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The translational energy released in the unimolecular loss of H- from metastable methane ions has been ex­
amined and found to have a significant temperature dependence. Reaction mechanisms of the barrier tra­
versal, tunnelling, and electronic predissociation types are all inconsistent with the observed temperature 
effect if centrifugal effects are neglected. The observed temperature dependence of the kinetic energy re­
lease correlates well with the variation in centrifugal barrier height with rotational energy derived from a 
simple form of Langevin collision theory. It is also in agreement with the more rigorous treatment of Klots 
which allows tunnelling through the centrifugal barrier.

Introduction

We wish to report the results of measurements of the 
translational energy released as a function of temperature 
and deuterium substitution in the metastable ion dissocia­
tion (I). Our objective was to obtain new types of experi­
mental data which should prove of value to any future the­
oretical calculations on this system. We have also consid­
ered various possible mechanisms in the light of the pres­
ent and earlier experimental data.

CH4-+ -*• CH3+ + H- (I)

The occurrence (or nonoccurrence) and origin of the 
metastable peak in methane has been the subject of some 
interest, particularly as regards the applicability of quasi­
equilibrium theory (QET). Rate constants calculated for 
reaction I by QET in both its original1 and in a reformulat­
ed version2 were found to be inconsistent with the experi­
mentally observed metastable peaks if the classical barrier 
traversal mechanism was assumed. However, Hills et al.1 
were able to fit their calculations to the experimental data 
by modifying their treatment of the reaction coordinate 
while Klots2 was able to reconcile the observed abundance 
of the metastable peak by postulating tunnelling3 in his 
treatment.

Experim ental Section
Translational energy releases were measured using the 

mass-analyzed ion kinetic energy spectrometer (MIKES) 
described previously.4 Similar results are obtained using 
the Hitachi RMH-2 mass spectrometer modified as pre­

viously described3 but reaction I is significantly enhanced 
by collision-induced dissociation1-6 and the better differen­
tial pumping in the MIKES instrument permitted higher 
source pressures for a given field-free region pressure. Even 
at a pressure of 1 X 10“ 7 Torr in the field-free region, the 
contribution of the collision-induced dissociation to the 
metastable ion signal was ~50% of the total signal (Figure 
1). This process is associated with the broad component of 
the observed composite peak. The translational energy re­
lease (Tflo%) was calculated from the measured half-width 
of the narrow component after correction both for the con­
tribution o; the collision-induced process (by resolving the 
composite metastable peak using a curve resolver) and for 
the energy spread in the parent ion beam (the corrected 
width was taken as the square root of the difference be­
tween the squares of the metastable peak width and of the 
fraction 102/011 of the width of the beam of stable parent 
ions where the reaction in question is mi+ —► m2+ + r̂.3). 
The composite nature of the metastable peak precludes an 
accurate determination of the distribution of kinetic energy 
releases; however, it has been shown7 that for gaussian 
shaped metastable peaks the value of the kinetic energy re­
lease calculated from the peak width at half-height is only 
one-half to one-third the average kinetic energy release.

R esu lts and D iscussion
The present kinetic energy release values may be com­

pared to a value of Tso% of 5 meV obtained for CH4 by Ot- 
tinger6 and an estimation by Stockbauer8 of the total ener­
gy release at the threshold for ion production of 140 ± 50

859
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Figure 1. Metastable peak in the MIKE spectrum of CH4 for the reac­
tion CH4-+ - *- CH3+ + H-. E Is the electric sector voltage necessary 
to transmit the stable CH4-+ ion beam.

and 90 ± 30 meV for CH4 and CD4, respectively. The T50% 
value of Ottinger, at an ion source temperature of 150° and 
a resolution insufficient to distinguish the unimolecular 
and collision-induced dissociations, is in agreement with 
our data. Stockbauer’s estimate, which is based on assump­
tions regarding the transmission of a mass analyzer as a 
function of ion kinetic energy, may reflect the energy re­
lease for ions dissociating from the same state! s) as those 
which give the collision-induced peak in our work.

Figure 2 illustrates the results obtained as a function of 
ion source temperature and deuterium substitution. 
Straight lines are drawn through the temperature depen­
dence data but the limited temperature range accessible 
does not allow the exact form of the dependence to be es­
tablished. Photoionization efficiency studies9'10 have 
shown that rotational energy of neutral CH4 is effective at 
threshold in the formation of CH3+. In the range covered in 
these experiments changes in the source temperature cause 
a much larger change in the rotational energy distribution 
of the neutral methane than in its vibrational energy distri­
bution. Hence, assuming that the increased rotational ener­
gy of the neutral is largely retained in the ion (which will be 
true for not too drastic changes in geometry), the observed 
trend in Tso% with temperature probably reflects rotational 
effects.

One important feature of the metastable ion experiment 
must be contrasted with ion source studies. Since a limited 
and fixed range of ion lifetimes is sampled in the metasta­
ble time window, differences in the internal energy distri­
butions of the reacting ions will only be transmitted in part 
to the population being sampled. This well-known feature 
of metastahle ions11 is useful in many studies in which dif­
ferences in internal energies of ions are an undesirable 
complication. In experiments of the present type this fea­
ture may muffle any effect of temperature and the ob­
served change in Tso% may underestimate the true change.

Figure 2. Measured kinetic energy release (T50%) for CH4 and CD4 
as a function of ion source temperature.

This effect is considered in the discussion which follows.
The translational energy release observed for reaction I 

is rather small compared to values usually obtained when 
its origin is in the statistical partitioning of the nonfixed 
energy in the fragmenting ion. This may merely be a conse­
quence of the small size of the ion but it does require that 
other types of mechanisms be given consideration. Three 
main possibilities exist: (i) reaction occurs on a single sur­
face by surmounting an energy barrier, (ii) the reaction in­
volves tunnelling or rotational predissociation, and (iii) the 
reaction occurs by a forbidden electronic predissociation. 
The calculations of Hills et al. and of Klots cover mecha­
nisms i and ii, respectively. The electronic predissociation 
mechanism has not been previously suggested, but it de­
serves mention because such a mechanism has been postu­
lated for several reactions which simultaneously show un­
usually small kinetic energy releases and unusual sensitivi­
ty to collision-induced dissociation.12 The predissociation 
process might occur as follows: the 2To ground state of tet­
rahedral CH4-+ has a Jahn-Teller instability, which results 
in a distortion to Dnd symmetry and a splitting of the 2T2 
state to 2E and 2B2 states.13 If the rate of crossing between 
these surfaces happens to fall in the appropriate range, the 
metastable CH4-+ ions could be those which are formed in 
the higher 2E state with insufficient energy to fragment but 
then undergo a slow crossing to the 2B2 ground state where­
in they do have sufficient energy to fragment.

The magnitude of the translational energy release is in 
qualitative agreement with all three mechanisms. The QET 
calculations of Hills et al. predict metastahle behavior for 
CH4-+ ions with total internal energies on the order of 1 
meV and those of Klots suggest that the ions fragmenting 
by the tunnelling mechanism could release only a quantity 
of energy less than or equal to the height of a small centrif­

The Journal of Physical Chemistry. Vol. 79. No. 9. 1975
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ugal barrier in the reaction coordinate. The curve crossing 
process might also release very little kinetic energy as has 
been proposed12 for other reactions.

In seeking a basis for selection of the mechanism the 
temperature dependence data of Figure 2 must be used. 
The arguments which follow can be summarized by noting 
that, if one makes the usual QET assumption of complete 
randomization of internal energy in the energized molecu­
lar ion, the barrier transversal mechanism requires an un­
realistically small k (c) slope to accommodate the observed 
temperature effect. Moreover, the predissociation mecha­
nism is not expected to show a significant change in kinetic 
energy release with change in molecular ion energy distri­
bution, and neither, in the absence of centrifugal effects, is 
the tunnelling process.

Both tunnelling and forbidden electronic predissociation 
may be characterized as unimolecular processes which have 
appreciable rate constants over only a narrow range of in­
ternal energies. This is in contrast to the well known form 
of the k{t) vs. 6 curves for over the barrier type reactions. 
Consequently, if the metastable ions are being formed by 
either tunnelling or slow predissociation only a relatively 
narrow range of molecular ion internal energies is being 
sampled. Therefore, changes in the molecular ion internal 
energy distribution which might be effected by ion source 
temperature should not cause any significant change in the 
energy distribution of ions sampled in the experiment.

In contrast to the situation for the other major mecha­
nistic types, k{e) for reaction by barrier transversal is not 
limited to a small range of internal energies and many of 
the ions sampled in the field-free region have rate con­
stants (and hence internal energies) very different from 
those characterized by the reciprocal of the lifetime of ions 
fragmenting in this region.14 In principle, therefore, this al­
lows for a change in kinetic energy release with changes in 
ion source temperature. To determine to what extent a 
given shift in parent ion energy distribution might be re­
flected in the corresponding distribution of the metastable 
ions, model calculations were performed on the methane 
system. Internal energy distributions and k(e) curves based 
on those of Hills et al. and Klots were used. It was found 
that no reasonable change in the assumed internal energy 
distribution for CH4-+ could generate the observed change 
in translational energy release. That is, a change in a 
smooth parent ion energy distribution which might be in­
duced by a 100° temperature change did not change the av­
erage metastable ion energy (and hence the translational 
energy release) by a detectable amount. The calculations 
do suggest that the observed change is only possible if the 
slope of the k(t) curve is such that the internal energy win­
dow for rr.etastable ions is considerably more than several 
tenths of a volt wide. This is inconsistent with the observed 
small kinetic energy release. While the transmission to 
metastable ions of internal energy changes made in the ion 
source is improved when the internal energy distribution 
contains pronounced maxima and minima the steep k(e) 
curve suggested by other data1,2 still does not accommo­
date the measured variation in energy release.

The foregoing arguments therefore require that the ob­
served temperature effect be a result of centrifugal effects 
and in the remainder of this paper we show that the data 
can be rationalized in these terms.

Although tunnelling through a given barrier can be char­
acterized oy a set of rate constants (and internal energies) 
determined by the barrier height and width, the result of

including centrifugal effects is to vary the height of the 
barrier relative to separated products as a function of mo­
lecular ion rotation.2’15 Hence, if tunnelling is in fact the 
origin of the metastable ions, it follows that the rate of pas­
sage through at least some part of the barrier will generally 
fall in the metastable ion time scale. As the temperature is 
increased and the centrifugal barrier increases, some other 
portion of the barrier will transmit ions at the required rate 
and this position on the barrier will be at a higher energy 
relative to separated products. Thus, a metastable peak 
will again be observed and the associated translational en­
ergy release will increase.

Assuming that the rotational angular momentum of the 
methane molecular ion is approximately equal to that for 
the molecule (compare ref 9) a relationship can be derived 
between the rotational energy of the methane molecule and 
thus the ion source temperature on the one hand and the 
height of the centrifugal barrier for the reverse reaction 
and thus the kinetic energy release, on the other. The ki­
netic energy release so calculated will be the maximum pos­
sible neglecting any decrease due to tunnelling.

The rotational energy of methane, £rot, is
frot = L2/2/j.r2 (1)

where L is the angular momentum, n the reduced mass, 
and r the bond length of the quasi-diatomic CH3-H rotor. 
Making the assumption noted above, the rotational angular 
momentum of the methane molecular ion is also L and, in 
the limit where all initial angular momentum of CH4-+, ap­
pears as orbital angular momentum of the dissociating pair 
(i.e., the CH3+ product is taken as a point charge with no 
rotational motion), L may be expressed as

L = txrcv (2)

where v is the relative velocity of the separating pair and rc 
equals the CH3-H bond length in the CH4-+ activated com­
plex. The kinetic energy release is

Tmax = y2M02 (3)
From (1) and (2)

«rot = v.rc2v2/2r2 (4)
Substituting and rearranging

Tmax = £rot ( r V r 2) (5)
If we make the usual assumption that an r~4 potential is 
appropriate for the reverse association reaction, an expres­
sion for the maximum impact parameter, bmax, consistent 
with a given velocity may be obtained from the Langevin 
treatment,16 i.e.

bmax = (4 ae2/pu2)1/4 (6)
where a is the polarizability of the neutral and e is the elec­
tronic charge. The maximum Langevin impact parameter is 
related16 to the bond length in the activated complex, rc, by

bmax — 2\y rc (/)
Upon substitution of (6) and (7) in (5), the centrifugal bar­
rier height (Tmax) is obtained.

T max = 2erot2(r4/2e'2o;) (8)

Taking an. as 6.67 X 10-25 cm3 and r as 1.85 A we find
Tmax =1.22 £rot2 (9)

The Journal of Physical Chemistry. Vol. 79. No. 9. 1975
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Or, with erot = 3kkT

Tma* = 3.74 (kT)2 (10 )

Because of the lack of angular momentum restrictions on 
the reverse association reaction in this simple treatment 
the result represents the maximum temperature effect to 
be expected within the accuracy of the Langevin treatment. 
Recalling that the T.50% kinetic energy releases given in Fig­
ure 2 underestimate' the average kinetic energy releases by 
a factor of about 2.5, the data can be compared to the 
Langevin prediction by multiplying the Tso% values by 2.5 
and plotting them as a function of (kT)2. When this is done 
a least-squares slope of 4.0 is obtained. Considering the 
scatter in the data this agreement is satisfactory and the 
treatment does show that rotational energy is implicated in 
the reaction. It must also be noted that in his more elegant 
application of the Langevin treatment to unimolecular ki­
netics, Klots2a has predicted that the centrifugal barrier 
height for this reaction should vary as 1.5(kT)2. Further­
more, a referee has pointed out that this treatment2 
suggests that the mass dependence of tunnelling through 
polarization-centrifugal barriers should be negligible. The 
similar kinetic energy release behavior observed for CH4 
and CD4 in the present study thus further substantiates 
the tunnelling mechanism.

In conclusion, the new experimental data presented here 
are compatible with the suggestion, first made by Rosen- 
stock2 and later expanded upon by Klots,2 that the loss of 
H- from metastable CH4-+ ions occurs via tunnelling. This 
reaction offers an interesting example of centrifugal effects

on unimolecular reactions and its study has suggested one 
experimental approach to identifying cases in which such 
effects are dominant.
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The reduction of U(VI) with Sn(II) has been studied in 20, 40, 65, and 80 wt % N-methylacetamide-water 
solutions. The reaction rates were calculated using the second-order rate equation in 1 , 2, 4, and 6 M HC1 
solutions in all the mixed solvents at 30, 40, and 50°. The change in rate constant with both change in sol­
vent composition and HC1 concentration was considered as possibly arising from the composition and 
charge (including sign) of the reacting complex ions, the macroscopic dielectric constants of the solvents, 
and the ionic strengths of the solutions. Certain limitations of the NMA-bLO solvent systems for this reac­
tion and these acidities were pointed out.

Introduction
The reaction

U(VI) + Sn(II) — ► U(IV) + Sn(IV)
has been studied in 100% water and in water-ethanol 
mixed solvents.1-2 Water-N-methylacetamide (NMA) was 
chosen for further studies since the NMA would extend the 
dielectric constant range to 184.3.-2

Experimental Section
Aldrich Chemical Co. 99+% pure NMA was distilled 

under vacuum and the center cut and the center cut of the 
first center cut were each distilled at about 5 Torr. The 
boiling point of the second center cut was observed to be 
100 ± 10° at 5 Torr compared to the normal boiling point 
of 206°.4

The freezing point of the center cut of the last distilla-
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TABLE I: Molar Extinction Coefficients for U(IV) TABLE II: Rate Constants for Various NMA-H2 O
in Mixed Solvent NMA-H2 O at 650 nra Solvent Mixtures"

Wt % NMA

2 M HCI 0 20 40 65 80

CO O O 54.2 58.1 56.7 60.7 45.8
40° 52.6 56.7 53.3 58.0 44.6
50° 50.8 54.8 51.9 53.4 41.6

40° Acid
Wt % NMA

0 20 40 65 80concn, .1/

1.00 52.4 57.1 a a a
2.00 52.6 56.7 53.3 57.9 44.6
4.00 54.0 55.4 48.7 65.2 56.1
6.00 51.2 49.7 44.9 57.0 b
“ Tin precipitate. " (NMA)2-HC1 precipitate.

tion was 29°. Reported freezing points range from 285 to 
30.56°.6 This cut was used for mixed-solvent work.

The mixed solvents were prepared by weight and dried 
HC1 gas was passed through the medium until the desired 
solvent acidity was obtained as determined by titrating an 
aliquote of the solution with standard sodium hydroxide 
using phenolphthalein as an indicator.

The procedures for making up stock solutions and runs 
have been described.1’3 Table I shows the molar extinction 
coefficients taken at 650 nm for U(IV) in the NMA-water 
solvents at different temperatures and HC1 concentrations. 
Precipitation data are included in the table. Temperatures 
of the runs were constant to within ±0.02°. All runs were 
1.000 ±  0.002 M in Sn(II) and 0.0801 ±  0.0015 M in U(VI).

Results
The stoichiometry of the U(VI)—Sn(II) reaction is as rep­

resented in the Introduction. The reaction has been found 
to be first order with respect to both U(VI) and Sn(II).7’8 
We assumed the integrated form of the second-order rate 
equation

log a o(&o
M«o

A
x)

ih___
2.303 k t  +  a

where k is the second-order rate constant, x is the concen­
tration of product U(IV) at time t, ao is the initial concen­
tration of A, and bo is the initial concentration of B. A plot 
of the log term vs. the time elapsed in the reaction should 
yield a straight line. The a term represents the nonzero in­
tercepts observed in this work (see Figure 1). Other work­
ers910 have reported such intercepts. The large intercepts 
on the concentration ordinate indicate an initial reaction of 
a different rate which leveled off to a constant second- 
order rate. The initially different rate of reaction could 
have arisen from a combination of effects, including high 
local concentrations before complete mixing of the reac­
tants; rapid reduction of the U(IV) by dissolved impuri­
ties;9,10 a slow approach to steady-state concentration of in­
termediates; and the influence on the rate of products. The 
last effect mentioned would require, which is unlikely, a 
constant influence of the products with time, above a criti­
cal concentration of products even though the concentra­
tions of products were increasing and the concentrations of 
reactants decreasing. This is so since the rate constant was

Rate constant Rate constant,
x 10s, Ar1 Temp, .IT1 hr“';

% NMA | HClJ, M hr"’;40° °C 2 M HC1

0 1 7.12
2 43.5
4 57.0
6 125

20 1 0.9
2 8.06
4 ■. 7.47
6 24.7

40 2 3.71
4 5.41
6 19.2

65 2 2.15
4 0.868
6 58.6

80 2 0.867
4 1.71

"U(VD = 1.000 ± 0.002 M:

30 16.3
40 43.5
50 114

30 3.42
40 8.06
50 24.6

30 1.42
40 3.71
50 7.61
30 0.944
40 2.15
50 5.40
30 0.377
40 0.867
50 2.51

= 0.0801 ±  0.0015 M.

Figure 1. Second-order rate plot for 2.00 M  HCI in 65 wt % NMA 
with 0.0802 M  U(VI) and 1.00 MSn(ll).

constant throughout the measured change of concentra­
tions for any run.

As to dissolved impurities, oxygen is ruled out since the 
initial rate was here to fast in opposition to the effect of the 
oxidation by oxygen of U(IV) to U(VI). The tin salt was pu­
rified2 and should have been free of reducing impurities. 
Errors due to mixing of runs are minimized by the long 
times over which the reactions were measured. Thus the 
slow approach to steady-state intermediates which de­
creased the concentrations of reacting simpler ions, or 
which became prominent or even dominant and reacted, 
but at a different rate, than did the simpler ions to produce 
U(IV), seems the most plausible explanation of the inter­
cepts.

Second-order plots, as in Figure 1, gave straight lines for 
different weight percent solvent mixtures and for 1, 2, 4, 
and 6 M HCI to 40-70% completion, consistent with a sec­
ond-order rate constant even though it is unlikely that the 
reaction is a simple one-step collision mechanism. Table II 
lists the observed second-order rate constants determined 
over periods of time from 2 to 42 days. The rate of change
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Figure 3. Change in log of the rate constant for 0, 20, 40, 65, and 
80 wt % NMA as the log hydrogen Ion concentration increased.

in U(IV) concentration with time was so slow, that at­
tempts to get consistent data within the first 5-15 hr were 
not too successful for the slower runs, though 1 - 2-hr initial 
readings were often made on the runs of 2 days. In every 
case the reactions were at least duplicated and, in all cases, 
were repeated until the error limit among the runs was less 
than 7% except for the data in 6 M HC1, where the error 
limit among the runs was less than 10%. The symbols, as 
drawn, cover about 5% on either side of the point, so that 
the errors among the runs, the average of which run values 
are represented by a point, are well within the dimensions 
of the symbol for the point.

Some difficulties arose using NMA as a solvent. The first 
was the precipitation of a tin complex in solutions of less 
than 2 M HC1. Even for the 20% NMA- 1  M HC1 solvent, 
the reaction was terminated after 30 hr because of the ac­
cumulation of tin precipitate in the flask. Hence, the rate 
constant of 0.9 X 10” 3 A/ ” 1 hr” 1 may be in doubt although 
it does reflect the initial rate for the 1.0 M HCl-20% NMA 
solvent.

In the NMA rich solvent system, another problem devel­
oped. Around 80% NMA, the system could not handle the 
large amounts of HC1 being forced into it. As the 80% NMA 
approached 6 M in acid, long crystals formed when the so­
lution remained undisturbed for several hours. A cloudy 
gel-like mass of crystals formed in a stirred solution. In 
both cases, the crystals were removed, washed with ben­
zene and ether in a sintered glass crucible, and dissolved in 
water from which a AgCl precipitate was taken. The exper­
imentally determined percents of Cl were 19.73, 19.81, and 
19.74. The crystals were N-methylacetamide hydrochlo­
ride, (NMA>2 • HC1, whose theoretical Cl content is 19.41%. 
We obtained a melting point of 88.0 ± 0.5° compared to a 
literature value of 87-89°.11 This compound was first re­
ported by D’Alelio and Reid5 and later by Dawson et al.4’12

Because of the formation of (NMA) • HC1, no kinetic 
data could be taken above 80% NMA. At higher NMA con­

centrations, even small amounts of HC1 precipitated the 
salt. From the NMA mixed solvent work up to 80%, the fol­
lowing trends may be noted.

Figure 2 shows the change in the log of the second-order 
rate constant with increase of NMA. For each acid strength 
there is a sharp initial decrease in the rate with the intro­
duction of small amounts of NMA. This marked but some­
what solvent dependent decrease in rate continues for 2 M 
HC1 to 80% NMA.

The rapid decrease and abrupt increase in the rates at 4 
and 6 M HC1 suggest that the solvent may be favoring the 
formation of complexes which discourage or encourage the 
reaction rate.

For example, it is agreed that both Sn(II) and U(VI) 
form chloride complexes in acid solutions.13-1 ‘ However, 
there is little data in the literature on the dissociation con­
stants for these complexes and those data are for limiting 
cases of zero or very low ionic strengths.

The peculiar variations of the rate constants with solvent 
composition and with HCI molarity (see Figure 3) are per­
haps due to very complicated relationships between the 
stabilities and charges (including signs) of chloro and solvo 
complexes, the reactivities of pertinent complexes toward 
each other, and the dielectric constants of the system which 
influence electrostatic forces between reactants. Ionic 
strength change with changing HCI molarity may have con­
tributed to the results on concentration studies.

It is improbable that the formation of (NMA)o - HCI in­
fluenced the results except perhaps as a solvent compo­
nent, since similar trends were observed in the water-etha­
nol solvent system .2
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The fast-reaction technique of pulse radiolysis and kinetic absorption spectrophotometry was used to gen­
erate odd-valent metal ions in neutral aqueous solution, and study their one-electron oxidation reactions. 
Using the sulfate and perchlorate salts, the M2+ ions were reduced to the M+ ions by eaq~. The Zn+, Co+, 
Cd+, Pb+, N i+, as well as Cr2+ and Tl°, odd-valent metal ions were produced. The one-electron oxidation 
of these odd-valent metal ions was studied in the presence of various electron acceptors A (including phe- 
nones, dyes, and quinones) whose two-electron redox potentials £ 01 (V, at pH 7.0, 25°) are known. The 
percentage efficiency of the electron transfer reaction M+ + A —► M2+ + -A-  was found to be dependent 
upon the E01 values of the acceptors. Titration-tvpe curves are obtained, and from the midpoint (50% elec­
tron transfer) kinetic potentials for the M+ |M2+ redox couples were derived. These potentials are not the 
thermodynamic values since the electron transfer processes followed were found to be irreversible, under 
the experimental conditions used. The results show that the reducing power of the odd-valent metal ions 
decreases in the order Zn+ > Co+ > Cd+ > Tl° > Pb+ > Ni+ > Cr2+.

Introduction
Most divalent transition metal ions react with eaq~ with 

high rate constants1 in aqueous solution. The products of 
the reaction with eaq~ are the monovalent ions in their 
ground states (reaction 1). The formation of Co+, Zn+,

M2+ + eaq-  -  M+ (1)

Cd+, and Ni+ have been shown based on their uv absorp­
tion spectra.2 The ESR of some of these odd-valent metal 
ions were also observed in frozen solutions.3 These reduced 
species have been found to react with various oxidants, in­
cluding Oo, NoO. HvOv, N 0 2-, NO3- , alkyl halides, etc. (see 
ref 1 , p 122 ). It was shown4 that Zn+ is more reactive than 
Cd+, and that both species are much more reactive than 
Ni + . Explanations for some of these observations have 
been suggested,1 4 based on the configuration of the metal 
ions and the type of electron transfer (inner sphere vs. 
outer sphere) mechanism.

We have recently developed a method,''’ using the pulse 
radiolysis technique, for determining the kinetic (not ther­
modynamic) potentials of free radicals in aqueous solu­
tions. This method is based on the one-electron redox 
properties of the free radicals, -RH. in the presence of elec­
tron acceptors. A, whose two-electron redox potentials 
(E01, pH 7.0, ~25°) in water are known:

•RH + A — R + -A-  + H+ (2)

The rate constants of reaction 2 and the efficiencies of for­

mation of -A-  were shown to be dependent on the E01 
values of the acceptors used. A plot of the percentage effi­
ciency for electron transfer vs. E01 of the acceptors gave 
“titration-type” curves, and from the midpoint (50%) the 
kinetic potentials of the radicals, E k01, were derived.

This method has been used to obtain the kinetic poten­
tials of odd-valent metal ions in water. The results ob­
tained for the following redox couples are presented below: 
Zn+|Zn2+, Co+|Co2+, Cd+|Cd2+, T1°|T1+, Pb+|Pb2+,
Ni+|Ni2+, and Cr2+|Cr3+.

Experimental Section
The pulse radiolysis and kinetic absorption spectropho­

tometry experimental set-up used have been described.6'7 
Single pulses of ~2.3 MeV electrons and ~30-nsec duration 
were provided from a Febetron 705 machine (Field Emis­
sion Corp.).

The radiation chemistry of water produces
eaq-  (2.8), OH (2.8), and H (0.6)

where the numbers in parentheses are the G values (num­
ber of free radicals formed per 100 eV of energy absorbed 
by the water). The experimental condition used to generate 
the odd-valent metal ions in water was a one-electron re­
duction of Zn2+, Co2+, Cd2+, T1+, Pb2+, Ni2+, and Cr3+ 
salts by eaq_, reaction 1. These experiments were carried 
out using 5 m)W concentration of the salts in the presence 
of ~1.0 M tert-butyl alcohol to scavenge6 the OH radicals.
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The sulfate salts were used for all metal ions, except for 
lead and chromic when the perchlorate salts were used.

The experimental conditions used to study the one-elec­
tron oxidation of these odd-valent metal ions in the pres­
ence of electron acceptors were described in detail.5 The 
concentration of the acceptors A was 5 X 10- ''’ M, except 
for dyes when 2.0-2.5 X 10 - 5  M concentrations were used. 
Under all conditions, all the eaq-  reacted with the metal 
ions, none with the acceptors, and the [A]/[M+] > 15. Rela­
tively low concentrations of eaq~ were used, ~ l -2  iiM. 
Table I lists the acceptors employed in this work. Their 
redox potentials were obtained from the literature,9 and 
the values are for two-electron changes.

The 100% efficiency level for formation of -A-  radicals, 
or for “bleaching” of the dyes, was established in each case 
from the reaction of the acceptors with eaq~ in the absence 
of the metal ions (eq 3). The wavelengths used to monitor

A + eaq-  -*■ -A-  (3)

the formation of -A“, or the bleaching of the dye, are given 
in ref 5 and 8.

Chemicals were the highest research grade commercially 
available and were purchased from Baker and Adamson, J.
T. Baker, Mallinckrodt, Aldrich, and Eastman Chemicals. 
Solutions were buffered at pH 7.0 with ~1 mM  phosphates.

Results and Discussion
All the metal ions examined react with eaq~ at diffusion- 

controlled rates1 in water at pH 7.0. Under the experimen­
tal conditions used, the odd-valent metal ions are produced 
in <10-8 sec. The nature of the aquo-metal complex of 
these species present in sulfate (or perchlorate) solutions at 
pH 7.0 are not known or assumed in this work. For conve­
nience, the odd-valent ions are represented as M+ (for Zn+, 
Co+, Cd+, Pb+, and Ni+), M2+ (for Cr2+), and M° (for Tl°). 
In the case of Tl°, the actual species present10 in these solu­
tions may be Tl2+, produced from the reaction Tl° + Tl+ —► 
Tl2+.

The lifetimes and decay characteristics of these odd-va- 
lent metal ions are known1^1 only in general terms. It was 
assumed (as was found to be the case) that their reaction 
with the acceptors would occur in a time scale significantly 
shorter than their natural lifetimes, under the experimen­
tal conditions used.

Oxidation of Zn +, Co+, and Cd+ Ions. The reaction of, 
for example, Co+ with menaquinone (MQ) has already 
been shown11 to form the MQ-~ radical anion, whose tran­
sient spectrum and extinction coefficient is in complete 
agreement with literature data on the spectral properties of 
MQ-- . The dependence of the percentage efficiencies for 
the one-electron oxidation of these ions, reaction 4, upon 

M+ + A — M2+ + -A-  (4)

the redox potential of the acceptors used are shown in Fig­
ure 1. A rapid change can be observed with acceptors whose 
E01 values are in the range —1.1 to —1.0 V. Small, but ex­
perimentally distinguishable, differences were observed for 
Zn+, Co+, and Cd+.

The presence of the d-hydroxyl alkyl radical produced 
from tert-butyl alcohol (present in solution to scavenge the 
OH radicals) was found not to interfere with the results ob­
served. This was established as follows: (a) the percentage 
of -BP-  (BP = benzophenone) formed from the reaction of 
Co+ and Zn+ with BP was 80-84%, in solutions containing 
5 mM  C0SO4 or ZnS04, pH 7.0, in the presence of either 1.0 
M t-BuOH, 1.0 M i-PrOH, or 1.0 M HC02" used to sca-

TABLE I: List of Electron Acceptors Used

, V“

1. 4,4* -D im ethoxybenzophenone -1 .1 2 0
2. ¿ -C h lo ro b en zo p h en o n e -1 .0 5 0
3. B enzophenone - 1 .0 0
4. /»-C vanobenzophenone - 0 .8 0
5. 3 -B en zo v lp y rid in e -0 .7 5
6. F lu o ren o n e -0 .6 8
7. R hodam ine B -0 .5 4
8. E o sin  Y -0 .5 0
9. C ry s ta l  V io le t -0 .3 5 7

10. S afran in e  T -0 .2 8 9
11. P h en o sa fran in e -0 .2 5 4
12. A n th raqu inone 2 ,6 -d isu lfo n a te -0 .1 8 4
13. Ind igod isu lfonate -0 .1 2 5
14. M enaquinone + 0.002

" See ref 9, 5. and 8.

Figure 1. Dependence ot the percentage efficiency for the one-elec­
tron oxidation of odd-valent metal ions upon the redox potential (E°\ 
V  at pH 7.0 and ~2 5° ) of the electron acceptors A. Experiments 
carried out in aqueous solutions using 5 X  10-3  M  of the metal sul­
fates (except for Pb2+ and Cr3+ perchlorates) at pH 7.0, in the pres­
ence of 2.5-5 X  10-5  M  concentration of the acceptors. See text 
for further experimental details and Taole I for the list of electron ac­
ceptors used.

venge the OH radicals. The t-BuOH radical and the 
(CHn)2COH and CO2-  radicals formed did not react with 
Zn+ or Co+, Zn2+ or Co2+, or with BP. The latter was al­
ready established;5 (b) in 5 mM solutions of N iS04, 5 X  
10-5 M anthraquinone 2,6-disulfonate (AQ), pH 7.0, 1 atm 
of argon, ~100% formation of -AQ-  was found in 1.0 M t- 
BuOH (Figure 1). An almost doubling in the yield of -AQ-  
was observed in the presence of 1.0 M ¿-PrOH or 1.0 M  
HC02- . This is explained on the basis of reactions 5 and 6. 
These reactions have already been established.5

(CH3)2COH + AQ -  -AQ-  -  CH3COCH3 + H+ (5) 

C 02-  -t AQ - -AQ” 4- CO2 (6 )

Under the experimental conditions used, reaction 4 was 
found to be irreversible. This was concluded on the basis of 
an absence of a dependence on the formation (both rate of 
formation and efficiency) of -A" upon [M2+], over the range 
up to 5 X  10-2 M. The decay kinetics of -A-  was also not 
affected by the concentration of M2+ ions. Hence thermo­
dynamic redox potentials cannot be derived from these re­
sults. The potentials are referred to as kinetic potentials.55
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TABLE II: Kinetic Potential of Odd-Valent 
Metal Ions in Water at pH 7.0, 25°

System  Redox couple“ /?k"1,V '>

Z nS 04 Zn* Zn2* - 1 .0 4
CoSO, Co+ Co2* - 1 .0 2
C dS04 Cd5 Cd2* -1 .0 1
T12S 04 ” T1I),T I TT - 0 .7 8
Pb(C 104)2 Pb* P b2* -0 .5 6
N iS 04 N r N i2* -0 .3 1
C r(C 104)3 C r* C r3* -0 .2 1
“ The redox couple studied is for the one-electron oxidation of 

the lower valent ion to the higher valent ion (see tex t). h Values are 
derived from the midpoints (50% electron transfer) of the curves in 
Figure 1; values are good to ±0.03 V; the signs are given for the re­
duction process, in agreement with convention (i.e., the kinetic 
oxidation potential for the ZnT ¡Zn2 ’ couple is +1.04 V).

From tne midpoint (50% electron transfer) of the curves 
given in Figure 1 , the kinetic potentials, Ek01, of these odd- 
valent metal ions can be derived and are given in Table II. 
The results indicate that these monovalent ions are power­
ful reducing agents, capable of reducing molecules with Is01 
values greater than ~ —1.0 V. A recent study12® of Cod) 
complexes containing unsaturated macrocyclic ligands gave 
a Ek01 = —0.88 V for the Co1 (4,ll-diene-N4) species.

The thermodynamic redox potentials for the Zn+|Zn2+ 
and Cd+|Cd2+ couples have recently heen calculated.1215 
Values of —2.0 ± 0.4 and —1.8 ± 0.4 V, respectively, were 
derived. On the basis of Marcus’ theory13 for electron 
transfer reactions, the redox potentials for the couples 
Zn+|Zn2+ and Cd+|Cd2+ were estimated14'1215 as —1.0 and 
< —0.5 V, respectively. The Ek01 values of ~ —1.0 V for 
these couples appear to be closer to the E01 values calculat­
ed on the basis of Marcus’ theory. It should be pointed out, 
however, that while thermodynamic redox potentials pro­
vide information as to whether a reaction is energetically 
feasible, the kinetic potentials provide information on the 
occurrence and rate constants of the reaction. Neither 
method, however, provides any information on the mecha­
nism of tne electron transfer reaction.

Oxidation of Pb+ and Ni+ Ions. The results obtained are 
presented in Figure 1 and the Ek0: values derived are given 
in Table II.

Ionization constant values ranging from 7.1 to 8.8 have 
been obtained15 for the hydrolysis of Pb2+ ions. Hence 
there is uncertainty on the nature of the Pb+ species pres­
ent at pH 7.0. A Ek01 value of —0.57 V is obtained for the 
Pb+|Pb2+ couple making this metal ion a poorer reducing 
agent compared to Zn+, Co+, and Cd+.

Ni+ is an even poorer reducing agent, with Ek01 of —0.31
V. E 01 value of —0.7 ± 0.4 V have been derived1215 for the 
Ni+| Ni2+ couple, while the value estimated from thermody­
namic data16 is —2.7 V. A value of —0.7 V was derived14 
based on Marcus’ theory.

The Ni(I) complexes of unsaturated macrocyclic ligands 
have been studied17 and their kinetic potentials deter­
mined.

Oxidation of Cr2+ Ions. The Cr2+ ions were produced 
from the reaction of eaq-  with chromic perchlorate at pH
7.0. The oxidation of Cr2"1" to Cr3+ was found to have a Ek01 
value of —0.21 V; see Figure 1 and Table II.

In perchloric acid solutions at pH 3.4, the one-electron 
oxidation of the Cr2+ species to Cr3+ occurred at a much 
higher (i.e., more positive) potential. A Ek01 value of

TABLE III: Reaction Rate Constants of 
Odd-Valent Metal Ions with Electron Acceptors 
in Aqueous Solution, pH 7.0

S ystem

O dd-
v a len t

ion A ccep to r“
k , M ~ l 
sec"16

Z nS 04 Zn* />-Benzoquinone (+0.293) 4.8 x 109
M enaquinone (+0.002) 3.8 x 109
B enzophenone (-1 .00) 2.5 x 109

C oS04 Co* /)-B enzoquinone (+0.293) 4.8 x 109
M enaquinone (+0.002) 4 .0  x 109
B enzophenone (—1.00) 2.5 x 109

C dS 04 Cd* />-Benzoquinone (+0.293) 4.4 x 109
M enaquinone (+0.002) 4.6 x 109
B enzophenone (—1.00) 1.0 x 109

T12S 0 4 1 T rp̂O* Î p -B enzoqu inone (+0.293) 2.8 x 109
Pb(C 104)2 Pb* M enaquinone (+0.002) 3.7 x 109
N iS 04 Ni* M enaquinone (+0.002) 2.4 x 109
C r(C 104)3 C r2* />-Benzoquinone (+0.293) 3.5 x 109

A nth raqu inone 2.8 x 109
2,6-disulfonate (—0.184)

“ Numbers in parentheses are the redox potentials of the ac­
ceptors. “ Determined by monitoring the formation kinetics of 
•A radicals at appropriate wavelengths. M " + A — M2 ’ + -A 
(see text).

~+0.35 V was found, making the Cr2+ species at pH 3.0 a 
poorer reducing agent than at pH 7.0. A pKa for the hy­
drolysis of Cr3+ of ~4.0 has been reported.15 The redox po­
tential for the Cr3+ couple in 1.5 X 10~3 M H2S 04 was re­
ported18 to be —0.41 V. This is a clear example where the 
pH and the nature of the aquo-metal complex ion can con­
siderably affect the redox properties of the ions.

Oxidation of Tl°. As mentioned above, the form and na­
ture of the species present at pH 7.0 are uncertain. Figure 1 
and Table II show the results obtained.

The one-electron of the “Tl°” species shows this ion to 
be a relatively strong reducing agent, with Ek01 = —0.77 V. 
The redox potential for the T1+|T1° couple is reported18 to 
be —0.336 V. This is considerably different from the Ek01 
value found for the reverse process. Among other reasons 
which may account for this difference is the nature of the 
“Tl°” species present in solutions which is oxidized to Tl+.

Oxidation of Ag° and Cu+ Ions. Some preliminary ex­
periments with Ag(S04)2 and CuS04 were carried out at 
pH 3.0. Considerable irreproducibility was observed with 
these ions at pH 7.0 and also at pH 3.0.

It appears that the “Ag°” species present at pH 3.0 is a 
poor reducing agent with Ek01 ~+0.5 V for the Ag°|Ag+ 
couple. Similarly, the oxidation of “Cu+” at pH 3.0 is 
equally difficult, with Ek01 > +0.4 V for the Cu+|Cu2+ cou­
ple. Due to the observed irreproducibility of these systems, 
the Ek01 values given above are probably not significant.

Conclusions
The kinetic potentials for the Zn+|Zn2+, Co+|Co2+, 

Cd+|Cd2+, Pb+|Pb2+, Ni+|Ni2+, Cr2+|Cr3+, and T1°|T1+ 
couples in water at pH 7.0 were derived. For most of these 
one-electron redox couples, no calculated thermodynamic 
redox potentials are known. The results obtained here ap­
pear to be relevant to the chemical reactivity of these odd- 
valent metal ions in water.

The reaction rate constants of these ions with a number 
of the acceptors used are given in Table III. These values
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are close to diffusion-controlled rates for acceptors which 
have higher (more positive) potentials than the oxidation 
potentials of the M+|M2+ couples.
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R a d io ly s i s  o f  H 20  a n d  D 20  b e t w e e n  0  a n d  3 0 0 °  1

K. N. Jha, T. G. Ryan, and G. R. Freeman*

Chemistry Department. University o f Alberta. Edmonton. Alberta. Canada T6G 2G2 (Received August 12. 1974)

The radiolysis yield of fluoride ion from millimolar solutions of sulfur hexafluoride at 23° was G(F~) =
16.0 ±  0.6 in H20  and 18.6 ± 0.6 in D20. One scavenged electron ultimately gave rise to six fluoride ions, so 
the above values correspond to G(esoiv- )fi = 2.7 ± 0.1 in H20  and 3.1 ± 0.1 in D20 . The scavenging yield in­
creased with increase in temperature up to 300° and values obtained in D2O were persistently about 0.5 G 
units larger than those in H20. At 300°, G(F_ )/6 = 4.8 ± 0.2 in H20  and 5.3 ± 0.2 in D20 . Similar results 
were obtained at 23° with nitrous oxide, and the difference in the scavenging yields in D O and H -0 per­
sisted up to high scavenger concentrations. The larger yields in D20  were tentatively attributed to an iso­
tope effect in the total ionization yield, in addition to the previously suggested isotope effect on the ranges 
of the secondary electrons. Absorption coefficients are reported for sulfur hexafluoride in H O and D_.0 at 
temperatures up to 300°.

Introduction

It has been noted that the free ion yields in perdeuterio 
water,2,3 ammonia,4 and dimethyl sulfoxide5 are larger than 
those in the corresponding perprotio liquids. The isotope 
effect amounts to ' - 10% in water and ammonia and to 
about 30% in dimethyl sulfoxide. The (D/H) isotope effects 
in the total ionization yields of gaseous ethylene and n-hu- 
tane. ionized by energy transfer from metastable Ne* and 
Ar*. were only 1%.'’ The large magnitudes of the effects in 
the polar liquids are difficult to understand.

In an attempt to learn more about the isotope effect, the 
radiolysis of solutions of sulfur hexafluoride in HjO and 
D O  have been studied at temperatures between 0 and 
300°. The competing processes that lead to an isotope ef­
fect may be temperature sensitive. Furthermore, nitrogen 
yields from nitrous oxide solutions were measured over a 
wide concentration range in H20  and DO.

Experimental Section
The H O was purified as reported previously." The D20  

was distilled once from alkaline permanganate, then once

without additive, just prior to use. The salts used as solutes 
were reagent grade. The other solutes were the purest 
available grade and were purified by standard tech­
niques.S!l

Nitrous oxide and sulfur hexafluoride solutions were pre­
pared by standard vacuum techniques.7 The latter solu­
tions were irradiated at pH «=7, adjusted with Na2HPO| 
and KH2PO| buffer, to avoid competition between sulfur 
hexafluoride and the product hydrofluoric acid for elec­
trons.

Nitrogen yields were measured by standard vacuum 
techniques.'

The fluoride ion yields were measured with an Orion flu­
oride ion specific electrode Model 94-09A in conjunction 
with an Orion double junction reference electrode Model 
90-02-00. The electrode potentials were measured at pH
5-7 by an Orion Model 801 digital pH/mV meter, using mi­
crosample dishes. The electrodes were calibrated with stan­
dard sodium fluoride solutions before, during and after 
sample measurements. The accuracy of the analytical tech­
nique was ± 1%. The ionic strength of the sample and cali­
brating solutions was adjusted to 1.0 AT
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TABLE I : Bunsen Absorption Coefficient of SF6

a
•s o o H,0 Ü O

20
'V-23

7.0 x 10-3"
5.1 x 10-3

146 7.1 x 10-3
300 12 x 10-3 9.9 x 10-3

0 Earlier value « = 6.4 x 10~3 interpolated from data in H. L. 
Friedm an.-/ Am. Chem. Soc., 76, 3294 (1954).

Figure 1. Yields o f fluoride ions from  solutions o f sulfur hexafluoride 
and of nitrogen fro m  nitrous oxide solutions: SF6 O . • ,  0 ° ; A , A . 
2 3 ° ; N20  □ , ■  2 3 ° . The N ,0  concentra tions w ere norm alized to 
the same reactiv ity  as tha t of SF6 by m ultip lying them  by +
N20 )//r(e s_ +  SF6) =  0.57. Open points are fo r H20  and dark points 
for D 20 . .

TABLE II: The Yields G(F )/6 and G(N2) from l mM
Solutions of SF6 or N20  in H20  and D20

G(F‘)/6 g (n 2)

T,° C H,0 D,0 H,0 D,0

0 2.5 3.0
23 2.7 3.1
81

106 3.2 3.7
200 4.3
220 3.7
300 4.8 5.3

Figure 2. Yields o f fluoride ions from  solutions o f sulfur hexafluoride 
in H20  and D 20 . H20 : (V ) 2 2 0 °; (V ) 0.1 M  m ethanol a t 2 2 0 °; (V ) 
saturated w ith n-hexane at 2 2 0 ° ; (O) 3 0 0 °; (® ) 0.1 M  m ethanol at 
3 0 0 °; (© ) saturated w ith n-hexane at 3 0 0 ° . D20  (▼) 2 0 0 °; ( • )  3 0 0 °.

2.7 3.1
3.2 3.9

The concentrations of N20  in samples at 23° were calcu­
lated with the aid of the Bunsen coefficient tv = 0.63."'

Several solutions of SFg at a given concentration and 
temperature were irradiated at doses in the range from 1 to 
4 X  1017 eV/g, both in H20  and D20 . The solubility coeffi­
cient of SFt; was determined from the point at which the 
slope of the linear yield of fluoride ions vs. dose plot sud­
denly decreased to a small value. The sudden decrease in 
slope was due to the complete consumption of sulfur hex­
afluoride in the bulk solution, and the residual yield was 
due mainly to diffusion of sulfur hexafluoride into the liq­
uid from the gas above it. Values of a thus estimated are 
listed in Table I.

The high temperature apparatus has been described pre­
viously. 11 The only differences were that water was used as 
the pressurizing fluid and a copper gasket was used instead 
of lead in the steel autoclave (bomb).

Irradiations were done in a '’"Co Ciammacell-220 from 
Atomic Energy of Canada Ltd. The dose rate was 2 X  101 ■ 
eV/g min.

Results and Discussion
Sulfur hexafluoride produces six fluoride ions for every 

electron scavenged.1- so the yields were plotted as (1 (F )/6.
Yield vs. concentration curves for FLO and D O at 0 and 

23° are presented in Figure 1. Results for 220 and 300° in 
H jO and 200 and 300° in D ,0 are in Figure 2. The yield of 
fluoride ions increases with increasing temperature over 
the entire range both in FLO and D O. The yields obtained 
in D20  are higher than those in FLO at all temperatures by 
approximately 0.5 units of G(F_)/6 (Table II).

Thus the isotope effect persists up to high temperatures.

Figure 3. E ffects  o f cadm ium  chloride in unbuffered H20  and potas­
sium brom ide in bu ffered H20  on the fluoride ion yield from  sulfur 
hexafluoride solutions. CdCI2: (O ) 2 3 °, 0.8 m M  SF6; ( • )  3 0 0 °, 2.2 
m M  SF6. KBr: (A ) 2 3 °, 0.7 m/W SF6; (A ) 3 0 0 ° . 5.0 m/W SFe. The 
yields in unbuffered w ater in the absence o f Cd2+ are slightly low 
due to  acid resulting from  electron scavenging by SF6.

It decreases as a percentage of the measured yield with in­
creasing temperature.

Addition of cadmium chloride, an efficient electron scav­
enger. to solutions containing millimolar sulfur hexafluo­
ride in unbuffered FLO decreases the fluoride ion yield at 
23 and 300° (Figure 3).

Potassium bromide was added as a hydroxyl radical 
scavenger at 23 and 300°. The yield of fluoride ions was in­
dependent of bromide ion concentration up to 0.1 M (Fig­
ure 3). In solutions saturated with rt-hexane, a hydrogen 
atom and hydroxyl radical scavenger, the yield of fluoride 
ions remained unaffected at 220 and 300° (Figure 2). Fur­
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thermore, addition of up to 0.1 M of methanol had no ap­
preciable effect on the yield (Figure 2).

The above scavenger competition results seem to imply 
that the observed fluoride ion yields were due exclusively 
to solvated electron reactions. The lack of effect of hydro­
gen atom scavengers argues against reaction of hydrogen 
atoms with sulfur hexafluoride although one cannot rule 
out the possibility that both hydrogen atoms and the or­
ganic radicals produced by ( 1 ) react with sulfur hexafluo­
ride at high temperatures to produce fluoride ions.

H + RH — ► H2 + R (1)

The solubility of nitrous oxide in water is greater than 
that of sulfur hexafluoride, so studies could be made to 
higher concentrations with the former. At low concentra­
tions G(N2) from the nitrous oxide solutions equals 
G(F~)/6 from the sulfur hexafluoride solutions (Figure 1). 
The larger scavenging yield in D20  persists up to high ni­
trous oxide concentrations, where scavenging occurs in the 
spurs as well as in the bulk liquid.7 This seems to imply 
that the total ionization yield in liquid D_>0 is larger than 
that in liquid H_>0, by somewhat more than 0.5 G units.

The free-ion yield in liquid H20  is nearly double that in 
(CH:i)2SO; the values at 23° are 2.7 ± 0.1 and 1.5 ± 0 .3 , re­
spectively. It is therefore curious that the differences be­
tween the free-ion yields in the deuterio and protio com­
pounds should be the same in these very different liquids:

GfjD — GfjH = 0.4-0.5 in both water (Table II) and dimeth­
yl sulfoxide.5 The magnitude of the difference in ammonia 
at —15° is GfjD — GfjH = 3.6 — 3.3 = 0.3,4 similar to that in 
the other two liquids. It has been suggested that the iso­
tope effect may be due to a wider initial distribution of 
electrons in spurs.-3 •’ However, the persistence of the dif­
ference between the product yields in D20  and H20 , up to 
high temperatures and high scavenger concentrations, 
seems to imply that there is also an isotope effect on the 
total ionization yield in an irradiated liquid.
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As a part of a study of energy stored in irradiated NaCI, we found that heats evolved upon aqueous dissolu­
tion of irradiated samples were consistently about 50% lower than the stored energy released during heat­
ing of the samples. It seemed likely that these differences could be explained in terms of the reactions that 
take place during dissolution; therefore, we conducted a combination of measurements to help identify 
such reactions. Parameters determined included heat release upon thermal bleaching and upon dissolution 
of irradiated samples, identity and quantity of gases evolved during aqueous dissolution, and concentra­
tions of hypochlorite ion in solutions of irradiated salt. Analyses of our experimental data and of other in­
formation indicated that during dissolution a reaction occurs between irradiation-activated NaCI mole­
cules and H2O, in which the principal solution products are OC1- , HOCl, and H2 in addition to Na+ and 
Cl- . The results indicated that the energy per radiation-activated molecule of NaCI is approximately equal 
to the heat of formation of NaCI from the elements. The results of this work confirm that heat-of-solution 
as well as drop calorimetry can be used to measure stored energy in irradiated NaCI and, probably, other 
solids. However, it is essential that the species formed by dissolution of the displaced atoms be known in 
order to interpret the solution calorimeter data correctly.

