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In strong base OH radical is rapidly converted into O- so that reactions of the latter radical can be conve-
niently studied by radiolyzing solutions at high pH. The absolute rate constants for reaction of 0 “ with un-
saturated compounds have been measured in 1M NaOH by following the increase in absorption of the al-
lylic radicals resulting from H atom abstraction. The radical produced from 3-hexenedioic acid has a very
strong absorption at a relatively long wavelength (A(max) 266 nm, e(266) 16,350 M-1 cm*“1) so that this
compound was chosen as an appropriate reference for competitive experiments. Detailed examination of
the competition against ethanol indicates that relative rate constants for the reaction of 0 “ can be deter-
mined accurately (£10%) and placed on an absolute scale by reference to the measurements on 3-hex-
enedioic acid. The rate constant measured for reaction of 0 “ with ethanol has been determined to be 1.2 X
109M-1 sec-1 and this reaction can, in turn, be used as a secondary reference in cases where the radical
produced from a second solute absorbs significantly. Measurement of the rate constants for H abstraction
from a number of saturated alcohols and monocarboxylic acids by O- gives values ~50% of those for ab-
straction by OH. More highly charged anions exhibit markedly lower rate constants. Partial rate constants
for various H atom configurations are suggested. Rate constants for reaction with most unsaturated com-
pounds having allylic hydrogens are higher than expected from the partial rates for the saturated system
showing that a main path of reaction involves abstraction of these hydrogen atoms. The data indicate that
the rate for abstraction from allylic positions is increased by a factor of 2-3 over the rates in similar satu-
rated systems. Addition of 0 “ to double bonds and aromatic systems has again been shown to be relatively
slow (<5 X 107M ~1 sec-1) so that in most cases abstraction dominates addition.

Introduction

At high pH the hydroxyl radical produced in irradiated
aqueous solutions is rapidly converted into its basic form,
the oxide anion radical, to a degree controlled by the equi-
librium2

ff =11.85
S »O' + HD @

Although many rate constants for reaction of OH have
been determined only a few values are known for 0 “ reac-
tions. The compilation by Dorfman and Adams3 lists, for
example, only five rate constants for reaction with organic
compounds. Several additional values have been reported
more recently.4-6 From the known rates for reaction with
methanol, ethanol, and formate ion3 it appears that hydro-
gen abstraction by O- is about half as rapid as abstraction

by OH. On the other hand, the limited information avail-
able on the addition of 0 “ to double bonds or to aromatic
systems indicates that these reactions are relatively slow,
usually more than 2 orders of magnitude slower than addi-
tion of OH.3'4 Because of these differences in reactivities,
compounds which contain sites for both addition and ab-
straction react mainly with OH by addition but with 0- by
abstraction. The 0 “ radicals are, therefore, useful for the
production of certain radicals which cannot easily be ob-
tained by other means.4 For example, in a recent esr study
a series of substituted benzyl radicals was produced by ab-
straction from the corresponding toluenes.7 Similarly, ab-
straction from olefinic compounds can produce allylic radi-
cals.46

Because of the limited amount of data currently avail-
able on 0 “ reaction rate constants and particularly because



of the importance of 0 “ reactions for selectively producing
certain radicals in unsaturated and aromatic systems, it ap-
peared worthwhile to develop a simple technique for mea-
suring such rate constants and to apply it to a series of or-
ganic compounds. Establishment of the systematics of the
dependence of rate constant on structure is useful in as-
signing partial rate constants to different reaction sites. In
recent spectrophotometric studies of allylic radicals pro-
duced by 0 " reactions89 it became apparent that determi-
nation of extinction coefficients for these radicals required
detailed knowledge of these partial rates so that one could
predict, with reasonable accuracy, the relative frequency
for attack at the different sites. In the present study a
number of absolute rate constants were determined by di-
rect observation of the buildup of the product radical in
pulse radiolysis experiments. A competitive method, which
examined the reduction in yield of a reference radical when
a second solute was introduced into the system, was then
developed and cross checked between several different so-
lutes. This method was then used to survey the rate con-
stants for reaction of O- with some 30 organic substrates.
The results and systematics of the observed rate constants
are summarized here.

Experimental Section

The computer-controlled pulse radiolysis system de-
scribed by Patterson and Liliel0 was used in these studies.
The absolute rates for reaction of 0 “ with selected refer-
ence compounds at known concentrations were determined
by following the growth in absorption of the product radi-
cals. Most studies were carried out in 1M NaOH solutions
where OH is over 99% dissociated into O- with the period
for dissociation being ~10-1° sec. Absolute measurements
were made at a number of solute concentrations such that
the growth periods were in the range 0.5-15 Mkec. The pulse
length used was 0.5 ~sec and the time constant of the de-
tecting electronics was ~0.1 nsec. Observations were car-
ried out at absorbed doses limited to 1-2 x 1016 eV/g per
pulse at which doses the initial radical concentrations (1-2
mM) were sufficiently lower than the solute concentration
that pseudo-first-order Kkinetics applied. The median radi-
cal lifetime for second-order reactions at these concentra-
tions is greater than 100 Mkec. Despite this, in order to ob-
tain reasonably complete scavenging of O-, it was found
necessary to use concentrations of organic solutes such that
the reaction periods were in the range of a few microse-
conds. At lower concentrations the scavenging was incom-
plete and a limiting reaction period ~35 Msec was observed,
apparently as the result of reaction with impurities in the
solutions. Since even the purest sodium hydroxide com-
monly available contains significant carbonate (—0.4%)
reaction with the carbonate was suspected (because of the
high concentration of base used the solutions contained a
minimum of 1.5 mM carbonate). The reaction of O- with
carbonate was examined by use of the competition method
developed here and found to have an apparent rate con-
stant of 2.7 x 106 M - 1 sec-1. In 1 M base this reaction is,
in fact, controlled by reaction of the equilibrium concentra-
tion of OH with the carbonate (k<oh+co%) = 4 x 108
M -1 sec-1)3 so that the rate constant for reaction of 0 ~
with the carbonate must be <106 M -1 sec-1. At a concen-
tration of 1.5 mM CO32- the reaction period should be
~170 Msec. The shorter observed reaction period must,
therefore, either result from a higher concentration of car-
bonate or reaction of O- with other impurities initially
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present in the solution. In fact it was found that at low con-
centrations both the extent of scavenging and the reaction
period were very sensitively dependent on the sample of
base used and the way in which the solutions was handled.
As a standard procedure water was purged with N20O for at
least 20 min before the base was added (40 g/1. of Baker
Analyzed NaOH containing 0.4% NaaCOa; sample freshly
opened on the day of the experiment) and this procedure
gave very consistent results throughout this series of exper-
iments.

Most studies were carried out via competitive experi-
ments in which the decrease in the concentration of the
radical produced from 3-hexenedioic acid was observed at
266 nm. In these studies the results from a large number of
pulses (25-50) were averaged to give relative absorbances
known to 1-2% so that reliable measurements could be
made over a wide range of concentrations of added solute.
The reproducibility and rapid reduction of data provided
by the computerized pulse radiolysis system is important
here. Appropriate corrections were made for light absorp-
tion by radicals produced from the second solutes but, ex-
cept for very high concentrations, these corrections were
usually small. A 2-cm single pass absorption cell was used
for most experiments. In a few cases (fumarate, maleate,
the aromatic compounds) the added solutes themselves ab-
sorbed strongly and it was necessary to use a 0.5-cm cell
and to make an appropriate correction for transmission of
scattered light of long wavelength.

In the absence of side reactions of eaqr and H atoms with
the solutes present in solution, the O- radical yield in N20
saturated solution is G = 6.6; 2.8 directly from the water,
3.2 from reaction of eaq with N20 and 0.6 from conversion
of H through eag to O-. In treating the experimental re-
sults we have assumed that reaction with the solutes added
is entirely that of O-. Prom the known rate constants, in-
terference by side reactions of eaqr and H are, in most
cases, unimportant. This is particularly true for saturated
systems and for unsaturated systems which react rapidly
with O- (>3 x 108 M -1 sec-1). For unsaturated systems
which react only slowly with O-, interference with the reac-
tion between eag- and N 20 can contribute somewhat to the
reduction in the observed signal. These cases are appro-
priately corrected and footnoted in the results.

Most chemicals used were of the purest grade available
from J. T. Baker Chemical Co., Aldrich Chemical Co. or the
Eastman Chemical Co. t- BuOH was Mallinckrodt Analyti-
cal Reagent and glycine was Cyclochemical Co. NRC
Grade. Crotononitrile was from the Bader collection (Al-
drich) and aconitic acid from Nutritional Biochemicals
Corp.

Results and Discussion

In general, carboxyallyl radicals exhibit a very strong ab-
sorption band in the region 250-300 nm so that their pro-
duction by abstraction from unsaturated acids provides a
convenient reference reaction for the study of O- rate con-
stants. After a survey of a number of typical examples, 3-
hexenedioic acid was chosen as the most suitable reference
since the rate of reaction 2 is reasonably high and the resul-

0- + -o2cch2ch= chch2co?
OH- + '"02CCH2CHCHCHC02- (2

tant radical has appropriate optical properties. The spec-
trum of radical | (Figure 1) shows a very intense, moderate-
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Figure 1. _Optical absorption spectrum of radical | (- 02C-
CH2CHCHCHCO02~) produced in the radiolysis of 3-hexenedioic acid
in 1 m NaOH solution saturated with N20. Extinction coefficients are
calculated from the limiting absorbances at high solute concentra-
tions assuming a Yyield for radical | of 6 0 and using (SCN)2 dosimet-
ry taking €430 (SCN)2- 7600 m~ 1 cm-1.

ly narrow band (37 nm at half-maximum) at 266 nm. This
wavelength is sufficiently high to provide a good signal-to-
noise ratio in our apparatus at radical concentrations in the
region of 10-6 M. Absorption by the base (which at 1 M
cuts off below 230 nm) is unimportant.

Absolute Rate Determinations. The period for reaction
was measured from 5 X 10-5 to 1.5 X 10-3 M 3-hexenedioic
acid and typical data are illustrated in Figure 2. The quali-
ty of the data obtainable with this system is obvious. The
limiting absorbance levels determined from observations
on longer time scales (as is illustrated in Figure 2 for the
measurements at s X 10-4 M) are reported in Table I. The
growth during the initial period was fitted to an exponen-
tial by a weighted least-squares approach. A plot of 1/t 1/2
us. solute concentration was linear with the slope corre-
sponding to a rate constant (fe2) of 6.3 X 108 Af-1 sec-1.
The intercept corresponded to a background rate (k') of 2.0
X 104 sec-1 (half period of 35 /¢sec). Multiplication of the
observed limiting absorbances by (1 + fc'/~fS]) to take
into account the portion of O- radicals reacting by other
paths gave the corrected absorbances in the third column.
The constancy of these corrected absorbances indicated
that other complications are unimportant and that the
background rate is being properly taken into account. A
limiting value of 16,350 M -1 cm-1 is obtained for the ex-
tinction coefficient of radical | at 266 nm. Correcting the
observed period by 16,350 over the observed absorbance
gives the period for reaction with the 3-hexenedioic acid in
the absence of other reactions. The data of Figure 2 were
then fitted by a weighted least-squares approach to an ex-
ponential growth assuming that the limiting absorbance
was 16,350/(1 + k'/k2[S]) (with k' and k 2 as obtained from
the first approximations) and the resultant curves are those
plotted in Figure 2. The measured periods and rate con-
stants for the individual experiments are given in Table I.
A plot of A/(16,350 t 1/2) vs. [S] goes through the origin and
has a slope corresponding to k2 = 6.3 X 108 M -1 sec-1.
Least-squares treatment of this data gives the 90% confi-
dence level as +0.3 X 108 M~I sec-1. For 3-hexenedioic
acid solutions at 1 mM, where most of the competitive
measurements reported below were measured, the effective

Figure 2. Time dependence for the production of radical 1in 1 m
NaOH solutions containing 5 X 10-5 m (V), 1 X 10-4 » (m) 2 X
10-a m (@), 4 X 10-4 m (A), 8 X 10-4 m (v and 0), and 1.5 X
10 3 m () 3-hexenedioic acid. Observations were a: 266 nm. The
pulse duration is indicated by the shaded area. For a solution 2 X
10-2 m in 3-hexenedioic acid the transient signal was found to rise
to better than 95% of the plateau level within 1tisec after the pulse
so that instrumental time constants do not perturb these results sig-
nificantly. The solid curves represent the results of weighted least-
squares treatment of the data with the limiting value being 16,350/(1
+ k'/k2 [S]) as described in the text. The periods and rate con-
stants determined from these calculations are reportec in Table I.

reference rate is 6.5 X 105 sec-1 if one takes into account
the slight effect of background reactions.

The other compounds for which absolute rate measure-
ments were made were 2-hexenedioic, glutaconic, and cro-
tonic acids. The allylic radicals from all these compounds
have intense absorption bands in the region 250-270 nm
and were easily studied as described above. The absolute
rate constants for all these compounds are summarized in
Table 1.

Competitive Experiments Against Ethanol. Ethanol re-
duces the yield of allylic radicals from 3-hexenedioic acid
according to simple competition as is illustrated in Figure
3. The limiting absorbance observed upon completion of
the reaction was measured in pulse experiments and a plot
of (AJA - 1) was found to be linear in ethanol concentra-
tion. (A and AOQ are the absorbances of the reference radi-
cal per unit dose in the presence and absence of a second
solute.) Measurements were carried out at 0.5, 1.0, 1.5, and
2.5 mM 3-hexenedioic and the relative reductions found to
be dependent only on the relative concentrations of the two
solutes as is shown in Figure 3. The relative rates for reac-
tions 2 and 3 were found to be equal (i.e,, AGUA —1= 1) at

0" + S Zwproducts ©)

[EtOH]/[3-hexenedioic] = 0.53. From this the absolute rate
for reaction of O- with ethanol is 12.2 X 108 M -1 sec-1.

Similar competitive experiments were carried out with
the other reference compounds and the rates were deter-
mined by reference to the above rate constant for reaction
with ethanol. In all cases good linearity of the competition
plots over the range of A/A() from 0.2 to 5 indicates that
complications due to side reactions (particularly of eaq
with the solute) are unimportant. These rate constants
agree very well with the absolute measurements as is illus-
trated in Table Il. In general, if the product radical absorbs
significantly, studies of the effect of ethanol in reducing
this absorption provide a simple means of measuring the
rate constant. This approach is applied in a number of
other measurements reported below.

The Journal ot Physical Chemistry. Vol. 79. No. 1, 1975
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TABLE I: Rate of Reaction of O" with 3-Hexenedioic Acid

10“4[3-hexene- Relative Corrected

dioic acid], m absorbance, A “ absorbance6
0.5 9,800 16,000
1.0 12,200 16,200
2.0 13,850 16,000
4.0 15,100 16,350
8.0 16,000 16,600
15.0 16,000 16,350

f/,, lisecc f./,(16,350/A) 10 «, M “1sec-1
14.3 23.8 5.8
7.9 10.6 6.6
5.15 6.07 5.7
2.38 2.58 6.7
1.31 1.34 6.5
0.76 0.78 6.0

(6.3 £ 0.3)d

«Observed at 266 nm at times >5 ti/,; decay of the radicals occurred only at much longer times (milliseconds) and is
unimportant here. 6Relative absorbance corrected by a factor of 1 + k'/k,\S] where k' is the limiting rate of 2 X 104sec“1
and k is taken as 6.3 X 10s Af“1lsec“1l cFrom least-squares treatment of the data of Figure 2. dFrom least-squares analysis

of a plot of A/(16,350£i/2 vs. [S].

TABLE Il: Absolute Rate Constants
for Reaction of O“

Rate constant X 10

M “1sec“1
Absolute Competition
Compound determn'l with EtOH6
3-Hexenedioic acid 6.3 (6.3)"
2-Hexenedioic acid 6.9 6.5
Glutaconic acid 3.0 3.5
Crotonic acid 9.0 8.5 (8.7)ff

;Carried out with 1 M NaOH, 0.5-15 X 10“4m of the
organic compound in N2 saturated solutions, by observing
the rise time of the absorption at 250-270 nm. 6Carried out
using a constant concentration of the organic acid and vary-
ing the ethanol concentration. Rate constants are corrected
for the background rate of 2 X 104sec“lwhich contribute
2-4% under the conditions of these competition experi-
ments. eTaken as the reference rate constant. JDetermined
by competition of crotonic against 3-hexenedioic acid.

Figure 3. A plot of the results of competition between the reaction of
0“ with 3-hexenedioic acid and ethanol in N20 saturated 1 M NaOH
solution. Solutions containing 0.5 (V), 1.0 (=), 1.5 (0), and 2.5 (A)
m/W 3-hexenedioic acid and Increasing concentrations of ethanol.
The reduction in the absorption of radical | is linear in the ratio of
ethanol to 3-hexenedioic acid concentration (the solid line has a
slope of unity) and independent of the 3-hexenedioic acid concentra-
tion. The rates of reaction 2 and 3 are equal at a solute concentra-
tion ratio of 0.53 indicated by the cross in the figure.

The allylic radical from crotonic acid absorbs at 250 nm
and has only a modest extinction coefficient at 270 nm

The Journalof Physical Chemistry. Voi. 79, No. 1, 1975

(~2000 M “1 cm-1) so that it was possible to study the ef-
fect of crotonic acid in reducing the absorption from the 3-
hexenedioic acid radical. The measured rate constant (8.7
x 108 M “1 sec*]) is in excellent agreement with the abso-
lute rate constant (9.0 x 108M _1 sec*1) directly measured
at 250 nm and also with the rate constant (8.4 x 108 M “ 1
sec*]) determined by competition with ethanol.

Rate Constants for Reactions of 0 “ with Saturated Or-
ganic Solutes. Rate constants for reaction of 0 “ with a
number of saturated compounds, determined by competi-
tion with 3-hexenedioic acid as described above for ethanol,
are summarized in Table Ill. For all five alcohols studied
the rate of abstraction by 0 “ is found to be ~ 0.6 of that for
abstraction by OH. The same situation holds for monocar-
boxylic acids, except that the ratio in this case is somewhat
lower, ~0.4. The constancy of these ratios indicates that
the reactivities of both OH and 0 “ are affected by struc-
ture and substituents in a similar fashion. The lower ratio
observed for the acids is most probably a result of the ef-
fect of charge on the rate, which becomes more pronounced
in the case of di and tricarboxylic acids. In order to esti-
mate the effect of charge and of substitution, partial rates
have to be derived. From the rate constants in Table 11l
partial rates can be derived as shown in Table IV. The
values in this table give good agreement with the overall
rate constants for alcohols and monocarboxylic acids. In
the case of substitution by CO2“ the reactivity decreases by
a factor of ~2 which is about as expected for reaction be-
tween singly charged anions. The C02“, therefore, has no
large deactivating effect on the reaction although it may
decrease the reactivity of adjacent H atoms slightly. As in
the case of abstraction by OH radicals OH groups activate
the adjacent H atoms appreciably (by a factor ~4). As ex-
pected the reactivity of secondary hydrogen atoms is con-
siderably greater than that of primary hydrogens (by a fac-
tor ~5).

It will be noted in Table 11l that the dicarboxylates are
about a factor of 3 less reactive than their singly charged
counterparts. The effect of charge is emphasized in the case
of triply charged citrate where the measured rate of 0.42 x
108 is a factor of 3 less than for succinate, with which it can
be directly compared, and an order of magnitude lower
than expected from the partial rate data of Table IV. If we
take the interaction distance as 4 A then, at low ionic
strength, the coulombic term introduces factors of 0.36,
0.10, and 0.03 into the rate expression for reaction between
a singly charged anion and singly, doubly, and triply
charged anions. The measured rate constants essentially
reflect decreases in the rate constants of these magnitudes
but one must remember that the measurements are carried



Reaction of O" Radicals with Organic Substrates 5
TABLE Ill: Rate Constants for Reaction of O- with Saturated Compounds
Compd 1080, M 1sec-1 k0-/kem

Methanol CH3OH 5.5 0.61
Ethanol CHjCH-OH 12.2 (11.3)* 0.68
1-Propanol CHXH,CH-,OH 15.1 0.56
2-Propanol (CH.ivCHOH 12.2 0.61
2-Methyl-2- (CH:)XCOH 3.3 0.66
Eropanol

ormate HCO02- 14 0.47
Acetate CH1CO.- 0.5 0.71
Propionate ckXhxo> 3.3 0.42
n-Butyrate CHjCH.CH.CO>- 6.5 0.36
n-Hexanoate CH.CH.CH.CHCH.CO.- 14.4 0.37
Malonate -OCCH.CO- 0.21 0.38
Succinate -O>CCH»CH>Q0>~ 1.35
Adipate -oxchZr.chxh,co?- 4.5
Citrate “O CCH-.C (OH) (COo>~CHCO>~ 0.42
Glycine H-.NCH.CO>- 5.6 0.19
Acetonitrile CHXN 2.2 108
Propionitrile CHjCH.CN 10 14
Cyanoacetate -o.cch.cn 4.1 27

“Previous determinations. bkou redetermined in the Sjresent work by competition with p-nitrobenzoate (see P. Neta and

L. M. Dorfman, Advan. Chem. Ser., No. 81, 222 (1968)

TABLE IV: Partial Rates for Abstraction by O“
from Saturated Systems*

10~9:, M~1sec-1

Group R =akyl R=C0> R =O0OH
CHj-R 1.1 0.5 5.5
-CH2R 3.5 2.2 n

):CH-R 10

“Partial rates increased by a factor ~3 for hydrogen
atoms in allylic positions.

out at an ionic strength of ~1 so that effects of charge
should be reduced considerably.

The nitriles examined show anomalously high rate con-
stants, an order of magnitude higher than their rate of
reaction with OH. It was suspected that 0, contrary to-
OH, might react directly with the cyano group. However,
steady-state esr experiments with acetonitrile did not indi-
cate any such reaction. Only the radical «CH2CN was ob-
served in 1 M NaOH and the intensity was comparable to
that found at pH 10 so that all radicals appear to abstract
efficiently on the time scale of the esr experiments (i.e.,
100 ;usec). Pulse radiolysis of cyanoacetate at pH 14 and
doses an order of magnitude greater than used here showed
the formation of a strongly absorbing secondary species
which was not produced in neutral solutions. This species
was suspected to affect the O- rate determination, but
thorough examination of the system showed no such com-
plications. It has to be concluded, therefore, that the ni-
triles undergo H abstraction by O- with rate constants ap-
preciably higher than those by OH, but the reason is, at the
moment, unclear.

Rate Constants for Reaction of 0~ with Unsaturated
Systems. The measured rate constants for reaction of O-
with unsaturated compounds are summarized in Table V.
Since the rate constants for the reaction of OH with most
unsaturated systems are in the range 3-6 x 109 M -1 sec-1
the ~1% equilibrium concentration of OH present in 1 M
base is expected to result in a contribution of ~0.5 x 108
M~I sec-1 to the rate constant. Measurements with
acetylenedicarboxylate and fumarate both gave rate con-

stants of 0.4 x 108 which can be ascribed almost entirely to
the OH contribution. The latter, which absorbs significant-
ly in the region of 270 nm, had to be studied in the 0.5-cm
path length cell, but gave a reliable value. The rate con-
stant for reaction on OH with fumarate anion was mea-
sured at pH 9 by competition with p- nitrobenzoate and
found to be 5.0 x 109 M ~I sec-1. Correcting for this con-
tribution, the rate constant for reaction of O- with the fu-
marate cannot be greater than 107 M-1 sec-1. A similar
rate should apply to acetylenedicarboxylate. Addition of
O- to unsaturated systems appears to be, for the most part,
unimportant. Maleate does not absorb nearly as strongly in
the region of 270 nm as does fumarate and can be studied
somewhat more easily. A careful comparison between the
reactions with fumarate and maleate indicated that the lat-
ter was somewhat more reactive and in fact, after correc-
tion for the OH contribution, exhibits a rate constant ~3 x
107 M -1 sec-1 for the reaction of O-. Very probably this
higher rate can be ascribed to the abstraction of vinylic
protons.

The observed rate constants for the reaction of O- with
the other unsaturated compounds are considerably greater
than can be ascribed to the contribution for reaction of OH.
Where allylic protons exist, rate constants are mostly above
5x 108M-1 sec-1. Comparison of the measured rate con-
stants with the expectation from the partial rates for ab-
straction given in Table 1V indicates that activation of the
allylic protons increases the rate of those positions by a fac-
tor ~3. As a result, the main radical produced in many of
these systems is the allylic radical and radiolysis of strongly
basic solutions of these compounds becomes a convenient
way of producing allylic radicals for spectroscopic pur-
poses. One would like to know the yields of these radicals
and, as mentioned in the Introduction, one of the purposes
of the present work was to provide appropriate rate infor-
mation for estimation of yields. In most cases side reactions
should not contribute more than 20-30%. One exception is
aconitic acid which, because of its triple charge, reacts only
slowly with O- so that reactions of OH become quite im-
portant and one is not able to produce high concentrations
of the tricarboxylated allyl radical. Comparison of the rate
constants for reaction with singly charged 3-butenoate and
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TABLE V: Rate Constants for Reaction of O- with Unsaturated Compounds in 1 m NaOH

Compd 10-8&° M -1 sec-1
Acetylenedicarboxylate -0Zxc=cco2 0.46
Fumarate -oxch=chco?2- 0,46
Maleate -clcch= chco2- 0.86
Acrylate ch,=chco?2- 2,0b
Crotonate ch3xh=chco?2- 8.7"
3-Butenoate ch2 chchXo?2- 7.2
Methacrylate CH&sC(CH?J3CO02- 4.8
Glutaconate -oxchXZh=chco?2- 3.2=
Aconitate -O.CCHA (CO,-i=CHCO02- ~1.5d
2- Hexenedioate -o,cch=chch,chZo2- 6.7
3- Hexenedioate -0»CCHXLCH=CHCHd&02- (6.5)“
Crotononitrile CH,CH=CHCN 9.9
Allyl cyanide ch2 chch,cn 10.5
Methacrylonitrile CHo=C(CH,)CN 17.6
Allyl alcohol CH2=CHCHXOH 22" (29)/
2-Butene-1,4-diol HOCH,CH=CHCH,OH 23"
Muconate -OoCCH=CHCH=CHCO02" -20
Allylbenzene CHILHXH=CH2 5
Benzonitrile cthxn 1.0

° Determined by competition with 3-hexenedioic acid unless otherwise stated. These rate constants include a contribution
m~0.5 X 108M -1 sec-1 for addition of OH to the unsaturated systems. bCorrection has been applied for interference of the
solute with the reaction between e,,g- and N2D. 'Averatlye value from several determinations (see Table 11). dAbsolute deter-
mination. ' Determined by competition with ethanol. 1Previously determined in ref 6.

doubly charged glutaconate again indicates a factor ~2 re- hibit any appreciable contribution for reaction of O- with
duction in the rate constant resulting from the additional the cyano group, in support of the above comment on the
charge in the latter case. The reactivities of neutral olefinic reaction with saturated nitriles.

substrates are all high, and where hydrogen atoms in allylic

positions are additionally activated by an OH group the

rate constants approach the diffusion-controlled limit. References and Notes
Rate constants for reaction with allyl cyanide and croto- ) ) .
L. . . (1) Supported in part by the U. S. Atomic Energy Commission.

no_nltrlle are about as expected bu_t that Wlth methacryloni- (2) J. Rabani and M. S. Matheson, J. Phys. Chem., 70, 761 (1966); J. L
trile appears to be anomalously high. This latter value was Weeks and J. Rabani, ibid., 70, 2100 (1966).
checked with two samples which gave comparable results. @) 1 . Dorfman f‘lngd?g' E. Adams, Nat. Stand. Ref. Data Ser., Nat. Bur

The rate constant for reaction of O- with benzoate is (4) P. Neta, M. Z. Hoffman, and M. Simic, J. Phys. Chem., 76, 847 (1972).
known to be low (0.4 X 108 M -1 sec-1).5 Measurements on © Mgpynie M 7 voftman. and M. Ebert, J. Phys. Chem., 77, 1117
benzonitrile gave an ObSE_rVEd rate constant _Of 1_-0 X 108 (6) M. Simic, P. Neta, and E. Hayon, J. Phys. Chem.. 77, 2662 (1973).
M - 1 sec-1 which, correcting for the OH contribution of 0.5 (7) P. Neta and R. H. Schuler, J. Phys. Chem., 77, 1368 (1973).

_ _ : _ : (8) T. Soylemez and R. H. Schuler, J. Phys. Chem., 78, 1052 (1974).

X 10®M-1 sec-1, g'V‘?S a net rate for O- reactions of 0.5 X (9) R. H. Schuler and L. K. Patterson, Chem. Phys. Lett., 27, 369 (1974).
10® M -1 sec-1. In this case the rate constant does not ex- (10) L. K. Patterson and J. Lilie, Int. J. Radiat. Phys. Chem., 6, 129 (1974).
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Mixtures of Cl2, 0 2, and either CH2C12 or CH3C1 were irradiated at 3655 Aand 32°. The CI2 photodisso-
ciates and CHC12 or CH2Cl radicals are produced via hydrogen abstraction from the corresponding chlori-
nated methane. In the CH2C12 system, there is a long chain process, the initial products are HC1, CHCIO,
CC120, and possibly CO. 4>(CHC10j = 49 and <{0020j = 4.1 independent of CH2C12 or 0 2 pressure or / a. A
complete mechanism is proposed. In the CH3CL system, the initial products are exclusively HC1 and
CHCIO, the quantum yield of the latter being 2.0 independent of reaction conditions. Thus in this system
there is no chain at all, and the mechanism is similar to that for CH3 oxidation, except that no alcohol is
produced. In both systems the CHCIO produced is removed by chlorine atom attack Cl + CHCIO —HC1 +
CICO Cl+ CO (10) with k!0 = 7 X 108 M ~1 sec1

Introduction

As far as we know the oxidation of CHC12 and CH2Cl1
radicals has not been studied, previously. Therefore in our
continuing program on halocarbon oxidation, we have stud-
ied these oxidations and report the results here. The radi-
cals were prepared from the reaction of Cl atoms with
CH2C12 and CHB3CI, respectively.

Experimental Section

Much of the experimental procedure has been described
previously.23 The experiments were performed in a con-
ventional Hg-free high-vacuum glass line equipped with
Teflon stopcocks and Viton 0 rings.

The light source was a Hanovia medium-pressure mercu-
ry lamp. The radiation passed through a Corning 7-54 filter
and Pyrex glass to isolate the 3655-A line before entering
the stem of the T-shaped reaction cell. The reaction cell
was situated in the sample beam of a Beckman IR-10 in-
frared spectrometer for continual analysis. Absolute light
intensities were obtained from the chlorine-atom sensitized
oxidation of C2Cl4 at high 02 pressures, where the oxida-
tion quantum yield was taken to be 300.4

The CH2C12 was Eastman Kodak Spectro ACS grade,
and the fraction volatile at —80° but condensable at —30°
was used. The CH3Cl was from the Matheson Co., and the
fraction volatile at —80° but condensable at —196° was
used.

The chlorocarbon reactants and products were moni-
tored by in situ infrared spectroscopy by monitoring the
following bands with the listed peak extinction coefficients
(to base 10).

Peak extinction

Molecule Band, cm 1 coeff, Torr 1cm
CH2XC12 1320 3.05 X 10“2
CHCL 3020 1.03 X 10“3
CHCI 1380 4.4 X 10~4
CHCIO 1783 1.5 X 10"2
CC1,0 950 1.85 X 10"2

Unfortunately with CH3Cl, both bands were overlapped
by product bands, so that analysis was difficult and not

very accurate. For short conversions the stronger band at
3020 cm-1 was used, with corrections made for the overlap-
ping HC1 band at 3020 cm-1, using the HC1 band at 2810
cm-1 to estimate the correction. For longer exposures, the
weaker band of CH3Cl at 1380 cm-1 was used.

CHCIO is thermally unstable, so that a direct measure of
its extinction coefficient is not possible. The value above
was obtained from the initial rates in the rapid chlorine-
atom sensitized photooxidation of CH2Cl2. Under these
conditions thermal decay of CHCIO is unimportant, and
calibrations were made from mass balance considerations
(i.e., CH2C12 consumed equals CHCIO + CC120 + CO pro-
duced). The extinction coefficient obtained in this manner
is reasonable, being only slightly larger than that of the
carbonyl stretch in CC120.

CO and C02 were analyzed by gas chromatography after
irradiation was terminated. For a few runs mass spectral
analysis was also made after the termination of irradiation.

Results

CH:2Cl2. When mixtures of CI2, 0 2, and CH2C12 are irra-
diated at 3655 Athe initial major products are CHCIO and
HC1, with smaller amounts of CC120 and CO being pro-
duced. As the photolysis times increase the CHCIO yields
decrease, ultimately to zero, and the CO yields increase.
Thus CO is a secondary product resulting from the decom-
position of CHCIO.

Table 1 lists the initial quantum yields for CH2C12 con-
sumption and CHCIO and CCl120 production. The yields
show some scatter but essentially are independent of the
CH2C12 pressure, the 0 2 pressure, or the absorbed intensi-
ty, | a, which were varied by factors of 4.3, 14, and 5.3, re-
spectively. The average quantum yields are —4>{CHzC12| =
56 + 4, 4>{CHC10j = 49 + 3, and 4>CCI20| = 4.1 + 0.4.

Three runs were taken to completion so that all the
CH2C12 and CHCIO were consumed. Then if the sole car-
bon-containing products are CO and CC120, their sum
should equal the initial CH2C12 pressure. This relationship
is well obeyed for the second run in Table I, which was
done at a relatively low 0 2 pressure. For two other runs at
very high 02 pressures, there is a mass deficiency in the
products. Presumably under these conditions some C02 is
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TABLE I: Chlorine-Atom Sensitized Oxidation of CHZ12at 32 + 2°

Sym-
bol i
for CH2C12 0 Cl m'ITorr/ Foot-
FI%EJSreS [ Torr ! 'I['oi]r’ [Tor']r' sec -$[chXi? «{CHCIO!" «{CC1D! note
a 4.43 79.5 9.41 1.41 50 43 3.3 d
. 7.05 19.4 1.80 0.27 57 50 4.1 e
© 8.46 5.65 5.33 0.80 60 52 4.2
[ 8.66 23.0 5.37 0.805 53 54 3.9
9 8.73 70.7 5.29 0.80 52 47 3.3 c
0] 10.7 53.7 9.45 1.42 62 50 4.5
A 16.5 59.6 2.04 0.31 54 47 4.9
A 18.9 68.3 9.37 141 61 50 45 f
Av = 56 + 4 Av = 49 + 3 Av =413 04

«Assuming quantum yield of C2C14oxidation to be 300 at high 0 2pressure. bFrom initial rates.c4{C0O j < 4 after photolysis
time of 20 sec. d(A[CO] + A[CC1D])/ - A[CH2ZC12] = 0.65 at the end of the run when [CHX12] —0 and [CHCIO] ~ O.
*(A[CO] + A[CC1D])/-A[CH 2c12] = 1.0 at the end of the run when [CH2C12] —0 and [CHCIO] ~ 0. Photolysis time =
500 sec. | (A[CO] + A[CC1D])/A[CH2c12] = 0.85 at the end of the run when [CH2C12] —0 and [CHCIO] ~ 0. Photolysis

time = 220 sec.

PHOTOLYSIS TIME , SEC

Figure 1. Plot of the loss of CH2CI2 divided by /a vs. the photolysis time in the chlorine-atom sensitized oxidation of CH2CI2 at 32°. The symbol

key is listed in Table I

also produced, which could account for the deficiency. We
did not analyze for CO2, since on our chromatographic col-
umn, CCI20 interfered with the analysis.

More complete time histories of the data in Table | are
displayed in Figures 1-3. The loss of CH2CI2 is shown in
Figure 1. When normalized for 74a, all the data can be fitted
by the same straight line. The best fit of the data shows a
slight induction period of about 4 sec, but this is probably
an experimental artifact. The slope of the line, which is
now heavily weighted by the longer conversion experi-
ments, gives —$jCH2CI2j = 62, slightly higher than the
value of 56 obtained from Table I.

Figure 2 displays the CCI20 data. All the data can be fit-
ted by a straight line passing through the origin. The slope
of the line gives FjCCIzOj = 4.4, again slightly higher than
the value of 4.1 obtained from Table I.

Figure 3 shows three typical time histories for CHCIO.
This molecule is an initial product, but the CHCIO pres-
sure passes through a maximum, and then falls to zero as
the irradiation proceeds. The peak CHCIO pressures,
[CHCIO]max, and the corresponding CH2CI2 pressures,
[CH2CI2]max, at the [CHCIO] maximum are
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[CHCIO]...% [CHXC12W
Torr. [CHXCI2W , Terr [CHCIO Jna,
1.25 2.0 1.6
3.15 5.20 1.65
5.45 9.45 1.74

CH3sCl. When mixtures of CH3CL, 02, and CI2 are irra-
diated at 3655 A, the main products are CHCIO and HC1.
CO is also produced with a quantum yield <0.2 for short
conversions, and, as with CH2CI2, it is a secondary product
resulting from the decay of CHCIO. The C02produced was
negligible, its quantum yield being about 0.01.

Mass spectral analysis also showed the presence of H20
as a product as well as mass spectral cracking peak at m/e
79-81 (C1CO02+) and 80-82 (C1CHO02+). These high mass
peaks suggest CC1H20 2H and/or (CC1H20 )2 as products.
Absent were peaks at m/e 31, 65, and 66, indicating that
CCIH90H was not a product.

Formic acid, HCOOH, was also produced as a secondary
product, and can be attributed to CHCIO decay in the
presence of H20 .5 There was no evidence for either CC120
or CH2 production.
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TABLE Il: Chlorine-Atom Sensitized Oxidation of CH31 at 32 + 2°

[CHsCI], Torr [02], Torr [CL], Torr /»,“mTorr/sec -4>(CHCY HCHCIO!" Footnotes
5.72 358 9.41 1.41 - 22 2.0 c
6.90 64.3 9.76 1.46 —2.0 2.05 d
7.13 20.4 9.49 1.42 —1.8 2.0 c
13.1 37.2 5.68 0.85 2.05
15.8 65.3 1.88 0.28 2.1 f
16.3 62.2 9.49 1.42 2.0 e
20.7 59.7 19 .6 2.94 —1.7 1.9 d,Jg
33.8 43.8 9.45 1.42 2.0
60.0 104 30.2 4.5 —2.0 1.81 d
“Assuming quantum yield of c2Cc14oxidation to be 300 at high 0 2pressure. 1From initial rates. c —{CHjCli estimated at
high conversion. d —4>{CH3C1) estimated from initial rates. «4{CO| i< 0.2 after photolysis time of 200 sec. « <jCO;! — 10-2

after photolysis time of 1252 sec. » ¢{HCOOHJ — 0.8 after photolysis time of 1500 sec followed by dark thermal decay of
CHCI0 to completion. o} $ 0.2, €{C02 ~ 10-2.

PHOTOLYSIS TIME , SEC

Figure 2. Plot of [CCl20]//a vs. the photolysis time in the chlorine-atom sensitized oxidation of CH2Cl2 at 32°. The symbol key is listed in Table
L

Figure 3. Plot of [CHCIO] vs. photolys s time in the chlorine-atom sensitized oxidation of CH2Cl2 at 32°. The symbol key is listed in Table .

In Table Il are listed the initial quantum yields for ~ of 10.5, a change in [02] by a factor of 17.6, or a change in

CH3CI removal and CHCIO production. Both quantum 7aby afactor of 16.1. o _
yields are 2.0 invariant to a change in [CH3C1] by a factor The quantum yield for CH3ClL removal is invariant to the
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Figure 4. Plot of [CHCIO] VS. photolysis time inthe chlorine-atom sensitized oxidation of CH3Cl at 32°.

duration of the photolysis, but CHCIO behaves as in the
CHOCI9system. First CHCIO is produced, its pressure pass-
es through a maximum, and then it decays to zero as the ir-
radiation progresses. This effect is shown graphically for
three runs in Figure 4. For the two runs in which the maxi-
mum has been reached, the values of [CHC10]max and the
corresponding value of [CH3Cl] at the maximum,

[CHCL.iJmax, are
[CH,CIW
[CHCIOUX, Torr [CH3CI]mel, Torr [CHCIO Jnax
1.70 2.9 1.7
1.81 3.6 2.0

Discussion

CHZCl.. The main chain sequence appears to be analo-
gous to that for CCI3 oxidation4

Cl2 + hv —* 2Cl )

Cl + CHCl2 —* CHClj + HCl @)
CHCL2 + Oz —- CHCID?2 ®)
2CHC102 — < 2CHCUO + 02 (4a)
CHC1,0 —* CHCIO + ClI )

The two features that are not obvious are (1) how is CCI20
produced? and (2) how are the chains terminated?

The reactions of termination must involve two radicals.
One of these cannot be CHCI20, for then there would be an
intensity dependence on the quantum yields. Thus we pro-
pose

2CHCI202 — (CHC120)2 + 02 (4b)
(CHCHO), — CHCIO + CCID + HCl  (6a)
—_»CCID + H,0 + CCI2 (6b)

where reaction 6a produces CCUO by termination, but
reaction 6b gives CC120 by chain propogation since it is
knownéthat CCh reacts with O2 via
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CC12 +0, —»CIO + CICO —»Cl + CO  (7)

and the predominant fate of CIO is7
2 CIO —»2Cl + 02 @®)

Then part of the CO would come from reaction 7 and part
from CHCIO decomposition.
The above mechanism predicts the initial rate laws

4 {CHCIC} = 1 + 2feu*6*4b*6.
4>{CC120} = kq/fop
4>{CO} = kjk @a

Since 4>jCHCI10| = 49 and 4>CCI20| = 4.1, then fes/fega =
4.1, kaalk 4*= 5.9, and the initial value for 45(CQj should be
S.lAs the reaction progresses, the CHCIO decays. This
decay could come from the thermal decay5

CHCIO —mCO + HC1 ©)]
or from the reaction

Cl + CHCIO —» HC1 + CICO Cl + CO (10)

The thermal decay has been reporteds to have a half-life of
about 10 min, much too slow to be of importance here.
Thus at the maximum in [CHCIQ], its rate of formation via
reaction 2 must equal its rate of removal via reaction 10, or

[CH2CI2]nal/[CHC10]mex = k10'k 2

The ratio [CH2CI2]mex/[CHC10]mex was found to be con-
stant at 1.7 for three runs. Since k2 = 4.4 X 108 M ~1| sec-1
at32°,8thenfei0 = 7.4X108M-1 sec-1.

CH3CL. In this system, there is no chain, and presum-
ably CH2Cl oxidizes in a similar manner to CH! radicals,
except that no alcohol is formed. The sequence of reactions
is

Cl, + hv —* 2cCl @)
Cl + CHjCl —»HCL + CHC1 (12)
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CH2CL + 02 —* CHzC102 12)
2CH2C102 — - 2CH2C10 + 02 (13)

The CH2C10 radicals must disappear by one of two routes
CH2C102 + CH2C10 —» CHCIO + CH2C10H (14)

or
CH2C10 + 02 —* CHCIO + HO02 (15)

followed by
HO02 + CH2C102 —» 02 + CH2C10H (16)

Presumably the CH2CIO2H has some stability since its ex-
pected mass spectral peaks were detected. However most of
it decomposes, possibly on the walls, via

CH2C102H — » CHCIO + HX 17)

Thus 4>JCHC10j = 2.0 and there is no chain process.

As the reaction proceeds the CHCIO can decay via reac-
tions 9 and 10. Since the times to reach the maximum in
[CHCIQ] are greater in the CH3CL than in the CH2CI2 sys-
tem, reaction 11 may play a more important role. However
if we ignore reaction 11, then

[CHRaW[CHCTOL, = All

n

The ratio [CH3CI]Jmex[CHC10]mex was found to be ~1.8.
Since kij = 3.6 X 108 M _1 sec-1 at 32°,8then k10~6.5X
108 M _1 sec-1, a value in reasonable agreement with the
value of 7.4 X 108 M ~1sec-1 found in the CH2CI2 system.
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The photolysis of gaseous carbon tetrachloride at pressures from 30 to 100 Torr and 25° has been studied
using light of 253.7, 184.9, 147.0, and 106.7 nm produced by electrodeless discharge lamps. Qualitatively,
there is a clear trend toward increasing molecular fragmentation with increasing photon energy. At 253.7
nm, only CI2 and C2Cl6 are formed; €{CI2) = <X(CCl6) = 0.11. Added Br2is consumed with a quantum yield
of unity, and CCI3Br is the only organic product. At 184.9 nm, $(C12) = ¥XCCle) = 0.048, but a small
amount of C2Cl4 is also formed. With added Br2, ${Br2) = 1.6, and both CCI3Br and CCI2Br2 are pro-
duced. Formation of 1,1-dichlorocyclopropane in the presence of added ethylene gives strong evidence for
the presence of dichlorocarbene at 184.9 nm (and presumably also at lower wavelengths). At 147.0 nm,
0(C12) —0(C2Cl6) = 0.085, but a yield of C2Cl4 equal to 40-90% of the C2Cl6yield was also noted. Prelimi-
nary results at 106.7 nm indicate that C2Cl4 is the predominant organic product at that wavelength. It is
suggested that CGls- radicals are formed at all wavelengths, that CC12 becomes important at 184.9 nm and
below, and that CCl « fragments contribute at 147.0 and 106.7 nm.

Introduction

A search of the literature on photolysis of carbon tetra-
chloride reveals several papers on the liquid-phase sys-
tem2-4 as well as papers on the radiolysis of the liquid com-
pound.56 Several research groups have been concerned
with the photolysis of carbon tetrachloride mixed with var-
ious hydrocarbons.7 Apparently, no work on the photolysis
of the pure compound in the gas phase has been reported.
The present study was initiated because of our interest in
other aspects of the reaction dynamics of carbon tetrachlo-

ride, including radiolysis of CCI4NH 3 mixtures in the lig-
uid phase,8 radiolysis of CF4-CCl4 mixtures in the gas
phase,9 and fast-flow microwave discharge studies of gas-
eous CF4-CCl4 mixtures.10

The present work includes measurements of the produc-
tion of CI2 and organic products (C2Cl6, C2Cl4) from the
pure compound at 253.7, 184.9, 147.0 and 106.7 nm; quan-
tum yields are reported for all wavelengths. Scavenging by
Br2 was also studied at the same wavelengths (except
106.7), including consumption of bromine and production
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of organic bromides. A brief investigation of the role of
added 0 2was made at 253.7 nm. Furthermore, several ex-
periments were performed at 184.9 nm to assess the role of
dichlorocarbene in the photolysis mechanism, including
trapping of CC12 with ethylene and an investigation of the
effect of the concentration of added Br2 on the ratio of
product yields CCI2Br2CCI3Br. The observation of a
marked pressure effect on the Cl2yield at 184.9 nm is also
interpreted on the basis of the role of CC12 in the mecha-
nism.

Experimental Section

The carbon tetrachloride used in this work was Fischer
reagent grade purified by preirradiation according to the
method of Firestones5 It was immediately placed under
vacuum at liquid nitrogen temperature on a mercury-free
high-vacuum line, which was used for all of the present ex-
periments. The light sources were electrodeless glow dis-
charge lamps fabricated from 34/45 male standard taper
joints, which plugged directly into matching joints of 51
(for 253.7-nm work) or 1-1. (184.9 nm and lower) reaction
vessels. For 253.7-nm work a 3-mm Vycor window was used
and for 184.9 nm an extremely thin Vitrosil quartz window
was used; LiF was used at the lower wavelengths. Since
CCU absorbs 184.9-nm light much more strongly than
253.7-nm light, presence of light of the higher wavelength
was not significant. Photolysis lamps were activated by a
Raytheon PGM 10 X 1 microwave generator operating at
2450 mHz; a Type C antenna was used. Analyses for CI2
and Br2 were done using a Beckman DU spectrometer; the
entire sample was frozen into a removable cuvet for analy-
sis, and was redegassed before continuing the experiment.
For higher boiling products, the sample was condensed into
the liquid state and an appropriate sample taken with a mi-
crosyringe. Analyses were done on a Microtek GC2000R gas
chromatograph with a hydrogen flame detector. The entire
glass system used for photolysis was grease free. All stop-
cocks were Fischer-Porter O ring sealed Teflon-glass
valves. Connections were made using glass O-ring joints
with Teflon 0 rings. The lamp was sealed in place using
Kel-F wax. The lamp window was sealed to the glass body
by epoxy cement. During the course of the photolysis at
184.9 nm and lower wavelengths, the cell contents were
stirred with a solenoid-driven gas circulating pump. This
was not necessary for 253.7-nm work since the light beam
traversed the entire diameter of the photolysis cell with
only 20%attenuation.

