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Relative Reaction Rates Involving Thermal Fluorine-18 Atoms and Thermal Fluoroethyl

Radicals with Oxygen, Nitric Oxide, Sulfur Dioxide, Nitrogen, Carbon Monoxide, and

Hydrogen lodidel

Richard Mllstein, Ronald L. Williams, and F. S. Rowland*
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The reactions of thermal 18F atoms have been studied with Oz, NO, SO2, N2, and CO in competition
with addition to C2H2 or C2H4. Addition to C2H4 is 0.83 + 0.02 as rapid, and total reaction w:th SOz is
0.04 + o.02 as fast as addition to acetylene. The reaction rates with the molecules O2, NO. N2, and CO
are all <0.01 vs. addition to acetylene, at about 4000 Torr. The relative rates of reaction of CH218 FCH2
radicals with various scavengers are HI, (1.0); NO, 5.0 £+ 0.5; O2, 1.05 + 0.10; SO2, 0.33 + 0.10; CO,
0.005 * 0.002. For CHisF=CH radicals, the relative rates are HI, (1.0); CO, 0.022 + 0.007; N2, <0.903.

Introduction

Thermal 18F atoms are readily produced through fast
neutron irradiation of SFes, by the 19F(n,2n)18F nuclear
reaction, followed by nonreactive moderating collisions
with other molecules of SFs.2-7 When other components of
a gaseous mixture with SFe are restricted to total mole
fractions <0.05, essentially all (>97%) of the 18F atoms
react with thermal kinetic energy.s In the presence of
C2H2 or C2Ha4, approximately 857 and 60%,6 respectively,
of such 18F atoms react by addition to the ir bond, as in
(1) and (3). The fluorovinyl 18F radical formed in (1) can
be readily converted to CH2=C H 18F by reaction with HI
as in (2);7 the assay of the radioactivity of CH2=C H 18F is
straightforward by radio gas chromatography.

B + CH, ~-» CH=CH"F ®
CH=CH® + HI —* CH,=CHI + | )
IF — c;hd - »CHCH T* ®)

The competition between other possible thermal reac-
tions of 18F and the addition reaction 1 can be studied by
observing the diminution in the yield of CH2=C H 18F vs.
the concentration ratio of the competing species and
C2H2.4 5 The competition of hydrogen atom abstraction
from a series of RH (and RD) molecules, as in (4), has

¥ + RH —» H'F + R @)

been studied in detail, using this indirect method of ob-
servation in which HI18F is assayed by measuring the
amount of “missing” CH2=C H 18F.

We have now extended these indirect measurements to
five additional simple molecules: N2, O2, CO, NO, and
SO2. Some of these experiments contain an additional
complication, and thereby furnish additional information.
The determination of the yield of (4) by diminution of the
yield from (2) implicitly accepts the premise that the
molecule RH does not interfere with reaction (2) itself
(i.e., that RH competes with C2H2 for 18F, but not with
HI for CH=CH1sF). While some of these simple mole-
cules (e.g., N2) might be anticipated also to be inert
toward CH=CH1sF, others (e.g., O2, NO) are well known
as free radical scavengers and ought to compete readily
with HI for any CH=CH 18F radicals formed. Consequent-
ly, the C2H2 competition system is only applicable when
the competing molecule is inert toward reactions with a
free radical.

The addition of thermal 18F to C2H4 in (3) forms excit-
ed C2Ha418F* radicals capable either of decomposition by
H atom loss, as in (5), or stabilization plus reaction with
HI, as in (5) or (7).6-8-9 These C2H418F* radicals are

CHCH* —* (Il —(ll'F + H ®)

CR.CH.F* + M — CHCHF + M (6)

857
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CHCHJEF + HI —% CHjCH"F + | G

monoenergetically excited from the exothermicity of the
addition reaction, broadened slightly by the Maxwellian
distribution of thermal energies in the reacting species. At
a fixed total pressure, collisional stabilization occurs at
essentially a constant rate, since most of the collisions are
with SF6. The yield of CH2=CHI18F trom decom position
should therefore also be constant. Most important, this
yield of CH2=CHI18F is not affected by any com petition
between HI and some other species for an intermediate
radical, but gives directly a measure of a yield which is
Any di-

rect competitive reaction with some added species which

proportional to that of the original CH2CH 218F*.
resulted in permanent removal of thermal 18F from the
system would immediately decrease the observed yield of
CHZZCH]H:from C2H4 In addition, if the added species
is capable of reacting with thermalized CH2CH218F radi-
cals, the observed yield of CH3CH218F will be diminished
by this com petition.

We have carried out separate competition reactions in
excess SF6 between HI, C2H 4, and/or C2H2, and each of
the species N2, CO, 02, NO, and SO2. None of these five
species proved to be competitive (slight reaction with
SO2) in reaction rate for thermal 18F atoms with addition
to the @ bond systems. The last three are all excellent
scavengers for stabilized CH2CH218F radicals, and rela-
tive reaction rates were obtained for each VS. the abstrac-
tion reaction 6 with HI. Carbon monoxide also exhibited a
ability for both CH2CH218F and
CH =CH 18F radicals; N2 did not react to any observable

extent with CH =CH 18F radicals.

lesser scavenging

Experimental Section
General Techniques. The basic experimental techniques

for forming 18F atoms from the 19F(n,2n)18F reaction have
been detailed earlier.2 7 The current experiments involve
only minor changes from those given in these references.

Research grade C2H4 (Phillips), C2H2 (M atheson), and
NO (Matheson) were used in these experiments. In addi-
tion, CP grade CO and SO2 (both Matheson), Industrial
Grade O2 (Liquid Carbonic), and Hi Pure N2 (Liquid Car-
bonic) were used. Except for NO, which was purified by
distillation from a pentane slush bath, the gases were not
further purified.

The 18F-labeled products were separated on a 50-ft di-

methylsulfolane column operating at 25°.

Results and Discussion

Competition between Acetylene and Ethylene for Ther-
mal 18F Atoms. The earlier experiments with thermal 18F
atoms involved the competition between H abstraction
from RH and addition to C2H2 as the # bond com petitor,
while CHZZCH]S: was the assayed radioactive product.
Since both C2H2 and C2H4 were used as competitors in
the present experiments, several samples containing both
were irradiated and analyzed to establish a relative rate
between these two molecules. The results of these experi-
ments are given in Table I. Two experiments without
C2H2 present are included to provide information about
the distribution of C2H 418F * radicals between
CH2=CHI18F and CH3CH218F at a total pressure of 4000
Torr.

The yield of CH2=CH 18F arises predominantly from
initial addition to C2H2, plus a small component from

CH 2CH 218F* decom position. From the average of the two
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Figure 1. Competition of HI with CO and with N2 for CH,8F=CH
radicals: O, N2 vs. HI; O, CO vs. HI; — , upper limit for fit to
N2 data.

C2H4 experiments, we estim ate the CHZZCH]S:/
CH3CH28F ratio from CH2CH2I8F* to be 0.027 at 4000
Torr. This ratio has been used to correct the raw mixture
data by subtracting 0.027 X (CH3CH218:) from the ob-
served yield of CHZZCH].S:, and adding an equal amount
to the observed CH3CH218F yield. AIll four experiments
consistently show that 18F reaction with C2H2 is slightly
favored (1.20 = 0.02) over reaction with C2H4. The mole
fraction ratio was varied by a factor of 4 without effect on
this com petitive reaction ratio.

A small yield of C2H318F (estimated as about 0.5% of
the total yield)6 arises from the reaction of hot 18F with
C2H4,10followed by rapid decomposition of the highly ex-
cited C2H418:* radical. A small yield of CH:C18F is also
observed from hot reactions of 18F with C2H2.7 W hen the
observed yield from C2H4 is corrected for hot reactions
(the CH=CI18 yield has not been included for C2H2), a
minor upward correction is made in the ratio of thermal
reactivities to 1.21 + 0.02, favoring C2H2 over C2H4.

Competition between Molecular Nitrogen and c2H 2.
N2 VS. C2H2
are sum marized These data are plotted in
Figure 1, in the [(0.98)/(C2H 318F)] — [fes(HI)/
MC2H2)] VS. (N2)/(C2H2). This method of graphing the
data was discussed

Several competitive experiments involving
in Table II.
form
in detail earlier,5 and simply recog-
nizes that the thermal reactions competing for 18F include

reaction 8 with HI, as well as the addition to C2H2 and
¥+ H —» HIF + | ®)

possible addition to N 2. In all but one of the experiments
in Table Il, the ratio of HI/C2H 2 is fixed and the correc-
tion factor ft8(H 1)/&i(C2H2) is therefore constant (fes/~i =
0.37).5 1t has been included only to be consistent for com -
parisons with ref5.

The best fit to the data in Figure 1 is a horizontal line,
indicating that &9 (N2)/fei(C2H2) is zero within the experi-

mental error, i.e.
"F + N, —- N/'F )

N 2 is an inert molecule in these experiments. In principle,
the possible reactions of 18F with N2 include the forma-
tion of both N 18F and N V8F. However, the former is
highly endothermic because of the great bond strength of
N 2, and cannot occur with thermal 18F atoms. The combi-
nation reaction 9 requires a third body for removal of the
excitation energy released by formation of the N 18F
bond; the failure to observe removal of 18F atoms by this

competitive path could result either from initial failure to



action of Thermal 18F Atoms with 02, NO, S02, N2, and CO 859
E I: Competitive Reactions of B Atoms with CH4and CH2in Hi-Scavenged Excess SF6
Sample pressures, Torr Observed yields, % Product yields* (%) from Specific yield
ratio
SF6 Cx2 ch< HI CHBg ch 5f CH2 Cak CHICH
3800 0 166 33.4 1.65 57.3 0 59.0
3810 0 167 33.3 1.52 60.1 0 61.6
3800 55.2 111 33.4 25.2 39.7 24.1 40.8 1.19
3800 83.3 82.4 33.3 38.8 30.2 38.0 31.0 1.21
3820 83.3 83.3 33.4 38.9 31.4 38.0 32.3 1.18
3830 112 54.3 33.3 51.8 20.2 51.3 20.7 1.20

aYield CH2= (C2HF) - (0.027) (CHEHF). Yield GiHk = (i .027) (C:Ht* F). 11.65/57.3 = 0.029; 152/60 1= 0.025; average = 0.027.]

TABLE 11: Effect of N2on Absolute Yields
of CH38- from B Reactions with CH2in
SF6 C.H,- HI Mixtures

Sample pressures, Torr Observed

yield, %

Se ch2 HI N2 CH 8L
3790 80.2 40.4 81.3 74.5
3800 98.1 27.6 119 80.3
3800 56.9 28.5 117 76.3
3730 36.5 18.4 147 72.7
3800 20.8 10.8 168 75.0

form N218F or from rapid decomposition of such a com-
plex. Our experiments do not distinguish between these
possibilities.

The dotted line on Figure 1 represents an upper limit
on the reactivity of N2 with 18F, and corresponds to a
value of kg/kt of < 0.002.

The observation without difficulty of the expected
amount of CH2=CH 18F also demonstrates that N2 does
not compete at all with HI in reactions with CH=CH 18F
radicals.

Competition between Molecular Oxygen and C2H4.
Several experiments involving competition between 02
and C2H4 are summarized in Table Ill. The two competi-
tions involved in these samples are (a) between reactions
3 and 10 for 18F atoms; and (b) between 02 and HI for
C2H418F radicals.

“T + 02 — 'TO, (10)

The data of 3800 Torr show a slow decrease in the yield
of C2H318F and a rapid decrease in the yield of C2H518F
with increasing concentration of 02 (and decreasing C2H4
and HI). Consider the following hypothesis concerning the
effect of an added molecule upon the reaction of 18F with
C2H4: assume that the added molecule is completely inert
toward reaction with 18F. In this case, all 18F atoms will
react with C2H4 and HI whether or not the additive is
present. However, if the additive is present and the mole
fractions of C2H4 and HI have been correspondingly re-
duced, then the reacting 18F atoms will have made on the
average more inert collisions prior to reaction with C2H4
than in experiments without the additive. These extra
collisions have no effect on thermal 18F atom reactions,
but they will reduce the probability of hot 18F reactions
with C2H4. At an (SFe)/(C2H4 + HI) ratio of 20, about
0.5%10 of the 18F atoms react hot to form CH2-- CHI18.
With an inert moderator replacing 4/5 of the (C2H4 +
HI), the ratio of (SF6)/(C2H4 + HI) is now 100, and only
about 0.1% of the 18F atoms will form CH2=CH 18F by
hot reaction. Consequently, if 02 acts only as an inert
moderator toward 18F in the experiments of Table Ill, the
yield of C2H318F should diminish from about 1.6% with
zero 02to 1.2% with (02)/(C2H2) = 3, in excellent agree-
ment with the actual observations. An approximate cor-

rection for the hot yield of C2H318F is made in the last
two columns of Table Ill, and the final column indicates
no effect of 0 2 on the reaction of 18F with C2H4 within the
errors of measurement.

A similar analysis also holds for the experiments of
Table Il carried out at a lower pressure (1000 Torr). The
correction for “hot” formation of CH2=CH 18F is depen-
dent on the (SFe)/(C2H4) ratio, but not on total pressure,
and the percentage yield of CH2=C H 18F is larger at lower
pressure. The “hot” correction now represents a lesser
fraction of the total CH2=CH 18F yield, and is similar for
all four experiments. Again, there is no evidence for a de-
creasing yield of C2H3 8F with increasing 02 concentra-
tion.

If, on the other hand, measurable quantities of 18F
atoms were permanently removed by reaction with 02 to
form 18F02, then the yield of C2H4K8F* (and therefore of
C2H318F) would be correspondingly reduced. Since the
final column of Table Il shows no evidence for dimin-
ished yields of C2H318F at high 0 2 concentration, the con-
clusion must be drawn that the removal of 18F by 02 is
negligible. From the 1000-Torr data of Table IlI, we esti-
mate that the maximum 18F removal can be no more than
0.10% (4.02-4.62% is actually -0.60%, and ever. +0.10% is
a generous estimate) for a fourfold excess of 02 vs. C2H4,
and therefore an upper limit on the relative rates of kIx/
ks < 0.006 or ftn/fci < 0.005.

Since F02 is known to exist,11 the third-order rate con-
stant for reaction 11 is certainly not zero. However, 02

laF + O. + M —» IsFO, + M (1)

will have an effect on the reactions of 18F with C2H4 only
if the 18F atom becomes permanently bonded. The forma-
tion and reverse decomposition of 1802 does not remove
18F from the system, and any 18F atoms released by 1802
decomposition can still react with C2H4 to form
C2HA418F*.

If 02 is assumed to be effectively inert toward removing
thermal 18F, then the initial yield of C2H418F* is still
about 60% and almost all of these radicals will be collisio-
nally stabilized at 4000-Torr pressure. In this case, the
second competition now must be considered: the stabi-
lized C2H418F radicals can now undergo either reaction 7
with HI to form C2H518F, or reaction 12 with 02 to form

CH.laF + 0, —- CHTTCHA
(final product not observed) (12)

eventually some oxygenated species not detectable with
our present chromatographic analysis. The sum of the
yields of reactions 7 and 12 will be a constant, and the
ratio of these yields will be given by equation 13, with the
0 2 concentrations carried as subscripts. Equations 12 and
13 can also be written in general form for any scavenger
molecule S. The data of Table Ill are graphed in Figure 2

The Journal of Physical Chemistry. Voi. 78. No. 9. 1974
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TABLE I11: Effect of 0 2upon Absolute Yields of CH38 and CH58 from B Reactions with

CH4in SFf CHA4 Or HI Mixtures

Sample pressures, Torr Observed yields, % Correction for hot Thermal
yield of CH 38 yield,

SFs CH4 HI 0> CH3F C>Hagr (est hot yield) corrected
3800" 166 33.4 0 1.65 57.3 0.54 + 0.18 1.11 £0.18
3810" 167 33.3 0 1.52 60.1 0.54 + 0.18 0.98 + 0.18
3780 118 23.2 59.3 1.37 18.5 0.38 +0.13 0.99 + 0.13
3750 90.3 17.9 91.1 1.20 9.5 0.30 = 0.10 0.90 + 0.10
3750 47.8 8.9 143 1.15 3.3 0.16 + 0.05 0.99 + 0.05

927 46.4 4.7 23.5 4.62 7.93 0.60 + 0.20 4.02 £+ 0.20

907 45.3 4.6 45.3 4.57 4.83 0.59 £+ 0.20 3.98 £ 0.20

865 43.2 4.4 86.7 4.77 2.13 0.56 £+ 0.19 4.21 + 0.19

796 40.0 4.0 159 5.14 1.65 0.52 + 0.17 4.62 + 0.17
° From Table 1.

Figure 2. Competition of HI with 02 for CH2'8FCH2 radicals:
total pressures (Torr) O, 4000: O, 1000.

TABLE 1V: Absolute Yields of CH3'F and C,H58~
from ¥ Reactions in SF6 C,H4 NO HI Mixtures

Sample pressures, Torr Observed yields, %

Sfe  CH4  HI NO CH3Fa  CIF-F
2760 151 153  75.6 1.87 2.05
2690 150  15.1 150 1.89 0.82
2530 150  15.1 300 1.99 0.37
2240 150  15.3 595 2.14 0.18
2830 151 152 7.5 1.96 17.7
2830 152 15.0 7.9 2.02 17.2
2820 150  15.0  15.0 2.03 10.1
2810 150 151  30.2 2.13 5.23
2780 151 151  60.1 2.06 2.46

aEstimated correction for hot CH38: 0.65% in each case.

according to eq 13, and exhibit a reasonable straight line
with a slope of 1.05 + 0.10. The two sets of data at 4000
and 1000 Torr are in excellent agreement. Therefore, the
relative efficiencies of O2 and HI for reacting with ther-
malized C2H418F radicals are in the ratio 1.05 + 0.10.

(CH5EF)q, .0 = yield of (12) + (CHS5&),
(C2H518)02. (CH51F),
KI{02) + ATHI) kn(02)
17 hd =1+ mhl!l) (13

Competition between NO and CiHi. The absolute yields
of C2H318F and C2H518F from a series of SF6-C2H4-NO-
HI mixtures are summarized in Table IV. In these experi-
ments, the total pressure has been maintained essentially
constant at 3000 Torr, and the C2H318F vyield is observed
to be constant within the error limits. Correction for the
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Figure 3. Competition of HI with NO for CH2,EFCH2 radicals.

“hot” yield of C2H318F can be made here, as with 02
above, but the correction is the same for all nine samples
and does not affect the basic conclusion: there is no evi-
dence for removal of 18F atoms by reaction 14. From an

= + NO — » I"NO (14)

estimate of 0.10% for the maximum reduction in the yield
of C2H318F at high NO concentrations, we calculate that
ku/k-t < 0.01. Again, FNO is well known,12 but requires a
third body for formation in the gas phase.

Even with (NO)/(HI) ratios < 1, the yield of C2H418F
has been substantially depleted through the reaction of
the fluoroethyl radicals with NO, as in (15). The data are

CH4F + NO — » CH,1sBFCHNO (15)

expressed in the scavenger eq 13, with NO substituted for
02, in Figure 3.13 The slope of the line in Figure 3 indi-
cates that NO is five times as efficient a scavenger as HI
for C2H418F radicals. At high ratios of (NO)/(HI), the
yields of C2H518F fall below 1%, and are subject to sub-
stantial errors in measurement. The scavenger equation
does not give a straight line for these concentrations, but
shows progressive upward curvature in Figure 3. However,
in the region in which appreciable yields of C2H518F are
still found (i . e (NO)/(HI) < 4), the data are satisfactori-
ly fitted with the scavenger efficiency of NO as 5.0 + 0.5
times that of HI.

Competition between S02 and C2H4. Experiments in-
volving competition between SO2 and C2H4 are less satis-
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TABLE V: Absolute Yields of C,H3% and CjH.'"F from ¥ Reactions in SF,: C.H4 SO, -HI Mixtures

Sample pressures, Torr

Ske CH4 HI SO>
2780 140 14.2 69
2720 136 13.7 136
2600 130 13.1 260
2390 119 11.9 478

TABLE VI: Absolute Yields of C,H3% and CH=8 from X Reactions in SFs-C:H+-CO-H | Mixtures

Sample pressures, Torr

SFe CH4 HI co
3300 166 34.1 519
2300 166 33.9 1580
3800 118 23.0 58.8
3800 118 23.2 59.6
3800 91. 17.9 91.2
3810 90. 17.9 91.2
3810 48. 9.1 143
3790 47. 9.1 142

factory than in all of the other systems for several reasons.
First, SO2 and HI react rapidly to form a complex
S02-HI. The concentration ratio for the formation of this
complex has been measured as (S02-HI)/(HI) = 0.37 at
10° in excess SO2.14 Thus, in each of our samples, ap-
proximately 27% of all HI molecules are bound in the
form of S02-HI, and some assumptions must be made
concerning the relative reactivity toward H abstraction of
SO2-HI and HI. In the calculations for Figure 4 we have
assumed (without any experimental basis) that these two
species furnish H atoms to radicals with equal efficiency.
In the event that S02-HI will not furnish H atoms, this
assumption would then entail a 27% error.

Second, the SO2 samples are very sensitive to impuri-
ties (e.g., 12) in the HI, and give poorer reproducibility
from one series of runs to another, and sometimes within a
series.

The yields of C2H318F and C2H518F from a series of
SF6-C2H4-S02-HI1 mixtures are summarized in Table V.
Other runs showed similar C2H318F vyields, but the
C2H518F yields were somewhat erratic, falling as much as
afactor of 2 below the data of Table V.

The possible reactions of 18F with SO2 are given in eq
16. Although the reaction of macroscopic F atoms with

C (168)
"PO + SO (16b)

SO2 (to form F2SO2 eventually) has been reported as
“quite rapid,” 15 the sum of the rate constants for all SO2
reactions removing 18F is much less than that for reaction
of 18F with C2H4. The ratio of kie/ki is estimated to be
0.04 + 0.02 from the slight diminution of CH2=CH 18F
yield with increasing S02in Table V.

As with 02 and NO, S02 markedly inhibits the reaction
of C2H418F radicals with HI. The corrected C2H518F data
are shown with open circles in Figure 4. A correction is
applied for the diminished formation of C2H418F* through
reaction 16, using the data on C2H318F, itself corrected for
hot reaction. The relative rates of kn/k-j can be calculat-
ed from the corrected data as 0.35 + 0.05. If our assump-
tion were incorrect that free HI and S02-H3 have equal
collision probabilities for furnishing an H atom to the
CH218FCH2 radical, then this ratio would be incorrect by

Observed yields, % Correction for hot Thermal
yield of C-Hs"F yield,

CH3*F C>HulF~ (est hot yield) corrected
2.02 19.2 0.61 1.41
1.91 11.9 0.59 1.32
1.91 6.97 0.56 1.35
1.74 3.62 0.52 1.22

Observed yields, % Correction for hot Thermal
yield of C:H31~ yield,

CHs"F Gt (est hot yield) corrected
1.69 55.1 0.54 1.15
76 48.3 0.53 1.23
49 58.4 0.38 1.11
43 62.5 0.38 1.05
31 60.9 0 30 1.01
39 59.5 0.30 1.09
11 55.2 0.16 0.95
21 57.4 0.15 1.06

Figure 4. Competition of FI with S02for CH218FCH2 radicals: O,
uncorrected data; ¢, data corrected for thermal 18F reaction
with S02.

as much as 27%. For this reason, coupled with the scatter
in other runs not listed in Table V, we estimate that fel7/
k-, = 0.33 £ 0.10.

CH, FCH, + SO, CH, FCH,SO, 7

The scavenger efficiencies of S02 and 02 have been
shown to be more or less equivalent for CH3 radicals,16'17
and for the radicals formed during recoil tritium reactions
with cyclohexene.18 On the other hand, the relative reac-
tivity of S02 for C2H5 radicals is indicated as only about
0.01 times that of 02 for C2H5 Our results with
CH218FCH2 radicals give a value quite similar to the fac-
tor of 3 found for 0 2vs. S02in reacting with CH3.19

Competition between CO and C2Hi or C2H2. The yields
of C2H318F and C2H518F from SF6-C2H4-CO-H I mixtures
are summarized in Table VI. The possible reaction of 18F
with CO is given by eq 18, since abstraction of either O or

1 + CO _ . “FCO @a8)

C would be highly endothermic. Again, the species FCO
has been reported in spectroscopic experiments.20 The
yields of CjH318F, after correction for the hot yield, show
no tendency to decrease with increasing CO concentra-
tion. The tendency toward slight increases in C2H318F
yield for very high CO concentrations presumably reflects
a somewhat lower efficiency of CO vs. SF6 for stabiliza-
tion of C2H418F* radicals formed by addition of thermal
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Figure 5. Competition of HI with CO for CH2:8FCH2radicals.

TABLE VII: Absolute Yield of C.H/'F from &
Reactions with CH2in SF6CZH2CO-HI

Sample pressures, Torr Observed
yields, %

SFe ch2 HI (60] CoHz'™*?
3440 15.2 7.6 150 53.5
1660 7.3 3.7 72 53.4
3000 40.7 20.3 82 71.9
2990 26.4 15.1 104 67.3
3000 18.8 10.5 115 61.6
2995 13.5 6.7 126 53.4

18F. This lower efficiency would permit a fractional de-
composition equivalent to a lower pressure of pure SF6.
We estimate that the ratio of rate constants for kis/ks <
0.01.

In this system, too, the observed yield of C2H518F _s di-
minished by increasing CO concentrations, although the
effect is much less marked than with O2, NO, and SO2.
The interfering reaction is presumably the simple addi-
tion to CO, as given in (19), and the data are shown in
Figure 5. From the slope of the line in Figure 5, we es-
timate the relative rates 0ik19/kj as 0.005 + 0.002.

CH/TCfL + CO — = CHTFCH.CO (19)

The yields of C2H318F from SF6-C2H2-CO-HI mixtures
are less than from CO-free experiments, as shown in
Table VII. Since 18F has been shown not to react with CO
in the C2H4 experiments of Table VI, the diminished
yields of C2H318F are attributed to the interception of
CH18F=CH radicals by CO, as in (20). These data have

CHFF=CH + CO —* CHFF=CHCO (20)

been shown in Figure 1, together with the N2 data. The
slope of the CO line in Figure 1 indicates that £20/2 is
approximately 0.022 + 0.005.

Carbon monoxide has not normally been thought of as a
radical scavenger, and indeed it has a much lower effi-
ciency for these radicals than HI, O2. NO, or S02. How-
ever, our values for CO efficiency are considerably higher
than the 10~5 calculated for CO us. O2 in scavenging CH3
radicals.2l In the absence of more efficient scavenger mol-
ecules, CO can be expected to remove free radicals at an
appreciable rate.

Fates of Scavenged Radicals. We have measured the
disappearance of CH218FCH2 and CHI18F=CH radicals
through reaction with several different species, but have
actually observed the products only in the reactions with
HI to form the corresponding molecules C2Hs18F and
CH2=CH 18F. None of the radical-scavenger adducts (e.g.,
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TABLE VIII: Relative Scavenger Efficiencies for
Removal of Radicals

Radical Scavenger Relative efficiency
CH,8CH,- Hl1 (1.0)
NO 5.0 £ 0.5
O, 1.05 + 0.10
SO.. 0.33 £ 0.10
co 0.005 + 0.002
CHX¥=CH Hl (1.0)
co 0.022 + 0.007
n2 <0.003
Relative Rates of Removal of 13- by Reaction at 4000 Torr
C,H, (1.0)
c.h4 0.83 + 0.02
SO, 0.04 + 0.02
o0, <0.005
NO <0.01
co <0.01
N, <0.002

CH218FCH20 2, CH18F=CHCO, etc.) have been charac-
terized in other systems, but all should have reasonable
chemical stability once formed. In our analytical system,
no volatile product would have been observed from the
radio gas chromatographic columns in the available time
period, even if the scavenged radical had done nothing
more complex than react with HI, eg., to form
CH2FCH200H or CH18F=CHCHO.

We, of course, have no information about the structure
of any of these radical-scavenger species, and do not know
if the radicals are bonded to the O atoms of NO or S02, or
to the N or S atoms, respectively. In the cases of 02, NO,
and SO2 the fraction of 18F radioactivity being diverted
into these complex radical species is quite substantial,
frequently accounting for more than 50% of all of the 18F
atoms. Under these circumstances, other kinds of tracer
analyses have an excellent chance of success in searching
for the missing 18F products.

Summary

The relative rates of reaction of 18, C-H218FCH2, and
CH18F=CH with the various species are summarized in
Table Vffl.
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The behavior of the thermal unimolecular methyl isocyanide isomerization system has been examined at
245° over the whole range of fall-off from the low to high pressure regions at infinite dilution by the weak
collider, helium, and by the strong collider, butane. The pressure displacement factor for the helium fall-off
curve relative to the behavior of the pure substrate increases with decreasing order of reaction, as predicted.
A comparison with theoretical calculations indicates that the collisiona. behavior of helium is intermediate
between exponential and step ladder models for the collisional transition probability distribution function
although the behavior seems closer to the latter, in disagreement with earlier work. The average amount of
energy transferred per collision is (AE)SI = 350 cm" 1for helium in this system.

Introduction

The collisional efficiency of an inert bath gas in a given
thermal unimolecular gas-phase system is a function of
the temperature, the degree of dilution of substrate by
bath gas, and the region of fall-off in question.2 For the
methyl isocyanide isomerization system, the effect of dilu-
tion of inert gases has been examined experimentally in
the limiting low-pressure region.3 The dependence of effi-
ciency on temperature has also been investigated with he-
lium bath gas.4 No systematic study has ever been made
of the variation of the collisional efficiency with the order
of reaction, i.e.,, with the degree of fall-off. That is to say,
no comprehensive example exists of unimolecular fall-off
in the presence of an inert gas.

Buff and Wilson5 have given a general discussion of fall-
off behavior for weak colliders; they employed a highly
simplified collisional transition probability model in a
practical example. Tardy and Rabinovitch6 have made a
stochastic treatment of the inert bath collisional efficiency
for various assumed forms of the transition probability
distribution function and for various average energy trans-
fer amounts or step sizes. They have predicted quantita-
tively the extent to which a weak collider shifts the fall-off
behavior to higher collision rates and broadens the range
of collision rates over which the reaction order changes;
the displacement factor increases with increasing collision
rate and with decreasing average step size. This compari-
son has been documented semiquantitatively in an earlier
note,7 for the case of several medium-efficiency inert bath
gases; the agreement with the theoretical prediction was

qualitatively correct for the limited data over a narrow
range of fall-off (k/k”~ = 0.3-1).

In the present paper, a systematic examination of the
variation of relative collisional efficiency with fall-off re-
gion has been made for helium as the inert gas in the
thermal methyl isocyanide isomerization system. It was
anticipated that helium, being the weakest collider, would
provide the most accessible and strongest test of the vari-
ation. Because it was desired to cover a very wide range of
fall-off, the present study was carried out at 245° rather
than at 280°, at which temperature most studies of the vi-
brational energy transfer in the low-pressure regime of
this system have previously been made.8 Since the strong
collider fall-off of the parent substrate had been studied
at temperatures other than 245°, and most completely at
230°,9 it was necessary to convert the fall-off behavior
from that temperature to 245° with use of the known pres-
sure-dependent Arrhenius parameters. In order to
strengthen the comparison of the helium behavior with
the strong collider reference, the fall-off behavior in the
presence of butane, which has previously been shown to
display unit collisional efficiency,10'11 was also examined
over afairly wide range of fall-off at 245°.

Experimental Section

The preparation and purification of methyl isocyanide
have been described.712 After purification, no impurity
was detectable by gas chromatography. Matheson butane
contained a small amount of methane and was purified by
the freeze-pump-melt method. Assayed reagent grade of
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helium from the Air Reduction Co. was used without fur-
ther purification. All condensible reactants were degassed
prior to each run.

A static method was employed for the kinetic runs. The
reaction vessel was immersed in a molten KNO03-NaN02
salt bath maintained close to 245° with a proportional
controller. The temperature gradient over the bath was
+0.2° and invariant during a run. Over the entire series of
runs, temperature between 2445 and 246° were used. All
rate constants were corrected to a temperature of 245°
with use of the known activation energies at the pressure
of the run, as given in ref9.

A series of spherical Pyrex reaction vessels which
ranged in volume from 8 ml to 121 were used.

Each reactor was initially seasoned with methyl isocy-
anide and acetonitrile and reseasoned whenever the vessel
had been opened to air. A conventional vacuum apparatus
served for gas handling, storage, and measurements. Inert
gases were measured in a standard volume and were then
expanded into the reactor together with a known amount
of isocyanide.

Runs made in different vessels were checked for consis-
tency by coverage of overlapping pressure regions. In the
lower pressure region, approximately 4.0 X 10~6 mol of
methyl isocyanide (—0.01 Torr) was used in each run; an
amount of ~1.0 x 10-6 mol of substrate (~0.30-8 Torr)
was used in higher pressure runs. In all cases, 12% of pro-
pionitrile was added to the isocyanide as an internal ana-
lytical standard. Dilution ratios of helium/methyl isocy-
anide varied from 60- to 2000-fold excess over the parent
substrate, except in two cases where the ratio was no less
than 30-fold. Isomerization was carried to 5-65% conver-
sion. Products of reaction were passed through a silver cy-
anide column to remove the residual methyl isocyanide.
The helium and the bulk of the butane were pumped
away prior analysis. A 15 ft X 3i6 in. column of tricresyl-
phosphate on Chromosorb W was used for analysis. “ Sim-
ple’” calibrations with standard mixtures which were ad-
mitted directly to the chromatograph were made from run
to run. For butane and higher pressure helium runs,
“pragmatic” calibrations with standard mixtures were
made which imitated the run procedures. Product analy-
sis based on the internal propionitrile standard agreed
within a few per cent with values computed on an abso-
lute basis; averaged values from these two methods were
used in rate constant calculations.

Results

Several correction factors were considered in the treat-
ment of the data. A dead space correction ranged from 0.5
to 2%, depending on the vessel. Heterogeneity was negligi-
ble at all pressures in the present study. A time correction
for the pumping down of helium runs in the lower pres-
sure fall-off region was less than 4%. Self-heating is negli-
gible at all pressures. A dilution ratio of 60:1 or over may
be considered to correspond to infinite dilution for heli-
um, according to the earlier work of Lin.3 8

In the helium study, at higher pressures pragmatic cali-
brations were used to evaluate the rate constants; simple
calibrations could be employed in the lower pressure re-
gion, where both calibration methods gave the same re-
sults. For butane runs, pragmatic calibrations were found
to be essential.

The fall-off of the isomerization of methyl isocyanide in
the presence of helium at 245° is illustrated in Figure 1.
Also shown is the fall-off curve for parent substrate; these
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Figure 1. Pressure dependence of unimolecular rate constants
at 245° for CH3NC with (a) C4H8 at infinite dilution (circles) and
pure substrate (upper solid curve); (b) He at infinite dilution; the
lower solid curve connects the experimental points. The pure
substrate curve is transposed from SR work at 230°.

data were read directly from the Schneider and Rabinov-
itch 230° curve (Figure 1, ref 9), and were then brought to
245° by applying the appropriate energy of activation9 at
each pressure.

A few runs were carried out with the pure parent sub-
strate at 245° in the limiting low-pressure region (~10~2
Torr). The data points (not shown) fell right on the trans-
posed SR curve. Experiments were also done with butane
as the inert bath collider. To facilitate the comparison in
Figure la, butane pressures were converted to equivalent
pressures of CH3NC with use of the parameters given in
Table I. Detailed rate constants are given in the Ph.D. the-
sisof Wang (refl).

Relative collision efficiencies on a collision-per-collision
basis, da, and on a pressure basis, dp. are correlated
through the equation

OU, = /?i>(Pam/Maa) (Saa/Sam)

where nam and sAM are the reduced mass and the effective
collision diameter of the collision pair. The excellent
agreement between butane and substrate curves allows
use of the transposed SR substrate curve with good confi-
dence.

The relative collisional efficiency of an inert gas, at infi-
nite dilution of substrate by inert, is defined6 as the ratio
of the collision rate in the pure parent substrate (A) sys-
tem relative to the collision rate due to an inert gas (M)
required to produce the same specific reaction rate con-
stant

= co(A)MM) k(A) = JfeM

where the m subscript refers to a particular collision rate
in the pure substrate system, and (°°) refers to infinite
dilution of substrate by weak collider M; the bar refers to
the “integral” quantities defined in ref 2 and obtained by
comparison of k values rather than of differential changes,
Ak. Since the comparison is made for k(A) = k(M), ob-
viously d\(“ ) is a comparison at a fixed measure of fall-
off, expressed as k/k,. The pressure p and specific colli-
sion rate a> are interchangeable through the correlation
factors cited in Table 1. The pressure displacement factor
is just the reciprocal of the integral quantity (2..(“ I- The
relative collisional efficiencies of helium at different posi-
tions of fall-off were readily obtained from the smoothed
data of Figure 1 Results are tabulated in Table Il. A
value of da(°®’) was not measured above k/k™ = 0.775
because experimental error rises rapidly in comparing the
pressure displacement between curves which asymptoti-
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TABLE I: Some Parameters for Correlation of R, and g at 2450

L (man (saal
<nua A E>[I*" °K Sajic** SAM, A MAA1L* SAM)2 Rp/B&
chaec 4.47 330 1.80 5.99 1.00 1.00 1.00
72-CaH1wo 5.23 325 1.32 5.57 1.08 1.16 0.80
He 2.58 10.2 0.85 3.24 0.422 3.42 0.69

° Values as used earlier in ref 8.

cally approach k/k~, = 1. The estimated error in this
comparison at the highest fall-off value was 4%.
The pressure displacement method for determining
should give the same result in the low-pressure re-
gion (& »0) as the conventional slopes method used in
the earlier work.12 Indeed, when slopes of rate constants
plotted against pressure in the second-order region (not
shown) were intercompared between helium and pure
substrate, an almost identical value of /30(°°) (within
0.8%) was obtained. The low-pressure value (/z/fe, =
0.005) of dp = 0.14 obtained from Figure 1 corresponds to
a value of do(°°) = 0.203. The value reported earlier8 was
/30(00) = 0.25, after conversion to 245° from 280.5° by the
appropriate factor.4 The main contribution to the discrep-
ancy, such as it is, comes from the different values of the
substrate activation rate constants kaA used in evaluating
dp. If the low-pressure values of Chan, et al.,s are used
here, instead of the transposed SR curve, the present work
with helium gives do(°°) = 0.23, which is in excellent
agreement with the earlier result. In this paper the com-
plete fall-off data of SR have been adopted, rather than
those of Chan, et al., which apply only to the low-pressure
region, since it is the whole fall-off range in which we are
interested.

Discussion

It has been shown by Tardy and Rabinovitch that the
thermal unimolecular collisional efficiency in the second-
order region at infinite dilution, do(°°), is uniquely deter-
mined by a reduced energy parameter, E for a specific
collisional transition probability model. The parameter E*
is defined as E' = (AE)/(E+), where (AE) is the average
size of the energy amount removed from the hot molecule
in down steps, and (E+) is the average excess energy
above threshold at thermodynamic equilibrium.

The extremes of collision transition probability models
examined were an exponential (EXP) and a step ladder 5
function (SL) distribution of down jumps.

On referring to the universal curve, Figure 7(1) of ref 2,
the value of do)00) = 0.20 is found to correspond to a value
of E' = 0.90 for an EXP model, and E' = 0.80 for an SL
model. The value of (E+) for methyl isocyanide at 245°
has been calculated4-6 to be 440 c m 1. Hence, the energy
removed by helium per collision is, in round numbers, 400
and 350 cm 1for the EXP and SL models, respectively.

As k/k,, increases toward unity, the pressure displace-
ment factor increases as fij, °°) decreases. This is due to
the fact that the average energy of the reacting species at
high pressures is greater than that at low pressures. For a
given substrate system, Tardy and Rabinovitch have pre-
dicted the shape of the fall-off, and thus the theoretical
variation of f}x (°°) with pressure, for various transition
probability distribution models, and given mean step size,
degree of dilution, and temperature. Thus, from the possi-
ble experimental values of (AE) and from the observed
fall-off behavior for helium under the specified experi-
mental conditions, the particular model of collision tran-

sition probabilities that affords the best agreement be-
tween theory and experiment can be deduced, in princi-
ple.

The general expression for the rate of reaction in a ther-
mally activated system can be expressed as a sum over
energy states

rate = (KN &J-
i

where the superscript s stands for the steady-state popula-
tion, and

the population vector Ns is partitioned at the reaction
threshold energy, EO. The rate constant matrix is diagonal

The general expression assumes two limiting forms.
First, in the second-order region, kt » to, for all, i; the
reaction rate is determined essentially by the activation
rate

rate = ~(PJVj9,; O —) o
where the transition probability matrix P is partitioned at
Eo as

here P3 represents up-transitions from below, to levels
above EO.

The second limiting form is assumed in the high-pres-
sure limit. The steady-state population vector Nis below
E g takes the equilibrium value Nie for a strong collider at
any pressure; both Nis and N.S take on the equilibrium
form for weak, as well as strong colliders as @ —»<> At the
high-pressure limit, the operational test is that « 3> kj, for
alli. Then

rate = Z(KN2),; N— O
The relative collisional efficiency /3U°°) defined earlier
can now be expressed as

03>y = W(A)/u(M); H W n, =V;KiN.V ]
where the strong collider (sc) superscript refers to the par-
ent substrate A, and the weak collider (wc) designation
refers to tne inert gas M. In view of the fact that the
steady-state populations for a strong collider are larger
than those for a weak collider, the relative collisional effi-
ciency is interpreted operationally as the relative increase
in collision number necessary to compensate for the less
efficient transitions induced by weak colliders, so as to
maintain the overall rate constant for the weak collider
equal to that for the strong collider.
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TABLE I1I:
0«( *°)
k 0 0.005 0.01 0.05
Exptl (0.203)* 0.199 0.194 0.170
EXP4 0.198 0.196 0.195 0.178
SL“ 0.2000 0.196 0.190 0.163

“ Extrapolated value. 4 i"E) —400cm*“ ; E' = 0.90.r(A >- .150cm

Figure 2. Plots of & (“ ) irs. k/Zk, for CH3NC at 245° with
mean step sizes of (a) 560, (b) 340, and (c) 170 cm-1 on EXP
(cashed line) and SL (solid) models.

The calculated behavior of do.!00) as a function of the
degree of fall-off is exhibited in Figure 2 for both the SL
and EXP models at three different step sizes. The calcu-
lations were made for the CH3NC system at 518°K.

For high values of (AE), i.e., for E' > 1, it has been es-
tablished6 that in the second-order region the number of
molecules transported above the critical threshold Eo on
the basis of an SL model of collisional transition probabil-
ities is greater than the transport provided by an EXP
model. At sufficiently large values of (AE), the steady-
state population vector Nis below Eo approaches the equi-
librium Nie for both models, and all the more as k/ka
increases toward unity.2-6 But the EXP model is less effi-
cient in pumping molecules above Eo due to the fact that
the exponential distribution has a head which corresponds
to high probability for small jumps of size much less than
(AE). On the other hand, for a given initial value of E',
the long tail of the EXP distribution, which gives finite
probability for long jumps of size greater than (AE), be-
comes more important as the average energy of reacting
molecules (Er+) increases UEr+)U=o0 = 1.27 kcal mol-1 and
{Er jo=0 = 3.09 kcal mol-1) with increasing collision
rate (k/ka —»1). Thus, the relative efficiency of the EXP
model increases as k/k™ —»1, and this results in the effi-
ciency curves for the two models converging with increase
of pressure (Figure 2, curves A).

For small values of <AE) for which E' < 0.5, it has been
shown that in the low-pressure region the steady-state
concentration of reactant molecules below Eo is greater for
the EXP than for the SL distribution, due to the tail of
the EXP distribution which permits some fraction of the
more-efficient large steps. As the collisional rate in-
creases, the average energy possessed by reacting mole-
cules again increases toward the high-pressure value and
further accentuates the role of the tail of EXP distribu-
tion in reaching further. Hence, as k/k”~ approaches
unity, the relative efficiency of the EXP model is en-
hanced and the EXP and SL curves spread apart (Figure
2, curves C).
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Measured and Theoretical Values of Collisional Efficiency for He at Various k/k, (245°)

0.10 0.50 0.775 1.0 00.0ns/%0.775 00//3i.0
0.154 0.112 0.096 2.08

0.168 0.141 0.133 0.128 1.47 1.55
0.149 0.108 0.092 0.084 2.13 2.38
E' —o.80.

Figure 3. Variation ot j3u>(*°) with fall off k/k, based on (a)
calculated 400-cm-' EXP model, (b) experimental data, and
(c) calculated 350-cm_1 SL model, at 245° ‘or CH3NC-He sys-
tem.

At intermediate step sizes, the behavior falls between
the limits described above. The SL model starts off at g
= 0 as the more efficient one of the two, but crosses over
at higher values of k/kmto become less effective in re-
plenishing the energized molecules above the reaction
threshold (Figure 2, curves B).

The variation of °°) with the degree of fall-off, inter-
polated from the calculated curves2 for the step sizes de-
duced earlier for helium, is shown in Figure 3 and sum-
marized in Table Il. The two curves are hardly distin-
guishable experimentally at the lower end of the fall-off
regime, say, at k/k, < 0.05. The measured behavior for
CHsNC-He fall-off lies in between the two extreme mod-
els; at higher values of k/k, it follows the SL model
more closely. The ratio of do.oo5(°°)/do.775(°°), which de-
scribes the accessible experimental range of variation of
k/7km equals 1.47 for the EXP case, and 2.13 for the SL.
The experimental observed value of 2.08 is intermediate
in behavior but indicates that a SL model is closer for he-
lium. This work has thus provided an experimental dem-
onstration of the variation of fall-off shape in the presence
of a weak bath gas, i.e.,, of a decrease of collisional effi-
ciency with increase in the k/k.. ratio, as predicted by
the theory.

In earlier thermal work,3'13 the appropriate model of
the collisional probability distribution was deduced for
this same system from the study of dilution effects in the
low-pressure region. The relative efficiency 130(D) in-
creased with decreasing degree of dilution (D —*0): how-
ever, the experimental error did not provide the requisite
experimental precision required to distinguish clearly be-
tween the detailed predictions from the several models.

In addition to the earlier results from thermal dilution
work, chemical activation studies1415 in several systems
involving helium bath gases have indicated a collisional
probability model intermediate between, but closer to the
EXP distribution than to the SL model. The present work
has suggested a model which lies between the two extreme
cases, but closer to the SL function. While the available
experimental accuracy of the present study exceeds that
attained in the thermal dilution work, one should be con-
servative in overriding the chemical activation results
owing to the generally lower diagnostic sensitivity of ther-
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mal activation systems. In any case, the conclusion that
can be drawn is that helium is best represented by a tran-
sition probability model intermediate between the two ex-
treme cases of SL and EXP distributions.
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On Electron Capture in 7 -lrradiated Methylcyclohexane Glass
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Recent and present stimulated luminescence experiments have shown (besides trapped electrons et~) a
solvent-derived negative species X - in 7 -irradiated methylcyclohexane (MCH) glass or in uv-excited
TMPD-MCH system at 77 K. In the former case, an ir et_ bleaching :s necessary for X - formation. The
following conclusions are made. (1) The small decrease—A[X] due to X~ formation has not been detect-
ed by epr but a comparison with the uv-excited TMPD-MCH case makes plausible that X is the meth-
ylcyclohexyl radical R-Mch-(2) X - production efficiency examined as a function of et~ bleaching wave-
length displays a sharp maximum and its resonance character resembles that of a typical resonance elec-
tron attachment cross-section curve. (3) An INDO calculation of the lowest electronic energy states of
the ir and a structures of R-mch and R-mch~ has shown that electron attachment to R- is not expected
to occur in the gas phase and that the attachment observed in the solid phase necessitates a distortion
from R-(;r) to R-(a). The energy (~0.2 eV) corresponding to the maximum of X~ formation efficiency
curve may correlate with the activation energy of this 7r to a structural change. Implications on electron
kinetic energy relaxation in 7 -irradiated glasses and phase effects on electron attachment processes are

evoked.

Electron-ion pairs are produced in 7 -irradiated organic
glasses and, in the absence of electron scavengers, most of
the photoelectrons become matrix trapped. A subsequent
optical excitation or “bleaching” of these electrons, under
wavelength Xb, induces a neutralization luminescence:
and it has been noticed that the luminescence excitation
spectrum closely parallels the trapped electrons (et~) and
anions absorption bands.2

Corroborating previous optical absorption observations,s
recent stimulated luminescence experimentss have shown
(besides et_) the existence of a solvent-derived negative
species X ' in 7 -irradiated 3-methylpentane (3MP) and
methylcyclohexane (MCH) glasses or in uv-excited TMPD,
3MP, or TMPD-MCH systems at 77 K (TMPD = tetra-
methyl-p-phenylenediamine).

An identification of X is now being attempted and the

necessary conditions for X" formation anc implications
more precisely specified. 7 -Irradiated pure MCH will ex-
emplify present experimental findings.

Experimental Section

The experimental conditions for 7 and uv irradiations
and luminescence recordings have been described earlier.4
The 7 -ray dcses range frcm 8 X 1019 to 1.4 x 1021 eV g_1.

Esr analysis are performed at 77 K with a JEOL Jesme
1 X spectrometer. A quartz iodine lamp with a silicium
filter (X >1100 nm) was used for bleaching the irradiated
sample when located in tne epr spectrometer cavity.

Results

(@) As in the 3MP case,s if the uv stimulation of the 7 -
irradiated MCH sample is performed directly after 7 -irra-

The Journal of Physical Chemistry. Vcl. 78. No. 9. 1974



Figure 1. Intensity of stimulated luminescence (/sl) in the uv
region for 7-irradiated MCH glasses (analyzing wavelength, Aan
445 nm: (a) 7 dose = 1.1 X 1020eV g" '. bleaching at Ab 1400
nm for 2 min; (b) 7 dose = 1.1 X 1020 eV g”\ bleaching at Ab
1100 nm for 30 min; (c) 7 dose = 4 X 1020eV g" 1, bleaching at
Ab 1400 nm for 30 min. As shown in ref 10, et is maximum for
a dose of 1.5 X 1020 eV g~ 1and decreases at higher doses.

diation, the luminescence excitation spectrum or so-called
stimulated spectrum attributable to X- is absent. How-
ever, following a 1400-nm bleaching (which lies in the et”
absorption band) the X- stimulated spectrum appears
very similar to the one previously recorded for 3MP.4 The
stimulated luminescence intensity is similarly found to
increase with the 1400-nm bleaching time (Figure 1). On
the other hand, when thermally released, the mobile elec-
trons do not give rise to X-. The observation that only
the optically excited trapped electrons can be captured
has also been made for dissociative attachment on aceto-
nitrile,s methyl vinyl ethers and dimethyl ethers fol-
lowing 7 -irradiations of mixed systems. Such a situation
is, however, by no means general. Careful epr and optical
spectroscopic studies have shown that a direct electron
attachment under 7 -irradiations does occur on MTHF
radicals.s

(b) After 7-irradiation and before the trapped electron

infrared bleaching,
bands corresponding to the methylcyclohexyl
(R-mch) and in the trapped electron singlet.

After bleaching the samples under Ab >1100 nm, the
et” signal disappears completely. The remaining R-mch
signal shows no decrease in intensity. However, the neu-
tralization luminescence recorded later on the same pre-
bleached sample does exhibit a luminescence for Ab <650
nm, attesting to X*“ formation. The same observations
were made for various 7 -ray doses giving rise to different
ratios et-/R-MCH-10

Following a 7 -dose of 1.1 x 102 eV g~ 1 corresponding
to the maximum et” concentration, the ratio et”/R-MH
before bleaching has been estimated and effectively found
smaller than 3%. Thus, if X represents the methylcyclo-
hexyl radical, the decrease -A[X] due to X” formation
would be too small to be detected by epr.

