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Radiolytic studies of peroxomonophosphoric acid, H3 05 and peroxomonosulfuric acid, H2S 05 have been carried
out over a wide pH range. Unlike the corresponding peroxodiacids, H\P.,Ogand HZS2 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 pKaof the hydroperoxy proton (highest pKg. 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 (xk = 4,4 x 108 M 1s lat pH 7) produces OH radicals twice as frequently
as HPO04 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 107M'1
s'], and with peroxomonosulfate 1.7 x 107M 1s'latpH 7 and 2.1 x 109M '1s'lat 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, HP 05(PMP), and per-
oxomonosulfuric acid, H2S05 (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 (H4 2 Bor H"S"Oa) but
they may act sometimes as reducing agents similar to H2 2
Hart2has used mixtures of H2S208 H2505 and H2 2in
the radiolytic decomposition of formic acid and has
concluded that peroxomonosulfuric acid was more reactive
in this chain decomposition than peroxodisulfuric acid.
Pulse radiolytic studies3showed that the reaction of eay
with PMS may take two different courses:

S042 + OH (1b)

to produce OH radicals four times more frequently than
S04 radicals. Moreover, PMS was found to react with OH
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relatively rapidly while peroxodisulfate does not react with
OH.3

Thermal reactions of these compounds showed45 a
marked dependence upon pH and it was inferred that the
rate of spontaneous decomposition was maximum when
the pH was equal to the pKaof the respective acid. As part
of a program of studies of various secondary oxidants it
was felt desirable to carry out radiolytic studies of these
peracids to extend the information from the thermal
studies. Unlike SO &-and P2 8 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.

Experimental Section

Reagents. (1) Peroxomonophosphoric Acid. The
preparation consists of essentially two stages: (a) con-
version of KPP D 8into LidP2D84HD and (b) acid hy-
drolysis of LIPD 8 HD. (a) KD 8 donated by the FMC
Corporation, was purified to greater than 99.5% by
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converting into Li4 ,084H2 and recrystallizing from
methanol-water mixture, as described previously.67 Extra
care was taken to remove even a trace amount of methanol
used for recrystallization. The purity of the salt, Li~ 2
0g-4H, 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 H2504 and the unused Fe2+ was titrated with Ce4+
using ferroin indicator, (b) The method of Edwards and
co-workers8 to prepare H3 05 by acid hydrolysis of
LpP20s-4H20 was slightly modified so that H2 2free
peroxomonophosphoric acid was obtained. A solution
containing 0.03 M Li4P2084H2 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 of this solution by reaction with Fd2+ (in 1 N
H2504) and estimation of Fe3+ formed spectrophoto-
metrically at 304 nm using an eof 2174 M 1cm"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 H 2
(<10"® M), and the concentration of H3 05was found to
be constant for more than a month.

(2) Peroxomonosulfate. Peroxomonosulfate, in the form
of a triple salt (2KHS05-KHS0 4K250 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
KMnO04 showed the absence of free H2D 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 KHS04
or K204 or both might account for the 4% difference
between the formula and the analysis results.

Other chemicals such as HCI104 NaOH, NaH2P 04
NaZH P04, and NaB40710H2 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., t12for the
decay of ead' in 0.01 M methanol solution at pH 11 was
~40 . 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 N2. y irradiations
were carried out at room temperature using 60Co y source
with dose rate of 4.8 X 10I7eV g"1min"1l 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 H2S04), Fe3+ formed was
measured spectrophotometrically at 304 nm using the
molar extinction coefficient of 2174 M"1cm“1l The values
of G(-PMP) or G(-PMS) were calculated from the slope
of the plot of 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
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H2 2analyses were also carried with iodide at pH 4.5 using
acetate buffer. Under these conditions PMP and PMS
oxidize I" rapidly but H2 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 KM n04also showed that the yield of HD 2is very small.
It appears that most of the hydrogen peroxide produced
in the spurs is destroyed, possibly by reaction with S04
or HZP 04. 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 2quantities 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—2 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 H2 2down to pH 0.5 Tests carried out with
each sample of PMP and PMS before irradiation showed
the absence of H20 2

Results and Discussion

The G value for decomposition of peroxomonosulfuric
acid'G(-PMS) ranged from 10 at pH 1 to 60 at pH 12, and
G(-PMP) 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 Ib) 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 HD 212
and a peroxy radical OOSO03 is produced. At higher pH
values, where this group dissociates, the reaction may be
an electron transfer:

SOs2 + OH-SOy + OH* (3)

When OH dissociates into 6" (pK = 11.9) a reaction similar
to (3) is expected to take place to produce S06', 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 S05' 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 - soy- + Oy + 2H2 (4)
In any case, S05' or its product 02 may act as a re-

ductant toward the parent molecule and propagate the
chain, e.g.
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; 80,” + 80,>" + 0, + H,0* (5a)
HSO, + SO,” + H,0
OH + 250, + O, + 2H* (5b)

or similar reactions with O, to produce the same radical
species and oxygen. The propagation cycle is completed
when OH or SO, produced by reaction 5, similarly with
those produced by reaction 1, react with the parent
compound to produce SO; as exemplified in reactions 2
and 6.

HSO, + 80, — 80O,  + HSO," (6)

In order to verify thd mechanism, steady-state and pulse
radiolysis experiments were carried out under various
conditions. Rate constants for the initiation steps were
measured by pulse radiolysis. The rate constant for re-
action of e,, with PMP was measured by following the rate
of decay of the e,, absorption in the presence of varying
concentrations of PMP. A plot of the pseudo-first-order
decay rates vs. the PMP concentration gave a good straight
line from which k& = 4.4 X 108 M! 57! was calculated for
the reaction of e,, with HPOs* at pH 7. The rate constant
for H,PO;" could not be measured because it exists only
in acidic solution® where e,,” 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 PO is expected to be lower because of the multiple
negative charge, but could not be experimentally measured
owing to the instability of PMP at high pH. The rate
constant for e,, reaction with HSO5 was reported” to be
8.4 x 10° M 7', All of these e,, rate constants are
sufficiently fast to suggest that reactions la and 1b for both
PMS and PMP would be quantitative under the v ra-
diolysis experimental conditions.

The distribution between reactions la and 1b was
reported” for PMS to be 1:4. Consequently 80% of the e,,”
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 cbserved in pulse radiolysis
experiments with PMP and PDP (peroxodiphosphate).
The reaction of e,, with PDP gives a quantitative yield
of HPO, (at pH 7), the spectrum of which was determined
by several investigators.''® We have repeated these
experiments and observed an identical spectrum. The
reaction of e,, 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 e, 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 N,O saturated solutions gave very
similar & 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 N, and N,O
saturated solutions is a result of the conversion of most
€,q into OH by reaction 1b. In fact, when reaction 1b is
four times more efficient than 1a, as is the case with PMS,’
no measurable effect of N,O was found. With PMP, when
the parallel reaction 1b is only twice more efficient than
1a, higher yields were observed under N,O. These results
indicate that the reaction of OH with the solutes is nec-
essary for the chain reaction. No chain reaction is observed
with the peroxodi acids, which do nct react with OH.
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Figure 1. Effect of pH on the radiolytic decomposition of peroxo-
monophosphoric and peroxomonosulfuric acids. Sol itions contained
3.5 mM PMP (@, N,O saturated; O, deoxygenated) or PMS (A, N,O
saturated).

The rate constants for OH radical reactions were
measured by competition with p-nitrobenzoic acid as
described previously.'” The value for HPO;* at pH 7 was
found to be 4.3 X 10" M' ! and for HSO; at pH 7, 1.7
x 10" M s\, However, at pH 11 the rate constant for OH
+ S0;® was much higher, 2.1 X 10° M s, The value of
2.9 X 10° reported previously® for OH + HSO;™ appears
to contain contributions from both OH + SO;* and OH
+ HSO; reactions as it was measured by competition with
carbonate ion. The rates for HSO; and HPO,> are
comparable with the value of 4.5 X 10’ M! s™! for H,0,,'?
which suggests a similar mechanism, i.e., in all cases the
OH radical abstracts hydrogen from the -OCH group. The
much higher value found for SO;* indicates a change in
mechanism from reaction 2 to reaction 3, with 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 reaction of OH with PMS was previously® suggested
to produce SO;". This radical was observed in pulse ra-
diolysis experiments by its weak UV absorption.® It was
also observed by ESR in irradiated potassium peroxodi-
sulfate in the solid state.®? In the present work the
radical PO;” produced by the reaction of OH with PMP
was monitored by pulse radiolysis and found to have a
weak absorption in the UV (e, 500, €399 250, €350 150, and
€10 100 M! cm™) somewhat similar to tkat assigned to
SO; . The absorptions of SO;” and PO;?" are not suffi-
ciently intense to allow meaningful monitoring of the
kinetics of formation or decay of these radicals. However,
the absorptions appear to be broader than that of O,
so that rapid hydrolysis of SO; or POs* inio Oy (reaction
4) can be ruled out. Slow hydrolysis may take place and
play a part in the mechanism of the chain reaction. It
should be noted that a reaction similar to 4 takes place

The Journal of Physical Chemistry, Vol. 81, No. 10, 1977
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with the parent compounds, i.e., they hydrolyze'to HD 2,
but only in strongly acidic solutions.5

The propagation of the chain reaction may or may not
involve 0 2-radicals. In order to check whether 02 is
capable of propagating this chain reaction a few experi-
ments were carried out in oxygen saturated solutions under
such conditions that all eag react with 0 2to 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 02 is produced by reaction 4 the chain decom-
position may propagate efficiently, although it does not
exclude the direct reaction of SO5 as shown in reactions
5.

Oxygen should be produced in reactions 5 or their
analogues involving 02 instead of S05, 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 2is 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 pAaValues of
PMP and PMS (shown on the abscissa). The steepest
increase appears at thé pH region where the last portion
dissociates ;(from the OOH'group). One of 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 SO4or P042' to OH radicals by reaction with OH

S04+ OH--SO/-+ 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 107M”1s' 12l while the corre-
sponding value for P 042- was measured in the present work
and found to be 6.2 X 105M 1s ‘. It should be also noted
that most oxidizing radicals produced by the reduction of
PMS 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
of OH are the main initiation step and may be also one
of the main propagation steps. The alternate propagation
by S04 or P042, as in reaction 6, may also have pH
dependent rate constants. An attempt was made to
measure the rate constant for reaction 6. The S04-or
HPO4 were produced by reaction of S0 & or HPD 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 <105M 1s 1so 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.
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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“3to e X 10 3M 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 HS05~is
8.4 X 109M 1s“13and with HP0OB is 4.4 X 108 M“1s“1
The rates for reaction with SO%- and P 053- 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 S04“3 In the case of PMP the
ratio isonly 2:1. The OH radical reacts with HS05 with
a rate constant of 1.7 X 107M*“1ls land with HP 052 4.3
X 107M*“1s \ to abstract hydrogen from the -OOH group
and produce S05 or P02, respectively. When the parent
compound is fully ~dissociated the reaction with OH is
much faster, K = 2.1 X 109M"1s 1for SOr2, and proceeds
by electron transfer. The S05'and P 0% radicals appear
to be able to reduce their parent compounds, or to produce
a radical (02) 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 S05 or P0S2, which then reduce their parent
compounds to produce maihly'.OH.
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The interactions of positrcns 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 of radiation chemistry
has been early and widely acknowledged, the role of the
positron, its reactions,’® and the centribution it can make
to radiation chemistry have only very recently 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 results®® on the posi-
tronium (Ps) formation proress in terms of the spur Te-

action model.>* -+

Experimental Section

A description of the experimental progedures, the as-
sessment of the rate constants, as well as the actual, ex:
perimental results can be fpund in the prev1ous papers.®

Results and Discussion _

Positrons are most commonly emitted as a result of the
radioactive decay of a neutrom deficient nuclide. 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 of these positrons, however, may enter
the bound state of the positronium (Ps) which could be
formed in two ground states either in the triplet or ortho
state, with parallal spin orientation and an intrinsic average
annihilation lifetime of 1.4 X 107" s, or in the singlet or para
state with antiparallel spin orientation, which has an
intrinsic average lifetime of 1.25 X 10 s

Two basic models, the Ore gap model and the spur
reaction mode,” '® have been invoked to describe the Ps
formation process. More recently a modified spur reaction
model has been suggested.'*

In the previous papers®® we have interpreted our ex-
perimental results in terms of the (modified) Ore gap
model of Ps formation.>® 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 abstract an electron and form
Ps (e*e).

It was assumed that the energetic o-Ps, 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 producss, or lose its excess
kinetic energy in moderatirg collisions, becoming a
thermalized Ps atom and reacting as such.

The thermalization time of Ps ‘s 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 time spectra, and the changes of the
average lifetime, 75, associated with this component.

'On the other hand, **hot” reactions between solute and
Ps atom have to take place shortly after the birth of the
Ps before it becomes thermalized. Thus, thz lifetime of
the positrons incorporated in positronium atoms taking
part in “hot” reactions will become indistingulshable from
that of t‘he free positrons or p-Ps,.i.e., it will drop out of
the second component and appear as a‘part of the
short-lived component. The only observable evidence for
the occurrence of such a-hot reaction is then a reduction
of the number of Ps atoms reaching thermal energies.
Since this number is related to the intensity, I5,'of the
second component in the time spectra; hot reactlon can
be detected by a decrease of I,.

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 s, ie., where reactions of
thermal Ps are extremely slow, I, eventually assumes a
lower limit (or saturation value), I, = O, which is
characteristic for each individual compound

This result was interpreted by assuming that (I5° -
[, /1" represents the fraction of all Ps atoms formed
which have sufficient energy to overcome the reaction
barrier (I,” is the intensity in pure solvent).

By correlating the 1,5 in the various systems to the
free-energy changes involved in the reduction of the in-
organic ion (A,"" + e — A"V*) the redox potential of
the Ps atom was roughly approximated.'®

If one wants to interpret the experimental results in
terms of the spur reaction model*'* 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 probabi.ity of Ps for-
mation via recombination of an electron with the positron.
Since the number of (thermalized) Ps atoms formed is
related to I, 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 I,.

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 vield resulsing 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,l1where 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]:1617

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

(k is the scavenging constant).

Thus in analogy with the approach used by Hamill1§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 o0-Ps formation proba-
bility P at a given solute concentration [M], if the o-Ps
formation probability in the pure solvent is PO1L

MM]  \

pP=p° (1b)
1 +K[U]J

or

P=P°I(I+K[M]) (Ic)

where K is now the rate constant for inhibition of 0-Ps
formation.

If the solute is also capable of 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 /2with the Ps for-
mation probability P:18

J2=3/4P(1 + M[M]/(XF -Xp-MI1M1])) (2)
In a pure solvent (intensity / 2)

122 = 3/4P° (3)

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

_ 12°(Af ~ AP)
2~AfF-Ap +((XF-\BPK-ATi)[M] ~KKi [M]2

(4).

In water:

AFest = 2.50 X 109 s“1
12 =28%
AP . . =054X 109s1
r obsd =
Ki can be obtained from the well-know correlation
between the lifetime r2of the long-lived component in the
positron lifetime spectra and the solute concentration. In
dilute solutions:

1/r2= A2= AP +Ki[M] (5)

Thus by determining |2at 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 <108s ', and in the case of relatively small solute
concentrations, i.e.,, [M] < 1 M, /A" [M] and iCj/ffM]2can
be considered as insignificant compared with (Ap- AP) and
(AF- AP X[M], respectively, and eq 4 can be simplified and
rewritten to give

(120112 -1 =MM] (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
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12N12)- tvs [

Figure 1. Plot of (4/4°) - 1vs. [M] in aqueous solutions of organic
compounds: A, Pb(N03)2; V, SnCI2; A, CdCI2; O, TICIO4; m, NaCl04;
*, Pb(Cl04)2,0, AgCIO4; O, Hcl044, zncl2

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

c Q
lon K, M“l' 1010M'1ls 1 Ref 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 35 2.0 21 0.45 £ 0.05

° Reference 21.

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.2
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 C37values as reported by Lam and Hunt,2L
no correlation between K and C37can be found (Table ).
However, one has to keep in mind that the C37values are
still very uncertainand 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 -AG FOR Aqg* + e '-*m Aagn' lI+

FOR VARIOUS IONS IN AQUEOUS SOLUTIONS

e Na+
ii i i i i
0 20 40 60 80 100
-AG (KcallMOLE)

Figure 2. In K vs. -AG for Aag'+ + €~ —* Aagin li+ for various ions
in aqueous solutions.

If, however, these C37values 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.l1 would have
to be invoked if one wants to explain the results within
the framework of the spur model.

On the other hand, Byakov2 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 H2in the presence of scavengers with
the Ps yields in similar solutions. On the basis of his
results he suggested that both H2and Ps have nonsolvated
electrons as common precursors.2

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.71523 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) isinteresting. 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:

Aatr+ @)

or as previously suggested for the case of Cd2+11to 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 modell and it will be difficult to
distinguish the results of the scavenging of dry or ki-

943

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 formation2or
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.78

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 aedecision 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.

Acknowledgment. Work supported in part by the U.S.
Energy Research and Development Agency.

References and Notes

(1) For general references, see (a) J. Green and J. Lee, “Positronium
Chemistry”, Academic Press, New York, N.Y., 1964; (b) V. I.
Goldanskii, At. Energy Rev., 6, 3 (1968); (c) J. D. McGervey in
“Positron Annihilation”, A. T. Stewart and L. 0. Roeliig, Ed., Academic
Press, New York, N.Y., 1967, p 143; (d)J. A. Merrigan, S. J. Tao,
and J. H. Green, “Physical Methods of Chemistry”, Vol. 1, Part IlI.
D A. Weissberger and B. W. Rossiter, Ed., Wiley, New York, N.Y.,
1972; (e) H. J. Ache, Angew. Chem., Int. Ed. Engl., 11, 179(1972);
(f) J. H. Green, MTPInt. Rev. Sci., Radiochem., 8, 251 (1972); (9)
V. I. Goldanskii and V. G. Virsov, Annu. Rev. Phys. Chem., 22, 209
(1971)

(2) J. E. Jackson and J. D. McGervey, J. Chem. Phys., 38, 300 (1963).

(3) S.J. Tao and J. H. Green, J. Chem. See. A, 408 (1968).

(4) S. J. Tao and J. H. Green, J. Phys. Chem., 73, 882 (1969).

(5) L.J.Bartal, J. B. Nicholas, and H. J. Ache, J. Phys. Chem., 76 1124
(1972)

(6) L. J. Bartal and H. J. Ache, Radiochim. Acta, 17, 205 (1972).

(7) L. J. Bartal and H. J. Ache, Radiochim. Acta, 19, 49 (1973).

(é H. J. Ache in “Hot Atom Chemistry Status Report”, IAEA, Vienna,
1975, pp 81/105.

(9) O. E. Mogensen, J. Chem. Phys., 60, 998 (1974).

(10) P. Jansen, M. Eldrup, 0. E. Mogensen, and P. Pagsberg, Chem. Phys.,
6, 265 (1974).

(11) M. Eldrup, V. P. Shantarovich, and O. E. Mogensen, Chem. Phys.,
11, 129 (1975).

(12) P. Jansen, M. Eldrup, B. Skytte Jensen, and 0. E. Mogensen, Chem.
Phys., 10, 303 (1975).

(13) O. E. Mogensen, Appl. Phys., 6, 315 (1975).

(14) S. J. Tao, Appl. Phys., 10, 67 (1976).

(15) L. J. Bartal and H. J. Ache, J. Inorg. Nucl. Chem., 36, 922 (1974).

(16) W. H. Hamlll, J. Phys. Chem., 73, 1341 (1969).

(17) T. Sawai and W. H. Hamill, J. Phys. Chem., 74, 3914 (1970).

(18) This equation is identical with the formula used by A. G. Maddock
et al.[Jto interpret their experimental results on Ps inhibition by halo
acetates. For a derivation of eq 2 see: T. L. Williams and H. J. Ache,
J. Chem. Phys., 50, 4493 (1969); H. Horstman, J. Inorg. Nucl.
Chem., 27, 1191 (1965).

(19) A. G. Maddock, J. Ch. Abbee, and A. Haessler, Chem. Phys., 17,
343 (1976).

(20) For a review on dry electrons see, e.g., G. Czapski and E. Peled,
Proc. Int. Congr. Radiat. Res., 5th, 356 ff(1975).

(21) K. Y.LamandJ. W. Hung, Int. J. Radiat. Phys. Chem., 7, 317 (1975).

(22) V. M. Byakov, Int. J. Radiat. Chem., 8, 283 (1976).

(23) J. H. Baxendale and R. S. Dixon, Z. Phys. Chem., 43, 161 (1964).

(24) See, e.g., W. J. Madia, A. L. Nichols, and H. J. Ache, J. Am. Chem.
Soc., 97, 5041 (1975).

(25) M. Anbar and P. Neta, Int. J. Appl. Radiat. Isotopes, 18, 493 (1967).

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



944 t

Eyring et al.

An Equilibrium and Kinetic Investigation of Salt-Cycloamylose Complexes

R P. Rohrbach, L. J. Rodriguez, Edward M Eyring,*

Department of Chemistry, University of Utah, Salt Lake City, Utah 84112

and J. F. Wojcik

Chemistry Department, Villanova University, Villanova, Pennsylvania 19085 (Received December 8, 1976)

Publication costs assisted by the Office of Naval Research and the Air Force Office of Scientific Research

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
Cl104->1 > SCN > Br > NO03 > CI". 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
of 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.68

In the present study of the mode of ionic complexation
with cycloamylose, the kinetics, and equilibrium constants
of 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-
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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"2M. All equilibrium constants were deter-
mined at pH 5.7 and an ionic strength | = 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 04, a salt which does not complex,
establishing the | = 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-
nigue.ll

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-, NO3, CI", and SO42-, respectively.
The equilibrium constant for the dye interacting with
cycloheptaamylose was measured in the absence of added
electrolyte and also with | = 0.1 M (Na2504). 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.22 The
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vs. aqueous cycloheptaamylose concentration in pH 5.7, 25 °C solutions
thatare 2 X 10"®M in 4-nitrophenylazo-2'- hydroxy-G‘-suIfonaphthalene
and 0.1 M in sodium salts of S04 (curve A), I (B), ciod (C), SCN™
(D). The hash mark identified by an °° sign is the AA at infinite
cycloheptaamylose concentration determined from the Hildebrand-
Benesi relation.

equilibrium constant as well as the extinction coefficient
of the fully complexed form of the dye were obtained.
Using molar units of concentration, avalue KD= 7.7 x 102
was found for the stability constant of 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
CD+X'ACD-X- )
o

describes the interactions. The equilibrium constants are
Ku = [CDIn]/[CD][In] (3)
Kx-=[CDX-]/[CD][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 ]

Xt-= [X"]+ [CD-X-] (5)
The observed absorbance, A, is given by

A =ei, [In] + eCD.IN[CD In] (6)

Since the initial concentrations of all reagents are known
as well as KD tin and e(DInthe equilibrium constant for
the salt-cycloheptaamylose system, KX, can be readily
obtained.

Figure 1 shows the effect of 0.1 M C104’, SCN , and |
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 | contains the cycloheptaamylose results
along with earlier data4 for the same ions with cyclo-
hexaamylose.
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TABLE I: Stability Constants for
Anion-Cycloamylose Complexes
Cyclohepta-
amylose Kx -, M-1 Cyclohexa-
amylose

Anion Obsda Calcdb kx-,m->c

cio4 26.7 202 28.9

SCN" 9.9e 13.1 18.7

T 18.0 17.5 12.4

N<V 55 7.4 1.4

Br' 6.5 55 3,5

cr 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° 4
1017A, 10"B,
[<*-CD]Q, fR, Np Np 1018
M MHz cnTls2 era 1s2 RMSb
0.102 12.01 52.1 26.8 0.71
0.0714 12.32 39.5 248 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
s2cm ', were analyzed in terms of a single relaxation using
the following relation

(a/f2) =A[1 + (f/fr)] < + B @)

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 11 shows
the experimental ultrasonic absorption relaxation fre-
qguencies 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 of +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 s2cm"1over water for the most
concentrated solution, 0.102 M, to 1 x 10 I7Np s2cm-1over
water for the 0.05 M solution.

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

k x
cb cD (8)
fc-i
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TABLE I1I: Relaxation Parameters from Computer Analysis for Aqueous Complexation by Cycloheptaafhylose*
10,7A, 101IR,
[(3-CD]0O,b M [Anion]0bM fR, MHz Np cm'1s2 Np cm"1s2 ‘10"iIRMSc
Perchlorate

0.010 0.0116 18.28 22.6 21.7 0.55

0.019 1 0.0120 19.70 27.2 217 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
lodide

0.019 7 0.297 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

Thiocyanate

0.011 6 0.560 4.62 192. 21.00 1.59

0.024 0 151 11.20 41.3 21.00 1.0

0.028 5 1.92 1367 r = 445 19.97 1.1
Bromide

m O.0I06 *> 0.981 8.04 , 76.5 20.3 0.81

0.010 0 L *1-52 12.03 V 385 19.6 0.60

0.011 2 - ; 1.98 + 15.28 33.8 17.3 0.79
Nitrate

. 6-010 2 ' 1.02 8.25 84.8 20.4 * 0.76

. 0.009 92 15 12.15 44.8 21.0 ' 0.63

0.010 3 2.02 16.43 29.0 21.8 0.63
Chloride

0.009 71 1.0 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. ¢ Root

mean square deviation.

for which TABLE IV: Complexation Rate Constants, fef, and
Dissociation Rate Constants, kr, for Several Anions and

r-1 =ki + k-1 (9) Aqueous Cycloheptaamylose at:25 °C

. ] . . Anionl _ kf, M 1ls1 fer,s 1
Since the reciprocal relaxation time equals the sum of two i )
rate constants and is independent of concentration (eq 9), cio, (2.0 +0.1) x109 (7.4 £2) x 107
. g . T (6.5 +0.3) x107 (3.6 + 1) x 106
in the absence of relaxation amplitude data at several SCN" ' (4.4.+ 0.2) x 107 (4.4 + 1) x 106
temperatures the values of k{and kAcan be known only Br (45 +0.2) x 107 (6:9 +1)x 106
as the sum. Such first-order processes as reaction 8 are NO3- (45 = 0.2) x107 (8.2 +£2) x 106
generally the result of conformational changes that alter CL (5.4 £0.3) x101 (2.1 £0.5) x 107

the solvation of the sound absorbing solute.

Aqueous cycloheptaamylose, at 0.016 M, showed no
similar absorption over the accessible 15-205-MHz fre-
guency 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 agueous
cycloheptaamylose complexing with C104~ SCN~, N0 3~
CT, Br“, and 1‘ are presented in Table Ill. 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 of salt were employed (up to 2 M) variable
backgrounds were used to fit the ultrasonic absorption
data. The B values decreased below that of pure water as
the concentration of salt increased, being as low as 17 X
10“I7 Np s2cm*“lin 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
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The individual rate constants for anionic complexation,
kf and k,, were calculated using the following equation:

t 1= fef([CD] + [X] + Ax-_1) (10)

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.310 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 Kx- 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 of the concentration de-
pendence of proton nuclear magnetic resonance relaxation
rates in aqueous salt solutions, B“.24 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-squafeg fit of
the data with a correlation coefficient of 0.92. Table |
contains the calculated equilibrium constants using the
above relation. If one compares the similar correlation
found4for cyclohexaamylose, log Kx = -26.5B -, 0.75» one
finds that the magnitude of 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>inof 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 studies?7 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 1V), 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 104 were also studied. Periodate ion
reacts oxidatively with such sugars, hence the kinetics were

measured immediately after preparation of the solutions.
*
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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'1s2for 0.05 M concentration). A 0.01 M cyclo-
heptaamylose solution that was also 0.05 M in 104 gave
rise to a 72.2 x 10 I7 Np cm"1s2 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
104 -cycloheptaamylose system, KX (calcd) = 15.5. The
kinetic data obtained demonstrated that 104‘ has a kf

.similar to that obtained for C104.