I. Introduction
It has been known for some time that the aqueous disso­

lution of sodium chloride may be affected by previous 7 - 
ray irradiation of the salt. In particular, the escape of H2 
has been observed during dissolution of irradiated salt.3’4 
Also, oxidation of solutes such as I-  and Fe2+ and reduc­
tion of solutes such as O2 have been noted when irradiated 
salt is dissolved in a solution containing such solutes. Nor­
mally, when unirradiated NaCI is dissolved in water, the 
NaCI simply goes into solution, forming Na+ and Cl-  ions 
and absorbing about 16 cal/g of salt. Our interest in the 
identities of dissolution products which are formed after 
the salt has been irradiated stemmed from a study of 
stored energy in irradiated salt in which it was found that 
heats evolved upon aqueous dissolution of irradiated sam­
ples were consistently about 50% lower than the stored en­
ergy released during heating of the samples. It seemed like­
ly that these differences could be explained in terms of the 
reactions which take place during dissolution; therefore, we 
conducted a combination of measurements to identify the 
reaction and verify this thesis. Parameters determined in­
cluded heat release upon warming and upon dissolution of 
irradiated samples, identity and quantity of gases evolved 
during aqueous dissolution, and concentrations of OC1 in 
solutions of irradiated salt.

Previous workers0 recognized that the formation of dis­
solution products other than Na+ and Cl-  would affect 
values of stored energy obtained by solution calorimetry 
techniques. They limited their consideration to the species 
OC1-  and H2, and were uncertain about the reactions that 
might lead to these species. In the present work, we studied 
all the reactions which we thought to be of possible signifi­
cance involving product species OC1- , H2, CIO3- , H2O2, O2, 
H+, and OH- , in addition to Na+ and Cl- .

II. Experimental Section
The amount of heat released from irradiated salt during 

thermal bleaching was determined using a heat-flow calo­
rimeter of a type developed by Calvet6 and Roux.7 Irradiat­
ed samples weighing 50-200 mg, and at about 100°, were 
dropped into a quartz tube within a furnace which was at a 
temperature (>465°) above that at which release of stored 
energy takes place rapidly. The heat release was deduced 
from the differences in the temperature-time behavior of 
this quartz furnace tube when the irradiated and subse­
quently the annealed samples were dropped into it. This 
method will be referred to as the drop calorimeter method. 
A more detailed description of our calorimeter and its use 
is given elsewhere.8

Differences between heats of solution of irradiated and 
unirradiated salt samples were determined using a heat- 
of-solution calorimeter which has been described previous­
ly.9 In this method, approximately 200 mg of salt was dis­
solved in 500 g of distilled water within the calorimeter cell, 
and temperature changes resulting from the dissolution 
were measured.

Gas evolution analyses were accomplished with a mass 
spectrometer which was calibrated for relative peak-height 
sensitivity to H9, CD, and Ne. A solution cell which could be 
cooled to 77° K was attached to the inlet of the mass spec­
trometer. In practice, 1.5 ml of distilled water (pH —5.4) 
and 10-130 mg of salt were placed in the cell. Before these 
components were mixed, the cell was cooled and evacuated 
to remove dissolved gases from the water. Then the water 
was warmed to melting, a measured volume of Ne gas was 
allowed to enter the cell, and the salt was dissolved. The 
dissolution time was approximately 1 hr except in the case 
of the most heavily irradiated sample, which was crushed 
prior to dissolution. For that case, the sample dissolved in a
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few seconds. The cell was subsequently recooled to 77°K to 
lower the H2O vapor pressure; the remaining gases, at a 
pressure less than 0.2 Torr, were allowed to bleed into the 
mass spectrometer. Since the vapor pressures of H2, 0 2, 
and Ne are all above 100 Torr at this temperature, no diffi­
culty was encountered in measuring the relative concentra­
tions of these constituents. However, species such as H20, 
Cl2, and HC1 did not enter the mass spectrometer.

Analyses for hypochlorite ion content in salt solutions 
were made with a Cary 14 spectrophotometer and a pair of 
10-cm quartz sample cells. Irradiated salt samples weighing 
from about 60 to 500 mg were dissolved in distilled water to 
prepare solutions, 0.7-1.3 M in NaCl, which simulated 
those used in the gas evolution measurements. These solu­
tions were then diluted to about 0.05 M NaCl to permit fill­
ing the sample cells, and enough NaOH was added to ad­
just the pH to about 9.0. The OC1-  absorption peak at 290 
nm was subsequently recorded, and the concentration of 
0C1~ was calculated using the reported10 molar extinction 
coefficient of 350 for the peak of the 290-nm band.

Salt samples used in this work were Harshaw synthetic 
crystals. They had been irradiated in a cobalt source at 1.1 
X 107 rads/hr and at a salt temperature of either 95 ± 5 or 
126 ± 3°.

III. Experimental Results
Results of the heat release measurements with the drop 

and solution calorimeters are plotted in Figure 1. The 
points obtained by the two methods vary with dose, D, ac­
cording to a simple exponential expression

E = .4[1 — exp(—dD)]

Both sets of data can be fitted with the same parameter d, 
as shown by the curves drawn through the points. The fac­
tors, A, for the two curves are in the ratio of 1:0.51. In other 
words, at all doses the stored energy measured by the solu­
tion method is approximately 0.51 times as great as the 
heat measured by drop calorimetry.

Figure 2 shows how the values for gas release and OCl~ 
ion concentration compare and also how they vary with ra­
diation dose. The numbers of moles of hydrogen gas re­
leased and of OC1-  in solution are comparable for most 
doses. Moreover, except for the three points near a dose of
2.7 X 10'° rads, both the quantity of hydrogen released and 
the OC1-  concentration increase with dose in a manner 
similar to the stored energy. In order to display this rela­
tionship between hydrogen gas release and OCl~ ion on the 
one hand and stored energy on the other more clearly, the 
stored-energy curve of Figure 1 was fitted to the data 
points of Figure 2 simply by scaling the ordinate (see the 
right ordinate of Figure 2). This scaling implies that 1 ¿¿mol 
of reaction product corresponds to 5.5 X 1018 eV of stored 
energy. A more convenient form of this correspondence, 
which will be used later, can be given as the ratio E/2AM =
4.6, where E is the stored energy in eV/g, M is the number 
of moles of reaction product per gram, and A is Avogadro’s 
number.

Let us now discuss the three results of OCD determina­
tions that fall significantly below the curve. The salt tem­
perature for these samples during irradiation was 126° 
whereas it was 95° for the samples used for the hydrogen 
evolution experiments and the stored energy measure­
ments shown in Figure 1 . It is possible that the deviation 
may have been related to the higher irradiation tempera­
ture, particularly since the OC1-  determination on a sam-

DOSE (rads)

Figure 1. Energy released from  NaCl irradiated to  various doses a t 
9 5 °. The circ led points w ere obtained by the  drop ca lo rim ete r meth­
od, the squares by solution calorim etry. The sym bol D in the equa­
tions to r the solid curves re fe rs  to the dose in rads.

Figure 2. Reaction products o f dissolution of irradiated salt. The cir­
c les re fe r to  hydrogen gas evolved from  sam ples irradiated to  vari­
ous doses; the squares a re  drawn to  show  ten times the am ount o f 
oxygen evolved; the triangles and the diam ond-shaped point re fe r to  
OCP ion concentra tion in solutions. The solid curve  has been drawn 
identically w ith the upper curve o f Figure 1 (right ordinate scale). All 
gas-evolution sam ples and the diam ond-shaped OCP sam ple w ere 
irradiated a t 95 ±  5 ° . The other sam ples w ere irradiated at 126 ±  
3 ° . The inset, w hich gives stored energy data obtained from  sam ­
ples irradiated a t 126°, is discussed in the text.

pie irradiated heavily at 95° (see diamond-shaped point in 
Figure 2) indicated a smaller deviation. The inset in Figure 
2 shows that for doses above about 2 X 10'° rads the values 
for energy stored in samples irradiated at 126° seem to 
scatter and fall significantly below the 95° curve. Thus, for 
irradiation at 126°, it appears that both the stored energy 
and the OCl~ concentration increase more slowly with dose 
at doses above approximately 2 X 1010 rads.

As can be seen from Figures 1  and 2, there is a rather 
large amount of scatter in the data. It was impractical to 
try to determine the relative importance of errors in the 
various measurements that are being compared, particular­
ly since these measurements were performed in a variety of 
places over a period of more than 1 year. However, a few 
comments can be made. During irradiation, the tempera­
tures of the samples fluctuated by a few degrees even 
though heaters and cooling water were used to control tem­
perature. Power interruptions occurred on several occa-
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sions, and the samples were removed from the cobalt 
sources and were allowed to cool to room temperature. 
Small temperature differences probably also existed be­
tween samples that varied with regard to size and position 
within the 7  source. These differences were the result of 
the different ratios of 7  heating to surface heat loss.

Another uncertainty arises from the fact that the various 
measurements were performed independently of each 
other. This gave rise to differences in solution conditions, 
particularly concentrations, during the determinations for 
heat of solution, hydrogen gas, and OC1-  ions. As stated 
above, most of the hydrogen gas measurements were made 
on solutions containing approximately 0.1 g of salt in 1.5 ml 
of water. For the most part, the same conditions were used 
for 0C1~ ion determinations; however, the solutions had to 
be diluted to 40 ml to permit filling of the absorption cell. 
Even greater dilutions occurred during the solution calo­
rimetry measurements, in which approximately 0.2 g of salt 
was dissolved in 500 ml of water. We made several mea­
surements of 0C1~ concentration in samples that had been 
diluted as in the calorimeter; the results of these indicated 
less OC1-  than found when the same amount of the sample 
material was dissolved in smaller amounts of water. Appar­
ently, when irradiated salt was dissolved in large amounts 
of water the observed OCl~ concentration decreased faster 
than would be expected simply on the basis of the dilution. 
Because of this it is possible that, with the low concentra­
tions of irradiated salt used in the solution calorimetry 
measurements, as much as 30% of the radiation-activated 
sites may not have produced OC1-  ions but may have dis­
solved via another reaction.

It was not possible to make a comparable study of hydro­
gen evolution vs. concentration.

IV. Chemistry and Energetics of Dissolution of 
Irradiated NaCI

(a) Dissolution Reactions. Irradiation of solid NaCI is 
known to produce F centers11 or so-called “colloidal” cen­
ters12 and interstitial chlorine aggregates.13 The F centers 
are electrons in negative ion vacancies, i.e., electrons in a 
volume of the crystal that is sodium rich. Thus, the effects 
of radiation can be described in terms of a reduction of the 
Na+ and an oxidation of the Cl- , i.e., as a removal of elec­
trons from Cl-  ions and their trapping by the Na+ 
species.14 Table I lists the reactions that oxidized and re­
duced species can undergo upon dissolution of the irradiat­
ed salt in oxygen-free and in aerated water.15 Reactions 1 
and 2 describe two possible reactions of the trapped elec­
tron species. Reactions 3-6 describe what the oxidized 
species (trapped hole) might do. Finally, reaction 0 de­
scribes an overall redox reaction that produces only sodium 
and chloride ions in solution, as occurs with unirradiated 
salt.

(b) Interpretation of Hydrogen Gas Release and of Re­
sults of OCl~ Measurements. When an irradiated NaCI 
sample is dissolved, one or more of the reactions involving 
Na+e-  (reactions 1, 2, or 0) as well as one or more of the 
reactions involving Cl- e+ (reactions 3-6 or 0) occur. The 
results summarized in Figure 2 show that reaction 1, the 
only one by which H2 gas is produced, took place in the gas 
release experiments and that no significant number of 
trapped holes underwent reaction 6, by which O2 is 
evolved. The results in Figure 2 also show that a number of 
trapped noles underwent reaction 4 and that this number 
corresponded to the number of trapped electrons undergo-

TABLE I: Possible Aqueous Dissolution Reactions15
of Trapped Electrons and Holes0

Na*e" + (CT)* — ► Na* + CT (0)

Na*e- + H ,0  -—► V2H, + Na* + OH' (1)

R eac tio n  1 m ight o c c u r  v ia  the follow ing p a r t ia l  
re a c t io n s :

N a+e- — * Na° (la)
h 2 o

Na° — ► e ^ -  + Na* (lb)
o r

H ,0

N a V  — ► e * , '  +  N a *  ' ( l c )
2e^- + 2H,0 —► H, + 20H- (Id)

Na*e" + ‘/ 20 ,  + H+ — ► V2H20 2 + Na* (2)

R eac tio n  2 m igh t o c c u r  v ia  som a p a r t ia l  re a c tio n s  
g iven  above and the follow ing: 

e aa‘ + 0 2 — » 0 2- (2a)
H 0 2 «=* H+ + O f  (A2b =  1.3 x  10-r') (2b)
0 2- + H 0 2 — * 0 2 + H O ,-(H 02- + H* i=2- H 20 2) (2c)

(Cl-)* + H ,0  — ► H* + Cl- + RjHoO j (3)

R eac tio n  3 m ight o ccu r v ia  the fo llow ing  p a r t ia l  
re a c t io n s :

(Cl-)* + H ,0  — -  H20* + Cl* (3a)6
H :0* + H ,0  — *- OH + H O* (3b)
OH + OH — ► H ,0 , (3c)

(Cl-)* + R h .o — * V2C1- + Rh* + Khoci (4)
HOC1 ^  H* + OCT (A* =  3 x 10-

R eac tio n  4 m ight o ccu r v ia  the follow ing p a r t ia l 
re a c t io n s :

(CT)* —h- Cl° (4a)
Cl° + CT — ► Cl, (4b)
Cl, + H,0 —► CT + H* + HOC1 (4c)

(Cl-)* + '/2 H20  — ►  H* + (5/6)Cl- + (1,/6)C10:)- (5)

R eac tio n  5 m igh t o ccu r v ia  som e p a r t ia l  re a c tio n s  
g iven above and th e  follow ing:

Cl° + HOCl — *• H* + CT + CIO" (5a)c
CIO0 + CIO0 — * C120 2 (5b)4
C TO , + H ,0  — * C IO ' + C102‘ + 2H* (5c)4

H,o
CTO, + CIO, —* CIO," + C1,0( — ■- 2 0 0 -  + 2H*) (5d)4

(Cl-)* + T,H20  — ► H* + CT + ‘40, (6 )

Reaction 6  might occur via some partial reactions 
given above and the following:

CIO0 + HOCl —* H* + Cl0 + CT + O, (6 a)c
a Cl° and Cl interact rapidly to form Cl, (ref 1 G). Accordingly, 

when Cl° is written in this table, it may also represent CI2 (with 
reactions appropriately alteredl. '’ Reference 4. ' Reference 17. 
d Reference 18.

ing reaction 1. We thus conclude that the primary dissolu­
tion reactions that occur in addition to reaction 0 , at least 
under the conditions prevailing in the gas release and OC1-  
experiments, are reactions 1 and 4.

It should be pointed out that different reactions may 
occur according to the conditions of dissolution. In particu-
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lar, as pointed out earlier, the salt concentrations in the so­
lution calorimetry experiments were lower than in the reac­
tion product determinations. Moreover, many of the solu­
tion calorimetry experiments were performed with normal 
laboratory distilled water, which may have contained some 
dissolved oxygen. In contrast, gas evolution experiments 
were performed with water that had been frozen and 
pumped, while 0C1~ ion determinations were performed 
with water that had been boiled. Thus, the possibility of 
contributions from reactions other than 0, 1, and 4 in the 
solution calorimeter may not be ruled out.

(c) Analysis of Reaction Energies. Let us first consider 
the energy, E, measured in the drop calorimeter. We will 
assume that E represents the energy released upon re-for­
mation of crystalline NaCl from radiation-activated mole­
cules. If N  is the total number of activated molecules per 
gram of NaCl, then E/N  represents the stored energy per 
activated molecule. It can be shown that E is related to 
heats of aqueous dissolution by

E = N(AHo -  AH.) (1)

where AH0 is the heat of reaction in eV per molecule of ra­
diation-activated species going from the postirradiation 
solid state (Na+e-  + Cl~e+) to Na+ + Cl-  in solution, and 
AHs is the heat of solution of unirradiated NaCl. The ener­
gy. Es, measured by solution calorimetry can similarly be 
written in terms of heats of reaction. The measured heat 
upon dissolution of an unirradiated sample is NoAHs, 
where N0 is the number of NaCl molecules per gram. For 
an irradiated sample, if n,, molecules per gram react ac­
cording to reactions i,j (i = 1 or 2 and j  = 3, 4, 5, or 6; see 
Table I), and no molecules react to form Na+ and Cl-  in so­
lution (reaction 0), the measured heat upon dissolution, 
Em, is

Em = Y.n:jAHtJ + noAHo + (No — n;j — no)AHs (2)

The stored energy as measured by solution calorimetry, Es, 
is the difference between Em and the heat of solution of an 
unirradiated sample, NoAHs, so that

Es = Y_(n,j(AH,j -  AHS) + n0(AH0 -  AHJ) (3) 
ij

Since all radiation-activated species dissolve via reactions 
ij or 0, N = Ylnij + no and the terms in AHs cancel in the 
expression for the difference between E and Es:
E -  Es = NAH0 -  Y.nijAHjj -  n0A//0 =

ij __
T.nij(AH0 ~ AHij) (4)

where
A H ij = J j ( n , j A H ij ) / Y . n lJ 

This equation can be rewritten in the form

(E/Y.n,j)n -  EJE) = AHo -  AH,, (5)
It should be noted that only those radiation-activated mol­
ecules (Y.n,j) that dissolve to produce end products other 
than Na+ and Cl-  in solution enter in eq 5. For ease of dis­
cussion. let us define the ratios Fc, Fg, and F„, respectively, 
for the solution calorimeter, gas release cell, and optical 
cell, as follows:

F = n0/(n0 + T.n,j)
In words, F is the fraction of radiation-activated molecules 
that dissolves to produce only Na+ and Cl-  under the con­
ditions of the particular-type experiment. If we assume for 
the moment that Fc = Fg (or Fa), then it is possible to re­

place YLnij 'n eQ 5 hy 2AM, i.e., by twice the number of hy­
drogen molecules (or OC1-  ions) measured by the gas re­
lease (or OC1-  solution) experiment. This permits a com­
parison to be made between experimentally determined ra­
tios (left side of eq 5) and calculated values of heats of solu­
tion (right side of eq 5). The experimentally determined ra­
tios have been given earlier as EJE  = 0.51 and E/2AM =
4.6 eV/reaction so that (E/2AM)(1 — EJE) = 2.2. Quan­
tities for AHo ~ AH,, can be calculated for each of the spe­
cific reactions, ij, using literature values19 for heats of for­
mation of the chemical species involved. Since these calcu­
lations are for differences of heats of solution, the values 
do not depend on knowledge of the chemical nature or en­
ergy states of the radiation defects within the salt. Table II 
lists the results of such calculations and indicates how 
these values were obtained.

Comparison of the values given in Table II with the 2.2 
eV/reaction obtained from the experimental results (and 
the assumption that the dissolution reactions were the 
same in the calorimeter and reaction-product experiments) 
leads us to believe that reactions 1,3 and 1,4 are favored 
over the others. A 20% composite error in the three mea­
surements (drop calorimetry, solution calorimetry, and 
reaction products) would bring the 2.2 eV/reaction down to 
the 1.78-1.95 range.20 Such an error is, in our judgment, 
very likely.

We have considered the effect of allowing Fc and Fg (or 
Fa) to differ. For that case, Y.nij would be replaced by 
2MA(1 — Fc)/(1 — F0). The left side of eq 5 would then be 
decreased if Fa > Fc. The OC1-  measurements performed 
on dilute solutions suggested that, for the dilute conditions 
of the solution calorimeter, it was possible that the OC1-  
concentrations per gram of irradiated salt were less than 
for the more concentrated solutions. If some of the trapped 
holes that produce OC1-  in more concentrated solutions 
dissolve in the solution calorimeter via reaction 0, then Fc 
> F0, which would increase (not decrease) the left side of 
eq 5, thereby making agreement with any of the considered 
reactions unlikely. Thus, we conclude that the fraction of 
irradiation-activated molecules dissolving via reaction 0 is 
not greater in the solution calorimeter than in the gas re­
lease and OC1-  experiments, and, if there is a change of 
reaction type as suggested by the OCl~ vs. salt concentra­
tion measurements, then it is a replacement of reaction 1,4 
by a different reaction of comparable thermal effects as the 
solution becomes more dilute. The values of AHq — AHij in 
Table II indicate that reaction 1,3 or 1,5 could be the re­
placement reaction. We did not confirm the occurrence of 
either of these reactions since it was not feasible for us to 
make the analyses for H2O2 and/or CIO3-  in the CIO-  solu­
tions, which would be required for confirmation.

(d) Energy Stored per Activated Molecules. These ex­
periments do not yield a direct value for the parameter Ef  
N  since the no radiation-activated molecules that dissolve 
via reaction 0 do not contribute to the difference E — Es. 
However, it is possible to estimate upper and lower limits. 
The trapped electrons undergo either reaction 1 or 0 during 
the gas release experiments. Their total number, N, may be 
greater than that for reaction 1  (releasing H2) by the factor 
1/(1 — FJ. From the expression

E/N  = E(l - F J / 2MA (6)

it is then clearly seen that E/N  can be no larger than Ef 
2MA. The latter has been given earlier as 4.6 eV per one- 
half hydrogen molecule. Approximately the same value re-
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TABLE II: Calculated Values of the Difference between the Heats of Reaction 0 
and Other Possible Reactions Given in Table I" _  ______

P a ra m e te r  R e la tio n sh ip  betw een  h ea ts  of fo rm a tio n 6 V alue . e V /re a c t io n

AH „  -  A //1>3

A / / 0 “  A/ / ) , 4

/°H ,0 -  0 .5 fnH,O, - 0 .5 f ’H,

o .s r c r  + T

a

V

a
0.5 A’ 

K  + (H O + - / H* +a

1.95

■ f  CO, -  0.5/°H, r °-5k  i
IK  + (H*)J

~ 0.5'H*) 1  „. 
_ K  + (H+) J HOC1-----/ "HCO,-a

r  oc i -

0.5
0.5A^

k + i n

— |/'°OH-c - 1.7 6  to - 1.81"a a J
AH„ -  A7/1>:- 0.5/°H,O + 0 .16 7/"C T - 0.5f°H, -  0.167/' CIO ‘  1.58
AH 0 -  A //,’ . /°H 20  + 0.5/°O2 - / "H 20 2 1.04
AHa -  A/ / 0 -  A//,>, + 6.5/'"02 + 0.5/’°H2 -  0.5/'"H,Q,c 0.85 to -0.90"
AH 0 -  A / / , ' 0 . 5 / ° H 2O + 0.5/°O? + 0.167/'°C1' -  0.5/'(lH2O, 0.167/'(lC10:i'  -0.67

“ The second column of the table indicates how the various heats of formation enter in the calculations. 6 The symbol / “hbO represents 
the heat of formation of liquid water. The other symbols, /'’Cl , etc., represent the dilute-solution heat of formation of the chemical species. 
r K  is the acid ionization constant of HOC1. n is the number (mole/'liter) of electron-hole pairs introduced into solution and undergoing 
reaction 1.4 (or reaction 2.41. T  is the initial concentration of hydrogen ions in the solvent water. T '  is the amount (mole/liter) of initially 
undissociated CO2 which reacts with OH produced in reaction 1,4 (or reaction 2.4), and (H • ) is the final hydrogen ion concentration, which 
is calculated from the relationship K« /a(H  • ) = 0.5 -  [0.5 K / (K  + (HT))] -  [T/'a] -  [T '/a].'1 These values were calculated for a equal to
1 . 2x10  5 t o l l . 3 3 x l 0  5 M;  for T  equal to 10 6 M ;  and for T '  equal to either 0 or 2.3 x 10 6 M .  The pH of the distilled water used in the 
calorimeter was about 6.

suits from use of the OC1 data, indicating that 4.5 eV is 
the maximum energy per radiation-activated molecule of 
NaCI.

A minimum value can be estimated by extrapolating the 
data in Figure 1 to obtain a saturation energy storage near 
1 X 1021 eV/g. It is generally assumed that the maximum 
concentration of radiation defects that can be formed is 5- 
10% of the total number of lattice sites.21 This gives a mini­
mum of 1-2 eV/molecule.

The energy of formation of NaCI from sodium metal and 
chlorine gas is 4.3 eV/molecule. This value falls into the 
range just discussed and is consistent with the hypothesis 
that the radiation defects in our salt samples are Na col­
loids and CI2 and/or Cl2~ aggregates. It is also consistent 
with results from other work on irradiated alkali ha­
lides.12,13 Furthermore, the close agreement between the 
value 4.3 and the upper limit, 4.6, suggests that the factor 1 
— Fg in eq 6 is near 1, indicating that most or all of the ra­
diation-activated molecules dissolve via reaction 1,4 (or to 
some extent, 1,3 or 1,5) and that very few dissolve via reac­
tion 0.

V. Conclusions
Analyses of our experimental results and of other avail­

able information showed that the observed differences be­
tween the amount of heat evolved upon heating and upon 
dissolving irradiated NaCI resulted from a reaction be­
tween irradiation-activated NaCI molecules and H2O in 
which the principal products were OCl~, HOC1, and H2 in 
addition to Na+ and Cl-  (reaction 1,4, Table I). Contribu­
tions of a number of other reactions in the very dilute calo­
rimeter solutions cannot be ruled out, but they appear to 
total less than about 30%. Additionally, the results indicat­

ed that the stored energy per radiation-activated molecule 
of NaCI is approximately equal to the heat of formation of 
NaCI from the elements.
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An investigation has been made of the fragmentation of 1,1,2,2-tetrafluorocyclobutane under electron bom­
bardment in a Bendix time-of-flight mass spectrometer. Using the Fox retarding potential difference tech­
nique. measurements were made of the appearance potentials of major ionic fragments including C2H2F2+ 
(12.15 V), C2F4+ (12.60 V), C2H4+ (13.15 V), and C3H4F+ (12.85 V). From these results it is found that 
\Ht°  for the C3H4F+ ion is < +207 kcal/mol and A7/f° for parent c-C4H4F4 is > —202 kcal/mol with good 
agreement between three independent routes of calculation. For the c-C4H4F3+ ion an approximate ap­
pearance potential of 13.5 V is found; a reasonable interpretation of this result requires that the conjugate 
product is F-  rather than the neutral atom. A rather detailed argument suggests that the symmetrical rup­
ture of the molecule into C2H2F2+ plus C2H2F2 is a sequential process with the sum of the energy of break­
ing two nonequivalent C-C bonds (between two CF2 and two CH2 groups) equal to 126 kcal/mol, while the 
nonsymmetrical rupture into C2H4+ and C2F4 is concerted, and the energy of breaking each of two equiva­
lent C-C bonds between CF2 and CH2 groups is 61 kcal/mol.

Introduction

It has been proposed that the 1,1,2,2-tetrafluorocyclobu­
tane ion (subsequently referred to as c-C4H4F4)

F F
1 I

F— C— C— F
I I

H— C— C— H
I I
H H

constitutes the transition complex in ion-molecule reac­
tions of (1,11'F, * with C2H2F2 and C2F4+/C2H4+ with 
C2H |/C2F4. ' - It was postulated that the complex is very 
short lived and during its existence maintains its cyclic 
structure. Accordingly, a study of the fragmentation of this 
compound under electron impact is an obvious experiment 
to shed light on whether the predictions of the model are 
right and the assumptions plausible.

In the present work, the appearance potentials of C2F4+, 
C2H4+, C2H2F2+, and C;jH4F+ from c-C4H4F4 were mea­
sured. From this data we can calculate some of the bond 
dissociation energies in this compound and estimate some 
others. The experiments were done on a time-of-flight mass 
spectrometer using standard retarding potential difference 
(RPD) techniques.3-4

Experimental Section
The mass spectral cracking pattern of c-C4H4F4 was ob­

tained on the Bendix time-of-flight mass spectrometer at 
70 eV. The RPD experiments were also done on the Ben­
dix, as described by Melton and Hamill4 with some minor 
changes. Potentials on the five-grid electron gun were as 
follows: No. 1 grid (electron control grid, nearest to the fila­
ment). —6 V with a +12 V pulse of 3 nsec duration repeated 
at a frequency of 10 kHz; No. 2 grid, +0.01 V; No. 3 grid 
(Fox retarding potential difference grid), —1.000 V with an 
intermittent AV of -0.200 V; No. 4 grid, +0.01 V; and No. 
5 grid was grounded to the ion source structure (and there­
fore to the frame of the instrument). Potentials on grids

1-4 are referenced to the electron filament, and hence their 
absolute value relative to ground varies along with the fila­
ment. The choice of —1.000 V for the Fox grid and —0.200 
as AV was made after preliminary optimization experi­
ments, to obtain the best compromise of ion current 7 and 
its variation A7 in response to AV applied to the RPD grid. 
The purpose of the RPD procedure is to measure an 
amount of ion current A7 attributable to electrons in a nar­
row voltage range AV taken as a “slice” out of the much 
broader thermal electron energy distribution from the fila­
ment.

The ion focus pulse was triggered 0.7 ^sec after the con­
trol grid pulse; we found this measure essential to ob­
taining reliable results. (It is possible to use the “time-lag- 
focusing” control for this purpose, on Bendix instruments 
so equipped.) The potential on the electron collecting trap 
was reduced to +8  V to minimize extraneous additional 
ionization of the experimental compound in the target re­
gion. Several minor modifications to the control electronics 
of the Bendix were made as recommended by Melton and 
Hamill.4

The ion current signal from the electrometer circuit in 
the “scanner” unit was fed to a potentiometric chart re­
corder through a potential divider. The compound under 
study was contained in a 5-1. vessel and was leaked into the 
ionization chamber through a gold leak. The pressures in 
the ionization chamber could be changed by changing the 
pressure in the 5-1. vessel. The usual operating pressure in 
the ionization chamber was 6-8  X 10-6 Torr. The normal 
trap current was 5 mA and the change in trap current was 
less than 5%. (The trap current was not regulated.)

The electron beam accelerating potential, which was ap­
plied to the filament, was generated by standard circuitry 
in the Bendix and monitored on the 40-V scale of a Digitec 
Model Z-204-B digital volt meter (resolution 0.005 V, accu­
racy 0.01 V). However, due to contact potentials, surface 
charges, etc., it can not be assumed that the effective accel­
erating potential of the electron gun is identical with that 
measured externally. Accordingly an RPD curve was mea­
sured for Ar+ ion from argon gas and the apparent appear-
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Figure 1. RPD curves fo r CH4+ fro m  CH4, N2+ from  N2, and C3H4F+ 
from  c -C4H4F4, m easured on a Bendix TOF m ass spectrom eter.

anee potential of Ar+ (corresponding to the first break) was 
determined from a graph made against the experimental 
voltage scale. The difference between the measured value 
and the accepted literature value gave the necessary correc­
tion for the displacement of the voltage scale. Using the 
scale calibrated as described, cross checks were done by 
measuring the appearance potentials of C2F4+ (from C2F4) 
and N2+ (from N2). Our measured values agreed with the 
literature to within 0.1 V, indicating that our voltage scale 
is linear at least within the approximately 6-V range tested. 
In later experiments C2F4+ and N2+ were used as secon­
dary calibration standards.

We could reproduce exactly the shapes of ionization effi­
ciency curves for CH4+ from CH4 and C2H6+, C2H4+, and 
C2H5+ from C2H6, which were reported by Melton and 
Hamill;4 all reported “break points” agreed within a 0.1-V 
range. (The CH4+ curve is shown in Figure 1 .) Although we 
always had a moderate air background, N2+ (28) does not 
interfere with C2H4+ (28) as the appearance potential of 
N2+ is 15.6 V and N 2+ has zero intensity below about 15.1 
V (well above the region of interest for C2H4+). In the spec­
trum of c-C4H4F4, the appearance potential of CH2+ could 
not be carried out because of the interference by the CH2+ 
in the background and that of CF2+ and C3H3F2+ could not 
be done because of very low intensities.

The 1 ,1 ,2 ,2-tetrafluorocyclobutane was obtained from 
Columbia Organic Chemicals Co. It was dried and deaerat­
ed on a vacuum line through several freeze-pump-thaw cy­
cles at liquid nitrogen and Dry Ice temperatures, and vacu­
um distilled into a glass bulb for transfer to the mass spec­
trometer.
Results and Calculations

The retarding potential difference curves which we ob­
tained for C:!H4F+, C2H2F2+, C2F4+, and C2H4+ from c- 
C4H4F4 are shown in Figures 1 and 2 along w th N2+ as a 
standard and CH4+ for comparison with the work of Hamill 
and Melton.4 The mass spectral fragmentation pattern 
which we obtained for c-C4H4F4 is shown in Table I. In 
Table II we present the appearance potential values which 
were found for the several major product ions from c-

TABLE I
C-C4 H4 F 4

: Mass Spectral Cracking Pattern of 
at 70 V

Mass
Inten­
sity

Assign­
ment Mass

Inten­
sity Assignment

14 18 CH, 57 7 C3 H,F
16 7 c h 4 59 16 C3 HtF
26 9 c 2 h . 64 1 0 0 C,H,F,
27 1 1 c ,h3 69 5 CF 3 or C,H,F
28 23 c ,h4 75 4 C3 HF,
31 13 CF 77 9 C3 H3 F 9

32 37 CHF 89 16 c 4 h 3 f .
39 9 C;,H3 1 0 0 23 c 2 f 4

40 30 c 3 h4 109 9 c 4 h4 f 3

44 1 2 C,HF 113 3 c ,h f 4

45 18 C2 H2F 127 2 c 4 h3 f 4

50 6 c f 2 128 3 c 4 h4 f 4

51 16 CHF,

TABLE II: Appearance Potential Data

Ion Reactant Product AP,V

c 2 f 4* c-C4 H4 F 4 c 2 f 4+ + C2H4 . 12.60“
c 2 h4+ c-C 4 H4 F 4 C,H/ + C2 F 4 13 .15 “
c ,h ,f ,+ c-C 4 H4 F 4 c ,h, f 2* + C,H2 F 2 12 .15 “
c 3 h4 f + r-C 4 H4 F 4 c 3 h4 fv + c f 3 12.85“
CJV C,Hb C2 H,j* + H + H 16.3*
c 2 h4* c 2 h4 10.48“
c 2 h ,f 2- h3 c- c f 3 CoHjF,* + HF 10.30“

0  This work. h Reference 4. ' Reference 6 .

Figure 2. RPD curves for C2FI2F2+ , C 2F4+ , and C 2H4+ from  c - 
C4H4F4, m easured on a Bendix TOF m ass spectrom eter.

C4H4F4, along with values for certain other pertinent 
species from the literature.

From the appearance potential values given in Table II, 
along with the standard enthalpy of formation for several 
species from the literature5-' (given in Table III), it is pos­
sible to calculate heats of formation of the ion C3H4F+ and 
the neutral parent molecule c-C4H4F4, as well as values for 
the energy of dissociation of C-C bonds in the C4 ring. The 
heat of formation of the parent molecule can be formulated
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TABLE III: Thermochemical Data

Ion or radical
AHf°

kcal/mol Ref

C2 F / 78 6

C,H, 12.49 6

c 2 h / 253 6

C2 F 4 -15 5 .5 6

CjHj F / 159 6

C,H,F, -78.6 6

CF:i -  1 1 2 . 6 7

in three different ways. First, using our measurements of 
the appearance potential of C2F4 + we obtain:

C-C4H4F4 — C2F4+ + C2H4 + e- (la)

A(C2F4+) 2  A77/ (C2F4*) + AHt° (C2H4) -

A H°  (c - C 4H 4F 4) ( lb )

Therefore
AH°  (c - C 4H 4F 4) 2  AH° (C2F4+) +

AH,° (C2H4) -  A(C2F4*) (lc)

AH,° (c-C4H4F4) 2  78 kcal/m ol +
12.49 kcal/m ol -  12.60 eV (Id) 

A //f° (c-C4H4F4) 2  -200  kcal/m ol (le)

Next, based on the appearance potential of C2H (+. we can 
calculate:

c-C4H4F4 — C2H4+ 4 C2F4 ■+■ e (2a)

A(C2H4+) 2  A //r° (C2H4*) + AH,° (C2F4) -

A / / /  (c-C4H4F4) (2b)

Therefore
AH,° (c-C 4H4F.) -  AHt° (C2H,*) +

AH° (C2F4) -  A(C2H4*) (2c)

A / / / ( c-C4H4F4) 2  253 kcal/m ol +

(—155.5 kcal/m ol) — 13.1 eV (2d)

AHt° (c-C4H4F4) 2  -206 kcal/m ol (2e)

Finally, the measured appearance potential of C2U2F2+ 
gives

c-C4H4F4 — *- C2H2F2+ f C2H2F2 + e" (3a) 

A(C2H2F2*) 2  AH° (C2H2F2*) + AII,0 (C2H2F,) -

AH,° (r-C4H4F4) (3b)
Therefore
AH,°  (c - C 4H 4F 4) 2  AH,°  (C2H2F2*) +

AH,° (C2H2F2) -  A(C2H2F2*) (3c)

AH,° (c-C4H4F4) 2  159 kcal/m ol +

(-79 kcal/m ol) -  12.15 eV (3d)

A H,° (c-C4H4F4) 2  -200  kcal/m ol (3e)

Accordingly, the average value for AH(° (c-C4H4F4) is > 
—202 kcal/mol. The satisfactory agreement between the 
three calculations is gratifying because the calculations

constitute a rather severe test of the consistency of the 
published thermochemical data as well as our appearance 
potential measurements.

Using our value of —202 kcal/mol for the heat of forma­
tion of C-C4H4F4 and the appearance potential of CaH.jF1', 
we can calculate a value for the heat of formation of this 
ion as follows:

c-C4 H.,F4 —  C3 H4 F* 4 CF3* 4  e" (4a)

A(C3H4F*) 2  A//,° (C3H4F+) 4  AH,° (CF3-) -

A//f°(c -C4H4F4) (4b)
Therefore
A//{° (C3H4F*) £  A(C3H4F )̂ -  AHt° (c f 3-) 4

AH,’ (c -C4H4F4) (4c )

A//f:'(C3H4Ft) £  12.85 eV -  (-112 .6  kcal/m ol) 4

(-202 kcal/m ol) (4d) 

AH,0 (C3H4F+) '■ 4207 kcal/m ol (4e)

In order to consider the energy of breaking C-C bonds in  
the c-C4H4F4 ring, it is necessary to define our notation. 
First, we let Df/f > D h/h, and Dh/f  be the bond dissociation 
energy of the bonds shown below (Note that Da/b repre­
sents a C-C dissociation energy of a bond where A and B 
are substituents on the carbon atoms.):

F F
I i  I

F— 0— C— F 

H— C— (’— H

H H 
Dy-v 
F F
I I

F— C— C— F
—  I I

H— C— C— H
I I
H H

F F
I I

F — C— C— F 

H— C—C— H
I tH II
v > ,
F F
I I

F — C— C— F
I I —H— C—C— H
I IH H

Dr/H

We also let AF/( = h/h) and A//(=h/F) represent the energies 
for the reverse of the following processes:

H II H H\ / -AW _H.S, \ /■ c - - c ----- —  C/ \ / \H H H H
H F H F\ / fn . \ /• C- - c -------- ► C=  ('/ \ / \H F II F

In order to determine the enthalpy change in these reac­
tions, useful energy cycles can be written as shown in eq 
7-12, where Dc_h is the C-H bond dissociation energy in 
C2He or C2H3F3, Dq-f is the C-F bond dissociation in 
CH3CF3, and DH-K is the H-F bond dissociation energy 
(equal to the bond energy in this case). We will use /(C2H4+/ 
C2H4) to indicate the ionization potential (or appearance 
potential) of C2H4+ from C2H4. and similarly for other
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H H
I l  2D, - hH— C—C— H ----- *

H H
H H

NC— C • + H -F H
/  \

H H
(7)

(8)

,C=C
H

H F
I I 7)c_h + Dr.p -  Dh_p 

H — C — C — F -----------------------»

M H H
J  /(C2H, /C.HP S /■C ------:— —u c =C
\ / \

H H H

H F 
H

\  /
•C— C- + HF 
/  N 

H F
l-A

(10)

(1 1 )

H F H F
\  / /<C,H,F /C,H.F.) \ /c = c  — — C= C
/  \ / \

H F H F

daughter ion-parent molecule pairs which are mentioned 
subsequently. Then we have:

A(C2H4*/C2H6) =  2Dc_h -  Atf(=H/H) +
/(C2H4+/C :H4) (13)

A(C2H2F 27 C 2H3F3) =  Dc_ H + Dc_f — Dh f —

Atfc=F/H) + /(C 2H2F 27 C 2H,F2) (14)

Therefore, application of the energy cycle 7-9 to reaction 5 
gives

A = 2Dc_h + /(C 2H47 C 2H4) -  A(C2H47 C 2Hg)
(15)

A//(_H/ h) =  2(4.16) + 10.48 -  16.3 =  2.5 eV (16)

A similar calculation for reaction 6 using the energy cycle 
10 -12  gives:

AT7(=h i ) =  7?C- h + Dc- f ~ -Oh- f +
/(C2H2F 27 C 2H2F 2) -  A(C2H2F27 C 2H3F3) (17) 

=  (4.16 + 4.6 -  5.82 + 10.12 -  11.2) =

1.8 eV (18)

It would be of interest to calculate the quantity A / / j= f /f ) 

for formation of tetrafluoroethyler.e from the correspond­
ing diradical, but the necessary data are not accessable; 
C2F4+ has zero abundance from C2F6 and C2F5H.8

We next consider the energetics of the unsymmetrical 
splitting of C-C4H4F4 into C2H4+ and C2F4:

c -C4H4F4 —  C2H4* + C2F4 + e‘ (19)

It is possible to make two reasonable, limiting assumptions 
about the energetics of this process (and the similar sym­
metrical split into C2H2F2+ and C2H2F2): either the reor­

ganization of the neutral fragment into a double-bonded 
species occurs before the split from the ion, or else it occurs 
afterwards. If the latter is the case, then the corresponding 
reorganization energy is not available to decrease the ener­
gy of formation of the observed ionic fragment:

.A(C2H4 / c -C4H4F4) = 2Dy/ \{ ~ Aff(=H -t-

/(C2H47 C 2H4) (20)
This assumption leads to the following evaluation of Df/h, 
the energy per bond to break the CF2- • - CH2 carbon-car­
bon bonds in the c-C4H4F4 ring:

2 7 7 /h =  A //(=h h) — 7(C2H4 /C 2H4) +

A(C2H47 c-C4H4F4) (21) 

2Df /h = 2.5 eV -  10.48 eV + 13.25 eV (22) 
and

Dt / h = 2.64 eV =  61 kcal/m ol (23)

The magnitude of the resulting bond dissociation energy 
appears reasonable; the significance of this result will be 
considered further in the Discussion section.

In the case of the symmetrical dissociation process, the 
alternative limiting assumption appears to give reasonable 
results:

r-C,H 4 F, — ►  C2 H,F2* -  C 2 H2 F, (24)

Assuming that all of the reorganization energy is available 
to drive the process, we obtain:

a (c 2h 2f 27 c- c 4h4f 4) =  d ¥ , F +
£*h/ h ~ 2Ai/c=F/H) + /(C 2H2F27 C 2H2F2) (25) 

which rearranges to give 

Df / f + Dh/ h = A(C2H2F 2+/c  -C4H4F4) +

2A//(_f / H) - /(C 2H2F 27 C 2H2F2) (26) 

Dy ■ p + Dh h- = 12.05 eV +
2(1.86 eV) -  10.30 eV (27) 

D¥ /f + DH H = 5.47 eV = 126 kcal/m ol (28)

Accordingly the average of these two bond dissociation 
energies is the reasonable value of 63 kcal/mol. This result 
will also be considered in the Discussion.

In order to carry out a calculation for the third dissocia­
tion process, into C2F4+ and C2H4, we would need the ener­
gy of a tetrafluoroethylene diradical rearranging to tetra- 
fluoroethylene. As noted above, we were not able to calcu­
late this quantity.

Discussion
The overall mass spectral fragmentation pattern of c- 

C4H4F4 is consistent with what might be expected for a sat­
urated, cyclic C4 compound.9 Most compounds of this type 
give a small parent peak along with considerable fragmen­
tation into lower molecular weight ions. Furthermore, Jen­
nings1 has postulated that the cyclic C4H4F4+ ion, formed 
as an intermediate complex in several ion-molecule reac­
tions, has a very short lifetime. It appears reasonable to 
suggest that the structure of the c-C4H4F4+ system reached 
upon electron bombardment of the stable molecule is the 
same one formed in the ion-molecule reactions, although 
there could be differences in internal energies (especially 
vibrational energy). We note that C-C4H4F4 shows a small
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abundance of the parent ion, c-C4H4F4 + ; this is consistent 
with the fact that Jennings also saw a small amount of c- 
C4H4F4+ at high pressures (presumably, involving some 
collisional stabilization in the ion-molecule experiments).

As can be seen from the cracking pattern of c-C4H4F4, 
there is no peak corresponding to C2H3F+ or C2HF3+. This 
fact lends some credibility to the assumption made by Jen 
nings that the transition complex formed in the systems 
[l,l-C F 2CH2j + on 1,1-C2H2F2, C2H4+ on C2F4, and C2F4+ 
on C2H4 maintains a stable structure and does not scram­
ble F and H atoms during its brief existence. We note a 
number of species which must involve some rearrangement, 
however, such as CHF+. It is our suggestion that most (and 
perhaps all) such rearrangment occurs in connection with 
ring opening, which produces unsaturated carbon centers.

We calculate the heat of formation of c-C4H4F3+ to be 
about 190 kcal/mol by Franklin’s group contribution meth­
od.10 This value, when combined with our value for SH{° of 
c-C 4H 4F 4, gives 14.4 V for the appearance potential of 
C4H4F.3+ if we assume concurrent elimination of F_ , and a 
value of 18.0 V if we assume F atom elimination. We find 
an approximate appearance potential of c-C4H4F3+ of 13.5 
± 1 V. Although our data were not of high quality, due to 
the low abundance of the ion, its appearance potential is 
certainly not higher than 15.0 V. Accordingly we conclude 
that c-C4H4F3+ is formed by F” elimination.

The two modes of splitting the cyclobutane ring into an 
ethylenic ion and an ethylenic molecule (reactions 19 and 
24) clearly must proceed by two different mechanisms. For 
the unsymmetrical break (reaction 19) we utilized in the 
calculation only the reorganization energy of • CH2CH2 • 
into C2H4, and obtained 61 kcal/mol each for breaking two 
CF2---C H 2 bonds. If we had also utilized the reorganiza­
tion energy of -CF2CF2- into CF2= C F 2 the resulting bond 
dissociation energies would increase by at least 15-20 kcal 
each, which would surely be too high for the badly strained 
c-C4H4F4 molecule.

On the other hand, we utilized the reorganization energy 
for two -CF^Ho- fragments into CF2= C H 2, in order to in­
terpret the data for the symmetric split. We obtained 126 
kcal for Dy/p plus D h / h , or an average o f  63 kcal/mol for 
dissociation of CF2- • -CF2 and CH2- • -CH2, which is of a 
reasonable magnitude. (If we apportion the two energies 
similar to the known dissociation energies of CF3- ■ -CF3 
and CH3- ■ -CH3, the resulting values are 57 and 69 kcal/ 
mol, respectively.) Use of only one reorganization energy 
term would give an impossibly low value of 46.5 kcal/mol 
for the average of D f / f  and D h / h - I n  fact, the postulate 
that anything much less than 100% of the two reorganiza­
tion energy terms is available to drive reaction 24 would 
lead to an unrealistically low result.

Our specific suggestion for the mechanistic difference in 
reactions 19 and 24 (which forms the foundation of the dif­
ferent energetics) is that the former is a one-step dissocia­
tion giving C2H4+ and an energy-rich •CF2CF2- species 
(which later forms CF2= C F 2 without aiding in the progress 
of the original dissociation) while reaction 24 is sequential, 
proceeding through an open-chain intermediate. Consis­
tent with the conclusions reached by Jennings et al.. as well 
as our own observations, the open-chain species formed in 
reaction 24a would have to be short lived (10-6 sec or less). 
Atom migration in the open-chain intermediate could ex­
plain occurrence of several additional species in the crack­
ing pattern of c-C4H4F4, in particular CF3+ and C3H4F+. A 
similar ring opening of C4H4F3+ followed by a split into

F F
I I

F— C— C— F
I I

H— C— C— H
I I
H H

F F
I I

F— C- C— F
I I

H— C— C— H
I I
H H

+ e” (24a)

F F

+

H H

F F
C
I;

H

( +  e (24b)

one-carbon and three-carbon fragments would explain the 
occurrence of CFH+ (37%) and C3H3F2+ (9%). Several 
other similar decomposition sequences can be suggested.

The more favorable reaction path and energetics leading 
to C2H2F2+ compared to C-2H4+ (and probably also C2F4+) 
are very likely related to the relative abundances of 100, 23, 
and 23% for these three species. Although the intensity of 
C2H2F2+ should equal the sum of the intensities of C2F4+ 
and C2H4+ due to statistical considerations, it is in .fact 
even higher by a factor of 2 .

Our appearance potential value (12.85 V) for the C3H4F+ 
ion gives a value of 207 kcal/mol for AH{° of this species, 
which is closer to a previously reported experimental value 
of 210  kcal/mol than to a theoretically estimated value of 
175 kcal/mol.11 The calculated AHf  is apparently for a lin­
ear species; we suggest that the C3H4F+ species formed in 
this work may have a cyclopropane structure. (Other C3 
species formed might also be cyclic.)

The utility of the electron impact method for determin­
ing thermodynamic quantities rests on the implicit as­
sumption that the relevant but unmeasured corrections for 
excess energy in ionic and molecular fragments are 
small.4”6-12 This situation is recognized by inequality signs 
in eq 1-4. In several instances (see eq 15, 17, 21, and 26) 
two ionization or appearance potential terms enter with op­
posite sign, so that partial cancellation of excess energy ef­
fects can be expected. (In these cases no inequality is indi­
cated since its sign is not unambiguous.) An assumption of 
little or no excess energy is supported by Stevenson’s law13 
in the case of C 2F 4+ and C2H 4+, since the appearance po­
tential of C2F 4+ is 0.55 V less than that of C2H4+. This 
argument is not applicable in the case of C 2H 2F 2+ , but the 
good agreement of AHf° (e-C4H4F 4) from eq 1 - 3  suggests 
that any excess energy correction needed for A (C 2H 2F 2+ ) 
must be small in the latter case as well; our results suggest 
that A//f° (c-C4H4F4) = —202 kcal/mol with little or no cor­
rection required for excess energy.

Although the RPD curves for C3H4F~ and C2H4+ both 
show well-defined breaks at higher energies (respectively 
2.70 and 1.61 V above the appearance potentials) we have 
not attempted to interpret the electronic states or pro­
cesses involved. However, Hamill and coworkers have had 
considerable success in understanding data of this type.14
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Dielectric constants and losses of 2,4,6-trichlorophenol and 2,4,6-tribromophenol have been determined at 
four microwave frequencies and in a variety of solvents and solvent mixtures at 25°. In addition, dielectric 
measurements have been made on a 0.35 M solution of 2,4,6-trichlorcphenol in p-xylene containing differ­
ent concentrations of the strong electron-donor molecule, l,4-diazabicyclo[2.2.2]octane (DBO). Infrared 
spectra of the symmetrical triha.ophenols of the various systems in the hydroxyl stretching region are also 
reported. Both 1:1 and 2:1 complexes of symmetrical trichlorophenol with DBO appear to be formed, and 
the mean relaxation time and distribution parameter of the solutions increase enormously relative to their 
values in cyclohexane. If DBO is added to a 0.35 M solution of 2,4,6-trichlorophenol in p-xylene, then when 
the concentration of DBO equals that of the 2,4,6-trichlorophenol the measured moment has increased by
2.4 D. Conductance and electronic spectra have been obtained for some 2,6-dihalophenols-ieri-amine sys­
tems with a view to studying any ionic forms produced. When the solvent has a low dielectric constant the 
equilibrium would seem to be largely over to the nonionic form. In alcoholic solution, where the dielectric 
constant is high, if the phenolic O-H is sufficiently protonic, then the presence of the ionic form may be 
readily inferred from both the conductance and electronic spectra data.

