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Kinetics of the Shock Wave Thermolysis of 1,1,2,2-Tetrafluoroethanelit

by G. E. Millward,11 R. Hartig,lb and E. Tschuikow-Roux*
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The kinetics of the thermal decomposition of a dilute mixture of 1,1,2,2-tetrafluoroethane in argon has been
studied in a single-pulse shock tube in the temperature range 1190-1450° K at total reflected shock pressures

of about 2900-4000 Torr.

The major reaction is the elimination of hydrogen fluoride, CHFZHF2-~->CHFCF-,

+ HF, with the first-order rate constant given by log (fei, sec*l) = 13.3 + 0.4 — (69.4 + 3.1 kcal)/2.303/fT.
Theoretical calculations of the activation energy and preexponential factor showed reasonable agreement

with the observed values.
observed,
carbon bond scission in CHFZZHF2

At temperatures above 1310° K significant production of CH*F* and CZF4was also
‘these additional products are explained in terms of radical reactions resulting from the carbon-
'the activation energy for the symmetric dissociation, CHFZHF2 *m

2CHF2 was found to be 91.4 + 3.7 kcal mol“1and provides an estimate of the C-C bond dissociation energy

in 1,1,2,2-tetrafluoroethane.

Introduction

Earlier chemical activation,2 subsonic flow,3 and
static system4 investigations of HF elimination from
alkyl fluorides indicate that a fluorination decreases
the activation energy, whereas O-fluoro substitution
increases it. The RRIv treatment of chemical activa-
tion data on fluorocthancs has been recently criticized
by Pritchard and Perona.6 Reexamination6 of these
data in terms of the more appropriate RRKM theory
has reversed the earlier conclusion indicating that an in-
crease in fluorination should lead to an increase in
activation energy. This prediction has been sub-
stantiated by the recent chemical activation work of
Chang and Sctscr7 and by pyrolysis studies in two
laboratories employing the single-pulse shock tube
(SPST)68-10 technique.

Thus, the different results obtained in subsonic flow
and static systems may be due to an experimental
artifact. These techniques may be subject to problems
of temperature gradients and heterogeneous effects.  In
a SPST the sample is heated rapidly and homogene-
ously, the reaction being free from heterogeneous com-
plications. This is not to say that this technique has

not been criticized. 1l However, the gas dynamicsi01213
and the methods of estimating shock parametersl4ils

(1) (a) Work supported by the National Research Council of Canada;
(b) Postdoctoral Fellow.

(2) D. C. Phillips and A. F. Trotmau-Dickenson, J. Chcm. Soc. A,
1144 (1968).

(3) D. Sianesi, G. Nelli, and R. Fontanelli, Chim. Ind. (Milan), SO,
619 (1968).

(4) M. Day and A. F. Trotmau-Dickenson, J.
(1969) .

Chem. Soc. .4, 233

(5) G. O. Pritchard and M. J. Perona, hit. J. Clicm. Kinet., 2, 281
(1970) .

(6) P.Cadman, M. Day, A. W. Kirk, and A. F. Trotmau-Dickenson,
Chem. Commun., 203 (1970).

(7) H. W. Chang and D. W. Setser, J. Amer. Chem. Soc., 91, 7648
(1969).

(8) P. Cadman, M. Day, and A. F. Trotnian-Dickenson, J. Chcm.
Soc. A, 2498 (1970).

(9) E. Tschuikow-Roux, W. J. Quiring, and J. M. Simmie, J. Phys.
Chcm., 74, 2449 (1970).

(10) E. Tschuikow-Roux and W . J. Quiring, ibid., 75, 295 (1971).

(11) R. A. Strehlow, “A Review of Shock lube Chemistry,” Tech-
nical Report AAK 68-1, University of Illinois, 1968.
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(13) A. Lifshitz, A. Bar-Nun, P. C. T. De Boer, and E. I,
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have been firmly established using the well-studied uni-
molecular decomposition reactions of perfluorocyclo-
butanel3l4 and ethyl chloride. 0 Thus, the potential
of these instruments, for pyrolytic studies, has been
clearly demonstrated.

The present work is an extension of previous in-
vestigations in this series and represents the first
pyrolysis of an a,/3-substituted fluoroethane. Further,
if the trend of increasing activation energy with addi-
tional fluorosubstitution continues, then the influence
of the radical reactions must become progressively more
important. This is so since the magnitude of the rate
constant for the C-C bond dissociation will become com-
parable to that for HF elimination. As will be seen
below the nature of the radical reactions has indeed
been established.

Experimental Section

The operation of the modified SPST equipped with a
ball valve has been described in detail.1256 Prior to
each experiment the tube was evacuated to 10~6 Torr,
and the leak rate did not exceed 10-3 Torr min-1.
The tube was then filled with pure argon (150 Torr),
and the ball valve was filled with the dilute reaction
mixture (0.6% CHZF4 in Ar) to the same pressure.
The wave forms were generated in the tube by bursting
a scribed aluminum diaphragm using helium as the
driver gas.

Two pressure transducers (Kistler, Model 603A/
623F), of rise time 1 yuex; were located 10 and 20 cm,
respectively, from the end plate. The amplified signals
from the transducers were fed to two universal counters
(Hewlett-Packard, Model 5325A), which recorded the
transit times of the incident and reflected shocks. The
signals were also fed to an oscilloscope (Tektronix,
Model 535A with CA plug-in), so that the wave history
could be recorded photographically.

The 1,1,2,2-CHZF4was kindly donated by the E. 1. du
Pont de Nemours Co., and a gc analysis indicated it had
a purity of 99.95%. A similar purity was found for
CHFCF2 and CHZ2 the gases being obtained from
Peninsular Chemresearch Inc. CZ4was prepared by
heating polytetrafluoroethylene (Teflon) shavings in
vacuo. Bulb-to-bulb distillation of the product re-
sulted in a purity of 99.9%. The argon was obtained
from Matheson, and it had a stated purity of 99.998%.
The dilute reaction mixture was prepared in a large
stainless steel tank and allowed to mix thoroughly be-
fore use.

Following each shock the reactant and products were
effectively isolated in the end section of the tube by
closure of the ball valve. After mixing, a sample of the
gases was withdrawn for analysis by gas chrome-
tography. The chromatograph (Varian 1740-1) was
equipped with a flame ionization detector in conjunc-
tion with a 12-ft silica gel column. Analyses were
carried out isothermally at 150°, with helium as a

The Journal of Physical Chemistry, Vol. 75, No. 21, 1971
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carrier gas at 30 cm3min-1. Quantitative identification
was achieved by means of standard mixtures of the
products and reactant in argon prepared for calibration
purposes. The extent of the reaction varied from
~0.4%, at about 1200°K, to ~60%, at 1450°K.

Results

The reflected shock temperatures, Ts, and pressures,
P& were calculated from measured incident and re-
flected shock wvelocities, as described previously.5
The reaction or dwell time, t, was determined accurately
by a previously described method,2 using shock transit
times and photographic oscilloscope recordings of the
wave history near the reflecting wall of the SPST.
These results are set out in Table I.

The thermal decomposition of 1,1,2,2-CHZ4 at
temperatures between 1190 and 1310°K vyielded
CHF3as the major product. Above 1310°K significant
amounts of additional products were formed, which
were identified by gc and mass spectrometry as being
CHZ2and CF4 Two other products, whose combined
total was less than 1% of the total product formation,
could not be identified as either Ci cr C2fluoro hydro-
carbons. They were ignored in the present analysis.
The product yields, in Table |, are expressed as ratios
of product to reactant.

Kinetic Analysis

The decomposition of 1,1,2,2-tetrafluoroethane over
the entire temperature range of this study (1190—
1450°K) is complex. To facilitate the analysis we have
quite arbitrarily divided the pyrolysis results into two
ranges. Below 1310°K the observed C-containing
product is almost exclusively CZHF3 and we conclude
that HF elimination is the predominant reaction

CHFXHF2  C2HF3 + HF

Accordingly, the rate constant was evaluated from the
first-order rate law

fi = [L- (eli)]-1(1/i) In @ + Pi) (1)

where Pi is the product/reactant ratio, [CHF3]/
[CHZF4], t is the calculated reaction time,12 and the
first factor corrects for the finite cooling ratel0 2 by the
rarefaction wave.

At temperatures above 1310°K product analysis in-
dicates that other reaction paths become significant
and must be considered. Among primary processes
the homolytic bond scission of the CF and CH bonds
can be ruled out on thermochemical grounds. Thus the
bond energies of the CF and CH bonds in CHZ4 are
about 110 and 103 kcal mol-1, I7 respectively, and these

(14) J. M. Simmie, W. J. Quiring, and E. Tschuikow-Roux, J. Phys.
Chem., 73, 3831 (1969).

(15) E. Tschuikow-Roux, J. M. Simmie, and W. J. Quiring, Astro-
naut. Acta, 15, 511 (1970).

(16) W . J. Quiring, Ph.D. Thesis, University of Calgary, 1971.
(17) B. de B. Darwent, NSRDS-NBS, 31 (1970).
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Table |: Experimental Results

yremeeen Mat h no.---—--—- ' Pi, Tt, Pi, T, t, -Product ratios® K, K, ro- ki,
Wn Wn Torr °K Torr °K Msec Ri R, Rz sec-1 sec-1 sec-1

2.216 1.265 888 705 2912 1193 788 0.0035 3.91

2.203 1.306 873 697 2956 1199 843 0.0045 5.02

2.216 1.310 883 701 3007 1210 534 0.0031 5.20

2.234 1.295 899 711 3027 1219 929 0.0052 5.26

2.244 1.314 907 715 3104 1236 651 0.0066 9.18

2.256 1.300 917 719 3107 1238 740 0.0093 11.2

2.267 1.303 927 724 3151 1249 813 0.0155 17.3

2.295 1.285 951 745 3192 1277 711 0.0144 17.9

2.280 1.329 938 731 3256 1275 767 0.0189 24.4

2.284 1.308 941 731 3216 1265 889 0.0282 29.1

2.349 1.302 998 761 3408 1316 842 0.0316 0.0105 0.0095 53.7 36.9 16.8

2.322 1.335 974 746 3409 1307 899 0.0538 0.0183 0.0157 84.2 57.6 26.6

2.313 1.336 967 747 3384 1309 916 0.0653 0.0216 0.019 80.0 68.7 21.3

2.337 1.334 987 754 3454 1319 928 0.0717 0.0243 0.0226 108.0 73.4 34.3

2.389 1.330 1033 773 3616 1353 818 0.0649 71.0 71.0

2.352 1.349 1001 761 3546 1341 1000 0.1335 0.0404 0.0461 182.0 122.0 60.0

2.367 1.338 1013 767 3564 1346 855 0.149 0.0441 0.0528 235.0 157.0 78.0

2.405 1.350 1048 785 3725 1387 823 0.226 0.082 0.116 396.0 233.0 163.0

2.402 1.372 1045 784 3776 1396 860 0.206 0.109 0.128 380.0 202.0 178.0

2.386 1.349 1031 777 3661 1371 924 0.248 0.0693 0.120 367.0 226.0 141.0

2.432 1.384 1072 790 3914 1415 1049 0.530 0.166 0.530 725.0 337.0 388.0

2.424 1.354 1065 793 3798 1402 961 0.491 0.118 0.300 640.0 370.0 270.0

2.443 1.401 1082 801 4000 1445 876 0.794 0.163 0.621 1045.0 554.0 491.0

aRi = [XJ/[CHFZHFZ where X, = CHFCF2 CHZ2 CF4fori = 1, 2, 3, respectively, and /2, is determined experimentally.

reactions cannot be competitive with the HF elimina-
tion reaction. The activation energy for molecular
elimination of hydrogen, a process which could give rise
to the observed CZF4 is difficult to assess. We note,
however, that for the somewhat analogous reaction,
CHG6 = H2 + CZ2H4 one calculateslB an activation
energy of 74 kcal mol-1 at 298°K which is not much
higher than the experimentally observed activation
energy for the HF elimination. On the other hand,
based on the known heats of formation (values in kilo-
calories per mole) of HF (—64.8),9 CHF3 (—118.5),D
CF4 (—157.2),D and a calculated value of AHf°
(CHFZCHF) ~ -209 kcal mol-1 21 we find that the
difference in the heats of reaction at 298°K for H2 and

HF elimination is A(AH) = 26 kcal mol-1.
CHFZHF2—*a HF + CHF3 AH = 26 kcal mol-1

—> H2+ CZF4

AH 52 kcal mol-1

Using this evidence we choose to ignore the contribution
(if any) of the last reaction. Finally we consider the
symmetric dissociation of CHFZZHF2 by C-C bond
rupture. By analogy with CZF62 this reaction must
have an activation energy of about 90-93 kcal mol-1.
However, compensating for this high activation energy
there will be a high preexponential factor which is
associated with a very loose transition state for such re-
actions.22B In this case reaction products should be ob-
served which involve the CHF2 radical as a precursor.
A reaction scherme which is consistent with our product
analysis is given in eq I-VI1II.

CHFZHF2 CHF3+ HF ()
2CHF2 (D))
2CHF2 CHFZXHF2 (—I11)
CHZF2+ CF2 1)
CHF2+ CHFZCHF2 CHZF2+ CHFZF2 (1V)
2CF2- c2¥4 V)
chfZXxf2- CF4+ H (1))
H + CHFZTHF2- CHFXF2+ h2 (VII)
H + CHFZXF2 chfZhf2 (VI

It should be noted that this mechanism has not been
tested for the effects of pressure, concentration, and
inhibitors. The secondary processes included in the
above scheme are worthy of some discussion. The
CHF2 radicals have three possible reaction manifolds:

(18) Evaluated from the known heat of reaction, AH = 32.7 kcal
mol_1, and the activation energy for the reverse four-center addition
reaction, Er = 41.3 kcal mol-1 (ref 36).

(19) D. I). Wagman, W. H. Evans, V. B. Parker, I. Halow, S. M.
Bailey, and R. Schumm, National Bureau of Standards Technical

Note'270-3, 1968.
(20) L. R. Lacher and H. A. Skinner, 3. Chem. Soc. A, 1034 (1968).

(21) E. Tschuikow-Roux, unpublished data.
(22) E. Tschuikow-Roux, 3. chem. Phys., 43, 2251 (1965).
(23) C. P. Quinn, Proc. Roy. Soc., Ser. A, 275, 190 (1963).
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combination, disproportionation, and hydrogen abstrac-
tion from the parent compound. The disproportiona-
tion of two difluoromethyl radicals to yield a difluoro-
carbene, 2 reaction 111, was first reported by Bellas,
et al.,K who established the disproportionation/com-
bination ratio f3fc_ 2= 0.19. A recent photolysis study
of (CHF22CO showed /c3/c-2to be constant® at ~0.17
in the temperature range 297-443°K. Thus, the in
clusion of reaction —I1 has the consequence that reac-
tion 111 must play an important role. At this point it
is important to stress the experimental fact that only
minute amounts of C3and C4compounds were observed.
Thus, the tetrafluoroethyl radical combination reac-
tion 2CHFZCF2 -» CAHZ8 and the cross combination
CHF2 + CHF2CF2 CHZF6 must be very unfavor-
able. This may be due to low radical concentrations
or the chemically activated adducts undergo a rapid
reverse C-C bond scission. Therefore the above reac-
tions are excluded fromthe scheme. Having eliminated
these reactions we must then omit the corresponding
disproportionation reactions, since in general these are
less favorable than the former.ZZ7 The existence of only
small amounts of C3 compounds is also important in
discussing the fate of the difluorocarbene, CF2 species.
It is known that CF2 does not undergo insertion into
CH bonds. B However, it is more difficult to justify
omitting the addition reaction of CF2 to the olefins
present in this system, although the latter reaction
would require an activation energy,® whereas the
combination reaction V does not. Finally, reactions
involving the consecutive elimination of HF from
CHF3and CHZ2are not included in the mechanism.
We note that HF elimination of alkenyl fluorides have
considerably higher activation energies than the cor-
responding alkyl fluorides.33'®2 Further, no evidence
of CF2was found in the qualitative analysis of products.
The studies of Politanskii and Shevchuk33-3} indicate
that in the case of CHZ2some HF elimination, CHZ2
—»CHF + HF, can be expected to occur. However,
no significant CHFCHF was found and for this reason
the reaction has been omitted from the scheme.

For simplicity we write: (A) = [CHFZHFZ]; (B)
= [CHFCF]; (© = [CHFZ; (D) = [CHFZ;
(B) = [CHFXFZ; (F) = [CFXFZ; (G) = [CFZ,
and (H) is the hydrogen atom concentration. From a
theoretical analysis of the material balance it was
found that

AO—A + B+ 12)+ F (%)
or in terms of the observed product/reactant ratios <
Ao/A = 1+ Ri + yE2+ E3 ®3)

From the general stationary-state equations for tran-
sient species we obtain

h(A) - M €)2- HC)2- fes(H)Y(E) =0 (&)
It is reasonable to assume that (C) > (H) or (E) at
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least on a trial basis, since H and CHF2ZCF2are pro-
duced in secondary processes. Thus, we can obtain
an approximate relationship for the concentration of
the CHF2radical, which is given by

(C) = RANA)A/(fc_2+ ft)¥* (5)
The rate of disappearance of A is given by
—d(A)/df = fci(A) + TAA) - fcAC)2+
4O A + HR)(A) - ks(H)(E) (6)

Using the stationary-state equations for the transient
species (C), (H), and (F) eq 6 can be reduced to

—d(A)di = h(A) + 2kXA) -
2MC)2- HCy + *fH)(A) (63)

Neglecting the last term® in (6a) and making use of
eq 5 yields
—d(A)/di = ft'(A) @)
where
k' = hi + fcX3(fc_ 2+ fd (8)

Integrating (7) with the appropriate boundary condi-
tions that (A) = (A)Oatt = O gives

K = (1/0 In [(A)J(A)] =
(/0 In(L + Ei + yE2+ E3 (9)

The values of k' obtained from eq 9 are shown in Table
L.
The formation of B is given by

d(B)/di = HA) = H A)nKl (10)

Integrating (10) with (B) = O att = 0 and substituting
k' from (9) we obtain, after correction for the finite
cooling rate

A= RiIn(@+ Ri + VE2+ Rt)/
(Ei + VE2+ E3[I — ((/9]t (10)

(24) J. M. Tedder and J. C. Walton, Progr. React. Kinet., 4, 37

(1967).

(25) M. G. Bellas, O. P. Strausz, and H. E. Gunning, Can. J. Chem,,
43, 1022 (1965).

(26) G. O. Pritchard and M. J. Perona, Int. J. Chem. Kinet., 1, 509
(1969).

(27) A. F. Trotman-Diekenson and G. S. Milne, NSRDS-NBS, 9

(1967).
(28) R. A. Mitsch, private communication.

(29) R. A. Mitsch and A. S. Rodgers, Int. J. Chem. Kinet., 1, 439
(1969)

(30) J. M. Simmie, W. J. Quiring, and E. Tschuikow-Roux, J. Phys.
Chem., 74,992 (1970).

(31) J. M. Simmie and E. Tschuikow-Roux, ibid., 74, 4075 (1970).

(32) P. Cadman and W. J. Engelbrecht, Chem. Commun., 453

(1970)

(33) S. F. Politanskii and V. U. Shevchuk, Kinet. Katal., 8, 12

(1967).

(34) S. F. Politanskii and V. TI. Shevchuk, ibid., 9, 496 (1968).

(35) Neglect of the term ky(H) (A) is justified in this case since it can
be shown that at temperatures > 1350 “K and under the experimental

conditions cited the rate of abstraction is slower than combination,
i.e., fc7(H)(A) < fc_2(Cp.
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Figure 1. Temperature dependence of the rate constant ki
for HF elimination from CHFZHF2

The values of h obtained from the experimental results
are shown in Table | and the temperature dependence
is plotted in Figure 1

Rearranging (8) we obtain

K —ki = kZ(k-Zk3+ 1) (12)

which yields an estimate of the rate constant for the C-C
bond scission, k2 provided the value of the dispropor-
tionation/combination ratio, k3k-2 for CHF2radicals
is known at high temperatures. The values of k' — ki
are given in Table I, and the temperature dependence is
plotted in Figure 2.

Discussion

The rate constants, ki, reported in Table | are high-
pressure limiting values, as has been shown by previous
considerations.9 A least-squares analysis of the data
of Figure lyields the Arrhenius expression

k (sec-]) = 10133+to4exp[-(69.4 + 3.1)/RT)

where if is in kilocalories per mole and the error limits
are standard deviations. This result fits into the
currently observed pattern6-10 of increasing activation
energy with increasing fluorination. The preexponen-
tial factor is also consistent with the previously deter-
mined values. However, the increase in activation
energy, between CHXF3 and CHFZCHF2 ~0.7 kcal
mol-1, is not as dramatic as that observed between
CHXHF2 and CHXF3 ~6.8 kcal mol-1. Thus, al-
though there is an increase in the activation energy due

3199

MO4/T5) , °K'1

Figure 2. Temperature dependence of (k' —fci).

to the additional fluorine atom, this increase is not as
large as one might expect because of fluorine sub-
stituents on the /3-carbon atom. This appears to sup-
port the hypothesis that /3substitution tends to decrease
the change in activation energy.

In Figure 2 the logarithm of the rate constant dif-
ference (k' — fg) is plotted as a function of 1/ Tr. A
least-squares analysis of the data gives

k' - h = k[(jk-i/kz) + 1] =
10i66t°.4 exp[_ 914 £ 3.7)/RT] (sec-1)

where R is in kilocalories per mole and again the error
limits are standard deviations. The ratio k3k_2 has
been evaluated at temperatures up to 440°K and found
to lie between 0.17 and 0.20.3% The lowest tempera-
ture in this study is ~1200°K, in which case the value
of k3/k-2 may be somewhat different. It is noted that
reactions —I1 and I11 have little temperature depen-
dence in the exponential term, since they have ap-
proximately zero activation energies. However, there
may be some temperature dependence in the preex-
ponential ratio A3A_2which is derived from the dif-
ference in the transition states for the two processes.
This may favor the disproportionation reaction. For
the purposes of this calculation we choose K3k_2 = 0.2
and assume it to be constant over the temperature
range of this study. Therefore

f2 (sec-1) = 10174+0'4exp[-(91.4 + 3.7)/RT]

It should be noted that the choice of k¥/k-2 = 0.2 re-
sults in h/k2 < 1 over the whole temperature range.
The value of the activation energy for reaction Il does
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not change, however, if f@fc_2is constant, and provides
us with the first experimental estimate of the C-C bond
dissociation energy in CHFZZHF2  This value lies in
termediate between that of CH68 and CF-62 as might
be anticipated.

It is of interest to calculate the activation energy
for the four-center HF elimination reaction using the
electrostatic semi-ion pair model of Benson and
Haugen.3 The activation energy may be calculated
from the sum of the enthalpy change for reaction |
and the activation energy, Er, for the reverse addition
reaction. The theory is strictly applicable in the case
of nonpolar olefins. Nevertheless, as will be shown
below, through suitable adjustment of bond parameters
partial agreement has been found. The necessary
input parameters were either taken from the literature
or evaluated as shown below. Thus the dipole moments
are m"hf = 1-82 D¥ and n*chfcf2 = 14 D.& The
ground-state polarizability of HF is a°H-= 0.96 A33
while that of CHFCF2 a°’cHFCFs = 5.54 A3was calcu-
lated from the bond additivity rules.® For the semi-
ion pair, «hf, lies halfway between the ground-state
polarizability and the mean free ion pair polarizability
and is given by

HF= (2°HF T an* T xF)/4

where aF = 123a°HFD and the value of aHt+ is
equated to that for at2+ = 0.37 A34L The transition-
state polarizability of CHFCF2is given by

aCHFCFa = (a°CHFCF2 — otc=c) + ac”c

where ac=c® is the longitudinal molar polarizability of
the C=C bond and ac”c3is that of a C—C Bond in
benzene. Thusy we calculate «hf = 087 A3 and
aH s = 491 A3 The bond lengths in the transition
state were evaluated according to the following pro-
cedure. In this case, a bond order of 3 is conserved
in the reactants (i.e., a bond order of 2 in C=C and
1lin H—F) and in the products (i.e., 1 in C—C, C—H,
and C—F). It is thus reasonable to assume that the
bond order is 3 in the transition state. However,
the transition state is a loosely bonded four-center semi-
ion pair complex, as shown in Figure 3. This means
that the “effective” bond order is 2.5, since a total of one
electron is used in creating the semi-ion pair.  Although
this electron, corresponding to a bond order of 0.5,
is involved in a role other than covalent bonding, we
stipulate that the total bond order of 3 is conserved.
Fractional bond lengths were then evaluated using the
bond length-bond order rule of Paulingf2

r=rs—0.6logn (12

where r is the bond length in angstréms, corresponding
to a bond order n and rsis the single bond length. The
C-C bond lengthwassetat 1.4 A (n = 1.5) and the HF
bond length at 1.3ig A (n = 0.24), as prescribed by
Benson and Haugen.3 The remaining bond order,
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Figure 3. Semiion pair transition-state model for HF
elimination from CHFZHF2 reis the average of the
equilibrium distances C-H and C-F.

0.76, was then shared equally between the two forming
bonds, C-H and C-F. The calculated distances are
shown in Figure 3.

From the above parameters Et is calculated to be 38
kcal mol“1 Addition of this quantity to the enthalpy
of the reaction, 26 kcal mol“l gives an activation
energy of 64 kcal mol“1for the elimination reaction.
This is below the observed value but shows better agree-
ment than was obtained in the cases of CHHF2 and
CHXF3

It is of interest to compare the experimental A factor
with one calculated in terms of a predicted entropy of
activation, 83 AS) given by

A= (ot — T + ASnt+ R Ing

where (iStorst — »8hir) is the intrinsic entropy change in
passing from the hindered internal rotation of the
ground state to the torsional mode of the cyclic com-
plex. For CHZ4 the barrier to internal rotation is
taken as 3.5 kcal mol“1, by comparison with other
fluoroethanes.#4 This gives rise to an entropy contribu-
tion of 8.74 eu at 1350°K. The torsional mode can be

(36) S. W. Benson and G. R. Haugen, J. Amer. Chem. Soc., 87, 4036
(1965).

(37) “Handbook of Chemistry and Physics,”
Co., Cleveland, Ohio, 1971.

Chemical Rubber

(38) Landolt-Bornstein, “Zahlenwerte und Funktionen,”
“Atom und Molekular Physik,” Teil 3, Springer Verlag,
1951, p 511.

Band I,
Berlin,

(39) R.J.W. Le Fevre, Advan. Phys. Org. Chem., 3, 1 (1965).
40) G.R. Haugen and S. W. Benson, Int. J. Chem. Kinel., 2, 235
(1970).

(41) Landolt-Bornstein, “Zahlenwerte und Funktionen,”
“Atom und Molekular Physik,"
p 401.

Band I,
Teil 1, Springer Verlag, Berlin, 1950,

(42) L. Pauling, J. Amer. Chem. Soc., 69, 542 (1947).

(43) H. E.
(1967).

O'Neal and S. W. Benson, J. Phys. Chem. 71, 2903

(44) A.B. Tipton, C. O. Britt, and J. E. Boggs, J. Chem. Phys., 46,
1606 (1967).
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assigned a value of 350 cm-1,4 and the corresponding

entropy contribution is 3.94 eu. The entropy change
3JV-8

in this mode is therefore —4.8 eu. ASNt+= L S? —

3Ar—7 i

L Si is the residual intrinsic vibrational entropy

change due to all the other modes. If all the other
frequency changes are neglected, with the exception of
the CF stretch (1100 cm-1) which is taken as the reac-

3201

tion coordinate in the transition state, then ASIntt =
—1.8 eu. Thus, with a reaction path degeneracy of
< = 4 the net change in entropy is —3.8 eu. From
this we obtain log A (sec-1) = 13.1, which shows good
agreement with the observed value of 13.3.

Acknowledgment. We thank Dr. R. F. Hein of E. I.
du Pont de Nemours Co. for asample of 1,1,2,2-CZHA\.
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Gaseous and liquid radioactive products up to Us compounds produced by the 1C(y,n)nC reaction in liquid
n-pentane, isopentane, pentene-1, cyclopentane, and cyciopentene were separated and analyzed by radio
gas chromatography. Results were interpreted in terms of insertion reactions by the carbon atom and meth-
ylene radical, and the relative probabilities of fragmentation and stabilization reactions following their insertion

in the parent molecules were determined.

Experiments have been conducted to determine the
yields of gaseous and liquid products from the reactions
of recoil NnC with the liquid hydrocarbons, n-pentane,
isopentane, pentene-1, cyclopentane, and cyciopentene.
The vyields of the gaseous products were reported in
earlier papers;23 those of the higher boiling products
have been presented4but not published.

Experimental Section

The technique used has been described56and further
details are available.7 Briefly, small liquid samples,
0.2 ml, in glass bulbs were irradiated with 70-MeV
bremsstrahlung to cause the 12C(y,n)uC reaction.
After approximately 20 min to allow I produced in the
glass to decay, monitor counts of the bulbs were made
with an Nal(TI) counter. The bulbs were broken in a
stream of helium, and the products and parent com-
pound were separated by conventional radio gas chro-
matography with the counting cell previously de-
scribed.2

The liquids irradiated were Research grade obtained
from Phillips Petroleum Co. with purities listed from
99.82 t0 99.99 mol %. They were used without further
purification. In the scavenger experiments with the
aliphatic pentanes saturated solutions of iodine were
used. In cyclopentane, several iodine concentrations
below saturation were also used.

For the separation columns Chromosorp P was the
solid support with the following liquid phases: 2-ethyl-
hexyl acetate for the gases, tripropionin for C3to C6
compounds, and Apiezon Qil for the highly unsaturated
C6compounds.

Results and Discussion

Results given in Tables | and 11 are based on the total
NnC produced, following calibration techniques which
have previously been described.3 Because of limita-
tions of the chromatograph system, products with vola-
tilities much less than that of the parent compounds
were not carried through the column and detected.
Thus products in which a carbene formed by carbon

(1) Work was performed in the Ames Laboratory of the U. S. Atom ic
Energy Commission, Contribution No. 3036.

(2) A. F. Voigt, D. E. Clark, and F. G. Mesich, “Chemical Effects
of Nuclear Transformations,” Vol. I, International Atomic Energy
Agency, Vienna, 1965, p 385.

(3) D. E. Clark and A. F. Voigt., J. ATEN Cem S(I)., 89, 1528
(1967).

(4) A. F. Voigt and G. L. Jewett, Abstracts, 152nd National Meet-
ing of the American Chemical Society, New York, N. Y., Sept 1966,

No. R46.
(5) G. F.

Palino and A. F. voigt, J. ATEr. Gem SX, 91, 242
(1969).
(6) R. L. Williams and A. F. Voigt, J. Pf'NS. Chem, 73, 2538 (1969).

(7) G. L. Jewett, Ph.D. Thesis, lowa State University, Ames, lowa,

1967.
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Table I :  Products from Pentanes and Pentene

Product n-Pentane 7Pentare + Im
Methane 6.36 =t 0.12 3.78 £ 0.02
Ethane 1.14 + 0.07 0.81 = 0.10
Ethylene 8.35% 0.25 7.21 +0.01
Acetylene 17.5+0.5 186+ 0.1
Propane 1.00 + 0.03 0.27 £0.04
Propylene 4.44 + 0.20 3.92 + 0.02
Allene 1.09
Methyl acetylene 2.62 = 0.18 207+ 011
Butanes 0.65 + 0.03 0.26 £0.04
Butenes 2.84 £ 0.02 2.22 £0.07
Butadiene
ra-Hexane 8.8+ 0.3 6.7 £ 0.2
2-Methylpentane 6.2+ 0.1 4.2+ 0.2
3-Methylpentane 33+ 04 20+ 0.1
2,2-Dimethylbutane
Total hexanes 18.3 12.9
Total hexenes 149+ 05 12.0+ 0.3
Hexadienes
Hexyne-1
Unidentified product
Methyl iodide

“ Includes 2,3-dimethylbutane.

Table Il :

Products from Cyclopentane and Cyclopentene

G. L. Jewett and A. F. Voigt

<Per cent yield from—

Isopentane Isopentane -m |2 Pentene-1
6.45 = 0.03 3.21 £+ 0.03 1.47 + 0.03
1.75 =+ 0.15 1.17 £ 0.15 0.35 + 0.05

12.5 0.5 11.0+ 0.06 4.16 + 0.08
21.7 + 0.14 22.1 £+ 0.07 17.4 + 0.1
1.07 £0.02 0.40 =+ 0.05 0.17+ 0.01
4.21 =+ 0.02 3.49 £+ 0.14 2.66 £ 0.04
0.97 £+0.08 1.37+0.04

2.31 = 0.06
0.72 + 0.10 0.18 £ 0.03
1.26 £0.07 0.61 + 0.19 1.29 £0.05

2.71 + 0.06
9.0 £ 0.2« 7.7 £0.2«

7.73 £ 0.04 5.10 + 0.05
2.15 + 0.10 1.10 £ 0.15
17.9 13.9
12.4 + 0.4 7.9 £ 0.1 5.14 £+ 0.03

12.0+ 0.5
1.67 £ 0.35
4.85 + 0.04

-Per cent yield from—

Cyclopentane + 12

Cyclopentene

Product Cyclopentane
Methane 7.6 £ 0.4
Ethane 0.43 + 0.06
Ethylene 3.22 + 0.13
Acetylene 164+ 0.5
Propylene 122 +0.22
Allene 1.59 + 0.08
Methylacetylene 1.15+0.05
Butenes 1.15 + 0.02
Butadiene 0.53 + 0.07
Hexene-1 3.0+ 0.3
Hexadienes 23+ 0.2
Methylcyclopentane 16.3 + 0.5
Methylenecyclopentane 6.3+ 0.3
Methylcyclopentenes
Cyclohexene 4.3+ 0.6
Bicyclo[3.1.0] hexane 52+ 0.1
1,3-Cyclohexadiene
Benzene
2 Unidentified products
Methyl iodide

“ Yield decreases with increase in iodine concentration.
iodine concentration.

atom insertion into one molecule of parent reacts with
a second molecule to form a large product, e.g., Cn from
Cs, could not be observed. The formation of products
of this kind is a possible explanation for the rather low
total recovery found for several of the compounds.

The general reaction scheme shown in Figure 1 applies
to reactions in n-pentane, isopentane, and, with minor
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bMay include some 1,5-hexadiene.

4.4+ 0.9 2.89 £+ 0.08
0.33 £ 0.02 0.14 + 0.02
2.39 + 0.11 1.28 £ 0.07
17.0+ 0.3 143+ 0.3
0.79 £ 0.07 0.20 + 0.01
0.75+ 0.1 0.86 + 0.01
1.6-0.25* 0.56 £ 0.02
1.1-0.8“ 0.23 + 0.05
1.79 + 0.02
3.4-1.7
1.2+ 0.2 3.2+ 0.2
16.6-11,6“ 6
7.0-2.2¢ 1.28 + 0.11
6.9+ 0.3
7.8-4.0 2.18£0.09
4.4-2.5¢ 3.7+ 05
3.6 + 0.1
2.0+ 0.2
35+ 04
6.8-8.1"

eYield increases with increase in

changes, in cyclopentane. For the unsaturated mole-
cules, reaction with the w system of the double bond
must also be considered. The relative contribution of
alternate routes to the same product was not established
in these experiments, and it is probable that mech-
anisms other than the ones shown also contribute.
For example, although ethylene is shown only as a



Recoil Reaction Products of Carbon-11 in CbHydrocarbons

"ch4

Figure 1. Reaction pathways: nC + RCH3

product of methyne insertion followed by cleavage, an
alternate path involving carbon atom insertion, cleav-
age, and hydrogen abstraction is quite probable.

Certain points can be established. The formation
of the olefin from the preceding paraffin, e.g., hexene-1
from n-pentane, most likely involves insertion of the
bare carbon atom, folloned by stabilization of the
carbene.8 Similarly, the most probable reaction for
the formation of the hexanes from pentane is methylene
insertion.9 Thus one can classify (Table I11) reactions
of bare carbon atoms and methylene into fragmentation,
yielding acetylene, ethane, C3 and C4 products, and
stabilization, vyielding C6 hydrocarbons. Products
which can logically be attributed to reactions of
methyne and methyl radicals are also listed in Table
111 without implying that these are the necessary path-
ways.

For the reactions attributable to the carbon atom the
percentage of products resulting from stabilization
ranges from 23 to 34, while for the reactions of methy-
lene, this percentage is 84 to 90. It is certainly not
unexpected that the carbon atom carries with it more
energy so that after insertion, stabilization is less likely
than would be the case for methylene.

It is of interest to examine the yields attributable to
methylene insertion for statistical behavior since such
examination has previously been made for products
from MC recoil experiments.D In n-pentane the forma-
tion of the three hexanes on a purely statistical basis
would give the ratio n-hexane:2-methylpentane:3-
methylpentane = 3:2:1. The observed ratios are
2.66:1.88:1 for the unscavenged and 3.33:2.1:1 for
the scavenged system, probably a statistical distribu-
tion within experimental error. WolfD reported this
ratioas 3.2:2.1:1 for MC results with n-pentane.

The four hexanes possible from isopentane were not
completely resolved, but for the three fractions sep-
arated the expected ratio would be 3-methylpentane :
(2-methylpentane + 2,3-dimethylbutane) :2,2-dimeth-
ylbutane = 6:5:1. The unscavenged system gave

3203
Table I11: Reaction Pathways, Pentanes
————————————————————— Yields, % --------------------¢
R n-Pentane-—-—- > ymmmm= Isopentane—,
Scav- Scav-
Pathway Pure enged Pure enged
Reacting as C
Acetylene 17.5 18.6 21.7 22.1
Unsaturated C3 8.2 6.0 5.2 .5
Unsaturated C4 2.8 2.2 1.3 0.6
Unsaturated C6 15.0 12.0 12.4 .9
Total 43.5 3878 40.6 34.1
% Stabilization 34.5 30.9 30.5 23.2
Reacting as CH
Ethylene 8.3 7.2 12.5 10.9
Reacting as CH2
Ethane 1.1 0.8 1.8 1.2
Saturated C3 1.0 0.3 1.1 0.4
Saturated C4 0.6 0.3 0.7 0
Saturated C« 18.3 12.9 18.9 13.9
Total 21.0 14.5 22.5 15.5
% Stabilization 87.2 90.3 84.0 89.7
Reacting as CH3
Methane 6.4 3.8 6.4 3.2
Methy!l iodide 5.4
Total 6.4 3.8 6.4 8.6
Total recovered 79.2 64.3 82.0 69.1

the ratio 3.6:4.2:1 and the scavenged system 4.6:7.0:1.
The 3-methylpentane, formed by attack at one of the
two adjacent methyl groups, apparently has less than
astatistical yield, possibly for steric reasons.

The results from cyclopentane can also be classified
as due to carbon atoms and methylene reactions (Table
1V) showing definite but less striking differences. In
this case 50% of the products of carbon atom reactions
result from stabilization processes. The production of
ethylene can be attributed to methylene without in
volving hydrogen loss or pickup and it has been included
in the methylene products. Since the ethylene yield
is much lower here than in the aliphatic compounds,
this change is not drastic. Results in parentheses
were obtained if ethylene was not included as a methy-
lene fragmentation product.

A similar analysis has been made for the two com-
pounds with double bonds (Table V). This may not
be as valid a comparison as the other cases since reac-
tions occur at the double bond as well as at the CH
bonds. It is noted that a considerably smaller fraction
of the total yield is attributable to methylene reactions,
and the fraction of the NnC which remains unbound until
it has picked up enough hydrogen to form methane has
become very small.

(8) G. Stoeklin and A. P. Wolf, J. Amer. Chem. Soc., 85, 229 (1963).

(9) See reviews by A. P. Wolf, Advan. Phys. Org. Chem., 2, 201
(1964); R. Wolfgang, Progr. React. Kinet., 3, 97 (1965).

(10) A. P. Wolf, “Chemical Effects of Nuclear Transformations,”
Vol. Il, International Atomic Energy Agency, Vienna, 1961, p 3.
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Table 1V : Reaction Pathways, Cyclopentane Table V: Reaction Pathways, Pentene and Cyclopentene
- Yields, %---------- e Yields, %---------
Pathway Pure Scavenged Cyclo-
Pathway Pentene pentene
Reacting as C .
Acetylene 16.4 17.0 Reacting as C
Diunsaturated C3, C4 3.2 1.6 Acetylene 17.4 14.3
Unsaturated Cs 205 18.6 Diunsaturated C3, C4 6.4 3.2
Total 401 37.2 Polyunsaturated Cs 16.5 9.0
% Stabilization 51 50 Total 40.3 26.5
% Stabilization 41 34
Reacting as CH2 .
Ethane 0.4 0.3 Reactlng as CH
Ethylene* 3.2 2.4 Ethylene 4.2 1.3
Monounsaturated C3 C4 2.5 1.8 Reacting as CH2
Saturated C6 19.4 19.4 Monounsaturated C3 C4 4.1 0.2
Total 25.5 23.9 Monounsaturated Cs 5.0 14.3
% Stabilization 76 (87) 81 (%0) Diunsaturated noncyclic Ce 3.3
Reacting as CH3 Total 9.1 17.8
Methane 7.6 4.4 % Stabilization 55 99
Methyl iodide 7.3 Reacting as CH3
Total 7.6 11.7 Saturated C2C 4 0.7
Total recovered 73 73 Methane 15 2.9
Total 2.2 2.9
* See text.
Total recovered 56 49

In both scavenger systems in which methyl iodide precursor to the methyl radical. Other iodinated prod-
was determined, isopentane and cyclopentane, its yield ucts such as methylene iodide would not have been
more than compensates for the reduction in methane detected, which may help to account for the lower total
yield. Thus the iodine must react in part with a recovery inthe scavenged systems.
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The mercury-photosensitized decormposition of N2 in the presence of CO-CH4 mixtures wes studied at 548°K.
From the competition between CO and CH4 for 0 (3P), the ratio K\VK, was found to be 2.0, where the reactions
are (1) 0(P) + CO— CO02and (2) 0(3P) + CHa—»CH3+ HO. Reaction 1 is second order at the pressures
wsed in this study (>250 Torr, mainly N20).  Furthemore, the HO radical produced in reaction 2 can react
with either CO (HO + CO-mH + CO02 reaction3) or CHa(HO + CH4> HD + CH3 reaction4). An aoproxi-
mate value of kiZkz = 1.0 waes obtained. A reexamination of the determination of @ that its value
at 548°K is about one-tenth as large as previously reported.  In runs in the absence of CO or CHY4 the 0(3P)
produced in the primary process gppears as 0 2 but there is a noticeable induction period in o 2 formation.
BExperinments with added CH4 have established that the oxygen atons are efficiently adsorbed by the wall of
the quartz reaction vessel.  Thus because of the inhormogeneity of the light absorption, 0(3P) atorms can be
removed by the walls even in the presence of an 0(3P) scavenger.  Furthermore, results with two different
nmercury resonance lamps are quantitatively different, because of the difference in pressure broadening of the

incident radiation

Introduction
Recentlyl we have examined the reaction of 0 (3)

0(F) + CO—> C02 )

with CO at 298-472°K by studying the competition
between CO and 2-trifluoromethylpropene for oxygen
atoms produced in the mercury-photosensitized de-
composition of ND. We found this reaction to be in-
termediate between second and third order at pressures
of 200-800 Torr with N as the principal gas. Fur-
thermore, at any pressure the reaction became more
second order as the temperature was raised. The limit-
ing low- and high-pressure rate constants were found
to fit the expressions T = 1.29 X 109exp(—4070/RT)
M-* sec-land K = 3.40 X 106exp(—2930/7?T) M~I
sec-1.

In view of the unusual behavior found for the rate
constant and the discrepancies found in the literatureZ 3
with regard to the rate constant and the order of the
reaction, it seemed appropriate to examine reaction 1in
a different system. In this paper the same technique
for generating oxygen atoms is used at 548°K, but the
competing gas was CH4 rather than 2-trifluoromethyl-
propene, so that reaction 1 was studied in competition
with reaction 2

0(®P) + CH4—> HO + CH3 )

Since HO radicals are produced in reaction 2, it was

hoped that, in addition to obtaining fciffc2 it also would
be possible to measure k3/c4

HO + CO—*H + CO02 (©)]
HO + CH4—> HD + CH3 (@]

Measuring the competition between reactions 3 and 4 is
difficult because reaction 1 produces C02 which com
plicates the analysis of the data. Nevertheless, an
estimate for &3fc4could be made.

As the study was in progress, it became apparent that
some of the oxygen atoms were being removed by a
reaction other than reaction 2. Thus it was necessary
to study this route of oxygen atom disappearance. This
was done in several series of runs with CO absent, and
those results are also reported here.

Experimental Section

Most of the experiments utilized conventional static
photochemical techniques. Matheson CP grade N2
was purified in several ways. For some runs the N2
was passed over ascarite and degassed at —196°. In
other runs the N was distilled at —160°, and the

(1) R. Simonaitis and J. Heicklen, J. Chem Phys., in press.

(2) D. L. Baulch, D. D. Drysdale, and A. C. Lloyd, “High Tem-
perature Reaction Rate Data,” No. 1, Department of Physical
Chemistry, Leeds University, 1968.

(3) N. Cohen and J. Heicklen, “Comprehensive Chemical Kinetics,”
C. H.Bamford and C. F. H. Tipper, Ed., Elsevier, to be published
in Vol. 6.
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middle fraction was used. A third procedure was to
preirradiate N20-Hg mixtures and then to degas at
—196°. All three methods of purification gave N2
free of impurities (<10 ppm) as determined by both
gas chromatography and mass spectrometry.  Specifi-
cally NO, 02 Ns, and hydrocarbons were absent.
Furthermore, the photochemical results were the same
regardless of the methods of purification, except with
N2 alone at 275°. For these runs a different cylinder
of N was used, and the oxygen quantum yields were
lower if the N2 was distilled at —160° to remove any
NO2

Matheson “ultrapure” methane was purified by re-
peated degassing at —196° and distillation at —186°.
The remaining impurities were N2 (100 ppm), 02 (<10
ppm), and CHe (<20 ppm). At high pressures of
CHa4 a small correction for the presence of these im-
purities was made. However, for most runs the cor-
rection was negligible.

Matheson CP grade CO was purified by passage
over glass beads at —196°, degassing at —196°, and
distillation from liquid argon. The 02 impurity was
reduced to <10 ppm, but 190 ppm N2 remained.

The reactants were saturated with mercury vapor be-
fore being mixed in the reaction vessel which was a
cylindrical quartz cell 5 cm in diameter and 10 cm long.
The reaction vessel was jacketed in a wire-wound
aluminum furnace with quartz windows. Irradiation
was from a Hanovia flat-spiral, lowpressure mercury
resonance lamp. The radiation passed through a
Corning 9-54 filter before entering the reaction cell to
remove all radiation below 2200 A. For some runs
without CO present, a North American Phillips Model
93109E lowpressure mercury resonance lamp was used.

After irradiation the cell contents were condensed in
atrap at —196°. The noncondensables (N2 H2 CO,
and 0 2 were collected in a Toepler pump and analyzed
for N2 and 02 by gas chromatography using a 0.25-in.
diameter by 10-ft long 5A nmolecular sieve column
operating at 25°. Corrections for background N2 were
made in computing the rate of N2 formation, fi{NZ.
The fraction condensable at —196° was analyzed for
C2He and CO02 on a 0.25-in. diameter by 20-ft long
Porapak Q column at 25°.