Since all the fek for the anions, with the exception of
Ci04 and 104, 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 fanionic 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 state58in all cases except C104 and 104'. The
complexation mechanism could then be described as

KQ )
CD+X -~ CDIIX-~ CD X- (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 of the
conformational change of cyclohexaamylose to the overall
second-order complexation rate constant Kf, it is necessary
to calculate the equilibrium constant KOfor contact ion
formation since

kf = Kgko (12)

Theoretical expressions existl5for KOfrom which a value
KO= 151 + 0.15 is calculated. From this and measured
values of ktit follows that kKO 3.4 + 0.7 x 107s“1which
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 104 ions may not show this rate-limiting
behavior because of 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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aqueous cyclohexaamylose solutions and similar data for
aqueous cycloheptaamylose solutions to which sodium salts
have been added (8 pages). Ordering information is
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Calorimetric studies have been made at 25 °C of the formation of cobalt(l1), nickel(l1), and copper(l1) 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
of transition metal complex formation with a number of
bidentate nitrogen coordinating ligands including heter-
ocyclic nitrogen compounds,13few tridentate ligands have
been investigated. 2,2/,2"-Terpyridine is of particular
interest because it forms very stable complexes with
transition metal ions.47 It is a weak base and values of
the proton association constants have been reported by a
number of workers.69 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.46 The present study was undertaken in order to
obtain more reliable thermodynamic data for the cop-
per(ll)-, cobalt(ll)-, and nickel(ll)-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
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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(ll), cobalt(ll), and nickel(ll) 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 Isolution under study Isatd KC11 Hg2C12 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.1l 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.22 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:
py phen
-iG,p, kImol“1 29.5 27.6
-AG 2p, ka mol“1
- A/f,p, kI mol-1 20.6 16.5
- AH2, kJ mol“1
AS,5J deg'l 30.1 38.5
mol“1l
AS,P Jdeg"l
mol“1
Ref 14 2

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

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
15 x 10 2M 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 HA_ 2+
cations with corresponding proton association constants
Kipand KZPat an ionic strength of 0.1 M given by,

K?= [HLH/[L][HH ‘ (1)
K2p=[H2L24/[HLH[HH n (2)
where the square brackets refer to molarities.-

Mass balance and electroneutrality require that
Tl = [H2L 2] + JHLH + [L] (8)
and
2[H2L 24 + [HL+H + [HH=[NOJZ + [OH'] (4)

It follows that if 8= [N03] + [OH ]- [H+j, we may write
Y= KMKAX + ] (5)
in which

Y = /3/[[HH(TL -0)

and

X= [HAQ@TI- U)(TI-

By a least-squares analysis of the linear plot of X and Y,
Kxp and K 2Pvalues are obtained from the intercept and
the slope, respectively. A typical such plot is shown in
Figure 1 and calculated AGip and AG2 values are given
in Table I.

The heats of protonation of terpyridine, Afijpand Aif2
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]=TH/(1 + if,p[HH+~*"~[H *12) (6)
and the experimental heat is given by

Qexpt= Qht + Qnh2l + Qh2o (7)
where

Qnit = AHip(AnHL + AnHjL) (8)
Qn2i = Ai/2p(AiiH,L) %)
and

Qh2o = _ AHWANOH) (10)

* 949

Thennodynamic Functions for the Protonation of Neutral Heterocyclic Nitrogen LigandsO

bpy terpy

25.1 26.3 26.6 26.5 + 0.04
18.7 19.5 £ 0.13

15.3 16.8 2.9 17.2 +0.21
285 248 + 0.75

34.3 (31.4) 79.5 31.4 +08

-33.5 - %8 & 8
2 3 9 This work
2,2'2"-terpyridine.

------- X (x104) —

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

AHwis the heat of water formation (-56.23 kJ mol-1 at |
= 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'= AHEX' + Atf2 (11)

in which
Y '= (Qexpt ~ Qh20)/A «h2i
and

X = (AnHL 4 AnHiL)/AnHL

By a least-squares analysis of the plot of Y" against X', the
heats of protonation, Aflipand 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 | along with data for other heterocyclic nitrogen
ligands for comparison.

Metal Complex Formation. Since the association
constant, Kx= [ML2+/[M 2H[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, HA.2+ into metal(ll) ion solutions.
Terpyridine dihydronitrate was titrated into excess metal
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TABLE IlI: Thermodynamic Functions for Metal Complex Formation with Nitrogen Ligands
den* enb phen bpy terpy
Cobalt
-AG,, kimoll 45.6 33.9 40.6 33.9 48.1 54.2 (54.2)
-AGj, kJ mol“1 335 27.2 37.7 30.1 56.5 52.0 (52.0)
-aG3 kJ mol"1 17.2 335 26.8
-A/l,, kI mol"1 34.3 28.9 38.1 34.3 44.8 92.0 446 £0.1
-AH2 kJ mol"l 42.7 29.7 28.0 29.3 51.0 49.0 £ 0.4
-A H3 kJ mol"1 34.3 33.5 25.5
aS, Jdeg"lmol'l 37.7 16.7 8.8 -1.5 -126 32
AS2 Jdeg"lmol'l -31.4 -8.4 32.6 2.9 0 10
AS3 J deg“l1mol"l -58.6 0.0 4.4
Ref 23 24 2 2 4 5 This work
Nickel
-AG,, ki mol"1 60.5 43.9 49.4 40.2 61.1 (61.1)
-aGj, kI mol"l 45.6 36.4 46.4 38.5 63.3 (63.3)
-A G j, kI mol"1 24.7 43.5 36.8
-AH Itk mol"l 49.6 37.2 46.9 40.2 39.7 54.1 + 0.1
-AH2 kJ mol"l 56.3 39.1 38.9 39.3 59.8 £ 0.8
-A H3 kJ mol"l 42.3 39.7 38.5
AS,, Jdeg"l mol"l 35.6 23.0 8.8 0 23
aS2 Jdeg"l mol"l -35.6 -10.5 255 -2.9 12
AS3 Jdeg"lmol"l -58.6 12.6 -5.9
Ref 23 24 2 2 "4 This work
Copper
-AG,, kJmol"1l 90.4 61.1 51.9 44.8 -74.1 (74.1)
-AG 2 kJ mol"l 29.7 51.9 38.1 314
-aG3 kI mol"l 29.7 19.7
-AHn kJ mol"1 75.3 49.8 49.0 49.8 66.1 + 0.4
-AH2 kJ mol"l 34.3 47.3 27.2 22.6
-AH3 kJ mol"l 343 27.2
AS,, Jdeg"lmol"1l 50.2 37.7 10.0 -17.2 -27
AS2 Jdeg"lmol"l -14.6 15.5 36.8 30.1
AS3 J deg"l mol"l -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, Qeqt> is given by

Qex.pt = Qmil + Qh2L T QhL + Qh20

(12)

and Qnhi1>Qna>and QHo 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.1l An iterative computational pro-
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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 = QmiI/A uml, is given in Table Il along with other
nitrogen ligand data for comparison. The heats of for-
mation of the bis species, M L2+ 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 formation45 (d2= [ML2+]/[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 QM2 represents the experimental heat of ML2
formation given by

Qm|2: Qexpt~ (QhL + Qh2L + Qh2o)

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

ML2++ L ML22+

is given by AH2= AHih- AHXxand the values are included
in Table Il along with other thermodynamic functions.

Discussion

The proton association constants of 2,2',2"-terpyridine
in Table | 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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Figure 3. Possible protonation steps for terpyridine; |, neutral molecule;
I, monoprotonated form; IIl, diprotonated form.

has no appreciable formation9in the pH region of interest
since 2,2/-bipyridyl accepts only one proton down to pH
1.6.13 Protonation of nitrogen (2) in Figure 3 is expected
to be sterically restricted. The AG,Pvalues 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 generall4 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',pvalue 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 AHZP 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 Il shown in Figure 3. For the second
protonation, however, the pyridyl group carrying the
-N (3)H +would retain structure Il 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(ll), Ni(ll), and Cu(ll) are given in
Table Il 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.46 Although the latter were obtained at ionic
strengths somewhat different from the 0.1 M of the present

951

work [Co-terpy at | = 0.24 M (NaCl);5Ni-terpy variable
/ up to 0.1 M (NacCl);4and Cu-terpy atl = 0.3 M (K25044q
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 Il 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(ll) and Ni(ll) are quite close to those obtained by
Holyer et al.4from kinetic studies. The AHZ2value for
Co(ll) complexation obtained by Prasad and Peterson6is
also in quite good agreement but the large discrepancy in
Areflects the uncertainty involved in estimating the
temperature coefficient of the first association constant.
Comparison of AH values with those for the 2,2"-bipyridyl
and 1,10-phenanthroline analogues in Table Il suggests the
coordination of all three terpyridines ring nitrogens with
metal(ll) ions. The same conclusion has been reached in
x-ray diffraction studies in solids containing aeetatoter-
pyridylcopper(ll1)l6and solid dichloro-2,2',2"-terpyridyl-
cobalt(l1)1' in which all three nitrogens coordinate with
metal ions with little strain. The same coordination has
been observed in crystals of (i-(2,2/;6,2'/-terpyridyl-
cadmium)-bis(pentacarbonylmanganese),18 chloro(2,2',-
2"-terpyridine)palladium(ll) chloride dihydrate,19 di-
methyldiisothiocyanato(terpyridyl)tin(1V),2and chloro-
pentaaquoterpyridylpraseodymium(lil) ion.2L

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 exothermicZ and it can be seen
in Table Il that similar trends are followed in this study.
Values of HIh(= AiHI + AH2 for Co (93.5 kJ mol-1) and
Ni (113.9 kJ mol-1) terpyridine complexes (Table Il) are
quite close to the Aid,,, values for the reaction

M2++ 3Ltt ML3+

89.1 for Co(bpy)3299.6 for Co(phen)3292.9 for Co(en)324
118 for Ni(bpy)32125.5 for Ni(phen)32and 118.6 kJ mol-1
for Ni(en)324 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 Gurney2 for proton ion-
ization reactions. The method was extended to metal
complex formation by Nancollas,2' and subsequently by
Anderegg.8 The temperature-independent part of the
enthalpy,® AHpc, is given by

AHC=AH- (T- *)(AS- AnR In 55.5) (13)

where Vis a temperature characteristic of solvent (219 K
for water). Some representative values of - AHe/X, where
X is the number of nitrogen atoms contained in the ligand
molecule, are given in Table IlIl. 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 Il 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 I1l: Values of - AHJx (kJ mol“1)
den en phen bpy terpy
Cu+ 27.2 27.6a 259 255 23.8
Co2+ 134 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 11 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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Vibrational Spectra and Structure of 4-Chloro-1,2-butadiene

Introduction
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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“l 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 -CH 2C1 torsional frequency is assigned to a weak infrared band centered
at 102 cm“1for solid CH2Z=C=CHCH XL 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.

study did not permit a quantitative determination of the

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.12 For
instance, microwave experiments have shown that the cis
form of CH22CHCHZ and CH22CHCHZ2CN is more
stable than the skew conformer by 166 and 450 cal/mol,
respectively.34 The cis and skew conformations of
CH2=CHCHZX1 have also been assigned but the rotational

~Present address: Regional Director-Grants, Research Corpo-
ration, 6075 Roswell Road, N.E., Atlanta, Ga. 30328.
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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 decreased7as the substituent in 3-propene
was varied from CH3to i-C3H7to f-C4H9.

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

diene systems which can also exhibit rotational isomerism
about a C(sp2-C(spJ single bond has been initiated. In
the present report we consider the structure of 4-
chloro-1,2-butadiene, CH2—C=CHCH 21, by examining
the vibrational spectra as a function of temperature. Since
there has not been a previous study of the infrared and
laser-Raman data for CH2=CHCH 2C1, the vibrational
spectra are investigated to provide information on the
magnitude of the internal rotational barrier. During the
course of the present study,-Karlsson et al.8provided us
with a summary of their recently completed microwave
study of CH2=C =C H CH 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-1,2-butadiene from the spectroscopic studies,
the structure for CH2=C=CH CH 221 will be compared to
structurally related molecules. Also included is a brief
summary of the vibrational assignments for the 24 fun-
damentals of 4-chloro-1,2-butadiene.

Experimental Section

The sample of 4-chloro-1,2-butadiene was synthesized
by mixing 75 mL of concentrated HC1,13 g of CaCI22HD,
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
NaHCO03 and 20 mL of saturated brine. The product
mixtures from three reactions were combined for distil-
lation after drying. The 4-chloro-1,2-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 85.3
(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 of 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
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Figure 2. Infrared (top) and Raman (bottom) spectra of CH2=
CHCHXCI isolated in an argon matrix.
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Figure 3. Far-infrared spectrum of solid CHZC=CHCHZI.

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-1,2-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 I1).

Results

Since studies of related molecules (see Tables Ill and
1VV) would suggest that a pair (i.e., cis and skew) of distinct
conformers could be identified from the vibrational spectra
of 4-chloro-1,2-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
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Figure 4. Raman spectra of (A) gaseous CHZC=CHCHZ; (B) liquid
CHZC=CHCHXI displaying depolarization traces; (C) unannealed
solid CHAC=CHCHZI; (D) annealed solid CHZC=CHCH ZI.

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-1,2-butadiene is predominant at ambient
temperature. If there is a second conformer, its vibrational
frequencies are coincidentl0 with the skew form.

Vibrational Assignment and -CH2C1 Torsional
Barrier

Since no previous infrared or Raman data have been
reported for 4-chloro-1,2-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=CH CH X1, the assignment is
based principally on assignments for similar systems:
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Figure 5. Raman spectra of solid CHZC=CHCH=CI indicating the
spectral changes that occur upon annealing.

3-chloropropene,1112 allene,13 3-methyl-I,2-butadiene,14
3- methylpropene,15 chlorocyclobutane, 6 and chloro-
cyclopentane.I7 The assignment proposed for CH2=
C=CHCHZXCL is listed in Tables | and Il. 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 11l 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-1,2-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*“], respectively. In a previous
studyllof HZC=CHCH 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-ClI stretching motions are expected to give rise to intense
Raman lines in the 500-800-cm*“lregion on the basis of
related studies.1617 As such, the bands in this spectral
region have been assigned to the C-C and C-CI stretching
modes of 4-chloro-1,2-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
-CH 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*“1band (see Figure
3) to the -CH 2C1 torsion is supportedll by comparable
assignments for C3HE5C1 and C3H®r. For each of the
halogenated propenes, the -CH2X (X = Br, ClI) torsional
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TABLE I: Infrared and Raman frequencies for 4-Chloro-l,2-butadienea (cm 1)
Infrared Raman Infrared Raman Raman
Rei Rei Rei Rei Rei DP
Gas int Gas int Matrix int  Matrix int Liquid int 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 -CH 2 stretch
2968 m 2971 29 2971 mw 2970 19 2962 25 0.06 -CH 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 -CH 2 deformation
1363 w
1336(sh) mw
1331(br) w 1339 12 1327 m 1332 17 1331 14 0.20 = CH bend
T263(R) s
1258(Q) S 1254 4 1254 = S 1254 14 1251 6 0.57 -CEL bend
1252(P) s
1218 w 1222 m
1172(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 = CH2 bend
871 8 876(sh) m 872 4 = CH2 bend
852 s 859 8 848 s 853 19 852 10 .73 =CH, bend
736(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
561(P)
514(br) w 516 50 511 m 511 93 509 88 .10 C-ClI 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*“], respectively. It should be emphasized that our
reported torsional frequency (102 cm*“]) for CH,=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*“l1torsional transition at path
lengths up to 8.2 m, but the 1 — 0 frequency was not
resolved. Clearly, however, the torsional fundamental for
gaseous CHe=C=CH CH 21 should be centered signifi-
cantly below 100 cm*“1, which dictates several populated
excited torsional states at ambient temperature. In fact,
Karlsson et al.8suggest the torsional frequency for gaseous
4-chloro-1,2-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 =
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CHCHZXCL, we can calculate only a total barrier height,10
V* (V* = Vx+ 4V2+ 9V3. The 1— 0-CH Xl torsional
transition determines V* by the expression V* = v2/F. In
this definition 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.

Discussion

The results of this work do not appear to be in accord
with any previous study of molecules containing C(sp2-
C(sp3d 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 Il: 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 -CH2stretch
1976 1 1972 m 1979 1
1953 S 1954 2 C=C=C asym stretch
1721 (br) w
1438 2 1444 m 1442 12 = CH2deformation
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 -CH2bend
983 3 984 w 984 3
884 3 886 m 887 5 =CH2bend
877 5 —
867 8 =CH2bend
859 3 850 S 858 15 = CH2bend
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-CI stretch
355 344 m 345 12 C-CI bend
301 17 285 m 289 40 C-CI bend
215 41 208 mw 207 70 skeletal bend
198 (sh) skeletal bend
102 w -CHZXCL torsion
TABLE Ill: Typical Frequency Splittings for Conformer
Vibrational Modes
Fre-
Con- quency,
Molecule Vibration former cm 1 Ref
Trans 600
n2f4 N-N stretch Cis 538 24
Trans 455
p2Ach 34 P-P stretch Skew 429 25
. _ Cis 1647
ch2=chchZi C=C stretch Skew 1642 11
— Cis 1645
CH2=CHCH=Br C=C stretch Skew 1637 11

TABLE IV: Conformer Bands Identified“ for the Cis and
Skew Forms of CH2=CHCHZ2C1 below 1700 cm 1

Vibrational Cis, Skew,
mode cm“1l 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
of 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)
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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 oxide19and cyclobutanone2) 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-1,2-butadiene,
a potential function for CH2=C=CH CH 2C1 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-1,2-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
of forces that dictate conformational properties of
structurally related molecules.
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1C (natural abundance) and X4 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 Txfor 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 Txbetween 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,12and 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.46 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 13 NMR studies
on a number of ethylene glycols which serve as excellent

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



958

analogues for the polar portion of the polyoxyethylene
surfactants. Previous 'H NMR studies of APE
surfactants79 have considered the mesomorphic and
micellar states in aqueous media. From chemical shifts,
Corkill et al.7suggested considerable interaction of water
with the polyoxyethylene group and speculated that water
might penetrate the micellar core to the alkyl CH2group
closest to the polyoxyethylene head group. However, from
average proton T lrelaxation times, Clemett8concluded
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.89 More recently, H
NMR at high field strengths (220 MHz) and natural
abundance 13C NMR studies have resolved individual
resonance lines in octylphenolpolyoxyethylene (OPE)
surfactants,11011 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 13 NMR results for this
system have been reported.2

Experimental Section

n-Dodecyl octaethylene glycol monoether (C1E 08 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 (E03), and tetraethylene glycol (E04) were
obtained from Aldrich; hexaethylene glycol (E06 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 LIAID4 The IH and 13 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 X1 NMR spectra were obtained at 220
MHz on a Varian HR-220 spectrometer previously de-
scribed.2 Proton decoupled 13 NMR spectra were ob-
tained at 25.03 MHz on a JEOL PFT-100/Nicolet 1085
Fourier transform system also previously described.1l The
90° pulse was 141ls. Probe temperature on both systems
was 40 + 1 °C except as noted.

13 NMR spin-lattice relaxation times (7\) were
measured according to Void et al.13 Peak heights (/1) were
hand-measured on expanded spectra of appropriate regions
and the T4values were obtained from the slope of plots
of log (L - L) vsr. Generally 8-14 useful | Tvalues 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.
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CH3(CH2)9CH2CH20CH2CH2 (0CH2CH2)70H
peak V W Xy 2

ippm) 0.87 129 156 3.43 3.6-3.7
1HOD

16 9 8 7 6 5 4 3 2 | 0

Figure 1. 220-MHz 1H NMR spectrum of 0.1 M clZ08inp> 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/Ak = 0.017 at 220 MHz).

These samples were thoroughly degassed by 5-6 freeze-
pump-thaw cycles. T, measurements on samples in D2
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 H NMR spectrum of C1E 08micelles
in DA 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-1, 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 D2 .1210 In
contrast, the oxyethylene protons of the polyethylene
glycols (up to the octamer) are known to be chemically
equivalent.4

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 of the
molecule.11015 A more detailed assignment will require the
synthesis of deuterated analogues.

13 NMR spectra of CIZE 08 micelles in D2 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 compounds19'24while the C-I carbon is readily
assigned from the data for the dialkyl ethers (Table I).

In micelles in D2, the oxyethylene carbons of the
surfactant give rise to a major resonance (peak i, 69.8 ppm),
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TABLE I: I3C NMR Chemical Shifts (8) of Alkyl Polyoxyethylene Ethers, Ethylene Glycols, and Ether Derivatives*
CH3CH2CH2CH2(CH2)6CH2CH2(OCH2CH2)60CH, CH20CH2CH20H(-OCH3)
a b f d e c i h k g 1
Compound Solvent a b f d e c i i h k g 1

CH3(CH2)2L(OCHjCHj)80OH d 2o 138 226 319 294 298 26.1 71.0 698 69.6 719 605
ch3(ch2)n (och2ch?2)sOH cdci3 140 226 31.7 294 296 26.2 715 70.6 70.2 727 61.7
CHj(CH2)n (OCH2CH2)sOH cd3od 143 235 329 303 305 27.0 722 714 711 735 621
CH30CH2CH20Hb cdci3 73.7 615 58.8
CH3CH20CH2CH20Hc cdci3 15.0 66.5 72.0 615
ch3ch2ch,ch.och2ch20hc cdci3 139 19.3 31.8 71.1 72.2 61.6
CH30CH2CH,0CH3c Dioxane 72.3 58.6
ch30ch2CH20CH3d Dioxane 72.2 58.3
ch3ch2ch2CH20CH3d Dioxane 14.2 19.9 324 72.8 58.3
(CH3CH2CH2CH2)20« 14.6 20.3 33.1 71.2

H(OCH2CH2)20H b CDC13 72.4 61.5

H(OCHj CH2)20Hb CDClj 72.3 61.4
H(OCH2CH2)30H CDC13 70.3 72.7 6l1.4
H(OCH2CH J30H d2o 69.6 71.7 60.4
H(OCH2CH?2),,0H CDClj 705~ 70.2 727 615
H(OCH2CH2)40H D20 69.7" 69.5 71.7 60.5
H(OCH2CH2)60H cdci3 70.5 70.3 727 61.6
(C1CH2CH, )20h cdci3 713 427

(CHjCI)

a Except as noted, data are given for 0.4 M solutions at 40 “C.
In DjO, an external CCl4reference was used and shifts are converted to the TMS scale by 6™ s =8cch + 96.05

TMS.

In CDC13 and CD30D, shifts are referenced to internal

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 CHOCH2CH20H, 1.0 M H(OCH2ZCH2)20H, and 1.6 M (C1CH2CH2)2 obtained at 30 3C.

¢ Data of Johnson and Jankowski,17 spectra 92, 216, and 93.
of that given in ref 17.
results from only the two most interior carbons.

ch3ch2ch2ch2(ch2)6ch2ch2(och2ch2)6och2ch2och2ch2oh

b f d

1-—-1 L | 111 1 11 1 1 | I e e e

160 140 120 100 80 60 40 20 0o

Figure 2. Natural abundance ,3C NMR spectrum of 0.4 M C12E 08 in
D20 obtained with 800 scans, a pulse recycle time of 30 s, and 4K
points over a 5000 Hz sweep width.

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 surfactantslland for the glycol derivatives
of Table | 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.I7
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

The assignments shown here for peaks g and k are the reverse
d Data of Dorman et al.1* e Data of Lippmaa and Pehk as listed by Stothersl6on p 144. f Peak i

HOCHgCHACHXHJOCHYky.OCHyHgOCHAHYH
g k hi i i h k g

coClj
™S

J-—-1 1 1 1 | il | | | [ | = F——1-—L.

180 160 140 120 100 80 60 40 20 0

Figure 3. Natural abundance 13C NMR spectrum of 0.4 M EOs in CDCI3
obtained with 150 scans, a pulse recycle time of 20 s, and 4K points
over a 5000 Hz sweep width.

position, and we have noted that the reverse assignment
for peaks g and k might be possible.11 Since the published
13 NMR data on ethers was minimal,16'18 we gathered
additional evidence for an unequivocal assignment, as
summarized in Tables | and Il. Comparison of 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 IlI) was
obtained by titrating various glycol derivatives with the
paramagnetic shift reagent Yb(DPM)3 or C1E 08micelles
in D2 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, |,I-dideuterio-2-methoxyethanol was syn-
thesized and the 13 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 D2 to CDC13to CD30D,
the alkyl chain exhibits small but significant downfield
shifts while the oxyethylene chain exhibits much larger
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TABLE Il: Observed Changes in I3C NMR Parameters for Terminal Oxyethylene Unit of 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),0OH D20 None 60.5 71.9 2.0 17
Mn2+ 60.5 71.9 49 8.7
0.4 M CH3(CH, ),j (OCH2CH, )80H CDCI3 None 61.7 72.7
Yb3+ 62.5 73.1
1.0 M H(OCH2CH2)20H CDCI3 None 61.5 72.4
Yb3+ 62.6 73.1
1.5 M CH30CH2CH20H"® CDCI3 None 61.5 74.0
Y b3+ 61.9 74.2
CH3OCH2CD.OHft cdci3 None 73.6

a Y b3+shift reagents are known to coordinate to alcohol functional groups and to produce downfield shifts.2526 No shift
changes are observed for the methoxy carbon (58.9 ppm) in the absence/presence of Yb3+ b No resonance was detected in
the 61 ppm region; the methoxy carbon signal was at 58.9 ppm.

TABLE I1l: 13C NMR Spin-Lattice Relaxation Times (T,) of n-Dodecyl Octaethylene Glycol Monoether and Various
Ethylene Glycols
CH3CH2CH2CH2(CH2)6CH2CHj(OCH2CH2)60CHjCH20CH2CH2

a b f d e ¢ |j i h k g
Pulse
recycle
Compound Solvent time,s a b f d e c i i h k g

ch3(ch2)jj(loch2ch2)80H d20 80 23 1.7 11 063 048 045 045 065 067 15 1.4
CH3(CH2)11(OCH2CH2)80H cdci3 175 (7.4) 51 34 1.9 1.4 1.3 1.8 1.9 39 36
CH3(CH2)n (OCH2CH2)80H cd3od 15 56 51 36 21 1.9 14 1.7 2.3 2.2 35 36
H(OCH2CH2)40H CDC13 20 1.9 2.6 31 29
H(OCH2CH2)60H CDC13 15 1.9 2.2 27 28
H(OCH2CH2)60H d 2o 15 1.9 2.1 29 29

a 71, values reported in seconds for 0.4 M samples. Ideal Ti measurements require bTI recycling times. At 3Tl transient
magnetizations equilibrate to about 95% of 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 1V: Calculated Correlation Times (reff)a for n-DodecyJ Octaethylene Glycol Monoether and Various
Ethylene Glycols
CH3CH2CH2CH2(CH2)6CH2CH2(OCH2CH2)60CH2CH20CH2CH20H
i i

a b f d e C h k g

Compound Solvent a b f d e c i i h k g
ch3(ch2),, (och2ch2)aOH d20 6.8 14 21 37 49 52 52 36 35 16 17
CH3(CH2)11(OCH2CH2)80H cdci3 (2.1) 4.6 6.9 12 17 18 13 12 6.0 6.5
CH3(CH2)n (OCH2CH2)80H CD30D 2.8 4.6 6.5 11 12 17 14 10 11 6.9 6.5
h(och2ch, )4oh CDC13 12 9.0 7.5 8.0
h(och2ch,)6oh CDC13 12 11 8.6 8.3
H(OCH2CH2)60H d 20 12 11 8.0 8.0

° In picoseconds. Calculated from xeff = rCH6/AT,AH where is the internuclear distance (assumed 1.09 A). Ti is the

spin-lattice relaxation time, NH is the number of attached protons, and A is a constant. See ref 27 and 28.

downfield shifts. Similar downfield shifts are observed for
the ethylene glycols and the OPE surfactants.11 Molecular
motion in the ethylene glycols and CiZO0 8 in various
solvents was monitored by determining 13C T relaxation
times (Table I1l). Hexaethylene glycol shows similar 7\
relaxation times in D2 and CDC13 while C12E 08shows
decreased TXvalues in D2 compared to the values in
CD30D and CDCI3similar to observations for the OPE
surfactants.1l A plot of 13C NT}values for CIZEOgis shown
in Figure 4. In all solvents, the Ar7llappear 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 reffvalues
are calculated in the table by assuming relaxation due only
to a heteronuclear dipolar interaction between a pro-
Figure 4. Plot of 13T NT, values against the long molecular axis for tonated carbon and its directly bonded protons.Z728
C12E08in () CDCI3, (=) CDIOD, and (O) DA. Theories of dipolar relaxation, however, actually predict

CH3CH2CH2CH2(CH2)6 CH2CH2(OCH2CH2160CH2CH20CH2CH20H
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Figure 5. Qbserved 'H NMR (top) and 13C NMR (bottom) line widths
for c 12 08micelles 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 TXis 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
mlower limit to T2 The resolved single carbon resonances
of CIZE 08in organic solution and in D2 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 D2 was
investigated by observing NMR line width changes for the
resolved lines of CIZE08in D2 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-I methylene group as suggested by some degree
of line broadening in both the IH 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
CI1EOsin Solution. The nonionic polyoxyethylene sur-
factants exhibit solvent dependent aggregation states.56
Solvents with two or more potential hydrogen bonding
centers enhance micelle formation similar to that in
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water.® Thus micelle formation has been reported in
ethylene glycol® and formamide.23,3® 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 formation2 and several reports
clearly show the destruction of micelles by the lower al-
cohols ethanol and methanol.38 37 Consequently, we made
our NTi measurements for CIZEOgin the organic solvents
methanol and chloroform for comparison with the results
for aqueous micelles. Presumably in methanol, a relatively
good hydrogen bonding solvent, C12E 08 behaves as a
monomer while in chloroform, a weaker hydrogen bonding
solvent, the exact aggregation state is not clear at this time.