At 253.7 nm actinometry was done by measuring H2 pro-
duction from HBr 2 = 1.00).11 At 184.9 nm the N2 ac-
tinometer was used; N2 production was measured &n2 =
1.44).12 The light sources were found to vary by +10% dur-
ing the experiments. Actinometry at 147.0 and 106.7 nm
was based on production of CO from C02 (40 = 1.00).13
Properties of the light sources and actinometry data are
summarized in Table I. This table also gives the extinction
coefficient of gaseous CCl4 at the several wavelengths em-
ployed. The absorption spectrum of CCl4 was determined
using a McPherson Model 218 vacuum ultraviolet mono-
chrometer with double-beam attachment and ratio-record-
ing electronics. A typical spectral scan of CCl4 at a pressure
of 0.075 Torr (as measured by an MKS Baratron capacitive
micromanometer) in an 8.0-cm cell is shown in Figure 1. (A
partial description of the vacuum ultraviolet spectrum of
CCl4, and some related discussion, can be found in the lit-
erature.1415)
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TABLE I: Summary of Light Sources

Wavelength,

nm 253.7 184.9 147.0 106.7¢
Gas Hg Hg Xe Ar
Window Vicor Quartz LiF LiF
Actinometry

gas HBr NiO o0 (0]@)
Measured

product H; N, (6(0) (6f0)
Assumed 0 1.00 1.44 1.00 1.00
Measured /«,

quanta/

sec 1X 10« 4 X106 7 x 104 1 X 105
e(CCl19,

atm -1/

cm'1 0.08 46 240 b

0The Ar resonance lamp emits light at both 104.8 and
106.7 nm; we refer to the more intense, higher wavelength
line for convenience. bMay be small.

Figure 1. Absorption spectrum of CCl4 in the gas phase at 0.075
Torr pressure and 25°, as determined using a McPherson Model 218
scanning vacuum ultraviolet spectrophotometer with a 8-cm cell.

Experimental Results

Photolysis at 253.7 nm. Chlorine Production. A series of
experiments was performed to measure the production of
Cl2 from pure degassed CCl4 at 253.7 nm. In these runs the
CCl4 pressure was chosen as 100 Torr (close to its satura-
tion value) because of the very low extinction coefficient of
the compound at this wavelength. In four duplicate runs,
initial CI2 quantum yields were 0.108, 0.084, 0.112, and
0.129, giving an average value of 0.108 + 0.016. A typical
plot of chlorine concentration vs. photolysis time (Figure
2) shows that the rate of chlorine production decreases
with increasing photolysis time. (A summary of quantum
yields for chlorine production at 253.7, 184.9, 147.0, and
106.7 nm is given in Table II.)

Bromine Scavenging. Several experiments with ca. 0.2
Torr added Br2 gave initial quantum yields for Br2 con-
sumption of 0.78, 0.92, and 0.97. It appears reasonable to
assume that the primary quantum yield for C-Cl bond rup-
ture is unity, particularly since a correction for light ab-
sorption by product BrCl was not made. (Absorption mea-
surements were made at 500 nm, somewhat on the long
wavelength side of the Br2 maximum and even farther
above the BrCl maximum, in order to minimize interfer-
ence by BrCl.) A typical graph of Br2 concentration Vs.
photolysis time is shown in Figure 3; Br2 is consumed lin-
early at short times, but the rate falls off somewhat as the
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TABLE Il: Product Yields in CCL Photolysis

Wavelength,
nm 253.7 184.9 147.0 106.7
<t(a 0.11 % 0.048 0.083 0.013
0.02
<) ~Cl2 0.05 0.087 (0.034)
0(C-CL) 0 -0.0005 0.05 0.027

“Chlorine quantum yields refer to 100 Torr for 253.7-
and 184.9-nm photolyses, and to 30 Torr for 147.0- and
106.7-nm experiments. At 184.9 nm the chlorine quantum
yield was found to be pressure dependent; see Figure 6.
Pressure effects were not investigated at other wavelengths.
The apparent low quantum yield at 106.7 nm may be due
to inefficient light absorption by CCL, or to development of
color centers in the LiF window. 6 Maximum C-CL yield at
120-min photolysis time; see text.

Time (k:n)

Figure 2. Production of Cl2 in the gas-phase photolysis of CCls at
253.7 nm. The experimental conditions were 100 Torr of CCL, 25°,
5-. reaction vessel.

Figure 3. Consumption of added Br2 scavenger in the gas-phase
photolysis of CCl4 at 253.7 nm. The experimental conditions were
100 Torr of CCL, 25°, 5-I. reaction vessel.

Br2 concentration is depleted, possibly due to competition
between Br2 and BrCl for free radicals. (Table 11l summa-
rizes bromine scavenging results at 253.7, 184.9, and 147.0
nm.

O)Xygen Scavenging. Primarily to assess the conse-
quences of (possibly) imperfect degassing of CCl4, a brief
investigation was made of the effect of added 02 on CCl4
photolysis. It will be seen in Figure 4 that addition of sever-

13
TABLE Ill: Bromine Scavenging in CCl4Photolysis
Wavelength, nm 253.7 184.9 147.0
+—Br2 09 0.1 1.6 +0.1
Organic products GCI®Br° CCLBr” CCLBr
(0~ 1) CCLBr- CCI-Br,
CCIBr3

“2% residual C2C16 bRatio CCIZBr-/CCIBr varies from
less than 0.1 to 0.6, depending on the Br, concentration
(1-20%).

Figure 4. Effect of added 02 on the production of Cl2 in the gas-
phase photolysis of CCls at 253.7 nm. From 0 to 60 min photolysis
time, no added 02; from 60 to 150 min, several milliTorr added 0 2;
from 150 to 210 min, several Torr added 02. The experimental con-
ditions were 100 Torr of CCl4, 25°, 51 reaction vessel.

al milliTorr of 02 has only a slight effect, but addition of
several Torr 0 2 pressure causes t(d2) to increase to about
1.0. We conclude that the system displays no abnormal
sensitivity to added 0 2; the results are broadly consistent
with our conclusion that $of the primary process is unity.
(A more definite conclusion would require further investi-
gation, particularly identification of products. Formation
of phosgene and CI2 is reasonable, and compatible with
0(C12) =; 1.0, however.)

Organic Products. In the photolysis of pure CCl4 at
253.7 nm, the only organic product detected was C2CI6.
Measurement of its yield at two different photolysis times
showed that $(C2Cl6) = ¥XCI2) within experimental error
(x10%0). (Quantum vyields for the formation of organic
products in the photolysis of CCl14 at the four wavelengths
studied are included in Table 11.)

In the presence of added Br2, (¢(CCIsBr) = 0.9, and this
was the only significant organic product. A small amount of
C2C16, about 2%00f the CCIjBr yield, was also found.

Photolysis at 184.9 nm. Pure CCl4 The photolysis of
CCl4 at 184.9 nm is superficially similar to the photolysis at
253.7 nm; in experiments with CC14 pressure of 100 Torr,
$(C12) = 0.048. A typical graph showing chlorine produc-
tion as a function of photolysis time is shown in Figure 5.
Again, C2Cl6 is the main organic product, with 0(C2ClIfi) =
0(C12) at several different photolysis times; typically, a
ratio of C2CI&/CI2 of 51/49 was found. However, a small
yield of C2Ci4, equal to about 1% of the C2CI6 yield, was
also found There appeared to be a small yield of polymer
on the photolysis vessel walls, but no attempt was made to
measure it. This deposit was removed by intermittent pho-
tolysis of oxygen after approximately 90 min of CCl4 pho-
tolysis.
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Figure 5. Production of Ci2 in the gas-phase photolysis of CCls a
184.9 nm. The experimental conditions were 100 Torr of CCl4, 25°
1-1. reaction vessel.
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p = 0w cag> 650 v N

0 = CClij Only
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Figure 6. Production of Cl2 at a fixed photolysis time vs. pressure in
the photolysis of CCls at 184.0 nm: (O) pure CCl4; (O0) 50 Torr of
CCl4, 650 Torr of N2. Experiments done at 25° using a 1-1 reaction
vessel.

Several lines of speculation suggested to us that the pho-
tolysis of CCl4 at 184.9 nm might be pressure dependent.
To provide evidence on this point, the effect of CCl14 pres-
sure on the CI2 production rate was measured in a series of
experiments. The results are shown in Figure 6. It can be
seen that the chlorine yield increases by a factor of about
2.5 between a CCl4 pressure of 30 and 100 Torr. Addition of
650 Torr of N2to a sample of 50 Torr of CCl4 increased the
chlorine yield to the limiting value expected at large carbon
tetrachloride pressures.

Scavenger Experiments. As in the photolysis at 253.7
nm, initially added bromine is removed by photolysis at
184.9 nm; a typical experiment is shown in Figure 7. In two
experiments, we found $¢Br2) = 1.6 + 0.1.

A separate set of bromine scavenger experiments was
done to measure organic products. To make sure that Br2
was the exclusive scavenging agent, photolysis time was
limited to 1 min or less. In a typical experiment, the prod-
uct mixture had the following composition: CCI3Br, 73%
CCI2Br2, 26%; C2Cl6, 0.15%; C2Cl4Br2, 0.07%; and C2CI5Br,
trace.

In a further experiment, an investigation was made of
the effect of bromine concentration on the relative yields of
organic bromide products. In Figure 8 the ratio of the yield
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Figure 7. Consumption of added Br2 scavenger in the gas-phase
photolysis of CCl4 at 184.9 nm. The experimental conditions were
100 Torr of CCl4, 25°, 1-1 reaction vessel.

Figure 8. Effect of the Br2 concentration on the ratio of CCl2Br2 to
CClaBr produced in the gas-phase photolysis of CCls at 184.9 nm.
Pressure of CCls4 100 Torr at 25° ina I-1 reaction vessel. Concen-
tration range corresponds to 0.05-1 mol % Br2.

of CCI2Br2to CCfsBr is plotted. It can be seen that the rel-
ative yield of CCI2Br2 increases toward a limiting value of
about 0.7, with added Br2

As will be discussed further below, we interpret the pro-
duction of CCI2Br2 in the photolysis at 184.9 nm as evi-
dence for the participation of dichlorocarbene in the pho-
tolysis mechanism. In an effort to obtain further evidence
on this point, experiments were conducted with ethylene
added as a carbene scavenger. Figure 9 shows a graph of the
quantum yield of the adduct, 1,1-dichlorocyclopropane, as
a function of the composition of the photolysis mixture.
This is not a simple experiment to interpret, since C2H4 ab-
sorps light at 184.9 nm. The upper curve in Figure 9 is cal-
culated assuming that only the fraction of the light ab-
sorped by CCl4 gives the adduct; the lower curve utilizes
the entire absorped light intensity in the calculation. As-
suming that the activation must reach CC14 (either directly
or by energy transfer) in order to form the adduct, <XCCl2)
equals approximately 0.5-1.0 according to this experiment.
(It should be noted that excited C3H4C12 might be formed,
isomerizing to give CH2=CH-CC12H or CC12=CH-CH3.
Due to experimental difficulties, neither of these would
have been detected in our gas chromotography experi-
ments. The latter superimposes on the tail of the CCl4
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0 10 20 0V 40 5 60 NV 8 D

Cca9 Z QOVRCHITION GHi

Figure 9. Quantum vyield for production of 1,1-dlchlorocyclopropane
as a function of per cent added ethylene In the gas-phase photolysis
of ccla-c 2Ha mixtures at 184.9 nm: (O) calculation of 4 based on
energy absorbed In ccis only; (O) calculation of {pbased on all ener-
gy absorbed in systems. Total pressure 100 Torr at 25°, 1-1 reac-
tion vessel.

peak, and the former should appear at the same point on
the chromatogram as C2H4CI2, which is also produced.
Hence, a portion of the CCI2 yield may be masked in the
ethylene scavenging experiments.)

Photolysis 147.0 and 106.7 nm. Pure CCl4. Photolysis of
pure degassed CCIl4 with a xenor. resonance lamp at 147.0
nm produced CI2, C2CI6, and C2Cl4; quantum yields were
0.083, 0.087, and 0.05, respectively. We suggest that the in-
crease of the quantum vyield of C2CH, compared with the
higher wavelengths, is particularly significant. Preliminary
experiments were done at 106.7 nm, using an argon reso-
nance lamp. Although the intensity of the photolysis lamp
was measured as 1.3 (£0.1) x 1015 quanta per sec, we can-
not confirm its spectral purity, since our McPherson mono-
chromator has little if any light transmission below 110 nm.
We could see nothing in the spectrum below the Lyman a
line at 121.7 nm. Fairly rapid development of color centers
in the LiF windows does suggest substantial light intensity
below 110 nm, however.

The chemical behavior of the system under photolysis at
106.7 nm appears to be rather complex. The Cl2and C2C14
yields increase regularly with dose, but the total moles of
C2Cl6 formed maximize at short photolysis times and actu-
ally decrease regularly between 120 and 360 min of photol-
ysis. Average quantum yields for CI2 and C2Cl4 were 0.013
and 0.027, respectively; the apparent quantum yield of
C2Cl6 was 0.034 at 120 min of photolysis, 0.012 at 240 min,
and 0.002 at 360 min. (Due to the rapid production of color
centers in the windows at this wavelength, our reported
quantum yield measurements should be interpreted with
caution.) The ratio of C2Cl4to C2CI6 varies from 0.8 at 120
min to 13 at 360 min, and in general is much larger than at
higher wavelengths. It appears that C2CI6 is labile under
photolysis at 106.7 nm; it may absorb light of this wave-
length much more efficiently than the parent CCl4.

Scavenger Experiments: Although bromine scavenging
was not attempted at 106.7 nm, some preliminary work was
done at 147.0 nm. Organic products included not only
CCI3Br and CCLB~”, formed at 184.9 nm, but also CCl1-
Br>We suggest that formation of this compound, as well as
the increasing proportion of C2Cl4 among the products at
the lower wavelength, is evidence of increasing fragmenta-
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TABLE IV: Lamp Aging in CCL, Photolysis at 147.0 nm

Lamp

Lamp age, intensity,
hr quanta sec“! 4X(C12) 45CX19
35-42 7.6 X 104 0.083 0.087
52-54 7.1 X 104 0.031 0.039
65-67 6.5 X 1014 0.020 0.020

-J J | | I L.
B W B 9 B
UABECH, ri

Figure 10. Output spectra of newly prepared (A) and aged (B) xenon
resonance lamps. See text for details.

tion of CC14 with decreasing wavelengths of the photolysis
light.

Actinometry Problems

We report here a problem with actinometry at 147.0 nm,
since it could be of significance to other workers in vacuum
ultraviolet photochemistry. During a series of measure-
ments using the xenon resonance lamp, intermittent mea-
surements of the intensity of the lamp were made, and the
results appeared to indicate only moderate lamp aging; the
results are summarized in Table IV. Measurements at ap-
proximately 35, 55, and 65 hr of lamp life indicated a slow
decrease in lamp intensity from 7.6 X 1014 to 6.5 X 1014
quanta/sec. Nevertheless, there appeared to be a continu-
ing decrease in product yield per unit photolysis time as
the lamp aged. The apparent quantum yields for CL and
C2Cl6 production fell from about 0.08 when the lamp was 35
hr old, to 0.02 when the lamp was 65 hr old. This apparent-
ly contradictory situation can be resolved by examining the
output spectrum from the newly prepared and an aged
lamp, as shown in Figure 10, and comparing this with the
spectrum of CC14 shown in Figure 1. It will be seen that the
newly prepared lamp has a strong output of nearly pure
147.0-nm light; this wavelength is well absorbed by CC14, as
can be seen in Figure 1 In the case of an aged lamp, how-
ever, the intensity at 147.0 nm has decreased markedly,
and a complex and unidentified spectrum at 160 nm had
developed. Figure 1 shows that, coincidentally, the absorp-
tion spectrum of CCI4 has a minimum at about 155 nm,
amounting at that wavelength to less than 10%of its maxi-
mum value. In contrast, the C02 actinometer gas absorbs
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well through out this wavelength region. It appears that the
“impurities spectrum” may efficiently decompose C02, but
may be nearly nonactinic for CCl4.

Discussion

The results at 253.7 nm appear to be readily explained
by a mechanism involving only chlorine atoms and trichlo-
romethyl radicals at intermediates

hv + cci4 —* cc13- + CI- 0i 1)
Cl- + CI-- M —*Cl2+ M h )
Cl- + CC13- —* CCl14 h €]
(e]e] + CC13- - C2Cl6 4
CC13- + Cl, — CCl4 + Cl- & (5)

The fact that any appreciable product yield can be found in
this system is due to the circumstances that reaction 5, per-
haps surprisingly, has an activation energy of 8 kcal/moli6
and therefore a collisional probability very much less than
unity. (From simple collision theory, the collision efficiency
would be e - sooo/rt or about 10-6.) This reaction must be-
come important in the photolysis of pure carbon tetrachlo-
ride at long photolysis times, which undoubtedly explains
the tendency toward a plateau in Figure 2. It is reasonable,
on the basis of the present results, to conclude that fa =1.
Although fa—Br2) was found to be 0.9, the difference be-
tween this value and 1.00 is probably within experimental
error. During the early stages of photolysis with added Br2,
the stoichiometry of the scavenging reaction is expected to
be

CCl4 + Br2 — CCI3Br + BrCl (6)

so that the quantum yield of CC1 bond rupture corresponds
to fa—Br2) = 1.0. Since the primary absorption act in CCl4,
in the broad band extending from about 170 to 250 nm, is
probably an n-<r* transition to a repulsive state,15 it is rea-
sonable that this step should have unit efficiency. We pro-
pose here a simple kinetic scheme which allows a reason-
able interpretation of the magnitude of the quantum yields
for Cl2 and C2CI6 production, during the short time photol-
ysis regime in which reaction 5 can be neglected. The key
step in the mechanism is the competition represented by
reactions 3 and 4, which controls whether a net production
of C2C16 occurs, or whether back reaction to give the origi-
nal CCl4 takes place. This competition can be formulated
as

rate (4)/rate (3) = E£4CCI3-]2fe3[CCI3-][CI-] (7)
From the steady-state calculation for Cl and CCI3 concen-
trations

[cci3)/[C1] = (k2M/kty 12 8)
and
rate (4) (kKAfk2V\ 12

rate ) “ v s/ v 4
It can be seen that

, ( rate (4) \
cle “ \rate (3) + 2 rate (4)/*!1 (120)

where 1 = |
N rate (4)/rate (3) (11)
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and if k3 — kt
| k2M\ 1/2
\ h)

Since the C2Cl6 quantum yield is predicted to be approxi-
mately equal to the square root of the ratio of the three-
body to a two-body rate process, it would be reasonable to
expect a C2Cl6 yield of a magnitude of 0.1 or even smaller.
Unfortunately, it was not practical to investigate the pres-
sure dependence suggested by eq 12, since CCI4 absorbs
light of 253.7 nm very poorly even at 100 Torr pressure.

It is clear that there must be an additional primary pro-
cess at 184.9 nm. A mechanism involving only CC13- radi-
cals could not account for the substantial yield of CCI2Br2
formed in the presence of added Br2. Production of 1,1-di-
chlorocyclopropane in the presence of added ethylene is
additional evidence for the formation of CC12 as an inter-
mediate. Participation of reactions 1-5 as in the photolysis
at higher wavelengths probably persists, but the fragments
involved may possess excess translational or internal ener-

/ rate 3 - body V
" rate 2 - body/

gy_

In order to interpret the photolysis at 184.9 nm and
lower wavelengths, we propose the following additional
reactions

CCl4 + hv —* CCI2 + Cl2(or 2C1-) (13)
CCl, + CCl4 —* CxXI6* (14)
CXV + M —s CXl6 (15)

C2C16* —m 2CC13* (16)

CCl4 + hv —»CCl- + CI2 + CI- 17)
CCl- + CCl4 —s CXI5* (18)
CXI5* —> CXCl4 + Cl- (19)

Production of dichlorocarbene (reaction 13) accounts for
the formation of CCI2Br2 at 184.9 nm and all lower wave-
lengths, as well as formation of 1,1 -dichlorocyclopropane in
the presence of added ethylene. The marked pressure de-
pendence of the CI2 yield (and presumably also the C2CI6
yield) at 184.9 nm is probably due, at least in part, to the
necessity of a subsequent collision (reaction 15) to dispose
of the internal energy resulting from formation of a new
C-C bond in reaction 14. A simple analysis of the pressure
dependence data does not appear feasible, however, be-
cause the dynamic scheme represented by eq 7-12 must
also participate at 184.9 nm. The necessity of adding a
rather substantial amount of Br2to reach the limiting yield
of CCI2Br2 relative to CCIsBr, as shown in Figure 8,
suggests that reaction 14 is rather efficient and difficult to
compete with.

Production of CCIBr3 at 147.0 nm strongly suggests a
new process producing CCl- fragments at this wavelength.
It also appears reasonable to relate the emergence of a sig-
nificant yield of C2Cl4 at the lower wavelengths to CCl-
fragments, and the reaction sequence 17-18-19 seems to be
a reasonable interpretation. If CC12 were the precursor, it
would be hard to explain the lack of C2Cl4 at 184.9 nm.

It is possible to make an estimate of the primary quan-
tum yields of CC13 and CC12 at 184.9 nm from the yield for
bromine consumption, using the relation

20( CC12) + 0(CC13) = 1.6 (20)

We assume that the sum of the two quantum yields is
unity, giving <(CC2) = 0.6 and 0(CC13) = 0.4. The stoichi-
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ometry implied by eq 20 is valid either if CCI2 reacts direct-
ly with Br2, or if it inserts into CCl4 giving two CC”- radi-
cals via reaction 16. In the latter case, one CCI2 fragment
gives two molecules of CClaBr in place of one CCI2Br2.
Since the maximum ratio of CCI2Br2to CClaBr achieved at
high scavenger concentration is 0.7, it again appears that
the insertion reaction is quite efficient. (Another possible
assumption is that these are two types of CCI2 fragments,
presumably singled and triplet states, and that one of them
(the singlet) is almost immune to bromine scavenging.)

The data shown in Figure 9 for production of 1,1-dichlo-
rocyclopropane at 184.9 nm are not incompatible with a
yield of CCI2 as high as 0.6, but the data are hard to inter-
pret because C2H4 also absorbs light at this wavelength.
Other complications include the possible production of an
open-chain dichloropropene (which may have been masked
in the analysis) and the low efficiency of C2H4 as a carbene
scavenger. Qualitatively, however, formation of 1,1-dichlo-
rocyclopropane is strong evidence for participation of CC12
in the reaction.

Interpretation of the 02 scavenging experiment at 253.7
nm appears straightforward. It is evident from Figure 4
that the primary quantum yield for C-Cl bond rupture
must be considerably greater than the net yield of Cl2 and
C2Cl16 in the unscavenged system. This conclusion is in
qualitative agreement with the bromine scavenger data.
Additionally, if the stoichiometry of the reaction in the
presence of 02 is assumed to be

o

i
CCl4 + %02 —» CI—C—Cl + CI2 (1)

then the oxygen scavenging results are in quantitative
agreement with bromine scavenging. It has been known for
many years that phosgene is formed when CCI3- radicals
are generated in the presence of oxygen; Steaciel6 gives a
discussion of the possible mechanisms involved.

An interesting and fundamental question concerns the
nature of the primary photophysical act at the several
wavelengths studied; in particular, is there more than one
electronic state involved? Based on detailed studies of sev-
eral halomethanes,14'15'17 it is likely that the entire broad
band extending from about 160 nm to over 200 nm (with a
slight tail out as far as 254 nm) is attributable to a single
process, the no-* transition. One or more other processes
come in below 160 nm, generally interpreted as transitions
of nonbonding halogen electrons to Rydberg states.14'17

It is particularly significant that the same ncr* transition
gives only reaction 1 at 254 nm, but gives both reactions 1
and 13 at 185 nm. It is strongly suggested that additional
vibrational energy makes possible the split giving CC12 at
185 nm. This observation suggests that photolysis of CCl4
at 254 nm, but at an elevated temperature, might also give
dichlorocarbene. This process has, in fact, recently been

17

observed by Tedder and coworkers.7 For this reason we
suggest that the conjugate product in reaction 7 is probably
Cl2 rather than 2Cl-, since the latter would not be energeti-
cally feasible at 254 nm, even at elevated temperature.

Extending to lower wavelengths the concept that higher
vibrational levels in the n-a* excited state lead to further
fragmentation, we suggest that the same model applies to
formation of CCI- fragments. We suggest that the initially
formed Rydberg state undergoes internal conversion to a
high vibrational level of the lower-lying n-rr* state,18which
can fragment to give CCl-, CC12, or CCly, depending on
how much energy may be lost in deactivating collisions be-
fore dissociation occurs. The implicit assumption that pre-
dissociating states are involved is not unreasonable, since
fine structure has been observed in Rydberg bands of
CF2C12and CFC13-.15
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The photochemical reaction between molecular iodine and benzene or methyl-substituted benzenes is
studied in fluid solution at room temperature. By control of the wavelength of the exciting radiation and by
varying the concentration of iodine it is shown that the reaction may be caused to proceed by way of the
electronically excited charge-transfer complex formed between molecular iodine and the aromatic hydro-
carbon. The reaction is first order in iodine when the hydrocarbon is directly irradiated but zero order

when the charge-transfer band alone
stability of the complex.

Introduction

It has been known for many years that molecular com-
plexes form as the result of weak interaction between an
electron “rich” group (electron donor) and an electron-ac-
cepting group.l’2 The enthalpy of formation of these com-
plexes is generally less than 10 kcal/mol and thus they are
not normally isolatable. Various mechanisms involving
these charge-transfer complexes (electron donor-acceptor
complex) as a chemical intermediate have been proposed
for numerous chemical and biochemical processes. Actual
experimental evidence for charge-transfer intermediates in
chemical reactions is. however, quite limited. Akamatsu,
Inokuchi, and Matsunaga3 and other workers4 have ob-
served a bromination reaction taking place in the solid bro-
mine-hydrocarbon complex, one of the few complexes
which may be isolated. The dissociation energy for molecu-
lar bromine, however, is large enough that free-radical
reactions may compete with other mechanisms. It has also
been observeds5 that the photooxidation of several hydro-
carbons takes place when ultraviolet light is absorbed by
the 02-hydrocarbon contact charge-transfer absorption
band which generally lies at slightly lower energies than the
lowest energy absorption band of the deoxygenated hydro-
carbon.

The charge-transfer complex was first described by Mul-
liken6 as a resonance hybrid between a nonbound form and
an ionic form. The ground state is predominantly nonbond-
ing while the excited state is predominantly ionic in nature.
In the case of the aromatic hydrocarbon-molecular iodine
complex (Ar-12) absorption of light by the ground state
charge-transfer complex results in transfer of an electron
from the aromatic species (electron donor) to the iodine
(electron acceptor) resulting in an ionic excited state. Such
a process is described by

hvet
Ar-12 — cArT2">
where the diradical ion pair represents the excited state
charge-transfer complex. This excited species may undergo
chemical reaction during its lifetime, just as any other
species, and thus may serve as a reactive chemical interme-
diate, or it may return to the ground state complex by ei-
ther a radiative or nonradiative process. The radiative pro-
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all of the incident radiation. The reaction rate increases with

cess is only observed in certain special systems. The nature
of the excited state of the charge-transfer complex has been
studied7-11 and reviewed by numerous workers.

Experimental Section

The benzene used was Baker reagent grade solvent
which was washed twice with reagent grade concentrated
sulfuric acid. It was then washed with distilled water until
no acid residue was detected in the water layer and dried
over reagent grade anhydrous sodium carbonate. The sol-
vent was then cooled until 90% was crystallized and the re-
maining liquid was discarded. This fractional crystalliza-
tion process was repeated twice. The toluene and 0-, m-,
and p- xylene were chromatographic grade solvents distrib-
uted by the Matheson Coleman and Bell and mesitylene
was Baker reagent grade. The toluene, xylenes, and mesity-
lene were each washed with H2SO4 and then water, and
dried over sddium carbonate. The iodine was freshly resub-
limed reagent grade crystals manufactured by the Allied
Chemical Co.

Irradiation was performed at room temperature directly
in 1-cm Beckman quartz cells which were subsequently
used in the uv spectrophotometer. These were suspended
in a quartz container which was filled with a solution which
served as a filter jacket permitting only desired wave-
lengths to be incident upon the reaction cell and as a con-
stant temperature bath. All light reaching the sample
passed through a minimum of 1.5 cm of filter solution.
The irradiation source was a 250-W medium-pressure mer-
cury arc with quartz housing, Actinometry using solutions
of potassium ferrioxlate was according to the method de-
scribed by Melville and Gowenlock!2 and showed 3.7 +0.1
X 1016 quanta/sec to be incident upon the reaction cell.

All spectra were measured on a Beckman Model DK-2 or
Model DB-6 recording spectrophotometer. The gas chro-
matograph used for analysis purposes was manufactured
by MicroTec Instruments, Inc. using a glass column packed
with Apiezon-J on Chromasorb Q and a thermal conductiv-
ity detector. Glass columns were necessary due to the cata-
lytic effect of stainless steel and copper on the decomposi-
tion of organo-iodine compounds at elevated temperatures.
Monochromatic light for kinetic studies was supplied by a
Baush and Lomb monochromater furnished with a 100-W
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mercury arc. Thin layer chromotograms were run using
commercially available plates manufactured by E. Merck
AG of Germany, employing fluorescent silica gel on alumi-
num. Chromatograms were developed by ultraviolet irra-
diation followed by treatment with a starch solution or by
exposure of the plate to iodine vapor as well as by observ-
ing the quenching of the fluorescence of the adsorbent.

Results

When solutions of 10-3 to 10-4 M iodine in either ben-
zene, xylene, or mesitylene were irradiated through a filter
consisting of the pure hydrocarbon, the reddish color char-
acteristic of iodine in these complexing solvents slowly and
permanently bleached out. The filter solution allowed exci-
tation of only the molecular iodine and the charge-transfer
absorption bands. Similar samples were stored in dark con-
tainers and maintained at ambient temperature and others
at 70° for 24 hr. No change in the spectroscopically deter-
mined iodine concentration was observed in either sample.

A 7.0 X 10~4M sample of iodine in toluene was irradiat-
ed through an aqueous CuClI2 filter solution. The concen-
tration of the CuCI2 was adjusted such that the absorbance
at 4000 A was greater than two, thus allowing light absorp-
tion by only the molecular iodine band of the toluene-io-
dine solution. No detectable change in the concentration of
iodine was observed after 6 hr of irradiation at ambient
temperature.

The effect of the initial iodine concentration on the rate
of disappearance of iodine from the various samples was
studied. The samples were irradiated through a filter jacket
consisting of the respective hydrocarbon, allowing absorp-
tion by the charge-transfer band and not by the hydrocar-
bon itself. The absorbance of the charge-transfer band was
greater than two. Results of these studies showed the rate
to be independent of iodine concentration within the range
of 10-3 to 10“4M iodine, indicating zero-order dépendance
on 12 concentrations. By adding iodine to compensate for
that which reacted it was found that the formation of prod-
ucts did not affect the observed net reaction rate. Studies
of the effect of iodine concentration on the rate of iodine
consumption when no filter was used indicated an increase
in reaction rate with an increase in iodine concentration.
Without a filter solution, the aromatic hydrocarbon bands,
as well as the charge-transfer band, are excited by the in-
tense 2537- and 2880-A lines emitted by the mercury arc
source. Direct excitation of the hydrocarbon resulted in
first-order disappearance of molecular iodine for all hydro-
carbons used. Results for the I*-m- xylene systems are
shown in Figure 1.

Samples of 7.0 X 10~4 M iodine in the solvents benzene,
toluene, 0-xylene, m-xylene, p-xylene, and mesitylene
were irradiated for 1 hr through a filter solution of the re-
spective aromatic hydrocarbon. Absorption spectra were
taken before and after irradiation and the change in ab-
sorbance of the molecular iodine was noted and taken as a
measure of the loss of 12 from the system and thus a mea-
sure of the relative rate of the overall iodination reaction.
The results are shown in Figure 2.

A 50-ml sample of 10-3 M iodine in benzene was irra-
diated through a benzene filter solution for 19.5 hr at ambi-
ent temperature and vacuum evaporated to a volumn of 1.0
ml. A portion of this residue was separated by gas chroma-
tography at 197°. A small peak was observed which was not
common to a sample of the solution analyzed before irra-
diation. The retention time for this new peak was identical

19

Figure 1. A typical plot of the log of the spectroscopically deter-
mined iodine concentration as a function of time of irradiation for M-
Xylene at 340 nm.

Figure 2. Relative rate of photochemical iodination for various sub-
stituted benzenes upon irradiation of the charge-transfer absorption
band as a function of the ionization potential of the electron donor. In
order of decreasing reaction rate the hydrocarbons are 1,3,5-tri-
methylbenzene, o-xylene, p-xylene, m-xylene, toluene, and ben-
zene.

with that observed for iodobenzene in a benzene solution.
Gas chromatographic separation of the reaction products of
the substituted benzenes was.found to be impossible with
our apparatus due to decomposition of the iodinated com-
pounds, even in glass columns, at the temperature required
for separation.

The reaction of iodine with toluene was also studied
using a thoroughly vacuum degassed solution. No differ-
ence in the reaction rate was observed between the de-
gassed sample and one irradiated while in equilibrium with
the atmosphere. Thin layer chromatographic separation of
the concentrated mixture of toluene-iodine following irra-
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diation through a toluene filter and subsequent removal of
excess molecular iodine with clean copper wire or with tri-
ple distilled mercury indicated a single product whose R f
value in several solvents was identical with that of a known
sample of benzyl iodide. Similar treatment of a p- xylene-
iodine reaction mixture resulted in the thin layer separa-
tion of only the a-iodo-substituted xylene as identified by
comparison with thin layer chromatograms of known sam-
ples. No other products were discovered to be present.

Excess molecular iodine remaining in a mesitylene-io-
dine solution which had been irradiated through a mesityl-
ene filter solution was removed by reaction with elemental
mercury. The sample was concentrated by vacuum evapo-
ration at room temperature followed by reaction with pyri-
dine to form a solid derivative which was recrystallized
from an alcohol-ether solution. Comparison of physical
properties of the pyridine derivative with known com-
pounds resulted in the identification of 3,5-dimethylbenzyl
iodide as the principle reaction product.

Discussion

The experimental evidence presented above can be ex-
plained only by a photochemical iodination reaction taking
place by way of an excited charge-transfer complex inter-
mediate. The absorbance of the charge-transfer band of the
reaction sample was greater than 2.0 for all experiments
and appropriate filters were used to avoid direct absorption
by the hydrocarbon, thus it can be assumed that nearly all
of the light in the region of the charge-transfer absorption
band incident upon the sample was absorbed by the com-
plex. Changes in the iodine concentration when only the
complex was irradiated did not affect the net rate of reac-
tion over the range where essentially all exciting light was
absorbed by the complex. Direct excitation of the ir~ir*
band of the aromatic hydrocarbon, when no filter was used,
resulted in a reaction whose rate showed a first-order dép-
endance upon the iodine concentration as shown in Figure
1 Such a reaction would be expected for reaction between
electronically excited aromatic hydrocarbon molecules or
resulting free radicals and molecular iodine. Thus, it can be
concluded that the reaction occuring when only the
charge-transfer band was irradiated took place by way of
the excited complex and not as a result of the direct forma-
tion of excited or free-radical donor species or by direct ex-
citation of molecular iodine.

The effect of various electron-donor molecules on the
rate of reaction with molecular iodine by way of the excited
complex is shown in Figure 2. This effect appears to be re-
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lated to the ease of formation or the thermodynamic stabil-
ity of the ground state complex. Similarly, the effect can be
related to the increase in the number of protons or reactive
sites as well as changes in geometry as the benzene becomes
more highly substituted. The relative effect of molecular
structure on the quantum yield for this iodination reaction
compared to the thermodynamic stability of the ground
state complex as measured by its absorbtivity can not be
determined by any simple experiment due to the interde-
pendence of these properties. The energy required for the
dissociation of a side chain hydrogen is 77.5 kcal/mol as
compared to 102 kcal/mol for that of a ring hydrogen.
Thus, substitution of iodine for a benzyl hydrogen would
be the energetically more favored reaction.

The mechanism for the iodination reaction when only
the charge-transfer band is irradiated must be one which
directly involves the excited state of the charge-transfer
complex as an intermediate and thus can be represented by
the following process

Ar +12%=* (Ar-1)i=+ (Ar 12 —* Arl +HI

where (Ar—2) represents the ground state complex and Arl
is the iodinated product. The diradical ion pair excited
state of the complex may reassociated and lose its excess
energy or rearrange, forming the iodination product. The
excited state of the complex may be represented by an ion
pair held together by coulombic forces. The ionic species
probably does not escape the solvent cage during its life-
time. If the radical ions were to escape the cage, numerous
free-radical reactions including the solvent as well as radi-
cal reactions would be possible.
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The quenching of fluorescence of azastilbenes (styrylpyridines and styrylpyridinium cations) by inorganic
anions has been investigated to obtain information on the quenching mechanism and on the relevance of
this deactivation for the trans —»cis photoisomerization of azastilbenes. The quenching rate constants are
much higher in acidic medium when both the species are charged. The observed correlation between the
quenching rate constants and the redox potentials of the anions implies an electron transfer mechanism.
The parallel study of the photoisomerization quenching of 3-styrylpyridinium cations shows important dif-
ferences between the quenching efficiency on emission and photoreaction when Br~ and I- are the quench-
ers. The results, which indicate that the CT complex decays through the triplet manifold, at least in the
presence of heavy atom quenchers, imply a concurrency of both heavy atom effect and charge transfer in-
teraction in the quenching mechanism. They are promising as they can give an indication of the excited
state responsible for the photoisomerization.

Introduction

Several examples of fluorescence quenching by inorganic
anions have been reported.1-3 The quenching mechanism
might be interpreted as an external heavy atom induced in-
tersystem crossing (ISC) or as an electron transfer from the
anion to the substrate depending on whether the quench-
ing rate constant is correlated with the square of the atomic
spin-orbit coupling parameter of the anions or with their
redox potential, respectively. Since the correlation with the
redox potential has been demonstrated often, the charge
transfer (CT) mechanism is considered that which best ex-
plains most of the experimental results.14

Any such intermediate, either an exciplex or merely a
collisional complex may be nonfluorescent because of pref-
erential radiationless deactivation.

Quenching by inorganic anions may be a useful probe to
monitor decay processes of excited azastilbenes6 and thus
give an indication of the excited state responsible for the
isomerization following direct excitation. In fact, while
there is general agreement that the sensitized isomerization
occurs at the triplet level, the assumption that in the ab-
sence of heavy substituents the direct isomerization takes
place in the singlet manifold is not yet conclusively
proved.7

In a previous paper we have found that the photochemi-
cal behavior of azastilbenes depends markedly upon the
nature of the solvent and salts present in the solutions.7In
particular, the yield of trans —cis photoisomerization ($t)
for the protonated 3-styrylpyridine (3-StPH+) has been
found to be strongly lowered by NaCl added to buffer the
ionic strength. The effect, which was absent when Na2504
or NaC104 were used, has been assigned to a specific inter-
action between the chloride ion and the excited 3-StPH+.
The yield of fluorescence (@) has shown a similar behavior,
the Stern-Volmer plots of < and <, against NaCl concen-

tration having practically the same slopes. The effect of
NaCl on neutral StP’s was negligible, in comparison.

These observations led us to investigate in greater detail
the effect of inorganic anions on fluorescence and trans —»
cis photoisomerization of styrylpyridines. The results ob-
tained are important in the interpretation of both the
quenching mechanism and the photochemical behavior of
azastilbenes.

Experimental Section

The azastilbenes, synthesized for previous work, were
purified by crystallization from n- hexane and/or water-
ethanol.

Potassium and sodium halides and thiocyanate were of
analytical grade from Merck (sodium salts were used as
quenchers in acidic medium, where NaC104 was the buffer
of the ionic strength, in order to avoid precipitation of
KCI0:); potassium selenocyanate was a British Drug
House product.

The luminescence quenching experiments were carried
out by measuring the relative fluorescence intensities at
different quencher concentrations at room temperature (25
+ 1°). The solutions were deaerated by bubbling pure ni-
trogen. Both a CGA DC-3000/1 and a Turner 210 spectro-
photofluorimeter were used. The azastilbene concentration
was about 10-5 M; quencher concentrations were in the
range from 10-3 to 10“1M in the acidic medium and from
10 2to 1 M in the alkaline medium. A solution of anthra-
cene was used to correct for the fluctuations in the intensi-
ty of the exciting light (300 nm, with the exception of the
measurements with SeCN“, when 350-nm excitation was
used). The ionic strength was kept at a constant value of 1
by addition of NaC104 or Na2S0 4. Quenching constants K q
were obtained from the Stern-Volmer (S-V) equation

(P - D/1 = Ka[X) = Fox[x1 @)
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where 7° and | are the uncorrected intensities of fluores-
cence in the absence and in the presence of quencher, re-
spectively. The measurements were made at the wave-
length corresponding to the maximum of the emission
spectrum of StP’s. The quenching rate constant feq (A -1
sec-1) can be obtained if the lifetime of the first excited
singlet state at infinite dilution, r, is known.

In our experimental conditions there was not any direct
evidence, from the absorption spectrum, of complex forma-
tion in the ground state neither could any new emission
characteristic of complex formed under irradiation be de-
tected. As a matter of fact, with the heaviest quencher, kq
in an acidic medium is higher than the diffusional rate con-
stant (fed ~ 5 X 109 M~1 sec-1). This behavior, which is
not surprising as the radius of interaction increases for
charged species, might also imply that a static quenching
process is partially operative; its contribution, however,
should be very small in polar solvent, as indicated also by
some experiments on the effect of quencher concentration
on the azastilbene lifetimes.

Britton buffers and NaOH solutions were used for the
measurements at pH 2 and 13.5, respectively. At these pH
values the azastibenes are in the cationic and neutral
forms, respectively, in both the ground (pK ~5) and first
excited singlet (pK* ~12) states.8 For the 4'-OCH:i deriva-
tive, which is a stronger base in the excited state,8 NaOH 1
N was used.

The photoisomerization quenching was studied spectro-
photometrically by S-V plots of «#4tt against [X-] in the
same medium as fluorescence. The trans  cis quantum
yields were determined at different salt concentrations by
the method already described.7 An Unicam SP500 single-
beam spectrophotometer was used. Singlet lifetimes were
measured by a sampling technique previously described.9

Results and Discussion

Fluorescence Quenching. Table | shows the quenching
constants obtained with alkali halides, thiocyanate, and
selenocyanate as quenchers of 3-styrylpyridine fluores-
cence in water-ethanol 90/10 (v/v), in basic and acidic solu-
tions. Table Il shows the quenching constants and the
quenching rate constants of the three isomeric StP’ and
some 4' derivatives of the 3 isomer by iodide ion in basic
medium and by chloride, bromide, and iodide ions in acidic
medium.

Data at pH 2 in Table | show that the quenching effi-
ciency depends considerably on the ionic strength of the
solution. A more detailed investigation of this effect has
shown (as expected from the Br”nsted-Bjerrum theory for
a complexation between unlike ions) that log (feqr) de-
creases linearly with increase of the square root of the ionic
strength, the effect being practically suppressed at high
ionic strength. The slope of the plot is about 0.4, a value
rather smaller than that predicted by the Br</>nsted-Bjer-
rum equation. Both this observation and the less pro-
nounced effect of the ionic strength with quenchers of high
efficiency are similar to the results reported for the
guenching of the N- methylacridinium ion by counterions.1
Owing to these effects, which will receive further attention
in our laboratory, the measurements were carried out at a
constant ionic strength ofn = 1.

The 3 isomer has the longest fluorescence lifetime8 of the
three isomeric StP’s and thus it is the most convenient iso-
mer for the study of the effect of the anion nature on the
deactivation. The quenching efficiency on the free base flu-
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TABLE I: Quenching Constants Kg (M—I) of the
Fluorescence of 3-Styrylpyridine by Inorganic
Anions in 90/10 (v/v) Water Ethanol (Sodium
Sulfate or Perchlorate as lonic Buffers!

pH 135
Quencher Unbuffered M= 1 m= -
Cl- 17 6 <0.1
Br- 52.5 19 0.46
|- 88 39 4.6
SCN- 3.65
SeCN- 6.1

orescence by the anions reported in Table I is in the order
of Cl- < Br- < SCN- < |- < SeCN-. The same order was
found for the halides with the cation 3-StPH+. The
guenching was much more effective on the protonated form
which has, however, r about a factor of 6 longer. The
quenching rate constants of Table Il were obtained on the
basis of the measured lifetimes of the first excited singlet
state of protonated 3-StP’s and of those approximately cal-
culated from fluorimetric measurements of the excited
state pK* of the neutral 3-StP’s.8 The kg values are still
higher for the protonated forms, the differences becoming
less pronounced with the increasing size of the quencher.
The similar quenching effect found in two experiments
with sodium and cesium chlorides showed that the interac-
tion does not effectively depend on the nature of the cation
under our experimental conditions. A semilog plot of the
K g values reported in Table | vs. the oxidation potential of
the anions showed a linear correlation for both the basic
and acidic species. This behavior reflects an associative CT
mechanism which contributes to the quenching process.
e.g., for the free base
‘StP* + X- I(stP*---X)" —* BtP* (or StP) + X-
@
although, in the absence of complex emission, a contribu-
tion of collisional deactivation cannot be ruled out.1 The
intermediate complex may facilitate ISC to the triplet state
of the acceptor as has been shown by flash experiments in
the system biphenyl + inorganic anions3as well as in other
systems where both partners were neutral molecules.10
This behavior is generally assumed with heavy atom
quenchers, when excited complex formation is often fol-
lowed by enhanced ISC to the triplet complex which then
normally dissociates to yield the triplet substrate. The rate
constant for the complex ISC is generally higher than for
the free substrate ISC.1 In our case, some evidence for the
formation of triplet 3-StPH+ through the CT complex
comes from the photoisomerization quenching experiments
with Br- and I- (see below). The free energy associated
with the transfer process (assuming that the entropy does
not change with excitation and neglecting solvent effects)
will be given, e.g., for the free base, by

AGct = [EY2(X-/X) - EY2(StP-IStP)] - ALO('StP*) (3)

where the first term on the right is the difference between
the half-wave potentials for the one-electron oxidation of
the inorganic anion X- and the one-electron reduction of
the azastilbene; A7200 is the energy of the first excited sin-
glet state of the azastilbene.3510 Equation 3 gives, for a
given acceptor, the observed relation of the quenching abil-
ity with the oxidation potential of the donor anions, and,
for a given anion, a relation with the reduction potential of
azastilbenes. An interesting correlation has in fact been
found in a similar case3 between log feq and the excited
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TABLE I1: Quenching Constants KQ{M~I) and Quenching Rate Constants kq (109M~" sec“)*“for the Fluorescence
of ¢rons-Styrylpyridines by Inorganic Anions in 90/10 (v/v) W ater-Ethanol at M= 1

pH 135
(Ka)l- kl-

Compd

2-StP

3-StP

4-StP
4'-CH33-StP
4'-OCH33-StP
4'-C|-3-StP
4'-Br-3-StP
4'-1-3-StP

*Calculated using th

(KQ

® PWhrONOMO
= whrOolrUILIOWG
RORE O
Nowor
PROW N W
PONNOIE O
cwmowwoo

ifetimes from ref 8.

Figure 1. Stern-Volmer plots for the trans —cis photoisomerization
quenching of 3-styrylpyridine and its 4'-1 derivative by halide anions
in 90/10 (v/v) water-ethanol at pH 2 and /i = 1 Dashed lines show
the corresponding fluorescence quenching.

state reduction potential of the acceptors, calculated by the
sum E i/2(A“/A) + Af?00 of the polarographic half-wave re-
duction potential of the acceptor and the energy of its ex-
cited singlet state obtained from the absorption and fluo-
rescence spectra. The latter relationship cannot be verified
in our case both because k q values are not obtainable for
the short-lived 2- and 4-StP’s and because reliable reduc-
tion potentials in water-ethanol are not available for all the
isomers. For the unsubstituted StP’s, the reduction poten-
tials in 25% water-75% dioxane are reported in the litera-
ture.12 The value for the reduction potential of 3-StP is
more negative than for the other isomers in both neutral
and protonated forms. If the zeof the Si «—So transitions
are taken into account (29,220, 29,450 and 29,570 cm-1 for

)"

o~NRE A~ N

pH 2

(ifq)Br- (AJfir- {Kqg)ci- (>fe0)di-
.0 18.8 3.4 6.0 1.1
2 7.5 1.3 0.5 0.1
2 0.14 0.1
A 18.7 3.5 4.4 0.83
A4 12.2 3.8 2.7 0.84

4.6 1.1

the neutral isomers 2, 3, and 4, respectively),8it results that
the 3 isomer has a smaller electron affinity in the excited
state also. This isomer having the highest K q, the lifetime
turns out to be the determining factor in the slope of its
S-V plot. The order of the excited state reduction poten-
tials is in fact 3 > 2 > 4. As the quenching constants are in
the order 3» 2~ 4 in both acidic and basic media, a sin-
glet lifetime at least one order of magnitude smaller for the
isomers 2 and 4 can be inferred.