Some experiments were done using electron para-
magnetic resonance spectroscopy to follow continuously
the rate of production of o2 in situ in the mercury-
sensitized decomposition of N2 alone. The 25-cc
photolysis cell used consisted of a length of Suprasil
quartz tubing placed in the X-band cavity of a Varian
4502 epr spectrometer and extending about 15 cm below
it. A 50-W spiral lowpressure mercury lamp, obtained
from Ultra-violet Products, Inc., was placed around the
extension immediately below the cavity. A Corning
7-54 filter could be inserted between the quartz tubular
cell and the spiral lamp to eliminate the 1849-A mercury
spectral line.
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Results

CO Absent. Initially, the mercury-sensitized photo-
decomposition of 100 Torr N2 at 23° was studied as a
function of irradiation time. The results are listed in
Table | for N2 and 02 productions. Since ${NZ& =
1.00, theratioof 02toN2is4407.

Table I : Effect of Irradiation Time on the
Mercury-Photosensitized Decomposition of N2

Irradiation
time, 109 X «{Nil,

min mol/l. see
T = 23°, [ND] = 100 Torr, Phillips 93109E Lamp
60.0 0.108 0.200
63.0 0.127 0.236
64.0 0.117 0.254
180.0 0.115 0.339
398.0 0.152 0.414
600.0 0.118 0.337
1200.0 0.064 0.221
T = 275° [NjO] = 53 Torr, Hanovia Lamp
33.0 0.42 0.038
210.0 0.64 0.20

The irradiation time was varied from 60 to 1200 min.
For about 600 min the rate of N2 production, /?{NZ},
was nearly constant, where R{N2 is computed as the
N2 produced divided by the irradiation time. For
1200-min exposure, R{N2Z dropped noticeably indicat-
ing that HgO was formed, which inhibited the reaction.
The production of HgO in the later part of the reaction
is attributed to the sequence of steps

0+ 02+ M—>03+ m
O3+ Hg—> HgO + 02

The measured quantum yield of 0 2 formation is very
much less than 0.5 for short irradiation times and in-
creases with exposure time, reaching a maximum value
of about 0.42 for about 400-min exposure. Further
irradiation decreases the yield. Our peak value of
${02 ~ 0.42 occurs for a total N2 production of 36
Junol/L Cvetanovies obtained 4{02] = 0.47 for a
total N2 production of 6-50 jurmol/l. Our results
compare favorably even though Cvetanovieé’s intensity
was about five to ten times ours. The falloff of €02
as the irradiation time increases is due to the 0 2 con-
sumption via the above reactions. The low values for
40 Z at short exposures were unexpected and indicate
that some of the oxygen atoms have formed products
other thano 2

At 275°, the induction period in oxygen formation is
even more pronounced. For the 210-min run almost
1 Torr of oxygen atoms is missing.

(@) RrR. J. cvetanovic, 3. Chem Phys., 23, 1203 (1955).
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EXPOSURE TINE (SE0)

Figure 1. Plot of [0 vs. time as obtained by epr spectroscopy
during the mercury-sensitized photolysis of 20 Torr ND at 25°.
The intensity of the K = 11,J = 12—10, Ma= —2—3—1
transition of 0 2was monitored. This transition occurred

at a magnetic field of 5961.4 G with a klystron

frequency of 9208.5 MHz.

To check the induction period in 0 2 formation, epr
experiments were done so that 02 could be monitored
continuously. TheK = 11, J — 12 —»10, Ms = —2
“m —1 transition at X-band frequencies is useful for
this type of experiment. The cell was filled with 20
Torr N and irradiated in the absence of mercury
vapor and with no filter. Under these conditions the
direct photolysis of ND produces 0 (1D) which reacts
with N2 and produces 02 instantaneously; the epr
signal appears with no delay. With the filter in place
0 2is not detected.

When the cell is filled with 20 Torr N2 and allonwed
to stand overnight over a small amount of mercury, the
spectrum of 0 2 appears with an induction period upon
irradiation with filtered light from the spiral lamp. The
curve of growth is shown in Figure 1.  After a 30-sec
induction period the 0 2grows at a rate of 2.34 X 10-8
mol/1. sec until it levels off and reaches a constant value
of 3.5 /¢mol/l. The limiting value can be attributed to
HgO formation which was observed on the surface of
the mercury pool at the bottom of the cell. The induc-
tion period represents a loss of 1.4 /;mol/1l. or 26 /t of
oxygen atoms.

We looked for the epr signal due to NO with no suc-
cess. However, the epr spectrum of 02is so intense in
the region where the NO transitions are expected to
occur that they may be obscured. This problem could
be circumvented by using a cavity with a Stark modula-
tion system rather than Zeeman modulation. A search
for the signal due to 0 (32 yielded negative results, thus
indicating a steady-state pressure of 0 (32 of < 1/,

Table Il shows the results of the mercury-photo-
sensitized decomposition of ND at 275° in the presence
of CH4 The products measured were C2HG C02 and
CO. No oxygen was found. Methane is very much
less efficient than N2 in scavenging Hg(63Ri).5a How-
ever to be certain that 4>{NZ remained 1.00 in the
presence of CH4 a few runs were done with a few Torr
of CH6 present (to scavenge the oxygen atoms) with
CH4both present and absent. The rate of N2 forma-
tion was unaffected. In the N2D-CH4 system the
oxygen atom can react with CH4leading to

3207
O+ CIU—> CH3+ OH @
OH + CH4— HD + CH3 )

If any 0 2is produced, it is scavenged by CH3
CH3+ 02+ M —> CH®2+ M @
CH®2+ CH4—~ CHIPMH + CHa (b)

An alternate fate of CH3 2 could be self-annihilation.
However, since its rate constant@ is about 100 M ~I
sec-1, this reaction will be unimportant in our system if
kb > 102 M-1 sec-1. Our results are consistent with
this hypothesis. The CH3DOH presumably decomposes
to HD and CHD, the latter being further oxidized to
CO and C02 Thus, for every oxygen atom reacting
with CH4 one molecule of CH6is produced.

The ethane yield, <{C2Ho}, increases from 0.12 to
0.57 as the CH4 pressure is raised from 5 to 99 Torr.
However, ${CH6 is almost independent of a 30-fold
change in N pressure or a 300-fold change in /T{NZX
(i . e the absorbed intensity, 73.

Most of the runs were done for similar conversions.
However, two runs were done at greatly reduced con-
versions (the 2- and 10-min runs). ${C2H6} decreased
from 0.35 to 0.22 as the irradiation time increased from
2 to 66 min for otherwise identical runs. The reason
for the drop may be that at longer conversions more 0 2
is produced which enhances reaction a and thus leads
to some loss of CH3via reaction a follonwed by self-
annihilation of CH® 2 However, the drop in ${ CH6}
is not very pronounced considering the 33-fold variation
in extent of conversion. At any rate, all the other runs
are for similar conversions and should be directly com-
parable.

The effect of conversion was further checked under
other conditions. These results are shown in Table
I11. A ninefold variation in the extent of conversion
had no noticeable effect on €{C2H6}.

Another series of runs was made to test the effect of
N2 pressure and these results are shown in Table V.
Contrary to the results in Table Il where the N2
pressure had almost no effect, the results in Table IV
show that 4>{C2H6} noticeably drops as [ND] increases.
The effect is more pronounced with 9.8 Torr CH4
than with 110 Torr CH4 However, even in the former
case, the effect is much less than linear, a 35-fold in-
crease in [ND] gives only a 4.3-fold drop in ${C2H6}.
The difference between the two sets of experiment listed
in Tables Il and 1V is that two different types of mer-
cury resonance lamp were used. These results were
carefully checked, and the different results caused by
the two types of lamps are real.

Table V contains another set of experiments illus-
trating that ${C2H& increases with [CH4]. 4>{CH&g

(®) (@ R. J. Cvetanovic, Progr. React. Kinet., 2, 39 (1964); (b) J.
Heicklen, Advan. Chem Ser., No. 76, 23 (1968).
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Table I1:  Mercury-Photosensitized Decomposition of ND-CH4Mixtures at 275° with a
Hanovia Flat-Spiral, Low-Pressure Mercury Resonance Lamp

[N20], [CHd, Irradiation 10* X R{N 2,

Torr Torr time, min mol/1. sec elehd *fco,i #fcoj
30.0¢ 5.00 65.00 0.50 0.120 0.165
615 5.00 65.00 0.55 0.103 0.068

32.0 5.05 66.00 0.43 0.128 0.080 0.118
610 5.10 65.00 0.57 0.080

30.0 5.90 4.00 6.5 0.133 0.043
600 9.80 1010.00 0.041 0.204
660 9.80 4,00 9.9 0.089

20.0 10.0 65.00 0.43 0.217
615 10.0 65.00 0.58 0.165
635 10.0 65.00 0.57 0.160 0.050 0.124
220 10.1 65.00 0.58 0.202 0.033

22.0 10.1 66.00 0.43 0.224 0.065

22.3 10.2 10.00 0.44 0.27

22.3 10.2 2.00 0.44 0.35
614 135 65.00 0.56 0.213 0.045 0.119
642 23.0 4.00 8.4 0.214
630 25.0 840.00 0.032 0.262 0.146 0.042
604 56.0 4.00 9.9 0.37 0.028
540 99.0 65.00 0.56 0.57 0.027

“ 390 Torr CF4also present.

Table I11: Effect of Irradiation Time on the Table V: Effect of CH4Pressure on the
Mercury-Photosensitized Decomposition of ND CIL Mercury-Photosensitized Decomposition of ND-CH4
Mixtures at 275°;, Phillips 93109E Lamp Mixtures at 275°; Phillips 93109E Lamp
Irradia- 100 X Irra}tiiation 10» X
[%?3, ((T:H,), tion time,  KiNd, ‘ [-'?332' [%';'ri]' min mzlg?.ziéc *|CHq  sjcOii
orr min mol/l. sec 1 »CiHsl $iCO,|
100 102 12.0 0.326 0.61 80 5.0 5.0~ 0.393 0.062
07 103 14.0 0.348 0.54 0.025 & 55 30.0 0426 0.060
100 100 30.0 0.346 0.59 0.014 54 9.8 600 0.172 0.295
100 97 81.0 0.286 0.63 0.012 42 13.0 64.0  0.180 0.39
100 98 155.0 0.224 0.61 0.011 31 19 30.0 0.23
45 23.0 60.0 0.146 0.51
27 29 30.0 0.30
60 36 30.5 0.390 0.44
80 62 30.0 0.344 0.60
Table IV: Effect of N20 Pressure on the 100 100 870.0 0.0087 0.49 0.002
Mercury-Photosensitized Decomposition of ND-CH4 100 100 1080.0 0.0096 0.47 0.037
Mixtures at 275°; Phillips 93109E Lamp 45 112 30.0 0.271 0.64
51 316 30.0 0.366 0.79 0.012
[ND], 10» X filNj}, 57 354 30.0 0.406 0.80 0.009
Torr mol/1. sec «CiHij *{coq 53 374 30.0 0.424 0.68 0.008
[CHJ = 110 + 10 Torr, Irradiation Time = 30 min st 4 80.0  0.424 087 0009
135 0.195 0.81 0.17
17 0.214 0.82 0.025
138 8-2}1;1 8-28 8-(1)54 increases from 0.06 to 0.87 as [CH4] is raised from 5.
112 0.337 0.67 0.011 to 434 Torr,

17 0.325 0.61 0011 (6(0) P_re_sent. Wherl the r_nerc_ury—photosensitized (_je
244 0.438 0.62 composition of N2 is studied in the presence of mix-
tures of CO and CH4 at 548°K, the products of the

CH4 = 9.8 + 0. iati i = i :
[CH4 8 £+ 0.2 Torr, Irradiation Time = 60 min reaction are N2 C2H6 C02 H2 and presumably HD.

13.0 0.063 0.57 .

54.0 0.172 0.33 The first four products were found, but no effort was
123 0.235 0.25 made to find HD. Oxygen was not produced under
gig 8-222 0.198 our reaction conditions.

. 0.193 H
460 0.47 0,132 The present study was complicated by the occurrence

of a heterogeneous dark reaction between N and CO
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to give C02and N2 at high pressures of CO. It was
also observed that this dark reaction became more im-
portant as the cell aged. Therefore, the rates of forma-
tion of C02 and N2 were not useful at high CO pres-
sures. Actinometry had to be done in separate runs
in which CO was not present. For the experiments at
low pressures of CO, which were also the first to be per-
formed, the dark reaction was negligible. This dark
reaction also became more important as the temperature
wes raised above 548°K, thus prohibiting us from per-
forming experiments at more elevated temperatures.

A further complication was the disappearance of H2
in the dark Over a period of 1-2 hr 30-50% of a
known amount of H2(~30 ji) introduced into the cell in
the presence of reactants at 548°K disappeared; over a
period of 12 hr, all the H2vanished. Thus the rate of
H2 formation could not be measured reliably. For-
tunately CH6is unaffected in the dark in the presence
of the reactants at 548°K.

The best regime to study the competition between
reactions 1 and 2 is at high [CO]/[CH4] where the
quantum yield of ethane formation, ${ CH6], is small
(see Discussion). Results of experiments at high
[COJ/[CH4] at 548°K with two different radiation
sources are given in Table VI. For the runs with CO
present, the CO pressure was varied from 7.6 to 204
Torr; the CH4 pressure, from 4.80 to 182 Torr; and
the N pressure, from 146 to 652 Torr. In all the
runs the relative amounts of N, CH4 and CO were
such that at least 90% of the excited mercury atoms
were scavenged by N2 as computed from the known
quenching constants.@l The ratio [CO]/[CH4] ranged
from 0.084 to 20; 4>{C2H6} dropped regularly as the
ratio was raised and was reduced to 0.020 at the highest
ratio. Two runs were done with the intensity reduced
by a factor of 47, and 4 C2H6} was only slightly altered.

At lower ratios of [CO] to [CH4], the relative impor-
tance of reaction 1 compared to reaction 2 is reduced,
and the competition between reactions 3 and 4 can be
studied. Results at reduced values of [CO]/[CH4] are
shown in Table VII. The pressure of CO was varied
from3.4t0 9.3 Torr; of CH4 from 94 to 379 Torr; and of
N2, from 22 to 465 Torr. As for the studies listed in
Table VI, the gas pressures were such that at least 90%
of quenching of the excited mercury atom was done by
N2D. The ratio [CH4]/[CO] was changed by a factor
of 4 in these experiments, and two runs were done at
very reduced intensities. Neither the quantum yield
of CH6nor C02was much influenced by the variation
in experimental parameters. 4§C2HEG remained be-
tween 0.49 and 0.75. «jCCK} showed slightly more
variation, ranging from 0.052 to 0.160.

Discussion

CO Absent. It is clear from our results that there is a
considerable delay in 02 production in the mercury-
sensitized photolysis of pure N2. Furthermore, the

3209
Table VI: Mercury-Photosensitized Decomposition
of N at 548°K in the Presence of CH4and
High Pressures of CO
Irradiation 107 a,
[Cal, [CH4], [N, tine, einsteins/
Torr Torr Torr min 1 min 4>|CH.)
Hanovia Lamp
0.0 4.90 146 66.0 3.30 0.127
53 4.80 167 89.0 3.30 0.029
53 182 184 68.0 3.30 0.61
57 9.70 161 69.0 3.30 0.068
58 4.85 162 67.0 3.30 0.037
59 9.75 287 75.0 3.30 0.055
60 10.00 652 67.0 3.30 0.041
61 165 574 67.0 3.30 0,49
103 10.00 617 1245.0 0.0745 0.055
105 9.80 290 65.0 3.30 0.041
108 9.90 623 66.0 3.30 0.035
186 11.00 600 1257.0 0.0745 0.035
196 9.75 584 65.0 3.30 0.020
Phillips Lamp
0.0 19.0 306 60.0 2.31 0.31
0.0 26.5 370 60.0 2.63 0.31
7.6 90.0 496 60.0 2.63 0.53
13.0 34.0 567 60.0 2.63 0.28
19.0 19.0 290 60.0 2.22 0.137
27.0 75.0 515 60.0 2.63 0.37
37.5 26.5 560 60.0 2.63 0.147
50 16.5 585 60.0 2.63 0.070
51 11.0 552 60.0 2.63 0.048
51 38.0 588 60.0 2.63 0.204
53 8.0 294 60.0 2.31 0.055
73 26.0 565 60.0 2.63 0.12
95 19.5 290 60.0 2.43 0.084
104 26.0 305 60.0 2.43 0.092
127 27.5 592 60.0 2.63 0.076
137 26.0 562 60.0 2.63 0.062
204 26.0 594 60.0 2.63 0.044
Table VII: Mercury-Photosensitized Decomposition of N2

at 548°K with the Phillips Lamp in the Presence of CH4
and Low Pressures of CO

Irradiation 107 a.

[CO], [CH4], [ND], time, einsteins/

Torr Torr Torr min Lmin  *(chq #]|cod
3.4 126 92 30.0 2.11 0.54 0.052
4.4 117 190 30.0 2.22 0.48 0.057
4.5 112 44 30.0 1.58 0.64 0.073
5.7 212 22 60.0 1.59 0.75 0.056
6.2 96 287 60.0 1.95 0.56 0.110
6.2 181 351 60.0 2.32 0.68 0.088
6.3 94 95 966.0 0.070 0.61 0.120
6.3 101 465 60.0 1.91 0.52 0.130
6.5 98 186 60.0 2.40 0.49 0.085
7.5 94 32 970.0 0.050 0.54 0.110
8.2 203 106 30.0 2.31 0.62 0.086
8.9 104 350 60.0 1.94 0.49 0.160
9.3 379 128 30.0 2.75 0.69 0.065

amount of unaccounted for oxygen atoms is sufficiently
large to eliminate the possibility of reaction with either
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Hg or an impurity since their initial pressures are less
than a few microns. An apparent explanation is given
by the sequence of steps

0(3P) + ND —> 2NO ©
0(P) + NO+ M —> NO02+ M d
0(3) + NO2—»NO + 02 ()

The initial product of the reaction is NO, which con-
forms to Cvetanovic's4 finding that oxides of nitrogen
are produced. The best values6for the rate constants
kd and ke at room temperatures are ki = 3.6 X 10D
M ~2sec-1 with 0 2as a chaperone and ke = 2.6 X 109
M~x sec-1. Even if reaction d is more efficient with
N2D than with 02 which is likely, k2is still sufficiently
large so that [NOZ]/[NO] is always much less than
unity for all our experiments; the steady-state approx-
imation on N 02is valid.

An approximate value for kBcan be estimated from
the expression @ = fca[NO] when the rates of reaction
canddareequal. The results indicate that this occurs
for [NO] ~ 10n. Then f©~ 2 X 104 M~I sec-1 at
room temperature.

Reaction ¢ has been studied in the shock tube by
several investigators at temperatures of 1000-2000°.7
The best rate constant is 2.3 X 10Dexp(—24,100/RT)
M -1 sec-1, which gives 1.3 X 10-10 M-1 sec-1 when
extrapolated to 300°K. This value is 14 orders of
magnitude smaller than estimated above. Further-
more, it is not clear why the reaction of 0(3) with
N2 should give only NO at room temperature and not
02plus N2 as it does at higher temperatures.7 Also,
attempts to find NO by both gas chromatography and
mass spectrometry were unsuccessful.

Other difficulties with this mechanism come from the
results with CH4 present. The reaction of oxygen
atoms with N2 would lead to products which will
scavenge CH3 radicals, thus leading to a strong de-
pendence of E{CZH6} on [ND] contrary to our findings.
Finally, if NO were produced, it should scavenge CH3
ultimately to produce CH2ZNOH.8 Therefore, we con-
clude that the oxygen atoms are not reacting with N2,
contrary to an earlier report by us.9

The only remaining possibility is that the oxygen
atoms are being removed by adsorption on the walls of
the reaction vessel.

wall

0 —> Oab ®)
The mechanism would then predict
4>{CH6E-1 - 1 = fdfc2[CHA] m'

Figure 2 is a log-log plot of this expression using the
data of Table Il with the two low conversion points
omitted. The slight effect of N2 pressure is observed,
the lowpressure points lying below those at high pres-
sure. The best straight line of unit slope is drawn
through the high-pressure points, and the intercept
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[ch4]H, Torr"

Figure 2. Plot of i>[CH6E}-1 — 1vs. [CH4 ~I in the
mercury-photosensitized decomposition of ND-CH4
mixtures at 275°, using a Hanovia flat-spiral,
low-pressure mercury resonance lamp.

yields k¥k2 = 65 Torr. The three points lying furthest
above the line are those at highest intensity. Under
these conditions some methyl radicals might be re-
moved by interaction with oxygen atoms1011

O+ CH3—>CHD + H

thus yielding lowvalues for <{C2H6g .

There are two apparent difficulties with the wall re-
moval mechanism. First, diffusion from the interior
of the reaction vessel is much too slow to compete with
reaction 2 which has a rate constant of 5.1 X 106 M ~I
sec-1 at 275°.12 Second, the diffusion rate should vary
inversely with the total pressure, whereas we observe
only a slight pressure dependence.

Both of these apparent discrepancies can be explained
by the fact that the absorption of radiation is non-
uniform and occurs mainly near the front window of the
reaction cell; thus diffusion distances are small. In
fact, because of pressure broadening the absorption
occurs nearer the window at higher pressures, and this
effect apparently compensates for the reduced diffusion
rates.

(6) “DASA Reaction Rate Handbook,” 1967.

(7) D. L. Baulch, D. D. Drysdale, D. G. Horne, and A. C. Lloyd,
“High Temperature Reaction Rate Data,” No. 4, Department of
Physical Chemistry, Leeds University, 1969.

(8) J. Heicklen and N. Cohen, Advan. Photochem., 5, 157 (1968).
(9) R. Simonaitis, J. Heicklen, M. M. Maguire, and R. Bernheim,
lonosphere Research Laboratory Scientific Report No. 340, The
Pennsylvania State University, 1969.

(10) H. Niki, E. E. Daby, and B. Weinstoek, 12th Symposium
(International) on Combustion, 1969, p 277.

(11) J. T. Herron and R. D. Penzhorn, J. Phys. Chem., 73, 191
(1969).

(12) J. T. Herron, Int. J. Chem. Kinet, 1, 527 (1969).
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The experimental results tend to verify the above
arguments. The Hanovia lamp operates at relatively
low temperatures, and the incident mercury radiation is
sharp. Measurements of ii{N2} as a function of
[N2D] show that about 75% of the radiation is absorbed
at 20 Torr and essentially all the radiation is absorbed
above 50 Torr of NO. Only a small effect of N2
pressure on 15 is observed. On the other hand, the
Phillips lamp operates at higher temperatures and thus
the incident mercury radiation is considerably broader.
R{N2Z} increases markedly with N2 pressure, and even
at 600 Torr of N2, all the radiation is not absorbed.
Thus, at low pressure more of the radiation is absorbed
in the interior of the vessel, h is correspondingly re-
duced, and 4>{CH€} is enhanced as shown in Table
V.

The efficient removal of oxygen atoms by adsorption
on the walls of the vessel has also been shown to be the
case in the vacuum ultraviolet photolysis of C0213
thus accounting for the oxygen deficiency in that sys-
tem. A very recent publication¥has shown that Pyrex
surfaces efficiently adsorb oxygen atoms and that these
atoms do not combine to form 02 Our results with
N2 are consistent with these findings.

CO Present. The reaction scheme is certainly the
following

Hg + hv (2537 A) - h> Hg(63))

Hg(63i) + N2D Hg + N2+ 0(3)

O+ CO—>CO02 @

0 + CH4—> HO + CH3 ®
HO + CO—> C02+ H (©)]
HO + CH4—> HD + CHS 4
0 —> wall ®5)
2CH3—> C2H6 ®)

H + CH4—meH2+ CH3 @)
H+ ND —*HO + N2 ®

All of the listed reactions, except reaction 5, are well
known and have been reported in numerous studies.
As shown above, reaction 5 occurs in our reaction vessel,
and with experiments using the Hanovia lamp, f&fc2is
65 Torr at 548°K. Another radical-molecule reaction
which might be considered is

HO + N —> H02+ N2

No evidence has ever been advanced for this reaction,
though it is exothermic and conserves spin. In the
absence of CO, the rate of N2formation is not enhanced
in the mercury-photosensitized decomposition of N2
at 548°K by introducing HO radicals into the system.
Thus this reaction must be slow and can be neglected.

Radical-radical reactions involving O, HO, and H

3211

@ Tr

Figure 3. Plot of (MCVHe}*1— 1)[CH4 vs. [CO] in the
mercury-photosensitized decomposition of N at 548°K
in the presence of CH4and high pressures of CO.

have also been neglected in the above scheme.  If such
reactions were important, then a reduction in intensity
would reduce their relative importance, and 4>fC2H6[
should increase. The runs at reduced intensity gave
slightly higher values for ${C2H6}, but considering the
factor of 47 change in 73 this increase is minor. Con-
sequently, competitions between radical-radical and
radical-molecule reactions cannot be important. This
is not true at lower temperatures where experiments
were also attempted. At 475°K and below, there is a
pronounced intensity effect which prohibited meaning-
ful experiments from being done at those temperatures.

Determination of kVk2 The mechanism leads to the
following rate law for C2H6 production

@{CHg-! - 1)[CH4 = h/k2+ MCOJ/fc2 (I1)

Figure 3 is a plot of the left-hand side of the equation vs.
[CO] for the data in Table VI. In spite of the signifi-
cant scatter, the plot can reasonably be fitted by a
straight line, showing that reaction 1 is second order as
expected from the results at lower temperatures.l
The intercept of 65 Torr corresponds to the value of
h/k2 found with the Hanovia lamp above. The data
with the Phillips lamp are for high total pressures, and
pressure broadening is sufficient to ensure complete
absorption of the radiation. Thus the differences be-
tween the two lamps are negligible (as seen from Tables
Il and IV at total pressures above 200 Torr) and the
data from the two lamps fit the same plot. The slope
of 2.0 corresponds to fciffc2 Close examination of
Figure 3 reveals that the data points at high N2 pres-
sures lie slightly higher than those at low N2 pressures,
thus indicating that ki may be just into the pressure-
falloff region.

Value of 2 The value of 2 has been reported by
many investigators, and the results were recently re-
viewed by Herron.22 Most of the investigators measured

(13) T. G. Slanger, J. Chem. Phys., 45, 4127 (1966).
(14) J. A. Riley and C. F. Giese, ibid., 53, 146 (1970).
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Table Vili:

Rate constant expression

2.9 X 10Dexp(—5000/R3JY)
12.6 X 10" exp(-11,900/RT)
1.3 X 10D
10Dexp(—3300/AT)

~10“ exp(-3500/AT)

4.0 X 10*

h
h
h
ho
hi
hl

“ Reference 17. 6R. W. Walker, J. Chem. Soc. A, 2391 (1968).

Value at 548°K

R. Simonaitis, J. Heicklen, M. Maguire, and R. Bernheim

Rate Constants of Importance in the Reaction of 0 (&) with CHU; Units of M -1 sec-1

Reference

2.9 X 108 Wilson and Westenberg*
2.19 X 1 Walker6

1.3 X 10D Baulch, et cif

4.8 X 108 McNesby, et ci*

3.9 X 108 e

4.0 X 10¢ f

c¢D. L. Baulch, D. D. Drysdale, and A. C. Lloyd, “High Tem-

perature Reaction Rate Data,” No. 3, Department of Physical Chemistry, Leeds University, 1969. dJ. R. McNesby, M. D. Scheer,

and R. Klein, J. Chem. Phys., 32, 1814 (1960).

* Preexponential factor assumed equal to that of hom Activation energy determined

from value of hi = 2.6 X 107at 300°K [W. R. Brennan, I. D. Gay, G. P. Glass, and H. Niki, J. Chem. Phys., 43, 2569 (1965)].
1 HoareBfound kaskt = 33 £+ 6 at 525°K. Thus 4.0 X 10" is an upper limit to ho at 548°K.

the loss of oxygen atoms in a flow tube experiment and,
between 350 and 2000°K, their results fit the expression

-d[0]/di[0][CH]« =
8.0 X 10Dexp(—9050/72T) M~1sec'l (Il1)

Westenberg and deHaas®measured the ratio of oxygen
atom to CH4 consumption and found a ratio of 3.8 +
0.4. On this basis the rate constant for reaction 2 was
assumed to be given by the right-hand side of expression
111 divided by 3.8. However the stoichiometry was
not measured under the same conditions as the rate
experiments. Herron12 has pointed out that the stoi-
chiometric factor should be higher. Even if the stoi-
chiometric factor is correct, the conclusion that the
rate constant is the rate divided by the stoichiometric
factor will only be valid if CH4is removed exclusively
by oxygen atoms and not by other species. In fact,
this is not the case, and the complete mechanism is

O+ CH4—> HO + CH3 )
HO + CH4—> HD + CH3 (@]
H + CH4—»H2+ CH3 @
HO+ O—> 02+ H (©)]
O+ CHD — » HO + HCO (10)
H + CHD H2+ HCO (11)
HO + CHD — HD + HCO (12)
CH3+ O—>CHD + H 13
HCO + O—> HO + CO ()
HCO + H—~ H2+ CO (15)

Both 02and H atoms were found as products of the
reaction, but CHD was not. For this reason all the
investigators rejected reaction 13, though it since has
been shown to be important.11'¥6 Since f9» f then
under the conditions of the experiments, the rate of re-
action 4 is small compared to that for reaction 9 and
can be neglected, for simplicity. If reaction 12 is also
neglected, and the steady-state assumption is made for
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HO, CH3 HCO, and CHA, the above mechanism leads
to the prediction

—d[O)/di = {(3 + 2a + 2Bf2[0] +
a1 + 2a + 2dfc7/(H}[CH4] (V)
where
a= fOoJ/(fclq] + *u[H]) V)
P= fd4[0]/(fc140] + fas[H]) v

The values for ku and ku are not known, but they should
be similar. Values for the other pertinent rate con-
stants are listed in Table VIII.

Let us first consider the erroneous assumptions that
reaction 7 is unimportant. Reaction 7 can only be
unimportant if [H]/[0] is sufficiently small. Under
these conditions, reactions 11 and 15 are also unim-
portant; a and 0 both become 1; and eq IV reduces to

Jaksd = —d[0]/df[O][CH4] = 7R2  (VII)

Thus, even for these assumptions, h2 = kobsi/7 and
not fiobsd/3.8.

Actually, reaction 7 cannot be negligible as hydrogen
atoms are seen as a product of the reaction. To have
made meaningful measurements, most of the oxygen
atoms must have been consumed and [H] — [O];, i@
would be even smaller than deduced from eq VI1I.

The above conclusions are consistent with the as-
sumption that reaction 12 is less important than reac-
tions 10 plus 11 at 548°K if [CH4] < 300y pressure,
which was generally the case. Furthermore, the
steady-state value for [CHD] becomes less than 10~2
[CH4], which is below the detection limit of the analyt-
ical schemes and explains why CH2 was not found as
a product.

From an extrapolation of our previous work,1 the
high-pressure limiting value of «n is computed to be

(15) A. A. Westenberg and N. deHaas, J. Chem. Phys., 46, 490
(1967) .
(16) H.
(1968) .

Niki, E. E. Daby, and B. Weinstock, IDid., 48, 5279
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1.05 X 106M-1 sec-1. Thus f2should be about 5 X
105M -1 sec-1 at 548°K, since h/k2 = 2.0.

Determination of k¥ki. The mechanism consisting
of steps 1-8 leads to the prediction

${C02 fcJCOA-1
${CHE f2[CHY/
f[CH4] fe[CHq

f[CH4] + F8[ND] + K3[CO] 1 j

For the data in Table VI, the left-hand side of eq V111
is always much greater than unity, whereas the first
term on the right-hand side of the equation necessarily
must be less than 1 and can be neglected. A plot
of the left-hand side of eq V111 vs. [CH4]/ [CO] is shown
in Figure 4. The data are badly scattered owing to the
fact that the ordinate is a small difference of two similar
numbers. Nevertheless, the log-log plot is fitted by
the best line of slope 1 and yields an approximate value
for k&/k3 — 1.0, with an uncertainty of about a factor of
2.

The value of k3 can be obtained from the expression
k3 = 4.2 X 108 exp(—IOSO/ST) M-1 sec-1 given by
Baulch, et al,,2to be 1.56 X 108M-1 sec-1 at 548°K.
Using the valuel7 of 2.9 X 108 for k4 at 548°K gives
kiZk3 = 1.86. Within the experimental uncertainty
our results give the same value. However, k#/k3was
measured directly by HoareBat 400-650°. An extrap-
olation of his data gives k&/k3 = 0.25 at 548°K, con-
siderably lower than our value.

3213

Log-log plot of (4>{C02}/4>{C2H6} —
[CH4/[CO] in the

Figure 4.
AilCOJ/felCHJ)-17.
mercury-photosensitized decom position of N20 at r>4S0K

in the presence of CH, and low pressures of CO.
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The photochemistry of the fluorotoluenes has been studied in the gas phese at 2653, 2537, and 2482 A at 25°.

Huorescence yields at 2653 A were found to be about 0.22 for the 1,2 and 1,3 isomers and 0.35 for the 1,4
isoner.  Self-quenching wes shown to be absent in all three compounds at this wavelength.  Quantum yields
of triplet-state formation were measured by two methods and found at long wavelengths to be 0.66, 0.75, and
0.62 for the 1,2,1,3, and 1,4 isoners, respectively, by the defin isomerization technigue, and 0.53,0.73, and 0.73
by the biacetyl phosphorescence technique.  Huorescence and triplet-state yields were found to decrease

with increasing photon erergy.

Introduction

The work reported here is part of a study into the
effect of simple substitution upon the basic photo-
chemistry of benzene in the gas phase. Extensive
previous work upon the fluorine-substituted benzenes1-12
has been reported and recently work has been com-
pleted upon some trifluoromethyl-substituted ben-
zenes. BB Toluene has been studied in detail, 1415 but the
effect of two substituents of different types upon
fluorescence yields and triplet state yields in benzene
has not been investigated, apart from a brief report on
2-fluorotoluene. It was therefore decided to in
vestigate the photochemistry of 2-, 3-, and 4-fluoro-
toluenes in detail in the gas phase to elucidate the ef-
fect of substitution by two different species. Part Il of
this work will report on the quenching of the excited
states of the compounds by added molecules.

Experimental Section

The apparatus and techniques used in this study have
been described adequately in a previous report.8

Materials. I-Methyl-2-fluorobenzene, 1-methyl-S-
fluorobenzene, and I-methyl-4-fluorobenzene were ob-
tained from Koch Light Laboratories Ltd. Analysis
by gas-liquid partition chromatography showed them
to contain about 0.3% impurity, and they were used
without attempts at further purification.

cis-But-2-ene was obtained from Cambrian Chemicals
Ltd., as aresearch grade chemical. It contained 0.07%
irans-but-2-ene as an impurity.

trans-But-2-ene was obtained from Phillips Petroleum
Co., as a research grade chemical and contained 0.05%
m-but-2-ene as an impurity.

Benzene was Chromatoquality obtained from Mathe-
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son Coleman and Bell and contained no detectable
impurities.

Biacetyl was obtained from British Drug Houses Ltd.
It contained no impurities detectable by gas-liquid
partition chromatography on a 20% Carbowax 20M
column and was stored in a blackened bulb at room
temperature.

Results

The absorption spectra of all three fluorotoluene iso-
mers are similar to that of benzene in the vapor phase
in that prominent vibrational progressions appeared
even under moderate resolution (see Figure 1). Mean
radiative lifetimes calculated from integrated absorp-
tion spectral/ of the three compounds indicate that the

(1) 1. Unger, J. Phys. Chem., 69, 4284 (1965).
(2) D. Phillips, ibid., 71, 1839 (1967).

(3) M. E. MacBeath, G. P. Semeluk, and I. Unger, ibid., 73, 995
(1969).

(4) F. W. Ayer, F. Griess, G. P. Semeluk, and I. Unger, Ber. Bunsen-
ges. Phys. Chem., 72, 282 (1968).

(5) J. L. Durham, G. P. Semeluk, and I. Unger, Can. J. Chem., 46,
3177 (1968).

(6) G. P. Semeluk, R. D. S. Stevens, and I|. Unger, ibid., 47, 597
(1969).
(7) 1. Unger and G. Scholz, ibid., 48, 2324 (1970).

(8) K. Al-Ani and D, Phillips, J. Phys. Chem., 74, 4046 (1970).
(9) D. Phillips, 3. Chem. Phys., 46, 4679 (1967).

(10) E. Ratajczak, ROCS. chem., 44, 447 (1970).

(11) 1. Haller, J. Chem. Phys., 47, 1117 (1967).

(12) A. Bergomi and F. Gozzo, Chim. Ind. {Milan), 50, 745 (1968).
(13) D. Gray and D. Phillips, J. Chem. Phys., in press.

(14) C. S. Burton and W. A. Noyes, Jr., ibid., 49, 1705 (1968).

(15) S. L. Lem, G. P. Semeluk, and I. Unger, Can. J. Chem., 47,
4711 (1969).
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Photochemistry of the Fluorotoluenes

Figure 1. Absorption spectra of fluorotoluenes in vapor phase:

I-fluoro-3-methyl-benzene, 2 Torr; ------ , |-fluoro-4-methylbenzene, 1 Torr.

3215

----- , I-fluoro-2-methylbenzene, 2 Torr;

Solid lines represent

mercury lines for excitation at 2653, 2537, and 2482 A. Cross-hatched blocks give bandpass
of monochromator at each wavelength corresponding to slit width used.

1.2 and 1,3 isomers have lifetimes of 1.1 X 10~7 and
1.3 X 10~7sec, respectively, whereas the 1,4 isomer has
the shorter lifetime of 0.8 X 10~7sec. Comparison of
these values with those of the fluorobenzenes shows that
the 1,2 and 1,3 isomers have natural lifetimes very
similar to those of 1,2- and 1,3-difluorobenzenes and
other fluorobenzenes with Giv symmetry. The mean
radiative lifetime of the 14-fluorotoluene, however, is
longer than that of 1,4-difluorobenzene (5 X 10' 8sec),
indicating that the methyl and fluoro substituents
behave somewhat differently, as might be expected.
The 0-0 transition inthe 1,2 and 1,3 isomers is estimated
to be at 270 nm; that of the 1,4 isomer, at 275 nm.
Fluorescence. The difficulties experienced in ob-
taining accurate measurements of fluorescence quantum
yields in compounds with highly structured absorption
spectra have been pointed out.18 Unless intense narrow-
band light sources are employed, use of T-shaped
fluorescence cells as in this study can lead to apparent
self-quenching of the fluorescence which is caused by the
geometrical arrangement of the viewing system. Great
care must therefore be taken in calculation of fluores-
cence yields under such circumstances. Uncorrected
values of the fluorescence quantum yield of the three
at 2653 + 25, 2537 + 25, and 2482 + 25 A are shown
in Figures 2-4. The bandpasses of the monochromator
at the wavelengths used in this study are shown in
Figure 1 Because the exciting radiation comes from

mercury emission lines, the majority of the intensity of
light passing through the monochromator will be con-
tained within a spectral bandpass at each wavelength
much smaller than that shovm in Figure 1

It can be seen that for I-fluoro-2-methylbenzene at
2482 and 2537 A and for the I-fluoro-3-methyl and
I-fluoro-4-methyl isomers at 2482 A, absorption occurs
in a region where strong vibrational prominences are
absent. The crude quantum yields of fluorescence
shown in Figures 2-4 are thus easily corrected for
geometrical effects using the method described earlier,B
and these results are also shown in Figures 2-4. How-
ever, for all isomers at the remaining wavelengths, it
can be seen that the exciting wavelength spans two or
more strong vibrational bands in the spectrum of the
aromatic. To correct for geometrical effects, we have
used the extinction coefficients obtained from the
absorption spectra in Figure 1 at the exact wavelength
of the exciting mercury line and a “viewang length” B
of 4 cm.  The results of applying these corrections to
the compounds above (and to the benzene standard)
are shonm in Figures 2-4. It proves very difficult to
apply an adequate correction to the results at 2653 A for
the I-fluoro-4-methylbenzene at higher pressures be-

(17) M . Ballester, J. Palau, and J. Riera, J. Quant. Spectrosc. Radiat.
Transfer, 4, 819 (1964).
(18) D. Gray, K. Al-Ani, and D. Phillips, J. Chem. Soc. A, 905

(1971).
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Figure 2. Fluorescence yield of I-fluoro-2-methylbenzene at

various wavelengths as function of pressure: O, 2653 A;
e, 2537 A; V, 2482 A; ------ , results corrected for effect
of viewing geometry; — , uncorrected results.

Figure 3. Fluorescence yield of I-fluoro-3-methylbenzene as
function of pressure: O, 2653 A; =, 2537 A; V, 2482 A;
------ , results corrected for geometry of system;

— , uncorrected results.

cause of the very high extinction coefficient at this
wavelength. However, other techniques indicate that
self-quenching is absent in this compound under these
circumstances.

Triplet State. The usual techniques of the sensitiza-
tion of phosphorescence of biacetyl® and of the cis-
trans isomerization of but-2-ene® were used to cal-
culate triplet-state yields for the three isomers studied.
Both techniques require some interpretation of the
data and will be dealt with in turn.

But-2-ene Experiments. At 2650 A, addition of large
pressures of cis- or ¢ransbut-2-ene to each of the
isomers did not cause any significant change in the
fluorescence yield of each compound, and it may thus
be concluded that quenching of the excited singlet state
of the fluorotoluenes by but-2-ene does not occur.
Results of the biacetyl sensitization experiments in-
dicated that the lifetimes of the triplet state of the
fluorotoluenes were approximately the same and of the
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Figure 4. Fluorescence quantum yield of
I-fluoro-4-methylbenzene as a function of pressure:

0, 2653 A; =, 2537 A; V, 2482 A; — — results corrected
for viewing geometry; — , uncorrected results.

same order of magnitude as that of fluorobenzene.
Consequently to obtain triplet-state yields, 70 Torr
m-but-2-ene was used completely to quench the aro-
matic triplet. Cundall has shown this to be a sufficient
pressure for one of the isomers.’6 To calculate triplet-
state yields from yields of sensitized cis-trans isom-
erization of the but-2-ene, it is necessary to carry
out actinometry or calibration with a standard (in
this case benzene, for which $t was taken as 0.702)
and also to knowv the so-called “branching ratio” for the
but-2-ene when sensitized by each aromatic molecule.
The branching ratio is the relative rate of relaxation
of excited triplet but-2-ene to the ground-state cis and
trans isomers. We have established that for the three
aromatic molecules studied here, “branching ratios”
are all within experimental error of unity,2 as for
benzene.B Calculation of triplet-state yields for the
1,2, 1,3, and 14 isomers at this wavelength is thus
simple and the results are shown in Table 1.

At the shortest wavelengths studied, addition of cis-
or fraws-but-2-ene was found to enhance the fluorescence
yield of the aromatic molecules, presumably via vibra-
tional relaxation. The “branching ratio” has not been
measured for sensitization at the shorter wavelengths,
and the figure of unity obtained at 2650 A was employed.
The values of isomerization quantum yields under these
conditions at 70 Torr cfs-but-2-ene pressure are shown
in Table I, together with values corrected for the effect

(19) H. Ishikawa and W. A. Noyes, Jr., J. Amer. Chem. Soc., 84,
1502 (1962).

(20) R. B. cundall and T. F. Palmer, Trans. Faraday Soc., 56, 1211
(1960).

(21) W. A. Noyes, Jr., W. A. Mulac, and D. A. Harter, J. Chem.
Phys., 44, 2100 (1966).

(22) D.Gray, K. Al-Ani, and D. Phillips, J. Chem. Soc. A, in press.

(23) E. K. C. Lee, H. O. Denschlag, and G. A. Haninger, Jr., J.
Chem. Phys., 48, 4547 (1968).



Photochemistry of the Fluorotoluenes

Table I:  Quantum Yields of Sensitized Cis-Trans
Isomerization of But-2-ene; bPe—t, Aromatic Pressure
4 Torr, rfs-But-2-ene 70 Torr, 25°

Wave-
length,
Sensitizer A *c—t  $FO$Fn #T°

2653 0.33 1.00 0.66
2537 0.31 1.00 0.62
2482 0.26 0.86 0.45

2653 0.375 1.00 0.75
2537 0.36 1.00 0.72
2482 0.26 0.78 0.40

2653 0.31 1.00 0.62
2537 0.29 1.00 0.58
2482 0.29 0.71 0.42

I-Fluoro-2-methyl-
benzene

I-Fluoro-3-methyl-
benzene

I-Fluoro-4-methyl-
benzene

° $F°/'iFis the ratio of quantum yields of fluorescence of the
aromatic at zero pressure cfs-but-2-ene and 70 Torr, respec-
tively. The triplet-state yield of the aromatic in the absence
of olefin is given by 2$0*t X $f°/* f.

of cfs-but-2-ene pressure upon the singlet state of the
aromatic. The effect of variation in pressure of aro-
matic on the quantum yield of cis-trans isomerization of
the but-2-ene is shown in Figure 5.

Biaectyl Sensitization. Uncorrected data using this
method are shown in Figures 6-8. Two corrections
must be applied to the data to obtain meaningful
quantum yields for triplet-state formation. The first
arises because of the fact that an emission measurement
is made, and thus the geometry of the viewing system
is again important assuming that no diffusion of ex-
cited biacetyl molecules away from the physical region
of the fluorescence cell in which absorption by the
aromatic occurred before the biacetyl emits. The
second and more important correction arises because
the singlet states of the aromatics are quenched sig-
nificantly by biacetyl.

It may be seen from Figures 6-8 that comparatively
high pressures of biacetyl are necessary to obtain a
maximum in the yield of sensitized emission, indicating a
short lifetime for the triplet states of the fluorotoluenes.
At the pressures of biacetyl used to obtain the maximum
emission, significant quenching of the singlet state of the
aromatic occurs and, moreover, the biacetyl itself ab-
sorbs exciting radiation. The approach of Ishikawa
and Noyes has been used to correct for the latter,©but
it should be noted that for the highest pressures of bi-
acetyl used, the correction will not be valid and its use
leads to artificially high values for the sensitized emis-
sion. We have tabulated (Table Il) values of the
triplet-state yield for each compound at each wave-
length obtained by division of the value of the maximum
sensitized emission yield corrected for singlet quenching
and geometrical effects by the value of the phosphores-
cence yield of biacetyl (0.15). Comparison with
Table | shows that the two methods of measurement of
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Figure 5. Quantum yields of cis-trans isomerization of
but-2-ene by fluorotoluenes at 2653 A as function of aromatic
pressure; pressure of olefin 70 Torr, 25°:

O, I-fluoro-2-methylbenzene; e, I-fluoro-3-methylbenzene;

V, I-fluoro-4-methylbenzene.
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Figure 6. Quantum yield of phosphorescence of biacetyl
sensitized by I-fluoro-2-methyJbenzene excited at various
wavelengths as function of pressure of added biacetyl:
—O—0—, 2653 A, uncorrected for singlet quenching;
—e—e— 2653 A, corrected results, —V—V—, 2537 A,
uncorrected for singlet quenching; — v¥— v¥—, 2537 A,

corrected results; ———, 2482, A, uncorrected for
singlet quenching; —m— m—, 2482 A, corrected.

triplet-state yields give comparable results. It should
be noted that in the biacetyl experiments the spectral
distribution of the sensitized emission has not been
determined. However, this emission can be completely
quenched by addition of but-2-ene, which does not af-
fect biacetyl excited directly and has only a slight ef-
fect upon the singlet excited states of the aromatics. It
may therefore be concluded that the sensitized emission
observed can only be phosphorescence from biacetyl.

Discussion

The radiative lifetimes of the singlet states of the
fluorotoluenes are all in the region of a factor of 4
shorter than that of benzene, and it is well established
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Figure 7. Quantum yield of phosphorescence of biacetyl
sensitized by I-fluoro-3-methylbenzene at various wavelengths
as function of pressure of added biacetyl: —O—O—, 2653 A,
uncorrected for singlet quenching; —e—e—, 2653 A, corrected
results; —V—V—, 2537 A, uncorrected for singlet quenching;
—V—V—, 2537 A, corrected results; —O0—0—, 2482 A,
uncorrected for singlet quenching; —m—m—, 2472 A, corrected.