The 13 NMR spin-lattice relaxation of directly pro-
tonated carbon atoms can be effected by two kinds of
molecular motion: (i) overall molecular tumbling with an
average rate (r0)_1which contributes equally to'l fN T xat
every carbon atom of a given spherical molecule,and (ii)
internal rotations about single bonds which are inde-
pendent of the motions about all other bonds with rate
(r,) 1between 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 of rigid
rings often have identical NTi values while the NTt of
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 1l-decanol,19 C10C D alkanes,2 and ionic mi-
celles. 2t 2

Recently we found that OPE surfactant molecules have
identical NTI 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 of 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.l1 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 refffor CIE08
requires a detailed model of the chain motion. Recently,
Levine and co-workers33® 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) 1and internal rotations about
single bonds with rate (r,)’ L The difference in (r;) 1for
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 08 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 ¢ 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 of

Octaethylene Glycol Monoether and Various Ethylene Glycols

Compound Solvent

CH, (CH2),, (OCH2CH2), OH d 20
CH3(CH,),, (OCH2CH2)80H cdci3
CHjjCHjjjj (OCH2CH;)50H CDjOD
H(OCH2CH2),0H CDC13
H(OCH2CH2)60H cdci3

' H(0'CJ12CH2)60H d2o

A. A. ftibeiro and E. A. Dennis

Internal Motion" for rc-Dodecyl

r(a,b) r(b,f) r(f,d) r(c.j) r(g.k)
13 39 50 o 233
3.9° 14 233 47
7.1b 16 16 78 233
117

231

00

" In picoseconds. . Calculated from [r(;,; + 1)].1 = [reff(j)]1- [r?ttU+ 1)]'1=[r,(y)]'1- [r,(; + I)]'1lassuming Teff"

=TO + rf', where t0 is constant.
values for each, carbon pair are quite similar.
not quantitatively significant.

Note that the values given for r(c,j) and r(g,k) are subject to large errors since the reff
Thus, the values of r{jj + 1) for these carbon pairs are clearly large, but are
° Similar values of T(a,b) in the 4-8-ps range have been observed for the terminal CH3 group

of «-alkanes.,/8 alkyl bromides,38 alkyl amines,2Z alkyl ammonium salts,23 and alkyl borides® in solutions of low viscosity

typically about 1-2 cP.

where A (the preexponential factor) is taken as the rate
of methyl group, rotation in the gas phase.2028 Values of
2.2 and 2.6 kcal/mol are obtained for CIZE 08in CDC13and
CD 30D, respectively; similar values of 2.6 kcal/mol have
been reported for methyl group rotation in an entire series
of neat primary alkanes.2

For the oxyethylene chain, quantitative treatment with
the model is possible only wjrere data are available for two
adjacent carbons. Treatmentpi the terminal unit of
.CiZ 08and 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 CIE 08is about 7 X
10“5M140 Concentrations ca. 50000 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
CiZ 084 and on polydispersef and homogeneous43'%h
samples of other CIZEO, (n = 6-14) suggest a micelle
molecular weight of 50000-100000 at 25 °C. Becher and
Arai4l suggested that the polydisperse C1%E 08surfactant
forms micelles that are prolate ellipsoids. Tanford et al.46
have now determined that homogeneous C12E 08 forms
micelles of about 65000 and have suggested from calcu-
lations with various models that CiZE 08micelles 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 C1E 08 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 NTj parameters clearly suggest similar
motional trends for C12E 08in micelles and in the organic
solvents. In micelles, however, the NT 1values 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 NThthis possibility appears
unlikely as the NTI values for the oxyethylene chain of
hexaethylene glycol, determined under similar conditions
as those for CIZE 08 are similar in CDC13and D). The
most plausible interpretation for the decrease in relaxation
times for CiZE 08then is that upon micelle formation both
a restriction of individual molecules from free tumbling
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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
.cgrbon 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 of the other
methylene groups in both the X and 13 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 of the micelle
from the interface. In this hydrophobic interior core,
terminal methyl group rotation is calculated to face a
barrier of 3.0 kcal/mol. Analogous calculations with NTI
data at 34 °CZ3 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 08 micelles as compared to organic so-
lutions of CiZ 08 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 1 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. 1l

A major question involving the detailed structure of
nonionic micelles concerns the extent and nature of their
hydration by solvent molecules.45 Some confusion exists
in the literature on the role of water penetration into the
hydrophobic core of these nonionic polyoxyethylene mi-
celles.88 19 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.® The
NMR chemical shift and T, relaxation time studies1810on
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 1 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.2
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On the Correlation between Electron Spin-Lattice Relaxation Times and Hydrogen Atom

Decay Kinetics in Sulfuric Acid Glasses X-lrradiated at 4 to 90 K
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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

~0On 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 temperature2and 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
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activated redistribution of H atoms from shallower to
energetically deeper preformed traps,2or 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 relative
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.

Experimental Section

The aqueous solutions 6 M in H2S04without and with
0.05 M FeS04added 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 Yy 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 Varian 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 HIltin mG, was estimated
from the relation5for a Varian TE 10 cavity with a quartz
insert used in the present experiments:

H,= 2.22 x 10% 12

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 of one of the proton spin-flip satellites of
the high field hydrogen line, measured at 90, 77, 55 and
4 K for 6 M H2S04glass x-irradiated at 90 K, is presented
in Figure 1. It isevident that with temperature decrease
the saturation of the main transition and of the satellite
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Figure 1. 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 6M HZ 04g|ass 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™ H2504glass containing 0.05 M
of FeS04x-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 isjustified from
the results for'6 M H2504 glass, containing 0.05 M of
FeS04 (see Figure 2) in which the saturation occurs at
higher values of H1due to cross relaxation of 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



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™ H&O4glass 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 of 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.45 The
saturation parameter Z for an inhomogeneously broadened
line under fast passage conditions is given by

[1+ (2yHi2TIfirHM)V / (1)

The spin-lattice relaxation time Txmay be calculated
by finding the numerical value of Hxfor which the signal
intensity is one-half of what it would be in the absence of
saturation. Substituting ii1l2 for Hxat Z = 1/2 the
spin-lattice relaxation time is given by4

Ti = nHmMi2yH U22 : 2)

where Hmdenotes the modulation amplitude and y is the
gyromagnetic ratio of 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
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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 of irradiation temperature on the spin-
lattice relaxation time seems analogous to the effect of
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]/dt 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 of 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 IQwer ir-
radiation temperatures. We cannot make a quantitative
comparison of the kinetic and relaxation time results
because the experimental conditions are different, but the
gualitative 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
of 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 TXmeasure-
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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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/D2 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.

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 Castner4gen-
eralized the model so that this assumption was not nec-
essary. Recently, Bowman et al.5have 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
others79 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)I0has been
used to incisively study the spin packet model for trapped
electrons in KC1 crystals (F centers)1l and for trapped
electrons in y irradiated 10 M NaOH aqueous glass.12 In
both cases the noninteracting spin packet model fails
guantitatively, although not qualitatively, and indicates
the existence of significant spin diffusion. ELDOR is ideal
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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/D2 were prepared from
40 wt % NaOD/D2D and D2 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 Yy rays at 77 K at a dose rate
of 0.21 Mrad h"1 Trapped electrons (et9 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-
guency-swept ELDOR spectra are obtained by sweeping
the pumping microwave frequency fpwhile 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
iXW, for the trapped electrons. Different sets of spectra
at various temperatures were studied and analyzed to
compare with the data on protiated systems2under 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



ESR Spectra of Trapped Electrons in Aqueous Glasses

39 db
35 db
30 db
25 db
20 db
15 db

10 do

5db
Odb

Figure 1. Field-swept ELDOR spectra of trapped electrons in 10 M
NaOD/D20 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; -39 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
NaOD/D2 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; -39 dB corresponds to the ESR spectrum unperturbed
by pumping power.

et~in 10 M NaOH/H 2 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 of 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
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- 6 MHz

- 10 MHz

- 2C.MHz

-30 MHz

-40 MHz
- 50 MHz

Figure 3. Field-swept ELDOR spectra of trapped electrons in*10 M
NaOD/D20 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 NaOD/D20 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 tie high field and
low field derivative maxima of the ESR spectrum.

twice the ESR derivative line width A o f 54 G = 151
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 [@afa2+ [(cod - w')/Amg]2H exp{-[(co
-w 0)/AwG] Z)/(l + Sa{a2+[(cop
-a/j/Aco0]Z}D)] d(cj'/A«) G)

where Cis a constant, a = Awl/ Awg. S = 7aflp2T1T2 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 Nvaries with pump microwave power.

= 1.76 x 107G-1s \ and wp = 2x/p. The spin packets are
assumed to be Lorentzian with a half-width at half-height
of AodL = 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 A0)G=yAH"Qn
2 /2)12. The frequencies cddand W are the centers of the
observed line and the spin packet, respectively. Equation
1is integrated numerically. Our experiments at 100-kHz
magnetic field modulation correspond to fast modulation
conditions12so the theoretical field-swept ELDOR spectra
are given by dx'vVdwd-

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 Txand T212 The constancy of Tl
and T2vs. 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% of 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 of 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 aand S
for a given n from theoretical curves such as those shown
in Figure 5. T2is then determined from a = 1.1 T Z/AHnNs
and Ti is determined from S = yHi@TiT2 Figure 6 shows
the Ti and T2values 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 T2should be constants independent
of 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 NaOH/H2 have shown that the nonin-
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PUMPING POWER (ARB)
Figure 6. Dependence of T, and T2 for trapped electrons in 10 M
NaOD/DjO based on the ELDOR saturation measurements in Figure

and the noninteracting spin packet model vs. relative pumping
microwave power.

teracting spin packet model is not satisfactory.2 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 7y < TD< T1i where 7i and 1 { 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 7h2T 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 Introduction79are not directly
dependent on the gyromagnetic ratio of the matrix nuclei.

A related indication of 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 smalleri3l4and
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 7h /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.

Acknowledgment. This research was supported by the
U.S. Energy Research and Development Administration
under Contract No. E(lI-1)-2086. Larry Kevan thanks



Photoracemization of 1,1'-Binaphthyl

Drs. T. Higashimura and H. Hase at the Research Reactor
Institute of Kyoto University and the Japanese Society for
the Promotion of Science for their cooperation and support
while this work was completed.

References and Notes

(1) Present address: Edward Waters College, Jacksonville, Fla.

(2) A. M. Portis, Phys. Rev., 91, 1071 (1953).

(3) See, for example, D. P. Lin and L. Kevan, J. Chem. Phys., 55, 2629
(1971).

(4) T. G. Castner, Phys. Rev., 115, 1503 (1959).

(5) M. K. Bowman, H. Hase, and L. Kevan, J. Magn. Reson., 22, 23
(1976).

969

(6) A. M. Portis, Phys. Rev.,104, 584 (1956).
(7) W.B. Mims, K. Nassau, and J. D. McGee, Phys. Rev., 123, 2059
(1961).
(8) 'J. R. Klauder and P. W. Anderson, Phys. Rev., 125, 912 (1962).
(9) E. L. Wolf, Phys. Rev., 142, 555 (1966).
(10) L. Kevan and L. D. Kispert, “Electron Spin Douole Resonance
Spectroscopy”, Wiley-Interscience, New York, N.Y., 1976.
(11) P. R. Moran, Phys. Rev., 135, 247 (1964).
(12) H. Yoshida, D. F. Feng, and L. Kevan, J. Chem. Phys., 58, 3411
(1973).
(13) B. L. Bales, M. K. Bowman, L. Kevan, and R. N. Schwartz, J. Chem.
Phys., 63, 3008 (1975). )
(14) P. A. Narayana, M. K. Bowman, L. Kevan, V. F. Yudanov, and Yu.
D. Tsvetkov, J. Chem. Phys., 63, 3365 (1975).
(15) D. F. Feng, F. Q. H. Ngo, and L. Kevan, unpublished work.
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The photoracemization mechanism of 1,1’-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 rotation process along the intraannular C-C bond, which causes the racemization, was directly
followed by measurement of time-resolved triplet-triplet (T-T) absorption spectra of 1,1’-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 10* s* at -150 °C. The potential energy surface along

the photoracemizzation coordinate was also discussed.

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." 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,** 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 1,1’-bi-
naphthyl and to apply the information to the study of
photoresolution.* 1,1-Binaphthyl is one of the simplest
chiral hydrocarbons.>® The racemization is expressed as

follows:

S(+)-1,1-binaphthyl

R(-)-1,1"-binaphthyl

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-

toresolution study but also for study of the electronic
structure of the excited state of nonplanar compounds.”™

Experimental Section

1,1’-Binaphthyl was resolved by the methkod of Pincock
et al.'® The optically active 1,1’-binaphthyl thus obtained
had an [«]®D 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 (1 kW), the wavelength being selected by
Toshiba glass filters. The reaction was followed by
measuring [«]®Dp 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 harm.onic generator
of RDP. The second harmonic thus obtained has the pulse
width of 20 ns and a photon number of 1 X 10" 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 phctoracemization
of 1,1’-binaphthyl in tetrahydrofuran at 0 °C 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 passed through a
UV-39 filter (A >365 nm) or in the dark at 0 °C. This
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Figure .1. Photoracemization of 1,1'-binaphthyl (2.0 X 10 2M) in
tetrahydrofuranwith light passed through (O) UV-31 (X >270 nm), (3)
UV-35 (X >330 nm), and (*) UV-39 (X >365 nm) filters at 0 °C.

Figure 2. Photosensitized racemization of 1,1'-binaphthyl (3.2 X 102
M) in tetrahydrofuran at 0 °C in the presence of benzophenone (1.2
X 10 3M) with a mercury line of 366 nm.

Figure 3. Temperature dependence of the rate of photoracemization
of 1,1'-binaphthyl (2.1 X 102 M) in tetrahydrofuran.

result shows that I, T-binaphthyl inverts to its enantiomer
in its photoexcited state. In the above experiments the
concentration of l.I'-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 of the addition of several triplet
sensitizers or quenchers on the racemization rate were
examined.1l A sensitizing experiment with a mercury line
of 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
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Figure 4. Triplet-triplet absorption spectrum of 1,1'-binaphthyl (a) at
25 °C taken at 2 ns after the pulse and (b) at -196 °C taken at 14
ms after the pulse in the laser photolysis of 2—methy|tetrahydrofuran
solution containing 3.9 X 1CT2M 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.2

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
103M \ This value suggests a lifetime for the intermediate
longer than 0.4 /i;s, which is much longer than the
fluorescence lifetime. The effects of these additives prove
unambiguously that racemization occurs in the triplet state
of I,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 I, T-binaphthyl; it increased with an
increase of the concentration of I,I'-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 I, T-binaphthyl is a
very efficient reaction.

(i) 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 I,I'-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 1M benzophenone. The
spectrum is the same as that observed by pulse radiolysis
and ascribed to the T-T absorption of I.I'-binaphthyl by
Kira et al.22 In our system benzophenone is added as an
energy absorber, since I.I'-binaphthyl has no absorption
at the wavelength of a ruby laser pulse of 347 nm. The
concentration of I,I'-binaphthyl is so adjusted that the
energy absorbed by benzophenone is effectively transfered
to L.I'-binaphthyl (at 2 s after the pulse the T-T ab-
sorption of benzophenone was not detected).
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Figure 5. Triplet-triplet absorption spectrum of 1,1'-binaphthyl at —150
°C taken at (—) 10, (- - -) 30, and (- - -) 60 us after the pulse in the

laser photolysis of the 2-methyltetrahydrcfuran solution containing 7.9
X 1072 M 1,1'-binaphthyl and 1.9 X 10 M benzophenone.
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Figure 6. Oscillograms at (a) 530, (b) 417, and (c) 600 nm at —150
°C in the laser photolysis of 2-methyltetrahydrofuran solution containing
7.9 X 1072 M 1,1'-binaphthyl and 1.9 X 10~ M benzophenone.

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 1,1’-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 racemizazion reaction.

The T-T absorption spectrum of 1,1’-binaphthyl 14 ms
after the pulse at —196 °C in 2-methyltetrahydrofuran is
shown in Figure 4b. A high concentration of 1,1’-bi-
naphthyl is also adopted so that 1,1’-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-C bond is inhibited at
—-196 °C 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 °C, 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 1,1’-binaphthyl at —150 °C in the
microsecond region. The absorption around 420 nm (which
is attributable to the triplet state of 1,1’-binaphthyl in an
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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-methyltetrahydrofuran
solution containing 7.9 X 102 M 1,1-binaphthyl and 1.9.X 10° M
benzophenone.

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 us. 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 °C.

In 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 1,1’-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 1,1’-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 10* s%. The rate cf formation at
600 nm obtained was 1.0 X 10" s”'. 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 °C, 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
1,1’-binaphthyl in this temperature region. Below ~160
°C the spectrum change due to rotation as well as race-
mization was not observed.

Discussion

Two mechanisms, vibrational “hot” ground state and
excited singlet state mechanisms, have been proposed for
photoracemization of biphenyl derivatives by Mislow? and
Zimmerman. Mislow et al. interpreted the photo-
racemization of 1,11-dimethyldibenzo[a,c][1,3]cyclo-
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
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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/- dxethylblphenyl As a possible explanatlon of
the reaction, Zimmerman et al. also proposed a mechanism
involving revérsible benzvalene formation.

None of these mechanisms is applicable to the race-
mization reaction of 1,1-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 reméve the possibility of a

; smglet excited state being responsible for racemization.
" It 4s’ not necessary to consider the benzvalene-like
" mechanism for this compound, since no side reaction was
detectea with the experimental conditions used.

" 'The quenching and sensitizing experiments prove clearly
that racemization occurs in the triplet excited state of
1,;1’-binaphthyl.

Post et al.? have proposed a coplanar conformation for
the excited singlet state of 1,1’-binaphthyl. They regarded
this as due to the large difference of S, «<— S; 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.>!*

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—C 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 6 of the ground state to the
angle of fg 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 energy for the rotation obtained
from the laser experiment is attributable to the difference
between the activation energy of the 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.'® 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 1,1’-binaphthyl has to
overeome the barrier at the angle of 0° due to steric
hindrance of hydrogens at the 2 and 8 positions in the
coplanar conformation. The barrier in the ground state
is reported as ~22 kcal/mol.”® 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 after intersystem crossing may contribute to
the photoracemizition rate. Hoewever, it is certain that the
barrier in the triplet excited state is much smaller than
the ground state. The smaller value is an unexpected
result, since the higher bond order in the excited state
causes a smaller bond distance and glves rise to large steric
hindrance. The low barrier obsetved in the triplet state
suggests that the electronic stabilization energy gamed as
a result of the interaction of the-two naphthyl rings is
superior to steric hindrance.
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Radiation induced racemization of 1,1’-binaphthyl has been studied in tetrahydrofuran and toluene. The effect ..
of additives proved that the racemization reaction in tetrahydrofuran occurs mainly in a radical anien state
of 1,1’-binaphthyl, while in toluene the reaction occurs mainly in the triplet excited state. The low activation
energies of the reaction in both solvents, 1.1 kcal/mol in tetrahydrofuran and 1.9 kcal/mol in toluens, 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 beth solvents clearly
indicates a chain reaction with chain carriers of the radical anion state in tetrahydrofuran and the 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
photoillumination® as well as radiation® 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.!

Cis—trans isomerization of diastergomers has been
thoroughly studied from the kinetic view point and from
the electronic structure of the intermediate state." The
xsomerlzatlon, for example, cis—trans fsomerization of
stilbene, 1s now well known to be induced by photoillu-
minatior, by radlatlon, and also by alkali metal reduction
of it to a radical anion.® The study of isomerization of
enantiomers, however, is limited to a few cases, such as
biphenyl derivatives*® or sulfoxides,’ 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 paper® we described the photoracemization
process of 1,1’-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 1,1’-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

1,1’-Binaphthyl was resolved by the same method as
before.! The optical activity thus obtained gave an [a]*D
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. 8 Each sample was degassed by a
freeze—thaw cycle in vacuo at less than 10 mmHg.

~v-Irradiation was carried out by %Co 7y rays with a dose
rate of 9.2 X 10° rads/h. The reaction was followed by
measuring [«]®D with an Hitachi polarimeter (Type

PO-B). The absorption spectra of the y-irradiated samples

were measured with a conventional recording spectrometer
(Hitachi EPS-3T). The temperature of the samples was
controlled by the use of approprlate cooling solvents and
thermocouples. ,

The transient absorptxon spectra of the 1rrad1ated
samples were measured by a pulse radiolysis apparatus as
described previously.’

Results and Discussion

(i) Racemization in Solutions. Figure 1 shows the
dependence of the rate of racemization of 1,1’-binaphthyl
induced by + irradiation of solvents at 0 °C. +y-Irradiation
of solutions of 1,1’-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 procuct of 1,1’-bi-
naphthyl was not detected either in tetrahydrofuran or in
toluene by gas chromatography even after 80% conversion.
The concentration of 1,1’-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 intraannular 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 1,1’-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, respectlvely The absence of the ra-
cemization reaction in methylene chlorid= also indicates
that the neutralization process of the radical cation of
1,1-binaphthyl with negative entities, presumably CI", does
not lead to the formation of the triplet excited state of
1,1’-binaphthyl, since the formation of the triplet excxted
state was proved to result in the racemization reaction.?

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 of 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 103
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,
mole%

Figure 2. Effect of the addition of methylene chloride on the rate of
racemization of 1,1'-binaphthyl (8.0 X 1CT3M) in () tetrahydrofuran

and (O) toluene irradiated to a dose of 1.4 X 106rads with a dose rate
of 9.2 X 105rads/h at 0 °C.

Figure 3. Dependence of 1/(Ge+ GT- G) on the concentration of
added methylene chloride in tetrahydrofuran at 0 °C. G and (Ge +
Gt) are G values for racemization in the presence and absence of
methylene chloride, respectively. cQOand 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 I,I'-binaphthyl.

The racemization, however, was not completely inhibited
even when the concentration of methylene chloride was
increased to 30vol %, where almost all of the radical anion
is considered to be quenched. This suggests the contri-
bution of another intermediate in the racemization re-
action, presumably the triplet excited state. To estimate
the contribution quantitatively, the value of I/(Ge+ GT
- Q) is plotted as a function of concentration of methylene
chloride in Figure 3 following eq 2. G expresses the G
value of racemization in the presence of methylene
chloride. Geand 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.
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Figure 4. Effect of additives on the rate of radiation induced racemization
of 1,1'-binaphthyl (8.0 X 10 I3M) 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“3m.

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 Ker + G, (1)
keU+ kg [CH2C12]
G, . &R
=1+ (2)

G, 4 Gt —G kg[CH2C12]

keRand kqare 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 Gcof 1.2. GT value is obtained to be 0.15
by the subtraction of Gefrom 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.1l

The temperature dependences of 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“3M) in (+) tetrahydrofuran
and (O) toluene solutions at 0 °C.

Figure 7. Transient absorption spectra of 1,1'-binaphthyl at room
temperature taken at 2 ns 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
of 1.9 kcal/mol is the same as the value observed for
photoracemization in toluene, in which the triplet excited
state of I, 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 of I,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.

(i)  Spectroscopic Study. The formation of the radical

anion of IT'-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
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Figure 8 Absorption spectra of 2-methyltetrahydrofuran solution
containing 5 X 102M 1,1'-binaphthyl at (A ,------- )77 and (B, — ) 100
K irradiated to a dose of 1.9 X 10Drads at 77 K. The radical anion
of 1,1'-binaphthy| obtained by sodium reduction (— ) is also shown.

tetrahydrofuran is similar to the spectrum of the radical
anion formed by sodium reduction of I,I'-binaphthyl and
is certainly attributable to the radical anion of |, T-bi-
naphthyl. It decayed following second-order decay Kki-
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
I.I'-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 104s'l

In the above experiments the spectrum of the radical
anion or triplet-triplet absorption indicates that the
naphthyl ring of I,I'-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 I, 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 I,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(T3M of optically
active |, T-binaphthyl were irradiated at 77 K to a dose
of 1.5 X 106rads. 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
I, 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 I,I'-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-- (4)
(S-BN + S-BN’-)

R-BN"- - S-BN*“- (5)
(S-BN"- - R-BN'-)

S-BN m+ R-BN -+ S-BN + R-BN*- (6)
(R-BN-- + S-BN »» R-BN + S-BN'-)

R-BN m+ (+)-* R-BN 7
(S-BN-- + (+)-+ S-BN)

R-BN + S* - 3R-BN* (8)
(S-BN + S* - 35-BN*)

R-BN* - 35-BN* 0)
(3S-BN* - 3R-BN¥*)

3S-BN* + R-BN -» S-BN + 3R-BN (10)
(R-BN* + S-BN - R-BN + 35-BN¥*)

R-BN* - R-BN (11)

(35-BN* - S-BN)

where S, e, and (+) are solvent, electron, and positive
charge, respectively. R-BN and S-BN indicate the two
enantiomers of I, T-binaphthyl. By repetition of processes
5 and 6 in the case of the radical anion, and reactions 9
and 10 in the case of the triplet excited state, the yield of
racemization is considered to increase.
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Figure 9. Dependence of Gvalue of the racemization of 1,1'-binaphthyl
on the concentration of 1,1'-binaphthyl in (A, ¢) tetrahydrofuran and
(B, O) toluene at 0 °C. o

The chain reaction through radical anion state is re-
ported for stilbene, in which a very high G valtJe of.210
issobtained.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 atriplet 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 of 1,1',-binaphthyl
is, as far as the authors know, the first example of a chain
reaction with a carrier of the triplet excited ;tate.
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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 nm) 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 being several fold higher at.the higher temperature.

Introduction - .
Merctry photosensitized production of:trapped radicals
in 3-methylpentane {3MP) glass at 77 K by 254-nm light
is accompanied by the prodyttion of one or more Hg-
containing intermediates which can be photolytically
decomposed by othét wavelengths in the 200-300-nm

range, regenerating Hg and making possible the production |

of several radicals per Hg atom.> The radicals must be
present in the regians of the parent Hgratoms and their
spacing and probability of reacting with.each other and
with Hg or an intermediate must depend on the extent of
diffusion between successive photon absorptions. In the
work of the present paper we have investigated the effects
on the radical production rate of changing the interval
between photon 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
200-300-nm region as a result of the photosensitization
process. New evidence on the rate of- 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 concentratior. 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 10> M! ecm™ 2 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 A\, at 77 K, the Hg concen-
trations in the solutions obtained by quenching from 55
°C varied from 2.7 X 10 to 26 X 10 M with an average
of 11.6 X 10® M and an average deviation of £4.6 X 10
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 and if the cooling is done by sudden exposure to
<«60 K i a 3-mm i.d. 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 K* while slowly
introducing the sample into the cold He gas flow from the
variable 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
hasten its approach to the annealed condition® and to
reduce its light transmission. Spectrophotometric mea-
gurements are precluded at temperatures much less than
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 cm fused silica
sample cells in series to give a light path of 5 cm in the
liquid nitrogen cryostat described earlier.”> 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™ for
the Hanovia lamp and 35.5 mW cm™ for the AH4.

ESR Measurements. ESR measurements were made at
77 K with the sample under liquid N, 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-111 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.

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



978

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 3MP-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 of 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,
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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-nrit 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 of réf 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 of the sample of Figure 2, the dif-
ference spectra of Figure 3 are obtained. In addition to
the peak in the region of 225-245 nm, these show a peak
with Anaxin the 215-220-nm region. The accuracy of the
subtractions in this steeply rising region of 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 0f0.17 gof K1/2100 mL of HD) 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
of broad band light from the AH4 medium pressure Hg
lamp, respectively. Within the error of measuring the
initial slopes, the initial rates of 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 3MP-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; A, sample
at side of spiral, 3.7 mW 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-nm 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 3MP-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 of ~4. With the
AH4 lamp an increase in intensity to 100 mW after 100
min illumination at 20 mW (full spectrum of 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 of 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 Yy irradiation of 3MP, do
not show the unusual temperature dependence of the ESR
signal intensity.