By using the singlet lifetimes of the 4' derivatives of 3-
StP,8the substituent effect on k q can be evaluated. Some
k g values of Table Il are close to the diffusion limit, indi-
cating that the quenching is diffusion controlled for these
relatively long-lived acceptors. Looking at the k qvalues for
neutral StP’ and to those at pH 2 with CI- and Br~, which
are certainly below the diffusion limit, it is interesting to
note that the electron-donating methyl and methoxy
groups lower the quenching rate noticeably with respect to
the unsubstituted compound. The relative effect of differ-
ent substituents cannot, however, be discussed owing to the
large uncertainty of the r values. Another interesting point
concerning the 4'-methyl derivative is that the dependence
of its log Kg on E\/i of the anions is characterized by a
greater slope than for the unsubstituted 3-StPH+. This in-
dicates that an electron density increase in azastilbene
plays a role in the quenching mechanism, so that a CT pro-
cess contributes to the deactivation of the excited state.

Photoisomerization Quenching. In the case of photo-
isomerization quenching, different Kinetic situations may
arise depending on whether one or more excited states are
reactive and one or more are quenched by the added salt.13
The kinetics may also depend on whether the path for non-
radiative decay of the complex is one leading to the ground
state azastilbene directly or via the triplet manifold. Figure
1 shows the S-V plots for the quenching of trans -* cis
photoisomerization of 3-StPH+ and its 4'-1 derivative by
halide anions up to about a 0.1 M quencher concentration,
together with the corresponding plot for the emission
quenching for comparison purposes. Table Il reports the
corresponding quenching constants together with the
quenching ratios measured at a fixed 1 M quencher con-
centration for 3-StPH+and its 4'-Br and 4'-1 derivatives.

Examining first the results obtained with the unsubsti-
tuted compound, it is interesting to note that the trend of
the anion effect is quite different from that reported for
fluorescence. The same effect of Cl- on gtand /, even at
high ionic quencher concentration, is compatible with the
reaction occurring either at the Si or Ti levels. The
quenching of the Si state does not result significantly in
triplet formation, since this would result in a less quenched
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TABLE I1l: Quenching Constants k,,r (M ") of Fluorescence and Trans > Cis Photoisomerization of

3-Styrylpyridinium Cations (pH 2) by Sodium Halides in 90/10 (v/v) W ater-Ethanol at g = 1 by NaC104

3-StPH ~ 4'-Br-3-StPH + 4'-1-3-StPH +

Quencher Fluor Isomerm Fluor Isomerm Fluor Isomerm
cT 6.0 (8.4)5 6.5 (7.9) 2.7 (4.0) 2.7 (4.0) 1.1 (1.8) 1.0 (1.9)
Br- 18.8 (46) 11.3 (4.1) 12.2 (24) 9.0 (5.1) 4.6 (7.4) 4.2 (5.1)
1- 39 (-500) 0(1.0) 26.8 (240) 10" (1.3) 11.0(69) 11' (3.4)

IThe quenching ratios at 1 M quencher concentrations are shown in parentheses. bThe quenching ratios at [X _] = 1
expected from a linear S-V plot should be obtained by (/, T + 1). cInitial slope of the nonlinear S-V plot.

isomerization. In fact, previous energy transfer experi-
ments with triplet donors14had shown that all StPH+’s are
able to isomerize at the Txlevel with good efficiency. It is
to be noted in this respect that the triplet state was not
quenched by CI- up to [CI-] = 0.1 M, as demonstrated by
the unquenched biacetyl-sensitized photoisomerization of
3-StPH+. However, biacetyl phosphorescence was
quenched by CI- at higher concentrations. The quenching
efficiency of Br- in dilute solutions is slightly greater for
fluorescence than for isomerization. When [Br-]1 = 1 M,
the fluorescence intensity ratio is higher than the value ex-
trapolated from the S-V plot, while the ratio of photoreac-
tion yields is lower, indicating that the T xlevel population
is increased in the presence of high quencher concentra-
tion. The heavy anion I-, which quenches fluorescence
strongly in the concentration range of the S-V plot and
much more at 1M concentration, has no effect on the pho-
toreaction.

The behavior with the heavy atom quenchers is probably
due to the concurrency of heavy atom effects by both the
free (external) and complexed (internal) X-. This results in
a more effective quenching of Si and an increased Ti con-
centration by enhanced ISC of both '3-StPH+ and the
complex, which then dissociates to X- and 33-StPH+, fol-
lowing eq 2. In the case of I-, a balance of different pro-
cesses is probably operative.15 The possible implication of a
quenching of IStP’s by Br- and I- in this balance is diffi-
cult to prove; some experiments in the presence of triplet
donor sensitizers did not give useful results due to specific
interactions of the anions with the excited sensitizer.

A guenching experiment on the free base ([NaOH] = 0.4
M, [I-] = 0.6 M; experiments with the other anions are of
less significance because the Kq values are too small)
showed that also in this case the isomerization is practically
unquenched.

As some of the results described seemed to indicate an
important pathway to the triplet manifold in the decay of
the CT complexes, it was interesting to investigate the 4'-
Br and 4'-1 derivatives of 3-StP which have higher yields of
the singlet to triplet ISC compared to the unsubstituted
compound. This was shown by the fluorescence yield at 77
K, which becomes quite high (>0.6) for the unsubstituted
StP’s and some derivatives but remains low for the 4'-Br
(<0.2) and particularly for the 4'-1 derivative (<0.01).7 The
results obtained with these two compounds in acidic medi-
um are also reported in Table I1l. Looking at the heaviest
substrate, a somewhat different behavior with respect to
the 3-StPH+ can be observed. In fact, only CI- has a simi-
lar effect, the S-V plot being linear even at high concentra-
tion and with equal slope for emission and photoreaction.
The Br- ion quenching shows a linear trend up to high con-
centrations and practically with the same slope for the two
phenomena. The fluorescence is weak for this derivative (§f
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= 0.03), and probably <trsc is high, so a small number of
quanta are here recovered for the photoreactive Ti state.
The quenching by I-, like that by Br- of 3-StPH+, is less
on the reaction than on the emission and the plot bends
downward from origin. Here more quanta are recovered as
the heavy atom effect is greater.

The 4'-Br derivative has an intermediate behavior, in the
sense that the differences found in the quenching of emis-
sion and photoreaction by heavy quenchers are intermedi-
ate between those found for 3-StPH+ and 4'-1-3-StPH+.

Conclusions

Inorganic anions are efficient quenchers of the excited
states of azastilbenes mainly in acidic medium. The inter-
action seems to imply both some sort of CT complex for-
mation and a heavy atom enhanced ISC to the triplet man-
ifold, the latter becoming more important at high quencher
concentrations. Photoisomerization is quenched to a differ-
ent extent than fluorescence as the enhanced I1SC enables
the photoconversion to proceed at the triplet level. The re-
sults seem to confirm that both Si and Tj states are reac-
tive in the absence of quenchers, the first being mainly re-
sponsible for the direct photoisomerization of 3-StP, the
latter for the reaction of the 4'-Br and 4'-1 derivatives, as
assumed for the corresponding stibenes.16 More conclusive
information cannot be drawn on the reaction mechanism
without further studies on the quenching of the T xstate.
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Reaction rates of the electron, generated by X-ray ionization in various solvents, with a number of com-
pounds which are known as good electron scavengers (e.g., SF6, N20, CC14, C2H5Br, and trichloroethylene)
have been determined as a function of temperature. The results are correlated with the quantity VO, the
energy of the electron in its mobile state, previously determined by photoelectric threshold measurements
in the various solvents. The measured rate constants exhibit maxima for characteristic values of Vo, remi-
niscent of the resonant energy maxima in the dissociative attachment cross sections for electron reaction
shown by the same molecules in the gas phase. Since VO shifts toward more positive values with decreasing
temperature, it is found that, for a particular solute, in a solvent having VO lower than the value for the
maximum electron-solute reaction rate, the reaction has a negative temperature coefficient. In solvents
with higher VO than corresponding to the maximum rate, the temperature coefficient of the reaction rate is
positive. Thus the kinetics of these reactions appear quite different from those of ordinary chemical reac-
tions. New data are presented on electron mobilities in various solvents, obtained incidentally in the course
of the measurement of the rate constants. The relative reaction rates for quasifree electrons with various
solutes in cyclohexane are in good general agreement with Schuler and Klein’s values for relative reaction

rates with transient “geminate” electrons.

Introduction

The reactions of electrons formed by ionization in liquid
or amorphous materials are little understood, and yet are of
considerable importance in a number of applications rang-
ing from radiobiology to dielectric breakdown in insulators.
The present paper extends our earlier work2on the interac-
tion rates of electrons with scavenger molecules in liquid
hydrocarbons and tetramethylsilane (TMS). The present
work has resulted in some clarification of the nature of the
reactions occurring and their relation to the dissociative at-
tachment reactions of molecules with electrons in the gas
phase.

Experimental Section

Our method for determining rate constants has been de-
scribed in detail.2 The mobility of electrons in the purified
solvent is first determined by measuring the rate of ap-
proach of the electron current to a steady-state value
(Hudson method); the total steady-state current is then de-
termined and the deviation of the ratio of the electron cur-
rent to the total current from the value one-half provides a
measure of the amount of electron-trapping impurities in
the solvent preparation. The measurements are made over
a range of temperatures. Small amounts of solute are then
added to the liquid in the cell and new measurements are

then made of the electron current. The amount by which
the electron current is reduced by the presence of scaven-
ger provides a measure of the ratio (k/pe) of the rate of
reaction of the electron with the solute to the mobility of
the electron in the solvent. All hydrocarbon solvents (Phil-
lips Research Grade) and tetramethylsilane (nmr grade)
were passed through activated silica gel, deaerated by bub-
bling with N2, degassed and stirred over NaK, and finally
the solvent vapor was bubbled through NaK at 200°. All
solutes (CP grade) were degassed prior to use.

The Biomation Model 802 recorder used in the previous
work was employed for all k/p measurements. For some of
the mobility measurements the faster Biomation Model
8100, which can record 2048 data points over a time range
which can be as small as 20 /;sec, was used. This recorder
was on the output of a Keithley Model 105 pulse amplifier;
the terminating resistance on the amplifier input provided
a time constant of less than 0.2 psec. Temperature control
was improved by the use of a Thermo Electric Co. Model
32422 indicating proportional temperature controller.

Results

Electron Mobilities. New mobility data obtained in the
course of this work are shown in Table I. The values for n-
hexane agree fairly well with previous studies (Figure 1).
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TABLE I: Electron Mobilities

Temp, Prepara- po, cm V-1
Solvent °C tion* sec-1
n-Hexane 21 HI 0.069
21 H2 0.060
20 H3 0.060
0 H3 0.032
Cyclohexane 21 Cl 0.23
C2 0.21
C3 0.20
C4 0.21
C5 0.23
2,2,4-Trimethylpen- 68 n 8.1
tane 50 1 6.5
50 12 6.9
35 1n 5.6
20 1n 5.1
20 12 5.3
20 13 5.6
-25 12 3.6
-25 13 4.2
-60 12 2.6
-83 13 1.85
Tetramethylsilane 19 T1 97
0 T1 96
-25 T1 99
-50 T1 103

» The use of different samples of each liquid is indicated by
different numbers; where the number is the same it indicates
the same sample of liquid was used in these experiments.

100

Figure 1. Mobilities as a function of 1/7" for tetramethylsilane,
2,2,4-trimethylpentane, and n-hexane: data for TMS and isooctane
from this work; for hexane (=) this work, (O) ref 4, (O) ref 2, (V) ref
5. Dotted lines are fit to eq 1 Solid curves are fit to eq 2.

The values for cyclohexane confirm our previous value,
which was in disagreement with earlier determinations.
The values obtained for TMS and for 2,2,4-trimethylpen-
tane (isooctane) are graphed in Figure 1. The values for
TMS at low temperatures must be regarded as superseding
the values that we published earlier. At the lowest temper-
ature used in the earlier work, the ions were so slow that it
was difficult to judge the correct value of the total steady-
state current. The present results were also improved by
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Figure 2. Electron rate constants at room temperature as a function
of VO (in eV) for reaction with (V) SF6, (<> C2HCI3, (O) CCl4, (A)
N20, and (O) C2H5Br: open symbols, this work; filled symbols, ref 2.

use of the faster Biomation recording equipment. It now
appears that the electron mobility in TMS is independent
of temperature over the range studied within the experi-
mental accuracy.

Since the electrical current measurements give a value of
k/n, values of n, the electron mobility in each solvent at
each temperature used, had to be assumed in the light of
available data to obtain the rate constants. For neopen-
tane, the field-dependent values of p were taken from the
recent work of Bakale and Schmidt.3 For TMS, where the
field was always kept below 2000 V/cm, a value of 100 for p
was assumed at all temperatures. For isooctane and n-hex-
ane values were read from the lines shown in Figure 1 (see
Table I1). The hexane points in Figure 1 include, besides
values found in the present work, data previously pub-
lished from our laboratory24and that of Davis.5

Rate Constants. The new data on the second-order rate
constants of reactions of electrons with trichloroethylene,
sulfur hexafluoride, nitrous oxide, carbon tetrachloride,
ethyl bromide, and methyl and ethyl chloride are assem-
bled in Table Il. Rate constants obtained from successive
additions of the same compound to a given preparation
were in agreement to within 5-10%. Agreement is frequent-
ly but not always as good between results obtained at dif-
ferent times on different preparations of the solvent. In
Figure 2 the available data for the reaction of electrons
with five solutes at room temperature are presented as a
function of the electron energy TO for the various solvents.
(Values of V0 are discussed by Holroyd.6) A clear pattern
emerges. The rate constant for reactions of electrons with
each solute (with the exception of carbon tetrachloride)
shows a pronounced maximum corresponding to some par-
ticular value of the energy Vg For carbon tetrachloride no
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TABLE Il: Rate Constants for Reactions of Electrons with Various Compounds in Different Solvents

c/Me(X 10”]3 “ k(X 10-D«
Solvent and assumed N Solute Temp, °C V cm~2M ~| sec-1
re-Hexane cHci3 50 36.5s 5.6
N = 160 exp (- 2245/T) 41 47.3' 6.0
22 32.1s 2.6
19 52.8' 3.9
0 48.9' 2.1
-20 28.6s 0.64
-25 53.1' 1.00
-52 23.3"' 0.15
-55 22.1s 0.12
COL 21 17.4 1.32
sf6 24 23.8 2.0
22 23.8 1.9
0 22.9 0.99
-25 24.1 0.45
-27 21.8 0.38
nd 22 13.7 1.09
1 11.3 0.50
-25 10.7 0.20
Cyclohexane SF6 21 16.7 4.0
we = 0.24 ndb 21 10.0 2.4
chZXi 21 6.02 1.40
COL 21 11.4 2.7
CHBr 21 8.23 2.0
2,2,4-Trimethylpentane CHC13 19 6.3 35
ve = 40.8 exp(—585/T) 0 6.2 30
-25 5.9 23
-52 55 16
sfb6 50 9.4 63
20 10.4 58
19 9.5 52
0 8.0 38
-25 7.5 29
-50 9.9 29
-59 8.3 22
nd 19 1.8 9.6
0 2.0 9.5
-25 2.2 8.3
-50 3.2 9.6
CHBr 50 0.41 2.7
20 0.93 5.1
19 0.80 4.4
0 1.17 5.6
-25 1.57 6.1
-51 2.1 6.2
-59 2.2 6.0
-85 2.1 3.8
CHeC1 19 <0.0016 <0.009
Neopentane CHC13 21 d 58
we from ref 3 sfb6 21 198
nd 21 2.3
Tetramethylsilane CHC13 21 0.23' 23
we = 100 at all tempc 0 0.26 26
-25 0.33 33
-50 0.40 40
sf6 21 2.09 209
0 2.28 228
-25 2.29 229
-50 2.32 232
nd 21 0.0075 0.75
0 0.0087 0.87
-25 0.0108 1.08
-50 0.0133 1.33
, CHZ1 20 0.0066 0.66
0 0.0055 0.55
-25 0.0040 0.40
-51 0.0028 0.28
chki 20 <1.2 X 10-5 <0.0012

aAverage of determinations on solutions of up to five different concentrations, at two to four different field strengths for
each concentration. sRuns of 5/13/74. ' Runs of 1/10/74, a different preparatlon of hexane. dField varied from 2.5 to 20.0
kV/cm; Mand hence k/Me varied with field. eField kept below 2.2 kV/cm to avoid field variation of N
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lols c—i t i t ; 1 i 3?:
C

1000/T (K)

Figure 3. Electron rate constants in tetramethylsilane as a function
of reciprocal absolute temperature. Symbols as in Figure 2.

2.8 3.2 3.6 4.0 4.4 4.8 5.2 5.6
1000/T I"KI

Figure 4. Electron rate constants in 2,2,4-trimethylpentane as a
function of 1/ T. Symbols as in Figure 2.

maximum is seen but the data appear to suggest that one
would occur if a solvent of lower Vo could be found. In Fig-
ures 3-5 the rate constants for the different solutes in
TMS, isooctane, and hexane, respectively, are plotted
against reciprocal temperature. When the VO value corre-
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Figure 5. Electron rate constants in n-hexane as a function of MT.
Symbols as in Figure 2.

sponding to the maximum rate constant for the given so-
lute-electron reaction is greater than the Vo for the sol-
vent, the temperature coefficient of the reaction is nega-
tive; that is, the reaction goes faster the lower the tempera-
ture. When the VO for the solvent is higher than the V0
value corresponding to the maximum solute-electron rate
constant the temperature coefficient is positive. For exam-
ple, N20 reaches a maximum at Vo = —0.2 eV and the
temperature coefficient of e~ with N20 is positive in n-
hexane and negative in TMS. For the case of ethyl bromide
in isooctane, we seem to be right on the maximum V0 value
for the reaction of this solute with the electron, and as the
temperature is lowered the reaction rate constant first in-
creases and then decreases.

Discussion

Electron Mobilities. Electron mobilities in liquid hydro-
carbons are generally explained by assuming that the elec-
tron alternates between extended mobile states and local-
ized trapped states of lower energy in which the mobility is
negligibly small. Then the observed mobility is given by
iioP(T), where hgis the mean mobility in the mobile states
and P(T) is the probability of finding the electron in a mo-
bile state. Previously2 we discussed two possible forms for
P(T) which lead to the following equations for n-

M= Mexp(-E/Pr) 0)
M= Mod + E/RT) exp(-E/RT) )

Figure 1 shows the data available from our laboratory and
from Davis’ laboratory at the University of Minnesota on
electron mobilities in normal hexane, with the present data
on mobilities in isooctane and TMS. The data given by
Davis3 suggest a somewhat smaller temperature coefficient
for mobility in hexane than is suggested by the data from
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our laboratory. However, we have fit the data giving all
points from both laboratories equal weight; the straight
lines in the figure give the best least-squares fit of the data
to eq 1, while the curved lines give the best fit to eq 2. The
intercepts on the axis of infinite temperature are of course
the values calculated for no- The values for no from eq 1
come out higher for normal hexane than for either TMS or
isooctane. Equation 2 gives no for hexane lying between no
for isooctane and for TMS. This result is somewhat unex-
pected and suggests that the molecular shapes affect the
mobility in a more complicated way than has hitherto been
supposed. These results indicate that neither eq 1 nor 2 is
adequate for calculation of no-

Rate Constants. A number of electron reaction rate con-
stants have been determined78in hexane and cyclohexane
solutions using nanosecond pulse radiolysis equipment, by
noting either optical absorption changes or the decay of
conductivity following a very short pulse of fast electrons.
The results, in general agreement with those from our labo-
ratory, show that for a large number of molecules, rate con-
stants in hexane at room temperature lie between 1and 2 X
102M-1 sec-1, while in cyclohexane the rates lie between
2 and 4 X 1012 A few molecules show lower rate constants,
presumably because their reactions require activation.
These results suggest that in liquids of relatively low elec-
tron mobility, the electron reactions are essentially diffu-
sion controlled. Consistent with this idea is the present re-
sult (Table I1) that for all solutes in n- hexane and for SF6
in all solvents k /ne changes very little over a wide tempera-
ture range.

Electron-reactive solutes at sufficiently high concentra-
tions will react, under ionizing radiation, not only with free
electrons but with the more numerous “geminate” elec-
trons which fail to escape the field of their parent ion and
recombine with it after a very short lifetime. The solute
concentration required to achieve a given amount of elec-
tron reaction, additional to the free ion yield, should be a
measure of the relative reaction rate of electron with solute.
Schuler9 expresses this reactivity by a constant a, and
Table 111 compares values of a for various solutes in cyclo-
hexane with rate constants for reaction with quasifree elec-
trons reported in the present work and elsewhere. The ratio
a/k should be constant and equal to the mean lifetime of
the geminate ion-electron pairs. With one exception, the
ratios are constant, within the uncertainties in the determi-
nations of both a and k. The mean lifetime in cyclohexane
is 4 X 10-12 sec. The apparent exception, methyl iodide,
warrants further study. The results support the assump-
tion that molecules should react at the same specific rate
with quasifree and with geminate electrons.

Comparison with Gas-Phase Data. Although the maxi-
ma in the rates shown in Figure 2 resemble the resonant
gas-phase cross-section maxima in dissociative capture
reactions, the situations are not the same, because (at least
on the accepted model) the electrons in most of the hydro-
carbon liquids spend the majority of the time resting in
traps, and the reactions occur only while the electrons are
moving through the liquid outside the traps. Further, while
the gas-phase resonance peaks represent an energy require-
ment for maximum rate in both liquid and gas, the abso-
lute magnitudes and shapes of the cross-section curves may
be quite different. According to theory, at least for diatom-
ic molecules, the peaks, taken as a function of electron en-
ergy, should be nearly symmetrical; but the observed gas-
phase peaks, especially for polyatomic molecules, show a
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TABLE I1I: Comparison of Electron Rate Constants k
with Relative Scavenging Constants ain Cyclohexane

a,a 10- %, 10"(a/k),
Compd M-1 M~1sec -1 sec
CHaClI 5.0 1.4 3.6
CH 3l 22 2.06 11.0
C:HiBr 10 2.0 5.0
n2o 8 2.4 3.3
sf6 16 4.0 4.0
CCl, 12 2.7,1.8,14.3C 4.5,6.7,2.8
(ca4H2 15 3.3,e2.3d 4.6,6.5
co2 13 4.3 3.0

° Reference 9. 6Reference 2. cReference 8b. dReference 7.

marked trailing or extension on the high-energy side. The
effect may be due to the participation in the reaction of
several excited vibronic levels of the molecule. In the lig-
uid, where the molecules are touching and vibrational ener-
gy is readily shared, we expect vibrational modes of the sol-
vent molecules surrounding the reacting molecule to par-
ticipate in broadening the resonance. Since rather highly
excited states of the ion complex, which in isolation quickly
reemit the electron, could be stabilized by energy transfer
to the solvent, we may expect to see no real peak in the lig-
uid, the rate in the liquid remaining roughly constant for
energies well above those corresponding to the gas-phase
resonance region. Energy transfer to solvent would be ex-
pected also, for the same reason, to result in higher cross
sections than can be obtained in the gas phase at any ener-

oy- . . .

In the mobile quasifree state, the electrons are in ther-
mal equilibrium with the liquid, and have a mean Kinetic
energy of %kT, while their mean level of potential energy
is Vo, relative to the free electron in the vacuum.1l The
source of this potential is the polarization energy Up of the
medium. However the wave function of the electron is so
distorted by frequent scattering due to the irregularities in
potential in the liquid that the wave number kO is much
larger than for a free electron, and the energy of the elec-
tron is increased by a term h % 02/2m

ro = Lp + n2koz2»i (3)

Thus a high Vq is due to multiple scattering effects,11
which are stronger the more unsymmetrical the molecules
of the liquid. The trapping of electrons is also favored by
the molecular dissymmetry, so that there is a close inverse
relation between the logarithm of the observed mobility
and the value of Vo.6 For a given liquid, Vu increases with
decreasing temperature.12

In comparing gas-phase and liquid-phase reactions, one
more energy term must however be considered. A dissocia-
tive attachment reaction must generally proceed through
an intermediate excited molecular-ion complex: AB + e- =
AB-*= A + B-. The energy of the ion complex is lower
than in vacuo, owing to polarization of the solvent, by an
amount P-, which in general depends on the radius of the
ion. We take the energy requirement for peak reaction rate
in the gas phase to be determined by a characteristic differ-
ence (which can be zero) between the energy of the electron
and a certain energy level of the complex. For reaction to
occur at its maximum rate in the liquid, the same relation
should hold between the mean electron energy VO and the
energy level in the complex but the latter term will be
changed by —P-. Then if E max is the electron energy at
which the reaction cross-section peaks in the gas phase,
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and Vo (max) is the energy requirement in the liquid, we
have

W(max) = En8X- P. @

Though P- depends on the molecular radius, the mole-
cules treated here are all of comparable size, and the vari-
ous solvents have closely similar dielectric constants.
Hence in this discussion we take the term P_ to be roughly
constant.

We suppose that in neopentane and especially TMS, as
in liquid Ar, Kr, and Xe, trapping plays an unimportant
role, so that p (1) ~ 1 and mo — M Here we expect a close
relationship of the liquid-phase electron reaction rates,
taken as functions of Vo, with the gas-phase cross sections
a, taken as functions of electron energy. For other hydro-
carbons, the observed rate constant k has been decreased
by the fraction of the time P(T) = mwmo in which the elec-
trons are in a mobile reaction state, so that the true rate
constant k m valid for the electron in the mobile reactive
state, is

km = fcMoa/n )

For dissociative attachment of electrons to polyatomic
molecules in the gas phase, the full-width at half-height of
the resonance peaks lies in the range 0.5-1.0 eV. The mole-
cule SFfi is unusual in that, beside a normal dissociative at-
tachment reaction leading to SFs~, which peaks at an elec-
tron energy of 0.15 eV, there is a very narrow (width <0.1
eV) nondissociative attachment reaction, leading to the ion
SF6~, which peaks at <0.02 eV, with a maximum cross sec-
tion at room temperature at least 20 times higher than for
the SFr~ reaction.13 However, at higher temperatures
(230°) the SF5' yield becomes greater than that of SF6~,
even at thermal energies. In the liquid state, participation
of surrounding molecules in the reaction should tend to
perturb the symmetry and favor the dissociative electron
capture reaction to form SF5-. Looking at our data on SFg
in TMS and neopentane, we see that the temperature coef-
ficient of the rate in TMS is slightly negative, possibly indi-
cating that as Vn becomes less negative with decreasing
temperature the peak of the resonance is being ap-
proached. In neopentane, VO = —0.35, the rate is about the
same, and the resonance peak probably lies between the
two values, or about —0.5 eV. If this corresponds to a gas-
phase resonance for SF5_at 0.15 eV, it would indicate that
the term is about —0.65 eV.

The rate of reaction of CCl4 is still rising as we go from
neopentane to TMS, indicating that its resonance peak lies
at lower energies than SF6, a finding not in disagreement
with gas-phase data.13

In light of eq 5, one might suppose that k/n for SF6and
CCl4 should decrease as we go to solvents of higher V0. In-
stead. k /n for SFr, (Table I1) increases by a factor of 10, and
for CCL| apparently by a factor of 30, as we pass from TMS
to n- hexane. The explanation must be that, in going from
one hydrocarbon to another of higher VO mo decreases
faster than km This is not unreasonable, since mo should be
affected qualitatively by molecular symmetry in much the
same way as the electron wave vector k0, and hence as V0.
We have seen that attempts to derive mo by extrapolation
of mto infinite temperature may be misleading, and noit-
self could be a function of temperature as is certainly the
case in liquid argon.14 The CCl4 data, on this interpreta-
tion, indicate that mo in hexane should be less than 3.5
cm2/V sec, or about 300 times smaller than is found by sim-
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ple extrapolation of the Arrhenius equation for the mobili-
ty, which seems unreasonable. If we assume no is about 22
cm2V sec for isooctane, 13 for cyclohexane, and 8.4 for n-
hexane, values of k mo/m remain about constant for SF6 but
appear to go through a minimum for CCl14 at neopentane
and reach their highest value in cyclohexane and n- hexane.
These proposed values for mo are empirical and have no
theoretical basis. A theory of the density of states in these
liquids, from which memight be calculated, is greatly need-
ed.

Trichloroethylene in the gas phase showsl5E max = 0.4
eV, suggesting that in solution VO(max) should be about
—0.25 eV, between neopentane and isooctane. We see that
in isooctane, as the temperature is lowered and Vo corre-
spondingly increases, k/i+ for C2HCI3 decreases slightly,
showing that we are already, at Vo = —0.17 eV, to the right
of the peak for this substance. The high value for n- hexane
seems anomalous.

For ethyl bromide, a(gas) peaks13 at a much higher
value, 0.8 eV, while for nitrous oxide the main peak occurs
at 2.3 eV, though there is a shoulder at about 1.0 eV which
could become more important in solution. We see, however,
that the rate constants for these two substances reach
peaks at about VO = —8.2, and at higher VO they join c c 14
in dropping to lower values. We suppose that in these cases
as the electron mobility drops the rates become limited by
the rate of electron diffusion, so that all the observed rates
with these reactive molecules become about the same.
There are obviously many molecules in which further acti-
vation is required so that their peaks are far to the right
and the rates will be much lower; ethyl chloride in isooc-
tane or TMS is an example (Table I1).

All the above ideas are of course tentative, being based
on a limited set of rate constant data. Rate constant mea-
surements in a much larger number of solvents, to deter-
mine the k-V 0 relations more precisely, could be done by
using mixtures of hydrocarbons. It would be particularly
interesting to see if mixtures of different pairs of hydrocar-
bons, adjusted to a certain V0, would show essentially the
same electron rate constants with the various solutes, as
the above discussion would lead one to expect.

Conclusions

For the five good electron scavengers we have studied
(SF6, CCl4, C2HCI3, N2O, and CLHsBr), the reaction rates
with electrons in nonpolar solvents can be correlated with
Vo, the energy level of the mobile conduction electrons in
the various solvents. Those solutes that react rapidly in the
gas phase with electrons of thermal energy react rapidly in
all the solvents; those that require more energetic electrons
for reaction in the gas phase react only slowly with elec-
trons in high-mobility, very negative V0 solvents, but more
rapidly in solvents of more positive VO even though the
electron mobility in these solvents is lower. In any given
solvent, Vo becomes more positive with decreasing temper-
ature; so that solutes that require higher Vo for rapid reac-
tion show negative temperature coefficients for the electron
reaction rate; those that have attained rapid rates show
positive temperature coefficients. The data suggest that
the mobility mo of electrons while in the mobile conducting
state may be lower than hitherto supposed.
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A Spectrophotometric Study of the Rate of the Aqueous lodate-lodide Reaction
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The initial rate of the reaction of 103~ with I- in acetate buffer has been measured at fixed ionic strength
and acetate concentration with varying concentrations of 103 _, I-, and H+ at temperatures between 293
and 308°K. The method involves spectrophotometic determination of the product 13_ at a wavelength of
353 nm. In contrast to some previous results, the reaction is now found to be first order in 10;- and second
order in H+;the apparent order with respect to 1" increases with temperature in the concentration ranges
considered. Agreement with some earlier amperometric results is found. The applicability of previously
proposed rate laws and mechanisms is considered, and upper limits are estimated for the enthalpies of pos-

sible reactive intermediates.

Introduction

The reduction of iodate by iodide in acidic aqueous solu-
tion according to

103 + 5r + 6H —> 312 + 3H,0 @
or
103" + &* + 6H+ — 3I3 + 3HD @

is important in the preparation of standard iodine solutions
and in the analytical determination of acid content, iodide,
and iodate.2 Since the rate of (1) is conveniently measured
by noting the sudden appearance of the blue starch-iodine
complex when reaction proceeds in the presence of a reduc-
ing agent such as arsenite or thiosulfate (“iodine clock™),
the reaction has been used also in teaching to illustrate
principles of kinetics.3

The first successful kinetic study of this reaction was re-
ported by Dushman4 70 years ago, and has been followed
by many others with a variety of rate laws claimed and
mechanisms proposed. Various previous workers have re-
ported that the reaction is first or second order in 103-;
first, second, or third order in H+; and first, second, or frac-
tional order in I-. Various multiterm rate laws have been
given also. These previous studies have recently been criti-
cally reviewed.3

The present study was undertaken to establish a rate
law, with possible mechanistic consequences, for reactions
1and 2 based on precise spectrophotometric measurements
and to compare the results with those of the previous stud-
ies, which used other techniques. In this study the reaction

rate is determined by measuring the visible absorption by
13_as a function of time. This method has the following ad-
vantages. (&) The chemical system is simplified since there
is no need for chemical indicators or other secondary re-
agents. (b) The subjective visual determination of a color at
an end point is eliminated, (c) A linear increase in absorb-
ance vs. time gives direct confirmation of the assumptions
needed for the initial-rate method of interpretation used
here, (d) Since the slope of an absorbance-time plot is
used, it is not necessary to know the exact time of mixing of
the reagents.

Experimental Section

Dried and weighed samples of KI and KIO3 were each
dissolved in acetic acid-potassium acetate buffer solutions
made with freshly boiled distilled water. The acetate con-
centration and thus the ionic strength for all runs was held
near 0.20 M. These iodate and iodide solutions were mea-
sured in clinical syringes after temperature equilibration
and injected into 1.0-cm silica cells. The sample size was 3
ml.

Sample and reference cells were placed in the thermo-
statted sample compartment of a Cary 14 spectrophotome-
ter, and the production of 13_was monitored from absorb-
ance at 353 nm. This peak is preferred to another at 283
nm although the latter has a greater molar absorptivity,
since the 288-nm peak is more subject to interference from
|- absorption and end absorption from the solvent.1 Typi-
cally, absorption was measured for at least 1 min for each
run.
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Experiments were carried out at sample temperatures of
293, 298, 303, and 308°K. The bath water temperature was
monitored with a calorimetric thermometer and was found
to fluctuate less than +0.2° for all runs at a given nominal
temperature. A total of 231 runs were used, of which about
half were at 298°K. For these the iodide concentrations
ranged from 3 x 10-3 to 2 x 10-2 M and iodate from 2 x
10~4to 1 x 10-3 M. The pH ranged from 4.0 to 5.2. Control
runs carried out in the dark showed that the irradiating
light of the spectrophotometer has no measurable effect on
the rate of reaction.

Treatment of Data

Data were obtained in the form of strip chart recordings
of absorbance at 353 nm vs. time. Some typical raw data
are shown in Figure 1 All plots are linear, at least initially,
as required for the initial-rate method.37 The precision of
the measured slopes is within 1% The rate of formation of
Is- is obtained from the slope by

4V1 =
d/ & A ©)
where E is absorbance, t is time, | is cell path length, and e
is the molar absorptivity, which is given8 with a small cor-
rection for I- contribution as

e= 2.64 x 1041 + 0. 164[F]) @

Since we wish to consider the total rate of reactions 1 and 2
we calculate

diicvl _ 1 d[IEIN

d/ 3 dt V

1\
<P/ ©)

where the second term on the right allows for the presence
of uncomplexed 12and where K is the equilibrium constant
for

i2 +1r A i3 ©6)

calculated for the appropriate temperature from thermody-
namic data.9 The value of K at 298°K is about 7 x 102 The
assumption that reaction 6 is at equilibrium should be
valid since equilibrium is rapidly achieved.10

Hydrogen ion concentration is calculated for each run
from

[H4 = Aa([CHLOOH]/y=£[CHL00T) 0

where K ais the dissociation constant for acetic acid at the
corresponding temperatureli®and y+, the mean ionic ac-
tivity coefficient, is calculated from

AvT
TT/T

where / is ionic strength and A is a temperature-depen-
dent parameter from Debye-Huckel theory.llb The use of
formal acetic acid and acetate concentrations in eq 7 is con-
sidered satisfactory since the pH is near the pK a Determi-
nation of hydrogen ion activity with a pH meter would be
experimentally cumbersome here and would not improve
the precision or accuracy of the results since use of eq 8
would still be necessary to obtain concentration. The
values of [H+] thus calculated are expected to have a sys-
tematic error within 5%

The test of the precision of the concentration and rate
data is in the precision of the resulting rate law. This is
considered in the next section.

log Y+ (0. 10)/ ®)
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t (ldiv=60 sec)
Figure 1. Recordings of absorbance at 353 nm vs. time (right to left)
for some reaction mixtures at 298°K: [103_] = 2.03 X 10-4 M and
[H+] = 4.50 X 10-5 M. [I-] is varied for each curve: A, 3.00 X
1Q-2;B, 2.66 X 1(T2;C, 2.33 X 10“2;D, 2.00 X 10“2 M.

Calculations were performed on an IBM 360/50 comput-
er.

Results and Discussion

The rates as calculated from eq 5 were fitted to a single
term rate law

-dlroj = ft[l03-1.[r]»[irlc 9)
Reaction orders were obtained at each temperature from
the slope of a linear least-squares plot of log (rate) vs. log
(concentration) where other variables are constant. Points
were rejected if they were more than two average devia-
tions from the mean, and the average deviation and mean
were recalculated. These results are given in Table | along
with values of k. It is seen that a and c are essentially in-
dependent of temperature with average values a = 0.97
0.01 and ¢ = 1.99 £+ 0.01 where the error limits are average
deviations of the mean.

There is a significant variation with temperature in the
order with respect to 1, as Table I shows. If the rate law is
to be given in a form where all exponents of concentrations
are independent of temperature, a form more complex than
eq 9 must be used.

Barton and Wright have studied the kinetics of (1) at
298°K and | = 1.00 by amperometric determination of 12
They report catalysis by acetate and other nucleophiles
commonly used in buffers and give the rate law

; + flfCH3COQ-n
[i03][r]qHA2 L+ K ]

This was rationalized by assuming an initial rapid equilib-
rium

dio 31 (10)
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TABLE I: Values of Parameters from Eq 9 for Reaction 2 at Various Temperatures*
Temlé),G

° a No. b No. c No. 10- D C No.
293.2 1.02 + 0.02 11(12 151 + 0.06 10(12 199 + 0.02 14(16 144 + 0.01 40
298.3 094 + 0.01 22(25 155 + 0.03 23(25 2.00 £ 0.01 22(25 195 + 0.01 108
303.3 0.96 + 0.02 10(12 169 + 0.03 11(12) 198 + 0.01 13(16 2.62 = 0.01 43
308.2 0.98 + 0.02 7(8) 1.85 + 0.01 5(6) 198 + 0.01 10(12 3.62 + 0.01 21

~ °Error limits for a, b, ¢, and k are average deviations of the mean for the indicated number of measurements. Numbers
in parentheses are the number of values available before the rejection process. The acetate concentration is 0.192 M and the
ionic strength is 0.20. 6Uncertainty +0.2°. ck is evaluated for time in seconds and concentrations in molarity, assuming a

= land ¢ = 2 exactly.

Al
Os + 24+ B' ~ BI02 + HD (11

where B~ is a nucleophile in the catalyzed pathway and
where it is |- for the uncatalyzed reaction. In the former
case, iodide attacks the complex to form a steady-state con-
centration of BI2C2~, which undergoes further I- attack to
yield 12 and the reactive 102-, releasing the B~. In the un-
catalyzed pathway, 1202yields 10 2~ and 12 in a rate-deter-
mining attack by I- .12

For the present runs at 298°K, the average ratio of the
observed rate to that calculated from eq 10 is 0.667 + 0.127
where the error is the average deviation of a single mea-
surement for 115 values. Experiments where [I-] = 3 X
10-3 M, the smallest concentration used here, showed ano-
malously high ratios. If we consider only those runs where
[I-]1> 6 X 10-3 M, then the average ratio of observed rates
to predicted rates (eq 10) becomes 0.595 + 0.045 for 92
values. This relative average deviation of less than 8% indi-
cates good agreement with eq 10. Rejecting the values for
low [I-] may be justified by the greater uncertainty in the
correction for uncomplexed 12 when [I-] is small (eq 5).
That the ratio is not unity is accounted for since the pres-
ent results are at an ionic strength of 0.20 while those of
Barton and Wright12 are for I = 1.00. Accordingly these
authors cite evidence that there is a positive salt effect in
this range of ionic strength. Although the present results do
not permit reliable determinations of the three rate con-
stants in eq 10 at the various temperatures, they are consis-
tent with this rate law and thus the proposed mechanism.

Acrate law of the form

-d[io3]/d/ = [iofitrKir]2> + *qrj)  (12)

has been used often, and the present data for each temper-
ature were fitted to this equation. The results are shown in
Table Il. Morgan, et al.,13 have assumed an initial equilib-
rium yielding 10 2+

103 + 2T ~ 102+ HD (13)

followed by the rate-determining attack of iodide in bi-
molecular and termolecular steps

*14
x . =

fels

KY . 21t - » r . 210 (15

This mechanism yields the rate law 12 where k j =K 13/214
and k2 = K13kia Then the slope of a plot of In (ki/k2)
vs. 1/T should give £15 —£ 14, the difference between Ar-
rhenius activation energies of reactions 14 and 15. Al-
though, as shown in Figure 2, the linearity is not good, a
least-squares treatment gives £15 —£14 = 21 kcal mol-1.
If (15) competes with (14) then this high relative activation

icr + icr (19

TABLE II: Values of Rate Constants from Eq 12 for
Reaction 2 at Various Temperatures"

Temp,6

°K 10~&,c No. 10~kal No.
293.2 358 * 045 10(11) 345 =+ 0.34 10(11
2983 262 = 0.19 23(25) 4.23 =+ 0.16 22(25
303.3 271 £ 0.27 11(12) 445 = 0.19 11(12
3082 129+ 016 56) 6.11 = 012 6(6)

“Error limits for k2and k2are average deviations of the
mean for the indicated number of measurements. Numbers
in parentheses are the number of values available before
the rejection process. The acetate concentration is 0.192 M
and the ionic strength is 0.20. 6Uncertainty £0.2°.'M 3
sec-1. dM-4 sec-1.

103T (deg')

Figure 2. Temperature dependence of k-[/k2 based on results in
Table II.

energy of the former implies a frequency factor unreasona-
bly large for a termolecular reaction or unusually small for
the bimolecular one.

The rate law 12 may be obtained also by modifying the
mechanism of Morgan, et al.,13 to involve, rather than
(13), an initial equilibrium as in reaction 11 where B- is I-.
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The 1202 thus formed is assumed to react by the following
pathways

*B
102 I0* + IO (16)

02+ I" —» I+ 210' 17

which now replace reactions 14 and 15, respectively. Reac-
tions 11 and 17 are similar to the mechanism proposed by
Barton and Wright12 for their uncatalyzed pathway. Now
k\ = Knfei6 and k2 = K117 SO£17 —E16 =21 kcal
mol-1 from the data shown in Figure 2, and one must infer
an extremely small frequency factor for 16 if 17 is to com-
pete with it.

The temperature dependence of k t and « 2 yields ap-
parent activation energies of —3 + 2 and +8 + 2 kcal
mol-1, respectively. The former energy corresponds to
AH®i3+E 14 or AH° 11 + Ei6 Since E X4 or E 16 . should
be nonnegative, an upper limit for AH“13or AH°n of 1
kcal is obtained. From thermodynamic data9 the upper
limit of +5 kcal mol-1 is obtained for the standard enthal-
py of formation of aqueous 102+ if eq 13 pertains and —8
kcal mol-1 for aqueous 120 2 if eq 11 pertains. Attempts to
show the existence of a discrete monomeric 10 2+ cation
have not been successful.14

The present “activation energy” for «, of —3 kcal
mol-1 conflicts with the positive value obtained from the
recently reported results of Furuichi, et al.,1&who studied
reaction 1at [I-]below 10-7 M in the presence of solid Agl
and Agl03 a method similar to that used in an early
study.16 These workersl5assumed a rate law corresponding
to the first term of (12).

The value of k 1 at 298° (Table Il) is significantly greater
than those previously reported.1518 Wilson5 considered
earlier k1 values to be doubtful. Comparing eq 10 and 12 it
is seen that « , should depend on nucleophile concentra-
tion. At low [I-] eq 10 predicts a rate second order in I-
while (12) requires it to be first order in I-.

Although they conflict at low [I-], eq 10 and 12 become
equivalent when [I-] is large with kO = k-, the fifth-order
rate constant. The “activation energy” for k2 is now 9 + 2
kcal mol-1, whereas the value of 5.0 £0.1 kcal mol-1 was
reported12 for kOmThe present value of k2 at 298° agrees
very well with that of (4.0 + 0.1) X 108 M -4 sec-1 reported
by Barton and Wright12 for kg. Other values reported519
for k2 cover a range of an order of magnitude which in-
cludes the present result.

Conclusions

The rate of reactions 1 and 2 at a fixed ionic strength and
acetate concentration, as determined by spectrophotome-
try, fits with high precision a one-term rate law (9) which is
first order in 103 and second order in H+, where the ap-
parent order in |- increases as temperature increases. Al-
though eq 9 is satisfactory as an empirical result, the tem-
perature dependence of the exponent v (Table I) makes it
awkward for possible mechanistic interpretation.

There is consistency between the present results at
298°K and rates reported by Barton and Wright12 (eq 10),
who used amperometry and considered various concentra-
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tions of buffering nucleophiles at fixed ionic strength. It is
significant that their results have now been corroborated
using a different experimental method since the amperom-
etric results have been criticized5 for low precision and had
not been reproduced. The present results do not, however,
permit complete confirmation of the form of their rate law
(10). Values for k band k' were not reported12 for tempera-
tures other than 298°K. This rate law nevertheless does
predict that the apparent order with respect to 1- should
increase toward 2 as temperature increases, as is observed
here. By absolute rate theory the uncatalyzed pathway
must have a greater activation energy than the acetate-cat-
alyzed pathway, so kQKk\, should increase with tempera-
ture, and the reaction becomes fifth-order overall.

The simpler eq 12 with appropriate rate constants can be
used with the present data for all temperatures studied. Al-
though the precision of the fit here is not as good as with eq
10 at 298°K, eq 12 is considered satisfactory for correlating
the present results. From the temperature dependence of
k1 and k2 rough Arrhenius activation energies are ob-
tained which imply an upper limit of 5 kcal mol-1 for the
standard enthalpy of formation of aqueous 10 2+and a very
low frequency factor for its reaction with iodide if the
mechanism of Morgan, et al.,13is correct. Alternatively, if
reaction proceeds via 1202, its enthalpy of formation in
aqueous solution is less than —8 kcal mol-1, and its unimo-
lecular decomposition is limited by an unfavorable entropy
of activation.

Disagreements among the present results and those from
previous studies in regard to values for rate constants and,
in many cases, even the general form of the rate law may be
understood where workers have failed to properly allow for
or control side reactions, ionic strength, or catalytic effects,
or where a statistical interpretation of the results was in-
complete.
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Experimental evidence is presented to show that the “apparent” increase in nitrite yield when nitrite is de-
termined by the ceric sulfate method as compared to the method of Shinn is due to the presence of a color
center and is not due to the presence of radicals such as N02 NO, N203, etc. as has been proposed. The
color center is believed due to an 0™ or 0 2 bound to the nitrite ion/or ions formed simultaneously.

The radiation-induced decomposition of the alkali ni-
trates has been extensively studied3 and it is generally
agreed that the overall reaction is

mno3 — P> mno2+ %02

This paper is concerned primarily with the observation by
Cunningham4 that when irradiated NaN03 or KNO3 are
analyzed for nitrite ion by ceric sulfate reduction, the ap-
parent nitrite yield so determined is appreciably higher
than when nitrite is determined by the conventional Shinn5
method. The increase in apparent nitrite yield found using
the ceric method of analysis was attributed by Cunning-
ham to the presence of small amounts of reducing sub-
stances other than NO02- such as N02 NO, 02~, O-, or
0 2-. Cunningham6-8 developed a very complex mecha-
nism, supported by optical and esr studies, for the decom-
position of nitrates based on the initial formation of species
suchas 0 2-, NO2_, NO3, NOR-, N20 - and reactions of
these species to give final stable products, such as NO,
N 02 N204, and N02-. Kaucic and Maddock9in their stud-
ies on the decomposition of NaN03 doped with Ca(N03)2
confirmed the apparent increase in nitrite yield observed
by Cunningham when the irradiated samples were analyzed
by the ceric method as compared to the Shinn method.
However, they observed that this apparent increase in the
nitrite yield (ANO2-) was only evident in the early stages
of the decomposition, i.e., the ratio of the nitrite yield as
determined by the ceric method to that determined by the
Shinn method at very low absorbed dose was about 2.5,
with increasing dose the ratio dropped to about 1.