Figure 8. Quantum yield of phosphorescence of biacetyl
sensitized by I-fluoro-4-methylbenzene excited at various
wavelengths as function of pressure of added biacetyl:
—0O—0—, 2653 A, uncorrected for singlet quenching;
—e_—e_— 2653 A, corrected results; —V—V—,2537 A,
uncorrected for singlet quenching; — v—v—, 2537 A, corrected
results; —O—0—, 2482 A, uncorrected for singlet

quenching; —m—m—, 2482 A, corrected.

that a pressure of 20 Torr is required completely to
vibrationally relax the excited singlet state of the
benzene molecule. It seems clear, therefore, that at
the pressures used in this study, the fluorescence ob-
served from the fluorotoluenes must be resonance
fluorescence occurring from higher vibrational levels
of the excited singlet state. This has been shown to
be the case in a spectroscopic study on fluorobenzenet
at similar pressures. We may use the following simple
scheme therefore to explain the results.

A+ hv—> 'A, (1)

The Journal of Physical Chemistry, Voi. 76, No. 21, 1971

Khalid AI-Ani and David Phillips

'An—> A + hvt %)

"o —-) ©)
'An— » product )
'An+ M —a Ao+ M ®)
'AO—*m A + hvn 6)
"A0— » AN )

" O\ ®

where A is the aromatic molecule, superscripts refer to
multiplicity, subscripts to excess vibrational energy
content, and hvTand hvn to resonance and normal fluores-
cence, respectively. The behavior of each compound
at the three wavelengths studied may be discussed with
reference to this scheme.

Table 11 Sensitized Phosphorescence Yields of Biacetyl
at 25°; Pressure of Aromatic 4 Torr

Wave-
length, ~6.max
Sensitizer A (cor) $T°
I-Fluoro-2-methyl- 2653 0.066 0.086 0.57
benzene 2537 0.063 0.074 0.49
2482 0.046 0.058 0.39
I-Fluoro-3-methyl- 2653 0.083 0.109 0.73
benzene 2537 0.083 0.100 0.67
2482 0.050 0.056 0.37
I-Fluoro-4-methyl- 2653 0.070 0.11 0.73
benzene 2537 0.075 0.092 0.61
2482 0.065 0.074 0.49

° 4t = $mai(COr)/0.15.

2658 A. For I-quoro-Z-methbeoenzene, it is clear
that although excitation at 2653 A produces an ex-
cited state with 0.08-eV excess vibrational energy there
is little significant variation in fluorescence quantum
yield with pressure of aromatic or with pressure of
added chemically inert gas. We may therefore assume
that for this compound the state produced at 2653 A
behaves as if it were equilibrated, and therefore the
quantum yield of fluorescence will be given by

+ k& (n
The value g)f this is shown in Table 111.

At 2653 A, 1fluoro-3-methylbenzene is produced m an
excited state with 0.08-eV excess vibrational energy.
Although the results in Figure 3 indicate some variation
of quantum yield of fluorescence with pressure of aro-
matic, addition of high pressures of chemically inert
gases does not significantly alter the value of the quan-
tum yield of emission, and eq | has been applied to this

— k6/(ks +

(24) K. Nakamura, 3. Chem Phys., 53, 998 (1970).
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Table iN:  Summary of Data on Fluorotoluenes*

A* =

Wave- 1-
length, BT $T of +

Sensitizer A (butene) (biacetyl) =)
I-Fluoro-2-methyl- 2653 0.22 0.66 0.57 0.12
benzene 1 2537 0.19 0.615 0.49 0.20
2482 0.12 0.45 0.39 043

I-Fluoro-3-msthyl- 2653 ~0.21 0.75 0.73 0.04
benzene 2537 0.17 0.72 0.67 0.11
2482 0.09 0.40 0.37 051

I-Fluoro-4-methyl- 2653 0.35 0.62 0.73 0.03
benzene 2537 0.23 0.58 0.61 0.19
2482 0.15 042 0.49 043

“For A®>  obtained by the butene method has been used.

compound also, as well as to the 1,4 isomer for a similar
reason.

It will be noted that a self-quenching step (9) has
been omitted from the scheme above, despite indica-
tions from other studies that this step may be of im-
portance in some other simply substituted benzenes.
Inclusion of step 9 in the sequence above would lead to

A0+ A—> A+ A ©

a pressure dependence upon the quantum yield of
fluorescence which is not observed here. However, be-
cause of the corrections necessary to obtain quantum
yields of fluorescence, an independent check has been
carried out which confirms that (9) is unimportant.
In the presence of m-but-2-ene at 2653 A, the following
additional steps are necessary.

An+ M—> Fo+ M (10)
A0—> A (12)

fAO+ os-Bu —WIfsBu + A (12)
Tfs-BU — "Wors-B u (13)

—> iirans-Bu (149

The quantum yield of sensitized cis -*» trans isomeriza-
tion of but-2-ene is then given by

K7 fi2[cfs-Bul

kyd-k7d (- foglA] fen - foi2\cis-Bu]

kn + ku

Thus at constant pressure of as-but-2-ene, variation in
pressure of aromatic should cause a change in the cis-
trans isomerization quantum vyield if (9) is of impor-
tance. It can be clearly seen from Figure 5 that no
such variation occurs in any of the isomers studied
here, and ihus (9) is justifiably neglected. As a
further check, the fluorescence lifetimes of these com-
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pounds as a function of pressure are currently being
investigated.

The triplet-state yields of the isomers at 2653 A are
simply obtained from expression 11, since a pressure
of cfs-but-2-ene was used such that kv.[cfs-Bu] > I,
and ku/(kn + ku) has been measured as 0.50.2

Thus

4x2653 = 24°C >t 2653

The addition of biacetyl requires the additional steps

>o+ Bi—> A + Bill (15)
A0+ Bi—> A + Bin (16)
Bin+ M —> Bi0+ M a7
Bi0—> Bi + hvp (18)
Bi0o—> Bi (19)

The quantum yield of sensitized phosphorescence from
biacetyl, $s is given by

k7 ku [Bi]
kg k7 kg kiqBi] kn + fd6[Bi]
ku
ku + ki (D

Results obtained from the quenching of the fluores-
cence of the aromatic molecules by biacetyl give values
of

$h° _ kg + K7 4~ kg + (is[Bi]
Vi 733 kg+ k7+ kg

where 4F%° is the quantum yield of fluorescence in
the absence of biacetyl, and 4>, that at a given pressure
of biacetyl.
Thus the triplet-state yield of the molecule is given
by
k7 _ 4P 1
= kg+ k7+ ks = &8 4Hd 0.15

fae[BiA] kuandka/(km+ ha) = 0.15.

2537 A. At this wavelength, excited singlet states
of the 1,2, 1,3, and 1,4 isomers are produced with 0.29,
0.29, and 0.37 eV of excess energy, respectively. The
total quantum yield of fluorescence will be given by

kv +
FFE L kg4 ki + TB[M]
kg MM] av)
kg k7 kgk+ kg+ ki+ MM]

The variation of this expression with pressure [M] is
complex but tends to the limits

f2
S K2+ kg + ki (\0
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f(E 1 oo
$rxy K (- K - I'Fa (VI)

Thus at high pressures the fluorescence yields at 2540 ,g\
should tend toward those at the longer wavelengths.
Inspection of Figures 2-4 shows this to be the case.
At low pressures, the fluorescence yields should tend
to a constant value. Zero-pressure extrapolations
must be done with caution depending on the pressure
region in which measurements are taken. In the
present case the mean radiative lifetimes of the excited
aromatic molecules are such that collision should not
occur at pressures of around 1 Torr and below. Since
the values of 4F%at 1 Torr pressure indicate significant
nonradiative decay for each molecule, the actual life-
times of the excited singlet molecules at this pressure
will be much shorter.  If we assume that the nonradia-
tive decay process (or processes) are first order, then
the fluorescence yields at low pressures shown in
Figures 2-4 may be safely extrapolated to give a value
of €FEM. These are shown in Table IIl. It is of
interest to note that the values decrease as the wave-
length of excitation decreases, as has been found for
many compounds whereas for benzene®d (and for
a,a,a-trifluoromethylbenzene values of the fluores-
cence yield are higher from some upper vibrational
levels than the equilibrated level, indicating a higher
radiative probability (or lower nonradiative proba-
bility) from these upper vibrational states.

The estimation of triplet-state yields is made dif-
ficult by the fact that in the butene isomerization me-
thod the olefin which must be added undoubtedly con-
tributes toward vibrational relaxation via reaction 5,
while in the case of the biacetyl sensitization the ex-
cited singlet state of the aromatic will be quenched by
the added biacetyl. Nevertheless, a consideration of
the effects of addition of the two gases allons the es-
timation of triplet yields under the conditions specified
shown in Tables | and I1I.

2482 A. Similar considerations to those at 2537 A
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apply, and values of fluorescence and triplet yields are
summarized in Table I and I1.

Some other features of the photochemistry of these
fluorotoluenes in addition to those already discussed
are worthy of mention. Firstly, the compounds show
close analogy to the corresponding difluorobenzenes
in that for the 1,2 and 1,3 isomers the radiative life-
times are all similar, as are fluorescence and triplet-state
yields, whereas the 1,4 isomers have shorter radiative
lifetimes and higher fluorescence yields.

It is interesting to note that the triplet energy of the
1,4-fluorotoluene must lie higher than that of cfs-but-2-
ene in that the aromatic can sensitize the isomerization
of the odlefin, and the “branching ratio” is normal
(unity). The 14-difluorobenzene has been reported to
lie loner than that of cfs-but-2-ene, and recently it has
been found that substitution noth trifluoromethyl
groups in the 1,4 positions causes anomalies in the
“branching ratio” which may be indicative of a low-
lying aromatic triplet energy.2% Phosphorescence
spectra in EPA glasses at 77°K indicate that the triplet
energies of the fluorotoluences are approximately at
3.43, 3.58, and 3.49 eV for the 1,2, 1,3, and 1,4 isomers,
respectively.Z

All compounds exhibit the by now familiar behavior
in that as excitation wavelength is shortened, a process
other than fluorescence or intersystem crossing becomes
important. As in other aromatics, this process may be
valence isomerization, and since this can easily be
checked with disubstituted benzenes, work is in prog-
ress to determine the extent of such reactions.
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The luminescence decay of -y-irradiated 3-methylpentane (3MP) has been studied in the dark and with ir
(1600 nm) and uv (265, 325 nm) bleaching for times as long as 8 hr. Bleaching with ir increases the decay
rate and bleaching with uv retards it. The emission under all conditions was found to consist of the same two
bands: one with a maximum at 380 nm and the other (much smaller) with a maximum at 230 nm. An added
hole trap, 2-methylpentene-l (2MP-1), was found to increase the decay rate with and without bleaching
light and, as in pure 3MP, ir increases the decay rate and uv retards it. The decay rates of trapped electron
concentrations have been measured in the dark and with ir and uv bleaching. The absorption spectrum has
been found to be the same under all conditions and for all times studied. For the dark decay the luminescence
intensity is proportional to the rate of decrease in trapped electron concentrations; deviations from this pro-

portionality are observed for both ir and uv bleaching and these are partially explained.

It seems that there

are two kinds of traps for electrons in y-irradiated 3MP.

I. Introduction

It has long been knowny,2 that 7 irradiation of 3-meth-
ylpentane (3MP) at 77°K produces trapped electrons
which absorb at long wavelengths (~1600 nm).
Samples containing such trapped electrons emit lumi-
nescence, 28 and it has generally been assumed that the
cause of this effect is the combination of the trapped
electrons with positive ions. The concentration of
trapped electrons decreases with time on standing in
the dark at 77°K and can be accelerated by infrared
light in the absorption band of the electrons.2 It has
also been realized that the disappearance of the trapped
electrons is more complicated than just recombination
with ions: a “completely” bleached sample emits a
very large flash of light on warming,3 and this is prob-
ably the result of the neutralization of separated charges
remaining in the bleached samples. The same bleached
samples exhibit electrical conductivitys while being
warmed, and this must be taken as further proof of the
existence of a second kind of trapped electron (deeply
trapped) at 77°K which does not absorb at 1600 nm.
The expression “trapped electron” usually refers to
the species which absorbs at 1600 nm and if the expres-
sion is not further qualified will have that meaning
here.

Ekstrom, Suenram, and Willards made spectroscopic
measurements on y-irradiated 3MP which had been
subsequently bleached with ir light and found absorp-
tion in the 250-400-nm region some of which they at-
tributed to deeply trapped electrons. In exploratory
work, the authors of this paper found that irradiation
with ultraviolet light (=300 nm) increases the con-
centration of trapped electrons in partially bleached

samples of y-irradiated 3MP. The work reported here
was undertaken primarily as a study of the importance
of various kinds of trapping of electrons in 3MP at 77°K.
Three kinds of bleaching (in the dark, uith ir and uv
radiation) are compared for both luminescence and
trapped electron concentrations, and these experimental
results are interpreted in the light of other results from
this laboratory and elsewhere.

Il. Experimental Section

A. Sample Preparation. Phillips “pure-quality”
3MP wes further purified by passage through a &-ft
column of silica gel which had been freshly activated by
heating at 400° for 8 hr. The material was then dis-
tilled through a spinning-band column with a reflux-to-
takeoff ratio of 10:1. (Gas chromatography of the
distillate indicated less than 2 X 10—4 M ipipurity,
identified as 2-methylpentane.) The purified 3MP
wias then transferred to a storage container on a vacuum
rack. A cold finger built into the vacuum system above
the storage container was filled with acetone and re-
peatedly chilled by a piece of copper tubing inserted in a
dewar of liquid nitrogen. During each such chilling
the container wis pumped as the 3MP refluxed in the

(1) The Radiation Laboratory of the University of Notre Dame is
operated under contract with the U. S. Atomic Energy Commission.
This is AEC Document No. COO-38-651.

(2) (@) M. Burton, M. Dillon, and R. Rein, J. Chem. Phys., 41,

2228 (1964); (b) D. W. Skelly and W. H. Hamill, ibid., 44, 2891
(1966).
(3) K. Funabashi, P. J. Herlev, and M. Burton, ibid., 43, 3939
(1965).

(4) B. Wiseall and J. E. Willard, ibid., 46, 4387 (1967).

(5) A. Ekstrom, R. Suenram, and J. E. Willard, J. Phys. Ghent., 74,
1888 (1970).
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system. This procedure removed most of the dis-
solved gases before individual samples were prepared.
Individual samples were prepared by distilling a large
amount (usually about 30 ml) of liquid from the storage
flask onto a sodium-potassium (NaK) mirror and allow-
ing the 3MP to stand in the mirror flask overnight.
The purpose of this procedure was to remove C02 and
02 On the following day, Suprasil cells made of 1cm
square tubing were attached to the manifold and
evacuated. Each was then filled with 6 ml of 3MP
and sealed off at low pressure. To prepare solutions,
the same procedure was used except that, after the
solvent was distilled into the Suprasil cells, the system
was brought up to atmospheric pressure with dry
nitrogen and the solute was injected into the cell through
a rubber septum on a Y branch above the cell. The
samples were then degassed by three freeze-pump-thaw
cycles and sealed off at low pressure.

The frozen samples maintained at 77°K in a dewar
filled with liquid nitrogen were irradiated in a4-kCi 6XCo
underwater source for 2 min at a dose rate of 2.18 X
1018ey g-i min-1. Roughly, this amount of irradiation
is adequate to “liberate” about 1017 electrons/g.

B. Luminescence Apparatus. Irradiated samples in
cells were transferred to a quartz dewar mounted on an
optical bench. Light emitted by the sample went
through windows in the dewar and was collected by a
lens system mounted directly behind a chopper operated
at 83 Hz. The light then passed through the entrance
slits of a Bausch and Lomb 250-mm monochromator
using a Bausch and Lomb 33-53-08-02 grating with
1200 grooves/mm and a blaze wavelength of 200 nm.
The grating dispersion was 3.3 nm/mm. This mono-
chromator was also equipped with a remotely controlled
scanning motor which produced a scanning rate of 100
nm/min. The beam from the monochromator was
focused and reflected by a front surface mirror into the
front window of a 9635 QD EMI photomultiplier tube
having a pair of magnetic focusing rings preceding the
photocathode to reduce the active area to 8.0 mm in
diameter. The photomultiplier was operated at an
overall gain of 2000 A/lm by supplying the cathode
with 1430 V dc from a Hamner Model N-4035 power
supply. Current from the photomultiplier anode was
fed into the input circuit of a Princeton Applied Re-
search (PAR) Model JB-5 lock-in amplifier. The out-
put from the PAR amplifier was recorded on a Sargent
recorder (Model S-72151). The monochromator-pho-
tomultiplier system was calibrated by using a IP 28
calibrated RCA photomultiplier. An I-Lite of known
intensity and spectral emission wes used to determine
the absolute sensitivity of the combination at 520 nm,
and an efficiency curve was generated by comparing the
relative intensities of various lines emitted by a Hanovia
low-pressure mercury lamp to the known intensities.
Lines from the mercury lamp were also used to calibrate
the wavelength scale on the monochromator.
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Figure 1. Emission spectrum of 3MP 7 irradiated at 77°K
at a dose of 44 X 10neV g-1.

The hydrocarbon sample in the dewar could be
bleached by either or both of two different sources of
light during emission. One was a 200-W Hanovia
xenon lamp and the other was a Sylvania Sun Gun
tungsten lamp. A Bausch and Lomb high-intensity
monochromator, which could be used with either source,
was equipped with ultraviolet (200-400 nm), visible
(350-800 nm), and lower infrared (700-1600 nm)
gratings. The xenon lamp was used primarily for
bleaching in the ultraviolet and visible ranges, while the
tungsten lamp was used in the infrared region.

C. Infrared Absorption. The method of measure-
ment of the infrared absorption spectrum is identical
with that of Skelly and Hamill.2

I1l. Results

Figure 1 shows the emission spectrum of 3MP 7 ir-
radiated at 77°lv at a dose of 4.4 X 10B8eV g-1. Be-
cause the decay rate during the initial 10 min was so
fast in comparison to the time required for scanning
the entire spectrum (~4 min), the emission was al-
lowed to decay for 10 min in the dark before scanning.
The emission spectrum during the initial 10 min of
decay, however, was identical with that of Figure 1
after correction. Other samples of 3MP were prepared,
frozen, and irradiated in the same manner, and the
emission was scanned during bleaching of the irradiated
hydrocarbon by either infrared or ultraviolet light.
The infrared light was produced by the tungsten lamp
with a Corning 2030 filter (transmission X >750 nm).
Scans were made at photon fluxes of 1.6 X 1016 and
3.2 X 101, photons cm-2 sec-1. The emission spectrum
found in every case was identical with that given in
Figure 1. Ultraviolet bleaching at 265 nm with photon
fluxes of 2.9 X 1015 and 7.2 X 1015 photons cm-2 sec-1
with a 20-nm bandpass gave identical results after cor-
rection for scattered bleaching light. The spectrum
given in Figure 1 is slightly different from the one pre-
viously published2‘ because of improved correction for
wavelength, monochromator transmission efficiency,
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and photomultiplier sensitivity in the present work.
It also contains an additional peak at around 230 nm
which appears in both irradiated glassy and liquid
3MP.

The emission at 230 nm has already been observed
by Merkel and Hamill6 in y-irradiated 3MP at 77°K
and is probably related to fluorescence in hydrocarbon
liquids observed by Hirayama and Lipsky,7 while the
emission at 380 nm has been assumed to be related to a
low-lying triplet state.6 These assignments are con-
sistent with the measured lifetime of the 380-nm peak
(4.4 sec) and the estimated lifetime of the 230-nm peak
(< 2 gsec). The luminescence decay in this paper refers
to that of the 380-nm band, which is the 415-nm band in
Merkel-Hamill work6 (the difference is due to our im-
proved correction for the wavelength dependence of the
photomultiplier).

Figure 2 shows the effect of ir bleaching on the
luminescence decay. The upper curve is the dark
decay and the loner two curves are for bleaching with
photon intensities of 1.5 X 10Band 3.1 X 10¥photons
cm-2 sec-1 of 1600-nm radiation, respectively. The
bleaching light was turned on immediately after the
termination of the y irradiation. On the ordinate 100 is
estimated to correspond to 108 photons sec- ' emitted
from the sample.

Figure 3 shows the effect of uv bleaching on the
luminescence decay. Again the decay appears, this
time as the lower curve. The upper curves are for
bleaching intensities of 29 X 106 and 7.2 X 10Bb
photons cm-2 sec-1 of 265-nm radiation, respectively.

In Figures 2 and 3, the time zero corresponds to 30
sec after termination of irradiation and the wavelength
monitored is 380 nm. The 230-nm peak followed the
same decay pattern as that of the 380 nm. Most ob-
servations have involved shorter time intervals than
we have used (8 hr). All of our observations on dark
decay and on luminescence during various kinds of
bleaching can be adequately represented in terms of the
equation

L = Nie~xt + + M2"Ai @

It is not possible to fit the decay curves in terms of
simple first- or second-order kinetic schemes. It is
however, possible to represent the curves also in terms
of a polynomial function of time. Accuracies of the
curve fitting for a polynomial function and the form 1
are comparable. It is, however, much easier to give
physical meanings to the constants and parameters in
thecaseofeql InTable I the constants for the curves
of Figures 2 and 3 are summarized.

It is important to relate the luminescence results to
the direct observation of trapped electrons in the
samples by absorption measurements. Figure 4 shows
the effect of ir bleaching on the decay of optical density
at 1600 nm. The upper curve is the dark decay, and
the lower two curves are for the same ir intensities used
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Figure 2. Effect of ir bleaching of the luminescence decay of
y-irradiated 3MP. Curve A is for decay without bleaching
light. Curves B and C are bleaching with photon intensities
of 1.5 X 10Mand 3.1 X 10¥photons cm-2 sec”1of 1600-nm
radiation, respectively.

Figure 3. Effect of uv bleaching on the luminescence decay
of y-irradiated 3MP. Curve C is for decay without bleaching
light (it is the same curve as A of Figure 2 except that the
time scale is longer here). Curves A and B are for bleaching
with photon intensities of 7.2 X 10B6and 2.9 X 105 photons
cm-2 sec” 1of 265-nm radiation, respectively.

previously. Figure 5 shows the effect of uv bleaching
on the decay of optical density of 1000 nm. Again the
dark decay is included and the two upper curves are for
the uv intensities used previously. In Figures 4 and 5,
intermittent measurements of the optical density at
1600 nm are represented by the triangular, square, and
circular markings, while the luminescence intensities of
Figures 2 and 3 do not have these experimental points
because the emission intensities were measured con-
tinuously. Because of this difference in measurements
of the luminescence and the optical density, the decay
constants for the optical density, which could have been
obtained from Figures 4 and 5, are not expected to be as
accurate as those given in Table | and consequently

6) P. B. Merkel and W. H. Hamill, J. Chem Phys., 53, 3414 (1970).
(7) F. Hirayama and S. Lipsky, ibid., 51, 3616 (1969).
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Table I : Decay Parameters for 3MP
————————— Bleaching light— --—--—-—-
Intensity, Wave-
1/Xi, /Xi, 1/Xi, photons length,
Curve min min min Ni Nt cm-2 sec-1 nm

A, Figure 2 2.80 17.8 122.0 4421 32.15 23.63 None
B, Figure 2 2.44 32.3 3125 136.6 23.21 1.72 1.5 X 10* 1500
C, Figure 2 2.38 30.3 294.1 327.15 14.66 1.78 3.06 X 101 1500
A, Figure 3 7.14 40.0 208.3 41.79 22.61 50.51 7.18 X 10¢ 265
B, Figure 3 5.88 30.3 185.2 36.85 43.(8 16.01 2.85 X 10* 265

C, Figure 3 Same as A, Figure 2

° Ni’s scaled to give 1(0) = 100 for the dark decay.

Figure 4. Effect of ir bleaching on decay of optical density

at 1600 nm of y-irradiated 3MP. Curve A is for decay without
bleaching light. Curves B and C are for the same bleaching
intensities as for curves B and C of Figure 2.

Figure 5. Effect of uv bleaching on decay of optical density
at 1600 nm of 7-irradiated 3MP. Curve C is for decay without
bleaching (it is the same curve as A of Figure 4 except that

the time scale is longer here). Curves A and B are for the
same bleaching intensities as for curves A and B of Figure 3.

cannot be compared in a meaningful way with the

luminescence decay. For this reason, we have not

analyzed the decay constants for the optical density.
Figure 6 shows a sequence of observations carried out
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Figure 6. Luminescence decay sequence. The first ir intensity
is 1.5 X 101, photons cm-2 sec-1. The uv intensity is 2.0 X
10* photons cm-2 sec-1. The last ir intensity is 3.0 X 106
photons cm-2 sec-1.

on a sample of irradiated 3MP to summarize the bleach-
ing studies in pure 3MP. The sample is first alloned
to decay in the dark and then partially bleached with ir.
Irradiation with uv restores the trapped electron con-
centration and the luminescence. It is quite apparent
that the decay rate is extremely small during the uv
irradiation; on this time scale it appears as a constant.
Irradiation again with ir rapidly bleaches the trapped
electrons.

There has always been a question regarding the role
of the positive charge in the bleaching process. Sys-
tems in which it is known that only the negative charge
can move (photoionized TMPD in 3MP)8 behave in a
qualitatively similar manner to 7-irradiated systems.4
In pure 3MP the identity of the positive ion is not
known for certain, but it has frequently been assumed
to be 3MP+. If this is the case there, may be a certain
amount of positive-charge mobility, and it may have
an effect on the bleaching process.  Figure 7 shows some
results obtained with an added hole trap. Solutions of
5 X 10-3M 2-methylpentene-l (2MP-1) in 3MP were
frozen and 7 irradiated, and the luminescence was ob-

8 K. G.
(1968).

Cadogan and A. C. Albrecht, J. Phys. Chem. 72, 929
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frmmmmmmeeee- Bleaching light-----------

Intensity, Wave-

photons length,

Av* V! N, cm 2sec-1 nm

93.6 1.4 1.0 1.6 X 10« 1500
22.1 1.6 1.3 None

38.6 2.9 2.3 4.8 X 10« 265

Table I1: Decay Parameters for 3MP with Added 2MP-1
1/72, 1/Xs,
Curve min min min
A, Figure 7 0.66 2.50 20.0
B, Figure 7 7.14 2.77 32.3
C, Figure 7 7.51 3.03 50.0
“ Curves are normalized to 7(0) = 100 for pure 3MP dark decay.

100 -

Figure 7. Luminescence decay of 7-irradiated 3MP with

5 X 10~3M 2-methylpentene-l added. Curve B is for the
dark decay. Curve A is for bleaching with ir photon intensity
of 1.6 X 106 photons cm-2 sec-1 and curve C is for bleaching
with uv photon intensity of 4.8 X 1016 photons cm-2 sec-1.

served as for the pure 3MP samples, including dark decay
and ir and uv bleaching. The first thing one notices
from Figure 7 is the qualitative agreement with the
pure 3MP samples: ir bleaching increases the decay of
luminescence and uv bleaching decreases it. In a
guantitative way, however, it is clear that the dark de-
cay is much faster than for the pure 3MP and that the
ir and uv effects in acceleration and retardation are
much smaller. Parameters for the curves of Figure 7
are summarized in Table I1.

The same experiments were performed with 5 X 10~3
M benzene added. Benzene is known to trap both
positive holes and electrons.9 The results were iden-
tical with those shown in Figure 7. In this case, how-
ever, a spectroscopic study showed that the light emis-
sion was entirely from benzene, whereas with the 2MP-1
additive it was the same as that from pure 3MP.

These experiments suggest that the positive charge is
mobile in 3MP glasses at 77°K. The concentration of
additive is at the level of 1 molecule per 1600 mole-
cules of 3MP, and any mechanism for an effect as large

as we have observed requires motion of the positive
charge. This evidence also supports the assumption
that the positive charge in 3MP is 3MP+; at 77°K the
charge can only move in a resonant process because
there is no molecular diffusion. Alternatively, one
could propose a mechanism involving a triplet energy
transfer from 3MP to 2MP-1 to account for the effect
of 2MP-1. However, the relevant triplet energy level
for 3MP is not known and also the notion that our
380-nm emission is related to 3MP triplet is still a
matter of conjecture.

Although the luminescence is decreased, the concen-
tration of trapped electrons is increased by the hole-
trapping additive 2MP-1.9 The decay of the optical
density was not observed in our experiments, but the
concentrations of trapped electrons is known to be
larger at all times than those in undoped samples.D
The decrease of luminescence in these samples means
that the disappearance of trapped electrons is not
associated with a light emission process. Presumably
the positive ions are 2MP-1 + and do not emit radiation
on neutralization. It is well known that olefin mole-
cules do not radiate from their excited states, and it is
assumed that an efficient degradation process associated
with the double bond is responsible.

In Figure 7 the ir bleaching curve A indicates an
acceleration of the decay process in the same manner as
for pure 3MP. The uv bleaching curve C, however,
may have another phenomenon involved. In addition
to releasing electrons from deep traps the uv radiation
may be able to move the positive charges from 2MP-1
back again to 3MP where they would be mobile. The
guantitative nature of these curves has not been studied
enough to be sure that this effect is required.

1VV. Discussion

There is no molecular diffusion in glassy 3MP on the
time scale of interest here, and all processes involvedin de-
cay of luminescence and trapped electron concentrations
are electronic in nature. The concepts of solid-state
physics have generally been used in discussions of excess

(9) J. P. Guarino and W. H. Hamill, 3. Amer. Chem. Soc., 86, 777
(1964); T. Shida and W. H. Hamill, 3. Chem. Phys., 44, 2375, 4372
(1966).

(10) J. B. Gallivan and W. H. Hamill, ibid., 44, 1279 (1966).
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electrons and such electrons are normally considered to
be either free (in a conduction band) or trapped. It has
sometimes been recognized that there may be different
kinds of traps,5but for the most part by “trapped elec-
tron” the shallow trapped electron which has an absorp-
tion maximum near 1600 nm is meant. We shall follow
convention and call such electrons “ trapped electrons”
and refer to this concentration (in number per unit
volume) as ws; we shall also discuss another type of
trapped electron which is deeper trapped and refer to
its concentration as n,i.

The G value for creation of trapped electrons in 7
irradiation of 3MP is known to be near unity,2b'6 and
we shall assume this value applies here although it was
not measured. In hydrocarbons at room temperature
it is known from scavenger studies that the maximum
G value for scavengeable electrons is approximately 4.11
It is generally assumed that the smaller electron yield
of the 3MP glass is a result of early recombination. In
a sense it is surprising that any electrons remain un-
combined for times of the order of minutes in a glass of
pure 3MP. Maruyamal2has measured the mobility of
electrons in this glass at 77°K and found it to be 0.11
cm2 V-1 sec-1. Electrons with a mobility of such a
magnitude would recombine with a geminate ion in a
time less than 1 nsec if no other process were in-
volved. We can understand these facts on the assump-
tion that the trapping process requires an activation
energy and that the electron accelerated in the strong
field of their geminate ions are more rapidly trapped
than under the conditions used by Maruyama.

The early trapped electron decay (first hour or so) is
known to be “first order” in the sense that the fractional
decay is independent of dose.2bM This result has
been assumed to indicate that the decay takes place in
the various spurs independently.

We are interested in the relationship between the
luminescence and trapped electron concentration as
shown in Figures 2-5. Since presumably electron dis-
appearance must accompany luminescence, the relation-
ship

dns

L
C 4 2

is suggested where L is the luminescence intensity at
time t. To test eq 2 using the data of Figures 2-5 we
take the integral form

f Ldt @« n® — ns (3)

where ng is the concentration ns at the initial time.
In Figures 8 and 9 plots of the quantity

as a function of time are shown as obtained from the
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Figure 8.
n,] ~'fALdl.

Effect of ir bleaching on the quantity [red —
Curve A is for dark decay. Curves B and C are
for bleaching with photon intensities of 1.5 X 1016 and 3.1 X

1016 photons cm-2 sec-1 of 1600-nm radiation, respectively.

™ HR
Figure 9. Effect of uv bleaching on the quantity [ns®° —
nsj Curve C is for dark decay. Curves B and A are

for bleaching with photon intensities of 2.8 X 10 and 7.2 X
1016 photons cm-2 sec"l1of 265-nm radiation, respectively.

data of Figures 2 and 4 and Figures 3 and 5, respec-
tively.

After an initial transient period eq 2 and 3 apply
quite well to all of the cases except the stronger uv
bleaching. However the ratio of photons out to elec-
trons lost is not the same for all. Calling the pro-
portionality constant g we can write

L = (4)

Equation 1 for L can be integrated analytically giving
an explicit relationship between the luminescence
parameters and na

s olpxet o™y N3 xa (5)

o oe 9x3

(11) J. M. Warman, K. D. Asmus, and R. H. Schuler, w. Phys.
Chem., 73, 931 (1969).

(12) Y. Maruyama, private communication on work performed at
the Radiation Laboratory, University of Notre Dame.
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where ncis a constant of integration of dimension con-
centration. According to eq 1 the luminescence in-
tensity goes to zero exponentially at long times, and it
might be expected that the constant ncshould be taken
as zero. On the other hand, eq 1 is not known to be
correct for times much longer than 8 hr and so we can-
not assume that all of the electrons are involved in the
decay given by eq 1. The constant nc can very well be
nonzero.

Equation 5 was used to calculate electron concentra-
tions for all of the pure 3MP cases. The results are
given in Figures 10 and 11. The parameters q and nc
were obtained by requiring that the initial concentration
and the concentration at 7 hr agree with experiment for
the dark decay and the uv bleaching. For the ir
bleaching cases the initial concentration was taken as
4.0 X 10®Band ncwas taken as zero. In Figures 10 and
11 the experimental curves are also shown as the dashed
lines.

Figure 11 shows that the luminescence and electron
concentration measurements are in satisfactory agree-
ment for pure 3MP in dark decay. The fraction 7 X
10-6 of recombinations lead to the emission of a photon.
The constant ne is found to be 0.93 X 1036 electrons
cm-3 which means that about 25% of the trapped elec-
trons are involved in a very long-time decay process.
The absorption spectrum was studied very carefully at
long times and, as well as we can tell, it is the same as
that observed at early times.

The experimental data on luminescence and electron
concentrations for the weaker uv bleaching case are also
in satisfactory agreement. The g value is the same as
that for dark decay which must mean that the neutrali-
zation process is the same as that for dark decay. Such
a process depends on the excited state formed and can
therefore be sensitive to energy. The creation of
mobile electrons by absorption of the uv photons has
not changed the energetics of the electron-ion recom-
bination process.

Figure 10. Electron concentrations as a function of time.
The solid curves are calculated from luminescence curves
using eq 5 and the dashed curves are obtained from measured
optical densities.
B and C are for bleaching with photon intensities of 1.5 X
1016 and 3.1 X 1016 photons cm-2 sec-1 of 1600-nm radiation,

respectively.

Curve A is for the dark decay, and curves
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Figure 11. Electron concentrations as a function of time. The

solid curves are calculated from luminescence curves using eq
5, and the dashed curves are obtained from measured optical

densities. Curve C is for the dark decay and curves A and B

are for bleaching with photon intensities of 7.2 X 10“ and
2.9 X 10" photons cm-2 sec-1 of 265-nm
radiation, respectively.

The reason for the uv bleaching experiments was to
investigate the role of deeper trapped electrons. It is
apparent from Figures 2 and 4 that the uv photons have
an appreciable effect on both luminescence and electron
concentrations. Figure 5 shows that the electron con-
centration nsis increased at the earliest times by the uv
bleaching light. We interpret this result as a photo-
stationary4state between mobile electrons and shallow-
trapped and deep-trapped electrons. There is much
evidence that photostationary states are formed in
organic glasses which contain trapped electrons.18
The theory of such states is presumably similar to that
for the better understood solid-state semiconductors.14

A simple kinetic model can be developed as follows.
Let na = concentration of shallow-trapped electrons,
nd = concentration of deep-trapped electrons, n{ =
concentration of mobile electrons, and N = total concen-
tration of electrons with

M+ Bdd Kf =iV

i = gInA+ ko, - (fc/ + kd + K')nt (6)

d
S = KkBnf — ke %
di

d;"_’d - kd'nt — <yInA (8)
|

Here | is the bleaching light intensity, and it is assumed
that this light is absorbed only by the deep-trapped

(13) G. E. Johnson and A. C. Albrecht, J. Chem. Phys., 44, 3162
(1966).
(14) P. Braunlich and P. Kelly, Phys. Rev. B, 1, 1596 (1970).
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electrons (cross section <). The k’s and ks are first-
order rate constants for the processes by which electrons
change their states. Notice that the rate constant kd
for thermal activation of the deep-trapped electrons to
the mobile state is neglected. We assume that the
activation energy is too large for this process to occur at
an appreciable rate.
Addition of the set of equations gives
S cWv

d
—I(nf +# + = =
aiC nat nd =

= —k'nt

which means that the total pool of electrons is only
depleted by neutralization. We are interested in a
photostationary state established in seconds and so
we can take N as constant. Furthermore, since

nf ns, rid
we can use

na+ nd= N = constant

With these approximations eq 7 and 8 both reduce to

dns fesfed + kaal , kaalN
dt = K' s+ ©)

where we have set
K' = fc' + kd

and taken k' to be zero.

Equation 9 describes the photostationary state and,
of course, the transient leading to it. The transient
time constant is given by

1 k&kA + k,'al _ kdakd/skd)al
. (10)
r K ~ 1+ (fca'lfc/)

The flux used is 3 X 1035 protons cm-2 sec-1, and if
we take the cross section to be 10-16 cm2 (based on
the assumption of unity for the oscillator strength),
the term al is 0.3. The ratio kd/ka is most likely less
than unity. The rate constant kais for the thermal
release of electrons from traps, and we estimate it to
be 10-2 or smaller. We are left with an estimate of

the time constant for the photostationary state of
3 sec

1/r » 0.3 orr « 3sec

In Figure 6 the sequence of dark-ir bleach-uv bleach-
ir bleach shows the response to the uv radiation as
almost instantaneous. It is this time constant we are
discussing. This transient has been observed as care-
fully as the experimental equipment allows and is
indeed of the order of a few seconds.

At the photostationary state dng/di « 0 and we have

ns al
N ~ k&d/ks + al (V)

The experimental results shown in Figure 5 give us
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values of ns (presumably in photostationary states) for
two different fluxes. We have the following values:
Il = 29 X 105 ns= 454 X 101 | = 7.2 X 105
ns = 520 X 1016 We can solve the two equations
simultaneously and get values of N and k&kd/ka
considered as unknowns. This calculation yields the
values

N = 575 X 1086
k&kAskd = 0.08

The value of nsin the sample initially was 4.0 X 1016
This analysis is consistent with the presence of 1.75 X
1016 additional electrons in the sample in “deep traps.”

It is difficult to imagine another source for the elec-
trons which appear within a few seconds of the start
of uv bleaching. One might think of ionization process
involving a triplet state

3[3BMP] 3MP+ + e

The probability of this process depends on the triplet
energy level and the ionization potential of 3MP in the
solid. If one assumes the 380-nm emission is related to
the triplet-singlet transition, uv illumination with 265
and 325 nm, which generate the same effect, would ex-
cite 3MP to about 8 and 7 eV above the ground state,
respectively. Although the ionization potential of
3MP in the solid is not known, these values seem too
low for ionization energy.

The deep-trapped electron may be in intrinsic traps
of the matrix or as negative ions of radicals formed by
the 7 irradiation. The results (Figure 11) for the
larger uv flux indicate that the situation is more com-
plicated than that described by this simple model. The
g value (photons emitted in luminescence per electron
disappearing) is about three times as large as that of the
dark decay and the weaker uv bleaching. This prob-
ably indicates that the uv light is producing additional
ionization. Since the weaker flux does not produce the
effect, it is probably a 2-photon process in a radical.
An intermediate state with a lifetime of the order of 1
sec could be ionized by the larger flux (7 X 105photons
cm-2 sec-1).

The three curves shown in Figure 4 for the effect of ir
bleaching on electron concentrations all start at the
same value at zero time (the value for dark decay). It
appears that the time constants for the initial electron
decreases for the ir bleaching cases are as short as those
for the electron increases in the uv cases shown in
Figure 5. The way in which these experiments were
done makes accurate measurement of the transients
difficult, but we believe the phenomenon involved is
different. The electron decrease is not just the change
in the distribution of electrons in a pool with the forma-
tion of a photostationary state as in the uv cases, but a
rapid loss of electrons to neutralization or deep traps.
The curves shown in Figure 10 calculated from eq 5
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show the same very steep initial drop which is found in
the experimental curves. The agreement between the
model and the experimental results is rough and not en-
tirely satisfactory.

The quantum yield for bleaching with ir has been in-
vestigated.215 The initial quantum yield has been
given as near unity, and it has been observed to decrease
to small values as the bleaching progressed. The ir
bleaching reported here has a quantum yield calculated
over the first 3 min of 5 X 10~3and over the first hour
of ~10~4 The “initial value” calculated for the first
few photons may be much larger, near unity, but over
most of the bleaching, at the intensities used here, the
quantum vyield is extremely small. For the uv bleach-
ing the decay is actually slowed up by the light, and one
would have to say that the quantum yield for bleaching
is negative. This is true even in the case of the weaker
bleaching where there is no production of additional
electrons. Apparently quantum yield is not a useful
concept here.

It would be desirable to have a kinetic model which
describes the decay of 7-irradiated 3MP. We shall
not present such a model at this time, but it is worth-
while to consider some of its properties. The approxi-
mate validity of eq 5 shows that the luminescence and
electron concentrations fit into the same pattern. The
form of eq 5 as a linear combination of exponentials
suggests that a set of first-order differential equations
could be the basis of a kinetic model. This in turn sug-
gests that the geminate pair is the basic entity whose
properties determine all the phenomena.

In any case a model must deal both with electron
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energy and spatial distribution. At the present time
most investigators seem to have a preoccupation with
the spatial distribution to the exclusion of energetics.
We have seen that both deep traps and shallow traps
are required. Analysis of the photostationary state
created by the uv bleaching gives an estimate that there
are about half as many deep-trapped electrons as
shallow-trapped electrons initially in 3MP. The dark
decay leaves about one-fourth of the shallow-trapped
electrons with a time constant much larger than 8 hr.
Burton, Dillon, and Rein2a have observed a group of
trapped electrons with an activation energy of 0.25 eV
for neutralization as contrasted with the activation
energy of 0.1 eV for the early dark decay. It is likely
that it is a second kind of shallow-trapped electron
which is involved. The absorption spectrum has been
observed to remain constant and so such a slightly
deeper trapped electron would have to have essentially
the same optical properties as the more abundant
species.

A compelling requirement for a kinetic model is a
proper treatment of the mobility of the positive charge.
There is ample evidence that this motion is important,
for example, the decay of the 2MP-I-doped sample of
3MP reported here (Figure 7). It has, to the present
time, not been given its proper role.
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The sensitized photolytic decomposition of ethanol glass solutions (77°K) containing luminescent rhodiumélll)
chelates has been investigated utilizing electron spin resonance (esr) spectroscopy. A metal-containing radical
and a solvent radical have been identified in the photolysis of those rhodium chelates containing the 1,10-
phenanthroline ligand. The reaction pathway involves production of a solvent radical by a two-photon
process involving the long-lived triplet of the solute and the subsequent attack of the solvent radical upon

the chelate in the ground state.

Deactivation of excited electronic states in molecules
may be divided into two categories: (1) physical
processes and (2) chemical processes. Photolysis, a
chemical process, is competitive with luminescence, a
physical process, and can decrease luminescence yields
in large molecules. Photolysis of first transition series
d6Co(lll) and d3Cr(l1l) systems23typically involves
solvolysis of monodentate ligands in the coordination
sphere or redox reactions of the central ion (Co(lll)
complexes only). The irreversible4photolysis of transi-
tion metal complexes with chelate type ligands is known
for only a few complexes with the oxalate complex
photolysis most thoroughly studied.5 Photolysis of
second- and third-row complexes does not appear to be
a common deactivation pathway, a fact consistent with
the nonlabile character of second- and third-row com-
plexes and generally stable oxidation states of their
ions.

Luminescence from d6Rh(I11) and Ir(l11) chelates6-8
has been observed with a variety of energy level
schemes, but no evidence for photolysis has been pre-
sented in these studies. Preliminary esr studies of the
luminescent excited state of Rh(lll) 2,2'-dipyridyl
and 1,10-phenanthroline chelates at high light intensi-
ties produced evidence for a radical photolysis process.

A detailed esr study was initiated to determine the
significance of this photolysis process to the overall
relaxation processes and to minimize line broadening
of the triplet-state resonance caused by this radical
photolysis process. The main purposes of this study
were (1) identification of the primary photolysis products
and (2) determination of the reaction pathway. From
a description of the radical products and the relative
formation rates, the photolysis reaction can be identified
as a unimolecular (bond-breaking or photoionization) or
a bimolecular (solvent-solute or solute-solute) reac-
tion. Product identification should enable determina-
tion of the reactive site. Determination of the reaction
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A general structure for the metal chelate radical is proposed.

pathway should permit a description of the role of the
luminescent triplet state in this radical photolysis.

Experimental Section

All alcohol solutions were prepared using commercial
95% ethanol dried by treatment with CaO, then dried
with CaH2to remove any residual trace quantities of
water. Water present in the ethanol can cause severe
cracking when the solution is frozen. The MgCI2H D
solvent was prepared using the technique of Zuloaga
and Kasha.9 The 1,10-phenanthroline (phen) mono-
hydrate and 2,2,-dipyridyl (dip) were obtained from
Aldrich Chemical Co. and were not further purified.

[Rh(phen)ZCI2]X and [Rh(dip)ZI2]X (where X =
Cl- and C104-) were prepared by the method of Gillard,
et al.0 [Rh(phen)3X3and [Rh(dip)3]X3 (where X =
Cl- and CIO4-) were prepared using this same method
with a stoichiometric amount of complexing ligand
added after 3 hr of refluxing to convert the bis complex
to the tris complex. The reflux was continued for at
least 12 hr and the compound was purified using Gil-
lard’s procedures. [Rh(dip)2phcn) ]JC13and [Rh(phen)2
(dip)]CI3 were prepared by analogous methods. The

(1) Supported by the Army Research Office (Durham) (AROD).
(2) E. L. Wehry, Quart. Rev. {London), 21, 213 (1967).

(3) A. W. Adamson, W. L. Waltz, E. Zinato, D. W. W atts, P. D.
Fleischauer, and R. D. Lindholm, Chem. Rev., 68, 541 (1968).

(4) Reversible bond breaking and recombination may be a dominant
process in the deactivation of Cr(1l11) chelates. See S. T.
and A. W . Adamson, Inorg. Chem., 1, 531 (1962).

Spees

(5) K. V. Krishnamurty and G. M. Harris, Chem. Rev., 61, 213
(1961).
(6) M. K. DeArmond and J. E. Hillis, J. Chem. Phys., 49, 466
(1968).

(7) D. H. W. Carstens and G. A. Crosby, J. Mol. Spectrosc., 34, 113
(1970).
(8) M. K. DeArmond and J. E. Hillis, J. Chem. Phys., in press.
(9) F. Zuloago and M. Kasha, Photochem. Photobiol., 7, 549 (1968).

(10) R. D. Gillard, J. A. Osborn, and G. Wilkinson, J. Chem. Soc.,
1951 (1965).
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[Rh(dip)2ZCI2]CI and [Rh(phen)2C12]CI were converted
by the addition of stoichiometric quantities of o-phen-
anthroline and 2,2'-dipyridyl, respectively, followed by
24 hr of refluxing. These materials were purified using
Gillard’'s method.