Introduction
While it has been known for some time1 that weak intra­

molecular hydrogen bonds in 2-substituted phenols can 
rupture even in moderately strong electron-donor solvents, 
rupture of the hydrogen bond in 2-substituted nitrophenols 
has been demonstrated- only in the most powerful electron 
donors. Microwave measurements of dielectric constants 
and loss factors, for example, show that 1,4-diazabicy- 
clo[2.2.2]octane (DBO) is a base sufficiently strcng to com­
plex with 2-nitrophenols, and easily ruptured the intramo­
lecular hydrogen bond in 2-chlorophenol molecules, caus­
ing the hydroxyl group to swing into the trans position.3 In
2,6-disubstituted halophenols the hydroxyl group is hydro­

gen bonded in both resonance stabilized positions. What in 
this case is the result of adding a powerful base to the solu­
tion? In both planar configurations, an intramolecular hy­
drogen bond exists but this is weaker than a bond with the 
DBO. To examine the nature of the hydrogen bond in such 
systems we have made a number of dielectric studies and 
have extended the investigation and obtained infrared and 
electronic spectra and conductivity data for a number of
2 .6-dihalophenol-ierf-amine mixtures in a variety of sol­
vents.
Experimental Section

The apparatus and procedure for determining the dielec­
tric constant and loss factor have been described previous-
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TABLE I: Relaxation Times (in psec), Distribution Parameter, and Dipole Moments (in Debye Units) for 
Some Solutions of Symmetrical Trihalophenols in Various Solvents at 298°Ka______________________

Solute Solvents Conen a To

2,4,6-Trichlorophenol c 6h ,2 0.0414 0.02 17 i.o0
2,4,6-Trichlorophenol p-Xylene 0.0364 0.06 23 Ml
2,4,6-Trichlorophenol l,4-Dioxan-/>-xylene (1:4) 0.0285 0.12 39
2.4,6-Trichlorophenol 1 ,4 -Dioxan 0.0296 0.26 40 t  2.00
2.4.6-Tribromophenol p-Xylene 0.0074 0.13 34 m 8
2,4,6-Tribromophenol 1 ,4 -Dioxan . ■ 0.0209 0.29 29 2 - h

° Concentrations are in mole fractions.

Figure 1. Infrared spectra of 2,4,6-trichlorophenol in (A) carbon tet­
rachloride, (B) p-xylene, (C) 1,4-dioxan, and (D) p-xylene +  DBO.

ly.4 Sources of error5 and the validity of the method of 
analysis5 have been considered elsewhere.

Conductivity values greater than 10-8 mhos cm- 1  were 
measured using a conductivity measuring apparatus of the 
magic eye type. The cell had 1 -cm2 platinized electrodes on 
glass supports and a 10-mil Teflon body. The cell constant 
was determined using a standard potassium chloride solu­
tion.

For measurements in the range 10"“8 to 10~ 15 mhos 
cm“ 1 a Balsbaugh three-terminal cell was used to eliminate 
errors due to erratic cell insulator conductivity and stray 
capacitance. Calibration of the cell constant was derived 
from the measured cell capacitance. The three-terminal 
cell was used in conjunction with a General Radio Type 
1615-A bridge.

Purification and drying of the solvents have been de­
scribed previously.' The solutes were recrystallized from 
the solvent in which measurements were to be made and 
stored in stoppered bottles in dry cupboards.

Results

The relaxation data are presented in Table I and some of 
the conductivity data are given in Figure 2 and the infrared 
and electronic spectra are presented in Figures 1 and 3.

MOLAR CONCENTRATION OF TRI - ETHYLAMINE

Figure 2. Plot of conductivity against concentration of triethylamine 
added to the following systems: (A) trichlorophenol (0.35 M) +  ethyl 
alcohol, (B) tribromophenol (0.35 M) +  ethyl alcohol, (C) 2,6-di- 
chloro-4-nitrophenol (0.05 M) +  ethyl alcohol.

X Imp)
Figure 3. The uv spectra of the mixture of 2,6-dichloro-4-nitrophe- 
nol-p-xylene-triethylamine where the concentration of triethylamine 
increases from 1 to 2 to 3 etc.

Discussion
In 1,4-dioxan both 2,4,6-trichlorophenol and 2,4,6-tribro- 

mophenol show a large increase in distribution parameter
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TABLE II: Relaxation Time (psec), Distribution 
Parameter, and Apparent Dipole Moments for a 
0.3544 M  Solution of 2,4,6-Trichlorophenol in p-Xylene 
with Varying Amounts of Added DBO at 298°K

DBO
concn, .1/ o, a f . », D

0.000 23 0.06 2 .285 1 -4 1

0.01 g 38 0.28 2.28g 1 .70
0.047 86 0.34 2 .3 O4 2 . 1 0

0.065 91 0.38 2 .3 I 4 2 .2 8

0.090 141 0.37 2 .3 I 9 2 .5 0

0.357 152 0.36 2.38g 3 . 8 4

0.714 146 0.39 2 .405 4 . I 3

compared with p-xylene and cyclohexane solutions, and for
2.4.6- trichlorophenol the mean relaxation time is much 
lengthened; both these observations are indications of in­
teractions with the solvent.14 The dipole moments also in­
creased. Eric, Goode, and Ibbitsen8 found that the dipole 
moment of 2,4,6-trichlorophenol was greater in 1,4-dioxan 
than in cyclohexane by 0.45 D and the moment of 2,4,6-tri- 
bromophenol was greater by 0.43 D. This is an increase of 
about 30% and such large values of An are strong evidence 
of a hydrogen bonding interaction.

It is known that big increases in to, a, and m in 1 ,4-dioxan 
as opposed to the values in the inert solvent cyclohexane 
are indicative of a donor-acceptor interaction, and thus if 
the interaction of the 2,4,6-halophenols with the solvent 
leads to strong complex formation, then pronounced in­
creases may be expected in these parameters.3 A prelimi­
nary measurement on a fairly concentrated equimolar solu­
tion of 2,4,6-trichlorophenol gave a dipole moment of about
3.8 D. which is almost a fourfold increase relative to that in 
cyclohexane, a mean relaxation time of >150 X 10“ 12 sec (a 
tenfold increase relative to cyclohexane), and a distribution 
parameter of 0.40 (a twentyfold increase relative to cyclo­
hexane). Strong complex formation seemed to be indicated. 
Further investigations were carried out in which the initial
2.4.6- trichlorophenol concentration was kept constant 
while the DBO concentration was varied. The resultant re­
laxation parameters are summarized in Table II. Both the 
mean relaxation time and distribution coefficient increase 
sharply even when very small quantities of DBO are added 
to the 2,4,6-trichlorophenol solution. At high concentra­
tions of DBO, i.e., greater than that of the phenol, the re­
laxation times and distribution coefficients appear to level 
off, and this was the behavior to be expected if a strong 
complex was formed, since once all the 2,4,6-trichlorophe­
nol was bonded to the DBO, further DBO additions should 
lead to little variation of such parameters. An interesting 
feature of the data is the shape of the curves at low DBO 
concentrations, the rate of increase of the parameter being 
lower than at intermediate concentrations. This could be 
attributed to the formation of a complex of relatively low 
dipole moment but long relaxation time at low DBO con­
centrations. DBO has two proton acceptor sites and can 
bond to two 2,4,6-trichlorophenol molecules. Such a com­
plex might he expected to have a small dipole moment yet 
a very long relaxation time. Thus, the predominant forma­
tion of 2:1 2,4,6-trichlorophenol-DBO complex when
2.4.6- trichlorophenol is in a large excess could explain the 
form of the data. At intermediate and high concentrations, 
of course, the 1 :1  complex would be present in greater con­
centration. Assuming that most, if not all, of the 2,4,6-tri-

chlorophenol is complexed when DBO is in excess, the 
measured moment is a lower limit for the 1 :1  complex since 
(i) the 2:1 complex would reduce its value and (ii) some of 
the phenol may be left uncomplexed. Such a high incre­
ment of the moment of ~2.7 D is much greater than that 
normally experienced for phenols hydrogen bonding with 
e.g., 1,4-dioxan (which lead to values of ~0.2 to 0.7 D) and 
suggests that the interaction may involve an equilibrium of 
the type

-O—H- . NÍ-
H

5 = t O '* -H— N*^—H

where an appreciable concentration of the ionic species on 
the right-hand side of the equation would lead to a high 
moment. Such an equilibrium was invoked by Jadzyn and 
Malecki11 to explain the increased polarity bf 2.7 D of the 
hydrogen bond of 2,4,6-trichlorophenol in a mixture of tri- 
ethylamine and cyclohexane. When the cyclohexane was 
replaced by toluene, the polarity of the hydrogen bond in­
creased to 5.1 D .11 Thus, from dipole moment evidence 
alone it seemec likely for the system 2,4,6-trichlorophenol 
+ triethylamine + p-xylene that an ionic form could best 
account for the increased polarity of the hydrogen bond 
and the large increments in moment we observed for the
2,4,6-trichlorophenol + DBO + p-xylene system with in­
creasing DBO concentrations since the basicity of triethyl­
amine and DBO should be similar.

In order to study the matter further we extended the in­
vestigation to include some measurements of conductivity 
and electronic spectra since both seemed capable of detect­
ing ionic species; this would be feasible for the former 
method only provided some of the hydrogen bonded ion 
pairs dissociated and were in equilibrium with their ions. In 
addition, infrared spectra were also examined since this of­
fered a means of detecting the species -O-H • • • N and of 
following the presence of nonintermolecularly hydrogen 
bonded O-H groups. Preliminary work indicated this was 
less readily feasible from the uv spectrum because of possi­
ble overlap of the parent phenol bands with that of the in- 
termolecular hydrogen bonded phenol of the type O- H • • •
N.

Infrared Spectra
Both 2,4,6-trichloro- and 2,4,6-tribromophenol show 

shifts of the hydroxyl stretching frequency relative to unas­
sociated phenol12 which has a value of 3611 cm-1. In car­
bon tetrachloride 2,4,6-trichlorophenol has a single sharp 
absorption at 3542 cm"1, while 2,4,6-tribromophenol has a 
single sharp hand at 3526 cm-1. Baker and Kaeding13 
found 3535 cm-1 for the hydroxyl group hydrogen bonded 
to the ortho chlorine substituent in 2,4-dichloro-6-bromo- 
phenol in carbon tetrachloride. In 2,4,6-tribromophenol a 
value of the hydroxyl stretching frequency in the funda­
mental region of 3515 cm-1  has been reported.14 In p-xy­
lene both phenols exhibit a doublet in the hydroxyl stretch­
ing region, bands occurring at 3534 and 3498 cm- 1  for sym­
metrical trichlorophenol, and 3514 and 3498 cm-1  (shoul­
der) for tribromophenol. Doubling of the hydroxyl frequen­
cy has been noted for phenols in aromatic solvents by 
Mecke!o and attributed to association isomerism, i.e., ori­
entation of the solvent with its n electrons near the hydrox­
yl group or with its C-H groups near the hydroxyl group (in 
other words this amounts to “face” or “edge on” associa­
tion between hydroxyl and the solvent). Since the solvent
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has a different polarizibility in the two directions,16 the in­
teraction energy is different. These measurements, how­
ever. show that one frequency is common to both solutes, 
that at 3498 cm-1, while the other is similar to the values 
for the single peak obtained for each substance in carbon 
tetrachloride. This suggests that for weakly bonded phe­
nols the band at 3534 or 3514 cm- 1  is due to intramolecu- 
lariy hydrogen bonded hydroxyl.

In 1,4-dioxan a much greater change is observed (see Fig­
ure 1). The unsolvated hydroxyl peak occurs only as a weak 
band at 3500 cm- 1  on the side of a broad band centred at 
about 3230 cm“ 1 for 2,4,6-trichlorophenol solutions. This 
compares with the hydroxyl stretching frequency of phenol 
in 1,4-dioxan of 3315 cm- 1  and of p-nitrophenol in 1,4- 
dioxan of 3205 cm” 1.17 For 2,4,6-tribromophenol the broad 
band is at 3250 cm-1. The slightly lesser shift compared 
with 2,4,6-trichlorophenol may reflect the difference in 
mesomeric and inductive effects in the two cases or slight 
steric hindrance due to the greater volume of the bromine 
atoms compared with chlorine. The influence of added 
DBO on the infrared spectrum of 2,4,6-trichlorophenol is 
striking. To a solution of 0.35 M 2,4,6-trichlorophenol was 
added 0.18 M DBO, i.e., just over half the molarity of the 
phenol. If a 1:1 complex were formed then two hydroxyl 
stretching frequencies would be expected, one due to the 
complex and the other due to the excess uncomplexed phe­
nol. In fact, there was only a trace of an uncomplexed band 
at about 3490 cm-1, and a band appeared which was so 
broad as to overlap with solvent C-H bands and seemed to 
show some detailed structure.18 At these low DBO concen­
trations it would seem that a strong 2:1 complex is formed 
with the trihalophenol and the DBO.

Conductivity Studies
Some of the conductivity data are given in Figure 2. 

When 2,4,6-trichloro- and 2,4,6-tribromophenol are dis­
solved in the nonpolar solvents carbon tetrachloride or p- 
xylene of static dielectric constant ~ 2.2 the conductivity is 
very small (of the order of the solvent (i.e., ~ 10 “ 12 mhos 
cm“ 1)). On addition of triethylamine to these solutions the 
conductivity increases but is still small and of the order of 
10“ ' mhos cm“ 1. However, if the solvent for the 2,4,6-tri- 
chlorophenol-triethylamine mixture is changed to that of 
ethyl alcohol, the conductivity increases to ~ 10“:! mhos 
cm“ 1 (the conductivity of the ethyl alcohol + triethylamine 
has been subtracted). The rise of conductivity with increas­
ing concentration of phenols (with halogen substituents in 
the 2 and 6 position) + triethylamine + ethyl alcohol may 
be seen in Figure 2. In all three cases the curves are of a 
similar form, and the conductivity almost begins to level 
off when the phenol and the triethylamine are in a 1 :1  
ratio. For solubility reasons the concentration of the 2,6- 
dichloro-4-nitrophenol had an upper limit of ~0.05, and it 
follows from Figure 2 that the conductivity of the solutions 
of the 2.6-dichloro-4-nitrophenol may well be about 7 times 
greater than that of the two halophenols.

Estimates of the conductivity of 2,4,6-trichloro- and
2,4,6-tribromophenol in alcoholic solutions at 0.06 M con­
centration of triethylamine give a value of ~2  X  10“ 4 mhos 
cm“ 1. It is striking how similar in value this is to that of 
salt sodium salicyclate in ethyl alcohol which has a conduc­
tivity of 4 X  10“ 4 mhos cm“ 1. This, of course, is a salt, and 
although it would be totally ionized, may well have a large 
number of ion pairs which do not contribute to the conduc­
tivity. Potassium nitrophenolate (0.06 M) + p-nitrophenol

+ ethyl alcohol has a similar conductivity being 7 X  10“ 4 
mhos cm“ 1. Altogether from the conductivity data there 
would seem to be little doubt that both the trihalophenols 
and the 2,6-dichloro-4-nitrophenol form triethylamine salts 
in alcoholic solution where the ions contribute appreciably 
to the conductivity; this does not, of course, exclude the 
possibility of ion pairs which make no such contribution. In 
the solvents of low dielectric constant, though, the ionic 
contributions in the 2,4,6-trihalophenoDtriethylaftiine + 
solvent systems would seem relatively low.

Uv and Visible Spectra
Previous work19 has shown that in aprotic solvents with 

relatively high static dielectric constants (e.g., 1 ,2-dichlo- 
roethane <o —10 ), p-nitrophenol can give rise to the fol­
lowing types of equilibria with triethylamine:
(A) simple hydrogen bonded complex

ArOH + NR3 

(B) an  io n -p a ir fo rm ation

<=* ArOH • • • NR, (D

A rO H -••N R , 5 = t ArO" • • • HN+R3 (2)

in which there is an equilibrium involving an intermolecu- 
lar proton shift.19

Type B equilibrium is characterized by the appearance 
of a new band in the visible region. Since the H in the OH 
of 2,4,6-trichlorophenol would appear to be more acidic 
than p-nitrophenol (their pA'a’s being 6.0 and 7.15, respec­
tively) it seemed possible that even in solvents of lower di­
electric constant than 1 ,2-dichloroethane ion-pair forma­
tion might be feasible. Such ion pair formation could ac­
count for the rapidly increasing apparent dipole moment of 
the 2,4,6-trichlorophenol with increasing DBO concentra­
tion.

A number of electronic spectra was determined in the uv 
and visible regions. The main features which emerged were 
as follows. (1 ) 2,4,6-Trichlorophenol in various solvents 
plus triethylamine gave three bands near 290, 296. and 320 
m^. The solvents were toluene, chloroform, irons-dichlo- 
roethylene, chlorobenzene, and trichloroethylene. In addi­
tion, 2,4,6-trichlorophenol + CHCI3 + DBO and 2,4,6-triio- 
dophenol + CCI4 + CHCI3 + DBO gave bands near 290, 
300, and 325 mp. (2) Mixtures of (a) 2,4,6-trichlorophenol 
+ p-xylene + triethylamine, (b) 2,4,6-trichlorophenol + p- 
xylene + DBO. and (c) 2,4,6-trichlorophenol + 1 , 1 , 1 -tri- 
chloroethane + triethylamine gave bands near 295 and 320 
mp . For the 2,4,6-trihalophenols the band at ~320 mp 
which appears only in the presence of the tertiary amine 
may be ascribed to the presence of the normal hydrogen 
bond (i.e., type A). The band at 320 mp increases in inten­
sity with increasing triethylamine concentration while that 
of 2,4,6-trichlorophenol correspondingly decreases. When 
triethylamine is replaced by DBO the spectrum remains es­
sentially the same. For the 2,4,6-trichlorophenol + triethyl­
amine + solvent case when the solvent dielectric constant 
is varied from 2.2 to 7.2 no new band is observed. In addi­
tion this also proved to be the case when the solvent was 
ethyl alcohol.

For comparison the behavior of a more protonic O H  in 
a mixture of triethylamine + p-xylene was sought and 2 ,6- 
dichloro-4-nitrophenol was employed; its spectrum is given 
in Figure 3. An intense new band is observed at ~385 mp 
which increases in intensity with increasing triethylamine 
concentration while the intensity of the parent phenol 
bands decrease. When the p-xylene is replaced by ethyl al­
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cohol the band shifts to 410 m g .  To determine whether this 
band could be ascribed to the anion (case B) of the salt, po­
tassium, 2,6-dichloro-4-nitrophenolate was examined and 
this also gave an intense band at 410 m g .

It would seem within the limits of detection of this meth­
od that for the 2,4,6-trihalophenols no evidence is forth­
coming for type B, that is, of ion-pair formation due to a 
tautomeric equilibrium.

Conclusions
The mean relaxation time and the distribution coeffi­

cient values establish the presence of more than one polar 
species in solutions of the trihalophenol, and hydrogen 
bonded complexes of the trihalophenol and DBO in a 1:1 
and 2:1 ratio. When the dissolved amounts of 2,4,6-trichlo- 
rophenol and DBO are in a 1:1 ratio then the apparent di­
pole moment has increased by ~2.4 D. This appreciable in­
crement suggests contributions from an ionic form which 
results from such an equilibrium as in eq 2. The conductivi­
ty data indicate a significant increase in ionic conductivity 
on addition of DBO or triethylamine to a solution of the 
trihalophenol in p-xylene. However, when the solvent p- 
xylene is replaced by ethyl alcohol, there is a dramatic rise 
in conductivity with increasing amine concentration. This 
could be explained by increased dissociation of the ion 
pairs which may be wholely or partly related to the high 
static dielectric constant (co 24.30 at 25°) of the ethyl alco­
hol.

The electronic (and also the infrared) spectra of the
2,4,6-trihalophenols establishes the O-H N<hydrogen 
bonded form" for these phenols + triethylamine in a wide 
variety of solvents. In 2,6-dichloro-4-nitrophenol + trieth­

ylamine + either p - xylene or ethyl alcohol a new band is 
observed at ~400 mg  which may be attributed to the anion 
resulting from tautomeric equilibrium.

Finally it must be stressed that in these three component 
mixtures there may be a variety of species. Phenols certain­
ly readily self associate; this would, of course, be radically 
altered by the presence of an adequate concentration of a 
strong donor, and some new associated species would 
ensue. A worthwhile extension of this work would be to 
make a spectroscopic examination over a wide range of con­
centration using band resolution techniques. This could 
well lead to more definite conclusions concerning the iden­
tity of the species present.
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Adsorption and quasi-steady-state flux data for CHCI3 in a porous bed of Graphon particles have been 
measured over the temperature range 5-85° with varying superficial bed densities. Knudsen flux of helium 
over the same conditions and some transient flux measurements were also made. While the gas-phase dif- 
fusivity is affected by bed densities, surface flux is independent of bed density. The time lags from the 
transient flux measurements are consistent with the quasi-steadv-state measurements. Accurate correla­
tion of the adsorption and surface flux data was made with our statistical mechanical model using parame­
ters previously obtained. In particular, the geometric factor for surface flux is independent of bed density, 
temperature, and adsorbed species.

We have previously analyzed surface diffusion and ad­
sorption of gases on homogeneous solid surfaces using a 
statistical mechanical model.1-2 In the model, the interac­
tion between adsorbed molecules is characterized by a 
hard-disk repulsion at diameter <th plus a long-range at­
tractive potential with minimum egg, while the structured 
surface potential field is replaced by a distribution of circu­

lar sites having interactions with the adsorbed molecules 
represented by an energy well depth « and diameter <rs. For 
transport, an empirical geometric factor fe is also included 
to convert the superficial area and bed length to the cross 
section and diffusion path of tne adsorbed molecules. Dif­
ferent parameters are sensitive to different properties and 
all can be determined quite well from adsorption isotherms
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and surface diffusion data at two different temperatures. 
However, only the systems S02-Graphon and SFg-Gra- 
phon had been studied previously. In this work experimen­
tal adsorption and diffusion data were taken on the 
CHCIi-Graphon system to complement previous adsorp­
tion isotherm data of CHCI3 on P33 (2700). Complete anal­
ysis of the graphitized carbon black systems within the 
model is yet to be made. However, indications are that the 
model can adequately describe all available data.

Theory
The use of the above molecular model with standard 

equilibrium statistical mechanical methods leads to an 
equilibrium isotherm of

D „  _______ 8_________  ) „ 3 9 -  2d2
P ~ v IT -  a / iM F 'd  -  0 )R exp r  (1 -  Of

2 ^ f / mo(2 -  f j  + (1 -  f j 2 (aH/« a m)4]} (1 )

where K is Henry’s constant, 8 = ira\i2p/A, p is the number 
of adsorbed molecules per unit surface area, 0S = iva^pjA, 
ps is the surface site number density, f\ is the fraction of 
molecules localized on sites (kinetic energy less than e) 
while / mo is the fraction of molecules not on sites (both 
fractions are calculated from partition functions described 
in ref 1 ), n is the smallest integer which makes o\\lnam less 
than unity, <rm is an average distance between centers, and 
R is a function of am and f m and can take on values from 
near zero to unity.

The form of the isotherm can vary from a Hill-deBoer 
form (f = 0) to a Langmuir form (f = Goo).

For the nonequilibrium properties, the statistical me­
chanical methods of the van der Waals theory of transport 
are used for admolecule-admolecule interactions while an 
analysis similar to the square-well transport theory is used 
for admolecule-surface interactions. A Boltzmann equation 
is solved for the single-particle surface distribution func­
tion to yield the surface “diffusion coefficient” for local 
one-dimensional surface flow of a pure component under a 
pressure gradient

r kT  i 1/2 a In P~
Anni- 3 In p _

.^ H(aH,p)paH£ p(e/fer) + psasEs{e/kT) J

where £h is the rigid disk radial distribution function at 
contact and Ep and Es are functions of reduced tempera­
ture tabulated in ref 1. Expressions are also given in ref 1 
for the diffusion coefficient of a tracer under a concentra­
tion gradient at uniform total pressure.

Experimental Method
Unlike the adsorption isotherm measurement where the 

amount adsorbed is directly measured, the measurement of 
surface flow is usually an indirect one obtained from per­
meability through a porous bed of an adsorbable gas and of 
a nonadsorbable one. The assumption is that the surface 
flux, Fsurface, and the bulk gas phase flux, Fbuik, are addi­
tive.3

F -  F bulb + F surfac u (3)
A model for strong interaction between the two fluxes has 
been developed,4 but it is intended for very high gas-phase

Figure 1. Schematic diagram ot apparatus.

densities, and it is expected that if Fbuik is very small com­
pared with FsurfaCe, the effect of interaction is very small (if, 
indeed, it exists). For nonabsorbable gases, Fbuik is easily 
determined experimentally. Since the experimental bulk 
flow is usually in the Knudsen regime, the standard molec­
ular weight and temperature corrections to the Knudsen 
diffusivities, DgK, of nonadsorbable gases would give that 
for the adsorbable gases.3

From this determination of Fbuik for adsorbable gases, 
Surface can be determined from eq 1. It is not clear whether 
the molecular weight correction alone is adequate,4-9 so in 
order to minimize uncertainties, the conditions have been 
controlled so that calculated bulk flux, which is the maxi­
mum expected, is less than 15% of the total flux.

In a steady-state experiment, Ftotai is constant, but there 
is no reason that Fbuik or Fsurface should be so throughout 
the bed. However, eq 3 is valid locally, so the total flux can 
be written

F = + (4)

where Ds is given in eq 2, A is the surface area per unit 
mass of adsorbent, pb is the mass of adsorbent per unit vol­
ume of the bed, fe is an effectiveness factor for surface flow, 
P is the pressure, L is the bed length, and Ag is the gas- 
phase area determined from the bed diameter, d, and the 
void fraction, tv.

Ag =  7rrf2ev/4  (5)

Dgk varies with the square root of temperature and molecu­
lar weight.

Experimental Apparatus
The apparatus was similar to that of Pope11 and is shown 

in Figure 1. Graphon (Cabot Corp.) was compacted in the 
stainless steel cylinder, P, of inside diameter 0.6 cm and in­
side length of 2.9 cm by adding and compressing four to 
seven portions of the adsorbent Graphon. The plugs la­
beled 1, 4, and 6 had void fractions of 0.36 ±  0.01, those la­
beled 2 and 5 had void fractions 0.43 ± 0.01, and plug 3 had 
void fraction of 0.32. Here we have assumed the specific 
gravity of solid Graphon to be 1.80. The cylinder was im­
mersed in a constant temperature bath controlled to 
±0.01°. The manometers, M and N, were mercury manom­
eters and 12  mm i.d. tubing was used to minimize the error 
due to the mercury meniscus. The oil in manometer 0 , 
which was used for measurement of very small pressure 
changes, was separated from the system by mercury to 
avoid contacting the organic sample vapor. Pressure mea­
surements were made with a cathetometer, accurate to 
±0.01 mm, yielding accuracies of 0.5% for pressures over
0.2 mmHg. The buffer volumes, A, B and C, and the gas
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PRESSURE, mmHg

Figure 2. Adsorption isotherms for CHCI3 on Graphon.

Figure 3. Flow rates for helium through Graphon plugs.

A  e mmHg

Figure 4. Flow rates for chloroform through different Graphon plugs.

Figure 5. Flow rates for chloroform through a Graphon plug at differ­
ent temperatures.

buret, G, were calibrated before connection to the system. 
All the stopcocks were high vacuum quality with vacuum 
bulbs. A cartesian manostat was installed before the pump­
ing station to maintain constant downstream pressure.

Experimental Procedures
Spectral grade liquid chloroform (Mat.heson Coleman 

and Bell) was placed in the sample reservoir, R, which was 
isolated from the system by a mercury cut-off. The gases, 
CP grade SFg (Matheson) and high-purity grade helium 
(Air Reduction Co.), were connected to the stopcock H.

Initially the whole system was baked and pumped for 1 
week. The plug temperature while baking was about 130°. 
Adsorption experiments were carried out using the system 
on the left side of stopcock F after it was closed. The meth­
od was the usual volumetric method12 in which at a set 
temperature, the pressure of a vapor sample in a calibrated 
volume was measured before and after the sample was put 
in contact with the adsorbent. Whenever a new plug was 
made, the plug was baked at 130c for about 3 days. Be­
tween experiments with the same plug, the system was de­
gassed at about 90° overnight. The good repeatability 
(within estimate error) of adsorption and flow measure­
ments indicated little change in bed characteristics with 
time. Figure 2 shows the results for some of the data on 
each isotherm taken from plugs 3, 4, 5, and 6.

The flow measurement for both nonadsorbable helium 
and the adsoroable CHCI3 was a quasi-steady-state mea­
surement. The oil manometer, 0 , was opened to the outgo­
ing-side volume of the plug. With the sample vapor intro­
duced to the ingoing-side volume, the outgoing side was

pumped for about 2 hr when a steady concentration profile 
should have been attained in the plug. By closing stopcock 
Q, the flow rate was determined from the pressure change 
in the outgoing-side volume using manometer O. Figure 3 
shows representative helium flux measurements. Figure 4 
shows the temperature dependence of the CHCI3 surface 
flux in a single plug and Figure 5 shows the surface flux re­
sults for several conditions at 45°. Complete data are avail­
able.13 The uncertainty of the flux measurements for ad- 
sorbable gases is larger than that of the adsorption iso­
therm. At high temperatures, Fbuik was calculated to be as 
large as 15% of the total flux. Since Fbuik for adsorbable 
gases is uncertain to some extent, the Fsurface values are 
also uncertain. Although the bulk gas contribution is negli­
gible at low temperatures, the quasi-steady-state assump­
tion is not as good under these conditions. Together with 
the uncertainty in measuring the low pressure and pressure 
difference, it is believed that the final fluxes are accurate to 
within ±10%. For the few transient measurements made 
(see below), the accuracy is about 15%.

Discussion
Detailed comparison of the present data with theory, 

plus those of other gases on graphetized carbon black, is 
presently being done. However, preliminary analysis of the 
present data yields some conclusions.

Values of the model parameters for the calculated values 
in Figures 2, 4, and 5 are given in Table I.

First, the equilibrium isotherm data show that the 
amount adsorbed per unit weight did not depend on the 
density of the plugs used. This would be expected if com-
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TABLE I: Model Parameters1 for CHCl3-Graphon System over 5-85°

e,
kcal./S kcal'?. A, In B,a U,a

mol mol aH, A crs, A 5S fe ps, A"2 am, A n m2/g  cmHg kcal/g mol

4.4 3.2 4.65 0.23 0.5 1.7 0.192 2.5 2 89 15.366 8.386
Henry's constant. K. can be correlated by A = B exp( — U/RT) with units of cmHg.

pression does not affect the area exposed. This indicates 
that the differences in density are due to the size of the ma­
cropores, rather than micropores, between particles. The 
agreement of the data and the calculated values from eq 1 
is satisfactory over a wide range of temperature. Dividing 
the present adsorbent surface area by a factor of 6.85 is all 
that is necessary tc use the same parameters to accurately 
predict the CHC1:b-P 33(2700) equilibrium data of Machin 
and Ross.14 There are insufficient data to obtain isosteric 
heats of adsorption except at zero coverage where the 
values (values of U in Table I) are the same as those of Ma­
chin and Ross.

Second, several characteristics of the Knudsen flow can 
be observed from the helium flux data are shown in Figure 
3. The square root temperature dependence of the Knud­
sen diffusion coefficient is clearly shown.5-9 There is also a 
definite dependence of Dgk on the superficial density of 
the carbon plug. On the other hand, different plugs of the 
same density show essentially the same Dgk, a tentative in­
dication that the plugs are reproducible to a large extent.

Third, studies of transient flow were made to see if tran­
sient measurements were consistent with the steady-state 
measurements. We used Frisch and Prager’s definition of 
time lag.15

(-Fsteady ' F t d t /F steadv (6)

Measured time lags can be compared with Frisch’s theoret­
ical correlation

t la,i
L

F steady Qo
(7)

where

<CS> = j - J *  Cs(x) dx

and Cs0 is the concentration at x = 0. Over the range of Cso 
corresponding to 9-24 mmHg at 45° in plug 6, the calculat­
ed values of t iag from eq 6 were 70 ± 1 min. For six data 
points using eq 5 the mean was 69 ± 5 min. Pope obtained 
similar agreement for his Spheron-6(2700) plug,11 although 
Ash et al.lfi did not for heterogeneous substances. Disagree­
ment has usually been attributed to the presence of “blind 
pores”. While agreement apparently does not assure that 
"blind pores” are absent,1' if any were present in these ex­
periments, they did not affect the use of the same model 
parameters and surface areas for equilibrium and transport 
properties under varying bed densities.

Fourth, the surface flux is independent of bed density 
and temperature. This is expected if the surface-flux paths, 
determined by the amount of surface area and the form of 
its two-dimensional envelope, are unaffected by superficial 
density. Figure 4 shows that the data of plugs 4 and 6 
which have essentially the same density agree within exper­

imental error. This confirms the reproducibility of the 
plugs used and probably indicates that any nonhomogene­
ity effects of the plug were negligible. After accounting for 
the differences in gas-phase flux, the data from plug 5 
agrees with the others. In the application of the model to 
these data, this would require that / e be the same for all 
plugs. A value of 1.7 for / e was found to describe all the 
data. In our previous analysis,1 we found a value of 1.3 for 
the data of Ash et al. for SF6 on Graphon. This indicates 
that the present surface flux was somewhat lower. To de­
termine if this was caused by a difference in the bed or of 
the gas, three permeability data for SF6 at —20° were also 
taken on plug 6. Using the molecular parameters obtained1 
from the data of Ash et al.,3 and the value of 1.7 for fe ob­
tained from CHCI3 in plug 6, the present SF6 data could be 
reproduced quantitatively. The difference between the 
values of fe obtained by Ash et al. and ourselves may be due 
to differences in the size and size distribution of the carbon 
black particles. The only obvious difference is in the bed 
density, our 1.04 compared to their 1.47 at the same porosi­
ty.

Finally, direct comparison of experimental surface fluxes 
with calculation (eq 4) is done here for the first time. All 
previous work3-11 had determined “diffusion coefficients” 
by taking a graphical derivatives of flux data with the out­
let pressure being essentially zero. Besides limiting the pos­
sible experimental conditions, this procedure can lead to 
highly uncertain values as is apparent from examination of 
the data in Figures 4 and 5. The flux equation allows for fi­
nite downstream pressures, so four of the data points were 
taken with nonzero downstream pressure. They are shown 
in Figure 4 after correction to the scale with zero outlet 
pressure by use of the model. They show good agreement 
with the others.
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The self-association of the antihistaminic drugs, tripelennamine hydrochloride, thenyldiamine hydrochlo­
ride, mepyramine maleate, pheniramine maleate, chloropheniramine maleate, and brompheniramine male- 
ate, in aqueous solution has been investigated by light scattering methods. The scattering intensity was in 
excess of that calculated for the unassociated monomers for each compound. No significant discontinuity 
:n the concentration dependence of the light scattering, attributable to a critical micelle concentration, 
could be detected. Attempts were made to simulate the experimental data using micellar and nonmicellar 
models of aggregation. The light scattering behavior of mepyramine maleate, chlorpheniramine maleate, 
and brompheniramine maleate was not consistent with the mass action model of micellar association but 
could be adequately reproduced by a nonmicellar model involving aggregate growth by the step-wise addi­
tion of monomers. The concentration dependence of the light scattering of tripelennamine hydrochloride, 
thenyldiamine hydrochloride, and pheniramine maleate could be simulated both by the micellar model, as­
suming aggregation numbers of 3 and 4 and micellar equilibrium constants of IO10 and 10!4, respectively, 
and by the nonmicellar model. It was not possible to detect a critical micelle concentration for any of these 
compounds from conductivity measurements.

It has been previously established1 that some antihista­
minic drugs based on the diphenylmethane nucleus formed 
micelles in aqueous solution. The physicochemical proper­
ties of the micelles of these compounds have been investi­
gated.2 This paper reports a study of the association of an­
tihistaminic drugs with the general structures:

H

l c ^ ~ Q

The compounds studied included mepyramine (pyrilam- 
ine) maleate (la), tripelennamine hydrochloride (lb), 
thenyldiamine hydrochloride (Ic), pheniramine maleate 
(11a), chlorpheniramine maleate (lib), and brompheniram­
ine maleate (lie).

Farhadieh et al.3 determined the concentration depen­
dence of the conductivity and osmotic coefficients of aque­
ous solutions of mepyramine maleate and tripelennamine 
hydrochloride and suggested that small aggregates may be 
present in solution. They were unable to detect a critical 
micelle concentration (cmc) for either of these compounds.

Experimental Section
Materials. Mepyramine maleate and tripelennamine hy­

drochloride were obtained from May and Baker Ltd., and 
Ciba Laboratories, respectively. Thenyldiamine hydrochlo­
ride, pheniramine maleate, chlorpheniramine maleate, and 
brompheniramine maleate were gifts from Winthrop Labo­

ratories, Hoechst Pharmaceuticals Ltd., and A. H. Robins 
and Co., Ltd., respectively. All drugs were used as received.

pK a values have been reported4 for a series of proprie­
tary antihistamines, including the compounds investigated 
here. Values ranged between 8 and 10 and consequently al­
most complete ionization may be assumed over the concen­
tration range at which measurements have been made.

Light scattering measurements were made at 303 K with 
a Fica 42000 photogoniodiffusometer (A.R.L. Ltd.) using a 
wavelength of 546 nm. Aqueous solutions were clarified by 
ultrafiltration through 0.1 -Mm Millipore filters until the 
ratio of the light scattering at angles of 30 and 150° did not 
exceed 1.10. The refractive index increments of the micel­
lar species (dn/dmmjc) were measured at 546 nm using a 
differential refractometer (P.C.L. Ltd.). The following 
values (kg moL1) were obtained: tripelennamine hydro­
chloride, 0.0619; thenyldiamine hydrochloride, 0.0649; 
mepyramine maleate, 0.0795; pheniramine maleate, 0.0680; 
chlorpheniramine maleate, 0.0"39; and brompheniramine 
maleate, 0.0797.

Conductivity measurements were made at 303 ± 0.01 K 
using a Wayne Kerr autobalance universal bridge (Model 
B641).
Treatment of Data

Light-scattering results are presented in Figure 1  as plots 
of the scattering at 90°, S90, as a function of molal concen­
tration, m. No discontinuity in the concentration depen­
dence of S90 attributable to a cmc could be detected, al­
though the scattering intensity was in excess of that calcu­
lated for unassociated monomers. This was in contrast to 
the diphenylmethane derivatives,1 which exhibited signifi­
cant discontinuities in their physicochemical properties at 
well-defined critical micelle concentrations. An attempt 
has been made to simulate the experimental data using two 
models of association.

Micellar Association. The mass action model of micellar 
association assumes that the cationic micelle, Mp+, is
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Figure 1. Concentration dependence of the scattering ratio, S 90, for 
aqueous solutions of tripelennamine hydrochloride (■ &), thenyldiam- 
ine hydrochloride (A), mepyramine maleate (•), pheniramine male- 
ate (■ ), chlorpheniramine maleate (□), and brompheniramine male­
ate (O).

formed by an all-or-none process from N  monomers, D+, 
and N  — p  firmly bound anions, X - .

ND* + {N -  p)X~ M p* (1)

In the absence of added electrolyte

[X-] =  [D+] + (2)

and the micellar equilibrium constant, Km, is given by

K» “ (lx-] -  pL M 'V lx-j"-' K ’
It is well known that the abruptness of the change in 

physicochemical properties at the cmc decreases with de­
creasing N  (at constant K m) and decreasing Km (at con­
stant N). The apparent absence of a cmc in Figure 1 may 
be a consequence of a combination of low N  and K m values. 
Theoretical curves were generated using eq 3 for a range of 
combinations of N, K m, and p in an attempt to reproduce 
the experimental light-scattering curves. Concentrations in 
eq 3 were expressed as mole fractions. The scattering inten­
sity, arising from the micellar species, Sgomio was estimated 
using equations proposed by Anacker and Westwell.5

= A +' Bmmlc (4)
where K l = 2ir2n2 (dn/dmmic)2V°/LX4; n is the refractive 
index of the solution; V° is the volume of solution contain­
ing 1 kg of water; L is Avogadro’s number; X is the wave­
length of incident light, and mmic is the molality of the mi­
cellar species (in terms of monomeric units) as determined 
from eq 3. The second virial coefficient, R, was calculated 
from

B = M l(1 + MV-1 -  ^](2wmon)-! (5)
where mm„n is the molality of monomer. The approxima­
tion A = N ~1 was made to simplify the calculations. Sgomic 
was calculated from R9omic using the instrumental calibra­
tion constant. The scattering intensity due to monomeric 
species in solution, Sgomon, was estimated from eq 4, assum­
ing a zero value of B. The total scattering intensity, S 90, 
was then a summation of Sgom,,,,, and the intensity
of the light scattered by the solvent.

Nonmicellar Association. Aggregate growth was as­
sumed to occur by a process of monomeric addition.

Miv-1 + Mj ^  MlV (6)

Several methods have been derived for the calculation of 
step-wise equilibrium constants, Ky, for such a system. A 
complicating factor in ionic systems is the nonideality aris­
ing from the interaction of charged species. Adams and 
Williams6 have proposed a rigorous method for the treat­
ment of the weight-average molecular weight data of asso­
ciating nonideal systems. There is, however, no simple way 
of using these equations unless the equality of the values of 
the* second virial coefficient for all species is assumed. A 
simpler approach is to assume the equality of all values of 
Ky. This is equivalent to assuming an identical free-energy 
change for the addition of each monomer. For systems of 
spherical ionic micelles, Ky  is related to the free-energy 
change, AGm, associated with the introduction of a mono­
mer into a micelle with N  — 1  monomers by

AGm = AGh + AGe = - R T  In K N (7)

The magnitude of the hydrophobic free-energy component, 
AGh, will be affected by the mode of packing within the mi­
celle and for small micelles a significant dependence of AGh 
on N  might be expected.7 Similarly AGe varies with N, be­
coming more positive as N  increases. Thus in the growth of 
small ionic aggregates, such as are present in the systerhs 
investigated here, it is clear that the assumption of equal 
Ky values is not reasonable.

An analytical treatment for ideal associating systems 
with nonequal Ky values has been derived by Steiner8 and 
was applied here. The weight-average molecular weight, 
Mw, is related to weight concentration c (g dm"3) by

M/M„ = 1  + d In x/d  In c (8)

where x is the weight fraction of compound of molecular 
weight, M, existing as the monomer. Consequently

In x = \ C[{M/MJ -  1] d In c (9)

x  was determined from the light-scattering data by graphi­
cal integration according to eq 9. Equilibrium constants 
were estimated from

l { M j x M )  -  l ] / ( x c / M )  =  4 K 2 +  9 K 2K 3( x c /M )  . . . +

W  \ \ K N){xc/M)N-2 (10 )
' N-2 '

K2 and K\\ were obtained from the intercept and limiting 
slope, respectively, of a plot of the quotient on the left of eq 
10 vs. (xc/M). Curvature of such a plot is indicative of ag­
gregates with N > 3 and higher equilibrium constants were 
thus evaluated in a similar manner until a linear plot of

w=i-i v .
( M j x A t )  -  1] -  Z  JV 2 [ J a a-(.y c /.1/)v-1 > / { x c / M )

2 2

vs. ( x c / M )  was obtained, where l  is the degree of associa­
tion of the highest molecular species existing in solution in 
significant amounts. As a demonstration of the applicabili­
ty of this model, the concentration dependence of the ap­
parent Mw values, recalculated from the estimated values 
of ky, has been compared with that indicated by experi­
ment. It is emphasized that this method of treating the 
data ignores interactions between the charged species. This 
assumption becomes increasingly less valid as the solution 
concentration increases.
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TABLE I: Equilibrium Constants and Limiting 
Aggregation Numbers for the Association of 
Antihistamines Calculated from Eq 10

L im iting
E q u ilib riu m  con- ag g re-
s ta n ts ., dm 3 m ol -1 gation  

number, 
l "k 2 k 3 ' *4

T rip e len n am in e  HC1 0.62 1.75 3.1 7
T heny ld iam ine  HC1 0.38 1.93 0.8 6
M epyram ine m a lea te 2.00 7.19 6.3 10
P h en iram in e  m a lea te 1.61 5.17 0.4 7
C hlo rphen iram ine

m alea te
2.03 9.85 4.4 11

B rom phen iram ine 3.50 20.95 7.9 15
m alea te

Figure 2. Simulation of the  concentra tion dependence o f scattering 
ratio, S90, using mass action equations. Continuous lines represent 
values ca lcu la ted using eq 1 -5  w ith  N =  10, K N =  1042, and p /N  =  
0.2 for m epyram ine m aleate ( • )  and N  =  3, KN =  1010, and p /N  =  
0 .2 for tripe lennam ine hydrochloride (O).

Results and Discussion
The light-scattering results for pheniramine maleate, 

thenyldiamine hydrochloride, and tripelennamine hydro­
chloride could be reproduced within the limits of error of 
the experimental data using eq 1-5 with p/N  = 0.2 and 
values of N = 3 and 4 and Kiy = 1010 and 1014, respectively 
(see Figure 2). The corresponding standard free energies of 
micellization AG (per mole of monomeric surfactant) were 
calculated from

AG =  —( R T / N )  In  K n (11)

Both combinations of N and Kn gave a A<7 of approxi­
mately —20 kj mol-1. From the data of Kauzmann,9 the 
formation of a micelle in which a phenyl ring is completely 
shielded from the aqueous environment would result in a 
free energy change of —17 kJ mol “1. The AG value calcu­
lated assuming the applicability of the mass action law is 
thus not unreasonable.

Attempts to simulate the experimental scattering curves 
of mepyramine maleate, chlorpheniramine maleate, and 
brompheniramine maleate using eq 1-5 proved unsuccess­
ful. In order to reproduce the appreciable scatter at the 
higher concentrations it was necessary to assume N > 10 
and corresponding Kn values of the order of 1042. Such 
combinations, however, produced significant inflections in 
the S 90 vs. m curves at low concentrations (see Figure 2).

Mw

Figure 3. S imulation of the concentra tion dependence of apparent 
m olecular weight, Mw, using a step-w ise associa tion model o f aggre­
gation. Continuous lines represent values calcula ted using eq 9 and 
10. Experim ental points represent apparent A4W values calculated 
from  light-scattering results, assuming ideality, fo r tripe lennam ine hy­
drochloride ( ☆ ) ,  thenyldiam ine hydrochloride (A ), m epyram ine male­
ate ( • ) ,  pheniram ine maleate (■ ), ch lorpheniram ine m aleate (□ ), 
and brom pheniram ine maleate (O).

Figure 4. Equivalent conductiv ity o f aqueous solutions o f tripe lenna­
mine hydrochloride ( ☆ ) ,  thenyldiam ine hydrochloride (A ), m epyram ­
ine m a leate ( • ) ,  pheniram ine m aleate (■ ), ch lorpheniram ine m ale­
a te  (□ ), and brom pheniram ine m aleate (O); eq 12 (------- ).

The AG values for these combinations of N and Kn from 
eq 11 were approximately —24 kj mol" 1 giving poor agree­
ment with the expected values.

Equations 9 and 10 gave an adequate description of the 
variation of apparent molecular weight with concentration 
for all compounds (Figure 3). Values of Kn are quoted in 
Table I. Small errors in the calculation of the lower Kn 
values accumulate and result in large errors in the higher 
constants. Consequently only the lower values have been 
quoted. The error in Kn arising from a neglect of the sec­
ond virial coefficient is also least significant for these lower 
values. All compounds gave linear plots of

[(Mjx.U) -  1] z  -v2 n  k n(xc/ m )s -'
2 2

/(xc/M)

vs. (xc/M) at characteristic values of /. This was assumed 
to be an indication of the attainment of a limiting aggre­
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gate size, although similar effects may result from a neglect 
of nonideality in continually aggregating systems. The ap­
parent increase in l in the series, pheniramine maleate, 
chlorpheniramine maleate, brompheniramine maleate (see 
Table I), might be expected from the increased hydropho- 
bicity conferred by the -Cl and -Br substituents on the 
phenyl ring. Similarly the substituted -OCH3  group of 
mepyramine maleate results in a greater hydrophobicity of 
this compound as compared to tripelennamine hydrochlo­
ride and this is again reflected in the values of l for these 
two compounds. Replacement of the phenyl ring of tri­
pelennamine hydrochloride by a thiophene ring, as in 
thenyldiamine hydrochloride, had no apparent effect on 
the limiting aggregation number.

The conductivity data are presented as graphs of equiva­
lent conductivity, A, against m 1/2 (see Figure 4). All com­
pounds exhibited slopes greater than those predicted for 1 : 
1  electrolytes by eq 12 10 which is reportedly valid for m <

A =  A0 -  [(.B1A0 + B2)/( 1 + Ka)]mxn (12)

0.05 mol dm"3. B\ and B2 are constants with values of 
0.2321 mol~1/l2 dm3/2 and 6.791 X 10-3  SI- 1  m2 mol- 1  (mol 
dm-3)-1/2, respectively, at 303 K and xa = 1.04 X 108m 1/2a 
at this temperature. An assumed value of 0.4 nm (from mo­
lecular models) was assigned to the ionic radius, a. It was 
not possible to detect inflection points in the conductivity 
plots. This is in agreement with Farhadieh et al.3 who also 
failed to detect a cmc from conductivity measurements on

solutions of tripelennamine hydrochloride and mepyramine 
maleate over similar concentration ranges at 298 K.

In conclusion, the light-scattering data suggest that the 
self-association of mepyramine maleate, chlorpheniramine 
maleate, and brompheniramine maleate does not occur by 
the normal micellization process. It may occur by a form of 
step-wise association giving a polydisperse system with no 
clearly defined cmc. From the experimental evidence avail­
able it is not clear whether the self-association of tripelen­
namine hydrochloride, thenyldiamine hydrochloride, and 
pheniramine maleate is micellar or nonmicellar. Both 
forms of association will adequately describe the light-scat­
tering data. The inability to detect a cmc for these three 
compounds may merely reflect the limitations of the physi­
cal methods used.
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S02 is photochemically oxidized to SO3-  on the surface of magnesium oxide in the presence of adsorbed 
water vapor and oxygen or nitrous oxide. Water reacts with adsorbed S 0 2 to increase the concentration of 
sulfite ions and monodentate sulfito complexes. Subsequent photolysis leads to the formation of S 0 3_ , 
which is confirmed by the EPR hyperfine structure of the ion enriched with sulfur-33. Molecular oxygen or 
N20  serve as electron scavengers, thus increasing the surface concentration of SO3- . The greater stability 
of S 0 3-  on the surface relative to aqueous solutions is attributed to the lack of mobility in the adsorbed 
water. The half-life of the surface SO3-  is >10 hr at 25°, but drops to 0.5 min at 100°.

Introduction
It is generally agreed that aerosols adsorb or react with 

S 0 2 from the atmosphere, and that the resulting com­
pounds constitute a health hazard.1*3 There is very little 
known, however, about the chemistry of adsorbed S 0 2, par­
ticularly the photochemistry on aerosol materials. One of 
the most important problems in the chemistry of atmo­
spheric aerosols is the mechanism by which S 0 2 is photoox - 
idized, either prior to or after adsorption. In the present

work we have concentrated on the photochemistry of S 0 2 
on magnesium oxide, which is a typical basic oxide.

Previous studies have shown that magnesium oxide is ac­
tive in adsorbing sulfur dioxide.4-6 Infrared evidence 
suggests the adsorption of S 0 2 on a clean MgO surface re­
sults in the formation of surface sulfite species, which may 
be oxidized at elevated temperatures to sulfates and sulfato 
complexes.3’6 Ultraviolet irradiation of the sulfite ions at 
room temperature results in the production of S 0 2- ,4 and
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this radical anion may be subsequently oxidized to SO3 -  
with molecular oxygen.7 Furthermore, photolysis studies in 
the atmosphere8-10 have shown that SO2  is more rapidly 
oxidized when adsorbed into water droplets.