There is, however, serious discrepancy in the literature
concerning the optical and esr studies reported by Cun-
ningham and that by others.10-17 A review of all the papers
pertaining to esr studies on irradiated NaNO03 indicates
that NO, 02-, or 0_ are not present. Weak resonance
spectra have been reported in NaNO03 irradiated at room
temperature which have been tentatively assigned to either
N 021013 or NO3, however, these results are not supported
by the studies of others.16317

Mass spectrographic analysis of the gas evolved when ir-
radiated NaN03or KNO03is heated,418-20 or of the gas col-
lected over water after dissolution of the irradiated salt,20
and by chemical means21 does not show the presence of NO
or NO2 Esr studies do reveal the presence of N02at liquid
nitrogen temperature,u "14162'17 however, only if NO2- is
present in the lattice,16317 i.e., if NaNO3 is irradiated at
77°K and the esr spectrum examined at this temperature,
NO2 is not present, however, if the irradiated sample is

first warmed to room temperature then cooled to 77°K and
reirradiated, the spectrum of N02is observed. This strong-
ly suggests that the nitrite ion as such is not a primary
product. The spectrum of NO2 is observed if KNO3 is
doped with nitrite ion prior to irradiation at 77°K. There
is, however, evidence for the presence of NO32- at low tem-
peratures. 18317

As to the optical spectra, Pringsheim2223 has observed a
single color band in irradiated NaNOQ3 in contrast to five
bands reported by Cunningham.24

The fact remains, however, that analysis for nitrite in ir-
radiated NaNO03 using the ceric sulfate method gives con-
sistently higher values than the Shinn method, hence there
must exist some reducing species which has not as yet been
identified. The work reported here is an attempt to eluci-
date the nature of this reducing substance.

Experimental Section

The bulk of the experiments were performed using a cy-
lindrical cobalt-60 source of about 1500 Ci. However, some
experiments were performed using a cobalt-60 source
whose activity was approximately 25,000 Ci.

Nitrite ion was determined by the method of Shinn5and
the ceric sulfate method.4 In the Shinn method sulfanila-
mide is diazotized and coupled with N- (I-naphthyl)ethy-
lenediamine hydrochloride to form a colored azo com-
pound with an absorption maximum at 545 m”. The molar
extinction at this wavelength was 54,100. In the ceric meth-
od an irradiated sample is dissolved directly in 0.4 N
H2S04 which is approximately 10-3 M in ceric ion. The
ceric ion concentration was determined at 330 mg; the
molar extinction coefficient at this wavelength was 5,500.

Dosimetry was determined by ferrous oxidation using a
G value of 15.45 molecules of ferrous ion oxidized per 100
eV absorbed. Ferric ion was determined at 305 mg., and the
molar extinction used was 2201.

All NaN03was reagent grade.

Results and Discussion

More than 100 analyses of nitrite concentration compar-
ing the ceric method and the Shinn method have been per-
formed on irradiated NaNO3. The ceric method gave very
erratic results but in all cases the nitrite yield as deter-
mined by the ceric method was always greater than when
determined by the method of Shinn. The difference in ni-
trite yield, ANO2 (ceric-Shinn), for room temperature ir-
radiations, however, occurred during the initial absorbed
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dose only; beyond the initial absorbed dose the difference
in N 02~ yield as determined by the two methods remained
constant (see Figure 1). These results are consistent with
those reported by Kaucic and Maddock.9 As indicated in
the introductory paragraph, there is no experimental sup-
port for the presence of oxides of nitrogen during the de-
composition of NaN03. Since the ceric ion is very easily re-
duced, and ANO2- is relatively small —0.15 ¢imol/g (for
room temperature decompositions), it appeared that the
erratic results could possibly be attributed to surface im-
purities which formed reducing radicals during irradiation.
Accordingly, a series of experiments was done with NaN03
which had received a number of different treatments prior
to irradiation. These pretreatments consisted of (1) recrys-
tallization from boiling concentrated HNO3 with subse-
quent recrystallization from deionized water, (2) repeated
recrystallization from deionized water, (3) baking at 100°
at high vacuum (P < 10~7 Torr), and (4) combinations of
these pretreatments. In addition, irradiation was also per-
formed with NaNO03 in the presence of about 3 atm pres-
sure of N20. These results are summarized in Table I. As
can be seen there is no apparent difference in the results
between the NaNO03 used as purchased, the NaNO3 irra-
diated in the presence of N20, or the NaNO3that had re-
ceived various pretreatments. Furthermore, the difference
in nitrite yields by the two methods cannot be attributed to
decomposition of any nitrite formed during irradiation.
Pure NaNO02 was irradiated to an absorbed dose of 7.5 X
102 eV/g. Analysis for total nitrite by the two methods
gave identical results. In addition, particle size did not
cause any change in the difference in yields as determined
by ceric and Shinn analyses.

Samples of irradiated CsN03and KN03when analyzed
by these two methods gave results roughly comparable to
the NaNO03i.e, ANO02 —0.1. However, this difference in
NO02- was about the maximum observed. In many irradiat-
ed samples little or no difference was observed in NO2~
content using the two methods.

It appeared, therefore, that the difference in “apparent”
nitrite yield (ANO2 ), as determined by the two methods
could not be attributed to surface effects, particle size, or
prior treatment of the salt. Nor could the difference in
yields be attributed to any decomposition products of ni-
trite ion.

An important aspect, however, of the difference in ap-
parent nitrite yields (AN02~) using these two methods is
the fact that the difference increases with decreasing tem-
perature (Figure 2). Samples irradiated at liquid helium
temperatures and subsequently warmed to room tempera-
ture and analyzed by the two methods gave results
(ANO-2-) roughly 5-10 times greater than those found in
samples irradiated at room temperature to the same ab-
sorbed dose. These results indicated that the additional re-
ducing substance may be a trapped electron (or color cen-
ter). It is well known that defects (trapped electrons and
holes) are formed in NaCl, MgO, and Si02when these sub-
stances are irradiated and these color centers can be de-
tected by chemical meansi® consequently samples of
NaCl, MgO and Si02 were irradiated to an absorbed dose
of about 1021 eV/g and analyzed for the presence of reduc-
ing species using ceric sulfate. In addition, samples of
Na2504, which are not known to contain defect centers,
were also irradiated and analyzed. The insoluble irradiated
MgO and Si02 were simply added to the ceric solution,
stirred, and subsequently filtered off. These results re-
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TABLE I: Difference in Apparent Nitrite Yield
(ANO02") in NaNQj Irradiated in Different Atmospheres
or after Different Pretreatments (Absorbed

Dose = 1.4 X 10“ eV/g)

aNO; - (av),
Treatment ¢imol/g
Normal NaNOj (irradiated
in vacuo or air) —0.15
Irradiated in 3 atm pressure
of ND -0.15
Recrystallized from boiling
HNCb -0.12
Recrystallized from deionized
water —0.14

Figure 1. ANO2 (ceric-Shinn) as a function of absorbed dose.

Figure 2. The increase in ANOz (ceric-Shinn) as a function of tem-
perature (absorbed dose = 1.4 X 102° eV/qg).

ported as ANO2 are summarized in Table Il. As can be
seen all the samples with the exception of Na2SC+4 con-
tained reducing species. MgO and Si02 showed reducing
properties if they were simply heated at 120° in vacuo for
about 20 hr without irradiation (the reduction of ceric ion
in these latter samples on a per gram basis was greater by a
factor of 2-4 than that of the irradiated sample).

Most color centers in irradiated ionic crystals are easily
bleached by thermal annealing at relatively low tempera-
tures, however, when samples of NaNO3irradiated at room
temperature to an absorbed dose of 1.05 X 102 ev/g were
annealed at 100° for 48 hr and subsequently analyzed,
ANO2_ remained essentially unchanged, i.e., the equiva-
lent nitrite yield as determined by the two methods re-
mained the same (—9.15 “mol/g) despite annealing. How-
ever, when samples of NaNO3similarly irradiated were an-
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TABLE II: Reducing Properties of Various
Irradiated Salts (Absorbed Dose = 10 X 10DeV/g)

ANO,- (equivalent),

Salt mol of NO; g
NacCl 0.049
MgO 0.52
SiO> 1.05
NaZXS0j 0.00

nealed at 200°, although appreciable thermal decomposi-
tion occurred, analysis of these samples by the two meth-
ods gives identical results indicating that the substance or
substances that gave rise to the difference in equivalent ni-
trite yields had disappeared during the heating. Subse-
quently, samples irradiated at —196° to an absorbed dose
of 1.4 X 1020 eV/g were annealed at different temperatures
for 18 hr and the annealed samples analyzed by the two
methods (see Figure 3). These results are plotted as AN02~
(ceric-Shinn) us. temperature. As can be seen there is a
rather abrupt decrease in AN0O2_at a temperature of about
160°. The abrupt character of this plot resembles a thresh-
old event, such as a fairly deep electron trap rather than a
chemical reaction or some diffusional process. Another
group of samples irradiated at —96° to an absorbed dose
of 1.2 X 1C0 eV/g was heated at 200° for varying times (see
Figure 4). As can be seen appreciable annealing occurs
within the first hour.

Irradiated NaNO03 (as well as KNO3 and CSNO3) has a
slight yellow color which is intensified if the irradiation is
done at lowtemperatures. The properties of this color band
as observed by Pringsheim appears to have much in com-
mon with the reducing species identified chemically as
ANO2 For example, Pringsheim observed that the color
band was bleached when the crystal was heated for 30 min
at 200°, however, the color center was stable at 100°. This
is consistent with the observations reported here. Pring-
sheim observed that at room temperature the color center
intensity increases very rapidly with absorbed dose and
then levels off, whereas at —196° the color center intensity
rises more slowly with absorbed dose but reaches a value
more than twice that found at room temperature. This is
consistent with the chemical observations, i.e, at room
temperature AN02~, after the first few minutes of irradia-
tion, reaches its peak value and then remains relatively
constant, whereas at liquid nitrogen temperatures ANO2-
appears to reach its peak value more slowly than at room
temperature; however, this value at —96° is about 3-4
times greater than at room temperature (see Figure 1).
Pringsheim also observed that the color band formed when
NaNO3was irradiated at —96°, could be reduced in inten-
sity if the sample were subsequently irradiated at room
temperature. Table I11 shows the decrease in ANO2_when
samples of NaNO3, irradiated at —96° are subsequently
irradiated at room temperature. Another property ob-
served by Pringsheim was that the color band was readily
bleached by light from a high-intensity mercury arc lamp.
Samples of NaNO3 irradiated at —96° and ground to a
fine mesh were placed in an open beaker and bleached at
liquid nitrogen temperature and at room temperature.
These results are summarized in Table V. As can be seen a
substantial reduction in ANO2_was achieved. Complete
reduction in ANO2_did not occur because of the condi-
tions of the experiment, i.e., lack of penetration of the light
plus poor stirring of the powders. In these experiments,
however, it was virtually impossible to prevent photochem-
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TABLE IlI: Decrease in ANO,- of NaNO, Irradiated
at 196° (Absorbed Dose = 1.72X 10* eV/g) as a
Result of Post-Irradiation at Room Temperature

Absorbed dose, eV/g ANO,-, mol of N02~/g
0.00 0.72
2.6 X 10> 0.37

TABLE IV: Decrease in ANO, - in NaNO3lrradiated at
-196° (Absorbed Dose = 1.4 X 10* eV/g) Bleached
with Mercury Arc Lamp

ANO,-,

Bleaching mol of

time, hr Temp, °C N 02‘/g
0.00 -196 0.68
0.5 -196 0.45
1.5 -196 0.14
4.0 25 0.49
8.0 25 0.34
20.0 25 0.22

Figure 3. Change in ANO2 as a result of annealing for 18 hr at dif-
ferent temperatures.

Figure 4. Change in ANO2 as a function of annealing Urne (temper-
ature = 200°).

ical decomposition. This is to be expected since the color
band at 330 fim is very close to one of the nitrate bands at
300 Mn

The lack of good reproducibility (at low absorbed doses)
using the ceric method is readily explained for the determi-
nation of NO2_ in these experiments if we assume that we
are indeed determining color center concentration in addi-
tion to nitrite ion concentration. The production of color
centers in NaNO3 unlike nitrite ion production, is not
quantitatively predictable, i.e., the color center concentra-
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tion will vary somewhat with different crystals and hence so
will-ANOz-.

It appears therefore that ANOZ2 is a measure of the color
center concentration and that the reduction of ceric ion is
another chemical method of determining these centers.
The question remains, however, as to the nature of the
color center. The center described by Pringsheim has its
maximum at 335 m/x and cannot reasonably be attributed
to either NO2 or NO in the lattice, since the absorption
spectra of these molecules when observed in an inert ma-
trix256 are very far removed from 335 m”. Pringsheim at-
tributes the color center to an electron trapped in the vicin-
ity of the nitrite ion.

We do not think that the color center can be an electron
trapped in an anion vacancy as are, for example, the color
centers observed in the alkali halides. In these latter salts
the color centers are easily annealed at room temperature
and below whereas in NaNOs a minimum temperature of
about 160° is required. We are inclined to accept the view
that the color center is an electron trapped in the vicinity
of a nitrite ion; however, it must be very tightly bound and
is more likely associated with a relatively stable molecular
species. The results of Zeldes and Livingston163 clearly in-
dicate that the nitrite ion is the precursor of the NO2mole-
cule observed in the esr spectra at low temperatures and
that the actual formation of nitrite ion requires some ther-
mal activation, i.e., at liquid nitrogen temperature the ni-
trite ion is not formed but rather some intermediate which,
when the irradiated sample is warmed to room tempera-
ture, produces nitrite ion.

The color center, we believe, is associated with this inter-
mediate. Since the concentration of this species at room
temperature is relatively high, ~0.15 pmol/g, it cannot be
NOs, NO22-, or NO3- since in this concentration range

L. A. Cosby and G. L. Humphrey

these species are easily detected by paramagnetic reso-
nance techniques. We suggest that the center is an O- or an
O2- associated with the nitrite ion/or ions formed simulta-
neously in some sort of a complex.
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Kinetics of Malonic Acid Pyrolysis in Alkali Halide Matrices1'2
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The thermal decomposition of malonic acid dispersed in alkali halide pressed pellets has been studied. The
study was made by heating the pellets and observing the changes in absorption of several infrared bands of
the reactant and products. The reaction was found to be first order with respect to disappearance of malo-
nic acid with an apparent rate constant of k (sec-1) = 6.0 X 109 exp[(-23,400 + 300)/ft7’]. The effects of

changing the matrix material are discussed.

Introduction

Although several studies3-7 have been carried out on the
kinetics of the thermal decomposition of pure malonic acid
in the molten state, none appear to have been reported for
the reaction in solid solution. By employing a technique
similar to that of Bent and Crawford,8we have made an in-
frared spectroscopic study of the thermal decomposition of
malonic acid in the solid state at, or above, its melting
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point. The reactant was incorporated in an alkali halide
solid matrix and quantitative kinetic results were obtained
by observing the change in infrared absorption of reactant
and products as a function of time. Many investigations of
the decarboxylation of malonic acid in numerous different
solvents have been reported.9 From the proposed mecha-
nisms for the reactions in solution it appeared that a study
of the reaction in a highly ionic solid medium would be
beneficial.
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Experimental Section

Chemicals. Malonic acid was obtained from K and K
Laboratories, Plainview, N.Y., and recrystallized from ace-
tone at low temperatures. The crystals were ground to a
fine powder and placed under reduced pressure at room
temperature for several hours. Analysis showed the materi-
al to be 99.9 + 0.1% malonic acid with a melting point of
136°.

The alkali halides were obtained from Brinkman Instru-
ments, Inc., Westbury, N.Y., and were manufactured by E.
G. Merck, Darmstadt, Germany as Suprapur or Ultrapur.

Instruments. The constant temperature bath was a
Fisher unitized bath, specially insulated, and filled with
UCON fluid 50-HB-280-X obtained from Union Carbide
Corp., Charleston, W. Va. Bath temperatures could be
maintained by a mercury expansion controlled electronic
relay system to +0.05°. A wooden rack containing holes for
the reaction tubes was constructed for the bath to facilitate
placing the samples in the bath.

The alkali halide pellets were formed under 20,000 psi
gauge pressure in a Carver hydraulic press using a 25 X 6
mm rectangular die manufactured by Beckman Instru-
ments Co.

A Mettler semimicrobalance accurate to 5 X 10-5 g was
used to weigh samples.

Spectra were obtained on a Beckman IR-12 spectrometer
calibrated periodically by means of the polystyrene spec-
trum, or by scanning the atmospheric absorption in single
beam mode. Absorption frequencies reported in this work
are considered to be accurate to £1.0 cm-1. Absorbance
values could, in general, be reproduced to better than
+0.002 absorbance unit.

Pellet Preparation. Pellets were prepared both from the
commercial alkali halides as received and from the com-
mercial salts ground to a very fine powder in agate and
evacuated for several days at 250°. In the case of pellets
pressed from predried salts, the salts were mixed with fine-
ly ground malonic acid in a rotating vacuum type evapora-
tor which was simultaneously magnetically stirred. The die
was filled in a dry box, closed, and sealed by applying pres-
sure and then evacuated before pressing the pellet. Dry air
was used to bring the pressure inside the die back to atmo-
spheric after pressing the pellet. For the preparation of pel-
lets from salts that were used as received, the die and salts
were treated as above in a constant humidity room main-
tained at about 40% relative humidity.

Kinetics. In preparation for a kinetic run, 10 to 15 pel-
lets were prepared as described above and weighed to the
nearest 5 X 10-5 g, and the infrared spectrum of each was
obtained. Absorbance values for the bands were deter-
mined by the baseline technique and the values from the
initial spectra were used to establish the zero time absorb-
ance values for each pellet. The pellets were then placed in
individual sample tubes in the constant temperature bath.
Each pellet was removed from the bath after elapse of the
chosen specific time for the kinetic run, cooled to room
temperature either in a desiccator, or in a constant humidi-
ty room, and the spectrum again obtained.

Timing for a kinetic run was made by means of a stop
watch which was allowed to run continuously throughout
the time period.

In order to obtain good spectra after heating a pellet, it
was necessary to repress the pellet. Heating of the pellets
caused them to become opaque and expand slightly (possi-
bly due to CO9 evolution) so that the edges of the pellet
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had to be sanded in order to replace it in the pellet die. The
resulting weight loss from the repressing procedure necessi-
tated correction of the absorbance values obtained after re-
pressing a disk. By preparing a large number (50) of differ-
ent weight pellets from a single mixture of malonic acid
and alkali halide and obtaining absorbance values for each
of the bands used in our study, it was determined that ab-
sorbance was a linear function of pellet weight. Further-
more, it was found that the intercept of a plot of absorb-
ance vs. pellet weight was at the origin. These facts allowed
the use of a simple weight ratio for correcting absorbance
values to a value for a standard pellet weight, chosen as
0.20000 g. The average variance of the absorbance of the
bands studied in this work as obtained from five different
kinetic runs on the same bulk pellet mixture was 0.87 X
10~3absorbance unit.

Results

By preparing pellets from mixtures of malonic acid and
alkali halides in varying concentration ratios and compar-
ing their spectra it was found that all major absorption
bands in the malonic acid spectrum (3000,1700, 1440, 1310,
1220, 1175, 900, 760, 650 cm-1) obeyed Beer’s law over the
concentration range (0.05-1.0 wt %) employed for the pel-
lets.

In the initial stages of a kinetic run, the absorbance
values for the pellets showed an increase. Since the working
temperatures were generally above the melting point
(136°) of malonic acid, we attributed the initial increase in
absorbance to malonic acid becoming more uniformly dis-
persed throughout the alkali halide matrix. Some workers10
have resolved the problems associated with abnormal ini-
tial changes in absorbance by subjecting pellets to an an-
nealing process, but such a procedure was impractical in
our work since temperatures as low as 80° were found to
bring about thermal decomposition of malonic acid. An-
nealing at lower temperatures had no effect on the initial
absorbances of the pellets. The inability to anneal the pel-
lets did not create major problems since the time required
for the absorbance to reach maximum values was approxi-
mately 2 min at 140°, after which time the absorbance
values decreased in a regular fashion reflecting decomposi-
tion of the malonic acid. It may be noted that the time re-
quired for the absorptions to reach a maximum was ap-
proximately equal to the time required for the pellet to
reach bath temperature as measured by a thermocouple
imbedded in some pellets.

Since absorbances of the bands under study were found
to be proportional to concentrations of malonic acid pres-
ent, the order of reaction was determined from plots of the
logarithm of the change in absorbance per unit of time for a
particular band vs. the logarithm of the absorbance for
that band. The slope of the line obtained from such plots is
equal to the order of the reaction. Applying this method to
the 3000-cm_1 band gave reaction orders of 1.18 at 145°,
115 at 161°, and 1.08 at 167°. The other bands gave values
for the order of the reaction ranging from 0.59 to 1.4 with
the average value for all bands being 0.97 + 0.10.

Rate constants were determined by plotting the loga-
rithm of the ratio of the initial absorbance values to the ab-
sorbance values at time, t, each corrected to a standard
weight pellet of 0.20000 g, vs time, t. Five of the nine ab-
sorption bands studied for malonic acid gave good straight
line plots from which rate constants could be determined,
and the results are presented in Table 1. The placement of
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TABLE I: Malonic Acid Decomposition Rate
Constants (units = 10 3sec~')

Temp, 3000 1700 1440 1220 900
°C = 0.1° cm -1 cm 1 cm 1 com1 cm 1
Potassium Bromide Matrix
138.9 1.02 1.05 1.21 1.10 0.81
142.0 1.54 1.39 1.16 1.75 1.15

144.9 2.23 2.11 1.60 2.08
149.0 2.38 2.39 2.56 2.61
153.2 2.83 2.59 2.96 3.37 3.92
158.1 4.67 5.04 5.12 4.24 5.18
161.0 5.20 4.98 4.98 5.48 6.24
167.0 7.01 8.53 6.45 9.41
Rubidium Bromide Matrix
158.5 4.65 4.20 4.21 4.28

the lines from which the slopes (rate constants) were deter-
mined was made by a least-squares computer program
which was a modification of the LSKINIL program. The av-
erage variance of absorbances for the absorption bands of
malonic acid used in determining the rate constants, which
is based on five kinetic runs made from the same bulk pel-
let mixture, was 1.0 X 10-3 absorbance unit. This results in
an uncertainty of 10%in the rate constant values.

The first-order rate constants for the decomposition of
malonic acid in a rubidium bromide matrix gave results
comparable to those obtained in the potassium bromide
matrix. The spectra for malonic acid obtained in other ma-
trix materials (NaCl, NaBr, Nal, KC1, Kl, CsCl, CsBr, Csl,
RbCI, Rbl) were indicative of reaction of malonic acid with
the matrix material. 12

The 900-cm_1 absorption band in some instances (144.9,
149.0, and 167.0° in KBr and 158.5° in RbBr) gave such
random points that no sensible least-squares fit for the
data could be found.

From the experimentally determined rate constants and
their corresponding temperatures, the thermodynamic pa-
rameters shown in Table Il were calculated on the basis of
the absolute reaction rate theory equation, k = (con-
stant)(T) exp(ASt/R) exp(*W/RT) and AGtl= AW —
T ASf, A comparison of values obtained by other investiga-
tors in other media is also presented in Table II. A plot of
the negative logarithm of T/k us. /T based on the abso-
lute reaction rate theory equation, from which AS7 (inter-
cept) and —AW (slope) were determined for the five ab-
sorption bands of malonic acid used in this work, is pre-
sented in Figure 1

The activation energies and frequency factors for the
bands studied are summarized in Table I11.

Discussion

The thermal decomposition of malonic acid in potassium
bromide and in rubidium bromide, as in some other
media, 1415 appears to be a straightforward decarboxylation
to yield carbon dioxide and acetic acid. The infrared spec-
trum of carbon dioxide trapped in the pellets was evident
in the early stages of heating and the infrared spectra of
the pellets in the final stages of heating showed only acetic
acid to be present.

Fraenkel, et a/.,16 have proposed a mechanism for the
thermal decarboxylation of acids which appears to have
been generally accepted. The mechanism involves the for-
mation of an activated complex between an electrophilic
carbonyl carbon atom and a nucleophilic center in the sol-
vent medium, illustrated as follows
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TABLE I1: Activation Parameters for the Thermal
Decomposition of Malonic Acid in Several Media

-AGJ
ASI, at 135°,
Medium kcal mol eu 'mol kcal .'mol
1-Butanol" 27.2 -4 .4 29.0
1-Hexanol" 26.0 -7.6 29.1
2-Ethylhexanol-1" 24.8 -10.4 29.05
Diisobutylcarbitol" 24.8 -10.7 29.16
Cyclohexanol" 23.0 -15.0 29.13
Acetanilide" 19.85 -22.66 29.1
Molten malonic acidl 35.8 +11.9 31.0
Malonic acid in KBr* 228 +1 -17.4 +1 298 = 1

" Reference 13. hReference 15. r This work.

TABLE Ill: Frequency Factor and Activation Energy
for Malonic Acid Decomposition in
Potassium Bromide

Ir band Activation Frequency
frequency, energy, factor,
cm-1 kcal/mol sec-1
3000 23.0 2.0 X 109
1700 23.2 1.2 X 10“
1440 23.6 3.9 X 109
1220 23.9 6.2 X 109
1
L J5 by 4

ima

Figure 1. Combined enthalpy of activation plot for the thermal decar-
boxylation of malonic acid in KBr at temperatures from 138.9 to
167.0°.
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Support for the above mechanism is found in the fact
that AW decreases with solvent basicity, and there is a lin-
ear dependence of the rate of decarboxylation upon con-
centration of a strong amine base, such as pyridine,16 the
reaction rate dependence disappearing at a 1:1 mole ratio
of base to malonic acid, indicating a bimolecular reaction.

Kenyon and Ross17 observed that unsymmetricall.v di-
substitued malonic acid did not produce optically active di-
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substituted acetic acid, which is further support for the
above mechanism. The production of a racemic mixture of
disubstituted acetic acid would require formation of a car-
bon-carbon double bond at some point in the reaction
mechanism.

Blades and Wallbridge18 observed that deuteriomalonic
acid exhibits no kinetic isotope effect. The absence of a ki-
netic isotope effect suggests that the rate-determining step
in the decarboxylation is the breaking of a carbon-carbon
bond rather than the formation, or dissociation, of a hydro-
gen bond. Loudon, et al.,1 also conclude from 13C/12C iso-
topic effects that both carbonyl groups must be involved in
the transition state, and that bond breaking is almost com-
plete between the leaving carbon and the central carbon
atom. These workers also investigated an oxygen isotope
effect by measuring the variation with per cent reaction in
the 180 content of the CO2 released. Since no variation in
180 content was found, bond breaking and bond making in
the transition state is again suggested.

Clark19 has shown that when AW is plotted against ASt
for a given series of reactions in various solvents, the result
is a straight line of slope T, the isokinetic temperature.
Other workers20 have pointed out limitation in the use of
isokinetic temperatures for drawing valid conclusions, and
have established requirements which must be met before
valid conclusions can be drawn. The data obtained by
Clark21 appear to satisfy the requirements, and for the sol-
vents studied thus far for the decarboxylation of malonic
acid, AH* and AS? values, when plotted, form a straight
line with a slope of 422 K (149°) for the isokinetic tempera-
ture. The AHt and AS? values for the decarboxylation of
molten malonic acid also fall on the same straight line as
those for various solvents including the solid alkali halides
used in this work. Apparently the same mechanism of reac-
tion prevails in each case, and the fact that the AHt value
for the decarboxylation of malonic acid is significantly
lower in potassium bromide than for molten malonic acid
could be the result of the activation effect of the bromide
ion in the alkali halide medium.

A comparison of the reaction rates for the decarboxyla-
tion of malonic acid in KBr to those in RbBr reveals no sig-
nificant differences. This might be expected if the mecha-
nism does involve the nucleophilic halide ion. Investigation
of the effect of the anion upon the reaction rate would be
most meaningful in this case, but is impractical due to the
interfering side reactions taking place between malonic
acid and other alkali halides.12

An interesting observation made in this research was
that solid malonic acid undergoes decarboxylation at mea-
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surable rates well below its melting point. We found that
malonic acid decomposes slowly in a KBr matrix at 80° and
the reaction half-life is approximately 6 weeks. This tem-
perature is well below the reported solid state phase transi-
tion temperaure (130°),2-3 and therefore it appears that
malonic acid can decompose from the j3phase as well as the
a phase.

The multipellet technique developed for the kinetic
studies in this work has enabled us to collect data for the
decarboxylation of malonic acid at temperatures considera-
bly higher than were previously possible, and allows the
study of reactions with half-lives as low as 4 min or less
without significant problems.
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A model is presented to account for the nonstoichiometry and observed hydrogen overpressures for urani-
um hydride. The model assumes that vacancies in the hydrogen lattice are disfavored when the hydride is
contaminated by oxygen and favored when certain metallic contaminants are present. This model explains
the literature data as well as, if not better than, the model involving vacancy-vacancy attractions. It is also
better than the pure vacancy model. The presented model accounts for the observed hysteresis in the hy-
drogen pressure over uranium hydride and explains the first-order kinetics in uranium observed for hy-

driding.

I. Introduction

This article reconsiders the basic model used to explain
the nonstoichiometry of uranium hydride and the observed
hydrogen pressures at elevated temperatures. This reconsi-
deration is prompted by the need to resolve a conflict that
exists in the literature and to present a more consistent
view of the kinetics and thermodynamics of this material.
This consistency must be particularly applicable to recent
findings with respect to contaminant effects.

The literature presents considerable contradictory data
on the equilibrium hydrogen pressure of the U-UH3H?2
system. Plateau pressure measurements by several authors
are inconsistent. The most striking inconsistency, however,
is in the full-phase diagram as presented by Libowitz and
Gibbl and by Chevallier, et al.2 The vacancy-vacancy
model by Libowitz3 does not predict a critical temperature
at 830° described by the latter authors. This critical tem-
perature is also inconsistent with the two-phase equilibri-
um pressures observed by Mallett and Trzeciak4 and re-
ported to temperatures as high as 1400°. To resolve this
conflict, additional considerations must be built into the
statistical model for UH3,

A further consideration is the recent findings of the ef-
fects of oxygen on both the kinetics5and thermodynamics6é
of this system. Experience with the Kinetics of the ura-
nium-hydrogen reaction cautions one to consider contami-
nant interactions, particularly interactions with oxygen.
With sufficient oxygen contamination, the uranium-hydro-
gen reaction may actually cease far below stoichiometry.
Oxygen background pressures as low as 10-7 Torr (~3 X
10~5Pa) have profound effects on the kinetics and presum-
ably the thermodynamics of the system. In a report, Meu-
semann and Von Erichsen6 conclusively demonstrate an ef-
fect of oxygen contamination on the thermodynamics of
UH3. Therefore, special attention is given to the effects of
contamination in the present statistical model. This model
is, therefore, quite similar to that used5to explain kinetics
of the system as applied to the uranium side of the phase
diagram. It accounts for the experimental data by Libowitz
and Gibblwithout assuming hydride vacancy-vacancy at-
tractions.3 It can also account for the data by Chevallier, et
al., with the assumption of slight metallic contamination.

The presented model by-passes some of the more ques-
tionable aspects of previous theories. One aspect is the as-
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sumption that at least the geometry of the metal lattice is
unaffected by addition of hydrogen. This assumption al-
lows the use of the van der Waal’s “equal areas” criterion
to generate two phases.78 It is obvious, however, that the
transformation from «-uranium to /3-uranium hydride
changes this lattice in a gross fashion; the change is not iso-
morphous. The present model, therefore, assumes «-urani-
um and /3-uranium hydride are completely different phas-
es. This not only frees the derivation from the assumption
of vacancy-vacancy attractions to obtain phase separation
(with a calculated critical point of ~1413°) but also allows
stoichiometry for the hydrogen terminal solubility and the
point of the maximum concentration of vacancies to be un-
symmetrical with respect to the center of the phase di-
agram. Furthermore, in contrast to the model by Libowitz,
the present treatment does not require that the energy of
formation of a vacancy to vary with temperature.

The model by Libowitz is prominently used to substan-
tiate the vacancy-vacancy attraction theory of ionic crys-
tals as formulated by Anderson.9 The model proposed in
this paper, however, assumes no vacancy-vacancy attrac-
tion. Experimentally, there are enough conditions that may
be varied to make a distinction. It is important to resolve
this dilemma. However, resolution of this matter must
await the accumulation of data at higher temperatures and
pressures.

The concept of a mixed phase, with trace oxide ions be-
having similarly to the hydride ions in the /3-UHi phase, is
central to the proposed model. In terms of the U-/3UH3
UO* ternary phase diagram (Figure 1), this means that the
single 6-UH3 phase not only extends toward the uranium
corner of the diagram but also toward the uranium oxide
corner as well. This extension of the single phase for a fi-
nite distance from the corner point is always implied, even
if it is much too small to be measured experimentally. To
assume otherwise would rule out the concept of solubility.

Il. Theory

Contaminant Modified. A. Symbols. The following sym-
bols will be used in this discussion.

Ei energy to form interstitial
Ev energy to form vacancies
Evv energy of vacancy-vacancyattractions
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Ex energy released in replacing a hydride ion by an
oxide ion in the lattice

k Boltzmann’s constant

Ki, K2, K' temperature dependent constants

m stoichiometric number (i.e., UHm)

N number of hydrogen lattice positions (i.e., three
times Avogadro’s number per mole UH3)

Nd number of interstitial positions

N\ number of interstitial hydrogens

Ns number of sites the oxide ion can occupy

Ny number of hydrogen vacancies

Nx number of oxide ions replacing hydrogen

Ph2 hydrogen pressure

Po2 oxygen pressure during hydride formation

q a positive number equivalent to average number

of near-by hydride lattice positions affected by
the presence of a contaminant (e.g., oxygen
atom) such that vacancies will be unfavored (if
favored g is negative)

R gas constant (8.314 J mol-1 K-1 used here) (1
cal= 4.184))

S full stoichiometric number according to Libowitz

T absolute temperature

Zh canonical partition function for hydrogen in the
lattice

Zm canonical partition function for uranium in the
lattice

ZxX canonical partition function for oxygen in ura-
nium hydride lattice

a proportionality of the number of interstitial

sites to the number of hydride ion positions
5 negative deviation from stoichiometry
6 ratio of oxide ion-to-hvdrogen lattice positions
xH activity of hydrogen
XM activity of uranium
Xx activity of oxygen
| a variable defined by eq 14
E grand partition function

B.  Vacancy Model Modified by Oxygen Contamination.

The model presented to account for the effect of oxygen on
the kinetics of the hydrogen-uranium reaction5assumes an
interference by oxygen within the crystal structure of the
metal. Hydrogen, occupying interstitial positions, diffuses
rapidly in the metal before nucleation and growth of the fi-
phase uranium hydride. Oxygen or other anions compete
for these interstitial sites and modify the kinetics consider-
ably. The present model, which describes the hydride
phase, makes a similar assumption about the role of oxygen
in the crystal structure. This assumption is that oxygen in
trace quantities and at a low activity can substitute for hy-
drogen in the anionic lattice positions and subsequently
can affect the behavior of other hydride sites in the imme-
diate vicinity.

In the case of the uranium-hydrogen reaction, oxygen in-
terstitials are established very slowly. This means that dur-
ing the initial hydriding of metallic uranium the activity of
the oxide ions is not equilibrated with the surroundings. It
is reasonable to assume the same to be true for the mea-
surements of Libowitz and Gibb. The greatest contamina-
tion by oxygen probably occurs during the creation of the
hydride in the broad plateau region of the phase diagram.
Knowing when this concentration is established is impor-
tant in determining the energy of replacement of a hydro-
gen atom by an oxygen atom, since the replacement energy
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Figure 1. Schematic of the hydride corner of the uranium-/3-uranium
hydride-uranium oxide ternary diagram illustrating a region for the
hydride phase. Isotherms drawn illustrate the uncontaminated VS.
contaminated case. The true contaminated isotherm which occurs
at the dashed iine labeled true composition line is shown projected
back to the U-/?-UH3 axis. This projection is labeled apparent iso-
therm and is compared to the isotherm that would be obtained in the
absence of contamination.

and the oxygen activity appear in the same mathematical
term in the present statistical model.

It is reasonable to assume that the oxide ion in the lattice
will affect the near-by hydride ions such that no vacancies
will occur in those positions. This assumption originates
from the fact that if the crystal structure of the uranium
hydride is fixed then the primary determiner of the local
electron densities is the uranium atom positions. The pro-
ton positions would be a secondary factor given their lower
potential compared to the uranium cores. Surely, vacancies
would be a very minor influence considering their low con-
centration. Thus, the creation of a vacancy would disturb
the electron density very little in the vicinity of the vacan-
cy; however, the absence of the proton would create a high
effective negative charge. This would be very unfavorable
in the vicinity of the localized negative charge associated
with an oxide ion. The number of affected near-by posi-
tions will be left here as an arbitrary constant g. It will also
be assumed that an oxide ion replaces a single hydride ion
in the hydride lattice. The statistical fit is not very sensi-
tive to this latter assumption and an assumption of double
substitution yields nearly the same result.

Using single substitution and the parameter g, the grand
partition function may now be written

y yy (N —gNx)! (ND!

V NijrsXY\(N - gNx - AV)I NjI(Ad - N
NS i At OVMIND

NX\(NS - Nx)h A" h)

(\XZX)Ne~RNYEY *N ¢ | *IiXEX)tKT]

The maximum term in E may be obtained with respect to
both N vand N 1since they are in equilibrium at the time of
the measurement. The maximum term in E with respect to
Nx, however, is determined for a previous time when the
activity of the hydrogen, XH, was at the plateau pressure.
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For Nvand N ithen

3 In [max term S] _
3NY ~

In (N - gNx - Nv) - InXZH- (EV/KT) (2

and

3In [max term EL _ ,

= InNr +
N n Nr

In (NO - Nj) + In X,ZH- (Et/kT) (3

IfNi« Nd=cIN where a is only dependent on the crys-
tal structure, then

AV .......... [ —— \ e-EV IkT
N (\ \yZrr + ) @)

with 8- Nx/N, and
B = a\HZHe-Ei™*T ©)

The negative deviation away from stoichiometry of three
hydrogen atoms to one uranium atom, 5 may be written as
=*+ A 8 6
6 =" N (©6)
The extra 8 accounts for the fact that one hydride position
is removed from consideration by the original oxide substi-
tution. With substitution one obtains

5=6+ [L- @Bl ~e-BVIKT g\ biliei kT
™)
To simplify one may write
Kupfi Y2 = -E'KT/X,,zu 8)
and
K®h,12 = a\HZH~E /KT @

to give the conceptually easier form of the equation for fit-
ting data with m being the stoichiometric number of

- 1 - oB)K, )\
ra=3 1- P*.2q+)K’ . apr 0 (10)
The constants K\ and K 2 both have a temperature depen-
dence in the usual sense. The latter, K2 may be considered
a solubility coefficient for interstitial hydrogen in the ura-
nium hydride phase. Below 650° this solubility is probably
low; therefore, for the fitting to Libowitz’ data the last term
of eq 10 will be dropped. (The equation corresponds to the
chemical formula UHmM()«.)

There is uncertainty in calculating 8 since it is unknown
what the oxygen pressure was during the hydride forma-
tion. It is likely however that the oxygen activity is deter-
mined by the presence of solid uranium oxide and would
depend on temperature in an exponential fashion. Assum-
ing constant oxygen activity, one may find the differential
of the maximum term E during the formation of hydride
with respect to JVX

3 In [max term
3AA

gIin(V- gNx - M) - InNx + In (Ns - AX) -
Ex/KT + In\XZX - In X,,'’ZH (1)

=0=-gIn(N- gNx) +

Here the primes are used to emphasize that the variables
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relate to the time of hydride formation. Assuming Nx «
N s one obtains

NX[N  gNx)Q _ XXZx

NS(N —gNx —Ny)" A'ZH

Here, XH is the hydrogen activity for the plateau pressure.
Since it is assumed here that each hydride ion position is
an oxide substitution site, then Ns =N. The value for the
oxygen contamination should be much less than N; there-
fore, the approximation Nx « Ns is valid. (Actually, the
highest value found for Nx was less than 0.1 N.) From eq
12 it follows that

Ey/kT

«-Bx /KT @ QvPoXnK’
*XZ X -
= - 7|7|" 13
(1 V" H (3)
where
? = N - C]NX 11/2 + K, (14)

The constant K' also has an exponential dependence on
UT. The variable £is dependent onK] as well as the hy-
drogen plateau pressure. The term £ is a small number
compared to 1, however, and can be obtained by successive
approximations while obtaining K' and K  Equation 13
expresses the oxygen contamination as either a function of
an oxygen background pressure or more generally as simply
an activity, which could be due simply to the presence of a
mixed-in oxide phase.

Results and Conclusions

A. Raw Data Fit. Least-squares computer fits were made
using Libowitz’s data for eq 10 and 13 with the successive
approximations for £ made as mentioned. The plateau
pressures used (for P h2 were those given by Libowitz and
Gibb.1A shallow minimum for g around 20 to 24 was found
in the least-squares analysis. Since the exact value had lit-
tle effect on the fit, a value of ¢ =22 is chosen here for pre-
sentation. The values found for K' and K\ are given by

RINA = 9527 - 96 202/r (15)
R In K’= 83.9(131.8) - 142 900/T + V2R In PH -

y2R In Po2 (16)

where pressures are given in Pa (atm in parentheses). The
values that are calculated by these formula for K (, £ and 8
are given in Table 1.

Fits were also made using Libowitz’ theory and his pla-
teau pressure data which may be written in present termi-
nology as

InP,n=1InP,’ + 2In

2
kr G -0
17

(which corresponds to a limiting chemical formula of UHS).
A non-linear least-squares routine was also used to fit this
equation. The values for E vv and the five values for s were
very close to those values stated by Libowitz but gave a
slightly lower mean square than if one used the latter. Both
fits are shown in Figure 2 and, as can be seen, both are fair-
ly good. A statistical analysis is given in the Appendix
which shows that the present model is better than the Li-
bowitz” model and is much better than the pure vacancy-
model. The overall number of parameters presently used is
(1 2 for K', (2) 2for Kit and (3) 1for g To explain the
variation in s, according to Libowitz, one must generate
again five parameters. Therefore, that model by Libowitz
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TABLE I: Values of Parameters Calculated from Eq 13 16 and Plateau Pressures Given by Libowitz and Gibb as

a Function of Temperature

T, °C 10% 'n,, Pa K,
450 1.44 0.01064
500 3.57 0.02995
550 8.40 0.07437
600 16.3 0.1664
650 29.8 0.3412

Figure 2. Pressure vs. stoichiometry for uranium hydride. Experi-
mental points are compared to Libowitz’ vacancy-vacancy attrac-
tion model (designated by L) and the present model with oxygen con-
tamination (designated by P), and the pure vacancy model (designat-
ed by V). Isotherm temperature from left-to-right corresponds to
650, 600, 550, 500, and 450°.

Figure 3. True phase diagram (portion) if oxide contamination model
is correct. Dctted line shows effect oxygen contamination has on the
filled hydride sites-to-uranium ratio to show the effect of oxygen sol-
ubility at 650°. Solid isotherm lines from left-to-right correspond to
650, 600, 550, 500, and 450°.

remains a six-parameter fit, since the parameter £yv is
considered as nearly constant. The problem involved with
this latter model is the prediction of s as a function of tem-
perature for extrapolation to high temperatures. This is
needed in order to obtain the stoichiometry of the edge of
the plateau on the hydride end of the phase diagram. If eq
10 represents a closer description of reality, then careful
experimentation might eliminate oxygen contamination
and thus eliminate 8 This would reduce eq 10 to a two-pa-
rameter model since q does not apply. Elimination of 8as a
parameter out of eq 10 has a profound influence on the
higher temperature isotherms. Figure 3 shows isotherms
obtained by eliminating 8 at the experimental tempera-
tures.

B. Model Modified by Metal Contamination. It is well

K"Po, in/P"u,in

0.0003605 0.008786 0.0002969
0.01679 0.0156 0.001188
0.006482 0.02502 0.003712
0.02144 0.03957 0.08823
0.06232 0.05883 0.01642

known that uranium and iron form eutectics and there is
some solubility of iron in uranium.10The eutectics generat-
ed with UFe2and UFe6 occur at 1080 and 726° and a peri-
tectic decomposition occurs at 810°. The solubility of iron
in pure uranium varies from 0.06 atomic per cent at 650° to
approximately 2 atomic per cent at 810° and decreases at
higher temperatures. The situation is even worse with ura-
nium and stainless steel in the presence of hydrogen. A eu-
tectic occurs below 700° (which has practical ramifications
well known to those who have tried to purify hydrogen over
a uranium chip bed contained in stainless steel) and the
solubility of iron and chromium is increased. In the UH3
phase this would create cation substitutions of chromium
and iron for uranium ions.

Since both iron and chromium do not form hydrides as
readily as uranium, the probable effect of their substitution
for uranium in the hydride lattice would be to create hy-
drogen vacancies. The highest atomic ratio of hydrogen to
iron, chromium, or nickel atoms reported to date is the
Ceo sLao -NisHT11 compound which has only a ratio of 14:1
(ignoring rare earth) as compared to 3:1 for UH:. Thus, an
equation similar to (10) could be derived with a negative g,
If in uranium hydride these ions completely repelled the
hydride ion, g could equal —2 since the cage structures for
both types of uranium atoms in the d-uranium hydride
structure contain 12 hydride ions.

A negative g moves the isothermal lines of Figure 3 fur-
ther toward the uranium phase. Chevallier, et al., con-
tained their sample in a stainless steel container: therefore,
the present model predicts that their data be shifted
toward lower stoichiometry due to reaction between their
sample and container.

C.  Theoretically Generated Phase Diagram. According
to the present model, the pressure relationship to stoichi-
ometry for uncontaminated material is as shown in Figure
3. For this model oxygen changes the observed phase di-
agram in two ways. First, each oxygen atom displaces a hy-
drogen atom. Under conditions of observation on a molar
basis, such as a Sieverts-type experiment, this appears in
the measurement directly. The term 8is observed in a Siev-
erts’ experiment as a negative deviation in hydrogen stoi-
chiometry. If experiments were carried out by mass mea-
surements, then an additional weight of 160 beyond the hy-
drogen weight of m would be observed. The second effect is
the actual decrease in the hydrogen vacancies. This effect
is the same regardless of the method of measurement. This
oxygen-vacancy interaction is illustrated by the dashed line
in Figure 3. Elimination of only the 8 term from eq 10 gave
an isotherm at 650° of a higher stoichiometry than the un-
contaminated case. In other words, considering only the
filled sites-to-uranium ratios, oxide contamination in-
creases the stoichiometry at any particular pressure above
the plateau pressure. On the ternary phase diagram the
dashed line of Figure 3 corresponds to the isotherm on the
dashed line of Figure L It will be noted from the shift in
the 650° isotherm (illustrated with the dashed line in Fig-
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STOICHIOMETRY  (atoms H/atoms U)

Figure 4. Plateau edge on the hydride side as calculated from the
present model. Curve A is the uncontaminated case with no hydro-
gen solubility in the hydrice. Curves B and C assume some interstitial
hydride solubility with the following AHS? and ASSJ: (B) AHso =
41.84 kJ/mol (10 kcal/mol), ASSO = —29.3 J morlK-1 (—7 eu
mol-1 K~1); (C) AHsd = 125.5 kJ/mol (30 kcal/mol), ASSJ = 25.1
J mol-1 K~1(6 eu mol-1 K~1). Curves X, Y, and Z assume iron con-
tamination of 1, 2, and 3%, respectively. The iron is assumed to ef-
fect all nearest-hydride sites.

ure 3) that the effect due solely to the oxide ion repulsion
of vacancies is not trivial.