Anal. Caled for [Rh(dip)Zphen) JC13$6HD : C, 48.5;
H, 4.33; N, 10.6. Found: C, 48.0; H, 4.43; N,
11.0. Caled for [Rh(phen)Zdip]CI3-5HD: C, 50.1;
H, 4.20; N, 10.3. Found: C, 50.4; H, 4.26; N,
9.86.

[Ir(phen)XCI2]ClI was prepared by the method of
Harris and McKenzie.ll Degassed samples were
prepared by freeze-pump-thaw recycling a minimum of
three times. The tubes were sealed under avacuum.

Electron spin resonance measurements were done
with a JEOLCO ME-3X spectrometer operating at X-
band frequency equipped with a cylindrical mode
TE-012 cavity. Quartz windows in the cavity permit
efficient irradiation at room and liquid nitrogen tempera-
ture. An Osram 500-W mercury lamp was used for
irradiation. Magnetic field measurements were made
with a Magnion G-502 Gaussmeter and Hewlett-
Packard 5245L frequency counter. Klystron frequency
measurements were done using a DPPH powder stan-
dard. All measurements were done in cylindrical 5-mm
quartz esr tubes. Esr variable temperature measure-
ments were made using the JEOLCO JES-UCT-2X
attachment.

Optical spectra at room temperature and 80°K were
determined with a Cary 14 spectrometer. The 80°K
spectra were obtained using a copper block cryostat
constructed for use with the Cary 14. Luminescence
spectra were determined with an Aminco Bowman
spectrophotofluorometer (SPF) equipped with a phos-
phorimeter attachment. Lifetimes were determined
with the phosphorimeter and various flash lamps in
conjunction with a Tektronix 564 oscilloscope. The
luminescence data have been reported78 for all except
the mixed ligand complexes.

Results

A. Tris Complexes. The esr spectra obtained for
the irradiated tris complexes of Rh(l11) in alcohol glass
at 77°K are given in Figure 1. All [Rh(phen)3]8+
samples gave a purple color after irradiation with a
structured esr signal in the free radical region (g =
2.00) and a broad band showing partially resolved
structure centered at g = 2.16. The [Rh(dip)3]3+
samples, in contrast, gave only a free radical signal with
the solution turning brown after lengthy irradiation.
Both chloride and perchlorate salts of [Rh(phen)3]3+
gave similar coloration and esr spectra upon irradiation.
Warming of the irradiated [Rh(phen)3]8+ sample
(below the glass point) caused the free radical signal to
disappear at —140°, both signals decreasing in intensity
as the temperature is raised. At the glass point tem-
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Figure 1. Esr spectra of irradiated [Rh(phen)3]CI3 (A) and

[Rh(dip)3CI3 (B) in ethanol glass at 77°K; v = 9.182 GHz.

perature, (T = —117°), the g = 2.16 signal typically
remained as did the purple color.

Degassed samples of these complexes produced the
same esr spectra in the g = 2.16 region as the aerated
samples. The g = 2.00 spectrum was slightly depen-
dent upon 02 in the glass. Irradiated MgCl2-aHD
glassy solutions of [Rh(phen)3]8+ exhibited no color or
esr signal.

Table 1 compares the integrated intensities for the
g = 2.00 and g = 2.16 signals of the [Rh(phen)3]3+ as a
function of initial concentration and irradiation time.
Relative concentrations of paramagnetic species within
each gvalue region were measured by integrating signal
areas. Comparison of absolute radical concentrations
between the two g value regions is not valid since line
shapes are different. Comparison of the ratio of the
two signals at different times is appropriate if the same
radical species are present at all times during irradia-

Table I: Integrated Intensities for the g = 2.00 and
g = 2.16 Esr Signals for [Rh(phen)3 3+ as a Function of
Initial Concentration and Irradiation Time

Irradiation

time, —Integrated intensity—»

Conen, M min 0= 2.16 g = 2.00
0 (ethanol only) 30 0 336
1.8 X 10-" 30 689 346
5 269 311
9.0 X 10-" 30 1392 607
5 316 251
1.8 X 10"3 30 2004 662
5 347 226

(11) €. M. Harris and R. D. McKenzie, J. Inorg. Nucl. Chem., 25,
171 (1963).
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Hgure 2. Uwwisible spectra of irediated (A) (6.3 X 10~3m
after 0.5 hr irradiation ina 1-am2odl with a500-W highioressure

mercury lanp) and nonirediated (B) [RiQadherhddain
ethandl dlass at 80°K.

tion. Tabic Il indicates the dependence of the para-
magnetic species production upon lamp intensity. The
uv-visible spectrum of the photolyzed [Rh(phen)3]3+
sample is shown (Figure 2) with the unirradiated
[Rh(phen)3]3+spectra. The purple sample was allowed
to thaw and the color disappear. The uv-visible spec-
trum was then identical with the unirradiated sample.

Table 11 ; The Dependence of g = 2.00 Paramegretic
Soecies Production on Lanp Intensity

Integrated
Incident lamp intensity of
intensity, | g=
Ib dependence*1 signal
7.95 2
25
159 948
1.36
355 2816
1.03
100 8220

° Sarple 36 X 10-3 Af [RhfphenhlCb inethandl dlass inradi-
ated for 46 min. 1 PerkinBner reference screas used ¢ The
poner to which the ratio of incident lanp intersities needs to ke
raised in orcer to equal the ratio of integrated ¢ = 2.00 sigdl
intersities.

B. Mixed Ligand Complexes. Irradiation of [Rh-
(phen)2(dip)]3+ produces an esr spectrum closely re-
sembling that produced by irradiation of [Rh(phen)3]3+.
In addition to the g = 2.00 signal there was observed a
signal centered at 2.16. The phosphorescence spectrum
for this complex produced an emission with vibrational
structure similar to that of the [Rh(phen)3]3+ complex
and an emission lifetime of 44.3 msec comparable to
that of the [Rh(phen)3]3+complex.8

Irradiation of [Rh(dip)2Zphen) ]3+ produced the g =
2.00 signal and a weak signal centered at g = 2.16.
The ratio of the g = 2.16 to the g = 2.00 signal was
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smaller for this mixed ligand complex than for the
other tris or bis Rh(lll) complexes. Phosphorescence
spectra for the mixed ligand complex produces an
emission spectrum with vibrational structure similar
to that of the [Rh(dip)3]3+ complex and two emission
lifetimes of 5 and 40 msec. 2

C. Bis Complexes. Esr spectra for the irradiated
alcohol glass solutions of [Rh(phen)2ZC12]+ gave a signal
at g = 2.00 similar to that of the tris complex. An
additional signal centered at g = 2.18 is narrower than
that observed for the [Rh(phen)3]3+ complex. The
shorter luminescence lifetime (47 /usee) of this bis
Rh(Il11) complex as compared to 48 msec for [Rh-
(phen)3]3+ necessitated longer irradiation periods to
obtain measurable signal intensities (see Discussion).
The relative growth rates of the two esr bands are similar
to that observed for the [Rh(phen)3]3+ solution. The
purple color was again in evidence and the temperature
dependence of the two signals is similar to that of the
[Rh(phen)3]3+. The esr spectrum of the [Rh(dip)2
ClI2]+ in glassy solution produced only the g = 2.00
signal. Photolysis of an alcohol glass solution of the
[Ir(phen)ZC12]+ complex produces no esr signal.

D. Ligands and Solvent. Photolysis of alcohol glass
solutions of 1,10-phenanthroline monohydrate produced
a yellow-green solution with an esr spectrum in the g =
2.00 region similar to that for the chelate complexes.
Irradiation of the alcohol glass solution of the 2,2'-
bipyridyl produces a brown colored solution. Both
solutions gave a structured signal in the g = 2.00 region.

Photolysis of a pure alcohol glass solution produced a
purple color with a g = 2.00 signal. The purified sol-
vent mixture always produced a weak long-lived blue
phosphorescence due to trace quantities of aromatic
impurity.

Discussion

The description of the photolysis process in the metal
chelates requires identification of the radical products
and the reaction pathway. The ratio g = 2.16/g =
2.00 at short irradiation time being markedly different
from this same ratio at longer irradiation times (Table
1), the absence of the g = 2.16-2.18 signal from the Rh-
(111) complexes containing only dipyridyl, or dipyridyl
and chloride ligands, and the separation of the two esr
signals indicates that at least two radicals are produced
in the photolysis of the [Rh(phen)3]3+, [Rh(phen)2ZC12]+,
[Rh(dip)2phen) ]3+, and [Rh(phen)dip)]3+ chelates.
The magnitude of the g shift for the g —2.16-2.18 signal
implies that this radical contains a heavy metal. The
g = 2.00 signal must result from a species containing
only light atoms.

The presence of the g = 2.00 signal for all alcohol
glass solvent samples including the sample blank in-
dicates that this signal is generated from the ethanol

(12) M. K. DeArmond and W. Halper, to be published.
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Table 111 Results of Uv Iradiation of Ethanol Aasses Containing Various Solutes
Irradiation result®
——————————————— Qualitative intensity of esr signals-----------------
Compound rp, sec Triplet type Color g = 2.00 g= 216
1,10Preranthrolire 152 Delocalized orbital Yellonrgreen Strong
[Rn(phen)3CI3 484 X 10°2 Delocalized orhital Violet Strong Strog
[Rh(phen)Z13C1 4.69 X KE6 Localized orbital Violet Medium Medium
[IrphenZi3l 7.30 X 106 Delocalized orbital
2,2-Dipyridyl 9.55 X 10°1 Delocalized orbital Broan Strong
[Rh(dip)3Ci3 221 X 10-3 Delocalized orbital Broanviolet Strong
[Rn(dipZ13cl 461 X 106 Localized orbital Broanviolet Weak
[Rn(phen)cip)] CI3 443 X 102 Delocalized orbital Violet Strorg Medium
[Rn(dip)Zphen)]CI3 50 X 10-3 Delocalized orbital Violet Strong Very wesk
4.0 X 102

1dasxs are 10-3 M in solute concentration and are iradiated for at least 0.5 hr in quartz tubes at 77°K.

solvent. The absence of any radical signal for the
MgCl2-aaHD glass is additional verification of this
process. Comparison of the spectra produced here
with those published13 X4 indicates that these g = 2.00
signals are due to CHH2-, CHXHOH-, CH3-, and
CH3CO eradicals.

The absence of the g = 2.16-2.18 peak for the com-
plexes not containing the 1,10-phenanthroline ligand
suggests that the reactive site is associated with the
ligand ring system rather than the metal ion. Photo-
oxidation involving the ring “-electron system16% is
unlikely in view of the large positive charge of this
cationic species. Further, the absence of the g =
2.16-2.18 peak for the dipyridyl complexes is incon-
sistent with a photooxidation explanation, since the
two ligands would be expected to have similar ioniza-
tion potentials. Anion variation did not alter the
general appearance of the esr spectra; therefore a redox
reaction involving electron transfer from the anion to
the chelate cation is not an appropriate explanation of
the photolysis. Consequently, the reactive site must
be the bond between carbons 5 and 6 in the 1,10-phen-
anthroline ring. The width and structure of the g =
2.16 signal implies that the unpaired electron is de-
localized. A hyperfine splitting of ~18 G was resolved
for the tris complexes. Further, the slow decay of the
radical signal above the glass point implies that the
radical moiety is large.

Symons and TownsendX/ irradiated ethanol glasses
containing photochemically active compounds and
observed the glasses to be paramagnetic, violet, and to
contain a single broad absorption with a maximum at
517 nm. This spectrum was attributed to the produc-
tion of CH3CHOH from ethanol by hydrogen atom
abstraction. The uv-visible spectrum determined for
the [Rh(phen)3]3+ contains three peaks in the 520-nm
region contrasting with the single peak observed by
Symons and Townsend and therefore cannot be due only
to solvent photolysis.

Siegel, et al., concluded that the solvent radicals are

formed by a two-photon process involving a long-lived

triplet intermediate.1314 The dependence of the sol-

vent radical production here upon the excitation in-
tensity is consistent with this two photon mechanism.

Siegel and Eisenthall3 have utilized the Am = 2 esr
signal to measure directly the triplet-state concentra-
tion of a napthalene solute (r = 2.3 sec) with alcohol,

ether, and hydrocarbon solvent. They obtained a
15 to 2.5 lamp intensity dependence. The absence of
any excited-state esr signal for these samples precludes
such a technique here. However, lamp intensities,

sample volumes, and concentrations used here are
comparable to those described by Siegel and Eisenthal

The shorter lifetimes of these metal chelate solutes is
compensated by the increased irradiation efficiency of
the esr cavity utilized for these experiments. There-
fore, the approach of the intensity dependence of the
solvent radical production to 1 (Table Il) suggests,
as for the napthalene solute, that a large fraction of the
molecules have been excited to the triplet state. Since
the solvent radical production rate is proportional to
the triplet population, it is proportional to the lifetime
of emitting triplet state (chelate and/or solvent im-
purity). The solvent radical intensities are qualita-
tively consistent with the triplet lifetimes of the metal
chelates (Table I11). The magnitude of the solvent
radical growth rate for the pure solvent implies that
the emission lifetime of the impurity in the solvent is
greater than 100 msec. An aromatic t& & phosphores-
cence typically has a lifetime of 1 sec magnitude or
longer.B In concentrated (greater than 10_3 M) metal
chelate solutions, energy transfer from the solvent
impurity emitting state to that of the emitting state in

(13)
(14)
(15)

. Siegel and K. Eisenthal, J. Chem. Phys., 42, 2494 (1965).
. S. Judeikis and S. Siegel, ibid., 43, 3625 (1965).
. D. Cadogan and A. C. Albrecht, ibid., 43, 2550 (1965).

(17)
(18) C. Calvert and J. N. Pitts, “Photochemistry,” Wiley, New
York, N. Y, 1968.

S
H
K
(16) H. Pilloff and A. Albrecht, ibid., 49, 4891 (1968).
M. C. R. Symons and M. Townsend, ibid., 25, 1299 (1957).
J.
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the metal chelate is likely. The metal chelate lifetime
would then determine the radical production.

The solvent radical attack upon the C5C 6bond may
occur in either the ground or the excited triplet state
of the solute. Extinction of the excitation source
guenches production of both the solvent and the metal
radicals and therefore produces no evidence for or
against direct solute triplet state participation in pro-
duction of the metal radical. The ratio of the metal
to the solvent radical concentration is the same for the
tris and bis phen complexes, although the triplet life-
times are markedly different. This implies that the
rate of formation of the metal radical by solvent radical
attack is independent of the solute excited triplet con-
centration. Secondly, the bis and tris Rh(Ill) com-
plexes produce the metal radical although the lumines-
cent triplet for the tris complex is delocalized orbital
(= #*) while that of the bis complex is a metal local-
ized orbital (d-d).8 These two facts suggest that the
solvent radical does not attack the chelate in the triplet
state. The absence of an esr signal for the photolyzed
[Ir(phen)XCI2]1+ sample may be due to quadrupole
broadening (7 = 3 2for Hlr, 18Ir). The weak metal
radical signal observed for the [Rh(dip)2phen) ]3+ com-
plex can be explained if the solvent radical attack in the
glassy solution involves a cage reaction with nearest-
neighbor solvent molecules. The emission spectrum
and lifetime of this mixed ligand complex suggest that
excited triplet may be localized on the dipyridyl lig-
ands.2 Such an excited state would activate nearest-
neighbor solvent molecules and would produce fewer
metal radicals since the 1,10-phenanthroline ligand
would not be readily attacked by solvent radicals ad-
jacent to the dipyridyl ligands.

Conclusion

The photolysis of [Rh(phen)3]3+ in alcohol glass
solution produces a metal radical with the general
structure (Figure 3). The attacking radical is likely
CH3CHOHe, but CHZXH2-, CHXO-, or CH3 may
also attack. The CHZXHOH radical is the primary
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Figure 3. The proposed general structure (Y = CH3XHOH,
CH3CH2 CH3 or CH3CO) of the metal radical product of
irradiated [Rh(phen)3]8+ in ethanol glass at 77°K.

solvent photolysis product and does dominate the free
radical region of the esr spectrum.

A reaction sequence suggested by the data is given
where M is a metal chelate, M*(Si) is the metal chelate
in an excited singlet, M**(Ti) is the metal chelate in
the excited triplet, and M*** is the chelate in an un-
defined high-energy state capable of transferring energy
to the solvent for radical decomposition. R is an
alkyl group.

M + hwv M*(Si) 1)
M*(Si) — M**(Ti) (2)
M**(Ti) + hvl— > M*** 3
M*** + ROH —> M + RO- + H- 4)
RO=— R'+ R"0- (4a)

RO —>R'- + R"0 (4b)

RO- + M —* M-OR (5)

R'e+ M —* M-R (5a)

"O- + M —> M-R"0- (5b)
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When CH2FBr diluted in argon is codeposited with a beam of atomic lithium at 15°K, the free radicals CH 2F

and CH 2Br are stabilized in sufficient concentration for observation of several infrared absorptions.

Studies

utilizing CD2Br and CH2C1 help confirm the spectral identity of the monofluoromethyl free radical. The

new absorptions are assigned to the symmetric C-F stretching vibration of the CH2F and CD 2F radicals, and

the DCD bending mode of CD 2F.

The vibrational potential function giving the best fit of symmetric vibra-

tional frequencies is determined and bonding in CH2F is discussed.

Introduction

The monofluoromethyl radical has been postulated
as a chemical intermediate. CHZ has been produced
for Kinetic studies by the reactions of Na with CHZCI1
and Br with CH3¥.2 The esr spectrum3of CHZ has
been observed in krypton and xenon matrices near
liquid nitrogen temperature following 2.8-MeV electron
irradiation of CH3. In this work, Fessenden and
Schuler3 observed 13 hyperfine splittings which en-
abled them to determine the pyramidal angle (6) to be
about 5° or less. Two subsequent45molecular orbital
calculations have suggested that the CHZF radical is
slightly nonplanar. Recent matrix studies of the
vacuum-ultraviolet photolysis6é of CH3 have yielded
species identified as CHZF in addition to CF and HCF.
Matrix reactions of alkali metal atoms with CH2Z1X
and CHXBrX precursors in this laboratory78 have
yielded the CH2C1 and CHBr free radicals. To under-
stand the bonding and structure in these radicals,
further studies of CHZF have been done using the

matrix reaction of CHZFX with alkali metals. A de-
tailed description of these experiments follows.
Experimental Section

The cryogenic refrigeration system, alkali atom

source, and experimental technique have been described
in detail.9 Isotopically enriched samples of lithium
metal, 99.99% 7Li and 95.6% @i, 4.4% 4.i (ORNL),
and sodium metal (J. T. Baker, lump) were used with-
out purification. Bromofluoromethane was synthe-
sized by the Hunsdiecker method as described by
Haszeldine.0 The reaction was carried out in iron
pipe (3 ft of 0.25 in. pipe connected to 3 in. of 0.5 in.
pipe) equipped with a pressure gauge and a needle valve
for venting off the gaseous product into a liquid nitro-
gen cooled trap. The silver salt precursor (silver
monofluoroacetate) was prepared by dissolving sodium
monofluoroacetate in ice-water and stirring in an

equimolar amount of silver nitrate. The insoluble
product was separated by filtration and dried for 24 hr
in vacuo. A 11.0-g (0.060 mol) sample of the silver
salt was placed in the reaction apparatus and cooled
to liquid nitrogen temperature. Bromine 105 ¢
(0.065 mol), was added to the salt, and the vessel was
sealed and evacuated. Instantaneous reaction occurred
at room temperature, the pressure rising to 150 psi.
The gaseous product was vented into the receiver and
purified by trap-to-trap distillation using an acetone
slush. The yield was less than 10%. The bromo-
fluoromethane-fb was prepared by deuterating the
methylenic carbon of monofluoroacetamide in a basic
methanol-d solution, converting back into the silver
salt, and repeating the previously described reaction
sequence. Mass spectra showed the fractionated
product to be a 2:1:1 mixture of the dideuterio-,
monodeuterio-, and hydrogen bromofluoromethanes,
respectively. lodofluoromethane was synthesized by
reacting stoichiometric quantities of methylene iodide
and crystalline mercuric fluoride in a glass apparatus.
The reaction mixture was heated to 150° and then re-
cooled quickly to room temperature. The liquid residue
remaining in the pot was fractionated on a vacuum
line, and samples were prepared immediately from these

(1) J. F. Reed and B. S. Rabinovitch, J. Phys. Chem., 61, 598
(1957).

(2) A. M. Tarr, J. W. Coomber, and E. Whittle, Traits. Faraday
Soc., 61, 1182 (1965).

(3) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 43, 2704
(1965).

(4) K. Morokuma, L. Pedersen, and M. Karplus, ibid., 48, 4801
(1968).

(5) D. L. Beveridge, P. A. Dobosh, and J. A. Pople, ibid., 48, 4802
(1968).

(6) M. E. Jacox and D. E. Milligan, ibid., 50, 3252 (1969).

(7) L. Andrews and D. W. Smith, ibid., 53, 2956 (1970).

(8) D. W. Smith and L. Andrews, ibid., in press.

(9) L. Andrews, ibid., 48, 972 (1968).

(10) R. N. Haszeldine, J. Chem. Soc., 4259 (1952).
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FREQUENCY, (cm-1)
Figure 1. Infrared spectra in the 1340-1540-, 1100-1200-, and 350-600-cm ~1| spectral region for CH2FBr in argon (M/R = 200:1)
deposited at 15°K without alkali metal, deposited with 7Li (matrix/alkali = M /A = 200:1), deposited with 6Li (M /A = 200:1),

and deposited with Na (M /A = 200:1).

purified cuts. The infrared spectrum showed the
product to be pure iodofluoromethane with small
amounts of 1,2-difluoroethane and methylene iodide as
the major impurities. Chlorofluoromethane (DuPont,
Fluorocarbon 31), methylene fluoride (DuPont, Fluoro-
carbon 32), and argon (Air Products, 99.995%) were
used without purification.

Samples of bromofluoromethane, chlorofluorometh-
ane, iodofluoromethane, and methylene fluoride in
argon (matrix/reactant = M/R = 200:1) were code-
posited with an atomic beam of lithium or sodium
(matrix/alkali = M/A = 200:1) on a cesium iodide
window maintained at 15°K. Deposition times ranged
from 18 to 24 hr. Infrared spectra were recorded
during and after deposition using a Beckman IR-12
filter-grating spectrophotometer in the 200-4000-cm-1
spectral region. Frequency accuracy is +0.5 cm-1,
and spectral slit widths are 0.8 cm-1 at 1100 cm-1 and
900 cm-1, 0.9 cm-1 at 700 cm-1, and 2.1 cm-1 at 500
cm-1.

Results

Bromofluoromethane with Alkali Metals. The gas
phase spectrum of CHZBr, previously unreported,
compared favorably with the spectrum of CHZC1 gasil
and CHZBr isolated in an argon matrix. The spectra
obtained after reaction of @i and i (M/A = 200:1)
with CH2ZBr (M/R = 200:1) were compared with the
spectrum of CHZFBr deposited without the metals.

The Journal of Physical Chemistry, Vol. 75, No. 21, 1971

Several new absorptions were present after reaction with
lithium which were not present in experiments without
Li. Weak new absorptions occurred at 521.2, 504.2,
837.9, and 843.0 cm-1 in the 7Li experiments and at
541.4, 887.6, and 891.5 cm-1 in the A.i experiments.
The 521.2- and 504.2-em” 1 bands agree with argon
matrix values for the 7LiBr monomer and the 541.4-
cm_1 absorption agrees with that of 6LiBr monomer as
reported by Schlick and Schnepp.2 The bands at
837.9 and 843.0 cm-1 in the 7Li runs and the bands at
887.6 and 891.5 cm-1 in the @i experiments agree with
the observed argon matrix frequencies for 7LiF and
6&LiF, respectively.13 The intensities of the LiF and
LiBr are approximately comparable in individual ex-
periments. Although precise data are not available
concerning the concentration dependence of these
intensities, it appears that more bromine than fluorine
was abstracted. The very fact that fluorine abstrac-
tion competes with bromine abstraction indicates that
the CF bond dissociation energy in the precursor may
not be as great as empirically expected. Unfortunately,
precise data concerning the bond dissociation energies
are not available.

Other bands occurring for the Li-CHZBr-Ar sys-

(11) E. K. Plyler and M. A. Lamb, J. Res. Nat. Bur. Stand., 45, 204
(1950).

(12) S. Schlick and O. Schnepp, J. Chem. Phys., 41, 463 (1964).
(13) M. J. Linevsky, ibid., 38, 658 (1963).
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Table I: Infrared Absorptions Resulting from the Deposition of H2CFBr in Argon without Alkali Metal and with 6Li, 7Li, and Na”
I denti-
fication HsCFBr-no Li HZXFBr-®Li HjCFBr-'Li HjCFBr-Na
P 1460.0(0.18) 1461.2(0.089) 1460.0(0.20) 1460.5(0.16)
B 1355.9(0.054) 1356.0(0.044)
P 1311.4(1.2) 1312.0(0.81) 1311.5(1.3) 1311.8(0.68)
ché4 1306.0(0.089) 1306.0(0.066) 1306.5(0.13)
P 1276.3(0.084) 1277.1(0.041) 1277.0(0.066) 1277.2(0.050)
P 1245.0(0.057) 1245 (w) i245(w) 1244.6 (0.039)
P 1227.5(0.23) 1227.2(0.13) 1227.9(0.17) 1227.6(0.14)
E 1162.9(0.33) 1162.8(0.35) 1163.0(0.090)
1159.3 (sh)
C 1151.6(0.049) 1151.0(0.055)
u 1125.1(0.026)
u 1100.0(0.034)
u 1080.5(0.21)
(CH2ZF)2 1078.9(0.085)
p 1059.9 (0% T) 1059.9 (0% T) 1059.9 (0% T) 1059.9(1.2)
p 1046.3(0.88) 1046.2(0.51) 1046.4(0.33) 1046.5(0.52)
u 950.0(0.049)
LiF j 891.5(0.045) 843.0(0.067)
(887.6(0.070) 837.9(0.11)
B 693.4(0.078) 693.5(0.067)
P 641.7 (0% T) 642.0 (0% T) 642.2 (0% T) 642.0 (0%T)
P 619.4 (0.19) 620.3(0.080) 619.6(0.13) 620.2(0.15)
L 578.5 (0.087) 567.3(0.050)
LiBr 521.2(0.078)
‘E 541.4(0.072) 504.2(0.062)
U 533.7(0.050)
LE 525.5 (0.18) 491.3 (0.12)
B 368.0(0.23) 367.5(0.10)
NaBr 275.1(0.043)
“ Frequencies are expressed in cm-1 and optical densities (OD) are given in parentheses. AIll M/R and M /A = 200:1. sh =
shoulder, w = weak; U = unidentified absorption; P = parent absorption.

terns are shown for selected spectral regions in Figure 1
All absorptions occurring in the 300-1500-cm-1 region
along with their identifications are listed in Table I.
Parent (CHZBr) absorptions are designated by the
symbol P and unidentified absorbers by U. Several
absorptions in the 500-600-cm-1 region show lithium
isotope shifts and are identified as L and LE. It seems
plausible that the 525.5-cm-1 band in the 6Li experiment
which shifts to 491.3 cm-1 in the 7Li experiment is a
Li-CH2X species, probably LICHZ. Molecules of this
type have previously been described by Andrews.1415
Another set of absorptions labeled L, 578.5 and 567.3
cm-1 in the -6 and -7 experiments, respectively, shows
a lithium isotopic shift, but their identity has not been
deduced. It is clear that bands showing a lithium iso-
topic shift cannot be due to an isolated free radical.
The bands B, E, and C designated in the figure ap-
peared when either @i or i (M/A = 200:1) was
allowed to react with CHZBr inargon (M/R = 200:1).
The B absorptions, which occur at 1355.9, 693.4,
368.0 cm-1 and 1356.0, 693.5, 367.5 cm-1 in the -6 and
-7 runs, respectively, are due to the CH2Br radical.8
The E bands appeared at 1162.9 (6.i) and 1162.8 cm-1
(Li), and the C bands at 1151.6 (6.i) and 1151.0 cm-1

(Li). In addition, an absorption at 1306.0 cm-1 was
present in both lithium isotope experiments and is
the argon matrix frequency of methane.®

When CHZFBr was deposited simultaneously with
Na, the band designated E was observed at 1163.0 cm-1
although the intensity was reduced (Figure 1, Table I).
Another weak absorption was present only in the Na
experiments at 275.1 cm-1 and has been assigned to the
argon matrix frequency of the NaBr monomer.8 Three
other bands exclusive to the sodium-bromofluoro-
methane experiment were found at 1125.1, 1100.0, and
1080.5 cm-1 and are labeled U in Table I, representing
unidentified frequencies. The peaks previously noted
as B and C are absent here, while the absorption at-
tributed to methane (1306.5 cm-1) was observed.

Sample-warming experiments were carried out for
the 7Li- and Gi-CHZBr-Ar experiments; the de-
posited samples were warmed to 35°K and then re-
cooled to 15°K. The intensities of the B, E, and C
absorptions decreased or disappeared entirely relative

(14) L. Andrews, J. Chem. Phys., 47, 4834 (1967).
(15) L. Andrews and T. G. Carver, J. Phys. Chem., 72, 1743 (1968).
(16) F. H. Frayer and G. E. Ewing, J. Chem. Phys., 48, 781 (1968).
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Figure 2. Infrared spectra in the 1080-1210-cm_I region for
the reaction of 7Li (M /A = 200:1) with the following
substituted methanes in argon (M /R = 200:1)

deposited at 15°K: a, CHZBr; b, CD2FBr;

c, CHjFCI; and d, CHZ2F1I.

to the unchanged parent absorptions. Owing to scat-
tering conditions no quantitative data could be ob-
tained. No new absorptions were observed after the
diffusion experiments.

Chlorofluoromethane with Alkali Metals. When CH2
FCI (M/R = 200:1 in argon) reacted with the two
lithium isotopes, several new absorptions appeared
which were common to both expriments. Figure 2
shows the 1080-1210-cm_1 spectral region for the
TLi-CHZ2ZFCI-Ar system and Table Il lists absorptions
of interest for this reaction system, which occurred at
1390.8, 826.3, 820.4, and 396.6 cm-1. In addition, ab-
sorptions at 1162.7 and 1149.3 cm-1 appeared which
correspond to the E and C bands of the Li-CHZBr
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experiments. Weak unidentified absorptions (labeled
U) are present at 1073.2 and 682.0 cm-1 for both @i
and 7Li reactions with CHZC1. Two other sets of
medium intensity peaks occurred at 842.3 and 837.4
cm-1 in the 7Li experiment and at 891.5 and 887.0 cm-1
in the 6.i experiment. These correspond to the re-
ported frequencies for 7LiF and @.iF, respectively.l3
No LiCl absorptions were detected due to the low yield
of this reaction.

When Na was deposited with a sample of CHZC1 in
argon, the only new absorption that appeared was a
weak band at 1162.8 cm-1 (E), which is common to all
of the preceding alkali metal-CHZBr and -CH 2=C1 ex-
periments.

lodofluoromethane with Alkali Metals. When CHZ I
in argon (M/R = 200:1) was codeposited with 7Li
metal (Table Il) an intense absorption appeared at
4475 cm-1, which is exclusive to this experiment; its
assignment to 7Lil follows.I7 The E and C absorptions
at 1162.7 and 1148.5 cm-1 were present, but the E
absorption was slightly more intense here than in the
previous experiments utilizing the other halofluoro-
methanes as precursors. The E and C bands, at 1162.6
and 1149.2 cm-1, respectively, were also found in the
spectrum of the &Li-CH2FI-Ar system.

Methylene Fluoride with Lithium. Difluoromethane
inargon (M/R = 200:1) was deposited simultaneously
with 7Li (M/A = 200:1) for 20 hr. An analogous run
was carried out using 6Li (M/A = 200:1). No new
absorptions appeared which could be attributed to
lithium fluoride, the CHZ radical, or other known
species.

Bromofluoromethane-di with Lithium. Several ex-
periments were carried out depositing CDZFBr (M/R
= 200:1) in argon without Li, and with &i (M/A =
200:1) and i (M/A = 200:1). The spectrum of
CDZBr, though unreported in the literature, appears
reasonable in comparison to the spectrum of its analog,
CHZBr. The major impurities in the series of experi-
ments were attributed to the incomplete deuteration of
the bromofluoromethane. CHZBr and CDHFBr were
present in equivalent amounts comprising a total of
50% of the starting material used to prepare the
samples. Hereafter the use of the symbol CDZBr
will refer to this 2:1:1 mixture just discussed. Figure
2 shows the 1080-1210-cm "1 spectral region for the
reaction of 7Li with the CDZBr, and Table Il lists
particular absorptions of interest for the 7Li-CD2
FBr-Ar system.

When CDZFBr (M/R = 200:1) in argon was code-
posited with a beam of 7.i (M/A = 200:1), the 7LiF
and 7LiBr bands were again present in addition to two
major new absorptions at 1191.4 and 1093.0 cm-1,
labeled Ei" and E2', respectively. The band des-
ignated E in past experiments was apparent here as an

(17) L. Andrews and G. G. Pimentel, J. Chem. Phys., 47, 3637 (1967).
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Table 11:
of Lithium-7 (M /A =

Identi-
fication v, cm"1 oD
HsCFBr
(B) 1356.0 (0.044)
(E) 1162.8 (0.35)
(C) 1151.0 (0.055
. i 843.0 (0.067)
(TLiF) <
(837.9 (0.11)
(B) 693.5 (0.067)
. I 521.2 (0.078)
(LiBr) <
(504.2 (0.062)
(LE) 491.3 (0.12)
(B) 367.5 (0.10)
H2CFC1
(H2CC1) 1390.8 (0.074)
(E) 1162.7 (0.12)
(C) 1149.3 (0.028)
P) 1126.8 (0.063)
P) 1118.8 (0.023)
() 1073.2 (0.18)
. r842.3 (0.25)
(CLiF)
>837.4 (0.23)
*826.3 (0.23)
(HXC1) i
. 820.4 (0.089)
) ' 682.0 (0.029)
(H2CC1) 396.6 (0.53)

a v are given in cm-1; optical densities (OD) and band identification are given in parentheses.

tively, of D2CFBr-DHCFBr-H2XFBr.

absorption at 1161.2 cm-1 with a less intense side band
at 1162.8 cm-1. One of the previously noted B ab-
sorptions (367.0 cm-1) occurred again but reduced in
intensity. In addition to E /' and EZ2', several bands
appeared at 1016.2, 490.0, 315 + 2, and 262.6 cm-1,
which were absent from the alkali metal-CHZBr runs.
The intense, broad 490-cm-1 absorption is labeled in
Table Il as LE, LE', LE". This absorption is close in
frequency to the 491.3-cm~1(LE) band noted in the
Li-CHZFBr-Ar system, and it is tentatively assigned
to the substituted methyllithium compound (LiCHZ).
The corresponding broad absorption here is probably
due to the three possible species, i.e., LICHZ, IiCHDF,
and LICDZ. The 1016-and 263-cm-1 bands are due to
CD3Br and the 315-cmvlfeature arises from CHDBr.8

When &i (M/A = 200:1) was deposited with CD2
FBr (M/R = 200:1), the absorptions at 1191.4 (Ei")
and 1093.0 cm-1 (E/') were observed in addition to
both lithium-6 halide monomers. All of the other
previous new absorptions noted for the 7Li-CD ZFBr-Ar
system were present, with the exception of the 490.0-
em_1 band which was shifted to 525.0 cm-1.
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Infrared Absorptions in the 1080-1210-cm-1 Region Plus Other Bands of Interest for he Matrix Reaction
200:1) with H2ZCFBr, D2XFBr, H2CFC1, and HXFI in Argon (M/R =

203:1) at 15°K*“

Identi-
fication v, cm-1 oD
E 2CFBr6
P) 1193.8 (0.15)
(Ei") 1191.4 (0.19)
(E) (1162.8 (0.10)
11161.2 (0.12)
(1117.2 (0% T)
(P) \1112.0 (sh)
1108.7 (sh)
(E2") 093.0 (0.14)
(D2XCBr) 1016.2 (0.040)
. ' 843.0 (0.11)
(7TLiF) j
v 837.5 (0.13)
(LiBr) ' 504.2 (0.11)
(LE, LE', LE") 490.0 (0.23)
(B) 367.0 (0.048)
(DHCBT) 315 + 2 (0.14)
(D2CBr) 262.6 (0.11)
H2CFI
'1189.1 (0.11)
) {1186.5 (sh)
(E) 162.7 (0.36)
(C) 1148.5 (0.033)
P) 1135.0 (0.031)
P) 1124.2 (0.47)
P) 1116.1 (0.034)
P) 1108.0 (0.12)
P) 1091.8 (0.070)
(P, (CH2)2) 1078.5 (0.54)
(Lil) 447.5 (0.20)

h Actually a 2:1:1 mixture, respec-

Discussion

The task at hand is to identify absorptions which can
be attributed to the monofluoromethyl free radical and
use these data to provide information about its struc-
ture and vibrational potential function.

Monofluoromethyl Identity. The observation of weak
bands corresponding to LiBr in the Li-CHZBr and
-CD ZFBr experiments indicates that the free radicals
CHZ and CDZ are likely products. The absorption
designated E (1162.8 cm-1), which is found in all the
experiments utilizing CITZBr, CH2-C1, and CHZ 1 as
precursors, shows no shift when the two lithium isotopes
are used. The band is also observed in the two lith-
ium-6 and -7 experiments with CD2Br, though the
intensity of the absorption is reduced by three-quarters.
(It should be recalled th it the CD2=Br sample used was
in actually a 2:1:1 mixture, respectively, of CDZ2Br,
HCDFBr, and CHZBr.) Similarly, when sodium is
substituted for lithium and allowed to react with
CHZBr and CHZC1, the 1163-cm“1 (E) absorption
again appears though less intensely than in the case of
the lithium isotopic experiments. Thus, the absorber
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responsible for E likely contains no alkali metal atom
since the position of the band is invariant with the mass
of the alkali metal used in the experiment. It seems
reasonable therefore to suggest that the CHZ free
radical is responsible for the absorption designated E.
In addition, the observation of an absorption at 1079
cm™1 in the 7Li-CHZFBr experiment identified as
(CHZF)2is consistent with production of CHZ by the
matrix reaction. Jacox and Milligan,6 using vacuum
ultraviolet photolysis of methyl fluoride in argon, have
in fact observed a band at 1163 cm-1 and assigned it to
the free radical CHZ.

The weak absorptions labeled C which occur when
&i and 7Li are deposited with CHZBr, CHZC1, and
CHZF1 appear in close proximity to the absorption as-
signed to CHZ. The C bands maintain approximately
constant relative intensity with the radical absorptions.
An absorption in this region is totally lacking in the Na
experiments with these precursors. It seems reason-
able that the bands are likely due to an LiBr-CHZF
complex in the case of the CHZBr reactant, and
LiCI-CHZ in the case of CHZC1, and an Lil-CHZ
complex for the CHZ 1 precursor. The small spectral
shift (ca. 10 cm-1) between the radical fundamental and
the complex frequency is probably due to the fact that
the lithium halide perturbation is small and produces
only a small change in the frequency for this motion.

When CDZBr is codeposited with Li two identical
bands labeled E /' and E2' appear in each isotope ex-
periment at 1191.4 and 1093.0 cm-1, respectively. As-
signment of these absorptions to the CDZ free radical
in the present work confirms the previous6 choice of
assignments to C-F modes of DCF (1183 cm-1) and
DZXF (1191 cm-1) based on an argon-nitrogen matrix
shift argument.

Vibrational Assignment. The 1 hyperfine esr
spectrum of CHZ has been interpreted by Fessenden
and Schuler3to indicate that the pyramidal angle 6 is
about 5° or less. Recent molecular orbital calcula-
tions45have suggested that the CHZ radical is slightly
nonplanar. Group theoretical notations for the slightly
nonplanar Csstructure will be used.

CHZF has six infrared active vibrational modes for the
Cs or Civ structure. The symmetric C-H stretch
ju(@) has not been observed here, probably due to its
low intensity and greater sample scattering in the high-
frequency spectral region. The symmetric HCH
valence angle bending mode ra') has also escaped de-
tection in spite of the careful search in the 1400-1600-
cm”1 region. The CF stretching mode r3a’) is the
assignment for the intense 1162.8-cm-1 feature ob-
served here and previously.6

The out-of-plane bending modes for CHZC1 and
CH3Br, which are believed to be planar radicals,78 are
observed at 397 and 367 cm-1. If CHZ were planar,
its out-of-plane mode could reasonably be expected in
the 400-500-cm-1 region. An intensive study of the
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400-600-cm-1 range reveals no symmetric bending
mode r4a'). In previous studies7 of lithium matrix
reactions with CHZIBr, the LiBr product absorption is
approximately as intense as the out-of-plane mode of
CHZ1L. In the lithium reaction with CHZBr, the
out-of-plane mode of CHBr is about twice as intense
as the LiF product. Hence, the out-of-plane bend for
a planar CHZ is reasbnably expected to be at least
comparable in intensity with the product LiBr absorp-
tion (0.08 OD in several CHZBr experiments). The
fact that no such band is observed for CHZ2= may suggest
that it is slightly nonplanar which should affect the posi-
tion, nature, and intensity of this normal mode.

No other features are produced by the alkali metal
reaction which could be due to the antisymmetric
(a") modes of CHZ. The 940-1020-cm-1 spectral
region is free of absorption in these experiments. The
weak band at 996 cm-1 tentatively assigned to CHZ by
Jacox and Milligan6é must be due to some other photol-
ysis product or impurity in their sample. The 1163-
cm_1 absorption of these workers6 appears to be about
0.12 OD, a somewhat lower yield than the 0.36 OD
produced in the present work.

Of the two new absorptions observed following the
reaction of CD2FBr with lithium atoms, the 1191-cm-1
feature is assigned to r3a') the C-F stretch and the
1093-cm-1 band is assigned to rXa') the D-C-D valence
angle bend. This latter assignment is supported by
the observation of the analogous modes78 of CDZXC1,
CD3Br, and CD2 at 1045.0, 1016.0, and 994.5 cm-1.
The shift of the C-F mode to higher frequency following
deuteration is due to interaction between r2and V3whose
frequency ordering reverses following deuteration.
This phenomenon has been observed for difluoro-
methyl18 and fluoroform.19 No other bands are ob-
served which can be assigned to CD2 presumably due
to their low intensity relative to the bands observed
here.

Force Constant Calculations. One of the purposes for
this work was to determine the CF stretching force
constant of CHZ. A reasonably good approximate
C-F force constant can be determined using the FG
matrix method with symmetry coordinates and the
following assumptions. For the nonplanar radical the
a' symmetry block contains four modes. The highest
frequency C-H mode is clearly separable to an ex-
cellent approximation. The lowest frequency vibration

is of a different symmetry if the radical is planar and
is rigorously separable under this cdhdition. However,
for the slightly nonplanar radical interaction of r4with
r2and wi should be approximately negligible due to the
almost planar geometry and the expected lower fre-
quency of M (which may fall between CH3 (611 cm-1)
and CH2C1 (397 cm -1J).

(18) T. G. Carver and L. Andrews, J. Chem. Phys., 50, 5100 (1969).

(19) V. Galasso, G. de Alti, and G. Costa, Spectrochim. Acta, 21,
699 (1965).
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Calculations were done using the program FADJ for
the a' symmetry block using 120° bond angles, where
M is rigorously separable, C-H bond lengths of 1.079 A
and a C-F bond length of 1.36 A. Since the symmetric
H-C-H mode of CHZC1 is observed at 1391 cm-1, this
provides a lower limit for V2of CHZ.

The ratio of this mode for (CHZ1/CD21) is 1.332
which predicts that w of CHZ is 1458 cm-1, based on
v of CDZ (1093 cm-1). However, this latter mode is
shifted to lower frequency by interaction with w of
CDZ, hence a higher value of » of CHZ is expected,
perhaps near 1485 cm-1. Calculations were performed
for estimated CHZ w frequencies of 1485, 1515, 1545,
1575, and 1605 cm-1. Symmetry coordinate force
constants Fu, Fi2, Fw were fixed at 5.38, 0.0, and 0.0
mdyn/A as in the calculations for CHZC1.7 For this
range of CHZF \ frequencies, the average difference be-
tween calculated and observed frequencies is 18.6, 12.7,
6.8, 1.0, and 6.8 cm-1. Clearly the 1605-cm-1 estimate
of V2is too high since the frequency fit is poorer and
frequency departure from harmonic is not in the correct
direction for a cubic anharmonic term. For all of these
calculations the C-F force constant varies from 6.73 to
6.46 mdyn/A. We feel that 1515 cm-1 represents the
best estimate of w for CHZ. Table Ill lists these
potential constants with limits influenced by the estimate
of ¢ for CHZF.

Table 111: Potential Constants for the Symmetric
Block of CHZF Assuming a Planar Structure

—————— Frequencies, cm-1-------*

CH2F CD2F Potential constants*
i 1515+ 30 1093.0 Fn = 538
S 1162.8 1191.0 Fn=FB= 0.0

F2=6.64 = 0.15
FB8= -0.57 =+ 0.02
F8= 0.76 + 0.05

OUnits: Fn, Fa mdyn/A, Fi3mdyn/rad, F8mdyn A/rad2

Precursor Reactivity. It is of chemical interest to
compare the reactivities of the precursors CHZ2F2
CHZC1, CHZBr, and CH2Z1 with lithium and sodium
atoms. The matrix reaction of lithium with CHZ2
produced no detectible CHZ or LiF. Lithium atoms
reacted preferentially with the fluorine in CHZC1
producing an intense LiF band (0.25 OD), and no de-
tectable LiCl although some CHZ was observed in
addition to an excellent yield of CHZ1. For the
CHZBr reaction with lithium atoms, comparable
LiBr and LiF absorptions (0.08 OD) were observed
along with CHZ and CHZMBr radicals. Reaction of
lithium with CHZ2FI yielded only Lil and CHZ. No
CH2 or LiF were detected with the CHZ 1 reaction.
The sodium atom reaction with CHZ2C1 yielded only a
weak (0.02 OD) CHZF band. Similarly, the sodium

3241

reaction with CHZBr yielded only CH2F (0.07 OD).
A contrasting piece of data is the earlier reaction of
CCIF with lithium atoms in this laboratory, which
yielded only LiCl and CC1ZF with no detectible LiF or
CCl3 radical. The reaction of CHXCIBr with lithium
and sodium yielded almost completely CH2C1 and the
alkali metal bromide.

The lack of fluorine abstraction by lithium from
CHZF2is not surprising due to the strength of CF bonds
particularly when two fluorines are bonded to the same
carbon (C-F length is 1.358 A).2L In spite of the
Weakeor C-F bond in CC1¥F (C-F length is 1.40-1.44
0.04 A), the chlorines are apparently irresistible to
lithium. In view of these facts, it is perhaps surprising
that lithium abstracts fluorine from CHZC1 (C-F
length is 1.378 A) and CH2FBr.

Using single fluorine, chlorine, and bromine carbon
bond dissociation energies of 107, 80, and 67 kcal/mol
and alkali metal halide bond energies from Vedeneyev,
et al.,2 the lithium abstraction reactions of F, Cl, and
Br are each exothermic by 33 + 3 kcal/mol. However,
the abstraction of F by Na is less exothermic than Cl or
Br abstraction by about 12 kcal/mol, which justifies the
preference of Cl or Br abstraction over F abstraction by
sodium.

Perhaps accurate C-F and C-Cl bond dissociation
energies for the CHZC1 molecule will yield a slight
thermodynamic preference for decomposition of a

Fv

HZZ\’ I,>Li activated complex into CHZC1 + LiF.
cr

This is suggested by bond lengths in CH2FC1 where
C-Cl is 1.759 + 0.003 A, shorter than in CHZC12
(1.7724 + 0.0005 A) and C-F in™l.378 + 0.006 A,
longer than CHZ22(1.358 + 0.001 A). Also pertinent
is the fact that CH2ZC1 may exhibit more electronic
stabilization (4 + 1 kcal/mol) than CH2Z (2 = 1
kcal/mol), which may enhance the rate of decomposi-
tion of the transition state HXFCL ®-Li into CHZX1
and LiF as opposed to CHZ and LiCl.

