the minimum energy required for 
evaporation of i units, v* is a characteristic molecular 
frequency «1 0 13 s 1; and s is the number o f effective os
cillators in the (n +  i)mer], there exists a transition region 
from small (n +  ¿)mers when growth occurs only through 
termolecular events, to large (n +  i)mers, when the ap
plicable kinetics is bimolecular. Then the nascent adducts 
have a mean lifetime greater than the mean time between 
energy removing collisions with the ambient,gas. It proves 
inconvenient and somewhat arbitrary to introduce such 
a deliberate switch-over in the kinetic formulation of 
cluster growth based on hard sphere kinetic theory. In
deed, rate constants for tertiary collision^ as conventionally 
derived for hard spheres have the wrong temperature 
dependence, since they increase6 as T1/2 whereas both 
experiments7 and trajectory calculations8 clearly show that 
the ternary rate constant should bé proportional to T~p (0.5 
^ P ^ 2). :7

A rational analysis which does, provide for an inverse 
temperature dependence and .automatically shifts from 
termolecular to bimolecular kinetics when the deexciting 
gas pressure rises is based on a transient-complex model;
i.e.

A„ + A, + Ar - " - ‘^ An;¡ + Ar . ' ( 1 )

is replaced by '

A n + A,- ‘ n*‘ n A n ¡ (unstable transient) (2)
Kn->n+i

A„ ,• + Ar —* A„+i + Ar (stabilizing collision) (2a)
Ks

On imposing the steady state condition on An_.¡, one finds 
for the rate of production of stable (n + i)mers

d [ A „ J  \ Kn^ n^ } [A n] [A , ] [A r ]

d f ( K n u - ^ n )  1 + (Ks/Kn+i-+n)[A r]

This reduces to the bimolecular rate when xs[Ar]/*„+,■_»„ 
»  1; for the inverse conditions it reduces to the termo
lecular rate, with the constant equal to \xs(xn̂ n+i/xn+i-~n)}- 
Calculation of the latter is discussed in detail in many 
textbooks.9 To estimate the steady state concentration of 
An...„ refer to the pictorial representation in Figure 1; i.e., 
first express the equilibrium density o f the transient pairs 
in terms of their interaction potential Un¿(r), and then 
estimate the rate of stabilization by treating the A„„.¡ 
species as well as the Ar atoms as hard sphere colliders. 
This leads to

V „ . /  y ¡H k'Ti
? =  4tT 2ÍT?„...¡ +  V A r i

nil +

X jT 5° dr r2 e x p [ - [ /n ,(r)/feT] (4)

17Ar (= 1.77 A) is the hard sphere radius of Ar, a =  jjn + 
rj,; 7jn is the hard sphere radius o f the nmer [for iron, r)n 
= 2.95n1/3 A]; Vn-i is the equivalent hard sphere radius of 
(n—i) species (= 1.5a; see Figure 1); and m* = MArMn+i/(M Ar 
+  Mn+i). While the upper limit (1.5a) incorporates all 
transient pairs which could be stabilized by an argon 
collision, direct integration shows that the result is trivially 
smaller than were the upper limit replaced by infinity. For
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An + Am ~ An+m-i + Ai (coagulation)

An + Am <! An+i + A m-i (abstraction)

Our objective is to test the system dynamics for cluster
growth. Hence, we did not disect kn- n+i into its component
K'S. This could be done by estimating lifetimes of the
transient species An_} and the introduction of an arbitrary
sticking coefficient for the forward bimolecular step. The
general expression for the bimolecular rate constant9a is

kn,n+i [Ar]

-5

JJ. = MnMJ(Mn+ Mi); Vr is the relative velocity of An and
A;; and S(v r ) is the reactive collision cross section, which
depends on Un,i(r) and the assumed sticking probability.
Finally, a word regarding other cluster growth processes.
These include

\

-9 \

"'""

'" ................... _(3+n) - n+3

-6

Obviously, there is no sharp distinction between these two
steps; the classification is introduced purely for conven
ience, when i is small while n and m are both large. It is
our contention that such reactions do occur during later
times in the condensation process,10 and are of low
probability during the onset of condensation.

B. The master equation for the system populations
must be integrated starting with a specified initial mo
nomer density, NOh and N n>1 = 0 at t = 0; mass balance
is maintained at all times.

1 dNn 5

[Ar] ill = i~1 {kn-i--+nNn-iNi + k,,+i--+nNn+i

- k,,--+n-iNn - kn--+n+iNnNi} (11)

These coupled differential equations proved to be ex
tremely "stiff', i.e., they involve both rapidly changing and
slowly changing terms, with differences which nearly
cancel. Solution was accomplished with a GEAR subrou-

(6)

(7)

(8)

...,~:~
I I I
I I I

IN ,rv-........""'''' I I I
I I
I I
I I

I
I -'
1/

-l-:
?1

-"'., I
. '-"'.

IflIt' n+il- IA'Jf';~(- IAH"il
En,i == . 2i2J3

Very likely this. underestimates the rate constants, but we
later demonstrate that factors of, 10 have no significant
effect on our conclusions. The magnitude of fn,i is clearly
less than lIWo ~+d - I~o nl - I~O ill. The latter sum
includes the stabilization energy gained by reorganizing
the structures of the nmer and imer into a stable (n + i)
cluster, whereasfn,i (Figure 1) is the ~epth of the potential
function for the separate units, albeit distorted by their
proximity. The transition from the (n---i) configuration
to the integrated (n + 'i)mer, catalyzed by the AI collision,
probably involves a- small activation energy. The de
nominator in (6) is arbitrary, and can be justified only a
posteori. In addition, calculations show that contributions
from events i ~ 2 are negligible.

To obtain the inverse rate constants, k n+i- m start with
the thermochemical relation for nA =Am applicable to an
ideal gas, under standard conditions (po n = 1 atm); then
AGO =~o - T6.S° n; ~on=~o~(1- n--{),25);1 ASon =
60S}) + AS}c) [section III]

kn--+ n+i DT [AGOn+i-AGOn-AGO~,--- = Ul. exp-
k,,+i--+n RT

AGO 1 == 0

CR (cm3 atm cluster-1deg-1); kn-n+i[AI] (cluster-1cm3 S-I).

Both the forward and reverse rate constants are plotted
in Figure 2. These were calculated for iron vapor (in
excess argon) at 1600 K; [Ar] = 1.88 X J018 cm-. The
growth rate constants are large indeed even though the
value of f was reduced by dividing the net enthalpy in
crement for association by (2i2/ 3). The constants have the
expected dependence on n and i; k n- n+i increase due to
the effect of cluster size (on the 1)'s), and the attractive
potential (on f). The evaporation rates decrease with n
and i, as expected, due to the increase in stability with
rising n. At this time we introduce (for later use) empirical
expressions for the monomer growth rate constants

k,,--+n+i= 1O-IOn J.8 10,;;;; n';;;; 150

= 10-'l n 2
•6 100,;;;; n';;;; 1500

Figure 1. Representatioll of a,three-bOdy collision for stabilizing an
(n + i)mer. The diagfam Qn the right iHustrates the difference between
the initial attr.active well'depth an<;i the final enthalpy increment.