Hence, with better defined bleaching conditions, our
experiments have but confirmed previous negative epr re-
sultsio-11 and do not permit a decisive direct identifica-
tion of X. However, the fact that rR-mcnh is the only sol-
vent-derived photoproduct observed from the uv-excited
TMPD-MCH systems (in accordance with ref 12) makes
plausible that X = R-mcn-

the epr spectrum consists of eight
radical9
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Figure 2. X" formation efficiency vs. detrapped electron kinetic
energy (/SL Is compared at 380 nm). The bleaching Intensity /b
is kept constant at 1.4 X 1014 photons sec' 1cm” 2: (a) 7 dose
= 11 X 1020eV g” 1, (b) 7 dose = 4 X 1020eV g 1

() Whatever the nature of X”, the relative bleaching
efficiency for X formation at different wavelength Ab has
been checked. In a search for a possible analogy with an
electron capture cross-section function, it has been con-
sidered that the bleaching photon energy is used first to
extract the trapped electron and that the excess energy is
imparted as kinetic energy of the freed electron. If the
electron has to jump over a potential barrier it may pos-
sess some Kkinetic energy even at the photoextraction
threshold; this would not, however, alter the arguments
developed below.

From previously reported experiments,iz the electron
detrapping threshold energy in a MCH matrix has been
set at 0.75 £ 0.05 eV, hence the abscissa in Figure 2 are
taken as he/Ab - 0.75 (V) and the corresponding figures
are considered to be equal to the kinetic energy of the at-
taching electron, except for a possible additive constant.
The stimulated luminescence intensity /SL at a definite
wavelength (380 nm) in the X” spectra region (Figure 1),
being itself proportional to X concentration, has been
corrected for the quantum electron detrapping efficiency
ifib13 as given by curve b of Figure 2 in ref 13; hence,
whatever Ab, the intensity /SL refers to a constant number
of released electrons. The resulting curve (Figure 2) dis-
plays a sharp maximum at Ab 1400 nm (—0.9 eV) and its
resonant character resembles that of a typical resonance
electron attachment cross-section curve. Its shape and the
spectral position of its maximum are found not to depend
on the 7 -ray dose, that is, it does not vary with the mean
et -X distance. If such an analysis is correct, the highest
probability for electron attachment to X would thus be
met for electrons of about 0.2-eV kinetic energy.

Previouss-+ and present experiments agree that neither
the 7 -ray ejected “dry” nor the thermally detrapped elec-
trons are capable to give rise to X”, even though, as
shown in Figure 2 of ref 4, these thermally released elec-
trons constitute a high proportion of the initial total et”
population. On the other hand, the photoelectrons pro-
duced in the uv-excited (325 = 50 nm) TMPD-MCH sys-
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terns are able to form X~ directly, the intermediate step
of the ir release appearing unnecessary. It has been veri-
fied further that, in these photoionization experiments, an
et- release under 325 + 50 nm excitation, simultaneous to
TMPD photoionization, does not form X~ either; in a
control experiment where a 325-nm bleaching had fol-
lowed MCH 7-irradiation (dose = 3 x 1019 eV g"1), no X -
stimulated luminescence was recorded. It should be
stressed further that, under such ionization conditions,
the initial kinetic energy of the photoelectron is close to 1
eV,14in striking contrast to the 7 -irradiation case.

Discussion

Hence, as suggested by Williams and coworkers5 we be-
lieve that the bleached or optically “excited” electron is
capable of attachment because it satisfies stringent ener-
gy requirements. A simultaneous CH vibrational excitation
in X radical under 1400 nm (—0.9 eV) could possibly in-
crease the electron capture cross section of X, as suggest-
ed in ref 4, in analogy to the reported temperature effect
in the dissociative attachment cross section in N20 .15
However the direct formation of X - observed in the pho-
toionization case disagrees with such an interpretation.
Furthermore, bleachings with Xb 1200 or 1750 nm (—1.0
and 0.7 eV, respectively) where CH stretching modes are
also located were found inefficient.

Assuming now that X is the methylcyclohexyl radical
R-, an INDO calculation16 of the total electronic energy
of isolated R- and R -_ leads to the following results.

(1) The ¥ structure for R- is more stable by about 0.2
eV than the a structure. (The a structure retained in the
calculation has a sp3hybridization at the radical site.)

(2) The attaching electron is accomodated in the un-
paired electron orbital, that is, on the tertiary carbon
atom. Hence, C-H vibrations are not expected to signifi-
cantly interfere with the electron capture process.

(3) Contrary to the radical energies situation, the a

structure of R-_ turns out to be more stable than the it
one by about 0.8 eV and is located about 0.5 eV above
R-(at).
Thus the following can be concluded, (a) An electron
attachment on R- is not expected to occur in gaseous
phase, (b) When environmental conditions lower (as ex-
pected1?) the R'((¥) energy level to such an extent that
the R-(<r) electron affinity becomes positive, the observ-
able electron attachment requires a distortion of the R-
structure, (c) Since the esr coupling constants previously
observed for R- in solid MCH also correspond to a j
structure,9 it is clear that the transition from the a struc-
ture of the MCH molecule to the . structure of the radi-
cal (and vice versa) is not inhibited by steric hindrance in
a MCH glassy matrix at 77 K. The energy difference of 0.2
eV between the two R- structures is thus expected to be
preserved in these solid conditions. Finally, the good cor-
respondence noted between such a value and the energy
position of the peak of our experimental attachment curve
(Figure 2) may suggest a correlation between these two
terms and substantiate the view that the latter reflects a
resonance electron attachment process.

The present findings and their interpretation seem to
contain two types of more general implications: one, bear-
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ing on the 7 -radiolysis of organic solids, the second, on
phase effects on electron attachment requirements.

(@ The distinctive behavior of X with respect to elec-
tron capture, following either solute photoionization or
solvent radiolvsis, seems to imply that in the course of the
slowing down collisions, the secondary electrons travelling
in the 7 -irradiated samples never reach an energy of o.2
eV; the electron trapping would occur befcre their reach-
ing thermal energies. In other words, matrix cavity trap-
ping would constitute an energy relaxation mode in agree-
ment with previous suggestion that thermalization and
trapping may be synchronous.is-20

(b) Extrapolation of gas-phase electron attachment
data to condensed phase conditions may suffer from sever-
al restrictions. One of these, as already mentioned, is re-
lated to the increase of electron affinity values determined
for gaseous species due to surrounding molecules polariza-
tion. Hence, a negative ion which would easily autoionize
in the gas may be stabilized and detected in a liquid or
solid environment.

On the other hand, presently reported experiments
suggest that an electron scavenger, found efficient in gas-
eous phase, may appear as inefficient when used in solid
matrix 7 -irradiations if the maximum of its resonance at-
tachment cross section is so located that matrix trapping
has already occured at a higher electron kinetic energy.
Furthermore, if a change in geometry of the attaching
species X is required for X- formation, electron attach-
ment may become proscribed in some solid environment
due to steric hindrance.
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Reactions Involving Electron Transfer at Semiconductor Surfaces.1V. Reactivity and

Electron Paramagnetic Resonance of Electron Transfer Sites on Rutile
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Extent and kinetics of dissociation are reported following contact at room temperature between gaseous
nitrous oxide and powdered rutile samples thermally activated at 670°K. Parallel studies by electron
paramagnetic resonance establish that contact with N20 results in the loss of one paramagnetic center
from the rutile sample per nitrous oxide molecule dissociated. Boundary layer theory accounts for the
observed extent of N20 dissociation, but it is shown that this could follow either from indirect dissocia-
tive electron transfer involving conduction band electrons or from direct electron transfer involving para-
magnetic surface centers whose concentrations were established during thermal activation. Selectivity in
electron transfer is demonstrated by failure of the activated rutile surfaces to dissociate methyl halides.

Introduction

Band theory represents pure stoichiometric zinc oxide
or titanium dioxide as large band gap intrinsic semicon-
ductors with valence-conduction band gaps respectively
equal to 3.2 and 3.05 ev .2 Deviations from stoichiom etry
in the direction of excess metal occur in all real samples
but particularly in powdered samples thermally activated
in vacuo,3 such as em ployed in the present study. Ther-
mal promotion of electrons from metal-excess donor cen-
ters. such as Zn°lint or Zn~(im in ZnO or Ti3~ jnt in
TiO2, into the conduction band confers n-type extrinsic
conductivity. Donor densities C& 1016 cm -3 and electron
mobilities 5-40 ¢cm 2/V sec have been reported4 for high-
purity powdered ZnO. Comparable donor densities (1016—
1020 c¢cm ~3)5a and (0.15-1.25 cm 2/v-

sec)5b have been reported5 for pure single crystals of Ti0 2.

smaller mobilities

Various workers have attempted to correlate electron

paramagnetic resonance (epr) signals observed in vacuum -
and Ti02 with

ters,69 while others have argued that conduction

metal-excess donor cen-
band

activated ZnO

electrons are responsiblel0 for the singlet epr signal with g
~ 196 in zno. Conduction band electrons in Ti0 2 have
been correlated58 with a broad optical absorption band
with maximum at 1.5gm.

In view of the referenced electrical and spectroscopic
evidence for coexistence of metal excess centers and for
electrons mobile in the conduction band, consideration of
electron transfer at the surfaces of Ti0 2 and ZnO should
take into account both direct and indirect processes. In
this paper, the single-step transfer of an electron from a
surface donor center to an adsorbed species corresponds to
direct transfer, whereas indirect electron transfer denotes
a three-stage process with electrons being promoted from
donors into the conduction band and migrating some dis-
tance Via the conduction band before finally reacting with
the adsorbed species. Although electron localization by
the adsorbed species is achieved in each case, the ad-
sorbed species may receive the electron from different sur-
face environments in the direct and indirect processes.
Consequently, differences may arise in rates of direct and
indirect electron transfer and the electron adducts pro-
duced may form in different surface environments. For-

m ation of O2 tads in three surface environments on ZnO
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and three different environments on Ti0O2 has been de-
duced from recent epr studiesll12 without, however, de-
fining the role(s) of direct and/or indirect electron trans-
fer in their formation. Information on these roles is sought
in the present study by combining epr studies with the
use of gaseous N20 . CH 3I, and CH3Clas molecular probes
for measuring the availability of electrons at the surface.
Previous papers in this seriesl3 15 demonstrated that all
these gases underwent dissociative electron attachment at
the surface of vacuum-activated zinc oxide and that a
model based on indirect electron transfer could account
for the observed results. In view of the similarities noted
between ZnO and Ti0 2. the present study examines Ti0 2
surfaces by similar techniques to determine if dissociative
electron attachment processes la and Ib also occur on ru-

tile.

e + NO —*NO
e~ + CHjX — CHiX- —

—» X+ O ; (la)
X* + CH,

Experimental Section

Materials. One batch of high-purity Ti02, kindly sup-
plied by New Jersey Zinc Co. (sample MR-128) was uti-
lized for all present experiments. The material was 98-
99% rutile with surface area 5.4 m2 g_1, average particle
size 0.22 gm, and low impurity levels (e.g., Cl2 ~0.07%,
Al203 <0.1%). New samples of this material were preacti-
vated in vacuo prior to each measurement. Activation of
some preliminary samples at 670°K under 10~6 Torr on a
conventional oil-pumped vacuum system protected by lig-
uid nitrogen traps confirmed the notorious sensitivity of
oxide materials toward reduction by trace hydrocarbons.
Thin layers of ZnO or Ti02 thus activated on quartz sub-
strates showed anomalously high conductances which de-
creased by orders of magnitude when 02. N20. or CHS3I
were admitted at room temperature. Room temperature
epr spectra of 20-mg samples of ZnO or Ti02 activated in
such reducing conditions at 670°K in Spectrosil tubes
showed at room temperature strong signals with g values
at 2.003 and 1.998, respectively. The g values were similar
to signals attributed by Miller and Haneman to surface
carbon impurities,16 but production of such large signals
was avoided when samples were prepared on a greaseless.

— » CH, etc.(Ibi
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ion-pumped vacuum system. Unless otherwise noted, all
results relate to samples preactivated at 670°K at 10-7
Torr on this system. Subsequent introduction of gases to
preactivated samples was also made using this vacuum
system. Spectroscopically pure N20 or O2 (BOC grade X)
were used as supplied. Methyl halides were purified be-
fore use by passage through P205 and by subsequent trap
to trap distillation.

Reactions in TiON-Gas Systems. Samples (0.1-5 g) of
the high-purity rutile were activated at 670°K in contact
with Spectrosil walls (to avoid the contamination by ions
possible if contacted with Pyrex at this temperature).
Stainless steel stopcocks served to isolate from the ion
pump and from a quadrupole mass spectrometer a section
of the vacuum system of small volume (133 cm3), com-
prising the Spectrosil container, pirani gauge, and liquid
nitrogen traps. These latter components served to monitor
the buildup of noncondensible gas product following intro-
duction of the condensable methyl halides or N20. Photo-
assisted reaction was studied by focussing the output of a
200-W medium-pressure xenon arc lamp onto the sample
surface, using filters to limit incident light to 350-380 nm.
Product gases from dark or photo-assisted reactions were
introduced into the mass spectrometer for analysis.

Spectroscopic Measurements. Samples (0.1 g) activated
in vacuo between Spectrosil windows of a circular cell 1
mm thick x 30 mm o.d. were fitted to the sample position
of a Beckmann DK2 diffuse reflectance spectrometer
yielding absorbance vs. wavelength 200-2000 Nm against
an MgO reference. Since measured absorbance was repro-
ducible to +0.05, gases contacted with the activated TIOz2
were regarded as having zero effect unless they produced
larger changes than this. Smaller samples (20-50 mg)
were activated in Spectrosil tubes of 5 mm o.d. for study
at 77-300°K in a variable temperature insert fitted to the
multipurpose cavity of a Decca XI epr spectrometer. The
g values of signals were measured relative to a sealed pow-
der reference of (Mn2+-MgO) attached to the outside of
the sample tube. One striking experimental difference be-
tween epr measurements on ZnO and TiOz2 samples of
similar weight activated in similar manner was that the
TiO2 samples did not significantly reduce the o of the
cavity whereas ZnO seriously reduced it. The observation
appeared consistent with the much lower mobilityss re-
ported for conduction band electrons in TIO2 and obviat-
ed the need to correct TIO2 epr intensities for changes in
cavity Q. In cases when it was desired to convert TIO2 sig-
nal intensity observed at 77°K to spin concentration, the
integrated area under the rather broad epr signals was
measured and compared with the integrated area under a
peak of comparable width measured in identical condi-
tions on a reference sample of DPPH dispersed in MgO or
alkali halide and held in identical configuration in the
cavity at 77°K.

Break-seals were used to admit gases to samples in situ
in the cavity but such contact was always made at room
temperature to avoid condensation of gases onto the Spec-
trosil walls. Light from a 150-W medium pressure mercury
arc lamp incident on the samples in situ in the cavity at
300 or 77°K served to test if new signals were produced or
existing signals modified by uv illumination.

Results and Discussion

A. N20 Decomposition over Rutile. Gaseous N2 was
produced when pure N20 was brought into contact at
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Figure 1. Growth of gaseous nitrogen product frcm room tem-
perature contact of 400 Torr of N20 with rutile preactivated in
vacuo at 683°K. Pressure of noncondensable gas product (98%
N2) increasing with duration of room temperature contact with
0.1-g sample. Inset: data represented according to Elovich ex-
pression Ib.

room temperature with high-purity rutile samples preacti-
vated by 16 hr heating tc 683°K under 10 7 Torr residual
pressure in a “clean” vacuum system. Figure 1 illustrates
typical data showing the formation of N2 product under
400 Torr N20 pressure. The initially rapid rate of N2 for-
mation and its subsequent decline to very low values in
the dark after 2 hr contact time suggested that these data
on V(N2), the volume cf nitrogen produced at time t,
would conform to Elovich-type expressions

dV(N2/dT = A exp(-BV(N))) da)
and
V(N2 = C log(f + t + D (Ib)

In these expressions, A. B, C, D, and to are constants
whose physical significance depends on the model chosen
for the surface process and the value of fo is empirically
chosen as thar which best linearizes data on a plot of form
(Ib). The inset of Figure 1 confirms that the buildup of N2
product in the N2o-Tio 2 system could be fitted to this
expression with choice of to = O; i.e., U(N2) increased lin-
early with log + These new results on limited N2O decom-
position over high-purity rutile at room temperature
greatly resemble those previously reported by us on N20
dissociation over high purity zinc oxide.1sz-14 Those previ-
ous studies of the N20-ZnO system showed that it was
possible, by preactivation of the ZnO in Hz at 600°K, to
raise the extent of N20 decomposition above that
achieved over vacuum-activated ZnO. Formation at the
surface under reducing conditions, of additional electron-
excess centers capable of donating electrons to adsorbed
N20, provided an adequate explanation of enhanced dis-
sociation in a pre-reduced N20-ZnO system, particularly
in view of a recent claim by Roussel and Teichneri7 that
surface zinc atoms are effective in reducing N20. It was of
interest to determine whether preactivation of rutile in re-
ducing atmospheres would likewise increase the attainable
N20 decomposition. Prior activation in hydrogen or car-
bon monoxide did effect a significant increase, as may be
seen by comparing data in Figure 2 for a TiO2 sample
preactivated in carbon monoxide with data in Figure 1 for
a similar sample preactivated in vacuo. The inset in Fig-
ure 2 illustrates that, despite the probable surface nature
of some of the electron-transferring sites on TiO2 pre-re-
duced in CO, buildup of N2 product still obeyed the Elov-
ich expression (Ib).

Although the above results established a strong similar-
ity between trie activity of high-purity TiO2 and ZnO for
limited decomposition of N20 in the dark, one marked
difference between the N2o-Tio 2 and N20-ZnO systems
emerged from our attempts to detect additional photo-
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Figure 2. Growth of product nitrogen from room temperature
contact between 400 Torr of N20 and rutile preactivated at
673°K in CO. Pressure of noncondensable gas product (98% N2)
increasing with duration of room temperature contact with 0.1-g
sample. Inset: data represented according to Elovich expression
Ib.

assisted decomposition when the N20-T i02 systems were
exposed to uv illumination. Neither the light output of a
200-W xenon-mercury arc filtered to yield only wave-
lengths 350-390 nm nor the full light output of this lamp
yielded during illumination any significant enhancement
above the slow rate of N2 formation measured before and
after illumination. The contrast between this negative re-
sult for the uv-illuminated N20-Ti02 system and pre-
viously reported large enhancement in the rate of N2 for-
mation in dark-equilibrated N20-ZnO systems similarly
illuminated,14 is of interest for two reasons. First, it dem-
onstrates, in conjunction with Figure 3, that mere com-
parability in the rates of energy deposition into ZnO and
Ti02 powders by light inside their band edges did not suf-
fice to achieve comparable photoassisted dissociation
(note that the comparison was made with closely similar
photon fluxes at wavelengths 365 + 15 nm incident on
ZnO or Ti02 and that Figure 3 shows absorbance values of
the N20-Ti02 and N20-ZnO systems at 365 nm to be
very similar in their diffuse reflectance spectra). Require-
ments other than similarity in surface heating, or photo-
generation in Ti02 and ZnO of comparable numbers of
electrons, holes and electron-hole pairs, must therefore be
involved in achieving photoassisted dissociation of N20.
Secondly, the absence of photoassisted reaction in the
N20-Ti02 system could be understood if that system were
incapable of photodesorbing oxygen via (2a) or (2b).

0“ Ik + h+t —* 0,35 —- VA(Q) <2a)

o4l + h+ . Ghiid  * Oa(g) (2b)
Such photodesorption is generally accepted as necessary
for continuing photo-stimulated processes on ZnO, includ-
ing N20 dissociation.1114 It is shown below that pro-
cesses 2a and 2b should not be possible at the dark-equili-
brated N20-T i02 interface if one model of direct electron
transfer dominates in this system.

B. Epr Measurements on Ti02 and N20/TiOz Systems.
An epr spectrum typical of the high-purity rutile sealed in
vacuo after preactivation on the ion-pumped vacuum sys-
tem at 670°K is shown in Figure 4a. This spectrum was
recorded with the sample at 77°K and three features can
be distinguished at magnetic field values corresponding to
g = 1999, g = 1.965, and g = 1.948. Spectra at different
incident microwave power levels (from 100 to 1 mW)
showed that the feature with g = 1.999 saturated readily
whereas the features at g = 1.965 and g = 1.948 were not
saturated even with 100-mW incident microwave power.
These results essentially agree with prior reports8-911 of
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Figure 3. Diffuse reflectance spectra at room temperature of
Ti02 (curves a) and ZnO (curve b) powders after preactivation
in vacuo and exposure to N20.

two types of center with different relaxation times in vac-
uum-activated Ti02. Some of these reports attribute the
broad asymmetric signal with g values 1.965 and 1.949 in
vacuum-activated rutile powders to Ti3+ ions at various
sites, i.e., Ti3+int or Ti3+(Ti4+i. Others suggested that
more complex centers involving Ti3+ adjacent to an oxy-
gen vacancy in the anatase structure, e.g., (Ti3+-Vox-
Ti4+), can also give rise to an asymmetric signal with these
g values.

The sharper and more symmetric signal with g = 1.999
has been attributed to impurities or to interstitial Ti3+,
i.e., Ti3+(int). Formation and intensity of this signal ap-
pears from published work to be more sensitive than the
asymmetric signal to the nature of the Ti02 (whether an-
atase or rutile) and to the gas environment during activa-
tion. Formation of the symmetric signal is reportedly fa-
voredl18 by the anatase structure and by its prior reduction
in CO. Since the Ti02 used for the present study was 98-
99% rutile before activation, the relatively large intensity
of the symmetric, anatase-favored epr signal with g =
1.999 was surprising, and possibly indicative of consider-
able rearrangement of the Ti02 crystal structure close to
the surface after 16 hr activation at 670°K in vacuo. Con-
sequently, measurements of the concentration of para-
magnetic centers were not attempted for the structure-
sensitive epr singlet with g = 1.999.

Measurements of spin concentration were made on the
centers responsible for the broad asymmetric signal with g
values at ca. 1.965 and 1.948, because the literature indi-
cated this to be less structure-sensitive than the signal at
g ~ 2.00. Since the asymmetric signal with g = 1.965 and
1.948 was not saturated in our measurement conditions,
its spin concentration was easily determined by compari-
son with integrated signal intensity from standards pre-
pared by dispersing DPPH into MgO or alkali halides.
Comparisons run in identical conditions at 77°K yielded a
value of 2.6 x 1018 paramagnetic centers with g = 1.965
and 1.948/cm3 of vacuum-activated Ti02. The well-estab-
lished general difficulties involved in determining spin
concentrations by comparison with standard samples
mean that an uncertainty of up to +50% should be associ-
ated with this spin concentration in Ti02. Signal intensity
was not affected on warming the sample up to room tem-
perature in vacuo and recooling to 77°K for measurement.
However, when samples were warmed to room tempera-,
ture and N20 at pressures up to 400 Torr was contacted
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Figure 4. Electron paramagnetic resonance (epr) spectra taken
at 77°K of rutile samples after various treatments: spectrum 4a,
after activation in vacuo of 10-7 at 720°K; spectrum 4b, after
reduction at 623°K by H2; spectrum 4c, as in 4b with the addi-
tion of insitu uv illumination incident on the rutile sample.

with the sample for 5-60 min before reevacuation and re-
cooling to 77°K, it was found that the intensity of the
asymmetric signal with g = 1.965 and g = 1.948 was re-
duced to 10% of the value measured on the same sample
prior to N20 admission. The number of these paramag-
netic centers removed by N20 corresponded to 54 + 2.7
X 1017/g of rutile activated in vacuo. The measured disso-
ciation of N20 to N2 over a rutile sample activated in
identical conditions (c/. section A and Figure 1) corre-
sponded to 85 + 1.0 x 1017 N20 molecules dissociated
per gram of rutile for equal contact time. Within experi-
mental error, these numbers could be consistent with re-
moval of between 1 and 0.5 paramagnetic center for each
nitrous oxide molecule dissociated at room temperature.
The implications of this correspondence can be considered
in terms of various models for dissociative electron trans-
fer from the paramagnetic centers to adsorbed nitrous
oxide.

Models for direct dissociative electron transfer from ru-
tile to N20 can reasonably be based upon the identifica-
tions suggested by previous workers for the asymmetric
epr signal with components at g = 1965 and g = 1.948.
These identifications fall into two categories: centers
based on titanium interstitials Ti3+(in,, as the electron
donor, and more complex centers based on oxygen vacan-
cies, Vox, in association with one or more adjacent cation,
e.g., (Ti3+-Vox-Ti4+). Goodenough, in a recent review,2b
has suggested that in most reduced rutile it is necessary
to think of both types of defects coexisting, the dominant
defect depending upon sample preparation. Direct elec-
tron transfer processes based on these two classes may be
represented as in (3a) and (3b).

(Ti3wV,,-Tid)s + N.Qah —* N,(9) + (Ti+(T-Ti4+). (3a)
T' + NO.. —- N4g) + 0.-,, &) + Ti4’ (3b)

The following features of our observations on the N20 -
Ti02 system can be accounted for with (3a) as the domi-
nant electron transfer site at the rutile surface. First, our
observations that preactivation of the samples in the re-
ducing gases H2 or CO increased the concentration of
paramagnetic centers (cf. Figure 4a and b) and the sur-
face reactivity (cf. Figures 1 and 2) are consistent with
the claims of many workers that activation in reducing
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conditions favors centers involving oxygen vacancies.211
Secondly, since direct dissociative electron transfer via
(3a) would necessarily imply that active centers were
at the surface or close enough to it for electron tun-
nelling, the epr-measured concentration of ca. 6 x 1017
g 1should be distributee over ca. 5.4 m2 (the surface area
per gram). Three per cent of the surface sites would then
be paramagnetic with consequent high probability of line-
broadening and this is consistent with the large line width
of the asymmetric signal in vacuum-activated rutile (Fig-
ure 4a) and yet larger line width in samples preactivated
in reducing conditions (Figure 4b). Thirdly, extent of
room temperature N20 dissociation here achieved over
high-purity vacuum-activated rutile (16 X 1016 molecules
m 2) is much greater than previously achieved over high-
purity ZnO vacuum-activated in similar conditions (1 X
1016 molecules m~2). This is consistent with reported ease
of formation of oxygen vacancies in rutile (such as re-
quired for process 3a) and evidence indicating that oxygen
vacancies do not readily form19 in ZnO. Fourthly, since
process 3a effectively destroys the oxygen vacancy by “fill-
ing” it with che oxygen fragment from N20 dissociation,
the process does not produce exposed 0 ~ads or 02 ads
species at the surface (no epr signals corresponding to
these were seen in the present study). Consequently pro-
cess 2a or 2b should not be possible and this is consistent
with failure of uv illumination to cause photoassisted dis-
sociation of N20 in dark-equilibrated N20-rutile systems.

Process 3b lacks the ability to account for the first, sec-
ond, and fourth feature cf the results as just enumerated
and, consequently, it appears less appropriate than (3a) as
a model for direct electron transfer in the N20-Ti02 sys-
tem. However, since energy levels reported for Ti3+ lie
very close to the conduction band, room temperature ex-
periments with N20 cannot distinguish between process
3a as an acceptable direct electron-transfer mechanism
and an equivalent but indirect electron-transfer process
comprising

Ti+ Ti4+ + e-ib, (4a)
e~t e M (4b)
eis>+ NX —* N2+ 0* b (4)

Model 3a (above) delineated clearly the nature of a proba-
ble surface environment on rutile with which N20ads
could interact to achieve direct electron transfer. Compa-
rable precision is, however, not yet possible in defining for
process 4 the surface environment denoted by e~s, since
some current theories20 represent surface electrons as
quantized with respect te movement into the solid but
free to move over the surface, while others emphasise the
importance of surface states (“dangling bonds”) in localiz-
ing surface electrons2l ar.d yet others treat surface elec-
tronic states as modifications of bulk lattice states.22 In
these circumstances gross simplifications, which do not
require the nature of the electron transfer site to be iden-
tified in detail, can be useful in discussing indirect elec-
tron transfer. One such simplification is the boundary
layer theory of depletive chemisorption23 in which elec-
tron transfer from an electron-rich substrate (such as n-
type Ti02 or ZnO) to electron accepting molecules (such
as 02 or N20; at the surface is treated in a manner simi-
lar to the accumulation of charge and potential across a
dielectric condenser. From such treatments expression Il
can be derived for the maximum number of charged
species which can accumulate per unit area of surface as a
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result of indirect electron transfer from a concentration nd
of donor centers within the solid of dilectric constant e.

« 1o(etelliv) (1

E0' is the surface potential which develops across the
boundary layer of depth D as a result of electron localiza-
tion at the surface and can reasonably be assumed as ca. :
V for semiconducting metal oxides. The measured density
of paramagnetic centers atg = 1.965 and 1.948 in the ru-
tile samples would correspond to nd = 2.6 X 10is cm3, if
distributed uniformly throughout the TiO?2 lattice. Insert-
ing these values of £</ and na into (Il) yields No = 7 X
ro12/cm. as the maximum allowed electron concentration
at the Ti0: surface. The measured maximum specific ac-
tivity of the TiCs: surface for the dissociation of N.O cor-
responded to 1.5 X 10:3 N20 molecules dissociated/cm: of
Ti02. In view of the approximations involved in the appli-
cation of expression Il, there is adequate agreement be-
tween measured N20 decomposition in the N:0-Ti0: sys-
tem and that calculated in terms of indirect dissociative
electron transfer via (4a), (4b), and (4c).

The foregoing numerical considerations are inconclusive
since they indicate that the observed dark dissociation in
the N:0-Ti0. system may be equally well accounted for
by direct or indirect dissociative electron transfer. The
ability of both models to account for observed dissociation
may not be coincidental and may originate because the
electron-transfer process to N20 is direct but occurs from
electron-excess surface species whose surface concentra-
tion was established in accordance with boundary layer
considerations during vacuum activation. For example, it
would appear that (Il) should define the attainable sur-
face concentration of electron transfer sites such as
Tis +iint, on Ti0: or Zn°ijnl, on ZnO, which clearly carry
an extra electron relative to the bulk lattice. The bulk
concentration of donors is the value of nd relevant for such
calculations. Appropriate independent experimental
values of nd are available for zinc oxides but not for Ti0.
and it has previously been reported that insertion of these
independent values of nd into (IlI) predicts extent of elec-
tron transfer at activated ZnO surfaces which agree well
with measured N20 dissociation. This agreement was pre-
viously attributed to an indirect dissociative electron
transfer mechanism but, in the light of the present discus-
sion, it is seen to be also fully consistent with establish-
ment of the boundary layer limited concentration of
Zn°(int) sites at the surface during vacuum activation, fol-
lowed by direct electron transfer to N20 when it was later
admitted at room temperature.

The previously noted regeneration of reproducible activ-
ity for the N20-ZnO system by successive thermal activa-
tions of ZnO in vacuo may be understood on the basis of
reestablishment of the boundary layer allowed surface
concentration of excess zinc. Thermal regeneration of re-
producible activity in the N:0-Ti0: system in the pres-
ent study may likewise be understood in terms of bounda-
ry layer allowed surface concentration of Ti3+ centers,
each bearing excess charge relative to the normal lattice.
This hypothesis would lead to the expectation that ex-
pression Il should define the number of (Tis +-Vox-Tis+)
centers present at 77°K upon a TiO: surface previously
activated in vacuo at higher temperature. Direct dissocia-
tive electron transfer to N20 via (3a) could then account
for the adequate agreement noted above between expres-
sion Il and observed N:. formation.
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The effect of preactivation in H: or CO in increasing
dissociative electron transfer above that predicted by (Il)
is not necessarily inconsistent with the present hypothesis
since surface reduction may lead to surface centers, e.g.
(Tis +-V ox-T i3+) which are not negatively charged relative
to the perfect lattice. If, as suggested above, direct disso-
ciative electron transfer via (3a) is the dominant factor in
N20 dissociation over Ti0: preactivated in N: or CO, the
justification given previously for Elovich Kkinetics, viz.,
that they arose from electron transfer from bulk to nega-
tively charged surface at increasing surface potential 1323
would not suffice to explain the Elovich type kinetics in
the inset in Figure 2. The question of whether electron re-
distribution within the surface may also lead to Elovich
kinetics requires further study.

C. Effects of Other Gases on T)02 Admission of CH:l

or CH: CI to rutile samples, in the dark after their preacti-
vation in vacuo at 670°K to obtain signals similar to Fig-
ure 4a, did not produce any significant change in intensity
of the asymmetric signal with ¢ = 1.965 and g = 1.948.
This was unexpected since dissociative electron transfer
processes analogous to (3a) and (3b) should be favored by
the lower appearance potential for dissociative electron
attachment to the methyl halides. Furthermore, previous
studies revealed similarities in the effects of N20 and of
methyl halides in decreasing the intensity of an epr signal
originating from electron excess centers in vacuum acti-
vated ZnO.i:15 In the present study the methyl halides
also failed to affect the symmetric signal atg ~ 2.00 and
this epr evidence for lack of chemical interaction between
the methyl halides and Ti0. was paralleled in our search
for new chemical products from CH;I-Tio . and CH;ClI-
Ti0. systems. No product gases were observed upon con-
tacting the methyl halide with vacuum activated rutile in
the dark, nor did products appear when these samples
were exposed to uv illumination. This contrast between
ready electron transfer in the N.0-Ti0: system and total
absence of corresponding effects in methyl halide-TiO:
systems thus affords another direct illustration that suc-
cessful electron transfer at these surfaces requires more
than juxtaposition of an electron-rich surface and an elec-
tron attaching molecule. Present results do not unequivo-
cally identify the selectivity factors which determine that
electron transfer from rutile is possible to N20 but not to
methyl halides. Considerations of whether or not the ad-
sorbed molecule (or fragments from it) can provide a sta-
ble irreversible electron trapping level must however play
a role. Thus the strongly covalent nature of Ti-Cl or Ti |
bonds militate against dissociative electron transfer of
tvpe Ib to methyl halides on rutile. Conversely, the ease of
formation of oxygen anions on Ti0: surfaces favors disso-
ciative electron transfer to N:0, as in (la). Effective non-
dissociative electron attachment to molecular oxygen was
also demonstrated in the present study by the fact that
admission of o . completely removed all the epr signals
shown in Figure 4a.

Conclusions

Both the epr studies and the observed dissociation of
N20 when contacted with Ti0: confirm the occurrence of
electron transfer at the N:0(g)-rutile interface at room
temperature. The apparent success of boundary layer
theory in accounting for the extent of electron transfer to
N20 can be explained either in terms of indirect elec-
tron transfer via the conduction band, or in terms of direct
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transfer from paramagnetic surface centers whose num-
bers were established during thermal activation. The elec-
tron transfer process at the rutile surface was more selec-
tive than electron transfer at ZnO surfaces or reported
gas-phase dissociative electron attachment.
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Effect of Silylation upon the Hydrogenating Activity of Supported Platinum Catalysts
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Platinum/silica and platinum/alumina of low metal content and rather high dispersion have been sily-
lated by treatment with hexamethyldisilazane in oxygen carrier or in hydrogen carrier at 100°. Hydroge-
nations on silylated and unsilylated catalysts have been studied in a liquid-phase batch reactor at .0 °
with cyclopentene and di-tert-butylacetylene and in a pulse reactor at -46.5° with ethylene. In the most
straightforward case, the hydrogenation of cyclopentene, silylation in oxygen reduces the rate only about
20%. It is concluded that hydrogenation is predominantly confined to the surface of metallic platinum
under our conditions, that is, that reaction of olefin with hydrogen atoms which have migrated from
platinum to the surface of silica is of minor importance and that provision of a new channel of supply of
olefin to the surface of platinum by initial adsorption of olefin on silica is similarly of low importance.

Introduction

Heterogeneous catalysts based on group VIII metals
most often consist of tiny particles of metal, usually be-
tween 1.5 and 5 nm in diameter, dispersed upon the inter-
nal surface of a high area, porous support such as alumina
or silica. As compared with metal powders, such support-
ed catalysts exhibit a much lower rate of sintering and a
much increased metallic surface area per unit weight of
metal. In addition to providing such mechanical action,
the support might affect the rates per unit area of metal
surface and also selectivities of catalytic reactions. Some
possible origins of such effects are (a) electronic interac-
tion between metal particle and support; (b) effect of the
support upon the morphology and exposure of crystal
planes of the metal particles; (c) provision of channels of
supply of reactant to the surface of the metal particles
other than adsorption from the fluid phase, for example,
in hydrogenation, by preliminary adsorption of olefin from

the fluid phase onto the support followed by migration of
the olefin to the metal; (d) potentiation by the metal par-
ticles of reaction upon the support, for example, in hydro-
genation, dissociative adsorption of hydrogen on the sur-
face of the metal followed by diffusion of hydrogen atoms
onto the support and addition there to molecules of olefin.
Such a sequence has been called “spillover” ;-4 but few
cases of spillcver have been unequivocally demonstrated
and the subject has engendered a number of controversies.
Indeed, the whole question of the effect of support has
been a difficult one. It has not been possible to prepare
catalysts containing sets of metal particles, identical in
shape, size, etc., dispersed upon different supports. It will
be noted that items a and b above involve the direct in-
teraction between the metal particle and the support
whereas ¢ and d depend upon the free surface of the sup-
port. It would be interesting, then, to have two catalysts
containing identical particles and differing only with re-
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spect to the surface of the support, the bulk of the support
being identical in both cases. We report here an approach
to such a situation. We have compared Pt/SiC>. and Pt/
AL 0 before and after silylations by hexamethyldisilazane
[(CH3)s Sil: NH which converts surface hydroxyl groups to
trimethylsiloxy groups. Hydrogenations of cyclopentene
and di-teri-butylacetylene in the liquid phases and of eth-
ylene in the gas phase have been used to diagnose the ef-
fect of silylation.

Experimental Section

Catalysts. Davison Grade 59 silica gel, 270 to 400 mesh,
was converted to Pt/SiC,: by the ion exchange method of
Dorling, Lynch, and Moss.: In this, silica gel is ion ex-
changed with a “platinum ammine” ¢ prepared by reac-
tion between agqueous ammonia and chloroplatinic acid,
washed, dried in air at s:° purged with hydrogen and
heated slowly to 300° held at 300° for 2 hr, and cooled in
hydrogen.

Catapal SB (Continental Oil Co.) of 400+ mesh, cal-
cined at 650° and rehydrated at 25°, was employed for
Pt/Al.O:. It was impregnated with aqueous chloroplatinic
acid, dried in air at 120°, calcined in oxygen at 500°, and
reduced with hydrogen at 780°. After cooling in hydrogen,
the catalyst was rehydrated by standing in a desiccator
over water.

Pt/Filtros was prepared by impregnating 60-80 mesh
Filtros FS-140 with aqueous chloroplatinic acid, drying at
120°, calcining in oxygen at 490°, reducing at 490°, and
cooling in hydrogen. Filtros FS-140 (Filtros Corp., East
Rochester, N. Y.) is a siliceous material of low area with
micron-size pores and substantial pore volume. One would
expect catalysts using it as a support to contain large
crystallites of platinum.

Irreversible chemisorption of hydrogen at 25° was mea-
sured by a pulse technique on reduced catalyst treated
with hydrogen at 25°, then heated to and cooled from 450°
in helium. The technique was similar to that of Freels but
helium was used as the carrier gas and the hydrogen pulse
was converted to one of water just before the catharomet-
er by passage over hot copper oxide. Content in impurity
in the gases was less than 0.1 ppm at the catalyst. The
listed dispersions are 100 times the ratio of atoms of hy-
drogen chemisorbed to total atoms of platinum.

In silylation, the catalyst was first hydrated in an atmo-
sphere of 100% relative humidity for : day. Oxygen was
then passed over the catalyst at 150° for about 45 min.
After cooling to 100°, hexamethyldisilazane was injected
into the oxygen stream, : cc per gram of catalyst being
employed. After all silazane had evaporated, the oxygen
flow was continued for about 45 min, replaced briefly by a
flow of nitrogen (helium in runs with ethylene) and that
by one of hydrogen after which the catalyst was heated at
150° for 3-4 hr and then cooled in hydrogen. Some silyla-
tions were run using a flow of hydrogen throughout. Cata-
lysts were analyzed for carbon content by combustion mi-
croanalysis.

Rates of Hydrogenation. Cyclopentene and di-fert-butyl-
acetylene were hydrogenated in the liquid phase using a
small reactor agitated in a rotary fashion at 1800 rpm.s
About 0.1 cc of cyclopentene or the acetylene, 10-40 mg of
catalyst, 1.0 cc of solvent (cyclohexane), and a total pres-
sure of 1 atm were employed. However, up to 200 mg of
Pt/Filtros had to be used. The identity of rates from suc-
cessive injections of reactant and in sandwiching runs
with the acetylene between runs with cyclopentene estab-
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TABLE I: Comparison of Rates of Hydrogenation
on Silylated and Unsilylated Catalysts

Silylated in C %" kC kK/ky
0.5% Pt/SiO:, Dispersion 54%

None 0.0 15.7 0.65

02 3.27 13 0.50

02 3.20 13 0.50

h 2 3.07 12 0.32

h 2 3.52 9.6 0.29
1.15% Pt/Als.Os, Dispersion 30%

None 0.0 6.7 0.89

02 1.08 4.6 0.40

02 0.73 4.6 0.40
4.1% Pt/Filtros, Dispersion 0.28%

None 0.0 11 0.54

02 0.031~ 8.5 0.37

a % carbon from combustion microanalysis. b Turnover number in
molecules of cyclopentene hydrogenated per sec per surface Pt atom. Cor-
rection has been made for the increase in weight of the catalyst consequent
to silylation. ¢ Ratio of rate of hydrogenation of di-ieri-butylacetylene to
thatofcyclopentene. The rate of hydrogenation of di-ieri-butylacetylene is
that of its consumption not that of the consumption of hydrogen which is
larger because of the formation of alkane. Rates of consumption of hydro-
gen were corrected to the listed values by product composition data. In
ref 6, rates of hydrogen consumption were employed. dDetermined by
gas chromatographic analysis of carbon dioxide formed by combustion
in situ.

lished that the runs reported here were free from the ef-
fects of extrinsic poisons. We have previously shown that
the rates are not influenced by the mass transport of hy-
drogen.s All rates were strictly zero order in olefin to at
least 99% conversion and rates were proportional to the
quantity of catalyst. Rates are reported as turnover num-
bers, the number of molecules of olefin hydrogenated per
second per surface platinum atom (more exactly, per hy-
drogen atom chemisorbed as described above). Results are
presented in Table I.

Rates of hydrogenation of ethylene on 0.5% Pt/Sio. at
—46.5° were determined in the gas phase by the pulse
technique. Rehydrated Pt/Si0. was placed in a 3.4-mm
i.d. tube (giving a bed length of a few mm between Pyrex
glass wool plugs), heated in oxygen at 150° silylated at
100°, purged with helium, reduced with hydrogen at 150°,
and cooled to —46.5° in hydrogen. An injection valve
purged with helium to avoid contamination was used to
inject a pulse of ethylene plus hydrogen (::» mole ratio) at
a selected total pressure into a stream of very pure hydro-
gen flowing at about 38 cc/min which then passed over
the catalyst following which the pulse was analyzed chro-
matographically for ethane and ethylene. In the control
experiments, the catalyst treatment was the same except
that there was no treatment with disi.azane. Ten succes-
sive pulses of ethylene were passed over the catalyst in
each case. The quantity of ethylene in some pulses varied
from that of the standard pulse. The total number of mol-
ecules of ethane formed was independent of the initial
pressure of the pulse and of the serial number of the
pulse. The observed pulse width was independent of the
initial pressure of the pulse. No loss of hydrocarbon to the
catalyst could be detected but a loss of one molecule of
ethylene per .. surface platinum atoms could probably
not have been observed. Results of these experiments ap-
pear in Table II.

We have also silylated a Pt/Si.. catalyst before reduc-
tion. A 0.35% Pt/Si0O: catalyst was prepared by ion ex-
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TABLE II: Pulse I—_lP/drogenation of Ethylene on
i

Silylated and Unsilylated Pt/Si02at —46.5°
ca4 Conver-
Wt of Surface molecules sion to
catalyst, Pt atoms X per pulse X ethane  Turnover
c % mg 108 108 % no.d
0 8.35 0.0685 3.24 125 1.2
3 346 7o 0.0585 3.25 9.9 11
0» 15.52 0.127 11.1 12.3 1.4
2.80' 15.52 0.127 11.1 6.6 [

“ Unsilylated reference catalyst. b A fresh sample of catalyst silylated
in situ. c The catalyst of the previous run silylated in situ but without
rehydration after the first runs. d Seetext.

change, dried, put in flowing oxygen at :00° silylated,
purged with nitrogen, and reduced with hydrogen at a
temperature rising to 250°. The resulting material was
rather inactive in the hydrogenation of cyclopentene.

In the general case, calculation of rate constants from
conversions in a pulse reactor requires knowledge of the
shape of the pulse and of the rate at which the pulse
moves through the catalyst bed. In the present case, how-
ever, hydrogenation is zero order in ethylene: and all that
need be known about pulse shape is the width of the pulse
at its base.: In separate experiments, pulse shapes were
measured as close as possible to the end of the catalyst
bed. We estimate that the width of the pulse in the gas
phase just beyond the catalyst bed was 4.8 sec for the
pulse containing 3.24 x 1018 molecules of ethylene and 7.5
sec for that containing 11.1 X 1018, but these figures are of
low precision. The geometries of the catalyst tube were
different for the two pulse sizes.

In separate experiments, the transit time of nitrogen
and ethylene pulses at —46.5° were measured in a system
which contained a silica gel bed 35.2 mm long in a tubing
of internal diameter 3.4 mm. The mass of the silica gel
was 0.115 g. The transit time for a pulse of nitrogen was
60 sec. The transit time of a pulse of ethylene varied with
its size. Extrapolation to zero molecules of ethylene gave a
transit time about 3.4 times that of nitrogen. With 1.0 X
10::¢ molecules of ethylene, the factor was 2.1, with 3.3 X
10:: molecules it was 1.7, and with 10.0 x 10:¢ it was 1.4.
The retention time in the Pt/SiC>. bed was thus substan-
tial. After silylation of the silica bed, the factor was about
1.15 extrapolated to zero ethylene and it was indistinguish-
able from unity above :.. x 1018. The pulse widths be-
yond the silica gel bed for nitrogen on both silylated and
unsilylated silica and for ethylene on silylated were all the
same. However, the width of an ethylene pulse was larger
on. the unsilylated silica (about twice as large with 3.2 X
10:s molecules of ethylene). Thus, the pulse width in the
unsilylated Pt/Sio. should have been a little larger than
in the silylated but not very much since the bed length
was but a few mm us. 352 mm in the experiments just
described.

Discussion

Tables I and Il present comparisons of rates of hydroge-
nation of cyclopentene and di-feri-butylacetylene in the
liquid phase and of ethylene in the gas phase on silylated
and unsilylated catalysts. A carbon content of 3.3% on si-
lylated Davison Grade 59 silica gel corresponds to 1.7 tri-
methylsilyl groups per nm: taking the specific area as 325
m: per g. Since the cross sectional area of neopentane is
about 0.6 nm: in physical adsorption :o silylation of Pt/
Si0. produced an essentially complete monolayer of tri-
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methylsilyl groups. Coverage on Pt/Al. 05 is lower. On the
more extensively silylated sample there are 0.7 groups per
nm:. taking the specific area as 250 m:/gA: All catalysts
were hydrophooic and the Pt/Sio. could not be made to
sink in water.

Let us first consider the Pt/Sio. and the Pt/Filtros cat-
alysts silylated in oxygen. It is striking that silylation re-
sults in reduction of the rate of hydrogenation of cyclo-
pentene by only 20%. Such a small effect of exposure to
hexamethyldisilazane at 100° is perhaps surprising. Dur-
ing this exposure the 99.9+% of the surface of the catalyst
which is silica is converted from a highly hydrophilic to a
strongly hydrophobic surface. We reject the idea of hydro-
gen spillover on the surface covered with methyl groups.
This would require dissociative adsorption of hydrogen on
a methylated surface to be thermodynamically favorable.

No surface platinum atom of a Pt/Si.: catalyst whose
dispersion is 54% can be many platinum atoms removed
from the nearest free surface of silica or silylated silica.
On Pt/Filtros, however, the crystallites of platinum are
much larger ar.d the average surface atom of platinum is
much farther removed from the exposed surface of the
support. The nearly identical effect of silylation with the
two catalysts would indicate that possibility c of the In-
troduction, a channel of supply of olefin to platinum pro-
ceeding on the surface of silica, does not contribute im-
portantly to the rate.

Thus, it is unlikely that the .0 % reduction in the rate of
hydrogenation is the result of compensating effects: elimi-
nation of spillover serving to decrease the rate and provi-
sion of a new channel of supply of olefin serving to in-
crease the rate. Under the conditions of our experiments,
we conclude that the silica surface contributes insignifi-
cantly to the rate of hydrogenation and that hydrogena-
tion involves only the surface of the platinum.

As shown in Table I, the rate of hydrogenation of di-
tert-butylacetyiene is decreased relatively more by silyla-
tion than is that of cyclopentene both on Pt/SiCs. and on
Pt/Filtros. This suggests that the reduction in rate of the
hydrogenations of cyclopentene and the acetylene results
mainly from a small degree of contamination of the sur-
face of platinum by residues attached during silylation.
One would expect that the degree of blocking by such
residues would be greater for adsorption of the larger and
more hindered acetylene than of cyclopentene.

In general, similar conclusions apply to Pt/A"Os.

Silylation in hydrogen results in a somewhat greater de-
gree of reduction in the rate of hydrogenation both of cy-
clopentene and of the acetylene. We have avoided silyla-
tion in an inert atmosphere on the view that such silyla-
tion would be more likely to contaminate an unprotected
platinum surface. During silylation in either oxygen or hy-
drogen the platinum surface will be covered by adsorbed
layers of oxygen or hydrogen. It appears that the adsorbed
layer of oxygen is somewhat more effective in protecting
the platinum surface. In particular, adsorbed oxygen may
better protect edges of crystallites against blockage. The
adsorbed layer of oxygen would project from the surface of
platinum and would then be removed during subsequent
treatment with hydrogen.

In addition one might expect some contribution to re-
duction in the rate of hydrogenation on Pt/Sic.: and Pt/
AlI208 by pore blocking. Sufficiently narrow necks in the
pore structures might be olocked by silylation and such
blockage should more affect the bulkier di-fert-butylacet-
ylene than cyclopentene. However, the near identity of
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the degree of reduction of rates of hydrogenation on Pt/
Filtros and Pt/SiCs. suggests that this is not a major effect
since Filtros has pores primarily in the micron range.

The strong binding of olefins and arenes to silanol
groups is much reduced by silylation.12 As described in
the Experimental Section, we found that an ethylene
pulse moves much more slowly through the unsilylated
catalyst than through the silylated one. However, a pulse
narrows as it enters an adsorbent bed and moves with a
smaller linear velocity. These effects compensate so that,
to a first approximation, a horizontal plane normal to the
direction of flow is exposed to ethylene for the same
length of time both in the gas just before the bed and in
the bed itself. That is, the linear width changes on enter-
ing the catalyst bed but the “time" width does not. Thus
any element perpendicular to the direction of flow is ex-
posed to ethylene for the same time in the gas phase and
in both the silylated and unsilylated catalyst. As the pulse
leaves the catalyst bed, its linear velocity and width in-
crease to the values obtaining just before the bed. In prac-
tice, of course, the pulse widens as it passes through a bed
of adsorbent and we found the widening to be greater with
the unsilylated than with the silylated catalyst as would
be expected because of the greater residence time in the
former. We believe that the effect of the difference in such
widening is small because the high activity of the cata-
lysts required us to use a catalyst bed only a few mm
long. In summation, we consider the data from the pulse
experiments to be subject to more uncertainties in inter-
pretation than those with the liquid-phase reactor. Never-
theless, the pulse experiments do establish that the effect
of silylation upon the hydrogenation of ethylene is rather
small. They also suggest that the silylated catalyst might

Richard T. Meyer

be used advantageously where it is desired to minimize
adsorption of olefin on the support.