Clearly major factors affecting the decomposition of
the HX XY me<d\V transition state are the alkali-X (or
Y) bond strengths relative to carbon-X (or Y) and the
electronic stabilization of the radical CH2X (or Y).
We suggest that the electronic stabilization of CHZ2F is
about 2 kcal/mol less than CH2ZC1 and CHBr which is
influencial in fluoride abstraction from the CH2C1F and
CH2BrF molecules.

Conclusions

The potential constants of monofluoromethyl were
determined for their reflections on the bonding in this
free radical.

(20) L. Andrews, unpublished results.
(21) Bond lengths from L. E. Sutton, Chem. Soc. (London), Spec.
Publ., No. 11 (1958).

(22) V. 1. Vedeneyev, L. V. Gurviek, V. N. Kondratyev, V. A.
Medvedev, and Y. L. Frankevich, "Bond Energies,” E. Arnold,

London, 1966.
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Potential Constants. Bending Force Constants. The
H-C-H symmetric bending force constant for CHZF is
0.76 £ 0.05 X 10_u erg/rad2 which is slightly higher
than that for CH2C1 (0.62 + 0.01) and near values for
other CH2groups.7 The C-F stretch, H-C-H bending
interaction force constant (—0.57 = 0.02) X ICG3
dyn/rad is somewhat higher than that for CHZ1
(—0.32 £ 0.02),7which is no surprise since these modes
interact more for CHZF and CDZ due to their close
proximity. The negative sign has been rationalized in
terms of hybridization.7

C-F Force Constant. The C-F force constant de-
duced here for CHZF (6.64 = 0.15 mdyn/A) exceeds
that for CH¥F (5.79 mdyn/A).Z Comparison to
methylene fluoride2d and fluoroformis less meaningful
due to the well-known strengthening of C-F bonds as
the number of such bonds to a single carbon is increased
from one to four. Since CHZ is nearly planar, fluorine
bonded to an sp2hybridized carbon is expected to have
a higher force constant than its sp3counterparts. The
possibility of additional strengthening of the C-F bond
in CHZ will be discussed below.

Bonding in Fluoromethyl Radicals. Comparison of
the bond dissociation energies and ionization potentials
in Table 1V indicates that no electronic stabilization is
present in CF3relative to CH3 in direct contrast to the
observations for CC13 In spite of difficulties5 in cal-
culating reliable potential functions for AX 3 molecules,
the reported C-F force constant® for CF3is consistent
with the absence of electronic stabilization as discussed
earlier. 8 The data of Table IV for CHF2 suggest a
small amount of electronic stabilization; however, the
C-F force constanti8 for CHF2is not sufficiently ac-
curate to attest this point.

The bond dissociation energies in Table IV suggest
that 1-2 keal/mol of electronic stabilization may be
attributed to CHZ. Some stabilization is indicated
by the lower ionization potential of CHZ relative to
CH3 Perhaps this small amount of electronic stabiliza-
tion in CHZ2F is responsible for the higher C-F force
constant in CHZF than in CH3 .

For a planar or very nearly planar CHZ radical, the
p orbitals on carbon and fluorine perpendicular to the
molecular plane are of appropriate symmetry to form
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Table IV : lonization Potentials and Bond Dissociation

Energies Involving Fluoromethyl Radicals

Ir.

R keal/mol eV
ch3 104.2 + 0.7° 9.95"'
ch?2F <102.8* 9.35
chf2 ~10S.S5 9.45
cf3 106.7 £+ 0.5» 10.1

»J. C. Amphlett and E. Whittle, Trans. Faraday Soc., 64,
2130 (1968). bA. M. Tarr, J. W. Coomber, and E. Whittle,
ibid., 61, 1182 (1965). OF. P. Lossing, P. Kebarle, and J. B.
DeSousa, “lonization Potentials of Alkyl and Halogenated Alkyl
Free Radicals” in “Advances in Mass Spectroscopy,” Pergamon
Press, London, 1959. See also R. S. Neale, J. Phys. Chem., 68,
143 (1964).

bonding and antibonding #-molecular orbitals. Three
electrons occupy these M.O.’s, two are bonding and one
is antibonding, giving a net of one ir-bonding electron
for the C-F bond in addition to the a bond. Such it
bonding probably occurs in the isoelectronic OF radical
whose force constant (5.40 mdyn/A) is higher than in
OF2(4.0 mdyn/A).Z Hence, irbonding in CHZF could
account for the electronic stabilization and increased
C-F force constant. Clearly, departure from planarity
decreases overlap of fluorine and carbcn 2p orbitals for a
fluoromethyl radical. Hence, the pyramidal3 CF3
radical (F-C-F = 1110) cannot be effectively stabilized
by mvbonding. Furthermore, the higher electronega-
tivity of fluorine may reduce its participation in ir
bonding to a free radical carbon 2p orbital.
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The lowest-lying 31 state of TiO has been observed as aweak system at 8406 A in absorption in a neon matrix
at 4°K. The ultraviolet bands recently observed by Pathak and Palmer in the gas phase and attributed to

TiO have also been observed at 3100 A in a neon matrix.

As in the gas phase, the vibrational progressions

seem to be due to two overlapping systems which are strongly perturbing each other so that a definite analysis

for either Tid® or Til® was not possible.

The electronic transitions of TiO in the visible region have also
been observed in krypton and xenon matrices.
frequencies, and a bond angle of ~110° is obtained from Ti isotope splittings.

The infrared spectrum of trapped Ti02yields the stretching
An emission system of TiO*

was observed at ~5300 A, terminating in the ground state.

Introduction

The molecule TiO has been studied more thoroughly
by optical spectroscopy than any other diatomic transi-
tion metal molecule. While the astrophysical impor-
tance of the molecule prompted earlier investigations,1-' 61
more recently theoretical calculations6-9 have broad-
ened the basis for a thorough understanding of the
electronic structure of TiO.

Five band systems, two triplet (a, y) and three
singlet (8, 5 <), have been rather thoroughly analyzed
by gas phase emission spectroscopy.10-13 These are
indicated in Figure 1. Emission bands observed in the
red-orange region4 have been tentatively identified as
arising from as many as three new systems.¥4 One of
these systems, y', has been confirmed to be a triplet-
triplet transition by its appearance, along with the a
and y bands, in the absorption spectrum of TiO trapped
in solid neon and argon matrices.’5 Two singlet states,
JA and '2, observed as lower levels in emission
studies11,12 are expected to lie close in energy to the 3Ar
ground state,78 and Phillips® has placed the lowest JA
level at about 581 cm-1 above the X 8A. However, the
accuracy of that number is probably low, and it must
be considered as uncertain by at least several hundred
wave numbers.

Spin-forbidden transitions, which would definitely
locate the singlet manifold relative to the triplet mani-
fold, have not been identified in the gas phase spectra.
One might expect more ready relaxation of the spin
selection rule in this heavier molecule than in many
cases where such transitions have been observed.1718
It was hoped that these weak transitions could be ob-
served in the less-crowded matrix spectra or that they
could be induced to appear in the solid state.19 For
that reason the spectra of trapped TiO have here been
measured over a greater energy range than in the pre-

vious work.16 Also, the spectra have been observed in
krypton and xenon matrices, where presumably the
selection rules would be more easily broken down.
Although there are no definite indications of spin-
forbidden transitions, two newT allowed systems have
been observed, one of which is the uv system recently
detected by Pathak and Palmer.D

The molecule Ti0O2has also been studied more thor-

(1) A. Christy, Phys. Rev., 33, 701 (1929).

(2) F. Lowater, Proc. Phys. Soc. {London), 41, 557 (1927).
(3) K. Wurm and H. J. Meister, z. Astrophys., 13, 199 (1936).
(4) F. P. Coheur, Bull. Soc. Roy. Sci. Liege, 12, 98 (1943).

(5) (@ J. G. Phillips, Astrophys. J., Ill, 314 (1950); 114, 152
(1951) ; (b) see ref 17 for the spectroscopic symbolism used here.

(6) R. A. Berg and O. Sinanoglu, J. Chem. Phys., 32, 1082 (1960).
(7) K. D. Carlson and C. Moser, J. Phys. Chem., 67, 2644 (1963).

(8) K. D. Carlson and R. K. Nesbet, J. Chem. Phys., 41, 1051
(1964) .

(9) K. D. Carlson and C. R. Clayton, “Advances in High Tempera-
ture Chemistry,” Vol. 1, Academic Press, New York, N. Y., 1967,
p 43.

(10) R. W. B. Pearse and A. G. Gaydon, “The Identification of
Molecular Spectra,” 3rd ed, Wiley, New York, N. Y., 1963.

(11) A. V. Petterson, Ark. Fys., 16, 185 (1959).
(12) A. V. Petterson and B. Lindgren, ibid., 22, 491 (1962).

(13) C. Linton and R. W. Nicholls, J. Phys. B {Atom. Molec. Phys.),
2, 490 (1969).

(14) B. Rosen, “4th International Meeting on Molecular Spectros-
copy, 1959,” Vol. 2, Pergamon Press, Elmsford, N. Y., 1962, p 533.

(15) W. Weltner, Jr., and D. McLeod, Jr., J. Phys. Chem., 69, 3488
(1965) .

(16) J. G. Phillips, Astrophys. J., 115, 567 (1952).

(17) G. Herzberg, “Spectra of Diatomic Molecules,” Van Nostrand,
Princeton, N. J., 1950.

(18) G. Herzberg, Mem. Soc. Roy. Sci. Liege, Collect. 8, 17, 121 (1968)
(published 1969).

(19) G. W. Robinson, J. Mol. Spectrosc., 6, 58 (1961);
Phys., 46, 572 (1967).

(20) C. M. Pathak and H. B. Palmer, J. Mol. Spectrosc., 33, 137
(1970).
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SINGLET STATES TRIPLET STATES

Figure 1. Known energy levels and observed transitions of
TiO. Arrow heads indicate whether transitions were observed
in emission or absorption or both. For discussion of dashed
levels, see text. For symbolism used to indicate electronic
configurations, see ref 28.

oughly in the infrared, and an emission spectrum ob-
served in the visible has been attributed to it.

Experimental Section

The design of the furnace and cryostat assemblies
used in this work has been described previously.1821 A
molecular beam of Til® was produced by the inductive
or resistive heating of solid Ti0O2 (Fisher reagent) in
degassed tungsten or tantalum Ivnudsen cells at tem-
peratures between 2200 and 2400°K. The beam was
trapped on a Csl or CaF2window at 4°K along with
neon or argon gas in a concentration of ~ 1:1000.
Ti¥® was prepared by passing 18 2 (Miles-Yeda Ltd.)
over an equimolar amount of powdered titanium (Spex
Co.) at 1600°K in an inductively heated tungsten cell.
High-purity neon, argon, and krypton gases (Linde)
were precooled before deposition.

The condensed Ti02 system was observed to react
with tungsten above 1900°K to produce various com-
plex tungsten oxides with vibrational spectra in the
region 1020-650 cm-1 of the infrared spectrum.2 The
intensity of these absorptions could be reduced, but not
eliminated, by heating the loaded cell at operating
temperature for about 1 hr. The conditioned cell was
then reloaded with fresh TiO2 prior to the actual de-
position. To identify unambiguously the new elec-
tronic transitions in TiO and Ti02 the molecule was
also evaporated from tantalum cells and the resultant
tantalum oxide species were identified from an earlier
matrix study of that system.23

Electronic transitions to states lying below 9000 A in
energy could be investigated using a CaF2prism inter-
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Figure 2. Absorption bands (e system) of Til® in a
neon matrix at 4°K.

change installed in a Perkin-Elmer 621 infrared spectro-
photometer. The near-infrared region from 7000 to
10.000 A could be scanned at higher resolution using a
Jarrell-Ash Ebert spectrometer equipped with an RCA
7104 photomultiplier tube cooled to 77°K. The uv
region (2000-3500 A) was investigated using a deuterium
lamp source and an RCA 7200 photomultiplier detector.
Interchangeable gratings with blaze appropriate for
each spectral region were calibrated with mercury
emission lines. Emission of Ti02 molecules in neon
matrices was excited with an AH-6 high-pressure mer-
cury lamp.

Results

I. Near-infrared and Visible Absorption Spectra of
TiO. The visible absorption spectrum of a transparent
neon matrix containing TiO molecules evaporated at
2300°K included the three strong band systems de-
scribed previously.l5 A strong infrared absorption at
997.2 cm*“l1could be identified with the TiO 3A ground-
state vibration frequency in the gas phase, AGiI/2 =
1000.0 cm“18 A new system of sharp absorption
tgands, labeled e was observed with (0,0) band at 8405.5
A in neon (see Figure 2). The esystem, of lower overall
intensity than the previously observed a, y, and y'
bands, also had a weaker (1,0) band than observed in
previous systems. Table | lists band positions and
vibrational analysis for both Til® and Til®. The
ratio of AGW/(Til®)/AGils,(Til®) = 0.9539 is in
good agreement with the calculated j/(Ti10)/V (T i180)
= 0.9574.

(21) W. Weltner, Jr., “Advances in High Temperature Chemistry,”
Vol. 2, Academic Press, New York, N. Y., 1970, p 85; Science, 155,
155 (1967).

(22) W. Weltner, Jr., and D. McLeod, Jr., J. Mol. Spectrosc., 17,
276 (1965).

(23) W. Weltner, Jr., and D. McLeod, Jr., 3. Chem. Phys., 42, 882
(1965).
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Table I: Infrared Absorption Bands of TiO in Neon and Argon Matrices at 4°K (e System)
mNeon: > e Argon-
....... 7o R— NI, ST+ J PR——— T p—
R AQv-f1 2/» A(ry-IAV» R Av+12/)
\% X, A v, cm-1 cm-1 X A v, cm-1 cm“1 X, A v, cm-1 cm“1
0 8405.5 11,894 8403.0 11,897 8394 11,910
911 870 910
| 7807.1 12,805 7830.7 12,767 7798 12,820
899
2 7295.0 13,704
Til® in argon gives a relatively strong band at 8394
Table Il: Ab ti B d f TiO in K t
A and, weaker ones at 8297, 8166, and 7798 A. The anie sorption Bands of 115 n B rypton
and Xenon Matrices at 4°K
8394-A band does appear to be the coynterpart of the
8406-A band in neon so that the 7798-A band could be mKrypton*------ D — -~ Xenon*-
assigned as indicated in Table I. However, without System x, A v.em 1 X A v.em 1
the neon results, one would find such an interpretation 7 d,0)? 6926 14,434 7118 14,045
of the argon spectrum rather dubious. There are also ? 6697 14,928 6829 14,639
some bands in that region of the krypton spectrum, but ? 6644 15,047
H H ! 6328 15,798 6445 15,512
an assignment is even more doubtful there. 7
R ) (1,0) 6013 16,626 6118 16,341
Although the 7 bands in neon and argon matrices are (2.0 5716 17.490 5791 17,263
quite distinct and easily assigned in krypton and xenon, « (0,0) 5484 18,230 5590 17,884
there is anomalous absorption in that region. The two (1,0) 5257 19,017 5379 18,586
spectra are rather similar, each shoving only two definite (2,0) 5043 19,824 5162 19,367
. 4846 20,630 4963 20,143
bands, one relatively weak and the other strong and (.0
i R (4.0) 4658 21,462 4772 20,950
rather broad. The weaker band is at 6975 A in krypton (5.0 4572 21852

and at 7097 A in xenon, and it seems likely that it is the
(1,0) bands of the 7 system. The (0,0) bands would
then lie at ~7360 and ~7580 A in krypton and xenon,
respectively, about where one would expect them to be
shifted in these heavier matrices. There appears to be
strong very broad background absorption in this region
which does not occur in the qu)htlgr matrices. The two
stronger bands occur at 6660 A in krypton and 6797 A
in xenon and are not assignable to any of the three
allowed systems, 7, 7', or a. This could be a desired
singlet w* triplet absorption, but there is no confirming
evidence other than the possible intensity enhancement
in the heavier matrices. The (1,0) bands for these
transitions would lie at about the (0,0) positions of the
7' system.

The progressions in the 7' system and especially the
stronger a system are easily observed in the heavier
matrices. All of the observed bands of TiO in krypton
and xenon matrices are listed in Table II.

I1.  Ultraviolet Absorption Spectrum of TiO. The
ultraviolet absorption spectrum of a neon matrix con-
taining TiO had a series of strong absorption bands in
the spectral region from 3200 to 2600 A. The major
portion of the spectrum is shown in Figure 3. The
spectrum has the shape of a broad Franck-Condon
envelope with individual bands spaced about 500 cm-1
apart and with increased complexity at the blue end of
the spectrum. As Figure 3 indicates subtitution of 18
resulted in considerable alteration of the general ap-
pearance of the system, as well as shifts in individual
band positions.

a Bands were generally broad so that peak positions were

determined to +15 A.

The ultraviolet spectrum of tungsten oxide species
has very few bands in this region,2 and they are not
part of the observed system. Moreover, these same
spectra were observed when several evaporations of TiO
were made in the presence of excess titanium, thus pre-
cluding the presence of Ti02vapor on the basis of earlier
mass spectrometric studies at high temperature.24

The flame spectrum of TiO in this spectroscopic
region has recently been reported by Pathak and
Palmer. D A triplet-triplet emission system, D -X3A,
was proposed, having = 1035 cm-1 and AGY”
= 1004 cm-1. The latter is in approximate agreement
with the ground-state value of 1000 cm“1 The mean
wavelength for the four bands assigned to the (0,0)
head is 3130 A (31,940 cm-1). Other than the (0,1),
(0,0), and (1,0) bands those authors were not able to
assign the vibrational progressions because the spacing
was irregular. Unfortunately, the 4°K spectrum also
shows the same kinds of features and seems to indicate
that these bands arise from at least two perturbing
electronic states.

In analyzing the neon matrix spectrum the strongest
bands have been treated as two overlapping systems
belonging to TiO. The similar appearance and in-

(24) J. Berkowitz, W. A. Chupka, and M. G. Inghram, J. Phys.
Chem., 61, 1569 (1957).
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tensity pattern of alternate bands is taken as evidence
of this. Table Il lists band positions and differences
between bands on the basis of such an assignment.
Assuming the same magnitude of gas-neon matrix
blue shift observed for other TiO triplet band systems,5
the first band in system | at 3117.5 A corresponds
satisfactorily with the assigned (0,0) band in the gas
phase study. The matrix value for however,
does not agree with that for the gas phase, nor do the
other differences in either system | or Il exhibit any
regular anharmonic behavior. Both systems thus ap-
pear to be perturbed at several vibrational levels, as is
perhaps also the case in the gas phase. The substitu-
tion of 18 for B, useful in an earlier study for the re-
moval of perturbations,2 apparently decreases the
perturbation in one area, but intensifies it in another.
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It does not appear to be possible to satisfactorily explain
the appearance of the spectrum in Figure 3 by a simple
energy level scheme based on mutual repulsion of
vibrational levels in just systems | and Il. Also the
(0,0) bands in the matrix are not clearly determined so
that the numbering of vibrational levels in Table 111 is
indefinite.

There also appeared to be some weaker bands in the
spectra which were not part of the system | and Il
bands. These have been listed at the bottom of Table
I1l.  These less intense bands were for the most part
visible only in the regions where systems | and Il ap-
peared to be most perturbed.

1. Spectroscopic Studies of TiOsz.
trometric study of the evaporation of TiOZs)24 re-
ported the gas phase molecule Ti0O2 as having an

The mass spec-
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Table HI:  uitraviolet Absorption Bands of TiO in a Neon Matrix at 4°K
--------- T i1 —omeeemen SRS 1 PR
Band A(v+ 12/t A(?v+V 2,
system v' A A v, cm-1 cm-1 X A v, cm-1 cm-1
i n'"+ 0 3117.5 32,068 m i 3131.7 31,922 1134
nt+ 1 3013.1 33,179 1017 3024.3 33,056 996
n'+ 2 2923.5 34,196 973 2935.8 34,052 1025
n' + 3 2842.6 35,169 803 2850.0 35,077 934
n' + 4 2779.1 35,972 1112 2776.1 36,011 1038
n'+ 5 2695.7 37,084 1027 2698.3 37,049
n'+ 6 2623.1 38,111
n n" + 0 3061.0 32,660 1005 3069.2 32,512 1041
n" + 1 2969.6 33,665 1062 2979.5 33,553 1017
n" + 2 2879.0 34,724 916 2891.8 34,570 951
n" + 3 2805.0 35,640 1221 2813.9 35,521 999
n" + 4 2712.1 36,861 828 2737.4 36,520
n' + 5 2651.9 37,698
Other TiO 3178.5 31,452 979
bands 3084.7 32,409
3008.3 33,232 1042
2916.8 34,274
2839.8 35,212 947
2764.5 36,162
3050.4 32,773 946
2964.8 33,719 981
2881.0 34,700
2821.5 35,432 1086
2737.6 36,518 962
2668.0 37,470
attributable to the less-abundant isotopes of titanium.
The overall intensity distribution of the five peaks
closely corresponded with the natural abundances of the
titanium isotopes. Annealing of the matrix resulted
in no isolated changes in this group of bands. In-
dividual positions were 46Ti02 940.7 cm“1 4mi02
937.6 cm“1 Hrioz 934.8 cm“1, Hrid2 931.8 cm
and Hrio2 928.7 cm-1. All measurements have a
relative precision of £ 0.2 cm*“1
In addition to weak tungsten oxide bands, observed
in earlier work, and the TiO band at 997.2 cm*“ 1 a new
infrared absorption of moderately weak intensity was
found at 962.0 cm-1 which only appeared when the
934.8-cm*“ 1 band was present. For a bent triatomic
oxide (C symmetry) two stretching frequencies are
allowed. The strong band at 934.8 cm-1 is assigned to
V3 the asymmetric stretch and the weaker band at
962.0 cm-1 to n, the symmetric stretch. The bending
frequency, r2 was not found.
Figure 4. Stretching frequencies in the infrared spectra of Weak emission bands in the green region were ob-

TiO and TiCh molecules trapped in a neon matrix at 4°K.

enthalpy of sublimation slightly greater than that of
TiO. In agreement with the previous matrix isolation
study, 4 evaporation of a fresh sample of TiO2into a
neon matrix resulted in the appearance of a strong in-
frared absorption band at 934.8 cm-1. Closer ex-
amination (see Figure 4) revealed four weaker bands
symmetrically bracketing the main peak that are

served when a neon matrix containing Ti02 was ir-
radiated at ~3800 A using an AH-6 mercury lamp (see
Figure 5). Analysis of the bands in Table IV indicates
only one progression with AGi/," = 959 cm-1. A
bent-bent or linear-bent electronic transition between
excited and ground states will lead to a progression in
W and/or V2 Thus the close agreement between
AGi/2 and the infrared band at 962.0 cm-1 is con-
sidered as support for assignment of the latter as ri, if,
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Figure 5. Emission spectrum of TiOT in a neon matrix at

4°K (wavelengths in angstroms).

Table IV: Emission System of T102in a Neon Matrix at 4°K
AGvV+Vs" .
Transition X, A V,cm 1 cm-1
(0,0,0)-(0,0,0) 5295.0 + 2 18,880 959 + 12
(0,0,0)-(1,0,0) 5578.5 + 2 17,921 928 + 12
(0,0,0)—2,0,0) 5883.0 + 2 16,993 884 + 20
(0,0,0)-(3,0,0) 6206 db 4 16,109

as seems likely, the emission terminates in the ground
state.

The isotopic shifts observed for V3 the asymmetric
stretching frequency, can be used to calculate an ap-
proximate O-Ti-O bond angle. For a Civ molecule,
the angle a is obtained from the relation3

J4R1) 2_ M) + jx(Ti(N)(I — cos g)]
L«*(2)d ~ K B) + MTi(2))(I - cos «)]

where n is the reciprocal mass of the isotope in question
and B is the harmonic asymmetric stretching fre-
quency. Taking all possible combinations of the five
isotopes, the calculated bond angle was 110 + 15°.

Discussion

TiO. The excited electron configurations and elec-
tronic states of the TiO molecule have been discussed
previously, 18262 and the present status is indicated in
Figure 1 The B3 state has not been definitely
identified in the gas state, 414 but a series of strong ab-
sorption bands do appear in neon matrix spectra®and
have been designated as the y' bands, after Coheur.4
The only as yet unidentified triplet state expected to be
located in the infrared region is the 3n(s 0)G ir),Band it
seems reasonable to assign the weak matrix e bands to
this ETI X 3A transition. There are, however,
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several points to be noted about the observations rela-
tive to this assignment.

The upper state of the E-X transition in neon falls
at Too = 11,894 cm-1. Assuming that Phillips’ value
of 581 cm-1 is correct for the a7A-X3A spacing, the
bIn(9<r)(4x) state (in the gas) is found to lieat T =
11,854 cm-1, which is then actually below the assigned
E state. The reverse is expected to be true, but this
discrepancy can be removed if the a-X spacing is really
larger than 581 cm-1, which could easily be the case
(particularly in the matrix). However, it seems likely
that the b'H-E 3! spacing would probably be less than
about 1000 cm-1 even then. Such a singlet-triplet
spacing would then be of the same order of magnitude as
the a7A-X3A energy of the (15) (9<r) configuration, but
it is considerably smaller than the C 4>-A3hspacing of
the (15)(47r) configuration (4200 cm-1). The rela-
tively low-lying electronic states of TiO are associated
with orbitals which are largely atomic 3d and 4s
centered on the metal atom,7-9 and these configurations
can perhaps be more informatively designated as
odsx3*, <53d, and S53M3d* [corresponding to (9<j)(4ir),
(25)(9<r), and (15)(4w), respectively]. On this basis,
similar correlation energies in the <sA3d* and <453
configurations as compared to the 83dir3d* seems reason-
able.®

A second point to examine in the assignment of the e
bands is the distribution of intensity in the observed
vibrational progression in the neon spectrum. The
(0,0) band is considerably stronger (see Figure 2) than
the (1,0) whereas longer progressions have been observed
in the other matrix systems.’5 However, upper state
vibrational frequencies in these a, y, and y’ systems
are all considerably lower, ranging from 866 to 838
cm-1, than the A(?,// = 911 cm-1 (see Table 1) de-
rived from the e bands for the Ed level. If the vibra-
tional frequency can be used, as is cften approximately
true, as an indication of the rotational constant in that
state, then one expects a B value in the Eh state closer
to that in the ground state. Then the intensity in the
vibrational progression in the E-X transition should be
shifted toward the (0,0) band relative to the other ma-
trix systems, as observed.

The remaining question is why the overall intensity
of this system is so small. It is significant here that
the Eh #—X 3A transition is the only one in the triplet
manifold which, if classified in terms of metal atom
orbitals, involves a d-d transition; all others observed

(25) G. Herzberg, “Infrared and Raman Spectra of Polyatomic
Molecules,” Van Nostrand, Princeton, N. <L, 1945.

(26) C. J. Cheetham and R. F. Barrow, “Advances in High Tem-
perature Chemistry,” Vol. 1, Academic Press, New York, N. Y.,
1967, p 7.

(27) L. Brewer and D. W. Green, High Temp. Sci., 1, 26 (1969).

(28) The symbolism for the electronic configurations of TiO used
here is that of ref 7, 8, and 9.

(29) K. D. Carlson and C. Moser, J. Chen.i. Phys., 46, 35 (1967).
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involve excitation of the 4s electron into a ad or #d
orbital.

The ultraviolet spectra of TiO in matrices supports
the findings of Pathak and Palmer,2 indicating that
there is at least one triplet D level at about 32,000
cm-1. The matrix bands indicate the probable pres-
ence of at least two states lying close to one another.
These two triplet states are indicated in Figure 1 by a
dashed line and derived from a configuration (IS)(5tr)
where the 5ir orbital is assumed to be largely titanium
4p. In the isoelectronic ScF molecule two states, 'IT
and 3> have been observed to occur in this energy
region and probably also arise from that configura-
tion.62% Large Franck-Condon envelopes for the
TiO bands indicate a large change in bond distance in
the upper states, supporting Cheetham and Barrow’s
suggestion® that p electrons contribute little to the
bonding in these molecules.

TiOil. Electric deflection investigation® of molec-
ular Ti02 indicates that it has a permanent dipole
moment and therefore a bent structure. This is
corroborated by our infrared work. However, a com-
parison of the bond angle derived here (110 + 15°) with
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that of the isoelectronic molecule CaF2 (140 + 5°)3
indicates that there is little geometric similarity.

Ce02 may also be considered as isoelectronic with
Ti02 and it is interesting that the emission systems of
these two molecules observed in neon matrices are so
much alike. The (0,0) band of Ce022 occurs at 5100
A as compared to 5300 A for Ti0O2 and the Franck-
Condon envelopes are quite similar. The emission
lifetime, which in the case of Ce02is very long (~ 0.2
sec), was not measured for Ti02

It can also be noted that Ti02is another molecule,
like Ce02 Ta02 Th02 and Zr02 which contradicts the
general rule that r3> n for the ground-state vibrational
frequencies.2
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The mid-infrared spectrum of BC13chemisorbed on aerosil silica gel, in the form of a loose powder supported
on a transparent plate, has been measured, together with the spectrum of the hydrolysis product. The spec-
tra are quite rich in the 1500-500-cm-1 region, and the effect of high-temperature evacuation of the substrate
prior to chemisorption suggests that a distinction must be made between reaction with isolated and with
geminai free hydroxyl groups. A proposed model for the chemisorption, whereby isolated hydroxyls form a
nonbridging species =Si—0O—BC12 geminai groups a bridging species =S i(—0—)2BC1, and hydrogen-bonded
hydroxyls another bridging species (=Si—O—)2BCl, is shown to be consistent with the trends observed in the
spectra and with earlier studies of BCI3SIO2systems and capable of resolving the discrepancies in the value
of the free hydroxyl concentration obtained by different methods. An attempt is made to assign the ob-
served absorptions to specific normal modes of each species, although the mid-infrared spectra alone provide
insufficient data for a complete assignment. The experimental problems involved in obtaining spectra of
small concentrations of highly reactive surface species are discussed in detail.

Introduction

The reactions of the surface hydroxyls of silica gel and
porous glass with inorganic and organic halides (par-
ticularly chlorides), both in gas phase and in solution,
have been the object of numerous studies during the
past decade.2 Much of the effort has been directed
toward achieving an understanding of the surface

structure of silica-based adsorbents by utilizing these
guantitative reactions to measure the concentration of
surface hydroxyls and to distinguish among the possible
configurations {i.e., vicinal, geminal, or isolated).
(1) Supported in part by the Advanced Research Projects Agency,
Order No. 418.

(2) See ref 3-7, 9, and 10 and references quoted therein.
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Figure 1. A schematic representation of the two modes of

chemisorption of a trihalide M X 3on a hvdroxylated silica

surface, together with the respective hydrolysis reactions.

Some work has also been motivated by the possibility
of developing new catalytic materials based on a silica
surface modified by the chemisorption of metal halides.

For trivalent halides of the form M X3 the chemi-
sorbed species are generally thought to exist in two
forms, shown in Figure 1. Evidence for this model
consists mainly of two observations. One is the de-
pendence of the ratio of the concentration of M to the
concentration of X in the reaction product on the prior
heat treatment of the silica substrate. Increasing the
temperature of silica gel is known3to cause increasing
condensation of adjacent, hydrogen-bonded hydroxyl
groups, thereby reducing the concentration of sites
favoring a type-ll species and vyielding a value of
[X]/[M] approaching 2/1. Boehm and coworkers4
have performed this experiment with BC13and obtained
a value for [CI]/[B] of 1.8 for silica evacuated at 550°,
and Armistead and coworkers5have employed a similar
technique to estimate (under the assumption that all
free hydroxyls form a type-l product) that the fully
hydroxylated silica surface contains approximately 1.4
“free hydroxyls” and 1.6 pairs of hydrogen-bonded
hydroxyls per 100 A2 Tyler and coworkers6 have
demonstrated the microporous structure of pressed
aerosil disks by showing that an appreciable number of
hydroxyls are unavailable for reaction with BC13 or
exchange with D2.

Further evidence, at least for the existence of the
type-I1 species, derives from the observation7of a band
at about 3700 cm-1 in the spectrum of the hydrolyzed
reaction product, which is believed to be characteristic
of a BOH group bridging two SiO groups on the silica
surface, similar to that found8in porous Vycor glass.

Thus far, there has been virtually no direct observa-
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tion of the spectra of the chemisorbed halides them-
selves,9largely as a result of the numerous experimental
difficulties, the greatest being the low concentration (a
statistical monolayer or less) of chemisorbed molecules
and the very intense infrared absorption by silica in the
region of interest. Furthermore, most of fundamentals
of the heavier inorganic halides occur in or near the far-
infrared, where spectrometer sensitivity is relatively low.
Rhee and Basilald have studied the chemisorption of
BF3on various oxide surfaces. Although a few bands
believed to be due to chemisorbed species were ob-
served, failure to compensate for absorption by the
oxide substrate prevented recording of the complete
spectrum. The Raman spectra of SbCI3 on silica gel
and porous glass have been reported;1l however, the
fact that evacuation of the system near the boiling point
of SbCl3resulted in the disappearance of all observed
bands indicates that the spectrum was most probably
that of the physically adsorbed trihalide.

This paper reports the results of mid-infrared (o >
250 cm-1) studies of BC13chemisorbed on aerosil silica,
together with a detailed discussion of experimental
techniques. BC13 was selected because earlier
studies4-7'0 provide some indication of what can be ex-
pected and because all four fundamentals (twio of which
are doubly degenerate) lie in the accessable region of
the spectrum,12 although this need not be the case for
the chemisorbed species. Unfortunately, the extreme
reactivity of the boron trihalides, especially with water
vapor, contributes to the experimental problems.

Experimental Section

Materials. A possible complication is the migration

(3) J. A. Hockey, Chem. Ind. {London), 84, 57 (1965); M. L. Hair,
“Infrared Spectroscopy in Surface Chemistry,” Marcel Dekker,
New York, N. Y., 1967, Chapter 4.

(4) H. P. Boehm, M. Schneider, and F. Arendt, Z. Anorg. Allg.
Chem., 320, 43 (1963).

(5) C. G. Armistead, A. J. Tyler, F. H. Hambleton, S. A. Mitchell,
and J. A. Hockey, J. Phys. Chem., 73, 3947 (1969). The technique
used in this study cannot distinguish isolated free hydroxyls from
geminal free hydroxyls. It has been shown 'Hair and Hertl, ref 291
that approximately 40% of the free hydroxyls are isolated and the
rest geminal.-

(6) A. J. Tyler, F. H. Hambleton, and J. A. Hockey, J. Catal., 13,
35 (1969).

(7) (@ F. H. Hambleton and J. A. Hockey, Trans. Faraday Soc.,
62, 1694 (1966); (b) B. Camara, H. Dunken and P. Fink, Z. Chem.,
8, 155 (1968).

(8 M. J. D. Low and N. Ramasubramanian, J. Phys. Chem., 70,
2740 (1966); M. L. Hair in “Clean Surfaces,” G. Goldfinger, Ed.,
Marcel Dekker, New York, N. Y., 1970, p 269.

(9) However, bands due to the metal-oxygen vibrations of the prod-
ucts of the hydrolysis of TiCh and GeCli on silica gel have been
observed; see S. I. KoPtsov, J. Appl. Chem. USSR, 42, 975 (1969);
S. I. Kol'tsov and V. B. Aleskovskii, ibid., 42, 1838 (1969); A. M.
Shevyakov, G. N. Kuznetsova, and V. B. Aleskovskii, in “Chemistry
of High-Temperature Materials,” N. A. Toropov, Ed., Consultants
Bureau, New York, N. Y., 1969, p 162.

(10) K. H. Rhee and M. R. Basila, J. Catal., 10, 243 (1968).

(11) E. V. Pershina and Sh. Sh. Raskin, Sov. Phys. Dofcl., 8, 583
(1963).

(12) B. Latimer and J. P. Devlin, Spectrochim. Acta, 21, 1437
(1965).
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of molecular water from within the silica gel particles
to the surface and the subsequent hydrolysis of the
chemisorbed boron halide, a process known6 to occur
when the chemisorption product is held at elevated
temperatures. Precipitated gels, unlike aerosils, have
been shown13X4 to be microporous and capable of re-
taining significant quantities of molecular water after
evacuation at room temperature. Therefore, a high
surface area aerosil, Cabosil Grade S-17 (Cabot Corp.,
Boston, Mass.), was used. The surface area, as deter-
mined by the BET method using nitrogen adsorption
at 77°K, was found to be 295 m2g + 10%.

BC13 (99.9% pure) was used as received from the
Matheson Co.

Infrared Spectra. All spectra were recorded on a
Perkin-Elmer Model 521, a grating instrument with
KBr optics. Between 640 and 250 cm-1, a brass cell
with Vie-in. thick high-density polyethylene windows
was used. The windows were “wedged” by repeated
striking with a ball-peen hammer to eliminate inter-
ference fringes. The inner surface of the cell was coated
with Teflon; the windows were attached noth brass
flanges and the seal made vacuum-tight with Teflon
gaskets and halocarbon stopcock lubricant. The cell
was fitted with a stopcock and ball-joint for connecting
to the vacuum manifold.  Since BC13reacts slowly wdth
polyethylene, fresh windows were used at the beginning
of each new run. Spectra in this region were calibrated
using a mixture of equal parts (by weight) of indene,
camphor, and cyclohexanone.B

Above 500 cm-1, a modified version of the variable
temperature cell used by Wagner and Hornig, ¥ shown
in Figure 2, was employed. KC1 windows were used
(to eliminate possible halogen exchange), and all
metallic parts of the cell were Teflon-coated. Above
700 cm-1, the spectra were calibrated using pure in-
dene.I7 The flattened sampling area permits use of
small samples and window's without vignetting of the
light beam, a useful feature when very thin pressed
disks (less than 0.1 mm thick) are employed, wdiich
cannot be made very large. All joints and stopcocks
were lubricated with halocarbon grease; in addition,
the large jacketed joint was provided with a ring of
silicone grease on the upper half to improve the vacuum
seal. Unfortunately, the necessity for using the halo-
carbon lubricant precluded the study of chemisorbed
BBr3 A comparison of the spectrum of the cell (with
KBr windows) containing BBr3 (K & K Laboratories,
99.5% pure) at the room-temperature vapor pressure
with spectra of pure BBr3i8 and the mixed boron hal-
ides19 showed strong impurity peaks at 951 (nBCI2Br)
and 918 cm-1 (nBCIBr2. A similar comparison in-
volving BC13 (200 mm, KC1 windows) showed no
evidence of mixed halides (pure BC13 spectrum given
in ref 12).

Reaction between the BC13and water adsorbed on the
alkali halide windows can complicate the spectra with
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Figure 2. The variable temperature infrared cell, modified

for use with samples of minimal size, employed
above 500 cm-1.

B(OH)3 bands. Attaching the windows with silicone
resin, following Little and cow'orkers,Dand heating with
an infrared lamp desiccated the window's but contami-
nated the substrate as the resin outgassed. Therefore,
the windows were sealed with Apiezon W, checked after
each run for spurious absorptions, and reground and re-
polished when necessary.

Sample Preparation. The sample was used in the
form of a thin layer of powder deposited on a thin plate
of the appropriate material—polyethylene or KCl—e
from a suspension in n-pentane (previously dried over
sodium), a technique that has been known for some
time.2l Pressed disks cannot be used in spectroscopic
studies belowr about 1200 cnr1 because a sufficiently
transparent sample is too fragile; furthermore, scatter-
ing by the powdered sample was negligible for X > ~7
fi and tolerable for X > ~5 p. To observe the weak
bands, due to the chemisorbed BC13 in the presence of
the very strong absorption by the silica substrate, it
was necessary to compensate by having equal quantities
of aerosil and window material in both beams of the
instrument. The uniformity of the deposited layer of
silica significantly affects the quality of the spectra;
although the number and position of the peaks are re-
producible from sample to sample, bands that are strong
and sharp in the uniform specimen are often broad or
distorted in the non-uniform sample.

(13) F. H. Hambleton, J. A. Hockey, and J. A. G. Taylor, Trans.
Faraday Soc., 62, 795 (1966).

(14) J. A. Cusumano and M. J. D. Low, J. Phys. Chem., 74, 1950
(1970).

(15) R. N. Jones, P. K. Faure, and W. Zaharias, Rev. Univ. Mines,
15, 417 (1959).

(16) E. L. Wagner and D. F. Hornig, J. Chem. Phys., 18, 296 (1950).

(17) R. N. Jones, N. B. W. Jonathan, M. A. MacKenzie, and A.
Nadeau, Spectrochim. Acta, 17, 77 (1961).

(18) T. Wentink and V. H. Tiensuu, J. Chem. Phys., 28, 826 (1958).
(19) L. P. Lindeman and M. K. Wilson, ibid., 24, 242 (1956).

(20) L. H. Little, H. E. Klauser, and C. H. Amberg, Can. J. Chem.,
39, 42 (1961).
(21) H. A. Benesi and A. C. Jones, J. Phys. Chem., 63, 179 (1959).

The Journal of Physical Chemistry, Vol. 75, No. 21, 1971



3252

The assembled cell, with sample, was evacuated at
room temperature to remove physically adsorbed water,
and background spectra were taken to determine the
proper degree of reference-beam compensation. The
sample was then subjected to two passes of BC13 at
0.5 atm and evacuated several hours to remove ad-
sorbed gases. All reactions were conducted at room
temperature, since direct attack on siloxane (Si-O-Si)
linkages can be expected at elevated temperatures.122
Furthermore, the chemisorption of BC13is known7‘ to
proceed rapidly and quantitatively at room tempera-
ture. Hydrolyses were conducted by opening the cell
to degassed, distilled water, at the room temperature
vapor pressure, on the vacuum manifold.

As an aid in assigning observed bands to type-l or
type-1l sites, spectra were also taken of BC13 chemi-
sorbed on silica that had been previously subjected to
evacuation at high temperature to eliminate type-II
chemisorption sites. Drying of silica under vacuum is
knownZ23 to remove virtually all hydrogen-bonded hy-
droxyls, and the resulting surface is very much less
hydrophilic than that of silica dried at lower tempera-
ture (<400°). Figure 3 shows spectra (in the OH
stretching region) of aerosil dried under vacuum in a
fused silica tube at 800° and pressed into a pellet in air
at room temperature. Even after long exposure to
room air, the surface hydroxyls are predominantly iso-
lated (sharp, high-frequency peak) with small but in-
creasing amounts of interacting hydroxyls (broad, low-
frequency band).

The actual high-temperature samples, henceforth re-
ferred to as “H.T.,” were kept under vacuum while
cooled to room temperature, then transferred directly
to sodium-dried n-pentane in a nitrogen-filled drybox.
Spectroscopic samples were prepared as previously de-
scribed, with the exception that all manipulations were
performed in the drybox, and the assembled cell was
evacuated immediately. Under these conditons, and
in view of the very low hydrophilicity of H.T. silica,
the material present in the cell is expected to be identi-
cal with that initially formed during the heat treatment.

Results

The spectra obtained are shown in Figures 4-6, and
the results are tabulated in Table I; in all cases, spectra
were re-scanned on an expanded frequency scale for
calibration. When the thickness of the silica substrate
was such that satisfactory instrument response was not
attainable in the 1200- 1000-cm_1 region, the experi-
ment was repeated with a thinner (and, inevitably, less
uniform) sample. Spectra obtained under a fivefold
expansion of the transmission and frequency scales re-
vealed no additional weak absorptions except where
noted. Furthermore, no bands were observed below
540 cm-1, although spectra taken with either of the two
cells show a band somewhere between 490 and 530 cm-1.
This feature is not reproducible in position from sample

The Journal of Physical Chemistry, Voi. 76, No. 21, 1971

Victor M. Bermudez

Figure 3. Spectra of pressed (0.22 mm thick) disks of aerosil:

A, evacuated 15 hr at 800° before pressit g in air at room
temperature; B, pressed after 6 hr in room air; C, specimen

pressed from “as received” aerosil.

Figure 4. Spectrum of BCh on silica gel: A, background after

5 hr evacuation at 25°; B, after chemisorption of BC13 and
12 hr evacuation at 2.1°; C, weak overlapping bands at 730
cm-1 re-scanned with fivefold expansion of transmission and

frequency scales. Blank section indicates the region where

instrument response is poor.

to sample and may be due to incomplete compensation
of the strong silica absorption at 470 cm-1. With poly-
ethylene windows, a band is seen at about 444 cm-1;
it disappears after several hours of evacuation and is
also seen in a “blank” cell, containing no silica. This
absorption is most probably the v2mode of nBCI3 (ob-
served at 457 cm-1 in the gas phase1) which has diffused
into the plastic or strongly adsorbed to it. The H.T.
spectra were similar to the R.T. spectra, subject to the
changes in intensity listed in Table I, with the exception
that the band at ~883 cm-1 in the H.T./HXD sample is
more distinct than the corresponding shoulder in the
R.T. spectrum.

(22) J. A. Hockey, J. Phys. Chem., 74, 2570 (1970).
(23) J. B. Peri, ibid., 70, 2937 (1966).
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Figures. Spectrum of BC13on silica gel after hydrolysis: A,

background; B, sample as in Figure 4B after hydrolysis and
5 hr evacuation at 25°; C, repeat of B with thinner substrate.

Figure 6. A, background; B, fivefold expansion of the

700-500-cm “1region of the hydrolysis product spectrum.

The possibility that HC1, a by-product of the chemi-
sorption reactions, might react with the silica surface
was considered. However, it has been well docu-
mented232that HC1 vapor does not react with the sur-
face silanols of silica gel even at 700°. Contributions
to the spectrum from physically adsorbed BCl3can also
be ruled out, since none of the observed bands (with the
exception of the weak absorption at 927 cm-1) are in
the vicinity of the frequencies of molecular BCI3 and
evacuation of the sample (after exposure to BCI3 for
7 and 12 hr produce identical spectra.

Recently, Van Cauwelaert and coworkers,5 on the
basis of the heat of adsorption of methyl bromide on
aerosil silica as a function of prior heat treatment, have
concluded that aerosils do retain molecular water on the
surface even after evacuation at 90°. This conflicts
with the results of earlier spectroscopic and adsorption
experiments,2-13 and almost certainly the condensation
of hydrogen-bonded hydroxyls contributes to the ob-
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Table I: The Infrared Spectrum of BC13
Chemisorbed on Aerosil™*
R.T.6 R.T./H jO" H.t A H.T./H2D
1410 (sh) 1410 (sh)

1400 (vs, b, a) 1400 (vs, b, a)

1380 (vs, b, a) 1380 (vs, b, a)

1265 (s) 1267 (s) 1265 (s) 1267 (s)
*1192 (m) *1192 (m)
927 (w, sh) ~930 (sh)
889 (s)
883 (m, sh) 884 (m)
880 (s, a)
850 (vw, sh)
832 (m) 830 (m)
808 (s) 807 (s) 809 (s) 809 (s)
737 (w)
730 (m) 732 (w)
728 (w) 729 (w)
677 (m) 677 (m)
*674 (vw) *675 (vw)
*642 (vw) *647 (vw)
596 (m)
*546 (VW) *546 (VW)

“ All frequencies are +1 cm-1, except for broad bands, which

are +4 cm-1. Bands indicated with an asterisk (*) are due to
B(OH)3 (see ref 31).

strong, m = moderate, w = weak, vw = very weak, b = broad,

Abbreviations are: vs = very strong, s =
sh = shoulder, a = asymmetric. 6R.T. (room temperature)—e
aerosil evacuated at room temperature before exposure to BC13.
dH.T.
aerosil evacuated at 800° before exposure to BC13 (see text).

cR.T. sample after hydrolysis. (high temperature)— e

served trends in the heat of adsorption. While it is not
intended to dispute the work of Van Cauwelaert with
the results of the present study, it seems unlikely that
hydrolysis (rather than chemisorption) of the BCI3 by
molecular water remaining after evacuation at room
temperature has produced the observed spectra. First,
evacuation of the aerosil (at room temperature) for 5
hr and 15 hr before admission of the BC13 produced
identical spectra. Second, the striking changes in the
spectrum produced by hydrolysis and the general lack
of coincidence between the spectra of hydrolyzed and
unhydrolyzed samples leads to the conclusion that no
spectroscopically detectable hydrolysis products are
present in the unhydrolyzed system.