Un/r) we assumed a L~~ulard-Jo~es potential

Un,i(r) = 4EnACa /r)12;'; (71/r)6] (5)

with,_ ,'~,
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■ . LOG10t [sec]

Figure 3. Time evolution of the steady state populations for selected 
rimers. The dotted curves were obtained when all the rate constants 
were multiplied by a factor Of 10 [S  =  3040]; nul =  80.

tine.11 Nevertheless, computer time on the IBM-370 was 
quite long. Solutions were obtained at two supersatura
tions, in which we varied the number of coupled equations, 
from n = 1 —>• 20 to n = 1 80, and the types of reactions
considered; i.e., monomer addition only (i = 1) to monomer 
—>► pentamer addition (i = 1 -»■ 5) inclusive. We found that 
the nmer concentrations vs. time were independent of the 
specified upper limit for n(nul) which is inserted in the 
program, for all n % (nul -  3). The imposed limit on n 
caused the distribution to “bottleneck” near nul (i.e., values 
for nul -  2, nul -  1, and nul were overvalued) while the 
concentration-time history o f all the other species re
mained unaffected. This became apparent when the 
sequence nul = 60, 70, 80 were calculated in turn. It was 
found also that monomer addition was the most important 
process; i = 2 generally contributed less than 10%. Al
though dimer, trimer, etc. additions had only a small effect 
on the concentrations, they were included for the sake of 
completeness.

The monomer concentration decreased (from the initial 
value [Ni0]) by less than 0.1% throughout the simulation

time of ca. 250 ms. This can be used to check on the 
accuracy of the GEAR program. Were the monomer con
centration to remain strictly constant the kinetics reduces 
to a sequence o f unimolecular steps, and the consequent 
first-order rate equations can be solved in closed form. In 
practice this involves an nul X  n“1 secular determinant for 
its eigenvalues. We discovered that to attain comparable 
accuracy this required as much computer time as the GEAR 
integration routine. We did obtain in closed form solutions 
for a run with = 20, and the results agreed exactly with 
the g e a r  values.

Figure 3 consists of plots of nmer concentrations vs. time 
(GEAR integration) for N® = 1.88 X  1016 cm3; S = 3040, T 
= 1600 K, and nll] = 80. There is a rapid increase in the 
nmer concentrations between L011 and 10 7 s. By t = 10 7 
s the curves level off as the system attains steady state. 
For small n the magnitudes of the steady state concen
trations decrease rapidly with increasing n, but the dif
ference is negligible for n > 50. During the final test period 
of ~250 r s , the monomer concentration had decreased 
slightly. The dashed line shows the evolution of the 80-mer 
concentration; this illustrates the “ bottleneck effect” ; its 
rise above the n = 77 curve is an artifact of the upper limit. 
We call attention to the dotted curves; these were obtained 
when we arbitrarily multiplied all the rate constants by 
a factor of 10. As anticipated, the system approaches the 
same steady state levels, faster by about a factor o f 10. 
Figure 4 shows the same data for selected times, plotted 
vs. n. This illustrates directly the effect of the upper limit 
(nul) on the computed concentrations. Figures 5 and 6 are 
analogous calculations for an excessively large S  = 30400, 
to check on the two anticipated effects of high density: (i) 
increasing the supersaturation by a factor of 10 decreases 
the time for attainment of steady state by the same factor; 
and (ii) raises the steady state level of the large n species 
by almost 10 orders o f magnitude.

Since limitations on computer time, both practical and 
monetary, prevented us from extending the calculation 
significantly past nul = 80, we estimated the time to reach 
steady state for larger nmers as follows. We shall dem
onstrate below that for n > nf the rate of evaporation is 
much less than the rate of accretion, and that for n >  50 
it is entirely negligible. Hence the mean lifetime o f an 
nmer, <r„), is given approximately by

<r> -  {/w.lArlATj}-1 (12)

Figure 4. The distribution of populations at various times on the way toward a steady state [S  =  3040],
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Figure 5. Time evolution of steady state populations for a very high 
supersaturation ratio [S  =  30400]-; n ul =  40. Compare with Figure
3.

Figure 6. The distribution of populations for a very high supersaturation 
ratio [S  =  30400]; compare with Figure 4.

For n > 50

/2„ - n+1 ~  lO '11/!2-6 cm3 s '1 (8')
when the argon concentration is 1.88 X  1018 cm 3, and the 
monomer concentration is 1.88 X  1016 cnT3 (S = 3040). 
Hence <r„) ~  5.3 X  10 6rt'26. The approximate time for 
an mmer (m >  50) to reach steady state is then

m—1
<f>mSS *  <*>»“  +  2  <T„> ( 1 3 )

n - 50

Replacing the sum with an integral, and recognizing that 
the time for a 50-mer to reach steady state is ca. 0.1 ps

Mm*

<f>mSS

= 0.10+ 5.3 X HT6 
3.321

0.106 IdS

r m - l  
J 50 dn/n2-6 (14)

(15)

Hence, the time delay to reach steady state is indeed very 
short ( —10-7 s), even for large m.12

C. The most interesting aspect o f the steady state 
condition appears upon inspection of the relative mag

TABLE I: Unidirectional (Partial) Fluxes (cm 3 s-1) 
During Steady State Condition (i = 5 X 10_7 s)a

9-* 10 1.442 X 102 1 0 - 9 1.422 X 102
1 0 -  11 3.907 X 10‘ 11 -  10 3.726 X 10‘

1 3 -  14 4.565 1 4 - 1 3  . 2.791
1 4 -  15 2.805 15 -  14 1.048

2 9 -  30 1.860 3 0 -  29 8.9-98 X 10-2
3 0 -  31 1.843 3 1 - 3 0 7:9Í8 X 10-2

69 -  70 1.782 7 0 - 6 9 7.968 X 10“3
7 0 -  71 1.773 7 1 - 7 0 7.754 X 10’ 3

Fe at 1600 K; iV,° = 1.88 X 10’ 6 cm“3;-[Ar]= 1.88 X
1018 cm 3. Note: “ Rounding-off” errors do accumulate 
after many integrations.

nitudes of the four terms which comprise the master eq
11. For small n, remains at a steady state because the 
rate of production by accretion jAn =  kn̂ ..mNn ¡TVJ is very 
nearly balanced by the rate of evaporation loss {Vn =  
kn-.„^N„ -- An]; concurrently the magnitude of the upward 
flow is relatively small ]A(n +  i) =  kn-.n+lNnN, «  An], and 
this is nearly balanced by the downward flow {V (n +  i) 
=  kn+l -,nNn+l«  A(n + i)) (Scheme I). In contrast, for large 
n the steady state condition is maintained because An ~  
A(n +  [) »  Vn ~  V(n +  i). Typical values are assembled 
in Table I. Comparison with Figure 4 shows that the 
transition nmer (nf) occurs at the rounded portion o f the 
t > 10 ' curve, where An «= Vn «= A(n +  i) «  V(n +  i). At 
higher supersaturations (Figure 6) the transition occurs 
at small nH—'l), as expected.

We propose the following kinetic criterion for the critical 
size cluster, and for the onset of catastrophic condensation; 
nf is that cluster number for which the four unidirectional 
flows are nearly equal. At that juncture maintenance of 
the steady state condition on Nn changes from that in 
which evaporation balances accretion to that when the 
growth rate is much larger than the decay rate. It is 
demonstrated below that this kinetic criterion is not 
dependent on the presence of a maximum in the free 
energy function. Catastrophic condensation sets in very 
soon after the attainment of the steady state, since (tm)8S 
is insignificantly longer for large n than for small n.