This work has now been extended to determine the ef­
fect of adsorbed water vapor on the reactions of the surface 
sulfite ions. Conditions were used which would more close­
ly simulate those found in the atmosphere. As will be 
shown here the photolysis of the sulfite ion on hydrated 
magnesium oxide has features which are in common with 
the photochemistry of aqueous solutions containing sulfite 
ions, in that the SO3 -  ion is formed; however, the reactivity 
of this ion on the surface is orders of magnitude less than 
that observed in solution.

Experimental Section
The magnesium oxide used in these experiments was re­

agent grade powder obtained from Mallinckrodt Chemical 
Works. For one set of samples, the powder was boiled in 
distilled water for about 20 hr, and the resulting paste was 
extruded into pellets with a hypodermic syringe. The pel­
lets were dried at 120° and degassed at 300° for 2 hr and at 
500° for 1 hr. The final pressure in the vacuum system was 
below 1.0 X 10-4  Torr. This material is referred to simply 
as magnesium oxide. A second sample was prepared by 
boiling the MgO powder in distilled water for 20 hr, and 
drying the slurry at 120° until a solid was formed. The re­
sulting magnesium hydroxide was then heated in flowing 
nitrogen gas a* 100° for 2 hr and at 400° for 10 hr. The 
MgO sample was subsequently exposed to the atmosphere 
where it was partially converted back to the hydroxide; 
hence, it is referred to as MgO-Mg(OH)2. Before use the 
MgO-Mg(OH)2 was evacuated for 2 min at room tempera­
ture.

In a typical experiment both the MgO and MgO- 
Mg(OH)2 samples were exposed to 25 Torr of sulfur diox­
ide for 3 min. After having pumped off the gas phase SO2 
for 1 min, the sample was exposed to 23 Torr of water for 
15 min. Finally, 100 Torr of oxygen or nitrous oxide was in­
troduced. The samples were then irradiated individually 
under four different sources of light; a 2537-A uv lamp, a 
3660-A uv lamp, sunlight, and four daylight fluorescent 
lamps. At 2537 A the shorter wavelength uv lamp has an in­
tensity of 140 ¿iW/cm2 at the distance of 6 in.; whereas at 
3660 A the longer wavelength lamp has an intensity of 6250 
ImW/cm2 at 15 in. The intensity of the four daylight fluo­
rescent lamps are approximately equivalent to the average 
sunlight intensity at sea level. The sample was placed in 
the middle of the four lamps which were surrounded by a 
reflecting cylinder. Irradiation was carried out for various 
periods of time up to 72 hr.

The sulfur dioxide gas used in these experiments was ob­
tained from J. T. Baker Chemical Co. Sulfur-33 enriched 
SOo was prepared by treating 3 mg of sulfur containing 
25.5% 3:,S with an excess of pure oxygen at 450° for 2 hr. 
Prior to the adsorption the excess O2 in SO2 and in 33S 0 2 
was removed by the freeze-pump technique.

The EPR spectra were recorded at room temperature 
and liquid nitrogen temperature, using a Model E-6S Var- 
ian spectrometer. The g values were determined relative to 
the Cr3+ impurity line which has g = 1.9797. The error in 
estimating the g values is believed to be ±0.0005. Spin con­
centrations were determined using a single crystal of cop­
per sulfate as a standard. The estimated error in the abso­
lute spin concentration is ±25%.

Pressure of S02 , Torr

Figure 1. Adsorption isotherms of S 0 2 at 25°: (a) on MgO; (b) on 
MgO-Mg(OH)2; (A) adsorption; (• ) desorption.

In the ir experiments a self-supporting MgO wafer was 
attached to a fused quartz holder. About 40 mg of the pre­
treated powder was used to maxe a wafer in a steel die at a 
pressure of 15 tons/in.2. This wafer, which had an average 
thickness of 4 mg/cm2, was then cut to a size of 0.9 cm X 2.0 
cm. The sample was placed in an infrared cell and degassed 
under the conditions previously described. The spectra 
were recorded using a Beckman IR-9 spectrophotometer 
which was operated in transmittance mode. Silver bromide 
windows allowed us to cover the frequency range from 400 
to 2000 cm-1. The errors in assigning the wave numbers are 
estimated to be ±5 cm- 1  for sharp bands and ±10 cm- 1  for 
broad bands.

The adsorption experiments were carried out using a 
quartz spring with a sensitivity of 0.89 mm/mg. A catheto- 
meter was used to detect the extension of the spring to a 
precision of ±0.1 mm. The BET surface areas of 158 and 64 
m2/g for MgO and MgO-Mg(OH)2, respectively, were de­
termined from nitrogen adsorption data.

Results
From the adsorption-desorption isotherms of Figure 1 

one may conclude that 1.77 X 10-3  and 5.30 X 10-4  mmol 
of S 0 2 was adsorbed per mg of MgO and MgO-Mg(OH)2, 
respectively, at an equilibrium gas pressure of 25 Torr. 
Water was found to be adsorbed to a much greater extent 
than S 0 2 (Figure 2). The monolayer coverages of S 0 2 and 
H20  are summarized in Table I where the area of an S 0 2 
molecule is taken as 19.2 A2 and the area of an H20  mole­
cule is 10.6 A2. Water was found to cover the surface to the 
extent of two to three monolayers, whereas less than a mo­
nolayer of sulfur dioxide was adsorbed following evacuation 
of excess S 0 2.
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TABLE I : M onolayer Coverage o f S 0 2 and H20

Reagent

SO, (25 T orr) 
followed by

Sample evacuation H20  (23 Torr)

MgO 0.72 2.6
MgO-Mg(OH), 0.48 2.1

0 2 4 6 8 10

Time, Min.
Figure 2. Adsorption of (a) H20 (23 Torr) and (b) S02 (25 Torr) as a 
function of fme for MgO at 25°.

After the adsorption of 25 Torr of S02 on the surface of 
MgO and MgO-Mg(OH)2, a weak EPR signal of S02_ 
which is characterized by gxx = 2.0014, gyy = 2.0078, and 
gzz = 2.0034 was observed. The adsorbed species remained 
on the surface after pumping off the excess S02. After the 
addition of 23 Torr of water, the gyv component of the 
S02_ spectrum was greatly reduced and the gxx component 
vanished, while a new component atg = 2.0034 became ap­
parent. After irradiation at 2537 A a symmetric line with g 
value of 2.0034 was observed which is characteristic of 
S03“ .7 A small peak of the remaining gyy component of 
S02-  was frequently detected.

Upon the addition of 100 Torr of oxygen or nitrous oxide 
prior to irradiation, the intensity of the SO3-  spectrum was 
increased by a factor of 3. It was also possible to form a 
small amount of S03-  by irradiating S02 on the surface of 
MgO in the ambient atmosphere; whereas, only S02- was 
formed if the samples were irradiated under vacuum. The 
rate and extent of reaction to form S03~ increased with an 
increase in initial S02 concentration. A basic surface is pre­
ferred since the reaction was not observed on the surface of 
silica gel. The spectrum obtained using sulfur-33 enriched 
S02 is shown in Figure 3, and the presence of the four hy- 
perfine lines with = 101 G and ay = 142 G confirms the 
formation of 33S03_. In contrast to the spectra of SO3-  on 
dehydrated MgO7 the spectra recorded with the sample at 
77°K and 25° were the same.

TABLE II: M aximum  Intensity of SO 3 Obtained by 
Irradiating under the Four Sources (in Arbitrary U nits)

4 day­
light 

fluores- 
Sun- c p t  
light lamps

MgO 115.4 20.2 6.3 10.0
MgO-Mg(OH) 2 16.8 2.0 1.0 4.3

Source

Sample 2537 Â 3660 Â

1 an

•̂9 =2.0034

0 *)
Figure 3. EPR spectra of 33S03 obtained by adding H20  and 0 2 to 
adsorbed 33S02 on the surface of MgO: (a) recorded at 25°; (b) re­
corded at 77°K.

The maximum intensity of the S03~ EPR signal was 
found to be greater upon irradiating with the shorter wave­
length lamp (Table II). The final S03~ signal which was 
formed upon irradiation at 2537 A was 5.7 times more in­
tense than that which was formed upon irradiation at 3660 
A. The maximum signal of the resulting SO3- was 6.4 times 
stronger on MgO than on MgO-Mg(OH)2. Exposure of the 
sample to direct sunlight also resulted in the formation of 
additional SO3”; however, the maximum signal was much 
less intense. Irradiation with four daylight fluorescent 
lamps gave a somewhat greater intensity.

If irradiation was begun immediately after the introduc­
tion of S02, H20, and 0 2, an induction period of 24-36 hr 
was observed in the formation of S03_ (Figure 4); however, 
after allowing the sample to stand for 24 hr after the addi­
tion of the gases, no induction period was noted. A maxi-
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0 1 2 24 36 48 60 72 84
Time, Hours

Figure 4. Spin concentrations of S03_ obtained by irradiating with a 
2537-A uv lamp vs. irradiation time: (a) with induction period on 
MgO, •; (b) without induction period on MgO, A; (c) without induction 
period on MgO-Mg(OH)2, O.

Time , Hr.

0 2 4 6 8 10

Time, Min.
Figure 5. The stability of S03~ at 25 and 100°: (a) evacuating at
25°; (b) -----  and ------ , heating at 100°; (c)------ and -----,
S02_ re-forming.

mum spin concentration of 1.1 X 1017 spins/g of MgO was 
obtained by irradiating the reactants with the 2537-A uv 
lamp for a period of 72 hr.

The resulting SO3-  was found to be fairly stable, and the 
shape of the EPR spectrum remained unchanged after de­
gassing the sample for 8 hr at room temperature. The addi­
tion of 500 Torr of oxygen to the sample with SO3-  did not 
broaden the spectrum. The ion decomposed upon irradia­
tion at 100° or upon heating for 2 min at 100° as shown in 
Figure 5. At that temperature water vapor was desorbed 
from the surface and the EPR spectrum showed that SO2-  
was formed.

In an attempt to identify the form of the surface species 
which were precursors of the SO3-  ion infrared studies 
were carried out. Previous investigators5’6 have failed to ex­
plore the 400-700-cm_1 region because of the opaqueness

Frequency, cm"1

Figure 6. Infrared spectra of S02 and H20 adsorbed on MgO: (a) 
background, (b) after 24 hr standing, (c) expanded scale.

2000 1800 1600 1400 1200 1000 800 600 400
F r e q u e n c y ,  c m ' 1

Figure 7. Infrared spectra of SO2 and H20 on MgO-Mg(OH)2: (a) 
background, (b) after 24 hr standing, (c) expanded scale.

of the MgO films. In this work, both samples were slightly 
transparent in that region if the thickness of the wafer was 
approximately 4 mg/cm2. Background spectra in the region
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from 400 to 2000 cm-1 are shown as curves a of Figures 6 
and 7 for MgO and MgO-Mg(OH)2, respectively. After the 
addition of water to the sample, the physisorbed S02 
species with bands at 1154 and 1340 cm-1, as well as the re­
maining gas-phase S02 with bands at 1355, 1363, and 1379 
cm-1, disappeared. The band due to the symmetric stretch 
at 970 cm-1 became much more intense after the addition 
of water. The ir spectra of the species which were formed 
upon adsorption of S02 and H20  after allowing the sample 
to remain for 24 hr at room temperature are shown as 
curves b and c of Figures 6 and 7. On MgO, new bands were 
found at 670, 990, ar.d also 1680 cm-1. Shoulders were also 
noted at 780, 930, and 1450 cm-1. The shoulder at 1450 
cm-1 is obviously due to the Mg-OH bending mode. The 
band at 1680 cm-1 is attributed to H-OH bending from 
molecular water. On MgO-Mg(OH)2, new bands were de­
tected at 670, 780, 970, 1130, and 1680 cm“1. The Mg-OH 
bending band from 1420 to 1510 cm-1 was quite pro­
nounced on the MgO-Mg(OH)2 sample. The band at 1130 
cm-1 did not form immediately after the adsorption of 
water, but grew with time. The addition of oxygen after the 
reaction of water and sulfur dioxide caused no change in 
band positions or intensities.

and may have some unresolved asymmetric stretch, ¡>3. A 
band corresponding to the symmetric bending mode, e2, 
was not detected. Bands of MgO-Mg(OH)2 appear at near­
ly the same position as those of MgO, except the band at 
1130 cm-1 which grows with time. The band is attributed 
to a new sulfur-bonded suifito ligand. The band near 780 
cm-1 which was also observed by Schoonheydt anil Luns­
ford3 on the desorption of S02 at room temperature may be 
due to the existence of a strongly complexed sulfinato 
species, but this is difficult to verify by this experiment.

The participation of water in this reaction is important 
since only the EPR spectrum of S02~ was observed when 
S02 on MgO or MgO-Mg(OH)2 was irradiated in the ab­
sence of adsorbed water. The much more intense band at 
970 cm-1 after the addition of water indicates a greater 
concentration of the S032- ion.

In aqueous solution it has been proposed that water dis­
places the OH- on bisulfite acid according to the following 
mechanism:15

0 O
II II

H ,0  + S—OH — +- H ,0 —S + OH' (1)
1 " I
O- O-

D iscussion and
The formation of SO3-  in aqueous solutions is believed 

to occur via the photooxidation of sulfite ions and, as will 
be subsequently shown, the results from this study suggest 
that a similar mechanism is operative on the surface of a 
basic oxide. The EPR spectrum of SO3-  at 77°K is found 
to be in good agreement with the earlier work on magne­
sium oxide.7 In the present study the shape of the hyper- 
fine lines was the same at both 25° and 77°K, indicating 
that the surface motion which was previously observed on 
the dehydrated samples at 25° was quenched by the pres­
ence of adsorbed water. Failure to observe any broadening 
by 500 Torr of molecular oxygen suggests that the SO3“ is 
buried under several layers of water which are immobile at 
room temperature.

The infrared data provide reasonable evidence for the 
formation of sulfite ions on both samples. The simple sul­
fite ion is known to possess C3v symmetry and four funda­
mental modes of vibrations: the symmetric stretching vi, 
symmetric bending v2, asymmetric stretching 1/3, and asym­
metric bending v4. The fundamental frequencies of the 
SO32- ion, for example, in the solid Na2S03, appear at 1010 
(1/3), 961 (i'll, 633 (k4), and 496 (¡/2) cm-1.11’12 The symmet­
ric and asymmetric stretching vibrations, however, are 
sometimes very close to one another and are not resolved.13 
For the monodentate suifito compounds, two structures are 
possible; coordination through sulfur and coordination 
through oxygen. Cotton and Francis14 predicted that a 
shift to higher frequencies of the S-0 stretching would be 
expected when coordinating through the sulfur. In addi­
tion, the band near 960 cm-1 is generally much sharper. 
Coordination through oxygen would lower the symmetry to 
Cs, and only three stretching vibrations would be expected 
due to the removal of the degeneracy in v3.13 Occasionally 
an additional weak peak is also present near 1000 cm-1 due 
to an overtone.

The infrared spectra obtained in this work correlate rea­
sonably well with the frequencies of sulfite ions and mono- 
dentate suifito complexes. On MgO the band at 670 cm-1 
corresponds to the symmetric bending, i/4; whereas bands 
at 930-1000 cm-1 correspond to the symmetric stretch, jq,

O
II

HnO*— S — »• SOj2 + 2 H* (2)

O.
It is reasonable to assume that the reaction is carried out 
on the surface in the same fashion. Previous work5 has 
shown that the surface hydroxyl ion strongly interacts with 
adsorbed S02; therefore, it is reasonable to expect that 
H0S02_ is present on the surface. Water may attack 
H 0S02_ molecules subsequently and forms sulfite ions. 
The monodentate suifito complex may be produced in a 
similar manner:

0
1

H ,0  — ► S—O — v
I I

MgO Mg
(H)

I

Hl<V °
A

MgOMg
(H)

II

O
MgOMg

(H)
III

+ 2H* (3)

Both in the sulfite ion and the suifito complex the third 
oxygen atom is thought to be derived from the water. Pre­
sumably on MgO-Mg(OH)2 the surface species II also 
reacts with the hydroxide ion and rearranges to form the 
sulfur-bonded species over a period of 24 hr.

In aqueous sulfite solutions wavelengths less than 2500 A 
were required to produce the SO3-  ion.16 On MgO and 
MgO-Mg(OH)2, the process to produce S03- from sulfites 
or suifito complexes may involve the surface as an excited 
initiator similar to the photosensitization of aqueous sulfite 
solutions with ketones.16 The excited MgO or MgO- 
Mg(OH)2 which is formed by absorbing photochemical en-
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ergy may react with the sulfites to produce an excited state
in the ion. The excited sulfite ions may then release one
electron to form SO3 -  according to the reaction

S03=- — * SO3- + e„-
MgO

(4)

Dogliotti and Hayon17 studied this reaction by the photoly­
sis of sulfite ions in solution. Later the absorption spectra 
of S03-  and eaq~ were used to confirm the products.18 
More recently, Chawla et al. studied the same reaction and 
confirmed the formation of SC>3~ by its EPR spectrum.16

It was also observed in the solution studies that O2 and 
N2O increased the steady state concentration of SO3- . In 
the case of N2O it has been proposed that the following 
reactions occur:16-19

H,0
eaq- + N20  — > OH + OH- + N2 (5)

OH + S 032- — ► SO," + OH* (6 )

thus N2O serves both as a scavenger for the solvated elec­
tron and as a source of OH radicals. Presumably O2 also 
traps an electron forming 02_, but this anion radical must 
react rapidly with water since there was no evidence for it 
in the EPR spectra.

The striking difference between the behavior of SO3-  on 
the surface and in aqueous solution is found in the greatly 
increased stability of the ion on MgO or MgO-Mg(OH)2- In 
solution, for example, the reaction

ilar to that of aqueous solutions. At the elevated tempera­
ture the disappearance of the S03~ ion may be attributed 
to reactions 8 and 9. It is possible that the reaction

SO3- + SO32- —>- SO;- + SO.2- (9)

may lead to the formation of SC>2~ which was detected. 

C onclusions

These results show that the heterogeneous photooxida­
tion of SO2 occurs on magnesium oxide particles. Appar­
ently sulfite ions and monodentate sulfito complexes are 
formed on the surface of MgO and MgO-Mg(OH)2 in the 
presence of sulfur dioxide and water, though the bonding in 
the presence of water may be different on the two surfaces. 
It is believed that water reacts with the adsorbed SO2 to in­
crease the concentration of sulfite ions and monodentate 
sulfito complexes on the surface. Upon irradiation the ex­
cited sulfite ions form S03~ by losing one electron. This ion 
may be a precursor to the formation of adsorbed sulfates in 
urban particulates.
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2S03- —► S20 >  (7)

occurs with a rate constant of 2k = 1 X 109 M-1 sec-1;18 
whereas, the SO3- ion was stable on the surface for many 
hours. This increase in stability is attributed to the lack of 
mobility which the SO3-  ion has on the surface. Another 
difference between the surface and the solution reactions is 
found in the reactivity of SO3-  with O2. In aqueous solu­
tion Hayon et al.18 have proposed that the reaction

SO3- + Oj —► SOs- (8)

is very rapid and is an important step in the oxidation of 
sulfite ions to sulfate ions.18 In the present study there was 
no indication that O2 reacted with S03~. The absence of 
broadening of the EPR spectrum by molecular oxygen 
suggests that the SO3-  is located in some inaccessible site 
on the surface.

As the temperature of the surface approaches 100° the 
mobility of the water and the S03_ must become more sim­
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A radio-frequency ion source capable of delivering 2.0-keV protons has been mated with a matrix-isolation 
apparatus and techniques for irradiating matrix samples with protons have been developed. Proton beam 
radiolysis of Ar/CCLt = 400/1 samples during 15°K deposition has produced a number of new infrared ab­
sorptions. Nernst glower photolysis of the matrix sample through a glass filter passing 500-3000-nm radia­
tion, which is capable of releasing chemically trapped elections, markedly reduced infrared absorptions at 
1020, 927, 502, 374, and 290 cm-1. These bands were assigned to isolated cations owing to their disappear­
ance following the addition of thermal electrons to the sample. The chemical fate of the bombarding pro­
ton was also observed by this technique.

Introduction
Radiolysis of molecular solids produces free radicals, cat­

ions, and trapped electrons. Fundamental processes in the 
radiation chemistry of organic compounds in the solid state 
have been reviewed by Willard1® and radiolysis studies of 
carbon-halogen compounds have been recently discussed 
by Buhler.lb Of foremost interest is the fate of the electrons 
and cations produced by the incident ionizing radiation, y 
radiolysis of solid CCU at 77°K produced a near uv band 
attributed to a cationic species which was bleached by 
tungsten light or sample warming to 143°K.2 Carbon tetra­
chloride is known to be an effective scavenger of electrons 
produced by ionizing radiation3'4 which makes CCI4 an in­
teresting subject for studies in radiation chemistry.

Most of the early spectroscopic studies of radiation dam­
age to solids have been limited to ESR and optical spectra. 
The extensive ESR work of Fessenden and coworkers5 has, 
of course, been limited to free-radical radiolysis products. 
We report here a new experimental technique for produc­
ing and studying infrared spectra of charged and free-radi­
cal radiolysis products. This method involves proton beam 
irradiation of matrix samples during 15°K deposition 
which traps a large number of the intermediate radiolysis 
products. The matrix isolated cations can be reduced with 
thermal electrons which provides a means of discrimination 
between neutral and positively charged molecular species. 
Furthermore, chemically trapped electrons can be photode- 
tached to neutralize the matrix isolated cations.

Another aspect of this technique is the possibility of 
studying the chemical fate of a high-energy charged parti­
cle such as a proton. Zeller et al.6® have shown that in sol­
ids, proton bombardment causes such solid state effects as 
the formation of color centers and the formation of radicals 
containing the bombarding hydrogen in a chemically 
bound form. Thus, the procedure described below provides 
a means of adding reactive hydrogen atoms as a reagent to 
study these binding effects.
Experim ental Section

The proton beam with kinetic energies of up to 2.0 keV 
and currents up to 23 pA is provided by a High Voltage En­
gineering Model CSO-163 radio-frequency ion source of the 
type used for van de Graaff accelerators. Hydrogen is

leaked into the Pyrex source, illustrated in Figure 1, 
through a small needle valve, then ionized and dissociated 
by a high-frequency oscillator operated at 60 MHz. In the 
rapidly reversing field the electrons move back and forth 
many times before being captured by the container walls so 
that efficient ionization occurs in the source at hydrogen 
pressures on the order of 50 g. A magnetic field provided by 
a solenoid around the Pyrex source reduces the rf power re­
quirements by restricting electron paths thus improvipg 
ionization efficiency and aiding in the extraction of the 
positive ions. Nevertheless, both the ion source and the rf 
source must be cooled by blowers during operation.

These sources are designed so that a large fraction (90%) 
of the extracted beam is the atomic ion (H+). Parameters 
such as pressure, rf power, and magnet current are adjusted 
to give an intense red plasma indicative of a high percent­
age of monoatomic H+ rather than the blue color of the 
molecular H2+ ions. The beam is extracted and accelerated 
to the desired energy by the positive potential applied to a 
small tungsten anode or probe at one end of the vessel. The 
extraction canal (1 mm i.d.) at the opposite end consists of 
a cylindrical aluminum tip which protrudes into the vessel 
and is hidden from the discharge by an insulating quartz 
sleeve mounted over the canal tip.6b Since the plasma is es­
sentially at anode potential, almost all of the applied po­
tential is across the cathode dark space. Thus, with proper 
design of the aluminum canal which is held at ground po­
tential and the insulating sleeve which covers it, a large 
number of the positive ions which are extracted travel 
along paths which do not intercept the cathode walls. The 
extracted beam is electrostatically focused by applying a 
positive potential (about 80% of the anode potential) to a 
cylindrical electrode in order to maximize the fraction of 
the beam reaching the target area 67 cm down the beam 
tube. At the target, the beam is limited to a 5.6-cm diame­
ter circle by an insulated stainless steel collimator. This 
collimator is continually discharged through a microam­
meter providing a means of monitoring the current from 
the source. Prior to actual operation, the settings for maxi­
mum beam on the target are found by isolating a Faraday 
cup on the beam line at the same distance from the source 
as used for the actual target. The matrix sample receives 
approximately 20% of the beam irradiating the target area.
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Figure 1. Experimental apparatus used to produce and observe ions 
and radicals. A is the probe of the rf ion source to which a positive 
potential of up tc 2000 V  is applied. A plasma is created in the Pyrex 
cylinder by the oscillating potential between two brass rings (B) on 
the outside of the cylinder. The ring magnet (C) increases ionization 
efficiency and aids in the extraction of ions through the aluminum 
canal in the base (D) which is at ground potential. The gas to be ion­
ized is emitted into the ion source (E) through another canal in the 
base. The extracted ion beam is focused by the adjustable positive 
potential on electrode F. The body of this portion of the apparatus is 
made of plexiglass in order to insulate the electrodes. The beam is 
collimated by stainless steel ring G which is insulated from the rest 
of the system and the current measured on the ring is used to moni­
tor the performance of the ion source during an experiment. A diffu­
sion pump below and an ion gauge above the plane at H allows this 
portion of the system to be evacuated independently by closing gate 
valve J and disconnecting APC connector at I. K is the Csl sample 
window attached to the 15°K  refrigeration stage of a 3-W  closed- 
cycle helium refrigerator. Two other Csl windows on the vacuum 
vessel (L) allow the infrared beam to pass through the sample which 
was deposited through a Cu nozzle (Ml directed normal to K. The 
bare light bulb filament used to titrate cations is in position N. A ra­
diation shield (P) improves the cooling efficiency of the refrigerator.

four beam kinetic energies were used in these experi­
ments, 0.5, 1.0, 1.5, and 2.0 keV. Owing to less efficient pro­
ton extraction at lower beam energy, the proton currents 
for these energies were 2, 7, 13, and 23 /uA, respectively. A 
separate pumping system, cold cathode ionization gauge, 
and gate valve allowed the ion beam line to be separated 
from the target between experiments and maintained 
under vacuum.

The target for the argon matrix deposition was a % in. X
1.25 in. Csl window cooled to 15°K by a Model 340 LS 
(Cryogenic Technology, Inc.) closed-cycle helium refrigera­
tor. The argon was mixed with the reagent gas and the mix­
ture entered the vessel through a copper tube directed 
toward the Csl window.7 Since the target is an electrical in­
sulator, charge builds up on the window during proton irra­
diation. Electrical charge on the Csl window during an ac­
tual experiment was verified by a Keithley 610 C electrom­
eter and recorder connected to an insulated metal plate 
placed on the back face of the Csl sample window. The 
bare filament of a 12-V, 2.4-W light bulb placed 5 cm from 
the target can neutralize this excess charge when current 
flows through the filament since thermal electrons are at­
tracted to the positively charged target. Photolysis and 
heating effects of the bulb were examined by operating a 
bulb with the glass globe intact. An aluminum shield par­
tially surrounding the target reduced radiation heating of 
the sample.

The vacuum chamber was mounted in the sample com­
partment of a Beckman IR-12 filter-grating spectropho­
tometer so that the proton beam was in the same horizontal 
plane and perpendicular to the light beam, as is shown in 
Figure 1. The target window was positioned at a 45° angle 
to both beams, although by rotating the refrigerator, the 
window can be placed perpendicular to the spectrometer 
beam. Nernst glower photolysis of the sample was prevent­

ed during deposition in a number of experiments by block­
ing the source beam; visible and near-infrared light were 
kept from the sample while recording spectra by using a 
Kodak No. 220 far infrared transmitting filter (400-4000 
cm-1) or a MgO scatter plate. Photolysis studies were per­
formed using the full Nernst source filtered by several col­
ored glass filters.

R esu lts and D iscussion

Proton Bombardment. In order to observe any possible 
effects due to proton irradiation of the matrix, about 4 X 
10“ 3 mol of argon (only) was deposited onto the Csl win­
dow and then the beam of 2-keV protons was turned on for 
16 hr during which time another 0.03 mol of argon was 
sprayed onto the window. The physical properties of the 
matrix were not affected, and no bands were observed in 
the infrared spectrum. In another experiment a mixture of 
Ar and CCLt (Ar/CCLi = 400/1) was deposited for 10 hr and 
then irradiated with 0.5-keV protons for 11 hr and with 2- 
keV protons for 7 hr. The infrared spectrum showed only 
bands due to the reagent CCLt- This is not unexpected since 
the penetration of 2.0-keV protons into solid argon is 1.3 X 
10-5 cm (a maximum range calculated using extrapolations 
of data given by Northcliffe and Schilling8) while the thick­
ness of argon on the sample window after 10 hr of deposi­
tion is on the order of 2 X 10~a cm. Since such a small por­
tion of the sample (V1000) was affected by the proton bom­
bardment, any radiation produced species would be at con­
centrations below our sensitivity of detection.

If, however, after an initial deposition of about 10~2 mol 
of the Ar-CCl.4 mixture, the proton beam was used to irra­
diate additional sample during its deposition on the win­
dow, several new intense bands were observed at 1037, 
1020, 927, 898, 746, 502, 374, and 290 cm-1. Trace a of Fig­
ure 2 illustrates a typical spectrum after 1.0-keV proton ir­
radiation and sample deposition for 11 hr. The difference 
between infrared spectra observed for proton irradiation 
after and during the deposition of the sample indicates that 
the radiolysis products are produced on the sample surface 
during the condensation process and are then trapped in 
the argon matrix. Although it is difficult to estimate a gas- 
pressure between the deposition nozzle and the 15°K win­
dow 5 cm away, a pressure of 1 n appears reasonable. The 
mean free path for argon at 25° and 10~3 mm pressure is 8 
cm. Accordingly, it is unlikely that any of the radiolysis ob­
served here takes place in the gas phase; the radiolysis 
must occur on the surface of the matrix during sample con­
densation.

The new infrared absorptions were unstable. Compari­
son of the spectrum recorded after 11 hr of proton irradia­
tion and sample deposition (Figure 2a) with that recorded 
after an additional 9 hr without blocking the Nernst glower 
source (Figure 2b) shows that the bands at 1020, 927, 502, 
374, and 290 cm^1 decreased in intensity while the 1037- 
(0.33 OD) and 898-cm-1 (0.37 OD) absorptions increased to 
the given optical densities. In the 2.0-keV experiments re­
ported in Table I, spectra recorded using the Kodak filter 
to block the Nernst glower showed that all of these bands 
increased through the complete deposition period. Also, 
further proton irradiation of a deposited sample decreased 
the bands at 1020-, 927-, 502-, 374-, and probably the weak­
er 290-cm_1 absorption, without much effect on the 1037- 
and 898-cm_1 bands. The former new absorptions appear 
to be due to extremely reactive species whose physical 
characterization is described below.
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Figure 2. Infrared spectra in the 2 0 0 -1 100-cm” 1 region for an A r/ 
CCI4 =  40 0 /1  sample deposited at 15°K  for 11 hr while being bom­
barded with 1.0-keV protons (a) and after an additional 9 hr of depo­
sition and bombardment (b). Subsequent exposure of the same sam­
ple to thermal electrons for 3 hr from filament with 5 V results In c. 
After 2 hr more exposure to the bulb filament at 10 V, the complete 
neutralization shown in d was observed. Trace e illustrates the spec­
trum for another sample deposited during bombardment with 1.0- 
keV protons and thermal electrons.

Detection of Positive Charge. In order to learn more 
about the physics of proton beam deposition into a matrix 
sample, a I in. X 0.25 in. copper plate was placed on the 
back surface of the Csl target and electrically insulated 
from the copper block. During sample deposition, this plate 
was monitored by an electrometer set on the 10”12 C range. 
No quantitative measure of charge buildup on the Csl win­
dow was possible; however, the meter oscillated ±20% of 
full scale with periods of less than 1 sec. This oscillation, 
observed only with the proton beam striking the sample, 
was recorded as a 150 unit (arbitrary) noise level; shutting 
off the beam by reducing the accelerating voltage to zero 
instantly stabilized the meter to a recorder noise level of 2 
units. This coulometer oscillation is indicative of rapid 
charging and discharging of the sample during proton bom­
bardment. Since this charging and discharging process took 
place in a fraction of a second, a ball-park measure of the 
charge accumulated by the sample before discharge is on 
the order of microcoulombs, which is the beam current for 
this brief period.

The charge-discharge process as determined by the

meter oscillation was instantly quenched by turning on the 
bare filament of the light bulb which had no effect on the 
electrometer when the filament was operated alone. The 
recorder output gave a 2 unit noise level with both proton 
beam and bulb filament operating which produced an elec­
trically neutral sample. Shutting off the filament immedi­
ately restored the 150 unit noise level caused by the proton 
beam charging the sample and its rapid discharge. This 
demonstrates that thermal electrons attracted to the posi­
tively charged sample from the bulb filament neutralized 
positive charge in the target sample.

Infrared spectra of the radiolysis products were also al­
tered by the bulb filament. Figure 2c shows the effect of 
operating the bulb filament at 5 V for 3 hr. Changes from 
trace b are obvious, the 1020-cm“1 shoulder and the 927-, 
502-, 374-, and 290-cm”1 bands decreased in intensity. 
After allowing current to flow through the bulb filament for 
another 2 hr with the voltage increased to 10 V, the bands 
at 927, 502, 374, and 290 cm-1 completely disappeared and 
1020-cm” 1 band was replaced by a 1010-cm”1 band as 
shown in Figure 2d. Note that the bands at 1037 and 898 
cm-1 were unchanged. The latter band is due to the CCI3 
free radical.7 Although the former band has been assigned9 
to CC13+, its stability upon neutralization of the matrix in­
dicates that it is not an isolated cation.

Figure 2e shows the vibrational spectrum of an 18-hr run 
where the Ar-CCU mixture and proton beam were code­
posited and the light bulb filament was operated during 
the entire process. In this neutralized sample, the species 
absorbing at 1020, 927, 502, 374, and 290 cm” 1 were not 
trapped and the yield of the 1037-cm” 1 (0.47 OD) absorber 
increased slightly and the CCI3 radical band at 898 cm” 1 
(0.80 OD) doubled. A 2.0-keV proton experiment was con­
ducted with the light bulb operating during deposition in 
an orientation normal to the proton beam such that radia­
tion from the filament could not reach the sample but some 
thermal electrons could be attracted into the matrix. The 
yields of the 1020-, 927-, 502-, 374-, and 290-cm”1 bands 
were reduced 60% relative to the identical experiment with­
out thermal electrons whereas the 898-cm“1 CC13 hand in­
creased by 40% and the 1037-cm”1 band decreased by 10%.

The increase in CC13 radical yield with the addition of 
extra electrons to the sample arises from the dissociative 
electron capture of CCI4.

CC14 + e” — CC13 + Cl” (1)

In the deutron bombardment experiment illustrated in 
Figure 3, the spectroscopic effect of adding thermal elec­
trons to the sample is clearly demonstrated. A 25-min peri­
od of electron deposition almost completely destroyed the 
1020-, 927-, 502-, and 374-cm”1 bands and reduced the 
290-cm”1 band to less than half of its original intensity. 
The intensity data are recorded in Table I (experiment 1).

The heating and photolytic effects of the bulb filament 
were considered. Operation of the filament at 10 V pro­
duced an increase in the sample block temperature from 
15°K to between 16 and 17°K in all of the experiments 
which is clearly insignificant as far as the matrix sample is 
concerned. In another experiment (Table I, experiment 2) a 
sample was prepared with proton irradiation and the bulb 
filament was operated in a position perpendicular to the 
proton beam such that the filament was hidden from the 
sample by a quartz tube wrapped with aluminum foil. The 
original optical densities and those following this partial
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TABLE I: Optical densities (OD) of N ew  Absorption Bands (cm -1 ) Produced by 2.0-keV Proton Beam  Irradiation of 
Ar/CCL = 400/1 Sam ples during D eposition at 15°K in the Absence o fN ern st Glower Light

E x p e r im e n t 1037 1020 927 898 746 502 374 290 242

• f t  22  h r 0 .4 J , 0 .09 0 .38 > 2.0 0.6 0.17 0 . 1 1 0 . 1 1 a
b 0 .4 0 0.0 2 - 0.02 > 2.0 0.6 0.0 1 0 .0 1 0 .05

2 , 10  h r 0 .3 0 0 .17 0 .71 2.0 0 .37 0.33 0.17 0.15 a
c 0 .2 7 0 .09 0.51 2.0 0 .37 0 . 2 1 0 . 1 1 0 .09
d 0 .26 0 .07 0 .4 6 2.0 0.37 0 .19 0 . 1 1 0 .0 8

3, 11 h r 0 .28 0 .1 6 0.66 1.4 0 .3 0 .2 8 0 .15 0 . 1 2 a
e 0 .2 8 0.04 0 .2 2 1.4 0.3 0 .1 0 0 .07 0 .04

f 0 .29 0 .0 1 0.17 1.4 0.3 0 .07 0 .0 4 0.02

g Ò.26 0.0 0 .0 1 1.4 0.3 0.0 0.0 0.0
4 , 11 h r 0 .28 0.15 0.64 2.0 0 .4 0 .3 0 0 .15 0.13 0 .03

h 0 .2 6  - 0 .0 8 0 .39 2.0 0 .4 0 .1 6 0 .0 9 0 .07 0 .03
i 0 .2 7  ” 0 .04 0.23 2.0 0 .4 0 . 1 1 0 .0 5 0.03

i 0 .27 0.02 0.15 2.0 0.4 0 .06 0 .03 0.00 0.0
5, 12 h r 0 .2 1 0 .2 8 1 .8 > 2 0.7 0.83 0 .35 0 .39 0 .15

k 0 . 2 1 0.23 1 .6 > 2 0.7 0 .65 0 .25 0 .30 0 .1 0
I 0 .19 0 .0 9 0 .46 > 2 0.7 0 .2 2 0 .1 0 0.09 0.03
m 0 .18 0 .05 0 .35 > 2 0 .7 0.17 0 .09 0 .09 0.03

Observed as unresolved shoulder. h Bare filam ent operated a t 10.5 V for 25 m in . '1 Bare filam ent oriented norm al to proton beam
direct line with sam ple and operated at 10.5 V for 8 hr. d Sam ple exposed to N em st glower radiation filtered through Corning 4303 glass. 
e Covered bulb directed a t sam ple operated a t 10.5 V for 1.0 hr. < Sam e as e for 0.5 hr more (1.5 h r to ta l). * Sam e as f for 6.0 hr more (7.5 hr 
to ta l). h Exposed filam ent directed at sam ple operated at 10.5 V for 20 m in . ' Sam e as h for 23 min more (43 m in to ta l). J Sam e as i for 17 min 
more (60 m in to ta l). * Sam ple exposed to full Nernst glower light for 1.5 hr. ' Sam e as k for 10.5 hr more (12 hr to ta l). m Sam ple exposed to 
covered filam ent a t 10.5 V for 0.5 hr.

Figure 3. Infrared spectrum In the 200-1300-cm~1 region for an Ar/ 
CCI4 = 400/1 sample deposited at ' 5°K with 2.0-keV deuteron 
bombardment for 22 hr Is illustrated in a. Trace b Is for the same 
sample obtained after subsequent exposure to thermal electrons for 
25 min from bulb filament operated at 10.5 V. The inset (trace c) dis­
plays the v2 bend region of H20  for this sample, and illustrates the 
minor amount of water present (0.06 OD) as an impurity.

neutralization are listed in Table I. A 40% reduction in in­
tensity of the five bands was affected by this relatively in­
efficient means of adding thermal electrons to the sample 
without electromagnetic radiation.

Photolysis by the bulb filament without thermal elec­
trons was determined by using a complete bulb with the 
glass globe intact directed normal to the sample. Intensity 
data for the absorptions in an initial sample and following 
covered bulb operation for 1.0, 1.5, and 7.5 hr are listed in 
Table I as experiment 3. Note the essentially complete dis­
appearance of the five bands. An identical experiment was 
done the following day with the bare filament from the 
same bulb in the same position; the intensity data for bare 
filament operation for 20, 43, and 60 min are listed as ex­
periment 4 in Table I.

It is clear that the five bands of interest decrease faster 
when exposed to a bare heated filament as compared to the 
same filament covered by the bulb globe. Table II com­
pares the percent decreases for the five bands exposed to 
the same covered and uncovered filament. Note that the 
ratios of percents decreased with the globe removed/cov- 
ered for the first 20 min show a substantially greater (aver­
age factor of 1.8) decrease for the exposed filament. The 
last column lists the half-lives for the five bands which av­
erage a factor of 1.8 longer for the covered filament. The 
greater rate of decrease of the five absorptions with the 
bare filament is attributed to the addition of thermal elec­
trons from the filament since the soft glass bulb globe 
(0.025-in. thick) is almost completely transparent to radia­
tion from 3000 A to below 25,000 A but it cannot transmit 
thermal electrons.

Photobleaching. In several experiments, the effect of 
Nernst glower photolysis on the infrared spectrum was ex­
amined. First an Ar/CCl.i = 400/1 sample was deposited 
with 2.0-keV protons for 12 hr with the light source 
blocked. The 1020-, 927-, 502-, 374-, and 290-cm"1 absorp-
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TABLE II: Comparison of Percentage Decreases and Half-Lives of the Optical Densities for Five Absorptions 
Exposed to the Same 2.4-W Bulb Filament Operated at 10.5 V Covered (C) by the Lamp Globe and 
with the Globe Removed (R)

A bsorp­
tions, cm ' 1

'} d ec rease
Ratio. % 

d ec rease  
R/C

fo r f i r s t  
2 0  m in

».
A bsorption 

h a lf- life , min2 0 min 43 min 60 min
C R C R C R C R.

1 0 2 0 27 47 56 73 75 87 1.7 40 23
927 29 39 55 64 6 6 77 1.4 38 29
502 23 47 50 63 63 80 2 . 0 45 25
374 18 37 • 46 6 6 54 77 2 . 1 60 28'
290 25 46 46 77 71 1 0 0 1 . 8 40 25

Figure 4. Infrared spectrum  from  200 to 1100 cm -1  shown in trace  
a for an A r/C C I4 =  400/1 sam ple deposited at 15°K  for 12 hr during
2.0- keV proton irradiation with Nernst glow er source blocked. S pec­
trum  b recorded a fte r 12 hr of sam ple exposure to full light o f Nernst 
glow er w ith chopper operating. Transm ission scale fo r spectrum  a 
at le ft; scale for b on right.

tions were significantly more intense than in previous runs 
where the sample was exposed to the glower radiation, even 
with the glower current reduced. Figure 4a illustrates the 
spectrum in this extraordinarily productive experiment, 
which is in marked contrast to Figure 2a; the absorption in­
tensities are listed in Table I as experiment 5. Trace b of 
Figure 4 shows the spectrum recorded after sample expo­
sure to the full light of the Nernst glower (chopper operat­
ing) for 12 hr. Notice the major reduction in the 1020-, 
927-, 502-, 374-, and 290-cm“ 1 band intensities. Expressed 
as a percent decrease, the bands of interest decreased as 
follows during 1.5 hr of full exposure to Nernst radiation: 
1037(0%), 1020(16%), 927(8%), 502(21%), 374(28%), and 
290(23%). Nernst photolysis for a total of 12 hr reduced the 
latter five bands by 65 ± 7%. In this experiment a moder­
ately intense (0.15 OD) band was observed at 242 ± 2 cm-1, 
which had been observed previously as a resolved shoulder. 
The 242-cm“ 1 band was also decreased by Nernst photoly­
sis. Comparison between the product optical densities for
2.0- keV experiments using unblocked and blocked Nernst 
sources shows an increase in yields of the five bands when

the sample was deposited in the absence of visible and 
near-infrared radiation.

In order to isolate the wavelength of photolysis light re­
sponsible for bleaching the five bands, the Nernst radiation 
was passed through colored glass filters. First, another 
sample was deposited in the absence of light and the spec­
tra were recorded using the Kodak 220 filter or the MgO 
scatter plate. The sample was exposed to far-infrared ra­
diation (400-4000 cm-1) passing through the 220 filter for 
13 hr and no decrease was observed in any of the five 
bands. The sample was then exposed to the 5000-30,000-Â 
Nernst output for 2 hr (OG-515 filter, Fish-Schurman 
Corp.) and the band intensities decreased substantially; the 
percent decrease from their original intensities are given in 
parentheses: 1037(0%), 1020(31%), 927(7%), 502(28%), 
374(37%), and 290 cm-1 (21%). Exposure to radiation pass­
ing through a Corning 4303 (passes 3800-5400-Â radiation) 
filter produced no measurable changes in the bands of in­
terest. Experiment 2 in Table I also shows a minimal effect 
for the Corning 4303 filtered Nernst photolysis of the sam­
ple.

From the above studies, it is apparent that the major 
amount of photobleaching of infrared absorptions occurs 
with radiation from the near-infrared through the green 
visible (5000 Â). The photochemistry of trapped electrons 
in the radiolysis of methyltetrahydrofuran10 and 3-methyl- 
pentane1 la glasses have been studied. Upon exposure to 
visible and near-infrared light, electrons were released from 
traps and diffused to positive ions and were captured, thus 
neutralizing the positive ion. It is not possible to specifical­
ly identify the electron traps in the irradiated argon-CCU 
samples. The argon matrix itself is unlikely to trap elec­
trons, but all types of chlorine species are excellent electron 
traps. The significant Nernst glower photobleaching of ab­
sorptions which may be assigned to cations suggests that 
electrons trapped by anionic species in the matrix can be 
released by near-infrared and visible radiation and subse­
quently neutralize trapped cations.

The five infrared bands at 1020, 927, 502, 374, and 290 
cm-1 are related by their decrease during three physical 
operations which provide electrons for neutralizing posi­
tively charged species. First, additional proton irradiation 
of the deposited sample releases electrons by ionization at 
the surface of the argon matrix which are attracted to the 
positively charged species after the electrons lose the bulk 
of their excess kinetic energy.1 lb Second, owing to a residu­
al positive charge in the sample following proton bombard­
ment, thermal electrons attracted from a nearby heated 
filament selectively neutralize the positive species and pro­
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vide a definitive identification of isolated cations in the 
matrix. Third, photobleaching of electrons trapped in the 
sample frees electrons for the neutralization of trapped cat­
ions. The 1020-, 927-, 502-, 374-, and 290-cm_1 infrared 
bands are therefore assigned to matrix-isolated cations. 
The absorbers will be identified in the following paper.12

Particle Chemistry. Mo§t of the effects described above 
are due to the ionization of the high gas density surface by 
the proton as it loses energy. Thus the same effects should 
result from accelerating other small cations such as deuter- 
ons or a particles. Helium gas was put into the rf ion source 
producing He2+ and He+ ions in the light green plasma, 
which were accelerated toward the target. Since the current 
was about twice that obtained for protons under the same 
conditions, most of the helium ions were doubly charged. 
With deuterium as the gas being ionized, the current is 
about the same as for hydrogen. In all three cases, using 
protons, deuterons, or a particles, the optical densities of 
the absorption bands are about the same when the same in­
tegrated current or total charge is used and the probe volt­
age in the ion source is the same. Interestingly, the spec­
trum observed by Current13 following 200-eV electron 
bombardment of Ar-CCU matrix samples during deposi­
tion was similar to the one in Figure 2a.

There are some differences in the bands observed, and it 
is these minor bands which reflect the fate of the bombard­
ing particle. In the proton irradiations, a weak CHCI3 
band14 was observed at 1224 cm-1 and HCL- bands were 
recorded at 956 and 697 cm“ 1.15 In the deuteron experi­
ments, these bands were replaced by the deuterium ana­
logs; bands and species observed in Figure 3 were 911 cm-1, 
CDCI3; 974 cm-1, CDCH;14 465 cm-1, DCU- ;10 644 cm-1, 
Ar„D+.16 With a bombardment, bands due to hydrogen 
species disappear unless some water is present in the ex­
periment to provide an H-atom source. This series of bands 
is strong evidence that a part of the 3 nmol of H+ or D+ 
ions (20% of 23 pA for 17 hr) lose enough kinetic energy to 
react chemically upon collision with a molecule in the sam­
ple. The yield of “hot hydrogen atom” reaction products is 
much smaller than the other radiolysis product yields.

The mechanism for the matrix radiolysis must center 
around primary ionizations of argon since it is the major 
component present. In conventional 7 radiolysis studies, 
the addition of a noble gas increased the yield of products 
by charge and energy transfer from the noble gas.17 A 2.0- 
keV proton produces approximately 76 energetic argon ion 
and electron pairs which undergo collisions with more 
argon and CCI4 and cause fragmentation of CC14 leading to 
the observed radiolysis products. In this manner, the chem­
ical effect of the proton beam is amplified.

The radiation dose in the present 2.0-keV proton experi­
ments was calculated from beam parameters to be approxi­
mately 2 X 1021 eV/g. This is higher than the 1 X 1018 eV/g 
dose used in 7 -irradiation studies2 on solid CCI4 where an 
electronic absorption was observed and attributed to a ra­
diolysis product and the 2 X 1019 eV/g dose used in the 3- 
MP photobleaching study.113 Owing to the significantly 
lower sensitivity of infrared absorption as compared to op­
tical absorption or ESR, the higher dose rates used in the 
present work were necessary to produce infrared observ­
able quantities of intermediate radiolysis products.

Conclusions
The proton beam matrix technique provides unique in­

sight into the radiolysis process. The rapid isolation of both

ions and free-radical intermediates by the argon matrix 
during deposition allows observation of both charged and 
neutral radiolysis products in the same experiment, provid­
ed that the species is a strong infrared absorber.

Although collisions of ions and electrons produced by the 
proton give the majority of the observed species, after loss 
of its kinetic energy, the proton itself can react chemically. 
The products of the reaction with this “hot” hydrogen 
atom or ion can also be identified by this method. Relative­
ly little study has been conducted on radiation damage re­
lated to the ultimate fate of a high-energy charged particle.

The proton radiolysis technique is nonselective and it 
can be applied to a wide variety of chemical systems whose 
intermediate radicals, cations, and anions have proven dif­
ficult to obtain for spectroscopic study using conventional 
methods.

As a method for producing positive molecular ions for 
matrix infrared study, proton beam irradiation is unique in 
that the sample contains a residual positive charge which 
can be neutralized with thermal electrons from a bulb fila­
ment. Therefore, infrared absorptions due to isolated cat­
ions can be titrated out and identified as isolated cations; 
this is not presently possible with other techniques for pro­
ducing positive ions which form an electrically neutral sam­
ple. In addition, photobleaching of the irradiated sample 
can be used to release trapped electrons for the neutraliza­
tion of isolated cations.
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Infrared Spectra of the Molecular Ions and Radicals Produced by Proton 
Radiolysis of Carbon Tetrachloride in Argon during Condensation at 15°K

Lester Andrews,* Joseph M. Grzybowski, and Ralph O. Allen
Chemistry Department, University o f Virginia, Charlottesville, Virginia 22901 
(Received August 5, 1974; Revised Manuscript Received February 12, 1975)

Samples of CCI4 and its carbon-13- or bromine-substituted counterparts at high dilution in argon were de­
posited at 15°K during simultaneous 2.0-keV proton beam irradiation. New infrared absorptions at 1037, 
1020, 927, 898, 746, 502, 374, 290, and 242 cm-1 are attributed to CC14 radiolysis products and ion-molecule 
reaction products. The 898- and 746-cm_1 bands are due, respectively, to the CCI3 and CCI2 chemical inter­
mediates. The 1020-, 927-, 502-, 374-, and 290-cm-1 bands, which disappear upon photobleaching and neu­
tralization with thermal electrons, are assigned to the matrix-isolated positive molecular ions CCl3+, CCl2+, 
Cl3+, CLCCL"1, and Cl4+, respectively. The 242-cm_1 absorption is likely due to CI3-  perturbed by a large 
cation. The 1037-cm_1 band is due to a CCl3+ vibration in an electrically neutral species, presumably 
CC13+C1~. The fate of the bombarding proton is demonstrated by the observation of CHCI3 and HCl2~, 
and in deuteron experiments, by the appearance of CDCI3 and DCL~.