Discussion

If the scheme shown in Figure 1 were strictly correct,
certain bands present in the sample evacuated at room
temperature (henceforth referred to as “R.T.”) would
be absent in the H.T. specimen. These, then, would
be the absorptions due to the type-Il species, (==Si—
O—)BC1. Similarly, the only bands observed in the
H.T./H2 (hydrolyzed H.T. sample) spectrum would

(24) M. L. Hair and W. Hertl, J. Phys. Chem., 73, 2372 (1969).

(25) F. H. Van Cauwelaert, J. B. Van Assche, and J. B. Uytter-
hoeven, ibid., 74, 4329 (1970).
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be those of B(OH)3 and their subtraction from the
R.T./H2 data would yield the bands due to (=Si—=a
0—)2BOH. What one finds instead is that many of the
bands in the R.T. samples are also present in the H.T.

specimens with more or less the same intensity, and

among these are several peaks in the H.T./H2 spec-

trum which are clearly not due to B(OH)3 Since it is
virtually certain that all but a negligible concentration

of interacting hydroxyls are removed by the high-tem-

perature evacuation, the only satisfactory explanation

for both the similarity between the H.T. and R.T.

spectra and the presence of bands in the H.T./HD

spectrum not due to B(OH)3is that geminal free hy-

droxyl sites are present and react with BC13 as shown

in Figure 7, to form a second type of bridging species,

.

Very recently, Kunawicz and coworkers® have re-
ported evidence that hydrogen-bonded interacting hy-
droxyls are more reactive toward hydrogen sequestering
reagents than are isolated free hydroxyls and that the
siloxane bridges resulting from the high-temperature
(700°) evacuation are more reactive than the remaining
free hydroxyls. Although the observed effect of hy-
drogen bonding on the reaction rate is entirely reason-
able, the possibility that BC13may react with siloxane
bridges does not significantly affect the present inter-
pretation. Although BC13 may react in the manner
described, the resulting nonbriding, type-l species
would not in themselves account for the present ob-
servations. Many of the conclusions reached by
Kunawicz and coworkers are based on changes in in-
tensity of very strong bands plotted on a linear %
transmission (rather than linear absorbance) scale;
for instrumental reasons, quantitative comparisons of
band intensities under such conditions are difficult.

First, a comment on the structural parameters of the
11" species isin order. Taking 1.37 A for the B-0 bond
lengthZ and 120° for the O-B-O bond angle, one finds
an 0.0 distance of 2.37 A. For an Si-0 distance of
1.62 A and a tetrahedral O-Si-O angle, as in vitreous
silica,Bthe 0-0 distance is 2.63 A. This discrepancy
is not forbiddingly large, and an increase in the O-B-O
angle on the order of 10% (with a similar decrease in the
0O-Si-O angle) is sufficient to satisfy the bond angle re-
quirements of the 11" structure.

The results obtained by Camara and coworkers’
provide compelling evidence for the existence of a type-
11" hydrolysis product. Spectra of aerosil silica evacu-
ated at 700° showed only free-hydroxyl absorption.
The sample after treatment with BC13 hydrolysis, and
re-evacuation at 600° showed an intense peak at 3710
cm-1, which has been assigned to the bridging =BOH
unit. Clearly bridging chemisorbed species are formed
even when only free hydroxyls are present on the silica
surface.

Recognition of the existence of the type-I11' chemi-
sorption product resolves the discrepancy between the
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Figure 7. The chemisorption reaction at geminal free

hydroxyl sites.

values of the free hydroxyl concentration measured by
reaction with CH3OHZa (1.70 OH/100 A2 and by reac-
tion with BC13% (1.4 £0.1 OH/IOO A2 under the as-
sumption that all free hydroxyls form a type-l product
with BC13 If the free silanol concentration obtained
by methanolysis is indeed the true value (and there is
general agreement on this point3) and the ratio of con-
centrations of single and geminal units of 2/3 obtained
by Hair and Hertl® is correct, then the erroneously
small value obtained by residual chlorine analysis of
the BC13chemisorption product is the result of the reac-
tion of 60% of the geminal sites to form a type-II
product.

We next consider the normal modes of the three sur-
face species and the extent to which an assignment of
the bands listed in Table | is possible. An approximate
analysis of the local symmetry of each species can be
formulated by treating each surface silicon atom as an
infinitely massive point particle. Thus the type-1 and
-11" halogenated structures are viewed as five-atom
molecules and the type-Il bridging species as a six-atom
molecule. Such a model will not, of course, vyield
realistic selection rules or allow proper consideration of
the coupling between the vibrations of the silica lattice
and those of the chemisorbed molecules. Neverthe-
less, the approach is useful in describing the local sym-
metry of the normal modes of the surface species. The
results of the analysis are summarized in Table Il and
do not include the three torsional modes of each species
derived from the rotational degrees of freedom. Evi-
dently, the total number of normal modes is too great,
in comparison with the number of bands observed, to
permit calculation of meaningful potential functions.
However, an attempt at a partial assignment is possible
by analogy with B(OH)33lLcrystalline,2and glassy33-36

(26) J. Kunawicz, P. Jones, and J. A. Hockey, Trans. Faraday Soc.,
67, 848 (1971).

(27) V. F. Ross and J. O. Edwards in “The Chemistry of Boron
and Its Compounds,” E. L. Muetterties, Ed., Wiley, New York,
N. Y., 1967, Chapter 3.

(28) R. L. Mozzi and B. E. Warren, J. Appl. Cryst., 2, 164 (1969).

(29) (a) M. L. Hair and W. Hertl, J. Phys. Chem., 73, 4269 (1969);
(b) W. Hertl and M. L. Hair, ibid., 75, 2181 (1971).

(30) See, for example, B. Evans and T. E. White, J. Catal., 11, 336
(1968).

(31) J. R. Durig, W. H. Green, and A. L. Marston, J. Mol. Struct.,
2, 19 (1968).

(32) I. I. Plysnina and Yu. A. Kharitonov, J. Struct. Chem. USSR,
4, 506 (1963).
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Table I1:

Surface Species in Terms of Local Symmetry

Classification of the Normal Modes of Chemisorbed

Point No. of
Type group normal modes Activity
I, =Si—0—BC12 Ccs8 TA' + 2A" A', A" ir and

Raman
Aj. Bi, B2ir and
Raman; A2

I, (=Si—0—)2BC1 C2v 5Ai T 1A2T 2Bi
+ 4B2

Raman

I, =si(—0—)BC1 C2v 4Ai +

3B2

2Bi +

borosilicates, trichloroboroxine,12 (BOC1)3 B2H6 chemi-
sorbed on silica gel,3 and the mixed halides BX2C1
and BXC1219%

Identification of absorptions due to B(OH)3 in the
hydrolysis product spectra is relatively straightforward.
They appear with similar intensity in both R.T./H2
and H.T./H2 samples and correspond closely to known
B(OH)3 infrared bands as tabulated by Durig and
coworkers.3l Although several workers report a strong,
broad band in B(OH)3 centered in the 800-825-cm-1
vicinity, it is an order of magnitude too broad to be
identified with the strong, sharp band at about 809
cm-1 in BCI3Si02spectra both before and after hydrol-
ysis.  Similarly, the weak band reported in the B(OH)3
spectrum at about 880 cm-1 is too weak to be identified
with the band at 883 cm-1 in the R.T./HD and H.T./
H2D spectra.

There are, in all, three different chlorine-containing
and two different chemisorbed hydrolyzed species, and
the first requirement is to decide which bands belong to
each species. With regard to the hydrolyzed species,
any band in the H.T./H2 spectrum not belonging to
B(OH)3 can be safely assigned to the type-II' site.
Similarly, any band in the R.T./HZ spectrum not
appearing in the H.T./H2 spectrum is associated
with the type-ll species. For near coincidences be-
tween the two, one must rely on a comparison of the
relative intensities. If a particular band (at 1267
cm-1, for example) appears with comparable intensity
in both spectra, it is probably due to the type-II'
site; whereas, a lesser intensity in the H.T./HD
spectrum would indicate a frequency common to both
type-11 and -11' species. Similar reasoning can be
applied to the spectra obtained before hydrolysis, with
the added complication that the H.T. spectrum con-
tains bands belonging to two species, type | and 11".

Comparing intensities in this manner can be mislead-
ing for two reasons. First, estimation of intensities is
difficult when bands are overlapping, distorted, or
present as shoulders set against more intense bands or a
sloping background. It can be seen that many of the
bands in the accompanying spectra fall into one or more
of these categories. Second, the environment of a
chemisorbed molecule on the silica surface is quite dif-
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ferent for the R.T. and H.T. spectra. In the former,
the surface is covered with fairly densely packed chemi-
sorbed species and strained siloxane linkages. In the
latter, the chemisorption sites are more sparse and the
siloxanes more concentrated and, perhaps, somewhat
annealed if the temperature during evacuation is suf-
ficiently high. The effect this has on the band inten-
sities is unknown, although probably not completely
negligible. It appears that the positions of some of the
bands in the H.T. spectra are very slightly dependent
on the duration of the high-temperature evacuation,
shifting a few wave numbers to higher frequency with
prolonged treatment. Rhee and Basilald have ob-
served that the position of the band at 1394 cm-1 in the
spectrum of BF3chemisorbed on aerosil varies by + 10
cm-1 from sample to sample and increases in intensity
when the chemisorption product is evacuated at high
temperature.

Tables 11l and IV present summaries of the assign-
ments made. Bands listed between two columns can-
not be definitely assigned to one or the other and may,
in fact, be common to both species.

Table I1l: Tentative Assignment of Absorption Bands in the
Spectra of the Hydrolyzed Chemisorption Product
Type 11, Type II',
[=Si—0)2- =(Si—O—wm
BOH BOH
3695 37106
> OH stretch
1
1400 antisym. BO stretch
1267 antisym. SiO stretch
883 sym. BO stretch
850
807 “ring deformation”
or torsion
731

“ From ref 7a. b From ref 7b.

The most unambiguous assignments in Tables 111
and IV (aside from the OH stretching frequencies) are
those of the higher frequency BO stretching modes, since
a wide variety of materials containing SiOB units yield
a strong band between 1370 and 1400 cm-1. Upon
hydrolysis, the band at 1380 cm-1 shifts to 1400 cm-1,
consistent with the replacement of Cl by a smaller
mass. No band appears at higher frequency, implying
that the shoulder at 1410 cm-1 is associated with
=SiOBCI2 This is, however, somewhat higher than

(33) P. E. Jellyman and J. P. Procter, J. Soc. Glass Tech., 39, 173T
(1955).

(34) W. A. Pliskin, Proc. IEEE, 52, 1468 (1964).

(35) Y. Haneta, Jap. J. Appl. Phys., 8, 274 (1969).

(36) J. J. Fripiat and M. VanTongelen, J. Catal., 5, 158 (1966).

(37) H. E. Pence and G. L. Humphrey, Proc. West. Va. Acad. Sci.,
341, 71 (1962).
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Table 1V:
Type I, Type 11",
E=Si—O—BCla =Si(—0—)BC1
1410
1380
1265
927
889
831
808
728
677

the BO stretch frequency in simple borates,38 1340 +
10 cm-1. The band at 1380 cm*“ 1 (1400 cm*“ ] in the
H.T. (H.T./H2) spectrum is considerably less broad
than the band in the R.T. (R.T./H®), indicating a
lower total concentration of BO bonds, as expected.
The peak at 1265 cm*“ lis clearly due to a vibration of
the type-I1' species not involving significant motion of
the Cl atom, since it shifts only slightly after replace-
ment of Cl by OH. The frequency is much too high
to be a BO vibration and about 150 cm-1 higher than
typical SiO stretching frequencies. However, the strain
in the four-membered ring of the type-Il' species is
expected to shift the SiO stretching frequency to high
frequencies by increasing the relative amount of s
character in the SiO bond.3

The weak band at 927 cm-1 appears with comparable
intensity in both the R.T. and H.T. samples, and it
cannot be decided a priori whether the band belongs
to the type-l or -11' species. However, the antisym-
metric BC1 stretching frequencies in the BXC12 mixed
halides all fall in the 1000-940-cm-1 region, e.g., 993,
951, and 942 cm* 1for “ BFCL,19“ BBrCh,9and BIC12%
respectively. Similarly the band at 889 cm“1in the
H.T. spectrum may be associated with either of the two
species, but—together with the strong, asymmetric
band at 880 cm*“ 1lin the R.T. spectrum—has been as-
signed to the symmetric BO stretching mode, in analogy
with the totally symmetric (Ag) BO stretching vibration
in B(OH)3 The band at 831 cm*“1, observed with
comparable intensity in the R.T. and H.T. spectra (but
not in the hydrolyzed samples) is assigned to the SiOB
bending mode in the type-I species.

The sharp, intense band at 808 cm-1 can be unam-
biguously assigned to a type-Il' vibration. (BOCI)3
exhibits a “ring deformation” band at 807 cm*“ lin the
Raman spectrum, 2 and the borates and borosilicates,
in general, have a bending mode close to 800 cm*“1
The apparent lack of sensitivity to hydrolysis suggests
that the vibration may instead be a torsional mode in-
volving oscillation of the ring about the BC1 axis. The
weak band at 737 cm*“ lin the R.T. spectrum is assigned
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Tentative Assignment of Absorption Bands in the Spectra of the Unhydrolyzed Chemisorption Product

Type Il,
(=Si—0—)BCI

BO stretch

antisym. BO stretch
antisym. SiO stretch
antisym. BC1 stretch

sym. BO stretch

880

SiOB bending

“ring deformation” or torsion
737 BC1 stretch
596

to the BCL stretching vibration in the type-Il species,
in analogy with (BOCI)3 Several bands seen at lower
frequencies cannot be assigned with any degree of cer-
tainty.

The preceding, somewhat hypothetical assignment
cannot be improved without more spectroscopic data.
Laser Raman spectroscopy appears promising, since
powdered oxides tend to be very poor Raman scatterers
and thus do not present the complications intrinsic
to the infrared experiments. Several organic molecules
physically adsorbed on silica gel have been studied,®
but, to date, no chemisorbed species have been observed
(with the possible exception of acetaldehyde4). Since
pressed aerosil disks are transparent below about 300
cm-1, far-infrared spectra should be obtainable without
the restrictions on substrate thickness; however, the
low concentration of chemisorbed species demands good
instrument sensitivity.

In conclusion, the infrared spectrum of a simple
molecule, BC13 chemisorbed on silica gel has, for the
first time, been observed in the region of strong sub-
strate absorption. The lack of strong dependence of
the spectrum on the high-temperature evacuation of the
silica, prior to chemisorption, and the presence of bands
not due to B(OH)3in the spectrum of the hydrolysis
product of the thermally treated sample suggest that
geminal free hydroxyl sites must be considered as a
distinct type of chemisorption site. Geminal hydroxyl
pairs—like adjacent, hydrogen-bonded hydroxyl pairs
—form a bridging chemisorption product with BC13
which remains intact during hydrolysis. It has, in the
past, been tacitly assumed that geminal sites react as
do isolated free hydroxyls, forming a nonbridging species
subsequently destroyed by hydrolysis.41" 46

(38) L. J. Bellamy, “The Infrared Spectra of Complex Molecules,”

2nd ed, Wiley, New York, N. Y, 1958.

(39) See, for example, R. O. Kagel, J. Phys. Chem., 74, 4518 (1970);

P. J. Hendra and E. j. Loader, Trans. Faraday Soe., 67, 828 (1971).
(40) P. J. Hendra and E. J. Loader, Nature (London), 217, 637
(1968).

(41) Note Added in Proof. Very recently, Peglar an d coworkers4
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have reported the results of infrared, mass spectrometric and gravi-
metric studies of the chemisorption of AIMe3on aerosil. Their data
indicate that the resulting type-I species ~ S i— O— AlMea can under-
go a rearrangement reaction with a nearby siloxane bridge to form a
type-11 bridging species and a”~Si—Me group. The possibility that
a similar process may occur in the BCL-SiOT system constitutes an
alternative explanation for the presence of bridging species in the
H.T. samples. Nevertheless, for the system under consideration,
there are reasons for favoring the present interpretation over the re-
arrangement theory, although none is so conclusive as to definitely
rule out at least some contribution from rearrangement. First, no
absorption in the 450-550 cm~-1 region, characteristic of the Si-Cl
single bond,8B was observed in any of'the spectra, although spectra
in this region are of questionable quality. Second, if rearrangement
were the dominant process, then the H.T. and R.T. spectra should be
identical in the number and position of absorption maxima, which is
not the case. However, the differences are not overwhelming, and
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it could be argued that they result from the effects of the heat treat-
ment on the substrate. Finally, using bond energies calculated from
standard heats of formation,44 one obtains a value of AH for the
breaking and forming of bonds in the rearrangement process of about
4 kcal/mol as compared to about 26 kcal/mol for the AIMe3Si02
system.#4 These values of AH do not include the contribution from
the strain energy of the siloxane bridge, but it appears reasonable to
state that the rearrangement process in the BCbh-SiCh system is less
favorable than in the AlMea-SiCh system by about 22 kcal/mol.

(42) R. J. Peglar, F. H. Hambleton, and J. A. Hockey, J. Caial., 20,
309 (1971).

(43) A. L. Smith, Spectrochim. Acta, 16, 87 (1960).

(44) R. C. Weast, Ed., “Handbook of Chemistry and Physics,”
52nd ed, Chemical Rubber Publishing Co., Cleveland, Ohio, 1971.

(45) D. J. C. Yates, G. W. Dembinski, W. R. Kroll, and J. J. Elliott,
J. Phys. Chem., 73, 911 (1969).
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The electronic absorption and fluorescence excitation polarization spectra of the isoeric quinones, dinaphtho-
[2,1-2',3Tfuran-8,13-dione (1) and dinaphtho[l,2-2',3Tfuran-7,12-dione (11) have been recorded.  The spectra
provide some support for the weakly interacting chronophore model of quinones proposed by Morton and
Earlam Transition energies and moment polarizations are in fair agreenment with those predicted by the
Hiickel molecular orbital theory. The long wavelength « - « absorption inthese nolecules involves significant

intrarolecular charge trarsfer.

The calculated dipole moment change involved in this transition, —17.3 and

—22.4D for | and 11, respectively, is in accord with the solvert-induced frequency shifts of the transition ob-

served in absorption.

Introduction

The electronic structures of polycyclic quinones have
received considerable experimental and theoretical
attention due to the importance of quinones as dyes,1
their implication in biological processes,2 and the sub-
sequent interest in their photophysical and photo-
chemical properties.

Morton and Earlam3 interpreted the absorption
spectra of 1,4-naphthoquinone and 9,10-anthraquinone
in terms of a weakly interacting chromophore model.
They assigned the absorption bands as originating in
the benzenoid or quinonoid chromophoric groups of the
molecules according to a similarity, in wavelength and
extinction coefficients, with the absorption bands of
salicylaldéhyde and p-benzoquinone, respectively. Sub-
sequently, several authors45 have used this empirical
model to interpret the spectra of simple p-quinones.
The model finds support in the general similarity of the
spectra of p-quinones,6as pointed out by Sidman,7who
suggested that higher p-quinones might be treated

simply as vinyl derivatives of p-benzoquinone. Fur-
ther, the alternating bond lengths in the quinoid chro-
mophore, observed by X-ray crystallographic analy-
sis,89 suggest that electron delocalization in these
molecules may not be extensive.

Drott and Dearman® have assigned the n-x* and
X-xX* states of 9,10-anthraquinone using the method of

(1) K. Venkataraman, “The Chemistry of Synthetic Dyes,” Aca-
demic Press, New York, N. Y., 1952.

(2) R. A. Morton, “Biochemistry of Quinones,” Academic Press,
New York, N. Y., 1965.

(3) R. A. Morton and W. T. Earlam, J. Chem. Soc., 159 (1941).
(4) R. H. Peters and H. H. Sumner, ibid., 2101 (1953).

(5) I. Singh, R. T. Ogata, R. E. Moore, C. W. J. Chang, and P. J.
Scheuer, Tetrahedron, 24, 6053 (1968).

(6) V. H. Hartmann and E. Lorenz, Z. Naturforsch. A, 7, 360 (1952).
(7) J. W. Sidman, J. Amer. Chem. Soc., 78, 4567 (1956).

(8) S. N. Sen, Indian J. Phys., 31, 347 (1948).

(9) J. Gaultier and C. Hauw, Acta Crystallogr., 18, 179 (1965).

(10) H. R. Drott and H. H. Dearman, J. Chem. Phys., 47, 1896
(1967).
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photoselection and have theoretically interpreted their
observations by adopting a weakly interacting chromo-
phore model for the molecule. Transition moment di-
rections in several other quinones have also been de-
duced from polarization absorption spectra 11' 12

The irelectromc excitation energies of p-benzo-,
naphtho-, and anthraquinones have been calculated
using a simple molecular orbital treatmenti314 and
more recently using the Pariser-Parr--Popie method. 16'16
Results of these calculations are not in total agreement.

Though furanquinones have been known for some
timetr and have been reported to be suitable as vat
dyes, 8 little is known about their electronic structure.
Frohlinde and Werner9 in their studies of the photo-
rearrangement of binaphthyl(2,2")diquinone(l,4-1',4")
reported the ultraviolet and visible absorption spectra
of dinaphtho[1,2-2',3'furan-7,12-dione and its 5-hy-
droxy and 5-acetoxy derivatives, while several authors
have reported absorption bands in the region 400 to
500 nni for dinaphthofurandiones. 22 Reported here
are the results of a spectroscopic and molecular orbital
study of the electronic structure of dinaphtho |2,1-2",3" ]-
furan-8,13-dione and its structural isomer dinaphtho-
[1,2-2',3'furan-7,12-dione (Figure 1).

Experimental Section

Dinaphtho [2,1-2',3']furan-8,13-dione (I) and di-
naphtho [1,2-2",3']furan-7,12-dione (I1) were synthe-
sized by refluxing 2 ,3-dichloro-1,4-naphthoquinone with
/3-naphthol and a-naphthol, respectively, in anhydrous
pyridine.223 The quinones were recrystallized from
methanol several times and then vacuum sublimed.
Melting points were 271° (1) and 230-231° (11); litera-
ture values are 271 and 231°, respectively. Micro-
analysis of | gave H, 3.60%; C, 80.64% and for I, H,
3.50%; C, 80.12%. The molecular formula C20H1003
requires H, 3.40%; C, 80.50%.

Ultraviolet and visible absorption spectra were re-
corded on a Cary 14 recording spectrophotometer using
1- or 10-cm path length matched quartz cells. Fluores-
cence and fluorescence excitation polarization spectra
were recorded on a Aminco-Kiers spectrophotofluor-
ometer fitted with a Glan-prism polarizer assembly.
Excitation and emission bandwidths were kept at 2 nm.
The polarization (P) of the fluorescence excitation
spectrum was measured using the formula due to
Azumi and McGlynn24 where

P |EE— 7eb(/be/Jbb)

Tee + leb(7be/7bb)

andzce, zen, zve, zoon refer to the recorded fluorescence
intensities for the four different orientations of the
prism polarizers at each wavelength of excitation. The
subscripts of E and B refer to the electric vector in the
vertical and horizontal planes, respectively. Four ex
citation spectra were recorded successively correspond-
ing to the prism orientations EE, EB, BE, and BB, and
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Figure 1. Molecular structure of
dinaphtho[2,l-2',3']furan-8,13-dione (1) and
dinaphtho[1,2-2',3']furan-7,12-dione (I1).

a minimum of four measurements of P were made to
check reliability.

Solvents were Matheson Coleman and Bell “ Spectro-
quality” reagent and solute concentrations were typi-
cally 10~6 to 10~4 M. The solutions were not deoxy-
genated. Absorption and emission spectra were re-
corded at ambient and 77°K temperatures, respec-
tively.

Huickel molecular orbital (HMO) calculations were
performed using a program written in fortran iv for
the UNIVAC 1108 computer. The heteroatom param-
eters used are those suggested by Streitwieser: B
/iofuran) = 2.00, kcc = 0.80, hO(carbonyl) = 1.00,
foco = 100, %X = 0.1% Resonance integrals of
0.80/3 and 1.10/3, respectively, were used for the carbon-
carbon single and double bonds of the quinone portion
of the molecule. These values were chosen on the basis
of the bond lengths reported for p-benzoquinone® and

(11) J. W. Sidman, J. Amer. Chem. Soc., 78, 2363 (1956).
(12) H. Labhart, Chimica (Aarau), 15, 20 (1961).

(13) L. E. Orgel, Trans. Faraday Soc., 52, 1172 (1956).
(14) A. Kuboyama, Bull. Chem. Soc. Jap., 31, 752 (1958).
(15) A. Kuboyama and K. Wada, ibid., 39, 1874 (1966).

(16) C. Leibovici and J. Deschamps, Theoret. Chim. Acta, 4, 321
(1966).

(17) S. Kostanecki, Chem. Ber., 36, 2193 (1903).

(18) B. D. Tilak and M. R. Venkiteswaran, J. Sci. Ind. Res., 16B,
400 (1957).

(19) D. S. Frohlinde and V. Werner, Chem. Ber., 94, 2726 (1961).

(20) M. F. Sartori, J. Org. Chem., 24, 1756 (1959); ibid., 26, 3152
(1961).

(21) A. J. Shand and R. H. Thomson, Tetrahedron, 19, 1919 (1963).
(22) Ng. P. B. Hoi, J. Chem. Soc., 489 (1952).

(23) Ng. P. B. Hoi and P. Demerseman, ibid., 4699 (1952).

(24) T. Azumi and S. P. McGlynn, J. Chem. Phys., 37, 2413 (1962).

(25) A. Streitwieser, “Molecular Orbital Theory,” Wiley, New York,
N. Y., 1962, p 135.

(26) J. M. Robertson, Proc. Roy. Soc., Ser. A, 150, 106 (1935).
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the variation of resonance integral with bond length as
discussed by Streitwieser.l5 Molecular coordinates
used in the dipole moment and transition moment cal-
culations were obtained from Dreiding stereo models
(Rinco Instrument Co.)-

Results

Absorption and Polarization Spectra. The ultraviolet
and visible absorption spectra, recorded at ambient
temperatures, for quinones | and Il in hexane solvent
are shown in Figures 2 and 3, respectively. In polar
solvents the spectra show a general red shift of the
absorption bands with some loss in vibrational struc-
ture. The spectra show no evidence of long wavelength
weak carbonyl n-7r* transitions.

The polarization (P) of the fluorescence excitation
spectra for quinones | and 11 in EPA solvent (—196°)
are also shown in Figures 2 and 3, respectively. The
uncorrected fluorescence maxima for the quinones in
EPA glass occur at 508 and 493 nm, respectively.
Polarization of the fluorescence is positive and constant
over the emission bandwidth in both cases. Polariza-
tion spectra were recorded for the quinones in EPA due
to the somewhat low solubility and low fluorescence
yield of these molecules in hydrocarbon solvents.
Further their absorption spectra showed only small
wavelength shifts and some loss in structure in the polar
glass. The angle 6 between the absorption transition
moment and the emission oscillator was calculated for
several of the absorption bands using the formulaZ

3cos26 —1

cos20 + 3 (2)

For quinone |, the following angles, 16, 45, 28, and
<30°, were calculated for the absorption bands centered
at 430, 330, 295, and 240 nm, respectively. While for
quinone 11, angles of 14, 19, and 45° were calculated
for the bands centered at 415, 335, and 310 nm, respec-
tively. The rapidly changing degree of polarization
below 300 nm in the polarization spectrum of Il ex-
cluded the calculation of any meaningful value of 6 for
transitions lying below this wavelength. These angles
have not been corrected for depolarization effects in
herent in the measurements.

Solvent-Induced Frequency Shifts. Several authors
have discussed solvent effects on electronic transitions
and interpreted solvent-induced frequency shifts in
terns of dispersive and static dipole interactions. The
simplified formula due to McRae3 relating the fre-
quency shift (Ar) of a transition to the solvent refrac-
tive index (n) and dielectric constant (D) is given as

2— 1
av — (AIID+ RN) " "
2n2+ 1

4.
+ 2

n2—1
n2+ 2
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Figure 2. Absorption spectrum of | in hexane,------ , ad
fluorescence excitation polarization spectrum of | in EPA
glass (—196°),——.

Figure 3. Absorption spectrum of Il in hexane, —, and
fluorescence excitation polarization spectrum of 11 in EPA
glass (—196°),------ .

where A, B', and C are constants characteristic of the
solute and LOis the weighted mean wavelength. Fre-
quency shifts of several absorption bands of 1 and 11
measured in some 23 polar and nonpolar solvents were
fitted to eq 3 by the method of least squares. Cal-
culated values of the constants (ALO+ Br) and C are
given in Table 1. A plot of observed - a ovsa) Vs. cal-
culated (JAdad frequencies for the long wavelength
absorption band of quinone | is shown in Figure 4.
The root-mean-square deviation between observed and
calculated frequencies is 60 cm-1, which is close to the
experimental uncertainty involved in the measurement
of absorption frequencies in this work. The constant
C may be equated with the ground (pg and excited

(27) F. Perrin, Ann. Phys., 12, 169 (1929).
(28) E. G. McRae, J. Phys. Chem., 61, 562 (1957).
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Figure 4. Plot of vs. vAd ci for the long wavelength
absorption of | in several solvents: 1, hexane; 2, cyclohexane;
3, diethyl ether; 4, acetone; 5, carbon tetrachloride; 6,
dioxane; 7, ethyl acetate; 8, acetonitrile; 9, ethyl bromide;
10, 1-bromohexane; 11, dimethylformamide; 12, benzene;

13, dimethyl sulfoxide; 14, acetophenone; 15, pyridine; 16,
ethyl iodide; 17, 1,2-dichloroethane; 18, o-dichlorobenzene;
19, benzonitrile, 20, benzaldehyde; 21, methanol; 22,
1-chloronaphthalene; 23, chloroform.

state (pie) dipole moments and the solvent cavity radius
(a) via the formula3B

3 — ~(.Pg Me)

he a3

Any calculation of the product pe(pe — M) is extremely
sensitive to the choice of the cavity radius a.  In view
of the difficulty in estimating this radius for non-
spherical molecules as investigated here, the calcula-
tion was not carred out.

HMO Calculations. Solution of the secular deter-
minants for quinones | and Il leads to 23 one-electron
energy levels shown in Table 11, of which the lowest 12

Table I: Calculated Values of (ALO+ B') and C
Absorption
wavelength
in hexane, (ALo + BY), C,
nm cm-1 cm-1
Quinone |
429 9,800 -715
315 7,020 ~0
293 6,400 ~0
280 12,400 -875
Quinone 11
417 8,500 -700
261 9,540 ~0
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are doubly occupied in the ground state. The energies
(E) of the molecular orbitals are given in the form2

where a is the Coulomb integral of the carbon 2p orbital,
@3 the resonance integral of the C-C bond, and £ is a
coefficient.

Table Il1: Calculated Molecular Orbital Energies (/3 Units)
Orbital
Quinone 1 Quinone 11 designation
-2.394 -2.362 m + 11
-2.225 -2.237 m + 10
-1.805 -1.887 m+ 9
-1.580 -1.508 m+ 8
-1.341 -1.326 m+ 7
-1.213 -1.224 m+ 6
-1.073 -1.165 m+ 5
-0.991 -0.898 m+ 4
-0.751 -0.730 m+ 3
-0.576 -0.606 m+ 2
-0.045 -0.046 m+ 1
0.594 0.624 m
0.913 0.805 m— 1
0.985 0.985 m— 2
1.036 1.037 m— 3
1.076 1.231 m— 4
1.417 1.266 m— 5
1.542 1.620 m— 6
1.765 1.756 m— 7
1.853 1.884 m— 8
2.241 2.185 m— 9
2.308 2.324 m — 10
2.865 2.872 m — 11

In the first-order approximation® the calculation of
the moments for the corresponding transitions reduces
to the summation shown in eq 6

Qmn A jCmicn Wi (6)

where am and aj are the coefficients of atomic orbitals
at atom j in the final and initial molecular orbitals m
and n, rj is the position vector for atom j, and the sum-
mation is taken over all atoms in the molecule. The
direction of the moments for the four lowest transitions
in | and 11, as calculated by eq 6, are shown in Figure 5.
Molecules | and Il have the molecular plane as their
only symmetry element; however, for purposes of
comparison the coordinate system adopted by Drott
and Dearman for anthraquinone® was used in this
work.

x-Electron density at a given atom j is given by eq 7

Pi = EAC'«)2 @

(29) L. Salem, “The Molecular Orbital Theory of Conjugated
Systems,” W. A. Benjamin, New York, N. Y., 1966, Chapter 7.
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Figure 5. Transition moment vectors calculated using Huckel
molecular orbital theory. Numbers refer to transitions
discussed in the text.

where nf is the number of electrons in each molecular
B, and Cii is the coefficient of atomic orbital € in the
zth molecular orbital. Ground-state 7r-electron den-
sities calculated in this manner are shown in Figure 6,
together with changes in electron density occurring at
each atom in the lowest energy singlet-singlet transi-
tion (values shown in parentheses). Using the cal-
culated electron density changes and coordinates ob-
tained from molecular models, the dipole moment
change (ms — M) associated with the long wavelength
absorption band were calculated to be —17.3 and —22.4
D for | and I, respectively. The magnitude and direc-
tion of the dipole moment changes are also shown in
Figure 6. Vectorial addition of <r-bond moments3®and
& moments obtained from ground-state electron den-
sities leads to estimates of 1.4 and 1.9 D for the ground-
state dipole moments (mK) of | and Il, respectively.
The product MMy — M) (eq 4) isthen —24.2 and —42.6
D2for | and 11, respectively. Since electron densities
as calculated from one-electron wave function are ex-
pected to be less reliable for higher energy transitions,3L
the dipole moment changes were only calculated for the
lowest transition.

Discussion

The absorption spectra of the isomeric furanquinones
I and Il show some similarity to each other and to the
spectra of p-quinones in general.6 Four main regions
of absorption are identifiable, according to energy and
intensity, in the spectra shown in Figure 2 and 3: (@)
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966 1.00i

1.464

(+. 140)

E

Figure 6. x-Electron density distributions calculated using
Huckel molecular orbital theory. Electron density changes
for the lowest energy -mr-ir* transition shown in parentheses.
Arrows depict magnitude and direction of dipole

moment changes.

abroad band (e ~6 X 103 with maxima in hexane at
429 and 417 nm for 1 and Il, respectively, (b) a
slightly weaker absorption (e ~ 3 X 103 with a max-
imum near 335 nm; (c) a multiple structured absorp-
tion (¢ 109 between 270 and 320 nm which possibly
contains more than one electronic transition; and (d) a
stronger absorption (e~ 104to 106 lying below 270 nm.

The long wavelength absorption (region a) contains
a vibrational frequency of approximately 1100 cm-1
which is tentatively associated with the furan COC
stretching vibration.2 Polar solvents induce a red
shift in the band, with a loss in structure, which with
the medium intensity of the band is consistent with a
#—ir* assignment to the transition. As no weak car-
bonyl n-7T* absorption was observed in the spectra, it is

(30) R. A. W. Hill and L. E. Sutton, J. Chem. Soc., 746 (1949).

(31) R. S. Becker, “Theory and Interpretation of Fluorescence and
Phosphorescence,” Wiley-Interscience, New York, N. Y. 1969,
Chapter 2.

(32) L. J. Bellamy, “The Infra-Red Spectra of Complex Molecules,”
2nd ed, Methuen, London, 1958.
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expected that the local symmetry forbidden transition
is buried beneath this & ¢* absorption band. The
solvent-induced frequency shifts of the transition in
absorption suggest a significant increase in dipole
moment on exciting these molecules to their lowest
excited singlet state. The dipole-dipole contribution
to the solvent-induced shifts in absorption, eq 3, is
comparable to those observed for the charge-trans-
fer absorption bands of amino- and hydroxy-sub-
stituted quifiones.8d The intramolecular charge-trans-
fer nature of this transition is further confirmed by the
molecular orbital calculations of the change in ™elec-
tron density distribution on going from the ground to
first excited singlet state (Figure 6). It is seen that in
general there is ashift in ir-electron density from various
carbon atoms in the heterocyclic side of the molecule
to the quinoid carbonyl groups. The magnitude of this
loss in density fromthe ring carbon atoms in | is in agree-
ment with the bat.hochromic shifts observed when elec-
tron donating substituents are attached to these posi-
tions.2lL The dipole moment changes (ng — M) for this
transition, of —17.3 and —22.4 D for | and Il, respec-
tively, are of similar magnitude to the dipole moment
changes reported for other intramolecular charge-transfer
systems.3! Though no attempt was made to calculate
the dipole moment change for this transition from the
solvent shift data (eq 4), due to the inherent errors in
calculating the cavity radius for nonspherical molecules,
substitution of the calculated values of Mkand (pK —
M) in eq 4 does provide an estimate of this radius.
Values of 7.0 and 85 A were obtained for 1 and II,
respectively, which are in fair agreement with the
respective values of 6 and 7 A estimated from molecular
models. In this case it would appear that the cal-
culated dipole moment changes are consistent with the
observed solvent-induced frequency shifts of the transi-
tion. Huckel MO theory also predicts a shift of transi-
tion 1 (m m + 1) to higher energies on going from
molecule | to 11 which is in agreement with the observa-
tions. Similar shifts in the long wavelength 7r7r*
transitions of isomeric heterocyclic molecules have
been attributed to variations in the degree of charge
polarization (charge transfer) in the isomers.® This
interpretation is in qualitative agreement with our ob-
servations in the furanquinones where the long wave-
length transition in Il involves a greater degree of
polarization than in I. In terms of the weakly inter-
acting chromophore model of quifiones3 this transition
is then assigned as benzenoid having its origin in the
electronic states of the heterocyclic portion of the furan-
quinone. The degree of polarization (P) of this transi-
tion is close to the theoretical limit of 0.5 for a transi-
tion moment parallel to the emission oscillator. This is
expected for the longest wavelength ~—-* singlet-
singlet transition in molecules of low symmetry where
the fluorescence emission is also i it*. Though the
absolute direction of polarization cannot be deduced
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from the polarization spectra, the molecular orbital
calculations predict that the transition has both Y and
Z polarized components in | and is predominantly Y
polarized in Il (Figure 5). The long axis polarization
of this transition is analogous to the direction of
polarization of the intramolecular charge-transfer
transition in substituted quinones.x

The solvent-induced red shift of the absorption band
at 335 nm (region b), though not analyzed in terms of
the McRae equation due to poor resolution of the
maxima in polar solvents, allows a #—#* assignment to
this transition in both molecules. Absorption bands of
similar intensity and energy are also observed in the
spectra of simple p-quinones containing a single benzene
ring fused to the quinoid nucleus.3 The polarization
(P) measured for this band predicts polarization angles
of 45 and 19° in 1 and II, respectively. Using the
calculated moment direction for transition 1, the 335-nm
transition is Y polarized in 1l and by analogy also Y
polarized in | rather than Z polarized. The analogous
absorption band in anthraquinone is also Y polarized. 0
The molecular orbital calculations predict transition
2 (M —1—m+ 1) to have a higher energy in | than
11 and to have both Y- and Z-polarized components in
I and be Y polarized in Il (Figure 5). This appears
inconsistent with the spectral properties of the 353-nm
absorption discussed above. The characteristics of
this absorption band are in fact more consistent with
the calculated energy and direction of polarization of
transition 3 (m — 2 *e m + 1) which is predicted to
have similar intensity and energy and Y polarization
in both quinone 1 and Il. Thus, either the molecular
orbital calculations predicts an incorrect order ener-
getically for transitions 2 and 3 or transition 2 is not
obvious in the spectra of these quinones. Some de-
crease in the degree of polarization is observed in the
region of 400 nm in the spectra of both | and Il which
might indicate an underlying transition in this region.
The molecular orbital calculations also predict that the
m — 2 orbital in both molecules is localized on the
naphthoquinone portion of the molecule which is further
indicative of the applicability of a weakly interacting
chromophore model to these quinones.

Complexities in the spectra of | and 11 below 300 nm
make identification of the transitions below this wave-
length more difficult. Solvent shifts and intensities of
the absorption maxima are again consistent with w «*
assignments for the transition in both molecules. The
analysis of the solvent shift data according to McRae’s
equation for the maxima in the region 280 to 315 nm
(region ¢) in the spectrumof | indicates two overlapping

(33) Z. Yoshida and F. Takobayashi, Tetrahedron, 24, 933 (1968).
(34) P. Suppan, J. Mol. Spectrosc., 30, 17 (1969).
(35) G.R. Clemo and D. G. I. Felton, J. Chem Soc., 1658 (1952).

(36) N. V. Platenova, K. R. Popov, and L. V. Smirnov, Opt. Spek-
trosk., 26, 197 (1969).
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transitions. The first of these transitions with a
maximum at 280 nm in hexane involves an increase in
the dipole moment in the excited state as indicated by
the dipole-dipole contribution to the solvent shift
(Table 1). However no increase in dipole moment is
indicated by the solvent shift data for the 293-, 303-
(shoulder), and 315-nm maxima, and they are therefore
assigned to a second transition. The vibrational
spacing for the latter transition corresponds to a fre-
quency of approximately 1200 cm-'. The polarization
of the spectrum in this region is consistent with this
assignment, the degree of polarization of the maximum
at 280 nm being lower than that for the other maxima.
The absolute direction of polarization for these transi-
tions cannot be deduced, though a value of 28° is ob-
tained for d from the degree of polarization of the
293-nm band, this angle can only be approximate due
to the strong overlap of transitions inthis region. With
transition 1 having both Y - and Z-polarized components
in this molecule, the degree of polarization for this band
would indicate either predominantly Y or predomi-
nantly Z polarization for these transitions. The maxima
at 277 and 285 nm in the spectrum of Il are also as-
signed to one transition while the weaker bands at 300
(shoulder) and 313 nm in the same spectrum are as-
signed to another. The rapidly changing degree of
polarization in this region of the spectrum hinders any
deduction of the direction of polarization of these transi-
tions, though the low polarization P for the region near
300 nm does indicate both Y- and Z-polarized com
ponents for the weaker transition. In the absence of
further evidence to the contrary the absorption at 280
nm in | and at 277 and 285 nm in Il are tentatively
identified with transition4 (m —3-*mm + 1). Huckel
MO theory predicts this transition to have similar
intensity and energy and Z polarization in both mole-
cules. The analogous transition in other p-quinones
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has been assigned as quinoid.34 Identification of the
other transition in this region with either transition 2
or higher transitions is speculative due to the possibility
of an incorrect ordering of transition energies as cal-
culated by the Huckel MO theory used in this work.

The transition(s) in the absorption region below 270
nm (region d) are again identified as ir-ir* in both |
and Il. The transition in Il is red shifted and in-
tensified with respect to that in I. The degree of
polarization in this wavelength region is positive and
indicates the transition moment to be nearly parallel
with the emission oscillators in both molecules. No
attempt was made to assign the transition to a cal-
culated transition for reasons mentioned above.

In conclusion, transition moment directions cal-
culated by simple MO theory, for the lonrlying singlet-
singlet 7r-7r* transitions in these quinones are in fair
agreement with experimental observations. Both ab-
sorption spectra and theory provide some support for a
weakly interacting chromophore model for these
quinones. The longest wavelength singlet-singlet ir-ir*
transition in these molecules is shown to involve signifi-
cant intramolecular charge transfer. Further, the
latter observation is in accord with the significant
polar solvent-induced frequency shifts of the fluores-
cence emission of | and 11.¥ The relative position and
nature of the lonklying singlet and triplet states of these
furanquinones have been ascertained from their fluores-
cence and phosphorescence spectra and will be reported
shortly.&
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The equilibria involving gaseous species over the Ho-Ag system (series 1) and over the Ho-Al-Au system
(series 1) have been investigated using the combined Knudsen effusion and mass spectrometric techniques.
The third law enthalpies, AHo®, in kilocalories per mole, of the reactions (1) Ho(g) + Ag2g) = HoAg(g) +

Ag(9), (2) HoAg(g) + Ho(g) = HoZXg) + Ag(g), (3) HoAg(g) = Ho(g) + Ag(g), (4) HoAg) = 2Ho(g).

(5) Ho(l) + Ho(g) = HoZg) for series I, and (6) HoAu(g) + Al(g) = Ho(g) + AlAu(g) for series Il have
been evaluated as 85 + 04, 89 + 05, 287 + 12, 190 + 11, 563 + 0.6, and 17.6 + 0.4, respectively.
Second law values of AHC corresponding to reactions 1and 6 are 13.7 + 3.3 and 18.4 + 4.8 kcal mol-1, respec-
tively. The dissociation energies, Z)&, of the molecules, Ho2 HoAg, and HoAu have been obtained from these
enthalpies as 19.0 + 4, 28.6 + 4, and 59.7 + 3 kcal mol-1, respectively. The standard heats of formation,
Ai/fe 2 0of Ho2 HoAg, and HoAu have been derived as 124 + 4, 111 + 4, and 99.3 + 3kcal mol-1, respectively.
The Pauling model of a polar bond is assessed with the experimental values of the dissociation energies of Ho2

HoAg, and HoAu.

Introduction

The recent interest in the gaseous diatomic metals
and intermetallic compounds is illustrated by several
reviews.23 The applicability of the Pauling model of a
polar bond4 to gaseous diatomic intermetallic com-
pounds has been noted previously.2t6 The Pauling
model has been confirmed to hold for compounds be-
tween metals of substantially different electronega-
tivities67 and has been used to predict bond energies
of previously unknown diatomic intermetallic com
pounds.6-8

The Pauling model requires the dissociation energies
of symmetric diatomic metals for the estimation of the
bond energies of the corresponding heterodiatomie
molecules. The lack of knowledge of the dissociation
energies of many homonuclear diatomic transition
metals restricts the applicability of the Pauling model.

The present investigation of the dissociation energies
of Ho2 HoAg, and HoAu permits the extention of the
Pauling model to holmium compounds and allows the
model to be tested with the molecules HoAg and HoAwu.
In addition, this investigation should contribute to the
understanding of bonding between metals.

Experimental Section

The mass spectrometer and experimental procedures
used for this work have been described previously.9
This paper describes essentially two independent ex-
periments which will be referred to as series | and series
Il. Series | is the vaporization study of an initial
3.4:1 atomic ratio holmiumssilver system over the
temperature range from 1582 to 1763°K, for which a
single chamber tantalum Knudsen cell was used.
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Series 11 is the vaporization of an initial 1:1:1 atomic
ratio Ho-Au-Al system from a molybdenum Knudsen
cell over a temperature range from 1851 to 1984°K.

Temperatures for series | and 11 were measured with
a calibrated Leeds and Northrup optical pyrometer via
a0.040-in. diameter by 0.125-in. deep hole in the bottom
of the Knudsen cell. Measured temperatures were
corrected for the effective emissivity of the cylindrical
cavity and target material as described by Williams.D
The effective emissivities for the tantalum and molyb-
denum targets were taken as 0.94 and 0.89, respec-
tively. Measured temperatures were corrected for the
absorbed target brightness by the viewing window and
the deflecting prism.

The ions were produced with ionizing electrons and
electron emission currents of 18 eV and 1 mA, respec-

(1) Work performed as part of the Ph.D. degree requirement by
D. L. Cocke.