This kinetic model also provides an estimate of the 
condensation flux during the steady state condition [i.e., 
the net flow from n — (n +  1), cm-3 s '1]. Because only 
monomer accretion is an important contributor to the 
growth rate, and because early in the attainment of the 
steady state Ni(t) sa N®, then

Jss = J W ilA r J t f X  -  K ^ n[Ar]Nn+l (16)

It will be demonstrated in section IV that this magnitude 
can be evaluated from thermochemical data and knowledge 
of kn̂ n+v Note also that for n > n\ the condensation 
process is independent of the free energy function since 
the (Vn) and V(n + i) terms are insignificant. However, 
the location of the bend in the (t )“  curves [Figures 4 and
6] depends sensitively on the magnitude of AG°n for 2 < 
n < n\ This portion of the free energy function determines
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N58 at n\ which in turn controls J88. Obviously, changing 
the rate constants affects the magnitude of J88 as well as 
the time required to attain steady state.

III. Estimation of the Entropy Function
The entropy change accompanying the formation of an 

nmer from a gas o f monomers is AS°„ = S°n -  nS° i- One 
of several approaches for estimating S°„ is to separate the 
standard entropy of an nmer into two parts

= S*n + S% (17 )

Srn incorporates the translational, rotational, and vibra
tional terms for a “ rigid” cluster, and Scn is the configu
rational contribution, in essence, the isomer number for 
the nmer species, assuming that all distinguishable 
structures which have enthalpies about equal to that of 
the most stable configuration are counted. This molecular 
model for a cluster differs from, but is equivalent to, the 
representation of small clusters as liquid drops which 
possess excess entropy due to their relatively flabby, 
structures. The molecular dynamics calculations by 
Burton13 showed that the atoms in small clusters (2,< n 
< 100) have liquidlike mobility and are not constrained * 
to rigid structures* This is the counterpart of the con
figurational entropy-contribution, Scn, due to the mul
tiplicity of equal "epergy configurations based on rigid 
structures. In Sc„ =* R In Qn, 0„ is the number of possible 
configurations (isomers) of comparable energy for a cluster 
containing n atoms. If every atom in the cluster were 
distinguishable from the rest, the upper limit for ,fl„ would 
be nl. This is an overestimate, particularly for large n since 
it has been shown14 .that

, l im fl„  (n 2/3) (18)

Our estimates of were made as follows.
2 < n < 7. In this range ii„ was obtained by a direct 

count of the number of isomers for each n. For example, 
the trimer has two distinguishable configurations (linear; 
bent); the tetramer has four tetrahedral, etc.

tetrahedral, etc.

This approach is similar to that of Hoare and Mclnnes.15
8 <  n ^ 100. In this size range we postulate that the 

number of isomers which can be generated from any type 
o f nmer is E„-i times the number of its antecedent (n -
l)mers, where S„-i is the number of surface atoms in the 
(n -  l)mer [i.e., = E„. l^n-il- For spherical clusters
containing (n -  1) atoms (n large)

*n-i = 2(n ~ 1 )2/3 (19 )

In the range 8 < n < 17, a direct count was made of the 
number o f surface atoms. For values of n > 17, eq 19 is 
adequate. A plot of configurational entropy (per atom) 
estimated in this manner is shown in Figure 7. Since 
Scn/n must approach zero as n approaches infinity, the 
above estimate is valid only for n < 103. The above an
alysis leads to
Sc^  n

nR

o n—i
In 2 +  ~  2  

3nj=i
In j (20)

which slowly diverges as n —* <*>. We may have overes

S. H. Bauer and D. J. Frqrip

Figure 7. The configurational entropy based on our estimate of the 
total number of distinct structures which are energetically equivalent.

Figure 8. Estimated entropy increments for condensation [per nmer] 
vs. cluster size: (a) A S r„ / n, Fe crystal model, with vD =  2 .3 X  1018 
s '1; (b) A S r„ /  n, Fe crystal model, with vD =  1.1 X  1013 s '1; (c) A S r„ 
empirically fitted to entropy loss for (2 < n< 8) [i.e., 29n2/(3  +  n2)]; 
(d) A S r„(c) +  A S C„ (Figure 7); (e) A S r„(b) +  A S C„ (Figure 7). The 
shaded areas indicate the magnitude of the configurational entropy term. 
{ • )  Averaged values for A S (recont)) for 2 <  n <  16. Overall, these points 
are fitted by [3 1 n 2/(5  +  n 2)].

timated ASC„ and thus favored cluster formation; this 
counterbalances the effect of (2i2/3) incorporated in de
nominator of eq 6.

The increment in structural entropy, AS\,, was obtained 
empirically by averaging many published values for gas 
phase polymerization reactions.16 For each n, entropy 
decrements were tabulated for reactions such as
2 K (g )  K ,( g )
3 0 ( 8 ^ 0 ^ )  
nX + mY y  X„Ym

The mean values are plotted in Figure 8 (circles); a smooth 
curve through them has the form AS'Jn = 31n2/(5  +  n2). 
However, since this function does not extrapolate to the 
bulk liquid value (n -*  °°), we used curve c, Figure 8:
ASIJn = -2 9 n 2/(3 + n2) (21 )

Hence an acceptable approximation for the standard 
entropy change for the association of n monomers is

29 n2
A S °" = _ 3 T ^  + R ln i2 " - lS"-> <2 2 )

The direct method for calculating the entropy is the 
statistical mechanics approach used by Hoare and Pal,17 
Hale and Plummer,2c and others in their studies of small 
clusters. We believe that the uncertainty introduced in 
any estimate of the partition functions which must include,
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mean frequency was inserted and identified with VDebye- 
From heat capacity data for solid iron at 1600 K (C„ m
5.8 cal mol-1 deg“1), vD = 2.3 X  1013 s“1. Curve a in Figure 
8 is (ASr„/n ) for = 2.3 X  1013 s '1, and curve b corre
sponds to = 1.0 X  1013 s“1. Thus the empirical ex
pression compares favorably with the statistical-mechanical 
calculation while the difference between curves a and b 
emphasizes the ambiguity of assigning a bulk value to small 
clusters.

On combining the enthalpy and entropy equations one 
obtains an expression for the standard Gibbs free energy 
change due to the formation o f rimers from monomers

A G\  = -n\AH°o. 1(1 - n“0'25) -  T[ASrn
+ R In ( « „ _ !* „ _ , ) ]  (23)

Graphs of AG°n/RT vs. n for Fe at 1600 K are shown in 
Figure 9. For comparison, we also plotted the classical 
A4>„ function for Fe at 1600 K, S =  3040, and crbulk = 1800 
erg cm“2.

Figure 9. Reduced free energies for cluster formation vs. cluster size: 
(d) empirical AH°„ combined with T A S ° n(d) of Figure 8; (e) empirical 
A H °„  combined with T A S °„  (e) of Fjgure 8; (x) artificially truncated 
free energy function to test the effect of removing the maximum at 
n =  6. A<f>„/k T =  (47r//cr)(3rt/47r)2,V p 2i3)bulk -  n In S , for Fe at 
1600 K; S =  3040; a  =  1800 erg cm"2.

besides estimated vibrational frequency distributions, 
allowance for symmetry factors and decisions on questions 
of equivalent configurations, etc., results in at least as much 
ambiguity in the final values as there is in our approach. 
However, we did calculate the translational,' rotational, and 
vibrational contributions to the entropy of Fe rimers at 1 
atm, at 1600 K via the standard statistical-mechanics 
equations, treating the clusters as spherical crystals. 
Specific structures were assumed for 2 < n < 5; for n > 
5 the rotational symmetry number was taken as unity, and 
the moments o f inertia were calculated from the bulk 
density of atoms. For the vibrational contribution a single

IV. The Constrained Equilibrium
V A. For a system at a specified pressure, temperature, 

and initial-composition one may calculate the equilibrium 
concentrations of all interrelated species if the corre
sponding standard free energy functions are known. Thus, 
for nA A„.