Introduction
Ionic molecular species are of considerable spectroscopic 

and chemical interest for examination of mechanistic and 
bonding principles. Negatively charged species such as the 
superoxide anion have been synthesized using matrix reac­
tions of alkali atoms which produced an ion pair. The first 
example of this type of species, Li+02~, was reported by 
Andrews1 in 1968. Using electron bombardment and vac- 
uum-uv photolysis, Milligan and Jacox subsequently pro­
duced matrix-isolated NIU- . A large number of negatively 
charged species have been produced as alkali cation-anion 
pairs using the matrix reaction technique.3

However, positively charged molecular ions are more dif­
ficult to produce and trap owing to the fact that ionization 
potentials are relatively high on a chemical energy scale. 
Lewis acid adducts provide one means of producing cat­
ions; Gillespie and Morton4 have prepared CL+AsFg- and 
obtained its vibrational spectrum from mixtures of C1F, 
CL, and AsFs. Jacox and Milligan5 produced CC13+ and 
CHCL + using vacuum-ultraviolet photolysis of chloroform. 
Electrical discharge techniques also provide positive 
species for matrix isolation; a discharged flow stream of 
argon and CCI4 condensed at 15°K revealed the infrared 
spectrum of CC13+ and the CC13 radical.6 In unpublished 
studies, Current' irradiated a CCR-argon gas sample with 
200-eV electrons immediately prior to condensation yield­
ing several intense new bands. These bands included the 
trichloromethyl radical8 and several positively charged mo­
lecular ions which were produced and identified in this 
study, using the proton bombardment technique described

in the previous paper,9 and in a preliminary communica­
tion.10

A detailed infrared spectroscopic study was conducted 
on the matrix-isolated products formed by proton irradia­
tion of argon-CX4 (X = Cl, Br) matrix samples during 
15°K deposition. Since the neutral chloroearbon8 and bro- 
mocarbon11 intermediate species are well known, the pres­
ent study will be concerned only with identification of the 
several new molecular ions produced by radiolysis and any 
new ionic species synthesized by ion-molecule reactions 
during sample condensation.

Experimental Section
The proton beam apparatus, parameters, and experi­

mental technique have been described in the previous 
paper.9 While being bombarded with protons, samples of 
carbon tetrahalide vapor at high dilution in argon Ar/CX4 
= 400/1 (X = Cl, Br) were deposited on a Csl window8 held 
at 15°K. The reagents CCI4 (Mallinckrodt, reagent), 
CCl3Br (Aldrich, spectroscopic), CCLBr2 (Eastern Chemi­
cal), CClBr3 (synthesized),11 CBr4 (Eastman Organic 
Chemicals, reagent), carbon-13 enriched CC14 (51 and 90%, 
Merck Sharpe and Dohme), nitrogen (Air Products, ultra 
high purity), and argon (Air Products, 99.995%) were used 
without purification except for CBr4 which was recrystal­
lized.11 The gases used for ion production in the rf source, 
H2, He (Matheson, high purity), and D2 (Matheson, CP), 
were also used directly.

Infrared spectra were recorded in the 200-3000-cm_1 
spectral range on a Beckman IR-12 filter-grating spectro-
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Figure 1. Infrared spectra of the major radiolysis products trapped during 2.0-keV proton irradiation and 15°K condensation of an Ar/CCI4 = 
400/1 samp!e for 17 hr, trace a. Spectrum b illustrates the effect of temperature cycling to 41°K and trace c is for a cycle to 50°K.

photometer. Survey scans at 20 or 40 cm-1/min were re­
corded before, during, and after sample deposition. Ex­
panded scale scans were taken at 8 and/or 1.6 cm_1/min 
after sample deposition. The approximately 3-cm-1 resolu­
tion was limited by the observed band widths. Wave num­
ber accuracy was ±1 cm-1 except where otherwise indicat­
ed. In several experiments the infrared source beam was 
blocked to prevent radiation from reaching the sample dur­
ing deposition and spectra were recorded using a Kodak 
No. 220 filter (transmits 400-4000 cm-1) in front of the 
Nernst glower to eliminate visible light from the sample.

Results
A large number of matrix experiments have been per­

formed in order to identify the intermediate radiolysis 
products of carbon tetrachloride. The results obtained by 
proton beam irradiation of CCI4 will be presented first fol­
lowed by carbon-13 and bromine substitution experiments.

Carbon Tetrachloride. Protons, deuterons, and a parti­
cles ranging in energy from 0.5 to 2.0 keV were used in this 
extensive matrix-isolation study of the radiolysis of CCI4. 
The relative yields of two of the principal radiolysis prod­
ucts were a function of particle energy. However, the type 
of charged particle used in the bombardment did not affect 
the relative amounts of most of the observed species. The 
only exceptions were the products formed by chemically 
binding the bombarding particle, as will be discussed later.

Figure 1, trace a, illustrates the major radiolysis products 
trapped during simultaneous 2.0-keV proton irradiation 
and condensation of an Ar/CCLt = 400/1 sample for 17 hr. 
The most intense product band, 398 cm-1, labeled A in 
Figure la to conform to the symbols used earlier, has been

assigned to cs of the CCI3 radical.8 The naturally occurring 
carbon-13 counterpart was observed at 869 cm-1 (0.1 OD). 
The intense A+ band at 1037 cm-1 has been attributed5 to 
CC13+. Other known reactive species present include CCI2 
(720 cm-1, labeled E, and 746 cm-1, not shown),12 CC1 
(866, 860 cm-1),13 and HC12_ (956, 697 cm-1).14 Stable 
molecules of interest include CHCI3 (1224 cm-1),10 CH2CI2 
(1269 cm-1),16 C2CI4 (915 cm '1), and C2CI6 (684 cm-1).8 
The usual trace impurities, H2O and CO2, were also present 
and took part in the radiation chemistry forming C1CO 
(1879 cm' 1 and a weak 572-cm-1 band, not shown),17 
CI2CO (1815 and 838 cm-1 and a 582-cm~] band, not 
shown),18 and CO (2141 cm-1).19 The hydrogen containing 
species resulted in part from the H20  but, as shown by 
later deuteron experiments, also from reaction with the 
bombarding particles.

The bands of particular interest illustrated in Figure la 
are A+ (1037 and 1020 cm“1), E+ (927 cm"1), the Cl3+ (502 
cm-1) multiplet, a 374-cm_1 absorption, and the 290-cm-1 
band. All of the new absorptions observed following CCI4 
radiolysis are listed in Table I.

Figure lb shows the diffusion behavior of the trapped 
species following temperature cycling to 41 °K and trace c is 
for a cycle to 50°K. Spectrum 0 shows the loss of CCI2 (E, 
720 cm-1) and the partial decrease of CCI3 (A, 898 cm-1) 
and the growth of C2C16, which agrees with earlier find­
ings.8 The intensity of the sharp CECO band (838 cm-1) 
was reduced due to aggregation, the new A+ bands and the 
374 and 290 cm-1 bands were halved and the new 927- and 
502-cm_1 absorptions were reduced to one-third of their 
trace a intensities by the diffusion operation. An intense 
band appeared at 867 cm-1. The final diffusion (c) shows 
only the most stable C2CI4 and C2Cl6 species along with a

The Journal of Physical Chemistry. Vol 79. No. 9. 1975



906 L. Andrews, J. M. Grzybowski, and R. O. Allen

TABLE I: New Absorptions (cm -1 ) Produced by the 
R adiolysis o f Argon-CCL Sam ples during 15°K 
D eposition“

Absorptions Absorptions

2140 CO 838 Cl, CO
1879 C1CO 746 CCI,
1815 Cl2CO 720 CC12
1269 CH2C12 697 HCl,”
1224 CHCI3 684 C2C16
1037 c c i3*(cr) 582 Cl2CO
1020 c c v 572 C1CO
956 HCl,* 502 Cl,*
927 CCI,* 498 Cl3*
915 c 2cï, 494 Cl3*
898 c c i3 491 Cl3*
869 13CC13 374 c c i,c i2**
866 C35C1 290 Cl4**
860 C37C1 242 CC13+C13'*
850 broad

a Traces of H2 O, CO2 , and air are unavoidably present. An aster­
isk denotes tentative identification.

small amount of CCI3 remaining and the growth of a broad 
aggregate band at 850-870 cm-1.

An analogous experiment was run for 22 hr irradiating 
with 2.0-keV deutrons. The spectrum, which is shown in 
Figure 3a of the previous paper,9 was essentially identical 
with that of Figure la except for several new deuterium 
containing species. The deuteron irradiated sample was 
subsequently neutralized by applying 10 V to the exposed 
bulb filament for 25 min. Resulting changes in the spec­
trum were as follows (see Figure 3b of the previous paper9): 
the 1020-, 927-, 502-, and 374-cm-1 bands disappeared al­
most completely and the 645- and 290-cm-1 bands were re­
duced to 70 and 45%, respectively, of their original intensi­
ties. The A+ band (1037 cm-1) along with the C2CI4 (915 
cm“1), CC13 (A, 898 cm-1), CC12 (E, 746, 720 cm“1), Cl2CO 
(838 cm-1), and DC12-  (465 cm-1) bands were not affected 
by photobleaching and adding thermal electrons. The elec­
tron titration and photobleaching of numerous samples ir­
radiated with protons or a particles followed the same pat­
tern.9 Removal of the 1020-cm-1 band by photobleaching 
revealed a weaker counterpart at 1010 cm-1 which was also 
ultimately photobleached.

In the most productive experiment, illustrated in Figure 
4a of the previous paper,9 a moderately intense band was 
observed at 242 ± 2 cm-1 which was noted as a shoulder in 
most of the other experiments. This new band decreased 
with photobleaching of the matrix sample, Figure 4b in the 
previous paper, as did the five bands of interest here.

A 2.0-keV proton experiment was conducted with a ni­
trogen matrix sample, N 2/C C I4 = 400/1, for 18 hr. The 
chlorocarbon absorptions were broadened and shifted 5-10 
cm-1 higher relative to their argon matrix counterparts, in­
cluding the CCI4 precursor. The C C I3 radical band was ob­
served at 904 cm-1 (0.38 OD); CC12 was not detected. In the 
higher frequency region, new bands were observed at 1042 
(0.19 OD, 18-cm-1 half-width) and 942 cm-1 (0.27 OD, 16- 
cm-1 half-width). The lower frequency region yielded a 
sharp triplet at 505.3, 501.0, and 496.7 cm-1 (0.68, 0.63, 
0.18 OD), a broad 385-cm-1 (0.12 OD) feature, a sharp 
292-cm-1 band (0.35 OD), and a sharp 243-cm-1 absorp­
tion (~0.3 OD). The exposed bulb filament was operated at

WAVENUMBER (cm-1)

Figure 2. Infrared spectra of the proton beam radiolysis products of 
carbon tetrachloride and the carbon-13 enriched molecules: spec­
trum a, natural CCI4, 0.5-keV proton beam; spectrum b, 51% car­
bon-13 enriched CCU, 0.5-keV proton beam; spectrum c, 90% car­
bon-13 enriched CCU, 1.0-keV proton beam.

10.5 V for 0.5 hr and the 942-, 500-cm- - triplet, and 385-, 
292-, and 243-cm-1 bands disappeared completely.

Carbon-13 Tetrachloride. Experiments were conducted 
with carbon-13 enriched CCI4 using 0.5-, 1.0-, and 2.0-keV 
proton beam irradiations. Two of these experiments are 
contrasted with the natural isotopic material in Figure 2 
using the lower beam energies which produced smaller 
yields of the trichloromethyl radical. Trace a illustrates a 
0.5-keV experiment with natural isotopic CC14; note the re­
duced A band intensity. In a similar 51% l:,CCl4 experi­
ment, shown in trace b, the A+, E+, A, and 374-cm-1 bands 
appeared as equal intensity doublets, which indicates that 
these species contain a single carbon atom. The 90% 13CCl4 
experiment, illustrated in trace c, shows the dominant car­
bon-13 counterparts of the observed bands; Table II lists 
the observed wave numbers. In a particularly productive 
2.0-keV 90% 13CCU experiment, the E+ band was observed 
at 927.0 ± 0.2 cm-1 (0.080 OD) and the 13E+ band was 
measured at 897.7 ± 0.2 cm-1 (0.84 ODi on several high- 
resolution scans. Photobleaching of the sample markedly 
reduced the 988-, 898-, 502-, 361-, and 290-cm-1 band in­
tensities without affecting the 1003- and 869-cm-1 absorp­
tions. A 980-cm-1 side band emerged upon reduction of the 
988-cm-1 feature. The 810-cm-1 13C0C12 and 723-cm-1 
13CC12 bands were not affected by the bulb filament. The 
502-cm-1 multiplet, the 290-cm-1 band, and the 242-cm-1
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TABLE II: Effect of Brom ine Substitution on the New Absorptions (cm D Produced by 
Radiolysis o f Argon-CX4 Sam p les0

Precursor CX3+ (X') CX3* CXT c x 3 CX, *3* CX,XD x4* x3'

CC14 (AD 1037.0 1020 (ED 927.0 (A) 898 (E) 746, 720 502, 498, 374 290 242
(1010) 494. 491 sh

13CC14 (l3AD 1003.0 988 • (13ED 897.7 (^A) 869 (l3E) 723 502. 498. 361 290 242
(980) « 494, 491 sh

CCLBr (AD 1036.0. (ED 925 (A) 898 (E) 746 492. 488, 251 225
1034.0 484 sh

(BD 1019, 957 (FD 870 (B) 889, 836 (F) 612 437, 420 356 221
CCl,Br2 (BD 1019, 958 (ED 925 (B) 891 un, 836 (F) 612 432, 416 355 230

(CD 976, (FD 868 (C) 856 (G) 640 362, 339
891 un

CCIB1-3 (CD 978, 975; (FD 870 sh (C) 856, 783 sh (F) 612 355
894, 891

(DD 874,880 (GD 778 (D) 773 (G) 641, 596 283 326
CBr4 (DD 874, 880 (GD 778 (D) 773 (G) 641, 596 283 326

a sh denotes shoulder, un denotes unresolved C 1 , B band.

feature showed no measurable carbon-13 shift in the 90% 
13CC14 experiments.

Bromine Substitution. Bromine substitution in the CX4 
precursor molecule provided a pseudo-isotope for chlorine. 
Figure 3 contrasts the 750-1050-cm“1 regions of the in­
frared spectra for 0.5-keV proton irradiations of CCI4, 
CClsBr (1.0 keV in this case), CCl2Br2, CClBr3, and CBr4 
samples. Figure 4 illustrates the 200-700-cm“1 regions for 
these same precursors following 2.0-keV proton bombard­
ment. The new absorptions found upon bromine substitu­
tion are tabulated in Table II. Fcr all reagent molecules, 
the analogous 2.0-keV experiments produced more intense 
bands; however, the primary cation/radical ratio was great­
er for the 0.5-keV experiment, and for this reason these 
spectra were used for Figure 3. The CC14 spectrum revealed 
the very intense A+ band at 1037 cm-1 with a high-wave 
number shoulder at 1041 cm-1 and a satellite band at 1020 
cm-1 along with the intense E+ band at 927 cm-1 and A 
band at 898 cm-1. These same bands were observed in the 
CCl.-jBr spectrum with lower intensities but identical wave 
numbers, except E+ which appeared at 925 cm-1. In addi­
tion CClaBr gave rise to bands at 1019 cm-1 and a 957.0-,
953.5-cm“ 1 doublet labeled B+, B (CC^Br)8 absorptions at 
889 and 835 cm-1, and a band at 870 cm“1 designated F+. 
Both the F+ and the E+ bands were almost completely re­
moved by a 30-min titration with thermal electrons while 
the A, A+, B, and B+ bands were not affected. In the 
CCEB^ spectrum the B+ bands at 1019 cm“1 and at 958, 
953 cm“ 1 (doublet), and the B bands at 891 (unresolved 
from C+ at 893 cm“1) and 836 cm“ 1 were more intense. 
New C+ bands were observed at 976 and 891 cm“ 1 (unre­
solved from B at 889 cm“1), and E+ at 925 cm“1, F+ at 868 
cm“ 1, and a weak C band at 856 cm“ 1 also resulted. Con­
tinuing in the series, the CClBr.s spectrum produced two 
C+ doublets 978, 975 cm“1 and 894, 891 cm“ 1 along with 
weak C bands (CCIBro) at 856 and 783 cm“1 (shoulder). An 
intense new doublet at 880, 874 cm“1 is labeled D+ and the 
sharp D (CBrD11 band is noted at 773 cm“1 along with an­
other new band G+, at 778 cm“1. The label I denotes impu­
rity bands from the precursor sample. The CBr4 spectrum 
contains these last three bands which are labeled D+ (880, 
874 cm“1, 0.65 OD), G+ (778 cm“1 0.12 OD), and D (773 
cm“ 1, 0.08 OD). In CBr4 experiments using 2.0-keV proton 
and « particle beams, the D+ doublet became a single sharp

Figure 3. Infrared spectra in the 7 5 0 -1 0 5 0 -cm “ 1 region fo r 0.5-keV  
proton radiolysis products of CX4 m olecules (X =  Cl, Br). A r/C X 4 =  
4 0 0 /1 . CCIaBr experim ent used 1.0-keV proton beam.

band at 874.0 (0.43 OD) cm“ 1 with a sharp 878-cm“ 1 shoul­
der, the D radical band at 773 cm“ 1 (1.5 OD) and the G+ 
(0.75 OD) absorption increased markedly in intensity. 
Other species of interest observed in these CBr4 experi­
ments were CHBr3 (1154 cm“1), CHoB^ (651 cm D,
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Figure 4. Infrared spectra  from  200 to  700 cm  1 fo r a 2 .0 -keV  pro­
ton beam irradiation o f CX4 m atrix sam ples during 15°K  deposition.

HBr2- (729, 894 cm" 1),20 and CBr, (640.5 cm“1, 0.54 OD 
and 595.7 cm.-1, 0.06 OD).11

In the low-frequency region, Figure 4 shows CCD bands 
at 746 and 720 cm-1, the HCD“ band at 697 cm-1, and pre­
viously unidentified bands at 502, 374, 290, and 242 cm-1 
in the CC14 spectrum. The CO^Br parent gave a new band 
at 490 cm“1, two bands at 437, 420 cm“1, a sharp 356-cm“1 
band, an absorption at 251 cm“1, and a doublet at 221, 225 
cm"1. These bands are listed in Table II. In the 1.0-keV ex­
periment, all but the latter doublet were observed, and all 
of these bands almost completely disappeared upon addi­
tion of thermal electrons for 3 hr. The 502-cm“1 multiplet 
in CCI4 experiments consisted of four bands: 502.0 (0.12 
OD), 498.0 (0.14 OD), 494.5 (0.07 OD), and 491 cm“1 
(shoulder, 0.02 OD). The 490-cm“1 band in CClsBr experi­
ments was resolved into absorptions at 492.4 (0.09 OD),
488.4 (0.07 OD), and 484 cm”1 (shoulder, 0.02 OD). Ex- 
panded-scale spectra of these multiplets are contrasted in 
Figure 5. For these and the other halogen containing 
species in Table II, a gradual shift was observed to lower 
wave numbers with increasing bromine substitution.

In the 1.0-keV proton radiolysis study of CBr4, the final 
sample was neutralized with thermal electrons for 5 hr with 
the filament at 6 V and for an additional 5 hr at 10 V. The 
778-cm“1 G+ band was reduced from 0.36 to 0.25 OD and 
the 283-cm“1 absorption decreased from 0.06 to 0.04 OD 
while the 326-cm“1 absorption decreased almost Complete-

Figure 5. Expanded-scale in frared spectra  o f the m ultip lets near 500 
cm “ 1 in C C I4  and CCI3Br experim ents.

ly from 0.05 to 0.01 OD. The D (0.28 OD) and D+ (0.27 OD) 
bands were unchanged.

D iscussion
Chemical identification of the new ionic species pro­

duced here will each be discussed along with some postu­
lates of the mechanisms responsible for their formation. In 
the previous paper,9 five infrared absorptions, 1020, 927, 
502, 374 and 290 cm“1, were attributed to matrix-isolated 
cations owing to their marked decrease when the sample 
was photolyzed with near-infrared and visible light which 
releases trapped electrons and when thermal electrons were 
added to the sample. Since the counterparts of the new 
argon matrix bands were also observed in solid nitrogen 
(assuming the broad 1042-cm“1 nitrogen matrix band in­
corporates both of the 1037- and 1020-cm”1 argon matrix 
features), the matrix host is not chemically combined in 
any of the new molecular species derived from CCI4. The 
cations responsible for each of the five infrared absorptions 
will be identified from the available spectroscopic evidence 
in the following discussion.

CCl3+. The trichloromethyl carbonium ion was first 
identified by Jacox and Milligan (hereafter JM) following 
hydrogen resonance vacuum-uv photolysis of CHCI3 sam­
ples without any mention of the possibility of a counter­
ion.5 The JM experiment was similar to the present tech­
nique; both irradiations were performed during sample de­
position but the JM ionizing radiation was 10-eV photons 
while 2000-eV protons were utilized in this study. In both 
cases the major molecular species were the same. The 
1036.6-cm”1 band observed by JM was seen as sharp band 
peaks at 1036.5 to 1037.0 cm-1 in this work. This band was 
not affected when the sample was neutralized with thermal 
electrons or photobleached while the new band observed 
nearby at 1020 cm“1 was completely neutralized, revealing 
a weak band at 1010 cm“ 1 which itself was ultimately de­
stroyed. This indicates that the 1037-cm“ 1 absorber is part 
of an electrically neutral species and the 1020-cm“ 1 band is 
a matrix-isolated cation. The unusually high frequency for

The Journal of Physical Chemistry, Vol. 79. No. 9. 1975



Proton Radiolysis of CCI4 in Argon 909

these carbon-chlorine vibrational modes suggests cationic 
species. Since the most abundant anion produced by either 
type of radiation, other than electrons, must be Cl-  owing 
to the fact that atomic chlorine is an excellent electron 
trap, it is. proposed that the 1037-cm-1 absorber is the 
CC13+C1-  ion pair, which results from the combination of 
CC13+ and CJf ions during sample condensation. Chloride 
ion is also produced by the dissociative electron capture of 
CCU. The 1020-cm-1 absorption is assigned to 03 of the iso­
lated CC13+ species; the 1010-cm-1 band is presumably due 
to CC13+ isolated in a matrix site more resistant to photo- 
bleaching. The 1037-cm-1 band is assigned to the «3 mode 
of CC13+ in the CC13+C1-  species.

Support for this assignment comes from the bromine 
substitution data which indicate that the 1037-cm-1 band 
is doubly degenerate and that two bands result upon par­
tial bromine substitution. That four, and only four, unique 
species can be produced from the five tetrahalide precur­
sors in Figure 3 defines the new species as containing three 
equivalent halogen atoms. Similar data has been presented 
for the CX3 radicals.8 The mixed-carbon isotopic experi­
ment indicates a single carbon atom species, and the car­
bon-13 shift is appropriate for the v3 mode. In agreement 
with .JM, the 1037-cm-1 absorption must be caused by a 
CC13+ vibration; however, the failure to neutralize the 
species with electrons indicates the immediate presence of 
a counterion.

The unique and perhaps unexpected stability of CC13+ in 
the presence of a'counterion is probably due to its planar 
geometry. CC13+ must be a D3/, species since it is isoelectro- 
nic with BC13. For CC13+C1-  to charge transfer to give CCI4, 
the planar CC13+ group must deform to the tetrahedral ge­
ometry and this process requires an activation energy. In­
terestingly, the CC13+C1- ion pair is not very unstable ther­
modynamically.21

D = 68 ± 3 k c a l /  m o l

c c i4 ---------------- ► c c i3 + c i (1)
| / =  202  | e  = - 8 3

c c i3* c r
The gaseous ion pair requires 187 kcal/mol for its produc­
tion, but electrostatic attraction between the ions can pro­
vide some of this energy. If the interionic distance is 2.0 A, 
the conversion CCI4 -* CCl3+Cl-  is endothermic by only 21 
kcal/mol.

It appears that a coplanar ion-pair arrangement 1 might

Cl — C*- ■ - c r
\

Cl
1

resist conversion to CCI4 more than a C3v structure with 
Cl-  above the positive carbon center. Thus, if CC13+ and 
Cl-  produced by radiolysis approach each other during 
condensation of the matrix sample, the ion pair could be 
stabilized in the matrix unless the kinetic energy of the 
ions is greater than the activation energy necessary to de­
form the CCls+ group and charge transfer to yield CCI4.

Resistance of the sharp 874-cm-1 band in the CBr4 ex­
periments to photobleaching and neutralization with ther­
mal electrons indicates the formation of the analogous 
CBr3+Br- ion pair which is presumably stabilized by the 
planar geometry of CBr3+. In fact all of the B+ and C+ 
species must also be CX3+X- ion pairs; the B+ bands are

assigned to CCl2Br+ modes and the C+ absorptions are due 
to CClBr2+ vibrations. The 2- (two) cm-1 variation in split­
tings and band positions might be due to a change in coun­
terion between Cl-  and Br- .

In the 7r molecular orbital scheme for a planar CC13 radi­
cal, the free-radical electron is in an antibonding molecular 
orbital and its removal to form planar CC13+ clearly leads 
to stronger C-Cl bonds as indicated by the increase in i>3 
frequencies from 898 to 1020 or 1037 cm-1. This is, of 
course, expected since the binding in the cation will be 
greater due to increased nuclear attractions for the remain­
ing electrons and decreased electron-electron repulsions as 
compared to the radical.

CCl2+. An electron-impact mass spectrum of CCI4 
showed CC13+ to be the major ion produced; however, the 
CC12+ ion signal was one-fourth as intense. The sharp E+ 
band at 927.0 cm-1 exhibited a carbon-13 counterpart at
897.7 cm-1. It was markedly decreased by sample diffusion, 
by bombardment with protons after sample deposition, and 
it could be completely eliminated with thermal electrons 
and by photobleaching (see Figures 2 and 3 of the previous 
paper9) all of which indicates that it is due to an isolated 
cation.

The bromine substitution data show three different 
species, E+ (927 cm-1), F+ (869 cm-1), and G+ (778 cm-1), 
all of which could be neutralized by thermal electrons. The 
observation of three different bands indicates two equiva­
lent halogen atoms in the absorber. In fact, the observation 
of the E+ band in CCI4, CCl3Br, and CCl2Br2 experiments 
is indicative of a two chlorine species. Confirmation of this 
stoichiometry was found in the high-resolution spectrum of 
the 927-cm-1 band recorded by Current7 which showed re­
solved chlorine isotopic splittings with a 9/6/1 relative in­
tensity. This observation requires two equivalent chlorine 
atoms for the absorbing species.

The 927.0 ± 0.2-cm-1 band and its 897.7 ± 0.2-cm-1 car­
bon-isotopic counterpart are therefore assigned to i/3 of the 
12CC12+ and 13CCl2+ species, respectively. This isotopic 
data can be used to predict a lower limit of 115° for the 
(C1-C-C1)+ valence angle which is larger than the 100° 
value found for CC1212 and is consistent with the known re­
lationship between 17 and 18 valence electron molecules 
(N02, 134° and 0 3, 117°, for example). The true bond 
angle for CC12+ is probably 125 ± 10 °.

The bromine substitution work supports these assign­
ments. An absorption in the CBr4 experiments at 778 cm-1 
is assigned to v3 of CBr2+. The F+ bands at 869 ± 1 cm-1 
are assigned to CClBr+.

Here the electrons removed from CCI2 and CBr2 to form 
CC12+ and CBr2+ are probably nonbonding as far as the 
carbon-halogen bond is concerned. Nevertheless, the ¡>3 
frequencies increase substantially. This is in part due to ex­
panding the valence angle which incorporates more s char­
acter into the bonding and the fact that n nuclear charges 
can bind n — 1 electrons in a halogen system more tightly 
and give rise to a stronger bonding.

The infrared spectrum was closely examined for double 
positively charged species, CC122+ and CC132+, which were 
present in the mass spectrum with 2-3% of the CC12+ and 
CC13+ intensities. CC122+, isoelectronic with C02, would be 
expected to have an intense v3 absorption above 1050 cm-1. 
No additional bands were observed which could be as­
signed to double positively charged species. Such species 
are produced by radiolysis in lower yields than single 
charged cations, and are presumably more reactive during
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sample condensation. Thus, if present, the yields were too 
low to he observed. Furthermore, if the second ionization 
potentials of the CCl2 and CC13 species exceed the ioniza­
tion potential of argon, charge transfer would produce Ar+ 
and the singly charged cation.

Ii can he noted from Figure 3 that bromine detachment 
occurs more readily upon radiolysis than chlorine separa­
tion. 'This is consistent with mass spectra for the CCl3Br 
and CCl2Br2 compounds. In the former, the Br+/Cl+ ratio 
was 23/10 while the latter gave 16/4. Accordingly, the 
CCl+/CBr+ ratios were 27/10 and 11/8 for the two precur­
sors, respectively. The CCl2+/CClBr+ ratio from CCl3Br 
was 52/12 and the CCl2+/CClBr+/CBr2+ yield from 
CCl2Br2 was 18/16/1. The carbonium ion-yields in Figure 3 
and in the mass spectra also matched nicely. The CCl3Br 
mass spectrum yielded a CCl3+/CCl2Br+ ratio of 75/33 and 
the CCl2Br2 mass spectrum gave CCl2Br+/CClBr2+ = 48/
10. The CX3 radical absorptions in Figure 3 followed the 
intensities of their CX3+ analogs with more intense radical' 
bands for the departed bromine atom.

Since the prominent 1037-cm"1 band has been assigned 
to the CC13+C1" ion pair, the possibility of a CC12+C1" ion 
pair should be explored. However, there is no geometry 
barrier to resist the formation of planar CC13 from 
CC12+C1" when the latter ions approach each other during 
sample condensation. So the CC12+ and Cl- ion association 
increases the yield of CC13 radical. In the case of CC13+C1", 
the different planar CC13+ geometry in the ion and in the 
tetrahedral CC14 neutral makes it possible to trap some 
CC13+C1" as a stable ion pair in the solid matrix.

C73+. The quartet near 500 cm-1 in Figure 1 exhibits 
chlorine isotopic splittings which requires three chlorine 
atoms, and since no carbon-13 shift could be detected, the 
absorber probably contains no carbon. Statistical weights 
of the six naturally occurring chlorine isotopic species with 
three chlorine atoms are as follows:

35-35-35 27/64 27

35-35-37 1 8 /6 4 l  27
35-37-35 9/64 1

37-37-35 6 /6 4 l  9
37-35-37 3/64 (

37-37-37 1/64 1
If the position of the different isotopes within the molecule 
cause splittings which can not be resolved, a 27/27/9/1 
quartet should result. The observed bands are in excellent 
agreement with this possibility.

The complete and rapid neutralization of the 500-cm"1 
band b\ thermal electrons indicates that this absorber is 
also an isolated cation, which must therefore be Cl3+. 
Strong support for assigning this infrared band to c3 of 
Cl3+ is found in the vibrational spectrum of Cl3+AsF6", 
where the antisymmetric stretch of Cl3+ has been attrib­
uted to a 508-cm"1 Rarnan band.4 The agreement between 
the argon matrix and Lewis acid adduct Cl3+ frequencies is 
excellent. The frequency analogy to the isoelectronic SC12 
(t'3 = 535 cm' 1 )22a molecule is also supportive.

The bromine substitution data add strength to this as­
signment. The first band at 492, 488, 484 cm-1 in the 
CCl3Br experiment arises from a Cl2Br+ species. The isoto­
pic triplet shown in Figure 5 is more consistent with a (Cl— 
Br-Cl)+ species with two equivalent chlorine atoms. The 
437-, 420-cm-1 bands are candidates for a (Cl-Cl-Br)+ ar­

rangement.2215 The CCl2Br2 experiment produced four 
bands at 432, 416, 362, and 339 cm-1 which could be due to 
two isomeric Br2Cl+ species. Finally, the perbromo species, 
Br3+, was observed at 283 cm-1 in the CClBr3 and-CBr4 ex­
periments. The failure to observe Cl3+ in the CCI3Br exper­
iment is due to the fact that bromine detachment is fa­
vored over chlorine separation by an approximate factor of 
3 (see Figure 3). Accordingly, ion-molecule reaction prod­
ucts containing halogen species will be preferentially bro­
mine substituted using mixed chloro-bromo precursors. 
The chlorine-bromine shift in the fundamental ratio of 
502/283 = 1.77 is appropriate for a pure halogen vibrational 
mode and is in excellent agreement with the Cl2/Br2 funda­
mental ratio23 of 554/318 = 1.74.

These trihalo cations are presumably synthesized by the 
ion-molecule reaction 2 during sample condensation rather 

Cl2 + Cl* —  Cl3* (2)
than by a direct ionization process since no Cl3+ was de­
tected in the mass spectrum of CCI4. Gillespie and Morton4 
have proposed an analogous mechanism for the formation 
of Cl3+^sF6_ from an AsF5 solution of C1F and Cl2 where 
Cl+AsFa-  is first formed followed by the addition of Cl2 to 
give C13+AsF6_.

The bonding in trihalide ions has been discussed by Pi­
mentel24 in simple molecular orbital terms using only p2 
atomic orbitals. Very recently, matrix isolated Cl3" has 
been observed at 374 cm' 1 in proton bombardment experi­
ments with Cl2.25 The two electrons removed in forming 
Cl3+ from Cl3" are nonbonding. However, chemical binding 
is strengthened owing to the greater attraction of 51 nucle­
ar charges for 50 electrons in the trichloride cation as com­
pared to 52 electrons in the trichloride anion. Accordingly, 
i/3 increases from 374 cm-1 for Cl3" to 502 cm-1 for Cl3+ as 
the number of nonbonding electrons is decreased and the 
effective nuclear charge for the remaining electrons is in­
creased.

Evidence for CC/2/C72)+. The 374-cm" 1 band observed 
here exhibits a large carbon-13 shift consistent with the vi­
bration of carbon against two chlorine atoms. The bromine 
substitution data provide two counterpart bands at 355 
and 326 cm-1 which form a uniform progression and indi­
cate that this vibrational mode involves two equivalent 
halogen atoms. The rapid and complete disappearance of 
these three bands following the addition of thermal elec­
trons indicates that the absorber is an isolated cation. The 
chlorine-bromine shift from 374 to 326 cm" 1 (a ratio of
1.15) is consistent with a carbon-halogen stretching mode 
(ratios for c3 of CCl2/CBr2 = 1.16 and for vi of CCl2/CBr2 = 
1.21)8’11 and not an X-C-X bending mode (ratios for </4 of 
CCl4/CBr4 = 314/183 = 1.72 and for v2 of CCl2/CBr2 = 
326/196 = 1.66).2Sa However, 374 cm-1 is about half of the 
wave number of a normal C-Cl stretching fundamental, so 
the 374-cm" 1 absorber involves particularly weak carbon- 
halogen bonds. This suggests another ion-molecule reac­
tion product.

The data limit the possible sources for this C--C12 
stretching mode to the ions CC13+ or CC12+ bonded to mo­
lecular Cl2 or the molecules CC13 or CC12 bonded to the ion 
Cl2+, the latter of which could be formed by reaction 3. Ste-

C1 + Cl* — ► C l,+ (3)

ric arguments suggest a preference for the (CC12--C12) + 
species, which satisfies tetravalent carbon, over the more 
hindered (CC13--C12)+ possibility. Thus, a reasonable ex­
planation for the 374-cm" 1 absorption is the product of
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reactions 4 which occur during sample condensation. This 
CC12 + Cl,*

C12C:C12* (4)
CCI,* + Cl2

P
Cl2C:Cl2+ species might be a nondassical carbonium ion 
which has the C2l. structure suggested in 2. Two cqrbo»-

X i(3 ?  XC1

chlorine bonds involve normal electron pair bonding while 
the other two involve electron-deficient bonding with pre­
sumably delocalized electrons around the cation center. 
This structure nicely accounts for the low 374-cm-1 C-CI2 
vibrational frequency and the large carbon-13 isotopic 
shift. The structure suggested is a more stable form of 
CC14+ than the tetrahedral structure formed upon electron 
impact since the latter decomposes before detection in the 
mass spectrometer. The formation of a Cl-Cl bond about 
the cation center provides a mechanism for stabilization of 
CC14‘.

Support for this nondassical ion structure is found in 
very recent studies2613 on CH5"1 which indicate a struc­
ture containing three normal C-H bonds and two- weaker 
C-H bonds involved in three-center electron deficient 
bonding around the cation.

It should be pointed out that the 4800-A optical band 
observed by Hamill and coworkers27 following radiolysis of 
CCI4 in hydrocarbon glasses and attributed to the positive 
ion CC14+ could, in fact, be due to the species 2 suggested 
here.

Evidence for C(4+. The 290-cm-1 absorber is probably a 
halogen species since no carbon-13 shift was detected in the 
90% carbon-13 experiment. Bromine substitution products 
were observed at 251 cm-1 in CClgBr and at 230 cm-1 in 
CCl2Br2 experiments. The more completely bromine sub­
stituted species were not observed due to the 200-cm-1 
spectrophotometer limit; however, if the Br2/Cl2 wave 
number ratio is multiplied by 290 cm-1, a 167-cm-1 ab­
sorption is predicted for the perbromo species. Although 
we cannot be certain, the space between the observed 230- 
cm-1 band and the predicted perbromo band at 167 cm-1 
suggests another unobserved band around 200 cm-1. This 
possible interpretation provides five bands which suggests 
a four-halogen atom species for the cation absorbing at 290 
cm-1. Interestingly, the 290-cm-1 band appeared to pho­
tobleach faster and neutralize with thermal electrons slow­
er than the other cation bands.

On the basis of the present data, the 290-cm-1 band is 
tentatively assigned to the weak intermolecular bond 
stretching mode of the Cl2 • • • Cl2+ species. It is proposed 
that a three-electron bond is formed between Cl2 and Cl2+ 
using the (7r*-7r*)<r scheme of Spratley and Pimentel28 fol­
lowing ion-molecule reaction 5. In support of this assign­

ee  - Cl,* —* Cl,---Cl,* (5)
ment is the half-order bond stretching frequency of Cl2- 
observed near 250 cm-1 for the M+C12- species.29 While 
the CLi+ stoichiometry and assignment cannot be regarded 
as definitive, it is the best present explanation for the 290- 
cm-1 absorber.

Evidence for Cl3~. The 242-crr.-1 band appeared as a 
shoulder in samples exposed to the Nernst glower during 
deposition; however, in the most productive experiment

where the sample was protected from the glower, the 242- 
cm-1 band was observed to be moderately intense (0.15 
OD) on the first infrared scan. It was reduced to 0.03 OD 
following prolonged exposure to the full light of the glower. 
In fact, this absorption was the most sensitive to photo- 
bleaching of all the observed bands. No carbon-13 shift was 
observed for the 242-cm-1 band so it is presumed to arise 
from a halogen species. The only bromine-substituted 
counterpart that could be observed was the 221-, 225-cm-1 
doublet in CClgBr experiments.

Although it is not possible to eliminate positively 
charged species from consideration, the agreement between 
the 242-cm-1 argon matrix band and the broad 242-cm-1 
absorption assigned to iq of CI3-  in the R4N+Cl3-  species 
dissolved in acetonitrile30 suggests the tentative assign­
ment of the former to CI3- . Likewise, the 221-, 225-cm-1 
doublet is in very good agreement with the 227-cm-1 band 
of Cl2Br- in R4N+Cl2Br- . However, matrix-isolated CI3- 
has been observed at 374 cm-1 in recent proton bombard­
ment experiments with Cl2.25 If the 242-cm-1 band is due 
to CI3-  as its ■ agreement with the earlier assignment 
suggests, it must likewise be perturbed by a large cation. It 
is conceivable that CCl3+ could be a possible counterion, 
and its own absorption is obscured by the bands already 
discussed between 1000 and 1040 cm-1. Reaction 6 suggests

c c i3*cr + Cl, —<- CC13*C13* (6)
a mechanism for the formation of this species which could 
readily photolyze to give the initial reactants o'r CC14 and 
Cl2. This reaction is consistent with the formation of 
Br2Cl-  by the reaction of R4N+C1-  with Br2.30

Finally, observation of the isolated ions HC12-  and 
DC12-  in these experiments14-25 indicates the participation 
of chloride ion in the matrix reactions and supports the 
presence of the related trichloride ion. Bichloride ion is 
formed by reaction 7, and it contributes to the charge bal­
ance in the mat rix sample.

HC1 + Cl" — * HC1,“ (7)

Matrix-Isolated Cations. This work has shown that iso­
lated cations can exist in an argon matrix which also must 
contain isolated anions including Cl- , Cl2- , and HC12- . 
The subject of isolated ions in rare gas matrices has been 
discussed by Kasai, who presented ESR evidence for cat­
ions and anions isolated in argon matrices at distances on 
the order of 10-A apart.31 The existence of matrix-isolated 
ions indicates an argon-cation “solvation” energy arising 
from ion-induced dipole forces (probably somewhat larger 
than van der Waals energies) which is instrumental in 
holding unlike charged ions apart. In order to determine 
the average separation of reactive species in these experi­
ments, it is necessary to determine the concentration of 
products. Not all of the 1 part of CCL in 400 argon atoms 
are decomposed; however, more than one product may be 
formed from a given CCR molecule. If the concentration of 
charged species were as high as 1 in 500 argon atoms, the 
average separation between these species would be ap­
proximately eight argon atoms or approximately 30 A. The 
electrostatic attractive energy between a cation and anion 
separated by this distance in solid argon of dielectric con­
stant 1.53 is approximately 7 kcal/mol. The rigidity of the 
matrix which provides a barrier to diffusion and the “solva­
tion” of cations by the matrix are sufficient to overcome 
this attractive energy and hold cations and anions apart at 
these low temperatures and dilute concentrations.

It is therefore reasonable for several of the charged
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species observed here to be “effectively isolated” within the 
matrix without adjacent counterions.

Conclusions
The simultaneous radiolysis of an argon-CCl4 sample 

with 2.0-keV protons during condensation at 15°K pro- - 
vides a fruitful method for studying the chemical interme-.. 
diates (radicals and cations) of CCU radiolysis, and the ion- 
molecule reactions of these products. Photobleaching of the 
sample releases trapped electrons to neutralize isolated 
cations. The residual positive charge on the matrix sample 
allows the isolated cations to be neutralized by thermal 
electrons and, therefore, identified as cations.

The CCI3 and CCI2 intermediate species were observed 
in good yields. A significant amount of the principal 
charged radiolysis product CCl3+ undergoes reaction with 
an anion, presumably Cl- , to give an electrically neutral ion 
pair CCl3+Cl- which was not photobleached or neutralized 
by thermal electrons; some isolated CCl3+ was also 
trapped. The CCl2+ species was observed to be isolated in 
the matrix, based upon its complete and rapid neutraliza­
tion with the addition of thermal electrons to the sample 
and upon photolysis. Three absorptions were identified as 
the cation-molecule reaction products Cl3+, Cl2C:Cl2+, and 
Cl4+, which were photobleached and neutralized by ther­
mal electrons. Spectroscopic evidence was also presented 
for the anion-molecule reaction product HCI2-  and the 
species CCl3+Cl3- .

This work demonstrates that cations can be trapped in 
an argon matrix at 15°K. Solvation of the cation by argon 
arising from ion-induced dipole interactions and the acti­
vation energy for diffusion through the dielectric solid 
argon prevent neutralization and allow their preservation 
as isolated ions.
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The influence of CsBr, NH4Br, Me4NBr, and Bu4NBr on the band pod (HOD in H2O) near 2500 cm-1 and 
»'OH (HOD in D2O) near 3400 cm“ 1 has been considered at 40 and 80°. At unit molality all bromides de­
crease the relative magnitude of the high-frequency component ascribed to nonbonded water, and the ef­
fect increases:.with cation size. This may possibly be ascribed to anion hydration which may not be cation 
independent ât the salt concentration considered. At 40° all salts shift the position of the band ascribed to 
bonded water toward higher wave numbers. This is at least consistent with the structure breaking capabili­
ty of Br“, at 80° the shift is more important for Bu4NBr than for CsBr. The addition of these various salts 
to water is not equivalent to a modification of pure water temperature. Differential spectra have been con­
sidered, in order to subtract any contribution from Br“ . They are not similar to that caused by a change of 
temperature for pure water, in the spectral region considered in the present investigation.

I. Introduction
Comparatively few spectroscopic studies of the influence 

of quaternary ammonium salts on water structure have ap­
peared in the literature. Among studies in the region 
2000-4000 cm“ 1, Hartman’s study of the influence of 
added salt on the position of the band poh (HDO in D2O) 
near 3400 cm“ 1 yields the result that R4NC1 salts displace 
the band in the same direction as a temperature increase 
for pure water, and the bigger the cation, the larger is the 
effect.1 A study of the displacement of the combination 
band of pure water near 2135 cm“ 1 yields the same result,2 
but the less well understood behavior of the combination 
band precludes a simple interpretation.

From a Raman study of the influence of Bu4NCI on vod 
(HDO in H2O) near 2500 cm“ 1 Walrafen has concluded 
that this salt is a strong structure former from the appear­
ance of an OD stretching component near 2480 cm“ 1 on the 
low-frequency side of the band.3

Near-ir studies are all based on the concept of structural 
temperature, that is, that addition of a salt induces changes 
on a particular water band, which are equivalent to that 
produced by a temperature modification. Then the salt is 
classified as either a structure former or a structure breaker 
depending upon the direction of the temperature variation. 
Although this interpretation may seem naive, it is the only 
one which is possible, since near-ir bands are usually com­
bination bands of fundamentals and overtones, and it is 
not known how they combine and with which percentage of 
each. However, there is general agreement that bands due 
to (OH) free groups are, relative to the more hydrogen 
bonded H20 polymers bands, far more intense in the over­
tone regions.4

Among these studies, Bunzl5 has considered the influ­
ence of R4NBr salts on the near-ir band of water near 0.94 
fim, ascribed to 2v\ + i/3,6'20 with the result that all halides

including "0801, which is considered a strong structure 
breaker from other type of measurements,7 produced a 
structural temperature £str smaller than the actual solution 
temperature £s„in, so that At defined as fstr — fsoin is nega­
tive. Bunzl concluded on the salts structural influence on 
water, by assuming that salts for which aAi/<3i soln is nega­
tive, e.g., Bu4NBr, are structure formers. This type of 
probe is somewhat unfortunate since, if applied to NaC104, 
it yields that this salt does not influence water structure 
since aA£/a£soin is shown to be zero. In addition by the same 
probe NaF should be considered a structure breaker since 
dlt/dtsil]n is positive for this salt.9 (Bunzl also took into ac­
count a At caused by “charge induced shift”, but is is not 
clear how this Ai changes with the temperature.)

The hydration of Br“ in aqueous solution is now well 
documented, either by Raman spectroscopy10'11 or X-ray 
spectrometry in aqueous solutions.12 This hydration has 
the effect (although Br“ acts mainly as a net structure 
breaker12) to lower the concentration of “free” water mole­
cules in solution,13 so that Bunzl’s results may be explained 
on the basis that the apparent negative Ai observed is 
caused mainly by Br“ hydration.

However NH4Br causes a much smaller negative Ai than 
Me4NBr. There is then a problem since NH4+ is assumed 
to have no influence on water structure.14 If one subtracts 
the A£ caused by Me4NBr from that caused by NH4Br a 
negative value is still found although Me4N+ is considered 
a structure breaker. If this is ascribed to “charge induced 
shift” it is not clear why this should exist for Me4N+ and 
not for NH4+.

Worley and Klotz have considered the near-ir band of 
HOD in D20, 1.3-1.8 pm, and interpreted again the influ­
ence of salts in terms of structural temperature.13 This 
band contains four15 to six components,10 which are as­
cribed to overtones and combinations of overtones and fun-
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TA BLE I: List of Position, R elative P ercentage, and H alf-W idth of the G aussian Com ponents o f H O D in H 2 O and  
A queous Solutions, and HOD in D 2 O and S alt Solutions

0O

h 2o 1 in C sB r 1 in Me4NBr 1 in Bu4NBr

c m ' 1 2660 2535 2350 2660 2543 2335 2660 2540 2345 2657 2540 2350
HW.

c m ' 1 80 167 90 75 167 90 80 167 90 70 167 80
1 2 85 3 8 89 3 7 90.5 2.5 5 93.5 1.5

8 0 J H20 1 m C sB r 1 in Me4NBr 1 in Bu4NBr

c m ' 1 2660' 2552 2370 2655 2552 2370 2660 2557 2365 2660 2562 2365
HW.

c m ' 90 167 90 85 167 95 85 167 90 85 167 95
T 16 80 ' 4 1 1 85 4 8.5 8 8 3.5 7 90.5 2.5

4 0 ' 1 in CsCI 1 m  Bu4NC1 1 in NH,Br

oO00 1 m  NH4Br

c m ' 1 2660 2537 2350 2670 2537 2350 2660 2543 2335 2655 2554 2370
HW,

c m "1 80 167 90 70 167 80 . 75 167 90 - 85 167 95
% 9 8 8 3 6 92.5 1.5 7.5 86.5 6 10.9 83 6.5

4 0 J d , o 1 in C sB r Bu4NBr -

c m ' 1 3615 3450 3230 3625 3460 3245 3625 3455 3245
HW.

c m '1 1 0 0 250 1 2 0 90 240 125 80 235 1 2 0

r 11 8 6 3 8.5 90 3 5 92 3

80J d 2o 1 in C sB r Bu4NBr *

c m '1 3620 3477 3255 3620 3477 3250 3625 3483 3265
HW.

c m ' 1 95 235 1 2 0 80 235 1 2 0 76 235 1 1 0

(} 14 83 3 9 8 8 3 6.5 90.5 3

damentals. It has been found that Me4NBr does not change 
the structural temperature of the solution (Af = 0 ) and 
that Bu4NBr causes Af to be -10° for a 1 m solution at an 
actual solution temperature of 5°, whereas Bunzl finds Af’s 
which are respectively —6 and —30° for Me4NBr and 
Bu4NBr.;> It is not surprising that these studies have led to 
different results since Worley and Klotz have based their 
conclusions on the variation of the ratios of ir intensities at
1.416 and 1.556 gm. In both regions several bands over­
lap,115 so that it is difficult to decide what is really mea­
sured. In addition the relative decrease of the intensity at
1.416 gm which is caused by addition of Bu4NBr may be 
partly caused by Br_ hydration since this band is ascribed 
to "free" HOD molecules.

Jolicoeur and Philip® have examined the band at 0.96 /im 
and have greatly improved Bunzl’s study, since they have 
considered the influence of salts on the band shape param­
eters instead of the position only. They also compare the 
influence of R4NBr on the band to the influence of a tem­
perature modification of pure water, subtracting the influ­
ence of NaBr, and conclude that all R4N+ enhance water 
structure relative to Na+. To explain this, it is hypothe­
sized that the overlap of the cosphere around the structure 
breaking Br~ and Me4N+ leads to structure promotion. 
Whereas this is in agreement with a qualitative explanation 
of thermodynamic excess functions.19 it may he argued that 
spectroscopy does not give a measure of an excess function,

since the overall state of water in both ionic cospheres and 
not only in the overlapped region is examined.

The study of the influence of salts on the 8300-cm-1 
band (tq + ¡>2 + in H20 by Yamatera et al.20 leads also to 
the same general conclusions.

In all these studies it may be noted that the concept of 
structural temperature is used, the "free” OH band is pre­
dominant, and that this band is modified in an apparent 
structure promotion direction by Br_ or Cl- hydration. It 
is useful to note at this point that from proton NMR Br~ 
appears as effective a structure breaker as C104- ,9 whereas 
by near-ir spectroscopy it is found much less efficient. The 
reason for this discrepancy may well be that Br~ hydration 
is sometimes neglected in the interpretation of the ir spec­
tra.