(2) (a) B. Siegel, Quart. Rev., Chem. Soc., 19, 77 (1965); (b) J.
Drowart in “Phase Stability in Metals and Alloys,” P. S. Rudman,
J. Stringer, and R. I. Jaffee, Ed., McGraw-Hill, New York, N. Y.,
1967, pp 305-317.

(3) K. A. Gingerich, J. Cryst. Growth, 9, 31 (1971).

(4) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. Y., 1960.

(5) M. Ackerman, F. E. Stafford, and G. Verhaegen, J. Chem. Phys.,
36, 1560 (1962).

(6) G. D. Blue and K. A. Gingerich, presented at the 16th Annual
Conference on Mass Spectrometry and Allied Topics, Pittsburgh,
Pa., May 1968; details to be published.

(7) K. A. Gingerich and H. C. Finkbeiner, 3. chem. Phys., 52, 2956
(1970).

(8) K. A. Gingerich and H. C. Finkbeiner, 3. chem. Soc. D, 16, 901
(1969).

(9) K. A. Gingerich, J. chem. Phys., 49, 14 (1968).
(10) C. S. Williams, 3. opt. Soc. Amer., 51, 564 (1961).
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tively, for series | and 20 eV and 5 mA, respectively, for
series Il. The acceleration voltage used was 4.5 kV;
the voltage at the entrance of the shield of the electron
multiplier was 1.9 kV.

For series |, an ion source was used which employed
magnetic focusing of the electron beam to increase the
sensitivity. A conventional electron bombardment ion
source was used for series 11.9 Identification of the
ions was accomplished by their mass to charge ratio,
shutterability, and ionization efficiency curves, and in
addition, for series 1, by their isotopic intensity distri-
bution. The ions detected from the holmiumssilver
system at 1654°K were Ho+, Ag+, Ag2+, HoAg+, and
Ho2+, in decreasing order of intensity. The ions de-
tected over the holmium-gold-aluminum system at
1873°K were Al+, Ho+, Au+, AlAu+, and HoAu+ in de-
creasing order of intensity. For series | appearance
potentials were determined for Ho+, Ag2+, and HoAg+
by the extrapolated voltage difference method of
Warren,11 using that of Ag+ as the referencel2 and are
given in Table | with the estimated accuracies. The

Table 1. Experimental and Estimated Parameters
Relative Intensity Cali-
lonization  multi- correc- bration
Appearance Ccross plier tion constant
potential, section, gains, factor, hi,
lon ev vug Ei atm/A K
Series |
Ho 5.7+ 0.5 8.62* 0.93 1.00 0.128
Ag 7.57¢ 5.44* 1.00 1.00 0.190
A2 6.4+0.7 8.16 0.90 1.00 0.141
HoAg 57+ 0.6 10.54 0.93 1.00 0.105
Ho2 6.0+ 1.0 12.93 0.84 1.00 0.095
Series 11
Al 6.6 £ 0.6 5436 1.59 1.08
Ho 58+0.2 862< 0.93 1.07
Au 9.22% 6A6b 0.75 1.46
AlAu 78+ 0.3 8.92 0.67 1.00
HoAu 6.2+ 05 11.31 0.81 1.00

° Reference 12. hReference 15.

relative large error terms for series | ions is attributed to
the irregular ionization efficiency curves obtained with
the temporary magnetic focusing ion source that was
used. The appearance potential for Ho2+ was estimated
as 6.0 + 1.0 eV from the rather poor ionization efficiency
curve obtained due to the small intensities involved.
Appearance potentials for series 11 ions given in Table |
were also determined by the Warren methodIl with that
of Au+ as the reference.2 For both series | and 11, the
appearance potentials suggest that all ions are formed by
direct ionization of the corresponding neutral atoms or
molecules and not by fragmentation. However, as
evidenced by the ionization efficiency curve of Ho2+ a
possible fragmentation contribution of less than 10%
was neglected, but was considered in the error estimates.
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The ion currents presented below in Tables 1V-VII,
are relative ion currents because they represent the ob-
served ion currents after amplification with an electron
multiplier and recording with a vibrating reed electro-
meter. The signal-to-noise ratio was larger than 2 for
the smallest relative ion currents reported (e.g., for the
J(Ha2+) values in Table V). The corresponding error
in the values reported was less than 30%. As the
signal-to-noise ratio increased in proportion with the
increasing relative ion current, the error in the measured
values decreased to less than 2% (e.g., for the /(Ho+)
values in Table V11 below).

For the series | experiment, two methods of pressure
calibration were used.  The first method was by means
of measured intensities of 1MAg+ at three temperatures
between 1034 and 1061°K, prior to the reaction of the
silver with the holmium.  In going to the next tempera-
ture, 1076°K, a sudden decrease of the Ag+ intensity
occurred. At this moment, apparently the liquid
eutectic was formed. The calibration constant, kAg
was calculated from the ion intensities and known
silver vapor pressures13 for the measurements prior to
the formation of the eutectic. An average value for
kAgof 0.190 atm/A K was obtained and used in all sub-
sequent calculations for series 1. The kt values for
species i are given in Table 1.

The other calibration procedure used to obtain foig
was from evaluation of the equilibrium Ag2(g) = 2Ag(Q)
with a dissociation energy, DO of 37.6 + 22 kcal
mol-12b over the temperature range from 1582 to
1760°K as described by Grimley.4 The ion currents
used and kAg values obtained in this calibration are
given in Table Il. An average calibration constant of
0.188 atm/A K was obtained. Although this value
is in close agreement with the kAg obtained in the other
calibration procedure, the observed variation of the
calibration constant kAg as seen in Table Il indicates a
changing sensitivity. The sensitivity is higher for the
first half of the data sets evaluated, giving an average
kAg of 0.139 atm/A K. For the second half, an
average kAg of 0.237 atm/A K is obtained. This
observation indicates a decrease in sensitivity of the
instrument between the first and second part of the
investigation.

As stated previously, the kAg value of 0.190 atm/A
K was used for calculations of absolute pressures in
series 1. Using this calibration constant and the ion
intensities for Ag+ and Ag2+ shown in Table Il, the
DC® of Ag2was calculated as 37.5 + 1.0 kcal mol-1,
which compares well with the literature value2s of

(11) J. A. Warren, Nature (London), 165, 810 (1950).
(12) C. E. Moore, Nat. Bur. Stand. (U. S.), Circ., 467, 48, 186 (1958).

(13) R. Hultgren, R. L. Orr, and K. K. Kelley, “Supplement to
Metals and Alloys,” University of California, Berkeley, Calif., Gold
(1969), Aluminum (1968), Silver (1968), and Holmium (1966).

(14) R. T. Grimley in “Characterization of High-Temperature
Vapors,” J. L. Margrave, Ed., Wiley, New York, N. Y., 1967, pp
195-243.
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Table 11: lon Intensities Used in the Calculation
of the Calibration Constant fcAg from the
Reaction Ag2(g) = 2Ag(g)

T, A——Relative ion currents, A°---—---- ! &Ag,

°K I(Ag+) /I<AgU) atm/A K
Part 16

1582 6.27 X 10-8 3.68 X 10-12 1.61 X 10-1

1597 7.73 X 10-8 450 X 10-“ 1.46 X 10-1

1618 1.09 X 107 7.10 X 10-“ 1.33 X 101

1654 154 X 107  1.18 X 10-* 1.42 X 10-1

1680 2.34 X 107 1.86 X 10- 1.15 X 10->
Part 11"

1648 1.25 X 10-7 1.04 X 10-“ 1.83 X 10-1

1683 1.29 X 10-7 9.75 X 10-“ 2.04 X 10-i

1717 1.36 X 10-7 1.30 X 10-* 3.03 X 10-7

1734 1.49 X 10-7 1.09 X 10-“ 235 X 10-*

1760 1.32 X 10-7 8.13 X IO* 2 2.61 X 10-i

Av 188 X IO-'

“ lon intensities corrected for isotopic distribution.
fAg = 0.139 atm/A K.

6 Average
cAverage ftAg = 0.237 atm/A K.

376 = 2.2 kcal mol-1. This supports the assumption
of unit activity for silver in the calibration procedure
using known silver vapor pressures.

Absolute pressures, P u were obtained in series | from
the measured ion currents, 11 for each species i by the
relationsPt = k j tTt&ndk( —k”a i/aa Y%here
§i is the relative maximum ionization cross section, y (is
the relative multiplier gain, |t has been corrected for
isotopic fractional abundance of the species under
consideration, and kt is the pressure calibration con-
stant. The empirical factor, Et, which is given in
Table I, for each ion, is needed to correct the ion in
tensities measured with an electron voltage that is less
than that at the maximum of the ionization efficiency
curve. Etis given by the relation Et = InY It where
I mis the ion intensity at the maximum of the ionization
efficiency curve and 11is the intensity at the particular
electron energy used. Et for HOAg and Ho2were not
measured, but were assumed not to be different from
Eroand EAg.  From the observed ionization efficiency
curves for series Il ions E t values were measured and
are also given in Table I.

Atomic ionization cross sections were taken directly
from Mann while the molecular ionization cross sec-
tions were calculated by taking 0.75 of the sum of
Mann’s atomic cross sections. For series |, the mul-
tiplier gains for Ho and Ag were measured as 1.25 X
105and 2.42 X 106 respectively, using a Faraday cup.
Multiplier gains for Ag2 Ho2 and HoAg were estimated
as 0.97Ag 0.9yho, and 1.0yHy respectively. For series
11, the relative multiplier gains to Ag, which were
measured in other experiments under similar conditions
for Al, AlAu, and HoAu, are given in Table I. The
electron multiplier gain for HoAu is taken as 1.08yAu
in analogy to CeAu.7
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Results and Discussion

For series 1, the third law enthalpies, AHC®, in kilo-
calories per mole of the reactions

Ho(g) + AgZg) = HoAg(g) + Ag(9) (€
HoAg(g) + Ho(g) = Hog) + Ag(9) @

HoAg(g) = Ho(g) + Ag(9) (©)
HoZg) = 2Ho(9) Q)
Ho(l) + Ho(g) = HoAg) ®

and for series Il of the reaction
HoAu(g) + Al(g) = Ho(g) + AlAu(g) (6)

were determined and are given in Table 111.
Third law enthalpies, AHC®, were calculated using
the relation

AHO = —2.303RT logKp -

TA[GE® - HO)/T] ()

where Kp, R, and —A[(GT° - HC)/T] represent the
equilibrium constant, the gas constant, and the change
of the free energy function for the corresponding
reaction.

Second law enthalpies, AHT°, were calculated from
the relation

AHr® = -Rd InKpd(l/5T) ®

and AHC values were obtained by using estimated heat
content changes, A(//T° — H<®), for the corresponding
reaction. The second law enthalpies for reactions 1
and 6 were calculated as AHM$ = 135 + 3.3 and
AHige® = 185 + 4.8. The corresponding AH,° values
are given in Table I1l. The second law procedure was
found to be unusable for reactions 2 and 4 because of
the few data and short temperature range involved.
The application of the second law treatment to reac-
tion 3 was not possible over the 14 data sets shown in
Table VI without consideration of the decrease in sen-
sitivity from the first nine to the last five data sets.
Using a fog of 0.139 atm/A K, the average of the cali-
bration constants, fo?g calculated for the first part of the
experiment and shown in Table 11, and using only the
first nine data sets shown in Table VII, a AHO = 32.8
+ 3.4 kcal mol-1 was calculated from the second law
method. Correcting the intensities of the last five data
sets shown in Table VII to a sensitivity of 0.139
atm/A K and using all 14 data sets a AH® = 26.6 *
3.3 kcal mol-1 was calculated from the second law
method, These enthalpies determined by use of the
second law method compare favorably with the cor-
responding third law enthalpies of 29.0 + 0.4 and 29.1
+ 0.8 kcal mol-1, respectively, as well as to the third

(15) J. B. Mann, J. Chem. Phys., 46, 1646 (1967).
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Table 111:  Summary of Reaction Enthalpies for the Ho~Ag System (Series I) and the Ho-Au-Al System (Series 1)
A’
(selected), Do°(AB), Do°(AB), Molecule
Reaction. Method At#o°(exptl), kcal mol 1 kcal mol-1 kcal mol'l kJ mol-1 AB
Series |
Ho(g) + Ag2g) = HoAg(g) + Ag(Q) 3rd law (8.8)6 8.5+ 0.4e 86+ 2
2nd law 13.7+ 3.3 137+ 7 28.6 £ ¥ 122 + 17 HoAg
HoAg(g) + Ho(g) = Ho2g) + Ag(g) 3rd law (9.9)6 8.9=+0.5' 92+ 3 194+ %5 812+ 21 Ho2
HoAg(g) = Ho(g) + Ag(9) 3rd law 287+ 12" 287+ 5 287 15 120+ 21 HoAg
Ho2g) = 2Ho(g) 3rd law 190+ 1.1' 190% 5 190+ 5 795 +£21 Ho2
Ho(g) + Ho(l) = HoZg)“ 3rd law 56.3+ 0.6 56.3+ 7 160+ 7s 66.9 + 29 H 02
Series 11
Ho(g) + AlAu(g) = HoAu(g) + Al(g) 3rdlaw (15.8)" 17.6£0.4 170+ 2 59.7+ 39 250+ 13 HoAu
2nd law 184+ 4.8 184+ 6

“ Data taken prior to series | experiment

1 Assuming relative multiplier gains and ionization cross section cancel.
tion constants, fo. dDCP(Agi) = 37.6 + 2.2 kcal mol-1 used, ref2. 8ZV(HoAg) = 28.6 kcal mol-1 used (this investigation). f Aff\épo
= 723 + 0.3 kcal mol-1 used, ref 13. 0Do°(AlAu) = 77.0 £ 1.0 kcal mol-1 used, ref 18

Table 1V: Third Law Enthalpies for the Reaction“ Ho(g) + Ag2(g) = HoAg(g) + Ag(9)

- oal(?ee -

' Using calibra-

Ho®)/n A,

cal mol-1 kcal
°K 7(Ho+) 1 (Ag24) 1 (HoAg+) 1 (Ag+) Kp K-i mol-
1582 7.05 X 10"7 3.68 X 10~12 2.84 X 10" 6.27 X 10'8 1.163 0.19 8.7
1597 7.82 X 10~7 450 X 10->2 3.31 X 10-» 7.73 X 10-» 1.138 0.19 8.6
1618 9.90 X 10-7 7.10 X 10-» 415 X 10'R 1.09 X 10'7 1.191 0.18 9.1
164 1.24 X 10~6 1.18 X 10"1n 6.37 X 10'R 1.54 X 10-7 1.174 0.18 9.2
1680 1.52 X 10« 1.86 X 10-" 8.78 X 10- 2.34 X 10"7 1.139 0.18 9.1
1648 7.70 X 10~7 1.04 X 10~11 411 X 10" R 1.23 X 10'7 1.200 0.18 9.3
1683 6.23 X 10'7 9.75 X 10- » 3.66 X 10~12 1.27 X 10~ 1.116 0.18 8.9
1717 4,94 X 10-7 1.30 X 10-11 4.07 X 10-2 1.36 X 10"7 1.065 0.18 8.7
1734 4.60 X 10-7 1.09 X 10" 3.29 X 10" 2 1.49 X 10~7 1.010 0.18 8.3
1760 3.66 X 10-7 8.13 X 10-» 2.40 X 10-» 1.30 X 10%7 0.979 0.18 8.2

Av 8.8 +0.4

“ Assumed relative multiplier gains and ionization cross sections cancel.

0.190/,7V AgTAgA.y; in atmospheres.

law enthalpy Ai/o° = 28.7 + 1.2 kcal moh1 obtained,
using afoig = 0.190 atm/A K and shown in Table I11.

The equilibrium constants Kp for the pressure in-
dependent reactions 1, 2, and 6 were calculated from
measured ion currents of the products 1(C) and 7(D)
and reactants 7(A) and 7(B) by the relation Kp =
7(C)7(D)/I7(A)7(B), where it is assumed that the
ionization cross sections and relative multiplier gains of
reactant and product ions cancel. The measured ion
intensities corrected for isotopic abundance distribu-
tion, logarithms of the equilibrium constants, free
energy function changes along with the third law en-
thalpies for reactions 1, 2, and 6 are given in Tables 1Y,
V, and VI, respectively. The averages of these third
law enthalpies also are given in parentheses in Table 111
for purpose of comparison.

Use of the calibration constants, ki} given in Table |
for series | alloned the partial pressures of the reactant
and product species of reactions 1, 2, 3, and 4 to be de-

6 lon intensities corrected for isotopic distribution. cpi =

termined. These partial pressures are given by the
formulas shown in Tables 1V, V, VII, and V, respec
tively. The corresponding third law enthalpies, where
fd values were used, are shown in Table 111, for reac-
tions 1 and 2 and in Tables VII and V111 for reactions
3 and 4, respectively.

The equilibrium constant K p of reaction 6 was also
calculated with the relative multiplier gains and
ionization cross sections considered. Reaction 6 is a
pressure-independent reaction of the type A + B =
C + D for which the equilibrium constant Kv was
determined from the relation Kp = 7(C)7(D) cr(A Yy (A)-
o(B)7 (B)/7 (A)7(B)<(Oy(C)<r(D)y (D). The third
law enthalpy, AHC, of reaction 6 obtained from the
resulting equilibrium constant is given in Table I11.

Data for reaction 5 were obtained near the end of an
experiment of the vaporization of a holmium-silver sys-
tem in which only a relatively small amount of silver
was present. This experiment was performed prior to
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Table V: Third Law Enthalpies for the Reaction“ HoAg(g) + Ho(g) = Ho2g) + Ag(g)
- a[(G* -
AHI°,
T, e Relative ion current, Abg-—--- --------77"""""777Tmmmmomeee -log cal mol 1 keal
“K 1(HoAg+ /(Ho# /(HO'H /(Ag) Kp K-i mol-1
1582 2.84 X 10-12 7.05 X 10-7 1.74 X 10-* 6.27 X 10-« 2.264 4.50 9.3
1618 4.15 X 10~ 9.90 X 10'7 1.98 X 10“* 1.09 X 10'7 2.280 4.51 9.6
1654 6.47 X 10“12 1.24 X 10“« 2.28 X 10-* 1.54 X 107 2.359 4.51 10.4
1680 8.78 X 10-* 1.52 X 10-« 2.76 X 10-13 2.34 X 10“7 2.315 4.51 10.2
Av 9.9
“ Assumed relative multiplier gains and ionization cross sections cancel. 6 lon intensities corrected for isotopic distribution. “p» —
0.190/, TicrxgyAg/0iji in atmospheres.
Table VI: Third Law Enthalpies for the Reaction“ Ho(g) + AlAu(g) = HoAu(g) + Al(g)
- a[(Gt° -
Ho°)/T1, AHo°,
T, ’ Kh —log cal mol-1 keal
°K 7(Ho+) 7(AlAu+) 7(HoAu+) 7(AL+) Kp K-i mol-1
1851 5.06 X 10"9 5.91 X 10-“ 3.84 X 10- 1.66 X 108 1.667 0.83 15.7
1778 2.48 X 10'9 2.38 X 10-“ 171 X 10-“ 6.32 X 10-9 1.733 0.84 15.6
1805 3.10 X 10-» 3.63 X 10* 2.58 X 10-¢ 7.77 X 10-* 1.745 0.83 15.9
1873 3.33 X 10~9 5.70 X 10-“ 5.34 X 10-“ 7.59 X 1049 1.666 0.84 15.9
1918 3.40 X 10'9 7.04 X 10-¢ 8.40 X 10-¢ 5.64 X 10'9 1.699 «0.85 16.6
1944 2.16 X 10"9 1.02 X 10'D 181 X 10'R 3.29 X 10”9 1.564 0.85 15.6
1984 2.52 X 10“9 8.49 X 10-“ 2.95 X 10-“ 243 X 10'9 1471 0.85 15.0
Av 158:
“ Assumed relative multiplier gains and ionization cross sections cancel. b lon intensities corrected for isotopic distribution.
Table VII: Third Law Enthalpies for the Reaction HoAg(g) = Ho(g) + Ag(9)
-A[G e -
Ko°)/n AKo°,
T, . Relative ion currents, A* & -~ cal mol-1 kcal
°K I (HoAg+) /(Ho+) /(Ag+) log Kp K-> mol“1
1485 3.68 X 10-* 2.63 X 10-7 141 x 10-8 0.540 21.54 28.3
1516 8.14 X 10-“ 4.24 X 10-7 2.61 X 10"8 0.679 21.56 28.0
1511 6.97 X 10-“ 3.75 X 10-7 2.47 X 10"8 0.676 21.57 28.0
1543 1.69 X 10-* 5.83 X 10-7 4.58 X 10"8 0.752 21.58 28.0
1582 2.84 X 10-“ 7.05 X 10-7 6.27 X 10“8 0.756 21.60 28.7
1597 3.31 X 10-¢ 7.82 X 10- 7.73 X 10« 0.830 21.62 284
1618 415 x 1012 9.90 X 10-7 1.09 X 10-7 0.989 21.63 27.7
1654 6.37 x 1012 1.24 X 10% 1.54 X 107 1.060 21.66 27.8
1680 8.78 x 1012 1.52 X 10« 2.34 X 10'7 1.198 21.69 27.2
1648 411 X 10-“ 7.70 X 10-7 1.23 X 10"7 0.944 21.66 28.6
1683 3.66 x 1012 6.23 X 10-7 1.27 X 10- 0.926 21.69 29.4
1717 4.07 X 10-“ 4.94 X 10-7 1.36 X 10"7 0.817 21.72 30.9
1734 3.29 x 1012 4.60 X 10- 1.49 X 107 0.923 21.73 30.4
1760 2.40 x 1012 3.66 X 10-7 1.30 X 10'7 0.907 21.74 31.0
Av 287 +1.2

aPi = 0.190/; Tt<TArihJaiyi in atmosphere.

series | and under the same experimental conditions.
The Ho2+ ion was first observed and several ion in-
tensity measurements were taken on the Ho+, Ag+,
HoAg+, and Ho2+ species over the temperature range
from 1718 to 1763°K, where, for example, at 1743°K,
the relative ion intensities were 2.43 X 10~ 1.36 X
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b lon intensities corrected for isotopic distribution.

10~8 1.05 X 10~ and 5.13 X 10-13 A, respectively.
These data allowed evaluation of the third law enthalpy,
AHC, of the pressure-independent reaction 5 where the
relative multiplier gains and ionization cross sections
were considered, along with the assumption that the
liguid holmium was at unit activity. These results
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Table VIII: Third Law Enthalpies for the
Reaction” Ho2g) = 2Ho(g)

- a[(Ge° -
me°)/Ti,
T, cal mol ~1 AHo°,
°K log Ep K-> kcal mol-1
1582 2.890 26.10 20.4
1618 3.139 26.14 19.1
1654 3.283 26.17 18.4
1683 3.383 26.20 18.0

Av 190+ 11

“ Relative ion currents used are given in Table V.

are shown in Table I1X. Due to a reaction of holmium
vapor with the thermocouple used, it was necessary to
estimate the temperatures for the three data points for
reaction 5. The temperatures were estimated from the
tungsten coil heater power supply setting and are
estimated to be correct within +60°K.
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parameters given by Cheetham and Barrow.’6 Free
energy functions for Ho2 HoAg, and HoAu were cal-
culated from estimated nmolecular parameters. For
Ho2 HoAg, and HoAu, the equilibrium separation,
re, of the atoms was obtained as 3.04, 2.68, and 2.64 A,
respectively, by the sum of the Pauling metallic radii,4
for the atoms, and were subsequently corrected in pro-
portion to the spectroscopically observed bond shorten-
ing in Au2 and AlAu. The vibrational frequencies,
ae were calculated at 135.2 cm-1 for Ho2 203.2 cm-1
for HoAg, and 217.0 cm-1 for HoAu by use of the
Guggenheimer relation.I7 Here, the polar bond version
was used for HoAg and HoAu. The z values were
assumed as 5, 3, and 7, for Ho, Ag, and Au, respectively.
In addition, an electronic contribution to the free
energy functions for Ho2 HoAg, and HoAu was taken
as 3 cal mol-1 K_1. The calculated and estimated free
energy functions are listed in Table X.

The uncertainties given in Tables 1V-1X, for the
average third law enthalpies, AH®, for reactions 1-6

Table IX: Third Law Enthalpies for the Reaction“ Ho(g) + Ho(l) = Ho2Zg)

T, e Relative ion current, A b-------------ooeen-
K I(Ho+) I(Ho,+)
1718 1.98 X 10“6 3.06 X 10-13
1743 2.43 X 10-6 5.13 X 10~B
1763 2.79 X 10« 4.89 X 10"B

“ Relative multiplier gains and ionization cross sections included.

Table X: Free Energy Functions —Gt° — H,°)/T
in cal mol-1 K -1 for HoAg(g), Ag2Ag), HoAg),
AlAu(g), and HoAu(g)

T,

°K HoAg(g) Agi(g) Ho2(g) AlAu(g) HoAu(g)
298 58.88 53.24 59.56 52.25 60.22
1400 72.02 66.42 72.92 65.03 73.32
1500 72.62 67.02 73.53 65.62 73.92
1600 73.19 67.59 74.10 66.18 74.49
1700 73.72 68.12 74.63 66.71 75.02
1800 74.22 68.62 75.14 67.20 75.52
1900 74.69 69.10 75.61 67.67 76.00
2000 75.15 69.55 76.06 68.12 76.45

Free energy functions, —(Gr° — HC®)/T, used in the
calculation of the third law enthalpies were taken from
the literature where available or calculated by means
of statistical thermodynamics, using the rigid-rotator,
harmonic oscillator approximation, from known or
estimated molecular parameters. For Ho, Al, Ag, and
Au, the necessary free energy functions were taken
from Hultgren, et al.n For Ag2 and AlAu, the free
energy functions were calculated from molecular

- al«?t® -
Ho°)/T], AlT«,
______ -log cal mol-1 kcal

K p K-i mol 1

6.941 0.89 56.1

6.805 0.85 55.8

6.886 0.79 56.9

Av 56.3+0.6

6 lon intensities corrected for isotopic distribution.

are standard deviations. The uncertainties given for
the selected AHC values and for DO°(AB) in Table 111
represent an inclusion of the estimated errors in the
intensities, temperature measurements, the free energy
functions, the relative multiplier gains, and the ioniza-
tion cross sections used.  Also included where necessary
were the estimated uncertainties in the dissociation
energies of Ag2 HoAg, and AlAu, as well as the un-
certainty in the heat of wvaporization, A/N\eHQ of
holmium.

The average third law enthalpies taken as best for
reactions land2 are85 + 0.4 and 8.9 + 0.5 kcal mol-1,
where the calibration constants, ku were used in their
calculation. For reaction 6, the best average third law
enthalpy is taken as 17.6 £+ 0.4 kcal mol-1 where ion-
ization cross sections and relative multiplier gains were
included. These enthalpies are given in Table 111 in
the column labeled AHC(exptl). Giving these values
a weight factor of two and combining them with the

(16) C. J. Cheetham and R. F. Barrow in “Advances in High Tem-
perature Chemistry,” Vol. I, L. Eyring, Ed., Academic Press, New
York, N. Y., 1967, pp 7-41.

(17) K. M. Guggenheimer, Proc. Phys. Soc., 58, 456 (1946).

The Journal of Physical Chemistry, Vol. 75, No. 21, 1971



3270

third law enthalpies given in parantheses in Table 111,
the weighted third law averages for reactions 1, 2, and 6
are obtained as 86 + 2, 92 + 3, and 170 + 2 kcal
mol-1, respectively.

The weighted third law enthalpies for reactions 1
and 6 compare favorably with the enthalpies, AHC®, of
137 + 7 and 184 + 6 kcal mol-1 obtained by the
second law method. Considering both the weighted
third law enthalpies and the enthalpies obtained from
the second law procedure and giving predominant
weight to the third law values, final selected values for
the enthalpies, AH®, of reactions 1 and 6 are given as
90 + 2and 173 + 2 kcal mol-1, respectively. Com-
bining these values with the literature values for the
dissociation energiesDC (Ag2 = 37.6 + 2.2 kcal mol-12
and DC(AIAU) = 77.0 = 1 kcal mol-1 Byields dis-
sociation energies 2*(HoAg) and DC(HoAu) of 28.6
+ 4 and 59.7 + 3 kcal mol-1, respectively.

The dissociation energy DO(HoAg) 28.6 + 4 kcal
mol-1 obtained from reaction 1 agrees well with the
DC®(HoAg) = 28.7 £ 1.2 kcal mol-1, obtained directly
from reaction 3, shown in Table VII and also with the
corresponding values obtained from the second law
method mentioned previously. Judging all data, a
final value of DO’(HOAg) = 28.6 + 4 kcal mol-1 or
119.7 £+ 17 kJ mol-1 is selected.

Combining the final selected enthalpy, A//®, of
reaction 2 with the dissociation energy, ZV(HoOAg) =
286 + 4 kcal mol-1, yields a dissociation energy,
D,°(Ha, of 194 + 5 kcal mol-1. This value is in
agreement with the D® = 19.0 + 1.1 kcal mol-1 given
in Table V111 and calculated directly from reaction 4.

Evaluation of reaction 5 with inclusion of the ioniza-
tion cross sections and relative multiplier gains and
assuming that the condensed holmium is at unit activity
yields a third law enthalpy, AH®, of 56.3 + 0.6 kcal
mol-1. In view of the fact that a small amount of
silver was present which would assure an activity of less
than unity for holmium, and with the uncertainty in
the temperature, a value of 56.3 + 7 kcal mol-1 is
chosen. Combining this with the heat of vaporization,
AilYpo = 723 + 0.3 kcal mol-1 of holmium vyields a
dissociation energy D,°(Ho2 of 16.0 + 7 kcal mol-1.
This value is somewhat less than the DO°(Ho2 value
obtained from the other reactions. However, holmium
is at less than unit activity and, if this activity were
known, a value of the AHC® of reaction 5 less than
56.3 kcal mol-1 would result. A larger value for
«Do°(Ho? would consequently result, which would
more closely approach the previously obtained values.
Thus, irrespective of the large uncertainty in the
temperature, this value compares well with those de-
termined by reactions 2 and 4. Considering reactions
2, 4, and 5 a weighted average of 19.0 + 4 kcal mol-1
or 79.5 + 17 kJ mol-1 is chosen for HF(Ho2.

Using the dissociation energies DZB (Ho,), Da2gs-
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(HoAg), and 228 (HoAu) of 195 + 4, 291 + 4, and
60.3 + 3 kcal mol-1, respectively, and the standard
heat of sublimation of holmium, AHve2e = 71.9 = 0.3
kcal mol-1 Bof silver, AHVZ5= 67.9 + 0.2 kcal mol-1 13
and of gold, Ai7vZB = 87.7 + 0.2 kcal mol-1,19 the
standard heats of formation AHfPXAHo02), AHf0X8
(HoAg), and Afl° Z8HoAu) were obtained as 124 + 4
kcal mol-1 (519 + 17 kJ mol-1), 111 + 4 kcal mol-1
(464 + 17 kI mol-1), and 99.3 + 3 kcal mol-1 (415 +

13 kJ mol-1), respectively.

The dissociation energy of the holmium dimer,
DOC(Ha) = 190 + 4 kcal mol-1, determined in this
investigation allows the Pauling model of a polar bond4
to be further applied and tested with the experimentally
determined dissociation energies D,° of HoAg and
HoAu. The arithmetic mean version of the Pauling
model, D(AB) = 0.5[D(AA) + D(BB)] + 23[X(A) -
X(B) J2which relates the bond energy of an asymmetric
diatomic molecule D(AB) in kilocalories per mole to a
covalent and ionic contribution to the bonding has
previously worked well in interpreting the high metal-
metal bond energies of gaseous rare earth aurides.7

Applying this model to the HoAu molecule and
taking the electronegativity x(Ho) = 1.3, instead of
Pauling’'svaluedand x(Au) = 2.4, avalue for D& (HoAu)
= 63.6 kcal mol-1 is calculated. Here, the Z)o°(Aud
was taken as 53 kcal mol-1.3 The value predicted by
the Pauling model is in fair agreement with the experi-
mentally determined value of 59.7 + 3 kcal mol-1.
The Pauling model of a polar bond is of value in inter-
preting the rather high stability of the HoAu molecule
and indicates a substantial ionic contribution to the
bonding as suggested by the large electronegativity dif-
ference between gold and holmium.

The Pauling model has been shown to be applicable
to intermetallic compounds containing silver and the
group 1A metals Al, Ga, and In.6 However, ap-
plication of the Pauling model to HoAg does not show
the same success.  Using X(Ag) as 1.9, x(Ho) as 1.3, and
the dissociation energy D®°(Ag?2 = 37.6 kcal mol-1, a
value for the dissociation energy of HoAg is calculated
as 36.6 kcal mol-1. This value is 8 kcal mol-1 larger
than the experimental value of 28.6 kcal mol-1. If
the average of the dissociation energiesDC0° (Ag2 and D (-
(Ha) is taken, a value of 28.8 kcal mol-1 is obtained
which is in close agreement to the experimental value.
In the case of the HoAg molecule, the Pauling model
overemphasizes the ionic contribution to the bonding.
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The reactions of Fe2+, Cr2+ V4+, and Ti3+ with HD 2in the presence of 2-propanol were studied using the

esr flow technique.
with the 2-propanol.

It was shown that all these “Fenton-like” reagents form OH radicals which can react
From studies of the esr intensities of the alcohol radical as a function of H202, Ti3+,

and that of added Ti4+ Fe3+ and Cr3+ it is concluded that these ions react faster with (CHOCOH

than with CH2CHOHCH3s.
experiments.

The reaction of the alcohol radicals with H202 was also studied by radiolysis
The unusual kinetics and properties of “Fenton-like reagent” and OH and R radicals generated

by these reagents previously reported is shown to be due to wrong kinetic assumptions.

Introduction

The reactions of many organic radicals have been
studied with the use of Fenton and “Fenton-like” re-
agents (V4+, Tis+, Cr2+ with HD 2. The addition
of organic substrates to these reagents produced secon-
dary radicals, which could be followed either spectro-
photometrically, through chemical analysis or by use of
esr technique. These measurements have to be made
right after the rapid mixing.2-6

In these systems, the primary radicals are formed
through the reduction of HD 2by the metal ion

Mn+ + HD2 M<*+»+ + OH- + OH (D)

In the case of titanium, reaction 1 is followed by a rela-
tively rapid formation6 of peroxy complexes from HD 2
and the oxidized metal ion

Tid++ HD2; T (Tid4+HDI (%)
k-2

The OH radical may then react with the peroxy-
titanium complex producing two different paramag-
netic species, usually denoted as Si and S2

OH + (Ti4~HD2 —> Si, S2 ©)

(Si and S2may be formed from two different complexes
of Ti4+ with HD 2 differing in the ligands or degrees of
hydrolysis.) In the presence of an excess of HD 2
the OH radicals react with HD 2 to yield HO02 radicals
which might, in turn, react also with (Ti4+~H22
complexes?

OH + HD2 HD + HO2 4
s

H02+ HO02—> HD2+ 02 o)

HO02+ (Ti4+HD2J —> Si, S2 ©)

The inclusion of an organic substrate (denoted RH)
with the HD2 leads to the formation of secondary
radicals

RH+ OH-X HD + R ©)

These secondary radicals may decay by self-recombina-
tion

ks ;
R + R — > nonradical products ®

Merz and Waters2' investigated the Fe2+ + HD2 +
RH system. They found that the consumption ratio
A[HD 2)/A[RH] depends on the ratio [Fe2+]/[RH].
They concluded that HD 2 oxidizes the organic radical,
forming a new OH radical according to

k9
R + HD2—> OH + nonradical products (9)

Norman and West2 used a flow system to study the
same reaction by means of esr spectroscopy. They in
vestigated, amongst other reactions, the esr spectra of
the two radicals, (CH92ZZOH and CHZZHOHCH3
denoted Ri and R2 respectively, produced upon adding
2-propanol as a substrate. They studied the depen-
dence of the signals intensity of Ri and R2on the con-
centrations of the reactants, the flow rates, and the
order of introducing the various reactants into a double
mixing chamber.

(1) Supported in part by the U. S. Atomic Energy Commission.

(2) (@ J. H. Merz and W. A. Waters, J. Chem. Soc., 515 (1949);
(b) R. O. C. Norman and P. R. West, J. Chem. Soc. B, 389 (1969).

(3) R. E. James and F. Sicilio, J. Phys. Chem., 74, 1166 (1970).

(4) R. E. James and F. Sicilio, ibid., 74, 2294 (1970).

(5) E. L. Lewis and F. Sicilio, ibid., 73, 2590 (1969).

(6) M. Orhanovic and R. Wilkins, J. Amer. Chem. Soc., 89, 278
(1967).

(7) G. Czapski, H. Levanon, and A. Samuni, Israel J. Chem., 7,
375 (1969).
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Norman and West reported that the total concen-
tration of the organic radicals (Ri + R32 is unchanged
when excess of HD 2 is added, showing that the OH
radicals produced in reaction 9 are scavenged by RH,
thus perpetuating the formation of R radicals. This
conclusion contradicts that of James and Sicilio8 who
used the same technique. The latter concluded that
reaction 9 does exist, but the “OH” radicals formed
are unreactive towards organic substrates. The con-
clusion was that a cyclic reaction sequence is not per-
petuated by a radical + H2 2 reaction, since such an
assumption is not in accord with the disappearance of
Ri and R2 at high [HD2]. Moreover, on measuring
the consumption ratio A[RH]/A[HD Z] they obtained a
maximum of 0.5, a result which supports the exclusion
of a chain reaction.

Another discrepancy is revealed upon comparing the
values of the recombination rate constants (fcd for
various organic radicals formed by radiation8* 11 with
those produced by “Fenton-like” reagents.12* ¥4

Finally, the assumption that the secondary organic
radicals are formed through reaction with a complexed
OH radical, rather than by direct action of free OH
with the organic nolecules, is supported by some
workers12-14 but turned down by others.2

In the present study, we tried to elucidate the differ-
ences in the experimental results and the various inter-
pretations which have been reported in the literature,
and also to introduce new “Fenton-like” reagents.

Experimental Section

Reagents. The following reagents were used without
further purification: 30% hydrogen peroxide (Merck),
2-propanol and ethanol (Frutarom Laboratory Chem-
icals), cerous sulfate and ceric ammonium sulfate
(Puriss. Fluka), 70% perchloric acid (Merck), hydro-
quinone (Puriss. Fluka), and ferrous ammonium sulfate
and thorium nitrate (B.D.H.), all of analytical grade.

Yanadium(lV) sulfate (Purum. Fluka), titanous
sulfate solution 15% (technical, B.D.H.); titanium(lV)
perchlorate was prepared as described previously.’6

Chromium(ll) perchlorate was prepared by dissolv-
ing chromium in HC104under N2

Analytical Methods. Ceric perchlorate solutions
were standardized spectrophotometrically in 0.8 N
112504 taking i3 = 5580 M~I cm“1® Hydrogen
peroxide was determined either by titration with a
standard solution of permanganate for flowexperiments,
or spectrophotometrically using the Ghormley method?
for radiation experiments. All titanium and vanadium
salts were determined spectrophotometrically as peroxy
complexes after treating them with an excess of H2D 2,
taking i42 = 652 M~ cm“18and et = 198 M“1
cm-1 1 for peroxytitanium(lV) and peroxyvanadium-
(V), respectively. Chromium solutions were treated
with an excess of HD 2and NaOH and were determined
spectrophotometrically as chromate.
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Acidities were adjusted with perchloric acid. The
water used was either singly or triply distilled (no dif-
ference was observed in the results when triply dis-
tilled water was replaced by singly distilled water).
In radiation experiments, only triply distilled water was
used. All experiments were carried out at room tem-
perature. Spectrophotometric determinations were
done with a Beckman DB-G grating spectrophotom-
eter.

Esr Experiments. Esr spectra were recorded on a
Varian X-band 4502 spectrometer. The solutions
(which had been deaerated by bubbling N2for 15 min)
were flonn through a Varian-4549-liquid-flon-mixing-
cell with a “dead volume” of 0.15 cc between mixing
point and the center of the observation in the cell by
means of a gas pressure. The flow rate was 370 cc/min
unless otherwise stated. Relative intensities of the esr
signal were calibrated with a solution of VOS04 with-
out removing the cell in order to eliminate misalign-
ment problems when comparing V 0 2+ with the radicals.

Radiation Sources. A CsiX¥ source (M Gammator,
Radiation Machinery Corp.), at dose rates of approxi-
mately 1.2 X 10T7eV g“1min“1 wasused. Total doses
delivered to the solutionswere 1.2 X 1017tol.l X 1018V
g“1l Dosimetry was done with the Fricke dosimeter
taking G(Fe3+) = 15.6. Solutions were deaerated in
10-ml syringes by bubbling ultrapure argon for at least
10 min.

Results and Discussion

1. The Effect of [HD2Z] on [i?]. Esr spectra of Rj
and R2have been recorded after mixing solutions of Ti3+
with that of HD 2+ 2-propanol at pH = 1 and floning
the reaction mixture through the esr cavity. This ex-
periment was repeated varying the H2 2 concentration,
but keeping [HD 2] = [2-propanal].

In Figure la, the relative intensities of Ri and Rj
signals were plotted as a function of [HD 2].

Since the ratio of fc7fc4 = 30D and the concentration
ratio [HD 2]/ [RH] = 1.0, the extent of reaction 4 and of

(8) A. M. Simic, P. Neta, and E. Hayon, J. Phys. Chem., 73, 3794
(1969).

(9 L. M. Dorfman and I. A. Taub, w. Amer. Chem. Soc., 85, 2370
(1963).

(10) 1. A. Taub and L. M. Dorfman, ibid., 84, 4053 (1962).

(11) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147
(1963).

(12) T. Shiga, J. Phys. Chem., 69, 3805 (1965).

(13) T. Shiga, A. Boukhous, and P. Douzou, “Recent Developments
of Magnetic Resonance in Biological Systems,” S. Fujiwara and
L. H. Piette, Ed., Hirokawa Publishing Co., Tokyo, 1968, p 146.

(14) Y. S. Chiang, J. Craddock, D. Mickevich, and J. Turkewich,
J. Phys. Chem., 70, 3509 (1966).

(15) V. Krishnan and C. C. Patel, Chem. Ind. {London), 321 (1961).
(16) A. I. Medalia and B. J. Byrne, Anal. Chem., 38, 453 (1951).
(17) T. A. Ghormley, J. Phys. Chem., 56, 575 (1952).
(18) C. C. Patel and V. Krishnan, J. Sci. Ind. Res., 20B, 604 (1961).
(19) G. A. Dean, Can. J. Chem., 39, 1174 (1961).

M

(20) . Anbar and P. Neta, Int. J. Appl. Radiat. Isotopes, 18, 493
(1967).
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Figure 1.
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Intensities of esr signals of Ri and R2formed on mixing various metal ions with H2O2 + 2-propanol at various

concentrations where [H2 2] = [2-propanol], Ri = (CH3)2ZZOH, R2= CH3CHOHCH2.

the consecutive reactions 5 and 6 as compared to 7 are
negligible. It can be seen from Figure 1 that on in-
creasing [HD 2], the concentrations of Ri and R2 first
increase then reach a maximum and finally decrease.
These results agree with that of James and Sicilio,3but
not with earlier findings.2 The general shape of the
curves given in Figure 1 are in accord with a mechanism

consisting of reactions 1, 7, and 8. The inclining part
of the curves in Figure 1 may be amplified by the com-
petition between reaction 7 and 10 (if fdo > 109 M~
sec-1)

Ti3+ + OH —"mTi4 + OH- (10

The declining part in these curves is due to the fact
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that at high enough [HD 2] most (and finally all) of
reaction 1 and consequently reaction 7 are over before
the solution reaches the cavity.

Before further analyzing these curves we will discuss
the factors determining the concentrations of R in the
cavity. In most experiments the solutes concentra-
tions used were such that f7[RH] » fA[HD 2], ch[TI4+—
HD 2], fCIOﬂ-I3+]; therefore, the only relevant reactions
are 1, 7-9. In this mechanism the propagation rate of
reactions 7 and 9 are equal under steady-state condi-
tions; hence, 7[RH][OH]S = OHDZ[R]ls A
reasonable assumption would be kg « 721 thus [OH]s
« [R]ss and the only termination to be considered is
reaction 8. Through making the steady-state approxi-
mation for R and OH radicals we get

mi A UMMHB )

R- =V 2B ) O

When taking [HD Zlo> [Mn+]Q eq | takes the form
K\ «[HIChIo'fN V2
[Rla

where [MB+]0is the initial concentration of the metal
ion. To verify eq Il we measured Rss under identical
conditions varying only [Ti3+]Q The linear depen-
dence of Rsson [Ti3+J02predicted by eq 11 is displayed
in Figure 2. Knowing ku [Ti3+]Q [HZ2Z]Q and t and
measuring [R]as we could roughly estimate from the
slope of the line in Figure 2 the value of k*~ 109M 1
sec-1 which is of the same order of magnitude as
found in pulse radiolysis studies.8

James and Sicilio stress that under their experimental
conditions almost all of the Ti3+ ions have been con-
verted into Ti4+ before reaching the observation cell.3
Taking the value of about 500 M ~1sec* 1for {22223 one
gets T/, as 14 and 69 msec for 0.1 and 0.02 M HD2
respectively, which are the concentrations used in their
study3 and in that of Norman and West's.Z6 .Under
the above-mentioned experimental conditions and tak-
ing t as the time elapsed between mixing and the ob-
servation point (10-100 Msec) the residual concentra-
tion of Ti3+ ions reaching the cavity is higher than
0.001 M. The fact that R is observable is due to the
incompletion of reaction 1 and Rss is given in eq Il.
If reaction 1 was complete near the mixing point Rs
would be given by

D[H202]C an

[Ti3t0

[R] 1+ 2ks[Tis+]Q (D

Introducing the approximate values of [Ti3+]Q t, and
ks ~ 2 X 109M~1 sec-1 we find that [R] would be in
these experiments2B3 smaller than 10“8 M and no R
would be detectable.

We conclude that in all of these experiments253 the
primary reaction 1 takes place inside the cavity, and
hence all the kinetic conclusions deduced are doubtful.
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Figure 2. The dependence of the relative intensity of the esr
signal of R, (R = Ri + Ra) obtained on mixing at pH 1,
Ti3+with 0.1 M HeCa + 0.1 N 2-propanol on ([TF+lo)12

A similar criticism only on Sicilio’'s results3 was very
recently published.2d The marked discrepancy in the
values of f8 obtained by using the flow technique313
and pulse radiolysis technique8seems to be due to the
wrong assumptions made. On differentiating eq 11
with respect to [HD 2] and denoting [HD 2]nax the HD 2
concentration for which [R],, should reach its maxi-
mum, then

[H 2 = (IV)

K\

For the curve shown in Figure la the value of [HD 2ZJnax
can be calculated fromeq IV. In this experiment t =
30 msec and [Ti3+]0 = 2.5 mtf. k, ~ 500-1000 M~I
sec” 1B [HD ZJnax thus calculated equals 0.06 M.  The
experimental value is somewhat lower.

Considering expression 11, one would expect [HD ZJnax
to be equal for both Ri and R2 Yet, as it can be seen
in Figure 1, [Ri]s reaches its maximal value at lower
[HD 2] than [R2]&does. In addition the ratio R7R 2is
smaller than predicted by the mechanism consisting
of reactions 1, 7, and 8 (the ratio should be ~6.3).

These results can be attributedZbto a reaction of Ri
with Ti4+ or with HD 25 which will be discussed
later.

The observation of R in the esr cavity when Ti3+ is
replaced with other cations such as Cr2+ V4+, and
Fe2+is also possible only as long as reaction 1 is not com-

(21) W. A. Seddon and A. O. Allen, J. Phys. Chem., 71, 1914 (1967).
(22) R. E. Florin, F. Sicilio, and L. A. Wall, ibid., 72, 3154 (1968).