= K \  = ( « T r 1 exp(-AG °n /RT) (24 )

We also make use of the relation: K'(c)n̂ n+1 = Kic)n+l/ 
K(c}nK{cli. With respect to the composition of any vapor 
which may incorporate polymers, eq 24 is precisely valid 
only for S < 1.

We now define a “ constrained” equilibrium, by pos
tulating that eq 24 applies to a supersaturated vapor, as 
a transient state (or sequence of states through which the 
system passes on its way to the bulk state). Such a

Knp) = KnC>[ ^  T ] (l_n> ; For specified /?ul = [n®]
Figure 10. “ Constrained equilibrium” nm er densities for specified upper cut-off (n ul)mers [S =  3040]. The full curves correspond to assigned 
entropy (d) in Figure 8. The dot-dash curve (e) corresponds to curve e In Figure 8. The dashed curves correspond to the truncated free energy 
function (x) In Figure 9. Contrast with the dotted curve for A/„ss (classical) based on N „ =  N , exp(-A4> „ / kT ) with A 4  „ =  4rrr „  a „ -  nkT  In 

S.
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Figure 11. “ Constrained equilibrium” nm er densities for a high su
persaturation ratio [S  =  30 400]. The assigned entropy (d) was used 
for these calculations.

definition is meaningful only if concurrently one specifies 
an upper bound to n, the largest size cluster which is 
tolerated (nul). Then, to satisfy mass conservation

N f = lViul + 2 1V2U1 + 3JV3ul + . . . nuW ul„ui (25a)

= N1'* + 2K2M W i nl }2 + 3K3̂ { N i ul}3
+ . . . nulK lc> „I {N l ul} nUl (25b)n

The results of calculations for Fe vapor at S = 1, and two 
levels of supersaturation 3040, and 30400 )(Fei° =  6.2 X  
1012, 1.88 X  1016, and 1.88 X  1017 atoms/cm3, respectively) 
are shown in Figures 10 and 11. For S > 1, note that the 
calculated values of the constrained equilibrium con
centrations are essentially independent of nul for small 
values of nul, i.e., for nul < 30 when S = 3040, and for nul 
< 17 when S = 30400. Only for nUi greater than these 
limits do the midportions of the curves get lowered, as the 
mass of the system shifts to larger nmers. Of greater 
interest, the minimum in the concentration curves does 
not correspond to the maximum in the standard free 
energy curve, Figure 9. In fact, the location of the min
imum shifts to larger n as nul is increased. To emphasize 
this aspect, contrary to classical formulation o f conden
sation theory, the free energy curves for both supersa
turations were artificially smoothed in the range n < 18 
by truncating the maximum, as in curve x, Figure 9, and 
the constrained equilibrium concentrations were recal
culated. The only effect of removing the free energy 
maximum was to increase the concentration of nmers over 
the range of values spanned by curve x, as anticipated in 
view o f the more negative values for AG°„(x). All other 
nmer concentrations remained unchanged. Figure 12a,b 
shows the result of this calculation for nld = 30. For larger 
n“1, the truncated free energy function has a smaller effect 
on the concentrations, and has no effect on the position 
of Nn minimum. As a measure of the sensitivity of the Nn’s 
to the assumed entropy function, compare the nul = 30 
curve in Figure 10, which is based on curve d of Figure 8 
(and 9), with the corresponding curve based on curve e 
(Figures 8 and 9). lV„(min) remained essentially un
changed but the location of the minimum shifted from n 
^  13 to n 22. The crucial role of the configurational 
entropy is evident. Were the shaded contributions in 
Figure 8 omitted, the Nn distribution would not bot
tom-out until much large n values (~104) are reached. We 
reemphasize: the magnitude of nmm is determined pri
marily by how rapidly the AG°n function attains suffi-

Figure 12. (a,b) Dependence of the “constrained equilibrium” densities 
on the presence of a maximum in the free energy function: curves 
(d) vs. (x) for two levels of supersaturation.

ciently negative values for n < nmm. Finally, note the 
dramatic effect of the supersaturation ratio on the mag
nitude of the minimum nmer concentration for a given nu]. 
For example, a one order of magnitude increase in STrom 
3040 to 30400 raises the concentration minimum, for the 
nul = 30 curve, from ~10  8 to 10"4 cm"3, while the value 
o f n at the minimum decreases from n «= 14 to n «  11. It 
is our contention that the classical Nn curve (Figure 10) 
is too high, as anticipated by Courtney.18

B. There is physical significance to the portion of the 
n"] < 30 curve (S = 3040) and n111 < 17 curve (S = 30400), 
for values of 2 < n < nmin. If one superposes the steady 
state curve of Figure 4 onto the plot of the constrained 
equilibrium values, it becomes evident that (i) the kinetic 
model at steady state gives Nn levels identical with the 
constrained equilibrium values for n < n ^ ,  Figures 13 and 
14. Furthermore, (ii) the minimum in the n“  < 30 curve 
plays the same general role in our formulation as does the 
critical cluster size in classical theory, except that its
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Figure 13. Superposition of steady state (N„ss) values upon the constrained equilibrium curves [S  =  3040], The two sets are essentially equal 
for all n <  nt .

I EXTREME MODEL: ^ = 3 0 , 4 0 0 ;  Sn= RAnX2n: direct count for n< 7
= R in  ¡Hn. | 'f ln_ |] for n > 7

n - 4 0  for

^ [  = 250 fj.sec

Figure 14. Similar to Figure 13, for S =  30400.

location is not tied to a maximum in the free energy 
function. The “bottleneck” at the minimum of the limiting 
constrained equilibrium curve (smallest nul) is the kinetic 
switchover from a growth process in which reevaporation 
nearly balances accretion, to one in which loss by forward 
growth nearly balances the rate of production by accretion.

Study of the computer print-outs showed that for the 
limiting constrained equilibrium curve {n  ̂< 30; S = 3040 
and n™< 17; S = 30400) the monomer concentration A ,ul 
changed very little from its initial value, N®, due to the 
low concentrations developed for all the raners up to n"\ 
Hence, to a good approximation, A „u1 ^  (A 1°)n((RT)n~1 
exp(-AG°JRT), for n < nmin. The steady state con
centrations, attained kinetically after a very short time, 
/Vs3 at A  N^ni min) = N'Vtfmm)- However, the latter value
can be computed from thermochemical data, by setting 
(dN^n/dn) = 0 under the condition that A/1'1, = TV,0. 
Equation 16 can now be rewritten for n = nmin

Jss -  fc„^n+1[A r ]A ulmin

-  (R T)~l exp +
a  a n +  1 A G°n

RT
(1 6 ')

Figure 15. The dependence of Jss on S; comparison of the kinetic 
model (b) with classical theory (a).

Thus, J88 is linear with kn-.n+h and through is very 
sensitive to S. In Figure 15 the dependence of the flux 
on the supersaturation ratio, derived from eq 16' is 
compared with that given by classical theory. The dis
placement of the curves is primarily due to the corre
sponding differences in A ulmin (see Figure 10).