Radical Decay Rates. Periodic measurement over 1 h
of 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“l, 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,6gas,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 of the plausible products (HgH, HgH2
HgC6H 13 Hg(CeH 132 HHgCeH13 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,8 we have found, as in the earlier
work,2no ESR signal assignable to a paramagnetic Hg
species (e.g., HgH or HgC6H 13 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
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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 of 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 of the geometry of 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* + C6Hi4 *m 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 of the extinction coefficient
and the quantum yield («>) is muchjower than that for
the initial removal of 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 of 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

Hg- y Hg* @)
254 nm

Hg* + RH -> HHgR (2)

HHgR ~ HgR + H* 3)

H* + RHAR+H2 (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

HgR—>HgR* (5)
decomposes to a radical and Hg (reaction 6), leaving HHgR
+RH>rHHgR + R-
HgR* (6)
NiHg + 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 from further substantial participation in radical
production by areaction which competes with the (5)-(6)
sequence, such as

HgR + R -» HgR2 )

the product of which has a negligible e$ value at 254 nm
relative to the (1)—4) and (5)-(6) sequences. At low light
intensities the probability of photon absorption by HgR
.before occurrence ofreaction 7 is low, resulting in a low
R*/Hg ratio. W ith increasing light intensity the R-/Hg
ratio goes up but at arate thatis less than proportional
to the intensity because the lifetime of HgR relative to
reaction 7 decreases with the increasing concentration of
radicals in proximity to the HgR.

To account for the continued growth of radicals with
200-300-nm lightin contrast to the steady state plateau
with monochromatic 254-nm light, the species we have
designated as HgR2must absorb and undergo photode-
composition (reaction 8) sufficiently at wavelengths within

HgR2”~ Hg + R2or HgR + R (8)

the broad band ofexciting light to regenerate Hg or HgR
which Can then generate more radicals.

The properties ascribed above to HgR and HgRg are
consistentwith the observation (Figure 6) that a ninefold
increase in 254-nm light intensity after the steady state
plateau has been reached causes a very small change in the
steady state radical concentration compared to the .dif-
ference in the plateau concentrations for two separate
samples illuminated throughout with the two different
intensities (Figure 4). The smallness of the change, is
predictable if, as assumed, the plateau is reached when
most ofthe Hg has been converted to HgR2and the latter
does not absorb significantly at 254 nm. The data of
Figure 5 showing relative rates of growth of radical con-
centration with different intensities of AH4 illum ination
can also be correlated with the postulated properties of
the reaction intermediates.

Temperature Effects. AS noted in the Results section,
the rates of radical production at 5 and 23 K (and probably
also 58 K) are indistinguishable after the measured ap-
parent fates are adjusted for the unique temperature
sensitivity of the ESR detection of radicals produced by
the Hg photosensitization. The apparent large increase
in rate of production from 58 to 77 K (Figure 7) cannot,
however, be due to the type of temperature sensitivity
illustrated in Figure 8, because this does not persist above
~50 K. The 58-77 K increase may result, in whole or in
part, from a difference in the effective light intensity
entering the sample at 77 K, where the 3MP glass is
uncracked, as compared to lower temperatures where it
is always cracked. It is plausible, however, that at least
partofthe effect may be the result of changes in the m atrix
properties. At temperatures below 77 K (which is ap-
proximately the glass transition temperature) the energy
transfer characteristics of the matrix may be such that
HHgR which has absorbed a photon is stabilized, rather
than dissociating by reaction 3, or that the probability of
HgR from reaction 3 combining promptly with the
geminate R from reaction 4 is significant.

Another effect reducing the growth rate of radicals at
temperatures below 77 K may be the increased probability
ofradical-radical reactions (reactions 9a and 9b) because
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C6Hj3 + C6H « ~ C 12H®B (9a)
U c6HR2+ CeH14 (9b)

the radicals successively produced from a single Hg atom
are in closer proximity as a result of slower diffusion of
the Hg, HgH, and HHgR between successive photon
absorptions.

Other Considerations. It has been estimatedzthat for
3MP-Hg samples saturated at 25 °C and quenched to 77
K, followed by irradiation in the center ofthe Vycor spiral,
the ratio oftrapped radicals at the plateau to Hg atoms
initially presentis 3, and thatin similar samples with AH4
lamp illumination the ratio was still growing when ||
radicals had been produced per Hg atom. If these were
produced from adjacent molecules by immobile Hg atoms,
they would be rapidly removed by radical-radical com-
bination. It may be estimated that an Hg atom in 3MP
glass at 77 K undergoes an average diffusive displacement
of ~0.07 A s', which is sufficient to provide severaltens
of angstroms separation between the sites of formation of
radicals produced on the time scales of Figures 4-7.

The decay kinetics of3-methylpentyl radicals produced
by y irradiation of 3MP at 77 K have been reported
earlierlDand used to estimate the diffusion coefficients at
77and 87 R. Photon absorption by radicals in *-irradiated
hydrocarbon glassesi1 has been shown to facilitate removal
of part of the intraspur radical population.

HgH formed by reaction 10 has been observed as a

Hg* + RH-> HgH + R (10)

transitory intermediate in gas phase reactions of alkanes
photosensitized by Hg.12 However, the absence of sig-
nificant growth in radical concentration in 3MP glass at
77 K during the short time required for the Hg to be
removed rules out this reaction as an im portant contributor
to the Hg-sensitized production of radicals. If it occurs,
it must be followed prom ptly by combination ofthe HgH
with the R to form HHgR.
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Apparent molar volumes, 4, at various concentrations in water at 25 °C of some cyclic bifunctional amines
[morpholine, 4-methylmorpholine, piperazine, 1-methylpiperazine, 1,4-dimethylpiperazine, 1,4-diazabicyclo-
[2.2.2]octane (triethylenediamine)] and their mono- and dihydrochlorides have been determined. The volume
changes AV,0and AV?2°, involved in the first and second proton ionizations from the protonated amines, have
been calculated from the limiting partial molar volumes V2°. Furthermore, the volumes of ionization for the
bifunctional cyclic amines have been compared with those for the monofunctional amines and the relationship
between entropies and volumes of ionization has been examined.

Introduction

Volume changes, AV°, in the proton ionization process
of amines in aqueous solution have become the subject of
considerable attention because such data can provide
information on solute-solvent interactions.28 However,
compared with enthalpies and entropies of ionizationgis
much less is known about AV®.

This led us to commence studies on the infuence of
substituents on AV°® of some polyfunctional organic
compounds containing nitrogen, varying in the number and
type of radicals attached to the nitrogen atom. In this
work, we report data for certain secondary and tertiary
bifunctional cyclic amines, for which we have already
reported data for transfer properties from the gaseous state
to dilute aqueous solution11and heat capacity changes for
proton ionization.1213

The volume changes, AV°, for proton ionization have
been calculated from the limiting partial molar volumes
(V2) ofthe species involved in the reaction. V2° values
have been obtained from density measurements of aqueous
solutions ofthe amine, ofthe monohydrochloride, and of
the dihydrochloride as a function of concentration.

Experimental Section

Materials. The amines examined [morpholine, 4-
methylmorpholine, piperazine, 1-methylpiperazine, 1,4-
dimethylpiperazine, and l,4-diazabicyclo[2.2.2]octane
(triethylenediamine)] were available commercially. All
liquids have been purified by fractional distillation at
atmospheric pressure after prolonged refluxing on metallic
sodium. Piperazine (mp 110 °C) was purified by zone
melting; triethylenediamine was sublimed twice under
vacuum. The purity of these compounds, as examined by
GLC, was found to be >99.5%.

Stock solutions of the mono- and dihydrochlorides of
the amines were prepared, immediately prior to mea-
surements, by addition of a stoichiometric quantity of
amine to a standardized HC1 solution. In the case of
piperazine dihydrochloride, a commercial sample was used
also. It was purified by recrystallization from ethanol and
water (mp 320 °C). No appreciable difference was ob-
served between the results obtained from the commercial
solid sample and the prepared stock salt solution. The
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water used in all the experiments was first deionized and
then distilled from an alkaline KM n04solution.

Apparatus and Measurements. A differential hyd-
rostatic balance, capable of a precision of 1 ppm, was used
for the density measurements. The details ofthe method
have been described earlier.s The solutions to be studied
were prepared by successive additions of a weighed
quantity of amine (B), or of stock solution of mono-
hydrochloride (B-HC1), or of dihydrochloride (B-2HC1) of
the amine to a known quantity of water.

In each case, the observed apparent molar volume
($vaBd) was calculated from

d \1000

(]) obsd :
d° de 7 ¢ )

where m is the formula weight of the solute, cits molar
concentration, and d° and d are the density of water and
of solution, respectively.

Treatment of Data

From the $vabsd values obtained by using eq 1, the
apparentmolar volume $\(I) ofthe species | (I = B, B-HC1,
B-2HC1) has been calculated by applying corrections for
hydrolysis (a), for acidic dissociation (b and c), and for
disproportionation (d).

B + H2 i1 BH++ OH' (a)
BH+” B + H+ (b)
BH,2+"BH++H + (e)
BH+~ /2B + '[2BH2* (d)

The values of #&\(I) are related to $vob(l) by the fol-
lowing general equation:

A1) = $vobsd(l) - AV (2)

where a is the degree of dissociation of species I, which
is involved in processes a, b, ¢, or d, and Av is the cor-
responding reaction volume.

In Figure 1 are reported a valuesissfor processes a, b,
and cvs. pk values for the corresponding processes at the
initial concentration ¢® = 0.01 M. Examination of Figure
1 shows that for the hydrochlorides of the monoamines
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0.2+

0.1+

process (b)|
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Figure 1. A correlation of « vs. pK for ¢’ =0.01molL". The pK
range for processes a, b, and ¢ for the amines studied here is indicated.

studied, the degree of dissociation is always negligible («
<0.002). Consequently, ®,(B-HC]) is practically equal to
®,°>d and can be calculated directly from eq 1. For
aqueous solutions of amines or diamine dihydrochlorides,
however, « is nonnegligible and, hence, corrections must
be agg)lied to obtain &, values for B and B-2HCI. A plot
of a'*° vs. pK for process d is shown in Figure 2. Although
the degree of disproportionation is small (@ < 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

®y(B) = {0,°>4(B) - a[P,(BH'OH")
- VA(H,0)}/(1 - @) (3)

has already been described.!* V°(H,0) is the molar volume
of liquid water.

For process ¢, which must be considered in the case of
solutions containing the diamine and hydrochloric acid in
the ratio 1:2, the corrected ®, values have been calculated
by
&, (B-2HCl) = {®,°sd(B-2HCI) — a[P,(B-HCI)

+ ¢, (HCH]}H/(1 - a) (4)

For process d, the corrected &, values are given by
@, (B-HCl) = {$,o0d(B-HCI) — a/2| 0, (B)

+ &, (B-2HCI)]}/(1 - @) (5)

From eq 3-5, it is evident that the calculation of ®, of
a diamine (B) or of its salts (B-HCI or B-2HC]) entails a
knowledge of ®, of the other species present in solution.
Experimental ®,°* 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) (I = B, B-HCI, B-2HCI). 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

983

T 2 3 a

1/2 (pK,-pK,)

Figure 2. A correlation of « vs. 1/z(pK 1 - PK»). The pKrange, covered
by the amines examined, is indicated.

the molal activity coefficients calculated from the De-
bye-Hiickel limiting 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 AV as we!l as of « (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 mol .

The corrected ®, values, obtained via eq 3-5, were fitted
to an equation of the type

®,=V,"+ S,c'2 + he (6)

which is the Redlich-Meyer equation for electrolytes,'®
where S, = 1.868 and 9.706 mL L2 mol™/2 for 1:1 and 1:2
electrolytes, respectively, at 25 °C. In the case of amines,
S, = 0. V,° is the partial molar volume at infinite dilution
and h is an empirical constant determined from experi-
mental results. c is the actual molar concentration of the
solute relaged to the stoichiometric concentration c® by ¢
=(1-a)c".

As an example, in Figure 3 are reported &, 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 alternative®” ™ 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 d° is the density of the alkaline solu-
tion;>'™® a relationship based on Young’s rule!® 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 V,° values of some ni-
trogen containing compounds in water and in aqueous
alkaline solutions. That the V,° 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 ..

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

The Journal of Physical Chemistry, Vol. 81, No. 10, 1977
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TABLE.l: Comparison between the Values of V2° for
Nitrogen Bases Obtained from Measurements in Water or
in Aqueous Alkaline Solutions at 25 “C

V o
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 1reported earlier (ref 14)
is incorrect due to a typographical error.

negligible, asis seen from the close agreement of our results
with those of others (cf. Table Il). By using.the values
of vzo reported in Tables Il and Ill, and the value of
V2°(HC1) = 17.83 mL moLaiat 25 °C,8the volume changes
in proton ionization have been calculated as follows:

AV,° = F2°(B) + V2°(HC1) - TV(B-HCI) (7).

AV2°= V2°(B HC1) + y2°(HCI) - F2°(B-2HC1) (8)

The results are summarized in Table iV together with
the values of the thermodynamic functions pk, AH°, and
As- for proton ionization. To facilitate comparison, data
for related compounds have been included in the table.
The results are interpreted in terms of (1) introduction of
amethylgroup on the nitrogen atom of acyclic amine and
(2) introduction of apolar centerin a cyclic monofunctional
amine.

Introduction of aMethyl Group on the Nitrogen Atom.
All secondary amines considered in Table IV have an
almost constantvalue for AS10 = -8.5 = 1.5 cal mol' 1deg'],
which is considerably less negative than that for the
corresponding tertiary V-methylated amines (ASi° = -15.4
+ 2 calmol«adeg'). This substantial difference in entropy
on going from the secondary to the tertiary amine is ac-
companied by a decrease in basicity of the order of one
pk unitand a decrease in AHf 3 kcalmol‘l AlV,
however, remains practically unaffected on the.intro-
duction of amethyl group on the nitrogen atom of a cyclic
secondary amine. This trend is similar to that shown by

Cabani et al.

c, mol L-1
Figure 3. Apparent molar volumes of (A) triethylenediamine, (B) tri-
ethylenediamine monohydrochloride, (C) triethylenediamine dihydro-
chloride in agueous 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, <v= V2 + he, of Bifunctional Cyclic Amines in Water at 25 °Ca

No. of Concn range,
Substance expt M

Morpholine 23 0.03-1.03
4-Methylmorpholine 12 0.02-1.08
Piperazine 14 0.03-0.72
1-Methylpiperazine 18 0.03-0.91
1,4-Dimethylpiperazine 21 0.03-0.84
Triethylenediamine 25 0.02-0.95

0.03-0.38

“ The reported uncertainties are standard deviations.
ments in 0.011 N NaOH solutions.
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b From measurements in 0.1 N NaOH solutions.

VZ, mL moT1 h, mL L mol"2 Ref
82.56 + 0.03 -0.54 +£0.05 This work
82.54b -0.478 18
82.7 21

101.28 + 0.03 -1.22 £0.06 This work
83.53 £ 0.03 -0.93 £0.07 This work
83.31b -1.01 18

102.30 £ 0.03 -1.95 £0.05 This work

121.00 £ 0.02 -2.91 £0.05 This work

105.93 + 0.02 -1.80 £0.05 This work

105.7 £ 0.1c -1.5 19

¢ From measure-
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TABLE 111
No. of Concn range,
Substance expt M

Morpholine 18 0.01-0.79
hydrochloride

4-Methylmorpholine 17 0.01-0.67
hydrochloride

Piperazine 12 0.01-0.27
hydrochloride

1-Methylpiperazine 10 0.02-0.51
hydrochloride

1,4-Dimethylpiperazine 12 0.01-0.43
hydrochloride

Triethylenediamine 15 0.01-0.61
hydrochloride 0.03-0.29

Piperazine 15 0.02-0.22
dihydrochloride

1-Methylpiperpzine 12 0.01-0.41
dihydrochloride

1,4-Dimethylpiperazine 13 0.01-0.40
dihydrochloride

Triethylenediamine_ * = 14 0.01-0,33

dihydrochloride

-, 985

Apparent Molar Volumes, tv= V2 + Svc 12 + he, of Bifunctional Cyclic Amine Salts in Water at 25 °Ca

V°, mL mobl h, mL L mol V; Ref
92.99 + 0.04 -0.17 £0.09 . This work
111.71 + 0.06 -0.53 £0.19 This work
95.12 + 0.06 -0.30 £0.44 This work
113.97 + 0.07 -0.86 + 0.25 This work
132.61 + 0.05 -1.15 £0.20 This work
116.97 + 0.06 -0.90 = 0.20 This work
117.03 + 0.06 -0.9 19
99.26 + 0.11 -4.05 = 0.96 This work
117.48 + 0.07 -3.63 +0.40 This work
135.76 £+ 0.09 -3.57 £0.45 This work
118.55 + 0.14 -4.01 +£0.75 This work

“ The Sv values are 1.868 and 9..706 mL L1 2mol 3 2for mono- and dihydrochloride salts, respectively.“5 The reported

uncertainties are standard deviations.

TABLE 1V: Thermodynamic Parameters for lonization of Selected Cyclic Amines in Water at 25 °Ca

y BlWH* BHr7"(F

A BH+- B+ H4 -
as;,
AV , AW, AH°, cal aVz,
AllN\ cal mol 1 mL kcal mol"1l mL
Substance PK, kcal mol"* deg"l mol™ PK, mol"1 deg"l ; mol"l
Morpholine 8.49 9.33 -7.6 7.4
4-Methylmorpholine *-  7.73 6.56 -13.6 7.4
Piperazine Iv. 9.73 10.25 -10.1 6.2 6.33 7.43 0.5 13.7
1-Methylpiperazine 9.10 8.40 -13.5 6.2 4.94 4.00 4 -9.2 14.3
1,4-Dimethylpiperazine 8.23 6.66 -15.4 6.2 4.18 3.96? 1 -5.8 '14.7
Triethylenediamine 8.82 7.21 -16.2 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 -17.5 4.5
Piperidine 11.12 12.76 -8.1 3.2
1-Methylpiperidine 4 10,08 9.44 -14.4 2.9

a pK, AH®, and AS° values were taken from ref 22 (morpholine, piperazine), ref 23 (4-methylmorpholine in 0.5 M KNO03;
avalue of pKt= 7.41 at m= 0 Was reported in ref 24), ref 25 (1-methylpiperazine, 1,4-dimethylpiperazine in 0.1 N KN 03),
ref 26 (pyrrolidine, piperidine, first ionization of triethylenediamine), ref 27 (second ionization of triethylenediamine at
For pyrrolidine, 1-methylpyrrolidine, piperidine, 1-methyl-

M= 0.1), ref 28 (1-methylpyrrolidine, 1-methylpiperidine).
piperidine the AV ° values were' taken from ref 29.

the aliphatic methylamine series.2o

The observed variation in ASi® on increasing the
number of methyl groups on the nitrogen atom (primary
— secondary —tertiary),3according to the model pro-
posed by Trotman-Dickenson,ais due to the different
number of molecules of hydration attached to the charged
nitrogen center. Since water bound to a charged center
has presumably a different volume than that of bulk water,
avariation in AVV would be expected on going from the
secondary to the tertiary iV-methylated amines. In order
to rationalize the lack of variation in AV,°, the following
compensation phenomenon is proposed: the difference in
the contribution to v2 ofthe methyl group in aneutral
molecule and in the cation acid is equal to the difference
in the contribution of a hydrogen atom attached to a
neutral nitrogen atom and one bound to a charged nitrogen
center.

An indirect confirmation ofthis hypothesis is furnished
by the practically identical estimated values ofthe above
differences. On the basis of intrinsic volumes reported by
Edward,the difference in volume ofa hydrogen atom on
N and N +centers, V2°(HN) - ?2°(HNY) = 44 mL mol1z
is predominantly attributed to the fact that the volume
ofthe bulk water is larger than the volume ofthe water

attached to a charged nitrogen center. On the contrary,
the volume difference of a methyl group on N and N+
centers, V2°(MeN) - V2°(MeNt) = 45 mL mol'13is due
mainly to intrinsic effects, although effects associated with
changes in the arrangement of water molecules around the
methyl group might also be taken into consideration.337'3
Unfortunately, the lack of data on the intrinsic volume of
amethylgroup bound to a charged nitrogen atom does not
enable us to estimate the difference in volume of water
molecules in the neighborhood of a methyl group, ac-
cording to whether the nitrogen is charged or not.
Comparison between Cyclic Monofunctional and Cyclic
Bifunctional Amines. The data in Table IV show thatthe
introduction of a second polar group in a cyclic amine
causes an increase in AV*0. The greater the decrease in
basicity caused by the presence of the hydrophilic group,
the larger the increase in AW (cf. pKjand AW, in the
series piperidine —»piperazine —»morpholine and 1-
methylpiperidine —»1-methylpiperazine -“m 4-methyl-
morpholine). AW shows a regular decrease which par-
allels the increase in AW - However, AS,0is almostin-
dependent ofthe nature ofthe second group introduced.
Some indirect evidence for the larger value of AW in
bifunctional amines, when compared with monofunctional

The Journal of Physical Chemistry, Voi. 31, No. 10, 1977
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TABLE V: Differences, 82, of Limiting Partial
Molar Volumes for Pairs of Molecules Differing
in One Heteroatom*

Sv2,

Process X mL mol'l
H CH 04
0 0 1.6
NH 1.0
C1 0 nch3 1.0
nhz 2.1
at CH 18 8
(@] 20 3
/I: 1 c1 NH 19.7
X NCH, 19.7
nhch3 20.9
t H ch?2 18.4
0 18.7
L L NH 18.8
X) XJ nch3 18.7

“ V2 values for tetrahydropyran, piperidine, 1-methyl-
piperidine, and 1,4-dioxane have been taken from ref 14.

amines, can be obtained by considering the volume change,
ev2, for the hypothetical process of the type:

©)

in which the.Y group, e.g., ethereal o, is substituted by
aZzZgroup, eg., NH; the X group in position 4 being CH2,
0, NH, NCHa, NH2t, or NHCH3. 5V2 is the formal
difference ofthe contributions ofZ and Y to vz, and the
changes in 5V2° on varying group X may be attributed to
the differentinteractions between the groups in positions
1 and 4.

In Table V are reported values ofsv2 for process 9 cited
above. The substitution of an ethereal oxygen by ani-
trogen center causes a greater change in sv ° in bifunc-
tional compounds than in monofunctional compounds (X
= CH2. This confirms earlier observations, based on other
thermodynamic properties1113 of neutral and charged
species, that there are interactions between the polar
centers in positions 1 and 4. These interactions produce
a smaller effect on volumetric changes in the neutral
molecule than in the charged species.

In orderto confirm thatthe 14 interaction is responsible
for the volume change, a comparison can be made between
the experimental partial molar volume, V2°, for the cyclic
bifunctional amine with the values, v2+, calculated from
the following equation:

+ k -k, 10
W o (10)

for which it is necessary to have a value for v of cy-
clohexane and for the cyclic hexatomic monofunctional
molecules. The values for V2 obtained from eq 10 are
partial molar volumes of bifunctional molecules, in which
it is hypothesized that there are no interactions between
polar groups X and Y.

From the data in Table VI, it is obvious that the ex-
perimental partial molar volumes differ, in all cases, from
the partial molar volumes calculated using the hypothesis
based on group additivity (eq 10). The experimental V2
values for the neutral molecules is larger than the cal-
culated v2 values, whereas the contrary holds true for the
cation acids. This implies that the increase in AVjo for
proton ionization in bifunctional molecules, with respect
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TABLE VI: Comparison between V° and V2* Values of
Bifunctional Cyclic Amines and Their Mono- and
Dihydrochlorides in Water at 25 °C

vZ2-

V 2,’ V * O V *’

mL mL mL
Substance mol'l mol'l mol'l
1,4-Dioxane 80.96 81.0 0.0
Morpholine 82.56 81.4 1.2
Morpholine-HCI 92.99 96.0 -3.0

4-Methylmorpholine
4-Methylmorpholine- HC1

101.28 99.8 15
111.71 1147 -3.0

Piperazine 83.53 81.8 1.8
Piperazine-HC1 95.12 96.4 -1.3
Piperazine-2HC1 99.26 1111 -11.8

102.30 100.2 2.1
11397 1148 -0.9
117.48 -429.8 -12.3

1-Methylpiperazine

1-Methylpiperazine- HC1
1-Methylpiperazine-2HC1
; 1,4-Dimethylpiperazine 121.00 118.6 2.4
,1,4-Dimethylpiperazine-HCI 132.61 1335 -0.9
V 1,4-Dimethylpiperazine-2HC1 135E76 148.5 -12.7

“ Valuesobtained using-eq 10. Cyclohexane has been
assigned a V2 .value of 102.5 mL mAhlobtained as an
average of (a) 103.1 mL mol"], 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'l, estimated from V2*_(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 monofunctional molecules, is due to the interaction
between the centers in 1,4 positions, in both the neutral
molecule and the cation acid. It is not possible, however,
to establish without a doubt if the deviations from the
additivity rule, caused by the interaction between the polar
centers, is greater in the neutral molecule or the cation
acid. Forexample, v ° - vz« for morpholine is less than
that for its corresponding' hydrochloride, whereas for
1,4-dimethylprperazine and its monohydrochloride the
opposite is true. This uncertainty may be attributed to
the ambiguity in the estimated value of vz for cyclo-
hexane.

Notwithstanding this uncertainty, the large deviations
from the additivity rule for the dications (v - v2= ~ -12
mL mol“]) indicate that it is the strong interactions be-
tween the positively charged nitrogen centers which lead
to the unusually high AV2°® values for the proton ionization
process represented by eq 8. The values of AV2° will be
discussed in greater detail in the following article.
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From density measurements (25 °C) of aqueous solutions at various concentrations of solute, apparent molar
volumes of some open-chain bifunctional amines, with the amine group being primary, secondary, and tertiary,
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-(dimethylamino)ethanol, 2-(diethylamino)ethanol, and their mono- and dihydrochlorides. AV, and AV2
for the first and second steps of proton ionization have been calculated from the limiting partial molar volumes.
AVV values of the above bifunctional amines are compared with the corresponding values for monofunctional
amines. The difference in AVj° caused by the introduction ofthe second hydrophilic center is discussed. The
volumes and entropies of ionization of the amines and carboxylic acids are compared and the deviations of
these functions from predictions based on simple electrostatic theories are considered.

Introduction

The earlier work2on the volumes of ionization of cyclic
bifunctional amines is here extended to some selected

ope

n-chain bifunctional amines. The compounds (2-

aminoethanol, 3-amino-1-propanol, 2-methoxyethylamine,

3-methoxy-l-propylamine, ethylenediamine, 1,3-di-

aminopropane,

2-(methylamino)ethanol, 2-(ethyl-

amino)ethanol, 2-(dimethylamino)ethanol, 2-(diethyl-
amino)ethanol) have been chosen with a view to varying
the amine from primary to secondary to tertiary, and to
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specifically examine the influence of an oxygen ether,
alcohol, and amine function on the volumetric properties
of amines and their corresponding hydrochlorides.

W hile values for thermodynamic parameters of ioni-
zation, AG°, AH -, and ASOQ, have been reportedafor the
above compounds, there are no corresponding AV° data,
except for ethylenediamine .45 In effect, AV° values are
available only for ammonia,e8 open-chain aliphatic
amines,4-9 and alicyclic amines.e10 This enables the ex-
amination of AV° as a function ofthe number of hydrogen
atoms attached to the nitrogen atom in monofunctional
amines. The bifunctional compounds studied here now
provide amore general picture of the ionization process.
In addition, the volumetric behavior of the diamines,
compared with that of the dicarboxylic acids, studied
recently by Hyiiland,nn enables us to examine the effect of
the nature ofthe charged center and the separation of two
charged centers on the volume of ionization.

Experimental Section

Materials. 2-Aminoethanol, 3-amino-l-propanol, 2-
methoxyethylamine, 3-methoxy-1-propylamine, ethyl-
enediamine, 1,3-diaminopropane, 2-(methylamino)ethanol,
2-(ethylamino)ethanol, 2-(dimethylamino)ethanol, and
2-(diethylamino)ethanol were all of the purest grade
(>99% purity) available commercially. The amino alcohols
were distilled from calcium hydride and the amino ethers
from metallic sodium, after refluxing for 48 h. Ethyl-
enediamine was refluxed over potassium hydroxide pellets
and the middle fraction obtained was redistilled. In all
cases, the middle fraction was retained after checking the
purity ofthe compounds, by GLC, to be better than 99.5%.
1,3-Diaminopropane was used without further purification.
Stock solutions ofthe mono- and dihydrochlorides of the
purified amines were prepared by the addition of the
amine to a standard HC1 solution. Deionized water was
used in all experiments.