From the near identity of rates of hydrogenation of eth-
ylene on Pt/Si02 and on evaporated films of platinum,
Schlatter and Boudart had also concluded that spillover
of hydrogen contributed negligibly to the rate of hydroge-
nation.2 This conclusion, of course, involves the conclu-
sion that the hydrogenation of ethylene on platinum is
structure insensitive. The technique of the present paper
does not involve the question of structure sensitivity.
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The formation of molecular iodine after the flash photolysis of methyl iodide was studied under condi-
tions for which termolecular recombination and surface recombination of iodine atoms separately domi-
nated the reaction kinetics. Using NO as a deactivator of 1(2P1/2) atoms and as a third body for recombi-
nation, the rate constant for termolecular recombination was measured as 2.4 (+1.4) x 1013 M -2 sec-1.
Surface recombination occurred when helium was used as a diluent and when the walls of the reaction
vessel were not wetted with H3PO4. The surface recombination was first order and diffusion controlled.
The measured diffusion coefficient was 0.23 cm2sec- 1, calculated for 300 K and 1 atm.

10. Introduction

The flash photodecomposition of methyl iodide has
been shown to yield methyl radicals2 and excited state io-
dine atoms.3 We have previously reported studies of the
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bimolecular reaction of excited iodine atoms with methyl
iodide to yield molecular iodine4®

IrP,,,) + CH:il I, + CH; (1



Recombination of | Atoms after Flash Photolysis of CH3I

and also studies of the reactions of the methyl radicals to
form methane, ethane, ethylene, and acetylene.45

The formation of gaseous molecular iodine by termolec-
ular recombination

M
I+ 1+ M—>L+ M @)
and by surface recombination
I + wall —"m Hwall (3a)
I+ l-wall ----=- I, + wall (3b)

are two other processes which occur in the methyl iodide
system. The source of the ground state iodine atoms are
(i) the flash photodecomposition of methyl iodide to the
extent of about 16% of the total yield of iodine atoms,5 (ii)
the collisional deactivation of excited atoms by CH3I, 12,
and other third bodies,6-11 and (iii) the collisional deacti-
vation at the walls of the reaction vessel.7,12'13

In this paper, we report our studies of reactions 2 and 3.
Experiments were performed in order to understand all
~-forming processes in the methyl iodide system and to
define under what conditions any one ~-forming reaction
would predominate over the other reactions. The rate con-
stant for termolecular recombination with NO as the third
body has been measured (2.4 (+1.4) x 1013 M-2 sec-1)
and compared to Porter’s value (3.0 x 1013 M~ 2 sec” 1).14
Surface recombination of iodine atoms has been found to
follow a first-order, diffusion-controlled mechanism. Re-
evaluations of the rate constants for the bimolecular
chemical reaction 1 and collisional deactivation of 1(2Pi :)
atoms are presented in another paper.15

20. Principles of Analysis

2.1. Termolecular Porter, et a/.,16'17
have shown that the homogeneous gas-phase recombina-
tion of iodine atoms occurs via the formation of interme-
diate complexes between the iodine atom and the third

body.

Recombination.

I+ M 5=+ IM 4)
1+ IM —mL + M (5)

In the case of NO as a third body, the NOI complex was
actually observed in spectroscopic absorption for high
temperatures of | and NO.14 However, at the low concen-
trations of (I) and (M) used in the experiments reported
here, the equilibrium reaction 4 is sufficiently far to the
left that the recombination can be reliably described by
reaction 2 and the following rate equation

d(L)Y/df = /rM(1)“(M ) (6)

where /?m(M) is a summation for all third bodies in a mix-
ture. Measurement of the formation of 12 as a function of
time provides the means of evaluating kM (M), since

M, = 2[()r- (L)1 0)

2.2. Surface Recombination. When helium was used as
the inert third body and when the internal surface of the
reaction vessel was not coated with a wetting agent, the
present experiments revealed a very slow ~-forming pro-
cess which was inversely proportional to gas pressure.
This process has been identified as a first-order, diffusion-
controlled surface recombination of iodine atoms. Reason-
able agreement between theory and experiment was ob-
tained using a Chapman-Enskog model18 for xenon diffus-
ing in helium. At 310 K, which is the estimated tempera-
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Figure 1. Second-order plot cf |12 formation due to termolecular
atom recombination in presence of NO. H3PO04-wetted black
glass reaction vessel.

TABLE I: Rate Constants Measured for Termolecular
Recombination of | Atoms in Presence of NO as
the Third Body**

% ¢NO X
Expt Pt, (CH3ho X  (NO)o X decomposition  10~13
no. Torr 106, m 105, m of CH3 M -2sec
2161 32.1 6.29 6.29 2.6 1.84
2162 31.4 6.15 6.15 2.7 0.80
2163 30.8 6.04 6.04 (2.6)" 0.88
2165 30.3 5.93 5.93 (2.6)o 1.35
2166 29.8 5.85 5.85 (2.6)o 1.14
2167 29.4 5.77 5.77 (2.6)o 1.38
2169 16.0 3.14 3.14 2.5 4.49
2170 15.7 3.08 3.08 2.4 6.33
2171 15.4 3.03 3.03 2.5 6.51
2173 19.5 2.93 26.9 3.6 0.79
2174 19.2 2.88 26.5 3.6 0.82

Av value . 4

“ HaPOi-wetted opaque vessel. 1 Assumed value based upin data of ex-
periments no. 2161 and 2162.

ture of the present diffusion studies

0.533
Du = cm  sec 8)

p(in atm)

The effective rate constant for the surface reaction is
obtained from the model presented by Mitchell and Zem-
ansky.19 The surface reaction rate for a cylindrical reac-
tion volume of finite length with a surface efficiency of
unity for atom recombination is given by

\ 177 i 5.781 -i a,

h = sec O)
where in our experiments the length, I, and the radius, r,
were the same and equal to 1.5 cm. Therefore

kTM) = = 0.16 M- isec-1 (20)

when the total pressure is expressed in terms cf the total
molar concentration, (M).

3.0. Experimental Results

Detailed descriptions of the apparatus and technique
have been previously reported.415-20-23

3.1. Termolecular Recombination of Atoms. Nitric oxide

was selected as the third body for the quantitative mea-
surement of a termolecular rate constant because it is a
very effective quencher (deactivator) of excited iodine
atoms24 and the most efficient chaperon (third body) for
recombination.14

irP,,,) + NO —* 1(.P3,) + NO (11)

I+ 1 + NO —»L + NO (12)
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TABLE I1: Summary of Rate Constants Calculated to Evaluate
the Reaction Order of n Formation in the Unwetted Opaque Vessel'l

1(2i/3 + cha I+ 1+ M Ir I * wall
*B X 10-6, kyi X 10" *WM) x 102,
Expt no. Reactant mixture Pj, Torr M _lsec 1 M -2sec-1 m sec 1
0 to 4 msec Data
1716 CH,l + 0.5Kr + 25He 40.2 3.4 15 26
1718 CH;,1 + 0.5Kr + 25He 39.4 6.7-83 33 44-55
1720 CH,l + 0.5Kr + 25He 19.6 0 .66 3.9-7.0 11
1722 CHjl + 0.5Kr + 25He 19.3 10.3 80 16
1730 CHjl + 0.5Kr + 5IHe 34.6 3.4 9.9-12 9.3
0 to 35 msec Data
1710 CH,l + 0.5Kr + 25He 43.1 11 4.5 8.9
1712 CH:1 + 0.5Kr + 25He 42.3 Lot 2.8 8.6
T724 CH:il + 0.5Kr + 25He 19.0 2.6 21 4.0
1726 CHJ + 0.5Kr + 25He 18.5 4.3-57 56 63-8.3
1728 CHJ + 0.5Kr + 5lHe 35.4 1.7-2.1 5.8 4.5-5.5
1734 CH3 + o.5Kr + 5IHe 34.6 1.7 7.9 4.1
Av 6.3

Best agreement for the late time data is obtained for diffusion-controlled, surface recombination of atoms.

Reaction 11 was expected to be considerably faster than
any other reaction of I(2Pa/2); in addition, reaction ::
should account for most all of the I. formation. Therefore,
the second-order behavior prescribed by eq s and 7 should
be followed.

Experiments were performed in which the NO/CH:l
ratio and the total pressure were varied. Figure 1 shows
the second-order plots for two experiments, using data
points taken off smooth curves drawn through the spec-
trometer-measured ion intensities for I as a function of
time. Figure 1 indicates that the reaction rate does in-
crease upon the addition of more NO. A tabulation of the
third-order rate constants calculated for :: nitric oxide
experiments is given in Table I. The total per cent decom-
position of CH3l was measured and used to calculate the
absolute value of (I.)rr assuming that reaction .. was the
only source of I.. The contributions to termolecular re-
combination by Kr, 12, and CH3I could be neglected in
the data analysis because the values of & (M) are three,
three, and five orders of magnitude, respectively, less than
&1 0o(NO).17 An average value of kNO equal to 2.4 (x1.4) X
1013 M- sec- 1 was obtained.

3.2. Surface Recombination of Atoms. The occurrence
of the surface recombination of iodine atoms was first rec-
ognized in a set of experiments which were designed to
measure both the bimolecular reaction of excited iodine
atoms with methyl iodide and the termolecular recombi-
nation of atoms. A black glass reaction vessel.: was being
used for the first time and without any H3PO4 wetting .s
Two groups of experiments were conducted: one group
used SO-"sec data sampling intervals and recorded data
for 4 msec; the second group used 800-Msec data sampling
intervals and recorded data for 35 msec. For each time
group of experiments, the reaction conditions were varied
first by decreasing the total pressure to one-half at the
same He/CH3Il ratio and second by increasing the He/
CH:1 ratio by adding helium and increasing the total
pressure.

The rapid initial formation of I, which is characteristic
of the excited iodine atom reaction :, was not observed.
The long time (0-35-msec) formation of I. was found to be
first order with respect to iodine atoms and inversely pro-
portional to total pressure, as shown in Figure 2. A quan-
titative summary of rate constants, calculated assuming
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Figure 2. First-order plot of 12 formation due to surface recom-
bination of | atoms as a function of added He and total pres-
sure. Unwetted black glass reaction vessel.

the three different mechanisms of I. formation, is shown
in Table Il. Data accumulated in the initial stages (0-4-
msec) of the reaction showed no consistency with any of
the three mechanisms. However, the 0-35-msec data pro-
vided agreement within a factor of . among the rate con-
stants calculated for a first-order, diffusion-controlled sur-
face recombination of atoms.

An average value of fow(M) = 0.063 M sec.: was ob-
tained, which compares reasonably well for a diffusion
measurement to the Chapman-Enskog value of 0.16 Ai
sec- 1. Discrepancies of this magnitude are not uncommon
for theoretical calculations of halogen atom interactions
with inert gases when the Lennard-Jones (6-12) potential
is used.:s Donovan and Husain::: and Abrahamson, et
al .13 have reported a similar occurrence of diffusion of ex-
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cited iodine atoms to the reaction vessel walls in inert gas
systems. Conversion of our rate constant &\(M) to a diffu-
sion coefficient yields a value of 0.23 cne sec 1 at 300 K
and 1 atm for atomic iodine in helium; the value deter-
mined by Abrahamson, et al., is 0.95 cne sec- 1.

The nonunity values of the intercepts in Figure 2 proba-
bly indicates that some I2 was formed early in time by the
excited iodine atom reaction 1 before collisional deactiva-
tion of the excited atoms occurred.

4.0. Conclusions

The agreement obtained in this study between the mea-
sured and the literature or theoretical values of the rate
constants for both the termolecular and the surface re-
combination of iodine atoms provides additional evidence
for the capability of the flash photolysis and time-resolved
mass spectrometry technique to yield quantitative kinetic
data.

The complexity of the methyl iodide system in flash
photolysis and in continuous photolysis is obvious from
the large number of articles in the literature. In most pre-
vious studies, however, the fate of the iodine atoms has
been considered to be simply the termolecular recombina-
tion to I2 by whatever third bodies were present. We have
now shown that the deactivation of excited iodine atoms
and the formation of molecular iodine can be as complex
as the chemistry of the methyl radical reactions. In par-
ticular, I2 may be formed by the bimolecular reaction of
excited iodine atoms with methyl iodide, by the termolec-
ular recombination of atonms, or by the surface recombina-
tion of atoms. The experimental conditions determine
which reaction dominates.

Surface recombination dominates when an easily diffu-
sable medium such as helium is used as a diluent, when
the reaction vessel is small and the walls are untreated
and exhibit a high efficiency for surface reactivity, and
when the relative partial pressures of efficient chaperon
molecules are low. Termolecular recombination dominates
when diffusion and surface reaction are negligible, when
effective quenching molecules for 1(2Pi/2) deactivation are
present, and when efficient chaperon molecules are avail-
able for IM complex formation. Bimolecular chemical
reaction dominates when surface reaction is made negligi-

&l

ble by a wetting agent and when an ineffective quenching
chaperon molecular such as helium is used to dilute the
system. The latter conditions were employed in our earlier
reports.3,1*
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Deaerated aqueous solutions of NiSO* were irradiated with 80Co 7 rays or by single pulses of high-energy
electrons. The solutions contained aliphatic alcohols, diethyl ether, c-pentane, or formate as scavengers for
OH and H radicals. Metallic nickel was precipitated from some of these solutions upony irradiation. Reac-
tions between Ni+ and organic radicals leading to organic nickel compounds were observed in the pulse ex-
periments using both optical and conductimetric detection methods. The rate constants of reactions of Ni+
with organic radicals are of the order of 100 AT 1 sec"h The reaction 2Ni+ — Ni + Ni2+ was not ob-
served under these conditions. Nickel formation is attributed to the attack of radicals on the organic
nickel compounds. These compounds can be oxidized by H202 with rate constants of 104-106 m ~ 1 sec-1.
They react slonmdy with water, the lifetime being somewhat less than 1 sec in the cases of methanol and
ethanol and longer in the other cases. Only the -C~CjCHshOH radical does not form a complex but is
rapidly reduced to yield isobutene. The complex formed from Ni+ and CO2 rapidly picks up a proton.

Introduction

Abnormal valency states of metals which play an im-
portant role as inhibitors or catalysts in chemical reac-
tions can be produced by reactions of the hydrated elec-
tron with metal ions. Divalent metal cations such as Ni2+
are reduced this way to form unstable monovalent cations
such as Ni+. These monovalent ions have an absorption
band at 300 nm and act as powerful reductants. Ni+, for
example, was found to react with oxygen, nitrous oxide,
hydrogen peroxide, and haloaliphatic compounds. The
rate constants of such processes were measured in pulse
radiolytic experiments by recording the decay of the Ni+
absorption in solutions containing both Ni2+ and the
reactant.1-8 The products of these reactions have not yet
been investigated, however.

Irradiation of a solution containing a divalent metal ion
often leads to the precipitation of the corresponding
metal.9 The yield is generally significant only if an organ-
ic OH scavenger is simultaneously present. Some metal
ions such as, Co2+, Ni2+, and Cu2+, were found to in-
crease the yield of formaldehyde at the expense of glycol
during the radiolysis of methanol. This effect was ascribed
to complex formation between the divalent metal ions and
methanol radicals, CH20H.10 An interaction of Ni+ ions
also formed in these solutions with methanol radicals was
not considered.

In the present investigations, steady 7 irradiation and
pulse radiolysis experiments were carried out to obtain
nore detailed information about the mechanisms of the
reduction of Ni2+ in aqueous solutions and of reactions of
Ni+ with various radicals produced simultaneously from
dissolved organic solutes. In the 7 irradiations, the
amount of nickel precipitated under various conditions
was determined. In the pulse radiolysis experiments, con-
ductimetric observation of the intermediates in addition
to the conventional optical absorption measurements
yielded decisive information. Earlier conductimetric ob-
servations had confirmed the reaction of the hydrated
electron with Ni2+, but no conclusion about the mecha-
nism of formation of metallic nickel could be drawn from
these measurements.11
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Experimental Section

All solutions were prepared with triply distilled water.
NiSC>, methanol, c-pentane, ethanol, 2-propanol, and di-
ethyl ether (Merck p.a.) and sodium formate (Riedel p.a.)
were used without further purification. The solutions were
flushed with purified argon for about 2 hr to remove air.

The solutions (1.925 1) were irradiated in the field of a
20,000 Ci @3Co source at a dose rate of 5.5 X 10s rads/hr.
The precipitated nickel was filtered under exclusion of
air, washed with water and with acetone, dried under vac-
uum, and its weight determined. In order to check wheth-
er the precipitate was pure metallic nickel, the precipitate
was dissolved in dilute hydrochloric acid and titrated
complexometrically with EDTA (titriplex III).

In some of the experiments, the pH of the solution was
kept constant during irradiation by automatic addition of
small amounts of 1 m NaOH solution. The pH of the so-
lution was continuously measured with a glass electrode.
The output voltage of the pH meter (Knick, Model 26)
was fed into a comparator controlling a small pump which
automatically injected the NaOH solution. The solution
was flushed with argon during irradiation in order to as-
sure rapid distribution of the injected liquid.

The pulse radiolysis equipment has already been de-
scribedi2 (1.6-MeV electrons from a Van de Graaff gener-
ator; pulse duration: 0.5-5 nsec; beam current: 25 mA;
dose per /:sec of pulse: about 1500 rads). Since the base
conductivity of the NiSOi solution used was rather high,
the dc methodiz for recording the conductivity could not
be applied. We used the 10-MHz method, details of which
have recently been reported 14 with a different cell be-
cause of the lower electron energy. Figure 1 shows the di-
mensions of the double cell and the scheme of the ac
bridge. The upper part of the cell was irradiated while the
loner part served as a blank. The cell was shielded such
that the electron beam penetrated only the space between
the upper two platinum electrodes. The analyzing light
passed through at right angles to the beam and to the
electric field. The electron beam penetrated the solution
to a depth of about 5 mm. The cell constant and absorbed
dose were always determined before and after a run of ex-
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electron
beam

Figure 1. The double cell for conductivity measurements in
pulse radiolysis and the main components of the ac bridge.

periments using a 10~ 4 M tetranitromethane solution con-
taining 5% 2-propanol.13 Knowing the yield and extinction
coefficient of the C(NC>2)3* ion formed (¢ = 6.0; ssam 1.4
x 10 M*1 cm*1) and the molar conductivity of the H+-
C(No 2 )3~ ion pair (320 mol" 1 ohm 1 cne at 25°) the cell
constant and absorbed dose could be calculated from the
observed signals after the pulse.

Results and Discussion

7 Radiolysis. Propanol Containing Solutions. Figure 2a

shows the amount of nickel which precipitated from a so-
lution containing 5 x 102 M NiSCH and 5 x 10*1 M 2-
propanol. After a short induction period, the amount of
nickel increases with dose. A ¢ value of 0.7 atoms per 100
eV of absorbed energy is calculated from the initial slope
of the curve after the induction period. The curve starts to
level off toward the horizontal axis after rather short irra-
diation times. This effect can be attributed to the forma-
tion of protons during irradiation which dissolve part of
the precipitated nickel. As can be recognized from Figure
2b, a linear relationship exists between the armount of pre-
cipitated nickel and the time of irradiation if the pH of
the solution is kept constant by automatic addition of
NaOH. The ¢ value calculated from the slope of curve b
isequal to 1.7 nickel atoms per 100eV.

The nickel precipitate partially dissolved if oxygen wes
bubbled through the solution after irradiation. However,
after filtration and drying under exclusion of air, the
metal was no longer reactive toward oxygen. Analysis
showed the precipitate to be practically pure metal.

The folloning equations describe the processes which
are expected to occur upon7 irradiation

OH + (CH),CHOH —» H,0 + (CH.ACOH (1)
H + (CH,),CHOH H, + (CH.ACOH )
e,- + Ni"+ —* Ni+ 3)

The rate constants of reactions 1 and 2 are known as 1.2 x
1> and 5 x 107 m~ 1 sec*], respectively.1s The hydrated
electron reacts with the Ni2+ ion with k = 2.3 x 1010 M* 1
sect 1.4 eaq* scarcely reacts with 2-propanol and OH is
not reactive toward Ni2+. Reaction 3 is expected to occur
with the yield of the hydrated electron which is 2.7/100
eV in dilute solutions. At the high nickel ion concentra-
tion used, additonal electrons may be scavenged in the
spurs. It thus appears from the observed yield of 1.7
atoms of nickel/100 eV, that the yield of Ni is half of that
of intermediate Ni+ . The dismutation reaction

:» Ni+ —

which was already proposed by other authorsz would ex-

plain the yield of 1.7/100 eV. However, reasons against

the occurrence of reaction 4will be given below.
Experiments were also carried out with a solution con-

Nik + Ni @)
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Figure 2. Amount of precipitated nickel as a function of time:
solution 1.925 | of 0.05 w NiSCb plus 0.5 v 2-propanol; dose
rate 5.5 X 105 rads/hr: curve a, without compensation of pH
changes during irradiation (Initial pH 5.5); curve b, with com-
pensation by automatic NaOH injection (pH 5.5).

taining 0.5 m 2-propanol as OH and H scavenger, 0.5 m
acetone as eag* scavenger, and 10'3 M NiSCH. Under
these conditions, practically all the hydrated electrons
react with acetone to form the 2 -propanol radical

e], + (CHACO -2— (CHACOH )

which is therefore the only species that could subsequent-
ly react with the nickel ion. No nickel, however, was pre-
cipitated from this solution. It is concluded that the 2-
propanol radical does not react with Ni2+ under our con-
ditions. The pulse radiolysis experiments described below
led to the same conclusion.

Other Organic Solutes. Similar experiments were car-
ried out with solutions containing the organic compounds
listed in Table I. Integral ¢ values for 3 hr of irradiation
are shown in the table. Practically no nickel was formed
when methanol, 2-methyl-2-propanol, and diethyl ether
were present. In the absence of an organic additive, the
formation of nickel was also suppressed. A rather high
yield was observed for the sodium formate containing so-
lution. The precipitated nickel was extremely fine and
could be filtered only after addition of silicic acid. The
nickel redissoived rapidly if oxygen was admitted to the
irradiated solution.

These results indicate tiiat the formation of nickel from
Ni+ must be nore complicated than described by eq 4. If
the organic additive only scavenged OH radicals and H
atoms and did not interfere with reactions 4, the yield
should be independent of the nature of the organic addi-
tive. The results, however, indicate a strong influence of
the nature of the organic solute. One can only understand
this influence, if one assumes an interaction of the radi-
cals formed by OH and H attack on the organic solute
with the Ni+ ions formed in reaction 3. Depending on the
redox behavior of the organic radical, this interaction may
result in the formation of Ni or Ni2+ from Ni+. This
problem will further be examined in the pulse radiolysis
experiments described be.ow. In solutions containing for-
mate, the CO2" radicals formed by OH attack may in
part be able "o reduce Ni2+ ions at the high nickel ion
concentration used.s This reduction may contribute to the
rather large yield of precipitated nickel of Table L.

Isobutene was traced as a final product of radiolysis of
the 2-methvl-2-propanol containing solution. The solution
was flushed with a stream of argon and the volatile com-
pounds of the gas stream were frozen out at —190°. They
were afterwards dissolved in CS2 and analyzed gas chro-
matographically and by measuring the consumption of
added bromine. A ¢ value of 1.3 for isobutene was found
which has to be regarded as lower limit, since isobutene
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TABLE I: The 100-eV Yields of Nickel Formed in
Solutions Containing Various Organic Additives

Organic additive 100-eV yield of Ni

<0.05
10“ 1M methanol <0.05
10“>M diethyl ether <0.05
10“>M ethanol 0.19
10“1M 2-propanol 0.44
10“1M 1-butanol 0.22

10“JIM sodium formate 19
10“' M 2-methyl-2-propanol <0.05

formed during irradiation might partly have been at-
tacked by reactive intermediates. Furthermore, losses
may have occurred during the process of separation of iso-
butene from the solution.

Pulse Radiolysis. Solutions without Organic Additive.
Figure 3a shows oscillograms of the absorption at 300 nm
and of the conductivity of an irradiated 10“4m NiSo: so-
lution. The solution was deaerated with argon and con-
tained no OH scavenger. Both the optical absorption and
the conductivity increased during the 1 /;sec duration of
the pulse since practically all the hydrated electrons react
during the pulse. Taking the yield of the hydrated elec-
tron in dilute solution as G = 2.7, an extinction coeffi-
cient of 6000 M “4 cm-1 at 300 nm was calculated from
the absorption signal immediately after the pulse. The ob-
served conductivity increase of 290 cm2 ohm“ 1 m ol 1cor-
responds to the formation of 2.7 H+ ions/100 eV (350 cm2
ohm*“ 1 mol*“ 1), if a plausible value of -60 cm2 ohm*“1
mol“ 1is assumed for the conductivity difference between
Ni2+ and Ni+. The optical absorption as well as the con-
ductivity decrease faster with increasing dose. After 1
msec, the two signals still retain about 25% of their values
immediately after the pulse. They then slowly decay
toward zero in the 10" 2 sec range.

The decrease in optical absorption and in conductivity
is attributed to the reactions

OH + Ni+ —" Nr+ + OH )

OH- + H+ —- HX (7

However, part of the OH radicals can undergo combina-
tion to form H: O

20H — HA ¢)

Since Ni+ and OH are formed in about equal amounts,
not all of the Ni+ ions can be reoxidized by the OH radi-
cal. About 25% of Ni+ remain after the OH radicals have
disappeared. This amount of Ni+ is then reoxidized by
the hydrogen peroxide formed partly by reaction 8 and
partly as a molecular product of irradiation during the
pulse

Ni+ + HA —* Ni"+ + OH” + OH 9

This reaction is known to be relatively slow.7

The curves of Figure 3a were analyzed quantitatively
using an analog computer. The rate constant of reaction 8
is known as 2k = 1.0 x 1010 M~ . sec” 1.15 Agreement with
the curves of Figure 3a was obtained, if a value of 2 x
1010 M “ 1 sec* 1 was assumed for the rate constant of reac-
tion 6. A rate constant of 5 x 107 M ' 1sec” 1was obtained
for reaction 9 by analysis of the slow decay in the 10“ 2 sec
range mentioned above. This constant is in agreement
with avalue obtained by other authors.7

2-Methyl-2-propanol as OH Scavenger. OH reacts with
2-methyl-2-propanol with k = 2.5 X 108 M~ 1sec” 1.15 The
reaction mainly consists in the abstraction of an H atom
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Figure 3. Oscillograms showing the time dependence of the op-
tical absorption and conductivity of nickel solutions under vari-
ous conditions: (a) 10“4 m NiS04, no OH scavanger; (b) 10" 4
M NiS04, 0.5 M 2-methyl-2-propanol; (c and d) 10“4 m NiS04,
0.1 M methanol; (e) 5 X 10“5 M NiS04,5 X 10“5 M sodium
formate.

to form a alcohol radical.:s Figure 3b shows that the op-
tical absorption at 300 nm and the conductivity of an irra-
diated solution increase during the pulse and then rapidly
decrease toward zero. The concentration of 2-methyl-2-
propanol was high enough (5 x 10-. M) to ensure a half-
life of OH of less than 1gsec. The decrease after the pulse
therefore cannot be caused by OH radicals, but must be
due to a reaction of -CH.C(CH3s).0 H with Ni+. The fol-
lowing reaction is postulated

Ni+ + -CH CiCll =OH —> Ni"+ + CH,=C(CH ) + OH" (10)

The formation of isobutene and OH"
postulated for the cathodic reduction of
«CH2C(CH3)20H.17 The OH" ion formed consumes a
proton to form water. This explains the decrease in con-
ductivity after the pulse. The observation of isobutene as
a final product of; radiolysis is also explained by reaction
10. Using a G value of 2.7 for Ni+ as well as for
*«CH2C(CH3)20H, a rate constant of : x 10y M~: sec:
was calculated from the second-order decay in Figure 3b.
This rate constant is essentially higher than the rate con-
stant of k = 7 x 10: M- sec- 116 for the interaction of
two .CH2C(CH3)20H radicals.

Another conclusion may be drawn from these experi-
ments. If reaction 4 was fast, with a rate constant of the
order of 109 M ~1 sec” 1, it could compete successfully with
reaction 10. Under these conditions, the optical absorption
at 300 nm would again decrease rapidly if Ni does not ab-
sorb at the wavelength. The conductivity, however, would
not change during reaction 4, since a Ni2+ ion has about
the same conductivity as two Ni+ ions (it should be re-
membered that most of the conductivity in Figure 3b is
due to the protons formed during the pulse). Since the
conductivity signal in Figure 3b decayed parallel to the
absorption signal, it must be concluded that reaction 4
does not occur under our conditions.

Methanol, Ethanol, 2-Proparwl, Diethyl Ether, and c-
OH Scavengers. Typical optical absorption
and conductivity vs. time curves are shown in Figure 3c
and 3d for an irradiated methanol containing solution.
The conductivity again increases immediately after the
pulse (corresponding to the conductivity of a proton and
the difference in Ni.+/Ni+ conductivities), but now re-
mains constant for several milliseconds. The 300-nm ab-
sorption of Ni+ decreases after the pulse. At the same
rate, an absorption is built up at 250 nm. The rate is pro-
portional to the dose of the pulse. Similar effects were ob-
served with solutions containing ethanol, . -propanol, and

has recently been

Pentane as
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TABLE II: Rate Constants of Reactions Occurring in the Irradiated Solutions*

R- + R- 2*109, % N i+ consumed

Organic additive M ~1sec-1 in reaction 11
Methanol 2.4 81
Ethanol 2.3 80
2-Propanol 1.4 68
Diethyl ether 0.7 72
Formate 0.9

c-Pentane 2.0 48

Ni+ + R- *10», N iR + + HZZ( N iR + + HZk,
M ~xsec-1 M sec -1 sec -1
4.2 (4.2) 7 3 X 10s 7
2.3 (3.8) 2.3 X 10« 5
1.4 (1.3) 1.1 X 10« <1

(0.8) 1.3 X 103 <1

6.6 <1

2.8 (0.8) <5 X 10« 49

“The values in row 4 are calculated from the observed decay and built up, the values in parentheses are calculated from rows 2 and 3.

Figure 4. Absorption spectrum immediately after the pulse (f)
and 500 /¢sec later in a solution of 10“4 m NiS04 and (a) for-
mate, (b) 2-propanol, (c) methanol, (d) ethanol, and (e) diethyl
ether as OH scavengers.

diethyl ether. These effects can be understood if one post-
ulates that most of the Ni+ ions react with organic radi-
cals. In the case of methanol we may write

Ni+ + -iCHOOH ~ N i C H OH+ 1)

This reaction explains the decrease in 300-nm absorption,
the simultaneous increase in the 250-nm absorption
(which is attributed to NiCH: . H+), and the constancy of
the conductivity (no proton is consumed in reaction ::;
Ni+ and NiCH: .« H+ probably have similar molar conduc-
tivities).

The rate constant of reaction 11 was calculated as 4.2 x
10s M- 1 sec-: (under the assumption that Ni+ was pres-
ent with G = 2.7 and the organic radical R with ¢ =
3.2[G(H) + G(OH)] after the pulse) by using a computer
program to integrate the differential equations for the dif-
ferent parallel reactions. The rate constants for the reac-
tions of Ni+ with the radicals formed from various organic
compounds are listed in the fourth row of Table Il. The
spectrum of the solution immediately after the pulse al-
ways contained the 300-nm band of Ni+ with t 6000 M. .
cm-1. After several hundred microseconds, t.e., when the
second-order decay in the 300-nm absorption was com-
plete, the solutions had different spectra which are attrib-
uted to the nickel organic compounds. Figure 4 shows the
corrected spectrum of Ni+ immediately after the pulse
(curve f) and of various nickel organic compounds (curves
b-e). The small corrections which had to be made includ-
ed (a) the correction for the known spectrum of the organ-
ic radicals present besides Ni+ immediately after the
pulse and (b) the correction for the remaining Ni+ that
escaped reaction :: after several hundred microseconds.
The fact that part of the Ni+ ions escape reaction 11 is
explained in terms of reaction of the organic radicals with
each other. The rate constants of these competing reac-

Figure 5. Semllogarithmlc plot of the conductivity as a function
of time: solution 5 x 10“4 m NiS04; 5 x 10“3 ™ 2-propanol;
10“5 M H202 (curves a and b: first-order components of the
observed curve).

tions are listed in the first row of Table Il. They were
taken from the literature s

The following procedure was carried out in order to de-
termine the percentage of Ni+ that did not react with the
organic radicals. A solution was pulse irradiated which
contained 10“s M H:0: in addition to the nickel sulfate
(5 x 10+ M) and the organic solute such as 2-propanol (5
X 10“3; M ). The added hydrogen peroxide did not disturb
the primary processes of eq 1, 2, and 3 in which Ni+ and
(CH3)2COH radicals are formed. It also did not interfere
with the reaction between Ni+ and the organic radicals
(eq 11). However, the Ni+ ions that escaped this reaction
will now slowly be reoxidized by H:O.. The time required
for this oxidation should be about : msec at the H:O:
concentration of 105 M and using the value of 5 x 107
M- 1 sec- 1 for the rate constant of reaction 9. Figure 5
shows a semilogarithmic plot of the observed conductivity
after the pulse on a rather compressed time scale. A de-
crease in conductivity is indeed observed over several mil-
liseconds whicn is attributed to reaction 9 (the OH" ion
formed in reaction 9 consumes a proton and thus the con-
ductivity is decreased). However, when this reaction is
practically complete, the conductivity slowly decreases
further. With increasing H.0O:. concentration both de-
creases became proportionally faster. The slow decrease in
conductivity in Figure 5 at times longer than 10 msec is
attributed to reaction of hydrogen peroxide with the nick-
el organic compound NiC(CH:). 0 H+ (formed in the first
few hundred microseconds analogously to eq 11). In this
oxidation of the complex, Ni2+ is formed and a proton is
consumed.
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Curve analysis as shown in Figure 5 was carried out.
The extrapolation of the slow decrease at longer times
yielded the straight line a, the intercept of which with the
ordinate axis is a measure of the amount of the nickel or-
ganic compound formed. Subtraction from the observed
curve gave the straight line b, the intercept of which is a
measure of the Ni+ ions that escaped reaction with 2-pro-
panol radicals and were oxidized by H:O.. It was conclud-
ed that ¢s % of the Ni+ ions reacted with the 2-propanol
radicals. The rate constant of the oxidation of the organic
nickel compound by H:0:. could be calculated from the
slope of curve a in Figure 5. A value of 1.1 x 10s M
sec- 1 was obtained. The slope of curve b was in agree-
ment with that expected from the H:0: concentration
and the rate constant of 5 x 10: M~ 1 sec. 1 of reaction 9.

Similar experiments were carried out with the other or-
ganic solutes. As may be seen from the third row _n Table
Il, except for c-pentane, always more than two-thirds of
the Ni+ ions formed originally reacted with the organic
radicals. The rate constants for oxidation of the organic
nickel compounds by H:0:. are listed in the fifth row of
the table. Using the values of the second and third row of
Table 11, the rate constant of reaction 11 could he calcu-
lated with the aid of an analog computer. The calculated
values are given in parentheses in the fourth row. They
agree fairly well with those obtained directly by analyzing
the decay of the 300-nm absorption and the increase of
the 250-nm absorption as described above.

The 250-nm absorption and conductivity of Figure 3d
faded very slowly by a first-order process in the o . -sec
range (in the absence of additional hydrogen peroxide).
This effect is attributed to the hydrolysis of the nickel or-
ganic compound

XiCH .0H+ + HZD —* Ni"+ + CHiOH + OH“ (12
The conductivity decreases since the OH- ion formed
neutralizes a proton. Experiments were carried out with
higher H+ concentrations down to pH 3. No acceleration
of reaction 12 could be observed. Similar observations
were made with other organic solutes, where a faster
decay was observed only for c-pentane. The rate constants
of hydrolysis are listed in the sixth row of Table II.

No increase in the 300-nm absorption and in the con-
ductivity was observed in the pulse irradiation of a solu-
tion containing 5 x 10-. M NiSOi. 5 x 10.: M 2-propa-
nol, and 10" : M acetone. The 2-propanol radical which is
the only species formed in this solution apparently does
not reduce Ni2+. This conclusion had already been drawn
above from the observation that no nickel was precipitat-
ed from such solution upon; irradiation.

Formate as OH Scavenger. Figure 3e shows the depen-
dence of the 300-nm absorption and of the conductivity on
time for a pulse irradiated solution containing 5 x 10“s M
sodium formate and 5 x 10.s M NiSCU at pH 5.0. The
rate of decay of the 300-nm absorption increased with
dose and was independent of the formate concentration.
The decay of the conductivity after the pulse occurred at
the same rate as that of the optical absorption if the pH
was lower than 5. At pH values between 5 and s, the con-
ductivity decreased somewhat slower than the optical ab-
sorption. At shorter wavelengths an increase in absorption
could be detected which was as fast as the decrease at 300
nm. Figure 4a shows the spectrum of the solution after
500 msec, i.e., after the decay at 300 nm, which is again
attributed to an organic nickel compound. This spectrum
can still be observed several seconds after the pulse. The
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height of the conductivity signal after the pulse corre-
sponds to the formation of 2.7 protons, 2.7 Ni+ ions, and
disappearance of 2.7 Ni2+ ions per 100 eV. OH produces
the CO:” radical anion in its attack on the formate ion.’
No significant conductivity change is produced in this
reaction. When a nickel compound is formed according to

Ni+ + CO02 — » NiCO, (13)

the conductivity should decrease by about 100 cm: ohm.
mol-1. The conductivity signal observed immediately
after the pulse (which is mainly caused by H+ formed
during the pulse) should therefore decrease by only about
40% during the disappearance of Ni+. It can, however, be
seen from Figure 3e, that the conductivity signal de-
creases much more markedly and even reaches negative
values. After about 1 msec the signal reaches a final value
of —100 cm: ohm : mol-: (using G = 2.7). This effect
can only be understood in terms of the pick-up of one pro-
ton by the nickel compound

NiCO, + H+ —» NiCOH+ (14)

This reaction also explains the delay of the decay in con-
ductivity at pH values higher than 5. Since the negative
conductivity signal was still observed :0 sec after the
pulse, it must be concluded that NiCo . H+ has a much
longer lifetime. Measurements at longer times after the
pulse could not be carried out with the present equip-
ment. (Because of the short penetration 'of the 1.6-MeV
electrons, the irradiated volume between the platinum
electrodes in Figure 1 was rather small. Diffusion of long-
lived particles formed by radiation out of the irradiated
volume between the electrodes limits the time of observa-
tion to less than 10 sec after the pulse.) It may finally be
mentioned that the buffer capacity of formate at pH 5.0
and at the low concentration used has only a slight influ-
ence on the conductivity changes produced by a pulse of
irradiation. All experimental data were corrected for this
effect. Since the Ni+ absorption was as high in the for-
mate containing solution as expected from the yield of 2.7
of the hydrated electron, it can be concluded that addi-
tional Ni+ formation by reaction of the CO:- ion with
Ni2+ did not occur. As mentioned above, this reaction
might have taken place to a certain extent only in the
irradiation experiments in which a much higher Ni2+ con-
centration was used and where the lifetime of the radicals
with respect to mutual deactivation was much longer than
in the pulse experiments.

Concluding Remarks

The question still remains as to how metallic nickel is
formed in some of the solutions upon : irradiation. No
nickel precipitate was observed in the single pulse experi-
ments. Since reaction 4 cannot compete with the reaction
between Ni+ and the organic radicals, another mechanism
has to be found. Because of their long lifetime with re-
spect to hydrolysis, the stationary concentration of the or-
ganic nickel compounds will be much higher than those of
Ni- and the organic radicals during - irradiation. It
seems therefore plausible to postulate that many Ni+ ions
and organic radicals will be scavenged by the nickel com-
pound when a certain concentration of the latter has
been built up. We formulate reactions for the 2-propanol
containing solution

(CHJLCOH + NiC(CH;,.OH+ — »

H+ + Ni + (CHjXOH + (CH3XO (15)
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Ni+ + NiC(CH::OH+ —™m Ni2+ + Ni + (CH3,COH (16)

Both reactions would occur more easily as the reducing
power of the organic radical is increased. It is known that
the reducing power of the radicals decreases in the se-
quence C02 > (CH32COH > CH3CHOH >
CH20H.1819 The vyield of nickel given in Table | shows
the same trend. Reaction 15 enhances the disproportiona-
tion between two organic radicals. It may have played an
important role in the experiments on the influence of
nickel on disproportionation and combination of alcohol
radicals mentioned above.10

Since OH attacks the organic solutes used in this work
predominantly at the CH bond in a position to the func-
tional group,20 carbon radicals are produced and therefore
carbon-nickel bonds are postulated for the complexes
from Ni+ and the radicals. These complexes are thus
quite similar to the organic chromium complexes which
have been observed and in some cases isolated from aque-
ous solutions.21-24 One of the methods of formation of
such complexes, i.e., production of organic radicals by OH
which subsequently react with Cr(l1),24 is in principle
similar to our method. The pulse radiolysis method has
also been used in the studies on chromium complexes to
measure the rate constants of complex formation from
Cr(ll) and various radicals.25 The rate constants for a al-
cohol radicals were of the order of 108 M“ 1 sec'l, i.e.,
about ten times slower than the rate constants for the cor-
responding Ni+ + radical reactions shown in Table Il. The
spectra of the chromium complexes contained a strong ab-
sorption band around 280 nm and a weaker one at about
400 nm. The nickel complexes have similar uv absorp-
tions, the extinction coefficient being nearly three times
as high as that of the chromium complexes. We were also
able to see a weak absorption in the visible range at about
400 nm (e ~300 M 1cm*“1, Figure 4). The rate constant
of hydrolysis seems to be lower for the chromium than for
the nickel complexes. The complex CrCH20H 2+, for exam-
ple, has a rate constant of 0.7 x 10" 4 sec" 1,24 while the
nickel complex NiCH20H+ decays with k = 7 sec” 1. In
order to observe the acceleration of the decay of chromi-
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um complexes by H+ ions, concentrations of the latter of
more than 0.09 m had to be used.24 Such high H+ con-
centrations could not be applied in our work, since the
hydrated electron is scavenged by H+ and cannot be used
to reduce Ni2+.
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The y ray radiolysis and ultraviolet photolysis of aerated solutions of p-nitrosodimethylaniline (RNO)
containing hydrogen peroxide have been studied and compared. The same intermediate, the OH radical,
appears to be solely responsible for the destruction of the RNO molecule in both the photolysis and radi-
olysis systems. ldentical competition kinetics are found between RNO and hydrogen peroxide for the OH
radical over a wide range of both RNO and hydrogen peroxide concentrations. Hydrated electron scav-
enging by high concentrations of hydrogen peroxide yields an intermediate which has the same kinetic
behavior as that from the hydrogen peroxide photolysis. Evidence is given that the previously reported G
values for radiolytic destruction of RNO were too low since one or more products of the reaction with OH
absorb at 440 nm. However, the relative rate constants obtained from competition kinetics are not al-
tered when this is taken into account, provided OH competitors completely scavenge the RNO bleaching
reaction. An absolute quantum yield of 0.92 = 0.10 is found for RNO destruction in aerated H202 solu-
tions. This value would also be equal to the quantum yield for H202 decomposition, assuming the same
stoichiometry as in the radiolysis. However, this would be larger by a factor of 2 than that which is com-
monly accepted. The reasons for this discrepancy may be mechanistic but, if so, the difference between

the radiolysis and photolysis mechanisms is unexplained.

Introduction

Kraljic and Trumbore2 demonstrated the potential of
aqueous, air-saturated p-nitrosodimethylaniline (RNO) as
a system for studying OH radical reaction rate constants.
Kraljic3 further showed in preliminary studies the similar-
ities between relative OH rate constants in radiolysis, hy-
drogen peroxide photolysis, and Fenton reagent (Fe2+ +
H202) action in air-saturated RNO solutions. Later, two
groups investigating the pulse radiolysis of RNO solutions
cast doubts upon the use of RNO as a standard OH com-
petitor. Dainton and Wiseall4 and Baxendale and Kahns
independently studied the pulse radiolysis of RNO and
reported extensive secondary back reactions with RNO by
radicals formed from OH and a solute initially in compe-
tition with RNO for the OH. However, it was also re-
ported that such reactions rarely occur under the condi-
tions originally proposed by us,2 namely, in oxygen-con-
taining solutions where both hydrogen atoms and elec-
trons are scavenged by the oxygen and do not further
react with RNO.

In continuing investigations into the detailed reaction
mechanism of RNO and OH, we have showne certain
anomalies in the radiation chemistry of both neutral and
acidic solutions of RNO, especially when RNO concentra-
tions are varied. Yields in the two pulse radiolysis studies
vary widely in the absence of oxygen, but are within ex-
perimental error in the presence of oxygen. Both pulse ra-
diolysis studies confirmed our initial assumption2 that
02" did not attack RNO and that the initial 440-nm
bleaching was due to attack by the OH radical, with a &
value of 2.6-2.7. It was, therefore, surprising to find a
lower-than-expected net G(—RNO) of 1.1-1.22-4 for 7 ra-
diolysis, less than half of the reported G on value.

Because of the above anomalies, the hydrogen peroxide
photolysis method for generating OH radicals was chosen
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for detailed kinetic studies to show whether some of the
radiation chemistry anomalies would be eliminated. The
primary yields in the ultraviolet photolysis of hydrogen
peroxide appeared to be well established.7-11 The radia-
tion chemistry of the same system was studied over a wide
range of RNO and H202 concentrations in order to further
test concentration effects.

Experimental Section

A Hanovia low-pressure mercury arc lamp (735A-7)
with a Corning CS 7-54 filter was used as the source of
ultraviolet light. The solutions to be photolyzed were
placed in 10-mm silica absorption cells, positioned repro-
ducibly on an optical bench, and photolyzed at room tem-
perature (23 =£ 1°). The concentration of RNO was deter-
mined spectrophotometrically at 440 nm (erN0440 33,500
for pH greater than 5).

Actinometry was performed in all cases with a uranyl
oxalate actinometer.12 By inserting a Corning CS 0-54 fil-
ter, which transmits light only above 313 nm between the
lamp source and cell, it was possible with appropriate cor-
rections to determine the input intensity to the cell at 313
nm separately and, hence, to determine the 254-nm pho-
ton intensity by the difference between the measured in-
tensity with and without the CS 0-54 filter. An indepen-
dent method employed for evaluating the absolute photon
fluxes at the two wavelengths was by the use of two urani-
um oxalate actinometers in series. The agreement be-
tween these two independent methods was quite good (2%
or less), and the photon intensity input at 254 and 313 nm
was thus determined as 0.96 x 1016 and 1.35 x 1016 pho-
tons min-1 ml-1, respectively.

The light absorbed by H202 in aqueous solution of
H202 and RNO was calculated from the following derived
equation, assuming Beer’s law is valid in the RNO and
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TABLE I: Molar Extinction Coefficients () of
the Solutes at Various Wavelengths

254 nm 313 nm 440 nm
RNO 2230 1550 33,500
HD 2 19 0.52
Unprotonated form (above pH 5).
H202 concentration regions employed
~H,0,
I1- 10 lifo" (1)

ZW‘CI—E) 2fHDZ ~

where /h2o2 Is the number of quanta absorbed by hydrogen
peroxide in the solution in photons ml 1 min-1, ¢ and t
are the concentration of the solute and molar extinction
coefficient of the solute indicated by the subscripts, and
V is the flux input to the cell where the superscript i re-
fers to the wavelength {i.e., 254 or 313 nm). The values of
e used in this equation are given in the Table I. Equation 1
was experimentally verified. The number of 313-nm photons
absorbed by H202 is shown to be less than 10% of the 254-
nm photons absorbed by H202 in most of the solutions in-
vestigated.

The experimental details of the Co-60 7 radiation ex-
periments are the same as reported previously.2

Eastman Kodak White Label RNO was used after sev-
eral recrystallizations or as synthesized as described pre-
viously.2 A 10"3 m RNO stock solution was stable for a
period of up to several weeks.

Liquid chromatographic separations of the products of
the RNO photolysis and radiolysis were obtained using a
custom-built liquid chromatograph employing an ultravio-
let detector and a 1-m ETH Permaphase column.i3 The
solvent systems used were either alcohol or acetonitrile-
water.

The pH of the alkaline solutions was adjusted by the
addition of small amounts of Na2B407 solution for pH 9.
(Yields of radiolysis have been shown to be pH indepen-
dent between pH 5 and 10.5) All reagents were of analyti-
cal reagent grade purity. Triply distilled water was used
in the preparation of all solutions. All solutions were air
saturated.

CRNO i RNGi

Results and Discussion

First, it was necessary to establish at which concentra-
tions of H202 and RNO there was little or no detectable
chemical dark reaction. In addition, it was necessary to
establish the photochemical behavior of RNO toward light
of the wavelengths used in the photolysis. Preliminary ex-
periments showed that 4 or 5 x 10"5 m RNO is stable in
the presence of up to 1 to 3 x 10"2 m H202 for periods
which provide sufficient time for the photolysis or radioly-
sis of the RNO solution and spectrophotometry of the
photolyzed solution. However, at higher H202 concentra-
tions, bleaching of the RNO did occur in periods which
were not entirely negligible in comparison with the total
time necessary to conduct a complete photolysis and
quantitative analysis of the RNO bleaching yield. Correc-
tions were made by using blanks of unirradiated RNO-
H202 solutions. RNO solutions were shown to be stable
upon irradiation with the filtered ultraviolet light contain-
ing 313- and 254-nm photons in that observable changes
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ILLUMINATION  TIME
(SEC)

Figure 1. Change in optical density at 440 nm in p-nitrosodi-
methylaniline RNO0-02-H 20 2 solutions as a function of illumi-
nation time and H20 2 concentration: O, (RNO) = 5.0 x 10"b
M, (H202) = 0.058 mM; A, (RNO) = 5.0 x 10"5m, (H202) =
0.144 m; O, (RNO) = 4.7 x 10"5m, (H202) = 0.60 ™m; -,
(RNO) = 5.0 x 10"5M™m, (H202) = 2.67 x 10"3 M; A, (RNO)
= 50 x 10"5M™M, (H202) = 53 x 10"4 m; photon flux = 2.21

x 1016 quanta m I"1 min“ 1. All solutions are air saturated, pH
6.

in optical density were not detected during the short pho-
tolysis times employed. Longer irradiation times did re-
sult in small amounts of RNO bleaching.

Photolytic Results in the RNO-H202-02 System. In
RNO-H202-02 solutions, the optical density at the RNO
absorption maximum (440 nm) was decreased with in-
creasing exposure time of these solutions to ultraviolet
light. As seen in Figure 1, at a given light intensity, the
decrease in optical density was dependent upon the H202
concentration (the higher the concentration of H202, the
faster the destruction of RNO). However, at a concentra-
tion of H202 higher than 0.06 m, increasing the H202
concentration led to a reduced rate of destruction of RNO.
This observation shows that in the lower H202 concentra-
tion region, the increased rate of bleaching of RNO is re-
lated to the increased absorption of ultraviolet light by
H202 and, hence, more OH radicals will be formed to
react with RNO. However, at larger H202 concentrations,
H20 2 itself reacts with OH radicals and introduces a com-
petition for the OH radical reaction with RNO.

The quantum vyield for the destruction of the RNO,
4—RNO), was calculated

(—Aabs4°/min X6.02 X 10")
+H—RNO) 2
(/NQMIRNO  )d0 )

where -Aabs440/min is the magnitude of the initial (nega-
tive) slope of the absorbance at 440 nm us. illumination
time plot, and /liz02 is the fraction of the photon flux ab-
sorbed by the hydrogen peroxide in the system calculated
fromeq 1.

Figure 2 shows the effect of the intensity of the ab-
sorbed light on <I>(-RNO). In this experiment, the inten-
sity of ultraviolet light was changed by one order of mag-
nitude by changing the distance between the light source
and the cell. No intensity dependence on <(—RNO) was
observed at lower H202 concentration, although there is a
discernable intensity dependence for a hydrogen peroxide
concentration of 0.12 m. This fact, along with relatively
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ABSORBED PHOTON INTENSITY / I016PHOTONesmI"iMIN'1

Figure 2. Effect of absorbed photon intensity on the quantum
yield (measured at 440 nm) for the destruction of RNO: O,
(RNO) = 5.5 X 10°5M, (H202) = 154 x 10*3M; A, (RNO)
= 5.0 X 10°*5M, (H202) = 5.3 X 10~4 M; photon flux = 2.21
rated, pH 6.