V. Comparison with Classical Nucléation Theory
The contrasts between SCKM and previous kinetic 

treatments appears at two levels. In the first place, all the 
latter accepted three relations with which we disagree:

A<h„ = 4irr„2 an -  nkT In Sx (26 )

Nn* =N S  e x p ( -A $ J k T )  (27)

n-*n +  1

ft* n+l-»n

for all n

= (A ,0) ' 1 exp -
A4>„ + 1 - A D n 

kT
(28)

The first term of the right member of (26) is the surface 
free energy for spherical droplets, and is appropriate for 
large enough n (£;103), such that a meaningful surface layer 
can be identified [see Lee et al.19]. However, the usual
substitution of (<rn/pn2/3) by (a/p2' )buik [pn is the density
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o f monomers in an mner] is dubious for n S 106. This 
difficulty which has been discussed many times we 
avoided. The “ Boltzmann like relation” indicated by eq 
27 is inapplicable to a system wherein the total number 
o f particles must change to achieve a condition which 
approximates statistical equilibrium.20 Finally, the relation 
between the forward and reverse rate constants given by 
eq 28 is valid only at complete equilibrium, if applied to 
all n; at steady state it is valid only for n < n+; i.e., when 
that condition is a consequence of nearly equal rates of 
accretion and evaporation. We demonstrated that for n 
>
K ^ n+1N 1 °Nn™ »  kn+1^ nN*\+1

Finally, use of a hard sphere model for binary collisions, 
with unit sticking coefficients, is highly arbitrary.

Secondly, even if one accepts the concept of a liquid- 
drop for clusters in the neighborhood of 10 units, eq 26 
and 27 are mutually incompatible. One may consider eq 
27 to be a definition o f and then evaluate it in terms 
of AG°n, via (24) for a “ constrained equilibrium” , with NXA 
=  A/V1:

A G°
A $ nul = —— — -  (n -  l ) f c r in  p!° (29 )

where £  is Avagadro’s number. At the same time, we can 
derive an expression for the increment in the Gibbs free 
energy for conversion of n moles of monomer at (px,T) to 
1 mol of dimer at (pn, T). It is essential that the final state 
be specified.18 The thermochemical cycle begins with 
expansion from p t to px , condensation to bulk liquid, 
cooling to 0 K, chopping to 1 mol of rimers, and heating 
to (p„, T) gives:

A G„(T)/£ = 4?r rn2 an(T) -  nkT In Sx -  n(gx -  g„)

+ kTIn (pn/^n) (30 )

Here -RT  In \pn is the (translational) free energy of point 
masses (ng) at 1 atm and T K. Thus

ln * „  =  5 /2  In T  + 3 /2  In (np) -  3 .665

g\ and gn are the thermal free energy increments per 
monomer unit when in the bulk liquid and in an nmer, 
respectively. To obtain AG°m set p, and pn equal to unit 
atmosphere. We deduce

A4>„ul = 4nrn2an2 (T) -  nkT In Sx -  nfa -  gn)
+ kTln  (p i° /^ „ )  (31 )

The last two terms in (31), which do not appear in (26), 
are not negligible, particularly when a large temperature 
range is covered in tests of the theory.

On viewing the immense literature on homogeneous 
nucleation it appears to us that the usually applied test

for a model [comparison o f predicted In Sc vs. T curves 
with the experimentally determined dependence o f the 
actual supersaturation ratio on the temperature] is ex
ceptionally insensitive. A much sharper test would be to 
compare the predicted J53 with the observed flux for a 
range of supersaturations. Unfortunately, this is difficult 
to do. A procedure for determining flux magnitudes, 
within an order of magnitude, for condensing metal vapors 
was described in paper 4 of this series.
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R R'............,./c-c
./ ..........

H H

IConvnent on Resonance Stabilization Energies from
I

Cis-Trans Isomerization Studies

Sir: In a recent publication,! Marley and Jeffers reported
single pulse shock tube relative rate measurements for the
cis-trans isomerization of crotononitrile, 1,3-pentadiene,
and 3-methyl-1,3-pentadiene. The results are log k
(crotononitrile) = 13.2 - 58.1/8, log k (1,3-pentadiene) =
13.6 - 53.0/8, and log k (3-methyl-1,3-pentadiene) = 14.0
- 55.0/8, where 8 = 2.303RT kcal/mol. On the assumption
of a biradical mechanism for cis-trans isomerization the,
authors compared these findings with their previously
·established parameters for cis-2-butene,2 log k = 14.6 
66.218, to obtain resonance stabilization energies of ~8

;kcal/mol for the cyano group, ~13 kcal/mol for allyl, and
~11 kcal/mol for methyl allyl. These values were con
cluded to be in good agreement with values of 6 kcal/mol
for CN found by Sarner et al.,3 11.6 kcaljmol for methyl
allyl deduced from the work of Walters and Frey,5 and
12.6 kcal/mol for allyl. The latter was quoted as being the
"standard" accepted by Benson and O'Neal.6 Recent
measurements, however, have firmly established that the
allyl stabilization energy is ~10 kcal/mol,7,8 and that for
methyl allyl should be ~13 kcal/mol.9 Furthermore, the
value for the cyano stabilization energy found by Sarner
et al. from the pyrolysis of cyclobutyl cyanide is relative
to a hydrogen atom. The definition of stabilization
energylO requires that the comparison be made with respect
to the corresponding alkyl substituent. Such a comparison
is included in the value derived from cis-trans isomeri
zations. On this basis, a value of ~5 kcal/mol may be
obtained from the kinetics of pyrolysis of several cyano
substituted small ring compounds.3,1l,13 This is strongly
supported by a substantial body of recent data on the
pyrolysis of alkyl cyanides. 12,13 Thus the agreement be
tween stabilization energies derived from cis-trans
isomerizations and values from other sources appears not
to be as good as suggested by Marley and Jeffers.

The discrepancies may be due to the shock tube data
although it is difficult to find any uncertainties. Nev
ertheless, it is noteworthy that a very recent study14 of the
cis-trans isomerization of 2-butene gave results in excellent
agreement with early studies and not with the "high"
parameters established by the shock tube technique.2 Note
also that the shock tube A factor for cis-2-butene is about
a power of ten higher than the transition-state estimate.6

Also, the shock tube data yield a surprisingly large dif
ference in A factors (l01.4 S-I) between crotononitrile and
2-butene. The biradical mechanism for cis-trans isom
erization proposed by Benson and co-workers15,16 may be
depicted as follows

R R'
..........c=c,./
,./ ..........

H H

Rotation about the Sp2_Sp2 single bond in the biradical is
rate determining. When a substituent can interact with
the biradical, the A factor will be lowered because of the
stiffening of internal rotations accompanying this
interaction6,15,16 but this will not be the case with CN
because of the cylindrical symmetry of the triple bond.
Although increases in the frequencies of C-C=N bends
may make some contribution to a decreased A factor13 such
changes are not likely to lead to a decrease of as much as
101.4 S-I.

According to the biradical mechanism the activation
energy is the enthalpy of reaction to the biradical (which
is equivalent to the ll'-bond energy in the olefin) plus the
energy required to rotate about the single bond to the
perpendicular conformation. Thus the use of cis-trans
isomerizations to determine stabilization energies assumes
that the barrier to rotation in the resonance stabilized
biradical is the same as that in the nonstabilized species.18
This may not be the case. For example, the difference in
ll'-bond energies between cis-2-buteneI8 and cis-crotono
nitrile19 is ~6 kcal/mol whereas the difference in isom
erization activation energies is ~8 kcal/mol. l This sug
gests a slightly higher barrier to rotation in the nonsta
bilized biradical. Note also that the difference in ll'-bond
energies between ethylene18 and cis-1,2-dichloroethylene20

(2.1 kcal/mol) agrees with the radical stabilization energy
of a CI atom (relative to a H atom)21 whereas the difference
in isomerization activation energies (8.1 kcal/mol)2,22 does
not.