The present model may be used to extrapolate the stoi-
chiometry of the pressure plateau edge to higher tempera-
tures. This is the intersection of the calculated isotherm
with the plateau pressures measured by Mallett and Trze-
ciak.4 Comparisons of Figures 2 and 3 reveal that this edge,
as observed by Sieverts’ experiment, is lower for the con-
taminated case. The extrapolation, as presented in Figure
4, is dependent on the interstitial solubility assumed for
hydrogen in the uranium hydride phase. Hydrogen solubili-
ty on interstitial sites of the hydride can displace the pla-
teau edge to even higher stoichiometry. Two different sets
of ASsoi and AH s were picked to illustrate this effect in
Figure 4.

Even without solubility, a critical point seems unlikely
since in order for one to occur the two plateau edges (on the
uranium-rich and hydride-rich sides) must come together.
Mallett and Trzeciak4 reported a terminal solubility of hy-
drogen in liquid uranium at 1400° of stoichiometric num-
ber 0.6. According to the extrapolation, the stoichiometry
of the other plateau edge at 1400° is at least 2.0. Extrapola-
tion of Mallett and Trzeciak’s data gives a terminal solubil-
ity of stoichiometry 15 at about 1800°. Thus, if the hydride
remains solid, a critical point may not be achieved below
approximately 1800° according to the present model.

Figure 4 also shows three cases where q is negative. This
corresponds to metallic contamination as mentioned pre-
viously. Movement of this edge with a negative q makes
the appearance of a critical point more likely. Deliberate
iron contamination of a sample and measurement of the re-
sulting phase diagram may resolve the problem presented
by Chevallier’ data.

D.  Nucleation Vs Spinodal Decomposition and the
Model. One of the features of the kinetic model mentioned
previously0 but not considered until now is the nucleation
step that would be necessary to start the growth of /3-urani-
um hydride. The present model implies that /3-uranium hy-
dride and «-uranium are completely separate phases. That
is, one single-valued equation is not sufficient to express
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Figure 5. Schematic of the features one might find in the free-ener-
gy diagram corresponding to the proposed model. /3-UH3 is assumed
to be a completely separate phase from uranium; whereas, a-UH3
might be formed via a spinodal decomposition. Oxide contamination
ra ses the free energy of the |8-UH3, thus causing the terminal solu-
bility to increase and the vacancy population in the /3-UH3 to de-
crease.

the free energy as a function of composition. Thus, /3-urani-
um hydride may not form from a-uranium by a simple spi-
nodal decomposition. (A spinodal decomposition is a type
of phase transformation involving no free-energy barrier.12)
Libowitz’ theory, however, implies that a simple spinodal
decomposition is likely when «-uranium transforms to />
uranium hydride. One of the features of the spinodal de-
composition mechanism, however, is that the two phases
formed must be nearly isomorphous. «-Uranium is nearly
isomorphous with the a-uranium hydride but not with /3
uranium hydride.

Recent experiments on the kinetics of this system, how-
ever, indicate strongly some type of spinodal decomposi-
tion reaction is involved. First, the rate of hydriding is not
strongly (if at all) dependent on the previous thermal histo-
ry of a randomly oriented sample. The rates of hydriding
have been measured on powders that had been annealed at
temperatures ranging from 150 to 250°. The hydriding
rates were not altered from what had been measured pre-
viously.5 Thus, the sites for nucleation of /3-uranium hy-
dride are not the defects in the metal phase since defect
density is dependent on prior heat treatment. Secondly,
first-order (or nearly first-order) kinetics with respect to
uranium prevails even when the pressure is very close to
the plateau pressure. This would not be expected with the
pure nucleation-and-growth mechanism. In that mecha-
nism the first-order rate in the uranium would disappear
with approach to equilibrium. This would be due to a
switch in the rate-determining step from nucleation to
growth. Since the dehydriding is zero order in uranium
metal,5this switch would make the mechanism compatible
with the thermodynamics. (The equilibrium in the plateau
region has no dependence on the normalized uranium
metal content.) These facts argue for a mechanism which
involves a spinodal decomposition.

There is a reasonable compromise between the simple
spinodal decomposition and the nucleation mechanism
that is suitable for the uranium-hydrogen system. That is,
a simple spindoal decomposition creates sites for nuclea-
ticn. For this mechanism a-uranium transforms to «-urani-
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TABLE I11: Statistical Comparisons of the Various Models. Probability from F Distribution"

Degrees of Probability
freedom of identit
Model Parameters" residual Mean square to mode
I. Pure vacancy Alb= (20.56) 86.02 53 3.15 X 105
Bl (20 974) 87 755
I1. Present model Alb= (22.77) 95.27 50 1.09 X 10“5 | = <0.5%
Bl = (22 993) 96 202
A2 = (20.04) 83.9
B2 = (34 160) 142 9co
= 22
I11. Libowitz six-parameter XY =(-6700) 28 030 49 1.28 X 105 I = <0.5%
>SB) = 3.0010 1 =e
S = 2.9917
G = 2.9805
28D = 2.9541
& = 2.9303
IV. Libowitz ten-parameter Ev\g = (6700) 28 0so 45 1.09 X 10%5 | = <0.5%
Evva) = (6501) 27 200 Il = —50%
Eyym = (6400) 26 780 (Avd 1.22 X 10-H Il = »25%
Evv@ = (6400) 27 780
Ewe@ = (6601) 27 620
SB  3.0010
) = 2.9947
%dD: 2.9879

F8D = 2.9648
S = 2.9352

OReference 17. bR InKi = A1 —BI/T and R InK' = A2 —B2/T -I/WJRInP'h, —ziR InPo. R = 8.314J mol-1
K -1, 1 cal = 4.184 J.) ~Quantities in parentheses are in terms of cal and eu. Expressed in units of J/mol @ cal = 4.184 J)
where applicable, quantities in parentheses are in terms of cal. dThis fit can be thoulght of as five separate two-parameter fits.

This average value is over those five fits (not used in the F test;. « A worse fit overal

um hydride via a spinodal decomposition. The /3-uranium
hydride grows on these sites of a-hydride.

In this mechanism the growth of the /3-hydride depends
on temperature and strain fields. The strain field may re-
strict its final size. The temperature will influence its rate
of growth. One would expect to observe slower growth of
/3-uranium hydride at low temperatures. The thermody-
namically unfavored n-uranium hydride would, therefore,
predominate at low temperatures since there is no activa-
tion free-energy barrier for its formation.

An additional (and testable) prediction for this system is
that oxide in the hydride phase will increase the terminal
solubility of hydrogen in uranium. Considering only the ef-
fect of vacancy repulsions by oxide ions, or the third term
of eq 10 (or the dashed line in Figure 3 for 650°), one must
conclude that oxide ions shift the free energy of formation
curve of the /3UH3 phase upward relative to the pure
phase. This shift is also upward relative to the free energy
of formation of the uranium-dissolved hydrogen phase.
This is illustrated (with exaggerated “open” curves for the
free-energy curves) in Figure 5. A natural outcome of this
shift is that the terminal solubility point must also in-
crease. Figure 5 illustrates why one should come to this
conclusion and the actual values of the free energies should
not affect this conclusion. This, along with the previously
mentioned kinetic effects,5 should completely account for
the hysteresis observed by some investigators1'13 in the
phase diagram.

Figure 5 also illustrates the above-postulated spinodal
behavior for the o-UITj.

IV. Conclusions

It will be difficult to differentiate between the model
presented herein and the vacancy-vacancy model present-
ed by Libowitz. Careful experimentation to directly ad-
dress the oxygen contamination problem and measure-

F test not required.

ments at higher pressure may resolve the question. If the
present model is correct, a prominent example of Ander-
son’s theory is eliminated. On the other hand, if the va-
cancy-vacancy model is found to be correct, then the kinet-
ics of formation of the /3-uranium hydride could occur by a
spinodal decomposition reaction. This particular mecha-
nism was not considered5 previously since the structural
changes from «-uranium to d-uranium hydride involved
atom rearrangements greater than expected for a simple
spinodal decomposition. Continuing kinetic studies, how-
ever, indicate that a spinodal decomposition may indeed be
involved in the kinetics. If the present model holds then, a
likely explanation for the hydriding is schematized as

U + dissolved H T pa-UH3 nucle

decomposition

growth on a-UH"

U + dissolved H -------r-ommeenev > /3-UH, limited growth

very slowly
ff-UHj — v » d-UHj

In addition to explaining the observed kinetics, this scheme
accounts for the observation of pressure hysteresis,13 the
observed effects caused by contamination,6 and increased
abundance of «-UH3formed at low temperatures.14'15

Appendix |

The question might be raised as to whether the present
fit is a justifiable improvement over the pure vacancy
model36 and if so, if a further refinement of the model to
higher parameter models is also justified on purely statisti-
cal grounds. The answer to this question can be readily
seen from the statistical analysis presented in Table II. It
can be seen that there is a very highly significant improve-
ment in the fit going from the pure vacancy model to the
present model. This confirms what one would conclude by
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inspection of Figure 1 in comparing the vacancy fit to the
present fit. There is, however, absolutely no significant im-
provement when one goes from the present model to the
six-parameter Libowitz model. In fact, according to the
usual criterion that Prob (F) > 5% indicates an insignifi-
cant improvement, the improvement to all models present-
ed with more parameters than the present model is insig-
nificant. Therefore, from a statistical standpoint, the most
logical fit is the present one.
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The application of the ideal associated solution approximation to calorimetric investigations of hydrogen
bonding in binary solutions is considered from the viewpoint of solution thermodynamics. A simple model
of nonideality is introduced to accommodate nonchemical contributions to the excess enthalpy of a binary
solution containing a hydrogen-bonded complex. Application of the model to the chloroform + triethyl-
amine system appears to be quite reasonable, and shows that relatively small contributions of nonideality
can lead to large errors in hydrogen bonding parameters determined with the ideal associated solution ap-

proximation.

Introduction

As part of a continuing study on the fundamental as-
sumptions of the various calorimetric methods of investi-
gating association complexes in solution,1 this paper con-
siders the oldest method—that involving the ideal associ-
ated solution approximation. This method, which orginat-
ed with Dolezalek2 and was severely criticized by van Laar
and others,1has been applied to various excess properties
of mixtures, most recently by Hepler, Fenby, and cowork-
ers4 for the study of the hydrogen bonds of chloroform with
several bases. The basic idea of this method involves the
treatment of a nonideal binary solution as if it were an
ideal ternary (or higher order) solution, the nonideality
arising from complexes existing in the solution. Hence, neg-
ative deviations from Raoult’s law or exothermic heats of
mixing are attributed to new chemical species in mixtures
of the two components, and positive deviations from
Raoult’s law or endothermic heats of mixing are attributed
to self-association of one of the components. The most ob-
vious criticism of this approach centers on the fact that
ideal binary solutions are extremely rare, particularly for
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polar components and components with considerable dif-
ferences in their molar volumes. The probability of finding
an ideal ternary solution of two components which are suf-
ficiently polar to form a complex and a third component
(the complex) which has a molar volume at least twice as
large as one of the components must be considered ex-
tremely low.

One might expect that the likeliest components for ideal
solutions would be isotopic isomers, but small excess
enthalpies were observed in the chloroform + chloroform-ri
and acetone + acetone-rig systems.53 In applying a modifi-
cation of the ideal associated solution approximation to the
H20 + D20 + HDO system,5'we were careful to refer to
the “apparent heat of formation” of HDO, and pointed out
that even our very careful measurements were not of suffi-
cient precision to detect subtle effects of nonideality which
could have caused an error of almost 200% in our reported
value for the enthalpy of the exchange reaction in solution.

Hepler and Fenby in their first paper4a considered the
possibility of slight departures from ideality in terms of
“physical” contributions, (AHp), to the excess enthalpy of
the chloroform + triethylamine system
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AHE = AHs + AHc D)

but reasoned that the molar excess enthalpy was so much
larger than any “reasonable” value of AHp, that these con-
tributions could be neglected in comparison to the “chemi-
cal” contributions (AHc) which arise from the formation of
r moles of complex in one formal mole of solution with the
molar enthalpy of complex formation (AHTr).

AHe = AHc = rAHr 2

Their division of the excess enthalpy into “chemical” and
“physical” contributions suggests a method of introducing
“physical” interactions through a simple model of noni-
deality.

The Model

The simplest equation which might reasonably be ex-
pected to describe the “physical” or “nonideal” contribu-
tions to the enthalpy of a ternary solution (nA, nb, nc), in-
volves weighting factors for each component (F,) and inter-
action parameters (Ay) for each pair of components:

NATANBVBAAB + nATANCTCAAC + nBTBncTcABC
(«a" + «B")(«Ar A+ wBr B + ncrc) w

The enthalpy of formation of 1 mol of pure liquid complex
(C) from pure liquids A and B is designated as AHrid,
which will also apply to the enthalpy of complex formation
in an ideal solution. Taking the formal amounts of Aand B
as na0 and np°, and formal mole fractions X  and X b°,
gives

AHE = AHs + rA//rid @
nB =wB - nc
= »c/(«a® + O ®)

a= »a’“ 1c

K-=u7'-Vv - & Ka=W V) <%

This group of equations obviously contains too many pa-
rameters for evaluation, but reasonable simplifications may
be made. In models leading to equations of the form of (3),
the use of molar volumes for weighting factors is quite com-
mon, and in any case, the assumption

rc-=rA+ rB )

appears reasonable. The solubility parameter treatment of
Scatchard6 and Hildebrand3 provides a basis for approxi-
mations involving interaction parameters. The solubility
parameter treatment gives

¢u = (6; - 6): ©)
Assuming that the solubility parameter of the complex is

the weighted mean of the solubility parameters of compo-
nents Aand B

r AOA
— r4+ rH 0)
allows elimination of two of the parameters of eq 3
Tb™ ab ~ANAB
Awxr — 10
. (rA+ Fb) (r, + B2 (10

leaving only four parameters (Hx, AHrd, A Ar, and the
ratio Fa/Fb) in the group of eq 3-6. The equilibrium con-
stant might be evaluated by separate measurements (spec-
troscopic methods, for instance), but, as eq 6 indicates, the
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possibility exists that K x may be composition dependent.
This possibility does not affect the correctness of equations
which include the quantity r, but could severely limit the
application of these equations to real systems. Substitution
of the approximations, eq 7 and 10 into eq 3and 4, gives

AH *A°rAAB’rba ab rr A BAAS ID
(*ArA+ xB°rB) (rA+ rB (
: NABAB | AT AAB FpbAab
AHE
FATM v A+ rB) | (xM6rA + ABTB

(12)

This equation can be applied very easily to experimental
data if the interaction parameter Aab and the ratio of
weighting factors can be evaluated from independent mea-
surements, since the square-bracketed term does not
change with composition. This term represents the enthal-
py of complex formation (AH/) in mixtures of A, B, and C
rather than in ideal solutions.

r A BYAB
(rA+ rBJ 13

The weighting factors can be approximated by molar vol-
umes, and the interaction parameter might be estimated
from solubility parameters, but better estimates can in
some cases be obtained from measurements of the partial
molar excess enthalpy of each of the components in the
other pure component and in the equimolar mixture. Be-
fore continuing with that development, however, a more
important consideration arises—the effect of nonideality
on the equilibrium constant.

Since slight variation in the equilibrium constant could
have very large effects on the shape of the excess enthalpy
curve, the possible effects of nonideality on the excess
Gibbs’ free energy of the system must be considered. The
excess free energy can be divided into the contributions of
“chemical” and “physical” interactions

AH,, AH,,

AGb + AGp + AGC (14)
with

AG, = XI-RT in [s$ ~

rk, i

+ rRT In Keid 1
Assuming that AGp can be described by an equation of the
form of eq 3, with possibly different values of the weighting
factors (T/) and interaction parameters (A,/), but retain-
ing the approximations of eq 7 and 10, leads to
iy rBAAB

(ry + ry)

Xb°RT In (15

RT InKx RT InKx6 +

I = KXT)
(16)

Equation 16 shows that this model leads to an equilibrium
constant in solution which is not necessarily equal to the
value in an ideal solution, K xid (which depends only on the
properties of the pure liquids A, B, and C at a specified
temperature), but which is nonetheless constant for all
mixtures of A, B, and C. Excess free energy data might be
used to evaluate T.¢ »- and a -, as well as K xand K x'd.

Returning now to the evaluation of the parameters of eq
12, this equation can be differentiated to obtain the formal
excess partial molar enthalpy of component A, (La)xa>‘n
a solution of composition A a0
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The partial molar excess enthalpy of component B,

(Lo)x a°. can be obtained by reversing all subscripts (A «
B) in eq 17. The value of A ab and the relative values of FA
and .- can be estimated by considering the partial molar

excess properties of the components in the pure solvents

and in the equimolar mixture

rARrB- ta)a,,
(rA+ rB2
(La)xa®=0 ~ (Lb)xb°® = (rA- rBMas

(L (18)

7'b)x A°=0.5 ~
19

The ratio of these quantities eliminates the interaction pa-
rameter, and

(1a)xaco ~ (Lb)xbg0 =

(1a - 1b)xa=ab

(rB+ rA2
rAB

(20)

Obviously, this method of estimation will only be applica-
ble to systems with a relatively large difference in the
weighting factors for the two components, because of the
difference term in both eq 18 and 19. For systems of com-
ponents of similar molar volumes (expected to have similar
weighting factors), extremely large “physical” contribu-
tions could be virtually undetectable by calorimetric meth-
ods. The chloroform (V = 81 cm3 mol-1) + triethylamine
(V = 140 cm3 mol-1) system, however, provides an excel-
lent example for this model of nonideality.

Application to the Chloroform + Triethylamine
System

Matsui, Hepler, and Fenby4bmeasured the partial molar
enthalpies of chloroform and triethylamine in the equimo-
lar mixture and the pure solvents at 298.15°K: (i-t)x t°=o
= —155 kI mol-1, (¢ «)xe-=05 = —4.217 kJ mol-1,
(I'c)xc°=0 = -12.68 kJ mol-1, (Lc)xc°=05 = -3.950 kJ
mol-1. Application of eq 20 to these data gives Tt/ Tc =
1.6, which agrees well (considering uncertainties in the ex-
perimental enthalpies and approximations in the model)
with the ratio of molar volumes, 1.73. Substituting molar
volumes for weighting factors in eq 18 and 19 gives A Ab =
0.019 kJ cm-3, which is in reasonable agreement with the
value of 0.014 kJ cm-3 calculated from the solubility pa-
rameters of triethylamine (15.2 JI2cm-372) and chloroform
(19.0J12cm-®).

These estimates of the nonideality parameters for this
system allow modification of eq 12 so that a simultaneous
solution of k xand An s/ can be extracted from excess en-
thalpy data for this system with the treatment given by
Hepler and Fenby48

x Cvax C vba ab
(Xa°Va + XB°VB)

substituting AHc and AHr' for HKand AH,, respectively,
in their eq 8. Treatment of their data for the excess enthal-
py of the chloroform + triethylamine system at 298.15°K,
along with the excess partial molar enthalpy data of Mat-
sui, Hepler, and Fenby48 with Aab = 0.019 kJ cm-3 gives

=201 05 AH/ =-21.4 £ 2kJ mol-1, AH/d= -20.4
+ 2 kJ mol-1. Values of AfiE calculated with these values

AHC = AHe = rAff/ (21
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have approximately the same standard deviation as do
values calculated with the ideal associated solution approx-
imation, both of which appear comparable to the scatter of
experimental data. The nonideality approximation natural-
ly leads to better agreement with experimental values of
the excess partial molar enthalpy. The equilibrium con-
stant determined in this manner is in good agreement with
the value determined by nmr spectroscopy (3 + 1) in
mixtures of chloroform and triethylamine7 and with the
value used in the ideal associated solution approximation
(3.34h).

The larger values (4—4.7) of the equilibrium constant re-
ported for studies in cyclohexane are not necessarily rele-
vant to chloroform + triethylamine mixtures. The enthalpy
of complex formation determined with the nonideality ap-
proximation is in better agreement with the value of —7
kJ mol-1 determined from spectroscopic studies78 than
with the calorimetric values determined with the ideal as-
sociated solution approximation (—4.2 to —5.8 kJ
mol-1).4ab

The actual contribution of physical/nonideal interac-
tions to the excess enthalpy of this system which has been
introduced by this model of nonideality can be calculated
by substituting the calculated parameters in eq 11. This
gives +0.28 kJ mol-1 as the nonideal contribution to the
total excess enthalpy (—4.03 kJ mol-1) of the equimolar
mixture. Thus, this effect which is detectable (by this
model) only because of the difference in the molar volumes
of the components, and which amounts to only 7% of the
total excess enthalpy, can lead to an error of 25% or more in
the enthalpy of complex formation determined with the
ideal associated solution approximation.

Conclusions

As was stated in an earlier work,Ib the inclusion of esti-
mated nonideality effects in the treatment of calorimetric
data does not necessarily lead to greater reliability of the
hydrogen bonding parameters. It is conceivable that other
models might lead to results in better agreement with the
results of the ideal associated solution approximation than
with those reported here. A slight modification of the
model presented here, using the Flory-Huggins equation
for the entropy of mixing of molecules of different sizes,
leads to an equilibrium constant based on volume fractions
rather than on mole fractions, causing K x to be composi-
tion dependent. Perhaps the major importance of the pres-
ent approach lies in the demonstration that subtle effects
of solution nonideality can lead to large uncertainties in the
properties attributed to hydrogen bonds with the ideal as-
sociated solution approximation, completely independent
of uncertainties estimated on the basis of statistical error
analysis. To avoid the possibility that this work might give
some advantage to the proponents of the spectroscopic
methods of investigating hydrogen bonding over propo-
nents of the calorimetric method, | must confess that |
place an even lesser reliability on the results of spectro-
scopic investigations. As Hepler and Fenby4 point out,
these treatments also use the ideal associated solution ap-
proximation, along with the assumption of composition-
independent properties of the various species in solution.
The combination of spectroscopic equilibrium constants
with calorimetric data for the evaluation of the enthalpy of
complex formation has equal probability of reducing or
compounding errors, and eliminates the possibility of de-
tecting errors through differences in the results of indepen-
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dent investigations. Agreement of equilibrium constants
determined by calorimetric methods with those determined
spectroscopically can provide greater confidence in the
values, particularly if the two methods involve different
ranges of composition.

Throughout this paper, reported values of AHTand Kx
have been referred tc as “hydrogen bonding parameters”
rather than as “properties of hydrogen bonds,” because
“properties” should be independent of the method of in-
vestigation, as these parameters certainly are not. The ele-
vation of the results of investigations of association com-
plexes in solution to the status of “thermochemical data”
will require the same rigor of thermodynamic description
and theoretical developments of extrapolation methods as
those which have beer, applied to the properties of aqueous
electrolyte solutions. Development and application of mod-
els such as the one described here are essential to the
achievement of that goal.
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Analysis of Aerosols from the Ozonolysis of 1-Butene by High-Resolution Field

Desorption Mass Spectrometry
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The condensable products and aerosols generated by ozonolysis of 1-butene at low reactant concentrations
in air, and in the presence of sulfur dioxide, have been investigated by high-resolution field desorption
mass spectrometry (FDMS). A great number of molecular ions up to m/e 392 were recorded. The elemental
composition of ions was established up to m/e 200, including several sulfur containing species. Aldehydes,
organic acids, sulfuric acid, and some of its probable precursors have been identified. The mixed sulfur
compounds support the assumption that SO2 is oxidized by zwitterions in this system. The formation of
hydrogen peroxide, recently reported by Pitts, et al., has been confirmed, but only at low pressure®. The
results show that FDMS offers considerable capacities for the analysis of particulate matter in air, espe-
cially of highly polar compounds. A new direct sampling technique for aerosols takes advantage of the ex-
tremely low sample consumption of FDMS (submicrogram quantities).

Introduction

The ozonolysis of olefins in the gas phase produces an
aerosol when the reactant concentrations are high enough
to cause supersaturation of the products. Analyses of these
condensable products by various analytical techniques
have been reviewed in the literature for a number of olefins
and reaction conditions.1-3 Some of these products are ex-
pected to be formed by reactions of the so-called zwitterion
resulting from the Criegee split of the primary cyclic ozon-
ide. This primary reaction path has been well established
by recent work in the liquid phase.4 Secondary reactions of
the zwitterion in the gas phase are of extreme interest,
since ozone-olefin reactions occur in the atmosphere. In
model calculations of photochemical smog formation56 the
zwitterion has been assumed to decompose into radicals
which contribute to the initiation of oxidation chains, con-
verting NO into NO2, which results in a net increase of

ozone under the action of sunlight. There is furthermore
evidence that an intermediate of ozone-olefin reactions is
capable of oxidizing atmospheric S0278 The oxidation
product, sulfuric acid, is the most important source of con-
densation nuclei in the atmosphere.

Although most of the condensable products of ozone-ole-
fin reactions are accounted for by aldehydes and organic
acids of relatively high volatility, which are not expected to
condense at low reactant concentrations, we have observed
a viscous polymer-like product of very low volatility in flow
tube experiments at 1-2 Torr total pressure, when low con-
centrations of gaseous olefins C,, H2n (n > 3) were allowed
to react with ozonized oxygen (6.5% ozone). When heated
under vacuum, part of the condensate did not evaporate,
but remained as a colorless resin. We have also observed
that a chemiluminescent ozone detector, when operated
with olefins such as 2-butene and isobutene instead of eth-
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TABLE I: Experimental Conditions and Sample Collection at Atmospheric Pressure

Flow rates, ml min 1

Diluent gas
Sample no. 1-Butene Ozone" SO; (7.2 L min -1) Reaction time; collection mode
b 55 22 Ambient air 30 min; precipitation on
emitter
c 12 22 60 Ambient air 30 min; precipitation
on emitter; sample not
analyzed (see text)
d Variable flow rates; sample contains combined products 60 min; acetone wash,
from experiments b and c emitter dipping technique
e 7.6 12 0.7 Dry synthetic 20 min: precipitation

air on emitter

«The ozone flow rate was calculated from the measured oxygen flow rate and the percentage ozone deduced from its optical

absorption at 2537 A.

ylene, becomes rapidly contaminated by polymers which
condense on the photomultiplier window, although the
0zone concentrations reacting in the detector are extremely
low. These observations as well as a fundamental interest
in ozone-olefin reactions in the gas phase initiated a rein-
vestigation of the condensable reaction products. High-res-
olution field desorption mass spectrometry, combined with
a novel sampling technique for aerosols, was chosen as the
analytical method. The technique is being further devel-
oped to detect polar molecules and inorganic compounds in
natural aerosols.9

High-resolution field desorption mass spectrometry is a
powerful analytical tool for studying an extremely wide va-
riety of compounds.10 The technique yields, in contrast to
electron impact mass spectrometry, very simple spectra
which generally consist of only the parent ion and, depend-
ing on the polarity of functional groups in the molecule, of
an ion corresponding to the protonated parent molecule.
Little or no fragmentation is observed.ll The method is
therefore ideally suited for the analysis of mixtures.1213

We wish to report on the analysis of condensable prod-
ucts and aerosols from the ozonolysis of 1-butene at low
reactant concentrations in the absence and presence of

S02

Experimental Section

The following reaction conditions and sampling methods
have been used.

7. Low Pressure Reaction, Sample a. Ozonized oxygen of

high purity (6.5% ozone) and 1-butene were pumped
through a flow tube of 5 cm diameter and 30 cm length at
flow rates of 170 and 50 Torr I min-1, respectively, at a
total pressure of 1.6 Torr. Under these conditions, reaction
products are observed to condense on the reaction tube
walls. The products were collected on a cold finger protrud-
ing into the gas stream at the end of the tube, cooled to
—30° to increase the deposition rate of the products. After
30 min the gas supplies were turned off, and the glass fin-
ger was allowed to warm to ambient temperature under
vacuum conditions to evaporate any products of high vola-
tility. The remaining colorless viscous liquid was directly
applied to the field emitter by the dipping techniquelland
analyzed in the mass spectrometer.

Il.  Reaction at Atmospheric Pressure, Samples b-e.
Butene and ozonized oxygen were each premixed with ei-
ther ambient air of average humidity or with dry synthetic
air, and drawn through a 6-1. glass bulb serving as a mixed
flow reactor at atmospheric pressure. Individual flow rates
were controlled with calibrated flow meters. The air flow
was set at 7.2 1 min-1. Formation of an aerosol was ob-
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Figure 1. A device for the direct impactation of aerosols on the emit-
ter wire of a field desorption mass spectrometer.

served at 13 ml min-1 of ozone and 3 ml min-1 of 1-butene,
but higher flow rates were generally used for sample prepa-
ration, cf. Table I. To collect the aerosol droplets for mass
spectrometric analysis, the aerosol was drawn from the
mixed flow reactor through a plexiglass jet, Figure 1, which
focussed the aerosol directly on the field emitter wire. The
wire potential was kept 4.8 kV negative relative to the me-
tallic brim of the plexiglass jet, which was grounded. In
spite of the rather unsophisticated device, experiments
with cigarette smoke as a test aerosol were successful in
that the field emitter could be heavily loaded with aerosol
droplets within a few minutes, covering the microneedles of
the emitter completely. No damaging of the microneedles
by the air blast has been observed. The collection efficiency
of the device can be increased by improving the geometry
of the jet relative to the emitter wire. No systematic study
of the collection efficiency as a function of the wire poten-
tial has been made as yet.

The reaction of ozonized oxygen with 1-butene in air,
using the mixed flow reactor, was repeated in the presence
of S02 first with air as diluent gas, and second with dry
synthetic air. Addition of S02 caused light scattering by
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Figure 2. The difference Am /e between precision masses, calculated from the measured line positions by an interpolating program, and the
precision masses of proposed ions, plotted as a function of m 7e. Encircled dots are ions of known composition from the reference spectrum.

the aerosol to increase, in ambient air as well as in dry syn-
thetic air, obviously by a reduction of particle size, due to
the enormous increase of condensation nuclei from oxi-
dized SO2. Also, the rate of aerosol removal by wall deposi-
tion seemed to decrease. The aerosols produced in ambient
air and in dry synthetic air, respectively, in the presence of
SO2, were collected on field emitter wires. However, only
the dry sample (e) from the synthetic air experiment, cf.
Table I, was suited for direct mass spectrometric analysis.
Attempts to analyze aerosols from sample c and similarly
prepared samples, after direct precipitation on the emitter,
resulted in rupture of the wire when the high voltage for
ion desorption was applied in the mass spectrometer. This
was attributed either to corrosion by the dilute sulfuric
acid or to discharges caused by sputtering. Instead, the re-
actor walls, which had been already contaminated by con-
densates from previous experiments in ambient air, also
without S02 were flushed with reagent grade acetone. This
solution of the combined products from experiments b and
¢ was concentrated by pumping off the acetone solvent on
the vacuum line, and drying the viscous product in a vacu-
um desiccator over P205 over night. This extract was ap-
plied to the emitter by the dipping technique as sample d.
Reaction conditions, gas flow rates, and collection modes
of the samples prepared at atmospheric pressure are sum-

marized in Table I. The field desorption mass spectrometer
as well as details of the analytical procedure have been de-
scribed in previous publications.ll Mass spectra were re-
corded on vacuum evaporated AgBr plates (lonomet Co.).
Field desorption of nonvolatile material from the emitter in
the ion source was enhanced by electric heating of the
emitter wire. The temperature was slowly increased to
about 80° (12-mA heating current) during the exposure of
the plate.13 The emission dropped to a low level after typi-
cally 12 min. After that, increasing the heating current to
80 mA did not raise the ion current significantly.

Results

The precise relative positions of mass spectral lines on
the photographic plates as well as their intensities were
measured on a home-built comparator system recently de-
scribed.1113 The precision masses were deduced from the
measured line positions relative to those of a field ioniza-
tion reference spectrum of perfluorotributylamine with the
help of an interpolating program on a PDP 8-E computer.
Using the tabulated precision masses for ions of the ele-
mental composition CvHvOz, molecular formulae of the
various ions could be deduced. Sulfur as a fourth element
was taken into account in the case of spectra from samples
d and e. The method is illustrated in Figure 2, which shows
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TABLE 1I: Precision Masses, Molecular Formula, Densitometer Readings, and Proposed Parent Compounds

of lons Observed in the Mass Spectra of Samples a, b, d, and e

Precision Molecular
mass formula
29.003 CHO 50
30.011 ch2 50
31.018 chd 60
29.039 c2h, 43
32.998 ho?2 36
34.005 h,o2 18
42.011 CoH,0 20
43.081 c-h o 40
44.026 c2h bo 52
45.034 CdH joO 60
44.998 cho?2 40
46.005 CH200 50
47.013 ch 3o, 52
56.026 c3h 4o w
57.034 c3h o 46
58.042 c3h o 54
59.050 cs3h ,o 54
60.058 c3h & 34
59.013 c,h3o. 22
60.021 CoH 4o, 52
61.029 CTI.,0, 54
62.037 C2H 0, 25
63.078 c2h 70. 18
70.042 c4h fo 15
71.050 c4h To
72.058 c4h o 18
73.065 csh D 45
73.029 CjH.O. 30
74.037 c3h 602 35
75.044 c3h ,02 52
74.000 c2h 203
75.008 c2h 303
76.016 c,h 403
77.024 C-H.O, 30
86.037 c 4h 602
87.045 c4h 70. 36
88.052 c4h 02 44
89.060 c4h 02 54
92.011 c2h 404
93.019 c2h 504

100.052 CsHsO,

101.060 CaH 0 2 36
102.068 Cr,Hio02 w
103.076 CsHnOo 37
101.024 C4Hso0,

102.032 c4h 603

103.039 cth o3 36
104.047 ch &3 w
105.054 ch D3 42
106.062 C4Hid 3 48
107.070 ch o3 19
105.019 ch D4

106.027 ch o4

107.034 ch o4 12
115.040 ch o3

116.047 ch &3

117.055 ch 3 37

118.063 0,11i;(), 14

119.071 ch ,o3 10

115.076 C«H,,0, 10

117.091 cbth 402 10

121.014 c3h o5

122.022 ch @5

123.029 csh 05

117.019 ch o4

119.034 ch o4 10

120.042 ch &4
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Densitometer readings

30

35
60

10

25
20

35
60

52
10

32

31

52
38

31

52
33

25
16

30

14
30

27
50
15

33
10

Proposed parent compounds (bp, °C)

Fragment of aldehyde, formaldehyde
- H

Formaldehyde (—21)

Formaldehyde + H

Fragment

Fragment (02is not observed!)

Hydrogen peroxide (150.2)

Ketene (—56)

Ketene + H, acetaldehyde — H

Acetaldehyde (20.8)

Acetaldehyde + H

Fragment, formic acid — H (100.7)

Formic acid

Formic acid + H

Methylketene (mp —80)

Methylketene + H, propionaldéhyde
- H

Propionaldéhyde (48.8)

Propionaldéhyde + H

Alcohol?

Acetic acid (117.9), methyl formate
The same + H

Acetaldehyde + HD
Acetaldehyde + HD

Ethylketene

The same + H, butyraldéhyde —H
Butyraldéhyde or ether (75.7)

The same + H

Propionic acid — H

Propionic acid (141)

Propionic acid + H

Formic acid + formaldehyde —cluster
The same + H

Butanoic acid —H

Butanoic acid (163.5) expect in
samples d, e

Butanoic acid + H

Dimer of formic acid, dimer zwitterion

The same + H

Ozonide

Butanoic acid + H2
Butanoic acid + H3
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TABLE Il: Continued

Precision Molecular
mass formula a b
121.050 c4h %4 20 w
129.055 CeH 903
133.014 CeH 1103
131.034 csh 704
133.050 c5h %4 12 w
134.058 cs5h,o04 40 20
135.066 CsH 1204 8
138.016 Cslieos
145.050 ceh %4
147.066 ceh ,o04
151.024 c4h 706
152.040 CsHDes
153.040 c4h 206
161.045 ce6h 9.
179.056 ceéh, 06
191.056 CjHnOe
199.024 ceh 706

d
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Densitometer readings

e Proposed parent compounds (bp, °C)

TABLE I1I: Sulfur Containing lons in the Mass Spectrum of Sample e

Precision mass Molecular formula

63.962 SO-

97.967 h-so4

98 975 H3S04

110.975 SO- - C/H.302
so, + CH,0

124,991 SO- + C.HsO-
so., + C.H.,0

155.002 S0. + ¢c,h o,
S0, + ¢c,hTo-

155.973 sS0- + c,hd4
s0. + c.h b,

156.981 S0. + ¢c.h,04
so, + c¢c,ho.

Densitometer reading of organic
part of ion, from Table Il

Densitom reading” column e

W eak

40 (32%)

32 (12%)

12 60
62

8 35
55

10 Not observed
40

15 (weak") 22 (89)
50 (50")

20 (weak) 8 (Not observed")
35 (15")

" Densitometer readings of ions which are also observed in the mass spectrum of sample d are given in brackets.

the deviations of precision masses (dots) of ions proposed
for the mass spectrum of sample e, and of known reference
masses (encircled dots) from the calculated precision mass-
es as obtained by interpolation, plotted as a function of
m/e. The identification is considered correct when the de-
viations fall, within experimental scatter of less than +5
millimass units, on a smooth line.

Mass spectra obtained from the analysis of samples a, b,
and d, as explained in the Experimental Section, are plot-
ted in Figure 3 for comparison. The mass spectrum of sam-
ple e has been omitted. It resembles the spectrum d rather
closely, except from being more intense, cf. Table Il. The
peak heights are drawn proportional to the densitometer
readings. Whenever more than one line was observed at a
nominal mass position, this has been indicated by an aster-
isk. The peak height, in these cases, gives the intensity of
the strongest line. The spectra in Figure 3 include mass
numbers up to m/e 150. Considerably higher mass num-
bers, some with high intensities, appeared in the spectra of
samples a, d, and e (highest observed m/e values were 269
for sample a, 392 for sample d, and 287 for sample e), indi-
cating the presence of high molecular weight compounds or
clusters, in accordance with the low volatilities of the aero-
sols.

The elemental composition of the observed ions C*HvOz
in samples a, b, d, and e are listed in Table Il. lons of very

low intensity (optical density <4) have been omitted. Sul-
fur containing ions are listed separately in Table I1l. The
densitometer readings are included in the tables as a mea-
sure of the relative intensities. The ordering in Table 11 is
basically by increasing mass number, however, groups of
ions with constant numbers of carbon and oxygen atoms
are lumped together to faciliate an overview of the results.

Acetone is injected into the mass spectrometer at the
start of every analysis for emitter adjusting purposes.
Therefore, a low intensity background line at m/e 58
(C3HeO+) might be expected from this procedure which
does, however, not account for the very high intensity of
this ion in the spectra of Table Il. Sample d does of course
contain acetone from the elution process.

Discussion

Our findings, summarized in Tables Il and 111, have to be
discussed in the light of previous analyses of olefin-ozone
reaction products, among these a recent study by Pitts, et
al, 15 who detected stable intermediate products in a low
pressure flow tube coupled to a photoionization mass spec-
trometer. The vapor pressures of the ozonolysis products of
1-butene, cf. the boiling points listed with the identified
products in Table I, are generally high at room tempera-
ture, in contrast to the observed low evaporation rate of
several types of condensates and aerosols, even at 10-5
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Figure 3. Field desorption mass spectra of condensable products and aerosols from the reaction of ozone with 1-butene, samples a, b, and d;

see text and Table | for details of sample preparation and collection.

Torr in the ion source. This observation as well as the pres-
ence of complex ions in the higher mass region leads us to
the conclusion that the vapor pressure of the aerosol is re-
duced by structures of high molecular weight, probably
condensates or aggregates of aldehydes and acids held to-
gether by strong hydrogen bonds, which also give rise to the
high viscosity, and reduce the activities of otherwise vola-
tile products in the solution. This is in accordance with
Cvetanovic’s observation of “free” and “bound” carbonyl
products.2

On attributing parent compounds to the various ions
listed in Table 11, allowance had to be made for a number
of reactions commonly observed in field desorption work,
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such as formation of (M + H)+ ions due to protonation.1l
The relatively high (M-H)+ ion intensities may be taken as
further evidence of strong intermolecular bonding.16 More
complex reactions (formation of cluster ions, e.g., addition
of H30+, especially in sample a), may in part account for
some of the ions in the higher mass range. No parent ions
were proposed whenever the number of isomers consistent
with the elemental composition of an ion was too great to
make a decision. We are, however, confident on the basis of
recent experiences with complex mixturesi2 and biopoly-
mers,13,16 that these ions are not accounted for by fragmen-
tation or pyrolysis of a polymer. The high oxygen content
of all ions is evidence against simple chain polymerization
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of the olefin, stressing the importance of secondary reac-
tions of oxygen-containing primary products, including
zwitterions.

Several of the products listed in Table Il confirm the
findings of other investigators. Formaldehyde, acetalde-
hyde, propionaldehyde, but only traces of butyraldehyde
have been detected by Cvetanovic.2 Formic acid was also
identified in that study, but no analysis for other acids was
carried out. Ketenes as products of other olefins were re-
ported by Scott, et al.,17 and by Pitts, et al.15 The abun-
dance of formic acid and propionic acid is evidence in favor
of a rearrangement of the “zwitterion” or biradical into car-
boxyl compounds, probably via a cyclic peroxidic struc-
ture, which has been calculated to be energetically favor-
able.18 The rearrangement of zwitterions into acids is ex-
pected to be favored at high pressures. Accordingly, ex-
tremely low acid yields, but high CO yields, have been re-
cently observed in the ozonolysis of propene at 22 mTorr
total pressure.19 The abundance of C2 products, such as ac-
etaldehyde, acetic acid, and ketene, stresses the importance
of abnormal ozonolysis reactions, €.g., splitting of the pri-
mary ozone-olefin complex of 1-butene into C2 fragments,
or degradation of the C3 zwitterion.

The most reasonable interpretations of the ions C2H20+,
C3H40+, and C4HBO+ in Table Il are ketene and its homo-
logs, which may be derived from the acids or their zwitter-
ion precursors by loss of one water molecule. These ions are
in fact most abundant in the spectrum of sample e which
was produced under anhydrous conditions, and contained
sulfuric acid as a dehydrant.

H202is an interesting product, since HO2 radicals are its
most probable precursors, and these are also important oxi-
dizing chain carriers in photochemical air pollution. H202
was, however, only detected in the low pressure experi-
ment, in agreement with Pitts, et al.,15 being absent at at-
mospheric pressure. The weak HO02+ ion in sample e is
probably due to fragmentation of a peroxidic compound.
The absence of H202 at high pressures may be accounted
for by collisional stabilization of a HO2 precursor which de-
composes at low pressures.

The presence of an ozonide among the products cannot
be excluded on the basis of our data, but this is certainly
not an important stable product. The C4HgO:+ ion can
equally be accounted for by an a-keto-hydroperoxide
which was proposed as a relatively stable precursor of some
ozonolysis products.20

Table 111 lists all sulfur containing ions which have been
detected in sample e, some of which were also present in
sample d. Most intense are the ions H2S04+ and H3SO4L;
providing direct evidence of free sulfuric acid production in
this system. Since S02 does not react with pure ozone,1'8
the oxidizing agent must be a product of the ozone-olefin
reaction. So far, no intermediate products of this oxidation
process have been reported in the literature. Table Il in-
cludes five sulfur containing organic ions. These cannot,
however, be attributed to stable derivatives of sulfuric acid
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or sulfurous acid. In Table Ill, these ions have been for-
mally split into S02 + CxHyOz, or SO3 + C/~HyOi,
where the organic formula implies only a residue. It is
found that most of the organic residues, preferentially of
the type CxHyO0 2- 1, are also observed as separate ions of
high intensity in the spectra. One might speculate that
CH3S04+ (m/e 110.957) and C2H5S04+ (m/e 124.991) are
protonated addition products of S02 and the zwitterions
CH2 0 or C2H400, respectively, thus providing direct evi-
dence of intermediary reaction products in the system.
These and other mixed ions in Table Il may likewise be
interpreted as mixed anhydrides of sulfurous or sulfuric
acid with formic, acetic, and propionic acid, but a more de-
tailed discussion seems not warranted on the basis of the
available information.
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The optical absorption spectra of the alkali metals Na, K, Rb, and Cs in binary solutions of ethylenedi-
amine and hexamethylphosphoramide were studied at room temperature. The maximum of the spectrum
of esoi~ was found to be located between the reported maxima in the pure solvents, and its position was de-
pendent on the composition of the binary solution. The peak position for the M * species was found to be
dependent on both the metal and the solvent composition. A correlation of the absorption maxima of all
species with dielectric properties was found. The spectra of Na-, K~, Rb-, and Cs- obey criteria of a
charge-transfer-to-solvent transition. The high-energy sides of the es,, r spectra were found to be consis-

tent with bound-continuum transition.

Introduction

The physical and chemical properties of alkali metal so-
lutions in polar solvents have been extensively studied by
numerous investigators.2-15 Metal-amine solutions (except
Li) appear to contain at least two species: solvated elec-
trons (including ion pairs of solvated electrons) and a dia-
magnetic species, identified as M-.914'16 Solutions result-
ing from the dissolution of the alkali metals (except Li and
Na) in ethylenediamine (EDA) exhibit optical absorption
spectra with two absorption maxima.215 The location of
the peak in the visible-near-infrared region (M band) is de-
pendent on the metal, whereas the peak in the infrared re-
gion (S band) is independent of the metal, and occurs at
1280 nm2'15 (no ir peak has been observed for Na). Optical
absorption spectra exhibiting two maxima were reported
for alkali metal-hexamethylphosphoramide (HMPA) solu-
tions.617 The absorbing species responsible for the S band
in metal-EDA solutions has been identified as the solvated
electron, esor, and this assignment was further substan-
tiated by the pulse radiolysis method.18 Moreover, the as-
signment of the 2200-2250-nm peak (S band) in HMPA as
an absorption due to the solvated electron has been verified
by a number of investigators.617'19'20

Studies of alkali metals dissolved in binary solutions of
ethylamine-methylamine8 and ethylamine-ammonia2l
have recently been reported. The M band observed in these
mixtures was identified as a charge-transfer-to-solvent ab-
sorption of the M- species.821 However, the extensive over-
lap between the M and S bands in the latter binary system
did not allow quantitative analysis of the M band as a func-
tion of composition.2L

Using the pulse radiolysis method, the optical spectra of
solvated electrons have been studied in a number of binary
systems including alcohols-alkanes,22 ether-EDA 232
H20-NH 3,175 H20-EDA,17 H20-THF,24 H20-alcohol,26
and EDA-HMPA.20 In all cases, the solvated electron ab-
sorption peak position in the binary mixtures was interme-
diate to those in the pure solvents.

This study was undertaken to examine the optical spec-
tra of solutions of alkali metals in mixtures of ethylenedi-
amine and hexamethylphosphoramide as a function of
composition and dielectric properties of the solvent system.
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Experimental Section

The alkali metals were obtained in highest purity from
the following sources: Na, K, and Rb from the United Min-
eral and Chemical Corp.; Cs was a gift from the Dow Chem-
ical Co. The metals were further purified by a high vacuum
distillation process described elsewhere.2

Ethylenediamine (Matheson Coleman and Bell, 98-
100%) was purified by a fractional freezing process,27 then
refluxed in a dry nitrogen atmosphere to aid in the removal
of ammonia, and finally distilled in vacuo onto Na-K alloy.
The EDA immediately formed a deep blue solution which
discharged its color after several days. The middle fraction
of the bleached solution was then distilled onto a mirror of
distilled Na-K. Several days later, the EDA was distilled
into glass breakseal tubes and stored. Hexamethylphospho-
ramide (a gift from the Dow Chemical Co.) was purified by
a procedure similar to one described elsewhere,6and stored
in breakseal tubes. Both solvents were prepared and used
for spectra determinations using high vacuum techniques
in a borosilicate glass system, without the use of ground
joints or stopcocks. Mixtures of solvents were prepared
from volumetric amounts of the pure solvents contained in
the calibrated breakseal tubes. All glassware (except opti-
cal cells) was cleaned following a reported procedure.26

For the optical measurements, borosilicate absorption
cells of 0.10-mm nominal path length (American Instru-
ment Co.) were sealed to a borosilicate apparatus similar to
one described previously.6 It was constructed to allow ex-
amination of the blue solutions separated from any undis-
solved metal. A Cary 17 recording spectrophotometer was
used to record the optical absorption spectra from about
300 to 3000 nm. A matched cell containing purified solvent
in vacuo was placed in the reference beam. All measure-
ments were made at room temperature (~25°). A WTW
Diplometer DMOI (Kahl Scientific Instrument Corp.)
equipped with MFL 2/s and MFL 3/s cells28 was used to
determine the static dielectric constants of pure solvents
and binary mixtures at 2 MHz and 25.0 + 0.1°. Refracto-
metric measurements on these solvents were made using an
Abbe refractometer (Bausch and Lomb Corp.) at 25.0 +
0.1°.
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TABLE I: Summary of Spectra Data

Mole

frac- ) Static  Refrac-
tion Absorption max in mixtures of EDA and HMPA, cm*1 Width at half- dielectric  tive

of _ height for ~ constant  index
HMPA e,0- Na- K« Rb* Cs* e~ cm*“1 D, no
1.00 4550 + 100» 13,330 + 901 10,750 * 606 10,310 + 806 9000 + 1206sh 3600 + 300 28.8 1.4570
0.72 4870 + 130 13.660 + 90 10,930 + 60 10,530 = 80 9100 *+ 130 sh 4150 + 300 23.9 1.4557
0.52 5260 + 140 13,930 + 100 11,110 % 60 4500 + 400 20.6 1.4552
0.51 5290 + 140 13,990 + 100 11,240 + 60 10,750 + 90 9470 + 130 sh 4600 + 400 20.4 1.4551
0.33 6100 + 190 14,410 + 100 11,360 = 60 10,930 *+ 90 5100 + 600 17.5 1.4545
0.19 6450 £ 210 14.660 * 110 11,550 + 70 11,110 = 90 9600 + 120 5800 + 400 15.6 1.4540
0 7810 + 310 15,150 + 115 11,330 + 70 11,240 + 100 9700 +110 6800 = 500 13.0 1.4533

“Estimated average error from

three or more scans for each metal. hEstimated average error from three or more scans

CEstimated average error from spectra of sodium and cesium metals.