Figure 3. Effect of competition between H20 2 and RNO for OH
radical on the quantum yield for bleaching at 440 nm. Solutions
were air saturated, pH 6. (See text for correction to these values.)

smaller values of <(—RNO), argues against the possibility
of a chain mechanism: s in the RNO-H:0: system at low
H.0O: concentrations. In Figure 3, values of <J>(-RNO)::0
obtained at various concentrations of H: 0. and RNO are
plotted vs. log (Hz0:2)/(RNo ). These were the quantum
yields calculated from the bleaching at 440 nm. The curve
in this figure can be explained by the following simple
competition reactions

HA 2-OH (3)
RNO + -OH — (- {RNO),,,., 4
HA + OH - »-HO, + H,0 (5)

:-HO, —> AO, + O, G)

Equation 4 is written with the indicated stoichiometry
based upon results in the radiolytic RNO system,. which
requires that two OH radicals be consumed for the net
destruction of one RNO molecule (see next section).
Equation 7 can be derived from the above set of reactions.

1 2 r a (li.o.) 1
$(—RNO)  <HOH)LL + «, (RNO)J (n

From the least-squares slope taken from the plot of
4>(—RNO)-1 and (H202)/(RNO) shown in Figure 4, the rel-
ative rate constant ratio of the reaction 5 and 4, ks /k4, isde-
termined as 3.6 X 10~3, in excellent agreement with that ex-
pected (3.6 x 10~3),14 and the intercept of the line, 2.0/
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+>(-OH) is 1.4, yielding 4>(-OH) = 1.43. This is seen to
be slightly lower than anticipated from Figure 3, but since
the experimental error is largest at the very low values of
H.O: concentration, we take the extrapolated least-
squares value as more accurate.

If it is assumed that this quantum yield of OH radicals
is a measure of all the OH radicals which escape geminate
recombination in the photolytic decomposition of H:0 2.
then the net quantum yield for hydrogen peroxide decom-
position would be half of the above value, or 0.72 + 0.07.
Since this value was in disagreement with all other values
in the literature;; 11 we decided to examine the implica-
tion of the wavelength dependence of G(—RNO), mea-
sured at wavelength X (around 440 nm) in the 60Co ; radi-
olysis.is These studies implied that the products of the
radiolysis may absorb significantly at 440 nm, where all
optical bleaching measurements were taken for the H:O:
photolysis studies. Dainton and Wiseall's product analy-
sis: was based upon high total doses and a crude steam
bath evaporation in air of irradiated solutions followed by
thin layer chromatography. This analysis was suspect
since, from our experiments, RNO and some of its prod-
ucts were easily decomposed during thin layer chromatog-
raphy. After much unsuccessful effort to separate RNO
from its products using thin layer and gas-liquid chroma-
tography, a liquid chromatography system was found.:s
which allowed separation and quantitative analysis of the
RNO separated from its H:O: photolysis and radiolysis
products. The results of these quantitative studies showed
that because of product absorbance at 440 nm a correction
factor of 1.28 needed to be applied to 4>(—RNO)440 (the
quantum vyield calculated from the 440-nm bleaching
only), thus yielding a new, corrected value of 0.92 + 0.10
for the quantum yield for RNO destruction. Assuming the
stoichiometry found from the radiolytic studies. +-s name-
ly, the net destruction of one RNO molecule for every two
OH radicals, the quantum yield for scavenged OH radi-
cals would be 1.84, and the quantum yield for disappear-
ance of H. O, would be 0.92 + 0.10 (see ref 16).

The Radiolytic System RAD-H:0:-O:. Table Il repre-
sents values of G(—RNO) found in the s0 Co : radiolysis
of aqueous, air-saturated, pH 9 solutions containing vari-
able concentrations of H. O, and RNO.

The results of these experiments may be interpreted in
terms of the reactions

(T J— »e,, H OH, H, HA ()
OH+ RNO —* (—/ / . R N O ), , (4
OH + HA —" HO, + H,0 (5)

:HO. —- HA + o, )
eur + 0, —* O ©
0"+ H A HO, (19

e. + HA —* OH + OH (1)
H + 0, —> HO, (12)

Equation 13 may be derived from the above set of equa-
tions.

1 1+ M (HA)]
G(-RNO) - * [ MRNO)J X

LGLI/l + [(A0D/MHA)])) + G5 19

where G(-RNO), GOH and Geag_ are, respectively, the
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Figure 4. Test of simple competition kinetics (eq 7 in text) be-
tween RNO and H20 2 for the photolytic intermediate, OH. Data
are taken from Figure 3.

net yields of radiolytic destruction of RNO, and the pri-
mary yields of the OH radical and the hydrated electron,
both normally found to be approximately 2.7.14 We apply
the same correction factor (1.28) used in the photolysis re-
sults to all values of G(-RNO)::0 (taken from initial
slopes of spectrophotometric data at 440 nm) since the
kinetics of formation of at least one common product of
photolysis and radiolysis is found to be identical.13 Thus,
we are able to test the validity of eq 12 by setting GOn =
2.7,14 kg/kn = 1.53,14 and ks/ks = 0.003614 and calculat-
ing for all corrected G(—RNO) values the best least-
squares fit for Ge This procedure yields a value for
Geag- of 2.6, in good agreement, within experimental
error, with the accepted value of this yield at these solute
concentrations.14 Therefore, this agreement is taken as
justification for the assumed mechanism since both RNO
and H: O. concentrations were varied over wide limits.

Thus, even when OH radicals originate from electron
scavenging by H:0., the assumed reaction mechanism
and Kkinetic parameters remain the same as that in the
hydrogen peroxide photolysis, except possibly for the RNO
stoichiometry with respect to the OH radical.

Conclusions

The combined radiation and photochemical studies
would appear to confirm a common competition mecha-
nism in which hydrogen peroxide and RNO compete for
an intermediate in an early process, the outcome of which
exclusively determines the net yield of destruction of
RNO. From these results, it is demonstrated that the oxi-
dizing radical from radiolysis, the product of hydrated
electron scavenging by hydrogen peroxide, and the ultra-
violet photolysis product of hydrogen peroxide solutions
are kinetically equivalent in the rate-determining compe-
tition steps. The stoichiometry of the reaction of RNO
with this radical from two different sources (eag scaveng-
ing by H:0: and OH from radiolysis of H:O) is fixed at a
net destruction of one RNO molecule for every two OH
radicals.
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TABLE Il: Radiolytic Yields in the
RNO 110,0. System

1/G(—RNC )«o (H-.0i)/(RNO) (0§)/(H D.-)"
0.86 0.75 6.7
0.79 2.5 2.0
0.71 7.5 0.67
0.64 25.0 0.2
0.67 75.0 0.067
0.97 250.0 0.02
1.53 750.0 0.0067
0.84 0.375 6.7
0.79 1.250 2.0
0.69 3.75 0.67
0.61 12.5 0.2
0.60 37.5 0.067
0.69 125.0 0.02
1.02 375 .0 0.0067
0.82 1.5 6.7
0.77 5.0 2.0
0.73 15 .0 0.67
0.67 50.0 0.2
0.75 100.0 0.1
1.35 500.0 0.02

a All solutions were air saturated (2.5 X 10“4M OZpH 9.

Since the ratio of rate constants (ks/ki) is, within ex-
perimental error, the same in both the radiation and pho-
tochemical systems, the common rate-determining steps
may be concluded to be reactions 4 and 5. The reasons for
the possible different net stoichiometries in the two sys-
tems (—%RNO per OH in the radiation chemistry vs. —1
RNO per OH7 11 in the photochemical system) may lie in
the secondary and tertiary processes following reactions 4
and 5. Dainron and Rowbottom16 report the only quantum
yield which is in agreement with our results.
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Three chloride complexes of TI(Il) have been identified in a study of the effect of chloride ion on the
spectrum of TI(Il) produced by pulse radiolysis. Absorption maxima are found at 263 and 342 nm for
T1C1+, at 280 and 342 nm for TICI2, and at 304 and 362 nm for T1C13- . The stability constants of the
three complexes are 6.2 x 104, 1900, and 13 M -1, respectively. The rate constant for dissociation of
T1C1+ into TI2+ and CI- is 1.4 x 105sec-1 and the rate constant for the reverse reaction is 9 x 109M 1
sec-1. The TI(Il) produced by the radiation pulse disappears by disproportionation to T1(l) and TI(IIl) at
diffusion-controlled rates. The rate constant for oxidation of T1(l) by Cl2- is 5 x 109 M 1sec-1. The
rate constant for reduction of T1C12+ by hydrogen atoms is 5 X 10BM 1sec-1, and is 2 x 109 M -1 sec-1
for the other three TI(I1l) complexes: T1C12+, T1C13, and TICl: . These hydrogen atom rate constants
are larger than that for TI13+, contrary to expectations based on free-energy considerations. It is proposed
that the preferred reduction path is by ligand abstraction whenever possible. It was found that the prin-
cipal product of H atom reduction of T1C12+ is T12+, not T1C1+, in support of this mechanism.

Introduction

Chloride ion has a marked effect on the rates of redox
reactions involving TI(I1l). The general features are a re-
tardation of the reaction at low chloride concentration and
a catalysis at high concentration. Examples are the oxida-
tion of T1(l) (the exchange reaction),2-7 Cr(11),8 Fe(l1),9-10
U(l1V),11 and Os(ll)(dipy); .12 Some of these reactions in-
volve TI(Il) as an intermediate (for instance, the reaction
with Fe(ll)) while others do not (for instance, the ex-
change reaction). TI(I11) forms strong chloride complexes
and this fact is undoubtedly involved in the explanation
of the rate effects. The question naturally arises whether
TI(Il) also forms chloride complexes which affect the
course and rate of reaction. In a study of the oxidation of
Fe(ll) by TI(I11) Duke and Bomong10 suggested that this
is the case and that the TI(lIl) complexes are somewhat
less stable than the corresponding TI(I11) complexes.

Pulse radiolysis offers an opportunity to study com-
plexes of TI(I1). TI(Il) can be produced in aqueous solu-
tion by reduction of TI(I1l) with hydrogen atoms and by
oxidation of T1(l) with hydroxyl radicals. The absorption
spectra of TI(Il) in neutral solution13 and in perchloric
acid solutionl4 have already been observed. We have
looked for and observed systematic effects of chloride ion
on the spectrum of TI(Il'). These effects show the exis-
tence of three chloride complexes and lead to estimates of
their stability constants. We have measured the rate of
relaxation toward equilibrium of the First complex and the
rates of hydrogen atom reduction of TI(I11).

BExperimental Section

M aterials. Stock solutions of perchloric acid and of hy-
drochloric acid were prepared by diluting “Baker Ana-
lyzed” reagents with triple distilled water. Solutions 5, 3,
and 1 M were standardized by titration with standard so-
dium hydroxide. More dilute solutions of hydrochloric
acid were made by further quantitative dilution. These
were restandardized, volumetrically with standard sodium
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hydroxide and gravimetrically by precipitation of silver
chloride. Thallous nitrate was prepared by dissolving thal-
lium metal in nitric acid and recrystallizing, or was ob-
tained from Alfa Inorganics. Thallous perchlorate was pre-
cipitated from a solution of the nitrate by adding perchlo-
ric acid. Some preparations were freed from traces of cop-
per and silver by precipitating a small fraction of the
thallium with hydrogen sulfide from slightly alkaline solu-
tion. In all preparations of thallous perchlorate the final
purification steps were precipitation with perchloric acid,
followed by three recrystallizations from triple distilled
water. The removal of trace copper and silver had no dis-
cernible effect on the results obtained in the present in-
vestigation. Stock solutions of thallous perchlorate were
prepared by dissolving weighed amounts of dry TICIO4 in
triple distilled water; the concentration was checked by
bromate titration. Stock solutions of thallium(lll) per-
chlorate were prepared by anodic oxidation of thallium(l)
perchlorate in perchloric acid. Thallium(l) was deter-
mined by bromate titration, and total thallium was also
determined by this method after reduction of thallium(l11)
with formaldehyde. Solutions for radiolysis were prepared
by mixing known volumes of the stock solutions and,
when needed, triple distilled water.

Pulse Radiolysis Equipment. A 2-MeV Van de Graaff
was used as the electron source for experiments to mea-
sure absorption spectra and disproportionation Kinetics.
The analyzing light came from a 30-W deuterium lamp
pulsed for 10 msec to a light level seven times the quies-
cent level. The light passed through the sample three
times, then to a f[3.5 high-intensity monochromator and
to the photomultiplier. The PM signal was amplified, sent
to a digital transient recorder, and then to magnetic tape
for later processing.

The sample was ina2cm X 2cm x 0.8 cm quartz cell
with a 2-mm capillary neck 5 mm long and was placed in
an aluminum box to eliminate the effects of stray current
on the charge measurement. Solutions were degassed by
bubbling with Ar or brought to 50 fim 02 by bubbling
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with 5% O: in N:. The cell was loosely stoppered after de-
gassing to prevent air contamination. All irradiations were
done at room temperature (23°).

The dose given the samples was calibrated by FeSCs:.
dosimetry and was usually near 200 rads per pulse. Many
pulses (40 or more) could be given to a sample without
changing the initial absorbance after the pulse; a maxi-
mum of 12 were used. Only two pulses were given to the
more dilute chloride samples to minimize the effect of
complexing the chloride with TI(I11) produced in the reac-
tion. The change in free chloride after the pulse was 10%
in the worst case and no correction was made for the ef-
fect.

A 1.9-MeV Febetron (10 7 sec pulse length) was used as
the electron source for the other kinetic studies. The ana-
lyzing light source was a pulsed xenon arc. The light, after
passing through the sample (4 cm), left the accelerator
vault and was focussed onto the monochromator. A 30°
quartz prism was inserted 30 cm before the monochroma-
tor to predisperse the light sufficiently to minimize scat-
tered light problems in the monochromator. The photo-
multiplier was mounted on a base containing a 6-nsec rise
time amplifier and the amplified signal was sent to a Le-
croy waveform digitizer which transferred the waveform to
magnetic tape. Most of the Febetron experiments used
about 5000-rad pulses.

Results

Spectra and Stability Constants. Pulse radiolysis of
thallium(l) solutions and of thallium(l)-thallium(l11) mix-
tures produces a light absorption due to thallium(ll) lasting
for several hundred microseconds at low doses. Absorption
spectra of thallium(1) in 1 M HCIO414 and in three
HCIO4-HCI mixtures (1 m total acid) are given in Figure
1

The absorbance produced in T1()-FI(lIl) solutions fol-
lowed a second-order decay. The absorbance at the end of
the pulse (4 /;sec length) was found by the second-order
kinetic analysis, and thus depends on all the data, not
just the observation immediately after the pulse. This ab-
sorbance was corrected for the slight decay which oc-
curred during the pulse (always less than 1%).

Oxygen was added to solutions of T1(l) to provide a
known fate, HO., for hydrogen atoms. A comparison with
deaerated solutions did not produce evidence for H atom
interference, although the results were somewhat less re-
producible and the kinetics less regular in the absence of
0O:. The decay in the presence of O. had a first-order com-
ponent and was adequately represented empirically for
two half-lives as a first-order decay with a constant term

A = Ae~h< + A,

The absorbance at the end of the pulse is Ai + A2 This
value was corrected for the reaction which occurred during
the pulse and for absorption by the HO: present to give
the absorbance of the TI(Il). The pseudo-first-order rate
constant k at the doses used was about 3.5 x 103 sec~J at
low chloride concentration but rose appreciably at chlo-
ride concentrations above 2 x 10' 4 m, reaching 3.2 x 104
at 0.4 m chloride. The approximate first-order nature of
the decay does not mean that all the TI(Il) is reacting
with O:. In fact, at low chloride concentrations, the rate
of decay is almost independent of whether O: is present or
not. The increase in rate constant at high chloride con-
centration is due to reaction of TI(Il1) chloride complexes
with oxygen
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Figure 1. Absorption spectra of TI(Il), derived from Dulse radlol-
ysis of solutions containing various chloride corcentrations:
open circles, 10~3 M TI(l), 5 x 10~5m 02, no TI(lll), no chlo-
ride; filled circles, 10~3 m TI(l), 5 x 10~5 M 02, no TI(ll),
1CT4 m HCIL. open squares, 10-3 M TI(l), 5 x 10~5M 0 2. no
TI(I), 51 x 10 3 AT HCI; filled squares, 6 x 1CT4 ™ TI(l), 3
x 10~4 m ~I(HI), 0.4 m HCIL. All solutions are 1 M acid, the
balance of acid being HcCI04. The dashed line continuation
below 295 nm of the upper curve is estimated from studies of
TI(l) solutions which yielded a spectrum similar in shape but not
identical with that reportec here (see text).

TI() + C, TLON) + HO,

which is borne out by the appearance of absorption in the
region 250-280 nm due to TI(IIl) chloride complexes stoi-
chiometrically equivalent to the TI(Il) reacting with oxy-
gen. The TI(Il) probably disappears at low chloride con-
centration bv disproportionation and by reaction with
HO02

Tim) + HO, — Ti(l) + H+ + 02

which would add a first-order component because HO: is
formed in excess of TI(ll1) (yields of 3.65 mclecules per 100
eV (GH) us. 2.85 (GOH)) and HO02 is relatively stable with
with respec: to disproportionation.

The extinction coefficients were found from

c=4,/ic

where AO is the absorbance due to TI(Il), I is the light
path length (6.1 cm), and c is the total T'(Il) concentra-
tion produced by the pulse, calculated from the dosimetry
and known yields. The assumed yield of TI(Il) from T1(l)
solution is 2.85 ions per 100 eV (i.e., GOh), and from T1(l)
-TI(II1) mixtures is 6.5 i.e., GOh + GH).

With T21(I) TI(I1l) mixtures observations much below
300 nm were not possible because of the light absorption
by the chloride complexes of TI(Ill). Also, uncertainties in
stability constants for chese complexes introduced an error
into the estimation cf free chloride ion concentrations
when the total chloride was much below 10~3 m. Conse-
quently the useful range of the mixtures was limited. Ex-
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Figure 2. Variation of TI(Il) extinction coefficient with free chlo-
ride concentration at four wavelengths: open circles, 260 nm;
filled circles, 300 nm: filled squares, 340 nm; open squares, 380
nm. Data at 10“3 m Cl and below obtained from 10“3 TI(l), 5
X 10“5 02 solutions; data from 10“3 m CI* to 0.1 m CI* ob-
tained from 10“3 m TI(l), 5 X 10“4 m TI(lll) solutions; data at
0.1 m CI* and above obtained from 6 X 10”4 m TI(l), 3 X
10“4 m TI(llII) solutions. The curves are least-squares fits of eq
4 to the data.

tinction coefficients determined from the mixtures should
be the same as those from the T1(l) solutions. This was
found to be the case for 10“3 and 5 x 10“3 M free chlo-
ride solutions, for which extinction coefficients from T1(l)
solutions averaged 1.6% higher than from T1(lI)-FI(lIl) so-
lutions, an effect less than experimental error. The two
methods do not agree at higher chloride. Solutions con-
taining 10“4 m T1(I) and 0.4 m chloride ion gave erratic
spectra, about 20% larger near 360 nm and 30-40% larger
near 300 nm than the top curve of Figure 1. In 10“3 M
T1(l), 0.4 m CI“, the disagreement was greater. Thalli-
um(l) concentration had little effect on extinction coeffi-
cients when TI(Ill) was present. A solution containing 2.1
x 10“4m TI(l), 6.0 x 10“4m TI(III), 0.4 M CI*, and 0.6
M HCIO4 gave results identical with the upper curve of
Figure 1 (for which the thallous concentration is 3 times
larger) above 320 nm, although the peak at 302 nm ap-
peared to be 5% larger. We do not understand the prob-
lem with T1(l) solutions at high chloride concentration
(except that chloride complexes of T1(l) are present). The
agreement between methods at 5 x 10“3 m CI“ and
below suggests the results to be trustworthy in that re-
gion. The lack of T1(l) concentration effect in T1()-FI(l11)
solutions suggests that the results obtained with these so-
lutions are trustworthy in the high chloride range.

The spectrum in the absence of CI* is the same as pre-
sented earlier.14 There is no peak in the observable range
of the spectrum. The spectrum from solutions containing
10“4 m CI* shows a peak at 250 nm and a peak at 340
nm, which we ascribe to T1C1+. The first peak shifts to
280 nm and the 340-nm peak is much larger in 5.1 x 10“3
M CI* solutions indicating a second complex; and in 0.4
M CI“ the first peak shifts further to 302 nm and the sec-
ond peak shifts to 360 nm, indicating a third complex.

Further evidence for these complexes is seen in Figure
2, in which extinction coefficients at four wavelengths are
given as a function of free chloride concentration from 3 x
10“6to 1 M CIl“. The growth of the first complex may be
seen in the region of 10“5mM CI* at 260, 340, and 380 nm.
The lack of change in e at 300 nm indicates the wave-
length is near an isosbestic point of TI2+ and T1Cl+. The
spectral changes continue as the chloride ion concentra-
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Figure 3. Absorption spectra of the individual TI(Il) chloride
complexes derived from spectra of Figure 1 and stability con-
stants of Table I: curve 0, TI2+; curve 1, TICI+; curve 2, TICIZ;
curve 3, TICI3—.

tion is increased. Effects of the formation of a second
complex are most clearly seen below 10“3 M, in the in-
crease in e at 300 nm. Since this wavelength is near an
isosbestic point of T12+ and T1C1+, the increase in e below
10“3 M cannot be due to continued growth of T1C1+, and
shows the formation of a second complex, TICIl.. The
growth of the third complex is seen near 0.1 m CI“ .
The three equilibria are

TI'+ + cr T1C1+ K, (o))
TiCl+ + CI* TiC1, K 2 2)
Tick + cr Tick"  Ki 3)

and the stability constants are defined by
Ky = [TICI+]/[TI+2][Cr]
K: = [TICL)/[TICI+][Cr:
k 3= [Tick]/[ticid[or]
The variation off with chloride concentration is

~obsd

e . filter] i,Kyk,[CI-]2 t,KxK K ICcrp
D + D + ~D + D 4)
where

D=1+ Ky[cr] + KyKICI“]2 + KyK-K-Acrp

and the t's are the extinction coefficients for the com-
plexes with 0, 1, 2, and 3 chlorides. The results plotted in
Figure 2 were fit to eq 4 by non-linear least-squares analy-
sis, all values of fobSd being given equal weight. The sta-
bility constant estimates were not appreciably different
whether all four wavelengths were used, just the data at
300, 340. and 380 nm or just those at 340 and 380 nm. The
“best values” of the stability constants are given in Table



Pulse Radiolysis Studies of Chloride Complexes of T (1)

895

TABLE I: Stability Constants of Chloride Complexes of Thallium in Three Oxidation States

Oxidation state Medium K, Ki Kz
TI(1)« 4 m (NaC109 0.8 0.2 0.1
TUIb 1m (HC109 (6.2 +0.7) X 104 1900 + 400 13+ 3
T1(11)C 0.5 m (HC10<) (5.22 +0.19) X 106 (1.25 £0.1) X 105 553 + 8
« R. O. Nilsson, Ark. Kemi, 10, 363 (1956). Numerous other estimates are listed in Chem. Soc., Spec. Pub'., No. 17. 294, 295 (1964). b This work. A
fourth complex, Kt < 1isnot excluded. ' The values of K, and K : are those of ref 17 which also gives K, = 482 + 60 and Ki = 65.3 + 7. For Ki and Kt
we have a preference for the values of ref 18 which are those listed above. A species containing five chlorides, with Kb ~ 0.1-0.4 has beer proposed by D. L

Horrocks and A. F. Voigt, J. Amer. Chem. Soc.. 79, 2440 (1957), and by R. M. Waltersand R. W. Dodson.'9

Figure 4. Growth of absorbance at 280 nm following pulse radi-
olysis of a solution containing 3 x 10“4 wm TI(lll), 7.3 x 10“3
M total HCI, and 0.99 m HCI04. The predominant TI(Ill) species
In this solution is TICI3. Solid curve is sum of two exponential
growths modified by a second-order decay. These results (and
those of the next two figures) were obtained from five to ten
separate experiments using varying time scales with 50% over-
lap between scales. Each experiment yielded 19 points on the
time curve. Accurate dosimetry was unavailable for these exper-
iments, and the curves were normalized vertically to give the
best fit with each other. All points in a time band (equal to inter-
point spacing) were averaged to produce the points that are
plotted.

I along with stability constants for TI(11l) and T1(l) chlo-
ride complexes. The values for TI(lIl) were based on data
at 300, 340, and 380 nm in view of the lack of data above
1005 M CI* at 260 nm. The spectra of the individual
complexes, derived from the data of Figures 1 and 2, are
given in Figure 3.

Kinetics. Earlier work:: established that hydrogen
atoms react with TI3+ with a rate constant of 3.9 x 10
M- sec-1. It is of interest to know the rate constants for
reaction of the H atoms with the TI(IIl) chloride com-
plexes. The growth of absorbance at 280 nm in a solution
containing predominantly (65%) TICI3 complex is shown
in Figure 4. This rapid growth is followed by a slower sec-
ond-order decay {beyond 5 /usee), as shown in Figure 5.
For the reaction scheme (“TICI3” refers to the various
chloride complexes present)

H + "TICL” —> TI(Il) + H+ (5)

2TKIl) —=>= TI+ + "TICh”
(plus other radical—radical reactions)

the variation of absorbance with time should be represen-
table by

where « includes the effects of second-order radical-radi-
cal reactions. This form can be derived if all radical-radi-

co 20 40 60 80 100
TIME , /xsec

Figure 5. Second-order decay following growth of absorbance in
pulse radiolyzed TI(lll) sclutions: open circles, a continuation of
the data of Figure 4 (280 nm); filled circles, absorption at 290
nm from so ution containing 3.00 x 10“3 m TI(lll), 3.00 x
10“3 m total HCI. 1 m HCIO4 (in which predominant TI(III)
species is TICI2+).

cal reactions are assumed to have the same rate constant.
From Figure 5, a is found to be 1.0 x 10s sec“ 1. It is not
possible to give a detailed interpretation of a in terms of
the individual second-order processes. Knowing the mag-
nitude of a, we can now analyze Figure 4. The growth
data cannot be fit with a single exponential. The solid
curve is calculated for a very fast rise with a rate constant
of 1.4 x 10 sec- : and a slower rise with a rate constant of
5.5 x 10s sec-1. A reasonable explanation of the rapid rise
is that it is due to absorption by Cl. formed by the reac-

tions:s
oh + cr — oHecr (6)
OHd® + H+ — H.,0 + CI
ci + cr — cir
Reaction s is rate controlling under our conditions. The

free chloride concentration in this solution iss x 10-: M,
and from tine 1.4 x 10: sec:: rate constant we estimate ks
to be 2 x 10 M- : sec”“1. Jayson, Parsons, and Swallow:s
give k8 as 4 x 10. M- sec“1l. Our estimate is based
mainly on two points and the discrepancy is not serious.

The slower rise is due to reaction 5, A [T1(lll)] = 55 x
10®sec” 1, from which ks = 2x 10 M : sec” 1.

The situation is remarkably different in a TI(IIl) solu-
tion at low free chloride (1 x 10-s M) (“T1C12+") in
which the species TIC . predominates. The decay of the
absorbance after .o jisec is much slower than found in
“TICI; " solution, as shown by the lower curve of Figure 5.
The time dependence of the absorbance between : and 20
fisec (Figure &) is wavelength dependent, the absorbance
decreasing with time at 340 nm while increasing slightly
at 290 nm. Apparently s he reaction

H + "Ti1C12+" — H+ + TICK 7
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Figure 6. Growth and decay of absorbance at 290 (open cir-
cles) and 340 nm (filled circles) following pulse radiolysis of
solution containing 3.00 X 10"3 m TI(lll), 3.00 X 10" 3 ™ total
HCI, and 1 m HCIO4 (same solution as lower curve of Figure 5).
Solid curves are sums of exponential growth and decay.

produces T1Cl+ at a concentration far in excess of that
which would be in equilibrium with 10- ¢« M free chloride.
The relaxation to equilibrium
TICL+ TI2+ + cr
would lead to the observed large decrease in absorbance at
340 nm and a slight increase at 290 nm. as may be seen by
reference to the spectra of Figure 3. The rise in absorb-
ance in the first 2 iisec can be attributed to reaction 7.
The Kinetic equation developed from reactions 7 and :
predicts that the absorbance should be expressed as the
sum of a first-order growth with rate constant ~[TKIII)]
and a first-order relaxation with rate constant k T= k .i +
*ilCIl-].
A=A/l - e*3T(ml) + A,(I - e~kr) )
The solid lines in Figure s are computed on this basis
with a slight correction for the slow second-order decay
(Figure 5). The value of fe [T1(IIl)] was 1.9 x 10: sec"1,
from which iss X 10s M-: secl The value of k-i +
&i[CI"] was 1.5 X 10s secr: and [CI"] was 1 X 105 M
(calculated from solution composition and stability con-
stants of thallium(lll) chloride complexes). The stability
constant K:, 6.2 X 10: M "1, is equal to k\jk-~ so we find
k-\ = 14 x 10*sec-: and kt = 9 X 100 M- : sec"l. This
treatment ignores the fact that the chloride released in
the reaction, about 10 -5 M, is far in excess of the equilib-
rium concentration. However, because of the strong buff-
ering action of the TI(l1l), the equilibrium concentration
of free chloride would be shifted only a few per cent. On
the reasonable assumption that the complexing reaction of
the TI(II1) is diffusion controlled the relaxation of the
TI(II1) equilibrium should be essentially complete in 10 ;
sec, a period much shorter than the observation time. The
treatment also neglects reactions of the hydroxyl radical,
i.e., those with T1(l) and TI(Il) as well as recombination.
Some justification for this neglect is to be found in the
compensating character of the reactions with T1(l) and
TI(Il). We have not been able to devise a mechanism
which accounts for the qualitative difference in behavior
at 290 and 340 nm by reactions of the hydroxyl radical.
The coefficient Aj in eq s represents the limiting ab-
sorbance that would be obtained if the relaxation process
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TABLE Il: Fraction () of T1(Il) Formed as TICl+ by

Reaction of Hydrogen Atoms with TL(II) asa
Function of Chloride Concentration
Total Fraction of TI(I11) present as
[T T, [C1-],
mM mM T3+ TICI2- TiC12+ F
10.0 4.9 0.52 0.47 0.01 0.46
10.0 7.5 0.29 0.67 0.04 0.43
10.0 9.9 0.12 0.76 0.12 0.59
3.0 3.0 0.12 0.76 0.12 0.61
10.0 13.2 0.03 0.63 0.34 0.72

were very slow. It may be related to the composition of
the TI(11) produced in reaction of H with TI(111) by

A, = |Fe(TICI+)+ (1 - F)fe(Th+)/[TI(IN]

where F is the fraction of TI(ll) produced as T1Cl+. The
value of F for the “T1C12+” solution is 0.54, determined
from the values of Aaat 290 (0.176) and at 340 nm (0.188).
This solution contains 12% of the TI(IIl) as TICl. +, 12%
as TI3+, and 76% as T1C12+. Four other solutions, 10-: M
in TI(II1) and : M in total acid with varying proportions
of HCI, were examined to determine how F varies with so-
lution composition. The absorbances past the peak in the
rate curve at 340 nm were extrapolated to zero time to ap-
proximate A: values for each solution and wavelength.
The solution compositions and resulting values of F are
given in Table Il. Increase in the TICIL:" content of the
solutions causes an increase in F.

Two other thallium(lll) solutions, containing predomi-
nantly TICl. + and T1C14" species, respectively, were also
examined, but in less detail than the T.Cl.+ and TIClI:
solutions. The rate constant for reaction 9

H + TiCL+ —» H++ TI(I) 9)

was found tobe: X 109 M- 1 sec 1 and for reaction 1o

H + TICIr —* H++ TI15ll) (10)

was also found tobe: x 10s M- 1 sec"T

The rate constant for the oxidation of T1J by OH has
been determined to be 1.0 x 100 M- sec 1.1« The corre-
sponding reaction with Cl. " would be

Clf + Til) — »TKII) (ID

This reaction was studied in a solution containing deaer-
ated 3 X 10« M T1(l) and 0.99 m HCI. The absorbance
at 260 nm increased after the pulse in a first-order process
with a rate constant of 1.5 X 10® sec"1, from which feu =
5 X 10s M- sec"l. The absorbance at 340 nm, the peak
of the Cl:" spectrum, was 0.179 immediately after the
pulse and decreased to 0.157 at 2 ¢¢sec with the same rate
constant as that found at 260 nm. We associate this
change with reaction 11, so that 0.179 is the absorbance of
the ClI: " which produces TI(II) with an absorbance of
0.157 in 0.99 m HCI. The extinction coefficient of TI(Il) at
340 nm in this medium, from Figure 2, is 8450, conse-
quently we find {(Cl:") to be 8450 X 0.179/0.157 or 9600
at 340 nm. This may be compared with 8800 found by
Jayson, Parsons and Swallow.:s and 12,500 found by
Anbar and Thomas.:s

After thallium(ll) is produced in deaerated solutions
containing both T1(l) and TI(l1l), and has relaxed toward
equilibrium of its complexes with chloride, it disappears
by a second-order disproportionation reaction

2T1(1) —>» TIN) + TKI) 12)

as noted earlier in connection with the spectra and stabil-
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TABLE I11: Disproportionation

Rate Constants for TI(I1)

Free [CI"], m X 10 tkn/1 10712
0.0010 300 6.55 2.69
0.0010 380 6.21 2.44
0.0028 300 5.49 2.64
0.0028 380 5.59 2.59
0.0046 300 5.31 2.69
0.0046 380 5.61 2.74
0.0097 300 5.01 2.79
0.0097 380 5.11 2.73
0.0204 300 4.52 2.78
0.0204 380 467 2.72
0.0502 300 3.50 2.50
0.0502 380 3.95 2.53
0.100 300 3.01 2.37
0.200 300 2.65 2.36
0.400 300 1.92 1.81
0.400 390 2.83 1.85
0.400 400 3.62 1.94
0.980 300 1.97 1.85

ity constants. Values of fe: obtained from runs at various
chloride concentrations are given in Table Ill. Although
multiple pulsing had no effect on initial absorbances after
a pulse, we did note a slight increase in kst values (5-
10%) over the course of a dozen pulses. Consequently
Table Il includes only results from the first four pulses on
any sample. The rate constants are wavelength indepen-
dent and vary only slightly with chloride concentration.

Discussion

The experiments involved a wide range of chloride con-
centration, and it is appropriate to consider the reliability
of the concentration scales for total chloride and for free
chloride. The total chloride concentration was calculated
from the concentration of the standardized stock solutions
of HC1 and the volumetric dilution factors. The random
error resulting from analytical and volumetric errors was
estimated in a representative case to be about 0.5%. A
more important source of error when the concentration of
added chloride was very low is trace halide impurity in
the perchloric acid. We believe this to have been not more
than micromolar on the basis of the following consider-
ations. (i) Figure : shows that TI(Il) in perchlorate solu-
tion absorbs light only weakly in the neighborhood of 350
nm with no sign of a spectral peak. In the presence of
10- « M chloride the extinction coefficient is increased
about tenfold (more at higher wavelengths) and a peak at
340 nm is well developed. From the magnitude of Ki (6 x
10 M) and with the extreme assumption that all of the
absorbance found in this region with the perchlorate solu-
tion was in fact due to T1C1+ it follows that the free chlo-
ride must have been less than 2 x 10~s M. (ii) A perchlo-
rate stock solution 1 x 10-: M in T1(l) and : M in HC10:
was carefully examined by turbidimetric analysis employ-
ing silver nitrate. It was estimated that total [CI-] in this
solution was less than 1 x 10-s M. A least-squares analy-
sis of the data assuming 1 x 10 s M chloride impurity
gave = 6.6 x 10 M-1, a 6% increase, and negligible
change in the other stability constants. We conclude,
therefore, that no serious error in the stability constants
arises from chloride impurity.

The free chloride concentration is the difference be-
tween total chloride and that complexed by TI(Ill). The
necessary stability constant data are not available for 1 M
HCIO: medium, and we have used values for 0.5 ™
HCIO:, which are well determined.:7:s In the solutions
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used for estimating extinction coefficients and stability
constants the greatest fractional uncertainty was for a
particular solution 2.21 x 10-:; M in total chloride, 0.502
x 10-; M in TI(II), and 1.00 x 10 5 M in T1(l), for
which we calculate a free chloride concentration of 1 01 X
10_: M. A calculation with stability constants of TI(I1I)
chloride complexes in 3 M HC10: medium:: gives 0.8 X
10 : M. It seems reasonable to infer that the error in the
calculated value of free chloride concentration in this so-
lution probaoly does not exceed 10%. The effect is greater
(up to a factor of . ) with some of the solutions used to ex-
amine the reaction of H atoms with TI(IIl), in which
TI(lI1) concentration is much greater than chloride con-
centration. However, the exact value of free chloride con-
centration is not critical in these cases.

The absorption peaks near 340 nm in Figure 1 resemble
the peak in the absorption spectrum of Cl. , both in posi-
tion and in shape. The CI2- formed in our solutions reacts
with 10 s M T1(l) with a pseudo-first-order rate constant
of fen[TI(1)], or 5 X 10: sec-1. Thus the CIl2~ lifetime is
only 0.14 ¢/sec and CIl2- cannot be responsible for the
long-lived species of Figures 1and 2.

The rate constant for formation of the T1C1l+ complex
from TI12+ and CI-, fcj, was observed to be 9 x 10s M.
sec-1, which is certainly near the diffusion limit for the
reaction. It would seem reasonable to suppose that k. and
ks are also diffusion limited (about 100 M.: sec-1). With
this assumption the dissociation rate constants for T1CL
and TICI: -, k- . and fc-3, can be estimated from the sta-
bility constants to be 5 x 10: sec-: (10:0/K 2) and 10y
sec-: (10:0//C3). Consequently, the relaxation times of
these two equilibria are very short. The relaxation time of
the first equilibrium is the only one which might be long
enough to affect the results of Figures 1 and 2. Any such
effect was neglected in the treatment of the data. The
lowest chloride concentration in Figure 1 is 10.-: ™, for
which the relaxation rate constant, fe-i + ft*"ClI-1], is 1 x
10® sec-1. The time from the middle of the pulse until the
first data are collected in these experiments is 7 //sec, and
relaxation is complete within o.:.% (e~7) at the end of
that time. The data of Figure 2 extend to lower chloride
concentrations, for which relaxation effects might be more
serious. The estimate of the first stability constant is most
sensitive to data at chloride concentrations near 1/K1 1.6
x 10.5 M. The relaxation rate constant is 2.8 x 10® sec-:
at this concentration, so the equilibrium is 5% relaxed
before data collection begins and 99% relaxed before dis-
proportionation and reaction with HO: decrease the ab-
sorbance by 5%. Such errors in the first part of the curve
would lead ro a negligible error in the estimate of the ab-
sorbance of the fully relaxed solution, measured as initial
absorbance from a first order fit of data over two half-
lives.

Certain correlations appear in the stability constants
given in Table I. There is a vertical correlation between
values for TI(I1l) and T.(l1), i.e., the ratio of K\ for TI(tU)
to K\ for TI(Il) is 84, the ratio of K2's is ss and the ratio
of Kz s is 44. This correlation suggests that TI(I1) might
have a K+ of about :. Our results extend to : m CIl- and
offer no evidence for such a value, but within the accuracy
of the data, the fourch complex certainly could exist.
There is also a hint of diagonal correlation between TI(I11)
and TI(I1); that is, stability constants for similar charge
types are equal within a factor of about 3. This correlation
certainly dees not extend to T1(l) complexes.

The disproportionation rate constants given in Table
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111, determined for chloride concentrations varying from
1o 3 to + M, must contain significant contributions from
T1CR + T1Cl12> T1ClL + TIClz, T1CL + T1C13“, and
T1C13- + TIClL:-. (The Ti1Cl+ present in 10-: M ClI- is
only 30% of all TI(Il) and so contribution from T1Cl+ +
T1C1+ should be small.) Of the four reactions listed above,
only the last is a reaction between charged species. The
diffusion-limited rate constant for the others is k,,irf =
4irDR X 6.02 X 1020, where D is the diffusion coefficient
of the TI(Il) species (about 1.5 x 10-5s cm: secl) and R
is the reaction radius (about 3 A). Thus the diffusion-lim-
ited rate constant is estimated to be 3.4 X 10® M- : sec-1,
a value only slightly greater than the values of ki given
in Table Ill. The diffusion limit for TICI; - + TICl; - in 1
M ionic strength should be slightly smaller, due to charge
repulsion, and indeed ki. decreases slightly at high CI“. It
was previously suggested:: that the reaction TI2+ + TI2+
is diffusion limited, and its small value (1.9 x 10s M-
sec“ 1) is due to the fact that it is a reaction between ions
of high charge.

The observed rate constants for reaction of hydrogen
atoms with TI(IIl) in solutions containing predominantly
T1CL +, TICls, or TICU- were all 2 x 10® M-: sec“1.
Consequently the rate constants for reaction with these
individual species are also 2 x 10® M : sec1l. The con-
stant K-j, determined in a solution containing 12% TI3+,
76% T1C12+, and 12% T1C12+ was appreciable lower, s X
10s Ai-: secl. This rate constant may be expressed in
terms of those of the individual complexes as

k, = «TP+WTF+) + Kk(TICI2+)a(TICI2+) +

fo(TICI,+ )atTICI2)

where the o/s are the fractions of Tl: 1 present as the indi-
cated species, 0.12, 0.76, and 0.12 respectively, and
ft(TI13+) is 3.9 x 100 M-: sec::,1+ and fc(TICI2+) is 2 X
10® A + secl We find from the above equation that
ft(TICI2+) is5x 10®M - 1 sec” 1.

The order of reactivities of these complexes with hydro-
gen atoms, felTICU) ~ ~(TICIls) ~ fe(TICI2f) >
(e(TICI2+) 3> fe(TI3+), is parallel to the order of reactivity
of ferric chloride complexes with hydrogen atoms::.
&(FeCl2T) > fc(FeCl2+) 2> k(Fe3+). It is also known that
(e(FEOH2+) : > &(Fes +).20 Such orders of reactivity are not
expected from free-energy considerations;.: that is, if a
reactant is stabilized by complexing to a greater extent
than the product, the rate constant of a reaction involving
the complex should be smaller, not larger, than the simi-
lar reaction with the uncomplexed substance. Electron
transfer reactions involving H might be expected to be
slow, in spite of the usually large free-energy changes
available, because serious rearrangement of the reactants
is required to realize the free-energy change; that is, the
reaction product Hg04+ is much different from the start-
ing material, H + 4H.0. The presence of chloride or other
ligand offers a new pathway for the reaction, ligand ab-
straction, which involves little immediate reorganization
of the water, for instance

H + TICl>+ — TF+ + HC1 (13)

If chlorine abstraction takes place, the product TI(Il)
should be the aquo form, TI2+. Data on this point may be
obtained from Table Il. The fraction, F, of TI(Il) formed
as T1Cl1+ from hydrogen atom reduction of mixtures of
T1C12+ and T1C12+ is seen to be always less than unity,
but increases with increasing «(T1C12+). The fraction, fit
of reactions of hydrogen atoms with TIIlI1) which are with
T1C12t in any solution is
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I'y = MTICI2H)a<TICI2+)/[E(T I3Ha(TP+)' +
le(TICI2H)a(TICI2+) + 6(TI2)a<TICI2+)]
(and there is a similar equation for f2, reaction with

T1C12+). If F\ and F2 are the fraction of reactions of H
with T1C12+ and T1C12+ which yield T1C1l+ as a product,
then

F =

FIfl + Fo2f2

The values of Fi and F2, determined from the data of
Table 11, are 0.4 and 0.9 with estimated errors of £0.1. F:
is expected to be 1, because even if the initial TI(1l1) prod-
uct of the reaction was T1C12 it would relax to T1Cl+ in
about 10“ 7 sec, as mentioned earlier in the Discussion.

Fi might be expected to be zero on the basis of reaction
13, but this is clearly impossible. The HC1 will dissociate
very rapidly, since HC1 is a strong acid, before the HC1
and TI2+ have diffused very far apart. There is a high
probability that the chloride ion will then react with the
TI2+ to form T1C1+. Monchick22 gives the probability of
such reaction to be approximately R/r where R is the sep-
aration of TI12+ and CI* when they react and r is the sepa-
ration at the time the CI“ is formed by ionization of HC1.
If, in our case, the entire 40% of TI(Il) produced as T1C1+
is attributed to this process, then r is 7.5 A, if R is as-
sumed to be about 3 A. In other words, the HC1 diffuses
about 4.5 A before dissociating. The lifetime of the HC1
may be found from r. = ADt. The diffusion constant will
be about 3 x 10“5cm2sec A and so t is about 10“ 11 sec,
or the rate constant for dissociation of HC1 is 1011 sec*“ 1.
The recombination rate constant for H+ and CI“ will be
1010 M 1seclor less, so that we estimate the pk of HC1
tobe -1 or less.

Hogfeldt23 estimates the pk of HC1 to be between —1
and -2.6, based on Hammet acidity function measure-
ments and nmr measurements. (Bell24 gives values of —6
to —7, based on vapor pressure studies.) We conclude that
our results are entirely consistent with the ligand abstrac-
tion mechanism for hydrogen atom reactions.
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Free radicals formed by y irradiation of polyvinylpyridines in bulk or in glassy solutions have been iden-
tified by electron spin resonance. In neutral alcoholic solutions, pyridinyl radicals produced by hydrogen
addition to nitrogen are selectively formed. Analysis of esr spectra shows that the methine proton of the
chain is located in the plane of the pyridyl ring. When tnese polymers are irradiated in glassy concen-
trated hydrochloric acid, the nitrogens being protonated, hydrogen atom addition occurs to a ring carbon
with formation of an azacyclohexadienyl radical. Likewise vinylpyridinyl and methylazabenzyl radicals
are formed when vinylpyridine monomers are irradiated in neutral and acidic matrices, respectively. The
hyperfine coupling parameters determined from these radicals formed in specific conditions allowed the
assignment of the spectra of bulk irradiated polymers to pyridyl and pyridinyl radicals.

l. Introduction

One of the main problems in the study of the radiolytic
degradation or reticulation of polymers is the identifica-
tion of the radicals formed under irradiation.

Vinyl polymers with aromatic side groups can give radi-
cals from addition or abstraction of hydrogen or even ions
radicals, stable at low temperatures. The esr spectra re-
corded after radiolysis of such polymers may be quite
complex and it is sometimes difficult to identify unambig-
uously the different radicals formed.

A convenient approach to this problem is to produce se-
lectively, under different experimental conditions, the
radicals expected to be formed by radiolysis. Their char-
acteristic esr spectrum may be then useful for the assign-
ment of the spectra of the irradiated polymer. In the case
of polystyrene, for example, the cyclohexadienyl radical
produced under irradiation by hydrogen addition to the :
carbon of the ring has been identified by comparison of its
esr spectrum with that of the radical formed selectively by
reaction of hydrogen atoms on polystyrene fluffs in a gas
flow 33

Several radicals may be expected to be formed under y
irradiation of polyvinylpyridines (PVP): pyridinyl or aza-
cyclohexadienyl radicals by addition of hydrogen to the
ring, azabenzyl or pyridyl radicals by hydrogen abstrac-
tion on the « carbon of the chain or the ring, respectively.
The formation of radical cations has also been suggest-
ed,3 but it may be ruled out, considering more recent
works on pyridine itself::

In order to identify the esr spectra of PVP irradiated in
bulk, the above mentioned radicals were selectively gener-
ated by ; irradiation of the polymers in several glassy so-
lutions at 77°K. In some cases, related radicals were also
obtained from small molecules such as vinyl- or alkvipyri-
dines.

11. Experimental Section

Most of our experiments have been carried out on
chemically synthetized polymers. lIsotactic P2VP was ob-
tained by polymerization initiated by phenylmagnesium
bromide.4b Atactic P2VP and P4VP were prepared by free
radical polymerization initiated by azobisisobutyronitrile.

Esr experiments were performed at 9200-9300 MHz
using Strand Labs 601 BX and Varian V 4502-9 esr spec-
trometers. The samples were degassed and sealed in
quartz tubes, then y irradiated at 77°K with 10 kCi 60Co
source (doses of 1-2 Mrads).

Measurement were carried out first at 77°K, then at
variable temperature. Sometimes samples were examined
again at 77°K, after annealing, to check whether the
changes observed with temperature are reversible or not.

111. Analysis of the Esr Spectra

In most cases the esr spectra of radicals from polyvinyl-
pyridines were poorly resolved and the hyperfine coupling
constants were deduced from the overall width and second
moments of the spectra ;s then verified by computer simu-
lation. The coupling constants which could not have been
obtained by these ways were estimated from spin densities
calculations. These parameters were then slightly modi-
fied until a reasonable agreement between calculated and
experimental spectra was reached.

For the heterocyclic radicals under study the overall
width of the spectrum is

AH = 2AX + X/h" d>

where ANm is the axial component of the nitrogen coupling
tensor and a,H the coupling constant of proton i. AH is
measured between the apex of the outermost lines of the
experimental spectrum (first derivative of absorption).
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TABLE I: Characteristics of the Esr Spectra of Polymers Irradiated in Bulk

Isotactic P2VP

Polymer
spectrum Triplet Singlet
Proportion, % 18 82
Total width, G 72- 506
Second moments, G2 (with 1206
respect tog = 2.0032) 500"
141"

° At 123°K. 6 At 243°K.

The contribution of the hyperfine coupling to the second
moment M 2of an esr spectrum is5

(AH \ t 1iu (2)
AU is the principal component of the coupling tensor of
nucleus i along axis u and S; is a constant. S, = V for/ =
i2 (proton), si = % when . - . (nitrogen, deuteron), n; is
the number of equivalent nuclei.

The contribution of the line width is A24, where A the
distance between points of maximum and minimum slope
of a gaussian line. It is evaluated by optimization of the
calculated spectrum compared to the experimenta, one.
Usually A2/4 < 6 G2.

The contribution of the anisotropy of the g tensor is6

AH®% = ~"[g2 +

<2+ 1t |GG + M- + ©)
Ho is the value of the magnetic field with respect to which
the second moment is calculated and go the corresponding
g value, tx, (y, and tz are gu/go ~ 1 where gu is the princi-
pal component of the g tensor along an axis x, y, or z. In
the present case Ho = 3280 G and go = 2.0032 whic.n cor-
responds to the acridine coal reference sample.

Among radicals studied here, pyridinyl radicals may be
assumed to have the largest g anisotropy, on account of
the relatively large spin density on nitrogen.

Assuming for the sake of simplicity that g is axially
symmetric, g will be the smallest principal component of
the tensor, perpendicular to the plane of the ring.7g is
given by the average position of the two outermost lines of
the spectrum, with respect to Ho- The gL component can-
not be measured directly from line positions. We have
therefore determined the isotropic value of g, giso, from
the first moment of the spectrum with respect to H 06

M\ = ~H o(giso/go - 1) 4)

For the values of Ho and go given above it is found for
P2VP and P4VP pyridinyl radicals that m: = -0.83 %
0.01 G and therefore that giso = 2.0037 + 0 0o002.g being
equal to 2.0033 = 0.0002, we get gz = ;(3giso —¢ ) =
2.0044 + 0.0002. Relation 3 gives (AH2)a = 1.7 G2.

It may be therefore expected that the contribution of g
anisotropy will not exceed 2 G: for most of the free radi-
cals under study. The uncertainty on the experimental
value of the second moment is about 5%, and the contri-
bution of the g tensor anisotropy may be therefore ne-
glected.