It is suggested that the use of cis-trans isomerization
measurements for determining reliable resonance inter
action energies should be viewed with caution. 23
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Reply to the Comment on Resonance Stabilization 

Energies from Cis-Trans Isomerization Studies

Sir: There is little we can challenge in Professor King’s 
communication, except perhaps its tone. We feel that the 
differences in derived stabilization energies may well be 
within the stated experimental error limits, in most cases.

A discussion o f the 2-butene rate constant was presented 
in J. Phys. Chem., 78, 1469 (1974). However, since the 
stabilization energies under criticism are derived from 
relative rate measurements, the absolute value chosen for
2-butene isomerization seems irrelevant.

Most of the cis-trans isomerization results reported in 
our series of papers were based on about 10-20 shock 
experiments. Perhaps what is really needed is a more 
extensive (and perhaps more careful) set of experiments. 
Our studies appear to be the most complete and generally 
reliable set of results on the kinetics of systems which from 
all indications are difficult to study by other techniques. 
We would urge further experiments before challenging the 
shock tube relative rate techniques on the basis of existing 
cis-trans isomerization results.

D epartm ent o f  Chem istry  Peter M. Jeffers
State University o f  N ew  York 

a t Cortland
Cortland, N ew  York 13045

Received September 15, 1976

Preliminary Report of a Spur Model 

Including Spur Overlap

Sir: Experimental results from picosecond pulse radiolysis 
studies1 have prompted Kupperman2 to introduce sig
nificant changes in certain parameters of the spur model 
in aqueous radiation chemistry.3-6 Using the stroboscopic 
method, W olff et al.6 found there was very little, if any, 
decay of the hydrated electron concentration in pure water 
during the time period from 20 to 350 ps following the 
delivery of a short, high-energy electron pulse. Jonah et 
al.7 have suggested the 3% decay in hydrated electron 
concentration, which they observe in their electron pulsed 
water from 100 to 350 ps, is probably within the experi
mental error o f the measurements of W olff et al.6 
However, both W olff et al.6 and Jonah et al.7 state, for 
different reasons, that their hydrated electron decay (or 
lack thereof) differs by amounts greater than their esti

mated experimental error from the spur decay calculations 
based upon parameters used by Schwarz5 and Kupper
man,2 respectively.

Most quantitative pulse radiolysis studies have con
centrated on either one of two time periods following 
delivery of the pulse, either the period o f “ isolated spur 
decay” or a much later time period when all reactive in
termediates are homogeneously distributed.

We have completed an experimental pulse radiolysis 
study of the effects of pulse dose on hydrated electron 
decay rates in pure water using 20-ns pulses o f 14-MeV 
electrons.8 In order to interpret the results of this study, 
we have postulated spur overlap as being responsible for 
the relatively abrupt alterations in the kinetics:of electron 
decay observed as functions of pulse dose and of time 
following the pulse.

A simple model9 for the relaxation o f the concentration 
distribution in the spurs suggests that the critical length 
parameter is proportional to dose1/3 and the, critical 
(diffusional) time parameter should be scaled as time1/2. 
The data were analyzed to yield an estimate of the time 
(in nanoseconds) of spur expansion' following a 20-ns 
electron pulse to reach experimentally , observable spur 
overlap (f0): \

_  1 .2 X 104
ío [dose(rads)]2/3 nS

The time to reach observable spur overlap, suggested by 
these relations is earlier than those predicted by Kenney 
and Walker.9 Furthermore, these data suggest that spur 
overlap needs to be taken into account in spyr modeling 
studies, especially when using large pulsé doses and/or 
relatively low energy pulsed electrons as radiation sources.

As a result of the above experimental results, we have 
initiated a computer modeling study to attempt to fit a 
diffusion model incorporating spur overlap features to 
pulse radiolysis hydrated electron decay data between 
~10-11 and 10-7 s. In this relatively crude model we have 
included a smooth transition through the time regions of 
predominantly intraspur electron decay, spur overlap (with 
spherical symmetry), and, finally, homogeneous reactions 
of the hydrated electron. This model has given surprisingly 
good qualitative overall fits to these experimental data over 
this wide time region and especially good fits to very early 
electron decay data. We wish to report on these pre
liminary results at this time because the nature of the 
initial hydrated electron distribution employed differs 
qualitatively from those used heretofore.

Previously published computer modeling studies3-5 have 
employed concentration probability distribution functions 
for intermediates created by the ionizing radiation centered 
about the spur origin with a maximum value at the origin 
for all intermediates contained in the spur. Such functions 
appeared to us to be inherently in conflict with at least 
some of the experimental data of picosecond pulse ra
diolysis experiments showing the lack of or very small 
amount of decay between 10-11 and 10-9 s. They also 
appeared to be in conflict with the basic ideas of Lea10 and 
Platzman,11 namely, that ejected electrons would be hy
drated or thermalized at some distance from the parent 
positive ion. The Gaussian distribution for hydrogen 
atoms was originally chosen by Samuel and Magee3a (a) 
for mathematical tractability and (b) since the ejected 
“ electron cannot go very far without suffering wide de
flections resulting from scattering” .33 We believe that 
electrons formed in the ionization event may very well be 
able to travel fairly large distances from their positive ion
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Figure 1. Probability density functions chosen for hydrated electron, 
hydroxyl radical, and hydrogen iorfin the overlapping spur model. The 
ordinate represents the probability of finding the reactive species at 
the radial distance (p =  ,r/ra where r 0 is half th e  average distance 
between nearest neighbor spur centers). These curves are constructed 
in the computer program to make the integrated concentration between 
p =  0 and p  =  1 proportional to the initial G values of the reactive 
species, p' =  1 represents the radius of the sphere inside which the 
spur (whose center is located at p =  0) expands until overlapping with 
the spherically symmetrical average of all other spurs overlapping with 
that designated spur. Spur overlap in this figure occurs when the 
concentration of any reactive intermediate is a  significantly nonzero 
value at p =  1.0. Parameters for these figures include the G values: 
Gej - -  4 .6 , Go«,=  4 -6, G h+ =  4.6. The maximum in the hydrated 
electron distributer) function illustrated is at 40 A from the spur center, 
whereas the average interspur distance (2 r0) is approximately 900 A 
(corresponding^ a-pulse dose of 2400 rads), -th e  1 /e  value for the 
•OH and H+ concentrations is 25 A from the spur center. A value of 
60 eV/spur is employed in these calculations

partner without significant scattering, perhaps by means 
of “ conduction bands” formed from the transient water 
organization. As Samuel and Magee originally suggested38 
their model is a classical picture and a quantum me
chanical model is probably needed for a more accurate 
representation of very early electronic phenomena at times 
during and immediately following ionization. Some in
direct evidence for separate distributions of electrons and 
positive ions or -OH can be seen in the work of Raitsimring 
et al.12 in their study of the detailed track structure of 
irradiated frozen aqueous acids.