In view of all the discrepancies listed above, it has been 
found necessary to reexamine the influence of some R4NX 
salts in the water structure. This paper describes the influ­
ence of the salts in the OD stretching band (20% HOD in 
H20) near 2500 cm-1 and the OH stretching band (HOD in 
D20) near 3400 cm-1 at 40 and 80°.
II. E xperim ental Section

A 1 aquamolal solution of CsCI. Bu4NCI. CsBr. Me4NBr, 
NH4Br, and Bu4NBr in H2O-D2O, 10% by weight HaO in 
D20 or D20  in H_>0, has been filtered on 0.1-g millipore fil­
ter and spectra have been recorded on samples in a thermo-
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stated cell at 40 ± 0.5° and 80 ± 0.5°. The spectra were run 
on a PHO 60 Coderg spectrometer with a spectral resolu­
tion of 6 cm- '. A Spectrophysics 165 argon ion laser oper­
ating at 4880 A at power levels ranging from 600 to 800 mW 
was used for excitation. The polarization of the emerging 
laser beam could be rotated 90° by a quartz half-wave 
plate. The laser beam was then focused and passed into the 
sample cell. Scattered light from the sample was collected 
by a lens at right angle to the laser beam, and entered the 
double monochromator. After detection with a photomulti­
plier EMI 9598, amplification, and discrimination, the sig­
nal was displayed on a strip chart recorder.

The base line was recorded (either salt in pure D2O or 
H2O) since it has been shown that it is not a straight line 
for pure water,21 and since the absorption from the CH3 
must be substracted. Corrected relative intensities have 
been determined as given in ref 21, The spectra have been 
corrected for spectral sensitivity. This has been calibrated 
as a function of frequency using a tungsten ribbon filament 
lamp which was temperature calibrated. As outlined pre­
viously,22 this correction is rather important.

Results. The relative intensities are corrected for H20, 
D20, or CHn intensity, and spectral sensitivity. They are 
proportional to 45a2 + 7(i2, .where a is the mean polarizabi­
lity derivative and li is the anisotropy derivative.

Before decomposition into gaussian components the 
spectra are transformed by multiplication of the tabulated 
values bv

v( 1 -  e-hv/kT)
K  -  i2)4

where u is the vibrational frequency and v\, is the exciting 
frequency, as recommended by Szymanski23 and Scherer et 
al.24 It has the advantage, if no others, that the number of 
gaussian components needed to fit the spectra is smaller 
after multiplication by the factor given above, than before. 
Table I gives the various gaussian components for the solu­
tions considered.
III. D iscussion

First let us consider the positions of the gaussian compo­
nents found for HOD in H20  at 40°. A main component at 
2535 cm' 1 and two others at 2660 and 2350 cm-1 are found. 
The most recent gaussian decomposition21 yields a main 
component at 2539 cm“ 1, a very small one at 2664 cm“1, 
and two others at 2420 and 2498 cm“1 at 25°. Another in­
vestigation22 yields a main component at 2488 cm“ 1 and 
two at 2610 and 2664 cm“1. At 40° Lindner31 found a main 
component near 2525 cm“ 1 and two small ones at 2640 and 
2360 cm” 1. At 40° Walrafen26 found a main component at 
2530 cm“ 1 and another near 2660 cm”1, and Weston32 a 
main component near 2450 cm”1. In these investigations 
the correction by the factor HI — e~h,,/kT)/(viJ — v)4 does 
not seem to have been performed.

In any case no general agreement on the position and 
number of gaussian components seems to exist.

There is however general agreement that the high fre­
quency component near 2660 cm” 1 must be ascribed to 
“free” (or less H-bonded) water molecules. This is substan­
tiated by Lindner’s31 and Walrafen’s work.26 The main 
component around 2530 cm”1 is ascribed to hydrogen- 
bonded water molecules.

Figure 1 shows plots of the spectra obtained for HOD in 
H20  without salt or in 1 m CsBr, Me4NBr, and Bu4BNr so­
lutions at 40°. For comparison all intensities have been 
plotted in such a manner that they are unity at the fre­

Figure 1. Plots of the band intensity / against wave numbers- (1) 
HOD in pure water; (2) HOD in 1 m Bu4NBr aqueous solution. Differ­
ential intensity defined as /(salt solution) minus /(water): solid line, 1 
m Bu4NBr; dotted line, 1 m Me4NBr; crosses, 1 m CsBr.

—8*1. ° o o-----

Figure 2. Rots of the differential spectra of 1 m Me4NBr and Bu4NBr 
aqueous solutions after subtracting the 1 m CsBr spectra (tempera­
ture 40 and 80°); crosses, Me4NBr; filled circles, Bu4NBr; open cir­
cles, plots of the differential spectra of HOD in H20; upper plot, 
water at 60° minus water at 80°; tower plot, water at 20° minus 
water at 40°.

quency of maximum intensity. When Figure 1 is consid­
ered, it is obvious that all bromides decrease the intensity 
of the high-frequency OD nonbonded component near 2660 
cm“ 1 and that the bigger the cation, the more important is 
the effect. Another interesting feature is that, at 40°, the 
frequency of the main OD bonded component is shifted by 
all bromides toward higher frequency by about 7 cm” 1.

The consideration of the gaussian components percent­
ages and positions listed in Table I leads obviously to the 
same conclusions. At 80° the salts influence on the high- 
frequency component is the same as at 40°, but Bu4NBr 
still shifts the main band position toward higher wave 
numbers than Me4NBr, whereas when CsBr is added no 
shift is found. The frequency shifts induced by salts at var­
ious temperatures are qualitatively consistent with ir2 find­
ings.

When Bu4NBr (and Bu4NCl) is added to water, no low- 
frequency component is found near 2480 cm“1.
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Figure 3. Plots of the differential ir spectra of 0.8 m Me4NBr and 
Bu4NBr aqueous solutions after subtracting the 0.8 m CsBr on NaBr 
spectra. MeBr and BuBr are short-hand notation for Me4NBr and 
Bu4NBr.

If we want to rationalize the influence of the salts in 
terms of “structural temperature”, it is found that if the 
high-frequency component only is considered, all salts shift 
the solution structural temperature under its actual value 
(St = fstr — fsoin < 0), whereas if the main component is 
considered, an increase in the structural temperature (At > 
0) is observed, since the effect of a temperature increase is 
to shift the main component position toward higher wave 
numbers for HDO in pure water.

As the ammonium ion is considered unique in its similar­
ity with water,14 we expect a im  solution of NH4Br to re­
flect mainly the behavior of the Br-  ions. However, com­
parison of our spectra shows that the spectra of a 1 m solu­
tion of NH4Br and CsBr are very similar, the only differ­
ence is that at wave numbers lower than 2440 cm~', a small 
band appears in the NH4Br spectra, which is caused by 
N-H stretching.311 As suggested by one referee, we have 
shown in Figure 2 the differential spectra obtained by sub­
tracting the spectrum of HOD in a 1 m solution of CsBr 
from that of HOD in a 1 m solution of Me4NBr and 
Bu4NBr at 40 and 80°. We have also plotted on the same 
figure the spectra obtained by subtracting the spectra of 
HOD in H ;0 at 40° (80°) from that of HOD in H20  at 20° 
(60°).

The consideration of these spectra shows that the differ­
ential spectra which is expected to show the influence of 
the cation R4N+ relative to Cs+ is not equivalent to that 
caused by a change of temperature for water only. (Me4N+ 
relative to Cs+ is perhaps an exception with At = —3° at 
40°.)

Clearly the addition of a halide to water is not equivalent 
to a change of temperature, a conclusion already arrived at 
by other workers.20’2 ’29 It is not therefore surprising that 
each combination band considered in the near-ir yields dif­
ferent results, difficult to interpret since it averages in 
some unknown way the two apparently contradictory infor­
mations obtained in the present work.

On the other hand, the structural informations obtained 
here are equally difficult to interpret. The decrease of the 
“free” OD (or OH) band near 2660 cm-1 (or 3620 cm-1) 
cannot, in the case of CsBr or Me4NBr relative to pure 
water, be ascribed safely to water structure promotion by 
these salts in view of all other evidence against this inter­
pretation.1718 A tentative hypothesis is that this decrease 
may be caused by a decrease in the molal absorbance of the 
“free OH” band in the solution, caused by the influence of 
large cations.

In order to substantiate the conclusions drawn from re­
sults obtained with the Raman technique, we have record­
ed the infrared spectra of H20  in various 0.8 m halides so­
lutions (NaBr, CsBr, Me4NBr, and Bu4NBr) at 30, 60, and 
90° between 2900 and 3800 cm-1.34 The vibrations in the 
spectra are symmetric and asymmetric stretching, an over­
tone of H-O-H bending,35 and possibly Fermi resonance 
between these.35 We have not attempted to dissect the 
spectra into their components. We have plotted the spectra 
in such a manner that intensity are unity at the wave num­
ber of maximum intensity and obtained by subtraction dif­
ferential spectra which are shown in Figure 3. Comparison 
between Figure 2 and 3 shows that the spectra are very 
similar and that in both cases the conclusions are the same.
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Changes in the chemical shifts of the magnetically discrete protons of hexylammonium propionate (HAP) 
have been utilized in DMSO-benzene and DMSO-water solvent systems to establish aggregation behavior. 
Over the ranges of 100 to 0 wt % water to DMSO and 100 to 0 wt % DMSO to benzene, the aggregation be­
havior ranged from that of normal micelles in pure water to that of reversed aggregates in benzene.

Introduction

Typical of reversed aggregate-forming surfactants exhib­
iting considerable catalytic activity are alkylammonium 
carboxylates which have been observed to catalyze reac­
tions by factors of up to 5 X 106-fold-3 9 In order to obtain a 
better understanding of the substrate-aggregate interac­
tions involved and the mechanism of catalysis by alkylam­
monium carboxylate reversed “micellar” aggregates, sys­
tematic investigations of the physiochemical properties of 
several of these surfactant systems have been carried out in 
various nonaqueous solvents using lH NMR spectroscopy 
and vapor-phase osmometry.10-14 These investigations in­
dicated that alkylammonium carboxylate surfactants in 
nonaqueous solvents generally tend to form rather small 
aggregates consisting of less than eight monomers in which 
the polar headgroups are located in the interior while the 
hydrophobic hydrocarbon chains are oriented toward and 
partially in contact with the bulk solvent. These data are, 
however, also compatible with a multiple-equilibrium 
model which does not exclude the possibility of higher ag­
gregates, i.e., relatively large micelles in the more concen­
trated solutions.14’16 In addition, there appears to be a good 
relationship between the critical micelle concentrations 
and both macroscopic (e.g., dielectric constants) and micro­
scopic (e.g., jEt(30) values) solvent polarity parameters; 
however, the predominant solvent-surfactant headgroup 
interactions are explicable in terms of bulk solvent polari­
ty.12 (The greater the interaction of the ionic surfactant 
monomers with the solvent, the less is the tendency to ag­
gregate as manifested by higher critical micelle concentra­
tions.) Also, based on the single monomer-n-mer equilibri­
um model, the aggregation number of alkylammonium pro­
pionates appears to increase with an increasing number of 
carbon atoms in the alkyl chain and slightly with increasing 
solvent polarity.12 Since the structure and catalytic proper­
ties of alkylammonium carboxylate aggregates are altered 
by changes in solvent properties such as polarity, bulk, and 
geometry,12 aggregation behavior in overlapping mixed sol­
vent systems would shed light on micellar properties as a 
function of changing solvent composition. To accomplish 
this end, we have investigated the aggregation of hexylam­
monium propionate (HAP) in the overlapping solvent sys­
tems benzene-dimethyl sulfoxide and dimethyl sulfoxide- 
water using 1H NMR spectroscopy, surface tensiometry, 
and dye absorption spectrophotometry.

Experim ental Section

Reagent grade benzene-d6 (Thompson-Packard, 99.5% 
d) was distilled from calcium hydride onto and stored over 
freshly dried Linde Type 5A molecular sieve. Dimethyl-d6 
sulfoxide (DMSO-de) (Diaprep, Aldrich, and Merck Sharp 
and Dohme of Canada, 99.5% d) was stored over freshly ac­
tivated Linde Type 5A molecular sieves. If JH NMR analy­
sis of the DMSO-c?6 revealed trace amounts of water pres­
ent, the DMSO-d6 was further dried by storing over calci­
um hydride for 2 or 3 days followed by filtering in a drybox 
onto fresh molecular sieve. Deuterium oxide (Thompson- 
Packard, 99.8% d) was used as received. DMSO-d6 and 
benzene-de-DMSO-dfi solutions were prepared in a dry ni­
trogen atmosphere to avoid contamination with atmo­
spheric moisture. In the surface tension and spectral 
change measurements doubly distilled water and Fisher 
certified spectroanalyzed dimethyl sulfoxide which had 
been stored over Linde Type 5A molecular sieves were 
used. All mixed solvent solutions were prepared on a 
weight percent basis.

Hexylammonium propionate (HAP) was prepared by the 
method of Kitahara.10 Reagent grade propionic acid (53.4 
g, 0.94 mol) was added to a refluxing solution containing
95.0 g (0.94 mol) of n-hexylamine (dried and purified by 
vacuum distillation from calcium hydride) in 80 ml of dry 
reagent grade hexane over a period of 1 hr. The solution 
was refluxed for 4 hr, the solvent removed by vacuum rota­
ry evaporation, and the product doubly distilled in vacuo, 
yielding colorless product, bp 69-70° at 0.44 Torr. The pu­
rity of the HAP was established from its sharp boiling 
point and from its !H NMR spectrum.10

The 100-MHz nuclear magnetic resonance spectra were 
obtained on a modified Varian Associates HA-100 spec­
trometer equipped with a Hewlett-Packard Model 200 
ABR audio oscillator and frequency counter. F.ach spec­
trum was recorded at least three times after equilibration 
to the ambient probe temperature of 33.5 ± 0.5°. All spec­
tra were determined on freshly prepared solutions and were 
measured relative to neat tetramethvlsilane contained in a 
Wilmad 520-2 internal coaxial tube. Individual chemical 
shift measurements are accurate to ±0.2 Hz. Coupling con­
stants were measured from spectra obtained at 500-Hz 
sweep widths and are accurate to at least ±0.4 Hz. Bulk 
susceptibility corrections have not been applied: however, 
the differences have been predicted and/or found to be

The Journal of Physical Chemistry. Vol. 79. No. 9. 1975



918 E. J. Fendler, V. G. Constien. and J. H. Fendler

TABLE I: *H NM R Chemical Shifts of Hexylam m onium  Propionate in Benzene-d6~DMSO-d6 Solvent System s

0 , ppm0

Benzene- 
DMSO- w/w*

H A P ,
.1/

C//3(CH,)4-
C H .N H / CH j CH.CO j- CH3C/7,C02-

CH:1(CH,)4-
C/ANHj*

CH ,(CH2)4-
CH .N ///

100/0 0.487 0.670 1.052 2.219 2.640 9.382
0.442 0.660 1.045 2.212 2.623 9.351
0.390 0.650 1.042 2.200 2.618 9.292
0.293 0.647 1.037 2.203 2.609 9.270
0.147 0.641 1.023 2.195 2.576 9.000
0.073 0.642 1.016 2.182 2.544 8.480
0.037 0.640 0.996 2.156 2.499 7.877
0.027 0.681 0.973 2.132 2.467 7.839
0.021 0.667 0.957 2.114 2.433 7.621
0.018 0.939 2.102 6.157

75/25 0.26 0.777 1.122 2.267 2.730 8.249
0.20 0.775 1.105 2.256 2.688 7.837
0.17 0.773 1.100 2.249 2.693 7.176
0.13 0.771 1.096 2.242 2.672 6.816
0.10 0.769 1.084 2.247 2.650 6.630
0.064 0.764 1.069 2.236 2.620 5.923
0.042 0.766 1.057 2.221 2.599 4.907
0.032 0.773 1.027 2.189 2.561 4.460
0.025 0.781 1.016 2.180 2.542 4.241
0.016 0.793 0.991 2.156 2.518 3.989

50/50 0.48 0.882 1.169 2.297 2.833 8.807
0.40 0.880 1.167 2.297 2.827 8.671
0.32 0.875 1.160 2.292 2.805 8.208
0.24 0.874 1.158 2.293 2.800 7.849
0.22 0.873 1.162 2.292 2.798 7.695
0.16 0.870 1.146 2.291 2.770 7.251
0.12 0.884 1.155 2.290 2.767 7.050
0.11 0.875 1.140 2.288 2.761 6.569
0.08 0.879 1.135 2.285 2.694 6.003
0.05 0.882 1.129 2.283 2.734 5.691
0.04 0.886 1.122 2.282 2.708 5.340

25/75 1.96 1.061 1.253 2.363 3.006 9.583
1.19 1.050 1.251 2.354 2.981 9.234
0.98 1.052 1.247 2.348 2.965 9.229
0.60 1.040 1.243 2.341 2.951 8.518
0.49 1.035 1.242 2.345 2.950 8.366
0.25 1.030 1.232 2.343 2.919 7.699
0.12 1.213 2.341 2.875 6.550
0.06 1.025 1.218 2.359 2.788 5.663
0.03 1.020 1.208 2.363 2.398 4.730
0.02 1.022 1.207 2.373 4.169

16/84 2.02 1.113 1.276 2.371 3.039 9.633
1.01 1.110 1.275 2.371 3.017 8.940
0.51 1.094 1.261 2.362 2.986 8.359
0.18 1.083 1.246 2.357 2.932 7.007
0.09 1.087 1.246 2.366 2.906 5.668
0.04 1.097 1.257 2.393 2.893 4.684
0.02 1.087 1.246 2.405 2.854 4.368

Obtained at 100 MHz and 33.5° relative to external TMS; see Experimental Section for details. h For data in pure DMSO, see Table II.

small for a variety of aqueous and nonaqueous micellar sys­
tems'" l:1' 18-20 and would not affect the interpretation of 
the data significantly.

Surface tension-HAP concentration profiles were ob­
tained at 25.0 ± 0.1° for water, DMSO, and DMS0-H20 
solutions by use of a Cenco du Noüy tensiometer with a
6-cm platinum-iridium ring. The surface tension was cal­

culated from an expression21 involving the measured force, 
ring dimensions, and the correction factor. The absence of 
minima22 in these plots of surface tension vs. concentration 
indicates the absence of impurities in the surfactant.

Critical micelle concentration determinations using dye 
absorption spectrophotometry were carried out using Cary 
14 and Beckman DU spectrophotometers on HAP solutions
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Figure 1. Chem ical shifts (5, ppm) o f hexylam m onium  propionate (HAP) as a function o f sto ich iom etric concentra tion (M): (A) 7 5 /2 5 %  ben- 
zene-d6~D M 30-d6 (w /w ); (B) 5 0 /50  DMSO-cfe-C^O (w /w ).

containing a low concentration of the appropriate dye. The 
dyes, rhodamine-B (Allied Chemical and Dye Corp.) and 
pinacyanol chloride (Eastman), were used without further 
purification.

Results and D iscussion
NMR Spectra of HAP. The proton NMR spectra of 

hexylammonium propionate (HAP) in the overlapping 
mixed solvent systems of benzene-de-DMSO-de and 
DMS0 -d6-D 20 exhibit the same general appearance in 
terms of resonances and multiplicities as those reported for 
HAP in other solvent systems10’12 and consist of a sharp 
triplet for the terminal methyl protons of the hexylammon­
ium ion ar.d for those of the propionate ion, a poorly re­
solved broad resonance for the intermediate methylene 
protons of the hexylammonium ion, a quartet for the propi­
onate methylene protons, an apparent triplet for the meth­
ylene protons adjacent to the ammonium ion, and a rela­
tively sharp singlet for the ammonium protons in the ben­
zene-de-DMSO-de solvent systems. Chemical shifts, 6, of 
the magnetically discrete protons of HAP in the pure sol­
vents and in the overlapping mixed solvent systems com­
prised of benzene-d6-DMSO-d6 and DMS0-dg-D20 are 
given in Tables I and II and are illustrated for all of the 
protons in the 75% benzene-de-25% DMSO-de and the 50% 
DMSO-dg-50% D2O systems in Figure 1. As in the cases of 
other micelle-forming surfactant systems, only single 
weight-averaged resonances are observed for the protons of 
the monomeric and aggregated surfactant due to rapid ex­

change on the NMR time scale (10—4 sec). It is apparent 
(see Figure 1 for example) that relatively well-defined 
discontinuities occur at approximately the same surfactant 
concentration for a given solvent system. The point of this 
break in the plots may be considered an operational NMR 
critical micelle concentration (cmc) since the values are in 
reasonable agreement with those obtained using other 
techniques (vide infra). The discontinuities exist for all of 
the benzene-d6-DMSO-d6 concentrations examined; in the 
DMS0 -d6~D20 system, however, there are significant 
discontinuities with the exception of the 75-95% DMSO- 
de-DoO region (see Figure 2). This region coincides with 
one in which DMSO undergoes hydration changes23' 25 and 
it is conceivable that this solvent reorganization, e.g., 
strong bonding of water to DMSO, alters the aggregation 
behavior.

Observable coupling constants for HAP in the overlap­
ping benzene-d6-DMSO-d6—DMS0-d6-D20 solvent sys­
tems are given in Table III. Not unexpectedly, these values 
show little dependence on solvent composition within ex­
perimental error.

From plots of b vs. Cd and 1/Cd, the monomeric, and 
micellar, ¿m, chemical shifts were obtained upon extrapola­
tion to zero and infinite HAP concentration, respectively, 
according to

5 = 5m + ^ ( 5 m -  5m) (1)
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T A B L E  I I :  JH N M R  C hem ical S h ifts  o f H exylam m onium  Prop ionate  in  D M S O -d6-Ö 20 Solvent Systems

DM30- drr 
D,0, w/w

100/0

95/5

85/15

75/25

65/35

50/50

25/75

5, ppm“

0.38 1.311
0.32 1.305
0.19 1.300
0.10 1.304
0.06 1.307
0.05 1.307
0.03 1.322
0.02 1.324
1.98 1.222 1.331
1.00 1.235 1.331
0.50 1.334
0.27 1.332
0.16 1.337
0.12 1.344
0.08 1.332
0.06 1.349
2.05 1.245 •1.360
1.03 1.272 1.376
0.51 1.288 1.383
0.26 1.294 1.385
0.13 1.297 1.387
0.06 1.387
2.02 1.258 1.391
1.51 1.279 1.404
1.01 1.292 1.412
0.75 1.303 1.415
0.50 1.313 1.423
0.38 1.315 1.422
0.25 1.324 1.429
0.19 1.327 1.433
0.10 1.331 1.429
0.04 1.332 1.431
0.02 1.334 1.433
2.02 1.275 1.417
1.01 1.316 1.446
0.51 1.338 1.461
0.25 1.345 1.464
0.13 1.347 1.464
0.06 1.348 1.466
1.99 1.274 1.433
1.51 1.291 1.445
1.01 1.323 1.469
0.75 1.328 1.471
0.63 1.340 1.482
0.32 1.337 1.479
0.20 1.335 1.476
0.08 1.334 1.473
0.02 1.332 1.469
2.04 1.287 1.462
1.51 1.295 1.471
1.24 1.316 1.485
1.02 1.319 1.490
0.76 1.325 1.491
0.62 1.331 1.499
0.51 1.329 1.491
0.26 1.328 1.498
0.16 1.329 1.498

2.393 3.053 8.536
2.386 3.386 8.319
2.392 3.025 7.585
2.410 6.195
2.423 2.992 5.800
2.433 2.970 5.575
2.459 2.969 5.073
2.474 4.887
2.413 3.123
2.406 3.112
2.409 3.116
2.409 3.107
2.416 3.098
2.441
2.413
2.423
2.456 3.169
2.463 3.183
2.466 3.189
2.461 3.198
2.464 3.193
2.470 3.202
2.491 3.218
2.503 3.232
2.510 3.249
2.513 3.247
2.520 3.257
2.514 3.259
2.519 3.268
2.525 3.272
2.519 3.272
2.510 3.278
2.523
2.527 3.258
2.554 3.289
2.567 3.312
2.572 3.318
2.571 3.319
2.569 3.318
2.559 3.286
2.572 3.305
2.599 3.332
2.600 3.343
2.610 3.353
2.611 3.355
2.609 3.353
2.612 3.358
2.609 3.359
2.602 3.346
2.613 3.357
2.632 3.379
2.636 3.384
2.640 3.392
2.651 3.402
2.646 3.401
2.655 3.414
2.652 3.413

H A P, C //:i( C H ,)4- CH:1(CHo)4- CH3(C H ,)r
M  CH oN H / C //:!CH:C 0 2- CH:iC //X O :'  C /C N H /
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Table II (Continued)

5, ppm“

D M 30-dc-
D 20, w / w

H A P ,
M

C ff3(CH,)r
c h 2n h /  „  c //,c h 2c o 2-

■ : V.___________________ ______________ . . “
c h :,c //2c o 2-

c h ,(c h 2:
C/ANH

5/95 '  2.03 1.296 ; 
1.318*

r  1.488 2.630 3.374
1.54 1.499 2.651 3.400
0.77 1.333 1.515 2.685 3.432
0.38 1.332 1.517 2.691 3.443
0.19 1.320 1.506 2.690 3.436
0.10 1.317 1.503 2.688 3.432

0/100 3.00 1.264 1.445 2.594 3.338
2.04 1.285 1.476 2.630 3.373
1.52 1.299 1.487 2.648 3.389
1.01 1.312 1.498 2.669 3.415
0.63 1.328 1.516 2.692 3.444
0.50 1.326 1.517 2.696 3.450
0.33 1.322 1.513 2.691 3.443
0.10 1.31,9 1.505 2.690 3.446
0.08 1.317 1.508 2.696 3.444
0.07 1.313 1.507 2.691 3.448

“  Obtained at 100 M Hz and 33.5° relativeto external TMS: see Experimental Section for details

CH ,(CH ,)r
CH,N

[HAP], M

Figure 2. Chemical shifts (6, ppm) of the propionate methylene protons (CH3CH2CC>2~) of HAP as a function of stoichiometric concentration 
(Co, M) in benzene-ff6H3MSO-rf6 and DMSO-d6~D20 solvent systems.

where 5, 5m, and 5m are the observed, micellar, and mono­
meric chemical shifts, cmc is the critical micelle concentra­
tion, and Cd is the stoichiometric surfactant concentration. 
This treatment is essentially based, however, on a single 
equilibrium model and involves the assumption that above 
the cmc the concentration of monomers remains constant

and is equal to the cmc. Although these assumptions are 
most likely invalid in some cases, this treatment has been 
profitably employed previously to compare qualitatively 
the effects of changes in surfactant chain length and of sol­
vent on the structure of alkylammonium carboxylate aggre­
gates.10-13 Values of 5m and 5m for the various protons in

The Journal of Physical Chemistry. Voi 79. No. 9. 7975



922 E. J. Fendler, V. G. Constien, and J. H. Fendler

TABLE III: Coupling Constants for Hexylammonium Propionate in Benzene-d6-DMS0-d6-D20  Solvent Systems

% DMSO-d6 0 25 50 75 84 100 95 85 75 65 50 25 5 0
% Benzene-d6
%d2o

100 75 50 25 16 0

5 15 25 35 50 75 95 100
HAP, M 0.39 0.20 0.22 0.49 1.01 0.38 . 0.08 0.51 1.51 0.50 0.02 1.51 1.54 0.25

Proton measured ■
! ‘J ■>

ch3ch2co2- 7.6 7.5 7.6 7.4 7.5 7.6 7.7 7.6 7.6 7.0 7.5 7.7 7.6
± 0.4 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.2 ± 0.1 ± 0.2 ± 0.1 ±0.2 ±0.4 ± 0.2 ± 0.2

ch3ch2co2- 7.4 7.5 7.3 7.7 7.6 7.5 7.3 7.4 7.6 7.7 7.7 7.5 7.5 7.5
± 0.5 ± 0.2 ± 0.2 ± 0.2 ± 0.3 ± 0.4 ± 0.2 ± 0.1 ± 0.1 ± 0.1 ± 0.2 ± 0.1 ± 0.1 ± 0.1

c h 3(c h 2).,c h 2n h 3+ 6.3 6.1 6.0 5.9 6.0 7.1 7.4 6.5 6.0 6.3

± 0.3 ± 0.4 ± 0.4 ± 0.4 ± 0.7 ± 0.2 ± 0.4 ± 0.4 ± 0.5 ± 0.4
c h 3(c h 2)4c h 2n h 3+ 7.8 7.3 7.3 6.9 7.4 7.0 7.5 7.5 7.4 7.5

± 0.3 ± 0.2 ± 0.1 ± 0.1 ± 0.6 ± 0.4 ±0.4 ±0.5 ± 0.5 ± 0.4

TABLE IV: Monomeric (om) and Micellar (o\i ) Chemical Shifts of Hexylammonium Propionate in 
Benzene-dfi-DMSO-de and DMS0-d6-D20"

Proton

Ctf3 (CH2)4- c h 3 (c h 2)4- CH3 (CH2)4-
c h 3 c h 2c o 2- c h 3 c h 2c o 2- c h 2n h 3+ CH3 Cff2NH3* c h 3n h 3+

Solvent system 5m ö„ 5m 5m 5m 5m Öm 6m 6»

Benzene-dg 0.758 1.063 1.983 2 . 1 1 0 0.746 0.685 2.287 2.660 1.430 9.430
B enzene-dfi-DM SO-d6, w/w

75/25 0.952 1.183 2.118 2.230 0.817 0.784 2.475 2.772 3.200 9.485
50/50 1.106 1.181 2.276 2.305 0.902 0.884 2.694 2.865 4.500 9.640
25/75 1.197 1.257 2.384 2.373 1 . 0 2 0 1.070 2.970 2.694 3.825 10.050
16/84 1.251 1.285 2.419 2.377 1.067 1.113 2.800 3.050 3.800 9.800

DMSO-dg
DM S0-d6 -D 20 , w/w

1.337 1.327 2.505 2.402 2.940 3.144 4.254 12.08

95/5 1.357 1.331 2.464 2.415
85/15 1.389 1.363 2.474 2.453 1.301 1.251 3.302 3.168
75/25 1.433 1.374 2.524 2.477 1.334 1.227 3.281 3.190
65/35 1.467 1.426 2.570 2.505 1.349 1.292 3.319 3.246
50/50 1.470 1.414 2  606 2.540 1.333 1.247 3.359 3.263
25/75 1.499 1.432 2.655 2.560 1.331 1.249 3.422 3.241

5/95 1.497 1.471 2.685 2.609 1.311 1.289 3.429 3.357
D ,0 1.505 1.450 2.689 2.569 1.315 1.253 3.444 3.334

° Mean chemical shifts in ppm 
5m -

relative to external TMS at 33.5° according to eq 1  using plots of 5 vs. Co for &m and plots of ovs. 1/C d for

TABLE V: Chemical Shift Dependence of HAP Protons on Solvent Composition"

Proton

Solvent com position ranges

1 0 0 % benzene-dfi 
to

100% DMSO-dg

100% DMSO-dg 
to

60% DMSO-dg-40% D ,0

60% DMSO-dg-40% D20  
to

1 0 0 % d 2o

5b 6m 6C 6m 5m 5C 6m 5m

Ctf;iCH,CO,- 0.25 0.28 0.58 0.41 0.23 0.28 0 . 1 0 0.07 0.05
c h 3 c h 2c o 2- 0.18 0 . 2 0 0.53 0.44 0.25 0.19 0.18 0.23 0.19
c h 3 (c h 2) ,c h 2n h 3+ 0.52 0 . 2 2 0 . 2 2 0.25 0.30 0.60 0 . 0 0

CH3 (CH2)4Ci72NH3+ 0.42 0.45 0.77
0.90 0.65 0.14 1.35 0 . 2 0 0.14 0 . 2 0

CH3 (CH2)4CH2NH3+ 4.1 0.75 6.5
0

a Slope (x 100) of plots of ¿M, om, and 6 vs. solvent composition. 1’> [HAP] = 0.50M. c [HAP] = LOOM.
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TABLE VI: Equilibrium  C onstants (K) and A ggregation Num bers (n) for Hexylam m onium  Propionate in 
Benzene-d6 and D M S 0-d 6-D 20a

Surfactant protons
Solvent system utilized nb K, .l/1-"6

Benzene-de ch3ch2co2-
CH3(CH2)4Cff2NH3* 2.4 6 x 102

Benzene-d6—DMSO-d?, w/w
75/25 c f 3ch2co2-

CHjlCH/ljCi/jNfV
CH3(CH2)4CH2N/73*

3.0 8 x 103

50/50 Ctf3CH2C02-
CH3C/72C02-
CH3(CH,)4Cff2NH3*
CH3(CH2)4CH2N//3*

3.0 1 x 102

25/75 c//3ch2co2-
CH3(CH2')4CH2N//3* 2.6 5 x 101

16/84 Ctf3(CH2)4CH2NH3*
CH3(CH2)4Cff2NH3*
CH3(CH2)4CH2N//3*

1.9 1 x 101

DMSO-rfB ch3(ch2)4c //2nh3+ 2.2 4
CH3(CH2')4CH2N//3t

DMS0-rfG-D20, w/w
85/15 C/73CH2C02"

ch3c//2co2-
Ctf3(CH2)4CH2NH3+
CH3(CH2)4Ci/2NH;!+

2.3 3

75/25 C/73CH2CO?-
c //3(ch2)4ch2nh3+
ch3(ch2i4c^ nh3*

2.4 0.8

65/35 c//3ch2co2-
C//3(CH)4CH,NH3* 2.2 0.5

25/75 Ci/3CH2C02-
ch3c//öcoö-
Ci/3(CH2)4CH,NH3*
CH3(CH,)4C/7,NH3*

2.5 0.2

a Values of n and K  are considered to be accurate within ±0.5 and ±20%. respectively. b Calculated assuming a simple equilibrium model,
eq 3-5.

TABLE VII: Critical M icelle Concentrations of HAP in Benzene-de DMSO-de DaO Solvent System s from 
Chemical Shift Data"

% DMSO- 0 25 50 75 84 100 95 85 75 65 50 25 5 0
% benzene-dB 100 75 50 25 16 0
%D20 5 15 25 35 50 75 95 100

Proton Critical micelle concentration, M

C//3CH,COC 0.026 0.048 0.12 0.09 0.11 0.10 0.12 0.51 0.62 0.64 0.48 0.56
to to to to

0.035 0.14 0.18 0.72
ch3c //2co,- 0.028 0.048 0.12 0.08 0.10 0.08 0.16 -0.18 0.30 0.51 0.60 0.48 0.50

to to to to to to to
0.042 0.042 0.28 0.44 0.63 0.58 0.58

C//3(CH2)4CH2NH3* 0.030 0.040 0.14 0.09 0.08 -0.38 0.41 0.62 0.61 0.52 0.52
to to to to

0.040 0.15 0.13 0.72
CH3(CH2)4CH2NH3+ 0.037 0.056 0.11 0.08 0.09 0.10 -0.37 0.37 0.62 0.45 0.50

to to to to to to
0.044 0.048 0.15 0.13 0.40 0.62

ch3(ch2i 4c h2nh3+ 0.024 0.076 0.11 0.14 0.18
to to to

0.034 0.16 0.20
Av values 0.034 0.052 0.13 0.11 0.12 0.10 0.19 ooOl\ -0.38 0.42 0.61 0.65 0.50 0.55
a At 33.5°; see Experimental Section for additional details.
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Figure 3. Aggregation number plots fo r HAP in 7 5 /2 5 %  benzene- 
d6-DMSO-cfe (w /w ) according to  eq 3.

the benzene-dg-DMSO-dg and DMSO-dg-D20 solvent 
systems are given in Table IV. For purposes of comparison, 
the observed chemical shifts, and those of the monomeric, 
6m, and micellar. ¿m, species for 0.50 M HAP in the ben- 
zene-dg-DMSO-dg systems and 1.0 M HAP in the DMSO- 
dg-D20 systems have been fitted to

5X — 50 + aX (2)

where 5X is 5, 6m, or <5m; 5o is the chemical shift in pure hen- 
zene-dg or DMSO-dg, and a is the dependence on solvent 
composition (i.e., the slope of plots of 5X vs. solvent compo­
sition (w/w)). The values of a are given in Table V for the 
ranges in which the dependence is linear within experimen­
tal error.

From the values of the micellar, 5m, and monomeric, 5m, 
chemical shifts approximate values for the concentration of 
the monomer, [S], aggregation number, n, and equilibrium 
constant for micelle formation, K, have been calculated 
from eq 1, 3, and 4 as described previously.10-12 This treat-

log (CD -  [S]) = log nK + n log [Sj (3)

[S] = Cd (5m -  5 ) / ( 5 m -  5J  (4)

ment involves an idealized single equilibrium between sur­
factant monomers, S, and micelles, S„, i.e.

«S ^  S„ K = [S„]/[S]" (5)
which indeed may not be the case (vide supra). However,
good linear plots of the data are obtained in the majority of 
cases (e.g., Figure 3) and the data are internally consistent 
and hence useful for purposes of comparison. The values of 
n and K calculated from data for the various protons of 
HAP are given in Table VI. Using this single equilibrium 
treatment, HAP appears to aggregate as approximately tri-

Figure 4. Dependence o f the equilibrium associa tion constant, K, o f 
HAP on the rec ip roca l d ie lectric constant, e, of the  benzene-d6 -  
DMSO-cfe and D M S 0-d 6 -D 20  solvent system s at 3 3 .5 °.

2+!og CMC

Figure 5. Dependence o f the m olar critica l m icelle concentration, 
cm c, o f HAP on the  recip roca l d ie lectric constant, c, o f the benzene- 
d6-D M S O -d6-D 2 0  solvent system s a t 33 .5°.
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T A B L E  V I I I :  Surface Tension o f H exylam m onium  P ropionate in  D M S O -H 2 O S olutions a t 25°

1 0 0 % h 2o M a 0 . 1 0 0.15 0.23 0.30 0 .38 0.51 0.60 0.75 1.00 1.50 2.00
/ 51.1 47.3 43 .6 39.1 36.9 34 .5 33.3 32.3 30 .6 30.3 29.4

75% H-0 M 0 .05 0.09 0.19 0 .28 0 .35 0.44 0.63 1.05 1.51 2.01
25% DMSO y 59.4 55.1 49 .2 41 .8 39.7 37 .7 36.1 33 .5 32 .7 31.9
50% H ,0 .1 1 0.03 0 .10 0.20 0 .28 0 .35 0.44 0.63 1.05 1.51 2.01
50% DMSO y 55.1 51.4 45 .7 4 2 .4 40 .2 38.4 35 .9 33 .4 32 .6 32 .0
25% H ,0 M 0.03 0 .05 0.11 0 .22 0.31 0.44 0.63 1.05 1.28 1.50 1.70
75% DMSO y 49.7' 48 .2 46 .5 43 .0 4 0 .8 38 .5 36.5 34 .2 33 .6 33.1 32.7
18.7% H-O M 0 .04 0 .08 0.16 0 .26 0.37 0.53 0 .76 1.09 1.36 1.64 2 .00
81.3% DMSO y 47 .2 45 .7 44 .2 41 .8 39 .9 38 .0 36.4 34 .6 33 .8 33.4 3 2 .9

7.1% HjO M 0.07 0.14 0.25 0 .35 0.50 0.71 1.02 1.46 1.71 2.01
92.9% DMSO y 44 .8 43 .7 42.1 40.3 38 .9 37 .0 35 .5 34.2 34.1 33.3
100% DMSO M 0.05 0 .10 0.20 0 .48 0.69 0.99 1.23 1.45 1.71 2.01

y 43.4 42 .8 41 .6 37 .6 35 .8 33 .9 33.2 32 .6 34.4 34.1
a HAP concentration, molar. 6 Surface tension, dyne/cm.

TABLE IX: Comparison of Critical M icelle 
Concentrations Obtained by Different M ethods

c m c ,  HAP, M

Solvent sy stem  Uv dye
-------------------------- Surface absorp-
% HnO % DMSO *H NMR tension tion

100.0 00.0 0.55 0.42
75 .0 25.0 0.65 0.37
50 .0 50.0 0.61 0 .35
25 .0 75.0 0 .38 0.40
18.7 81.3 0.59
15.0 85.0 - 0 . 1 8

7.1 92.9 0.74
5.0 95.0 0 .19
0 .0 100.0 0.10 - 0 . 7 0

mers in both the benzene-DMSO and DMSO-water sol­
vent systems (Table VI). The association of alkylammo­
nium carboxvlates is equally compatible with a multiple 
equilibrium treatment15 which does not exclude the possi­
bility of aggregates composed of 20 or more monomers in 
the solutions of relatively high surfactant concentration. 
Indeed, dodecylammonium propionate has been found to 
exhibit an indefinite (rather than a monomer-rr-mer) self­
association in benzene and cyclohexane.14 It is probable 
that HAP in benzene and in at least the higher weight per 
cent benzene-DMSO solutions also behaves in the same 
fashion, i.e., above the cmc a multiple equilibrium exists 
between the monomers and the aggregates or micelles.

In any case, the structure of the aggregates changes with 
solvent composition. In pure benzene and other nonpolar 
solvents, hexylammonium propionate forms “reversed mi­
celles” with the ammonium and carboxylate groups in the 
interior and the hydrocarbon chains oriented toward and 
penetrated by the bulk solvent.10 As the polarity of the sol­
vent is changed by addition of DMSO, the “reversed” or 
nonpolar aggregate structure of HAP is retained until 
about 50 wt % of the solvent is composed of DMSO. In this 
solvent range, the aggregate structure begins to dramatical­
ly change as evidenced by a rapid decrease in the equilibri­
um constant fTable VI and Figure 4), rapid increase in the 
cmc (Figure 5), and reversal of the relative magnitude of 
the micellar, 5m, and monomeric, 5m, chemically shifts 
(Table IV). These data suggest that the aggregate structure 
is changing to one more compatible with the more polar

%  DMSO 0 20 40 60 30 i X  SC 6C «C 20 0
% BENZENE 100 SC 60 40 ZO 0
%  D,0 0 2C 40 60 80 100

Figure 6. Plots of the dielectric constant, t (O), of the benzene-d6- 
DMSO-d6 and DMSO-d6-D20 solvent systems and the molar critical 
micelle concentration, cmc (□), of HAP at 33.5° as a function of 
solvent composition in weight/weight per cent.

bulk solvent. Such a structure would allow the polar head 
groups to have greater contact with the bulk solvent while 
at least partially shielding the hydrocarbon chains from it. 
This type of aggregate structure apparently exists as the 
polarity of the solvent system is further increased until a 
solvent composition of approximately 50% DMSO-50% 
water is reached. In this solvent range, the structure of the 
solvent itself may begin to undergo changes. Several inves­
tigations have indicated that DMSO-water solutions form 
an association complex of the form (DMSO • 2H20)„ in so­
lutions containing 65-75% DMSO and that the solution 
structure between approximately 80% DMSO-20% water 
and 100% water varies little with composition.25

Critical micelle concentrations, erne’s, of HAP have been 
determined for these solvent systems using !H NMR spec­
troscopy, surface tensiometry, and absorption spectropho­
tometry of dyes. Critical micelle concentrations determined 
from ’H NMR data are given in Table VII. The critical mi­
celle concentrations of HAP in the benzene-dg-DMSO-dg 
and DMS0-d6-D20 solvent systems sharply increase at 
about 50% benzene-dfi-50% DMSO-dg and again at about 
75% DMSO-dg-25% D20  (Table VII). The critical micelle 
concentration of HAP in the overlapping solvent systems 
generally increases with increasing solvent polarity (Fig­
ures 5 and 6), although the aggregate structure changes 
completely from a “reversed” to a normal micelle type. The
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cmc in the region of “reversed” aggregates is, however, far 
less dependent on solvent composition than in the region 
composed of normal micelles. Also, in both of the solvent 
ranges comprising reversed and normal micellar aggregates 
the cmc is quite dependent upon the dielectric constant 
while in the intermediate or transition region the cmc is al­
most independent of dielectric constant (Figure 6).

For purposes of comparison the cmc’s of HAP were also 
determined from surface tension measurements in the 
DMSO-water system and the data are given in Table VIII. 
Plots of surface tension, y in dynes/cm vs. stoichiometric 
HAP concentration, were typical of those for aqueous sur­
factant solutions being linear in the low and high concen­
tration ranges and curvilinear in a small range between the 
two. The point of intersection of straight lines drawn 
through the points of the former ranges was taken as the 
cmc. As a means of checking the accuracy of this method, 
the surface tension plots were extrapolated to zero HAP 
concentration to obtain the surface tension of the solvent. 
Plots of these numbers against solvent composition were in 
good agreement with published values for DMSO-H2O so­
lutions.26’27

Dye absorption spectrophotometry was also used to de­
termine cmc’s of HAP in pure water and DMSO. Individual 
measurements of DMSO-HAP solutions containing rhoda- 
mine-B were made at 550 nm and individual measurements 
of H2O-HAP solutions were made at 610 nm using pinacy- 
anol chloride as the dye. The discontinuities in plots of ab­
sorbance of the dye vs. stoichiometric HAP concentration 
were taken as the cmc’s. Good plots were obtained in both 
DMSO and in water. It should be noted, however, that rela­
tively large organic additives such as dyes typically lower 
the cmc of surfactants in aqueous solution28’29 but insuffi­
cient data prohibit generalizations in nonpolar solvents.

The cmc data for HAP in DMSO-water obtained using 
XH NMR spectroscopy, surface tensiometry, and dye ab­
sorption spectrophotometry are compiled in Table IX. The 
agreement between the independently determined values is 
remarkably good considering the differences in these meth­
ods.29

Conclusion
It is apparent that the association behavior of HAP, and 

most probably longer chain alkylammonium carboxylates, 
is highly dependent upon solvent composition. The aggre­
gate structure, critical micelle concentration, aggregation 
number, and aggregate (micelle) association constant are 
all affected by solvent properties such as polarity and

structure. These interdependencies and the interactions in­
volved are essential for an understanding of the mecha­
nisms of catalysis of organic and inorganic reactions which 
occur in the presence of surfactants in mixed solvent sys­
tems. Consequently these factors for anionic and nonionic 
surfactants are currently being investigated in our labora­
tories.
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Hydrogen Bonding Interaction of Some Naturally 
Occurring Isomeric Juglones with Dioxane

S. B. Padhye* and B. A. Kulkarni

D e p a r t m e n t  o f  C h e m is t r y ,  U n iv e r s i t y  o f  P o o n a ,  P o o n a  4 1 1 0 0 7 ,  In d ia  

( R e c e i v e d  J u n e  2 7 ,  1 9 7 4 ;  R e v is e d  M a n u s c r i p t  R e c e i v e d  D e c e m b e r  5 ,  1 9 7 4 )

The hydrogen bonding interaction of isojuglones, viz. lawsone (I) and phthiocol (II), with dioxane in n-hex­
ane solution studied at 25° revealed the absence of chelated hydroxyl groups. Strong intramolecular hydro­
gen bonding was confirmed in juglone (III) and plumbagin (IV).

Absorption spectra of 1,4-naphthoquinone and its deriv­
atives have been reported earlier mainly for the identifica­
tion of a new pigment or for confirmation of the purity of 
the synthesized quinone.1-5 Solvent effect studies to eluci­
date the pecularities of the molecular structures of the hy­
droxy derivatives of 1,4-naphthoquinone such as juglones, 
which involve the possibility of both types of hydrogen 
bonding, viz. intra- and intermolecular, are, however, lack­
ing. The present communication describes such a study of 
the hydrogen bonding interaction of four naturally occur­
ring isomeric juglones, viz. lawsone (I), phthiocol (II), ju­
glone (III), and plumbagin (IV), with dioxane in an at- 
tempt'to examine the nature of hydrogen bonding in these 
compounds. This is in continuation of our work with PMR 
and near-infrared spectra of these compounds described 
recently.6-7

Schem e I

I,R = H ( Lawsone) !l I ,R= H (J uglone)
[qCH3( Phthiocol ) IV, R = CH3(Plumbagln)

Lawsone (I) and juglone (III) were products of Fluka
A.G., while phthiocol (II) was synthesized according to 
Fieser.8 The isolation and characterization of plumbagin
(IV) has been described elsewhere.9 All the juglones were 
carefully crystallized and dried prior to their use. The ab­
sorption spectra were obtained with a Beckman DK-2 spec­
trophotometer using matched 10 -mm quartz cells in a ther- 
mostated cell holder. All solvents were of spectroscopic 
grade (E. Merck, Darmstadt) and were tested to that effect.

It is well known that when a phenolic hydroxyl group is 
involved as a proton donor in the formation of a hydrogen 
bond, red shifts are observed for the rr —* 7r* transition due 
to the inductive effect.10 These red spectral shifts which 
can very advantageously be used for distinguishing the 
intra- vs. intermolecular hydrogen bonding11-13 form the 
basis of present communication. Thus, on comparing the 
uv spectra of I or II in an aprotic solvent (such as rc-hex- 
ane) with its spectra in a proton acceptor solvent (such as 
dioxane), appreciable red shifts are observed for the rr —>- 
7r* transition (i.e., 410 cm- 1  for I and 210 cm- 1  for II). It is 
clear from the pattern of the spectra shown in Figure 1, for 
the interaction between I and dioxane that a simple equi­
librium is occurring as judged from the clear isosbestic

points. The presence of intramolecular hydrogen bonding 
assumed in the parent compound for equilibrium A is ruled

Schem e I I

out on the grounds that it would show as a negligible red 
shift in the aprotic and proton acceptor solvent14 and 
would certainly tend to destroy the fine spectral structure 
observed for these compounds especially in the uv region.15 
Further, the absence of intramolecular hydrogen bonding 
in I and II has already been reported by us based on the 
PMR and near ir spectral evidence.6-7 Equilibrium B is, 
therefore, the only possible mode of interaction for these 
compounds with dioxane and explains the present experi­
mental data adequately. Plots of the log of the ratio of the 
concentration of hydrogen bonded to nonhydrogen bonded 
I (estimated from the absorbance at 246 and 248 nm) vs. 
log dioxane concentration were made as suggested by Scott 
and Lin.13 The slope of such plots also provided a clear in­
dication of 1:1 complex formation (V).

The values obtained for the equilibrium constant of this 
hydrogen bonding interaction (3.4 M~l at 25° for I and 1.9 
M_1 at 25° for II) by the calculation of Rose and Drago16 
are comparable with those obtained in case of phenols,17-18 
halophenols,13 thioamides,19 and naphthols20 undergoing 
similar equilibrium with dioxane.

The unavailability of the proton for intermolecular asso­
ciation with dioxane in III and IV as seen from the absence 
of the red spectral shifts clearly indicates the presence of a 
strong intramolecular hydrogen bonding in these com­
pounds and confirms our earlier conclusion in ruling out 
the possibility of equilibrium A for I and II.

Contrary to the earlier assumptions the present study 
has revealed the absence of chelated hydroxyl groups in I 
and II which may well be due to the unfavorable interatom­
ic distances and bond angles for the completion of a five-
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Figure 1. Uv absorption spectra of I at 25°: (a) solid curve, lawsone 
in n-hexane (5 X 10~5 A4); (b) broken curve, lawsone in dioxane (4 
X 10~5 A4); (c) dotted curves, lawsone in dioxane at intermediate 
concentrations.

membered chelated ring system. X-Ray crystallographic 
data provided in case of some halo derivatives of 1,4-

naphthoquinone by Schvoerer et al.21’22 strongly supports 
such a conclusion.
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Several substitu ted  phenylcyclooctatetraenes have been reduced to  their respective anion radicals in hex- 
am ethylphosphoram ide. The ESR spectra of the anion radicals confirm th a t the phenyl moiety is weakly 
electron withdrawing relative to the cyclooctatetraene ring system, and th a t electron-releasing groups on 
the phenyl group reduce this effect. The presence of the substitu ted  phenyl group removes the degeneracy 
of the two nonbonding molecular orbitals. The splitting of the nonbonding molecular orbitals is about 
—0.26 kcal/mol for the phenyl group bu t is +0.26 kcal/m ol for the 2,4,6-trim ethylphenyl substituent. From 
th is and the fact th a t there is a large line width reduction upon substitu tion  of the phenyl protons with 
deuterium s in the m ono-substituted phenylcyclooctatetraene systems, it is concluded th a t the dihedral 
angle between the phenyl ring and the cyclooctatetraene ring system is large bu t smaller than  90°. The ste- 
ric interaction between the m ethyl groups and the cyclooctatetraene ring forces th is dihedral angle much 
closer to 90° in the case of 2,4,6-trim ethylphenylcyclooctatetraene.