Apparatus and Measurements. Densities of the
aqueous solutions of the amines and their salts were
measured by a hydrostatic differential balance, which has
been described earlier.2 The observed apparent molar
volume, $voBd, was calculated by
rij obsd _ d \1000
o > 4° 7 ¢ 1)
where m is the formula weight of the solute and d and d°
are the densities of solution and water, respectively. The
4vdsdvalues of the amines were corrected for hydrolysis,
those of the dihydrochlorides for ionization, and those of
the diamine monohydrochlorides for disproportionation
following the procedure described earlier.2 No correction
was found necessary for the hydrochloride of monoamines
studied here.

Results

Table | shows the limiting partial molar volumes, vz,
and the slope, n, of the straight line that represents the
concentration dependence of € which according to
Redlich and Meyeris

V- svcl/2= V2 + he (2)

Svis the theoretical limiting slope and is 0 for amines, 1.868
mL L72mol-32for monohydrochlorides, and 9.706 mL L 12
mol-3/2 for dihydrochlorides at 25 °C. The values of $v,
at concentrations ¢ of solute, have been obtained from
<vasd (eq 1) after the correction procedure described
earlierz2 has been applied.

Ofthe substances examined here, v ° values have been
reported only for 2-aminoethanol,14 ethylenediamine 515
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and for ethylenediamine and 1,3-diaminopropane di-
hydrochlorides.is These values are in good agreement w ith
values determined by us.

From vz values reported in Table I, volume changes
AVj' = y2*(B) + V2°(HC1) - V2°(B-HC1) and AV2 =
T2°(B-HC1) + V2°(HC1) - V2°(B-2HC1) have been cal-
culated for the following processes:

BH+A B + H+ @)
BH2+ABH ++H + (4)

The value of v assumed for HC1is 17.83 mL mol-1.17
The results obtained are reported in Tables Il and Ill, in
which are also reported data for some other amines241023
and the results of HOiland on monocarboxylicisand di-
carboxylic acids.11 AT!0, in the case of carboxylic acids,
represents the volume change in the proton ionization for
monocarboxylic acids:

AHAMNA+H + (5)

orin the first step of proton ionization for dicarboxylic
acids:

AH, it AH- + H+ (6)

and AVZ is the volume change for the second proton
ionization of dicarboxylic acids:

AH" A2+ H+ (7)

Tables Il and Il also report values for pk, AH°, and
As- for the above-mentioned processes (eq 3-7).

W ith the exception of A17° and AV 2 for ethylenedi-
amine by Lawrence and Conwaysand Kauzmann et al.,4
there are no other data available for comparison with the
compounds studied by us. The agreement ofour data with
the results of Lawrence and Conway is good, butthe values
differ considerably from those of Kauzmann et al., who
used a dilatom etric method.

Discussion

It is apparent from the results reported in Tables Il and
IE that AC,0 and AV2 for amines vary systematically with
the number and nature of the groups attached to the
nitrogen atom, thus enabling a correlation of structure with
volume of ionization. In particular, regular trends are
observed in proton ionization volumes, either when the
hydrocarbon chains are lengthened or when further hy-
drophilic centers are introduced in monofunctional
compounds. These salient features w ill be examined in
detail by considering carboxylic acids in conjunction with
amines. In this context, the difference in sign for A17°
and AV2° of amines and carboxylic acids calls for a
comment. Processes 3 and 4, which represent the ioni-
zation of amines, involve no change in the number ofions,
whereas in processes 5, 6, and 7, corresponding to the
ionization of carboxylic acids, there is an increase in the
number of charged species, which produces an electro-
strictive contraction in volume. However, the major point
of interestis neither the sign nor the magnitude of AV®,
butthe manner in which a change in structure, such as
chain lengthening or substituent effects, influences Av®
of amines and carboxylic acids.

When reporting Ave values for amines many
authorsaeg2s27 prefer to consider AV® for the process

B+ HX it BH++ OH" (8)

instead of process 3. However, in order to conform with
the usual reporting ofthermodynamic functions AG®°, AH®,
ASQ, and ACP? for amine ionization in the literature 3it
is rgore appropriate to report Ave values for processes 3
and 4.
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TABLE I: Apparent Molar Volumes, ®,= V,° + S,c¢!/? + hc, of Bifunctional Aliphatic Amines and Their Hydrochlorides

Salts in Water at 25 °C*@

No.of  Conen range, VAR h, mL L
Substance expt M mL mol™! mol~2

2- Aminoethanol 17 0.03-0.69 59.25 + 0.02 -0.03 + 0.06

58.8°
3-Amino-1-propanol 12 0.03-0.47 75.21 + 0.04 -0.16 + 0.11
2-Methoxyethylamine 9 0.04-0.48 79.59 + 0.03 -0.23 £ 0.10
3-Methoxy-1-propylamine 19 0.02-0.51 95.55 + 0.04 -0.59 + 0.15
Ethylenediamine 22 0.02-0.61 62.88 + 0.03 -0.13 + 0.07

63.1 + 0.4°¢

62.14
1,3-Diaminopropane 18 0.03-0.55 78.83 + 0.03 -0.49+ 0.12
2-(Methylamino Jethanol 12 0.04-0.56 77.07 =+ 0.02 -0.59+ 0.05
2-(Ethylamino )ethanol 11 0.04-0.52 92,91 = 0.02 -1.08 + 0,07
2-(Dimethylamino)ethanol 14 0.03-0.52 94.17 + 0.03 -1.10 = 0.08
2-(Diethylamino)ethanol 16 0.03-0.55 123.04 = 0.03 —1.88 + 0.08
2-Aminoethanol hydrochloride 18 0.01-0.54 70.90 + 0.05 -0.32 £ ).16
3-Amino-1-propanol hydrochloride 14 0.01-0.41 87.40 + 0.05 -0.38 + 1.22
2-Methoxyethylamine hydrochloride 13 0.02-0.47 91.50 + 0.04 -0.69 + ).16
3-Methoxy-1-propylamine hydrochloride 15 0.02-0.50 107.89 + 0.03 -1.07 £+ 3.12
Ethylenediamine hydrochloride 13 0.02-0.55 74.05 + 0.05 +0.30 + 0.17
1,3-Diaminopropane hydrochloride i) 0.02-0.54 91.09 + 0.07 +0.16 + 0.28
2-(Methylamino Jethanol hydrochloride 14 0.02-0.43 89.49 + 0.05 -0.38 + 0.17
2-(Ethylamino)ethanol hydrochloride 13 0.02-0.49 106.03 = 0.04 -1.05+ 0.16
2-(Dimethylamino Jethanol hydrochloride 18 0.02-0.46 106.97 + 0.04 -0.86 + 0.15
2-(Diethylamino )ethanol hydrochloride 12 0.02-0.40 137.96 + 0.04 —-2.12 £ 0.17
Ethylenediamine dihydrochloride 18 0.01-0.43¢ 79.77 + 0.08 -5.02 + 0.62

80.107 -5.5

81.04%
1,3-Diaminopropane dihydrochloride 15 0.02-0.41" 98.88 + 0.09 -5.70 + 1,00

99.587 -5.1

@ §, is the theoretical limiting slope taken from Redlich and Meyer (ref 13); S, = 0 for amines, 1.868 for monohydro-
chlorides, and 9.706 mL L-!/? mol™*/? for dihydrochlorides. The reported uncertainties are standard deviations. ? At 20
°C, ref 14. ¢ Reference 5. ¢ Reference 15. © The plot of (¢, — 9.706¢'/?) vs. ¢ has been found a straight line tp to ¢ =
0.25 M. T Reference 16. £ Calculated using the value of 94.8 mL L for V,° of ethylenediamine-2HBr (ref 5) and
V,°(Br ) - V,°(CI") = 6.88 (ref 17). " The plot of (¢, — 9.706¢'’?) vs. ¢ has been found a straight line up to ¢ = 0.15 M.

AV;° for Amines and Carboxylic Acids. Table II shows
that the AV;° values for compounds with a low number
of carbon atoms always decrease as the hydrocarbon chain
is lengthened. Moreover, the AV,° 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 AV,°® changes with chain lengthening, the
methylene contribution to the limiting partial molar
volume, V;°(CH,), 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, V,°, and calculated, V¥,
limiting partial molar volumes of compounds of the type
X—(CH,),-Y. The V,* values have been calculated from

V,*[X-(CH,),-Y] = V,°[X~(CH,),-H]
+ V,°[H-(CH,),-Y] - V,°[H-(CH,),-H]  (9)

These quantities are the imiting 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, V;°(CH,), for some species of the type
X~(CH,),-Y, where X, Y = H, COOH, COO", NH,, NH,*,
etc., and n is the number of methylene groups. Some
interesting facts emerge from these results. In neutral

compounds (e.g., n-alkylamines and carboxylic acids),
V,°(CH,), after an initial decrease, attains a constant value
(~16 mL mol™) 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 @8 position with respect to X. Also, in ac-
cordance with Sakurai et al.,'® when the group X is NH,",
V,°(CH,) diminishes with an increase in n; when, however,
X is COO', V,°(CHy) increases with increasing n. In both
cases, constant values of V,°(CH,) 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 AV,° 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 AV,° in the series formic acid — acetic acid
— propionic acid (see Table II) can be accounted for by
the opposite trend that V,°(CH,) contributions of the
neutral and anionic forms, respectively, show in going from
n =1ton =3. On the contrary, in the case of primary
monoamines the limiting value V,°(CH,) = 16 mL mol™*
is reached for both the neutral and acid species with the
same trend. As a consequence, the differences between
AV,° of ammonia and primary amines with a large number
of carbon atoms are much less than the differences found
between the AV,° 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 Il: Thermodynamic Parameters for lonization of Selected Amines and Carboxylic Acids in Water at 25 °Ca
AS.°,
AV,°, AH,°, cal mol"1
Substance mL mol"1 PK, kcal mol 1 deg"l
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-I-propanol 5.6 9.96 12.70 -3.0
2-Methoxyethylamine 5.9 9.39 12.08 -2.5
3-Methoxy-l-propylamine 55 10.01 12.84 -2.7
Ethylenediamine 6.7f 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
Diethylamine 2.8* 11.02 12.73 -7.7
Di-n-propylamine 2.2 11.00 13.17 -6.2
Di-n-butylamine 25 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 -15.3
Diethylmethylamine 1.8
Triethylamine o.v 10.72 10.32 -14.4
2-(Dimethylamino)ethanol 5.0 9.26 8.74 -13.1
2-(Diethylamino)ethanol 2.9 9.81 9.66 -12.5
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 -14.4
4-Methylmorpholine 7.4 7.73 6.56 -13.6
1,4-Dimethylpiperazine 6.2 8.23 6.66 -15.4
Triethylenediamine 6.8m 8.82 7.21 -16.2
Monocarboxylic Acids
Formic acid -8.4 3.75 -0.08 -17.4
Acetic acid -11.3 4.76 -0.02 -21.9
Propionic acid -13.3 4.88 -0.14 -22.8
n-Butanoic acid -13.9 4.82 -0.64 -24.2
n-Pentanoic acid -14.2
n-Hexanoic acid -14.2
Dicarboxyiic Acids
Oxalic acid -6.7 1.27 -1.02 -9.2
Malonic acid -10.1 2.85 0.02 -13.0
Succinic acid -12.9 4.21 0.76 -16.7
Glutaric acid -13.2 4.34 0.12 -20.3
Adipic acid -13.5 4.41 -0.30 -21.5
Pimelic acid -14.1 4.49 -0.30 -21.6

a The reported quantities refer to the following processes of protonic ionization: BH+it B + H+(amines), AH A
H+(monocarboxylic acids), AH2 AH'+ 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 pKu
iff,”, and AS,° values were taken: for amines from ref 3c, except for 2-methoxyethylamine and 3-methoxy-I-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 mol'l(ref 8). c¢ Other data reported: 3.9 mL mol'l(ref 6),
3.4 mL mol'l(ref 4), 41 mL mol"1l(ref 9). d Other datum reported: 3.1 mL mol'l(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
mol"1l(ref 6), 3.4 mL mol"1(ref 4), 3.9 mL mol"1(ref 9). h Other datum reported: 2.9 mL mol"1(ref 4). 1Other data
reported: 4.5 mL mol"1l(ref 6), 4.5 mL mol"1(ref 4), 5.0 mL mol"1(ref 9). JOther datum reported: -1.0 mL mol"1(ref
9). * Reference 4. 1Reference 4. m Other datum reported: 6.5 mL mol"1(ref 23).

nitrogen center and charged carboxylate group is not clear.
Most likely these effects may be related to the different
orientation of water molecules around these centers. The
opposed behavior of expansivity and viscosity of solutions
of salts of RNH3+ and RCOO-30 would seem to confirm
this view. The different orientation of water molecules
around the COO and N H 3+ centers is probably responsible
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also for the observed As- trends in the series of n-alkyl-
amines and carboxylic acids.

As far as the comparison polyfunctional-monofunctional
compounds is concerned, Table V reports the experimental
vz values of bifunctional compounds with the corre-
sponding vz« values calculated from eq 9. A glance at this
table indicates that vo« is always larger than v ° and the
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TABLE I1l: Thermodynamic Parameters for lonization
Process of Selected Diamines and Dicarboxylic
Acids in Water at 25 °C“

as;,

aVz, AHZ, cal
mL kcal mol"1

Substance mol"l pPk2 mol"l 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 143 494 4.00 -9.2
1,4-Dimethylpiperazine 147 4.18 396 -5.8
Triethylenediamine 16.3 2.95 3.00 -3.4

N,N,N', V-Tetraethanol 1l4.1e
ethylenediamine

Oxalic acid -11.9 427 -1.57 -24.8
Malonic acid -18.6 570 -1.15 -29.9
Succinic acid -13.6 5.64 0.04 -25.7
Glutaric acid -13.6 542 -0.58 -26.7
Adipic acid -13.5 541 -0.64 -26.9
Pimelic acid -13.6 542 -0.90 -27.9

° The reported quantities refer to the following processes
of protonic ionization: BH2+—BH++ H+(diprotonated
diamines), AH' —A2' + 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 pK2, AH2, and AS2 values were taken
from ref 3a (ethylenediamine, triethylenediamine at m=
0.1, dicarboxylic acids), ref 24 (1,3-diaminopropane in
KNO030.5 M), ref 25 (piperazine), ref 21 (1-methylpipera-
zine, 1,4-dimethylpiperazine in KN030.1 M). b Other
data reported: 10.0 mL mol"1 (ref 4), 11.5 mL mol"1l
(ref 5). c Reference 4.

difference v2o - v2+is strongly negative for the dications
and less so for the monocations and neutral bases. This
suggests that in neutral bifunctional amines and in their
corresponding acid cations, the interaction between the two
hydrophilic centers causes a contraction in the partial
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molar volume with respectto vz« calculated on the basis
ofthe group additivity rule, which assumes that the two
centers behave independently of each other. The con-
traction in volume due to the interaction between two
neutral centers is smaller than that between a neutral polar
group and a charged nitrogen center. This would account
for the larger volume ofionization, At70, of the bifunc-
tional amine than the corresponding monofunctional
amine. The same explanation has been proposed2 to
rationalize the larger AVi° values for cyclic bifunctional
amines compared to monofunctional amines.

As for the amines, the difference vz - vz for di-
carboxylic acids indicates the presence of interactions
between hydrophilic centers, neutral or charged. In this
case, however, such interactions do not always produce a
contraction in volume, but can also cause a volume in-
crease, as in the case of malonic acid.

AV 2 for Diamines and Dicarboxylic Acids. AV2° for
diprotonated diamines is positive and larger than Atzo for
monoprotonated amines (cf. Tables Il and Ill). This has
no parallelin the ionization ofdicarboxylic acids, for which,
with the exception of oxalic and malonic acids, the dif-
ferences between Atao and AV2° are very small.

The entropies, As2, corresponding to the second proton
ionization ofacids AH , have the same sign as AV2. For
the first three members, AV2° increases in a similar
mannerto Asz, but for homologues larger than succinic
acid, AV2 values are almost constant whereas the mag-
nitude of AS2 increases. For the dications of amines
BH2+ in some instances AV2® and AS2 have the same
sign, but in other cases they are opposed. Moreover, for
an increase in Avz, there is a decrease in As2: (cf. Figure
1).
These facts indicate that electrostatic interactions
between charged centers are not predominant in deter-
mining the variation in Al~oand AS2 as the distance
between the charges is increased. An evaluation of the
importance of electrostatic terms in proton exchange
involving diamines and dicarboxylic acids may be obtained

TABLE 1V: Contributions of Methylene Group, V2(CH?2), to the Limiting Partial Molar Volume in a Homologous Series of

Compounds of the type Y-(CH2),-Xa

Y = H H H
X = COOH coo" nh2
n
0-+ 1 17.3 14.2 16.9
1-2 15.9 14.4 16.7
2-3 16.6 15.6 15.7
3-4 15.9 16.4 15.9
4 -5 15.5 15.7 15.9
5-6 15.7 16.0
6-7 16.0 16.0
7-8 15.7
Y = OH OH och3
X = nh2 nh3 nh2
n
273 16.0 16.5 16.0
3-4
3 - 6
4 - 6
6 -8
8-10

H COOH COOH COO-
nh3 HS03 COOH coo* COO-
18.3 18.1 14.8 8.1
16.8 17.7 15.7 12.9 17.9
16.5 16.2 15.9 15.9
16.0 16.5 16.2 16.2
16.0 16.3 15.6 15.6
15.9
15.8
16.0

och3 nh2 nh2 NH3 NEt3
nh3 nh2 nh3 nh3 NEt3
16.4 16.0 17.0 19.1
19.2
17.5
171
16.1
15.8

a The reported data (mL mol'l) have been calculated by V2(CH2)= V2[Y-(CH2),+1-X]- V2[Y-(CH2),-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 of the type (CH2n(Et3NBr)2, with n = 3, 4, 6, 8, 10); ref
16 (sodium salts of 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. Tonization entropy changes AS° plotted against ionization volume changes AV for organic solutes in aqueous solution at,25 °C. The
solid line represent the Hepler curve (ref 35), the nonsolid lines, which fit homologous compounds, have been grawn only for an easier understanding
of the figure. Monocarboxylic acids (-+-+-): 1, formic acid; 2, acetic acid; 3, propionic acid; 4, nbutanoic acid. Dicarboxylic acids, first ionization
(- - -): 5, oxalic acid; €, malonic acid; 7, succinic acid; 8, glutaric acid; 9, adipic acid; 10, pimelic acid. Dicarboxylic atids, second ioniZation
(=+—-): 11, oxalic acid; 12, malonic acid; 13, succinic acid; 14, glutaric and adipic acid; 15, pimelic agid. Primary amines (=) 16, methytamine;
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 amirtes (+++++): 21, dimethylamine; 22,
diethylamine; 23, di-n-propylamine, di-n-butylamine; 24, 2{methylamino)ethanol; 25, 24{ethylamino)ethanol, 26, piperidine; 27, morpholine; 28, piperazine
(first ionization). Tertiary amines (—+—— ). 29, trimethylamine, 1,4-dimethylpiperazine (first ionization); 30,:triethylamine; 31, 2-{dimethylamino)ethariol;
32, 2-(diethylamino)ethanol; 33, 1-methylpiperidine; 34, 4-methylmorpholine; 35, triethylenediamine (first ionization). Diamines, second ionization
(+-+-). 36, ethylenediamine; 37, 1,3-diaminopropane; 38, piperazine; 39, 1-methylpiperazine; 40, 1,4-dimgthylpiperazine; 41, triethylenediamine.

The AV° and AS°® 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 T:

9BH*2 BH,*" + B (10)
2AH" 2 A*" + AH, (11)

For these processes, the change in volume or entropy is
given by AX° = j(AX;° - AX,°), where X = V,S and j
=1 for diamines and —1 for dicarboxylic acids. Processes
10 and 11 are comparable 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 electrostatic model, AV4° and ASy° 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 AV°, as if the two COO™ groups in A? 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 AS4°, which is nonnegligible and
continually varies even for homologues larger than succinic
acid.

Contrary to the case of the dicarboxylic acids, the
formation of BH,** “rom BH* by disproportionation is
accompanied by a remarkable volume decrease, even when
the two centers of positive charge in the dication of 1,3-
diaminopropane are separated by a distance approximately
equal to the charge separation distance in the succinate
anion. The volume contraction caused by the interaction
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between the two positively charged nitrogen centers is
confirmed directly from- the results in Table V and in-
directly from the large values of V,°(CH,) found for bo-
laform electrolytes, with the nitrogen atoms well separated
(ef. Table IV). From the process of disproportionation
examined above, the negative signs for AV4° and ASy°
indicate that the electrostatic theory can qualitatively
account for the behavior of the diamines and dicarboxylic
acids in solution. However, the trends shown by AV,° and
AS4° 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) V,°(CH,) values in the homologous series of amines
and carboxylic acids indicate that the polar centers NH,
and COOH influence the hydration sphere associate with
the hydrocarbon chain up to the 8 carbon atom. In the
case of the NH;* and COO™ groups the effect of the
charged centers extends up to the vy 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 V,° values of bifunctional amines are always
smaller than the V,* 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 V,° compared with values calculated from
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TABLE V: Comparison between the Experimental vV,
and Calculated V} Values of Aliphatic Bifunctional
Compounds in Water at 25 °C

V‘.‘D ’ V2*$a V *
mL mL mL

Compound mol”! mol"' mol™?
2-Aminoethanol 59.25 624 3.2
2-Aminoethanol-HCl 70.90 74.8 -3.9
3-Amino-1-propanol 75.21 779 =27
3-Amino-1-propanol-HCI 87.40 90.9 -3.5
Ethylenediamine 62.88 65.6 2.7
Ethylenediamine- HCI 74.05 78.1 -4.1
Ethylenediamine-2HCI 79.77 90.5 -10.7
1,3- Dlammopropane 78.83 31.3 -2.5
1,3-Diaminopropane- HCI 91.09 944 -3.3
1,3 Diaminopropane-2HC1 98.88 107.5 -—8.6

2-(Ethylamino)ethanol- 9291 957 -2.8

"2 -(Ethylamino )ethanol- HCI 106.03 110.7 —4.7
(2 (Drethylammo)ethanol- . 128,04 1249 -1.9
(D';ethylammo)ethanol HCl 137.96 1426 -4.6

Malonic agid 67.22 66:5 +0.7
Maldhnic acid-Na salt £5.96 53.9 +2.0
-+ Malénic acid-2Na salt 36.21 413 -5.1

$2.94 847 -1.8
68.88 705 1.6

Suecinic gcid
. Sulccinicracid-Na salt

Succinic acid-2Na salt 54,10 56.3 —2.2
Glutaric acid = ¢ 99.14 102.3 -3.2
Glutaric acid-Na salt 84:77 8%™0 -2.3
Glutaric acid-2Na salt 69.98 71.6 -1.8

g, Va]ues obtained using eq 9. The V,° values of hydro-
carbons- methane, ethane, propane were taken from
Masterton (ref 33). The V,° values of the monofunctional
molecules were taken from ref 84 (ethanol, 1-propanol);
ref 7 {ethylamine, n-propylamine, diethylamine, triethyl-

amine, and their hydrochlorides); ref 29 (monocarboxylic
acids); ref 30 (sodium n-alkanecarboxylates). The experi-
mental V values for dlcarboxyllc acids and their sodium
salts were taken from ref 11.

TABLE VI: Volume and Entropy Changes in the
Disproportionation Processes of Diamine Monocations and
Dicarboxylic Acid Monoanions®

A Sd +
AV, Rln 4
mL cal mol I
Substance mol™! deg™!
Ethylenediamine -5.4 -8.3
1,3-Diaminopropane -4.4 -3.2
Piperazine -17.5 -5.6
1,4-Dimethylpiperazine -8.5 -6.9
Triethylenediamine -95 ~=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

e AXs"=j(aX,"-aX,%), withX=V,S,andj= 1 for
diamines, and j = — 1 for dicarboxylic acids. The AX,®
and A X,° values are reported in Tables II znd III. b The
R In 4 term is the correction for the statistical term of the
reaction.

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 AV;° and AV,°,
associated with chain lengthening or with the introduction
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of a second hydrophilic center, are determined by anal-
ogous regular changes of V,° of both neutral and charged
sg)ecies 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 AV° and mo-
lecular structure of the species involved in the ionization
process. However, there is no simple interrelation between
AV® and other thermodynamic parameters of ionization.
Thus there are exceptions to the §eneral tendency of AV°
to increase with increasing AS°,* 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.
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By shock heating moderately volatile metal bearing compounds [for example, Fe(CO)d highly diluted in argon,
supersaturated metal vapors, s = 50-3000, at controlled densities and temperatures can be generated. The
subsequent homogeneous condensation was followed by recording the turbidity ofthe gas asa function ofdistaiice
behind the shock front. Determination of density gradients behind the shock front, using the laser-schlieren
technique, provided measures of the rates and enthalpies of the exothermic reactions which occurred; in this
case, the condensation of metal droplets. A model was developed which accounted for the observed*density
gradient profiles, and led to parameters which specify the particle size distribution as a function of tirffe, and
the average size (40-2000 atoms) to which the particles grow for any set of experimental conditions.' These
experiments also provide .an estimate for the “binding energy” for the reaction nFe —»Fe,, AE,/rc = AE, (1
- 2%, where AE,, is the bulk energy of sublimation. This em pirical representation is surprisingly well fitte d
by several theoretical calculations of binding energies of small clusters (2 < n S 2000).

Introduction

In the first paper of this series' we described a shock-
tube technique for preparing controlled levels of super-
saturated iron vapor, and procedures for determining the
dependence of the critical supersaturation on the tern-,
perature. The catastrophic onset of condensation was
ascertained by recording either arapid rise in the turbidity,
or the appearance of black body emission from the glowing
clusters. These investigations have now been extended, *
and more refined diagnostics were developed. The starting
point of the present report was the observation by Kung,
and Bauerithat the nascent clusters had a black body
temperature which was always higher than that of the
carrier gas (50-150 K); clearly there was a lag in the
transfer of the heat of condensation to the ambient me-
dium. The goal of our current study is the development
of sufficient statistical-thermodynamic data so that a
purely kinetic molecular model could be developed without
recourse to bulk-type properties; for example, we consider
it unacceptable to discuss the free-energy increment for
cluster formation in terms of a surface free energy for very
small aggregates (range 5 < n ;S 50), whereby one even-
tually substitutes bulk liquid magnitudes for the pa-
rameters of state. Here we take the first step, measure-
ment of the enthalpy contribution to the free energy of
cluster formation; in paper 5 we present estimates of the
entropy term, and introduce a consistent kinetic model.

During the first decade of this century J. J. Thomson
discussed the condensation from a supersaturated vapor
in terms of a metastable equilibrium between two phases.
The nascent clusters were treated as tiny drops of liquid,
to which the Kelvin equation was applied. The meta-
equilibrium vapor pressure (p,) for a uniform assembly of
such droplets (radius r,), relative to that ofthe bulk liquid

(pjis2

2on 1
in (PnIPJ) = P RKT (1

gnand pn are the surface free energy and the monomer
density, respectively, in a cluster size n. After six decades
ofevolution oftheories for homogeneous condensationsthis
aspect ofthe model has not been fully relinquished, in spite
of the fact that relation 1 connects obviously nonmea-
surable quantities. One has butto inspectthe interesting
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density profiles of relatively large clusters derived by Lee
et alawho performed a Monte-Carlo energy minimization
calculation. Inspection of their Figure 9 (radial density
curves for 13, 43; and 87 atom clusters) shows that there
is no definable “surface” layer, nor can pnbe defined, since
p(r) decreases gradually to zero, at aradius determined by
an arbitrarily specified confining volume.