Wadeagh (mx10 9

Figure 1. Optical absorption spectra of sodium metal in pure HMPA
(—), pure EDA (------ ), and a binary mixture of 51 mol % HMPA
(-----)at 25°.

Results and Discussion

A summary of the absorption maxima observed is given
in Table 1. The positions of the absorption maxima were
difficult to define precisely because of the broad half-
widths (3750-6500 cm-1). The values of the dielectric con-
stants and refractive indices given in Table | were obtained
by interpolation, since these parameters were found to be
monotonic functions of solvent composition.

Spectra were evaluated by plotting A/Amex vs. wave-
number. This method allowed for a comparison of solutions
of varying concentrations.2 The spectra were corrected for
decomposition during the scan, since the decomposition
was found to be a smooth function of time. The rate of de-
composition varied with the metal. Sodium solutions were
most stable, at times taking as long as 24 hr to discharge
the blue color. Potassium and rubidium solutions had an
average half-life of 1 hr, whereas cesium solutions bleached
within 1 hr. In all cases, M bands decomposed more rapidly
than the infrared peaks for the metal solutions in the bina-
ry solvent systems.

Figure 1 shows representative absorption spectra for so-
dium in pure EDA, pure-HMPA, and mixture of 51 mol %
HMPA in EDA. Some features are particularly important.
The solvated electron and Na* absorption bands in the bi-
nary mixture are located between the corresponding maxi-
ma in the pure solvents. Overlap of the bands is minimal,
facilitating analysis of the bands. The relative intensity of
the solvated electron absorption increases with increasing

HMPA concentration. The same trends were also observed
for K, Rb, and Cs solutions. Unfortunately, except for the

Na solutions, there was extensive overlap of the M and S
bands.

The absorption maxima of the metal solutions as a func-
tion of a solvent composition are shown in Figure 2. The
M* species maxima are linear functions of solvent compo-
sition. It should be pointed out that the position of the Cs*
band was determined from the position of a shoulder. The
shift in absorption maxima for the esor species is shown to
be strongly influenced by the composition of the binary
mixtures. Also, as shown in Figure 2, the same trend in the
shift of the absorption maximum of the solvated electron
with composition in the binary system was observed using
the pulse radiolysis method.20

According to the theoretical interpretation of charge-
transfer-to-solvent (ctts) spectra by Stein and Treinin,20
variation of E mex with changes in solvent is given by the
following expression

. 1 1
¢ = Bx - ro (*‘ 2Ar A,
e (1 1 N ir2me't(

2A,vi Dpt ~W \ Dn

where E x and L x are the respective electron affinity and
solvation energy of the X radical associated with X* ion
undergoing a ctts transition. Dop and Ds are optical and
static dielectric constants of the solvent. Re is the mean
distance of the electron in the excited ctts state and ro0 is
the radius parameter characterizing the ionic cavity. The
important term in the above equation is the third on the
right-hand side30'3L which contains r0. Hence, to the first
approximation the theory predicts that a plot of J5mex vs.
(M + %Dop —1/D9 should be linear. The correlation of the
absorption maxima for the M* species is shown in Figure 3.
Using the method of least squares, values of 2.5 + 0.1, 45 £
0.3,5.0 + 0.5, and 6.5 + 1.4 A were determined for the radi-
us parameter, ro, for Na“, K“, Rb*, and Cs", respectively.
These ro values are in agreement, within experimental
error, with the values estimated by Matalon, et al.,2l and
the trend of increasing ro values from Na“ to Cs*“ is as ex-
pected. Moreover, there is a linear correlation (not shown)
of the absorption maxima of the K*“, Rb*, Cs*, and esor
species with Na*“ which is in agreement with the prediction
of the ctts theory.29 Recently, Fox and Hayon32 have shown
that, there is a good linear correlation for the absorption
maxima of solvated electrons in some 30 different solvents
or solvent mixtures vs. the absorption maxima of the io-
dide ion in the same medium. They concluded that the
electronic transitions of the solvated electron paralleled
those of the ctts transitions of the iodide ion. Thus, Figure
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Figure 2. The variation of composition with peak position: e,

Na ;
,K_;A, Rb~; ¢, Cs*“; 0O, esor; V, esor by pulse radiolysis.1820

\' 2 2DOP Ds /

Figure 3. Plot of Enmex (eV) vs. (1/2 + 1/2Dop - 1/DS) for Na“ (O),
K" (@), Rb* (A), Cs* (0), and eSO (=) in the pure solvents and var-
ious binary mixtures of EDA and HMPA.

3 also shows a correlation of the absorption maxima of esoi*
in the binary mixtures. The radius parameter (ctts theory)

for esoi was found to be 1.7 £ 0.4 A as determined by the

method of least squares.

Figure 4 shows another correlation between the dielectric
properties of the binary solvent system and E mex for es, i,
namely, the function 3= 1/D op —1/DS This parameter ap-
pears in the Landau polaron theory3334 and modified con-
tinuum models.35 It should be noted from Figure 4 that the
correlation is equally linear with  or /2, within experimen-
tal error. These correlations are in contrast to observations
of solvated electrons in a number of other binary
mixtures.233%6

The variation with composition of the half-width of the
absorption bands for Na*“ and esoi“ is shown in Figure 5.
The invariance of the half-width of the Na*“ band with
composition is striking. This invariance could suggest se-
lective solvation by EDA in the binary systems studied.
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Figure 4. Plots of E max for the solvated electron vs. 1/Dop — 1/DS
and (1/Dop — 1/DS)2 for the pure solvents and mixtures.

DopP

Figure 5. Variation of half-widths (W 1/2) for eSO“ (O) and Na*“ (n)
with composition and the relation between half-width and peak posi-
tion for esor, A.

HMPA is known to solvate negative ions extremely weak-
ly.5 Therefore, it appears that the ctts transition for Na“ in
the binary mixtures is characteristic of the transition in
pure EDA as far as half-width is concerned. Unfortunately,
overlap is too extensive to determine the half-width for the
K*, Rb*, and Cs* bands with any certainty.

The variation with composition of the half-width of the
eso]“ band was difficult to determine precisely, due to
broad half-width of the bands and a small dependence on
metal concentration. In spite of these difficulties, the varia-
tion of the half-width of esor with composition is signifi-
cant, Figure 5. This variation is similar to that observed for
eaor in H20-NH i mixtures.18 We also concludel8 that this
variation can not be accounted for by a simple substitution
model based upon a small solvation number for the solvat-
ed electron. Theoretical models, although providing valu-
able insight into the nature of solvated electrons35%7 and
ctts transitions,31 do not account yet for the shape of the
absorption band in any quantitative fashion.38 In a recent
paper, Kestner and Jortner37 discussed possible sources of
line broadening which included medium polaron modes,
contribution of several types of cavities, and distortion of
the cavity from its spherical shape. On the other hand,
Lugo and Delahay38 were successful in a phenomenological
fitting of the solvated electron spectrum in HMPA by sup-
erposition of four gaussian distributions and one bound-
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0.51 mole fraction HMPA. « and O represent Cs and Na metal in
0.72 mole fraction HMPA.

continuum band. Unfortunately, their resolution of the
esoi band in EDA is tentative due to insufficient experi-
mental data. Moreover, convincing experimental evidence
has been recently presented that the spectra obtained for
Na-NH3 solutions and for Na-NH jNal solutions fulfill
the expectations of a two absorber model.39 In Figure 5, the
linear correlation of the absorption maxima to the half-
width is to be noted. This correlation indicates that what-
ever property (or properties) affects the absorption maxi-
mum of esoi~ in the binary system has a similar effect on
the half-width. From the above discussion, many factors
are suspected to contribute to line shapes. The results
shown in Figure 4 and 5 suggest that for this particular bi-
nary solvent system, medium polaron modes are important
factors in determining peak position and half-width. This,
however, does not rule out the possibility that the observed
es,,r band in the HMPA-EDA mixtures is a superposition
of two or more bands and that energy levels, band ampli-
tudes, widths, etc. associated with one or more of these
bands are characterized by the dielectric properties of the
media.

Delahay40 has shown that plots of experimental absor-
bances in the high-energy tail of esor os. E “8:t should give
a straight line passing through the origin. Such linear plots
have been presented by Lugo and Delahay38 for the solvat-
ed electron in a number of solvents including HMPA. Fig-
ure 6 shows plots of A/A mex vs. E* 8/ for esor in two bina-
ry mixtures. The linearity of these plots should be noted
and these results suggest a bound-continuum transition.38
We also noted (not shown) plots of mole fraction of HMPA
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0s. E max~8/3 were linear for Na~, K*“, Rb*“"' Cs*, and esor. It
is hoped that the experimental results presented here will
be helpful in the future development of better theoretical
understanding of solvated electrons.
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Tetraphenylporphine (TPP), tetraphenylchlorin (TPC), tetraphenylbacteriochlorin (TPBC), the Zn, Cu,
Ni, and Co complexes of TPP, and Fe(l11)TPPCI were studied in n- octane matrices. TPP was also studied
in matrices of Ar and SF6. Fe(Il)TPP was isolated by the Knudsen deposition technique from Fe-
(INTPP(piperidine)2. None of the tetraphenylporphines in any of the matrices studied exhibited the sharp
absorption peaks or quasilines reported for porphines, tetrabenzporphines, and phthalocyanines. Calcula-
tions show that quasilines arising from metalloporphyrin pair splitting are probably not observable under
the conditions of our experiments at 23°K. The matrix spectra of Fe(l11)TPP are interpreted in terms of in-
teractions with host molecules, Ar, n- CgHxg, O2, N2, and NH3.

Introduction

In a previous paperl we reported results of our absorp-
tion spectral study of matrix-isolated porphine, zinc por-
phine, and copper porphine. The matrix spectra exhibited
many features which were absent in the room temperature
solution spectra. Similar effects had been reported for
phthalocyanines and tetrabenzporphines.2 These results
were interpreted in terms of metal porphine pair formation
and the resulting Davydov splitting of the excited states. In
this paper, we report the results of our study of matrix-iso-
lated tetraphenylporphines (TPP) in matrices of n- octane,
argon, and sulfur hexafluoride. Also, we have isolated a fer-
rous tetraphenylporphine with no axial ligands, and have
recorded spectra in oxygen, nitrogen, ammonia, and the
above three matrices.

Expermental Section

The Knudsen deposition technique employed in these
experiments and the method of taking the absorption spec-
tra were described previously.l Tetraphenylporphine was
prepared and purified by the method of Adler, et ali
Metal tetraphenylporphines were prepared and purified by
a previously reported method.4 meso- Tetraphenylchlorin
was prepared as follows. To 100 ml of pyridine were added
1.0 g of TPP and 1.00 ml of N2H4-H20; 3.00 ml of 30%
H202 solution was added dropwise over a 10-min period.
The solution was refluxed for 35 min, then placed in a re-
frigerator overnight. The solvent was evaporated under
vacuum; the residue was dissolved in about 200 ml of chlo-
roform and chromatographed on a column (d =25 cm, h
= 35 cm) of basic alumina. No distinct fractionation ap-
peared on the column but pure tetraphenylchlorin (TPC)
comes off in the first few fractions followed by fractions
progressively richer in TPP. Visible absorption spectra
were taken of all fractions and those whose absorbance at
650 nm was 5 to 7 times greater than at 598 nm were com-
bined and rechromatographed. Fractions from the second
chromatography whose visible spectrum agreed with the
literature5 were combined and the TPC was precipitated
by gently boiling off the chloroform while methanol was
slowly added. Approximately 250 mg of pure TPC (25%)
was obtained, meso-Tetraphenylbacteriochlorin (TPBC)
was prepared by the method of Whitlock, et al .6 The bipip-
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erdine complex of Fe(lI)TPP was prepared by a method
described by A. D. Adler in a private communication.
Fe(11)TPPCI (0.5 g) was dissolved in 50 ml of piperidine at
room temperature. The solution was allowed to stand for
10 min; then the piperidine was removed under vacuum
leaving pure Fe(l11)TPP(piperidine)2. The Mossbauer spec-
trum of the material agreed with that in the literature.7 We
could detect no Fe(l11)TPPCI by ordinary chemical and
spectral examination.

Results

The results of the study of TPP, tetraphenylchlorin
(TPC), and tetraphenylbacteriochlorin (TPBC) are sum-
marized in Table | and Figure 1. TPP, its reduced deriva-
tives, and its metal derivatives (Zn, Cu, Ni, Co, Fe(ll), and
Fe(111)CI) were all studied in a n- octane matrix. TPP was
also studied in matrices of argon and sulfur hexafluoride.
No quasilines were observed for any of the above com-
pounds under any of the conditions used in this study. The
bands are sharper in the matrix spectra than in the room
temperature solution spectrum, and they broaden with in-
creasing temperature as would be expected. For compari-
son, the bandwidth at half-maximum for Qx(0-0) of TPP
in benzene solution is approximately 20 nm, while it is 3
nm in an agron matrix at 23°K.

Shoulders did appear in the TPP spectrum in the Ar and
SF6 matrices. There is a shoulder to the red of the 420-nm
peak which may indicate a splitting of the main transition.
The Qy (1-0) band has a definite shoulder to the blue when
recorded in an Ar matrix. In the SF6 matrix-isolated sam-
ple, this shoulder and one to the red of Qx(1-0) were pres-
ent. These results seem to confirm the contention of many
that the visible bands observed in solution spectra at room
temperature are merely envelopes of several vibronic tran-
sitions.

The peak positions for TPP and its reduced derivatives
were independent of deposition temperature and mole
ratio in the region 500:1 to 5000:1. For TPP in octane with
mole ratios less than 500:1 there appears to be a red shift as
the concentration of TPP increases. This would be expect-
ed; the TPP thin film spectrum which was recorded in this
study, in agreement with that reported by Assour,8 shows
peaks to the red of those observed in benzene solution or in
the other matrices used in this study. Therefore, as the
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TABLE I: Matrix Isolated TPP, TPC, and TPBC
Compd; matrix; temp, °K; Wavelength, Half-Width, nm
mole ratio Band nm 77°K 135°K Remarks
TPP; octane; 77, 135; “400” 400.0 7.0 8.5
2500:1 Soret 420.0 19.0 22.0
“480” 482.0 12.0 13.0
W(Oi; 515.5 18.5 19.0
V(00 551.5 14.0 16.0
Qx(oi) 585.0 9.0 10.5
Qx(00) 646.0 9.0 10.0
TPP; argon; 23; 394.0 2.5
3000:1 412.0 10.0
blue shd
510.0 15.0
544.0 8.0
585.0 6.0
645.0 3.0
TPP; SF6 23;
3000:1
475.0 10.0
510.0 15.0 blue shd
541.0 10.0
585.0 8.0 red shd
645.5 6.0
TPC; n-octane; 77, 135; “400” 403.0 9.0 9.5
2500:1 Soret 421.0 14.0 16.0
Qi(01) 516.5 17.0 20.8
Qx(00) 547.5 16.0 16.5
Qv(oi) 592.0 10.0 11.0
Qv(00) 650.5 10.0 12.0
TPBC; n-octane; 77, 135; 353.6 10.5 11.0
3000:1 377.0 8.4 10.0
520.5 17.0 17.5
723.8 9.5 11.0
TABLE II: (Metal)TPP (n-Octane Matrix)
Compd: Wavelength, Half-width, nm
mole ratio nm 77°K 135°K
ZnTPP; 404.8 8.0
4000:1 427.0 14.0
555.0 20.0 25.0
595.0 9.0 11.0
CuTPP; 393.0 7.5
3500:1 418.4 135
539.0 20.0 22.0
577.0 10.0 10.5
NiTPP;
4000:1 420.0 14.5
519.0 15.0 175
551.0
CoTPP 420.0 16.0
536.0 20.0 23.0
572.0
Fe(111)TPPCI 409.0 14.0
513.0 15.0
Figure 1. Absorption spectra of matrix-isolated TPP: (1) SFeé matrix, Fe(I)TPP 421.0 18.0
23°K, 3000/1; (2) Ar matrix, 23°K, 3000/1; (3) n-octane matrix, ggg-g 1g-8 lér)'so

77°K, 2500/1.

concentration of TPP increases, TPP-TPP interactions
become stronger and cause the red shift, as observed in the
thin film. There are clearly two bands in the Soret region of
the TPP and TPC matrix spectra, at about 420 and 400
nm.

The results of the study of metal TPP’s in n- octane ma-
trices are summarized in Table Il and Figure 2. Again the
peak positions were independent of deposition temperature
and mole ratio in the region 500:1 to 5000:1. The absorption
bands are sharper than in the room temperature solution

spectra and broaden with increasing temperature as ex-
pected. Trends observed in the room temperature solution
spectra still remain in the matrix spectra. There were no
extra bands as observed by Lucia, et al.,9 for copper
phthalocyanine isolated in an argon matrix. The metal
TPP spectra show no quasilines as were reported by Baje-
ma2 for free base and metal phthalocyanines and tetra-
benzporphines in argon matrices, and by usl for metallo-
porphines in Ar, SF6, and n- octane matrices.

The Fe(I1)TPP was obtained when the Fe(I1)TPP(piper-
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Figure 2. Absorption spectra of MTPP’s 77°K: (1) ZnTPP, n-octane
matrix, 4000/1; (2) CuTPP, n-octane matrix, 3500/1.

idine)2 complex was heated to 300° in the Knudsen cell. (A
similar result was reported for MnTPP complexes.)10 Sev-
eral observations support the contention that Fe(ll)TPP
has been isolated. During the out gassing before deposition
was begun, there was always a sharp increase in the system
pressure from about 10-5 to 10-3 Torr; then just as sharply,
the pressure dropped. This step increase then decrease in
pressure was not observed during the out gassing of any of
the other porphyrins in any of the other experiments. The
visible spectrum of Fe(l1)TPP in n-octane at 77°K has an
absorption maximum at 542 nm and a very weak one at 589
nm. The energy spacing between these two peaks is ap-
proximately 1200 cm-1 which is the spacing observed be-
tween the Q(0-0) and Q(0 1) bands of Zn(lI)TPP and
Cu(I)TPP as well as other simple metal porphyrins. If the
system is allowed to warm to room temperature after the
spectrum of the matrix isolated sample is recorded, and
opened to the atmosphere, the visible spectrum of the film
remaining on the target has a broad maximum at about 550
nm. The benzene solution spectrum of the film washed
from the target window agrees with that reported by Do-
rough, et al., 11 for the Fe(111)TPPOH complex, the expect-
ed product of air oxidation of Fe(l11)TPP.

Once the identity of Fe(Il1)TPP was established, it was
studied in matrices of Ar, NH3, O2, N2, and n-octane. The
visible region exhibits one or two relatively broad bands de-
pending on the matrix. In argon at 20°K there is a single
band with a maximum at 521 nm. Another band in the re-
gion of 560-570 nm develops and increases in intensity as
we proceed from Ar through n- octane, N2, 0 2, to NH3. We
shall refer to the longer wavelength band as band I and to
the shorter wavelength as band II.

Discussion

For TPP the bands in Ar are shifted to the blue of those
in n-octane and slightly to the blue of those in SFg. Baje-
ma2found that the Soret band of copper octaethylporphine
isolated in an argon matrix was to the blue of the Soret of
the same compound in a methane matrix. A detailed treat-
ment of spectral shifts in matrix-isolation spectroscopy has
been developed by Robinson.12 The theory is quite compli-
cated, but the one simple generality that can be drawn
from the theory is that for simple matrices, the blue shift
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Figure 3. Absorption spectra of Fe(Il)TPP at 23°K: (1) Ar matrix,
2500/1; (2) n-octane matrix, 3000/1; (3) N2 matrix, 3000/1; (4) 02
matrix, 3000/1; (5) NH3 matrix, 3000/1.

TABLE Ill: Matrix-Isolated Fe(I1)TPP

Matrix; Wave- Half-
Temp, °K; length, width,
mole ratio nm nm I, 11 Remarks
NH3 23; 430.0 30.0
3000:1 537.0 20.0 0.63
567.5 13.0
NH,; 77;
3000:1 537.0 20.0 0.62
567.5 13.0
Ar; 23; 400.0 25.0
2500:1 521.0 15.0 0.00
0:;23; 407.0 28.0
3000:1 519.0 35.0 0.22 shd, 538
576.0
N2 23; 410.0 28.0
3000:1 524.0 28.0 0.05
Octane; 23;
3000:1 542.0 32.0 0.05
588.5 6.0

should decrease with increasing host size. Thus, our results
and Bajema’s results are in agreement with this aspect of
Robinson’s theory.

In the Soret region of the TPP spectrum, one is tempted
to identify the 400-nm band with the oppositely polarized
Soret transition predicted by the theory.13 This band is
probably masked by the more intense 420-nm Soret band
in room temperature solution spectra where the latter is
much broader. However, the 1200-cm_1 energy spacing be-
tween the two bands is approximately equal to the spacing
between the vibronic bands in the visible spectrum. The
400-nm band is also present in the spectra of ZnTPP and
CuTPP in octane matrices (see Figure 3). Since there is
only one doubly degenerate Soret transition in metal por-
phyrins of D*h symmetry, the 400-nm band must be a vi-
bronic of the Soret transition in the metal TPP’s. However,
one cannot dismiss it as vibronic in the free base spectra,
especially in light of the polarization study reported by
Anex and Umansl4 on crystalline TPP. They examined the
polarization in the reflectance spectra and found two mu-
tually perpendicular polarizations in the Soret region. The
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Figure 4. Potential curves. Sketches indicate relative orientation of
porphine planes.

broadness of the two bands prevented resolution into two
distinct peaks but the y-polarized absorption appeared
around 400 nm while the X-polarized absorption was
around 420 nm. Thus in the free base spectra, the 400-nm
band may be By(0-0) or an overlap of By (0-0) and Bx(I-
0). With this in mind, several attempts were made to an-
neal samples hoping to reveal a split or shoulder but noth-
ing was found. The band is much sharper in argon but still
no splitting or shoulder is noticeable.

Following the procedure described previously,! we calcu-
lated stable geometries for metal TPP pairs. The results
are shown in Figure 4. The most stable structure has the
porphine planes parallel, 5 Abetween centers and twisted
45° to minimize steric crowding of the phenyl groups. This
twisting appears to lower the energy by about 11 kcal/mol
(structure 2 in Figure 4). The second most stable structure
occurs at 9 Adistance between centers with the porphine
planes mutually perpendicular (structure 3 in Figure 4). A
45° dihedral angle between the porphine planes gives a less
stable structure. For the intense Soret transition for which
the dipole-dipole approximation! should be adequate, we
calculate a Davydov splitting +1518 cm-1 for structure 2,
and £184 cm-1 for structure 3.

All absorption peaks observed in this work are about an
order of magnitude broader than those observed previously
for porphine and its copper and zinc derivatives.1 The 184-
cm_1 splitting for structure 3 would not be detectable and
the +1518-cm_1 splitting for structure 2 should be but we
did not observe it. In our earlier pair potential calculations
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for porphinel a stable structure was predicted which would
have a spectrum similar to that observed experimentally in
several different matrices indicating that guest-host inter-
actions could not have significantly affected the geometry
of the pair. In the case of TPP and its metal derivatives,
the bulky phenyl groups which may be appreciably twisted
with respect to the porphine planel5'l6 may make guest-
host interactions much more significant so that no pairing
may be occurring or one of the less stable configurations
(structure 3, 4, or 5) may now be the most stable. Such a
structure would result in a splitting too small to be detect-
ed.

Several theoretical calculations on iron porphyrins have
been reported.17' 20 The work of Pullman, et al., and Ohno,
et al.,, is limited since their calculations made use of a lim-
ited set of basis orbitals. Gouterman, et al., improved the
calculation by including all valence orbitals of all atoms.
Several ferrous and ferric porphine complexes with other
ligands were also treated and the effects of planarity of the
Fe porphyrin were also investigated. The uncomplexed fer-
rous compound was calculated to have a triplet ground
state if planar and a quintet ground state if nonplanar (Fe
atom about 0.4 Aout of plane). The calculations predicted
no stable complex with molecular nitrogen, and a low spin
complex with H20. Two oxygen complexes were predicted,
high spin with the 0-0 axis perpendicular to the porphine
plane (calculated to be unstable) and low spin with the O-
O axis parallel to the porphine plane.

Low spin complexes typically have two rather sharp
bands in the visible spectrum, while high spin complexes
exhibit a broad diffuse absorption in visible with one or two
poorly defined maxima, the most intense occurring around
550 nm.20 The argon matrix-isolated sample should corre-
spond to the unliganded form and it does exhibit a broad
diffuse absorption in the visible. With the expected blue
shift, the spectrum is remarkably similar to that of deoxy-
hemoglobin or myoglobin.2l Similar results were observed
in the n- octane matrix, as would be expected. Ammonia is
a strong ligand and one would expect formation of a low
spin complex; thus there are two distinct absorptions in the
visible for the ammonia matrix-isolated sample. The spec-
trum is quite similar to that of low spin carboxyhemoglobin
or myoglobin.2l The oxygen matrix spectrum shows a broad
absorption characteristic of high spin complex (maxima at
519 nm) with a shoulder at 538 nm and a peak at 576 nm
characteristic of a low spin oxygen complex (0-0 axis par-
allel to porphyrin plane) and either the high spin unligand-
ed Fe(II)TPP or the oxygen complex with the 0-0 axis
normal to the porphyrin plane. Only the low spin oxyhemo-
globin has been observed, but in the oxygen matrix the
oxygen crystal lattice may force formation of the less stable
high spin complex. The N9matrix spectrum suggests that a
very weak high spin complex is obtained.
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Quenching of electronically excited benzil and ruthenium(2,2,-bipyridine)n2+ by dé metallocenes of Fe, Ru,
Os, and Co has been investigated. Consistent with quenching by electronic energy transfer, the quenching
rates correlate with the position of the lowest accessible triplet state in absorption in the metallocene com-
pared to the excitation energy available in the donor. Luminescence from pure solids of ruthenocene and
I,I'-diacetylruthenocene at 25°K has been measured and the emission maximum at ~17,000 cm-1 is red
shifted by nearly 10,000 cm-1 from the first singlet -» triplet absorption maximum. The emission intensity
in each case is temperature dependent and for ruthenocene both lifetimes (127 psec at 28°K) and quantum
yields (0.027 + 0.005 at 28°K) have been measured revealing that the decreasing emission efficiency at
higher temperatures is due principally to a faster rate of nonradiative decay. The structured emission of
ruthenocene shows two vibrational progressions separated by 162 + 10 cm' 1 with vibrational spacings of
327 + 10and 340 + 10 cm-1 associated with the ring-metal stretch found at 330 cm-1 in the Raman.

Since the geometrical structural characterization of fer-
rocene in 19521investigations of the electronic structure of
metallocenes have been numerous,2-6 and it is now estab-
lished2 that the lowest excited states of the d6é complexes
are ligand field states. Even so, important aspects of the
photochemical and photophysical behavior of these sub-
stances remain unresolved.7 The effective energetic posi-
tion of the lowest excited state is key to further progress in
understanding the excited state chemistry. Ferrocene itself
has been the object of most detailed studies and it now ap-
pears that early literature reports3'8 of its luminescence
are in error.8 The quenching ability of ferrocene has also
created some interest in that anthracene triplet excited
states (triplet energy, Et = 14,700 cm-1)9 are deactivated
by ferrocene at a diffusion-controlled ratel0 even though
the lowest singlet —»triplet absorption maximum in ferro-
cene is at approximately 18,600 cm-1.2

We have undertaken two lines of investigation to begin
further characterization of the lowest excited states in me-
tallocenes: (1) determination of the quenching ability of
several metallocenes having large variations in excited state
energy in comparison to the donor and (2) study of metal-
locenes which are found to luminesce upon optical excita-
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tion. In this report we describe our results for several me-
tallocenes of the d6electronic configuration.

Experimental Section

Spectra. All uv-visible absorption spectra were recorded
on a Cary 17 spectrophotometer. Low-temperature (77°K)
absorption spectra were obtained using an all quartz dewar
with optical quality flats for windows. The sample was dis-
solved in EPA and placed in a round quartz cell placed in
direct contact with liquid nitrogen. The emission spectrom-
eter used for the emission studies is an Aminco-Bowman
spectrophotofluorometer set up for emission measurements
in the 300-900-nm range and equipped with a grating
blazed at 750 nm. The detectors used were either a Hama-
matsu R136 PMT operated at 800 V and 25° or an RCA
7102 PMT operated at 1200-1500 V and cooled with a Dry
Ice-2-propanol bath. Both the emission and excitation mo-
nochromators were calibrated using a low-pressure Hg
lamp and readings are found to be within 3 nm of the ex-
pected values. The relative sensitivity of the entire detec-
tion system (and for both PMT detectors) has been cali-
brated in the range 300-600 nm using the Rhodamine B
guantum counterll and over the entire 300-900-nm range
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TABLE I: Quenching Activity of Several dr Metallocenes

Lowest absptn
max quencher

Quencher cm“1 X 10"3 («)
Ferrocene 22.72 (90) 1
Acetylferrocene 22.37 (290) 9.
Benzoylferrocene 21.74 (740) 1
Cobalticinium perchlorate 24.69 (200) 2
Ruthenocene 31.25 (220) 1
1,1'-Diacetylruthenocene 30.30 (770) 2
Acetylosmocene 29.76 (770) 4

by a standard lampl2 obtained from and calibrated by E, G
& G, Inc. of Salem, Mass. The standard lamp is a 200-W
tungsten halogen lamp operated at 6.50 A having serial no.
B115A and was calibrated from NBS standards QM 197,
QM 198, QM 199. Thus, the emission spectra shown in the
figures are corrected for detector response. Temperature
variation of the sample was achieved using a Cryogenic
Technology, Inc. Spectrim 1l sample conditioner. The tem-
perature indicator was checked for accuracy by using a hy-
drogen pressure thermometer calibrated by Cryogenic
Technology, Inc. Temperatures reported below 100°K are
+3°K.

Materials. The ferrocenes and ruthenocene were ob-
tained commercially. Purity was checked by optical absorp-
tion spectra and melting points; sublimation or recrystalli-
zations were carried out until pure. Ruthenocene samples
were carefully purified by several sublimations and materi-
al from several sources was used to ensure that the lumi-
nescence from ruthenocene is real. Acetylosmocene and
I,I'-diacetylruthenocene was generously supplied by Pro-
fessor M. Rausch of the University of Massachusetts, Am-
herst. The cobalticinium perchlorate is the same material
used in a previous absorption spectral study.28 Solvents
were commercially obtained and emission lifetimes of the
donors in the degassed solvents employed verified that no
quenchers were present. Benzil was purified by recrystalli-
zation from Et20, and Ru(bipy)3Cl2 was obtained from
Baker Chemical Co. and used after recrystallization.

Quenching Studies. Solutions of the dcnor at a constant
concentration and the quencher were placed in 13 X 100
mm test tubes with constrictions and freeze-pump-thaw
degassed in at least three cycles. Generally, 500 nm was the
excitation wavelength for studies using Ru(bipy)32+ as the
donor and the benzil was excited at 420 nm. The lumines-
cence spectrum of each sample was measured and the rela-
tive emission yields determined as a function of quencher
concentration and plots of the ratio of emission yields with-
out quencher (49) to the yield with quencher (§5 against
guencher concentration are linear and the line passes
through <€>= 1.0 at zero quencher concentration. Typical
plots are shown in Figure 1. The quenching constant, K g,
can be determined from the slope of the plot, k gr, after de-
termination of the donor lifetime in the absence of quench-
er, r. This value was determined for each donor for each
qguenching experiment. The lifetime for benzil phosphores-
cence in isooctane is near 0.2 msec in each case and the Ru-
(bipy)32+ lifetime is near 0.9 Msec. Generally, the value of
k ggiven in Table | is the average of two separate determi-
nations differing by no more than 15%

Luminescence Lifetimes. Lumiscence lifetimes, r, were
measured using a TRW Model 75A decay time fluorometer
equipped with a Xenon Corp. Nanopulser excitation
source. The RCA 931A PMT detector was powered by a

Mo RoR W z
XX X XX XX

kg for benzil (solvent),

]
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K for Ru(bipy)s2+ (solvent),

‘sec-1 £ 10% M _lsec~’ = 10%

1010(isooctane) 5.9 X 109(EtOH)
109(isooctane) 3.4 X 109(EtOH)
101(isooctane) 7.4 X 109(EtOH)

109(CHXN) 1.5 X 108(EtOH:H-0, 1:1 v/v)
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Figure 1. (a) Stern-Volmer plot for quenching of benzil phosphores-
cene by 1,1'-diacetylruthenocene at 25°. Measured lifetime of the
benzil at zero quencher concentration is 0.15 msec; the excitation
wavelength is 420 nm; solvent is isooctane; and the benzil concen-
tration is ~10-2 wm. (b) Stern-Volmer plot for quenching of benzil
phosphorescence by acetylferrocene at 25°. The conditions are the
same as above except the measured lifetime of the benzil at zero
quencher concentration iso0.21 msec.

Kepco Model 2500 ABC regulated high-voltage supply.
Output from the PMT following the ~20-nsec excitation
pulse was monitored by a Tektronix 453 oscilloscope and
recorded with a Polaroid camera. Plots of log (emission in-
tensity) against time were linear in every case over at least
two lifetimes. The value of ¢ is taken as the time required
for the luminescence intensity to decay to 1/e of its original
value.

Luminescence of Ruthenocene and 1,1’-Diacetylruthe-
nocene. The luminescence of the pure I,I'-diacetylruthe-
nocene was recorded as a function of temperature using the
Aminco and the Spectrim Il. The RCA 7102 PMT detector
was used and the following emission slits were used; a 0.5
mm slit ~0.5 in. from the sample; a 0.5 mm slit at the en-
trance to the emission monochromator; and a 0.5 mm slit at
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the entrance to the PMT housing. No structure of the
emission band was detected. The emission lifetime could
not be measured with our equipment due to the weak in-
tensity of the emission.

Ruthenocene emission spectra were recorded under the
same conditions as above except the detector used was the
Hamamatsu R136 PMT. The emission quantum yield of
the ruthenocene was measured by a previously reported
method.13 The ruthenocene was diluted with KBr and
mixed by grinding. A point-by-point 298°K reflectance
spectrum was recorded by monitoring the diffuse reflec-
tance of the KBr-ruthenocene powder relative to KBr as
the reflectance standard and this spectrum was retaken
upon cooling the sample to 28°K. These data are collected
by using the excitation beam of the Aminco as the excita-
tion source and at room temperature the solid state sample
holder accessory for the Aminco was used to hold the sam-
ple in a quartz cuvette. In this case the excitation beam is
incident normal to the powder surface and a portion of the
diffuse reflected light is collected by a mirror and directed
into the emission monochromator of the Aminco. The same
point-by-point reflectance data for KBr-ruthenocene was
obtained at room temperature upon placing the powder on
the copper cold tip (a thin layer of silicone grease was used
for thermal conduction and adhesion) of the Spectrim Il
and directing some diffuse reflectance into the emission
monochromator. Upon cooling to 28°K the ruthenocene lu-
minescence is easily detected, and the temperature depen-
dence of the luminescence (relative intensity and lifetime)
appears to be the same as for the pure solid ruthenocene.
Since the emission has the same angular distribution as dif-
fuse reflected light then the area under the emission curve
divided by the area between the reflectance curves of pure
KBr and KBr-ruthenocene is the quantum yield after cor-
rection for spectral response. The quantum yield should be
essentially independent of the fraction of light absorbed
and this is proven by the linear plot of relative emission in-
tensity against per cent light absorbed and the line passes
through zero, Figure 4. The emission yield was determined
to be 0.025 and 0.029 in two completely separate determi-
nations exciting at 370 and 400 nm, respectively.

Results

(@) Quenching Studies. Metallocenes having the d6elec-
tronic configuration of Fe, Ru, Os, and Co have been used
as quenchers of electronically excited benzil and ruthen-
ium~,2'-bipyridine)3+ = Ru(bipy)s2+. Both of these do-
nors exhibit luminescence in fluid solution at 25°, and
guenching activity is conveniently measured by monitoring
the decline in emission intensity as a function of metallo-
cene concentration. For benzil only the phosphorescence is
quenched at concentrations of quenchers employed. For all
of the quenchers studied the quenching obeys Stern-Vol-
mer Kkineticsi4 and some typical Stern-Volmer plots are
shown in Figure 1. Quenching constants obtained by moni-
toring emission intensity are identical with those obtained
by determination of emission lifetimes of the donor at vari-
able quencher concentrations. Biacetyl (which has a triplet
energy nearly isoenergetic with benzil) also phosphoresces
in fluid solution at room temperature and quenching by
both ferrocene and ruthenocene yields rate constants for
guenching which are comparable to the values for benzil.
The data are summarized in Table I. One general trend
emerges: the best quenchers have the lowest absorption
maxima.
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TABLE II: Vibrational Band Maxima for
Ruthenocene Emission

Band max, A, - Band max, )
cm™ 1 for 1st vntl>  cm-lfor2nd A<, — v,,H"),
progression cm"l progression cm-1
19,800
350
19,450
300
19,150
350
18,800
350
18,450
390 18,300
18,060 350
310 17,950
17,750 350
300 17,600
17,450 300
330 17,300
17,120 300
270 17,000
16,850 300
370 16,700
16,480 420
360 16,280
16,120 360
15,920
Av  340.0
300
15,820
320
15,500
200
15,300
400
14,900
Av 326.7

(b) Emission Studies. Luminescence from both ruthe-
nocene and II'-diacetylruthenocene has been detected
upon electronic excitation. All of our detailed studies of the
emission have been carried out on the solids, but rutheno-
cene luminescence is also observable in EPA glasses at
77°K. The absorption of ruthenocene at 298 and 77°K in
EPA and the emission spectrum of the pure solid at 28°K
are shown in Figure 2. The spectral distribution of the
emission is independent of the excitation energy at least
below 33,000 cm“1 As seen in Figure 2 the luminescence
maximum of ruthenocene is near 17,000 cm-1 and is highly
structured. There appear to be two vibrational progres-
sions, and the maxima for the two progressions are given in
Table Il. The progressions are separated by 162 + 10 cm-1
and the average vibrational splittings for the progressions
are 327 dt 10 and 340 = 10 cm-1.

The ruthenocene luminescence intensity and lifetime are
strongly dependent on the sample temperature. The lumi-
nescence red shifts slightly upon warming from 25°K and
the vibrational structure becomes much less pronounced.
Figure 3 depicts the effect of temperature on the relative
emission quantum yield and the emission lifetime. Particu-
larly noteworthy is the fact that the lifetimes fall on the
same curve as for the relative quantum yields. More clearly
stated, the ratio of the emission quantum yields at temper-
atures T and T' is equal to the ratio of lifetimes at these
same temperatures. This result is compatible with a tem-
perature-independent radiative decay constant since the
emission quantum yield, <is given by expression 1 and the
emission lifetime, r, by expression 2 where K rand k nr are
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TABLE Ill: Luminescence Data for Ruthenocene
Emission _Lifetime,”

T, °K max, cm“1X 10 3 pPeec +10% 4 + 20%6 KT sec“1+25% knr, sec-1 + 25%

28 -47.0 127 0.027 2.13 X 102 7.66 X 103

40 ~17.0 68 0.017 2.50 X 102 1.45 X 104

50 —47.0 37 0.009 2.43 X 102 2.68 X 104

60 —47.0 20 0.004 2.00 X 102 4,98 X 10°

° Except for 28°K data are interpolated from plot of tvs. T .bExcept for 28°K data are calculated from the relative quan-

tum yield and the absolute yield at 28 °K.

Figure 2. Absorption of ruthenocene in EPA at 298 (—) and 77°K (------

at 28°K.

Figure 3. Separate determinations of relative emission quantum
yields of ruthenocene (O and O) and ruthenocene emission lifetimes
(+ and right scale) as a function of temperature. Separate determi-
nations of relative emission quantum vyields of 1,1 -diacetylrutheno-
cene (A and A). The relative emission vyields are all normalized at
28°K, but the absolute yield for the 1,1'-diacetylruthenocene is sub-
stantially less than that for ruthenocene.

kv/(kar + kr) )

/(Emr + kr) @)

the radiative and nonradiative decay constants, respective-
ly. To determine the values for the decay constants re-
quires an absolute quantum yield determination in addi-
tion to the data given above. The emission yield of ruthe-
nocene diluted with KBr has been measured to be 0.027 +
0.005 at 28°K using a technique recently reported.13 As
shown in Figure 4 the emission intensity is proportional to
the per cent light absorbed by the ruthenocene, as expect-
ed. Representative values of k rand k nr at several tempera-
tures are given in Table Il along with other luminescence
data for ruthenocene. The errors in such constants are very
large especially in view of the facts that kr » krand we

) (left curves) and emission (right curve) of the pure solid ruthenocene

0 20 30 40 50 60 70 80 90
Rer Gt Light Atsorbed

Figure 4. Plot of relative observed emission intensity of KBr diluted
ruthenocene as a function of per cent light absorbed. Variation in
per cent light absorbed was achieved by variation in the excitation
wavelength inthe range 350-430 nm. The relative emission intensity
has been corrected for variation in the excitation light intensity in the
350-450-nm range.

are dealing with powdered samples. The significant result
is that it is the increase in K nrwhich gives smaller lifetimes
and emission yields at higher temperatures.

The luminescence of I, T-diacetylruthenocene is much
weaker than that of ruthenocene and we could detect no
structure on the emission band at comparable resolving
conditions to those used for ruthenocene at temperatures
as low as 25°K. The absorption of I,I'-diacetylruthenocene
at 298 and 77°K in EPA and the temperature-dependent
luminescence spectrum of the pure solid are shown in Fig-
ure 5. The spectral distribution of the emission is indepen-
dent of the excitation energy below 33,000 cm-1. The emis-
sion maxima at ~16,300 cm-1 at 28°K is fairly close to that
for ruthenocene. However, the shape of the plot of relative
emission quantum yield against temperature is different
than that for ruthenocene as seen in Figure 3. The emission
of the I,I'-diacetylruthenocene is too weak to enable us to
measure the emission lifetime with our equipment.
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Figure 5. Absorption (left curves) in EPA at 298°K (—) and 77°K (------

M. S. Wrighton, L. Pdungsap, and D. L. Morse

and displaced by 0.1 OD) and emission (right curves) as a pure solid

of 1,1'-diacetylruthenocene. Emission curve 1is at 27°K, curve 2 at 50°K, curve 3 at 65°K, curve 4 at 80°K, curve 5 at 102°K, and curve 6

at 122°K.

Discussion

The absorption spectra of the dé metallocenes have been
measured and discussed previously.2 We adopt the assign-
ment of Sohn, Hendrickson, and Gray28 for the lowest ex-
pected absorption as the xAlg -*s 3Eig. The emission is asso-
ciated with this absorption. Crosby, Hager, Hipps and
Stonel5 have independently discovered and measured the
luminescence of ruthenocene and they find results compa-
rable to those reported here. The temperature dependence
of the emission is interpreted15 as due to thermal equilibra-
tion of the spin-orbit levels arising from 3Eig (A2g, Aig, Elg,
E2g) with emission occurring from the Boltzmann distribu-
tion of four levels with four sets of k Tand knl. We concur
with the essential features of this interpretation but find,
additionally, that the large increase in decay constants is in
K nr for the various higher lying levels. The apparent con-
stancy of the value of kr does not support the spin-orbit
model in that each spin-orbit state should have its own
value of kT, but one cannot say a priori how large such
variations should be. The error (+25%) in our K rvalues is
such that a definitive statement cannot be made. Actually,
the data could be fitted to a one level emitting system with
strongly temperature-dependent K nr values. There is no
compelling reason, however, to abandon the spin-orbit
scheme especially if the temperature dependence arises
from intramolecular effects. A reasonable test of the spin-
orbit model would be a double resonance experiment but
this is beyond our own capability.

The splitting of the vibrational bands (~334 cm*1) com-
pares very favorably with the ring-metal stretching vibra-
tion (aig) found at 330 cm-1 in the Raman.16 The rather
weak overlap of absorption and emission in both rutheno-
cene and |, T-diacetylruthenocene suggests a substantial
distortion in the excited compared to ground state. This
excited state distortion is thought to be a symmetrical ex-
pansion of the molecule maintaining the ground state sym-
metry.15

The energetic position of the lowest excited state is re-
quired to interpret the quenching activity of the metallo-
cenes, and now for ruthenocene and |, T-diacetylrutheno-
cene we have a direct measure of the energetic position of
the relaxed excited state. The other d6 metallocenes have
electronic spectra which are very similar to the rutheno-
cene except for band positions,2 thus, we can crudely relate
the relaxed excited state energy of ruthenocene to the other
d6é metallocenes. As seen in Table I the ferrocenes have the
lowest absorption followed by cobalticinium, acetylosmo-
cene, and the ruthenocenes. The quenching of the benzil
phosphorescence (corrected phosphorescence maximum at
25° = 17,600 cm-1) and the Ru(bipy)32+ luminescence
(corrected emission maximum at 25° = 15,700 cm-1) by the
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various metallocenes follows the ordering of the lowest ex-
cited state in the metallocene with lower energy excited
states in the quencher yielding higher quenching constants.
Further, the benzil is quenched more effectively than the
Ru(bipy)32+ by the metallocenes except that the ferrocenes
deactivate both donors at essentially diffusion-controlled
rates. These energetic considerations are consistent with
electronic energy transfer as the quenching mechanism in
these cases.14 The fact that Ru- and Os-containing metallo-
cenes do not quench as effectively as the Fe-containing
compounds is inconsistent with the notion that the heavy
metal complexes exert an external heavy atom perturba-
tion on the donor excited state which for benzil is clearly a
triplet and could be deactivated by such a perturbation.
Quenching by a charge-transfer interaction would not nec-
essarily be expected to correlate with the relative energy of
states in the donor and quencher. The observationl7 that
styrylferrocene undergoes benzophenone triplet sensitized
cis-trans isomerization lends further evidence to support
our general conclusion that quenching of the donors pro-
duces the lowest electronically excited state (3Ei) in the
metallocene. The consistency of our results using Ru(bi-
py)32+ is wholly in accordance with an earlier finding that
it behaves as a normal triplet donor when the quencher has
low-energy triplets accessible.18

One point remains to be made and it concerns the distor-
tion in the excited state of the metallocene. The distortion
of the ruthenocene excited state manifests itself by giving
rise to a substantially red-shifted emission (~17,000 cm-1)
compared to the !Aig -> 3Eig absorption maximum at
26,000 cm-1.2 Further, we see that the quenching activity
of ruthenocene is very poor for Ru(bipy)32+ whose emission
substantially overlaps the ruthenocene, and the benzil trip-
let is poorly deactivated even though the phosphorescence
maximum of benzil is at higher energy than that of ruthe-
nocene. Similar relationships were pointed outl9 for the
qguenching of biacetyl triplets by Co(CN)63_. Such data are
consistent with the conclusion that for quenching to be fast
the metallocene must have a nondistorted, spectroscopic
triplet state accessible with the excitation energy available
in the donor, and in general the emission of the transition
metal complex will serve only as a guide to the donor ener-
gy necessary to achieve electronic energy transfer. This
consideration will be generally important for low-spin d6
complexes as the emission is often red shifted considerably
from the corresponding absorption implicating large distor-
tions upon electronic excitation.
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Phosphorescence spectra of naphthalene-tetracyanobenzene complexes at 77 K in EPA and 3-methylpen-
tane glasses, and in 1:1 single crystals, reveal an important effect of excitation wavelength and environment
on the nature of the emitting triplet state. The phosphorescence and epr spectra, and their lifetimes, show
that at least two distinctly different types of triplet states may be populated in EPA glasses: locally excited
triplet states (on the napthalene moiety of the complexes) and triplet states with considerable charge-
transfer character. Earlier phosphorescence and epr results, at first sight contradictory, are discussed in
view of the experiments reported here. These results are discussed in terms of different complex geome-
tries, excited state multiple complexes, and intersystem crossing channels dependent on excitation wave-

length.