In our model, we have assumed identical Gaussian initial 
distributions centered at the origin of the spur for both 
H+ and -OH and a skewed Gaussian for the hydrated 
electron distribution, with zero probability of finding the 
hydrated electron in the center of the spur. Plots of the 
distributions tested are shown in Figure 1. The forms are 
chosen to separate initially most of the hydrated electrons 
from other reactants and consequently produce a negligible 
initial rate of reaction for hydrated electrons.

The computer simulation used to model an overlapping 
spur is a straightforward application of diffusional pro
cesses coupled with chemical reaction. The simplest set 
of reactions which can be expected to represent hydrated 
electron decay at early times (less than 1 ps after the pulse) 
is comprised o f the following reactions, using the rate 
constants quoted in ref 2:

*^aq T  ®aq ~> 1^2 T 2 0  H  

eaq +  O H - -  O H -

e aq ^ a q  * ^

O H - + O H - H 2O z

The model is the numerical solution to three partial 
differential equations of the form

dCJdt = (1 )

where C; is the concentration of ea(|, H+, or OH-; is the 
translational diffusivity o f the species (values were taken 
from ref 2); and r{ is the rate o f consumption o f the ith 
species.

Equation 1 is formulated in spherical coordinates; the 
two boundary conditions are:

dCi(t, 0 )/9 r  = 0 bounded concentration  at spur 
'center

9Ci(t, r0)/9r  = 0 n o  net d iffusion  ou t o f  the
spherical volum e o f  radius r0 
(where r0 = (3/4irN)l/3\
N  = no. spufs/unit vo l)

The first boundary condition is conventional; the 
concentration at the center of the sphere cannot have a 
singularity. The second boundary condition is less con
ventional in aqueous radiation chemistry. The spur at the 
center of the coordinate system is viewed as being sur
rounded by a smooth smear of nearest neighbor spurs. 
Since all the neighbors are identical, there is no net dif
fusional transport out of the spherical volume whose radius 
(r0) is one-half the average distance between nearest 
neighbor spur centers. The centers for nearest neighbors 
are assumed to be distributed in a random fashion 
throughout the field, and at first glance the spherical 
symmetry does not seem appropriate. However, the 
distribution function o f nearest neighbor interspur dis
tances, (cLP/dp), in a random distribution in three-di
mensional space is fairly sharply peaked, [dP/dp = 3p2e~p; 
p = (r /r0)]8 and, therefore, the symmetrical sphere is an 
adequate first approximation.

Thus a plot of concentration probability density2 for any 
spur transient vs. r between r = 0 and r = 2r0 is a mirror 
image reflected around the line at the value r = r0. Spur 
overlap in this model occurs when the value of the 
probability density o f any one of the spur transients is 
deemed to be a value significantly different from zero at 
r = rQ. The second boundary condition represents a de
parture from the models of Kupperman2 and Schwarz.5

The initial concentration distributions are adjustable 
features of this simulation. The concentrations of OH- and 
Haq+ are Gaussian about the center; the maximum con
centration at the center increases as the distribution 
sharpens. The initial concentration distribution for hy
drated electrons is skewed Gaussian. Mathematically the 
two forms have been chosen as

OH-, Haq+ Cj(r, 0) = mie~<r,‘ r/r° )2 
eaq~ Ci(r, 0) = mi(r/r0)3e~<-nirlro)1

These functions are folded at r0, the radius of the spherical 
spur-containing volume to ensure that the second 
boundary condition is satisfied at the beginning of the 
simulation. However, the initial concentration at the edge 
of the spur is very low, and the folding is not particularly 
important at low pulse doses. The form of these ap
proximations is shown in Figure 1.

The set of equations are put in dimensionless form in 
which p (= r/r0) is the fractional radial position within the

1027

The Journal o f Physical Chemistry, Vol. 81, No. 10, 1977



1028 Communications to the Editor

P

Figure 2. C a lcu la te d  h y d ra te d  e le c t r o n  c o n c e n t r a t io n  p r o f ile s  a s  a  
fu n ction  o f  tim e  fo llow in g  a  2 4 0 0 -r a d  p u lse . P a ra m e te r s  a r e  s a m e  a s  
in d ica te d  In F igu re  1. Initial G v a lu e s  fo r  e aq" , H+ , a n d  -O H  a r e  e q u a l 
t o  4 .6 .  D iffu s ion  c o e f f i c ie n t s  a n d  ra te  c o n s t a n t s  a r e  t h o s e  q u o te d  in 
r e f  4  fo r  th e  fo llo w in g  r e a c t io n s :  e aq~ +  e aq~ -*■ 2 0 H ~  +  H2; -OH +  
•OH -* •  H20 2; e aq" +  H+ -* •  H-; a n d  eaq~ +  -O H  -*■ O H “ u s e d  in th e  
c o m p u t e r  c a lcu la t io n s . R e la tiv e  c o n c e n t r a t io n s  a r e  s c a le d  b y  v a lu e s  
w h ich  in c r e a s e  w ith tim e .

spherical volume containing the spur. The equations are 
solved by an iterative form of the Crank-Nicholson 
method. The solution starts with a predicted value for 
first-order approximation of the kinetic rate expression and 
then revises the estimated terms in the kinetic expression 
as the solution progresses.

The concentration profiles relax to radially homogeneous 
values in 10 7 to KT6 s. This relation is shown by the radial 
concentration profiles for eaq at a series of times in Figure
2. Secondary chemical reactions in the spur have not been 
included yet in these preliminary calculations, and, con
sequently, the model currently is quantitatively inadequate 
for times greater than 10“8 to 10“7 s. The time limit de
creases with increasing radiation dose.

Experimentally, only the average concentration in the 
spur can be followed. The average concentration in our 
calculations is defined by the relation

C i ( f )  = / ¿ 3 p 2 C i ( p ,  t) d p

The calculated average concentration is plotted as a 
function of time in Figure 3 and is compared with ex
perimental data taken from ref 7 and 8.

A very good correlation is found in Figure 3 between 
calculation and experiment in the time region from 10 11 
to 10 8 s. Beyond this latter time there is qualitative but 
not quantitative agreement between the decay curves. 
Since the chemical equations employed up to the present 
time in these computations are only the primary chemical 
reactions, it is predicted from comparisons with the other 
homogeneous kinetic calculations that, as secondary re
actions between hydrated electrons and primary products

Figure 3. Plot o f  ca lcu la ted  v s . experim en ta l in tegrated  hydrated e le ctron  
c o n c e n tr a t io n  v s . t im e  fo llow in g  p u lse . A s s u m p t io n s  a r e  identical with 
t h o s e  in d ica te d  in th e  le g e n d s  o f  F ig u re s  1 a n d  2 . E x p erim en ta l d a ta  
(d a s h e d  line) a r e  ta k e n  fr o m  J o n a h  e t  a l.7 a n d  F a n n in g 18 n o rm a liz e d  
a t  10 7 s .  S e c o n d a r y  r e a c t io n s  h a v e  n o t  b e e n  in c lu d ed  y e t  in th e  
co m p u ta tio n s  and  will tend  to  im p rov e  a g r e e m e n t  b e tw e e n  .experim en ta l 
a n d  c o m p u t e d  c o n c e n t r a t io n s  b e y o n d  10 8 s  a s  will th e  in c lu s io n  o f  
a n  ad d ition a l s c a v e n g in g  o f  h y d ra te d  e le c t r o n s  b y  a  res id u a l o x y g e n  
c o n c e n t r a t io n  o f  ~  1 p M

(especially ea “ + H2O2) are incorporated into the program, 
the predicted hydrated electron decay rate at later times 
will be larger and therefore in closer agreement with 
experimental results. However, at this preliminary stage 
of the calculations, the agreement between calculated and 
experimental hydrated electron concentrations at very 
early times where spur decay is essentially independent 
of secondary chemical reactions is excellent and encourages 
us to explore further the concept of a hydrated electron 
distribution of the type shown in Figure 1.