The obvious alternative to the application of bulk,liquid
concepts to clusters in the range 5< n < 50 is to treatthem
as large molecules. We undertook to measure their heats
of condensation from monomers. To our knowledge this
is the first such reported measurement, and while at this
stage our data are crude, they are of sufficient accuracy
to affirm several novel conclusions. Indirect estimates have
been made on the basis of mass spectrometric analyses of
clusters from effusion cells or from divergent nozzle flows,
butvalues for n > 10 are not generally available. Gingerich
and co-workers reported extensively on mass spectrometric
measurements of metallic clusters which effuse from
Knudsen cells.5 They measurederelative populations of
tin clusters (1 < n < 8) over the temperature range
1379-1651 K, but to deduce AH°nit was necessary to
introduce third law estimates for the entropies (As°n).
Configurational contributions were neglected. For lead (1
< n < 5) both second and third law values were obtained.7
However, the accuracy of data on the relative concen-
trations of clusters from freely expanding jets, based on
mass spectrometric detection, has been seriously ques-
tioned.s

There have been many theoretical studies of the de-
pendence of energy content on cluster size. Among the
recent reports, Andersong using a low spin MO approxi-
mation estimated the binding energies for 2 -*» 13 atom
clusters of Ti, Cr, Fe, and Ni. Baetzoldioundertook ex-
tended Hiickeland CNDO MO calculations; he obtained
cluster binding energies for Ag and Ni. He considered the
effect of dimensionality on the binding energy, and found
that for small numbers of metals atoms, a linear config-
uration is more stable than athree-dimensional structure.
Fripiat et al.u computed binding energies in Li crystals
(at a fixed geometry) using the SCF X« scattered wave
method. Another technique was introduced by Gelb etal.
(the diatomics-in-molecule approach) in their study of
small clusters of Na atoms; Dykstra and Schaeferizapplied
the theory of self-consistent electron pairs to Be4 Burtonu
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REDUCED SUBLIMATION ENERGIES
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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
AE,/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. When 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). ’

determined the binding energies for small spherical clusters
of argon using a normal mode analysis with energy
minimization* based on a Lennard-Jones pair potential.
These theoretical data are plotted on a reduced scale in
Figure 1. [Aiern] is the condensation energy per atom;
Ae ., is the corresponding energy released .upon conden-
sation to a macroscopic cluster. In view of the density
profiles within small clustersait is not surprising that the
binding energy per atom for small n is.considerably less
than that for the bulk.1s The question to be answered is
the general shape of the function which ties the n = 2 to
the n = 104points.

Experimental Section

We have demonstratedithat there was a measurable
time lag for transfer of the heat of condensation from the
nascent clusters to the carrier gas. It follows that the
heating rate is determined by the following: (i) the nmer
growth rate, averaged over the instantaneous size distri-
bution; (i) the differential heat of condensation for mo-
nomer addition; and (iii) the heattransfer coefficient from
the nascent clusters to the ambient argon. The thermal
balance downstream from a shock front can be measured
by the very sensitive “laser-schlieren” technique developed
by Kiefer and Lutzis for their study of the vibrational
relaxation time of H2and D2 Since the shock heated gas
remains essentially at constant pressure, it follows that

Id p JLdrT
p dx T dx

Now, the index ofrefraction (m) is alinear function o fthe
mass density (p): m = 1+ r(p/p0, where r is the Dale-
Gladstone constant, which is additive for a mixture of
gases: r = S is the mole fraction, and pois the
reference density. Furthermore, the gradient in the index
of refraction can be sensitively measured by the deflection
ofanarrow laser beam, using a long lever arm. Hence, the
laser beam deflection is directly related to the rate of heat
injection or removal from the carrier gas. The lightis bent
into the region of higher density. The density gradientis
given in terms ofthe beam displacement s (see Figure 2):

dp/dx = 8lwrL (2)

For these experiments shock conditions were chosen so
thatthe Fe(CO)sdecomposed essentially within the shock
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Figure 2. Schematic for the laser-schlieren system.

front. The estimated lifetime ofthe carbonylat 1600 K
1is Ibss than 10~10s; its initial concentration was 0.5- 1.2%
.ofthe argon. Hence the average molecular weight ofthe

test gas changed inappreciably upon dissociation of the
. Fe(CO)Bof condensation ofthe Fe. Upon differentiation

of the (ideal) equation of state, subject to the shock
+ conservation equations, one can.derive (R is the gas
(constant per unit mass):

pi'u, piw (3)

p2R . P22

- The subscripts 1 and 2 refer to the unshocked and shocked

*conditions, respectively. The magnitude of r is unchanged
since the incrementin molecular weightis small; uxis the
shock speed. The local density behind the shock frontis

. 'related to the corresponding temperature, and the initial
conditions:

p - 1 + Piuiz | + Piriav
21 rt2 I\ re2 |
4P W 11/2)
SOy )

rt2\] )

At any t after shock arrival, apssx is known; then following
an interative procedure one can derive corresponding
values for aT/ax. In turn, the temperature gradient is
determined by the change in the specific enthalpy of the
gas

ar2 i 9t2
8X u2 3f

i dh21

cp dt u2

where cp is the heat capacity of the gas (here also we
neglected the small effect of the Fe), and uz2is The shocked
gas velocity. Integration with respectto time allows one
to estimate the total change in the enthalpy (or tem-
perature) due to condensation of the Fe atoms. An es-
timate of the sensitivity of our laser-schlieren system,
expressed in terms of a general mechanism wherein several
reactions occur concurrently,17 is

(bpidx) @ E [<R/f>- <RI>JaH-
i
N 0.02 kcalecm-3 s'1 (8)

where (R;(f) and (R/r) are the forward and reverse rates for
the ;th reaction, in mol cm 3s'l, and AH ° i3the corre-
sponding net enthalpy change per mole.

Experimental Details and Data

Figure 3 is a schematic of the overall experimental
arrangement. Photomultiplier 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: P2to
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 while photom ultiplier 1 measures the attenuation
ofthe beam by the turbidity of the shocked sample due
to absorption and scattering by the growing clusters. This
channel provides the necessary correction ratio for the
schlieren signal, and a measure of the amount of material
which had condensed at any time.

The shock tube is of stainless steel, of rectangular cross
section, 6.35 cm by 4.45 cm. Shock waves were initiated
by pressure bursting prescribed 16-mil aluminum dia-
phragms; the driver gas was He or He /N 2mixtures. Before
each run, the driven section was pumped to below 10+4
Torr. The combined leak-outgassing rate was 5 x 10 3
Torr/min. Approximately 1min was taken to fill the tube
with the sample and to burst the diaphragm. Sample
loading pressures ranged between 10 and 20 Torr. The
Fe(C0)swas double distilled, and each time we retained
only the middle fraction; ultra high purity argon was used
as the diluent. The experiments were made with 0.5 or
1.22 mol % of the carbonyl.

Shock speeds were measured using two platinum film
heat transfer gauges (no. 3 and 4 in Figure 3). Shock
attenuation was found to be about 1%/m, but ideal shock
equations were used to calculate the temperature. The
light source was a Spectra-Physics Model 123 He-Ne laser,
equipped with amodel 235A exciter; its output power was
specified at 7 mW. The beam width atthe center ofthe
shock tube was 0.9 mm at the e 2points. An EM 1 9558
phototube was used in channel 1and EM | 9658 in channel
2. Both phototubes have a 1/e response time of less than
200 ns. The calibration procedure via the rotating mirror
has been described in a previous publication.1s Initial and
typical shock heated conditions are listed in Table I.

Figure 4 shows an oscilloscope record; (a) measures the
density gradient which must be corrected for the beam
attenuation using the lower trace (b). The latter is a
measure ofthe change with time ofthe fraction of material
condensed. Reduced graphs are illustrated in Figure 5 for
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TABLE |: Typical Experimental Parameters me

T, =298 K T,I=1600-1800 K
p, = (2.3-4.6) X 10“5g cm-3 p2= (1-2)X I(r4gcm-3
P, = (10-20 ) Torr P2=(0.3-0.7) atm
<= 39.7 g mol-1 u, = (1.37-1.46) mm ps"1
Post dissociation of Fe(CO)s: mol % Fe =1.15
dpidx = (I0-"-10“5) gcm"4 dTg/df = (0.1-10) K ps'l
dhgdt = (1-8) X 103erg cm"3ps-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.

run B-5. Via iterative calculations with eq 3-5, the total
heat injected into the Ar per unit volume, @, can be de-
termined from the corrected density gradienttrace. This
quantity divided by the initial number density of iron
atoms gives the heat released per Fe atom (q) due to the
exothermic condensation step. These results are sum-
marized in Table II.

Ourinitial assumption was that a narrow distribution
of clusters, average size (n), is present during conden-
sation. The reaction

ODFeg”Fe®) (7)

expresses the “phase” transformation which occurs. The
mean enthalpy increment, per atom, for this reaction (or,
the mean atomization energy per atom) may be identified
with the experimentally determined quantity, q. The
obvious check is satisfactory; the g values are in the range
(4-6) x 10-12 erg/atom, somewhat less than but close to
the heat of condensation (per atom) to the bulk phase. For
adistribution of finite width we must estimate an average
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TABLE II: Experimental Parameters and Deduced Magnitudes of Heat Release
P,(total), WFe(t=0),

Run no. Torr < (i=T0),K cm-3 Sb AT, K Q, erg cm-3 g, erg atom-1
B-8 10.4 1.377 1617 1.80 X 106 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-Il 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 10'6 536 181 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.

size (n), for the different supersaturation ratios. Then
we could determine the effect of cluster size on the en-
thalpy of the condensation reaction. To obtain (n}, a
specific model has to be inserted.

Energy Transfer Model

The recorded beam deflection measures the rate of
change of the enthalpy content ofthe gas sample probed
by the beam; i.e., the rate ofinjection of energy into the
carrier gas behind the incident shock wave, dhgdt. We
soughtthe simplest model which reproduces the shape of
these {dhg/dt) traces. We shall point to the approxi-
mations which were made in the model and hope either
to remove them or to justify them in depth at the next
stage of its evolution. In the presentform, four parameters
were introduced which, upon evaluation to optimize the
fit, relate the binding energy of small clusters to their size,
and specify the change ofthe distribution function of sizes
with time.

The rate of change of the energy content ofthe clusters,
as they grow and concurrently cool, is the sum of two
principal terms. The first is the rate of increase of its
energy content due to monomer addition, and the second
term is the loss of energy due to collisions with the cooler
ambient gas. We neglected loss of energy due to radiation.
The following definitions were used:

n number of atoms per cluster; n will be treated as
a continuous variable
E.(n,t) mean energy content at time t of an nmer

Ni(t) monomer density attime t

Ng carrier gas density

cg average speed of carrier gas molecules, averaged
over the temperature range forthe run

Ci average speed of the monomer

A(n) surface area of raner (assumed spherical)

a{n) net sticking coefficient

r(n) energy increment for the addition of a monomer:
Fe, i+ Fe — Fe,

Tg ambient gas temperature

9(n) fraction of excess energy transferred from nmer
to the carrier gas, per collision with a gas molecule

Then the rate of change of energy content ofthe clusters

is given by

dEp/dt = 7« {Ndt)CiA{n)a{n)¥hkTe + T(n)]
- NgCgA{n)6 (n)[Ep(n, t) - Ep{n, fj]} (8)

We did notinclude aterm for cooling due to evaporation;
i.e., the loss of a monomer either spontaneously or induced
by a sufficiently energetic collision with an Ar atom. The
latter process is of low probability, but the former may be
significant. To take this into consideration requires a
considerably more complex model than is used in the
present analysis.19 However, in the accompanying paper
(part 5) we demonstrated that during cluster growth for
Fe evaporation is negligible for n i 15. In addition, we

T, = 298 K, Cp =0.131 cal-1 gK"".

6 S is the supersaturation ratio at t = 0. S=P Fe/PFees

assumed: (i) the second term ofthe right member of ()
is the net heattransfer due to collisions between clusters
and the ambient gas; (ii) the gastemperature, Tg and the
number density, N, are constantwith time. Although the

.temperature and the density obviously do change due to

condensation, the fractional change in this dilute system
is small; thus in (8), average values ofthe temperature and
density are implied; (iii) in the following analysis we neglect
(with justification) the translational energy, (3/2)kTg,
compared to r(n); finally (iv) in formulating the cooling
term, we assumed that all clusters of size n (atany instant)
have the same (mean) energy content Ep(n, t). The in-
troduction ofanother parameterized distribution function
at this stage would hopelessly complicate the analysis.
Tests of a hybrid model in which we introduced a tran-
sition layer between the hot cluster and the ambient gas
showed that, to a very good approximation, the gas
temperature in this layer was equal to the temperature of
the surroundings.

Equation 8 can be simplified by writing (for i > 0);

Y(n,t) = Ep(n,t)~ Ep(n,tJ

$ = [37cl/(47t)]2/ 3 (9)

Pit) = nNH - - CH[3vJ (4ir)]2 3

where vcis the volume per atom in the condensed phase,
at the average temperature. Thus

dF(n, f)/dt= <p{tyn2/3r(n)a(n)

-<1>n2/36(n)Y (n,t) (10)

This equation has an analytic solution if <pft) is specified.
We may deduce <p(t) from n~t) by empirically fitting the
observed turbidity curve to a polynomial ofthe form (A
+ Bt + ct2+ Dt3), between t = 0 and the time at which
the trace levels off (end of condensation). Since the at-
tenuation {1i°-1i) a x(r)] measures the cluster density,
one may thus estimate the concentration ofthe remaining
monomer.2. The constant of integration for (10) is
evaluated by setting vy(n, 0) = 0, since att = 0 no nmer
had been generated.

The rate of energy transfer to the ambient gas is the
product of the second term in eq s and the cluster dis-
tribution function, integrated over n:
(-jg) =‘h/rdn N(n, tyn2/36(n)Y (N, t) (11)
where we have identified the specific enthalpy with the
energy transferred. N(n, t) is defined as the number
density of nmers, and we have assumed it has the general
form 2

N(n,t) = exp(-gn2 (12)
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The conservation condition requires
[* N(n, tyn dn =N (1, O)x(t) (13)

where x(t) is the fraction of starting materialwhich entered
the condensed phase. The choice of this functional form
is not overly restrictive in so far as these experiments are
concerned. Indeed, a delta function was also tested, and
while the overallfit for the experimental runs was not quite
as good aswith (12) it did indicate that the model is not
particularly sensitive to the precise form ofthe distribution
function. The normalization condition leads to f = (4/
wi/2)g32N {1, O)x(t), when the lower lim it is set at zero
(approximately). The median size (n) can be determined
graphically from

J)NN{n, t) dn = JM)NN{n, t) dn (14)

The maximum of [nNn(n, t)] is atg12. To a very good
approximation n at N mmis equal to the median size. Since
g is afunction oftime, the average size is then specified
by (n¢t)) = [g(f)j 12 thus, g(r) characterizes the time
dependence ofthe condensation process. For this function
we assumed a simple form

o{t) = (¢ + xHt)(n)Jrl (15)

where @and (n), are two parameters ofthe model. This
is equivalent for large n to

(i)> N X3/2(1))<»>,, (16)

The limiting median size (t “m°°)is <n), whenx = 1. The
parameter ft determines how fast the clusters grow, i.e.,
when their growth rate becomes very steep. If jgis assigned
too small avalue, then from eq 16, the median size ofthe
clusters in the early stages of condensation becomes much
larger than that allowed by kinetic collision numbers. An
optimum value is 2.5.

Consider next the heat transfer parameter, 9. It is
plausible to expectthatit is afunction of n. As the clusters
grow, their vibrational distribution spreads out in fre-
quency so that single collisions become less effective in
abstracting energy from the conglomerate. We assumed

9=hi(n+ 1) a0

where n is a parameter independentofn. By optimizing
the functional fit of the density gradients, we find h =
0.024. Forvery small clusters, 9is ofthe order of 1%. For
a cluster with so0-200 kcal/mol of vibrational energy
(accumulated heat of condensation), the energy transferred
per collision is therefore several kilocalories; this is con-
sistentwith (Ae) magnitudes derived for the deexcitation
of highly energized molecules undergoing unimolecular
reactions.z

The sticking coefficient a is also a function ofn. Some
atoms w ill not stick simply because of their trajectories,
e.g., glancing collisions. When some monomers strike a
cluster, the latent heat may not get delocalized rapidly
enough, and the incoming atom essentially reevaporates.
Unfortunately, the variation of a with n is not known; it
appears to be between 0.1 and 1.0.24 We assumed a was
independent of n, and set it equal to unity. If its value
is independent of n but less than one, only the rate of
energy transfer is affected by the corresponding m ulti-
plicative factor; the shape of the dhgdt curve is not
changed [a factors in the solution for v(n, t)].

The energy deposited upon addition of one monomer
to a cluster size (n - 1) is given by

r(n) = lAE°n - AE°n_, - AE\\ (18)
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TABLE IlIl: Values of (n>, Estimated by Fitting the
Model to Density Gradients

Run no. Scale factor B,
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-1l 2.38 40 0.61

aAH\ = 6.6 X 10'12 erg.

where Ae °nis the energy of formation of an timer from
monomers. We assumed Ae° «AH° [at the temperatures
of interest this introduces an error of 10- 20%), depending
on n]. Then the difference equation may be rewritten as

r(n) = d\AH",\/dn (19)

where |Aff°,| is the enthalpy for the reaction, Fen— nFe.
To integrate eq 11, a functional form,for T(n) must be
inserted. Recalling our objective, to evaluate <n), for
plotting vs. q (Table I), tests with several expressions
showed that the results were not sensitive to the assumed
form. Since these preliminary tests all gave values close
to those plotted in Figure 1, we introduced at this point
the empirical expression which well represents the reduced
theoretical calculations:

AHe°n/n = Al7°00(l - n~025) (20)
This leads to
r(n) = 1AaH°, 1(1- 0.75/U0-25) (21)

Equation 11 was then integrated numerically and dhjdt
determined at various times. The theoretical curves were
fitted to the experimental histograms in the following way:
Bwas held constant, (n), was first set at a value (from
kinetic theory) at which condensation occurred very
rapidly; n was then adjusted until the best visual fit was
obtained. For the remaining runs, {n)., was used as an
adjustable parameter. Representative graphs of the
agreement attained between the calculated and experi-
mental points are shown in Figure ea-c. The theoretical
values had to be multiplied by a constant scale factor,
approximately 2.5, to normalize the values at the peaks.=
The results are summarized in Table Ill. Fluctuations
in the scale factor from run to run are attributable to our
experimental error, and possibly inconsistent procedures
in data reduction.

The curves in Figure sa-c indicate that generally, during
the early stages of condensation, the model predicts too
fastarate of energy input onto the carrier gas. This is due
to the sensitivity of the model to the heat transfer pa-
rameter, o(n). Forsmall n, 9is large and energy transfer
is efficient. It should be pointed out that experimentally,
and in the computer model, the early stages of conden-
sation incorporate the largest errors.

The modelis relatively insensitive to changesin (n)a.
Changes in Baffectthe early stages of the energy transfer
process when the clusters are quite small. W hile changes
in either o or (n)» by 30% affectthe fit only slightly, a
change of 30% in the heat transfer parameter, n, is suf-
ficientto spoilthe fit. Figure 7a,b illustrate the magni-
tudes of these departures from optimum fit.

Using the values of (n), estimated from the model for
each run, the experimental values of AH°r/(n) were
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Figure 6. (a-c) Comparisons of computed d/~/dt 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.

plotted vs. the average size. These were included in Figure
1, and they do cluster about the curve for

AH®n/(n) = AH®°,[1 - <n)-°-29]

quite well, providing a self-consistency check on the
function used in developing the model. Furthermore, with
the determined parameters, the time dependence of the
distribution function may be plotted. Figure 8 shows N(n,
t) ata sequence of times during condensation for run A-18.
The spreading out with time is due to the random growth
process.

Critique of Model

Considering the sim plicity ofthe energy transfer model,
it is remarkable that good agreement was obtained between
the calculated and observed (dhjdt) vs. t curves. By using
the hard-sphere kinetic theory for collision numbers we
neglected long-range attractive forces when a monomer
encounters a Fe cluster. Coagulation was neglected, but
on our time scale it is an insignificant factor; the proper
time dependence was obtained. The other obvious as-
sumptions, such as spherical droplets and use of bulk
density (to determine surface area from the numbers of
atoms (per cluster), are very difficult to avoid.

Perhaps the most remarkable conclusion developed in
this study is the empirical scaling law for AH°n. W ithin
+0.1]A//°m, the large variety oftheoretical calculations and
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Figure 8. Evolution of the derived distribution function.

materials (for n < 102, and our experimental values for
Fe vapor (n 2 X 103, all fit the (1 - rT>'%) factor. It is
plausible to postulate thatfor much larger n this will d rift
overto (1- n 03), asis required for a modelin which the
totalenergy ofadropletis partitioned between the internal
volume and a surface layer (ref3b, p 4). However, it is for
values ofn < 102that the empirical function is crucial for
estimating magnitudes of AG®,; this is discussed in the
accompanying manuscript.
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The temperature dependence of the critical supersaturation ratio was measured for the onset of very rapid
condensation from the vapors to “liquid” clusters for iron, lead, and bismuth. Controlled supersaturation levels
were 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 homogeneous nucleation
satisfactorily predict, to within generously allocated error limits, the observed S.(T). Empirically the data
are best represented by functions of the form S.(T) = 10% exp(-10°bT, K) with 0.7 <a <2end 1.5< b <
.3.5. We conclude that in view of the concurrent ambiguities in the magnitudes of the assumed flux currents
and the dependence of the surface tension on temperature, one may question whether determination of S.(T)
can provide a meaningful test for the classical theories of condensation.

Introduction

This.is a brief report on the determination of critical
superséturati'on ratios for avalanche condensation from the
vapors of iron, lead, and bismuth, and of their dependence
on the temperature. Our experlmental approach [de-
veloped by Kung and Bauer,! and Homer and Prothero?]
consisted of shock heating gaseous organometallics [Fe-
(CO)s, Pb(CH3)4, and Bi(CH,),] to temperatures such that
all the ligands were stripped from the central metal atom
within a few microseconds 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 = I exp(-7l), where
7 is the “turbidity”, expressed in terms of 7 = NCyy; N is
the number density of particles, and C,,; is an extinction
cross section. From Mie’s full solution for small absorbing
spheres® [\ >> mean diameter], for unpolarized incident
radiation

6m(v) m*-1
Cext =7 % Im [m2 + 2] (1)

where (v) is the mean particle volume, (v) = fvP(v) du;
P(v) 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 shown* that the recorded turbidity signal, (I, - I), is
directly proportional to the mass fraction of the metal
condensed. Since the nucleation rate is extremely sensitive
to the supersaturation ratic, S, it is expected and ex-
perimentally confirmed that (I, - I) 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 §.. 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(CH,),, Pb, CH,, CH,, CH, H,, C,H,,
C,H,, CH,, Ar

Bi(CH,), Bi(CH,),, Bi, CH,, CH,, CH, H,, C,H,,
C,H,, CH,, Ar

transmitted signal shows little deviation from the initial
light level.

Detailed descriptions of the operation of shock tubes and
the appropriate gas dynamic relations are given in standard
texts.” 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.® 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 1.

No rate data are available for the unimolecular de-
composition of Fe(CO);. By analogy with similar com-
pounds, such as Ni(CO),, the rate is presume to be very
fast at shock temperatures, 1500-2500 K. We estimate
that at 1500 K the half-life for the complete stripping of
the CO groups is less than 1 ns. Vapor pressure data® for
Fe and Fe(CO); indicate that a sample of Fe(CO); 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 us. The experimental requirements are therefore met
for Fe(CO); at temperatures greater than 1500 K.
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Figure 1. Vapor pressure data.

Homer and Hurleameasured the rate of decomposition
of Pb(CH34over the temperature range 890-1060 K, and
found for the unimolecular rate constant

logkTuh= (13.25 + 0.4)
-(9.0+ 0.4) X 103TK (2)

As in the case of Fe(CO)5 the removal of the first CH3
group was assumed to be rate limiting and that the
subsequent stripping of the remaining methyl groups
occurs much faster. They noted thatthere were no reports
of stable intermediate lead-methyl radicals. As will be
described below, the time for complete condensation of
lead at supersaturations near critical was experimentally
determined to be of the order of 300 /is. Hence at least
90% ofthe TM L should be decomposed within about one
third of that time after passage of the shock front. By
setting ¢90% = In (10)/feTML = 100 its we find that this
condition is met for temperatures above 980 K. Vapor
pressure data for Pb (Figure 1) show that large supersa-
turation ratios can easily be obtained at these temperatures
foradilute mixture («1%) ofthe TML in Ar. Thus, the
experimental requirements are also metfor TM L, as long
as the shocked gas temperature is above 980 K. The
methyl radicals recombine rapidly to produce CHe(g),
CH4g) + H2g), and CH4(g) + CH2(g), etc. These species,
along with TML(g), CH3(g), Pb(g), and Ar(g), were con-
sidered to be in thermal equilibrium for calculating the
shocked gas temperature (Table ).

Price et al.iodetermined the rate of decomposition of
trim ethylbismuth (TMB) over the temperature range
600-900 K, by measuring yields of CH4(g) and C2H g(g) [H 2
and C2H 4 were also observed but in minute amounts].
They observed thattotal decomposition to the free metal
and methyl groups was fast relative to the initial bond
rupture, and report for the unimolecular rate constant

log feTMB = 14.0 - 9.61 X 103T K (3)

As does TM L, within 150 /is, 90% of TM B is decomposed
atatemperature of 980 K. However, we decided to use
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an alternate technique for bismuth, as outlined below.

Experiments with reflected shocks, the technique de-
veloped by Kung and Bauer,4have two advantages: (1)
the temperature range can be extended to lower values,
and (2) the efficiency of data collection is considerably
increased since a determination of s gT) is obtained per
successful run. The shock tube was tuned so that the
reflected shock, head of the expansion fan, and contact
surface met at approximately the same position in the
shock tube. The net result is an exponential decay of
temperature and pressure after a specified dwelltime. The
elevated temperature and relatively long residence time
in the reflected shock regime results in rapid and complete
decomposition ofthe TM B to generate an undersaturated
vapor. However, after the expansion wave cools the shock
heated gas the level of supersaturation rises, and eventually
the Bivapor becomes critically supersaturated and con-
densation sets in. W ith the NASA program one may
calculate conditions in the expansion wave at the critical
take-off point, Using the instantaneous pressure, as
measured by the piezoelectric sensor. The corresponding
temperature in the expansion wave is given by the adia-
batic relation

Ts/Tse = (is/P5e)7"I/Ts (@)

where the subscripts 5 and 5e refer to the reflected shock
and expansion waves, respectively. For dilute samples, the
heat capacity ratio, ys, is that of the inert gas diluent.
Since the critical supersaturation condition is attained in
every run, one SQT) pointis observed in every,experiment.
To obtain data over a wider range of temperatures, one
need only vary the initial pressure ofthe test gas or change
the sample composition.

Experimental Section

sample Preparation. Samples ofthe metalloorganics
Fe(CO)5 Pb(CH34 and Bi(CH33were purified and diluted
in argon, to concentrations 0.1- 2.0 mol % ultra-high-purity
argon (99.999%) was used as a diluent. The mixtures were
allowed to stand for aminimum of 24 h before use. The
metal bearing compounds, all liquids with appreciable
vapor pressures at room temperature, were obtained from
Alfa Inorganics Co. The Fe(CO)swas doubly distilled and
only the middle fraction was used in preparing the sample.
The suppliers indicated thatthe Bi(CH 3 was pure; it was
used without further purification except for repeated
freezing and outgassing. The Pb(CH34was obtained as
an 80% solution in toluene. This was purified to 99.5 £
0.2% on aHewlett Packard Model 700 gas chromatograph,
using a 6-ft 10% Carbowax 20M prep-column. Adequate
resolution ofthe toluene and TM L peaks was available at
acolumn temperature of 150 °C. During the latter stages
of the experiments we obtained pure TML from the
ROC-RIC Co. The experimental results remained un-
changed.

The Shock Tube. A detailed description ofthe 1.5-in.
brass shock tube used in this experiment has been pub-
lished.11 The length ofthe driver section was 4 ft; the test
section was 13 ft long for the incident shock experiments,
but was shortened to 10.5 ft for the reflected shock ex-
periments. Lucite windows (1 in.) were mounted flush with
the inside walls 10t 4 in. downstream from the diaphragm.
The shock tube was operated in the single pulse mode
using a 3.28 x 10acmadump tank. The diaphragms were
mylar and ranged in thickness from 0.5to 5mil. Pure He
or mixtures of He and N2were used as driver gases. A
barium titanate pressure transducer upstream from the
window actuated the electronics. Four platinum film
gauges were used for measuring shock speeds. The output
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from the gauges was amplified and fed into a Tektronix
Model 535 oscilloscope, maodified 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 adistance 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 bearmn diameter at that
point 2 mm). An EMI-9634 phototube was located 1 m
from the exit window; it had a (1je) rise time of 3.0 fts.
The entrance to the phototube was masked with a
=+ > A interference filter, and a ground glass diffuser.
There are no Ar, Bi, Pb, Fe, Hg, or Na emission lines in
the range 6328tic. 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 aTektronix 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)s, 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), (% - 1) shows a very rapid increase
due to attenuation by the condensate, then a flat plateau.
Freund. and Homers 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 (% - 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 Scwas repeated several
times, starting either with a new initial total pressure of
the same mixture or at the same initial pressure but with
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1760 °K

2035

2265

2315

Figure 2. A typical set of traces for the incident shock experiments,
showing pressure and transmitted intensity. For this sequence, 0.74%

m 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.