The electron spin resonance spectrum  of the phenylcy­
clooctatetraene anion radical is of considerable in terest 
since it should provide inform ation as to  the degree of con­
jugation between the two ring systems (one of which is aro­
matic and the other antiarom atic in the neutral state), the 
effect of the phenyl substituen t upon the molecular o rb it­
als of the cyclooctatetraene (COT) ring system, and the re l­
ative electron-withdrawing character of these two ring sys­
tems.

The anion radical of phenylcyclooctatetraene (I) was 
first generated in 1966 by Carrington and coworkers . 1  How­
ever, in tetrahydrofuran, even a t —1 0 0 °, they were able to 
observe only a poorly resolved ESR pattern , which they in ­
te rp reted  in term s of a quarte t and a qu in te t due to three 
and four equivalent protons on the COT rings, respectively. 
From  this it was concluded th a t the energies of the two 
nonbonding orbitals are not the same and th a t \pn- is 
slightly higher in energy than  ipn+.1 Thus the phenyl group 
is slightly electron withdrawing relative to the COT moiety. 
A t th a t tim e there was still no experim ental proof th a t the 
phenyl protons were not contributing to  the observed hy- 
perfine splitting.

The results of the reduction of phenyl-d 5 -cyclooctate- 
traene confirms all of the conclusions drawn by Carring­
to n . 2 Further, the reduction in line w idth in substituting 
phenylcyclooctatetraene for the deuterated compound in ­
dicates th a t the large line width observed by Carrington 
and coworkers was due to  unresolved splitting from the 
phenyl protons. The presence of the electron-attracting 
phenyl group splits the degeneracy of the two nonbonding 
orbitals as shown in Figure 1.

The splitting is negative, since it has been previously de­

fined th a t e is positive when ^n+ is of higher energy than 
i / 'n - -21’ For the case of phenyl-ds-cycloctatetraene, c was 
found to be about —0.26 kcal/mol.2b

To better understand the bonding and bond angle be­
tween these two ring systems and the effect of substitu ted  
phenyl groups upon the molecular orbitals of the COT ring 
system, we have synthesized and formed the anion radicals 
of several substitu ted  phenylcyclooctatetraenes.

R esults
The electrolytic reduction of p-tert-butylphenylcyclooct- 

atetraene (II) in hexam ethylphosphoram ide (HM PA) leads 
to  the formation of an anion radical solution yielding a 
poorly resolved ESR spectrum  (Figure 2) consisting of 13 
broad lines. The line width for the first hyperfine line is 1.0
G. Upon substitu tion  of the phenyl protons by deuterium s, 
the resolution of the ESR spectrum  increases considerably, 
and the line w idth reduces to 0.4 G, Figure 1. Both of these 
spectra can be accounted for as being due to  a quarte t of 
2.58 ±  0.02 G from three equivalent protons and a pen tet of
3.57 ±  0 . 0 2  G from four equivalent protons. The error of 
0.02 G reported here is taken from the deuterated  system 
and is much larger for the anion radical of II itself.

Describing the wave function for the odd electron in the 
COT moiety as a linear com bination of the two nonbonding 
molecular orbitals of COT, we obtain

+ = Cn—l/'n— + Cn+l/'n+ (1)

From the ESR coupling constants Cn _ 2  = 3.57/(3.57 + 
2.58) = 0.58 and thus +  = 0.76^n_ +  0.65i//n+. The differ­
ence in energy between i/n-  and \pn+ can now be obtained 
by the use of eq 2. 3 Solving this expression for t yields a 
value of —0.19 kcal/mol, Table I.

Cn _ 2  = e~t/kTl(l +  e~t/kT) (2 )

The reduction of p-m ethylphenylcyclooctatetraene (III) 
in an identical manner yields an ESR spectrum  consisting 
of eight broad lines (line width = 1.4 G). The resolution is 
greatly enhanced by perdeuterating the toluyl moiety. The
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Figure 1. The two nonbonding degenerate orbitals of planar COT and 
the splitting due to the presence of an electron-attracting group. X 
represents the substituent.

Figure 2. ESR spectra of the anion radicals of II (upper) and ll-c/4 
(lower) in HMPA.

ESR  spectrum  for toluyl-cL-cyclooctatetraene (III-cG) con­
sists of a quarte t due to three equivalent protons with a 
coupling constant of 3.04 ±  0 . 0 2  G and a pen te t due to  four 
equivalent protons with a coupling constant of 3.56 ±  0.03
G. The param eters calculated from these coupling con­
stan ts are given in Table I.

When solutions of biphenylcyclooctatetraene (IV) are re­
duced in the same way a reasonably well-resolved ESR 
spectrum  was obtained consisting of 1 2  esr lines (line width 
0.9 G) and coupling constants of 2.00 ±  0.06 and 4.00 ± 
0.06 G due to th ree  and four equivalent protons, respective­
ly. The line w idth for this system is still quite large, how­
ever, the difference between the two coupling constants is 
large enough so th a t the error due to the line w idth is m ini­
mized, Figure 3.

Reduced in th is same manner, p-dim ethylam inophenyl- 
cyclooctatetraene (V) gave an ESR signal consisting of 
eight broad lines due to  seven roughly equivalent protons 
with a coupling constant of 2.97 ±  0.27 G. A resolved spec­
trum  of th is com pound would probably yield a pen te t of 
quartets, b u t the large error in the coupling constants due 
to  the large line w idth of 1.1 G makes this impossible. A 
deuteration  study of this compound was not carried out 
due to  the fact th a t unresolved splitting from the nitrogen 
would still remain, and a more precise determ ination of the

TABLE I: V alues for C n-2, C n-2, e, and a for 
Substituted Phenylcyclooctatetraene Anion R adicals

Anion
rad ica l c j c j € o

I-rfV 0.61 0.39 -0.26 0

II -d4*- 0,58 0.42 -0 .19 - 0 . 2 0

m-d;-- 0.54 0.46 -0.09 -0.17
IV-- 0.67 0.33 ' -0.41 - 0 . 0 1

V 0.5 0.5 0 -0.60
vi 0.39 0.61 +0.26 -0.51

Figure 3. ESR spectrum of the anion radical of IV in HMPA.

coupling constants is not necessary for a consistent in te r­
pretation  of the results, Table I.

All of the undeuterated  substitu ted  phenylcyclooctate- 
traenes m entioned above yield ESR spectra w ith very large 
line widths. However, the reduction of 2,4,6-trimethyl- 
phenylcyclooctatetraene (VI) in the same m anner resulted 
in a solution exhibiting a well-resolved E SR  p a tte rn  with a 
relatively narrow line w idth of 0.45 G. This pa tte rn  is due 
to  a quarte t from three equivalent protons with a coupling 
constant of 3.78 ±  0 . 0 2  G and a pen te t due to four equiva­
len t protons with a coupling constant of 2.42 ±  0 . 0 2  G. 
N ote th a t for this anion radical the q u arte t splitting is larg­
er than  th a t for the pentet, in contrast to  the other com­
pounds.

The reversal in the ground sta te  from to \pn- for
2,4,6-trim ethylphenylcyclooctatetraene indicates th a t the 
trim ethylphenyl substituen t is slightly electron releasing 
relative to  the COT ring system. Thus for this system there 
is a lower spin density in the phenyl ring and consequently 
the unresolved coupling due to the phenyl protons is small 
and does not result in extensive line broadening.

D iscussion

All of the m ono-substituted phenylcyclooctatetraene 
anion radicals exhibit a hyperfine pattern  consisting of a 
qu in te t of quartets. This hyperfine pattern  is the  same for 
a particular anion radical whether or not the phenyl p ro ­
tons are replaced with deuterium s. D euteration of the ph e­
nyl group leads only to  line w idth reduction and th u s better 
resolution. This, coupled w ith the  fact th a t the pen tet 
splitting is larger than the quarte t splitting  m eaning th a t 
^n+ is of lower energy than  xpn- and e is less than zero, indi­
cates th a t the m ono-substituted phenyl group is acting as a
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weak electron-withdrawing substituen t relative to the COT 
ring system. However, it is expected th a t the electron-with- 
drawing ability of the phenyl moiety will decrease as the 
electron-releasing character of the substituen t increases. 
T his is clearly borne out by experim ent as evidenced by a 
H am m ett type plot of p of the substituen t vs. the differ­
ence in energy between \pn- and Figure 4. The negative 
slope of this plot indicates th a t \pn- is stabilized with re­
spect to  V-n+ as the ele.ctron-withdrawing ability  of the sub­
stitu ted  phenyl system is decreased, Figure 5. A plot of t vs. 
th e  <r value for the substituen t on substitu ted  cyclooctate- 
traene also yields a negative slope.2b T he m agnitude of the 
slope of the H am m ett p lot for the substitu ted  phenyl cy- 
cloctatetraenes (—0.9) is less than  th a t for the substitu ted  
cyclooctatetraenes (—2.5) because in the present work the 
effect of the substituen t upon the molecular orbitals of the 
COT moiety is dilu ted  through the phenyl ring system.

I t has been previously m entioned th a t the dihedral angle 
between the two rings in I--  is quite large.2b However, no 
quantitative estim ate of this dihedral angle exists. It is safe 
to assume th a t the dihedral angle for the m ono-substituted 
phenylcyclooctatetraene anion radicals is about the same 
as for I-_ . Regardless of this bond angle, electron-releasing 
groups in the para position of the phenylcyclooctatetraene 
anion radical decrease the spin density in the phenyl sys­
tem  and increase th a t in the COT moiety. Thus, off hand, 
it would be expected th a t the line width would decrease 
upon substitu tion  of a m ethyl group in the para position of 
I. However, the line w idth does not decrease, because the 
decreased spin density in the phenyl group is offset by the 
fact th a t the num ber of protons that can result in unre­
solved splitting is increased by two.

Similarly little change in the line width would be expect­
ed for substitu tion  of a methyl group in the ortho position 
of I, since the spin densities in the ortho and para positions 
are about the same. T hus w ithout a change in the dihedral 
angle, the anion radical of 2,4,6-trimethylphenylcycloocta- 
tetraene (VI) would be expected to  give an ESR spectrum  
consisting of broad lines. However, if the presence of the 
o-methyl groups results in an increase of the dihedral angle 
due to a steric interaction with the COT ring system, the 
spin density in the phenyl group would undergo a further 
decrease, and narrower line widths should be observed. E x­
perim entally the anion radical of VI yields a well-resolved 
ESR pattern  with relatively narrow lines. This indicates 
th a t the dihedral angle in the anion radical of I is large but 
smaller than 90°, while the steric interaction between the 
o-m ethyl groups of VI and the COT ring forces the d ihe­
dral angle closer to 90°. This increased dihedral angle fu r­
ther decreases the resonance between the two rings causing 
the substituted phenyl group to act as an electron-releasing 
substituent. Thus for this system i/-n-  is less stable than
'/'n+-

E xperim ental Section
X -band ESR spectra were recorded using a Varian E-3 

ESR spectrometer. All of the electrolytic reductions were 
carried out in hexam ethylphosphoram ide (HMPA) with 
tetra-n-butylam m onium  perchlorate added as an electro­
lyte. The HMPA was purified as previously described . 4

0

Figure 4. A plot of e vs. a of the sustituent on phenylcycloctate- 
traene. The vertical line represents the point of the W,N-dimethylami- 
no substituent. This point is subject to large error due to the fact that 
there is an unresolved splitting from the amino nitrogen, and the phe­
nyl group is not deuterated.

Figure 5. Graphical representation of the variation of e with the elec­
tron-donating ability of the substituent on phenylcyclooctatetraene.

All of the phenylcyclooctatetraenes were prepared by the 
general m ethod described below. This m ethod of p repara­
tion is essentially identical with th a t described by Cope5  

for the preparation of the paren t phenylcyclooctatetraene.
A dry 250-ml flask was equipped with a magnetic stirrer, 

a dropping funnel, and a reflux condenser. The entire sys­
tem  was then flushed with nitrogen and 1.4 g (0.2 mol) of 
lithium  was placed in the flask. A solution of 0.1 mol of the 
appropriately substitu ted  bromobenzene in 1 0 0  ml of dry 
ether was then added with stirring over a period of 1  hr. 
This m ixture was then refluxed for a period of 10 hr to en ­
sure com plete formation of the lithium  reagent. COT (0.11 
mol) was then added and the reflux condenser was replaced 
with a Vigreux column. The tem perature of the reaction 
m ixture was then raised to 90° over a period of 1 h>-. During 
this tim e the m ajority of the ether distilled out of the reac­
tion flask. The reaction flask was m aintained at this tem ­
perature for another 2  hr with rapid stirring of the slurry. 
After cooling in an ice bath, the ether was poured back into 
the reaction flask, and about 75 ml of water was slowly 
added. The ether layer was separated and combined with 
two ether extractions of the water layer. After drying with

The Journal of Physical Chemistry, Vol. 79. No. 9. 1975



932 Gerald R. Stevenson and Luis Echegoyen

magnesium  sulfate, “he ether was stripped off under re ­
duced pressure, and the rem aining oil was distilled under 
vacuum.

p-Methyiphenylcyclooctatetraene (III) was distilled 
through a short path  distillation head to  yield 5.8 g (29%) 
of III as an orange liquid, bp 90-92° (0.6 mm): PM R 
(CDCla) f> 7.01 (m, 4), 5.84 (m, 7), 2.23 (s, 3). The mass 
spectrum  shows a paren t and base peak a t 196 mass units.

p-M ethylphenyl-d--cyclooctatetraene (III-d 7 ) was p u ri­
fied in the same m anner giving the same yield and physical 
properties: PM R (CDC13) 5.84 (mb The m ass spectrum  
shows a base and paren t peak at 2 0 1  mass units.

j-tert-Butylphenylcyclooctatetraene (II) was distilled 
vhr ¡ugh a short p a th  distillation head to yield 5.2 g (22%) 
of IT as an orange liquid, bp 180-184 (0.3 mm): PM R 
(CDCI3 ) b 7.33 (m, 4), 5.86 (m, 7), 1.23 (s, 9). The mass 
spectrum  shows a paren t and base peak a t 236 mass units.
p-tert-Butylphenyl-d 4 -cyclooctatetraene (II-d4) was 

made in the sam e m anner and has the same physical prop­
erties: PM R  (CDCI3 ) 5.98 (m, 7), 1.30 (s, 9). The mass spec­
trum  shows a paren t and base peak a t 240 mass units.

Biphenylcyclooctatetraene (IV) was prepared in the 
same m anner and the crude product was distilled through a 
short path  distillation head and collected from 192 to  196° 
a t a pressure of 0.1 m:n. The yellow solid was recrystallized 
from m ethanol to yield light yellow leaflets (yield 16%) mp 
1 0 1 - 1 0 2 °: PM R  (CDCU & 7.63 (m, 9), 6.04 (m, 7). The 
m ass spectrum  shows a paren t and base peak a t 256 mass 
units. Anal. Calcd C 93.75; H, 6.25. Found C, 93.79; H, 
6.27.
p-Dimethylaminophenylcyclooctatetraene (V) was d is­

tilled in the same manner. The distillation product solidi­
fied rapidly and was recrystallized from m ethanol to yield 
orange leaflets (2 1 % yield) m p 90-91° (lit. 90-90.5°).5 PM R

(CDCI3) 8 7.26 (d, 4, J  = 8.8 Hz), 6.63 (d, 2 , J  = 8.8 Hz),
5.98 (m, 7), 2.93 (s, 6). The mass spectrum shows a parent 
and base peak at 223 mass units.

2,4,6-Trimethylphenylcyclooctatetraene (VI) upon dis­
tillation gave a yellow oil, which was collected from 90 to 
95° at 0.05 mm (6% yield). The NMR spectrum indicated 
that this oil contained an impurity of about 10% of 2,4,6- 
trimethylphenylcyclooctatriene (probably a mixture of iso­
mers). Attempts to separate the two components of the 
mixture by the formation of the silver complex of the triene 
(previously described by Cope)5 were unsuccessful proba­
bly due to the steric interaction from the o-methyl groups. 
Attempts to purify VI were abandoned, and the mixture 
was submitted to electrolytic reduction and ESR analysis. 
This was not too disappointing, since the reduction poten­
tial of COT6 is lower than that for cyclooctatriene,7 and the 
anion radical of COT is much more stable than that for cy­
clooctatriene. Thus the electrolytic .reduction of this mix­
ture should lead to the formation of Only one stable anion 
radical, that of VI: PMR of VI 5 (CDCI3) 6.89 (m, 2), 5.75 
(m, 7), 2.24 (m, 9).
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Techniques are described permitting ESR studies on continuously circulating suspensions of powdered 
zinc oxides in aqueous media with pH and ionic strength carefully controlled. Only suspensions prepared 
from indium-doped ZnO gave any ESR signal in the dark at room temperature and the observed singlet 
had -Vfii/2 ~  5.2 G and g = 1.9545. Incidence of uv light onto circulating suspensions of high-purity zinc- 
oxide yielded a new ESR singlet with g = 1.9558 and \H \/ 2 ~  4.1 G. Intensity vs. duration of illumination 
plots were obtained for these photogenerated signals by varying the residence time of particles in the uv 
light. These plots distinguish a “fast” component reaching its limiting concentration in 0.05 sec and a 
“slow” component leveling off in 40 sec. Data are presented on dependence of the intensity of the “fast” 
component upon electrolyte pH, showing a 50% increase in 7fp (1.96) as the pH changed from 10 to 7. This 
pH dependence and observed effects of other additives are compared with requirements of a model attri­
buting the ESR signal to unpaired conduction band electrons in the bulk of ZnO coexisting with unpaired 
electrons on partially ionized donors near the surface. Values of the paramagnetic centers detected were 
two orders of magnitude lower than reported electron densities in the conduction band of dry samples.

Introduction

Electron spin resonance signals in zinc oxide powders or 
single crystals under vacuum or various gases have been re­
cently reviewed.28 There is general agreement that samples 
prepared by prior heating under vacuum exhibit a single- 
line ESR signal, usually referred to as the g ~  1.96 singlet 
since the spectroscopic splitting factor has approximately 
that value. Some workers report partial resolution of two 
components with g ~  1.955 ±  0.002 and g ~  1.958 ± 0.002 
in favorable conditions.211’3 The significant measure of 
agreement on the g factor contrasts with a divergence of 
views on the paramagnetic centers responsible; some work- 
ers4~6 assign the singlet with g ~  1.96 to “conduction band" 
electrons, (ecb_); others3’7’8 identify one component of the 
signal with interstitial zinc centers, (Zn(+); and some3,8’9 
suggest that f+ centers (an electron trapped in an oxygen 
ion vacancy) are responsible for one component of the com­
plex signal at g ~  1.96. The third interpretation is not con­
vincing in the light of evidence presented10 that the ESR 
singlet signal of F+ centers in single crystals of ZnO has g j_ 
= 1.9968, g\\ = 1.9948 and hence should show £av ~  1.996, 
which would readily be distinguished from the complex sin­
glet at g ~  1.96. The literature does not however distin­
guish definitely between (Zn;+) and (ecb_) as possible con­
tributors to the singlet at g ~  1.96 and does not exclude the 
possibility that unpaired electrons exchange between envi­
ronments characteristic of each. Both such environments 
represent electron-excess regions and it was felt, in under­
taking the present study on aqueous suspensions of zinc ox­
ides, that detection and study of any ESR singlet with g ~
1.96 might provide valuable experimental information on 
the number and behavior of electron-excess paramagnetic 
centers present either in the bulk cf ZnO particles suspend­
ed in an electrolyte or at the surface of these ZnO particles. 
The latter possibility merits more serious consideration for 
ZnO than has yet been accorded it in the literature, since 
paramagnetic surface centers have been shown to make a 
major contribution to ESR signals observed in powdered

sam ples of rutile (TiOs) treated and studied in similar con­
ditions. 2a-n

E xperim ental Section

ESR Technique. Elementary considerations indicate 
high probability for dielectric loss from incident microwave 
energy via interaction with the strongly polar aqueous elec­
trolyte and via interaction with conduction band electrons 
of the semiconductor. It was imperative therefore that the 
ZnO-electrolyte suspensions be located within the cavity of 
an ESR spectrometer as a thin layer parallel to the micro- 
wave electric field. An all-quartz “aqueous solution flat 
cell” was utilized for this purpose in the present study. 
Thick suspensions (8 g/100 ml) could be circulated at con­
stant density through the flat region (0.3 mm thick X 5 mm 
wide X 20 mm long) of this cell, or could be held static 
therein. All the ESR studies here reported were made at 
room temperature with the flat cell located in the multi­
purpose rectangular cavity (TE102 mode) of a Decca XI 
ESR spectrometer operating in the simple homodyne de­
tection mode. Facilities available on this instrument for 
monitoring the “Q value” of the loaded or unloaded cavity 
showed that aqueous suspensions containing particles of 
semiconducting zinc oxide did not reduce the Q value, and 
hence the spectrometer sensitivity, significantly below that 
recorded with aqueous solutions in the flat cell.

The ESR spectrometer, as normally operated, recorded 
the first derivative of the ESR signals. Dilute solutions of 
MnCF were utilized to calibrate the instrument sensitivity 
for paramagnetic species in the aqueous phase within the 
flat cell. The limit for detection of the sextet of lines from 
Mn2+ transitions corresponded to spectrometer sensitivity 
adequate only for detecting ca. 7 X 1012 spins in the flat cell 
in conditions of present experiments. The g values of sig­
nals detected in the flat cell were carefully checked and cal­
ibrated against a powdered reference of DPPH or of man­
ganese-doped MgO attached to the outside of the aqueous 
solution flat cell. In the "fixed frequency" mode of opera­
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tion of the Decca spectrometer g factors could be measured 
and reproduced to ±0.0005. Operation in “cavity lock” 
mode was often more convenient, however, and in such 
cases Klystron frequencies were read on a Hewlett-Packard 
frequency counter, again allowing absolute determination 
of g factors to ±0.0005. Within a sequence of measure­
ments on a suspension, changes of Ag = ±0.0003 could 
readily be observed as shifts in position of the center of the 
ESR singlet relative to the fourth and fifth member of a 
sextet of lines originating from Mn2+ in the reference.

Materials. Three types of powdered zinc oxide were uti­
lized for this study very high purity oxide, termed ZnO- 
SP500, supplied by New Jersey Zinc Co., with reported12 
carrier density of 3 X 1016 g_1 at room temperature,1 mea­
sured surface area cf 4 m2 g_1 and particle sizes 0.2-2 gm; 
type SP500 later doped with indium to increase carrier 
density to 1.8 X 10-8 g-1, termed ZnO-In, with measured 
surface area <0.1 m2 g_1 and particle sizes 5-10 fim; high 
purity ZnO later doped with lithium, termed ZnO-Li with 
carrier density 10 14 g- 1  and surface area of 1.0 m2 g_1.

Utilizing equipment shown diagrammatically in Figure 1, 
strenuous efforts were made to prepare suspensions from 
these materials in reproducible conditions which excluded 
oxygen, CO2, or other impurities. In step 1 , a sample of the 
powdered zinc oxide was first heated for 3 hr at 400 ± 5° in 
a stream of preheated highly purified nitrogen or argon, in 
order to remove adsorbed O2, H20 , or CO2. Such thermally 
outgassed samples were cooled to 20° in the flow of puri­
fied gas prior to the next step. In step 2 the aqueous phase 
to be used for the suspension was refluxed in a stream of 
purified gas and cooled to 20° over 30 min during which it 
was continuously flushed by N2. In step 3 the deoxygenated 
and decarboxylated solid and aqueous phases were mixed 
in the reaction vessel shown in Figure 1, where they were 
magnetically stirred for at east 30 min prior to ESR mea­
surement. The pH of the suspension was continuously 
monitored and maintained at a preselected value through 
automatic addition of deoxygenated NaOH or HCIO4 into 
the mixing chamber. Except where otherwise noted, all 
chemicals were AR quality and only water purified by dis­
tillation from alkaline KMNO4 and again distilled was 
used. In most experiments NaCKTt present at 10~2 M was 
used to maintain constant ionic strength in the suspen­
sions. For purposes of comparison a few measurements 
were made on suspensions prepared from untreated ZnO 
(i.e., not outgassed).

Circulation and Illumination. Use of a peristaltic pump 
to continuously recirculate the suspensions from the mix­
ing chamber out through the ESR flat cell and back was 
found to offer several advantages over a previously re­
ported technique for ESR measurement on static suspen­
sions.13 These advantages included: (a) the maintenance of 
a uniform suspension in the sensitive area of the ESR flat 
cell, as opposed to slow settling of suspension in static sys­
tems; (b) better probability that the “sample” present in 
the sensitive volume at a given instant is representative of 
the total suspension volume of known pH, because of the 
rapid mixing; (c) the ease with which “residence time” of 
sample in the ESR flat cell could be varied simply by vary­
ing the pumping rate of the peristaltic pump. This latter 
facility was particularly important for studies made under 
illumination by light from a 150-W medium-pressure Hg 
lamp or a 200-W xenon-arc lamp. In some experiments 
Zeiss narrow band-pass filters were used to pass to the sus­
pension emission centered on only one line of the Hg-emis-

Figure 1. Schematic representation of equipment for observing ESR 
signals in circulating aqueous suspensions at fixed pH and ionic 
strength: S, suspension in glass mixing vessel; L, circulating loop; F, 
aqueous flat cell in ESR cavity; N2, ZnO, and ADD, ports for intro­
ducing N2, ZnO, and additives without exposure to air; A and E, pH 
electrode and meter; B, automatic titrator; C, autoburet; D, recorder.

sion spectrum at 365, 405, 435 or 546 nm. In other illumina­
tions a 2-cm cell filled with appropriate aqueous solution 
was used to filter out undesireable infrared radiation. Test 
runs with any of these illuminations incident on the flat 
cell with aqueous electrolyte, but no zinc oxide, flowing 
through it, showed no ESR signals were generated in the 
flat cell or in the aqueous media.

Results
A. Nonilluminated Suspensions. The ESR signal illus­

trated in Figure 2a curve 1 was readily detected with a 
measured g factor of 1.9545 for any rigorously deoxygenat­
ed suspension of ZnO-In circulating continuously through 
the flat cell. A half-width AH1/2 of 5.2 ± 0.4 G was associ­
ated with this signal at the lowest microwave power (60 
mW) and modulation depth (2.3 G) which yielded measur­
able signals in these experiments. Comparison of the inte­
grated area under this signal with integrated area under 
the Mn2+ sextet, measured with similar instrumental set­
tings on 10 -5  M solutions of MnCl2 in the same flat cell, in­
dicated that the signal in curve 1 of Figure 2a originated 
from 5.5 ± 1.5 X 1015 paramagnetic centers per gram of 
ZnO-In particles. Additional comparisons run against ex­
ternal reference samples (DPPH dispersed in KC1) at­
tached to the back of the flat cell and measured simulta­
neously with the singlet at g ~  1.96 were in agreement with 
this concentration value. No signal similar to that in Figure 
2a(l) was detected in nonilluminated suspensions identi­
cally prepared from either ZnO-SP500 or from ZnO-Li and 
studied under conditions identical with those used for 
ZnO-In. It may be estimated from the above calibration 
and from the observed signal-to-noise ratio that no para­
magnetic centers capable of yielding ESR signal with g ~
1.96 could therefore have been present at concentrations 
>5 X 1014 g“ 1 in suspensions of either ZnO-SP500 or ZnO- 
Li.

Influence of Electrolyte Composition on Signal Intensi­
ty from ZnO-In. Addition of NaClOi to an aqueous phase 
at 10-2 M to establish ionic strength control had no appre­
ciable effect on /¿ (l.96), the intensity of the ESR signal ob­
served from ZnO-In suspensions in the dark. After addi­
tion of 10~2 M NaC104 to maintain constant ionic strength, 
then the effect of electrolyte pH upon /a(1.96) was tested 
by varying pH between 7 and 10.5, through small additions 
of aqueous NaOH or H C IO 4. Results indicating negligible 
influence of pH on /a(1.96) in ZnO-In are illustrated in 
Figure 3a. It was also observed that addition of ethanol to 
the suspension, even up to 50% composition by volume, had 
no detectable effect on the signal intensity, thus indicating
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Figure 2. ESR singlet from zinc oxide suspensions shown together 
with two reference signals from Mn+ reference, (i) Signal from aque­
ous suspension of ZnO-in (ZnO-ln outgassed in N2 at 380°) in the 
dark; (ii) under illumination; (iii) and (iv) the fast and slow signal from 
uv illuminated suspension of ZnO-SP500 (outgassed in N2 at 380°); 
(v) as in (iii) but with zinc dust or formate added.

7 > 9 ID
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Figure 3. Intensity of ESR singlets with g ~ 1.96 from aqueous sus­
pension of various zinc oxides, as a function of electrolyte pH: (a) 
data illustrating lack of pH dependence for ld (1.96) from ZnO-ln 
suspensions in the dark; (b) pH dependence of /fp (1.96) for fast pho­
togenerated component in ZnO-SP500. (c) pH dependence of /sp
(1.96) for slow photogenerated component in ZnO-SP500.

that 7a( 1.96) was not unduly sensitive to the dielectric con­
stant of the liquid phase.

B. Uv Illuminated Suspensions of Zinc Oxides. Wave­
length Dependence. Rigorously deoxygenated suspensions 
of ZnO-SP500, which had not shown any measurable ESR 
signal in the dark, immediately developed a readily mea­
surable singlet with g ~  1.96 under uv illumination. Tests 
with Zeiss narrow band-pass filters indicated that only 
light inside the bandedge of ZnO at 390 nm was effective, 
since the Hg emission 350-380 nm centered on the line at 
365 nm caused the signal to appear, whereas use of narrow 
band filters passing mercury lamp emissions at 404, 444, 
and 546 nm showed that those wavelengths were ineffective 
in producing the signal. The measured g value of the pho- 
toproduced signal was 1.9558 in all suspensions prepared 
from thermally outgassed samples of ZnO-SP500.

ZnO-ln. When uv light became incident on a circulating 
suspension the intensity of the signal with g ~  1.96 in­
creased from that noted in the same suspension prior to il­
lumination. This increase in signal intensity was not, for 
ZnO-ln suspensions, accompanied by any shift of the cen­
tral point of the signal. Thus the g factor of both the dark 
and photoinduced components of the ESR singlet observed 
in illuminated suspensions had g = 1.9545, which differs by 
more than experimental error from the g = 1.9558 observed 
for illuminated suspensions of ZnO-SP500.

ZnO-Li. No signal was produced in aqueous suspensions 
of ZnO-Li prepared and illuminated under conditions 
identical with those used for ZnO-SP500.

Dependence of Signal Intensity and g Value on Resi­
dence Time. Residence time of individual zinc oxide parti­
cles in the flat cell coincided with the time interval for 
which the particle experienced uv illumination. Decreasing 
the pumping rate of the peristaltic pump from its maxi­
mum value therefore effectively increased the average 
number of photons absorbed by suspended ZnO particles 
during their passage through the cell. Figure 4 illustrates 
how the intensity of the singlet with g ~  1.96 increased 
with increasing residence time, and hence with increasing 
number of photons absorbed per particle. The data indi­
cate that two components contribute to growth of the ESR 
signal with g ~  1.96 under uv illumination: a fast compo­
nent which rapidly approaches a limiting value IfP (1.96) at 
0.05-0.1-sec residence times (cf. Figure 4a); and a slow 
component which only makes appreciable additional con­
tribution to the total intensity at g ~  1.96 when average 
residence time exceeded ca. 10 sec. A decrease in rate of 
growth of this slow component, 7sp (1.96), is apparent in 
Figure 4b at residence times 20-40 sec. In addition to pro­
viding good evidence for fast and slow components, the 
data in Figure 4 show that observations made with resi­
dence times 0.03-0.1 sec should mainly yield information 
(initially at least) on properties of the fast component, 
whereas observations made at residence times 40-50 sec 
should be further influenced by sizeable contribution made 
by the slow component. Such measurements showed no 
shift of the center point of the photoinduced ESR signal 
between fast and slow components, provided that the ZnO- 
SP500 suspensions were prepared from thermally out­
gassed ZnO-SP500. A g value greater by Ag = +0.001 than 
for the fast component measured on the same suspension 
was observed for the slow component photogenerated in 
suspensions prepared from untreated ZnO-SP500.

p H  Dependence of I f P  ( 1 . 9 6 ) .  Results showing how the 
measured intensity of the fast component in ZnO-SP500 
suspensions varied with the pH of the supporting electro­
lyte are shown in curve b of Figure 3. The series of points 
shown were taken on a single suspension of (ZnO-SP500) 
with fixed residence time of 0.033 sec and indicate ca. 50% 
increase in / fp (1.96) from pH 10 to pH 7.5. Similar data 
were obtained with other suspensions and the mean value 
of (Ii.96 at pH 7)/( / i .96 at pH 10) was 1.5 for three suspen­
sions prepared from ZnO-SP5GO.

pH Dependence of / sp ( 1 . 9 6 ) .  From a set of residence 
time vs. 11.96 plots similar to Figure 4 but recorded at vari­
ous preset pH values it was possible to compare I^ge values 
at any chosen residence time but for different pH values. 
Curve c of Figure 3 illustrates the apparent pH dependent 
of 7i.96 for residence time of 40 sec, i.e., corresponding to 
the inflection of the slow component. This pH dependence 
of Isp (1.96) is very similar to that for / fp (1.96) (cf. curves b
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Figure 4. Variation of the intensity of the photogenerated ESR singlet 
in suspensions of ZnO-SP500 with “residence time” of particles in 
uv illumination: (a) fast component l,p (1.96); (b) slow component /sp
(1.96).

and c in Figure 3). Further evidence for similar pH depen­
dences of the fast and slow components was provided by 
the constancy of the ratio 7sp (1.96)//fp (1.96) = 1.6 ± 0.1 
for various pH values, irrespective of the residence time 
chosen for comparison.

Influence of Electrolyte Composition on Photoinduced 
1 1  g 6 . Tests with suspensions of ZnO-SP500 in aqueous 
phases maintained at different ionic strength by concentra­
tions of NaC104 in the range 10~4 to 10- 1  M showed that 
this material did not affect the magnitude of / fp (1.96) or 
/ sp (1.96). Use of 10~2 M NaC104 was therefore standard 
practice in maintaining constant ionic strength in the pres­
ent study and data usually refer to this condition. The ob­
servation of /fp (1.96) at similar magnitude in illuminated 
suspensions of ZnO-SPSOO in 10-2  M KCIO4 or 10 -2 M 
NaClOf indicated, however, that the identity of the alkali- 
metal cation did not significantly affect the ESR signal in­
tensity.

Anionic Additives. The mixing chamber of the circulat­
ing system (see Figure 1) facilitated studies of the influence 
of various water-soluble additives upon 7fp (1.96) in condi­
tions of constant pH, approximately constant ionic 
strength, and constant residence time. Figure 5 illustrates 
how progressive additions of halide ions affected 7fp (1.96), 
with 1“ and Br-  reducing signal intensity appreciably but 
with Cl-  having no significant effect at any pH. The mag­
nitude of the inhibitory effect of I-  and Br-  upon the mag­
nitude of 7fp (1.96) varied with pH and Figure 6 illustrates 
the pH dependence of the inhibitory effect for 6 X 10-3 A/
I-  or for 0.15 M  Br- .

Oxidizable Additives. The recent literature on ZnO- 
electrolyte interfaces assigns an important role to holes 
photoproduced in ZnO via their interaction with oxidizable 
species such as formate ion or alcohols present in the elec­
trolyte.14 The effects of alcohols and formate ion were 
therefore examined and Figure 7a illustrates progressive 
increases in 7fp (1.961 at increasing concentrations of etha­
nol. Figure 7b illustrates that very much lower concentra­
tions of formate (ca. 5 X  10-3 M ) sufficed to achieve en-

Figure 5. Effect of increasing concentrations of halide ion additives 
on /fp (1.96) for uv illuminated suspensions of ZnO-SP500 at con­
stant pH.
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Figure 6. pH dependence of the magnitude of fast photogenerated 
signal intensity observed in the presence of inhibiting additives I-  and 
Br~: • , signal intensity (arbitrary units) observed at various pH in the 
presence of 6 X 10-3 M I- ; O, intensities at various pH in the pres­
ence of 0.15 MBr- .

hancements similar to that produced by 0.2 M  ethanol. 
These increases confirm the sensitivity of 7fp (1.96) toward 
the availability of hole-trapping species at the ZnO-elec- 
trolyte interface. The introduction of NO3-  into illumi­
nated suspensions also produced increases in 7fp (1.96) but 
experiments with narrow band-pass filters suggested that 
direct light absorption by nitrate to produce electronically 
excited NO3- * was necessary and that ground state NO3-  
did not interact.

Reducible Additives. The effect of reoxygenation upon 
7fp (1.96) in previously deoxygenated suspensions of ZnO- 
SPSOO was examined, in view of literature reports that O2 
localizes electrons at the illuminated interface and thereby 
undergoes photoassisted reduction to H 2O2.15'16 The aver­
age value of the ratio of 7fp (1.96) in oxygenated suspension 
to 7fp (1.96) measured on the same suspension prior to 
reoxygenation was 0.8 ± 0.1. This relatively small reduc­
tion, effected by the saturation concentration of 10-3 M 
oxygen, contrasted with the reduction of / fp (1.96) by 50% 
in the presence of 10-3 M of another reducible additive 
viz., p-nitrosodimethylaniline, PNDA (cf. Figure 8 and 
note that these experiments were made with an external 
filter of PNDAaq to reduce possible inner filter effects). 
This latter molecule has also been shown to undergo photo- 
assisted reduction at the ZnO-electrolyte interface.13 Fig­
ure 8 presents data on the progressive decreases in /fp
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Figure 7. (a) Effect of increasing concentration of ethanol as an 
oxidizable additive upon /fp (1.96) for uv illuminated aqueous suspen­
sions of ZnO-SP500. (b) Increase in /fp (1.96) achieved with additions 
of HC02-.

Figure 8. Effects of increasing concentration of PNDA as a reducible 
additive upon /fp (1.96) for uv illuminated aqueous suspensions of 
ZnO-SP500: (a) data at pH 8; (b) data at pH 10; (c) Stern-Volmer 
plot of data as per eq 1.

(1.96) effected by increasing concentration of PNDA. Fig­
ure 8c shows that “quenching” of 7fp (1.96) by added 
PNDA obeys a Stern-Volmer type relationship of the form 
expected if PNDAaq enters into competition with the pro­
cess producing paramagnetic species, viz.

( 4 .9e)o/tfi.9e)c =  1 + *,{PNDA}Ap (1)
In this expression / o and Ic refer to signal intensities for 
jPNDA) = 0 or C respectively; kq and kp refer respectively 
to rate constants for quenching and for I(i.ge) production.

Test of Possible Involvement of Surface States. The 
demonstrated sensitivity of ESR signal intensity on pH 
and on the presence of various additives pointed to location 
of the photogenerated paramagnetic centers (or their pre­
cursors) close to the ZnO-electrolyte interface. Earlier ca­
pacitance studies of this interface in the dark1 ' were inter­
preted as indicating very low concentrations of surface 
states (109/cm2). Consequently identification of the para­
magnetic centers as surface states could be consistent with

our failure to detect unpaired spins at levels > 10 10/cm2 in 
the dark from suspensions of ZnO-SP500. Our detection of 
a measurable ESR signal at levels ~5 X 1012/cm2 from sus­
pensions of ZnO-In in the dark were not necessarily in­
consistent with assignment of the ESR signal to surface 
states, since recent studies18 indicate that addition of alter- 
valent ions to metal oxides, including zinc oxide, greatly 
modify the number and type of catalytically active surface 
sites. Fortunately it was possible experimentally to test the 
involvement of such surface states in the ESR signal ob­
served from suspensions of ZnO-In in the absence of uv il­
lumination. Reports by various workers that surface states 
on zinc oxide crystals correspond to energy levels situated 
at depths between 2.0 and 0.3 eV beneath the conduction 
band,19,20 and that transitions of electrons into or out of 
these levels could be promoted by visible or ir radiation, 
provided the basis for an experimental test. It was expected 
on the basis of these reports that changes in the number of 
electrons trapped at such surface states would result from 
incidence of visible and ir radiation on a circulating sus­
pension of ZnO-In. The output of a 450-W xenon-arc lamp 
focussed by a quartz lens was filtered by a glass filter which 
removed all photons of wavelength <600 nm. Lamp output 
thus filtered contained photons of energies 2.0-0.3 eV and 
was allowed to fall on the circulating suspension of ZnO- 
In-H20 . No change in ESR signal intensity7 was noted and 
the negative result of this experiment is interpreted as 
strong evidence against the involvement of surface states at 
depths 2-0.3 eV below the conduction band in producing 
the signal with g ~  1.96 in ZnO-In.

Influence of Surface Nonstoichiometry and Hydroxyl­
ation upon Dark and Photogenerated Signals. Increases in 
the degree of metal-excess nonstoichiometry of ZnO, and in 
the conductivity, have been reported to result from heating 
ZnO samples in zinc vapor, in vacuo or in reducing atmos­
pheres.2a-3-21 Attempts were therefore made in the present 
work to simulate this increase in nonstoichiometry for ZnO 
particles suspended in aqueous solution and to observe any 
influence of nonstoichiometry upon intensity of dark or 
photoinduced ESR signal with g ~  1.96. Addition of zinc 
dust to aqueous suspensions of ZnO-SP500 did yield an 
ESR signal in the dark (cf. Figure 2b(V)), in contrast to 
lack of any observable signal from suspensions containing 
either the ZnO-SP500 or the zinc dust. The signal from the 
mixed (ZnO-SP500 plus zinc) suspension was much broad­
er (AHi/2 = 16 ± 4 G) than any other ESR signal observed 
in the present study. It also had a different g  factor of 1.958 
± 0.001, making it appear that zinc and ZnO particles pres­
ent simultaneously in the suspension generated paramag­
netic centers in which the unpaired electron experienced a 
significantly different environment from that of the un­
paired electrons detected in indium-doped zinc oxide in the 
dark (g = 1.9545 ± 0.0005; AHi/2 = 5.2 ±  0.4 G). Signal in­
tensity from Zn-SP500 plus zinc suspensions in the dark 
were greatest immediately after addition of zinc dust and 
decayed with f i/2 ca. 20 min for mixtures initially equimo­
lar in ZnO and zinc. When illuminat ion became incident on 
such suspension in which the signal at 1.958 had decayed to 
low values, a photoinduced ESR signal was observed hav­
ing g = 1.9558, as normally observed for photoinduced sig­
nals in ZnO-SP500.

Varying the extent of nonstoichiometrv of the ZnO sur­
face was also expected to result when the gaseous atmo­
sphere around ZnO was varied during thermal outgassing 
at 400° (prior to introduction into the aqueous phase).
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However no significant variation from the g factor of 
1.9558 for photogenerated signals was detected when sam­
ples of ZnO-SP500 were (i) preoxidized in O2; (ii) preheat­
ed in N2, which is reported not to reduce ZnO; or (iii) pre­
heated in argon, which was expected to result in loss of oxy­
gen from the surface. A slight shift of the g factor to 1.9565 
was noted above for the slow photogenerated component 
(but not the fast component) in suspensions prepared using 
ZnO-SP500 taken directly from the tin and not outgassed 
prior to use. This is thought to be associated with surface 
carbonation of untreated oxide, rather than with variations 
in nonstoichiometry.

The influence of surface hydroxylation upon intensity of 
the photogenerated signal was examined by first establish­
ing an ESR signal with g = 1.9558 in an illuminated circu­
lating suspension of ZnO-SP500 and then adding NaOH 
and Zn(C10 .i)2 to the mixing chamber. It seemed probable 
that resultant zinc hydroxide would adhere to the interface 
between electrolyte and the ZnO-SP500 particles. These 
experiments did not, however, produce any significant 
change in the intensity of the photogenerated ESR signal, 
thereby suggesting that the depth of hydroxylation of the 
Zn0 -H 20 interface was not a rate-limiting factor in pro­
duction of the photogenerated ESR signal.

Discussion
In view of the negative result of our experimental test for 

involvement of surface states in the ESR signal with g ~  
1.9545 in ZnO-In suspensions, this discussion does not fur­
ther consider possible roles of paramagnetic surface states. 
Emphasis is concentrated instead on demonstrating that a 
reasonable and self-consistent explanation of the observed 
results can be given by assigning ESR signals with g ~  1.96 
to unpaired electrons in the conduction band of ZnO coex­
isting with partially ionized donors. The background for 
choice of this model was that extensive literature support 
existed for the involvement of unpaired electrons in the 
ZnO conduction band with ESR signals at g ~  1.96,4~6 and 
that many workers did not exclude some (usually unspeci­
fied) involvement of Zn+ donor sites.2®’3'8

Figure 9 summarises published band-theory descrip­
tions22 of electronic energy levels available in pure or in­
dium-doped ZnO. In nominally pure ZnO-SP500 excess 
zinc provides the donor centers, each of which contains an 
unpaired electron while in the partially ionized Zn;+ state. 
Partially ionized donors, In2+, should be paramagnetic cen­
ters in ZnO-In. The literature indicates that donor levels 
associated with those partially ionized In2+ or Zn+ donors 
lie only 0.01 and 0.03 eV, respectively, beneath the ZnO 
conduction band in the “flat band” condition.22 Coexis­
tence of the two types of paramagnetic center represented 
respectively by unpaired electrons in the conduction band 
or by partially ionized donors is thus guaranteed at room 
temperature in the “flat band” condition. Our observations 
of slight, but significant differences between the g values of 
the ESR signals observed from suspensions of pure and in­
dium-doped ZnO could result in two ways from the situa­
tions depicted in Figure 9: either as a time-averaged single 
ESR signal caused by very rapid exchange of unpaired elec­
trons between the environments of the conduction band 
and partially ionized donors, or as a composite of two sepa­
rate but overlapping ESR singlets originating respectively 
from unpaired electrons in the conduction band or from 
unpaired electrons at partially ionized donors. A slow rate 
of exchange between the two possible environments of the

(a) (b)

Figure 9. Schematic representation of energy levels in zinc oxides 
bearing excess positive surface charge arising either from proton 
adsorption or oriented water dipoles: (a) energy levels for indium- 
doped zinc oxide; (b) energy levels and photoassisted processes in 
pure ZnO-SP500.

unpaired electron is not excluded by the latter model, 
which requires only that such exchange be slow relative to 
the ESR transition in order to yield two separate signals. 
Either description could be consistent with the slight but 
significant differences here noted between g factors from 
suspensions of pure ZnO-SP500 (g = 1.9558) or from ZnO- 
In {g = 1.9545). The following paragraphs show that kinet­
ics of photogenerated growth of the former signal (cf. Fig­
ure 4) are consistent with exchange of photogenerated elec­
trons between conduction band and donors within the bulk 
of ZnO, prior to their ultimate removal by recombination 
with holes irreversibly trapped adjacent to the Zn0 -H 20 
interface. A kinetic analysis of this model can be based on 
the following equations

Z n O  + hv —*• e" + h* r a t e  =  7/3 (2)

h* +  Z n O H , — -  Hs O  -  Z n 3* r a t e  =  fe3p* (3)

H jO -Z n *  +  e"  — *■ Z n O R , r a t e  =  fc4M * [Z n * -O H ,1

(4)

Here ZnOHs represents hydroxyls adjacent to the ZnO- 
HoO interface; e~ and h+ are photogenerated electrons and 
holes with densities n* and p* respectively in the conduc­
tion band or valence band of ZnO; k3, and k4 are rate 
constants for the equations as written; I  is the radiation in­
tensity and Zns+-OHs denotes a paramagnetic Zn+-type 
species formed at the interface by fast trapping of photo­
generated holes. In this model no attempt is made to dis­
tinguish the fast electron exchange limiting case from the 
slow electron exchange limiting case and it is assumed that 
unpaired electrons prior to recombination contribute to n* 
whether in the conduction band or temporarily trapped on 
bulk donors. It is considered however that both n* and 
[Zn+-OH] contribute to the net concentration, [R], of radi­
cal-type centers. Growth of [R] was followed experimental­
ly as growth of the observed composite ESR signal intensi­
ty, 7fp (1.96) and relationship (5) should apply. Assuming 
processes (2) and (3) are fast but (4) is slow, then the

d/f„*(1.96) d[R]_ = d«* d [Z n /-O H j ,
A t A t A t A t K 1

steady-state approximation may be applied to the hole con­
centration, leading to

P *  =  & / * 3  (6)
The net rate of growth of photogenerated electrons may 
then be written as

An*/At =  0 / -  fe.1H*[Zns*—OHg] (7)
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Expression 7 is also true for net rate of growth of [Zns+-  
0H S] and substitution of these equalities into (5) results in

= M M  = 2/3I  -  2jfe4M+[Zn3+-OHs] (8) 
d t d t H 4 *

Requirements of charge balance between photogenerated 
electron-excess and electron-deficient species may be ex­
pressed as

|Zns+-O H j =‘n* -  p* (9)

Substitution of (9) and (6) into (8) leads to the quadratic 
expression

typ^1-96!  =  2/37 + ^  ¡Un* -  2ktn*2 (10) 
d t «3

Equation 10 upon appropriate integration yields an equa­
tion of form

[R] = (n* + [Z V -O H J ) = M tanh (t*C) (11)
where

and t* is the duration of illumination. Equation 11 requires 
that, if the experimentally measured values of ESR signal 
intensity 7fp (1.96) is proportional to [R] and the residence 
time of particles in the ESR cavity is proportional to t*, 
then a constant M should exist such that signal intensity 
increases linearly with tanh (t*M). Figure 10 illustrates 
that data such as those in Figure 4 on growth of ESR signal 
intensity with residence time could be well represented in 
this manner, with arbitrarily chosen values of M.

A more detailed consideration is given elsewhere23 of the 
relationship between the experimentally observed ESR sig­
nal intensity and growth in the number of paramagnetic 
centers in individual ZnO particles in their “transit time” 
across the flat cell in the ESR cavity. These considerations 
show that, for the conditions of our experiments, growth of 
paramagnetic centers in individual particles according to 
eq 1 1  should result in similar rate expression for growth of 
the composite ESR signal.

The “slow exchange” model for the photogenerated ESR 
signal thus appears to be both physically reasonable and 
fully consistent with the kinetic requirements of appropri­
ate kinetic equations. No other model was found which sat­
isfied both these criteria; thus models based on growth of 
paramagnetic centers in illuminated particles according to 
Elovich, zero-order or second-order rate expression did not 
reproduce the experimentally observed kinetics of signal 
growth; whereas models based on growth of signal intensity 
within illuminated particles according to first-order expres­
sion could reproduce the observed signal growth but did 
not appear physically reasonable. The chief difficulty for 
first-order models was in assigning physical significance to 
the limiting value [R]max to which a number of paramag­
netic centers would approach as transit time though the il­
luminated cavity increased (e.g., surface states were ex­
cluded from consideration by the negative results of our ex­
periments with suspensions exposed to visible and ir illu­
mination).