The main contribution to the second moment of the
spectra of irradiated PVP is thus the hyperfine coupling of
the protons and of the nitrogen. The coupling of « protons
bonded to carbons adjacent to the conjugated system is

TreJourdl of Physical Chenistry. \d. 78 Na Q 1974

Atactic P2VP P4VP
Triplet Singlet Triplet Singlet
26 74 24 76
72" 506 2
120" Iw
500" 530"
137 120

nearly isotropic as in the case of aliphatic /I protons,8 and
their individual contribution to M2 will be a2/4. On the
other hand, the anisotropy of the coupling of a protons
directly bonded to the conjugated system has to be taken
into account for the calculation of the theoretical values of
M 2 as well as for the simulation of esr spectra.

For the a proton of a -CH- fragment we have chosen
the following principal values9 of the coupling tensor: A XH
~ aH along the axis of the 2p ir orbital of the adjacent
carbon, Aju ~ 0.5an along the C-H bond, and AW H =
1.5aHperpendicular to the xz plane.

For a N-H fragment, we have taken likewisel0 A XH -~
aHAzH= 0.4aHAVH = 1.6al(.

According to eq 2, the contribution of (aCnH)2/4 and
(Qnhh)2/4 to M. must be weighted by a factor 1.17 and
1.23, respectively.

Spin densities were calculated by the method of
McLachlan.11 The coulomb a = <o + h(3 and resonance ;3
= kjjfjo integrals, used in the preliminary HMO calcula-
tion, are given in the literature.12 They are listed under
each of the tables giving the spin densities. Unless other-
wise specified h = 0 and kjj = 1. The parameter A of the
interatomic exchange integral was taken equal to 1.1.13

The coupling constants (in gauss) are related to spin
densities by the following equations

«n," = QchV (5)
with -25 G < Q(Hh < -28 GM4
oN= 28pN (6)
for asp2hybridized nitrogen
-32pPy (7)

The angular dependence of the coupling of n protons is
given by the relations14-15

«n,h =

a,H = 58pc cos2 s
(8)
nJ1= 55pN cos2 s
where s is the angle between plane H-C-C or H-C-N and
the axis of the orbital of the unpaired electron, centered
on a carbon or nitrogen of the conjugated system.

The computer simulation of the spectra was carried out
using the program of Lefebvre and Maruani.6 The anisot-
ropy of the coupling of a protons was taken into account
by using the principal values quoted above. The relative
orientation of the tensors was deduced from the assumed
geometry of the radicals. The nitrogen coupling tensor was
supposed axially symmetric around the direction perpen-
dicular to the plane of the ring. We took usually AN /AX
=55.

I1V. Results and Discussion

1. Irradiation of Polymers in Bulk. At 77°K, before an-
nealing, the spectra of irradiated P2VP and P4VP are
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TABLE II: Total Width and Second Moments in Pyridinyl Radicals

Compound Solvent Temp, °K Total width, G Second moment, G2
2-Vinylpyridine (2VP) cXH 5od 9% 44 97
c,hoh 96 49 114
4-Vinylpyridine (4VP) c:dé d 9% 42 93
CAH®OH % 47 101
Isotactic or atactic P2VP CH;OD + 10% D,0 105 44 90
C:H;OH 105 50 115
P4VvVP cddd + 10% dd 105 38 72
chSoh 105 45 97
Pyridine“ c 2 50D 105 52 116
C:H®OH 105 59 140

“ From ref 14.

Figure 1. Esr spectra of polyvinylpyridines irradiated at 77°K: (Z,
4) atactic P2VP; (2, 5) isotactic P2VP; (3, 6) P4VP. The spec-
tra 1, 2, and 3 are recorded at 123°K, the spectra 4, 5, and 6,
at 243°K. The dotted lines correspond to the difference between
the spectra initially recorded at 123°K (upper line) and the
spectra obtained at this temperature after warming at 243°K.
Vertical arrows: g = 2.0032.

triplets with a predominent central line. These spectra
appear to be formed by the superposition of the signals of
two radicals. The side peaks disappear either by uv pho-
tolysis (250-300 nm), with a decrease in the overall con-
centration of radicals, or by warming at 180°K. The spec-
trum of the remaining radicals can be observed up to
350°K. For P4VP it is a wide structureless band, but for
P2VP, the hyperfine structure, although poorly resolved,
allows its assignment as it will be shown below. No differ-
ences were observed between the spectra of atactic and
isotactic P2VP.

Let us denote as A the part of the spectrum disappear-
ing at 180°K (triplet) and B the spectrum remaining at
room temperature. The relative contributions of A and B
have been determined on spectra recorded at 123°K by
substracting from the spectra of samples kept at this tem-
perature, that of samples annealed 12 mn at 225°K and
then cooled to 123°K. Table I gives some characteristics of
spectra A and B and their relative intensities.

From the structure of these spectra, it may be conclud-
ed that they do not correspond to alkyl radicals such as

— CH— CH—CH—

Py Pv

On the other hand, as mentioned above, we have to
consider the possible formation, under irradiation, of aza-
benzyl, pyridyl, pvridinyl, or azacyclohexadienyl radicals.
Only the pyridyl radicals, which are very reactive, cannot
be obtained separately from the polymers. In the case of
pyridine itself, it has only been obtained at 4°K in an
argon matrix.16

Figure 2. Es' spectra of pyridinyl radicals trapped in alcohol
matrices: (1 and 2) P4VP in C2H50I-1 and CDsOD, respectively
(T = 105°K); (3 and 4) computed spectra corresponding re-
spectively to ' and 2 (see Table Ill). Vertical arrow g = 2.0032.

2. Selective Formation of the Radicals from PVP. (a)
Pyridinyl Type Radicals. These radicals are derived from
PVP by addition of hydrogen atom to the nitrogen of a
pyridine ring. As for pyridine,14 they are formed by irra-
diation of "die polymer in alcoholic glassy matrices at
77°K.

Pyridinyl radicals results from electron capture followed
by protonation of the radical anion as shown by the disap-
pearance of the signal of the solvated electron normally
observed in irradiated glassy alcohol.

H

The coupling constants of the hydrogen bonded to ni-
trogen, and indirectly that of nitrogen (eq 6 and 7). are
given by the difference in width of the spectra of the radi-
cals formed in protonated and deuterated matrices. The
other coupling constants have been deduced from the
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TABLE IIl: Spin Densities and Coupling Constants in Polyvinylpyridinyl Radicals

Coupling constants, G

Free radical Exptl values
—fCH— CH.+— aH = 6
[ . 1 Qs = 5.5
J*>NH An| = 12.5
Ani = 2.7
2
P2VP 3
4 an = 12
5
6 aH = 5
—+CH—CHd— 1 &h 7.0
A4 on = 6.5
AN| = 14.5
AnX = 2.7
H 2 and 6 hh = 6
P4VP 3 and 5
4

aFrom theoretical spin densities calculated with h(CZor h(Ci) =

overall width and second moment of the spectra (Table
11).

The case of P4AVP ; irradiated in ethanol matrix will
now be discussed in detail. After disappearance of the sol-
vent radical by warming at ~120°K, a spectrum with an
overall width +H U = 45 G or \Hn = 38 G is observed, de-
pending whether the matrix is C2H50H or C2D20D,
therefore aNHH = A//H- A//D = 7 G. Relation 7 gives pN
= 0.22, aN= 6.2 G, then ANt = 25 G, AN 13.7 G. The
second moment of the spectrum of the P4VP pyridinyl
radical is 72 G. with a contribution of 44 G. from nitrogen
coupling and 5 G: from line width (X ~ 4.5 G).

Neglecting the contribution of protons 3 and 5 which is
expected to be low (see Table Ill), that of proton 2 and s
and of the a proton of the chain will be (relation 2 )

The contribution of these protons to the overall width of
the spectrum is

2an.B + Oh' = 11 G (10)

relations 9 and 10 giveo2 sH=5.1G, aH' =05 G.

The computer simulation of the spectra (Figure 2) gives
the best agreement for aH s = 55 G, aM = 0.0 G. Taking
Qchh = -28 G, we find p2.e = 0.19 G and therefore p:
l-2p2.s —pn = 0.4 in agreement with calculated spin den-
sities (Table IH).

The spin density on carbon 4 is large enough to assume
from the small coupling of the tv proton of the chain (c.o
< aH < 0.8 G) that it is located in the plane of the pyridyl
ring, whose orientation is thus well defined, with respect
to the chain.

The hvperfine coupling constants of the 2-polyvinylpvri-
dinyl radical, which has no symmetry axis, cannot be de-
duced by such a straightforward manner from the width
and second moment of its spectrum (Figure 3).

Assuming that the a proton of the chain is located in
the plane of the adjacent ring (aHa ™ o), it has been
found by computer simulation of the spectra and spin
densities calculated that aNHH = s G, aN= 55 G (AN
125 G,Anx = 24 G), adH= :» G, abH= 5G, and asHand
abH< 1G.
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—0.05, /i(*NH+) =

values irom
simulated

Spin densities

spectra Caled'1l Exptl Caled
an = —6.5 aa = —6.96 0.19 0.217
on =6.0 ax = 6.09
An|| = 13.5 AN|| = 13.5
Am = 2.7 AnX =2.4
0.217
an — 1.48 -0.053
gh = —12 an = —12.2 0.43 0.436
oh = 2.04 -0.073
oh = —6 a, = -7.17 0.18 0.256
aH = —7.5 Oh = —7.08
on = 7.0 a\- = 6.19
ANl = 145 An| = 13.7 0.22 0.221
AnX =2.7 AnX = 2.4
oh = —5.5 an = —6.83 0.21 0.244
(in — 2.00 -0.071
0.433

1.2, A(C-N) = 1.

Figure 3. Esr spectra of poly-2-vinylpyridinyl radicals at 105°K:
(1) C2H50H matrix, (2) cbp3oDp matrix, (3 and 4)
spectra corresponding respectively to 1 and 2 (see Table Ill).

computed

It may be pointed out as expected, that the spin densi-
ties and coupling constants of PVP pyridinyl radicals are
very close to that found previously for the pyridinyl radi-
cal trapped in an alcohol glassy matrix.i:

When 2- and 4-vinylpyridines are ; irradiated in alcohol
matrices, it could be expected by analogy with styrene:;
that an azabenzvl type radical should be formed by addi-
tion of a hydrogen atom to a vinyl double bond. The cou-
pling constant of the added proton, of the order of 6-7 G,
is however more consistent with its attachment to the ring
nitrogen.

This point has been confirmed by the calculation of
spin densities and the computer simulation of the spectra
from optimized coupling parameters and relative orienta-
tion of the tensors deduced from the most likely geometry
of vinylpyridinyl type radicals (see Table 1V).

The 2-vinylpyridinyl radical has two stereoisomers de-
pending upon the orientation of the vinyl double bond
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TABLE IV: Spin Densities and Coupling Constants in Vinylpyridinyl Radicals

Coupling constants, G

Values from Spin densities

903

simulated
Free radical Exptl values spectra Calcd® Exptl Calcd
CH, i «h = 5.0 Anh = -5.5 an = —5.55 0.17 0.174
'\(/lh en = 4.8 bn = 4.8 cin — 4.87
An| = 11.0 An| = 11.0 AN| = 11.5
AN H Anl = 2.0 Anl = 2.0 Anl — 2.2
KA « 2 0.250
5 3 oh = 2 an — 2.26 -0.081
4 @ = —6 on = —6.27 0.224
5 @ = —1 an = -0.75 0.027
6 oH = —2 an = -1.79 0.064
7 au = 0.53 -0.019
8 an = —9.5 civ = —10 0.360
CH2 1 (H = 5 h = —5.5 an = —4.8 0.17 0.150
%H @ = 4.8 bn = 4.8 @ = 4.2
An| =11 An| = An| =9.3
A, Anl = 2 Anl = 2.0 Anl = 1.7
AOJm 2 an = —2.5 ait = —2.72 0.097
N 3 an = -0.73 0.026
4 0.280
5 an = 0.50 -0.018
6 an = —5 an = -4.17 0.149
7 oH = 0.1 -0.004
8 an = —9.5 an = —10.5 0.376
aFrom theoretical spin densities calculated with h(CS: 0.17 (4-vinylpyridinyl) = 1.2,¢(C:—CZor k(Ci-Ci) — 0.8.

Figure 4. Spectra of 2 vinylpyridinyl radicals: spectra 1 and 2
correspond to radicals trapped at 96°K in c2p50D and c2H50H,
respectively; spectra 3-6 are computed from data of Table IV for
the two possible planar stereoisomers (3 and 4 stereoisomer |Il,
5 and 6 stereoisomer |, see text).

with respect to the ring. The comparison of the experi-
mental spectrum with those calculated for these two
forms shows clearly that the stereocisomer Il is predomi-
nant (Figure 4)17a. Both stereoisomers of the 2-vinylpyridin-

Fé;ure 5. Spectra of 4-vinylpyridinyl radicals: (1) 96°K In
C2HD50H matrix; (2) 96°K, CZDJOD matrix; (3) computed spec-
trum corresponding to 2.

yl radical show the same spin density distribution and there-
fore have esr spectra of same width and second moment.

/ hh
le y\iT PnL/JYl H
T f"
H 1 |
1
H H H r

The structural differences between their spectra can be
only explained by an effect of the relative orientation of
the coupling tensors of protons 1 and 8. The spectra of
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Figure 6. Spectra of 4-azacyclohexadienyl radical from P2VP:
(1) 105°K, HCI-H20 matrix; (2) 105°K DCI-D20 matrix; spectra
3 and 4 are computed from data of Table VI (column 4); spec-

trum 4 results from the superposition of the spectra obtained for
the two sets of coupling constants of the -CHD- group denoted
I'and 11 in this table.

Figure 7. Spectra of 2-azacyclohexadienyl radical from P4VP:
(1) 105°K, HCI-H20 matrix; (2) 105°K DCI-D20 matrix:
3 and 4 are the corresponding
VIl
count.

spectra
spectra (see Table
The nonequivalence of methylene proton is taken into ac-

computed

Spectrum 4 results from the superposition of the spectra

corresponding to the two possible stereoisomers. In parentheses

are the second moments of the spectra.

radicals | and Il become actually similar when proton 1 is
substituted by a deuteron.

A similar effect has been already reported for randomly
oriented allyl type radicals.:s It may be applied to the
identification of cis and trans isomers of such radicals.

(b) Azacyclohexadienyl Type Radicals. To avoid the
formation of pyridinyl radicals by hydrogen addition to
nitrogen, it is necessary to protonate pyridine in acidic
medium. Thus the : radiolysis at 77°K of pyridine in a
glassy matrix of concentrated hydrochloric acid (8-12 m)
gives rise to azacyclohexadienyl radicals by addition of a
hydrogen atom to acarbon.is 20

When P2VP and P4VP are irradiated under these con-
ditions, we observe a spectrum, whose main hyperfine
structure is a triplet if the matrix is protonated, or a dou-
blet in the case of a deuterated matrix. The splitting of
50-60 G is actually characteristic of the coupling of a
methylene proton of a cyclohexadienyl type radical:: 2.
(Figuress and 7).

The overall width of the spectra of azacyclohexadienyl
radicals derived from P2VP or P4VP is

AHh = 2AK|+ oxhh + 2adH+ 2arH" + a,"” (11)

For the same radicals formed in a deuterated matrix the
width will be
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TABLE V: Total Width of Spectra and Coupling
Constants of Methylene Protons of
Azacyclohexadienyl Radicals from PVP

Substrate Aifuci, G ah0112, G AHdci, G ant HD, G
Isotactic or
atactic P2VP 192 122 136 60
P4VvP 155 100 110 46
AT/d 2An]l + AaGH + 2aGID + aGH + au' (12)

where . aCHH is the sum of the coupling constants of pro-
tons attached to sp: carbons. The values of AH h and Ai/D
for both polymers are given in Table V.

The apparent value of oCHdh is slightly different from
aCH2H- Moreover Figures ¢ and 7 show that the structure
of the central peak of the triplet of azacyclohexadienyl
radicals is not the same as for the side bands. These two
facts suggest that the two protons of the methylene groups
are not equivalent, as will be shown later.

There is an obvious analogy between the esr spectrum
of P2VP : radiolyzed in an acidic matrix:s and that of the
4-azacyclohexadienyl radical derived from pyridine. The
coupling of the a proton of the macromolecular chain at-
tached to the : carbon of the ring is unresolved on ac-
count of the small spin density at this point (see Figure s
and Table VI). For the same reason the coupling of the
proton directly bonded to C: is not observed in the case of
pyridine.

In the case of P4VP, the hydrogen addition may occur
on C: or C3. Addition to carbon 4 may be ruled out since
the esr spectrum is a triplet. The calculations of spin den-
sities and the computer simulation of the spectrum show
clearly that the radical observed is the :-azacvclohexadi-
enyl radical (Figure 7. Table VI).

The coupling constants of the methylene protons of aza-
cyclohexadienyl radicals derived from P2VP and P4VP
have been deduced from the spin densities on carbon or
nitrogen atoms adjacent to this group, using the relation:s

aVH» = Q(puz + Pi/2)2 €COS2 9 (13)

with @ = 58 G for -CH:- in positions 3 and 4 (two adja-
cent carbons) and Q' = (58 + 55)/2 = 56.5 G in position 2
(-CH: - adjacent to nitrogen and carbon 3).

The nonequivalence of the two hydrogen atoms of the
methylene group, which is not observed in the case of the
cyclohexadienyl radical, is probably related to a slight
distortion of the ring due to the presence of nitrogen. It
can be easily seen that each of the azacyclohexadienyl
radicals derived from the PVP has two stereoisomers giv-
ing the same esr spectrum in the case of fully protonated
radicals, and four stereoisomers, forming two pairs of
magnetically equivalent radicals, when the methylene
group is monodeuterated (Figure :). The different cou-
pling constants of the protons or deuterons of the methy-
lene group have been determined by successive approxi-
mations in the search for the best agreement between ex-
perimental and simulated spectra (Table VI).

Finally it may be noted that the spin densities for the
azacyclohexadienyl radicals protonated on the nitrogen
are almost the same as those calculated for their neutral
form, which have not been observed under our experimen-
tal conditions.

(c)
P2VP and P4VP are not selectively formed by : irradia-
tion of the polymers, however, it cannot be excluded that

Azabenzyl Type Radicals. Azabenzyl radicals from
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TABLE VI: Coupling Constants and Spin Densities of Azacyclohexadienyl Radicals from Polyvinylpyridines

Spin densities

Coupling constants, G

Free radicals Aa Bb Aa Bh
—fCH— CHo)— 1 0.217 0.22 aii = —6.7 on = -1
N=- 6.0 on = 6.1
AN| - 132 axpi o= 13
Ani. - 2.4 An] = 2.7
2 (C) -0.028 an - 50.5C an- 475 a, = 8.3 (I)
(H2 o0.101 aD- 3.T an' - 52548, =76 (1
2-azacyclohex- 3 0.385 0.43 an - — 11 an - 12
adienyl 4 -0.056
5 0.318 0.32 an - -9 an-= -9
6 0.065 0.10 an = 2.6 an- -3
_fCH— CHv)— 1 0.293 0.31 aH-= _— 10 an-= -10
ax = s.s aN- 9.3
An] - 195 ANJ] = 20
0.054 ANk = 3.5 anl = 4
4- lohex- 2 -V.
ad?éﬁ;}lco &3 0.365 0.357 an - —10.3 an - 10
4 ((C) -0.030 an - 63,5r an- 60an =9.8 (I)
y (H,) 0.115 an - 10.% aw - 62a, - 9.4 (I
5 0.365 0.321 an = —10.3 an= -9
6 -0.054 -0.07 an = 1.5 an = 2
1 -0.20 an = 3.8
on = —3.4
2 0.378 an = —10.6
3 (C) -0.034 an = 54.3r
3-azacyclohex- (H.) 0.118
adienyl 4 0.406 an = —114
5 -0.135 an —3.8
6 0.388 an = —10.9
n From spin densities calculated with h(*C(H>)) = 0.1, fifC(*H.)) — 0.5, k{*N1+) = 11 (or/i(—N —) = 0.8 see text). fc(C-CH”"i — (CH--*NH) —
0.8, A(C=(H-)) = 2.5. bFrom simulation of esr spectra. ' Calculated from relation 13 with 0 = 60 and 120°.

Figure 8. Conformational isomerism of 4-azacyclohexadienyl
radical from P2VP due to the nonequivalence of methylene pro-
tons. Isomers | and I', Il and III', and II' and Il and magneti-
cally equivalent. A similar figure could be given for 2-azacyclo-
hexadienyl radical from P4VP.

they are formed together with other radicals since the re-
corded spectra correspond to several superimposed signals
(Figure 1).

The hyperfine structure of the spectra of azabenzyl rad-
icals from these polymers cannot be predicted since many
conformations seem possible, according to the orientation
of C/i-H/j bond of the chain, with respect to the axis of the
2p w unpaired electron orbital on the a carbon. We have
however determined the characteristic hyperfine coupling
parameters of such radicals, from the esr spectra of
methylazabenzyl radicals produced by hydrogen addition
to the vinyl double bond of the monomers.

In order to avoid the hydrogen atom addition to the ni-
trogen, 2VP and 4VP monomers have been irradiated in

glassy hydrochloric acid (~9 M) at 77°K. The nitrogen
being protonated, hydrogen addition occurs as expected
on the vinyl double bond, giving a radical such as

MO calculations show that the protonation of nitrogen in-
troduces only a small change in the spin density distribu-
tion.

The difference between the overall width of the esr
spectra of methyl-2- or -4-azabenzyl radicals formed in
HCI-H. O matrix or DCI--D. O matrix gives aHVe = 19 G, 5,
= 0.65 and therefore 15 < aHh < 18 G (relations 5 and 8).
The nonequivalence of aHVe and oH‘ coupling constants is
masked by the line width so that binomial quintets or
quartets are observed in the case of protonated and deu-
terated matrices, respectively (Figures 9 and 10). Charact-
eristic triplets of growing chain radicals such as

+

due to the acdition of methyl azabenzyl radical to mono-
mer molecules are also observed on warming above 140°K
(see Figure 9, spectra 3 and 6).

The hyperfine structure due to the ring protons of aza-
benzyl radicals has been analyzed on the much more re-
solved spectra of methyl-4-azabenzyl radicals from y irra-
diated ethylpyridines in glassy acidic matrices, after elim-
ination by warming of the azacyclohexadienyl radicals
formed simultaneously (Figure 10). Table VII shows the
results relative to methyl-4-azabenzyl radicals.

The coupling constants thus determined fcr an azaben-
zyl type radical allow an estimation to be made of the
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TABLE VII: Spin Densities and Coupling Constants in Protonated Methyl-4-azabenzyl Radical

Position 1 2and 6 3and5 4 7

Exptl coupling constants, G “An|| = 9.4 acnu =15.5
Anl = 1.6 an = 4.7
an = 4.2 acniH = 19.0
a,NH = 4.7

Spin densities 0.15 0.17 0.65

Calcd

Spin densities1 0.138 0.000 0.145 -0.027 0.601

_°\21\(/Jith/!(C‘0 = 0.2, A*CHi) = -0.1, AC(*Ha)) = -0.5, ANHH) = 1.2(orA(-N=) = 08 seetext), *(C»C) = 11, ACeCj) = 0.76,1{(SH.)

width and second moment of similar radicals from PVP,
provided that the conformation of the chain at the vicini-
ty of the a proton is known.

For that purpose, we have performed INDO calcula-
tions24 to find the most stable conformation of the radical

The corresponding energy minimum is obtained for di-
hedral angles (see above) ¢+ = 60 and 120° giving OdH =
9.5 G (relation 8). It may be easily calculated from rela-
tions 1 and 2 that the esr spectrum of such a radical, in
that conformation, should have an overall width of 62 G
and a second moment of 120 G2. Very similar results have
been found for the corresponding azabenzyl radical from
P2VP.

V. Conclusion

It now becomes possible, taking into account the data
assembled for all the radicals under study, to assign
more safely the esr spectra of P2VP and P4VP irra-
diated in bulk (see Figure 1).

The total width of these spectra is clearly not consistent
with the presence of azacyclohexadienyl type radicals,
which could explain the triplet structure. For both poly-
vinylpyridines, this triplet may be assigned to the corre-
sponding 2-pyridyl radical: its overall width is 74 G and
its second moment, 600 G2, very close therefore to the cor-
responding values derived on the 2-pyridyl radical itself,
from the data of Kasai and McLeod.16

It has been shown16 that this last radical may be photo-
lyzed at 4°K in an argon matrix to give a vinyl type radi-
cal. Such a radical has not been observed in the present
work although the triplet assigned to the pyridyl radical
disappears under photolysis subsequent to y irradiation.

The photolysis of the pyridyl radicals from P2VP and
P4VP induces a decrease in the total concentration of rad-
icals. It seems likely that this effect is related to the pho-
toionization of pyridyl radicals followed by the scavenging
of the released electrons by any radicals trapped in the
polymer, giving a diamagnetic ion

e + R — » R 1(diamagnetic)
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Figure 9. variation with temperature of the esr spectra of 2-
vinylpyridine on HCI-H20 matrix (spectra 1-3) and DCI-D20
matrix (spectra 4-6): (1 and 4) 77°K before warming; (2 and 5)
105°K after warming at 140°K; (3 and 6) 105°K after warming
at 145°K. Spectra 1 and 4 are partially superimposed to that of
ciz-.

The local concentration of free radicals trapped iny ir-
radiated polymers is known to be larger (1018-1019 radi-
cals ml-1)25 than the average concentration of 101T 1018
radicals obtained in usual irradiation conditions. Further-
more the electron affinity of a free radical is generally
larger than that of the parent diamagnetic compound
(see, for example, ref 26).

The narrowest component of the esr spectrum of PVP
irradiated in bulk (Figure 1) may be assigned either to a
pyridinyl type radical formed by hydrogen addition, or to
an azabenzyl type radical produced by hydrogen abstrac-
tion on the « carbon of the aliphatic chain. The most
probable conformation of this last radical (see above)
gives about the same width and second moment as for py-
ridinyl radicals. However the resolution of the spectrum of
the radical from P2VP becomes sufficient above 150°K to
assign it unambiguously to a pyridinyl radical. It is there-
fore reasonable to assume that this radical is formed in
the case of P4VP as well.
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The Influence of True Chemical Equilibrium on the Viscosity-Mobility Product of

Electrolytes

Paul Hemmes

Department of Chemistry, Rutgers University, Newark, New Jersey 07102 (Received November 9. 1973)

Equations have been derived which relate the Walden product of ionic mobility and solvent viscosity to
the solvent composition in mixed solvents. It is assumed that a true chemical reaction occurs between
the ion and the components of the solvent. In certain cases, the Walden product will exhibit maxima or
minima as a function of composition. The results cannot be used for the evaluation of the equilibrium

constant for the chemical process.

The product of the ionic mobility and the solvent vis-
cosity (hereafter called the Walden productl) has long
been used as a measure of ion-solvent interactions. Since
the mobility at infinite dilution is usually measurable, the
Walden product is independent of ion-ion interactions. It
is well known that classical theories of electrolytes are
grossly naive with regard to the model used for the sol-

vent. In the most elementary treatment it is easy to show
that the continuum solvent model leads to the prediction
that Walden’s product is a constant. Theoretical refine-
ments by Zwanzig2 have improved upon the elementary
model by incorporating dynamic features of the solvent
molecules into the theory. The influence of true chemical
equilibrium has not previously been considered quantita-
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tively. Qualitatively it is expected that chemical equilibri-
um will cause major deviations of Walden’s product from
a constant value. This prediction will now be examined.
All subsequent discussion will deal with mixed solvents.
Considerations of the influence of ionic isomerizations and
change of coordination number in a pure solvent must
await the refinement of the theoretical treatment of ion-
solvent interactions.

Suppose an ion M is present in vanishing small concen-
tration in a mixed solvent composed of two types of mole-
cules A and B. Also assume that the coordination number
of the ion is n and that both A and B are monodentate.
Consider the process in which the ion is present in pure A
and then B is added. The following equilibrium is then
established

MA, + B ~

MA, B A 1
K . B+ @

The equilibrium constant for this process is

* K =

Hence the ratio of ionic species is determined by the sol-
vent composition since the concentration of A and B are
both assumed to be very much greater than the concen-
tration of ions. The problem which is to be considered
now is as follows. How is the Walden product influenced
by this process? Mathematically this is most easily dem-
onstrated by considering first a diffusion process.

Theoretical

The following derivation is based on a method used by
Kacena and Matousek.3 For simplicity we will take
(MA,) = CM, (MA,-;iB) = CMB, and (B) = CK In eq 1,
Arand kb are the forward and reverse rate constants of the
reaction. The stability constant for the reaction, K, is
equal to kfskr. Over any arbitrary time interval r the
metal ion will be present in the uncomplexed form (MAnN)
for a certain fraction of this interval rM. The fraction of
time it is in the complexed form will be rMB. These frac-
tions are measures of the lifetime of the species. Hence,
assuming that CBis large

(MA,_IB)(A)Y/(MAI)B)

tm = 1/ kfi»

rMB = 1/"r
Hence tmb/ tm = k(CB/fcr = K ¢ n = CMB/Cjvi.
The average displacement, A, of a particle of lifetime r
is given by the Einstein-Smoluchowski equation

A, = (2Dit)u-

where D, is the diffusion coefficient of the species. When
two species are present which interconvert rapidly com-
pared to the time scale of the experiment the mean qua-
dratic displacement is

A2 = An2 + Anb2= 2Dt

A2 = 2Z)mTm + 2Dmbtrb

where D is the mean diffusion coefficient and is the quan-
tity measured by any slow experiment. That is, D is
measured whenever the time required for the experiment
is very much greater than the lifetime of the longest-lived
species.

A comparison of terms gives

D = Dm + D
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D = (Dm + D~KCV)
but t —tm =@ thus
— Db A"mC'b
D = 1+ XC 2

The mean diffusion coefficient therefore is simply the con-
centration weighted average of DM and D MB. Equation 2
has been derived independently for a number of electro-
chemical processes4-5 and has been used to evaluate ionic
association constants.6

Applications to Electrical Conductance Measurements

We can express D in terms of the equivalent conduc-
tance by means of the Nernst-Einstein equation. Also, so
as to remove any restrictions on the relative amounts of A
and B (except that they be much greater than the concen-
tration of ions) we can express eq 2 in terms of mole frac-
tion units. Hence

3
No 1+ (k - 1)XB 3

where K is, of course, in mole fraction units.

If we now assume that both species obey the Walden
product (Xo;ri = k, where y is the solvent viscosity and k, a
constant) we have

kM) X H
1>XB

Equation 4 predicts that w will vary with X B despite the
fact that both species obey the Walden product. Only for
the special case of AMB = kM will w be independent of
composition.

Unfortunately the variation of w with composition will
depend upon the details of the ion solvent interaction. For
example, if B is a bidentate ligand while A is monoden-
tate, then the reaction is

K\n + (&VBK
1+ (K

4)

MA, + B --- MA,jB + 2A

Under such conditions, eq 4 will not apply. Furthermore if
more than one molecule of B reacts to produce more than
one product, we have

MA, + B MA,..B + A K,

M'A,.B + B ~ MA,_2B2 + A K,
etc. For the case of two stages of association, as above, we

have

/2m  T- (AmB-Kj —

1+ (A, -

Am)X b+

1)XB +

Amh.-IQiQ X b’

X /W

If eq 5 is differentiated with respect to X Hand the deriva-
tive set equal to zero, it is found that a maximum or min-
imum will be found for all values of X B which satisfy the
equation

\ -Q = (Q- -
X b 2R

4RS")12

where Q = 2Ki1Ka(kmiiz - kM), R = Ki1K2(kMH:K 1 - feMB
—AMrXi + Am), and S = Ki(AMb — AM). Hence from the
above it is seen that the formation of more than one type of
solvated complex ion will produce maxima and/or minima
in the Walden product for single ions. Obviously if the other
ion is also subject to chemical reactions with the solvent,
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then the Walden product for the electrolyte Ao, will be a
highly complex function of composition.

It seems unlikely that the variation of W with composi-
tion could be utilized for the measurements of the various
K values. Rather what is needed is the independent deter-
mination of K from spectral measurements combined with
conductance measurements of W in both pure solvents if
possible and then in mixtures. Naturally any method for
estimating the diffusion coefficients (polarography, chro-
nopotentiometry, etc.) could also be used by suitable
modification of the above equations.

909

Acknowledgment. The author wishes to thank the Re-
search Council of Rutgers University for a grant which
helped support this work.

References and Notes

(1) P. Walden, ZJ%] 55 207, 246 (1906).

(2) R. Zwanzig, . y 52, 5,(190

(3) V. Kacena and L Matousek, @%I( % O’B‘ﬂ@)’mmn, 18,
294 (1953).

(4) Z. Zabransky, Cdl&'.f. CHh

(5) N. Tanaka and A. Yomada, Z.

(6) W. Lyness and 3. Hemmes.d. h]g

, 24, 3075 (1959).

) 224, 117 (1957).
. ) 35, 1292 (1973).

An Empirical Intermolecular Potential Energy Function for Water

Lester L. Shipman2 and Harold A. Scheraga*

CratatdCeniery Girdl Uiasity. irea Nk 4D (RecdNoenter, 193

An empirical intermolecular potential energy function for wa'.er has been derived using data from perti-
nent available experimental and theoretical studies. The data utilized include the lattice energy of ice,
X-ray structure of ice, compressibility of ice, intermolecular vibrational frequencies of ice, gas-phase di-
pole moment, gas-phase quadrupole moments, gas-phase infrared and microwave structure of the water
monomer, and the localized molecular orbital structure of the water monomer. Expressions have been
derived which relate various macroscopic thermodynamic properties to the intermolecular potential ener-
gy function. The contributions of the zero-point vibrational energy of ice to several of the above proper-
ties have been examined. Potential energy vs. O ===0 distance curves for various water dimers have been
calculated and compared with large basis set ab initio quantum mechanical results. The need for an ade-
guate treatment of the quantum mechanical nature of the intermolecular motions in the water dimer in

the calculation of the second virial coefficient is discussed.

I. Introduction

In studies of the interactions of water molecules with
each other and with other (solute) molecules, it is helpful
to have an approximate empirical intermolecular poten-
tial for water. Among the many empirical intermolecular
potentials that have been developed, the one upon which
attention has been centered most recently is that of Ben-
Naim and Stillinger3 (BNS), which has been applied to
liquid water by Rahman and Stillinger,4'5 Weres and
Rice,6 and Lentz, et al.1 These studies with the BNS po-
tential have furthered our understanding of the structure
and dynamics of liquid water. Although the BNS poten-
tial has been applied with considerable success to studies
of liquid water, several defects in the potential have been
identified,6-8 including the overestimation of the magni-
tude of the librational frequencies of tetracoordinated
water molecules and the related overly strong tendency to
form perfect tetrahedral coordination through hydrogen
bonding. Also, the BNS potential was derived on a classi-
cal mechanical basis, whereas the intermolecular motions
among water molecules are definitely of a quantum me-
chanical nature,6as will be shown in section VIII.

In the present paper, we present a derivation of a physi-
cally reasonable potential for water, based on a wide vari-
ety of experimental and theoretical data, with a view
toward being able to reproduce and account for the most

pronounced features of the structure and dynamical be-
havior of water in isolated dimers, trimers, etc., as well as
in the liquid and solid states. The data utilized include
the equilibrium 0 e««O distance of ice,9 the lattice energy
of ice, compressibility of ice, intermolecular vibrational
frequencies of ice, gas-phase dipole moment, gas-phase
guadrupole moments, gas-phase infrared and microwave
structure of the water monomer, and the localized molec-
ular orbital structure of the water monomer.

In order to relate macroscopic quantities such as the
lattice energy of ice to the intermolecular potential, it has
been necessary to start with relations from equilibrium
thermodynamics and derive formulas which relate certain
macroscopic data to the intermolecular potential. Contri-
butions from the zero-point intermolecular vibrational
energies have been considered explicitly in this derivation.

The potential is used to study the potential energy of a
water dimer, the second virial coefficient of water vapor
and, in another paper,10 the intermolecular vibrational
modes of ice 1.

I1. Functional Form of the Potential

The empirical potential energy function derived in this
study is pairwise additive; i.e., the potential energy of an
aggregate of water molecules is the sum of the potential
energy of all pairs of water molecules in the aggregate.

The Journal or Physical Chemistry. Voi. 78. No. 9. 1974
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Since three-body and higher order interactions have not
been considered explicitly in the derivation of the poten-
tial here, the potential is best classified as an “effective”
pair potential. The potential consists of two basic compo-
nents, an electrostatic and an exp-6 component, as shown
in eq 1, where U is the total potential energy.

U=uU, + U, (€]

The exponential form for the nonbonded repulsion was
chosen, rather than the R-~12 form, because of the need to
fit the zeroth, first, and second derivatives to experimen-
tal quantities, and the exponential form was found to be
more satisfactory for this than the R-~12 form. The elec-
trostatic component has the form
N
ue = Y .U JiJ) (2)
i<J
for interactions in vacuo, where N is the number of water
molecules interacting, and Ues(i,j) is the electrostatic en-
ergy of interaction between the water molecules i and j.
Since, as will be shown in section 1V, there are seven
point charges on each water molecule, Ues{i,j) has the
form
. QQ
uJid) R ®3)
where g* and qi are the feth point charge on water mole-
cule i and the Xh point charge on water molecule j, re-
spectively, and Rki is the distance between g* and g/. The
exp-6 component has the form
N
Uexb =
i<j
where A, B, and C are constants and Ru is the distance
between the centers of masses of water molecules i andj.

exp(-C7?,,) - B/Ri* 4)

I11. Geometry of the Water Molecule

The nuclear geometry was taken as the one determined
from infrared and microwave studiesil of the water mono-
mer.12 The O-H bond length is 0.95718 A and the H-O-H
bond angle is 104.523°.

1V. The Electrostatic Component

The positions and number of point charges on each
water molecule were assigned to be qualitatively consis-
tent with the localized molecular orbital structure of the
water monomer.13 In this structure, a pair of electrons re-
sides in a tightly bound inner shell orbital on oxygen, a
pair of electrons resides in each of the two O-H bonding
orbitals, and a pair of electrons resides in each of the two
lone pair orbitals. Accordingly, a point charge of +e was
placed on each of the hydrogen nuclei, a charge of +6e
was placed on the oxygen nucleus (+8e nuclear charge
plus - 2e electronic charge), and point charges of - 2e
were placed in each of the two O-H bonding regions and
in each of the two lone pair regions. This system of charg-
es is qualitatively similar to the system of point charges
suggested by Hirschfelder, Curtiss, and Bird14 from the
localized molecular orbital study of water monomer by
Duncan and Pople.15 The precise locations of the extranu-
clear charges were determined as described in section VI.

There are initially 17 parameters to be fixed in the po-
tential energy function, corresponding to the O-H bond
length, the H-O-H bond angle, the x,y,z coordinates of
the four outer-shell electron pairs, and the parameters A,
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Figure 1. Positions of the seven point charges within the water
molecule. All distances have been roundec to the nearest 0.001
A and all angles have been rounded to the nearest 0.01°. The
hydrogens and bonding pairs are in the xz plane and the lone
pairs in the xy plane.

B, and C of the exp-6 component. The O-H bond length
and the H-O-H bond angle are chosen as the experimen-
tal values given in section Ill, leaving 15 parameters to be
fixed. In the coordinate system chosen (the derivation
being independent of this choice), the water molecule lies
in the xz plane, with the dipole moment vector along the
x axis and the oxygen at the origin (see Figure 1). The po-
sitions of the four outer-shell electron pairs were con-
strained to the symmetry of the water molecule (C2A, eli-
minating eight parameters to be fixed and leaving seven.
In particular, the bonding electron pairs are constrained
to lie in the xz plane, fixing each of their y coordinates as
zero. The bonding electron pairs are constrained to reflect
into each other through the xy plane; thus, knowledge of
the x and z coordinates of one bonding pair implies
knowledge of the x and z coordinates of the second bond-
ing pair. The lone pairs are constrained to lie in the xy
plane, fixing each of their z coordinates as zero. The lone
pairs are constrained to reflect into each other through the
xz plane; thus knowledge of the x and y coordinates of one
lone pair implies knowledge of the x and y coordinates of
the second lone pair.

Of the seven remaining parameters, three are A, B, and
C of the exp-6 component (to be determined as described
in section V). The final four parameters are fixed by con-
straining the positions of the bonding and lone pair charg-
es to reproduce the experimental gas-phase dipole mo-
mentl6 (1.884 D), two quadrupole momentsl17-18 (daa, shb,
and da are equal to 2.72, -0.32, and -2.40 x 1(D26 esu
cm2, respectively, but only two are independent since saa
+ db + dec = 0), and (as will be described in section VI)
the average librational frequency of ice.

V. The Exp-6 Component

After fixing the positions of the bonding and lone pair
point charges (as will be described in section VT), the
three adjustable parameters (A, B, and C) of the exp-6
component are obtained from the equilibrium O e=«O dis-
tance {R) of ice, the lattice energy of ice, and the isother-
mal compressibility (x) of ice. Before relating these exper-
imental quantities to the intermolecular potential, U, we
obtain an expression for the molar volume, V, of ice as a
function of R.

1 Relation between R and V. The space group for the
oxygen atoms of icel9 is DAMIPS~A/mmc) but, because of
the disorder of the positions of the hydrogens20 (statisti-
cally there are 3/2 ways that each water molecule can or-
ient at its lattice site), strictly speaking, ice belongs to no
space group. However, we know that all possible arrange-
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ments of hydrogens in ice must have approximately the
same energy.20 In the present study, we have considered
only that particular arrangement of hydrogens that corre-
sponds to the smallest hexagonal unit cell for ice;2l the
space group for this arrangement is Cev3(PG3cm), and
there are 12 water molecules per unit cell.22

If the ice lattice were perfectly tetrahedral (i.e., if all
nearest-neighbor 0 -mm0 distances were equal and all
0-0-0 angles between neighbors were tetrahedral), the
molar volume would be a function only of R. We consider
here how closely we can fit the observed lattice constants
(&, b, and c) of ice under the assumption that ice has a per-
fect tetrahedral lattice. The low temperature lattice con-
stants, which change very slowly with temperature near T =
0°K, are a = b = 4.4968 A and ¢ = 7.3198 A from X-ray dif-
fraction on polycrystalline ice.23 A nearest-neighbor O e=«O
distance of 2.7493 A in a perfect tetrahedral lattice gives a
= b - 4.489 A and ¢ = 7.3315 A, which deviates from
the observed values by only 0.16% in each of the lattice
constants. Therefore, to a good approximation, we consid-
er ice to be a perfect tetrahedral lattice with R = 2.7493 A
at T = 0°K. For a perfect tetrahedral lattice, the volume of
1mol (No water molecules) of ice is given by

V = 8(3)mNRY9 )

2. Relations between Macroscopic Properties of Ice and
U. We now derive the equations which relate the equilib-
rium values of R, the lattice energy, and compressibility
of ice to the intermolecular potential, U. We begin with
the following relation for a one-component system24

(dE/dVir = T(AS/dV)T ~ » (6)

where E is the internal energy, V is the volume, T is the
absolute temperature, S is the entropy, and P is the pres-
sure. At T = 0°K, this reduces to

(dE/dV)T=iIK = -P (7)

since it is physically reasonable to expect the residual en-
tropy of ice to be constant or slowly varying for small
changes of volume from the equilibrium volume; i.e. (dS/
dV)r is not expected to be infinite at T = 0°K. At T =
0°K, the internal energy, E, may be expressed as

E= U+ AZidra+ Zidr (8)

where U is the potential energy (relative to zero potential
energy for infinitely separated water molecules), AZintra is
the change in intramolecular zero-point energy in going
from the vapor phase to ice, and Z,nter is the total inter-
molecular vibrational zero-point energy of ice. Since there
is no vapor at 0°K, P = 0, and since all water molecules
are in their ground state (i.e., ice) at 0°K, it follows from
eq 7 and 8 that

fdu\ rcXAzjn,,-,)!
W/r-o-K L dv JrnK

/dZinterN
V dvV Jt-vk ~ °
9
Since ice can be assumed to be a perfect tetrahedral lat-
tice, eq 9 may be rewritten (with the aid of eq 5) as
/dU\ r cKAZinra)+
\dR/T-s« L dR Jr-o-K

/ dZjnterX
\ dR Jr-uk
(10)

Now, let us consider the second derivative24 of E with
respect to V, viz.
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(dE\ 1
+
\dV2d m_ kv

~dlct/nP
(11)

where a is the coefficient of thermal expansion, and the
other terms have been defined previously. Since it is
physically reasonable to expect that (a/x) does not be-
come infinite for small changes in volume away from the
equilibrium value at T = 0°K, the second term on the
right-hand side of eq 11 vanishes. With the aid of eq 5, eq
11 may be rewritten as

~8(3) /2ArGTH
. J

2 (dE\
R\dR) r- oK
The second term on the right in eq 12 is identically equal

to zero at the equilibrium value of R and, with the aid of
eq s, we arrive at

(12)

rdZAZ,nr3H lai2z iner\
(@Rr-ok ¥ 'L dR2 Jrok  \ dR2 ) TtK
m\yr2NR

(13)

The lattice energy of ice (defined as U at T = 0°K) has
been estimated by Whalley25'26 to be -14.08 kcal/mol.
The compressibility of ice, extrapolated to T = 0°K from
the empirical « ... T relation of Dantl,27 is (9.3 + 14) X
1012 cmz2 dyn'l, and the value calculated from the em-
pirical elastic constants vs temperature relations of Proc-
torz2s (extrapolated to T = 0°K) is (9.2 + 0.2) x 10' 12 cm2
dyn“1 Combining these results by weighting them by the
inverse of their respective experimental errors, we take
the compressibility of ice at T = 0°K to be (9.2 + 0.4) X
10'12 cmzdyn' 1

As afirst approximation, we assume that

rd(AZ,rireH /dZirie)

L 8R Jreox t\ aR )iczik © @
and

rdZAZin | Ziren

L dR2 rowe '\ dR2 /raiK~0 @

The validity of these assumptions will be examined in
section VII. With these assumptions, eq 10 and 13 reduce
to eq 16 and 17, respectively. The experimental values of
R and k have been instituted on the right-hand side of eq
13.

(dU/dRh-rK = o (16)

(d2u/dR2T=o°n = 60 kcal mol 1 (A)'2 17)

« —2.749:iA

Equations 16 and 17, together with the experimental esti-
mate2s5'26 of the lattice energy of ice, viz.

[/1=1=_ok = —14.08 kcal mol' 1 (18)

are three conditions that make it possible to fix the values
of A, B, and C of the exp-s component for a given set of
charge positions. For computational purposes, the lattice
energy U was taken as (%)(%:2) of the sum of the potential
energies of interaction of each of the 12 water molecules in
the central unit cell with all other water molecules (in-
cluding those in the central unit cell) in a section of the
ice lattice consisting of 5 x 5 x 5 unit cells (1500 water
molecules).

V1. Determination of the Charge Positions

At this point in the derivation of the intermolecular po-
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tential energy function, four parameters remain to be
fixed. These parameters vary the positions of the bonding
and lone pair electronic charges. Three of these parame-
ters are fixed by requiring that the charges match the di-
pole and quadrupole moments, as indicated in section IV.
The remaining parameter (required to determine the posi-
tions of the charges uniquely) is obtainable because the
calculated librational frequencies of ice29 depend on the
positions of the bonding and lone pair electronic charges.
The positions of these charges were varied until the aver-
age of the calculated librational frequencies of a central
water molecule, vibrating in the field of its four nearest
neighbors in ice, was near the mean librational frequency
of ice, and the computed gas-phase dipole and quadrupole
moments matched the experimental values. The libration-
al frequencies were calculated using a model of a central
water molecule and its four nearest neighbors in their ice
arrangement at R = 2.7493 A. The harmonic force con-
stant matrix (including the mass) for the motions of the
central water molecule (with the four outer molecules
held stationary, as in the computations of Lentz, et
al.,s'29) was calculated numerically, and subsequent di-
agonalization of this matrix gave the normal frequencies
(calculated as 1/(2ire) times the square roots of the eigen-
values of the harmonic force constant matrix, with c being
the velocity of light).

The librational peak of ice is broad with the highest in-
tensity at 840 cm-1 in the infrared3 and at 780 cm-1 in
the Raman spectrum.25 Unlike the infrared and Raman
spectra, the inelastic neutron scattering spectrum is not
severely restricted by selection rules and, therefore,
should be more representative of the actual frequency dis-
tribution. Several of the most recent values31-37 for the
approximate position of the librational peak (or peaks) in
the inelastic neutron scattering spectrum are listed in
Table 1. It should be noted that only one peak was ob-
served in some studies, but two distant peaks in others.

A thermodynamic analysis of the heat capacity of ice3
suggests that the mean librational frequency is 650 cm-1.
It is clear from the infrared, Raman, inelastic neutron
scattering, and thermodynamic data summarized here
that the position of the librational peak (or peaks) of ice is
known only approximately. We have selected a value of
700 cm-1 as a reasonable one for the mean librational fre-
quency, and we have used this frequency to fix the last re-
maining parameter in the potential energy function. The
particular value of 700 cm-1 was chosen to give the most
weight to the peak observed in the 600-700-cm”1 range in
the inelastic neutron scattering spectrum and to the 650-
cm_1 estimate from the heat capacity analysis, while still
giving some weight to the peak in the 800-1000-cm_1
range of the inelastic neutron scattering spectrum.

The intermolecular vibrational frequencies, calculated
using the completely derived potential for the vibrations
of a central water in the field of its four, fixed, nearest
neighbors, are 188, 192, 205, 660, 714, and 730 cm-1. The
first three frequencies are hindered translations, and the
last three are librations; it should be noted that the aver-
age of the calculated librational frequencies is 701 cm-1,
according to our imposed constraint.

The empirical intermolecular potential energy function
derived here is completely specified by eq 1-4 and Table
Il, which gives the values for the parameters of the poten-
tial energy function. The positions of the charge centers in
the water molecule are shown in Figure 1. Hereafter in
this paper, this empirical intermolecular potential energy

The Journal of Physical Chemistry. Vol. 78. No. 9. 1974

Lester L. Shipman and Harold A. Scheraga

function for water will be referred to as the “SS” poten-
tial.

VII. Volume Dependence of the Vibrational Zero Point
Energies of Ice

It has been assumed that the intra- and intermolecular
vibrational zero-point energy contributions to the first and
second derivatives of the internal energy with respect to R
sum to zero (see eq 14 and 15). It is the purpose of this
section to discuss the validity of these assumptions. Con-
sider the first and second derivatives of the intermolecular
zero-point energies with respect to R. For the vibration of
a central water molecule in the field of its four fixed near-
est neighbors, Zinter has been calculated (at R = 2.6493,
2.7493, and 2.8493 A) as the Sum over the six values of
heu/2, where the ws are the fundamental frequencies (in
cm-1) calculated in the manner described in section VI.
The three computed values of Zinter were fit by a parabo-
la, and the following derivatives obtained

= —4.0 kcal mol-1 (A)1 (19)

dZ Inl,,
. dR' _ 7=0°K

«-2.7493A

58 kcal mol 1(A) 2 (20)

Unfortunately, the first and second derivatives of AZintra
with respect to R are unknown. It is for precisely this
reason that we have elected (as a computational device)
to absorb the contributions of the zero-point vibrational
energies to the volume dependence of E entirely into U
through the assumptions of eq 14 and 15.

It is physically reasonable to expect that the first deriv-
atives of the intra- and intermolecular zero-point energies
with respect to R tend to sum to zero and that the second
derivatives of the intra- and intermolecular zero point
energies tend to sum to zero for the following reasons.
AZintra and Zinter are both zero for large values of R, and
have opposite signs and are of the same order of magni-
tude (—L1.19 and 3.95 kcal/mol. respectively25) at the
equilibrium value of R (2.7493 A). AZjntra and Zinter
would be expected to have larger rates of change with re-
spect to R nearer the equilibrium value of R than at larger
values of R because they arise from hydrogen bonding, a
short-range interaction. Thus, it is reasonable to assume
that [3(AZjntra)/3R]r - ok and (dZirteT/dR)t =o% have
opposite signs and that [d2(&Zintra)/drR2]t = o-k and
(dZinter/d R2)t = o’k have opposite signs at the equilibri-
um value of R. Ir; section XI, an experiment is suggested
which should give information about the volume depen-
dence of the zero-point vibrational energies.