Introduction

Until a few years ago investigations of the phosphores-
cence of organic charge-transfer (CT) complexes failed to
produce evidence of triplet states with a measurable CT
contribution.l Excitation in the CT absorption band of
many complexes results in a phosphorescence which is very
similar tc that of the donor alone, but which has a some-
what less resolved structure and a shorter lifetime. The de-
crease in triplet state lifetime is attributed to the perturba-
tion caused by the presence of the acceptor.1l The pioneer-
ing work of Iwata, et al.,2 represents the first reported ob-
servation of triplet states with unambiguous CT character.
These authors observed that the phosphorescence of com-
plexes between 1,2,45-tetracyanobenzene (TCNB) and
several aromatic hydrocarbons is considerably red-shifted
with respect to the phosphorescence of either component
alone. The assignment of these emissions to CT triplet

states was later confirmed bv electron paramagnetic reso-
nance (epr) experiments,3 which showed that the electron
spin in these triplet states is delocalized over both mole-
cules of the complex.

The case of the complex between naphthalene and
TCNB presents an intriguing problem because of the con-
flicting conclusions derived from published phosphores-
cence and epr results. Iwata, et al.,24 reported that the
phosphorescence of this complex at 77 K, in ether-isopen-
tane glasses and in 1:1 single crystals, closely resembles
that of naphthalene. They concluded therefore that the
triplet state of the naphthalene-TCNB complex, like those
of many other complexes investigated earlier,l must be al-
most entirely localized in the naphthalene moiety. More re-
cently, however, Krebs, et al.,5 investigated the epr spec-
trum of the naphthalene-TCNB triplet state in an oriented
liquid crystal matrix and in single crystals, and in both in-
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stances found conclusive evidence of large CT contribution
to the triplet state of the complex. (They reported also that
excitation in the CT absorption did not give rise to naph-
thalene locally excited triplet states.) In spite of the appar-
ently clear contradiction between these results and the con-
clusions of Iwata, et ai.,24 the naphthalene-TCNB com-
plex is still frequently invoked as an example of a locally
excited triplet state.6'9

In order to resolve this question we have investigated in
some detail the phosphorescence spectra and lifetimes of
the naphthalene-TCNB complex at 77 K in rigid glasses
and in single crystals. The epr spectra and decay times in
EPA glasses were also investigated, and the results of these
experiments are in agreement with our phosphorescence
results. It is shown in what follows that at least two dis-
tinctly different types of triplet states exist for the naph-
thalene-TCNB complex, as a consequence of different
local environments. The possibility of intersystem crossing
channels which depend on the excitation wavelength, and
of complexes comprising more than two molecules, is dis-
cussed.

Experimental Section

The luminescence measurements were performed with
an Aminco-Bowman spectrofluorimeter which could be
equipped with a phosphoroscope. The excitation light was
supplied by a Hanovia 150-W xenon arc lamp, and the de-
tector was an RCA 1P21 photomultiplier tube. All optical
spectra were obtained at 77 K, and were not corrected for
instrumental response. The epr experiments were per-
formed with a Varian E-12 spectrometer, with the sample
temperature at approximately 90 K. The triplet states were
generated for the epr measurements by light from a 1000-
W AH-6 mercury arc lamp (General Electric). In some epr
experiments this light was filtered by a long-pass filter with
less than 0.001% transmittance for wavelengths shorter
than 350 nm. Use of the filter ensured, therefore, that only
CT complexes were directly excited.

The TCNB was obtained from Frinton Laboratories and
was recrystallized twice from ethanol before use. Scintilla-
tion grade naphthalene-/? 8 from Eastman Kodak was puri-
fied by 100 passes in a zone refiner, and naphthalene-d8
from Merck Sharp and Dohme was used as received. All
solvents were supplied by Matheson Coleman and Bell, and
were checked for background emissions before use. The
EPA solvent (a 5:5:2 ether-isopentane-ethanol mixture)
was used as received. Chromatoquality 3-methylpentane
(3MP) was purified by distillation and passage through an
activated alumina column. Unless otherwise stated the
EPA solutions used in the luminescence measurements
were 5 x 103 M in naphthalene and 5 x 10-4 M in TCNB.
The 3MP solutions were 5 x 10-3 M in naphthalene and
saturated with TCNB, and were filtered before use. In
every case the solutions were degassed by several freeze-
pump-thaw cycles. All luminescence spectra were obtained
with glasses containing naphthalene-/? 8 but the phospho-
rescence lifetimes were measured with glasses containing
naphthalene-d8. The epr experiments were performed
with EPA solutions saturated with the complex and fil-
tered before use. Naphthalene-dg was used in all epr ex-
periments. Initial cooling to 77 K always resulted in clear
glasses with no visible indication of solute segregation, but
some complex usually precipitated after repeated thermal
cycling. All solutions were discarded before precipitation
became apparent. The 1:1 naphthalene-TCNB single crys-
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Figure 1. Excitation spectrum of the CT fluorescence (A) and total
emission spectra (B, C) of an EPA glass containing naphthalene and
TCNB. Spectrum A was detected at 420 nm, and spectra B and C
were excited at 380 and 280 nm, respectively. Excitation at 280 nm
also results in the ultraviolet fluorescence of the uncomplexed mole-
cules, which is not shown in the figure. Curves B and C are to the
same scale.

tals were grown by slow evaporation of equimolar solutions
of naphthalene-/? 8 and TCNB in spectroquality acetone.

Results

Phosphorescence. Excitation at 380 nm (CT absorption
band) of an EPA glass containing naphthalene and TCNB
results in total emission B of Figure 1. This emission is
composed of a broad, structureless, fluorescence which
originates in the excited CT singlet state, on which is su-
perimposed a structured phosphorescence. A similar emis-
sion is obtained by excitation at considerably shorter wave-
lengths, as shown in curve C of Figure 1 for excitation at
280 nm. The excitation spectrum of the CT fluorescence
(detected at 420 nm) is shown in curve A of Figure 1. The
origin of the shorter wavelength peak in the excitation
spectrum will become apparent later, but it can be seen
from the outset that the excited CT singlet state may be
reached by absorption not only in the CT band but also
further into the ultraviolet.

Phosphorescence spectra of an EPA glass containing
naphthalene and TCNB are shown in Figure 2, for excita-
tion at the wavelengths indicated. If the excitation is made
at or below 320 nm the observed phosphorescence includes
a less intense, structureless, component which originates in
TCNB triplet states. This componentl0 is clearly seen in
Figure 2 for excitation at 300 and 320 nm. Excitation at 310
nm or shorter results also in a stronger phosphorescence
which is identical with that obtained from an EPA glass
containing only naphthalene. If the excitation is made at
320 nm the phosphorescence is unmistakably different
from that of naphthalene, if only in a slight blurring of the
structure. Similar spectra (without the TCNB phosphores-
cence) are obtained by excitation at longer wavelengths, up
to 380 nm. This type of phosphorescence has been pre-
viously reported by Iwata, et al.,2 who used broad-band
excitation in the CT absorption band. Because of its simi-
larity to the naphthalene phosphorescence, this emission
was assigned to locally excited triplet-state naphthalene
within the complex. This is the only phosphorescence pre-
viously observed from naphthalene-TCNB complexes and
its assignment appeared, therefore, to be in contradiction
with the unambiguous CT contribution observed in the
subsequent epr results of Krebs, et al,5 We found, how-
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Figure 2. Phosphorescence spectra of an EPA glass containing
naphthalene and TCNB, obtained with excitation at the wavelengths
indicated. The spectra on the left-hand side of the figure are all to
the same scale.

ever, that excitation above 380 nm leads to phosphores-
cence spectra which become progressively more red-shifted
as the excitation is made at longer wavelengths. At the visi-
ble edge of the CT absorption band the phosphorescence
no longer resembles at all that of naphthalene, and we at-
tribute its origin to triplet states with large CT contribu-
tion. This trend is shown in Figure 2, and remains un-
changed when the naphthalene concentrations are varied
from 5 x 10-2 to 5 x 10 4M. We see that at least two dis-
tinctly different types of complex triplet states may be
populated in EPA glasses, regardless of naphthalene con-
centration. The importance of this point will become clear
in the Discussion.

The phosphorescence lifetime of an EPA glass contain-
ing naphthalene-d8 and TCNB depends critically on the
excitation wavelength. Excitation between 320 and 380 nm
leads to slightly varying lifetimesll which cluster around 11
sec. This value can be contrasted to that obtained when the
excitation is made below 310 nm, 18 sec, which corresponds
to uncomplexed naphthalene phosphorescence. Excitation
at wavelengths longer than 380 nm leads to progressively
shorter lifetimes, until the value of 8 sec is reached for
420-nm excitation.

A totally different situation arises when the complex
phosphorescence is investigated in 3MP glasses. Figure 3
shows two phosphorescence spectra obtained with the same
3MP sample, in both cases with excitation at 380 nm. Spec-
trum A was recorded first, the sample was then warmed to
room temperature and cooled again to 77 K, after which
spectrum B was obtained. These two spectra represent ex-
tremes in a variety of phosphorescence spectra observed in
3MP glasses. Within these limits the spectra varied unpre-
dictably from glass to glass, even for those obtained using
the same sealed sample. No dependence of the phosphores-
cence on excitation wavelength was observed in any case.
Spectrum A was obtained in the vast majority of experi-
ments, and spectrum B or intermediate spectra could be
observed in, perhaps, one out of every ten glasses formed.
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Figure 3. Phosphorescence spectra of 3MP glasses containing
naphthalene and TCNB. The two spectra, both excited at 380 nm,
were obtained with the same sample. After spectrum A was record-
ed the sample was warmed to room temperature and then cooled to
77 K, after which spectrum B was obtained.

X(m)

Figure 4. Phosphorescence spectra of a 1:1 naphthalene-TCNB sin-
gle crystal, excited at the wavelengths indicated.

As the freeze-thaw cycles were repeated with the same
sample, no trend was observed favoring either spectrum.
Neither could we determine any set of experimental pa-
rameters, such as cooling rate and solute concentration,
which led to the systematic observation of a particular
phosphorescence. It should be noted that a detailed inves-
tigation of 3MP glasses was made difficult by the low solu-
bility of the complex in this solvent. This fact led us to sus-
pect that spectrum A in Figure 3 might result from micro-
segregated complexes, and spectrum B from complexes dis-
persed in the 3MP glass. However, the lack of concentra-
tion dependence of the phosphorescence spectra in both
EPA and 3MP would appear to indicate that this is not the
case.

We examined also the phosphorescence of 1:1 single
crystals, for two reasons. First, because the original report
of Iwata, et al.4 seemed to contradict the single crystal epr
results of Krebs, et al.5 Second, if the red-shifted phospho-
rescence spectra in EPA and 3MP glasses were simply due
to the formation of microcrystals of complex, then a similar
spectrum should be obtained with 1:1 single crystals. Phos-
phorescence spectra of a naphthalene-TCNB single crystal
at 77 K are shown in Figure 4, for excitation at the wave-
lengths indicated. The spectra vary slightly from crystal to
crystal, but we were never able to observe the short-wave-
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Figure 5. The Am = 2 region of the epr spectrum of an EPA glass
containing naphthalene-ds and TCNB, excited by light from a mer-
cury arc lamp. Spectrum A was recorded with a long-pass filter in-
serted in the path of the exciting light, and spectrum B was obtained
without the filter. The two spectra are to the same scale, except for
the left-hand side of curve B which was recorded with five times
lower amplification.

length tail reported by lwata, et al.,4 which had led them
to assign the emission to a locally excited naphthalene trip-
let state. Our phosphorescence measurements clearly indi-
cate that the complex triplet state in the crystal has a
marked CT character, in agreement with the epr results.5
As can be seen in Figure 4, the maximum of the emission
changes only slightly with excitation wavelength, but the
change in the onset of the phosphorescence is very marked.
It should be noted that excitation at short wavelengths
(300 nm in Figure 4) does not appear to lead to naphtha-
lene emission. We may conclude from these spectra that
the red-shifted phosphorescence observed in EPA and
3MP glasses is not due to the formation of similar 1:1 mi-
crocrystals, since the crystal emissions have maxima at no-
ticeably longer wavelength. This alone does not, of course,
rule out aggregation which might perhaps lead to a disor-
dered molecular arrangement, of even simply to a different
crystal structure.

Electron Paramagnetic Resonance. In order to establish
further the existence of the two distinct types of complex
triplet states just discussed, we investigated the epr spec-
trum of EPA glasses containing naphthalene-ds and
TCNB. Similar experiments with 3MP glasses were unsuc-
cessful, probably because of the lower solubility of the com-
plex in this solvent. The epr experiments were performed
either with excitation in the CT absorption band only
(through a long-pass filter), or with the full mercury spec-
trum. In the first instance the only observed epr signals
were those due to so-called Am = 2 transitions, which are
shown in curve A of Figure 5. Excitation without the filter
produced the Am = 2 epr signals shown in curve B of the
same figure, but resulted also in Am = 1 signals due to un-
complexed naphthalene molecules (not shown in the fig-
ure). Either type of excitation leads to the appearance of
two Am = 2 peaks. The position of the lowest field signal is
indistinguishable from that found for uncomplexed naph-
thalene triplet-state molecules. The highest field signal
corresponds to a triplet state with a large CT contribution,
as indicated by the small value measured for the parame-
ter12 D* =0.053 cm-1. This value is identical with that re-
ported earlier5 for 1:1 single crystals.

The line shapes of the Am = 2 epr signals are slightly
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different in the two modes of excitation. Also, and most im-
portantly, the decay times are different for the two types of
excitation. The lowest field peak has decay times of 12 and
17 sec for excitation with and without the long-pass filter,
respectively. The corresponding decay times for the higher
field peak are 8 and 7 sec. These measurements clearly
show that the low-field signal in spectrum A is not due to
triplet-state uncomplexed naphthalene molecules, which
might have been populated through energy transfer. Its
lifetime closely resembles the phosphorescence lifetime of
the locally excited complex triplet states (11 sec), rather
than that of uncomplexed naphthalene molecules (18 sec).
This signal corresponds therefore to locally excited com-
plex triplet states. The decay time of the low-field peak in
spectrum B enables us to assign it to uncomplexed naph-
thalene triplet states. The higher field peaks of spectra A
and B correspond clearly to more than one type of CT com-
plex triplet state, since line shape and lifetime depend on
the mode of excitation. The appearance of more than one
such CT triplet state had already been reported for com-
plexes in a liquid crystal matrix.5 It should be noted, how-
ever, that Krebs, et ai,5 detected these CT triplet states
but did not find any evidence of a localized triplet state
such as the one reported here.

Comparison between epr and phosphorescence results in
EPA glasses leads us to associate the lower field epr signal
with the phosphorescence spectra excited between 320 and
380 nm (locally excited complex triplet states). The higher
field epr signals, obtained in both modes of excitation, ap-
pear to correspond to the phosphorescence spectra excited
above 380 nm (CT triplet states). Unfortunately the epr
signals are not strong enough to permit narrow band exci-
tation, and therefore do not allow a more detailed investi-
gation of this correspondence.

Discussion

We have shown that the nature of the triplet state of
naphthalene-TCNB complexes depends critically on the
environment. This observation removes the apparent con-
tradiction between some of the earlier phosphorescence2
and epr5 results, since those experiments were performed
in very different host matrixes. Also, our phosphorescence
spectra of 1:1 single crystals clearly point to a triplet state
with a large CT contribution, and are therefore at variance
with the measurements reported by Iwata, et al.,4 and in
agreement with the epr results of Krebs, et al.5

The data presented here do not permit a determination
of the nature of the observed environment effect on the
complex triplet states. However, some general conclusions
may be drawn from these results. In particular, the behav-
ior observed in 3MP glasses allows us to exclude the possi-
bility of a trivial solvent-solute interaction as the cause for
the drastically different complex triplet states observed in
this matrix. The obvious dependence of the phosphores-
cence on the glass formation, together with the low solubili-
ty of the complex in this solvent, leads us to suppose that
aggregation effects may be involved in some manner. On
the other hand, the systematic red-shift of the phosphores-
cence maximum in 1:1 single crystals clearly shows that any
aggregation effects in 3MP do not correspond simply to the
formation of 1:1 microcrystals. Caution must be exercised
before assigning the observed environment effect to aggre-
gation, since no concentration dependence of the observed
phosphorescence could be found. The same cautionary re-
mark applies to the EPA spectra, which were found to be
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unaffected by a change in naphthalene concentration of
two orders of magnitude. Nevertheless, these observations
still do not rule out the possibility that aggregation is re-
sponsible for the stabilization of the CT triplet state. A
most persuasive argument favoring this interpretation lies
in the similarity between the CT phosphorescence in glass-
es and that observed in 1:1 single crystals.

The manner in which aggregation might be responsible
for stabilization of the CT triplet state can only be, at this
stage, a matter of speculation. One attractive possibility is
the formation of triple (or even more extended) excited
state complexes.13-17 The phosphorescence results of Brie-
gleb, et al.,15 are of especial interest, since these authors
observed a red-shifted phosphorescence in glasses with CT
complexes involving naphthalene. At low naphthalene:ac-
ceptor concentration ratios the phosphorescence is identi-
cal with naphthalene emission, but at high concentration
ratios, and with excitation in the CT absorption band, the
phosphorescence is considerably red-shifted in a manner
similar to that observed in the present work. Brieglieb, et
al.,15 attributed this phosphorescence to naphthalene trip-
let excimer emission originating in triple complexes of two
naphthalene and one acceptor molecules. It appears rea-
sonable to rule out a similar possibility in the present
study, since changing the naphthalene:TCNB concentra-
tion ratio by two orders of magnitude did not affect the ob-
served spectra.

The effect of lattice interactions in stabilizing the CT
triplet state in 1:1 single crystals is undoubtedly a strong
one, since excitation in the naphthalene absorption band
does not lead to any naphthalene phosphorescence. Investi-
gation of a variety of other 1:1 single crystals of complexes
of aromatic donors with TCNB shows18that this is general-
ly true.

d The effect of excitation wavelength found in EPA glasses
could be explained by the presence of a variety of complex
configurations, each with a different absorption spectrum.
Again, the lack of concentration dependence appears to
cast some doubt as to the validity of this picture. A possible
explanation for this behavior is that excitation in the visi-
ble edge of the CT absorption band leads to formation of
the CT triplet state, but that excitation at shorter wave-
lengths provides the complex with enough excess vibration-
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al energy for dissociation to take place prior to emission.
This possibility of two excitation-dependent intersystem
crossing channels appears reasonable in the light of experi-
mental evidence6919 that the complex triplet state is
formed in many cases from the nonrelaxed excited CT sin-
glet state.
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Esr spectra are reported for the mono- and dianion forms of the eag- adduct to fumaric acid. Two forms of
the monoanion, [H0O 2CCH=CHCO02H]-~, differing in the location of the protons on the carboxyl oxygens
were found. Both have essentially the same pK avalue of 8.1 for dissociation to the dianion radical. With
the identification of the mono- and dianions it is possible to correlate each of the esr spectra previously re-
ported to a particular state of ionization of the radical. In several instances more than one spectrum had
been observed at a particular pH, depending upon whether rapid exchange of the carboxyl protons oc-
curred. The reactions of the trianion radical [ 0 2CCH=CHCO02-]""" with water to form _02CCH2CHCO0 2~
and for electron transfer from (CH3)2CO- to fumarate are also reported. The latter reaction allowed pro-
duction of such high signal intensities that the 13C hyperfine constants (ac(2) = 4.39, ac(2) = 2.04 G) of

[~02CCH=CHC02~]-~ could be determined.

Introduction

Radicals formed by one electron reduction of fumaric
and maleic acids have been studied by a number of workers
using steady-state esr,3-5 pulse optical absorption,6 and
conductiometric? techniques. In spite of the effort expend-
ed on these systems some disagreement still exists as to the
esr spectra and pK values for the various forms and it is
one purpose of the present paper to provide some addition-
al esr data to clarify the situation. In addition, we wish to
report several new reactions discovered during the course
of this work and involving fumarate and maleate.

pK Values

The esr results of Anderson, et al,,5and Neta and Fes-
senden,4 the pulsed conductivity experiments of Lilie and
Fessenden,7 and the pulse radiolysis experiments of Hayon
and Simicé6 are all substantially in agreement in the maleic
acid system. Esr spectra clearly attributable to HO02C-
CH=CHC(OH)2 in strong acid (pH 1), [HO2C-
CH=CHCO2H] - at pH 4-5 and 6-7, and [~02CCH=CH-
CO02H]-_ at pH 7 and above (to pH 14) have been reported.
Subsequent conductivity experiments7 have confirmed the
fact that the last carboxyl proton does not dissociate signif-
icantly at least to pH 12. These various results are summa-
rized in Table I.

Much more confusion exists with fumaric acid. Ander-
son, et al.,5 noted a number of changes in the esr spectrum
of the reduced form over the pH region 1-6 and they at-
tributed the spectrum at pH 5-6 to [ 02CCH=CH-
CO02H]-- . Neta3 reported the spectrum to be the same at
pH 6.9 and 12 and assumed that the radical was fully disso-
ciated over that region. The conductivity results,7 however,
showed the pK for last dissociation (11 to I in Figure 1) to
be 10.7 and pulse optical experiments6 have supported this
value. The work to be described below demonstrates that
there are indeed changes in the esr spectrum over this pH
region and also helps to explain some of the other spectra
observed at lower pH.

Esr experiments vlere carried out using previously de-
scribed techniques of photolysis8 and radiolysis.n The pho-
tolytic experiments used S032- as the source of electrons.8
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When 15 mM Na2S03and 1.3 mM fumaric acid at pH 12.2
were photolyzed three sets of lines were observed: the g =
2.00307 singlet of S03_, a1:2:1 triplet described by aH(2) =
6.48 G and g = 2.00352, and a doublet of triplets with
aH(l) = 20.38, aH(2) = 23.59 G, and g = 2.00329. With an
N20 saturated solution the latter two sets of lines disap-
peared showing that the corresponding radicals arise from
the reaction of eag~ with fumarate. The triplet spectrum is
that which was observed by Neta3 and is ascribed to [_0 2C-
CH=CHCO02~]-- (designated as | in Figure 1) formed di-
rectly by eag~ attachment. The doublet of triplets has the
same parameters as have been found for the succinate radi-
cal, ~02CCH2CHCO02_ (radical V),3 and is assigned accord-
ingly. As will be discussed below this latter radical is pro-
duced by a protonation of [-02CH=CHCO02-]'~ by water.
The spectra of radicals | and V decreased in intensity with
pH in a parallel fashion to pH 9.5-9.6 where they became
too weak to observe. Between pH 9.6 and 12.0 the central
line of the triplet (I) was broader than the outer two lines
and as a consequence did not have twice the peak height of
the outer pair of lines. Between pH 8.5 and 10.6 another set
of lines appeared which could be described by aH(l) =
9.11, a H(l) = 3.61, aH(l) = 0.43 G, and g = 2.00346. These
lines were present simultaneously with those of | and V
from pH 9.5 to 10.6. Below pH 9.5 only these new lines were
present. This spectrum is assigned to [HO2CCH=CH-
C02]-- (radical Il) with the 0.43-G splitting belonging to
the carboxyl proton. Although the ethylenic protons have
very different splittings of 3.61 and 9.11 G as a result of the
asymmetry produced by the protonation of one carboxyl
group, the sum of these two values (12.72 G) is very similar
to the sum for radical I (12.98). A similar asymmetry has
been observed for the monoanion radical of maleate (see
Table 1).

The difference in splitting by the two ethylenic protons
provides a mechanism for broadening the central line of the
triplet of the trianion form (I). A transformation from I to
Il and back again by protonation-dissociation effectively
shifts the two components of the central line of the triplet
to rather different positions. The Kinetics and equilibrium
concentration ratio determine the magnitude of the effect.
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TABLE I: Summary of Esr Data on eagq- Adducts to Fumaric and Maleic Acids
Esr Spectrum
Form of radical pK,, pH Hyperfine constants g factor Ref
Fumaric acid
H
H02ZC=CC(OH)2 1-3 aH(2) = 6.0 (broad central line)h 2.0036 5
H
T -3«
H
[HOZZC=CCOH ]- 4-5 aH(2) = 6.25, oohh(2) =0.5 2.0935 5
H 5-6 <H@2) = 6.25 2.0035 5
6.9 <H(2) = 6.61 2.00357 3
m 8.1 4.6-9 IV» <H(2) = 6.41, aonH(2) = 0.6 2.00350 d
I «H@2) = 6.32, aOHH (1) = 0.63, aoHH() = 0.36  2.00354 d
H
[ho,cc= cco2-]-- 7-11 Il aH(l) = 9.09, aH(l) = 3.64, aOnH(l) = 0.47 2.00350 d
T 10.7/ 10.9»
H
roxc=cco2]-- >9.6 I aH(2) = 6.48 2.00352 d
H ~12 aH) = 6.61 2.00357 3
angg = 6.81 2.0035 f
Maleic acid
H H
[HOZX C=CCOH]- 1 aH@2) = 6.4, hohh(l) =1.1 2.0035 5
H
m ~41
H H
[HO"CC=CCO-- ] 4-5 aH(l) = 7.9, aH(l) = 5.1, oonH() =0.6 2.0935 5
H 6-7 aHD = 8.12, aH(l) = 5.06, aOHH(I) = 0.76, 2.00341 4
m 5-6“ aOHH() = 0.59
H H
[-0,cc=cco,-]- 5-7 an(2) = 6.6,a0Hn(l) = 0.6 2.0035 5
------ H-——- >14» 9.2-14 angzg = 6.74, aonH(l) = 0.65 2.00347 4

»Value of pK 1taken from ref 6. hThe broad central line and the absence of any carboxyl proton splitting must be the
result of an acid-catalyzed exchange of those protons, see ref 5. »Two symmetric isomers are possible. It is not known to which

these parameters pertain. ‘This work.

From conductivity results, ref 7. 1Values for solution in liquid NHj, 1. H. Elson,

T.J. Kemp, D. Greatorex, and H. D. B. Jenkins, J. Chem. Soc., Faraday Trans. 2, 69, 1402 (1973). " Based on the fact that

only the one set of lines is observed in 1 M KOH solution.
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Figure 1. Reactions observed at pH > 6 for the various ea+~ adducts
to fumarate. Note that two possible isomers of the dianion and three
of the monoanion radicals are possible. Lines of only one dianion
and two monoanions were seen. Except for the unsymmetrical
species lll the exact position of the carboxyl protons is not known.

This process will also affect the outer lines of the triplet
spectrum but the effect will be smaller because the sum of
the two large splittings is similar in 1 and 1. Collapse of the
OH proton splitting also leads to a degree of line broaden-
ing for all lines of both I and Il. The pK for this equilibri-
um (10.7) is such that the dianion form is partially disso-
ciated before a pH is reached where the reaction OH" + Il

I + H20 can cause observable broadening (above about
pH 10).10 This fact in turn keeps the maximum degree of
line broadening relatively small. No detailed study of the
broadening was made.

Experiments at lower pH where the signals tended to be
weaker were more readily carried out using radiolysis as the
source of eagT The solutions contained 1.3 mM fumaric
acid and 11 mM i-BuOH as OH scavenger and, over the
range pH 8.5-12.2, duplicated the photolysis results for
radicals I and Il. (Lines from ~09CCH2CHCO02~ and “CLC-
CH(0 H)CHCO02“ were also present.)il Below pH 8 (1 mM
phosphate was used as buffer) new lines appeared and
below 7.0 the lines of Il completely disappeared. The new
lines consist of two sets each with a large triplet of about
6.4 G with, in one case a small triplet of 0.66 G and in the
second case two doublets of 0.63 and 0.36 G (see Figure 2).
These two spectra can be assigned to radicals IV and 111 re-
spectively in Figure 1; the exact hyperfine parameters are
given in Table I. The same structure as in Figure 2 persist-
ed at pH values of 5.3 and 4.6 with a slight broadening of
the lines at pH 4.6 (with 10 mM fumarate). With a higher
concentration of fumarate (20 mM) at pH 4.6 considerable
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Figure 2. Second-derivative esr spectrum taken during radiolysis of
1.3 mil) fumarate at pH 6.1 (0.5 mm phosphate buffer). The com-
plete spectrum of the eaq  adducts consists of three groups of lines
of which the low-field two are shown. The third group is under the
peak from the irradiated silica cell and is not observable. The two
stick spectra represent the two monoanion radicals Il and IV. The
large doublet near the center is from the OH adduct to fumarate. The

observed line width (which has some contribution from the field mod-
ulation) is about 0.14 G.

broadening occurred so that the low-field line group ap-
peared as a triplet. Under these latter conditions the cen-
tral group remained as in Figure 2 but had approximately
1.5-2 times the line width. Because of the weakness of the
lines no detailed study of this broadening was made.

The existence of two distinct spectra of radicals with the
formula [HO2CCH=CHCO02H]-~ shows that the intercon-
version between the isomers is not rapid enough to cause
line broadening except at the higher solute concentrations.
There are three possible isomers for the monoanion of
which two are represented by 11l and IV in Figure 1. The
structure given for 1V is one of the two symmetric ones but
there is no way to decide which actually is correct. The
equivalence of the splittings of the ethylenic protons for
the unsymmetrical isomer Il is somewhat surprising but
demonstrates that the position of the proton on the oxy-
gens of a given carboxyl group has little effect on the OH
proton splitting. This result is in contrast to the large
asymmetry occurring when one carboxyl group is dissociat-
ed. The large difference in splittings by the carboxyl pro-
tons in the two positions is peculiar but the indirect nature
of the mechanism for this splitting precludes any detailed
discussion but can probably account for the difference.12

It is now possible to discuss the pK values for the e;o
adduct to fumaric acid. There is no disagreement on the
pK of 10.7-10.9 as both the conductivity7 and optical re-
sults6 agree. The esr data reported here are also in accord
with such a value but direct determination of the pK from
these data is difficult because of the line broadening associ-
ated with the equilibrium 11 I. The coexistence of lines
from radicals I, 111, and 1V over the pH range 7-9 shows
that there must be a pK in this interval. Because equilibra-
tion among the various forms must be more rapid than the
chemical decay it is possible to use the relative concentra-
tions of the forms to determine the pK. At pH 8.1 the con-
centration13 of Il is equal to that of Il and IV taken to-
gether so this value must be the pK. (The relative concen-
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trations of 111 and IV were similar from pH 7.3 to 8.9 with
that of IV about one-third higher. Clearly the two forms
have very similar pK values.) The pulse radiolysis experi-
ments6 did not find a corresponding change in absorption
at 360 nm showing that the optical spectra of the various
forms involved in this pH region do not differ significantly.
The conductivity experiments7 were carried out only down
to pH ~9 so that a pK of 8 would not have been found. Ex-
tension of that method to pH 8 is not possible because
buffers cannot be used.

The previous esr results which gave a spectrum showing
only a single triplet splitting at pH 5-65 and 6.93 can only
be explained by the assumption that high buffer concentra-
tions caused a rapid proton exchange which collapsed the
carboxyl proton splittings.14 The spectrum reported by An-
derson, et al s for pH 4-5 which has a triplet structure
caused by the two carboxyl protons is probably the same as
reported here for 11l and IV together. A slight broadening
of the lines would cause the complex structure shown in
Figure 2 to reduce to a ~0.5-G triplet as was seen for the
end line group with 20 mM fumarate solutions. The change
in the spectrum from pH 1-3 to 4-5 (see Table I) and the
line broadening seen at pH 3 show the first pK to be be-
tween these ranges in support of the value of ~3 suggested
by Hayon and Simic.6 These piC values are summarized in
Table 1.

The data in Table I show that the one-electron reduction
product of fumaric acid or fumarate displays a full se-
quence of protonations on the carboxyl groups and that
distinct esr spectra can be assigned to the four forms from
neutral radical to trianion. With maleic acid only the three
forms from neutral radical to dianion are known in aqueous
solution.

Protonation of [-02CCH=CHCO02~]* on Carbon

The formation of ”OvCCIUCHCCU- (V) in photolysis
shows rather clearly that the electron adduct to fumarate
can protonate on carbon and its appearance only when the
trianion form is present suggests that the rate of protona-
tion is higher for the trianion than for the dianion. How-
ever, several other factors may also affect the concentration
of V. Because the concentration of the eag~ adduct as mea-
sured by the total signal height is less with the dianion
form its lifetime is shorter and less time is available for
reaction to form V. In addition it might be expected that
disappearance by reaction with the dianion is faster than
that by reaction with the trianion. The unobservability of
V at lower pH may be the result of these two factors rather
than to a lower rate of protonation for the dianion. Radiol-
ysis experiments have the advantage that greater signal in-
tensities can be produced but here formation of V by addi-
tion of H atoms to fumarate is a problem. A number of ex-
periments are possible but the most useful involved for-
mate as a scavenger for OH and part of the H atoms. With
15 mM fumarate and 50 mM formate most of the H and
OH radicals react with formate to produce C02- which
then adds to the fumarate to give the adduct (~C2C)2CH-
CHCO02-. An experiment at pH 9.0 (1 mM Na2B407)
showed approximate relative concentrationsi3 of 60, 4.4,
and 40 for the CO2- adduct, V, and the fumarate dianion
radical, respectively. When the solution was saturated with
N70 to scavenge ea~ the concentration of dianion de-
creasedl5 by about a factor of 10, that of the COo~ adduct
increased to 240, and that of V remained unchanged to
within ~10%. A similar experiment at pH 10.0 showed 40
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units of the C02- adduct, 6.0 units of V, and about 60 units
total of the di- and trianions before addition of N20 and
similar values to the pH 9.0 experiment after addition of
N20. Thus at pH 10.0 a significant decrease in concentra-
tion of V (about 1.6 units) occurred upon scavenging eag~
while at pH 9.0 a change of less than about 0.4 units was
found. As in the photolytic experiments it is difficult to use
these data to determine whether the trianion protonates on
carbon more rapidly than the dianion as is suggested by a
superficial examination. The best argument involves the
fact that at pH 10.0 the di- and trianions should be in rath-
er rapid equilibrium with a larger amount of the former
present (based on the pK) so that the various radical life-
times should not be significantly different than in the pH
9.0 experiment. Therefore, the increase of concentration of
V16 from 4.4 at pH 9.0 to 6.0 at pH 10.0 must come mainly
from the protonation on carbon of the trianion. The rate
constant for this reaction is estimated to be <103sec-1. On
the basis of the differences between the two pH values it
would appear that protonation of the dianion is at least
fourfold slower.

The results above show that these radicals undergo nor-
mal acid-base equilibria involving the carboxyl groups in-
dependently of the protonation on carbon. The idea that
the rate of protonation on carbon is lower for species with
lower total charge is further supported by the fact that the
monoanion radicals of fumaric and maleic acids exist as
such at pH ~4 where protonation (on carbon) by H+, if it
were to occur, could be quite rapid. This idea also lead us
to suppose that a similar situation should exist for the dou-
bly and singly charged anion radicals of acrylate for which
puzzling kinetic behavior had been observed.17 Pulse con-
ductivity experiments were undertaken!8 and those results
when taken with the optical datal7 show that the radical
dianion [CH2=CHCO02-]-- protonates to CH3CHCO2-
with a half-life of <0.1 rsec while the monoanion [CH2=
CHCO2H]- does so with a half-life of about 10 ;usec.17 In
this case the effect of the total charge is very pronounced
and clearly established.

Electron Transfer from (CHs*"CO-

Hayon and Simic6 have reported measurements of the
rates of electron transfer from C02- and (CHs)2COH to
maleic and fumaric acids. They found measurable rates of
transfer to the acids themselves, to the monoanionic forms,
and to dimethylfumarate. No significant transfer to the di-
anionic forms was found at pH 10. Lack of transfer from
CO0 2~ is consistent with the observation of an adduct by
esr.3 Because the basic form of the radical derived from iso-
propyl alcohol [(CH3)2CO-] is a better reducing agent than
the neutral form19 electron transfer is more likely in the
former case. Esr experiments confirm that transfer from
(C'HIiLCO- to fumarate and maleate does occur. The radi-
cal (CH22CO was produced either by photolysis of aque-
ous 5% acetone and 10% isopropyl alcohol or by radiolysis
of similar solutions in both cases at about pH 13. With 2.5
mM fumarate in the photolytic experiment large signals
from [-02CCH=CHCO02-]-- were observed along with
lines from ~02CCH2CHCO02~. The lines from [-02CCH=
CHCO02 ]-*“ were so strong as to allow the 13C containing
radicals to be observed at a signal-to-noise ratio of at least
5:1. Two sets of lines at an intensity of 1% of those of the
12C species were found since the carbon atoms occur sym-
metrically in pairs. The two carbon hyperfine constants are
ac =4.39 and 2.04 G. These small values, demonstrate the
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delocalization of the unpaired electron in the radical and
are similar to those of radicals derived from ascorbic acid
derivatives.20 The high radical concentration shows that
electron transfer can compete with decay of (CH:))2CO- .

A similar photolysis experiment carried out with maleate
gave a rather different result. In this case comparable con-
centrations of both the maleate dianion and fumarate tri-
anion radicals were present.2l This result is qualitatively
different than that obtained when eag- is used to reduce
maleate either in the photolysis of SO32- or in radiolysis. In
those experiments no detectable intensity of the fumarate
trianion radical was found (its concentration was <1%that
of the maleate species). Several explanations can be given
for the formation of the fumarate trianion. However, the
finding in radiolytic experiments (also using 5% acetone
and 10% isopropyl alcohol) that 0.027 mill of intentionally
added fumarate in the presence of 45 mM maleate pro-
duced comparable signal intensities of the two radicals2t
clearly shows that electron transfer to fumarate is consider-
ably faster than to maleate (by as much as 100 times fast-
er). Thus the observed result in photolytic experiments can
arise from secondary reactions involving small amounts of
fumarate formed by photolytic isomerization or upon radi-
cal-radical disappearance.2 Small amounts of fumarate
should not have any significant effect in experiments with
eag because the rates of reaction with maleate and fuma-
rate are more nearly comparable (1.7 X 109 us. 7.5 X 109
M-1 sec-1).23
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Chemical shifts of lithium-7 nucleus were measured in 11 nonaqueous solvents against 4.0 M aqueous lithi-
um perchlorate solution. Lithium perchlorate, chloride, bromide, iodide, triiodide, and tetraphenylborate
were used. The shifts ranged from +2.80 ppm for acetonitrile, down to -2.54 ppm for pyridine. In dimethyl
sulfoxide and dimethylformamide no evidence for contact ion pairing was observed. Formation of contact
ion pairs was particularly evident in tetrahydrofuran, nitromethane, and tetramethylguanidine. The large
broadening of the 35C1 resonance of the perchlorate ion in these solvents is in agreement with the above ex-
planation. In contrast to sodium-23 nmr, no correlation was found between limiting chemical shifts in dif-
ferent solvents and the Gutmann donor numbers of these solvents.

Introduction

Previous studies in this laboratoryl and elsewhere2-4
have shown that sodium-23 nmr offers a very sensitive
probe of the environment of sodium ions in various sol-
vents and solvent mixtures. It was of interest to us to ex-
tend such studies to salts of other alkali metal ions in order
to determine the influence of the cation on the ionic equi-
libria and ionic species present in various nonaqueous sol-
vents.

The exchange of ions between different environments is
usually rapid with respect to the nmr time scale, resulting
in only one resonance signal at an average frequency deter-
mined by the magnetic shielding and lifetime of the nucle-
us in each of the sites. Alteration of parameters such as
concentration, counterions, and solvent produces changes
in the relative proportion and type of environment which
may be reflected by alteration of the nmr spectra on chemi-
cal shift and/or line shape, and/or line width of the ob-
served resonance.

The properties of 7Li nucleus are quite favorable for nmr
studies. The resonance lines of Li+ ion in solutions are ex-
ceptionally narrow and chemical shift can be measured
with considerable accuracy.

Nuclear magnetic resonance studies on simple lithium
salts in different solvents have been rather sparse. Craig
and Richards5 report on 7Li spin-lattice relaxation rates
for lithium chloride solutions in water, methanol, formic
acid, and dimethylformamide and observe, inter alia, that
no significant variation in the chemical shifts was observed
with a change in salt concentration or in the solvent. Sub-
sequent studies by Maciel, et al.,6 and by Akitt and
Downs,7 however, showed that the frequency of the 7Li res-
onance is quite sensitive to the environment. The chemical
shifts in different solvents range from 2.90 ppm upfield
(from water) in acetonitrile, to 2.26 ppm downfield in pyri-
dine. The above studies also indicated that in certain sol-
vents, the chemical shift was influenced by the anion of the
lithium salt.

Very few results are available on chlorine nmr in non-
aqueous solvents and particularly on lithium perchlorate
solutions. Dodgen, et al.,8 reported the 35CL chemical shift
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of HCIO4 at —946 = 6 ppm from concentrated aqueous HC1
solution with a line width of 0.15 + 0.005 G, i.e., 62.5 Hz.
The same observations were made by Saito9 for the chemi-
cal shift. In the latter case the line width was less than 0.1
G, ie, ~42 Hz

The relatively narrow line width of the 35CL resonance for
perchlorate solutions is probably due to the highly sym-
metrical electronic density around the nucleus and one can
expect its broadening when the perchlorate ion is involved
in interactions, such as contact ion pair formation, which
will destroy such symmetry.

In this paper we report the influence of the solvent, of
the concentration, and of the counterions on the 7Li chemi-
cal shifts. We also report 35CL nmr line width of lithium
perchlorate solutions in methanol, acetone, tetrahydrofur-
an, tetramethylguanidine, and acetonitrile.

Experimental Section

A. Reagents. Lithium perchlorate and lithium chloride
(Fisher) were dried at 190° for several days. Water content
was found to be, respectively, 0.2 and 0.6 wt % Lithium io-
dide (K & K Laboratories) was purified by recrystallization
from acetone and dried under vacuum over P205 2 days at
room temperature, 1 day at 56.3°, and 2 days at 82°. The
purified salt contained 0.1 wt %of water. Lithium bromide
(Reagent grade, Matheson Coleman and Bell) was dried at
190° for 3 days and contained 0.3 wt % of water. Lithium
tetraphenylborate was prepared from NaBPh4 (J. T.
Baker) by methathesis reaction,10 then dried over P205
under vacuum for 12 hr at room temperature followed by
24 hr at 82°. The purified salt contained 0.1 wt %of water.
After drying, all the lithium salts were stored in a drybox
under dry nitrogen atmosphere.

Solutions of lithium triiodide were prepared by the addi-
tion of equimolar amounts of iodine to a lithium iodide so-
lution in a given solvent. Reagent grade iodine (Baker) was
used as received.

B. Solvents. Nitromethane (spectroscopic grade, Al-
drich) was fractionally distilled and dried over freshly acti-
vated 5A Linde molecular sieves for 24 hr. Water content
was found to be <50 ppm. Dimethyl sulfoxide (Baker, re-
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agent grade) was dried over molecular sieves for 2 days:
water content <25 ppm. Acetone (Fisher) was distilled over
Drierite and further dried over molecular sieves. Methanol
(analyzed reagent grade, Matheson Coleman and Bell) was
first fractionally distilled from calcium hydride and then
from magnesium turnings in a nitrogen atmosphere: water
content <40 ppm. Dimethylformamide (Fisher) was vacu-
um distilled from P 205: water content <100 ppm. Propyl-
ene carbonate (Aldrich) was dried over activated molecular
sieves for 2 days. Tetrahydrofuran (Baker, analyzed re-
agent) was fractionally distilled from calcium hydride in a
nitrogen atmosphere: water content <100 ppm. Acetoni-
trile (Baker, analyzed reagent) was refluxed over calcium
hydride and then fractionally distilled over granulated bar-
ium oxide: water content <100 ppm. Pyridine was refluxed
over granulated barium oxide and then fractionally dis-
tilled in a nitrogen atmosphere. Tetramethylguanidine was
refluxed over granulated barium oxide and then fractional-
ly distilled: water content 85 ppm. Acetic acid (Baker) was
purified by six fractional freezings.

Analyses for water in salts and solvents, where possible,
were carried out with an automatic Karl Fischer titrator
Aquatest Il from Photovolt.

C. Solutions. In view of the hygroscopicity of solvents
and of lithium salts, all solutions were prepared and the
nmr tubes were filled in a drybox under nitrogen atmo-
sphere.

D. Nmr Measurements. Lithium spectra were obtained
using a Varian Associates DA-60 spectrometer operating at
a field of 1.4092 T and a frequency of 23.3 MHz. The spec-
trometer was frequency locked to an aqueous 4.0 M LiC104
solution contained in a 1-mm melting point capillary and
centered in the 5-mm nmr tube by Delrin spacers. Line
widths were on the order of 0.25 Hz (0.01 ppm) and chemi-
cal shifts were measured with respect to the lock with a
Hewlett Packard 5245 L frequency counter. The accuracy
of measurement was +0.2 Hz. Magnetic susceptibility cor-
rections were calculated on the basis of published values of
magnetic susceptibilities of the various solvents; several of
these values were checked using a Guoy balance, and sever-
al others were confirmed by using the method of Live and
Chan,1l the additional data coming from measurements
made with a superconducting solenoid nmr spectrometer
constructed in this laboratory. Chlorine spectra were ob-
tained using the DA-60 spectrometer operating at a field of
1.0378 T and a frequency of 4.33 MHz. Modulation
frequencies in the ranges 20-30 and 800-1000 Hz were
used, depending on the line width to be observed. Care was
taken to avoid modulation broadening; the modulation am-
plitude was progressively reduced until the width of the
resonance being observed showed no further narrowing.
The radio frequency power and sweep rate were also opti-
mized. All experiments were done at room temperature
(25°). Cylindrical nonspinning sample tubes of about 15-
mm diameter were used. Spectra were calibrated using the
high-frequency sidebands in the case of relatively narrow
lines. Line widths were determined with an estimated accu-
racy of = 10%as an average of two to four measurements.

Viscosities of lithium perchlorate solutions were mea-
sured with an Ostwald viscosimeter at 25° in a constant
temperature bath.

Results and Discussion

The results of our lithium-7 nmr studies are shown in
Figures 1-6 and in Table I. In cimethylformamide the 7Li
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CONC M
Figure 1. Lithium-7 chemical shifts in acetonitrile and nitromethane.

Figure 2. Lithlum-7 chemical shifts in dimethyl sulfoxide and metha-
nol.

chemical shifts for lithium perchlorate, chloride, bromide,
and iodide are essentially independent of the counterion
and of the concentration. Somewhat similar behavior is
found in propylene carbonate, methanol, and dimethyl
sulfoxide. In tetrahydrofuran, there is little concentration
dependence but a significant difference in the chemical
shifts of various lithium salts. Acetonitrile and nitrometh-
ane solutions show considerable dependence of the 7Li
chemical shift on the concentration and on the counterion.
Since the limit of detection of 7Li resonance with our in-

The Journal of Physical Chemistry, Vol. 79, No. 1, 1975



82

TABLE I: Limiting Chemical Shifts of 7Li
in Various Solvents

Dielectric
Donor constant
Solvent ppm™ no.1 (25°)
Acetonitrile +2.80 14.1 37.5
Dimethyl sulfoxide +1.01 29.8 46.68
Propylene carbonate +0.61 15.1 65.0
Tetrahydrofuran +0.60 20.0 7.58
Methanol +0.54 25.7" 32.7
Nitromethane +0.36 2.7 35.87
Acetic acid +0.03 6.2
Dimethylformamide -0.45 30.9 36.71
Tetramethylguanidine -0.63 1
Acetone -1.34 17.0 20.7
Pyridine -2.54 33.1 12.4

“Vs. 4.0 M aqueous LiC104 as external standard. Cor-
rected for bulk susceptibility. 6Reference 14. cReference 1.