Our identification of the ESR signal with conduction 
band electrons coexisting with partially ionized donors and 
our explanation of growth in signal intensity as arising 
from photogeneration of electrons and holes appear fully

Figure 10. Plots illustrating good agreement between kinetic expres­
sion II (see text) and experimentally determined ESR signal intensity 
/fp (1.96) measured tor different transit times t"  for particles of ZnO- 
SP500 through the uv illuminated region of the flat cell: (a) Points, ®, 
on upper line were determined for different transit times in suspen­
sions with pH fixed at 8.5. The line corresponds to expression II with 
C arbitrarily set to 42; (b) same as a except that the pH was 9.5 and 
choice of C = 32 gave best fit of line to experimental values, O.

consistent with literature reports on photoconductivity in 
zinc oxide.22 This has been attributed to photogenerated 
increases in concentration of conduction band electrons 
and has been reported as exhibiting a fast component ap­
proaching saturation in ca. 0.1 sec and attributed to purely 
electronic processes. A slow component of photoconductivi­
ty has been reported for illuminated ZnO crystals just as a 
slow ESR component has here been detected from the illu­
minated suspensions. Difficulties associated with “settling” 
of the suspension in the flat cell at long illumination times 
prevent meaningful kinetic analysis of growth of this slow 
component of the ESR signal but most other ESR results 
presented in this paper can be satisfactorily accounted for 
in terms of the coexistence of conduction band electrons 
and donors, provided that due account is taken of charac­
teristics of the ZnO-electrolyte interface. The necessity of 
taking these characteristics into account is demonstrated 
by the discrepancy of 102- 103 between number of unpaired 
electrons here measured for well-outgassed particles in 
aqueous suspension (5 X 1016 and <5 X 1014 g-1 for ZnO-In 
and ZnO-SP 500, respectively) and reported electron densi­
ties measured by an a.c. Hall technique on the same oxides 
when dry and well outgassed in vacuo (1.8 X 1018 and 3 X 
1016 g_1, respectively). Two electrical double-layer pro­
cesses could markedly affect the number of electrons mo­
bile in the bulk conduction band of ZnO particles suspend­
ed in aqueous electrolyte: first, a build-up of an excess of 
positive or negative charge at the interface can result from 
surface excess of H+ or OH-  ions caused by adsorption and 
hydrolysis equilibria;248 secondly, a large capacitive effect 
can occur across interfaces240 arising from dipolar interac­
tions between electrons within ZnO and the dipolar water 
molecules which are available in abundance at the ZnO- 
H2O interface. The former process tends to produce down­
ward band bending at the interface at electrolyte pH 
values lower than the point of zero charge, pzc, which is re­
ported to occur at pH ~9.524b for ZnO-H20 . A modified 
form of the Nernst equation

A^(volt) =  —0.059ApH (12)
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predicts a positive surface potential, \fs, of 0.118 V at elec­
trolyte pH of 7.5, due to surface excess of H+ ions, and this 
situation is schematically depicted in Figure 9a. High prob­
ability for occupancy of donor .levels close to the positively 
charged interface and reduced numbers of unpaired elec­
trons in the conduction band should accompany such 
downward band bending. Surface capacitance changes of 
ca. 1 C cm-2  (pH unit)- 1  have been associated in the litera­
ture with pH dependence of such adsorption of H+ and 
OH-  on zinc oxide.24b The equivalent separation of charge 
across the Zn0 -H 20  interface for the net interfacial area of 
ZnO-In present in the ESR flat cell would correspond to a 
change of 3 X 1016 separated charges at the interface per 
unit change in pH. Since the ESR signal intensity observed 
from the ZnO-In particles present in the ESR flat cell cor­
responded to ~ 10 14 unpaired electrons, a marked effect of 
pH upon ESR signal intensity from ZnO-In in the dark 
could be expected from this capacitive effect of adsorbed 
potential determining (pd) ions. No such pH dependence 
was observed (cf. Figure 3) and it may be argued that an­
other process, less dependent on pH, determined the num­
ber of unpaired electrons detectable by ESR within the 
ZnO-In particles. Existance of sufficient downward band 
bending to localize a large fraction of conduction band elec­
trons adjacent to the interface and thereby couple their 
spins would be such a process, and could operate even at 
pH 9.5, since it is reported that the “fleet-band” condition 
is not achieved at the point of zero charge. Localization and 
pairing of a large fraction of electrons at the interface 
through such downward band bending of the type illus­
trated in Figure 9 could also account for our experimental 
observation that the numbers of unpaired electrons here 
observed by ESR were much lower than reported for the 
same zinc oxides in vacuo.12

The model described above for the photogenerated sig­
nal envisages rapid irreversible hole trapping, adjacent to 
surface hydroxyls, reversible electron trapping, and hole- 
electron recombination at the site of the previously trapped 
hole. Effects of pH and of additives upon intensity of the 
photogenerated signal can be accounted for as follows in 
terms of their effects upon hole-electron recombination.

pH Dependence of hp (1.96). Faster hole-electron re­
combination at pH 9.5 than at 7.5 is predicted by the model 
on the basis of greater surface concentration of hydroxyls 
at pH 9.5. An additional factor possibly contributing to the 
observed lower steady-state concentration of unpaired elec­
trons at pH 9.5 is that capacitative effects associated with 
surface charge should then be lowest. Dewald has given evi­
dence that surface states are negligible at the ZnO-H2Ü in­
terface in the dark17 and, if this situation is assumed also to 
prevail at the illuminated interface, application of bounda­
ry layer theory20 is permissible and indicates that the po­
tential associated with adsorption of potential-determining 
ions should decrease to zero over a depth of approximately 
100 nm within particles of ZnO-SP500. This depletion 
depth is comparable to particle size and to penetration 
depth of uv illumination. Consequently, most electron-hole 
pairs photogenerated at pH 7.5 are “born” in a potential 
gradient tending to separate them by moving electrons 
toward the interface and holes toward the interior of the 
particles. Capacitative effects of the positive surface poten­
tial existing at pH 7 tend to maintain separation between 
photogenerated electrons and holes and to reduce recombi­
nation by opposing their diffusion toward one another.

Hole-Attaching Additives. The presence of effective

traps for photogenerated holes in the aqueous suspensions 
of ZnO-SP500 corresponds to introduction into energy- 
level diagram 9b of a new acceptor level capable of compet­
ing for available holes and so reducing hole-electron re­
combination at surface hydroxyls. Higher photostationary 
state concentration of electrons could then result. The en­
hancing effects of the good hole-attaching additives, etha­
nol and formate, as illustrated in Figure 7, are consistent 
with such competition for available holes between the nor­
mal surface and surface sites bearing formate ion or etha­
nol molecules. Morrison et al.14 have noted previously that 
these additives produce a doubling in the number of charge 
carriers (conduction-band electrons) when ZnO electrodes 
immersed in electrolyte were exposed to uv illumination. 
The explanation advanced by Morrison et al. to explain 
their “current doubling” effect identified hole trapping by 
the additives as the essential first step. They envisaged 
(13b) or (14b) as additional steps in which resultant surface 
radicals then inject an electron into the conduction band, 
thereby producing two conduction band electrons per 
trapped hole. A qualitative explanation of the enhancing 
effect of formate and ethanol on 7fp (1.96) in the present 
study can be based on (13) and (14).

HC02 + h (z„o.) *■ HC02 (ads) H 4- C02 + eclJ
(13)or

C 2H5OH(ad3) + lT(Zn0) C2H5OH'f(ach, *■

C2H40  + 2H* + ecb- (14)

Inhibiting Additives. The very small inhibiting effect 
here noted for 10-3 M oxygen upon / fp (1.96) and the much 
larger effect of 10-3 M I-  do not appear consistent with 
simple electron attachment as the mechanism effecting re­
ductions in photostationary concentration of unpaired elec­
trons in suspended particles of ZnO-SP500. Published rate 
constants for reaction with solvated electrons26 would re­
quire Oo \k (O2 + e- ) ~  10 10 M- 1  sec-1| to be much more ef­
fective than I-  |(e-  + I- ) < 10° M - 1  sec-1). Alternative 
possibilities of reducing the photostationary concentration 
of unpaired electrons include: (i) action of the additives as 
effective hole-electron recombination centers in the ZnO- 
electrolyte interface, as already suggested14 for I-  and, (ii) 
excitation transfer to an appropriate excited state of the 
additive from the excited state of the ZnO lattice, ZnO*. 
The energy levels of ZnO* at 3.2 eV is situated above the 
lowest singlet excited state of PNDA at 2.8 eV. The pro­
cess, ZnO* + PNDA —* ZnO + PNDA*, is energetically fea­
sible and this could account for the agreement noted in 
Figure 8 between the quenching effect of PNDA upon /fp
(1.96) and the Stern-Volmer quenching expression. Use of 
solution concentration, [PNDAaq], rather than surface con­
centration in this expression is justified by absence of sig­
nificant adsorption of PNDA onto ZnO. Agreement with 
(1) is consistent with excitation transfer out to PNDA mol­
ecules in the aqueous phase.
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Magnetic Orientation of Poly(Y-methyl-D-glutamate) Liquid Crystals
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NMR was used to detect the magnetic orientation of a biphasic solution of poly(7 -met.hyl-D-glutamate) in 
dichloromethane. The observed triplet is interpreted in terms of an outer doublet produced by the direct 
dipolar coupling between the protons on the solvent molecules in oriented liquid crystalline regions, and a 
central resonance corresponding to solvent in an isotropic environment. The time dependence of the mag­
netic reorientation is compared with an equation derived in an earlier paper utilizing a continuum mechan­
ics approach.

Nuclear magnetic resonance1"3 (NMR) and light scatter­
ing4 have been employed to show that liquid crystalline so­
lutions of poly(7 -benzyl-L-glutamate) (PBLG) and poly(y- 
ethyl-L-glutamate) (PELG) can be oriented by magnetic 
fields. In each case the long axis of the polypeptide was 
found to align parallel to the field direction. The results re­
ported herein concern the use of NMR to detect the mag­
netic orientation of biphasic solutions of poly(7 -methvl-D- 
glutamate) (PMDG) in dichloromethane.

A convenient method of investigating the magnetic ori­
entation of a lyotropic mesophase is to observe the effect of 
the ordered structure on the dipolar splitting of the solvent 
molecules. The separation of the doublet in the NMR sig­
nal for a pair of protons is given by5’6

A H 3p 3 cos2 6 - 1
r3

(1 )

where g is the proton magnetic moment, r is the interpro­
ton distance, and 8 is the angle between the interproton 
vector and the magnetic field direction. The averaging over 
all values of 8 indicated by the brackets can drastically re­
duce the magnitude of the observed splitting compared to 
the rigid lattice value.1

PMDG, isolated from Ajinomoto’s Ajicoat polyamino 
acid solution, was purified by precipitation in ethanol from

chloroform, dried, then redissolved in reagent grade dichlo­
romethane. After filtration, the solutions were sealed in 
NMR tubes and the bulk weight per cent of each deter­
mined gravimetrically from aliquots of solution and their 
dried residues. The intrinsic viscosity of the polypeptide 
was 0.995 ± 0.003 in dichloroacetic acid at 25.0°. Magnetic 
field strengths of either 14.1 or 23.5 kG were produced by a 
Varian A60 or a Varian HA100 NMR spectrometer, respec­
tively. An external oscillator and frequency counter were 
used to calibrate the sweep parameters of the HA100. Each 
sample was allowed to remain in the field without spinning 
until no further change in the signal was observed.

A concentration range in which isotropic and liquid crys­
tal phases coexist in equilibrium is to be expected for solu­
tions of rod-like molecules.7 According to the phase rule, 
the concentration of the polymer-rich phase will remain 
constant as the bulk concentration increases until the en­
tire solution is liquid crystalline. By observing the samples 
between crossed polarizers the lower limit of this biphasic 
region was found to be about 11% polymer. Below this con­
centration the NMR absorption signal was a singlet, as ex­
pected for an isotropic solution. However, a 13.2% sample, 
which was partially birefringent and appeared speckled be­
tween crossed polarizers, initially produced a singlet which 
broadened with time and eventually became a triplet as
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Figure 1. 100-MHz NMR signal of a 13.2% solution of PMDG in di- 
chloromethane at 30.1°.

shown in Figure 1. The two outer peaks correspond to di­
chloromethane molecules in liquid crystalline regions while 
the central peak represents solvent in an isotropic environ­
ment. Integration of the signal revealed that 41% of the sol­
vent is in an anisotropic environment. The same kind of 
signal is produced in a 60-MHz instrument, except that the 
resonances are not as sharp.

To further test the hypothesis that a biphasic material 
will give a triplet absorption signal, a biphasic solution8 
(8.8%) of poly-7 -benzyl-D-glutamate (PBDG) in dichloro- 
methane was prepared. The molecular weight of the poly­
mer as determined by viscosity9 was 261,000. Its appear­
ance between crossed polarizers was similar to that of the 
PMDG solution. The 100-MHz NMR signal of this solution 
was initially a singlet and gradually split into a triplet (Fig­
ure 2). This process took several hours in a freshly pre­
pared sample, but proceeded much more rapidly in the 
same solution allowed to age for 1 week out of the magnetic 
field. Further aging effects were evident after several 
months when positive spherulites could be observed in the 
sample, similar to those found in chloroform solutions of 
PMDG.10 Since the rate of magnetic orientation of the liq­
uid crystalline regions of the biphasic solution is strongly 
time dependent, insufficient time in the magnetic field 
could explain the broadened singlet reported by earlier 
workers8 for biphasic solutions of PBLG (M = 275,000) in 
dichloromethane.

If an aligned sample is rotated by an angle f>o, the real­
ignment of the polypeptide rods with the field can be relat­
ed to the time dependence of AH bv rewriting eq 1 in terms 
of the observed equilibrium separation, AH0:

AH(t) = ^ ( 3  co s2 9(1) -  1 ) (2)

By removing the averaging brackets, it is assumed that the 
influence of the polymer on the solvent and the local distri­
bution of helices remains constant during reorientation. 
These assumptions have recently been justified11 in a study 
of the time dependence of the reorientation of a racemic 
mixture of PBG in dichloromethane for Oq < 45°. Using a 
continuum mechanics approach, it was shown11 that

9(t) -  tan' 1 (tan d0e'At) (3)
where A =  p.H2/c. Since the magnetic field strength is 
known, the only constant to be determined by experiment

AH = 2 4 .0  Hz

Figure 2. 100-MHz NMR signal of an 8.8% PBDG solution in dichlo­
romethane at several stages of orientation from an initially random 
structure at 31.10.

TIME (MIN.)
Figure 3. Reorientation of a 13.2% PMDG solution following a 28.1° 
rotation of the sample tube in a 23.5 kg field at —18.3°.

is ix/c: the ratio of the anisotropy of the diamagnetic sus­
ceptibility to the apparent rotational viscosity. A compari­
son of the calculated values of H(t) with eq 3 is shown in 
Figure 3 for fto = 28.1°. The value of A was chosen to fit the 
data at 5 min. During the first minute of the reorientation, 
the outer peaks rapidly broadened and decreased in height 
making measurement of the splitting less accurate. The 
central peak remained unchanged in shape as expected. In 
the subsequent time, the outer peaks sharpened and in­
creased in height until their initial shape was achieved 
after about 10 min. A second 28.1° rotation 20 min after 
the first one produced similar behavior.

Reorientations of biphasic solutions of PBDG and race­
mic PBG were found to obey eq 3 quite well. In these cases, 
however, the shape of the outer peaks did not change as 
with the PMDG. This observation would seem to indicate 
that the broadening was not due to the biphasic nature of 
the solution. One possible explanation is that incomplete 
alignment of the PMDG helices results in counterrotation 
during reorientation, disrupting the structure and broaden­
ing the outer peaks. Further studies are certainly needed to 
resolve this question.
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Transference Numbers and Ionic Conductances in 100% Sulfuric Acid at 2 5 °1
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The cation transference numbers of lithium, sodium, potassium, ammonium, silver, and barium hydrogen 
sulfates, and of solutions of water and of acetic acid, have been measured in 100% sulfuric acid at 25° by 
the direct moving boundary method. Most determinations were carried out in the range 0.07-0.2 mol dm-3. 
The transference numbers were of the order of 0.005, much smaller than had been believed previously. In­
dividual ionic conductances were calculated from these results and literature conductances. Estimates were 
made of the limiting ionic conductances and their values compared with the predictions of the Zwanzig 
theory.

Introduction
The behavior of solutions in pure sulfuric acid is gov­

erned by three main properties of the solvent.2-4 It is ex­
tremely acid and so converts many simple inorganic and or­
ganic solutes into hydrogen sulfate salts2 4 and it possesses

'/jNajSO. + !/2 H2 S0 4 — ► N a' + HSO.'

H ,0  + H2 S0 4 — *■ H3CT + HS04-

HOAc + H2 S0 4 — * H2OAc* + HS04"

such a large dielectric constant (D = 100 at 25°)2-s that 
these salts are almost completely dissociated. Third, the 
high viscosity of sulfuric acid (g = 0.2454 P at 25°)R forces 
ions to migrate very slowly unless (such as H S04_) they 
conduct by proton jumping. As a result, the conductivities 
of solutions of the various hydrogen sulfates are almost 
identical at low concentrations.6,7 The only method, there­
fore, of obtaining values of individual ionic conductances is 
by measuring transference numbers.

A fourth property of sulfuric acid makes it difficult even 
to derive values of the limiting molar conductances of the 
hydrogen sulfate salts.8 The acid is extensively self-disso­
ciated by reactions such as2-4

2H2 S04 ^  H3 S(V  + h s o 4'

2H2 S04 —  h 3ct + HS20 7'

and the ionic strength of the pure solvent is high,8 0.082 
mol dm-3 at 25°. Thus extrapolation of the molar conduc­
tances to infinitesimal ionic strength9 involves large and 
somewhat uncertain solvent corrections.8 However, combi­
nation of experimental conductivities (k) and experimental 
transference numbers (T) yields molar ionic conductances 
(X) free from any solvent correction error. For the cation

X+C+ == « ( c o r i O r J c o r r )  - K T+ (1)

/ c ( c o r r ) =  A„c, f A .c.; K - 2A  iCi (2)

( c o r r ) . rp \ . t \ (3)
A ,r, + A .c . ’ " + ZA ¡c i

where c+ is the molarity of added cation and c_ the molari­
ty of the accompanying hydrogen sulfate ion. The overall 
summations contain contributions from the various solvo- 
nium and solvate species.

Three earlier papers10-12 reported cation transference 
measurements in sulfuric acid solutions, all by the Hittorf 
method. This method depends on the determination of 
small differences between large quantities, and thus be­
comes unreliable when the transference numbers are as 
small as they are in sulfuric acid. We therefore decided to 
carry out a series of transference measurements using the 
more accurate moving boundary method.

E xperim ental Section
Materials. The preparation of the solvent was based on 

that of Gillespie et al.13-14 Sulfur trioxide was slowly dis­
tilled from warm 20% oleum (Fisons) and passed into Brit­
ish Drug Houses AnalaR 98% sulfuric acid until SOa was in 
excess. The weak oleum produced (ca. 1500 cm3) was titrat­
ed with 200-300 cm3 AnalaR acid at 25° until a minimum 
in the specific conductance of the solution (1.0432 ohm- 1  
m-1) was obtained, and further AnalaR acid was then 
added until the specific conductance of the 100% acid 
(1.0439 ohm- 1  m-1) was reached. The Pyrex distillation 
and titration flasks were fitted with Quickfit ground joints 
which were lubricated with Hilflon P.T.F.E. aerosol if in 
the gas phase and with a few drops of AnalaR acid if in con­
tact with the liquid. Sovirel Rotulex ball joints with

The Journal of Physical Chemistry. Vol. 79. No. 9. 1975



944 David P. Sidebottom and Michael Spiro

P.T.F.E. sealing rings were found useful for connecting the 
different vessels. The titration flask was stirred at 200 rpm 
with a pressure-tight Sovirel 4-588-07 stirrer with four 
P.T.F.E. sealing chevrons. Very dry nitrogen was employed 
as a carrier gas in the distillation, and to transfer acid sam­
ples to and from the S-shaped conductivity cell (cell con­
stant 47745 m_1). The conductance bridge was constructed 
from high-grade Sullivan and Pye resistors and condensers 
and incorporated a Wagner earth. The sensitivity at bal­
ance at 2000 Hz was 0.002% using a Telequipment D43 os­
cilloscope. The reaction vessel and conductivity cell were 
accurately thermostated at 25° in an oil bath. It was found 
that, if exposed to light, the sulfuric acid turned yellow 
after several days and increased slightly in conductance. 
The acid was therefore stored in an air-tight Pyrex flask 
painted black, where periodic checks showed that it re­
mained colorless and of constant conductance.

All solid solutes were stored in vacuum desiccators. Ana- 
laR sodium, potassium, ammonium, and silver sulfates 
were first dried :n an oven at 150-180°, while AnalaR 
Li2S0 4 • H2O was fiercely heated to constant weight. To 
avoid coprecipitat.on, barium sulfate was prepared by slow 
precipitation at 100° by adding a dilute aqueous filtered 
solution of barium hydroxide to excess aqueous sulfuric 
acid. The precipitate was thoroughly washed and dried at 
700°. Benzoic acia was Hopkin and Williams standard re­
agent, acetic acid British Drug Houses Aristar, and water 
doubly distilled conductivity water. All solutions were made 
up by weight in a dry atmosphere. In the case of water and 
acetic acid, a weighed amount of the liquid solute was fro­
zen in a small stoppered bottle which was then slid into a 
flask of solvent inside a dry bag. The flask was stoppered 
and shaken to open the sample bottle and ensure thorough 
mixing. Concentrations were converted to molarities by 
means of literature density data.15

Apparatus. The basic moving boundary technique has 
been described elsewhere.15 The current was controlled by 
a high-voltage galvanostat17 and determined by measuring 
the potential drop with a Racal 9075 digital voltmeter 
across a 1000-ohm Sullivan standard resistor. The bounda­
ries, followed optically (Figures 4.12 and 4.13 in ref 16), 
were timed with a Zenith battery-operated clock and a 
metronome. Because the cation transference numbers are 
so tiny the boundaries moved extremely slowly; a few centi­
meters in 2 days. Extended electrode sections of large vol­
ume were therefore sealed into the cells to avoid electrode 
products reaching the boundaries. The main problem was 
that of lubricating the large hollow stopcocks in the rising 
and falling boundary cells (Figures 4.17 and 4.18 in ref 16). 
Sulfuric acid solutions dissolved or attacked hydrocarbon 
and silicone greases and even, though more slowly, Voltalef 
90 fluorocarbon grease. Use of P.T.F.E. aerosol or sleeves 
led to leakage around the glass key (barrel). However, spe­
cially designed four-way P.T.F.E. keys (Springham) proved 
satisfactory. These were of solid P.T.F.E. with two grooves, 
each covering 90° 0: arc, cut into the outside (Figure 1 ). So­
lution inside the grooves and subject to Joule heating could 
then be cooled on the glass side by the thermostat oil. A 
similar four-way tap was fitted to a redesigned falling cell. 
The etchmarks on the tubes were calibrated by carrying 
out runs with an aqueous 0.1 M KC1 solution whose trans­
ference number is well known.16

Electrodes. Mov.ng boundary experiments require a 
closed electrode compartment in which the electrode is 
chemically stable and undergoes a known reaction of

Figure 1. Schematic illustration of the grooved four-way moving 
boundary stopcocks.

known volume change. No gas must oa,evolved. The few 
relevant cathodic electrode studies in fTfe literature18 did 
not suggest a system meeting these criteria, except possibly 
the reduction of dilute oleums at low over-potentials. No 
anodic studies have been carried out. The behavior of a 
number of possible electrode systems in 100% sulfuric acid 
was therefore investigated. Unfortunately metals capable 
of dissolving according to

M —*• M"’ + ue'
(M = Pb, Cu, Ni, Cd, Tl, Hg, Ag) tended to dissolve to 
some extent even in the absence of current, silver being the 
most stable. Redox systems of the type

M'" + Cv -  y)e' —-  M1*

(M = Pb, Fe, Ce, Hg) were unsuited as either anodes or 
cathodes by the low solubilities of their sulfates and the 
gassing that occurred when the solid salts, or a saturated 
solution of Hg2(HS0 4)2, were tried. The only electrode sys­
tem satisfying the necessary conditions was

Ag’ + e" —*■ Ag
Low yields (60-70%) were obtained if silver particles fell off 
during the electrolysis. A large platinum foil was therefore 
employed as cathode, part of the foil oeing allowed to lie 
flat at the bottom of the electrode compartment to catch 
any silver that became loose and to protect it cathodically. 
Analyses after runs then gave silver metal yields of 90-93% 
of the theoretical. Only ca. 1% of the yield could be ac­
counted for by sulfuric acid reduction products (titration 
with dichromate), and the missing few percent were attrib­
uted to slow dissolution of metal in the ca. 20-min interval 
between switching off the current and removing the elec­
trode. The closed cathode compartments in the cells held 
about 35 cm3, and an initial Ag+ concentration of 0.35 M 
was always employed. The open anode compartments held 
gassing platinum electrodes.

Preliminary Experiments. Many systems gave bounda­
ries of good visibility. The earlier Hittorf work11 suggested 
that Ba2+ ions were slower than those of the alkali metals, 
and indeed barium hydrogen sulfate as following electro­
lyte produced good rising boundaries with Na+, NH4+, and 
H30 + leading, a poor rising boundary with K+ leading, and 
falling boundaries with Ag+ leading. A second indicator 
species was required to test the independence of the 
boundary velocity on the nature of the following ion; 
H2OAc+ met this need for the relatively fast ions K+,
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NH4+, and Ag+ although these falling boundaries were 
hard to see below 5 mA. For the slower leading ions Li+, 
Na+, Ba2+, H30 +, and H2OAc+, excellent falling bounda­
ries were formed with H20Bz+ as indicator. The Kohl- 
rausch concentrations for Ba2+ and H20Ac+ could be esti­
mated from experimental transference measurements; for 
H2OBz+ a variation of 24% in concentration had no signifi­
cant effect on the boundary velocities.

A curious feature of the systems Ag+ Ba2+, Ag+ •«— 
H2OAc+, and Ba2+ <— H2OBz+ was the frequent appear­
ance of double falling boundaries. In some runs the two 
boundaries had the same velocity, in others they gradually 
moved closer together4 or further apart (see Table II). No 
boundary at all was seen when the falling cell was entirely 
filled with 0.223 M AgHSC>4 solution, thus ruling out such 
extraneous reasons as solution leakage. The double 
boundaries can be understood only by discovering the com­
positions of the solutions they separate. Attempts were 
therefore made to take samples for analysis. This could not 
be done with the four-way stopcocks normally employed, 
and special cells Were used with straight-through two-way 
taps through which a capillary could be inserted after a run 
and successive samples of solution removed. Unfortunately 
no boundaries were seen with these cells, whether the tap 
held a hollow glass key lubricated with Voltalef 90 or a 
P.T.F.E. key. Presumably chemical attack on the lubricant 
in the former case, and Joule heating inside the poorly con­
ducting solid P.T.F.E. in the latter, disturbed boundary ad­
justment. Nevertheless, samples were taken in two experi­
ments. In the run 0.223 M AgHS04 0.0207 M Ba(HS04)2 
with a glass key, the bottom samples contained silver (test­
ed by adding aqueous KC1 and then ammonia) but no bari­
um (tested by adding water and then ammonia) while the 
upper samples contained barium but no silver. The exis­
tence of only one boundary is thereby indicated. In the run 
0.114 M AgHS04 •*— 0.060 M H20A cH S04 with a glass key, 
samples (ca. 0.1 g) were diluted with water and analyzed for 
silver by atomic absorption spectroscopy at 328.1 nm. The 
silver concentrations of successively higher layers were 
found to be 0.1U, 0.10o, 0.052, 0.02s, and 0.00 M (all ±20%). 
This points to the possible existence of two or more silver 
solutions, the leading one having the highest concentration.

Parsons has suggested19 that the extra boundary might 
have been formed between a solution of Ag+ ions and one 
of silver in a higher oxidation state such as Ag3+. A similar 
idea could well explain unpublished observations of double 
boundaries in certain other systems: Agl <— HgI2|Hg (auto­
genic) and Cu(N 03)2 Hg(N03)2|Hg (autogenic) at -40°
in liquid ammonia20 and in some uranium systems at 25° in 
water.21 A common feature of all these systems (except 
Ba2+ H2OBz+ in sulfuric acid) is the participation of
transition metal ions capable of existing in more than one 
valence state.

Results and Discussion
Variation with Current and Following Electrolyte. The 

data derived from 40 transference runs are summarized in 
Tables I and II. Inspection shows that the transference 
numbers of a given system often vary significantly with 
current. High currents had to be employed with sulfuric 
acid because of the extreme slowness of the boundaries, 
and Joule heating was therefore appreciable. Moreover, 
this heating has most effect when the mobilities of the two 
ions of the leading solution possess different temperature 
coefficients, as happens when one of them (HS04_) moves

by proton jumping and the other by normal migration. 
From the conductances of dilute solutions of water,14 to 
which the H S04_ ion makes by far the largest contribution, 
we deduce that d In A(HS04_)/df = ca. 0.035 deg“1. The 
cationic conductances are likely to follow a modified form 
of Stokes’ law such as22

A,7j0-7 ~  constant (4)

from which23 d In A+/df = ca. 0.025 deg- 1  and d In T+/dt = 
ca. —0.01 deg-1. The transference number should therefore 
decrease as the current rises, for not only will the leading 
solution warm up but heat will also flow across the bounda­
ry from the hotter following solution.24 The effect should 
be most marked at the center of the tube, and indeed sau­
cer-shaped boundaries were often observed in the rising 
cell and (at high currents and with dilute solutions) in the 
falling cell. In most of the systems in which the current 
variation was about 0.0002 mA- 1  or greater (Na+ Ba2+, 
NH4+ — Ba2+, H2OAc+ — H2OBz+, but not NH4+ — 
H2OAc+), the transference numbers did decrease with in­
creasing current. Other factors, such as the thermal expan­
sion of the closed electrode compartment, will have had the 
opposite effect; a more detailed discussion of causes is 
given elsewhere.24

Two main procedures exist for extrapolating the trans­
ference numbers to zero current (I). One is a simple T+ vs. 
I  plot (cf. Figure 2), the other a plot of T+ vs. I2 as suggest­
ed by the theory of heat conduction.24 Although the former 
procedure led to results of better internal consistency, both 
were employed and the mean values adopted. These are the 
zero-current transference numbers listed in Tables I and II.

A theoretically unexpected feature of the results is the 
marked variation of the transference numbers of Na+, 
NH4+, and (to a lesser extent) Ag+, with the nature of the 
following electrolyte. Fortunately this variation largely dis­
appears when the results are extrapolated to zero current 
(Table I and Figure 2). The effect is therefore exposed as a 
spurious consequence of Joule heating. Changing the con­
centration of a given following electrolyte by over 20% pro­
duced no significant alteration in transference number (ex­
cept for the Ag-  H2OAc+ system), and this testifies to 
adequate Kohlrausch adjustment behind the boundaries.

Volume and Solvent Corrections. Between the cathode 
and a point in the leading c M MHS04 solution the volume 
increase is given by

A T  =  T(Ag) -  0(AgHSO*) + Tm0(MHSO4) (5)
where 4> is the apparent molar volume.25 Numerical values 
of <j) for the various solutes have been given by Flowers et 
al.lD Since the concentration dependence of <t> in sulfuric 
acid solutions has not been studied, and in view of the evi­
dence that silver deposition may have been accompanied 
by a slight amount of solvent reduction, the AT values can­
not be more certain than ±2  cm3 F-1 . The cation bounda­
ries always moved toward the closed cathode compartment 
and the volume correction cAT was therefore16 added to 
the observed transference numbers (Table III).

Evaluation of the solvent correction is more difficult, for 
each solution contains ionic species derived both from the 
solute (M+,H S04~) and from the self-dissociation of the 
solvent (HgS04+, H S04~, H,30 +, HS207_). The ionic con­
centrations were taken from tables8 based on cryoscopic 
and conductimetric data and reasoning.26 For the calcula­
tion of the ionic conductances of H3S 0 4+ and H S04~ a 
modified approach was employed which does not depend
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TABLE I: Summary of Cation Transference M easurem ents in Sulfuric Acid at 25°

Leading so ltf Following soln0 Type C urren t, mA

0.127 M Li* 0.106 M H2OBz*

0.076 M Na* 0.048 M H,OBz*

0.126 M Na* 0.063 M H2OBz*

0.080 M H,OBz*

0.036 M Ba2*

0.054 M Ba2*

0.194 M Na* 0.128 M H,OBz*

0.123 M K* 0.103 M H,OAc*

0.062 M NH4* 0.015 M Ba2*

0.111 M NH4* 0.026 M Ba2*

0.187 M NH4* 0.033 M Ba2*

0.193 M NH4* 0.090 M HjOAc*

0.120 M HjOAc*

0.118 M H30* 0.062 M H,OBz*

0.090 M H2OAc* 0.060 M H2OBz*

" All the ions were present as hydrogen sulfates. M = mol dm 3.

directly on the assumption that the ratio n = 
A(H:iS0 4+)/,\(HSC>4~) is constant. The steps taken were as 
follows, (i) The ionic strength, Is, of a particular c M 
MHSO4 solution was calculated by the equation

/ 3 = '/2[c(M*) + c(HS0 4') + c(H3S04*) f
r(H30*) + c(HS20 7’)] (6 )

from the appropriate ionic concentrations interpolated 
from the tables of Flowers et al.8 for strong base systems in 
sulfuric acid. The conductivity of the solution, kbase* was 
obtained from the data of Bass et al.7 (ii) From the pub­
lished tables for strong acid systems in sulfuric acid,8 the 
concentration of an HB(HS04)4 solution was found that 
possesses the same ionic strength 7S. Its ionic composition 
was thus known, and its conductivity k&c a was obtained

Falling 8 . 1 1 0.00855
3.90 0.0083
0 0.0081

Falling 8 . 0 2 0.0066
3.88 . 0 .00645
0 0.0063 5

Falling 8 . 0 2 0.0091
3.55 0.0089
0 0.0088

Falling 8.03 0.00925
3.90 0.0090
0 0.0088

Rising 8.03 0.0073
3.80 0.0080
0 0.0084

Rising 8.04 0.0071
3.44 0.0081
0 0.0086

Falling 8.34 0.01055
4.00 0.0104
0 0.0103

Falling 8 . 2 0.0118
6 . 1 0.0117
0 0.0115

Rising 5.56 0.0057
3.93 0.0060
0 0.0065

Rising 6.85 0.0088
3.84 0.0094
0 0.0099

Rising 8.15 0.0115
4.60 0.0118
0 0 . 0 1 2 1

Falling 7.31 0.0133
5.22 0.0129
0 0 . 0 1 2 2

Falling 7.09 0.0134
5.22 0.0131
0 0.0125

Falling 7.97 0 .0 1 0 1 g
4.03 0.0104
0 0.0106

Falling 5.53 0.0056
3.45 0.0064
0 0.0073

from the literature.7 For a more precise evaluation, allow­
ance would have to be made for the later finding27 that 
F1B(HS04)4 is not fully dissociated, (iii) The “proton-jump 
conductivities” k of both solutions8 were then calculated 
by

«'base = «base “  k(M*)A(M*) + c(H30*)A(H30*) +
r(HS20 7-)A(HS20 7-)]base

«'acid = «acid -  k (H 30-)A(H3CT) +
c(HS20 7-)A(HS2Or ) + c(B(HS04),-)A(B(HS04)4-)]aci(i

The ions inside the square brackets all move by bulk mi­
gration and a value of 1 cm2 ohm- 1  rr.ol- 1  was taken for 
their small ionic conductances, (iv) Values of the ionic con-
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TABLE II: Cation Transference Measurements 
of Systems Showing Two Falling Boundaries in 
Sulfuric Acid at 25°

Cur-
Leading so h i Following soln° Type ren t T,

0.0915 M Ag* 0.031 M H2OAc* b 7.49 0 . 0 1 2 1

c 4.96 0 . 0 1 2 0

0 0.0119
0.055 M H2OAc* b 7.51 0.0126

c 4.73 0.0124
0 0 . 0 1 2 2

0.218 M Ag* 0.128 M H2OAc* d 8.14 0.0161
e 4.96 0.0160

0 0.0159
0.020 M Ba2* f 8.05 0.0169

c 4.60 0.0166
0 0.0163

0.042 M Ba2* 0.052 M H2OBz* g 8.17 0.0049
g 5.41 0.0048

0 0.0047
0 All the ions were present as hydrogen sulfates. M = mol dm 3.

* The second boundary soon caught up with the first and the two 
then moved together. The leading boundary was the sharper and 
was timed. r Only one boundary was seen. d The two boundaries, 
ca. 5 mm apart, were of comparable speed and strength. r The lead­
ing boundary was the faster and the separation between them in­
creased. The two boundaries were of similar strength and the T . 
value was calculated from their mean velocity. f The following 
boundary soon caught up with the leading one. When the separa­
tion became small they moved at the same velocity from which T 
was calculated. The leading boundary- was the weaker one. 8 The 
two boundaries were close together and moved at the same speed. 
The leading boundary was the sharper.

ductances of H3S 0 4+ and H S04~ at the ionic strength Is 
were then obtained by solving the two simultaneous equa­
tions

K'blS( = [ c(H3S 0 4*)a(H3S<V) + c(HS04")A(HS04')]haSp

«'acid = c(H3S 04*)a(H3S04*) + r(HSO4-)A(HSO4-)]a0id

(v) It was now possible to calculate the contribution made 
to the conductivity of the base MHS04 solution by the sol­
vent ions, >:soiv:

Figure 2. Extrapolation to zero current of the cation transference 
numbers of 0.126 M NaHS04 solutions measured with the following 
different electrolyte solutions: O, 0.063 M H20BzHS04; •  0.080 M 
H20BzHS04; □, 0.036 !WBa(HS04)2; ■ , 0.054 MBa(HS04)2.

Ksolv = Lc(H3S04*)A(H3S04+) + c'(HS04-)a(HS04-) +
c(H30 +)A(H30 +) + c(hs2o7" )a (hs2o7‘ ) |base

where c'(HS04_) is the extra concentration of H S04~ ions 
arising from the self-dissociation of the solvent, i.e.

c'ba^HSCV) = cbaae(HS04‘ ) -  cbase(M*)

In the case of the solute water, an analogous c '(H 3 0 +) re­
placed c(H 3 0 +). The transference num ber solvent correc­
tion thus becam e 1 6

T. (corr) =- t ( 1 + ----------------- )  (7)
\ «base «solv/

Values of 4  and the fully corrected transference numbers 
are listed in Table III.

Comparisons with Previous Results. The cation trans­
ference numbers obtained here are considerably smaller 
than the Hittorf results in the literature10-12 by factors 
ranging from 4 (for K+, Ag+) to 10 (for Na+). The tempera­
ture coefficient of the Hittorf numbers for KHS04n is also 
of opposite sign to that deduced above. This comparison 
between the two sets of data cannot be exact because they 
refer to different concentration ranges: the mb results 
cover H S04~ molarities from 0.06 to 0.22 M while the Hit-

TABLE III: Summary of Mean Zero-Current Observed and Corrected Cation Transference Numbers and 
Ionic Conductances

Solution 4 , mol dm ' 3 7\(obsd)
Tt with 

voi c o rr
with 

all c o rr K ,a ohm " 1 m ‘ 1

\t, cm 2 

ohm " 1 mol" 1

0.127 M  LiHSO., 0.146 0.0081 0.0027 0.0030 1.71 0.36
0.076 M  NaHS04 0.099 0.00635 0.0031 0.0041 1.36 0.55
0.126 .1/ NaKSO., 0.145 0.00865 0.0033 0.0037 1.73 0.45
0.194 M  NaHS04 0 . 2 1 1 0.0103 0 . 0 0 2 0 0 . 0 0 2 1 2 . 2 2 0.23
0.123 M  KHS04 0.142 0.0115 0.0063 0.00715 1.74 0.89
0.062 M  NH4HS04 0.087 0.0065 0.0039 0.0056 1.29 0.81
0.111 M  NH,HS04 0.131 0.0099 0.0052 O.OO6 O5 1 . 6 8 0.79
0.187 M  NH4HS04 0.204 0 . 0 1 2 1 0.0041 0.0043 2.28 0.50
0.193 M  NH4HS04 0 . 2 1 0 0.01235 0.00415 0.0043 2.32 0.50
0.118 M  H30H S0 4 0.127 0.0106 0.0056 0.0059 1.67 0.79
0.090 M  H2OAcHS04 0.111 0.0073 0.0035 0.0043 1.46'’ 0.57
0.0915 M AgHS04 0.113 0.0119 0.0080 0.0099 1.48 1.29
0.218 M  AgHS04 0.234 0.0161 0.0069 0.0072 2.42 0.77
0.042 M  Ba(HS04), 0.148 0.0047 0.0011 0.0014 1.44 0.38
a Interpolated from the data of ref7.b Extrapolated from the data of ref 6 .
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torf results cover 0.4-2.0 M for 1:1 electrolytes and 0.6-2.7 
M for 2:1 electrolytes. For dilute solutions the mb data and 
theory28 agree that T+ values fall with increasing concen­
tration, thus accentuating the differences between the two 
sets. In concentrated solutions, electrolyte conductances 
decrease with increasing concentration6’8 showing that the 
H S04-  ions move more slowly due, it is believed,6-8 to vari­
ous interferences with the proton-jump mechanism. The 
cations might also be expected to move more slowly be­
cause the solutions generally become more viscous.3 If, 
however, the cation conductances are presumed to remain 
constant while the anion conductances decrease as re­
ported,6'8 then T+ values in the Hittorf concentration re­
gion ought to be larger than those at the highest mb con­
centrations by from 30 (for Ag+) to 160% (for Li+, Na+) for 
the 1:1 salts. This would improve the agreement between 
the two sets of data but still leave the mb results smaller 
than the Hittorf ones, by factors ranging from 1.7 (for Li+, 
K+) to 4 (for NH4+). We believe the mb results to be the 
more reliable. Hittorf values, which depend on the small 
differences between the amounts present before and after 
electrolysis, are of necessity less precise and particularly so 
when the transference numbers in question are so tiny. 
More specifically, the methods of analyzing the sulfuric 
acid solutions in the Hittorf experiments often involved 
distillation or pyrolysis as well as titration or gravimetry, 
and small errors in any operation could have produced rel­
atively large errors in the transference number.

Most of the moving boundary results in Table I are prob­
ably accurate to ±0.0003. The main uncertainties arise 
from the extrapolation to zero current and the large volume 
and solvent corrections. The figures in Table II for barium 
and silver hydrogen sulfates are bound to be suspect until 
the origin of the double boundaries is established. Some in­
ternal evidence suggests that the barium transference num­
ber may be somewhat too low. Since a stable falling bound­
ary H2¿)Ac+ ■*— H20Bz+ was observed, we can deduce from 
the Kohlrausch relation16 and the known solution densi­
ties5 that the corrected transference number for H2ÜBz+ 
should be at least 0.0017s. The transference number for 
barium ought to be greater than this if Ba2+ H20Bz+ 
correctly describes one of the observed double boundaries. 
The silver transference numbers, on the other hand, seem 
anomalously large when compared with those of alkali ions 
of comparable radius. If indeed some of the silver was pres­
ent on both sides of the boundaries that were timed, the 
full moving boundary equation16 would have to be em­
ployed and a different transference number would result.

Ionic Conductances. Individual ionic conductances may 
be calculated from the transference numbers in Table III 
by combining them with the conductivities k of the solu­
tions. Experimental values of the latter, at the concentra­
tions used in the transference runs, were obtained by inter­
polation from data in the literature.7 Only for acetic acid 
solutions was it necessary to extrapolate beyond the pub­
lished values,6 and this was done by noting the close agree­
ment between the conductances of acetic acid and of 
NaHS04 solutions. These k values are listed in Table III; 
they are not solvent corrected. Multiplication by the vol­
ume (but not solvent) corrected transference numbers ac­
cording to eq 1 leads to the molar cation conductances X+ 
in the last column cf Table III.

Estimation of Limiting Transference Numbers and 
Ionic Conductances. The X+ values, and the fully corrected 
T + values, refer to solutions whose ionic strengths 7S are

given in the second column of Table III. Only for one solu­
tion is Is appreciably below 0.1 M, and in general the ionic 
strengths are higher than is normal in such an investiga­
tion. The reason lies in the extensive autoprotolysis of sul­
furic acid. Not even the use of much lower solute concen­
trations (at which the boundaries would have become invis­
ible) would have produced a marked decrease in 7S because 
of the corresponding increase in the solvent’s self-dissocia- 
tions: pure sulfuric acid itself possesses an ionic strength of 
0.082 M.

Despite the fact that the ionic strengths are beyond the 
limits of applicability of the various Fuoss and Pitts equa­
tions,28 attempts were made to extrapolate the data to in­
finitesimal ionic strength. The simplest equation for the 
limiting transference number T+° is that of Fuoss and On- 
sager earlier designated28 (FO)i:

rp 0 * + T, + (V, -  TjB^Ns
A°(l + BäTT3) (8)

where the electrophoretic parameter B 2 = 1.947 cm2 ohm- 1  
mol-3/2 dm3/2, B = 0.2912 dm3/2 mol-1/2 A-1, & is the dis­
tance of closest approach between cation and anion (in 
angstroms), and A° the limiting molar conductance of the 
1 : 1  electrolyte (taken as8 171 cm2 ohm- 1  mol-1). The nor­
mal procedure is to vary & until the T+° values, calculated 
from the data points at the different concentrations, are 
equal within experimental error. For the three NaHS04 
points this occurred at the physically meaningless & = — 2 
A (T+° = 0.0063); for the three NH4H S04 points no value 
of could possibly lead to a constant T+°. Next, only the 
two points at the lowest ionic strengths were considered, 
and the T+° values calculated from them by the limiting 
Debye-Hiickel-Onsager equation were extrapolated 
against 7S to 7S = 0 according to the Longsworth method.29 
This gave T+° = 0.0060 for NaHS04 and T+° = 0.0055 for 
NH4H S04. These results appear inconsistent, for at all fi­
nite concentrations the transference numbers for 
NH4H S04 are considerably larger than those for NaHS04. 
Allowing for the experimental uncertainty of ±0.0003 in 
each figure gives 0.0060 ±  0.0016 and 0.0055 ±  0.0015, re­
spectively, a 27% uncertainty in each case.

A similar story can be told for the ionic conductances, 
X+. Employing the Robinson and Stokes equation226

X. 0 f o x , 0 + v,B ,yis
1 + Efä\% (9)

with the relaxation parameter B 1 = 0.1593 dm3/2 mol-1/2, 
we find that the three sodium points give a constant X+° 
value (0.95 cm2 ohm- 1  mol-1) at & = —2 A while the three 
ammonium points can never give the same limiting conduc­
tance. Taking the two lower ionic strength points only, and 
applying the Shedlovsky procedure30 of extrapolating X+° 
(calculated from (9) with & = 0) against 7S, one obtains X° 
(Na+) = 0.96 ± 0.22 and X°(NH4+) = 1.03 ± 0.20, if likely 
error limits are taken into account. These results are also 
unsatisfactory. The Na+-N H 4+ order differs from that in 
the T+ extrapolation because the molar conductances of 
the two salts do not obey the theory either.8

It was therefore decided to represent the results in two 
ways. The first involved only interpolation of T+ (or X_) 
within the ionic strength region covered, using smooth 
curves of T+ (or X+) vs. v'7s for the three sodium and the 
three ammonium points as guides. The resulting values at 
7S = 0.145 mol dm-3  are set out in Table IV; they do not 
depend on a particular theoretical conductance equation
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T A B L E  IV :  In te rp o la te d  an d  E x tra p o la te d  C a tio n  T ra n s fe re n c e  N u m b e rs  and  C onductances

X,, cm2 r /A 0, X„°(Zwanzig),
T, P"1 mol'1 7\° cm2 fi"1 mol"1 X„0 cm2 mol"1

Ion at /s = 0.145 M calcd” from lowest exptl 4 Stick Slip

Li* 0.0030 0.36 0.0045 0.77 0.64 0.18 0.09
Na* 0.0037 0.45 ■ 0.0054 0.92 0.80 0.61 0.35
K* 0.0071 0.88 0.0086 1.47 1.20 1.12 0.80
n h 4* 0.0059 0.75 0.0068 1.16 1.06 1.25 0.99
h 30 * 0.0057 0.74 0.0073 1.25 1.08
H2OAc* 0.0040 0.49 0.0057 0.97 0.84
Ag*t 0.0097 1.22 0.0112 1.92 1.59 1.05 0.71
Ba2*6 0.0014 0.39 d d d 1.75 0.99
H3S04*c 245
HS04"c 170"

a From eq 8 and 9, respectively, assuming a = 4 A. 6 From double boundary systems. 1 From ref 8. d Equations 8 and 9 only apply to 1:1 
electrolytes. The corresponding equations for unsymmetrical electrolytes are quite unreliable in present conditions.220 0 X_°.

and are useful for comparing one ion with another. Second, 
the points at the lowest ionic strengths were extrapolated 
to 7S = 0 using eq 8 and 9, respectively, with a = 4 A for all 
electrolytes. These T+° and X+° values are also listed in 
Table IV. It is immediately apparent that the two sets of 
limiting data are not consistent with each other, for the 
T+°A0 values (A0 = 171) are between 9 and 23% greater 
than the X+° values. The reason is that the experimental 
salt conductances only fit8 the theoretical equations with 
negative values of <3. To attain concordance between T+°A0 
and X+°, therefore, the X+ values should have been treated 
with eq 9 using an <3 value intermediate between the 4 A as­
sumed for the transference extrapolation and the negative 
<3 value needed to fit the salt conductances. Indeed, appli­
cation of eq 9 with d = 0 leads to much better agreement 
between T+°A° and X+°. An attempt was also made to ex­
trapolate the X+ values with a modification to eq 9 in which 
(cf. Fuoss31) X+ was replaced by X+(l + cB^c). Here is 
the viscosity B coefficient whose numerical values have 
been given elsewhere.32 However, this affected X+° by at 
most O.OI5 cm2 ohm- 1  mol-1. Flowers et al.8 have already 
pointed out that only a small effect is produced by multi­
plying salt conductances in sulfuric acid by relative solu­
tion viscosities. It is clear that, unlike the T+ and X+ re­
sults, the T+° and X+° figures in Table IV should not be 
taken at their face values but do represent the correct sizes 
and sequences of the limiting properties.

The two sets of limiting ionic conductances, and the set 
referring to Is = 0.145, show the usual order K+ > Na+ > 
Li+. Clearly the smaller the ion, the greater the solvation, 
and the greater the resistance to bulk motion. Application 
of Stokes’ law indicates that the doubly charged barium ion 
is even more solvated than is lithium. The NH4+ and H3O"1 
ions possess similar mobilities, slightly smaller than that of 
K+. Comparison with the relatively huge ionic conductan­
ces for H3SO4"1 and H S04_ demonstrates the unfair advan­
tage held by proton-jumping ions in such a highly viscous 
solvent.

The experimental molar conductances of the normally 
migrating ions can be tested against the predictions of the 
revised Zwanzig theory,33 according to which

Xj0?? = zi2eF/(Aynrl + AqZ 2 P*ri~2) (10)

Here Zie is the charge on the given ion and r\ its radius, and 
F the Faraday constant. The parameter Av equals 6 if there

is “perfect sticking” at the ion-solvent interface and 4 if 
there is “perfect slipping”, whereas AD equals 0.375 and 
0.75, respectively. The symbol P* is defined by

p« - e2Ua ~  e j r  
e0(2 e0 + 1)37

where eo and e„ are respectively the low-frequency and lim­
iting high-frequency dielectric constants, and r is the di­
electric relaxation time. For sulfuric acid34 at 20°, co = 110, 
tco = 5, and t  = 4.8 X 10-10 sec. We shall employ these fig­
ures as they stand although they contain considerable ex­
perimental uncertainties (because of the high electrolytic 
conductance of the liquid34) and refer to 20° rather than 
25°. It follows that P* = 1.95 X 10-30 cm4, which is not 
much larger than the value for ethylene glycol35 (a liquid 
almost as viscous) but an order of magnitude smaller than 
that for a monohydric alcohol. The ionic conductances cal­
culated with eq 10 and Pauling radii22d are listed in Table
IV. The theory in its “stick” form is seen to be moderately 
successful for the singly charged ions of larger radius but 
fails badly for the smaller ions. This is similar to the pat­
tern found earlier.35 The “stick” model which implies sol­
vation generally fits better than the “slip” version. As has 
recently been pointed out,36 the Zwanzig theory cannot be 
improved for the small ions by allowing for the dielectric 
saturation around them.
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