N5 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 TM B 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 11: Physical Data for Fe, Bi, and Pb
Fe

Surface tension a(T), ergcm'l
Liquid density p(T), gcm'3
Melting point-boiling point, K 1808-3273

A //vap> kcal/mol 84.6
Crystal structure bccub

Figure 4. ST) 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= 1016cm-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
resultsfrom black-body, emission data.

is first attenuated (point A in Figure J); it is identified as
the critical supersaturation ratio at the temperature T
calculated from eq 4. The ratio PYP% 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 becarme
“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(CH34and 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
SdT) 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 Bauerlestimated
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Bi Pb
418-0.07TK 514-0.09T7 K
10.7-1.2 X 10'3T K 10.7-1.3 X 10"3T K
544-1723 600-1893
42.6 42.0
it fccub

Figure 6. Sc(T) for Bi. The key is the same as for Figure 4.

<(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 (hnumber of nuclei generated
per second per centimeterd. For the LP case, the value
of the “replacement factor”, gy 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

fo=" o am (5)

where mis atomic mass and p,, is the number of atoms per
unit volume. In the classical BD theory ST) and J are
related via a cubic equation

a(T) IN3S- InJ in2S - j3(T) =0 ®)

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 Vapor. Inspection of Figure 4 shows that for
reasonable values ofthe condensation current (105< J <
1016srl cm"3), the experimental points exhibit a temper-
ature dependence which is steeper than predicted by either
theory, although they are closer to the LP envelope of
curves than to the BD curves. Empirically, they are well
expressed by

InSc=77.88 exp[- 1.57 X 10*3T K] (7)

with a correlation coefficient 0f0.95. The results of Kung
and Bauer were also included in Figure 4. Their values
show a somewhat steeper temperature dependence, since
their points superpose the presentsetfor T > 1900 K but
rise above them for lower temperatures. Note that they
used the onset of black body radiation, rather than tur-
bidity to ascertain the start of avalanche condensation, and
operated with reflected shocks rather than incident shocks.
On the whole, the agreement is very good. The deviation
atlower temperatures may be due to the relatively large
uncertainty'in estimating the temperatures in the ex-
pansion wave.

We estimated the length ofthe error bars for the present
data by noting that the largest single source of errorin'the
turbidity experiments is the shock temperature. The
maximum uncertainty in measuring the shock- speed is
+0.02 mm us kK To'minimize the error in reading the finite
width ofthe raster pulse measurements were made from
peak to peak. This gave us arandom error ofabout £30
K in the calculated equilibrium temperatures. Because
ofthe exponential temperature dependence of the equi-
librium vapor, pressure, the uncertainty in shock tem-
perature results in maximum uncertainty in In scof+0.25.
The experimental uncertainty is therefore insufficient to
bring our data down to the theoretical predictions.

It is interesting to note that Kung and Bauer estimated
cluster temperatures to be 50-150 K higher than the
ambient gas temperature due to the heat of condensation.
The abscissa scale in Figures 4-6 should be Tdustei since
this determines the evaporation rate. For all the metals
studied, the disparity between experiment and theory
would be enhanced.

The condensation current, J, is an unmeasurable
quantity in this experiment. One may inquire whether it
is possible to fit the theoretical curves to the experimental
points by using J as an adjustable parameter. It is evident
that the theoretical calculations are insensitive to value
of 3; for example, we must set 3 £ 1024 s<1cm-3in order
thatthe LP theory fit the lower temperature data. This
is larger than any conceivable nucleation rate under the
present conditions. At the other end, to fit the high
temperature range requires 3 % 1s<1cm’3. This is ob-
viously too slow, since we observed complete condensation
of all the Fe monomer within 200 [is.

Since the theoretical curves are sensitive to the assumed
value of the surface tension one can force fit the LP curves
to the experimental points by selecting a temperature
dependent surface tension. Curve 11 in Figure 4 shows
the fit obtained by assuming the function

o(T) =4059- 1.16TK, ergcm’2 (8)

The published surface tension values for Fe(l) at 1825 K 1213
range from 1788 to 1865 erg cm“2 eq 8 gives a = 1942 erg
cm’2 which is only 0.4% above the largest experimental
value. However, the temperature coefficient of 1.16 is
much too large; similar factors for Bi and Pb were ex-
perimentally determined as 0.07 and 0.09, respectively.
Also, since a-* 0 as the temperature T -*» T, one is led
by eq s to acritical temperature for Fe of 3500 K, only

1005

1700 K above its melting point, obviously much too low.

Note also thatthere is no break in the experimental data
at the bulk melting point (1808 K). The clusters are
generated with short-range order, as supercooled liquids,
well above the nucleation temperature for transition to the
solid phase.

Pb vapor. Figure 5showsthe experimental points and
the corresponding theoretical calculations for lead. Due
to kinetic constraints on the rate of TM L decomposition
all the runs were made at temperatures greater than 980
K. As in the case of Fe vapor, the experiniental points
exhibit atemperature dependence which is too steep. The
data were empirically fitted to an exponential function
(curve 11)

In sc= 69.4 exp(-2.79 X 10“3TK) 9)

In contrastto the Fe data, the experimental values for Pb
are close to the prediction of the classical BD theory with
J = 10ss*1cm“3 The uncertainty in the shocktemperature
leads to error bars abo™.tequal to those for Fe vapor, but
they wefe insufficientto explain the observed deviations
from theory. In this case,.force)fitting the experimental
data to the BD curve, using J as a parameter, leaves it
within reasonable bounds. ¢ om

The results of Homer and Hurlegare shown in Figure
5 as the shaded area. They did not find atemperature
dependence for the Critical supersaturation ratio over the
range 950-1100 K. The center of the ..shaded envelope
straddles our curve. One possible explanation for their
temperature independence is that they calculated the
shocktemperature inserting the thermodynamic functions
solely for the inert gas diluent. There is a substantial
difference («j100 K) between the calculated frozen and
equilibrium temperatures. Due to the exponentialtem-
perature dependence ofthe equilibrium vapor pressure,
Homer's calculated critical supersaturation ratios could
be sufficiently changed to show the expected temperature
effect.

Bi vapor. Bismuth vapor has a unique feature in that
the gasin equilibrium with the liquid contains a substantial
concentration of dimers (Figure 1). Katz etal.14state that
the corresponding definition of supersaturation ratio for
amonomer-dimer equilibrium is

2Bi(g) * Bi(g)

S = (Pi + F2)/(i'ieq+ f*2eq)
= (P1+ PiK)I(Ple + Ple*K) (11)

K = P BiJPB? (10)

This assumes that the distribution of dimers in the
metastable regime is governed by the same equilibrium
constant as for the undersaturated gas.

The results for Bi are shown in Figure 6. These data,
which show the largest deviation from the theoretical
predictions, are well represented by the exponential
function

In sc= 148 exp[- 3.39 X 103T K] (12)

with a correlation coefficientr = 0.98. For reflected, as
well as for incident shock experiments, the largest un-
certainty is due to the estimation of the temperature. We
measured the incident shock speed and used only the
initial pressure and the concentration of the sample as
input to the NASA program. Since the reflected shock
wave passes through the incident shock heated gas,
conditions in the reflected shock are determined by the
state of the previously shocked gas. Unfortunately, the
NASA program was formulated for calculating reflected
shock conditions for the extremes, either complete thermal
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equilibrium or “frozen chemistry” in the incident shock.
The reflected shock temperature, therefore, depends on
whether the incident shock heated gas was thermally
equilibrated. This, in turn, depends on the residence time
in the incident shock. In typical runs the incident shock
residence time was notlong enough for complete thermal
equilibrium yetnot short enough to justify the assumption
of “frozen” conditions. This resulted in a larger uncer-
tainty in the absolute reflected shock temperature, £60
K. We could not alleviate this problem simply by in-
creasing the window to endplate distance, and thus in-
crease the incident shock residence times. In order to
obtain the correct conditions in the reflected shock and
subsequent expansion wave, the incident shock temper-
ature had to be in a range such that appreciable con-
densation w ill occur. Since we wanted to minimize con-
densation in the incident shock regime, we kept the in-
cident shock residence times short by keeping the window
to endplate distance small.

The uncertainty in the temperature results in an ab-
solute uncertainty in In s of £1.5 for the entire experi-
mental temperature range. Nevertheless the uncertainty
is insufficient to account for the steepness of the T de-
pendence, or remove the deviation between the low
temperature experimental data and closest theoretical
curve (BD, g = 1018 sacm*3d. A force fit, using J as a
parameter, results in an unreasonably large estimate for
J (>102s'1¢cm-3) in the low temperature regime.

Furthermore, although the absolute error in the tem-
perature is relatively large, the relative temperatures are
properly related. For this reason, we believe that the
observed temperature dependence is reliable.

Conclusions and Comments

We investigated the possibility that contaminants af-
fected the nucleation process. Since the nucleation rate
is a strong function of the surface tension, the presence
of oxygen at sufficient levels could lower the surface
tension of the molten metals and thereby increase the
nucleation rate. A mass spectrum was taken of the ex-
perimental mixtures of Ar + Fe(CO)6 no 02was intro-
duced during sample preparation, and the level of oxygen
was less than 1% of the Fe(CO)s concentration. The
measured outgassing-leak rate of the shock tube was less
than 0.5 mTorr/min. A maximum of 2 min elapsed be-
tween the time the sample was introduced to the shock
tube and diaphragm rupture. Thus, approximately 0.2
mTorrof02could have been introduced. Since the sample
typically contained 250 mTorr of the metal carrier the
maximum relative 0Xygen concentration was 0.1%. To
prove that this level of contamination had no effect on
these experiments, a mixture 0f0.5% Fe(CO)sand 0.005%
0 2was prepared (10 times the maximum o 2contamination
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expected). Turbidity data from this sample were indis-
tinguishable from our previous results. The presence of
dustin the shock tube might also affectthe nucleation rate.
A series ofturbidity runs were made on a 0.5% sample of
Fe(CO)sthat had passed through a 250-A pore size M il-
lipore filter prior to injection into the clean shock tube.
Again, no differences were discernable. An additional
argument against spurious dust affecting our s cvalues is
the overall consistency of our data. The runs were made
in arandom sequence with respectto shock temperatures,
yetthey fall on a smooth curve. Contaminations by either
ions or dustwould have resulted in considerable scatter.

To demonstrate that the incident and reflected shock
experiments gave the same results, we ran several reflected
shocks for Pb and for Fe. The critical supersaturations
determined by this method agreed within 10% with the
incident shock results.

We conclude the following for iron: (1) The experi-
mental data do not fit either the LP or BD prescriptions,
butthey lie closerto the LP curves. (2) The uncertainty
inherent in our data and its analysis is insufficient to
account for these deviations. (3) A force fit of the LP
theory to the experimental points is possible using a
modified surface tension function. However, the deduced
function has an unreasonable temperature dependence.
The classical BD theory does accountfor our data on Pb
condensation, provided one uses atemperature dependent
critical nucleation rate. Finally for Bi, our data lie closer
to the classical theory prediction than to the LP, but no
satisfactory fit to the data is possible. In view of the
concurrent ambiguities in Jcrtical and a{T), one may
question whether the determination of s 1) can provide
ameaningful test of the classical theories of condensation.
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4. Cluster Growth Rates from Light
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We describe an experimental arrangement for recording the turbidity developed in a metal vapor while it is
undergoing homogeneous nucleation and condensation, and concurrently recording the intensity of light, scattered
at 90° by the growing clusters. The supersaturated vapors were generated by shock heating metalloorganics
from which the attached groups (CH3 CO) were stripped within the first few microseconds after passage through
ashock front. The turbidity and scattered intensity data were collected with a time resolution of approximately
2 ms. Absolute time dependent scattering cross sections were evaluated for lead (vapor <»clusters). The
experimental configuration was calibrated with gases for which the scattering cross section are available (Ar
and CHF2C1). From the ratio of [JadIn (Id/I)] we deduced separately the mean radii as a function oftime,
and the corresponding cluster densities. Our results are well accounted for by a simple kinetic theory model.
As a consequence, we have an indirect procedure for estimating the condensation flux (nuclei generated sec' 1
cm“3 at critical supersaturation and the time-dependent parameters for the cluster size distribution function.

Introduction

Among the various diagnostics we tested for observing
nucleation-condensation processes in metal vapors, we
found four which proved generally applicable. The onset
ofavalanche condensation can be established by recording
a sudden rise either in the black-body radiation emitted
from the tiny particles or in the turbidity ofthe sample.
Thus we determined the variation of the critical super-
saturation ratio with temperature for iron,1lead, and
bismuth.2 The dependence of the heat of condensation
on cluster size for iron was estimated from measurements
of post-shock density gradients3 [applied to clusters: 40
<n < 2000]. In this report we demonstrate the use of light
scattering to follow growth rates of clusters oflead [applied
to 104< n < 2 x 106. As a consequence we obtained
approximate net condensation fluxes and cluster size
distributions. The latter were verified by electron mi-
croscopic examination of the final metallic powders.

Turbidity data provide values for the product of the
number density, N = v,Nn, and the average volume, (v).
To uncouple the two magnitudes one must either estimate
the density directly or introduce an assumption. In a
procedure described by Kerker,agenerally used for static
systems, one assumes that the total mass of materialis in
the condensed phase; then, knowledge of the initial
concentration is sufficientto uncouple N from (u). In the
present experiments, since we do not have a priori
knowledge of ~(t), we measured simultaneously the
turbidity and the intensity of light scattered from the
growing clusters. For absorbing spheres, the latter is
proportional to the product N (v2), thereby providing the
means for estimating n(t) and {v) separately.

Although light scattering measurements have been
applied extensively to a variety of systems few studies were
made of homogeneous nucleation from the gas phase.
Vietti and Schustersdetermined the growth rates of large
(~ 104A) water droplets in air by detection of oscillations
in the intensity of scattered light from a He-Ne source.
Steineinvestigated the angular and wavelength dependence
of scattered light from a cloud ofice particles formed by
homogeneous nucleation in nozzle expansion, and de-
termined the average particle size and the density as a
function of the supersaturation ratio. Ethyl alcohol
droplets were similarly studied by Clumpner.' He mea-

sured the angular dependence of Rayleigh scattering.
Graham and Homersinvestigated Rayleigh scattering from
lead particles generated by shock pyrolysis of Pb(CH 3)4.
They were prim arily interested in the coagulation process,
after all the monomer had entered the condensed phase
and did not investigate the early growth regime.

Scattering-Turbidity Theory (A Brief Summary)
The ratio of transmitted to incident light intensity is

HU = exp[-M C exf (1)

where the extinction coefficientis given by Mie theory,o
for small absorbing spheres.

-677 m2- 1
c
ext 2 2 (2)
n (I11,) = ma- 1 (3)
m2+ 2 _

For Rayleigh scattering from spherical particles (size «
X), where the input beam is vertically polarized with re-
spect to the scattering plane (Figure 1), the intensity of
the scattered radiation at 90° is

heat = lo ~ C scaN (4)
R
where h and w are the dimensions of the viewing window
at a distance r from the scattering sample; C8&ais the
corresponding cross section:
2- 1 2
" (5)

m2+ 2
On dividing (4) by (3)

/scat/ln (J/J0)=c G ~ (8)
with

m2- 1, "m2- 1"
C =

m2+ 2 m2+ 2.

G = hwl0/R 2
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Figure 1. Relative orientations of incident, scattered, and transmitted
rays.

If one assumes (v°) ~ (v)? (discussed below), the ratio of
I to In (I/1y) is directly proportional to the average
particle volume. The constant G is difficult to measure
directly, since it depends critically on the experimental
configuration. Hence, G is determined by measuring the
light scattered by a substance of known cross section. In
this investigation we filled the shock tube to 1 atm with
a gas of relatively large Cq, [Ar; CHF,Cl] and measured
the scattered signal under exactly the same conditions as
were used in the condensation experiment. The cross
section for a gas with polarizability, a;, is
: (2m)*
Con = 2505 (M)
and the corresponding
N - A
N'a,? (2n)*

where I, 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:

Csca _ _Iscat (277)4 ' g
t <c—t> - [(Ic)ln W) N“"] o

For each pair of measurements, the right member of eq
8 was evaluated, and from a “master plot” of In (C,.,/Cey)
vs. the mean radius, we read (r), defined by

= [Bw)/4n]'"? (9)

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
no 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 (I/I;) < 0.1.°
It is asserted that, for values of In (I,/I) between 0.1 and
0.3, correction for multiple scattering may be necessary.
In our experiments In (I/I) 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
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Figure 2. The real and imaginary components of the refractive.index
for liquid lead as a function of temperature.

case, we concluded that multiple scattering introduced no-
appreciable errors in any of our measurements.

To deduce an average particle size from eq 8;0ne must
insert values for the complex refractive index for the liguid
at the wavelength of the scattered radiation, at the ex-
perimental temperature. The Drude free electron theory™
provides the basic equations for macroscopic metals,-in
terms of the dc electrical conductivity, o, the density of
conduction electrons N,, the electron relaxation time 7.,
and the electron charge, e. The ac conductivity is

o="1s 00(11(37\)_2[ k=2 (10)

k? + (1/2.7fcre);"]

and the dielectric constant, e, is

¥

g D . 11
T ¢ omre |k + (1/2mere)? (L)

The complex refractive index, expressed in terms of = and
o, is

. _ 21'0_(’?)]”2

m=n —iq= [e(k) ok (12)
On separating m into its real and imaginary parts we have
n'* —q* =e(k) and n'q =o(k)/ck (13)

Hodgson!' measured n’ and q for Ph(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 7, and ¢ 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 7, and o¢y/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 g with temperature is shown in Figure
2 for \ 4880 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 (C,.,/C.y) vs. (r) in Figure 3. The variation
of In (Cy../Cext) 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. Doremus'? found significant deviations be-
tween the optical properties of small gold particles and
bulk gold. He suggested that when the mean free path of
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Figure 4. Dependence of the complex refractive indices on particle
radius according to KF theory.

the electrons becomes equal to or less than the particle
diameter, the Drude free electron theory breaks down.
Kreibig and Fragstein'® developed an extended free
electron model which takes this effect into account. They
introduce a size dependent free path

1 1 1
E'_):£+; (14)

where [, is the bulk mean free path. For Pb(l), [, can be
derived from 7,°vp = ), where v is the Fermi velocity,'
given by vp ~ 1.16[37°N,]"/%. The magnitude of N, was
determined by Hogdson.!! Both the dc and ac conduc-
tivities depend on 7.(l) = I(r)/vr, and therefore on the
particle radius. With the Drude eq 10-13 [o(r) =
N.e*r,(l)/m*], one may deduce the size dependence of n’
and q. Figure 4 shows graphs for Pb(l) at T'= 1273 K and
X 5682, 4880 A. Similar curves were obtained for T = 873
K. These n'(r) and q(r) values permit the recomputation
of In (Cyo/Cext) vs. (r), also plotted in Figure 3. The
temperature and size dependence of In (C,,/C,y,) 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
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Figure 5. Schematic of the disposition of laser, mirrors and detectors
around the shock tube: (1) Art or Kr* laser; (2) long focal length lens;
(3) scattered light collection lens; (4) Spex monochrometer; (5)
EMI-9558-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 us.

described." The following modifications were made. The
driven section was léngthened 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. The shock
tube was operated in the single pulse mode; its.Ieak rate -
(out-gassing) was ~0.5 mTorr/min. " - s

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 A with 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 fine 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 A was obtained
with 0.5-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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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 atthe recording sensitivities used in
these experiments. The output of both the turbidity and
scattering phototubes was monitored on a Tektronix Model
502 dual beam oscilloscope. Amplified signals from the
two pressure transducers, located near the observation
station and used to measure the shock speed, were
monitored on a Tektronix Model 535 oscilloscope.

In making the optical alignment we utilized the rapid
photodecomposition of Fe(CO)sby green light. When a
20-60 Torr sample of ca. 1% Fe(CO)swas illuminated (in
the shock tube) with any ofthe more powerful Ar+ laser
lines, or with the 5682-A line ofthe Kr+laser, the carbonyl
decomposed in the beam, and (presumably) iron particles
condensed. The path of the beam through the sample was
thus made strikingly visible, and the relatively large
amount of scattered light was suitable for alignment of the
optics. The laser beam was chopped mechanically at ~200
Hz, so that the location and wavelength setting of the
monochromator (with attached phototube) was readily
adjusted to obtain the maximum signal. The shock tube
was then pumped to below 10«3Torr for at least 5 min and
filled to 800 Torr with either Ar or CHF2C1 (Freon-22).
The scattered light intensity from the gas was then re-
corded. After recording the square wave signal due to the
calibrating gas (Jgs + »the tube was pumped to
<1g3Torr aj? background (stray light) square wave
signal (fbackground) was recorded. The difference between
these two measurements is the intensity due to the gas
scattering, defined as/c Signal to background ratios were
typically 1.5-4. The system was realigned if this ratio was
less than 1.5. W ith the tube evacuated, we also measured
the square wave signal atthe turbidity phototube, defined
as /0. In preparation for the shock, the chopper was re-
moved and the laser beam was blocked with a mechanical
shutter. None of the optics was disturbed after the cal-
ibration. The tube was pumped below 3 x 10 4Torr with
a diffusion pump; the driven and driver sections were then
filled to the desired pressures. Immediately prior to shock
initiation, the mechanical shutter blocking the laser beam
was opened.

The entire driven section, including the window as-
sembly, was thoroughly cleaned after each experiment with
a cheesecloth swab, moistened with ethanol. Conditions
were varied by changing the test sample pressure or the
sample concentration. The measured shock speed, initial

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

D. J, Frurip and S. H. Bauér

e«-'tiririe

/

iscat
b

o/

<-35 usee

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 (JO- 1). 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 (10 - /) 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;
(10- /) 50 mV/division. . C'i

Pb(CH34concentration, and the initial total pressure were
used to calculate the shocked gas equilibrium conditions
via the NASA equilibrium shock program.

Data Reduction. TWO0 Sets of scattering experiments
were performed. In the first series of runs the scattered
intensity and turbidity were monitored for 800 ¢is (particle
time) after the arrival of the incident shock. A second
series of experiments was run in which we investigated the
initial growth period (t < 200 ¢is). Typical records ofthe
“early” scattering and turbidity traces are shown in Figure
7. The shock arrival time is indicated by a schlieren spike
(@) in the turbidity trace. Generally the turbidity signal
departed from the zero line somewhat before the scattering
trace did. However, after avery shorttime (=»10 ¢is, lab
time) the lim it of detection at the scattering phototube was
reached and that signal rose rapidly.

The recorded output from the scattering phototube is
not /at °f eq 6; corrections must be made for the at-
tenuation of the laser beam before it reaches the scattering
volume and for the attenuation of the scattered light as
it traverses the gas to the exit window. However, the
calibration signal is proportional to the unattenuated
incidentlight, /g The netcorrection factor is simply (///0),
recorded as the turbidity. This results in an increase of
the derived average radius ofno more than 10%. The time
recorded at the observation window, iiab, under incident
shock conditions is not the experimental particle time, tp,
because the shocked gas is flowing past the observation
window; they are related by the ratio of the shocked to
unshocked gas densities, ip = tlabp2/pi). A typical mag-
nitude for pi/ph also calculated in the NASA program, was
~3.6; i"b = o was set when the incident shock arrived at
the window.

Figure 8 reproduces very long time traces which en-
compass the entire incident shock regime, ofabout 3 ms.
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The scattering channel shows large rapid fluctuations,
beginning at «800 fis (particle time) after shock arrival.
These, fluctuations are probably due to large particles
diffusing into the relatively narrow laser beam. When the
slit width was narrowed, the sample concentration reduced,
or the supersaturation decreased, the frequency ofthese
fluctuations increased, consistent with the above expla-
nation. Reduction ofthe slit width reduces the size of the
observed scattering volume; reduction of the sample
concentration decreases the density of scattering centers;
and, decreasing the supersaturation ratio increases the
average particle size and necessarily decreases the density
ofscattering centers. These fluctuations prevented us from
utilizing data attimes longer than 800 fis. Furthermore,
in most runs, the incident light intensity was considerably
reduced by extinction after 800 /xs. Specifically, for
CHF2Cl as a calibrating gas at X 5682 A, 1 = 5.08 cm, N *
=259 X 10¥mol cm~3(at 800 Torr), and ap= 53 X 10"5
cm3,15 eq 8 reduces to

In(Cg/C ,) =In[i-275 .53 X 10 -’

From the master plot of In {c~ac~d vs. (r) (Figure 3),
we read' the average cluster size at the center of the
bulk-KF envelope of curves, for each measurement. Given
the average size as a function of time, one can determine
the time dependence ofthe particle density by rearranging
eq 1

e 2 o)

- (la)
1Qext[r(t)]

There isless than 5% difference between the bulk Cetand
the KF cext

In deriving the above equations we assumed that (v ) °
~ (v). This is equivalentto assuming that the distribution
function, p(u) [defined as the fraction of molecules with
volumes between vand v + da], is a delta function, ob-
viously unrealistic. To estimate the magnitude ofthe error
introduced by this assumption, define

P(v) = fv2e g~ NOrmalized to /*°p(v)da=1 (15)

Then,/ = ag32/ 71/2. The mean volume is
2 2
M =JT W(v)du = _i77-J7 v'e *0 dv = -777-777- (16)
rog

and the mean square volume is

(v2)= f7v2P (v)dv=*hg (17)
So that, (U2 = (3t/8)(v)2 It follows that for this
functional form, the previously calculated values of In
(Csca/Cext) should be increased by In (3ir/8) = 0.16. In turn,
this leads to an increase in the calculated (r) by about 3%.
We neglected this correction and proceeded to use the
average radii calculated previously to estimate the dis-
tribution function parameter g = 4/ir(v)2 = 9/4iri(r)e.

Several electron micrographs of lead particles scraped
from the inside ofthe shock tube were scanned to estimate
the distribution function ofradii. Although the particles
which were thus analyzed grew under condition in which
they were subjected to both incident and reflected shocks,
the final distribution should still be indicative ofthe early
time distribution. In Figure 9the results ofthe electron
micrograph analysis are compared with the distribution
based on eq 15. The electron micrograph distribution
function is fairly symmetric, with an average radius of«200

1011

Figure 9. Distributions of particle radii, determined by electron mi-
croscope analysis, and predicted via eq 15.

Particle Time in usee

Figure 10. “Early time” growth rates at various supersaturation ratios
(44-240). The dashed line is a “best fit” through the origin. The
temperature span is 1050-1150 K.

PARTICLE TIME in MSEC

Figure 11. Experimental “long-time” growth curves at several su-
persaturations.

A, and reasonably close in shape and width to the pre-
dicted distribution.

Summary of Results and Analysis

Figures 10 and 11 are plots of the average cluster radii
vs. particle time, for the early and long time experiments,
respectively. The experimental conditions for these runs
are summarized in Table I. Overall, the shock conditions
encompassed the temperature range 990-1180 K, and
supersaturation ratios 30-680. No scattering was observed
in experiments in which the supersaturation was less than
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TABLE I: Summary of Experimental Conditions

Run no.”  Amaxj S = P/Pe ~shocks K
Long Time Runs
1 >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
Short Time Runs
10 44 1147
11 56 1139
12 88 1126
13 65 1143
14 240 1066

“ In all runs Pb(CH3)4was 1.0 or 2.0% in argon.

critical over the 700 ms (lab) observation time. In separate
experiments2we measured s ), and found em pirically
that it is well represented by

In sc = 69.4 exp(-2.79 X 10'sTK) (18)

In some of the “long time” runs, fluctuations in the
scattering trace prevented data reduction past 800 ms
(particle time). As mentioned earlier, the scattering signal
was not observed above the background noise until »25
MS (particle time) after shock arrival, so that no particle
size data are available for earlier tmes. The minimum
observable signal (above the background) was 0.2 mV.