Figure 3. Lithium-7 chemical shifts in propylene carbonate and di-

methylformamide.

strument is ~0.01 M, it was difficult to establish the limit-
ing chemical shifts of Li+ ions in such solvents as acetoni-
trile, THF, nitromethane, and acetone where ion pair for-
mation was especially evident. It has been shown previous-
ly by electrical conductance measurements that, in general,
the triiodide salts behave as strong electrolytes in nonaque-
ous solutions.12 It was found that the chemical shifts of
lithium triiodide were essentially independent of concen-
tration in all solvents tried and, therefore, the values of the
chemical shifts in 0.02 M Lil3 solutions are reasonably
close to the limiting chemical shifts of the Li+ ion in the
same solvents. It should be noted that in cases where ex-
trapolations of chemical shifts to infinite dilution are possi-
ble, the value obtained for Lils agrees well with the extrap-
olated value (for example, in dimethylformamide, metha-
nol, and propylene carbonate).

The chemical shift values obtained in this investigation
agree reasonably well with those reported by Maciel, et
al.,R and by Akitt and Downs.7 Our values, however, seem
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Figure 4. Lithium-7 chemical shifts in tetrahydrofuran.

ACETONE

CONC M

Figure 5. Lithium-7 chemical shifts in acetone.

to be uniformly displaced by ~0.2 ppm towards higher
field. We feel that this difference may be due to the fact
that our values are corrected for the bulk susceptibility of
the solvents.

It should be noted that in most solvents with low or in-
termediate solvating ability, the 7Li chemical shifts are
strongly influenced by the presence of even small amounts
of water. It has been shown by Akitt and Downs7 that the
addition of small amounts of water to lithium perchlorate
solutions in pyridine results in a sharp upfield shift of the
7Li resonance. We find that the effect is even more drastic
in nonsolvating solvents such as nitromethane. Since most
organic solvents cannot be obtained completely anhydrous,
it is obvious that meaningful chemical shifts for Li+ ion in
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Figure 6. Lithium-7 chemical shifts in acetic acid and tetramethylgu-
anidine.

such cases can only be obtained if the concentration of
water is much smaller than the concentration of the salt.

It has been previously observed!'13 that the contact ion
pair equilibrium strongly depends on the donor ability of
the solvent molecule as well as on the bulk dielectric con-
stant of the medium. Although nitromethane has a high di-
electric constant of 36, its donor ability is very low and on
Gutmann’s scale,l4 its donor number is 2.7. We see from
Figure 1 that the chemical shifts of lithium perchlorate and
lithium iodide are concentration dependent and, therefore,
that there is contact ion pair formation. There is also some
evidence for contact ion pair formation in lithium iodide
and bromide solutions in propylene carbonate (Figure 3)
(dielectric constant 65, donor number 15.1). These results
are in agreement with the data obtained with 23Na nmr in
propylene carbonate solutions where the chemical shifts of
sodium bromide and of sodium thiocyanate are strongly
concentration dependent.l5 On the other hand, in di-
methylformamide, with a high dielectric constant of 36.7
and a donor number of 30.9, there is very little influence of
the chemical shift on the counterion or on concentration
(Figure 3). In fact, the chemical shifts for the perchlorate,
bromide, and iodide are essentially superimposable and
only the chloride shows some evidence of contact ion pair
formation.

Tetrahydrofuran is an interesting solvent in that it has a
low dielectric constant of 7.58 but a respectable donor
number of 20.0. The similarity of the chemical shifts for the
chloride, bromide, and iodide (Figure 4) and the fact that
they are downfield from the perchlorate may indicate con-
tact ion pair formation. The low dielectric constant would
preclude any ion pair dissociation in the concentration lim-
its used (0.01-0.6 M). In fact, conductance measurements
reported in a previous paperl showed that sodium-anion
ion pairs do not dissociate in the same concentration range.

In the case of acetic acid solutions (Figure 6) we see very
little concentration or counterion dependence of the 7Li
chemical shift. In fact, the greatest difference we observe is
~0.2 ppm between 0.5 M solutions of the perchlorate and
the triiodide. Acetic acid, however, is a solvent of low di-
electric constant (6.3 at 25°) and it is natural to expect that
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TABLE II: Line Broadening of “Cl Resonance in
LiOO< Solutions
W\-  sam Ie/ W.,/2
Concn, (obsd) n(cB (corr),
Solvent M Pz solver t Hz"
Acetone 0.00 1.00
0.26 11 1.12 10
0.52 16 1.21 13
1.00 27 2.07 13
Methanol 0.00 1.00
0.49 19.4 1.30 15
1.00 19.4 1.38 14
Tetrahydrofuran 0.00 1.00
0.26 53 1.19 44
0.49 63 1.39 45
1.44 202 3.15 64
Nitromethane 0.00 1.00
0.26 85 1.04 82
0.51 120 1.16 103
1.01 173 1.37 131
Tetramethyl- 0.00 1.00
guanidine 1.00 280 5.53 51
Acetonitrile 0.00 1.00
0.26 15 1.09 14
0.50 27 1.26 21
1.00 26 1.68 22

“Width at half-height.

there will be a considerable amount of ionic association in
this medium. It seems reasonable to assume tiat in this
case we have largely solvent-separated ion pairs and that a
very slight concentration dependence indicates an equilib-
rium between solvent-separated ion pairs and a small
amount of contact ion pairs. At the limiting concentration
of 0.01 M essentially only solvent-separated ion pairs exist
in solution. This assumption is strongly supported by a
previously reported observation from this laboratory that
in acetic acid solution the frequency of the lithcum ion vi-
bration in a solvent cage is independent of the nature of
the counterion and comes at 390 cm-1 for 7Li salts and at
407 cm-1 for 6Li salts.16 On the other hand, i. has been
shown that the frequency of the solvation band is anion de-
pendent when the anion penetrates the inner solvation
shell to form a contact ion pair.17

We mentioned above that we attribute the cor centration
dependence of the 7Li chemical shifts to the formation of
contact ion pairs, i.e., to cases where the anion directly re-
places a solvent molecule or molecules in the inner solva-
tion shell of the cation. It seems reasonable to assume that
gross variations in the chemical shift of an alkali metal ion
is a direct influence of the change in its immediate chemi-
cal environment, i.e., it reflects the influence of its nearest
neighbors. It has been shown, for example, that nmr tech-
niques for the determination of solvation numbers of ions
invariably yield numbers indicative of the inner solvation
shell. Thus the hydration number of magnesi jm(ll) ion
was found to be six by nmr measurementsi8 whi e the elec-
trical conductance technique, which also reflec s the con-
tribution of the outer solvationl9 shell, yields a solvation
number of 14-15. Evidence for the contact ion pair forma-
tion, in the case of lithium perchlorate-acetone system, was
also obtained from the behavior of the 935-crr '1 Raman
band corresponding to the symmetrical stretch of the
ClOr ion (n,AO0.2

The results of the 36CL nmr study are shown ii Table II.
In general, in dilute solutions the width and half height of
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the 3Cl resonance was 10-20 Hz as compared with 45 or 65
Hz reported previously for aqueous solutions. It is seen
that there is a considerable broadening of the 3CL reso-
nance with increasing concentration of the salt in nitro-
methane and to some extent in tetrahydrofuran and
tetramethylguanidine. On the other hand, very little con-
centration dependence is evident in acetone, methanol, or
acetonitrile solutions.

It seems to us that the concentration-dependent broad-
ening of the 3BCL resonance is indicative of contact ion pair
formation for the reasons given below.

In theory, spin-lattice relaxation mechanisms may be di-
vided into five categories:2L dipole-dipole relaxation, chem-
ical shift anisotropy, scalar coupling, spin rotation relaxa-
tion, and quadrupole relaxation. Since the observed relaxa-
tion time is assumed to be T\ equals T2 in the motional
narrowing limit, the observed results may be expressed as

Tl Theg = R\dipdip 3 ~1scalar 3

R1 A spinrot "1 R\ qed
IS

In general, the relaxation mechanisms have a Hamilto-
nian operator

Hc = —hi+Tc"O )
where / is the spin of interest, O is a physical quantity
which interacts with | to provide the relaxation mecha-

nism, and Tc is the coupling interaction tensor. For the
case of the dipole-dipole relaxation mechanism

Hc =hlI-T-S 3
where S is the nuclear spin of the species coupled to the
spin of the nucleus of interest. Clearly, this relaxation
mechanism is negligible when compared to the smallest ob-
served Ri for 38Cl1 in the 38010|~ anion. Since the interac-
tion falls off as r~3 where r is the distance between spins,
dipole-dipole interactions between 35CL and nuclei other
than nearest neighbors need not be considered, at least to a
first approximation.

For chemical shift anisotropy to be a significant relaxa-
tion mechanism, the chemical shift of the species must vary
radically with orientation in the magnetic field. The CICL-
anion cannot satisfy this criterion, since even a fairly large
deviation from Td symmetry does not seem to affect chem-
ical shift significantly.

Scalar coupling of the first kind is due to the effects of
chemical exchange of the species of interest, or of nuclei di-
rectly coupled to it. This is of no relevance to 38Cl reso-
nance of the C104~ anion, since the nonexchanging oxygens
shield the chlorine effectively from chemical exchange ef-
fects. In contrast, scalar coupling of the second kind would
be due to magnetic field fluctuations at the chlorine nucle-
us due to motion of the 170 nuclear spins, which should be
negligible compared to the observed R\ as a consequence
of the extreme magnetic dilution of 170 .

In the isotropic molecular reorientation limit, the contri-
bution from the spin rotation mechanism may be expressed
as

R\sgn = (@AKT/h2Cefi2Ts @

where | is moment of inertia of the CKTr anion, Ceffis the
spin rotation coupling constant, and tis the angular corre-
lation time. A calculation using the largest reasonable esti-
mates of oand Ceff shows that R i spjnrat is several orders
of magnitude smaller than the smallest observed R i expt-
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The term involving quadrupole relaxation may be ex-
pressed as
27 + 3

RE—RI 40 207 - Dm(>+1)(*#*)'s &
where | is the nuclear spin of the observed species, 7is the
asymmetry parameter, e2Qqg/h is the quadrupole coupling
constant, and rc is the translational correlation time. For
3BC104~, the asymmetry parameter is zero, or at most very
small for small distortions from Td symmetry, and the
terms involving the nuclear spin are of course constant.
Therefore concentration dependence of R]quad must de-
pend on the influence of concentration on either the corre-
lation time, rc, or the quadrupole coupling constant, or
both. For pure Td symmetry, e2Qq/h is zero, since this
term may also be expressed as (eQ/h)(d2V/az2) 2 and the
electric field gradient at the chlorine nucleus is obviously
zero for pure tetrahedral symmetry. Therefore, for the qua-
drupole relaxation mechanism to make any contribution to
Ri, some distortion from Td symmetry must be involved.
This distortion and, of course, any change in R i qua() would
be due to an ion pair phenomenon rather than classical sol-
vation or bulk viscosity effects. Also it should be noted that
changes in the electric field gradient at the chlorine nucleus
affect the R i quat) as the square of the perturbation, while
tc is influential only to the first power. Several authors
have assumed that this effect on the translational correla-
tion time might be minimized by using a correction term
linear in bulk viscosity, but recently2324 this correction
term has been questioned on the basis that bulk viscosity
does not accurately reflect changes in rc, especially for rela-
tively high concentrations (>10-2 M). Despite this, the
correction is still useful in predicting the sign and order of
magnitude of the change in R !'quad due to the concentra-
tion effects on rc.

In conclusion, it seems that the 35C1 nmr data support
our assumption that the concentration-dependent 7Li
chemical shifts are indicative of the contact ion pair forma-
tion. It is, of course, possible that the second nearest neigh-
bors (solvent shared ion pairs) may slightly influence the
chemical shift of the alkali nucleus, however, the predomi-
nant effect must be due to the nearest neighbors. Similar
results were recently obtained by Stengle and coworkers2
who have studied sodium, lithium, and particularly magne-
sium perchlorates in nonaqueous solvents by 35CL nmr.

An interesting difference was observed in the relation be-
tween the 23Na and "Li chemical shifts in different solvents
to the Gutmann’s donor numbers. It was pointed out in
previous publications that a plot of the limiting 23Na chem-
ical shifts us. donor numbers yield a respectable straight
line. It is interesting to note that no such correlation is ob-
servable with the "Li chemical shifts in different solvents
(Table I). For example, the limiting chemical shift of a poor
donor, nitromethane, is between the limiting chemical
shifts of two excellent donors, dimethyl sulfoxide and pyri-
dine.

Several workers2 have pointed out that in the case of so-
dium, the paramagnetic screening constant is dominant
over the diamagnetic screening constant. For lithium, how-
ever, this is not the case; the diamagnetic and paramagnet-
ic terms are of the same order of magnitude, and tend to
cancel one another.26 For this reason, effects such as ring
currents and neighbor-anisotropy effects become more im-
portant for lithium chemical shifts, as pointed out by Ma-
ciel, et al.6 For example, in the case of pyridine, the de-
shielding of the lithium nucleus may be accounted for by



Debye Scattering Factor for Polydisperse Gaussian Chains

the effect of the circulating it electrons, if it is assumed that
the lithium nucleus is coordinated with the nitrogen in the
plane of the ring. Conversely, the upfield shift of lithium
when coordinated to acetonitrile may be attributed to a
strong neighbor-anisotropy effect analogous to the extraor-
dinary shielding of acetylene protons.
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On the Debye Scattering Factor for Polydisperse Gaussian Chains
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The 2 average of the Debye factor, P(u), for random coils is found to be P2 = 2(un —1 + (e~u)n)/u,,uw in
the absence of polymer swelling by the solvent; the subscripts n, w, and z imply number, weight, and z av-
erages, respectively. An approximate expression for (e~u)n is given in terms of the moments of the poly-
mer molecular-weight distribution, and this approximation compares favorably with exact values calculat-
ed for three different distribution functions. It is shown that the asymptotic expression for P, proposed by
others has a very limited validity in scattered-light experiments on polydisperse polymers.

l. Introduction

The factor, P(u), developed by Debyel to account for
the change with viewing angle in amount of light scattered
by dilute solutions of large molecules is

pm =2u-~ y e * - <

for monodisperse random coils (gaussian chains). Here n is
the refrative index of the scattering medium; Xis the wave-
length (vacuum) of light scattered at the angle, 6, from the
incident beam; and s is the root-mean-square molecular ra-
dius of the scattering molecule.

It is observed that the angular dependence of the
amount of light scattered is substantially influenced by po-
lydispersity, and by its nature, in the solute. Hence the
shape of an experimental P(u) curve contains information
(through s2) about the distribution of sizes present. Over
the past 2 decades a number of proposals have been made
to extract this distribution information. Earlier Zimm2had

shown that with a polydisperse solute, the appropriate av-
erage of (1) is the 2 average, defined by either of

Pz = (MP)JMW= WP)JM, MW @

where the subscripts n, w, and z denote the number,
weight, and z averages, respectively, and M is molecular
weight. The initial slope of P, (or of (P2)-1, as the data are
plotted) gives (,s2)2 and this, together with M,,, are two
pieces of information about the distribution of sizes which
have long been extracted from scattered-light data.

The first to suggest a means of getting more distribution
information from the shape of (P2)_1 was Benoit3who, fol-
lowing the work of Zimm,2 pointed out that the asymptote
approached by (P2)~‘ would give Mn and a ratio s2M
which has the same kind of average for s'2 as for M. The
quantity normally displayed with the experimental data is
(MyP2)-1; the asymptote for this quantity is given by ei-
ther of the equivalent relations

(«" + «»/«,, ) /= @1+ u")ZZM"
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Thus the slope of the asymptote gives us (s2)u/Mu =
(s~)n/Mn while the intercept at 8 = 0 gives Mn. Following
this work came the results4 of an experiment which seemed
to confirm the analysis. Later the analysis on the asymp-
tote was extended5to include non-gaussian chains (chains
where the gaussian statistics are perturbed by good sol-
vents).

Some years later Carpenter6 reported on a scattered-
light study of polypropylene. On using Benoit’s technique,
Carpenter found that the intercept of the asymptote yield-
ed a value of Mn which was off by a factor of 2 from the ex-
perimental value determined osmotically. This was so even
though the value of u was considerably extended by using
several wavelengths of incident light in order to bring the
measurements into the asymptote region. Carpenter also
found that the expressionss intended for chains perturbed
by good solvents does not give any improvement. After
this, Kratoichvil7 calculated the z average of P(u) for two
different distribution functions, the y distribution and a
generalized exponential distribution, and warned that
(P, )_1 achieves the asymptotic behavior only at very high
values of uw, which are more inaccessible to measurement.
Also the relatively low curvature of the (Pz)~1dependence
leads one to mistake a part of the dependence in the region
of high angles for an asymptote, and thus that the value re-
garded as Mn may differ from the correct one by as much
as a multiple. The next year, Shultz and Stockmayer8 re-
ported results of prior calculations of the z average of
gaussian chains having a y distribution. These authors also
issue a warning that experimental data are not likely to fall
on the asymptote so that extrapolation to the intercept
would give an “M,,” appreciably in error but that the slope
of the data at the asymptote end of (MWPZ) 1 is sufficiently
close to the true slope of the asymptote that good values of
the ratio, S2/M, may be obtained. This present work will
confirm both of these findings of Shultz and Stockmayer,
not only for a y distribution of gaussian chains but for a
discrete distribution and truncated logrithmic-normal dis-
tributions as well.

This technique initiated by Benoit is graphical and calls
for the geometrical construction of what is hoped to be the
asymptotic line as well as a line tangent to the (M,,P2)_1
data at u =0. The intercepts and slopes of these two
straight lines were to provide the four quantities, Mw,
(s2)2, Mnand s2/M, which would in fact give three mo-
ments in the unknown molecular-weight distribution from
one experiment (truly a worthwhile goal). However if now
we accept what appears to be conclusive (both by experi-
ment and by calculation) evidence that data from normal
scattered-light experiments do not reach the asymptotic
portion of the (M,,P2)-1 curve, then what other techniques
are open to us to extract the distribution information con-
tained in the curve? Carpenter’s6 finding, augmented by
the subsequent cited work, is that the real difficulty does
not stem from the fact that good solvents perturb the
gaussian statistics to the point where relation 1 is no longer
valid but rather from the fact that in an ordinary light-
scattering experiment the data simply do not extend far
enough to reach the asymptote and hence cannot define it.
To circumvent this practical difficulty, Carpenter proposed
choosing, by trial and error, various distribution functions
with which to calculate the z average of P lu) and compare
these calculated averages with the observed. Carpenter’s
proposal also involvec the determination of Mn by means
of an additional experiment (osmotic pressure measure-

The Journal of Physical Chemistry, Voi. 79. No. 7. 1975

Raymond L. Arnett

ment) and adjusting parameters in the trial distribution
functions so that they gave the observed Mn and Mir (from
the scattered-light experiment). This is not a straightfor-
ward technque and departs from the goal of learning all the
distribution information from the single scattered-light ex-
periment. The presnt work takes up this problem again and
offers an alternative solution.

Il. Further Comments on the Asymptote Problem

As was indicated in our introductory remarks, Zimm?2
pointed out that the reciprocal of the function given by
relation 1 has the asymptote

lim P~U) = {a + 1)/2

an exact, linear relation having both a slope and intercept
of k- Benoit’s3 subsequent arguments extending Zimm’s
work to polydisperse substances has u sufficiently large so
that e ~u becomes negligible compared to unity and P(u) is
approximated by

{u - 1)/u2

Then taking the reciprocal of the z average of this, he ob-
tained

(P2)™ = (UK + itju,,)/2

as the asymptote for polydisperse polymer (a straight line
having slope %and intercept uu/2un). As we shall see, im-
plicit in these arguments is that all values of u in the poly-
mer be large. This is a very limiting restriction in the valid
use of the asymptotic relation for it requires a priori
knowledge about the polymer which is usually not avail-
able.

Let us go back to the complete expression for gaussian
chains given by (1). There is no problem in obtaining the z
average of this; by using the algebra of averages as given by
(2), we immediately obtain

as an expression for the z average of the complete function,
P(u ). This expression is exact as long as u (through s2) is
proportional to M. The conditions (experimental) which
ensure this also ensure the gaussian statistics necessary for
(1). Now we can begin to understand why the asymptote of
(Pz)_1 is so difficult to obtain through experiment. It is
(e~u)n which must become negligibly small compared to
unity before the asymptote is reached. The fact that the
number average of e~u (rather than some higher and hence
more effective average) is involved in the exact z average of
P(u ) explains why the exponential term does not decay to
a negligibly small quantity in most experimental applica-
tions.
The reciprocal of (3) is

©
where r() = uu/un = MWMn and 5= 1- (e~u), 0<h<
1 Relation 4 is valid for all points on the (P2)_I curve in-
cluding the point at un = 0. As un increases from zero, 5in-
creases from zero and approaches unity. Depending on the
nature of the distribution which controls (e~u)n, and re-
membering that as Uh increases from 0 to °°, 5 changes its
value by only unity, and noting that as 5slowly increases, 1
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—b5/un also slowly increases, there will be a value of un for
which greater values will leave 5/(1 —5/un) changing so
slowly as to be effectively constant compared to changes in
un At this point the slope of (Pz)”*vs. uw will have nearly
the value of the slope of the asymptote (= %) even though
the quantity 5/(1 —5/un) is appreciably smaller than its as-
ymptotic value of unity. These are the same conclusions
reached by Shultz and Stockmayer.8

Sample calculations of the z averages of P (u) for various
distribution functions provide dramatic illustrations of the
above mentioned conclusions. Figure 1 shows by two exam-
ples how a geometrical interpretation of scattered-light
data, using what is hoped to be the asymptote, can lead the
experimenter to incorrect results. Let us assume the inves-
tigator here had prior knowledge of the ratio s2M so that
with his new knowledge of Mw from this experimental
study he can, from his measurements, make the plots of
(Pz)~1 vs. uy shown in the figure. Consider first the set of
three dashed lines. This set is for an essentially monodis-
perse, high-molecular-weight polymer (having a discrete
distribution) and our investigator is not surprised to find
the upward curvature his data display, characteristic of
monodisperse polymer. He draws the initial tangent (at uw
= 0) and finds its slope to be 0.336. He knows this slope
should be uz/3uw and so concludes that uz/uw (= Mz/Mw)
is 1.01 for his polymer (in keeping with the expectation of
monodisperse polymer). (The actual curve was calculated
for a two-component blend that was 99.3% (by weight) pure
in the high-molecular-weight component and had an Mz/
Mw of 1.0070.) Our investigator now notices that for uw >
ca. 8, the slope of his curve is constant at \ within his abil-
ity to determine it from his measurements. (The actual
slope is 0.5003 at uw = 13.4.) He concludes his data extend
into the asymptotic region and again draws a tangent hav-
ing a slope of \ and learns that the intercept of this is
0.588. If this intercept is interpreted as as it
would be for the true asymptote, then MwMn is found to
be 1.18 (a value which may be construed to be quite consis-
tent with the shape of the curve and the value of MzZ/Mw al-
ready found). However it is in error by more than a factor
of 3. The curve was calculated for a polymer having MWMn
= 3.3766, Mz/Mw = 1.0070, Mz+I/Mz = 1.0000. At the
point where the slope is 0.5003, the value of (e~u)n is
0.714, a number certainly not negligible compared to unity!
The reader should appreciate that the arrangement of this
illustration provides a better check on the asymptote for
the experimenter can choose as the asymptote not only the
place where the curve has attained a constant slope, but in
addition, a constant slope having the correct value of \. If
the ratio s27M was not already known it could be obtained
from this curve with an error of less than 0.1% coming from
the fact that the asymptote had not been reached by the
data; however, the value of Mn so obtained would be in
error by a factor of more than 3.

The set of three solid lines in Figure 1is calculated for a
polymer having a 7 distribution of molecular weights with
MJIMn = 8 MIMW = 1875 Mz+l/Mz = 1.4667. The
slope of the tangent at uw =0 is found to be 0.625 giving
the correct value of MIJMW The slope of the curve, (Pz)_1
us. uth is only 2% greater than \Z at uw = 16 and in that
neighborhood the curve drawn through experimental
points would not be distinguished from one having a con-
stant slope of % A straight line of slope %drawn through
the curve at uw = 17 has an intercept of 1.54 which would
be interpreted as MwMn = 3.C8 (instead of the correct
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Figure 1. Incorrect conclusions possible from geometrical interpre-
tation of angular dependence of scattered light. (See text, la, slope
= 0.336; Ib, slope = ‘2, intercept = 0.588; lla, slope = 0.625; lib,
slope = 2, intercept = 1.54.)

value, 8) for the polymer by the assumption of the asymp-
tote. The value of (e~u),, at uw =17 is 0.674 and is, in fact,
still greater than 0.6 at uw = 38 where (Pz)_1 has risen to
21 times its zero angle value. Further, (e~u)n = 0.53 at
(Pz)_1 = 48 and the true slope of the (P-)-1 us. uu curve is
0.503 at this point, yet the value of Mn deduced from the
intercept of a tangent to the curve even at this (experimen-
tally) extreme point would be in error by more than 100%

It is apparent from these examples that something better
than this geometrical approach involving the asymptote is
needed

I11. An Alternative Proposal

The considerations which follow recognize that the data
collected in scattered-light experiments will not define the
asymptote of (Pz)_1 in order for geometrical interpreta-
tions to be made, and therefore that whatever distribution
information is contained in the observed (MWPZ)~Xcurve
must be extracted by means of a relation which is appropri-
ate for the data in the region where they exist. The true 2
average, (3), has, of course, to be the basis for that relation.
The procedure followed here is to find an approximate ex-
pression for (e~u)n. This will be done, not by using some
distribution function in order to calculate the number aver-
age of e~u (it is this distribution function which is the un-
known), but by giving an expression for (e~u), in terms of
several moments of the unknown distribution function.
Since this is an analytic approach rather than a geometric
one, it is anticipated that the parameters (moments of the

The Journal of Physical Chemistry, Voi. 79, No. 7, 1975



88

distribution) in the expression for (e~u)n will be deter-
mined, together with Mw by a least-squares fitting of the
function to the data for (MWPZ) 1.

To follow this route requires that the approximate ex-
pression for (e~u)n be quite good in view of how it is com-
bined in (3) and in view of the fact that we shall want our
result to be valid over the whole range of Pz (1 > Pz >0)
just as in (3). The early part of the curve is the most re-
stricting (Pz = 1). For example, for e-t 0.9, if we ap-
proximate e ~x by an expression which has an error of only
0.1% the combination, x - 1+ e~x, has an error of amost
19% (x without error); for e~x known to 0.1% at =;
0.95,x - 1+ e-~x has an error of 75%. Nevertheless, it has
been possible to give an expression for (e~u),, good enough
so that the error in the approximated Pz is within the nor-
mal errors of measurement in the scattering of light.

The function to be averaged, being the exponential,
suggests that it be expanded in terms of functions which
themselves have exponential behavior. One such function is
obviously the exponential function itself; thus we consider
the series

al'dlh + a2~y + . .. (5)

where the a,, b, are to be determined. Further, since the ex-
ponential function is the limit

£ = 5% @+qu)/Q q4 0 6)
we also consider the series
H@L + Sfi7)1U510 + p2fl + <H)"12 + oo o (?)
and take a linear combination of (5) and (7) to represent
(e'u)n;ie
(e~ = "<t + azZe~AH] +
@ - XV + 9lk,) lal + 8)

The question of how to put the a,, 5, p;, and g, in terms
of moments of the distribution is solved for us by the need
to make the right member of (8) an excellent approxima-
tion of the left member, particularly at low values of un.
For small values of the argument, a power series expansion
is valid. The series expansion of the left member of (8) is

&), =

which, in view of the algebra of averages (and an obvious
extension thereof) as given by (2), becomes

€, =

1-n, + @2 - 0 v, + («V 4l

1- un+ uruw?2\ - uru,,uj3! +
uruwijizl 4! -
This last relation may be rewritten as

(c,=1-u,+ rM,72! - rerH33! +
radr 2ra/ 4! - ... (9
involving the dimensionless ratios, r0,r ], r2 defined by
3., r =m_ _ Me. = woti
Mn' 1 uw Xw 2 w ~ Xz

It is immediately clear now how the a,, 6,, p,, and g, of
(8) must be determined; the right member of (8) is to be ex-
panded in a power series of un and made identical with the
right member of (9) by equating coefficients of equal pow-
ers of u,, For by doing this, the right member of (8), which
is an approximation, becomes an increasingly better ap-
proximation (because the right member of (9) becomes an
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increasingly better approximation) as un becomes smaller,
as we must have in order for the numerator of (3) to give a
good value for Pz. The fraction, x, in (8) will be left unde-
termined at this stage. It will be fixed la'er to reduce the
deviation of the right member of (8) (at larger values of un)
from exact values of (e~u),, determined from several dis-
tribution functions.

For now we set the series, (5), identical with x times the
right member of (9). Closed form expressions for the af, b,
are possible only if (5) is limited to the two terms shown.
The values of a\, a2 61, b2 which make (5) identical with
x times the first four terms of (9) are

« = x{l + (rOr, - 3 + 2/rQ)/[(rOr, - 1)2-
4(r0 - 1)(rt —1)Jv2}/2

«@ = X- a\
(10)
bi = 1- [(r0- Da2rt,]12
b2 =1+ [(rQ- \)ajaZ:12

It is comforting to note that the set of relations, (10),
does not present any difficulties in the limit of monodis-
perse polymer where r0 = r1 = 1 In this case

a\ = = X2 6L = b2=1

and the series (5) reduces to e ~u as it must. Further it may
be noted that the argument of the radical in (10) is non-
negative (hence the a;, b, are real) as long as r0 and ri are
not less than unity. This is the physically real situation.

The series, (7), is now expanded to give the remainder of
(9). Again only two terms of the series are used. The re-
mainder of (9) to be accounted for is 1 —x times the first
four terms of (9); however, a redundancy in two equalities,
coming from equating coefficients of like powers of un, re-
quires the inclusion of the r2 term in (9) to determine each
ofpi, P2, <4, g2- Allowing for the contribution of the series
(5) inthat term, the expressions for the p ’s and g, which
with (5) give the first five terms of (9) exactly, are

fit = (L- XU + C/(4reS3 + CIV7/2;

h =1~ X" Fi

dl=n - 1- (rGBp2px)in;

2L=r0- 1+ (rspypyn (11)

c = Mr,2(r2- x) - x7i - D7(r0- 1)]/6(1 - X +
ra2r0 - r,(z2ro - 7/6)/2 - 3/2] + 1/4

S - [T - 1) - (ro -
For monodisperse polymer, the set, (11), becomes

Pi=1- X =0 p2=0

1;)/2

so that in view of (6) the series yields (1 —x)e~u for r0 =
ri =r2 =1, and the approximation, (8), then gives

(= = *"

as we desire for proper behavior.

It is clear that either of the series, (5) or (7), would suf-
fice to give the first several terms of (9) exactly. The pur-
pose of combining both series is to introduce the additional
parameter, x> whose numerical value can be adjusted to
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make the deviation from truth cf the approximation, (8),
minimal in the region of un between un —a0 and

The expressions presented above are not pleasant to con-
template. Nevertheless, computers handle them unemo-
tionally.

IVV. Comparison of Approximate with Exact Values of
Pz

Relations 3, 8, 10, and 11 provide a means of determining
MwMn, MzZ/Mw, Mz+i/Mz, and (,s2),, in addition to Mw
from suitable experiments in the scattering of light. These
five quantities are perhaps best determined by a least-
squares fit of (MWPZ) 1 (Pz given by (8) in (3)) to the ex-
perimental observations of (Kc/Rg)c=o. The quantities K,
¢, and Rgare the usual optical constant in light scattering,
the solute concentration, and Rayleigh’s ratio, respectively.
The five parameters to be determined by the data give the
first four moments in the unknown distribution (by num-
ber) function and a mean-square radius for the dissolved
polymer.

It remains now to determine how far from truth the pro-
posed approximation, (8) in (3), for Pz is. For this test we
use three different distribution functions to compute exact
z averages of P(u); two of these are continuous distribu-
tions and one, a discrete distribution. Several different sets
of the four parameters rQ,n, r2 and (s2),, are used to spe-
cify each of the distribution functions in order to obtain
exact Pz values under many different conditions. Corre-
sponding approximate values of Pz, using the same sets of
the four parameters, are calculated from (3), (8), (10), and
(11) with differing values assigned to x for comparison with
the exact values of Pz.

One of the continuous distribution functions we use is
the 7 distribution. Its frequency function, for distribution
by number, is

(m /M nmATr-"/r(in)e~mi'/>n, »1: I/(rO- 1)
and permits of a closed form expression for (e~u),. In
terms of the ratio, r0Q, the expression for Pz is

P 2un—1+ 1 + ér,, - D»J-1Y<o0l>
n %

(o

In this distribution, r1 and r2 are not independent quan-
tities; they are fixed, once r0 is fixed, by the relations

r, = (r0- 1)/rQ

r2=(3r0- 2)/(2ro- 1), r0™ 1
Only a very limited range of values for r 1 and r2 is possible
(1 —" <2 1 —*2 < 1.5) with this distribution.

In order to provide a test with larger values of r 1and r2,
we use the truncated logarithmic-normal distribution
whose frequency function, p (Ai), for distribution by num-
ber, is

(@7 In r)-172
R )
where r is the single value each of rQ r1,r2 ... would have
if the log-normal distribution were not truncated
U = (InU/p)/(In )12, V = (InL/p)/(In r)12

L and U are the lower and upper bounds, respectively, of
molecular weight, M, found in the polymer, p is a parame-

(In M/ p)2~

ACL 2Inr
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ter related to the Mn of a non-truncated log-normal distri-
bution by Mn = /xr1/2, and ) is defined by

4>(x) = (2ir) 1’%‘{06 i2/2 dt

The mth moment of this distribution is

$E" — Inr) —<bl' —wWInr) m” 2
4>t) - 4>(L) Ur

from which the ratios rQ, r 1, and r2 are readily found. The
expression for r0, for example, is

n =

\$(U” - 2vIiTr) - <b(V - 2VIn n][$(C) - <>Ln
[FUT7 - VTFr) - CTiTNR T

A selection of values of the four distribution parameters, r,
p, L, and U, fixes the values of rQ r\, r2 and (s2),. This
same set of values is then used in the approximate expres-
sion for (e~u)n while the exact value is determined from
the numerical integration of

\"

I, p(M)e~ail dM
where u = aM. Finally, both the approximate and exact
values of (e ), are inserted in (3) to obtain the respective
values of Pz.

For the discrete distribution, the number average of e~u
is calculated from liXie~aM where X1 is the mole fraction
of polymer having molecular weight, Mt. The exact 2 aver-
age of P(u) for this distribution is again obtained by using
this value for (e_*),, in (3). The discrete distribution is
unique, among the three we use, in that it permits of distri-
butions for whichr1 >r0-

Since the number average of e~u for the 7 distribution
is identical in form with the second of our approximate se-
ries, we use only the truncated log-normal distribution in
order to explore the best value for x- In Figure 2 we display
those values of x which make complete agreement between
the exact and approximate calculations of Pz. These pre-
liminary computations were made for a number of different
sets of values for ro, r1 and r2 two of which are shown in
the figure. The value of x giving agreement varies with the
values of Pz, but the variation is less as the amount of trun-
cation becomes less. Also, for this situation, a greater frac-
tion of the exponential series (larger x) is needed. In the
comparisons which follow, the approximate calculations of
Pz are made with x = 0.4.

Comparisons of approximate with exact values of the 2
averages of P(u) for a number of different sets of ratios, rQ,
ri, and r2 are shown in Figure 3. Here the exact values
were calculated from the truncated log-normal distribution
function. The disagreement shown is less than 7% through-
out the complete range of Pz; the abcissa in the figure is
the true value of Pz. As was ensured by the method of in-
troducing r0, r1, and r2 the agreement is better for small-
er values of un (Pz closer to unity) so that excellent values
of {s2)z (= rori (s2)n) would be obtained by using the ap-
proximate formula.

Even though a distribution may be fixed by knowledge of
all of its moments, fixing the three ratios, rQ, r1 and r2,
still leaves a distribution effect in the 2 average of P (u) as
Figure 4 shows. Here almost the same set of values for rQ,
rh and r2 in the two distribution functions, 7 and trun-

The Journal of Physical Chemistry, Voi. 79, No. 1, 1975



90

Raymond L. Arnett

Figure 2. Fraction, X. of exponential series which makes approximate z averages of P(u)agree with true value.

Figure 3. Comparison of approximate calculation of Pz (having x = 0.4) with true value of truncated log-normal distribution. (I, rO = 50.0, r,

=277,r2 =49; I,r0 = 499, r, = 124,r2 =24; I, r0 =81, r,

cated log-normal, give some difference in the true value of
Pz. The deviation of the approximate value from truth is
still acceptable in both cases considering the present quali-
ty of scattered-light experiments.

No comparison with the discrete distribution is shown
because, in general, the approximate calculation gives al-
most exact agreement even when ri > r0. For example, in
a distribution having ro = 3.8, ri =77.9,r2 = 14 (such as
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=21,r2=14,1V,r0 =80, r, = 7.6, r2 = 5.2)

would occur for an essentially monodisperse polymer hav-
ing a trace of much higher molecular weight impurity), the
approximate formula deviates from the exact by less than
0.001% throughout the range of Pz.

An examination of relation 4 reveals that the intial por-
tion of the curve (MwPz)~1 vs. ((4irn/X) sin 9/2)2 contains
information about the higher moments in the molecular-
weight distribution; that is, it is from this portion of the
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Figure 4. Comparison of approximate calculation of Pz (having x = 0.4) with true values. (I, 7 distribution, r0 = 8.0, [, = 1.9, 2 = 15; I,

truncated log-normal distribution, = 8.1, =2.1, r2=14 )

curve that we can learn Mw; (s2)z, and r% After the quan-
tity 6/(1 —b/un) becomes effectively constant, that is, after
the curve has attained a nearly constant slope, then the
curve contains information about r0 and ri. Both of these
pieces of information can be extracted because the value of
O will be known through (8). However, without a means of
estimating (e~u)n from the experimental curve, a means
which relation (8) provides, the only information which can
be obtained is Mw, (s2)2 and s2/M, equivalent to Mw ri,

(s2);.
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Heteroconjugation of Inorganic Anions in Nonaqueous Solvents. Ill. Complexes of

Polymolybdates and -tungstates with Chloral Hydrate
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Heteroconjugates of 1,1-dihydroxy-2,2,2-trichloroethane (chloral hydrate) with a number of polyanions in
nitrobenzene solution have been investigated by nmr spectroscopy. The computed formation constants (at
37°) of the 1:1 complexes are as follows: MoeOig2-, 1.76; PMo"CU03-, 3.11; SiMomCUo4-, 24.7; PW 120403 -,
1.30; CIO4-, 255 M ~". These figures provide the first direct quantitative measure of hydrogen bonding in-
volving heteropoly anions and demonstrate the very low charge densities on the surface of such anions.

Introduction

In the first paper of this series,2 we pointed out the im-
portance of investigating the interactions of heteropoly an-
ions with neutral organic molecules in homogeneous solu-
tion. The structures of isopoly and heteropoly anions re-
semble fragments of metal oxide lattices and the behavior
of such complexes in solution may be used as a model for
metal oxide catalyst-substrate interactions. Since hydro-
gen-bonded complexes involving heteropoly anions are very
weak, simple “chelate”-type donors such as pyrocatechol
were initially studied. Only indirect evidence for complex
formation with pyrocatechol could be observed with poly-
molybdates owing to irreversible oxidation-reduction reac-
tions.3 In the present work we have used the nonreducible
geminal diol, chloral nydrate (l,1-dihydroxy-2,2,2-trichlo-
roethane) as the H-bond donor.

Experimental Section

The preparation and purification of the heteropoly salts
and solvent are described elsewhere.24 Chloral hydrate
(Fisher) was used without further purification. Solutions
for nmr measurements were prepared freshly by direct
weighing and contained TMS as an internal standard.

Results

The chemical shift of the a-methylene protons of the te-
trabutylammonium ion was found to be unaffected by the
presence of various concentrations of the anions investi-
gated and indicates that no significant ion pairing of these
species occurs in nitrobenzene.

Although the chemical shift of the two hydroxy protons
of chloral hydrate was measured for the determination of
the extent of heteroconjugation, the peak of third hydrogen
could also be observed. The ratios of the heights of the in-
tegrated signals were always 2:1 in the concentration range
investigated (15-900 mM). The chemical shift of the two
hydroxy protons was independent of concentration in solu-
tions more dilute than 0.1 M, but small downfield shifts
could be observed in more concentrated chloral hydrate so-
lutions. Assuming that hydrogen-bonded dimers are
formed in such solutions, the dimerization constant (in ni-
trobenzene at 37°) is calculated to be 0.164 + 0.039 M~1.
Because of the limited solubilities of the polyanion salts in
nitrobenzene, it was only necessary to take dimerization of
the chloral perchlorate into account for the perchlorate so-
lutions. The concentration ranges used were as follows: te-
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trabutylammonium perchlorate, [A-], 10-250 mM; chloral
hydrate, [H2B], 15-125 mM; mole ratios [A ]/[H2B], 0.5-5.
For these solutions the relative chemical shifts, A ranged
from 0.02 to 0.65 ppm. The corresponding figures for the
polyanions were as follows: [An~], 10-60 mM (MogOig2-),
7-28 mM (12-heteropoly anions); [An_]/[H2B], 0.3-4.

The heteroconjugation constants

K = [AHBn]/[An-][H,B]

were calculated by the interative procedure described pre-
viously .4

In this procedure the relative chemical shift of the fully
complexed chloral hydrate, aan2o--, is also determined.
This parameter could be calculated with reasonable accura-
cy only for the 12-molybdosilicate complex, and its value,
AahZ> = 1-39 ppm, was used in the calculations for the
other polyanions. Using this value, and the heteroconjuga-
tion constants listed in Table I, it was possible to reproduce
the observed chemical shifts to within the limits of mea-
surement for all the solutions studied.

Discussion

The formulation of chloral hydrate as a geminal diol is
well established by X-ray analysis,5®cryoscopy,7 and 10
and nmr.8 The equilibrium constant for CI3C «CHO +
H20  CIC+CH(OH)2is 2.8 X 104 at 25° in water.9 That
the situation is similar in nitrobenzene solutions is shown
by the constancy of the ratio of the proton nmr signals. The
formation constant for the perchlorate complex with chlo-
ral hydrate is similar to that observed3for the correspond-
ing vicinal diol, ethylene glycol, but is much smaller than
that for the aromatic diol, pyrocatechol (20.6 M~ 1). On the
other hand, although the stabilities of chloral hydrate com-
plexes of perchlorate and 12-molybdophosphate are simi-
lar, we could detect no complex formation of the heteropoly
anion with pyrocatechol.210 Part of this failure may lie in
smaller chemical shifts, AAhZB"-, for the fully complexed H
donor. The aan2o- value for the perchlorate-chloral hy-
drate complex is about three times larger than that for the
perchlorate-catechol complex. However, even allowing for
this factor, and for solubility limitations, it is evident that
H-bonded pyrocatechol complexes of polyanions are not as
stable as those of perchlorate. 1

The formation constants listed in Table | provide the
first direct quantitative demonstration of the very low sur-
face charge densities of isopoly and heteropoly anions. Un-
like the perchlorate ion, the surface oxygen atoms of poly-
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TABLE I: Formation Constants of Heteroconjugates
of I,I-Dihydroxy-2,2,2-trichloroethane with Some
Inorganic Anions in Nitrobenzene at 37°

Anion K, M~I
cio4 2.55 +0.39
Mo®0I192~ 1.76 £ 0.41
P M ol204B- 3.11 + 0.63
SiMo1D 44— 2477 2.7
PW,sOt,> 1.30 + 0.45

anions are of two types, terminal and bridging.12 It seems
likely that protonation or hydrogen bonding would take
place at the bridging oxygen atoms, since the terminal oxy-
gens are strongly polarized toward the interior of the anion
by # bonding to the metal atoms.13 The differences in sta-
bilities of the molybdate complexes cannot simply be ac-
counted for in terms of electrostatic (—4 us. —3) argu-
ments, but also show influences of the central atom upon
the surface charge density. The central atom has elsewhere
been shown to affect reduction potentials and spectroscop-
ic properties of 1:12 heteropoly anions.14 Finally we note
the variation between the complexes of PM0120403- and
PW120403-. We have pointed out elsewherel5 that, other
things being equal, heteropoly molybdates are somewhat
stronger BrOnsted bases than the corresponding heteropoly
tungstates, and the present results are consistent with this.
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COMMUNICATIONS TO THE EDITOR

Evaluation of Dielectric Permittivity by

Time Domain Spectroscopy

Publication costs assisted by the Materials Science Program,
Brown University, with support from the National Science Foundation

Sir: We present here simple formulas for evaluating com-
plex permittivity e*(iw) at frequencies u = w/2ir from La-
place transforms of voltage pulses VO(t) and R (t) incident
on and reflected from a dielectric sample in coaxial lines, as
observed by time domain spectroscopy (tds).1

From transmission line and network theory,2 the input
admittance y in of a dielectric sample in length d of coaxial
line terminated by an admittance yd isy in = (&> + >Vv)/(l
+ Zsyd), where y0 = io>Cad((tanh x)/x) and Zs =
i'o)La((tanh x)/x) are the open-circuit admittance and
short-circuit impedance of the dielectric section, Cc and Lc
eare the geometric capacitance and inductance per unit line
length, x = iuit*Y2d/c,and ¢ = (LcCc) _1/2.yin is related
to the transforms vO(io>) and r(iai) of Vo(t) and R(t) by

yiN = Gc(u0 + r)/(v0 —), as the input voltage is vq —r
for our sign convention and the input current is Gc(v0 +
r), where Gc = (CdLc)12

For a sample inserted in a matched line, yd = Gg and
combining the preceding equations gives

/ 2c\ rfiu>v,, :

e —1=\4 31 - iw(r/i(jJVEa{X coth v + iwd/c)
@)
The approximation x coth x =1- %(wd/c )2t* gives an ex-
plicit solution for e* valid for (1/45)(wd/c )4c*2 « 1 The
transform of the incident pulse in commercial equipment
can be approximated to quite high frequencies by VUiuvo
= (0)Tr2) cot (cuTr/2) + i(wTr2), corresponding to a fi-

nite ramp with rise time T rto the final value V3

An alternative, often preferable, method is to place the
sample at the end of an open coaxial line, as proposed by
Iskander and Stuckly.3 We take yj = 0 and an effective
sample length d, larger than the length in the line because
of end effects (by 1.5-2 mm for a 7-mm line). This gives a
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butanol at 23° terminating a 7-mm coaxial line, as recorded from a
Hewlett-Packard Type 181 tds system with 40-psec rise time. Lower
plot: complex plane plot of e~ = t' — ir". Open circles are calculat-
ed from e* = (c/d)(p/2io.<v0). Solid circles are calculated from eq 2.
Numbers opposite points are frequencies in gigahertz; the dashed
lines connect points for the same frequency.

simple formula for e* in terms of p(ico) = r(iu) + vo(ico),
ie.

& = (d /1 - we(p/2;wrof Vcoth X @)

The usefulness of both methods has been tested using
polar liquids with relaxation time in the range 300-2000
psec (1 psec = 10~12 sec). As an example, the observed re-
sponse P (t) = R(t) + Vo (f) for a 3.4-mm sample of 1-bu-
tanol at 23° terminating a 7-mm line is shown in the upper
part of Figure 1, and complex plane loci of e* =t' —it" are
shown in the lower part. The open circles are from values of
(c/d)(p/2iaiuo), corresponding to a thin-sample or
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lumped-circuit approximation, while the solid circles result
from the more general formula (2). The corrections change
the apparent frequency of Debye relaxation from 0.24 to
0.310 GHz and its high-frequency intercept €, from 1.7 to
3.4, with the corrected values in good agreement with other
steady-state and tds results. The artifact in the uncorrect-
ed result of a second higher frequency process centered at 5
GHz is removed to the accuracy of numerical evaluation of
p(i @ from P(t). Scatter in the corrected values above 2
GHz is primarily the result of this evaluation, made by sim-
ple summation of values of P(n A) exp(—w A) with time
interval A= 40 psec.

In our analysis, no assumptions about the form of c*
have been made, exact account has been taken of the non-
linear relation of yiN to r(ito) and vo(iu), and effects of
propagation (x coth x ~ 1) can be usefully approximated
in a simple way. Satisfactory results are obtained for much
larger samples and reflection signals than in thin-sample4
or lumped-capacitance3 approximations and without re-
course to computerized sampling, fast Fourier transforms,
or iterative solutions used in other more general methods.
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