VIIl. Formation ofa Water Dimer

The smallest unit that can be used to examine the be-
havior of the six-dimensional (three rotational and three
translational degrees of freedom) water-water potential is
a water dimer. The dependence of the SS potential energy
on R for the perpendicular plane linear dimer (PePLD),
parallel plane linear dimer (PaPLD), perpendicular plane
bifurcated dimer (PePBD), parallel plane bifurcated
dimer (PaPBD), and tetrahedral linear dimer (TLD) has
been examined. These dimers are shown in Figure 2, and
their SS potential energy vs. R curves are shown in Figure
3, together with the results of large basis set ab initio cal-
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H—0

0 H-—0 H-0

PePBD

TLD

Figure 2. Various water dimers considered here. For those
water molecules tor which only a single hydrogen is shown, a
second hydrogen lies directly behind the one shown, and its po-
sition is determined by reflecting the hydrogen shown through
the plane of the paper. 0 = (12) arccos (—/3) in the special
case of the TLD.

Figure 3. Potential energy curves for various water dimers as
calculated from the SS potential and from the potentials of large
basis set ab initio calculations by Diercksen:39'40 (a) PaPBD
(SS); (b) PaPBD (ab initio)- (c) PePBD (SS); (d) PePBD (ab
initio)-, (e) PePLD (ab initio); (f) PaPLD (SS); (g) PePLD (SS);
(h) TLD (SS).

culations by Diercksen.39-40 We do not mean to imply
here that the minima with respect to R in Figure 3 corre-
spond to minima in the six-dimensional space, since all
degrees of freedom are not included in Figure 3; in fact,
most of the dimers studied here correspond to saddle
points on the six-dimensional potential energy surface.4l

Before comparing the SS and ab initio results, several
defects in the ab initio results should be mentioned here,
since these defects must be considered when deciding how
close the agreement between the results of the SS poten-
tial and the large basis set ab initio potential should be
expected to be. First, the ab initio calculations do not in-
clude dispersion energy. Second, the ab initio curves are
lower in energy than the SS curves at large values of R
because the potential energy in this region is predomi-
nantly dipole-dipole interaction energy, and the ab initio
wave function overestimates the dipole moment of the iso-
lated water molecule by 17% (2.206 D40 compared to the
experimental value of 1.884 D16), making the dipole-di-
pole interaction energy 37% too large (since the dipole-
dipole interaction energy is proportional to the square of
the dipole moment).

913

Figure 4. Potential energy vs. 0 (at R = 3.00 A) for the SS po-
tential and for the potentials from available large basis set ab
initio calculations. 0 is defined in the TLD drawing of Figure 2:
(a) ab initio;39-40 (b) ab initio;»2 (c) SS; (d) ab initio.4

On the repulsive side of the potential, the shape of the
SS and ab initio curves are visibly quite similar. Both re-
sults show that the position of the minimum moves to
larger values of R as the stability of the dimer decreases.
For the TLD, the minima in the SS and ab initios2as
curves are at R = 2.86 and 3.00 A, respectively.

Figure 4 shows the dependence of the SS potential ener-
gy ono at R = 3.00 A (0 is defined in the drawing of the
TLD structure in Figure 2), together with the results of
large basis set ab initio calculations.39-40'42-44 Both the
SS and ab initio curves are visibly quite similar. Both re-
tire region near the TLD, and the curvature of the SS po-
tential curve is less than that of the ab initio curves. The
minimum45 is located at approximately 37, 41, 63, and 22°
for the ab initio curve of Diercksen,39-4046 the ab initio
curve of Hankins, et al.,42 the SS potential curve, and the
ab initio curve of Kollman and Allen,44 respectively. It is
of interest tha" the dependence of U on o for the BNS po-
tential (shown in Figure 11 of ref 3) exhibits two minima
near the tetrahedral values of +55° with an intervening
maximum at 0° this behavior is in qualitative disagree-
ment with the results of both the ab initio and SS poten-
tials.

In order to assess the possible quantum mechanical na-
ture of the intermolecular vibrations of a water dimer, the
normal vibrational frequencies at the minimum very near
the TLD on the six-dimensional potential energy surface
were calculated. The potential energy was minimized with
respect to all six intermolecular degrees of freedom for
this local minimum, the harmonic force constant matrix
(including the mass) was calculated numerically and di-
agonalized, ar.d the frequencies were obtained by multi-
plying the square root of each of the six nonzero eigenval-
ues of the harmonic force constant matrix by 1/(27rc). The
resulting frequencies were 681, 451, 183, 114, 105, and 63
cm-1. The potential energy at the minimum was found to
be 5.8 kcal mol"1, and the intermolecular zero-point ener-
gy [he/2 times the sum of the six frequencies in cm-1)
was calculated from the above frequencies to be 2.3 kcal
mol-1, some 40% of the distance from the bottom of the
potential energy well toward the dissociation limit. In
order for the intermolecular vibrations to be treated clas-
sically, hv/kT must be much less than unity for each of
the six intermolecular vibrations. Figure 5 shows plots of
hv/kT for each of the six intermolecular frequencies as a
function of temperature. It can be seen that two of the vi-
brations are of a decidedly quantum mechanical nature
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Figure 5. hv/kT (where Tis absolute temperature) as a function
of centrigrade temperature for the six intermolecular vibrational
modes of a water dimer found very near the TLD on the six-di-
mensional potential energy surface.

and the other four might be treated classically in an ap-
proximate, though not rigorous, manner because hv/hT is
not much less than unity for these four frequencies
throughout the temperature range shown.

IX. Compressive Effectin Ice

As pointed out by Momany, et al.,*7 the long-range at-
tractive forces between a central molecule in a crystal and
other molecules beyond its nearest neighbors constitute a
compressive force which reduces the equilibrium intermo-
lecular distance compared to that in, say, a dimer. In
order to examine the magnitude of this compressive effect
in ice, we consider the forces which balance in determin-
ing the equilibrium value of R in ice at T = 0°K.

The potential energy U may be divided into a contribu-
tion, t/NN, from nearest neighbors and a contribution, UR,
from the remainder of the crystal.

U= UW+ UR (21)

The roles of I/NN and Ur in determining the equilibrium
value of R are quite different, in that UNN leads to a re-
pulsive force and UR to an attractive force. From eq 16
and 21, we have

, (dUR )
\dR) y-,K

This is not a strict equality because of the omission of the
zero-point vibrational energy contributions. The forces,
Fnn and Fh, corresponding to the energy components,
I/nn and UR, are the negatives of the first derivatives in
the first and second terms, respectively, in eq 22. Rear-
ranging, and rewriting eq 22 in terms of the forces, we ob-
tain

0 (22)

Fss ~ ~Fr (23)

i.e., the nearest-neighbor force is repulsive to about the
same extent as the force from the rest of the crystal is at-
tractive. This leads to a “compressive effect” wherein
nearest neighbors are closer together at equilibrium in ice
than they are at equilibrium as isolated dimers.47 For ex-
ample, the equilibrium value of R in ice (both experimen-
tally and from the SS potential) is = 2.75 A and the equi-
librium value of R in the TLD (computed with the SS po-
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TABLE I: Recent Inelastic Neutron Scattering
Results for the Librational Peak of Ice

Frequency,0
Investigators cm-1 Ref
Bajorek, et al. 601 31
Burgman, et al. 600-8i06¢c 32
Prask, et al. 650,900 33
Harling 726 34
Renker and Blankenhagen 640,8206 35
Thaper, et al. 653,840 36
Blankenhagen 690,9706 37
aThe librational peak is quite broad. bRead from frequency distribution
rounced to the nearest 10 cm-1. ¢ Broad

figures by the present authors, and
plateau.

tential) is = 2.86 A, a compressive effect in ice of ~ 0.11

A

X. Second Virial Coefficient

The second virial coefficient, B(T), is a measure of the
intermolecular pair potential, and is a quantity that can
be determined experimentally. The results of section VIII
show that the intermolecular vibrations of the water
dimer are quantum mechanical, not classical, in nature,
and it follows that a quantum mechanical formulation
should be used to calculate B(T). Unfortunately, a rigor-
ous calculation using a quantum formulation is not com-
putationally feasible at this time since a knowledge of the
intermolecular vibrational states from the ground state to
the dissociation limit is needed for the quantum treat-
ment. In view of this, B(T) has been calculated here for
various potentials, using the classical formulation. The
classical expression48 for water is

- KT

— " N" r.u.nu.
BID = st {ofofofofo
Ilr- sin d sin B dr d# dttda d/d d7 (24)

where No is Avogadro’s number, U is the potential energy
of interaction between water molecule no. 1 and water
molecule no. 2, the spherical coordinates r, 8, and ¢-define
the position of the center of mass of water molecule no. 2
(the center of mass of water molecule no. 1 being at the
origin), «, 0, and 7 are the Euler angles which specify the
rotation of water molecule no. 2 with respect to water
molecule no. 1, k is Boltzmann’s constant, and T is the
absolute temperature. The Euler angle rotations are car-
ried out in a very specific manner; water molecule no. 2 is
rotated by a about its ¢ axis, then by o about its b axis,
and finally by 7 about its ¢ axis, where b and c are princi-
pal axes.

The calculation of B(T) may be simplified by breaking
the integral down into four intervals in r as shown in
Table 1. U is so positive in interval no. 1 that
e-c/(r,00,a,0,7)*T <g 1 (for the temperature range and po-
tentials studied here), and hence the water molecules may
be considered to behave like rigid spheres in interval no.
1. In this rigid-sphere interval, the six-dimensional inte-
gral may be evaluated analytically4 to give 10.1 cm3
mol-1. In intervals no. 2 and 3, the six-dimensional equiv-
alent of the rectangle method for one dimension has been
used to perform the integration numerically using equally
spaced points. The accuracy of this integration method
has been verified by comparing the numerical results with
the analytical results for two 1.884 D dipoles interacting
in interval no. 3. U is essentially a dipole-dipole interac-
tion energy in interval no. 4 for the potentials studied



An Empirical Intermolecular Potential Energy Function for H20 915
TABLE Il: Parameters of the Intermolecular Potential Energy Function
. Coordinates, A
Electrostatic
component X y z Charge
O nucleus 0.0000000 0.0000000 0.0000000 + 6e
H nucleus -0.5858502 0.0000000 0.7569498 + le
H nucleus -0.5858502 0.0000000 -0+569498 + le
Bonding pair -0.2954276 0.0000000 + 0.3596594 —2e
Bonding pair -0.2954276 0.0000000 -0.3596594 —2e
Lone pair 0.1005610 0.1444746 0.0000000 —2e
Lone pair 0.1005610 -0.1444746 0.0000000 —2e
Center of mass -0.0655591 0.0000000 0.0000000

Exp-6 component*

A = 0.6700663 X 105kcal/mol
B = 0.2835012 X 104kcal mol1(A)'6
c = 3.2530000 (A)"4

aThe exp-6 comporent hes a minimum erergy of —0.79 kcal/mol at
TABLE I11: Intervals for Integration of Eq 24

Interval Interval
no. range, A Integration method
| 0<r<?2 Analytical (rigid sphere)
2 2<r <4 Numerical (fine grid)
3 4<r <7 Numerical (coarse grid)
4 7 <r Analytical (dipole-dipole)

Figure 6. Second virial coefficient of water vs. temperature as
determined experimentally and as calculated classically from
various empirical intermolecular potentials for water: (a) BNS
potential;3 (b) experimental;51 (c) 1.06 scaled BNS potential;4
(d) ST2 potential;50 (e) SS potential.

here, and the six-dimensional integral can be evaluated
analytically49 for dipole-dipole interactions. The poten-
tials, for which B(T) has been calculated here, are the
BNS potential,3 the 1.06 scaled BNS potential,4 the ST2
potential,50 and the SS potential. The results are shown
in Figure 6 along with the experimental results of Kell, et
d.5l

The curve for B(T), calculated using the classical for-
mulation and the BNS potential, fits the experimental
B(T) curve reasonably well because the parameters of the
BNS potential were varied during the derivation of the
BNS potential to obtain this fit. The SS potential, on the
other hand, was derived without use of B{T) data, since it

was felt in advance that the classical formulation of B{T)
might be invalid for water.

There are at least two effects that contribute to the
rather large deviation between the theoretical B(T) curve
(calculated classically from the SS potential) and the ex-
perimental curve. First, the decidedly quantum mechani-
cal nature of some of the intermolecular vibrational modes
of the water dimer would contribute a positive correction
to the calculated curve of Figure 5. Second, the three-
body interactions in ice (which are attractive42-43) have
been absorbed into the SS potential, making the potential
an “effective” pair potential and leading to an overesti-
mation of the stability of the water dimer, and this would
contribute a positive correction to the calculated curve of
Figure 5. There is at least one effect that opposes the two
effects just mentioned. The O-H stretching intramolecu-
lar vibrations should have lower frequencies in the hydro-
gen-bonded water dimer than they have in the isolated
monomer, thus stabilizing the dimer, and this would con-
tribute a negative correction to the calculated curve of
Figure 5. At this time, we are unable to assess the magni-
tudes of any cf these three corrections. However, a com-
parison of the experimental curve and the B{T) curve cal-
culated classically from the SS potential leads to the ob-
vious conclusion that the sum of the first two corrections
exceeds that of the third.

XI.

A new empirical intermolecular potential (SS potential)
has been derived by use of a variety of experimental data
and by taking account of quantum effects (by use of eq 8
and the arguments used to render eq 14 and 15 plausible).
The SS potential has been compared to large basis set ab
initio potentials for a water dimer. It has been shown that
some of the intermolecular vibrational modes of water are
definitely of a quantum mechanical nature.

The results of the present study point out a fundamen-
tal difference :n the nature of hydrogen bonding between
various molecules. In a water-water hydrogen bond, the
light masses o: the vibrational modes which are primarily
hydrogen motions lead to large vibrational zero-point
energies. In fact, it has been calculated here that the
ground state of a water dimer is approximately 40% of the
distance from the bottom of the potential well toward the
dissociation limit. Ammonia is an example of another
molecule that may have large intermolecular vibrational
zero-point energies. At the other extreme, a hydrogen
bond (e.g., N-H *m«0=Ci between two portions of a pro-
tein molecule involves such large masses at each end of

Conclusions
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the hydrogen bond that the ground state for intermolecu-
lar vibrations should be quite near the bottom of the po-
tential energy well. It follows that zero-point vibrational
energies play an important role in the determination of
hydrogen bond strengths for systems with intermolecular
vibrational modes with light reduced masses and stiff po-
tentials. The importance of the zero-point vibrational ener-
gies in the hydrogen bond strength of water has been dis-
cussed in some detail by Eisenberg and Kauzman52 and
Hagler, Scheraga, and Nemethy.53

The quantum mechanical nature of the motions in ag-
gregates of water molecules, as described here, leads to
the view that the results of classical molecular dynamics
calculations on water should be interpreted with caution
since the (possibly important) quantum effects have been
left out. Similarly, hydrogen bond strengths calculated
from wave functions should not be compared directly to
experimental values unless the zero-point energies are
taken into account.

The volume dependence of the zero-point vibrational
energies should be susceptible to an experimental deter-
mination by measuring the O =«0O distance (using X-ray
crystallography) and the intra and intermolecular vibra-
tional frequencies (using infrared spectroscopy) as the
pressure is increased. Care would need to be taken to as-
sure that ice Ih were the form under study since increased
pressure eventually would result in transitions to more
densely packed forms of ice.
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Electrical conductance (10' 5to 1 M) at 25, —15, and —30° and ultrasonic absorption (0.05-0.5 M) in the
frequency range 5-330 MHz at 25, —15, and —30° have been measured for LiC104 in tetrahvdrofuran
(THF). The electrical conductance data reveal the presence of a minimum that can be interpreted and
evaluated by the Fuoss-Kraus theory of triple ion formation (up to ~0.1 M). Numerical evaluation of
ion pair and triple ion pair constants were made. The ultrasonic relaxation data are interpreted as due to
the process of formation of triple ions, the barrier of activation energy for the process being comparable

to the one for viscous flow.

Introduction

Electrolytes solutions in media of low dielectric con-
stants were investigated by audio-frequency electrical
conductance methods in the 1930's by Fuoss and Kraus in
a series of classic papers.2Z3 Later, Daviess reexamined
some of the same systems by dielectric relaxation tech-
niques giving qualitative evidence of the molecular com-
plexities of these systems through the appearance of dis-
tribution of relaxation processes. It was of interest to
study the same system by classical and by modern kinetic
tools, in order to determine the molecular dynamics in-
volved.

For this purpose, the system of LiCICL in THF has been
investigated by both audio-frequency electrical conduc-
tance and by radio frequency ultrasonic absorption mea-
surements. The results of each method will be discussed.

BExperimental Section

Materials. Tetrahydrofuran (Matheson Coleman and
Bell) was distilled under a nitrogen atmosphere over a
60% K-Na alloy in a 3-ft Vigreaux column. It was found
that distillation over Na was ineffective, the melting point
of Na being higher than the boiling point of the solvent. A
60% K-Na alloy is liquid at the boiling temperature of the
solvent and provides good surface contact between liquid
and metal. The central third of the THF distillate was
collected and stored under nitrogen. The density of the
distilled THF at 25.0° was 0.8819 + 5 x 10“5 g/cc; the
literature values3'4range from 0.880 to 0.883 g/cc.

Anhydrous reagent grade LIiCICL (Smith, Cleveland,
Ohio) was dried to constant weight at ~190°. It was
stored in sealed bottles; contact with the atmosphere for
weighing lasted only 30 sec or less. Redrying the material
at ~190° for 1-2 days after being weighed gave no changes
in weight. Further, LiC104-3H20 reagent grade (Smith,
Cleveland, Ohio) was dehydrated at 75° under 0.1 mm
pressure. A 0.25 M solution of this material in THF gave
conductance values within 0.2% of the values reported in
Figure 1.

Solutions for conductance work more concentrated than
50 X 10'4 M were prepared individually by weighing both
salt and freshly distilled solvent. This was done to avoid
possible changes of conductance due to aging or formation

of peroxides. Each value of the reported conductance at c
= 50 X 104 M and higher was obtained from individual
solutions.

For the solutions of concentration lower than 5 X 10'3
M, a “concentration” method was used. The stock solu-
tion was added by weight burets to the solvent in the con-
ductance cell. A drybox filled with purified N2 was used
in all the operations involving cell filling and solution
transfer.

Procedure and Instrumentation. The density of the so-
lutions at 25° was required to convert molalities to molari-
ties. At both -15 and —30° the difference between the
density of the solutions and the pure solvent was within
+0.2% of the values at 25.0°. A special pycnometer with a
capillary stem and a bulb (acting as a reservoir to allow
for the ligquid expansion upon thermal reequilibration to
room temperature) was used for the density measure-
ments at —15and —30°.

Each reported value of the density was obtained by av-
eraging a double determination. The average error was
found to be +5 x 10' 5 g/cc using thermostats with +2 X
10' 2° of precision and a Mettler H-6 balance. The capaci-
ty of the pycnometers was approximately 50 cc.

The equipment for the conductance work has been de-
scribed elsewhere.5

Conductance measurements were made at three tem-
peratures: 25.000 + 0.001, -15 + 0.01, and -30 + 0.01°.
At 25° the previously reported5 fluctuation of *0.005°
were decreased by circulating water previously thermo-
stated at 24.00 + 0.05° through a 40-ft spiral of 1-in. i.d.
copper tubing (immersed in the oil bath close to the ther-
mostat walls). The room temperature was maintained as
23 = 1° by a York 3-ton air conditioning unit.

The conductance cells used had constants of 0.1142 + 6
Xs and 0.2794 + 12 Xs cm' 1 with Xs the total specific
conductance of the solutions. For the solutions of concen-
tration below 50 X 10' 4 M it was necessary to insert a
30-kil shunt (GR510 Series) in parallel with the cell. The
resistances of the solutions were measured at 1000, 2000,
and 5000 Hz. For the diluted solutions linear extrapola-
tion to zero frequency was performed since parallel losses
may be the main sources of error. At higher concentra-
tions, extrapolation of the resistance to infinite frequency
by a R us. 1//1 2 plot was made, where / is the frequency

The Journal of Physical Chemistry. Voi. 78. No. 9. 1974



918

in Hz. Electrode polarization becomes the increasingly
important source of error with increasing electrolyte con-
centration. In all cases the differences between either Ro,
Roc. or any of the R's were not larger than +0.1%.

Solutions for ultrasonic measurements were prepared by
first weighing the salt and then diluting in volumetric
flasks. Only fresh solutions were used. Duplicate measure-
ments were always made with newly prepared solutions.
Whenever differences larger than the sensitivity of the
method were noticed, the results were rejected. The
equipment and experimental details have been previously
described.5'6 For measurements above 200 MHz at 25° a
new interferometric cell with two 1-in. delay lines was
used. The moving crystal connected to the delay line trav-
eled over a high-precision horizontal slide (Automatic
Gages, Rochester, N. Y.) ensuring maintenance of paral-
lelism within few seconds of an arc for travel of 1 in. A
precision micrometer (Boeckeler Instruments, Tucson,
Ariz.) allowed readings of these displacements to within
+1 x 10" 4 in. Temperature was maintained at 25° by cir-
culating thermostated water through a jacket surrounding
the cell. The temperature was measured by a thermocou-
ple probing directly into the solution during the measure-
ments. Plots of attentuation in decibels vs. distance incre-
ments at the frequency of 330 MHz were perfectly linear
and repetitive runs gave results for the absorption coeffi-
cient of sound within £2%. At the lowest frequencies, 9
and 5 MHz, it is important to avoid diffraction errors. Ac-
cordingly, the distance between the sending and receiving
crystal was kept within the Fresnel zone. A calibrated Kai
attenuator (Model 1/432C) that could be varied by frac-
tions of 1 dB (down to 0.1 dB) was used. The attenuator
was put in series with the cell and changes in the attenua-
tor settings were compensated by changes in the distance
between the crystals of the cell. In this way, the maxi-
mum distance between the two crystals could be kept
within the limit 0.5R2/X, with R the radius of the sending
crystal and X the wavelength. Further, plots of the atten-
uation (in dB) vs. distance were linear for all the data re-
ported in this work.

Results and Discussion

/. Electrical Conductance. After the molalities of the
stock solutions used for conductance work were deter-
mined in a non-linear least-squares program was fitted to
the following data at 25> m - 0, 0.11464, 0.28773,
0.57898, and 1.17988 mol/kg of solvent and p = 0.88196,
0.89115, 0.90376, 0.92480, and 0.96690 g/cc. The program
fits the data according to the relation p(g/cc) = 0.88206 +
0.0758m - 0.00353m2, from which the molalities of the
solutions used for the conductance work were converted to
molarities ¢ at 25°.

For the lower temperatures it was found that the ratio
(/Asolulion/Absolution) (pGoIvent/pN\solvcnt) within
+0.2%. A similar functional form of p on m was therefore
assumed for the solutions at the lower temperatures

In Figure 1A, the plots of log A vs. log ¢ are shown at
25, -15, and —30°. Although the data at low concentra-
tions (c < 9 X 10" 4 M) approximate the requirement? of
slope = —0.50 (required by an electrolyte heavily associ-
ated to a neutral ion pair), they diverge positively from
this slope at increasing concentrations.8 Eventually the
log A vs. log ¢ plot goes through a minimum, a sign of the
existence of conducting triple ions. Also above 0.5 M at
25°, where data are available, the log A vs. log ¢ plot
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Figure 1. Log A vs. log ¢ (A) and Acl2vs. ¢ (B) for LiCl04 in
THF at 25, -15, -30°.

shows a downward concavity possibly indicating the ap-
pearance of quadrupoles.

The conductance data were treated as follows. At low
concentrations (c < 9 X 10"4 M) the Fuoss-Kraus meth-
0od93 for association to ion pairs has only been tentatively
applied. Plots of F/A vs. ¢ \ft2/F are shown in Figure 2.
These plots are approximately linear. Least-squares anal-
ysis should give 1/Ao0 as intercept and KA/\02 as slope. It
is apparent that the intercept gives the wrong value of Ao.
In fact at 25° it gives Ao = 17.88 Q" 1cm2equiv”’ 1 whereas
from the data of Szwarc, et al.,~ X°(Li+) = 36.6 12'1cm?2
equiv"l. According to Justice and Treiner X°(Cio«") is
119.5 giving A°(LiC:io4) of 156.1 12"1 cm2 equiv"l. (The
value X°(Cio¢") = 119.5 was obtained as follows. Justice
and Treinerl0 determined A°(Bu:NC:o:) = 162.6 12"1
cm2 equiv'l in THF at 25° Michelettill reports
A°(BudaNBPh4) = 82.97 and A°((Am3BuUNBPh.) = 79.66
12'"1 cm2equiv"l at 25° in THF. Taking X°(/Am3BuN) =
X°(BPh4) one calculates X°(Bud4N) = 8297 — 39.83 =
43.14 and X°(C104") = 162.6 - 43.14 = 1195 12"1 cm2
equiv" 1)

Szwarc, et al,*> worked in the concentration region from
10" 6 to 10" 4 m therefore avoiding the complication of tri-
ple ions. They reported that when data at higher concen-
trations were plotted according to the Fuoss-Kraus meth-
od a downward trend appeared. The failure to describe
the ionic equilibria in terms of ion pairs and free ions
alone was also predicted theoretically by Fuoss7-12 for
concentrations higher than Co = 3.2 X 10"7D3. In our
case, b = 7.39 at 25° which gives co = 1.3 X 10"4 M. al-
most at the lowest limit of our concentrations. Tentative
runs at concentrations below 0.4 X 10"4 M were aban-
doned because the resistance was too high to be measured
with accuracy. Correction of the solvent conductance
would have implied a several per cent correction to the
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TABLE I: Triple lon Analysis of LiCIOjin THF

t, cm2 Ka X 10-2 K T,

°c equiv -1 M~ 1 M -1
25 156.1« 4.84 £ 0.19 153 £ 3

-15 (97.3)b 1.50 + 0.12 139 £ 5

-3 0 (78.6)6 0.93 + 0.10 133 + 9

919

aT (eq 3) aT (eq 4) aT (eq 5)

X 10s, cm X 10s, cm X 10s,cm
5.27 £ 0.02 3.63 = 0.02 4.62 £ 0.02
5.14 + 0.03 3.53 £ 0.02 4.47 £+ 0.03
5.10 + 0.07 3.50 + 0.04 4.44 £ 0.06

« Value calculated fromliterature data. Seetext. bValues calculated from the Walden rule retaining A0 = 156.1at 25°.

Figure 2. Fuoss-Kraus plot: F/ A vs. cA/+ 2/F.

total conductance. In fact Szwarcs’ association constant
for LIBPIM4 is ~ 1.25 X 104 M~ 1, more than three orders of
magnitude lower than the one for LiC104 as reported
below. Therefore in THF, LICIO4 is a weaker electrolyte
than LiBPh4 and its electrical conductance is far lower at
¢ = 10" 4to 10" 5M.

It should be noticed that using A0 = 156.1 1 cm2
equiv- 1at 25°, A0 = 97.3 at -15°, and A = 78.6 at -30°
(from the Walden rule), the slopes of the Fuoss-Kraus
plots yield a KA of 457 x 107 at 25°, 1.53 x 107 at -15°,
and 0.98 X 107 M~ 1 at —30°, respectively. These figures
are in surprisingly good agreement with the results given
below and based on triple ion formation analysis. There-
fore, it seems that the presence of triple ions rather than
the slope of a Fuoss-Kraus plot affects the determination
of AOQ (because of its functional form in the intercept).

Analysis by the Fuoss-Kraus theory23 of triple ion for-
mation has been performed according to the relation

AVe'= )

where AT® is the conductance of the two triple ions (At0
= A°(Li(C1042_ ) + A°(Li2(C104)+)), and KT is the for-
mation constant of the triple ions

[Li(C104)2-] [Li,,(C10j )}+]

T“ [LICIOJCIOj [LiC10J[Li+]
In the above a symmetrical approximation is assumed for
the coordination of the triple ions.2Z3 Also AT® is assumed

to be At° = (1/3)A°. Plots of Ac12vs. ¢ are shown in Fig-
ure IB. These plots are approximately linear up to the

concentration of 0.1 M after which a strong positive devia-
tion from linearity appears.13 Linear least-squares analy-
sis (solid line) of the linear portion of the plots give the
slopes and intercepts from which KA and Kj are calculat-
ed as reported in Table I.

Correlation of the KA's in the form of log KA vs. 1/DT
according to the Fuossl4a function

6_ AirNaz ljz~JeA
Ka Kfi 3000 exp\aDkTj 2
gives a = l.s1 X 10“8 cm where a is the minimum ap-

proach distance between ions in the ion pair.

Based on the Fuoss-Kraus ion pair analysis, one gets a
- 195 X 10“8cm. These figures are in reasonable accord
with the sum of the crystallographic radius of Li+ ru -
0.68 X 10“ 8 cm and the CI-O distance, /cio = 1.65 X 10“8
cm, namely, Zr = 233 X 10“ 8 cm. Thus from the expo-
nential part of eq 2 (see footnote 16a), one would conclude
that some contact between ion pairs for LiCICL probably
exists. The same conclusion was reached for LiBPh4 by
Szwarc, et ai.,*> in comparing data for LiBPh4 with data
for NaBPh4. However judging from the Stokes radius r+
= 4.9 X 10" 8 cm it would seem that Li+ is solvated in
THF, whereas r~ = 1.5 x 10“8 cm is in fair accord with
the rCio distance.

Next the correlation of the triple ion association con-
stants Kr should be tried. There are two theories of asso-
ciation for triple ion formation. Both are based on the as-
sumption of a continuum for the solvent and on ion-di-
pole interaction energy, but use different models.

The first theory by Kraus and Fuoss of 193323 retains
the Bjerrum model and conceives of a triple ion as an en-
tity held together by electrostatic interactions. In particu-
lar the ion pair and the free ion are considered to be asso-
ciated into a triple ion when the parameter bT = e2
WIDKT > 8/3. dy is the distance of minimum approach
between the ion and the center of the ion pair dipole of
internuclear separation c. According to the Debye-Hiickel
model one would expect ay = 1.5a. (Assuming ion pairs at
distance a is consistent with the Bjerrum model at low di-
electric constants. It has been pointed outld that the av-
erage distance for ion pairs 4> = a[l + (1/5)] = a for
large b, or, for small D.' According to the triple ion theo-
ry,23 it is not necessary that an ion and a dipole be in ac-
tual contact to be considered as a triple ion. In fact, triple
ions were considered to exist3l up to the minimum of
their probability distribution function, namely, up to the
distance R > or. The triple ion association constant ac-
cording to the original 1933 theory23 is given by the ex-
pression

B 2t cit 3 b 3
Ke= o I (by) (3

where I(by) is a double integral which has been tabula-
ted23 for a wide range of values of by.
In 1959 Fuoss proposed?7 a new theory for triple ion for-
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Figure 3. Log KA vs. 1/DT for UCIO4 In THF. The dashed line
refers to the Fuoss-Kraus analysis shown in Figure 2. The solid
line refers to the results of the triple ion analysis.

mation based on the definition that only ions in direct
contact with a dipole ion pair should be considered as tri-
ple ions.

When an ion is in contact with an ion pair, the energy
U becomes7 U = e2/2aD (for a 1:1 electrolyte). The triple
ion formation constant is given by the expression

K __= == --'p:ie.b - = e p~ (4)

where v2 = ira3 is the volume of the ion pair assumed to
be a cylinder of radius a/2 and height 4a. The factor e~3
stands for exp(—3/i/2) which corresponds,7 according to
the authors to the entropy changes due to the loss of three
degrees of translational freedom upon formation of a triple
ion. Vibrational degrees of freedom were excluded bv the
model, because it was argued that if vibration occurs, the
contact between the ions breaks.7

Apart from obvious misprints,7 in the assignment of the
number of rotational degrees of freedom for both ion pairs
and triple ions, we believe the factor e~3 should read
e~32in eq 4. If one accepts the statement7 that the net
entropy change per mole is -3R/2 (3RT/2 for the entropy
was clearly a misprint7) the factor to be introduced in the
Kr expression namely exp(AS/R) gives e~3/2 not e~3 as
reported.7

We also believe that the same result for KT can be
achieved unambiguously by modification of the model to
include the vibrational degrees of freedom. Spectroscopic
evidencel5 for vibrational motion of ion pairs in THF has
been documented in the literature.15

A linear diatomic molecule (ion pair) possesses three
degrees of freedom for translation and 3n —3 = 3 internal
degrees of freedom. Of these, two are for rotation, and one
for vibration. A linear triple ion will have 3n —3 = 6 in-
ternal degrees of freedom. Of these, two are for rotation
and four for vibration, specifically the symmetrical and
asymmetrical stretching modes and the two degenerate
bending modes.

In terms of the corresponding average internal energy,
this can be expressed by the relations for linear molecules.

3 13
triple ion U = 5RT + RT + (3n - 5)RT = ~*RT
Q 7
ion pair U="RT + RT + (3n —5)RT = ~RT
free ion U=
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Figure 4. Log KT vs. 1/D for /Am4N-NO3 in F~O-dioxane at
25°. Solid sigmoid line is the Bjerrum-Fuoss-Kraus eq 3. Solid
straight line is the Fuoss eq 4. Dashed straight line is the calcu-
lated least-squares function. Arrow indicates the intercept cal-
culated according to eq 5.

The change in internal energy upon formation of a triple
ion from an ion pair and a free ion will be At/ = 3RT/2,
namely, a gain of 3RT/2 per mole of triple ion formed.
The triple ion formation constant expression should then
be multiplied by a factor exp(— U/RT) = e-3'2, since
AUtotal = ATeiectr "f Al/freedom = (e2/2aD) + 3RT/2 and
Kr « exp(—Al/totai/RT).

In the above, the ions, ion pairs and triple ions are con-
sidered immersed in a continuum of permittivity D.1 The
solvent has been excluded from participating in the asso-
ciation process. Volume changes have also been neglected.
This last approximation is equivalent to equalize the
Helmholtz and Gibbs free energy changes AA = AG and
to equate internal energy changes to enthalpy changes AU
= AH. The expression for KT should then read

_ Nira® 32 b2 _ KTY
K%= 000 6 TN ©
It is of interest to test eq 3-5 against experimental data.
The only system where extensive data are available is
tetraisoamylammonium nitrate in H20-dioxane at 25°.16
Figure 4 shows these datal6 displayed as log KT vs.
W4/D. The solid sigmoid line is the Fuoss-Kraus eq 3
(marked Kvk) showing the asymptotic limit to log KT —
—@ for the value of D corresponding to bp = 8/3. The
value of Or = 9 X 10~8 cm has been retained from the
original paper.2' The dashed straight line is the function
calculated by least-squares analysis assuming linearity
between log KT and /D (eq 4). The intercept however is
equal to 0.63 which is larger than the value predicted by
eq 4, namely, 0.1155. This last figure is obtained by using
a = 10.7 x 108 cm. This in turn is the calculated value
from the computed slope (dashed line) of log KT vs. 1/D
(Figure 4). In Figure 4, the solid straight line represents
the 1959 eq 4 retaining the value ofa = 10.7 x 10“ 8cm.
It is noteworthy that by using eq 5 with a = 10.7 x 108
cm one obtains KT° = 0.52 in better accord with the ex-
trapolated value 0.63 from the linear least-squares analy-
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Hgures. a /f2vs. the frequency /(MHz) for UCI04in thf at 25, —15, —30°.

sis. In Figure 4 the calculated intercept KT° = 0.52 is in-
dicated by an arrow.

It is noteworthy that eq 5 eliminates the need to intro-
duce? further parameters line the ion-solvent energy Es.
This quantity was introduced? in eq 4 in the form of exp-
(-E~/KT) to account for the experimental intercept 0.63.
It is significant that Es resulted as Es = |.IkT, namely,
el7. This value is close to the factor elL5 which distin-
guishes eq 5 from eq 4.

Fitting eq 3 to the results of KT for LIiCICL in THF
(Table 1) gives the values for aT reported in Table | which
average to aT = (5.2 £+ 0.7) x 10- 8 cm. Similarly, the fit
of eq 5 to the data of LiCICL in THF gives as an average
Or = (45 % 0.1) x 10“8cm (Table I). Equation 4 gives Or
= (3.55+0.07) x 10-8cm.

All these figures are larger than expected on the basis of
the axiom2®aT = 1.5a ~ 3.0 x 10“ 9cm.16e

1l. Ultrasonic Relaxation. The results of ultrasonic ab-
sorption measurements, a(cm 1 neper), for LiCICL in
THF are reported in Figures 5 and 6. These data are ex-
pressed both as a/f2 vs. the frequency /(MHz) and as
aexcA vs. the frequency /. aexc is the excess absorption

921
LiCiCU in THF
TABLE Il: Ultrasonic Properties of THF
° (aol/ X 102 Frequency
tC cm_1sec2 Hmisec range, MHz
-50 62 + 1.6 15-145
-30 79 = 1 1531 + 19 10-155
-15 90.6 * 2 1457 + 3 15-145
25 132 + 3 1269 * 9 15-290
35 140 £ 3 1232 + 15 10-230
45 160 + 4 1178 = 12 15-125

aThe values of ad//2are averaged over the frequency rarge reported.
No systeratic trend wes noticed in this range, o is the sound absorption
coefficient (neper cm_1); wihe sound velocity (meter/sec).

coefficient, aexc = a — where is the high-frequency
value of a. X is the wavelength X = u/f with u the sound
velocity in solution approximated to the one in the pure
solvent at the same temperature. The reason for disre-
garding the solvent ao//2 values (Table Il. is because
LiCIOi causes large depressions of sound absorption at
high frequency with respect to the absorption of the sol-
vent, an effect increasing with concentration (Table HI).17
The relaxation parameters were calculated as follows.
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TABLE Ill1:*Ultrasonic Results for LIiCICLin THF
B X 107,
°c c, M /r, MHz cm -1 sec2
25 0.509 144 106
0.258 83 118.5
0.150 46 118
0.050 28.5 120
-15 0.264 42 83
0.158 26 88
0.111 17 89
-30 0.278 42 71
0.161 25 73
0.113 15 76

Paul Jagodzinski and Sergio Pétrucci

k{ X 10"9 M -1sec-1 kr X 10 8§ sec 1

Umax 105

198 (1.60 = 0.28)
124

102

86

119 (1.02 + 0.08)

95

70.5

103 (0.92 + 0.13)

78.4

75

0.10) (0.81 =

aThe values reported for the B'sare reliable to within =b1 X 10~wcm - 1sec.2 The values reported for the /r's and Mmex are reliable within +5-10% tend-
ing toward the latter figure at the lowest concentration. / r is the relaxation frequency, B the background sound absorption, and ¢NM& the maximum excess

sound absorption coefficient times the wavelength atf = /r.

f(M2)---» m
Figure 6. nexc = aexc\ vs. the frequency /(MHz) for LiCIO4 in
THF at 25, -15, and -30°.

From the graph a/f2 vs. f (Figure 5) a value of B = « - /f2
for each system was estimated. The quantity /t = aexc\
was then calculated at each frequency. For a process fol-
lowing a single relaxation one has

f/fn.
/I zZexcA  2prmax”™ | NAjj- 2 (6).

with /R the relaxation frequency and /;max the maximum
excess sound absorption per wavelength. Plots of ii vs. f
are shown in Figure 6. A template analysis gave the solid
lines according to eq 6. The fit of the parameters /;mex
and /r was checked by recalculating a/~2 vs. { (solid lines
in Figure 5) according to the function
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7i =i + (f/fnf i+ {f/Uf T1
Another check on the estimated parameters was per-
formed by recalculating B as the difference (a/P)expi ~
JAI[l + (/1/r)2]]. The fit was accepted only if the calcu-
lated B was independent of frequency and if the averaged
B agreed with the estimated starting value of B to within
1 X 10- 17 cm2 sec-1. The estimated uncertainty in A and
/Ris +5-10%.

The observed relaxation process was interpreted as fol-
lows: the conductance data indicate the presence of two
major complex species in the concentration range of this
ultrasonic study, namely, ion pairs and triplets. One could
advance the hypothesis that the observed relaxation is due
to ion pairs in equilibrium with free ions. This hypothesis,
however, cannot be sustained for the following reasons. A
very high association constant K,\, as in the present case,
would require approximate linearityl8 between r-1 and
cl2 (r is the relaxation time, r-1 = ,.;+). This is shown
below schematically.

k,
A+ B~ AB

_ 1~ a 1
axfi2 —axfz2
1
YKAY tf+
Also
t 1= £,(ca + cb)/2t + Kr=z2akfcfs2 + k, -~

2k, n

Y = f+ ¥c + kr" rc + kr (8)
Our experimental data however (Figure 7) show linearity
between r-1 and c. This can be explained assuming that
the observed relaxation process is due to an ion pair in
equilibrium with a triple ion according to one of the two
equivalent schemes

AB + A :(',ES: A.B
r

AB + B " AB,

k

In this casel8

T~ ~ Kk,cAaB + CB) + kT
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where

B

fc
TKJzx
then
f |t
B aB= C
VkJ+ Vkij+
and
t 1 st K[C + kr 9)

In the definition of & ~ ac one has ignored the single ac-
tivity coefficient of B. This may be justified in view of the
low concentration of free ions. In the above calculation,
the small correction to can and o due to the formation of
the triple ions have been neglected in view of the relative-
ly small K\. Results of kt and kr (when measurable), ac-
cording to relation 9 obtained by linear least-squares anal-
ysis, are reported in Table HI. The solid lines in Figure 7
are calculated™* 1us. ¢ functions at 25, -15, and-30°.

A plot of log kf vs. 1/T is shown in Figure 7A. The ap-
parent Arrhenius activation energy is Ea = 1.5 + 0.2 kcal/
mol. This figure is comparable with the one calculated
from the equation given by Metz and Glines3 for the tem-
perature dependence of the viscosity of THF.

log 7= —3.655 +

From which E,a = 393 x 2.3 X R = 1.79 kcal/mol. The
above indicates that the forward process is diffusion con-
trolled. An alternate interpretation should be considered,
namely, the hypothesis that the observed process corre-
sponds to the formation of (LiC104)2 quadrupoles. The
scheme 2AB = (AB)2 leads to an approximate proportion-
ality between r_1 and c. In fact, r“ 1 = 2cABfef + kT and
2ab =; 2¢(l - a) ~ 2c. However, that the formation of
quadrupoles is not the source of the relaxation phenome-
non will be demonstrated in the subsequent discussion of
the concentration dependence of nmaxm

The conclusion from the above is that the diffusion-con-
trolled formation of triple ions is the source of the ultra-
sonic relaxation phenomenon. It is then natural to com-
pare the rate constants for the forward process to theoreti-
cally calculable rate constants for diffusion-controlled rate
processes. The Smoluchowski-Debyel9 theory for rigid
spheres gives for the rate constant

4uN b
kt,= im (D, + DAB(rA+ rAB~_ g/, M sec

where b = AzAB\e/ar[DKT. In our case 6 = 0 and the
above equation reduces itself to the original Smoluchow-
skil9 equation for rigid uncharged spheres. Introducing20
the Stokes-Einstein relations DA = kT/simmirA and DAB =
KT/GimrAB gives

2NKT( ~ M
730006\ ,rA rmJ
If one takes rA = rA3 it gives kD = 8NkT/3000t] = 1.44 x

1010 M* 1 sec” 1, a figure which is an order of magnitude
larger than the experimental forward rate constant.

M~" sec GO)
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UCIO4 in THF

Figure 7. Plot of r 1vs. ¢ (M) for UCIO4 in THF: insert A, plot
of log kf vs. 1jT; insert B, plot of log vs. log c.

Alternatively, one may calculate the radii of the ions
from the Stokes relation r = 0.8]z|/X°r;108, obtaining
MNA = 49 X 108 cm and rc10. = 1.5 X 10*“8 cm. Assuming
B = 0o ~ 2 X 108 cm; as found by conductance mea-
surements and the relation KA @ €6, one obtains for A =
Li+, & = 174 X 1010 M*“ 1 sec* 1 (eq 10). Similarly, as-
suming the formation of AB2with B = C104" cne obtains

2N kT ( rAB rR\

k"mov{2+f + fJ =1A I10OM

Objections could be raised to using the solvent viscosity
in the Smoluchowski equation. To clarify this point the
viscosity of solutions of LiC104 in THF at 25 + 0.02° was
measured. An Ubbelohde suspended level viscometer was
calibrated with conductance water and methanol distilled
over Al amalgam. With the calibrated viscometer the vis-
cosity of THF resulted 3.4583 + 0.0008 cP. Solutions of
LiC104 in THF of concentrations 0.02997, 0 1009, 0.1713,
0.2523, 0.5044, and 1.0132 M gave viscosities 0.4734 =
0.0009, 0.4918 + 0.0011, 0.5143 + 0.0006, 0.5450 + 0.0024,
0.6405 + 0.0017, and 0.9625 *+ 0.0021 cP, respectively. The
viscosity of the solutions in the range 0-0.5 M changes by
a factor of only 1.4. This ensures that the viscosity is not
the factor responsible for the lower rate constant with re-
spect to the value calculated above according to the
Debye-Smoluchowski theory.

The applicability of rhe Smoluchowski equation was
further checked by calculating £)°(Li), D°(C104), and
Z)°(LiC104) from the Nernst relations between diffusion
coefficients and limiting conductances. The result for kv
remained in the range 1-1.5 x 1010 m ~ 1 sec" 1. It seems
therefore, that all attempts of calculating ko lead to
values which are one order of magnitude larger than the
observed value of kf = 1.6 x 109M~1sec” 1at 25°.

An alternate approach2l for the calculation of kf is to
use the Eyring theory in which

AGei* is the free energy of activation which can be calcu-
lated from the interaction energy between an ion and a
neutral dipole. For a model of a charge t at a distance r
from a center of a dipole of charge separation a, Gurney22
reports the following calculation for the interaction energy
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eg/ a ep/a

(r+ D {r- D

(- - 1>

where g/a is one of the charges of the dipole, [r + (a/2)] is
the distance between the charge t and the furthest point
on the dipole that has the same sign as < Similarly [r —
(al2)] is the distance between the charge t and the oppo-
site charge of the dipole. It is assumed that both charge
and dipole are immersed in a continuum of permittivity
D.

From conductance data and the relation KA @ e* the
center to center distance, a, in the ion pair is a 2 X
108 cm. Then g = ajz]e = 9.6 X 10“ 18 esu cm. The dis-
tance between the center of the ion and the center of the
dipole has been estimated from conductance data to be r
A Or ~ 5 X 10“8cm (eq 3). Assuming that in the ground
state the ion and dipole are so far apart that their r2 in-
teraction energy is negligible, then AGei* s Ed = 25.94
X 10“ 14 erg; (AGe\*/kT) = 6.31 and k( = 6.2 X 1012 X
182 X 10“3 = 11.3 X 109 M“ 1 sec* 1 whereas the experi-
mental value for k( at 25° is 1.6 x 109 M~1 sec-1. How-
ever, the theoretical value is extremely sensitive to the
choice of the parameter r. For instance, a change in r to
the value r = 45 X 10" 8cm (eq 5, Table 1) would result
in kt = 2.4 X 109 A/“ 1sec* 1which agrees with the experi-
mental value.

Although agreement between the observed and calculat-
ed value of kf can be obtained, it seems unlikely that the
simple rigid sphere-rigid dipole model is satisfactory in
describing the system. The fact that the activation energy
follows the diffusion-controlled requirement for the energy
barrier while the rate constant is slower than expected
from the rigid spheres model19 suggests that there is some
preexponential factor in the rate constant expression low-
ering its value, namely, some entropic factor.

Scrutiny of both models assumed above shows that in
both cases rigid spheres or rigid dipoles were assumed
whereas it is entirely possible that some internal degree of
freedom is present in the activated state. Accordingly, the
following approach may prove applicable.

As mentioned in the section on conductance, we may
consider the triple ion to be a linear triatomic molecule
with 3n - 3 = 6 internal degrees of freedom. This mole-
cule will have two rotational degrees of freedom and four
vibrational degrees of freedom. In the activated state, one
of these four degrees of vibration will be converted into a
translational degree of freedom along the reaction coordi-
nate. In the activated state, the triple ion will have three
degrees of freedom for translation, two for rotation and
three for vibration. In the initial ground state the ion pair
will have three degrees of freedom for translation, two for
rotation, and one for vibration. The free ion will have
three degrees of freedom for translation (assuming it to be
a rigid sphere). Then calling ft, 1, and /v the respective
partition functions per degree of freedom, the Eyring
theory gives

kT /VW /v3 Hr 3
K, = fy- - RT

h /,6rA e f? h (12)

E° is the energy barrier at the absolute zero. Assuming
the functional form of the rate constant23 kf = AT™ exp-
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(—E°/RTY with m ~ 1/2, we obtain E° = Ea - mRT =
15- 0.3 = 1.2 kcal/mol or kt = (v2//13) 6 X 1012e~L2 =
(Iv2/113) X 1-81 X 1012 cc molecule* 1 sec” 1. The values of
the partition functions in solution are not known any bet-
ter than to within an order of magnitude. For small mole-
cules and low temperature, +«+ = 108, /r = 101, and /v =
1,24 which gives kf ~ (1/1024) X 1.8 X 1012 = 1.8 X 10* 12
cc molecule” 1sec* 1or k{ » 1.1 X 10®M*“ 1sec* 1 which is
in agreement with the experimental value of 1.6 X 109
M* 1sec” A

Although this calculation is approximate and strictly
valid only for gases,2 it shows that it is necessary to in-
clude internal molecular motions in the activated state.
This leads to the proper order of magnitude for the rate
constant with retention of the experimental Arrhenius ac-
tivation energy Ea = 1.5 kcal/mol, comparable to the one
for viscous flow. Furthermore, even by increasing ft and fv
by one order of magnitude respectively,24 to ft = 109 and
/v = 10 we still have kf = (102/1027) x 1.8 X 1012 = 18 X
10" 13 cc molecule* 1 sec* 1 = 1.1 X 108 M~ 1 sec-1 which
is lower than the experimental value not higher as pre-
dicted by the Smoluchowski rigid sphere theory.

Finally, we want to consider the concentration depen-
dence of Mrex as further evidence of the triple ion forma-
tion interpretation of our results.

According to Eigen,18 the excess sound absorption per
waye length for a process like AB + B—= AB2is given by

T (AVS)2  dd an
A fit RT diIn Kel+ wT-
with
dd 1 dIn7ab
din ke LJAB + [ + [AB] + — S +

din7p dInFfy T

+ (13)
dcR deax> J

in the above ds is the adiabatic compressibility. AVs is the

adiabatic volume charge due to the process, s is the reac-

tion displacement of the concentration, Kt is the equilib-

rium constant, u = 2irf, and the 7’s are the activity coeffi-

cients contributions. Ignoring the latter

TAvVAr 1 1 -
Mex 27 RT L[AB]+ [B + [Alﬂl
since Kt = (AB2)/(AB)(B)
T (AV92 A..[AB][B]
Max ~ 20s RT 1+ [C[B]+ AT(AB)
T (AVS)?2

2A  RT

given [AB] » [B] and Kt[AB] » 1. On the other hand, ig-
noring activity coefficients, one may write KA = [AB]/
[A] [B] and [B] = [AB]¥2 v/7?a ~ c1A/\/KA. Since [A] =
[B] given Kti = KT2. Then

X (AVs)2c/2

------------ 14
2ft RT fKA

In a plot of log “mex vs. log ¢ should be linear with slope
=12.

In Figure 7 (insert B) this plot is shown by the solid ar-
bitrary line having slope = 0.5. Least-squares analysis of
our data at 25, -15, and —30° give respective slope 0.34,
0.60. and 0.36 or an average of 0.43 = 0.14 which is in fair
agreement with the predicted value.