Several general features appear. First, during early times
the scattered intensity is essentially independent of the
supersaturation ratio for all runs, despite the factthat this
ratio ranged from 44 to 240. [The temperature range for
these runs was relatively small: 1110 £ 40 K.] The growth
rate, d (r)/di, is approximately linear in this region, and
properly extrapolates to the origin. Thus, fort * 80 ms
for Pb vapor

d<n/dt=y = 9.4 X 10“3cm s'1 (19)

In terms ofthe average number of atoms per cluster, since
(4 3)ir(r)3= (v) = (ri)/pn, where pnis the number of atoms
per unit volume in an nmer

d(,n)/dt = ypn4it(r)2 (20)

i.e., the rate of addition of atoms onto a cluster of size <n)
is directly proportional to the surface area of the cluster.
Equation 20 follows from a simple kinetic model. During
the early times in the growth process, monomer addition
is the rate-controlling process.i The rate of bombardment
of a spherical nmer by monomers is

Zn<i =AnATlc 1/4

where N xis the monomer density and Cj is its mean
molecular velocity. If one specifies that of all the mo-
nomers which impinge on a cluster only the fraction a
stick, the growth rate is

d(n)/dt = aAniViCil4 (21)

Early in the growth process, the monomer concentration
remains essentially at its initial level so that one may
identify: ypn** (aN,°cisa). To estimate p,, use the bulk
liquid density pm= 2.7 X 102atoms cm-3; then our data
give for yp = 2.5 X 102. In turn, for Ni°c = 9 X 1016cm 3
so that at 1110 K, we deduce a = 1/3. While this rea-
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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 strongly supports our experimental ap-
proach, we note that it is based on a simplistic hard-
sphere-binary collision model; it is a mean value for the
range of rimers generated during this time interval. Were
we to use the ternary collision model introduced in ref 16,
association rate constants with specific n dependence (but
no a) would appear in eq 21.

The longer time growth curves show two general fea-
tures: (i) d(n)/dt decreases with increasing t, and (i) after
»500 ms the growth curves level offto <r)max, which varies
inversely with the supersaturation ratio. Both are a
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Figure 14. Time evolution of the cluster density (mean size) for three
supersaturations.

consequence of depletion of the monomer concentration.
Instead of assuming that the latter was constant, we set
Ni(t) = N° - Nn(n). In terms of (r), N~t) = /V)0-
4ir(r)3rNrn/3. The growth rate then assumes the form

d<r>/df = f - |<r=3 (22)

where 9= aclATC/4pn and |= ircINrali. 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.]
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+72 tan" (‘'T,w ) " 8/5tan" C w ).

where X= (¥>/£)13 = (31Vi°/4irpniV,)1/3. Equation 23 has
the correct limiting values; i.e. as t *m0, (r) -* 0; and as
t-* oo (r) »X. Hence identify xwith (r)nta Using the
experimentally estimated magnitudes for (r)nmM 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 of 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 of «20% between the
simple model and the experimental rate. If the time
dfependence of Nnwere 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
of (r)ng&afrom the experimental parameters.

The value of (r>nmaxvaries approximately with the re-
ciprocal of the supersaturation ratio. Qualitatively, this
is expected. When S is increased, ntraBition (defined in ref
16; it is analogous to the classical najltical) decreases; i.e.,
the higher the supersaturation ratio the more critical size
nuclei are generated, and the less material is available per
nucleus. Itiscommonly knownl7that the average particle
size of an aqueous precipitate is inversely proportional to
its supersaturation level. Hence, at long times, the density
of clusters (1V,) of size (r)nmexis

3N°
Na3“m
4 7I(r)max Pn

= 6NS (24)

where IVS8is the density of critical size nuclei generated
at the start of the steady state condition, and dis a
constant, always less than unity and generally about 1/10.
Thus, IVS8is also proportional to I/(r)na3 Since the initial
nucleation process occurs as a consequence of termolecular
steps

Pb, + Pb, + Ar -» Pb2 + Ar

Pb(n_3+ Pb, + Ar Pb, + Ar

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,]/dE, is
proportional to the square of the monomer concentration.
Hence N® (N2« (S)2 and

1/~raax 3 S2 (25)

If this dimensional analysis is correct, a plot of log (r)m
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 —
9 2.8 x 103A

-jlogs (26)
or in terms of the kinetic theory growth parameter for Pb
vapor

k™ (rw =2.8X103A S'23

Another aspect of the growth process follows from
consideration of 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 Svaried 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[} = 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 of 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
101 nuclei s 1crcf3are 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 101210M4s 1
cm 3 Parenthetically, the predicted classical steady state
rate is ~1081010s 1cm 3

One can now calculate the time dependence of the
fraction of monomer which entered the condensed phase.
Let x(E) denote that fraction; then

N.,,(n)
x(t) = ,V(,.o (27)

From liquid density data at 1100 K, (n) = 0.11(r)3A-3.
Figure 15ais 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 IS60 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
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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 /8, Ic, and In (I¢/1). Since

to calculate the maximum uncertainty in (r), sum the
absolute values of the partial derivatives and rearrange (X
are the estimated error limits):

XAfficat Ue

Ix In (loll)
R Ic

[in (10/1)
For typical runs, we found

IHcat//scatl ~ 0.05, IA/Q/Ci< 0.10,
X In (1011)/In (I0/\ < 0.02

The largest source of 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
=20 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.
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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, of the total amount of monomer which
enters the condensed phase at any time, and the final
particle size (r)mexare 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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5. A Self-Consistent Kinetic Model

Department of Chemistry, Cornell University, Ithaca, New York 14853 (Received July 19, 1976; Revised Manuscript Received

March 7, 1977)

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  Ani+ M. In these calculations the forward and reverse
rate constants were related via k*nH/knit ,n= K[on .nt = (RT exp[-(AG°mH - AG®, - AG°,)/f?T]; AG°1=
0 where AG°nis 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 NrES(steady state densities) for n < n , at which Nnmhas 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> 0" 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)5highly diluted in argon.1 While several
kinetic models for homogeneous nucléation have been

described,2in 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 of 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<, = 4irr,2 <,- 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;
<* Ap) and this is necessary only for small n < n\ as
defined below.

(iiif) 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 < Mbut 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 of 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 1l we formulated the kinetic model under the
assumption that both AH°nand AS°nare known. We
integrated the master equation, for several combinations
of boundary conditions, for 1 < n < 80. In section Il we
briefly outlined the basis for our assumed AS°nfunction
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 Il. Section V is a
brief summary wherein the basic assumptions of the
classical3and modified models4are compared with those
of SCKM.

Il. The Kinetic 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 aconsequence 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 of 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
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theory gives for the mean lifetime

T o= vvnnj_l_nw7 1

where E*nH is the internal energy content of a nascent
(n+i)mer, EoH is the minimum energy required for
evaporation of i units, v* is a characteristic molecular
frequency «1013s I and s is the number of 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
experiments7and trajectory calculations8clearly show that
the ternary rate constant should bé proportional to T (0.5
NP A 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-"-~ Anij+ Ar . ' (1)

is replaced by '

An+ A-‘n* nAn j (unstable transient) (2)
Kn->n+i

A, = Ar —=A, H+ Ar (stabilizing collision) (2a)
Ks

On imposing the steady state condition on An.j, one finds
for the rate of production of stable (n + i)mers

d[A,J [An][A ][AT]
df (Knu-~n) 1+ (Ks/Kn#-+n)[Ar]

Kn™ n” }

This reduces to the bimolecular rate when xs[Ar]/*,+m »,
» 1; for the inverse conditions it reduces to the termo-
lecular rate, with the constant equal to XM nH/xnH~}
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 of the transient pairs
in terms of their interaction potential Ury(r), and then
estimate the rate of stabilization by treating the A,,.j
species as well as the Ar atoms as hard sphere colliders.
This leads to

v o, Yy iHK'Ti
2= 4@IT2,...; + Vari )
nil +
X jT5 drr2exp[-[/n,(r)/feT] 4

I~ (= 1.77 A) is the hard sphere radius of Ar, a = jjn+
1j,; 4nis the hard sphere radius of the nmer [for iron, nHn
= 2.95n13 A]; \H is the equivalent hard sphere radius of
(n—i) species (= 1.5a; see Figure 1); and ni*= MAMN+H/ (M A
+ MnH). 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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Figure 1. Representétion of a three-body collision for stabilizing an
(n+ Amer. The diagfam on the right illustrates the difference between
the initial attractive well-depth and the final enthalpy increment.

U, ;(r) we assumed a Legﬁard-Jones potential
Una(r) = 4en[(5 /1) %7 (5/r)°] (5)
with

AR, - IA'H’.T_‘,;I— AH;

D opl3

en,i l (6)
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 e,; is clearly
less than {JAH®,.| — |AH®,| - |AH®|}. The latter sum
includes the stabilization energy gained by reorganizing
the structures of the nmer and imer into a stable (n + i)
cluster, whereas e, ; (Figure 1) is the depth of the potential
function for thé separate units, albeit distorted by their
proximity. The transition from the (n--i) configuration
to the integrated (n + i)mer, catalyzed by the Ar 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,4;.,, start with
the thermochemical relation for nA = A, applicable to an
ideal gas, under standard conditions (p°, = 1 atm); then
AG° = AH° - TAS°n; AH°,1 = AHom(l _ n%l25);1 ASO,, —
ASn(’l) + ASn?C) [section III]

kn—->n+i _ RT [ AGOI‘H[ - AGon - AGoﬂ (7)
By RT
AG°; =0

® (cm® atm cluster* deg™); k,,.n+:[Ar] (cluster ! cm®s™).
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 10'® em ™. The
growth rate constants are large indeed even though the
value of e was reduced by dividing the net enthalpy in-
crement for association by (2i%?). The constants have the
expected dependence on n and i; k,_.,4+; increase due to
the effect of cluster size (on the 75’s), and the attractive
potential (on ¢). 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

Ryosn.i=10"0"  10< n< 150
=10""n*s 100< n < 1500 (8)
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kn,n+i [Ar]

3

molecule™! cm3 sec™
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Figure 2. Rate constants for cluster growth and evaporation; de-
pendence on cluster size.

Our objective is to test the system dynamics for cluster
growth. Hence, we did not disect &,, ... into its component
»’s. This could be done by estimating lifetimes of the
transient species A,,_;,” and the introduction of an arbitrary
sticking coefficient for the forward bimolecular step. The
general expression for the bimolecular rate constant® is

2 172 u >3/2
kyi=|— e
- (n) (kT
X f°§ dUrUr3S(Ur) exp[_uvrz/sz] (9)
w=M,M;/(M, + M)); v, is the relative velocity of A, and
A; and S(v,) is the reactive collision cross section, which
depends on U, ;(r) and the assumed sticking probability.

Finally, a word regarding other cluster growth processes.
These include

A+ Ay 2 Ap i + A

An i Am = Ami + Am-i

(coagulation)

(abstraction) (10)

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,!® 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, N°;, and N,5; = 0 at ¢ = 0; mass balance
is maintained at all times.

1 dN, 5
m ——(E- - i§1 R isne Nl + By il
- kn—->n»iNn - kn—>n+iNnN;'} (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-
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[ I LOGIx [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]; nd = 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,
fromn=1—-=20ton =1 80, and the types of reactions
considered; i.e., monomer addition only (i = 1) to monomer
—sppentamer addition (i = 1 -»m5) inclusive. We found that
the nmer concentrations vs. time were independent of the
specified upper limit for n(nd) which is inserted in the
program, for all n % (nd - 3). The imposed limit on n
caused the distribution to “bottleneck” near nd (i.e., values
for nd - 2, nd- 1, and nu were overvalued) while the
concentration-time history of all the other species re-
mained unaffected. This became apparent when the
sequence nd = 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 [Nid]) by less than 0.1% throughout the simulation

S. H. Bauer and D* J. Frurip

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 of unimolecular steps, and the consequent
first-order rate equations can be solved in closed form. In
practice this involves an nd x n“lsecular 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 gear values.

Figure 3 consists of plots of nmer concentrations vs. time
(GEAR integration) for N® = 1.88 x 1016cm3, S =3040, T
= 1600 K, and nlll = 80. There is a rapid increase in the
nmer concentrations between LOlland 10 7s. Byt= 107
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 rs, 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 of 10.
Figure 4 shows the same data for selected times, plotted
vs. N. This illustrates directly the effect of the upper limit
(nd) 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 of magnitude.

Since limitations on computer time, both practical and
monetary, prevented us from extending the calculation
significantly past nd = 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 of an
nmer, <r,), is given approximately by

- {W.IArIATj}-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]-; nd = 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
I, -l ~ 10'W126cm3s'1 (8"

when the argon concentration is 1.88 x 1018cm 3 and the
monomer concentration is 1.88 x 1016cnT3 (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—

<f>MSS*  <*>»t + 2 <T,> (13)
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* =0.10+ 53X HT6, %' dn/n26 14)

3.321

s 0.106 s (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 of the steady state

condition appears upon inspection of the relative mag-
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TABLE I: Unidirectional (Partial) Fluxes (cm 3 s-1)
During Steady State Condition (i = 5 x 10_7s)a
9-* 10 1.442 X 102 10-9 1.422 X 102
10- 11 3.907 X 10° 11- 10 3.726 X 10°
13- 14 4.565 14-13 .2791
14- 15 2.805 15- 14 1.048
29- 30 1.860 30- 29 8998 X 10-2
30- 31 1.843 31-30 7:918 X 10-2
69 - 70 1.782 70-69 7.968 X 10“3
70- 71 1.773 71-70 7.754 X 10’3

Fe at 1600 K; iV,°= 1.88 X 10'6cm“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 jJAn=km\.mNnT\Jis very
nearly balanced by the rate of evaporation loss {Vn =
krt.,N,, -- An]; concurrently the magnitude of the upward
flow is relatively small JA(n + i) = krr.nINMN, « An], and
this is nearly balanced by the downward flow {V (n + i)
= knH-mMNn+lk 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 of the
t > 10 'curve, where An «Vn <« A(n + i) « V(n + i). At
higher supersaturations (Figure 6) the transition occurs
at small nH—1), 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 Nnchanges 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 Kkinetic 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)&
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

Iss=JW ilA rJtfX - K ~ n[Ar]NnH (16)

It will be demonstrated in section 1V that this magnitude
can be evaluated from thermochemical data and knowledge
of kv 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°nfor 2 <
n < n\ This portion of the free energy function determines
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N®Bat n\ which in turn controls J& Obviously, changing
the rate constants affects the magnitude of J8as well as
the time required to attain steady state.

I1l. Estimation of the Entropy Function

The entropy change accompanying the formation of an
nmer from a gas of 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

=Sn+ S% 17)

Smincorporates the translational, rotational, and vibra-
tional terms for a “rigid” cluster, and Smis 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
Burton13showed 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, S, 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 shownX4.that

Llimfl,  (n2/3) (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.155
8 < n ™ 100. In this size range we postulate that the
number of isomers which can be generated from any type
of nmer is E,-i times the number of its antecedent (n -
I)mers, where S,-i is the number of surface atoms in the

(n - hmer [ie., = E,. I™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 of 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
Savn must approach zero as n approaches infinity, the
above estimate is valid only for n < 103 The above an-
alysis leads to
S, 0 n—i

N2+ =~ 2 Inj (20)
nR 3nj=i

which slowly diverges as n —* € We may have overes-
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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) ASr,/ n, Fe crystal model, with vD= 2.3 X 1018
s'l; (b) ASr,/ n, Fe crystal model, with vD= 1.1 X 1013s'L (c) ASr,,
empirically fitted to entropy loss for (2 < n< 8) [i.e., 29n2/(3 + n2]I;
(d) ASr,(c) + ASG, (Figure 7); (e) ASr,(b) + ASGC,(Figure 7). The
shaded areas indicate the magnitude of the configurational entropy term.
{+) Averaged values for AS (recot) for 2 < n < 16. Overall, these points
are fitted by [31n2/(5 + n2)].

timated ASG 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

2K(g)  K.(9)
30(87~07)
nX+ mYy 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:

ASDn =-29n2/(3 + n2) (21)

Hence an acceptable approximation for the standard

entropy change for the association of n monomers is

29n2

AS"=_3T~" + R Ini2"-1S"-> 2)
The direct method for calculating the entropy is the

statistical mechanics approach used by Hoare and Pal,I7

Hale and Plummer,Z 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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Figure 9. Reduced free energies for cluster formation vs. cluster size:
(d) empirical AH®,, combined with TA S °n(d) of Figure 8; (e) empirical
AH®°, combined with TAS®,, (e) of Fjgure 8; (x) artificially truncated
free energy function to test the effect of removing the maximum at
n= 6. A<f>/kT= (47rllcr)(3rt/47r)2V p 2i3bdk- nIn 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 of inertia were calculated from the bulk
density of atoms. For the vibrational contribution a single

Knp) =KNnC{~ T](_n> ;

m

mean frequency was inserted and identified with \Ddye
From heat capacity data for solid iron at 1600 K (C,, m
5.8 cal mol-1deg“)), vD= 2.3 x 1013s“1 Curve a in Figure
8 is (ASr,/n) for = 2.3 x 10183s'1, and curve b corre-
sponds to = 1.0 x 1013s“L 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 of rimers from monomers

AG\ =-n\AH°0. 1(1 - n“02)- T[ASmM
+ R In («,,_!*, )] (23)

Graphs of AG°r/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 albuk= 1800
erg cm*“2

IV. The Constrained Equilibrium

V A. For asystem 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 lexp(-AG°n/RT) (24)

We also make use of the relation: K'@mnil = KignH/
K@K{di. 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

For specified /?ul = [n®]

Figure 10. “Constrained equilibrium” nmer densities for specified upper cut-off (ndymers [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 A4 , = 4rrr, a,- nkTIn

S.
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Figure 11. “Constrained equilibrium” nmer densities for a high su-
persaturation ratio [S = 30400]. 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 (nu). Then, to satisfy mass conservation

Nf =Iviul + 22v2U + 3Jvaul + .. .nuWul,ui (25a)

=NI* + 2K2MW in 12 + 3K {N i ul}3

+ .. .nuIKIc>n,,I{N|u|}nLI (25b)

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 nd for small
values of nu, i.e., for nd < 30 when S = 3040, and for nd
< 17 when S = 30400. Only for nUgreater 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 N is increased. To emphasize
this aspect, contrary to classical formulation of 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 of 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 Nnminimum. As a measure of the sensitivity of the Nris
to the assumed entropy function, compare the nu = 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). IV,(min) remained essentially un-
changed but the location of the minimum shifted from n
N 13 ton 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 nvalues (~104) are reached. We
reemphasize: the magnitude of nnmis determined pri-
marily by how rapidly the AG°nfunction attains suffi-
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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 ny.
For example, a one order of magnitude increase in STrom
3040 to 30400 raises the concentration minimum, for the
nu = 30 curve, from ~10 8to 10"4cm"3, while the value
of n at the minimum decreases from n«=14to n « 11. It
is our contention that the classical Nncurve (Figure 10)
is too high, as anticipated by Courtney.18

B. There is physical significance to the portion of the
Nn"]< 30 curve (S = 3040) and nil< 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 Nnlevels 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.

| EXTREME MODEL: *=30,400; Sn= RANnX2n:direct count for n< 7
=Rin jHn.|'fIn_]] for n>7

n -40 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 nu) 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, U
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,ul”™ (AT)n((RT)nl
exp(-AG°JRT), for n < nmin The steady state con-
centrations, attained Kinetically after a very short time,
NSBat A N~nimin) = N'Vtfmm)- However, the latter value
can be computed from thermochemical data, by setting
(dN~vdn) = 0 under the condition that A/1] = TV,
Equation 16 can now be rewritten for n = nnmin

Jss - fc,~ n+1[Ar]A ulmin

ad ., 1 AG°n ,
- (RT~lexp + RT (16"

Figure 15. The dependence of Jsson S; comparison of the kinetic
model (b) with classical theory (a).

Thus, J8Bis 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 unin (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,2an - nkT In Sx (26)
Nn* =NS exp(-A$JIKkT) (27)
n-*n+ 1 Ad4> +1-ADn 28)
=(A,0)'1exp - 28
ft* n+l-»n kT
for all n

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 (ANV/pr/3 by (a/p2 )huk [pnis the density
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of 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
of particles must change to achieve a condition which
approximates statistical equilibrium.2 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
>

KAN+INLENN™»  kn+1”MiN*\+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 of and then evaluate it in terms
of AG°n via (24) for a “constrained equilibrium”, with NDA
= AV1

o

A$nul =

- (n- Dfcrin pl° (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 (pxT) to
1 mol of dimer at (pn, T). It isessential that the final state
be specified.18 The thermochemical cycle begins with
expansion from pt to px, condensation to bulk liquid,
cooling to 0 K, chopping to 1 mol of rimers, and heating
to (p,, T) gives:

AG,(T)/£ =42rm2an(T) - nkT In Sx- n(gx- g,)
+ kTIn (pn/™n) (30)

Here -RT In Ynis the (translational) free energy of point
masses (Ng) at 1 atm and T K. Thus

In*, = 5/2 InT + 3/2 In (np) - 3.665

o\ and gn are the thermal free energy increments per
monomer unit when in the bulk liquid and in an nmer,
respectively. To obtain AG°msetp, and pnequal to unit
atmosphere. We deduce

A4>.ul = 4nrn2an2(T) - nkT In Sx- nfa - gn)
+ kTIn (pi°/n,) (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
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for a model [comparison of predicted In ScCvs. T curves
with the experimentally determined dependence of the
actual supersaturation ratio on the temperature] is ex-
ceptionally insensitive. A much sharper test would be to
compare the predicted J8with 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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COMMUNICATIONS TO THE EDITOR

'Comment on Resonance Stabilization Energies from
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 — 58.1/6, log k (1,3-pentadiene) =
13.6 — 53.0/6, and log & (3-methyl-1,3-pentadiene) = 14.0
—55.0/6, 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,? log k = 14.6 -
66.2/6, 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-
cludéd to be in good agreement with values of 6 kcal/mol
for CN found by Sarner et al.,® 11.6 kcal /mol for methyl
allyl deduced from the work of Walters* and Frey,’ and
12.6 keal/mol for allyl. The latter was quoted as being the
“standard” accepted by Benson and O’Neal.® Recent
measurements, however, have firmly established that the
allyl stabilization energy is ~10 kcal/mol,”® and that for
methyl allyl should be ~13 kcal/mol.? 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
energy'’ 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 This is strongly
supported by a substantial body of recent data on the
pyrolysis of alkyl cyanides.'*!® 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 study™ 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.” Note
also that the shock tube A factor for cis-2-butene is about
a power of ten higher than the transition-state estimate.®
Also, the shock tube data yield a surprisingly large dif-
ference in A factors (10'* s) between crotononitrile and
2-butene. The biradical mechanism for cis-trans isom-
erization proposed by Benson and co-workers'*'® may be
depicted as follows

C=C

R R' R
\ - / — \.

e ~N P
H H H

R H
Se=cl = t—c
/ \ , /

H R

Rotation about the sp>sp? 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
interaction®>!® 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 factor'® such
cg??gels are not likely to lead to a decrease of as much as
10M g7, '

According to the biradical mechanism the activation
energy is the enthalpy of reaction to the biradical (which
is equivalent to the n-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.'®
This may not be the case. For example, the difference in
m-bond energies between cis-2-butene!® and cis-crotono-
nitrile'® is ~6 kcal/mol whereas the difference in isom-
erization activation energies is ~8 kcal/mol."! This sug-
gests a slightly higher barrier to rotation in the nonsta-
bilized biradical. Note also that the difference in #-bond
energies between ethylene'® and cis-1,2-dichloroethylene?®
(2.1 kcal/mol) agrees with the radical stabilization energy
of a Cl atom (relative to a H atom)?' whereas the difference
in isomerization activation energies (8.1 kcal/mol)>? 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.?
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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 of 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 Kkinetics 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.
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Preliminary Report of a Spur Model

Including Spur Overlap

Sir: Experimental results from picosecond pulse radiolysis
studiesl have prompted Kupperman2to introduce sig-
nificant changes in certain parameters of the spur model
in aqueous radiation chemistry.36 Using the stroboscopic
method, Wolff 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 of the measurements of Wolff et al.6
However, both Wolff 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-
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mated experimental error from the spur decay calculations
based upon parameters used by Schwarz5and 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 of “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 of 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 model9for the relaxation of the concentration
distribution in the spurs suggests that the critical length
parameter is proportional to dosel/3 and the, critical
(diffusional) time parameter should be scaled as timel/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 (fO: \

1.2 X 104
io [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 thatspur
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 10-7s. 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
gualitatively from those used heretofore.

Previously published computer modeling studies35have
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 Lealdand
Platzman,1l 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 Magee3 (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/rawhere r0is half the average distance
between nearest neighbor spur centers). These curves are constructed
in the computer program to make the integrated concentration between
p = 0 andp = 1 proportional to the initial G values of the reactive
species, p'= 1represents 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, Gh+ = 4.6. The maximum in the hydrated
electron distributer) function illustrated is at 40 A from the spur center,
whereas the average interspur distance (2r0) is approximately 900 A
(corresponding” a-pulse dose of 2400 rads), -the 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 suggested3
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.12in 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 of the following reactions, using the rate
constants quoted in ref 2:

*ag T ®aq ~> 12 T 20H
eag + OH- - OH-

eaq ~aq * A

OH- + OH- H20:z
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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 of the species (values were taken
from ref 2); and r{is the rate of consumption of the ith
species.

Equation 1is formulated in spherical coordinates; the
two boundary conditions are:

dCi(t, 0)/9r = 0 bounded concentration at spur
‘center

9Ci(t, r0)/9r = 0 no net diffusion out of the
spherical volume of radius r0
(where r0= (374irN)I/3\
N = no. spufs/unit vol)

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
(rO 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 of nearest neighbor interspur dis-
tances, (cLP/dp), in a random distribution in three-di-
mensional space is fairly sharply peaked, [dP/dp = 3p2-p;
p = (r/rQ]8and, therefore, the symmetrical sphere is an
adequate first approximation.

Thus a plot of concentration probability density2for any
spur transient vs. I between r = 0 and r = 2rOis 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 of 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 Kupperman2and Schwarz.5

The initial concentration distributions are adjustable
features of this simulation. The concentrations of OH- and
Hagt+ 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-, Hag+ Cj(r, 0) = mie~<r,r/r°)2
eag~ Ci(r, 0) = mi(r/r0)2~<nirlro)1

These functions are folded at rQ 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/rQ is the fractional radial position within the
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Figure 2. calculated hydrated electron concentration profiles as a
function of time following a 2400-rad pulse. Parameters are same as
indicated In Figure 1. Initial Gvalues for eaq", H+, and -OH are equal
to 4.6. Diffusion coefficients and rate constants are those quoted in
ref 4 for the following reactions: eagq~+ eag~-*m 20H~ + H2; -OH +
«OH -*¢ H20 2; eaq" + H+ -*e H-; and eag~+ -OH -*m OH" used in the
computer calculations. Relative concentrations are scaled by values
which increase with time.

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 7to KT6s. This relation is shown by the radial
concentration profiles for eag 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“8to 10“7s. 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

ci(f)y =/:3p2ci(p, t)dp

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 8s. 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
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Figure 3. Plotof calculated vs. experimental integrated hydrated electron
concentration vs. time following pulse. Assumptions are identical with
those indicated in the legends of Figures 1 and 2. Experimental data
(dashed line) are taken from Jonah et al.7 and Fanning18 normalized
at 10 7s. Secondary reactions have not been included yet in the
computations and will tend to improve agreement between .experimental
and computed concentrations beyond 10 8 s as will the inclusion of
an additional scavenging of hydrated electrons by a residual oxygen

concentration of ~ 1 pM

(especially ea“ + H202) 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 separation101l 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
of positive ions and hydrated electrons such that almost
all electrons recombine to give neutral species,’5but 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
gualitatively 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

Sir: The problem of absorption of H2by 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.12
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.34 It seems probable that a similar situation exists
in the case of the absorption of H2by 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 H2is enhanced by cold-working. It has
been confirmed by different investigators78 that the
electrical resistance in the a phase of the Pd-H 2system
is proportional to the hydrogen concentration. All ex-

P. Glenn Barkley19*
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Figure 1. Plots of log (Re - R)/(Re- RO vs. time (min), where RO
Is the hydrogen free resistance and Reis 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.

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 40) at temperatures between 55 and 90 °C and in a
constant pressure of H2below 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
Ceis 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,1011 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 equation2
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k= (2.405j2D /r2

(where r is the radius of wire) values 2.3 x 10-7 ~1.4 x 108
cm2s“lare obtained from the data in Figure 2A. Compared
with (6~7 x 10 'cm2s“]) literature values,1314the 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.4 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 2at temperatures above
200 °C.15 Fresh specimens annealed at 300-600 °C in
vacuo were pretreated in 02 (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.1617 Consequently, it seems
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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 of Flanagan et al.6
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