Since literature values for rate and diffusion constants 
and G values are fixed, the variable parameters in our 
computations are the nature of the concentration distri
butions and the average number of electron volts deposited 
per spur. We have found excellent early time matches 
between experiment and computer calculations using the 
aforementioned skewed Gaussian for the hydrated electron 
and values of less than 100 eV/spur. The Lea-Platzman 
type charge separation10,11 has been neglected, despite its 
use by Platzman in successfully predicting the existence 
of the hydrated electron.13 This neglect is primarily be
cause in its original form the theory tended to make 
hydrated electrons nearly homogeneously distributed upon 
hydration.14 Magee has favored a much tighter clustering 
o f positive ions and hydrated electrons such that almost 
all electrons recombine to give neutral species,15 but more 
recently Mozumder and Magee have stated16 that the 
assumptions regarding initial spatial distributions in spurs 
require further investigation. Our results tend to favor a 
compromise between the Lea-Platzman and the tight 
Gaussian distributions. The values we have used of less 
than 100 eV deposited per average spur are more in 
agreement with those estimated by Mozumder and Magee 
who state that “ low energy spurs are greatly favored 
statistically” .17 Their calculated most probable spur energy 
for 1 MeV electrons is 20 eV. We feel that our model is 
qualitatively in agreement with these calculations.

Further refinements of the above computer calculation 
are in progress and both published and unpublished data,18 
including reaction with added solutes (e.g., 0 2), are cur
rently being included as further tests of the proposed 
model. We believe the preliminary calculations demon
strate the promise of our approach and lend further weight 
to the interpretation of our pulse radiolysis study using 
variable pulse dose.8
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Absorption Rate of Hydrogen 
by Cold-Worked Palladium

TIME ( MIN )
Figure 1. Plots of log (R e -  R )/(R e -  R 0) vs. time (min), where R 0 
Is the hydrogen free resistance and R e is the value at equilibrium, at 
an absorption temperature of 55.6 °C  for the specimens annealed at; 
(A) 200, (B) 300, (C) 500 °C .

Figure 2. (A) Dependence of rate constant (k ) on annealing temperature 
(absorption temperature 55.6 °C ). (B) Effect of surface treatment 
(oxidation-reduction) on k  for annealed specimens.

Sir: The problem of absorption of H2 by palladium has 
been under consideration for many years. It is well known 
that the elementary steps occurring during absorption from 
the gas phase are (a) surface processes and (b) internal 
diffusion. It has been pointed out that at low temperatures 
(<100 °C) the overall rate of absorption is very sensitive 
to the way in which the surfaces are pretreated.1 This 
result suggests that the steps on the surface may be re
sponsible for the absorption process. In most recent 
studies, argon ion bombardment or an oxidation-reduction 
has been used as a method for producing active surfaces.1,2 
On the other hand, many studies have shown that the 
catalytic activities of metals for various reactions are 
greatly influenced by pretreatments such as cold-working 
and annealing, and that these changes in activity are 
ascribed to the presence of lattice defects as active sites 
which can be generated or removed during the treat
ments.3,4 It seems probable that a similar situation exists 
in the case of the absorption of H2 by cold-worked Pd. The 
purpose of this study was to clarify the effect of lattice 
defects on the absorption process. An attempt devoted 
to this problem was already made by Smith and Derge in
1934.5 Recently Flanagan et al.6 have demonstrated that 
the solubility of H2 is enhanced by cold-working. It has 
been confirmed by different investigators7'8 that the 
electrical resistance in the a phase of the Pd-H 2 system 
is proportional to the hydrogen concentration. All ex

periments were carried out by observing the resistance 
within the range of this phase to avoid introducing ad
ditional complexity to the system.

Pd (>99.9% purity) for the experiment was in the form 
of wire cold-worked by stretching (0.02 cm diameter). 
Specimens 25 cm in length were cut from this wire in the 
cold-worked state. The annealing experiments were carried 
out in an absorption vessel in vacuo for 1 h at different 
temperatures in the range 200-600 °C. The resistance 
changes were measured using a bridge technique (accuracy 
±10 4 0) at temperatures between 55 and 90 °C and in a 
constant pressure of H2 below 30 Torr.

Figure 1 shows some typical results on specimens an
nealed at different temperatures. This result indicates that 
within the limits of this experiment the absorption rate 
is expressed by a first-order reaction (rate = k(Ce -  C), 
where C is the concentration of absorbed hydrogen and 
Ce is the value at equilibrium) in agreement with the result 
of Wagner.9 Figure 2A shows the change in the rate 
constant, fe(min_1), as a function of the annealing tem
perature at an absorption temperature of 55.6 °C. The 
decrease in k is considerable in the range 200-400 °C. 
According to the previous results,10,11 this range approx
imately corresponds to the recovery temperature range 
involving the annihilation of lattice defects produced by 
cold-working. If we estimate the diffusion coefficient (D) 
by the approximate equation12
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k= (2.405j2D /r2

(where r is the radius of wire) values 2.3 X  10-7 ~1.4 X  10 8 
cm2 s“1 are obtained from the data in Figure 2A. Compared 
with (6~ 7  X  10 ' cm2 s“1) literature values,13,14 the values 
for annealed specimens are very small. In addition, ac
tivation energies for absorption were 11.0 ±  0.5 kcal over 
the absorption temperature range 55-90 °C regardless of 
the annealing temperature. The well-known value for the 
activation energy of bulk diffusion is 5.7 ±  0.3 kcal.14 This 
difference is difficult to explain but it may suggest that 
under the conditions of the present experiments the 
surface process plays an important role in the absorption. 
At any rate, it is reasonable to conclude that the con
centration of defects in Pd may be responsible for gov
erning the overall rate of absorption. However, it is un
certain at present whether the presence of defects is ef
fective in the surface process or in the internal diffusion 
process. An attempt was also made to clarify this question. 
It was noticed that the formation of a very thin oxide 
occurs if this metal is heated in 0 2 at temperatures above 
200 °C.15 Fresh specimens annealed at 300-600 °C in 
vacuo were pretreated in 0 2 (10 Torr) for 1 h at tem
peratures above 200 °C followed by reduction in H2 (10 
Torr) at 300 °C. The results obtained with these speci
mens are given in Figure 2B. The rates are greatly in
creased by this treatment, however, these values are in
dependent of the prior annealing temperatures. These 
findings lead to the conclusion that the rate of internal 
diffusion is not sensitive to the presence of defects in the 
crystal. On the other hand, these enhanced rates decreased 
by subsequent treatments at higher temperatures in vacuo. 
We have found similar phenomena in the case of Pd and 
Pt for some catalytic reactions.16,17 Consequently, it seems

1030

probable that the oxidation-reduction treatment of the Pd 
surface is a method for producing the active sites (possibly 
a kind of surface defects) for the surface processes. 
Furthermore, solubility enhancement following cold
working was observed; the ratio H-to-Pd (cold-worked) /  
H-to-Pd (annealed above 400 °C) was 1.2. This result 
agrees qualitatively with that o f Flanagan et al.6
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