Mmax
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In the alternative case of quadrupole formation we
havel8

2(AB) =

tr (AVQT 2 1 -

/w “ 2& RT 1[AB] ' [AB]J
defining Kq = [AB]2[AB]2

(AB)2

9 I
[[AB] + [AB]J [[AB] ARBP -
AdAB]2 [AB]
2AqAB] + 1
if2Xq[AB] > 1. Then
(AF92 .
s ~ 4/3s RT ABJ“ 4/5 RT (15)

A plot of log Mrex vs. log ¢ should be approximately linear
with slope equal to one instead of 0.5 as for the triple ion
process. If the converse condition 2Kq[AB] < 1 were to
hold, then the expression for>max would be proportional
to [AB]2, namely, to c2

m (ATs)2 nR
RT K*C (

Pmax - 20s

and a plot of log /¢gmax vs. log ¢ should be approximately
linear with slope equal to two instead of 0.5 as for the tri-
ple ion process.
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A local-equilibrium analysis of ion-exchange behavior is carried out for a model three-cation system in
which selectivity reversals occur through complex formation by two of the cations. The allowable differ-
ential composition paths, shown on a concentration grid, are used to determine the plateaus and the transi-
tions (frequently composite) for given compositions of feed and presaturant. The relative directions of
change of species concentration in the transitions are found to be interrelated by the partial derivatives
of concentration, rather than by the selectivities as such. Some composition-profile routes occur for
which the presence of selectivity reversal causes a ternary system to undergo three discrete transitions
(rather than two) between the feed and the presaturant plateaus. Numerical trial, coupled with algebraic
criteria, is required to determine which type of route is followed.

Introduction

Complexing between counterions and coions in ion-ex-
change systems is often useful in achieving desired sepa-
rations. As an example, the use of complexing is the basis
for practical separations of rare earths by ion exchange. In
process applications it is desirable that selectivity of com-
plexing enhance the selectivity of ion exchange. In fact,
complexing will frequently enhance some selectivities and
diminish others.

The purpose of this study has been to evaluate the be-
havior of complexing systems, both generally and illustra-
tively, for predicting the concentration history of the col-
umn effluent and the composition profile in the column
under local-equilibrium conditions. The boundary condi-
tions assumed are that a constant-composition solution
(the “feed”) is supplied to a column, and that this column
has a uniform initial composition (in equilibrium with a
uniform “presaturant”). The conceptual system examined
here includes a large measure of selectivity reversal; solu-
tions of cases where less selectivity reversal occurs can be
inferred quite readily from this rather complicated sys-
tem. (Selectivity depends on overall behavior of counter-
ion species; see eq 30-32.)

Local-equilibrium theory, used for this analysis, is
based on the assumptions that the resin and the aqueous
solution are in perfect equilibrium at each point in the
column and that axial dispersion does not occur.2'3 While
this theory does not provide the entire basis for column
design, it does provide necessary information on which to
base a treatment that takes column dynamics into ac-
count. Local-equilibrium analysis yields column profiles
which comprise a series of transitions, or “waves” of
changing composition, whose constituent compositions
move through the column at well-defined velocities that
are controlled by the specific coexisting resin and solution
concentrations.4 6 The transitions are separated by pla-
teaus, i.e., regions of constant composition. Each transi-
tion may be abrupt (a step change of composition), grad-
ual (a continuous sequence of equilibrium states), or com-
posite (partly abrupt and partly gradual). Although these
principles are now widely accepted, the need remains to
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illustrate their application to representatively difficult ex-
amples such as the ones reported on here.

Finding the effluent-concentration history, or the com-
position profile in a column, involves constructing a com-
position-path diagram which shows the evolution of the
coexisting concentrations of different component ions
along each possible composition path. For ternary systems
these possible paths fall into two families. Each family of
paths comprises curves in the composition diagram that
do not intersect other curves in the same family; thus
each point in the diagram lies on two paths, one in each
family.

In the idealized system adopted here to develop and
demonstrate the theory, there are three exchangeable
ions, M, N, and 0, assumed to be cations. M and N each
form a neutral complex with the single coion X. All the
ions have the same charge number (e.g., 1). For illustra-
tive purposes, the exchange equilibrium constants and the
complex stability constants have been chosen to provide
the maximum number of selectivity reversals for this type
of system, which is three. The premise is adopted that the
uncomplexed anion X and the neutral complexes are ex-
cluded from the resin. The behavior of anionic (rather
than neutral) complexes will also resemble qualitatively
the model developed here.

Mathematical Foundations

Equilibria and Material Balances. The governing equa-
tions will now be stated, and put into a form suitable for
computing the composition-path diagram. (A table of
notation is appended, for convenient reference.) It is con-
venient to introduce two nondimensional concentrations.
First, for the stationary phase

y. = QilQ ®
Here q, is the concentration of a species i in the resin in
units of g-moles of i per gram of resin, and Q is the resin
capacity (= 2q,). Also, for the mobile phase

X, = ¢, /cx @)
with G the concentration of i in the aqueous phase in g-
moles of i per liter of solution, and ix the constant total
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coion concentration both as complexes MX and NX and
as free ion X

cx ¢ox + cMK + cNK 3)

The composition velocity (a dimensionless combination
of independent variables) relates the V and v values at
which aparticular composition is encountered

Qpv

— W) @

ex(V
Here V is the volume of feed which has entered the col-
umn in liters; v is the volume of column, measured from
the inlet end, at which the composition occurs; t is the
fraction of column volume not occupied by resin; and p is
the grams of resin per liter of column as packed. Both e
and p are treated as constants. Composition velocity also
serves as a dimensionless column volume, and is a conve-
nient variable against which to display equilibrium pro-
files inside the column. The reciprocal of u, called the
throughput parameter T, is a dimensionless effluent vol-
ume against which effluent concentration histories can be
displayed.

The chemical species present in the system are the ions
Mm+, Nm+, Om+, and Xm_, and neutral complexes M X
and NX. The total concentrations of M and of N in the
complexed plus uncomplexed form, in the mobile phase,
are

*M — *MX o+ JCm (5)

XN = XNX 4 (6)

Because the atoms of M are present in two molecular
forms MX and Mm+ in the mobile phase, these forms will
usually be measured together, and must both be consid-
ered in any material balance. The totality of MX and
Mm+ comprise a conserved species. If, in the mobile
phase. Mm+ forms MX or is formed from MX without
any interphase transfer of Mm+ (the only transferable
species), no change occurs in the concentration i Mof con-
served species M. (The tilde mark used to identify a con-
served species is omitted when a single normal species, e.g.,
0, isconserved.)

From these considerations, it follows that the continuity
equation for ion exchange without complexing, given orig-
inally by DeVault,2 is also valid for each of the conserved
species M, N, and 0. Along the path of any gradual tran-
sition, the composition velocity is a local function of the
coexisting equilibrium concentrations

dy  dtx dX

dyM dyg “ dyO
For the stated boundary conditions, the composition iden-
tified by each set of values of xM yM i N, and yN encoun-
tered in the transition remains intact as it advances
through the column, and is said to be coherent.
Similarly, for abrupt (step) transitions, the characteris-
tic velocity of the step is

(€]

Axm Axx AXn g

AyM AyN Ao (8)

The ion-exchange equilibria are given by the separation
factors, considered to be constant

_ S0 , VNO o
«nmo = Lﬁoand alND - T)I(-NIO )

(It is evident that an = \/au.) The complexing equilibria

o

are given by the dimensionless stability factors Kjx (as-
sumed to be constant for each given Cx, as through the
relation if, XCX = constant)

Xvv

and Ksx = - (10)

Ko = 3oXix

Xmv
XmXx
Thus, in this treatment, both the separation factors and
the stability factors are presumed to be independent of
mole-fraction composition.

Selectivity is defined through a selectivity ratio a,j,
analogous to at] but based on the total solution concentra-
tion of each conserved species (see eq 30-32). The selec-
tivity ratio cannot remain constant when comp.exing oc-
curs; this fact is especially evident for the case where a,;,
Kix, and KJX are all constant. A selectivity reversal oc-
curs for species i and j when atj = 1; i.e.,, when « shifts
from values below unity

For a numerical illustration that will show three selec-
tivity reversals, the following values of the parameters
were chosen

aM = 300;]aND = 10; KMK = 800;,ANK = 20 11)

With these parameters, in the absence of complexing, the
selectivity sequence would be MNO in decreasing order of
affinity. Through the stored choice of constants, M is the
species that forms the more stable complex. The MNO
selectivity sequence applies when M is the principal cat-
ion, it being then only partly complexed, because but lit-
tle X remains. As M diminishes, it becomes rrore com-
pletely complexed by X; this favors resin uptake of N and
shifts the sequence to NMO. Diminution of both M and N
reduces further the uptake of M (to give sequence NOM),
and finally also reduces the uptake of N (to yield ONM).

Composition Paths and Composition Velocities. The gen-
eral procedure for finding composition paths for gradual
transitions involves the solution of an ordinary differential
equation, obtained as follows. We consider and xN to
be functions ofvMandvN

*m = [/m(vm>vn) and XN= N\-(yMyN) (12)

Now the total derivative of each x is taken; the compo-
nent partial derivatives identified by symbols A, B. C,
and D are each functions of composition

dxM ~ dfM 6fM dyx _ ~ ji dyv (13)
dyM dyM dyN dyM dvM

and
dxN dfn dyM d/N= dvM (14)
dyN dyMdyN dyN dyN

Equation 7 justifies equating these two rotal deriva-
tives. The resulting relation is solved for dyNdyM to ob-
tain two roots giving the directions of the two composition
paths through a point specified by any two of yM yN xm,
and xN.

dvN d.rN D — A + YiD — A—~ 4 ABC
dyM  dxN 2B
2C
--------------------- = = (25)
A —D + /D - Ay + ABC

(When either B or C is zero, the form that becomes inde-
terminate is avoided.)
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The composition velocities may also be found, by com-
bining eq 7,13, and 15

u=A + B

D+ A + J/(D - A)2 + 4BC
2 (16)
The path corresponding to the plus signs, having the high-
er local velocity, is called the fast path. Likewise the path
corresponding to the minus signs is called the slow path.
Special Conditions along Borders and at Watershed
Points. Watershed points are compositions for which there
is no distinction between the two composition-velocity
roots; that is, where the square-root term just given be-
comes zero

(D - Af + 4BC = 0 an

Watersheds are junctions between a fast path and a slow
path having the same direction dyNdyM. For complexing
systems defined by constant separation factors and con-
stant complex-stability constants, the algebraic criteria in-
dicate that such junctions occur along the borders of the
composition diagram (where the ternary system has be-
come a binary), not inside these borders. For all com-
plexing systems of the present type, on the yM = 0 border,
B = 0; and on the yN = 0 border, C = 0. Along each of
these two borders, if a watershed point occurs, A = D. For
the yo = 0 border, the slope dyNdyM of the composition
path is -1, and eq 15 yields A -B + C - D = 0; com-
bining this condition with eq 17 yields the watershed cri-
terion B = —C. The present system has two watersheds in
the yN = 0 border, one on the yM = 0 border, and none on
yo = 0.

From eq 15 the slopes of the paths intersecting the yM
= 0 border, at the intersections, are

dyM/dyM= C/(A - D) (18)

and the slopes of the paths intersecting the y N = 0 border,
at the intersections, are

djN/dyM= (D — A)/B (19)

The corresponding slopes for paths intersecting yO = 0 are
found to be C/B. Uses of these relations will be indicated
in subsequent calculations.

Solution of Governing Equations. By using equilibrium
and electroneutrality conditions and the conservation of
coions, explicit solutions are found for the mobile-phase
concentrations in terms of the stationary-phase concentra-
tions

XM — Xx(A mMxXX2 +  4x) (20)
Xk ...
*N—————%( (AnX™X  +  Xx) m
where
Xm «OVFYm
. (22)
XX «©M — UyM + («on — i)yN + 1
AN «ON'WN
*X «©M — Ujm + («on — I)yN + 1
W ~ I/ + 4a - 1
2a (24)
and
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« - + x* (1) (%)

An equation for xo is needed in discussions of selectivity
reversal

*X («<OM 1)dJm + (ON - 1)3+ + 1

The derivatives A, B, C, and D used in eq 13-16 can
now be evaluated. The equations are not difficult to de-
rive, and are omitted for the sake of brevity.

Detailed Analysis

Contours of Mobile-Phase Compositions. A complete
description of the system is developed here and in the
ensuing parts of this section from the foregoing relations
and from constants ofeq 11.

First, contours of mobile-phase concentrations (xM xN,
and xx) are calculated in terms of yM and yN, and are
plotted on triangular coordinates in Figures 1-3.

In Figure 1, the total concentration of M in solution is
shown in the form of contours of constant xMas a function
of the resin-phase composition. They very roughly follow
the contours of constant yM but have noticeable curva-
ture. The locus of maximum yM on these xM contours is
defined by the B (= dxM/dyN) = 0 curve which crosses the
diagram somewhat parallel to the yO = 0 border. Similar
considerations apply to Figure 2, which gives contours of
total N for the mobile solution phase. The contours of xN,
established by interpolation of calculated points, are
roughly parallel to lines of constant yN. The locus C (=
dxN/dyM) = 0 matches the maximum y Nvalues on the xN
contours.

Contours of constant xx, or nondimensional concentra-
tion of free coion, are shown in Figure 3. These contours
are straight lines satisfying the relation

«OM — 1 — KMXOMA)yM +

(«on - 1 - KNototia)ys + 1=0 (27)
Substituting the constants of eq 11, one obtains
(299 + 800yM + (270 + 600yN + 1=0 (28)
Here a, defined by eq 24, is given explicitly as

a=(1- xx)/xx2 (29)

Thus the slope and intercepts of this family of contours
depend only on xx. (Equation 27 is obtained by eliminat-
ing mobile-phase concentrations from eq 25 by using eq 22
and 23, and simplifying.)

Also shown on Figure 3 are loci which occur along (or
near) lines of constant xx. Three of these are selectivity
reversals, shown as dashed lines extending beyond the
borders, and are discussed in the next section. The re-
maining three loci, determined by iterative calculations,
locate the y extrema of xM XN and x0 contours. It was
found (but to date, only numerically) that xx is constant
on the latter loci. On B = 0, xx = 0.230; on C = 0, XX =
0.280; and on A —B + C —D = 0, xx = 0.381. It can be
shown that, if xx is held constant, these three loci all be-
come straight lines on CnA n) coordinates, but these lines
have not yet been proved to match eq 27 and 28.

Selectivity Reversals. The separation factors in terms of
total solution concentrations have been made to vary with
composition, by the occurrence of complexing. With the
use of eq 22, 23, and 26, these separation factors may be
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Figure 1. Equilibrium total solution concentration of M in relation
to solid-phase composition.

Figure 2. Equilibrium total solution concentration of N in relation
to solid-phase composition.

Figure 3. Equilibrium solution concentration of X (free coion) in
relation to solid-phase composition.

expressed in terms of xx

- VXXM Aaxeex 1
«NM = «NM (30)
ymxn Ksx*x + 1
0*M
oM =7 = OWK MNXX + 1) (31
Vmx o
*N
ON = T = o/\KSWX + 1) (32)
y n*o
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Flgure 4, Composition paths in relation to solid-phase composi-
tion. Slow paths are solid lines, fast paths dashed. Regions have
different combinations of composition-change ircrease or de-
crease for different counterions. Arrows show direction of down-
stream change in composition for gradual transitions.

Selectivity reversals occur where these separation fac-
tors are equal to unity, as has already been discussed.
When xx = 3.145, aNM = 1. This xx contour is the locus
on which the order of selectivity changes from MNO to
NMO (components are listed in decreasing order of affini-
ty for the resin). At xx = 0.3738, <so» = :, and the order
of selectivity changes from MNO to NOM. At xx =
0.4500, aON = 1, and the order of selectivity changes from
NOM to ONM. Thus, as the composition changes from
pure M to pure O, the order of selectivity changes from
one determined primarily by uncomplexed ions at low xx
to one determined by complexing at high xx.

The order of selectivity is important in making a quali-
tative evaluation of the ability of the column to perform a
given separation. Nevertheless, reversals are found here to
have only an indirect effect on the mathematical descrip-
tion of the system, and they will be of no further import
in this study. Instead, the profile behavior depends sub-
stantially on the extremum loci, as will be shown below.

Compositicn-Path Diagram. To obtain the composition
paths, eq 15 has been integrated by stepwise calculation
using a digital computer.9 Two families of composition
paths result, shown in Figure 4. The family shown as
dashed lines are fast paths corresponding to the plus sign
in eq 15, while the family shown as solid lines are slow
paths corresponding to the minus sign. Each family in-
cludes paths on the border of the diagram.

Watershed points, to be discussed below, appear on the
borders as points of demarcation between families. The
paths through watersheds WNi and W N2 on the border yN
= 0 do not enter the three-component region of the di-
agram. However, the two composition paths through wa-
tershed WM on the border ym = 0 do penetrate the di-
agram. The intersections of these paths with the yN = 0
border, WNi' and W N2, are not watershed points.

All the fast paths emanate between watersheds WN
and WN2 on the border >N = 0. These paths intersect the
other two borders at all points except between WMand N.
(M, N, and G are the vertices where the respective y’s be-
come unity.) All the slow paths emanate from the border
segment between WN2 and M. Some of these paths inter-
sect the same border between WNi and O, and the re-
mainder, which emanate between WNI' and M, intersect
the y M= 0 border between WMand N.
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Figure 5. Throughput-parameter values along slow paths, In
relation to solid-phase composition.

Figure 4 includes arrows indicating directions in which
composition velocities increase. On the fast paths (dashed
lines), the composition velocities increase in the direction
away from the yN = 0 border, and there are no extrema of
u. On the slow paths, extrema occur where the composi-
tion paths are tangent to the T contours of Figure 5 (ex-
plained below). These extrema, indicated by small cross-
es, were found by trial computation of T on the paths. On
the paths which intersect between WM and N, a single
maximum occurs. On the paths which intersect near O,
there are three extrema (a maximum, a minimum, and a
second maximum). For those which intersect near WNi,
the extrema nearer M have disappeared together, and
only a maximum remains.

Also shown on this diagram are the loci A —B + C — D
= 0, C =0, and B = 0. Consistent with eq 15, where fast
paths cross the locus A -B + C - D = 0, they become
parallel to the yo = 0 border. Where fast paths cross the
locus B = 0, they become parallel to the yM = 0 border.
Where slow paths cross the locus C = 0, they become par-
allel to they N = 0 border.

A correlation based on these loci may be established for
the relative directions of changes of concentrations along
the differential composition paths. Although similar to
the affinity cut rule5 developed for constant-separation-
factor systems without complexing, the “direction cut”
correlation is divorced from the order of selectivity in the
system except at its limits. The loci divide the composi-
tion-path diagram into four regions, numbered I, II, I,
and V. Within each region, all species on one side of the
vertical line in Table | change their concentrations in one
direction, and species on the other side change in the op-
posite direction. In region Il, for example, the composi-
tion-path diagram shows that along slow paths the M and
N concentrations change in the same direction, while the
O concentration changes oppositely. Along fast paths, M
and O change in one direction, while N changes opposite-
ly-

The sequence in Table | is the unique ordering that will
produce a “direction cut” between the first and second
species for slow paths and between the second and third
species for fast paths. Whereas for a constant a system
the concentration paths would always be gradual when
the first-named species increased, the paths indicated by
the sequences given in Table | are sometimes gradual and
sometimes abrupt.

Watershed Points and Composition-Velocity Contours.
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Figure 6. Throughput-parameter values along fast paths, in rela-
tion to solid-phase compaosition.

Figure 7. Fictitious concentration profile and behavior of trace
amounts of M along the ON border.

Equation 16 gives two composition velocities for every
composition (with the exception of watershed points, at
which the two composition velocities become equal). The
minus sign gives the smaller composition velocity, corre-
sponding to a composition on a slow path. Contours of
throughput ratio T_ (the reciprocal of composition velocity)
for slow paths are plotted in Figure 5. Choice of the plus sign
gives the larger velocity, which corresponds to a fast path,
and T+ contours for such paths are plotted in Figure 6. The
two families of contours exhibit roughly the same properties
(a ridge in the central region, a maximum T on theyN = 0
border, a minimum at WM).

The watershed points, at which composition velocities
become equal, were located by trial and error, usually
with four-place accuracy. Table Il shows the coordinates
of the watersheds. Two on the yN = 0 border are designat-
ed WNi and WN, and one on the yM = 0 border is desig-
nated WM.

Path Isotherms along Borders. The borders are composi-
tion paths along which binary exchange occurs between
feed and presaturant containing the same two exchanging
components.

Figures 7-9 summarize data along the yM= 0, yN = 0,
and Vo = 0 borders. One of the curves given is the iso-
therm”™ showing resin-phase vs. mobile-phase concentra-
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TABLE I: Relative Direction of Change of Concentration of the Three Exchanging Species

XX at
. region
Region boundary Slow patis
i O IN M (g a
0.381
i O |IM N @&
0.280
Til M 10 N (g a
0.230
v M IN O (9
TABLE I1: Compositions and Composition
Velocities of the Watershed Points
Point yu M Yn *N T U
wMN 0.0742 0.1534 0 0 0.6097 1.64
WN 0.873 0.795 0 0 1.190 0.840
W, 0 0 0.8887 0.8421 0.9267 1.080

tions. Each isotherm crosses the 45° diagonal at a selectiv-
ity-reversal point, which is the intercept in Figure 3 of the
corresponding selectivity-reversal locus. Near each selec-
tivity reversal but not coincident with it, an inflection
point occurs, where *he binary composition velocity (uBor
1/Tb) reaches a minimum. Also shown are column profiles
in the form yi vs. uti, which exhibit a minimum in u at
the inflection-point composition. These profiles show that,
for many feed and presaturated compositions, composite
composition routes will occur which consist of both abrupt
and gradual segments.

Ordinarily a composition route in a ternary system has
three plateaus and two transitions. However, in some sys-
tems, for specific feeds and presaturant conditions, it has
been suggested that there are four plateaus and three
transitions. For systems with constant «'s and K's, the
only routes having this property traverse a watershed.8 A
general test is now proposed for deciding whether a terna-
ry composition route can traverse a watershed. At any one
border composition, the binary composition velocity uB
may be either smaller or larger than the ternary composi-
tion velocity uT on the internal path that passes through
that border and composition point. Thus, the velocity as-
sociated with each composition in the resulting profile,
uH will correspond to the fast velocity of the ternary sys-
tem for some compositions and the slow velocity for oth-
ers. For the test, a small amount of the third component
is conceptually introduced, as a step change of composi-
tion in the feed or in the presaturation plateau. This step
propagates in the column at a well-defined velocity uT,
which is the limiting velocity on a composition path
which intersects the border. If uu is the fast velocity of a
border composition, uT is the slow velocity, and vice
versa. If, in the vicinity of the watershed composition, uT
is greater than uH the ternary composition route cannot
traverse the watershed. Thus the effect is that the pres-
ence of the third component, adjacent to the watershed,
allows the composition route to leave the border if uT ex-
ceeds uH

These conclusions may be stated more completely in al-
gebraic terms. If the binary transition is gradual, a terna-

ry route traversing the watershed is possible if
|d|rT/dt|.Es‘.LOrder > 1 (33)

but such a ternary route is impossible if

Fast paths Selectivity
O N IM (g) ONM, NOM
O M IN (@@ NMO
M O IN (a NMO
M N 10 (g NMO, MNO

Figure 8. Fictitious concent'ation profile and behavior of trace
amounts of N along the OM border.

Figure 9. Fictitious concentration profile and behavior of 0
along the MN border.

Javir/d «B|

‘border
If the binary transition is abrupt, a ternary route tra-
versing the watershed is possible for at least some feed
and presaturation conditions if

<1 (34)

dut/d <0 35
I ¢ qborder ( )
but such a ternary route is wholly impossible if
JouT/duBi >0 (36)
. ‘border

All these conclusions apply to compositions near the wa-
tershed. For more general situations, each case must be
considered separately.

Each of Figures 7-9 shews the trace velocities as func-
tions of the binary velocities along one of the borders. Fig-
ures 7 and 8 illustrate the properties of the watersheds
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with respect to ternary transitions. At WMthe slope of the
graph of nT vs. uHis negative. According to the above cri-
teria, a ternary route through the watershed is possible for
some feed and presaturation conditions when the binary
transition is abrupt, but is not possible for gradual binary
transitions. At WNi and W N2 the derivative of uT with re-
spect to uB is positive and less than unity. Thus ternary
routes traversing these two watersheds are impossible,
whether gradual or abrupt.

Orthogonal Representation

Representation of Model System. The topology of com-
position diagrams with two degrees of freedom has been
investigated very generally by Tondeurl0 with use of the
orthogonal topological path grid as originated by Klein5
and Vermeulen. Using this approach, an orthogonal repre-
sentation for the composition diagram of Figure 4 is
shown in Figure 10 which preserves the topology of the
exact trilinear coordinate diagram. The essential feature of
this mapping is that all the composition paths of either fast
or slow type are represented as a family of parallel lines.
(Solid lines again represent slow paths, and dashed lines
fast paths.)

The model system has three watershed points, WM
WNi, and WN2- Paths entering the interior of the compo-
sition diagram do not emanate from WN and WN2, but
two such paths do pass through WMand also intersect the
y N = 0 border at points WNi' and WN2. In the schematic
diagram of Figure 10, these topological features are pre-
served by placing the vertices of the original triangle and
the watersheds WNi and W N2 at those vertices of the pol-
ygon (here a hexagon) having an interior angle of 90°.
Points WNT and WN2' appear on straight sides of the pol-
ygon. The watershed WM lies at the corner of the polygon
with an interior angle of 270°.

Thus the effect of the watershed behavior is to divide
the total composition diagram into three separate areas,
each represented in Figure 10 by a square. For a constant-
separation-factor system without complexing, the entire
composition diagram would correspond to a single square.
Within each one of the three squares of Figure 10, or in-
deed within either rectangle formed by adjacent squares,
the separation route (in the event of gradual transitions)
is constructed from the slow path through feed composi-
tion F and the fast path through presaturant composition
P, with the intersection of these two paths representing
the composition of the intermediate plateau. (When either
of the transitions is partially or completely abrupt, the re-
spective differential composition path is not followed ex-
actly, but the abrupt path still lies in the vicinity of the
fictitious gradual path.)

Our attention centers upon the more complex situation
encountered when the feed and presaturant compositions
lie in the squares that do not form a common rectangle,
because now the “normal” route cannot be constructed.
For example, if the feed composition F lies in square
MNWmWnT, but the presaturation point P lies in the
square WMDW NiW N2\ no route exists involving a single
switch from a slow to a fast path, because these paths do
not intersect in the region of real concentrations.

For such cases Tondeur’s suggestion of routes which tra-
verse a watershed is examined here. Between a feed com-
position at F and a presaturation composition at P, two
potential routes. FPawMP2P and FPTWNT
WNWN2'P2'P, are indicated in Figure 10 by
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Figure 10. Orthogonal map of Figure 4, showing projected
routes between low-0 feed (F) and high-0 presaturant (P), and
between high-0 feed (F1) and low-0 presaturant (P1). Traveling
from F to P, or from F1lto P1, arrows in the direction of travel
indicate tendencies for gradual transition, and in opposite direc-
tion for abrupt transition.

long heavy dashes. Both these routes differ from ordinary
routes in a ternary system, in having four plateaus and
three transitions rather than the usual three plateaus and
two transitions. Such routes are referred to here as Ton-
deur routes. The first route begins with a transition along
a slow path from F to Pi. At Pi there is a switch to a fast
path PJWM and the difference between the fast and slow
composition velocities produces a plateau of composition
Pi. At WM a switch occurs from a fast path PiWM up-
stream to a slow path WMP2 downstream. Ordinarily such
a switch would be prohibited because the fast and slow
composition velocities would occur in the wrong order;
however, at WM (and at watershed points in general) both
velocities are equal and no plateau forms. At P2 another
switch takes place from a slow path WMP2 upstream to a
slow path P2P downstream, with plateau formation at P2.
Similar  considerations apply to route FPi'WNI
WNeW N2'P2'P, with  plateau formation at Pj'
and P2' and a traverse of watershed W N2.

For a Tondeur route, the selectivity reversal, or the ac-
companying change in species behavior, appears to
cause one of the components to act as two separate
species which do not meet in the column. For the first
route above, it is M that occurs in both the feed and the
presaturant plateaus but disappears between them; for
the second route, it is N. It can be noted that complexing
produces a greater change in selectivity for M than for N.
Considerations of this type made the route through WM
appear more likely, and this conclusion has been verified
by the calculations that will be described here.

Representation of a System with Two Selectivity Rever-
sals. The composition diagram for a model system resem-
bling the system treated here was determined by Shiloh.11
Her system, showing only two selectivity reversals (ONM
—aNOM * NMO). resulted from the following constants:
®mo = 150; OJgo = 10; = 10,000; = 150.

The pertinent triangular diagram and orthogonal repre-
sentation are presented schematically in Figure 11. The
diagram has been distorted to display more clearly its be-
havior in the region whereyo is small.

Computation of Composition Profiles

Feed Composition on vM = 0 Border, and Presaturation
Composition on y{) = 0 Border. An important objective is
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Figure 11. Composition-path diagram and auxiliary orthogonal
map, for a case which has stronger association of M and N with
coion X and consequently undergoes only two selectivity rever-
sals.

to find methods for passing directly from the composition-
path diagram and collateral data to the local-equilibrium
composition profile, without intermediate use of computa-
tions based on stage or dynamic models of the column.
Such computations, unless skillfully used, are likely not
to provide the required detail. The ensuing section dis-
cusses representative routes tha: have been computed
from the composition-path diagram and then checked ap-
proximately by dynamic calculations.

A coherent profile has been determined between a feed
point F1 lying within the area WMOWNIWN2' and a pre-
saturant point lying within the area MNW mW Ni', shown
in Figure 10. From the criteria of eq 33-36. such a route is
deduced to have three plateaus and two transitions.

The feed composition was chosen on the yM = 0 border:
y\i = 0, vN = 0.7,y,, = 03; xM =0, xN = 0.6768. W) =
0.3232. Also, the presaturant was chosen on the y() = 0
border: yM = 0.1. yN = 0.9, v() = 0; xM = 0.1054. xN =
0.8946, x0 = 0.

Several routes from F1to P1 may be considered in prin-
ciple, all of them beginning at F1 with a gradual transi-
tion; and ending at P1, also with a gradual transition.
However, the route cannot entirely follow the slow path
through F1 via WM to the intersection with the fast path
through P1, and proceed from there to P1along that path;
along this route and in the direction indicated, the com-
position velocity decreases from WM to the intersection, so
that an abrupt transition must occur. Two-transition
possibilities to consider are (1) a composite transition up-
stream with the abrupt portion leading, and a gradual
transition downstream; (2) a gradual transition upstream,
and a composite transition downstream with the abrupt
portion trailing; and (3) a combination of both types of
composite transition.

In the first of these possibilities, the gradual transition
would follow compositions along the slow path from F1 to
some point P21, yet to be established, between F1 and
WM. From P21, the composition would change abruptly to
that of a point Pp lying on the fast path through P1 (but
not lying on the slow path through F1) with the composi-
tion at Pil also still to be established. Figure 10 gives the
topological representation of such a route. The conditions
this type of route would have to satisfy in order to occur
are that the slower composition velocity at IV would
equal the step velocity between the compositions at Pp
and P21 for all components; and that the composition at
P i1, which is that of the middle plateau zone, would lie on
the fast path through P1. Formally, this may be expressed
as follows
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di/ x,"

(i = M.N.O) (37)
dy,’

where xP, y,' represents a composition on the NO border
(at P21), and x,", yP' (at Pil) is a composition on the fast
path through P 1.

At P21, xN and yM' are zero. Moreover, along the fast
path, xm" happens to be very nearly proportional to yM,
so that i M"/yM" = 1.050 + 0.003. Equation 37 may thus
be written in the form

dxN/dyN = 1050 + 0.003
where dEN'/dyN' is the reciprocal of the slope of the iso-
therm along the yM = 0 border. The only solution for P2l
between points F* and N isyM = 0, yN' = 0.890, y0' =
0.220; xm* = O, xN' = 0.833, x0' = 0.167.

Now eq 37 becomes

0.833 - 5n"

This equation witn the attendant equilibrium has been
solved by trial, to give the composition at point Pil: yM"
= 0.099, y N* = 0.815, yc" = 0.096; xm" = 0.1047, xN" =
0.76, x()" = 0.125. Computed column profiles and concen-
tration histories are shown in Figures 12 and 13. Starting
from the feed, vN is seen to rise gradually to P21, in accor-
dance with the path isotherm of Figure 7 for the yM = 0
border. A drop in vN then occurs to the short plateau at
Pil. The second transition shows y N rising gradually from
Pilalong the fast path to the presaturation composition.

In the profile for species M, the gradual part of the slow
transition does not affect M, and only the abrupt portion
from P2: to Pil is seen. Plateau Pil is followed by the
gradual fast transition, which passes through a shallow
minimum (for which B = 3) at an intermediate point.

Also shown in Figures 12 and 13 are discrete points for
an effluent concentration history and column profile, ob-
tained with a method-of-characteristics computer program
written by Clazie and Omatete.12'13 The computed results
did not approach local equilibrium closely enough to sepa-
rate the two transitions or to show the peak in N. How-
ever, a single jump in M from feed to Pilis clearly indi-
cated, thus showing that the alternative possibility of two
composite transitions is not needed. The possibility of a
composite fast transition for test case 1 was also ruled out
by finding that no ua exists which would match the u for
the fast path.

The two following cases involve changes in the opposite
direction, like the path between F and P which was de-
scribed earlier. One of those two cases yields a Tondeur
route, having four plateaus and three transitions.

Tondeur Route through WM. As stated above. Tondeur
routes are possible through watershed WM for particular
ranges of feed and presa'.uration conditions. Such a route
is demonstrated here, which corresponds to route PiW MP2
in Figure 10.

Table Il presents data for the yM = 0 border: resin and
aqueous concentrations of N. binary-composition veloci-
ties for exchange of N and O, and the trace-composition
velocity for a very small transition along the path inter-
secting the border. Somewhat as shown for points P and F
in Figure 10, the presaturation composition is assumed to
be located at or near the composition-diagram border at
yN = 0.80. and the feed composition (feed 1) is at or near
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Figure 12. Counterion concentration profiles in column for cal-
culated example having high-0 feed and low-0 presaturant.

Figure 13. Counterion concentration histories leaving column for
calculated example having high-0 feed and low-0 presaturant.

TABLE 11l1: Tests for Locating a Tondeur
Route through W sl

yn XN MR uT UA
0.8 0.75722 0.865 1.103 Presaturant
o.sgg86 0.84200 1.078 1.079
0.8887 0.84210 1.079 1.079 Watershed W
0.8g888 0.84221 1.079 1.078
0.94 0.90331 1.332 1.072 1.042 Feed 2
0.96 0.93145 1.488 1.072 1.089 Feed 1
0.98 0.96320 1.699 1.072 1.144 Feed 3

the border at yN = 0.96. Then, from eq 8, the step veloci-
ty of the assumed binary-exchange transition is computed
as ua = 1.089. The composition velocity of a trace in the
feed (the upstream transition) is 1.072, less than u+. while
the composition velocity of a trace introduced in the pre-
saturant (the downstream transition) is 1.103, greater
than ui. Hence a three-transition four-plateau profile is
possible for this choice of feed and presaturation composi-
tions.

A small change in feed composition to yN = 0.94 (feed
2). with the same presaturation composition as before,
gives the step velocity of the binary transition as 1.042.
This velocity is ordered correctly with respect to the trace
in the presaturant. but is not ordered correctly with re-
spect to a trace step in the feed which moves at bt =
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1.072. Thus the feed trace converts the binary transition
to a ternary transition, and destroys the Tondeur route.

A different small change in feed composition, to vN =
0.98, gives a binary step velocity of 1.144. Now the step
velocity of the binary is ordered correctly with respect to a
step in the feed for which uT = 1.072, but interferes with
a step in the presaturant. Again a Tondeur route is im-
possible.

Further examination of the problem by use of this
method indicates that the range of accessible Tondeur
routes is quite limited. The narrowest possible jump is
between presaturant at vNP = 0.83 and feed at yNK = 0.91
(qualitatively). At yN. = 0.80, as just shown, feed be-
tween >'nf of 0.95 and 0.97 is accessible. At yNI>= 0.70,
the feed value y NF must be between 0.975 and 1.00. The
widest possible jump is between presaturant at vNI>= 0.53
and yNF = 1.00. For yNF = 0.97, the accessible presatur-
ant range is between y NP = 0.80 and 0.72; whereas fory NF
= 1.00, y NP lies between 0.70 and 0.53.

The Tondeur routes are not confined to feed and pre-
saturant compositions close to the yM = 0 border. How-
ever, for the abrupt transition to a presaturant in the
upper part of the triangular diagram, the u\ will become
progressively smaller than uT as yM increases, thereby re-
ducing the accessible range. In the lower part of the di-
agram. because of the wide span of gradual transitions,
solid-line paths extending to y MF = 0-1 or even higher will
still give Tondeur routes if their intersections at yM = 0
fall within the ranges indicated above.

Tondeur routes are defined here as routes that (1) pass
through a watershed point, thereby lying on a border, and
(2) possess an extra transition (e.g., for a ternary system,
three transitions rather than two). At present, for com-
plexing of the type described here, no routes are known
that satisfy conditions 1 without condition 2, or condition
2 without condition 1; but the possible existence of routes
of either such type has not yet been formally disproved.

It is noteworthy that the non-Tondeur routes studied
here usually exhibit one composite transition. When a
non-Tondeur route changes into a Tondeur route, the
extra plateau forms at the junction point between the
gradual and abrupt segments of the composite transition.
Thus a close similarity exists between Tondeur routes and
nearby non-Tondeur routes.

Summary and Conclusions

The formation of complexes in a ternary ion-exchange
system has been analyzed from the local-equilibrium
viewpoint. The structure of the composition diagram and
the underlying reasons for that structure have been dem-
onstrated. Two new concepts have been introduced to fa-
cilitate this analysis: (1) the loci on which the partial de-
rivatives of the equilibrium functions go to zero is impor-
tant in deciding the relative directions of change of com-
ponent concentrations along the differential composition
path: (2) the graph of trace-composition velocity vs. bina-
ry velocity can be used to determine the possibility of a
ternary composition route through a watershed, called a
Tondeur route.

Representative composition routes have been computed
from the composition-path diagram and concomitant in-
formation. Tondeur routes, in which the component with
the greatest change in selectivity behaves as if it were two
components, are seen to exist for special choices of feed
and presaturation conditions; but other choices lead to



Analysis of Inertial Effects on Esr Spectra

the normal two-transition routes, even when the topology
of the differential paths qualitatively suggests a three-
transition route.

Appendix. Notation

A,B,C,D = dxt/dyj values, defined by eq 13-14

¢ = fluid-phase concentration of anionic or molecular
species

C = same, for sum of complexed and uncomplexed forms

F = feed

K stability constant

M,N,0 = counterion species

P presaturant

Q = resin capacity, equivalents/mass

g = resin-phase concentration of an ionic species, equiva-
lents/mass

u = composition velocity, dimensionless; see eq 4

V = fluid volume

v - packed volume of resin

W - watershed

X = coion, complex forming

x = relative fluid-phase concentration, c/Cx

x = same, for sum of complexed and uncomplexed forms

||‘2-
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y = relative resin-phase concentration, g/Q
a = selectivity coefficient
f = void fraction

p resin bulk density, mass/packed volume
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Analysis of Inertial Effects on Electron Spin Resonance Spectra in the Slow Tumbling

Regionl

G. V. Bruno and J. H. Freed*

Department of Chemistry. Cornell University. Ithaca. New York 14850 (Received November 19. 1973)

l. Introduction

An analysis is given of the inertial effects (which arise from the coupling of the molecular orientational
degrees of freedom to the molecular angular momentum) on esr spectra of radicals in the model-sensitive
slow tumbling region. The analysis is based on the stochastic-Liouville equation in combined spin, orien-
tational, and angular momentum space, and it utilizes recently developed models of Langevin (or Brow-
nian) diffusion and extended diffusion. The case of a simple line from an axial g tensor is studied in most
detail. It is shown that the complete analysis for inertial effects in this case yields results similar to a
very crude model of free diffusion found by Goldman, et al, to be in good agreement with experimental
results in their analysis of slow-tumbling nitroxide spectra. Results of Langevin and extended diffusion
were virtually the same. However, results obtained for a familiar approximate inertial model, which ne-
glects noncommutativity of the angular-velocity components, disagreed sharply with all other cases (in-
cluding the even cruder free diffusion model derived from it) indicating that it is an unsatisfactory
model. The less complete results obtained for the case of nitroxide spectra indicate similar conclusions.

with molecular jumps of moderate angle (the root-mean-

In a recent set of esr experiments in the slow tumbling
region where the esr line shapes are no longer simple Lo-
rentzians, it was found possible to distinguish between
different models for the molecular reorientation.2 The
models considered were Brownian rotational diffusion, dif-
fusion by molecular jumps of substantial angle, and a
simplified model of free diffusion wherein the inertial ef-
fects were introduced in a crude fashion. Our results on
small nitroxide molecules2 were found to be consistent

square jump angle ~1 radian) but the simplified model of
free diffusion utilized gave equally good agreement. The
present study was undertaken to determine whether a
more complete analysis of inertial effects which result
from the coupling of the molecular orientational degrees
of freedom to the angular momentum could alter the re-
sults previously obtained.

The basis of our theoretical analysis of the slow tum-
bling esr spectra has been the stochastic Liouville met.h-
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od3 as utilized by Freed, Bruno, and Polnaszek.4 In the
past work, it has only been employed in combined spin
and orientational space, the random behavior of the latter
being described by a Markoff process.5 However, the sto-
chastic-Liouville method is quite general, and for the
problem of inertial effects one may introduce the com-
bined orientational-angular momentum degrees of free-
dom in terms of which the Markoff process is defined.
This generalization clearly renders the problem considera-
bly more complex, but it has still been possible to obtain
some useful results and insights.

Our analysis builds on some of the extensive recent
work on inertial effects in rotational diffusion. In particu-
lar, we have found the work of Fixman and Rider6 lends
itself quite naturally to adaptation to our stochastic-Liou-
ville approach for slow tumbling esr spectra. Also, some of
the earlier discussion by Sack on this subject has been
useful.7a’b Hubbard has also very recently discussed this
subject.0

Il. General Approach

We start with the stochastic-Liouville equation of mo-
tion for the spin-density matrix4

’gp('F.t) = [H#3C(SHX—r=>i<]p(F.i) m

and
r*Pow =0 (1a)

Here 3C$2)X is the superoperator of the orientation-depen-
dent spin Hamiltonian and T~ is a Markoffian operator
for the collection of variables '1, which include the orien-
tational angles fi. In particular, for the consideration of
inertial effects, 'k includes the angular momentum (or ve-
locity) variables as well. Po('’k) in eq la is the unique
equilibrium distribution over all the variables in 'k. We
shall consider specifically (1) motion about a fixed axis,
i.e., one-dimensional free rotational diffusion and (2)
three-dimensional free rotational diffusion of a spherical
top.

The unsaturated absorption of the Xth transition is ob-
tained from Im Z\] where4

Zo)X = JdSKZ(k.a>)yPo(F) @

and
p(k,t)A = eNZi'F,«)X 3)

That is Z('k,0)),\Xis the steady-state solution of p('k,£) for

the Xyth transition and is time independent in the frame

rotating with impressed frequency a. Also, Z(a))xx is the

equilibrium average over all variables comprising 'k.
Substituting of eq 3 into 1 leads for the case of no satu-

ration to4-5

Iw - 3Cox+ Kidl)' -

;TN Z('k,co)!Si = jj 00jCS-'ptJx,

4)

where 3Co is the zero-order orientation-independent and
3Ci(Q) the perturbing orientation-dependent parts of
3C(il), wi = 7ePi with Pi the magnitude of the rf field, S

is the electron spin lowering operator, and po the equilib-
rium density matrix. The averaging of eq 4 to obtain an
expression for Z(0>) must follow the prescription of first
posfmultiplying eq 4 by Po('k) and then integrating over
all 'k.35 One generally expands Z('k,a))Ai in a complete
orthonormal set of eigenfunctions (when available) of T*
to solve eq 4.4 However, when Po('k) ~ constant it is usu-
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ally more convenient to define8
¢(Ck,w) = POIA'K)Z('k,w) (5)

and then expand the Z('k,u;), and this is illustrated below.

(A) One-Dimensional Free Rotational Diffusion. By
one-dimensional rotation, we mean rotation about a fixed
axis. This model has been discussed in detail by Sack7ab
and others.9 It is a simple generalization of the one di-
mensional Fokker-Planck equation to cover rotational
motion.10

Thus we may write

where 7 is the angle of rotation about the fixed axis and
7 its angular velocity. Also 8 is the damping coefficient
and R = kT/lIs is the diffusion coefficient for reorienta-
tion. This two dimensional Markovian operator will have
the equilibrium probability distribution

POy,y) = P,(y)Pc(y) =
<I27r)([27T/3Pri2 exp[-f72f3R}) (7)

corresponding to a uniform distribution in orientation and
a Boltzmann distribution in angular velocity. Because the
latter is nonuniform, r 757 given by eq 6 is a nonsymmetric
operator. We may symmetrize by the transformation

f = PQ'/2y,y)TPOWHYy,y) =

A on 5?2 -Tr+l) ‘8

One then immediately notes that the second term on
the right-hand side of eq 8 is (within the constant term of
—9%) just the operator for the one-dimensional quantum-
mechanical harmonic oscillator. Thus it has harmonic os-
cillator eigenfunctions as its eigenfunctions with the ei-
genvalues ng in = 0,1,2 ...). Thus one first transforms eq
1to be

m~piy.y,t) = [-,JCX— f]p(??,t) (9)

where (cf. eq 5)

py.y,t) = Po-lk(y,y)piy,y,t) (9a)

Then the matrix elements of Z(7,7 0)) for the relevant
transitions may be expanded in complete sets of eigen-
functions for 7 and 7 as

(7,7, €)% = Tn-[C m,(e)]x/ r(y)hn(y) (10)
with
h,(y) [27r/?P)!/-2"n1] exP(4/?2#)H"
(10b)
and
PnwWaiy ,y) = faly)hn(y) (iOC)

where Hn(x) are the Hermite polynomials. Thus
Pfr(y)h.(y) =Errfr(y)hr(y) = (n/3+iry)fr(y)hny) (11)

and the “matrix elements” of f may be obtained from the
known properties of the Hermite functions hn{7). Then in
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a manner analagous to eq 16-21 of I we have for the X th

transition (from eq 4 and 10)

(A<P* - inf)[Cr.n]\, + Zr \,fr. +

Ao R(n + 1) [C,.,,,.Ja + IfORNn[Cr.niPy) = qoj\sr.my, rek
(12

[Note A>x = w - qgx d\j = (S-)\j, g = h/NKT, with
N the number of spin eigenstates.] We have, in obtaining
eq 12, utilized the fact that 3Cix does not depend explicit-
ly on angular velocity, but it does depend on orientation.
The absorption for the Ajth transition is given by

r*y f,wW cC ,.
Jo

ImZ(ox* Imr d7£ d-yZ(7,-y,a)AFQ7,7)
=ImJ d7J3 dyZ(yy,<j)\fAdy)h0<7)
= Im[C,.0o\ (23)

It is possible to replace the Brownian diffusion case by a
“strong-collision-in-angular-velocity-space” model which
has been referred to as an extended diffusion or J-diffu-
sion model.11 This possibility, as well as related ones, are
discussed by Sack.7ab For our purposes, it is easy to show
from Sack’s expressions (cf. eq 2.11 of 7a) that for the case
where each collision results in y being restored to its equi-
librium distribution given by Po(y) (but with y un-
changed by the collision), one merely may replace

3 — »A(l—<5,,) 14)

in eq 12. (Such simple changes with model have an analo-
gy in the methods of treating orientational-jump mod-
els.)2®

Equations 12 and 13 may then be solved in the usual
manner for different values of R and 3 by truncating the
eigenfunction expansion in n and r after a sufficient num-
ber of terms are taken. We are, however, primarily inter-
ested in the three-dimensional case which may be handled
analogously, although it is considerably more complex.
This one-dimensional model is, however, useful in illus-
trating how the general format of the theory may be ap-
plied. Also we shall use it later to attempt a simplified
treatment of the three-dimensional case.

(R) Three-Dimensional Free Rotational Diffusion. Here

we make considerable use of the treatment of Fixman and
Rider.6 They treat the cases of both Brownian (or Langev-
in) diffusion and extended diffusion from a stochastic
Liouville-type approach. In particular one has for a spher-
ical-top in these cases

—T = ivS+ £ (15)
where £ is the relaxation or diffusion operator for the an-
gular velocity v, which for a Brownian model is67b

£ = PV, «v+ RIfV,E (29

The inertial or streaming term vS (where v = |v]), de-
scribes the dynamical coupling of angular momentum (L
= 7v) and orientation.6 71One has
S=1]j
where
1= v/c and j, = —JuX Vv, (17)
where u is a unit orientational vector, the components of

which give the projections of the laboratory unit z axis
vector (k) in a molecular coordinate frame.6 (This repre-
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sentation is adequate for an axially symmetric XRil), and
we are only considering spherical top motion.) Thus S de-
pends on the orientation of u: sU <u as well as the orien-
tation of 1in the molecular coordinate frame or sV, qu
The products of spherical harmonics Ynm(du,ipu) and
YjP(sv,cpv) form a basis set in which to evaluate S. Fixman
and Rider find for their purposes that the coupled linear
combinations which are eigenfunctions of the “angular
momentum-type” operators J = ju + and M = m +
m’ (the components of ju and j,, on the molecular z axis)
are more desirable for evaluating S simply. However, in
the slow tumbling problem, where the perturbation OCRB)
enters in a more complex fashion, it appears a little more
convenient to choose the natural basis set for 3Ci(Q) («
Yno(su,”u) in the simple axially symmetric secular g ten-
sor case, see below), which is the simple product represen-
tation.12
Now eq 16 leads to the equilibrium distribution inv

P»(v) = (~rkf) exp(-1v2/2KT) (18)
and one may symmetrize £ (and F) by the analogous
transformation to that used in eq 8. The eigenfunctions of

£ (the symmetrized form) are

mkip) = VpdX W.in (29)
where
. ra2nrrli 112
RKjiv) L€+ 12 t/2)lj P‘(||)](VLF*1V )y (19)

and L*i+1/2 is the associated Laguerre polynomial. The
eigenvalues of £ are for Brownian (or Langevin) diffu-
sion6

Td1= {kjp\b\k'j'p') = + dkk'dj/dppij+ 2k)j3  (20)

In the case of extended diffusion (i.e.. each collision ther-
malizes L) one obtains6-7a-b

r*1 s {kjp\£\k'j'p") = +Hkkf>u'f>p/
The “matrix elements” of oS are found to be
{Lm\hj p\vS\L'm\Kk'j'p") = {ki\V\k'f) X

(Lm; jp\S\L'm’;j'p") =
5i.j.\5j" j-\Sj-](L,m,m",p,p")[BK.K'(j+\/2 + [;E£" —
bpti(z+ DI/ + ¢/. p.p")iStkij+ 3/2 +

5pak)m]\fRpj2 (22)

1—bj.obkt) (21)

K)'% -
where
Sj*i(L.m,m".p,p') = [(2[y=I]+ 1)(2j +1)3]' ' X

fj=1 1 j\ i ¢ (/1 1j\ =
\O 0 0/ mmm \—p Op) nn

] I

7= onemHSp . p\ [L(L +1) ~m(m —d T ' X
i2

H+ 1 13\ i ammippl X
v-(p+1 1 ,) Y2

[L(L + 1)y-m (m + \)Ju2 i/l )(-)pr (23)
For an (axially symmetric) secular perturbation, one only
needs terms for whichM = m+p =0and M’ = m* + p’
= 0. In view of the complexity of the problem, we only

consider here this simplest of esr cases, i.e., a single line
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broadened by an axially symmetric ¢ tensor. (A detailed
discussion of the expressions for the case of an axially
symmetric nitroxide is given by Bruno.13) We may then
writed

4.1/2
3C,(fl)= (it) y27,.0JUFS- (24)
F= 2/3K~13eBO(g -g *) (24a)

where B,, is the magnitude of the dc magnetic field, and
g and g: are the parallel and perpendicular compo-
nents of the g tensor. The matrix elements of 3G(S) are
simply

(Lm\Kjp\3CIQ)\L'm" k'j" p') —

L 2 L'\ (L 2 L\

Oo0o 0o/ \—m O ma X
omma@X A .p  (25)

We may then expand the spin-density “matrix elements”

as

()" 32 + DIA2L +

z(9,.tp,,9L.<Pr,L,ux = X [Cimk A X
I-mk

Y 1IJBu,<Pu)Yj (26)
and in an analogous manner to eq 13 one obtains
Imzco) = Im [CQOOG)Ix @0

for the single (Xth) transition with matrix elements equiv-
alenttoeq 12

[(tO—0)(p —(TI "ICI mL I+

X (L.m\kj—m\3C,(V)\L".m;Kj -
T

m) C L\mk., ~

X. {L,m\kj — m\vS\L,m"\k',j'—m")C, =
k'./.m
15K 3Dy,

The solution may be simplified by noting that only the
following linear combinations are needed

q<j)xdfsi

(29

~NoT +C: 1 m ¢ 0 (29)
where the + sign is for evenj and the - sign for odd;.

(C) An Approximate Approach. As may be seen, the
coupled equations defining even the simplest esr problem
are themselves very complex. It is thus not very practical
to attempt to solve a free diffusion model for nore com-
plex slowtumbling esr cases such as a nitroxide. We
therefore have examined a highly simplified description of
inertial effects. Essentially what we have done is to em-
ploy the one dimensional model in modified form That is,
we replace eq 15-17 simply by

r = iv\juxn -ff'(~,v+fiR"r) (30)
where \juA1/2 is defined by
UTnyrm= [IM. +l); V.. (3(h)

In this fashion the angular velocity diffusion of the spheri-
cal top is treated simply in terms of its magnitude, while
the effects of the orientation of v on the description of the
orientational motion of the molecule are neglected. We
show below that this assumption results in a description
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of inertial effects on molecular reorientation which is
equivalent to an earlier approximate treatment by
Steele.l4 In Steele’s analysis the approximation amounted
to defining a rotational-diffusion tensor as

«,, (/)= -f'O (v,<0K’j(t))dt
This assumption neglects the noncommutativity of the
angular momentum operators.

A comparison of eq 30 with 6 immediately shows that
the treatment given in section A for one-dimensional free-
rotational diffusion applies. One need only make the re-
placements in eq 12 of ” YLm(8u,<fu), r2 »L(L +

1), and Jv~dy — JvdflulV'dysu. In particular, we have
for the axially symmetric g tensor mechanism

[(to —0)0) —i(T2 ' + nfd)]Ci , —

3 X (2L + D12+ DI

f1m i/uL + 1) JAX+]) T, A+ vnc/.

ga\\si o, ,, (3D

and again

z((x>) = ImC,o0 >

For the case r/is 1, one expects that eq 31 should be
equivalent to the spectrum for simple Brownian reorienta-
tion. One may readily show this to be so by considering
the third term on the left-hand side of eq 31 as a pertur-
bation compared to diagonal elements r/3 Then, to sec-
ond order in this third term, we obtain for the coefficients

C1.o

[(W-u0)-i(TV1+ RL[L + 1W "1, -

WY .r2L"+ l)u2{2L+1)> 1Ix

(00 0) c¢c'- - « !

which is identical with the equation obtained in | for sim-
ple rotational diffusion.

Suppose, on the other hand, r/j3 > 1. Then coefficients
ci_n for n > O become significantly coupled into the C1,0
coefficients that ordinarily determine the spectrum. Sup-
pose one may initially neglect the termin? ineq3l, ie., 5

r. Then, for this case we need consider the coupling of
c1.u to the other Let us first consider the simplified
coupled set of equations

[QN- V\O)- in(Qlai ., +-(1/n+1aL ,+1n aL, Dy..= o

s

(€D
whereyL = [R@EL(L + 1)]JI/2 Equation 34 may be solved
for d£,0 and it generates a continued fraction, the solution
of which is known.3It yields

al_,(u) = if

exp|—(L + 1nHrce m—1+ fit) —

i(u—sdiythdt = ij,(u - &,) (35)

which is the Fourier-Laplace transform of a type of corre-
lation function well knomn in Brownian motion theory
and obtained by Steele in his approximate treatment of
inertial effects in rotational diffusion (for a spherical
rotor).14 If we now introduce the effects of 3 to lowest
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gauss

Figure 1. Comparison of line shapes for axially symmetric g ten-
sor for different free rotational diffusion models: A, absorption
line shapes; B, first derivative line shapes. The different rota-
tional diffusion models are............. simple Brownian;------------- , mo-
tion described in full three-dimensional angular momentum
space for Brownian particle with 3 = 4R and R = 0.13jal/; —

----- , motion described in one-dimensional angular momentum

space for Brownian particle with /3 = 4R and R = 0.131J|;
-------- , simple free diffusion with f3/R = (re)-' = 4 and
= 2.00235,

R = 0.1051 |. All have rR = 1.72 X 1CT7 sec, g
g+ = 2.00310, BO = 3300 G, (2/312)f2~"/|-ye| = 0.02 G.

order, so that CO,0 ~ 1, we then obtain from eq 31

2

H5) O Coo= 1

(36)

And since r,¢i i»T, one may let72(: - go - (/7)T) ~
72(0) for values of « for which the resonance signal is not
negligible.

The approximation suggested by Egelstaff in another
connectionis and which served as the basis of our earlier
simplified model of free diffusion2®is to estimate the half-
width for the (approximate) form of the ji(o) given
by eqg 35 and then use it to replace the inverse eigenvalues
[RL{L + l)1~1 appropriate for the rotational diffusion op-
erator. (For r/(3 1, the result is of course just [RL(L +
I)1-1 cf. eq 33) This is equivalent to approximating the
ii,(ccy of eq 35 to a Lorentzian. In actual fact, it is highly
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gauss

Figure 2. Compa'ison of line shapes for axial nltroxide for differ-
ent free rotational diffusion models: A, absorption line shapes;
B, first derivative line shapes. The different rotational diffusion
models are ........... simple Brownian diffusion with R = 0.08561a

(rR = 2.10 X 10-8 sec); --------- , motion ﬁascriﬂ?\g in ﬁe-
dimensional angular momentum space with = and =
0.1641if] (rR = 2.16 X 10-8 s€C);.ccceuen. -, simple free diffusion
with d/B = (fir)-1= 4 and R = 0.182|j| (rR = 158 X 10-8
sec). All have g = 2.00270, g+ = 2.00750, A = 32 G, A
=6G, BO=3300G, and (2/3' 2)t2~7 17 | = 0.3G.

non-Lorentzian for L(L + 1)r/e > 1, becoming a Gauss-
ian for L{L + Lrsfi 2> 1. Also, the deviations from Lo-
rentzian character of /;(w) are greater for greater values of
0, i.e., the short-time effects are nore important.9 Thus
as the tumbling slons down and i > r.fi, then, e.g ,;2(0 -

ap — (2/7) i) is no longer well approximated by a Lorent-
zian over the region of 0 for which there is a nonnegligible
esr signal.

There is still another and nore serious way in which an
Egelstaff-tvpe approximation breaks down for ¢ > Rr.fi. In
eq 31 Co.« is coupled to the ci1.0 (L > O0) by 34 and these
Cz,0 then couple to the CLn (n > 0 (by the inertial
terms) which then bring in the effects of the angular ve-
locity diffusion. As T becomes larger, the coupling of the
¢/,.nto the ¢/.'.n (n > O) cecomes important, leading, for
example, to indirect coupling of the C,.0 to the CQo (n >
0 indicating that the mixing of effects of angular velocity
diffusion into the spectrum is becoming nore complex
than even that predicted only by the frequency dependent
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ji(ijc) given by eq 35.15 This represents the kind of compli-
cation which sets in when several time scales (i.e., spin-
relaxation, orientational relaxation, and angular velocity
diffusion) all become comparable.

While we have discussed the complicating effects of in-
ertial motion on slow tumbling spectra in terms of the ap-
proximate model, similar problems apply to the more
complex situations for the more rigorous descriptions of
inertial effects. However, as we shall find, they appear to
have a cancelling effect.

I1l1. Results

(A) Single-Line Axially Symmetric g Tensor. One finds
that for 0 » R the proper Brownian rotational diffusion
results are obtained for all inertial models of section Il in
both the fast and slow motional region. However, for /3 <
R they exhibit significant differences. This is illustrated
in Figure 1 for /3 = 4R for line shapes calculated from eq
27-28 and 31-32. Also included for comparison are the line
shapes for Brownian rotational diffusion and for the sim-
ple free diffusion model. All models were calculated to
have the same rotational correlation time tk, such that, if
the spectrum were in the fast motional region, all models
would give the same Lorentzian width.2a While all the in-
ertial-effect models yield spectra which deviate somewhat
from that for Brownian rotational diffusion, one is struck
by the fact that the approximate one-dimensional angular
momentum model of eq 31 yields results qualitatively dif-
ferent from any other case. It shows the inertial effects for
this model lead to a sharpening of the features of the
Brownian rotational diffusion spectrum, while the line
shapes from the complete model of eq 28 as well as the
simple free diffusion case show the inertial effects to cause
a smoothing out of the features. The results for the latter
two cases are quite similar. We have also found that line
shapes calculated for extended diffusion (eq 2: for eq 28
and eq 14 for eq 31) give results which deviate only very
slightly from the line shapes for the Langevin diffusion
model (eq 20 for eq 28 and eq 31).

(B) Axial Nitroxide. The detailed equations for all the
inertial models considered above are given by Bruno.i3
We show in Figure 2 a comparison of the line shapes cal-
culated for @ = AR for all models except the complete
three-dimensional angular momentum case,13 since this
case is extremely complex. The value of R was slightly ad-
justed in each of the models so that the distance between
the outer first derivative extrema would be the same. As
was seen for the axially symmetric g tensor, the inertial
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effects from the approximate one-dimensional momentum
produce line shapes with sharper features than the Brow-
nian rotational diffusion. This is again in direct contrast
to the simple free rotational diffusion model line shape (as
well as any of the comparable appearing line shapes for
the moderate jump models discussed in ref 2a).

It is anticipated, from the results for the g tensor case
and the similar structure of the equations in that case and
that for the axial nitroxide,13 that the complete three-
dimensional angular-momentum treatment will yield line
shapes similar to those for the simple free-diffusion re-
sults. In that case it would still be difficult to distinguish
an inertial model from that of moderate jump models on
the basis of line shape alone, and other considerations
would be required.2b
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Infrared Attenuated Total Reflection Spectra of Adsorbed Layers at the Interface

between a Germanium Electrode and an Aqueous Solution of Sodium Laurate
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Polarized infrared attenuated total reflection (ATR) measurements have been made on thin layers ad-
sorbed on a germanium ATR plate electrode from an aqueous solution of sodium laurate. A platinum
plate was immersed in the solution as an auxiliary electrode and was electrically connected to the germa-
nium plate. When necessary, electric potentials lower than 0.5 V were applied between the two plates. It
is found that when the concentration of the aqueous solution is less than ca. 10 mJW, the adsorbed layers
consist of an assembly of crystallites of lauric acid. The crystallites are monoclinic and uniaxially orient-
ed so that their crystallographic ¢ axes make an angle of 39° with the z axis normal to the germanium
surface. Reference to the crystal structure of lauric acid indicates that the axes of the hydrocarbon
chains of the lauric acid molecules also give rise to uniaxial orientation and make an angle of 35° with
the z axis. When the concentration of the aqueous solution approaches or exceeds the critical micelle
concentration, laurate ion micelles are adsorbed, in which the hydrocarbon chains are flexible and the
carboxylate groups are oriented so that their bisectors are almost normal to the germanium surface. The
electric potential applied between the germanium and platinum plates influences the adsorption phe-
nomena. Effects of pH and temperature are also considered. A possible mechanism for the acid adsorp-

tion is proposed.

Introduction

Many studies have been made on infrared transmission
spectra of adsorbed molecules on solid surface.1-2 This
method is very sensitive, and the shape and position of
absorption bands are affected not only by the structure
and motion of adsorbed molecules but also by their sur-
roundings. However, little information has been obtained
about the orientation of adsorbed molecules, because fine
powders with large surface area have been used as adsor-
bents and the infrared dichroism of absorption bands due
to the adsorbed molecules cannot be observed.

Harrick3 and Fahrenfort,4 on the other hand, have pro-
posed the technique of attenuated total reflection (ATR)
for obtaining infrared spectra of organic compounds which
cannot be readily studied by transmission measurements.
Since the infrared radiation totally reflected within opti-
cally transparent crystals of high refractive index interacts
with materials closely attached to the surface of the crys-
tals, the ATR method is useful in studies of the structure
of thin surface layers, such as adsorbed layers and built-
up films. Furthermore, application of polarized infrared
radiation to the ATR method gives information about mo-
lecular orientation in surface layers. In fact, using the po-
larized infrared ATR method, Takenaka and coworkers5'7
have studied molecular structure and orientation in built-
up films transferred from monolayers spread on water to
germanium ATR plates. Haller and Rice8 have demon-
strated the usefulness of this method in studies of alcohol
adsorption on surfaces of known structure of single-crystal
a-aluminum oxide. Low and coworkers9 have studied ad-
sorption of stearic acid from carbon tetrachloride solution
onto surfaces of germanium and a-aluminum oxide plates.
Furthermore, Harrick10 has discussed an ATR theory for

thin films on transparent substrates, and Hansen11-13 has
derived general approximate equations for the change in
reflectance of a stratified medium due to the presence of
very thin films. These theoretical works are significant in
analysis of the polarized infrared ATR studies of adsorbed
layers.

In the present work, the method was extended to stud-
ies of molecular structure and orientation in thin layers
adsorbed at the interface between a germanium ATR
plate electrode and an aqueous solution of sodium laurate.
A platinum plate was immersed in the aqueous solution
as an auxiliary electrode and was electrically connected to
the germanium plate. When necessary, electric potentials
lower then 0.5 V were applied between the germanium
and platinum plates, the former being positive. In these
studies, the conducting germanium plate served as the
ATR plate and the adsorbent, and further as the elec-
trode. The electric potential applied across the interface
influenced the adsorption phenomena. The effects of con-
centration, pH, and temperature were also considered.

Experimental Section

A sample of sodium laurate was synthesized and puri-
fied as previously reported.14 Pure water was prepared by
redistillation in Pyrex of distilled water which had passed
through an ion-exchange resin column.

Polarized infrared ATR spectra of adsorbed layers on
the germanium plate were recorded on a Perkin-Elmer
Model 521 grating spectrophotometer equipped with a
Perkin-Elmer multiple ATR attachment and a wire grid
polarizer. The ATR attachment has been designed so as to
provide an internal angle of incidence of 45°.15 The details
of an adsorption cell which fits into the ATR attachment
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Figure 1. Schematic drawing of adsorption cell for ATR mea-
surements and electric circuit.

are shown in Figure 1, together with the electric connec-
tion. The cell was essentially the same as that designed by
Mark and Pons,16 who have made infrared ATR studies of
chemical species at electrode surfaces during electrolysis.
It was composed of two solution holders17 made of Teflon,
and also served as a holder for the germanium trapezoidal
ATR plate, 50 mm long, 18 mm high, and 2 mm thick.
The plate was made of monocrystalline pure germanium
which had a specific resistance of 40 £2 cm. The effective
adsorption area of the germanium plate which was in con-
tact with the sample solution was 39 mm x 12 mm on
each face. These dimensions and an internal angle of inci-
dence of 45° gave 20 reflections of the radiation at the ger-
manium-solution interfaces. Infrared radiation passing
through both the upper and lower surfaces of the germani-
um plate outside of the effective adsorption area was
eliminated by covering them with pieces of aluminum foil.

A platinum plate, 36 mm long and 9 mm high, was in-
serted in each solution compartment as an auxiliary elec-
trode at a distance of ca. 10 mm from the germanium
plate and was electrically connected to the germanium
plate. When necessary, electric potentials lower than 0.5
V (dc) were applied between the germanium and plati-
num plates by use of a standard voltage generator. In such
cases, the conducting germanium plate served not only as
the ATR plate and the adsorbent but also as the elec-
trode. The current and the potential difference between
the two plate electrodes were measured, and sometimes
recorded.

After each experiment, the germanium plate was repol-
ished on a plane ground pitch plate covered with a silk
cloth. A Linde polishing material dispersed in a detergent
solution was used. The plate was then thoroughly rinsed
with water followed by ultrasonic cleaning in ethyl alcohol
and in chloroform.

X-Ray diffraction patterns of the adsorbed layers were
obtained by means of a Rigaku Denki X-ray diffractomet-
er.

All adsorption studies were carried out in a room of
constant temperature (25 * 0.2°) and constant humidity
(45 = 2%).
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Figure 2. Infrared ATR spectra of water (chain line) and laurlc
acid adsorbed from a 2 mM aqueous solution of sodium laurate.
Solid and dotted lines refer to the orientation of the electric vec-
tors parallel (R ) and perpendicular (Rx ) to the plane of inci-
dence, respectively.

Results and Discussion

(A) Spectra and Structure of Adsorbed Layers. The ad-
sorption studies were first carried out for a 2 mM aqueous
solution of sodium laurate at pH of 7.2. When this solu-
tion was introduced into the adsorption cell with the elec-
trodes disconnected, the infrared ATR spectrum was re-
corded as shown by the chain line in Figure 2. The identi-
cal spectrum was obtained even 1 hr after the introduc-
tion of the solution. This spectrum is merely that of water
with weak peaks (at ca. 1400 and 1150 cm-1) due to rub-
ber packings.18 This indicates that no adsorption of chem-
ical species except water takes place on the germanium
surfaces.

It was found in this aqueous solution that an electric
potential of ca. 0.8 V was generated between the germani-
um and platinum electrodes, the latter being positive.
When the electrodes were connected, all the water peaks
at ca. 3350, 2100, and 1650 cm-1 began to weaken and a
number of new peaks began to appear. The peak intensi-
ties reached constant values in ca. 60 min after the elec-
tric connection was made (Figure 3). These facts suggest
that the water molecules which were previously adsorbed
on the germanium surfaces were replaced with other
species, and that an equilibrium was achieved in ca. 60
min. The current was ca. 0.1 mA at first and decreased
with time attaining the constant value of ca. 0.06 mA in
ca. 60 min, showing a good correspondence to the changes
in the peak intensities. Figure 2 also shows the polarized
infrared ATR spectra of the adsorbed layer recorded after
equilibrium is achieved. The solid line refers to an orien-
tation of the electric vector parallel to the plane of inci-
dence (R}) and the dotted line refers to the electric vector
perpendicular to that (RjJ. Apparently the new peaks
cannot be ascribed to sodium lauratel4 but are character-
istic of lauric acid.19-20 Assignments of the major peaks
have been well established; the 2920- and 2850-cm_1
peaks are attributable to the antisymmetric and symmet-
ric CH2 stretching vibrations, respectively, the broad peak
at 1700 cm-1 to the 0=0 stretching vibration, the
1465-cm“ 1 peak to the CH2 scissoring vibration, the
1410-cm_1 peak to the same vibration of the a-methylene
group, the 1430- and 1300-cm*1 peaks to the coupled
COH in-plane deformation and C-0 stretching vibrations,
and the 930-cm*“ 1 peak to the OH out-of-plane deforma-
tion vibration. The fact that the adsorption of lauric acid
takes place at the interface between the germanium plate
and the aqueous solution of sodium laurate suggests that a
reaction of sodium laurate to give lauric acid occurs at the
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Time, min.

Figure 3. Change in reflectivity for the 2920-cm-1 peak during
the course of adsorption: solid line, R = 0 2and E = 0 V; bro-
ken line R = 5 kO and E = 0 V; chain line, R = 0 S and E =
0.5 V.

interface. The appearance of regularly spaced peaks (the
progression bands) of medium intensity between 1350 and
1180 cm-1 (assigned mainly to the CH2 wagging vibra-
tion19'22) indicates that the hydrocarbon chains of the ad-
sorbed molecules are in the planar trans-zigzag configura-
tion,2324 and that the adsorbed layer is in the crystalline
state.19,20 The number and the position of the progression
band are indicative of the presence of ten CH2 groups in
each hydrocarbon chain of the adsorbed molecules.2L

In Figure 2, extremely high parallel polarization is found
for the progression bands as well as for the 1430-cm- 1
peak, while apparent but low parallel polarization is seen
for the remaining major peaks. This indicates that lauric
acid assumes a certain orientation in the adsorbed layer
with respect to the z axis normal to the germanium sur-
face (see Figure 1). Detailed discussions of the molecular
orientation will be given in the latter parts of this paper.

Figure 3 represents the change in the amount adsorbed
with time as indicated by the change in reflectivity for the
2920-cm-1 peak. The solid line shows the reflectivity
change recorded without external resistance (Figure 1).25
The reflectivity decreases with time and attains an equi-
librium value in ca. 60 min, as mentioned above.26 If the
electric circuit is disconnected at this stage (the arrow in
Figure 3), the reflectivity gradually increases, indicating
the desorption of the adsorbed molecules. When an exter-
nal resistance of 5 kil, for example, is inserted in the cir-
cuit, the decrease of the reflectivity becomes very slow as
shown by the broken line in Figure 3. When, on the other
hand, an electric potential of 0.5 V is applied between the
positive germanium and negative platinum electrodes
without the external resistance, the reflectivity decreases
very rapidly and reaches a small constant value in ca. 20
min (the chain line in Figure 3). In spite of the large dif-
ferences in rates and amounts of adsorption, the polarized
ATR spectra of the adsorbed layers were qualitatively the
same in the three cases. Application of higher voltages, of
over 3V, yielded a rapid decrease of the reflectivity fol-
lowed by a gradual increase. In the latter stage, a genera-
tion of small bubbles of oxygen was observed around the
germanium electrode in the aqueous solution. It is there-
fore conceivable that the electrolysis of water becomes ap-
preciable at such higher voltages, resulting in the desorp-
tion of the molecules from the germanium surfaces.

In Figure 4, the polarized ATR spectrum (Ru) of the
adsorbed layer on the germanium plate in the aqueous so-
lution (the dotted line) is compared with that for the
same sample recorded after the germanium plate was re-
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Wavenumber, cm"1

Figure 4. comparison of ATR spectra (R ) of the adsorbed layer
recorded in the aqueous solution (dotted line) and in air (solid
line). For ready comparison, the water peaks in the dotted line
were cancelled by use of compensation In the reference beam.
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Figure 5. Polarized infrared transmission spectra of lauric acid
adsorbed from a 2 mM aqueous solution of sodium laurate re-
corded In air. Solid and dotted lines refer to the orientation of
the electric vectors parallel tc the x and y axes of the germani-
um plate, respectively.

moved from the aqueous solution and air dried at room
temperature (the solid line). For ready comparison, the
water peaks in the dotted line were cancelled by use of
compensation in the reference beam. Although there is a
close resemblance between the two, the peaks are appar-
ently stronger in the solid line than in the dotted line.
This is also true for the Ri spectra. It is obvious from
these facts that the molecular orientation in the adsorbed
layer may be identical in both states. Calculations of the
mean square electric field at the germanium-solution in-
terface and that at the germanium-air interface by use of
equations of Hansen27 (eq 5-7 in the next section) lead to
the conclusion that peaks of the adsorbed layer are strong-
er in the aqueous solution than in air for parallel and per-
pendicular polarization.11-13 Apparently, the reverse is the
case of Figure 4. On the other hand, Fujiyama28 has theo-
retically pointed out that if there is a transparent thin
layer between an ATR plate and absorbing film, the peak
intensity of the film is decreased to some extent depend-
ing upon the thickness of the transparent layer. Therefore,
one possible interpretation of the intensity difference ob-
served in Figure 4 is that there is a thin layer of bound
water between the germanium plate and the adsorbed
layer in the aqueous solution. Details of the water layer
have not been obtained as yet.

Polarized transmission spectra of the adsorbed layer,
the ATR spectra of which were given in Figure 2, were re-
corded in air and reproduced in Figure 5. The solid and
dotted lines refer to the orientation of the electric vectors
parallel to the x and y axes (Figure 1) of the germanium
plate, respectively. The two spectra are identical irrespec-
tive of the direction of the electric vectors. From this fact
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Figure 6. X-Ray diffraction pattern of lauric acid adsorbed from
a 2 mW aqueous solution of sodium laurate.

and the above-mentioned results of the polarized ATR
spectra in Figure 2, it may be concluded that the ad-
sorbed molecules are at random in the xy plane but as-
sume a certain orientation along the z axis. In other
words, the molecules may give rise to a uniaxial orienta-
tion with respect to the z axis.

Figure 6 shows the X-ray diffraction patterns of the ad-
sorbed layer. An analysis of the main peaks yields a long
spacing of 27.46 A. This value is in good agreement with
one of the unit-cell parameters ¢ sin 5 = 27.42 A of the
lauric acid crystals (C form) given by Vand, Morley, and
Lomer,2 who have reported from X-ray analysis that the
crystal is monoclinic with a = 9.524, b = 4.965, ¢ = 35.39
A, and d = 129° 13'. This agreement and the results of
uniaxial orientation of the lauric acid molecules in the ad-
sorbed layer reveal that it consists of an assembly of C-
form crystallites,30 which are oriented so that their crys-
tallographic ab planes are parallel to the germanium sur-
face (the xy plane) and the c axes give rise to uniaxial ori-
entation with respect to the z axis with an angle of 39° 13'
between the ¢ and z axes. Therefore, reference to the crys-
tal structure of lauric acid2 indicates that the axes of the
hydrocarbon chains of the lauric acid molecules make uni-
axial orientation around the z axis with an angle of 35°
between the chain axis and the z axis. This will be con-
firmed by means of ATR spectroscopy in the next section.

(B) Quantitative ATR Studies of Molecular Orienta-

tion. It is well known in reflection measurements of a
stratified medium that the reflectivities Rt, and Rj_ for
polarized radiations with the electric vectors parallel and
perpendicular to the plane of incidence are generally ex-
pressed by complicated equations including the angle of
incidence si and the complex refractive index h which is
shown by

n=n+ ik (1)
Here n is the real part of the refractive index, and k is a

constant called the extinction coefficient and appears in
Lambert’'s absorption coefficient a which is given by

a = 4irk/X (2)
where X is the wavelength of radiation in vacuo.

Recently, Hansen11-13 has derived general approximate
equations for reflectivity changes caused by the presence
of very thin films (much thinner than a quarter wave-
length) such as adsorbed layers. Here we consider a three-
phase plane-bounded system shown in Figure 7. Phase 1is
the semiinfinite incident phase which is germanium in the
present case, phase 2 the anisotropic adsorbed layer of
thickness h2 and phase 3 the semiinfinite final phase
which is aqueous solution or air. The plane of incidence is
the yz plane, the y and z axes being parallel and perpen-
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Figure 7. Geometry for attenuated total reflection from a three-
phase plane-bounded system with anisotropic second phase and
transparent initial and final phases.

dicular to the interfacial plane, respectively. The x axis is
perpendicular to the plane of incidence.

In the present case of internal reflection, the change in
reflection adsorbance, AA = log {Ro/R), caused by the
thin film is given by the following equations for perpen-
dicular and parallel polarization

rHxa 2xh 2\
AA+ ) 3)
In 10N, cos di
and
h.N 28 2(£-)\0
n= - In )0 +
In lon{cos 6 I ME-)

Here i?0 is the reflectivity when the film does not absorb.
The numerical subscripts refer to the phase, n2y, and
n2z are components of the refractive index of the film
along the x, y, and z axes, respectively, a2*, cty, and a
are those of the absorption coefficient, and N is the num-
ber of reflections. The subscript s refers to a standard ref-
erence film which has similar refractive index and thick-
ness to the absorbed layer and a = 0. Furthermore, (E2)x°,
(E2y°, and (E2z° are three components of the mean
square electric field at the interface in the no-film case,
where phase 1 is directly attached to phase 3. In the ATR
region where 0Oi is greater than the critical angle, they are
given by27

9t

<€29x¢ ny - ny (5)
{E-} ny ny cos2 ~ ny cos2 9i ®)
and
B 2nr sin2 £. 7
<EZu= ny ny cos2 eX— ny cos2 0, ™

if those in the incident radiation are taken as unity. For
any phase j, = hj cos dj = (hj2 —my2 sin20i)1/2, where
63 is the angle of refraction in phase 3, and f R is negative
in this case.

By using proper values, nx = 4.00 for germanium, n2 =
1.00 for air, 81 = 45°, and N = 20, and making the conve-
nient assumption that n™ = n2v = % = rig = 144,32
from eq 3-7 we have
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AAX = AT72axh2 (8)
and

AANn= 4.40a2/i2 + 5.03a2i/i2 9)

In this calculation, k2z2 of the denominator in the second
term of eq 4 is neglected, because it is much less than
unity.

If, on the other hand, it is possible to make transmis-
sion measurements of the sample film, we can obtain the
dichroic ratio Dxy as the ratio between the absorbances Ax
and Ay for normal incident radiations polarized along the
x andy axes, and we have

Dxy = AxX/Ay = a2Jayy (10

Therefore, measurements of Ru and Rj_in eq 8 and 9 and
Dxy in eq 10 will yield the values of azch2 azyh2 and
a&h?2 and make possible discussions of molecular orienta-
tion.

As was seen in Figure 5, the adsorbed layer of lauric
acid gives rise to identical transmission spectra irrespec-
tive of the direction of the electric vectors of polarized ra-
diations. This means from eq 10 that Dxy = 1 and azx =
a2y for all the peaks measured. Therefore, if the values of
Rr and Rt are obtained from the polarized ATR spectra
of the adsorbed layer, we can calculate the values of
<xh2{~ azyh2) and<!22"2 from eq 8 and 9.

In this study, the antisymmetric and symmetric CH2
stretching vibration peaks at 2920 and 2850 cm' 1 are used
for evaluations of azxh2 and az”hz because these vibra-
tions are known to be pure modes which do not mix with
other modes. Both their transition moments Mz2920 and
M2850 he in the plane of the methylene group, the latter
pointing in the direction of the bisector of the HCH angle
and the former being normal to it. Therefore, Mz2920,
M28501 and the axis of the hydrocarbon chain are mutually
perpendicular. Thus, from the values of R and R1 for
the 2920- and 2850-cm_1 peaks obtained from the air-
dried layer of Figure 2 we have the values of azch2 and
« 22”2 as shown in Table I.

In the case of uniaxial orientation of the crystallites
mentioned above, the orientations of the three mutually
perpendicular axes are shown in Figure 8. According to
Fraser,34 the angle ¢ between the 2 axis and Mz2920 and the
angle# between the z axis and M 2850 are expressed by

(«22,/«<2920 = - cot- (11)

and
(a-,Ja-x)2850 = 2 COt- o (12)

Furthermore, if €is the angle between the z axis and the
axis of the hydrocarbon chain, we have

cos2e + €0S2o0 + CO0S2« - 1 (13)

The results of this calculation for the adsorbed mole-
cules are given in Table I. Taking into account the rough
approximation used in the calculation as well as the ex-
perimental errors introduced in the present study, the
value 9> = 32° thus obtained is in satisfactory agreement
with the above-mentioned value of 35° obtained from
X-ray analysis of the lauric acid crystal.2 This indicates
the appropriateness of the above-mentioned hypothesis of
uniaxial orientation of the crystallites.

A high parallel polarization of the progression bands
(mainly due to the CH2 wagging vibration19 22) in Figure
2 can be understood easily on the basis of this result, be-
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Figure 8. Uniaxial orientation of transition moments M2920 and
M2850 and of the axis of the hydrocarbon chain around the z
axis.

TABLE I: Orientation of Lauric Acid Adsorbed
from a2mwv Aqueous Solution of Sodium Laurate

Wave

number, ct2M

cm-1 (= a*yho) ctzghi aiz/aix Angles
2920 O .ll7 0.0477 0.40g e = 66°)
2850 0.0847 0.0215 0.254 6 = 70°)"

cause their transition moments lie toward the axisofthe

hydrocarbon chain.

©) Effect of Various Factors. The adsorption phenome-

na in the present study were found to be influenced by
various factors such as concentration, pH, and tempera-
ture of the aqueous solution as well as the electric poten-
tial applied between the two electrodes. The effect of the
electric potential on the adsorption rate and amount of
lauric acid was shown in Figure 3.

When the pH of a 2 mM aqueous solution of sodium
laurate was raised to 9.9, for example, by the addition of
sodium hydroxide, no adsorption occurred even 1 hr after
the two electrodes were connected. Adsorption was ob-
served, however, when an electric potential higher than
ca. 0.2 V was applied between the two electrodes, the ger-
manium electrode being positive.

It was also found that the pH of the aqueous solution of
sodium laurate increased with concentration, and the
amount of lauric acid adsorbed on the germanium plate
decreased with an increase in concentration. When, how-
ever, the concentration of the aqueous solution was great-
er than ca. 10 mM (pH ~8.1), the adsorbed layer gave
rise to ATR spectra different from those of lauric acid.
Figure 9 shows the polarized ATR spectra of the surface
layer adsorbed from a 30 mM solution (pH 9.0) with the
electrodes connected. Since the peaks of the adsorbed
layer were weak in the aqueous solution,3% the spectra
were recorded after the plate was removed from the solu-
tion and slightly dried by use of a water aspirator. Though
the peak intensities were increased about threefold in the
reflectivity scale by these operations, the spectra were
quite similar to those obtained in the aqueous solution.
This may also be interpreted as indicating the presence of
bound water between the germanium surface and the ad-
sorbed layer as mentioned in the case of acid adsorption.

Apparently, the spectra in Figure 9 are similar to the
transmission spectra of the concentrated aqueous solution
of sodium laurate.14 This suggests that the chemical
species adsorbed under these conditions are laurate ions
probably forming micelles. Since the critical micelle con-
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Figure 9. Polarized infrared ATR spectra of laurate ion adsorbed
from a 30 mM aqueous solution of sodium laurate recorded in
the dry state. Solid and dotted lines refer to the orientation of
the electric vectors parallel (RM and perpendicular (R_1) to the
plane of incidence, respectively.

centration (cmc) of the aqueous solution of sodium laurate
is roughly 20 mM at room temperatures, we can conclude
that the adsorption of the laurate ion micelles would take
place at concentrations approaching or greater than the
cmec.

Disappearance of the sharp progression bands between
1350 and 1180 cm* 1 means that the hydrocarbon chains of
laurate ions are flexible and twisting in the adsorbed mi-
celles. In other words, the methylene groups in the hydro-
carbon chains are spinning about the C-C bonds in the
adsorbed layers.

While a parallel dichroism is observed for the peaks at
2920 (the antisymmetric CH2 stretching vibration), 2850
(the symmetric CH2 stretching vibration), 1550 (the an-
tisymmetric COO" stretching vibration), and 1460 cm*“ 1
(the CH2 scissoring vibration), an extremely high parallel
dichroism can be seen for the 1410-cm” 1 peak attributed
mainly to the symmetric COO" stretching vibration.
Since the transition moment of this vibration lies in the
COO* plane pointing in the direction of the bisector of
the OCO angle, carboxylate groups are probably oriented
in the adsorbed layer so that their bisectors are almost
normal to the plane of the interface. It is interesting that
the broad peaks of water centered at ca. 3350 and 1650
cm- 1 give rise to very high dichroism along the plane of
incidence. This is indicative of a pronounced orientation
oi the water molecules, which may be bound to the OH
groups of the germanium surface through hydrogen bond-
ing.

When a lower electric potential was applied between
the two electrodes, both the rate and amount of micelle
adsorption increased to some extent. When, however, a
higher electric potential was applied, the adsorbed layers
were found to be changed from laurate ion micelles to lau-
ric acid crystallites, the boundary value of the electric po-
tential being dependent upon pH and concentration. It
was ca. 2V for a 20 mM aqueous solution (pH 8.7).

The effect of temperature on the adsorption phenomena
was not so pronounced; the amount of the adsorbed
species decreased with increasing temperature.

(D) Mechanism of Acid Adsorption.
that laurate ion is hydrolyzed in aqueous solutions of sodi-
um laurate and, in the course of time, lauric acid is liber-
ated from the solutions especially at low concentrations.
Therefore, the adsorption of lauric acid may result from
this process. It was found, however, in the present study
that the adsorption of lauric acid did not occur from a
saturated aqueous solution of lauric acid including excess
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fine crystallites even when proper external electric poten-
tial was applied between the germanium and platinum
electrodes. When, on the other hand, sodium hydroxide
was added to this solution to bring its pH value to ~7,
the adsorption of lauric acid did occur. It is, therefore,
likely that free acid is not adsorbed on the germanium
plate, but the acid adsorption proceeds through the lau-
rate ion.

If this is true, a reaction of laurate ion to give lauric
acid should take place. If the required proton is directly
supplied from the solvent water, the solution around the
germanium electrode should become alkaline. However,
pH measurements and colorimetric analyses with phenol-
phthalein indicated that the solution around the germani-
um electrode was not so highly alkaline, while the solution
around the platinum electrode became highly alkaline,
and the pH of the bulk solution increased as the adsorp-
tion proceeded. These facts suggest that the proton should
be supplied from other sources.

It was also found in the present study that germanium
dissolved into the solution during the course of adsorp-
tion. According to Beck and Gerischer,3 the dissolution
in acidic solution may be expressed by

Ge + 3HD —>a H,Ge03 + 41D + 4e" (14)
and that in highly alkaline solution by
Ge + 60H" —» GeCV" + 3HD + 4e* (15)

It is apparent from eq 14 and 15 that the dissolution of
germanium into acidic solution may be a source of pro-
tons, whereas the dissolution into highly alkaline solution
may not be a source.

Thus, one possible mechanism for acid adsorption on
germanium from aqueous solutions of sodium laurate can
be expressed as follows: at the germanium electrode

Ge + 31! 0 — « H,Ge03 + 4H+ + 4e“

and
4RCOCT + 4H+ — » 4RCOOH

or, as a whole
Ge + 3HD + 4RCOCT —> HZ5e03 + 4RCOOH + 4e“ (16)
and at the platinum electrode
4e” + 4HD —* 40H“ + 2H, 7

Here, RCOO“ and RCOOH represent laurate ion and lau-
ric acid, respectively. The overall reaction is therefore
Ge + 4RCOO~ + 7THD —»

H,GeO; + 4RCOOH + 401T + 2H, (18)
Equation 18 means that the process of acid adsorption
consists essentially of dissolution of germanium and hy-
drolysis of laurate ion followed by adsorption. Therefore,
the process may be regarded as a kind of electrodeposi-
tion. This mechanism and the hypothesis that eq 15 is the
predominant reaction in a highly alkaline solution may
satisfactorily explain the above-mentioned fact that acid
adsorption is suppressed by increasing the pH. Equation
18 may also explain the fact that acid adsorption is accel-
erated by application of an external electric potential be-
tween the germanium and platinum electrodes.

The two-electrode approach used in the present study
may not allow ones to arrive at any real feel for the elec-
trochemical potential of the germanium electrode surface.
At this stage, however, the simple qualitative observation
of potential dependency of the adsorption may be suffi-
cient.
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Skeletonized Films and Measurement of Their Optical Constants

M. S. Tomarl
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Optical properties of molecular films of organic long-chain compounds deposited by the Blodgett-Lang-
muir technique have already been studied. Optical properties of skeletonized built-up Langmuir films
have not been reported thus far. In the present work, ellipsometric studies of these “skeletonized” films
are presented. The optical constants reported here are seen to be lower than the unskeletonized molecu-

lar films.

Introduction

Ellipsometry is an increasingly important technique for
the optical study of solid surfaces or thin films absorbed
on a solid substrate. In most of the work on this subject,
the adsorbed layer is considered to be isotropic. The opti-
cal properties of the birefringent films have been reported
by many authors.2-3 Schopper4 gave the theoretical for-
mulation of anisotropic films, whose optic axis lies normal
to the film surface. We have recently5 used his formula-
tions for the first time for experimental investigations.
The ellipsometry of anisotropic films have been treated by
Engelsen6 and recently by Tomar and Srivastava.7 The
latter gave a theory of ellipsometry which is applicable to
absorbing or nonabsorbing anisotropic (uniaxial or biaxial)
films absorbed on a absorbing substrate. With the help of
an ellipsometer, we studied the optical constants of
Blodgett-Langmuir films of various long-chain organic

compounds. In the present work, an attempt has been
made to study ellipsometrically the optical constants of
“skeletonized” molecular films of barium stearate, palmi-
tate, margarate, and behenate.

Experimental Section

@) Deposition of Molecular Films (Barium Stearate).
Barium stearate films containing the desired number of
layers were “built up” on properly selected optically
smooth glass slides by the well-known technique of Blodg-
ett and Langmuir (BL).89 For depositing the film, a mo-
nolayer of stearic acid dissolved in benzene (concentration
commonly 3 x 1CL4 by weight) was spread on the surface
of doubly distilled or deionized water (specific resistance 6
x 105 0ohm cm) containing 0.3 x 10~4 M BaCU, the pH of
the solution having been held at about 6.5 by addition of a
small amount (4.0 x 10~4 M) of potassium bicarbonate.
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The monolayer was transferred from the water surface to
the slide by a repeated dipping and withdrawal process,
the spread stearic acid film being kept under suitable
two-dimensional pressure with oleic acid as “piston oil”
(surface pressure 29.0 dyn/cm). Under these conditions, a
layer is transferred every time the slide is dipped or with-
drawn and in the built-up film the molecules in adjacent
layers in the crystal lattices are oppositely oriented. In the
above delicate technique, greatest care was taken to mini-
mize vibrations and dust contamination which cause the
spread monolayer to break up resulting in cracks and
voids in deposited film. The temperature of the ambient
medium was maintained at 20-22°, as required. The films
of barium palmitate, margarate, and behenate were de-
posited by a similar process, taking palmitic, margaric,
and behenic acid, respectively, instead of stearic acid
(used for barium stearate).

(2) “ Skeletonization” Process. The films built up by the
BL technique are monomolecular layers and composed of
a mixture of stearic acid and neutral stearate. We can re-
move this stearic acid content by dipping the film into a
benzene solution. For this, the films are soaked for 8-10
sec in pure benzene solution (BDH, 99.99% pure) and
then withdrawn. Benzene dissolves the stearic acid and
leaves the barium stearate as a skeleton with air filling
the spaces previously occupied by stearic acid (or palmi-
tic, margaric, and behenic acid). The proportion of each
component (barium stearate and stearic acid) in the un-
soaked film is determined by the barium concentration
and the pH of the water solution used in building the
film. The process of removing acid content from the film
is known as a “skeletonization process.” The films thus
obtained are homogeneous and reproducible, provided a
solution of the same pH is used. Also, great care is taken
when soaking the film in benzene for a fixed time. The
skeletonized films are biréfringent as reported by Blodg-
ett-Langmuir.9 The skeletonized films of barium palmi-
tate. margarate, and behenate are also obtained by the
same method.

These films are transparent and show no color on the
microscope slide used. After the films are skeletonized,
vivid colors are seen. This may be due to the decrease in
refractive index of the film. The best quality skeletonized
films are obtained when the films contained less than 100
layers. Films of varied refractive indices can be obtained
by varying the pH of the solution.9 In the present work,
the films studied were prepared only at pH —6.5. In case
the films are discontinuous, and the patches and cracks
can be easily examined by the ordinary reflected light.

(3) Ellipsometric Observations. The required number of
monolayer are deposited on clean stainless steel slides and
studied with an ellipsometer. In our set up, the quater
wave plate (compensator) is used on the analyzer arm just
after the sample. Polarizer and analyzer are mounted on
the collimating and analyzing arms of the ellipsometer,
respectively. Null detection in output is obtained by a
photomultiplier detection system.

The elliplicity t and azimuth ft of the reflected light are
easily measured and, consequently, we obtained the phase
change A and amplitude ratio (r,,/rs = tan 0) by the fol-
lowing relations10

cos 20 = cos 2e cos 20

tan A = tan 2e/sin '®%
Thus the ellipsometric parameters involved with the theo-
retical results are obtained experimentally.
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Measurement Technique

The polarizer is set at 45° to the plane of incidence. Ini-
tially, quater wave plate and sample are absent and the
analyzer is crossed with the polarizer in the direct light (X
5893 A) so that no light leaves the analyzer. When a sam-
ple is introduced, the azimuth major axis of the reflected
ellipse may be found by rotating the analyzer from a posi-
tion Ai to a position A2 which gives minimum intensity.
Then s = A2 —A\. If the quater wave plate is introduced
in this azimuth, a linear vibration results and the analyz-
er is rotated to position A3 so as to produce extinction.
Then A3 —A2 = e Thus t and s are experimentally mea-
sured. Finally, A and O are obtained using the above
equations. In the ellipsometry of anisotropic films,7 A and
0 are related to film parameters by the relations

RF/Rf = tan Oe

(7 p + + Tis72se -*is)

1 + 7iPr2pe”2Alip)(7is + r2e A1

where r, and r2 are the Fresnel reflection coefficients at
air-film and film-substrate interfaces, respectively, and 3
is the phase thickness. Subscript p and s denote the vi-
bration parallel and perpendicular to the plane of inci-
dence, respectively, and Z is the direction of the optic
axes of the uniaxial film. The anisotropic Fresnel's reflec-
tion coefficients are

n,2COS 0!
ne cos O + ntap

n, cos 0, — as
ntcos 0, + as

— 71,0p

as — n. cos 02 h.,ap — n~ cos 02

a5+ n. cos Oo nap + n,2 cos O,
where as = (nx2 — i sin2 0U1 2, a,, = (nx/n,)(nz2 —nl
sin2 0i)1/2, n2 = n2 - ik2 and ds = (2ird/\)as, dp =

(2wd/\)av where (2 is the complex angle of refraction in
the substrate media, and is evaluated by the standard
method.1l Substituting the above expressions in eq 1. we
obtain a complex equation in A and 0. Separating real
and imaginary part from eq 1, we get two equations in A
and 0, which may be represented as

A = f,(n,n:d)
0 = f,(nxn:d)

Here nx and n: are the two refractive indices of the (uni-
axial) film and (d = ndl) is the thickness of the film, n is
the number of monolayers in the film and d1 the mono-
layer thickness. Thus knowing A and 0, one can calculate
the optical constants and thickness. A and 0 are measured
at k different thicknesses d and a set of 2k data is ob-
tained. If the optical constants of the film with uniaxial
symmetry are unknown there are k + 4 adjustable param-
eters or k + 2 if the film is considered to be isotropic.
Hence minimum of four measurements are needed in
order to determine all parameters. If we assume that the
optical parameters over whole range of thicknesses of the
film are constant, the calculation of the optical constants
is a least-squares refinement of the crucial parameters

R

F /‘I'.l/‘t‘xpl ~theory) (Oexpl Otheory )

From preliminary calculations, where we assumed that nx
= nz. The layer thickness d, for the ith measurement is
then obtained by calculating A and 0 at various thick-
nesses and refractive indices. By successive iteration a set



Skeletonized Films and Measurement of Their Optical Constants

949

TABLE I: Measured Refractive Indices and Thickness per Layer for the Skeletonized Built-up Films

No. of layers

Barium palmitate 10-20 1.23
30-40 1.23

40-50 1.24

50-60 1.22

Av 1.23

Unskeletonized” film 1.43
Barium margarate 10-20 1.29
30-40 1.28

50-60 1.26

70-80 1.29

Av 1.28

Unskeletonized film 1.40
Barium behenate 10-20 1.38
40-50 1.36

50-60 1.36

70-80 1.38

Av 1.37

Unskeletonized film 1.48

a Reference 7.

Figure 1. A-\p curve for skeletonized barium stearate films with
various layer thicknesses: (-----) theoretical curve: (—) experi-
mental curve.

of parameters tit, d, may be found that make

Fi ~ (Aexpt ~theory (NAexpt theory )

arbitrarilly small. The least-squares calculations are now
started using the initial d, values obtained by assuming
the film media to be isotropic and the refractive index to
be same average value of the rg's just obtained. The iso-
tropic values of n and d; thus obtained serves as initial
value for the anisotropic least-squares refinement, i.e.,, nx
= nz = n(isotropic). Engelsen’s6 ALGOL computer pro-
gram was changed to Fortran IV and is used in the IBM
360 computer.

Ellipsometric parameters A and ip are measured for
these {i.e., barium stearate, palmitate, margarate, and
behenate) skeletonized films. Measurements were made in
two zones. The optical constant of the stainless steel slide

s
x

+ + + + + + 1+ +

+ 1+ + 1+

=]
~
o

0.01 1.39 + C.02 27+0.2
0.03 1.40 + C.01 2.7+ 0.4
0.01 1.37 + 0.01 28+ 1.0
0.02 1.38 + 0.02 26+06
1.38 2.7
1.59 23 .4
0.01 1.45 + 0.01 239+ 0.4
0.02 1.43 + 0.01 23.4+ 0.8
0.02 1.45 + 0.02 23.3+02
0.03 1.43 + 0.03 28+ 4
1.44 23.3
1.54 24 5
0.03 1.51 + 0 02 20.1+ 0.6
0.02 1.48 + 0.01 30.0+ 0.4
0 02 1.50 + 0 04 29.0+ 0.2
0.04 1.49 + 0.03 28.9+ 0.6
1.49 29..2
1.66 30.8

Figure 2. Experimental A-ip curve for skeletonized barium pal-
mitate films of various layer thicknesses.

was obtained by the usual method.12 The values thus ob-
tained7 were found to be ri2 = 247 and & = 3.46. The
angle of incidence was 70° and sodium light is used as a
source.

Results and Discussions

The experimental A-\p curve for skeletonized barium
stearate films for various monolayers is given in Figure 1
To show the error analysis, the theoretical A-ii curves ob-
tained using various sets oi indices and monolayer thick-
ness are also given in Figure 1. The theoretical curve that
best fits with the experimental A-\p is also given in the
figure. The value of optical constant and thickness per
monolayer which fits best is seen to be nx = 1.34, nz =
142, and di = 24.49 A. The values thus obtained are seen
to be in good agreement with earlier results. Barium stea-
rate was examined previously by Blodgett and Langmuir9

The Journal of Physical Chemistry. Vol. 78. No 9. 1974



950

Figure 3. Experimental A-t/- curve for skeletonized barium mar-
garate films of various layer thicknesses.

(ie.. NXx = 132, n, = 1.39, and dj = 24.78 A) using visual
interferometry. Therefore, it may be clearly seen that el-
lipsometric results can give a better picture of experimen-
tal data, which otherwise also shows good agreement with
the Blodgett-Langmuir values. The anisotropy In, — nx)
for these films is seen to be slightly higher when com-
pared7 to the unskeletonized films of barium stearate.
Figures 2-4 show the curve for skeletonized barium
pamitate, margarate, and behenate films with varying
number of layers in the film. To the author’s knowledge,
the optical constants of these skeletonized films have not
been reported thus far using the ellipsometric technique.
The optical constants and thickness of these films are ob-
tained using the mathematical method adopted above. A
and  are the simultaneously measurable quantities. To
determine experimental error for a single measurement,
we keep Yfixed for single set since i- is insensitivel3 while
A is sensitive to the surface. Hence by keeping Y fixed we
have shown the error in a single measurement of A and
the standard deviation from the mean value of A for a sin-
gle measurement is indicated in Figures 1-4.

The optical constants of these skeletonized films are
seen to be lower than the unskeletonized films.7 The com-
parison can be seen from the table. This decrease in re-
fractive indices depends on the quantity of material re-
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Figure 4. Experimental A-i/- curve for skeletonized barium be-
henate films of various layer thicknesses.

moved and the pH values of the solution. In the present
work, solutions were maintained at pH «6.5 and the films
were dipped in pure benzene solution for about 10 sec. At
pH «6.5, approximately 36% free acid is dissolved.9
Blodgett and Langmuir have given data for some of the
skeletonized barium stearate films prepared in different
pH solutions.
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