(23) G. Czapski, A. Samuni, and D. Meisel, submitted for publica-
tion in J. Chem. Soc.

(24) C. E. Burchill, J. Phys. Chem., 75, 167 (1971).
(25) C. E. Burchill and I. S. Ginns, Can. J. Chem., 48, 1232 (1970).
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Table I:

kw'++ HC, Refer-
M"+ M-I sec-1 ence
Ti3+ 800-1800 22
500 23
Fe2+ 55 26
65 26
y4+ ~80 23
Cr2+b ? ao 23

“ [H2O2]max is the H2O2 concentration at which [R]®8 = [RiLs -r [Rihs reaches its maximal value.

signal due to R2 radical was detected.

[h02 M

Figure 3. The relative intensities of the esr signals of R =
Ri + Rj formed on mixing various metal ions with various
concentrations of H202 + 2-propanol, where [H202] =
[2-propanol], [Mn+]0= 2.5 mM.

pleted immediately after mixing, but proceeds in the
observation cell.

For these cations, having different values of fa we
expect to find similar curves of [R] VS. as given
for Ti3+ in Figure la. Assuming a simple mechanism
(reactions 1, 7, and 8) the only difference expected is
that [Hd 2]TT'BX would be different and proportional to
1/fci.  We repeated these experiments with Fe2+, Cr2+,
and V4+ ions.

Values of [HD2]ngt and ky at Various “Fenton-Like” Reagents

Reagents 3275
ki X
[ILCdme, [H202]max>
pH M sec"l
~4 X 10~2
1 ~20
1 ~4 X 10-1 ~22
3 ~2.5 X 101 ~16
2.5 ~2.5 X 10-1 ~20
1 ~1.2X 10~36 ~20

61n the case of Cri+, no esr

¢ This value was estimated from the assumed constancy of ifffoCLIme:»:.

The results are summarized in Figures 1 and 3 and in
Table 15 where it can be seen that the esr signalsof R =
[Ri] + [R2] reach their maximum at lower [H20 2] the
higher the rate constant of the primary reaction (reac-
tion 1) is.

The results as given in Figures 1-3 and Table I in
dicate that the mechanism of reactions 1, 7, and 8 is not
sufficient to explain all of the results and that other
reactions of the radical such as with H20 2 and/or the
oxidized metal ion should be considered.

2. Radiation-Induced Reduction of H202 The ef-
fect of initial [H20 2] on the 7 -radiation-induced reduc-
tion of H20 2 at constant ratio of [2-propanol]/ [H20 2] =
50 was investigated in deaerated solutions at pH 0.5
and in neutral solutions. Initial H2 2 concentrations
([H202]0 ranged between 10~4 and 5 X 10-2 M.
G(—H2 2 was determined from dose-rate curves, each
of which was composed of at least four points. Dose-
rate curves tended to bend towards lower G values with
increasing the dose delivered to the solution since we
allowed maximum of 10% decomposition of the initial
H20 2 concentration; nevertheless, initial G values were
taken from the initial slopes.

The primary act of ionizing radiation on aqueous
solutions is to produce H, OH, and eat radicals

H2D H, OH, ea, HO 2 HD

In the absence of a chain reaction (through 9 as
chain-initiating step) the “radical products” will react
with the solutes through reactions 4, 7, and 11-14.

e+ + HD2—» OH- + OH (ID
et + H+ >H (12)

H+ RH—»R + H2 13
H+ HO02—»HD + OH (149

If the reaction mechanism is a nonchain mechanism,
including reactions 4, 5, 7, 8, 11-14, but excluding 9,
we can estimate G(—H202. As [2-propanol] =

(26) C. F. Wells and M. A. Salam, J. Chem. Soc. A, 24 (1968).
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Figure 4. The effect of HD 2concentration on G{—HD 2.
[RHJ/[HDZ = 50 for the all experiments: A, pH 1, no
Ti4+, ®, natural pH, no Ti4+ =, pH 1, [HD/[Ti4+] = 10.

50[H20 2] reactions 4 and 14 are of negligible contribu-
tion as compared to 7 and 13; therefore, the upper
limit of G(—H202 is given as

(?(-HDJ =

@& ) “BE.

The results shown in Figure 4 are in conflict with this
mechanism. The experimental values of G(—H22
exceed by much the predicted values from eq V; the
pH independence of G(—H2 2 is also in disagreement
with eq V. These results suggest strongly a chain
mechanism by including reaction 9. This conclusion
is in good accordance with that of Allen, et al.,2l who
studied the ethanol-H202 system. If R radicals pro-
duced by Fenton reagents and through ionizing radia-
tion are the same, these results rule out the suggestions
of a “nonreactive” OH radical3 formed in reaction 9.
Assuming a chain process (reactions 7 and 9), the con-
sumption ratio A[2-propanol ]/A[H20 2] should approach
a value of 1, but this prediction contradicts the results
of James and Sicilio.3 It is easy to see that under theirs
experimental conditions, i.e., [H202] = [Ti3+] = 5mM,
reaction 9 is negligible compared to reaction 8. Even
if one takes their low unreasonable values of k9 = 4 X
102 Af-1 sec-1 and ks — 1.6 X 107 Af-1 sec-1, the term
TO[R] [H20 2] in the rate equation for R will be compar-
able to the termks[R]2only at [R] < 10-6 M which is not
the case under the above-mentioned experimental condi-
tions, where roughly [R]s~ 10-6 M asgiven by eq Il.
In such a case R radicals decay mainly through reac-
tion 8 and since products analysis usually rules out di-
merization of radicals, the assumption of disproportiona-
tion may well fit the observed consumption ratio
A[H20 Z]/A [2-propanol] = 2.3 Another possibility
proposed by the same authorssis that Rxand R2 formed
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by the Ti3+ + H22 reagent are complexed with the
metal ions, thus providing complexed OH radicals as
products of reaction 9. We measured G(—H202 in
the presence of Ti4+ where [RH]/[H202]/[Ti4+] =
500:10:1. It was found that G (—H20 2 is unaffected
by Ti4+ at comparable concentrations as in the flow
experiments.3  We reject this suggestion on the ground
of these results and those coming in section 3. Very
recently, Burchill and Ginnsx studied the 7 radiation
of H02 + 2-propanol system reported the occurrence
of a chain process. They proposed a mechanism which
predicts a linear dependence of G(—H20 2 on [RH] and
no dependence on [H202]. According to their proposal
Ri decays either by reaction 8 or by a reaction with RH
yielding Ri, while Rx decays only through reaction 9
giving OH radical. Such a mechanism predicts an in-
crease in [Ri] on account of [R2] with the increase of
RH concentration. We checked this hypothesis using
esr technique, producing the radicals by Ti3+ + H22
system, changing [RH] and keeping all other factors

constant. Results are summarized in Table I1.
Table 11: The Effect of [RH] on R, and R2
) Ri,
[RH], relative relative
mM intensity intensity (RiVIR2)
29 41.0 17.7 2.3
60 38.0 18.0 21
120 41.2 18.3 2.2
240 39.0 18.3 21
480 36.0 16.9 2.2
1450 334 12.9 2.6

[Tistb = 25 X 10-3M, [HDJo = 25 X 10-2M, [HCIO4]
= 01 M.

Practically no change was observed in the relative
concentration of Ri and R2 by a 50-fold increase in
[RH], These results seem to contradict the above-
mentioned mechanism >

If one makes the comparison between Burchill’s re-
sults with those given in Table 11 more carefully, the
difference of two orders of magnitude of the steady-state
concentration of the radicals should be considered.

Burchill’'s mechanism is given by the reactions

OH + RH — > Rx (a5)

OH + RH —=R2 (16)

Ri “b H202 OH a7

R2+ RH >Ri (18)

R2 + R2—"mnonradical products (29

ignoring the reactions

R2 -} HO2 » OH (20)
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Ri {-RH —) R2 (21)
RX -f Ri — *m nonradical products (22

where RH = CHXHOHCHS, rx= (CH3ZLOH, r2
= CHZCHOHCH3) The justification of neglecting the
last three reactions depends on both the values of the
various rate constants as well as on HZ)Z RH, Rx and
R2concentrations. Reaction 21 can be omitted on the
grounds of thermodynamic reasons, f<Ikn, as it was
shown in several reactions, that a radicals are very
much more reactive than Bradicals.2 2~ 00~ 2
X 109M ~I sec-1,8fds = 53 M_1sec-1,Band kn ~ 4 X

104M ~1 sec-1 for methanol3 (but was estimated to be
higher for 2-propanol up to 5 X 106M ~1 sec-129), from
the values of these rate constants and from the approxi-
mate concentrations of Ri which is ~108M in Burchill’s
study and ~1O-6 M in our experiments, we will re-

analyze the apparent discrepancy. In our experiments
ku [2-propanol]/2 X T9[R2] « 0.1; therefore, we may
neglect reaction 18 as compared to 19 where in Burchill's
experiments reaction 18 has a considerable contribu-

tion; this explains why [RX/[R 2] is independent of 2-

propanol (Table I1).

In the flow experiments the chain reaction depends
on [HD2Z]; at the low [HD 2] the chain length must be
very short.

Our results thus agree with those of Burchill and from
these results we can put an upper limit for ©©8 namely,
<103M_1 sec-1.

The inclusion of a chain process can explain why
[Ri] and [RZ] in the same system reach their maxima
at different values of [HD 2] (Figure 1), as increasing
[HD 2§ will increase the chain length and, therefore,
more R2radicals will be formed on account of Rxand
[RiJmex will be shifted towards lower [HD 2], than ex-
pected from the simple mechanism which led to eq Il,
while [RZJnaxwill be shifted towards higher [H2D 2].

3. Radicals Formed by Various “Fenton-Like" Re-

agents. To determine whether other metal ions pro-
duce the same secondary radicals in their reactions with
HD 2in the presence of substrates, we mixed solutions
ofMreHons (Where M "+ = V4+, Fe2+ Ti8+ and Cr2+)
with HD 2 in the presence of (Ti4~H 22 (Figure 5a),
hydroquinone (Figure 5b), Th4+ (Figure 5c), ethanol
(Figure 6b), and 2-propanol (Figure 6a).

By comparing the esr spectra we conclude that the
secondary radicals, namely, Si, S2 semiquinone radi-
cal, 3 (Th4+H 02 radicals,3L the 2-propanol and ethanol
radicals are produced in all these systems and have the
same esr spectra independently of the system by which
they were produced.

Secondary radicals may be generated through the
reactions of HO2 with various scavengers. To check
whether HO02is the primary radical formed in these sys-
tems we mixed 0.1 mM Ce(C104)4 with 0.01 M H2D 2at
pH 1, and studied the esr spectrum of the HO2 radical
formed and its dependence on the addition of 2-pro-
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Figure 5. The esr spectra obtained on mixing various metal
ions (~1 m |) with 0.5 M H2 2at the presence of: (a) 0.01 M
Ti4~HD2at pH 1; (b) 0.1 M p-hydroquinone in the metal
ion vessel at pH 3 mixed with HD 2at pH 6.5 in phosphate
buffers; (c) 4 mM Th4+at pH L

panol to the reaction mixture. Neither an appearance
of an esr signal due to R radicals nor a decrease in the
HO02signal’s intensity were observed up to 1m alcohol
concentration. These results exclude a reaction be-
tween HO2 radicals and RH. Hence an appearance
of R radicals in all M"+ + HD 2+ 2-propanol systems
would indicate that OH radicals rather than HO2
radicals are the primary species in the reaction mixture.

In the case of Cr2+, the signal of R2was undetectable
both with 2-propanol and in ethanol (Figure Ib). We
ascribe this to the low concentration of the radicals due
to the lowvalue of [MmH0([Cr2+Jo= 35pM). Insuch
a case and in the absence of a chain process, [Ri]> [R2]
since fasfde ~ 6,Bthus leaving R2signal below the noise
level.

On the other hand, in the case of Fe2+ ion, Ri was ob-
served only in minute amounts as has already been re-
ported and was attributed to a reaction between Fe3+
and Ri.2

(27) G. E. Adams and R. L. Wilson, Trans. Faraday Soc., 65, 2981
(1969).

(2&) C. E. Burchill and I. S. Ginns, Can. J. Chem., 48, 2628 (1970).
(29) C. E. Burchill, private communications.

(30) I. Yamazaki and L. H. Piette, J. Amer. Chem. Soc., 87, 986
(1965).

(31) A. Samuni and G. Czapski, J. Phys. Chem., 74, 4592 (1970).
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Fe2*« H202* Isoproponol

Ti3*« H202* Isoproponol

Cr2 «H202 «Isoproponol

V4* & H20 2 ¢ Isoproponol

G. Czapski, A. Samuni, and D. Meisel

Cr2'«H202«Ethonol

AT

Ti3« H202 ¢ Ethanol
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Figure 6. The esr spectra obtained on adding either 0.1 M ethanol or 0.1 M 2-propanol to the reaction mixtures of

Mn+ ions with H202.

It might be noted that the spectra of Ri and R 2in the
vanadium system are superimposed on one of the V 4+
octet? lines in spite of the high H2 2 concentration
(1 M) used in that case.

Upon comparing the spectra of 2-propanol and
ethanol radicals produced by all these “Fenton-like”
reagents it appears that the same radicals are produced
by all of them, and they are identical with the radicals
produced during photolysis®8 and radiolysis3 in the
absence of metal ions.

These results exclude the assumption of some co-
ordination between the organic radical3 and the metal
ion. Moreover interaction of R with vanadium ion
would lead to an additional esr splitting spectrum of
eight lines due to the coupling of the unpaired electron
with the nuclear magnetic moment of the 5Ah3E3®

The Journal of Physical Chemistry, Vol. 76, No. 31, 1971

4. The Effect of M (ret)+ lons on Ri and R2
seen in Figure 1 that [Ri]/[R2], [Ri]Jnax and [R2]nax,
have different values when these radicals are formed by
the various M B+ + HD 2+ 2-propanol systems.

This behavior was observed previously, but the sug-
gested explanations were controversial.2-12 13

Shiga, et ai., 121 claimed that the Fe2+ + H2D 2sys-
tem possesses a different character as an oxidant, in the
sense that OH is not involved in Fenton’s reagent.

(32) R. N. Rogers and G. E. Pake, J. Chem. Phys., 33, 1107 (1961).

(33) R. Livingston and H. Zeldes, (a) J. Amer. Chem. Soc., 88, 4333
(1966) ; (b) J. Chem. Phys., 44, 1245 (1966).

(34) R. W. Fessenden and K. Eiben, to be published.
(35) O. R. Eaton, Inorg. Chem., 3, 1268 (1964).

(36) R. W. Brandon and C. S. Elliot, Tetrahedron Lett., 44, 4375
(1967) .
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Figure 7. The dependence of the relative intensities of the esr signals of Ri and R2observed on mixing Ti3+, 6 m 1, + HD2
30 mM, + 2-propanol, 0.5 M, at pH 1, on the concentration of various metal ions.

They assumed that an “OH-like” species is formed
by the Fenton reagent and thus ascribed the H abstrac-
tion in the d position of 2-propanol, to the different
character of the primary species formed. (The OH in
the Ti3++ HD 2reagent and the “OH-like radical” inthe
Fenton reagent) Norman and West,b on the other
hand, attributed the difference in [Ri]/ [R2], obtained in
Ti3+ + HD2and Fe2+ + HD 2to the reaction of Ri with
Ti4+ and Fe3+ respectively. We repeated Norman
and West'sb experiment, using a simple mixing cell
(since reaction 1 is incomplete in the cavity, the use of
a double cell has no advantage), extending it in order
to study the effect of M (K+1)+ions on [Ri] and [R2Z].

In our experiments titanium(lll) ions were mixed
with HD 2+ 2-propanol at pH 1 and various amounts of
M (n+1>+ ions were added either to the Ti3+ or to the
H2 2 solutions.  The reaction mixture passed through
the esr cavity (at 2 cc/sec flow rate), and the esr spectra
of Ri and R2were recorded.

The results are summarized in Figure 7, for M (n+) +

= Fe3+ Ti4+ and Cr3+ demonstrating that [Ri] de-
creased on the addition of all these metal ions.

This proves that M (rat)+ ions do react with Ri, prob-
ably oxidizing it
Ri + M('+D)+ —> Mret+ nonradical products (23)

On the other hand, R2reacts with M (n¥>+ much slower.
It is also seen that the effectiveness of reaction 23 in-
creases markedly from Ti4+ through Cr3+ to Fe3+

These results are in fair agreement with previous sug-
gestions,3 ruling out Shiga's explanations,13 since all
the M7+ + H2 2systems behave similarly, in the sense
that [Ri] "m0 as [M(WD)+] increases.

To find out whether (Ti4+H 2 2 reacts with the Ri,
we investigated the influence of the addition of peroxy-
titanium(lY) ions to the reaction mixture and the re-
sults are shown in Figure 7.

In this case [Ri] decreases on the addition of the
peroxy metal ion, while [R2] increases on its account,
leaving [R] = [Ri] + [R2] nearly constant. A possible
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explanation for this observation might he the assump-
tion of a formation of an OH radical through the reac-
tion

Rx+ Ti4+HD2—>
Ti4+ + OH- + OH -}-----> products (24)

which in turn reacts again in reactions 15 and 16.

This case is similar to the reduction of HD 2 by Ri
through reaction 17, thus perpetuating a chain process
and increasing [RZ] on account of [Ri].

The full description of the behavior of the systems as
described in Figures 1,3, and 7 depends on the concen-
trations of the reagents used (HD 2 M n+, RH), as well
as on the impurity [M(ret)] and the rate constant kxand
all rate constants from ku up to kn-

As for the various “Fenton-like reagents,” 4i and &2
have different values one does not expect a unique de-
pendence of Ri and R2on [HD 2] in these systems, as
shown in Figures 1, 3, and 7. The different values of
[Ri]/ [R2] and the different values of [H2D 2] at which Ri
and R2 reach their maximum are expected for these
reagents as long as the mechanism is including reactions
17-23.

We can indicate the effects of reactions 17, 18, and
23 on the behavior of these systens.

(1) Reaction 18 will not affect the value of [H20 2]I'T'BX
for both Ri and R2 but the greater the extent of reac-
tion 18 the greater [Ri]/[R2] will be.

(2) Reaction 17 will affect both [Ri]/[R2] and the
peroxide concentrations at which [Ri] and [RZ] will
reach their maxima. The greater the contribution of
eaction 17 will be, the ratio [Ri]/[R2] will decrease
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and [Ri] will reach its maximum at lower [H2 2] while
[R2] at higher [HD 2].

(©) Reaction 23 will decrease [R]i/[R2] and [Ri]
and [R2] will reach their maxima at higher [HD 2], al-
though this last effect depends also on [M (n+L, ]Q

Our results as shown in Figures 1 and 7 indicate the
importance of reaction 23 and possibly 17 for the dif-
ferent “Fenton-like” reagents.

Conclusion

The above-mentioned observations may be sum-
marized as follows, (i) Cr2+, Ti3+ Fe2+, and V4+
in their reaction with hydrogen peroxide yield OH
radicals which inturn may react with various scavengers
to form secondary radicals, (ii) Neither the organic
radicals nor the OH radicals formed by these “Fenton-
like” reagents are complexed with the metal ions,
(iii) The organic radical (a-2-propanol radical) reduces
hydrogen peroxide. The OH formed in this reaction
perpetuates a chain process, (iv) a radicals («-2-pro-
panol radical) are much more reactive as reductants of
metal cations and of HD 2 than /3 radicals, (v) The
contradictory results obtained in former studiesZ3
stem from the fact that the primary reaction (Mn+ +
H2D 2— M (’+1)+) is proceeding inside the observation
cell under their experimental conditions in contrast to
what they have assumed. Unless this happens neither
Ri nor R2radicals would have been observed by flowesr
technique.
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A cell was designed which allows precise control of electrochemical variables during intra muros electrogenera-

tion of radical species in the cavity of an esr spectrometer.

The advantages of simultaneous electrochemical-

esr (SEESR) experiments are discussed, and results of potential step, current step, and cyclic voltammetric
experiments on dimethylformamide solutions of anthraquinone, azobenzene, and nitrobenzene are described.
Applications to the detection of short-lived electrogenerated radicals using signal-averaging techniques, to
the measurement of the kinetics of reactions of electrogenerated radicals, and to the observation of secondary

radicals are also discussed.

Introduction

Electrochemical generation of radicals and their
detection by electron spin resonance (esr) spectroscopy
has been used routinely for the last 10 years. Adamsl
and Hastening2have reviewed the most recent develop-
ments in this area, and several books3 provide de-
scriptions of the conventional apparatus required for
these experiments. Recently other spectroscopic mea-
surements have been combined with electrochemical
experiments such as optical spectroscopy using optically
transparent electrodes.4 Combining electrochemistry
with spectroscopy allows more confident identifica-
tion of intermediates and products and enables the elu-
cidation of mechanisms and the evaluation of Ki-
netic parameters. When spectroscopic-electrochemical
methods are combined, careful control of the electro-
chemical parameters is necessary to ensure that only
the desired process is occurring in the zone of detection
of the spectrometer. This is difficult to achieve when
esr spectroscopy and electrochemistry are combined
because of the high resistance of the thin cell66 which
must be used when radicals are generated in the micro-
wave cavity. As aresult, electrochemical generation in
esr spectroscopy has been used primarily as a purely
gualitative technique. Most precise esr measurements
of the electrochemical behavior of systems has been
carried out by generating the radicals away from the
microwave cavity and then allowing some of the solu-
tion to flow into the cavity at a known rate.7-9 Here
the problems of cell resistance are avoided since an
efficient electrochemical cell may be used.

Several kinetic measurements have been carried out
by generating the radical inside of the microwave
cavity. The behavior of the nitrobenzene anion
radicals in aqueous solution was studied by Koopman
and Gerischer.l0 In this case because the specific
resistance of the solution was sufficiently low, the elec-

trochemical behavior could be controlled. Hirasawa,
et al.,u were able to obtain spectra and kinetic curves
of radicals in nonaqueous systems by using a constant
current passed through a solution which was flowing
rapidly through the cell in the microwave cavity. To
minimize electrical resistance, two parallel electrodes
were placed in the cell. By using a computer of
average transients either esr spectra or signal intensity-
time curves could be recorded. Because of the flowing
solution, the current distribution along the electrode
was not uniform so that kinetic parameters could not be
determined. Moreover, no controlled potential ex-
periments were reported.

There have been few discussions of the dynamics of
radical generation in conventional electrochemical-esr
cells. Usually electrolysis inside of the microwave

(1) R. N. Adams, J. Electroanal. Chem., 8, 151 (1964).

(2) B. Kastening, Chem. Ing. Tech., 42, 190 (1970).

(3) C. P. Poole, “Electron Spin Resonance,” Interscience, New
York, N. Y., 1967, pp 624-633; R. S. Alger, “Electron Paramagnetic
Resonance,” Interscience, New York, N. Y., 1968, pp 267-272.

(4) See, e.g.,, G. C. Grant and T. Kuwana, J. Electroanal. Chem., 24,
211 (1970), and references therein.

(5) D. H. Geske and A. H. Maki, J. Amer. Chem. Soc., 82, 2761
(1960).

(6) L. H. Piette, P. Ludwig, and R. N. Adams, Anal. Chem., 34,
916 (1962).

(7) B. Kastening, Ber. Bunsenges. Phys. Chem., 72, 20 (1968),
B. Kastening and S. Vavricka, ibid., 72, 27 (1968); B. Kastening,
Collect. Czech. Chem. Commun., 30, 4033 (1965); B. Kastening, Z.
Anal. Chem., 224, 196 (1967).

(8) K. Umemoto, Bull. Chem. Soc. Jap., 40, 1058 (1966).

(9) D. Kolb, W. Wirths, and H. Gerischer, Ber. Bunsenges. Phys.
Chem., 73, 148 (1969).

(10) R. Koopman and H. Gerischer, ibid., 70, 118 (1966); R. Koop-
man, ibid., 70, 121 (1966); R. Koopman and H. Gerischer, ibid,,
70, 127 (1966).

(11) R. Hirasawa, T. Mukaibo, H. Hasegawa, N. Odan, and T.
Maruyama, J. Phys. Chem., 72, 2511 (1968); R. Hirasawa, T. Mu-
kaibo, H. Hasegawa, Y. Kanada, and T. Maruyama, Rev. Sci.
Instrum., 39, 935 (1968).
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cavity is carried out with a static solution where an
essentially constant current is used. In the typical
commercial electrochemical-esr cells2the cell resistance
is about 1500 O/cm of cell length in 0.1 M aqueous
potassium chloride, and 5000 O/cm in 0.1 M TBAI-
DMF based on a value of about 250 O-cm for the spe-
cificresistance of 0.1 M TBAI-DMF. In ethereal solu-
tions the cell resistance may exceed 100,000 O/cm.
With a current of only 100 fiA, the voltage drop along
the electrode would be as high as 0.5 Y/cm in DMF
solutions. Thus, it is possible for more than one process
to occur simultaneously at the electrode. Further-
more, it is not meaningful to attempt a controlled
potential experiment, especially in this cell when the
reference electrode is above the working electrode. The
potentiostat would control only that portion of the
working electrode closest to the reference electrode, and
the potential would still vary along the rest of the
length of the working electrode. Furthermore, there
is a large uncompensated resistance (resistance between
the working and reference electrode in the current path)
so that a small change of current causes a large change
in the regulated cell potential.

Dohrmann and Vetter13 attempted to calculate the
minimum lifetime of a radical which could be detected
when generated in a conventional electrochemical-esr
cell. They suggested that a rapid flow of solution
through the cell and a small electrode placed at the
center of the cavity would give the greatest signal for a
rapidly decaying radical, if the potential of the electrode
could be maintained on the plateau of the electro-
chemical wave of the radical formation. They esti-
mated that if a current density of 0.1 A/cm2 could be
maintained by rapid flow of solution, then a radical
with a lifetime of about 10-6 sec could be observed.

The purpose of this paper is (1) to present a cell in
which the esr signal may be recorded while any of a
variety of electrochemical experiments are carried
out, i.e., the cell potential may be controlled accurately
so that the esr signal or a spectrum which corresponds
to that potential, is obtained; (2) to study the behavior
of stable radicals formed electrochemically by constant
current, at constant potential, and during cyclic linear
sweep voltammetry to find the upper and lower limits
of time during which radicals can be studied; and (3)
to explain briefly the dynamics of conventional internal
generation and to contrast this method with the method
presented here.

Experimental Section

Chemicals. Dimethylformamide (DMF), obtained
from Baker Chemical Co., was purified by distillation
at 15 mm from cupric sulfate onto molecular sieves
three times. The solvent was then stored under
helium atmosphere. The purity was checked periodi-
cally by voltammetry on a blank sample. The 9,10-
anthraquinone (99.5% pure), obtained from Matheson

The Journal of Physical Chemistry, Vol. 75, No. 21, 1971

I. B. Goldberg and A. J. Bard

Coleman and Bell, was used without purification.
Azobenzene, obtained from Eastman, was recrystallized
twice from 95% ethanol. The purified nitrobenzene,
obtained from Baker, was dried by passing directly
through an alumina column. Tetrabutylammonium
iodide (TBAI) and tetrabutylammonium perchlorate
(TBAP) were obtained from Southwestern Analytical
Chemicals polarographic grade and were used as
received, except that TBAP was dried under vacuum
at 145° for 24 hr and stored over Drierite.

Instrumentation. Electron spin resonance measure-
ments were conducted with a Varian V-4502 spec-
trometer equipped with a 9-in. magnet, 100-kHz field
modulation, dual cavity, and a low noise-high power
klystron. Electrochemical measurements were carried
out ineither of twoways. Cyclic chronopotentiometry,
cyclic voltammetry, and controlled potential generation
were done with a Princeton Applied Research Model
170 electrochemical instrument. Constant current
pulses were applied either with the above instrument or
by using a Tektronix Pulse Generator, Model 162, and
a dropping resistor.  In this case, the cell potential was
monitored by connecting the reference electrode to a
folloner constructed with a Philbrick P65 operational
amplifier. Simultaneous esr and electrochemical data
were recorded with a dual-channel chart recorder.
When necessary, a Nuclear Data Enhancetron 1024 was
used for signal averaging. A block diagram of the
apparatus set up for signal averaging is shown in
Figure 1

Cell Design. The design of the cell for simultaneous
esr and electrochemical measurements is extremely
critical. For a rectangular microwave cavity, it is
necessary that the cell be fairly thin (about 0.05 cm for
aqueous solution, 0.1 cm for materials with dielectric
constants in the order of 40, and 0.2 cm for solvents
with dielectric constants between 6 and 12). Since a
low electrolyte resistance even in most aqueous systems
is, therefore, nearly impossible, it is important to
optimize the electrochemical behavior of the cell,
bearing in mind the considerations of maximum esr
response.

A diagram of the complete cell assembly is shown in
Figure 2. Since DMF, with a dielectric constant of
about 37, was used in these experiments, a cell thickness
of 0.1 cm was chosen. The walls were constructed of
0.1-cm optical Pyrex. Two tungsten rods (0.075 cm
diameter) were placed along the edges of the cell, with a
U-shaped rod at the bottom of the cell to hold the long
rods parallel. These rods served as the counterelec-
trode and must be kept as parallel as possible to ensure
a uniform current density through the solution. The
working electrode was made from a piece of platinum

(12) For example, Varian V-4556 or E-246 (cell dimensions 4 X
0.9 X 0.05 cm), Brucker BER-400 2E, or Jeolco JES-EL10.

(13) J. K. Dohrmann and K. J. Vetter, J. Slectroanal. Chem., 20,
23 (1969).
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Figure 1. Block diagram of the esr apparatus used in pulse
electrolysis experiments with signal averaging.

AAT AL
b

Figure 2. (a) Electrochemical cell and reservoir assembly.
(b) Detail of flat cell portion of cell.

mesh, with a grid of 1 mm. Various widths between
0.2 and 0.4 cm, and lengths between 0.5 and 1.5 cm
were used. A length of 0.025-cm diameter platinum
wire was spot-welded to the mesh, and the wire was
passed through a length of 0.038-cm i.d. Teflon tubing
which was filled with epoxy. This prevented the long
lead to the working electrode from being exposed to the
solution. Contact to the electrochemical source was
made above the solution level—the stopcock near this
connection (Figure 2a) allons the whole cell to be
flushed with nitrogen, but when closed, positive pressure
keeps the solution level below the connection.

For the reference electrode, a length of 0.012-cm
diameter silver wire was passed through a length of
0.038-cm i.d. Teflon tubing until the edge of the silver
was 3-5 mm above the end of the Teflon. The Teflon
sheath which filled with solution was fixed in place as
shown.

Great pains were taken in the assembly of the cell to
prevent slow leaks or solution movement within the cell.
If one considers a small amount of radical at the region
of maximum sensitivity, then to decrease the signal to
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one-half of the maximum value, the radical need only
move about 5 mm in either direction. This would cor-
respond to a loss of only 30 pi of solution. Thus, if a
signal which decays by less than 5% within 30 sec is
desired, a maximum rate of flow out of the cell would be
about 1.0 pl/sec (4 ml/hr).

One consideration to be made in using this cell is the
size of the working electrode. If it is desired to study
fast kinetics, a long electrode which fills the cavity is
desirable to obtain the maximum amount of radical.
On the other hand, this should be kept as narrow as
possible, since there will be solution resistance between
the edge and the center of the electrode. If it is desired
to follow chronopotentiometric or cyclic voltammetrie
experiments, a shorter and wider electrode will be useful
since the current passed will be smaller and less uncom
pensated cell resistance will result. For any specific
application, there must be a compromise between
maximum electrode area and minimizing the resistive
drop. The sensitivity along the length of the cavity
parallel to the electrode follows an expression of the
form cos2 (2«//).= where | is the length of the cavity
(2.3 cm) and x is the distance measured from the center
of the cavity. If the electrode is centered in the cavity,
then an electrode 11 mm long will allow a signal of 82%
of the theoretical maximum while an electrode 6 mm
long will give 50% of the theoretical maximum signal.

Procedure. Each solution was prepared under a
nitrogen atmosphere. The solution was degassed by
the freeze-pump-thaw method in the round-bottom
flask attached to the reservoir (Figure 2). Helium was
then alloned to enter above the solution. After the
cell was assembled in the esr spectrometer, the reservoir
was flushed with dry nitrogen, and the solution was
transferred to the reservoir. The reservoir was then
connected to the cell. Dry nitrogen was used to flush
the apparatus, and the solution was alloned to flow
into the cell. The experiments were done under a
nitrogen atmosphere. For each electrochemical experi-
ment, fresh solution was allonwed to enter the cell.

Results and Discussion

A first test of any system which is designed for dual
spectroscopic-electrochemical studies involves the in-
vestigation of stable systems in order to determine the
range of usefulness of the system.  If such an apparatus
is to be used for kinetic studies, then stable radicals
must not be removed from the zone of detection of the
spectrometer by either convection or leakage or by
chemical reaction with materials inherent in the cell
design (e.g., oxygen, products from the auxiliary elec-
trode, etc.). To examine this cell, three substances
which produce stable radicals in DMF were selected.
The first 9,10-anthraquinone (AQ) exhibits two re-
versible electron transfer steps in aprotic media. 4

(14) P. H. Given, M. E. Peover, and J. M. Schoen, J. Chem. Soc.,
2764 (1968).
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Figure 3. Esr signal (A) and electrode potential (B) during
and following a constant current pulse of 200 pA. The solution
contained 10.9 X 10-3 M anthraquinone and

0.105 M TBAI in DMF.

Figure 4. Esr signal (A) and electrode potential (B) during
and following a constant current pulse of 200 pA. The solution
contained 7.63 X 10~3M nitrobenzene and

0.106 M TBAI in DMF.

Both the anion radical and the dianion are stable in
DMF for at least several minutes. Nitrobenzene (NB)
shows a reversible one-electron wave.l5 The second
wave which is irreversible begins near the cathodic
limit of 0.1 M TBAI-DMF and merges with back-
ground. The third substance, azobenzene (AB), also
exhibits two one-electron reduction waves in DMF.B
The radical anion is stable only for several seconds, but
the dianion is rapidly protonated by the solvent to form
hydrazobenzene.

Current Steps (Chronopotentiometry). Figures 3 and
4 show low current pulses applied to solutions of AQ
and NB. Both the esr signal and the cell potential are
recorded simultaneously. In both cases a stable signal
is observed for 20 to 30 sec after the generation was
terminated. The cell potential also remains nearly
constant after the current is switched off. When the
current is stopped, a small, rapid decrease of the cell
potential is observed which arises from the small un-
compensated cell resistance between the working and
reference electrodes. With a current of 200 pA, this
voltage change is between 20 and 40 mV (depending
upon the exact position of the reference electrode)
which corresponds to an uncompensated resistance of
100 to 200 0 in this system.
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Transition times were measured for AQ at applied
current of 100, 200, and 500 pA. The theory of chrono-
potentiometry predicts that ir'r/C (where i is the
current, C is the concentration, and t is the transition
time) is expected to be constant. A value of 0.075 *
0.015 A sec/! Af-1 was obtained from measurements
at several concentrations. The results of these experi-
ments are given in Table I. The evaluation of the
transition time constant allows the establishment of the
maximum time which a constant current pulse may be
applied without a second process occurring.

Table I : Chronopotentiometric Transition Times for
Anthraquinone in 0.1 M TBAI-DMF Solutions*

Anthra-

quinone Trans, »VjC,
concn, Current time (r), A secl »
m | (i), A sec M-1
5.25 100 16.0 0.077
4.59 100 8.6 0.064
4.59 200 3.8 0.085
4.59 500 0.5 0.08
10.90 200 14.6 0.071

“ Electrode area about 0.2 cm2

Short pulses may also be applied to this system.
Figure 5 shows a high current (25 mA) for 6.3-msec
pulse applied to AQ. Because of the short pulse
duration, signal averaging was required to obtain suf-
ficient resolution to showv the rising portion of the curve.

Similar experiments with azobenzene did not give a
steady esr signal after the generation of radicals (Figure
6); here the signal decayed after the termination of the
current pulse with a half-life of about 23 sec. Sadler
and Bard® found that 1.10 to 1.16 F/mol were re-
quired to reduce azobenzene completely to the anion
radical by controlled potential coulometry. Upon
coulometric oxidation, 70% of the material was re-
covered. The rapid initial decay found with esr mea-
surements suggests that the anion radical reacts with
some species in the solvent-electrolyte system, but
larger amounts of the anion radical are stable.

Reversal chronopotentiometry was selected as one
of the quantitative tests for studying the electrochemical
behavior of the cell. 'When the product generated with
a constant current at an electrode is stable, and semi-
infinite linear diffusion conditions exist, the time re-
quired to reach a transition upon current reversal, tr, is
related to the forward generation time b (b < r) by
U= b/3.7 On the other hand, if the same experiment
is carried out in a thin layer cell,8Bthen U = b.

(15) T. Kitagawa, T. P. Layloff, and R. N. Adams, Anal. Chem, 35,
1086 (1963).

(16) (a) J. L. Sadler and A. J. Bard, J. Amer. Chem Soc., 90, 1979
(1968); (b) G. G. Aylward, J. L. Garnett, and J. H. Sharp, Anal.
Chem, 39, 457 (1967).
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Table Il: Results of Reversal Chronopotentiometry in 0.10 M TBAI-DMF Solutions
Time, Time, Esr signal Ear signal
i forward, reverse, at if, atir.
i, PA (if), sec (fr), sec triff St sr Sr/Sf
7.68 X 10~3M
nitrobenzene 100 335 6.5 0.20 7.09 5.67 0.80
200 10.0 2.2 0.22 5.20 4.20 0.80
200 9.5 2.1 0.22 8.15 6.35 0.78
459 X 10~3M
anthraquinone 100 2.95 0.77 0.26 4.36 3.25 0.75
100 1.42 0.38 0.27 3.22 2.28 0.71
200 3.96 0.92 0.23 6.75 5.20 0.77

Figure 5. Esr signal (averaged four times) for a constant
current pulse of 25 mA for 6.3 msec. The solution contained
4.66 X 10-3 M anthraquinone and 0.104 M TBAI in DMF.

Figure 6. Esr signal (A) and cell potential (B) during and
following a constant current pulse of 100 /XA. The solution
contained 5.50 X 10-3 M azobenzene and

0.102 M TBAI in DMF.

Figure 7 shows a typical current reversal study, and
the results of several such experiments are summarized
in Table Il. In all cases the U/U ratio is less than 1:3.

Normally, this is taken to indicate instability of the
electrogenerated product, because decomposition of the
product would decrease the amount available for the
reverse electrode process. In this experiment, how-
ever, the esr signals at the time that the current is re-
versed (Si at if), and at the reverse transition time (<&
at it) can also be compared. The data on Table Il
show that in all cases (within +0.01 units)

@)

Hence, the fraction of radical remaining in solution
after the reversal is equal to the fraction of radical which
is not reoxidized so that even though ti/tt < 1/3, no
chemical reaction of the product occurs during the time
of these measurements. Furthermore, there is no
significant curvature of the lines which show the esr
signal during the generation and oxidation of the anion
radical. (Since both processes are carried out at con-
stant current and 100% current efficiency, a linear rise
and decay are expected.) The U/U ratio of less than
one-third probably results from some convection oc-
curring and removing product from the vicinity of the
electrode. Double-layer charging may have an effect
on these measurements at shorter times, but it is in-
adequate to explain the deviation from one-third at
times greater than about 2 sec.

What occurs at the counterelectrode is an important
consideration in using this cell. Figure 2 shows that
both the counterelectrode and the working electrode
are within the microwave cavity. If radicals were
produced at the counterelectrode, then an esr signal
from these would result. Radical formation at the
counterelectrode was not observed in any of our ex-
periments using TBAI as a supporting electrolyte.
During reductions, iodine forms at the counterelec-
trode. During the oxidation step, iodine near that
electrode inside the cavity as well as excess iodine re-

(17) (a) P. Delahay, “New Instrumental Methods in Electrochemis-
try,” Wiley-Interscience, New York, N. Y, 1954; (b) T. Berzins
and P. Delahay, J. Amer. Chem. Soc., 75, 4205 (1953).

(18) A. T. Hubbard and F. C. Anson in “Electroanalytieal Chemis-
try,” Vol. 4, A. J. Bard, Ed., Marcel Dekker, New York, N. Y.,

1969.
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Figure 7. Esr signal (A) and cell potential (B) during reversal
ehronopotentiometry. (a) 200-jjA pulse for 6 sec and reversal.
The solution contained 10.9 X 10-3 M anthraquinone and 0.1
M TBAI in DMF. (b) 100-pA pulse for 32 sec and reversal.
The solution contained 7.68 X 10-3 M nitrobenzene.

maining in solution above the flat cell portion but still
in contact with the tungsten counterelectrodes is re-
duced before radicals are generated. Similar experi-
ments in TBA-perchlorate-DMF solutions, however,
where the counterelectrode oxidation products are not as
stable as 13 _, have shown that radicals can be produced
at the tungsten nearest the working electrode. In cases
when radical formation at the counterelectrode is pos-
sible, it may be necessary to add some nonradical pro-
ducing electroactive substance (esr depolarizer) so that
secondary radicals are not generated.

When currents are applied for long periods of time,
one must consider the possibility of the products
generated at the counterelectrode reacting with the
radicals generated at the working electrode. The thick-

ness of the diffusion layer is of the order of 3V Dt,
where D is the diffusion coefficient in square centimeters
per second and t is the time of the generation. Since
the counterelectrode is about 0.15 cm from the working
electrode and assuming D to be 10-6 cmZsec, then the
time required for materials generated at each electrode
to diffuse through 0.075 cm when the substances would
begin to react is about 60 sec. Convection can reduce
this estimated time substantially, however.

When the current is passed for periods greater than
the transition time t, the potential will shift to allow
secondary processes to occur. Figure 8 shows a long
constant current pulse (with no current reversal) ap-
plied to a system containing AQ. For convenience,
the figure may be divided into four sections. In sec-
tion A, the only process which occurs is the reduction of
AQ to its anion radical

AQT e— »AQ-~ )
at 100% current efficiency and the esr signal shows a
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following a constant current pulse of 200 /uA The reduction to
the anion and dianion are shown. The solution contained
459 X 10-2 M anthraquinone.

linear increase. During the interval section B the
processes which occur at the electrode are

AQ™ + e~—> AQ2- (3a)
which removes radicals from solution, and
AQ + 2e- —> AQ2 (3b)

However, the formation of AQ * continues in the solu-
tion by the reaction

AQZ' + AQ —w=2AQ - ()]

Here the esr signal increases at a decreasing rate since
the rate of reaction 4 must be slower than the rate of
reactions 3a and b. As reactions 3a and b proceed,
(3a) becomes more significant with respect to (3b),
since the flux of AQ toward the electrode decreases.
When the current is stopped (section C), reaction 4
continues, since AQ is still diffusing toward AQ2-, but
AQ2- is no longer being produced. Hence, the esr
signal increases to a steady value. At the same time a
rapid decrease of the cell potential is observed as AQ2~
is removed, and the potential becomes determined by
the AQ,AQcouple.

Section D shows both relatively steady esr signal and
cell potential, since all of the AQ2- has now diffused
away from the electrode and reacted. The height of
the line extrapolated from the initial buildup of radical
(section A) to the time that the current is stopped cor-
responds to the flat portion of the esr signal in region D.
This shows that the dianion AQ2- is stable in this en-
vironment, and the net yield of AQ 'rin the steady-state
esr signal is 100%.

Potential Steps. By applying a constant potential to
the working electrode, the occurrence of secondary
electrode processes are avoided. The results of these
experiments show that the first 15-25 sec after a
potential on the plateau of the electrochemical wave is
applied to the cell, the current decays approximately
as t~I/*and the esr signal increases at f/! as predicted
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by theoretical treatments. 1l However, after this time
the current approaches a steady value which is signifi-
cantly greater than zero while the esr signal slowly in-
creases. The magnitude of the steady-state current,
which is probably the result of natural convection, is
about 10-20 ixA/mM with a 0.44-cm2 electrode. In
continuous constant current generation, as ordinarily
employed in intra muros electrochemical esr techniques,
this magnitude of current can be supported by con-
vection, and secondary processes should not be signifi-
cant. On several occasions after 2 or 3 min the cur-
rent begins to oscillate slightly, again probably because
of convection.

The potential step method has the advantage of
maintaining the electrode at a constant potential, en-
abling exact control of the electrode process. More-
over, the maximum amount of radical per unit time
will be generated by this technique. It is also possible
to step to later waves and generate the dianion, dicat-
ion, or secondary radicals at the electrode and examine
their stability in solution.

Cyclic Voltammetry. Cyclic voltammetric studies
with simultaneous recording of the esr signal can pro-
vide useful information about which electrolytic pro-
cesses produce radicals and which involve their destruc-
tion. The previous current step and potential step
experiments showed that the effects of convection be-
come important after 15 to 25 sec, so that for quantita-
tive current-voltage studies, each experiment must be
limited to that time duration. If ascan of 1V and a
reversal is desired, the minimum scan rate would be
about 20 mV/sec. Slower sweeps can be used for
qualitative and semiquantitative studies. Consider
qualitatively several representative cyclic voltam-
mograms (Figure 9). The cyclic voltammogram of a
system which exhibits a one-electron reduction (eq 5)
is shown in Figure 9A. The variation of the esr signal

R+ e-<”™Rnm ®)

(S) with potential shows the following behavior: S
increases when reduction begins and the maximum rate
of increase of S is at the peak cathodic current (7o),
noted by point a.  The signal continues to increase and
at point r, the potential sweep is reversed. The signal
continues to increase until the current becomes anodic
(i.e., the radical is oxidized), denoted by point b. The
maximum rate of decrease of the signal occurs near the
peak anodic current (fpg) (point ¢) with a continuous
decrease of S as the potential is made more positive.
The current and esr signal as a function of potential
for a system in which the radical ion decomposes
fast ..
R~ —=aP ®
is shown in Figure 9B. Here a buildup of radical is ob-

served as in Figure 9A, but if the rate of decomposition
is greater than the rate of electrolysis, the esr signal will
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Figure 9. Current (i) and esr signal (S) for cyclic
voltammograms representative of several typical electrochemical
systems: (A) one-electron transfer and chemically stable and
radical product; (B) one-electron transfer and unstable radical
product; (C) two one-electron transfer steps with both radical
and diamagnetic product stable; (D) two one-electron transfer
steps with stable radical and unstable second product.

decrease following reversal. The fact that the radical
is unstable is also indicated by the absence of an anodic
current peak. Figures 9C and D show cyclic voltam-
mograms for systems which exhibit two waves. The
first wave corresponds to generation of a stable radical
ion, and the second wave corresponds to the one-electron
reduction of the radical anion to a stable dianion (eq 7).

R~ + e R2~- @)

The current-voltage curve (Figure 9C), where the di-
anion is stable, shows two reduction waves and, on scan
reversal, shows two oxidation waves. In this case S
increases as in Figure 9A and will continue to increase
until the reduction of the dianion begins (point b).
After point b, the trend of S depends on the relative
scan rate and diffusion coefficients. If the scan rate is
fast, the diffusion layer is very thin, the flux of R
coming toward the electrode is large, and S will continue
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to increase (line b-e2 because It- is produced by reac-
tion of R2_ with R (eq 8) more rapidly than it is re-
moved by the reaction ineq 7. This increase

R+ R2 —> 2R~ ®)

would be less than the increase that would have been
observed had the dianion not been generated (line
b-ci). On the other hand, if the scan rate is slow, so
that the diffusion layer is broad, then the flux of R near
the electrode is small and a decrease of S is observed
(lire b-c3. A minimum would occur at approximately
the same potential as the second reduction peak E p2
After this point the esr signal may again increase, be-
cause the rate of the reaction of R™ and R2_ becomes
greater than that of the reduction of R” at the electrode.
After reversal at point r, when the cell potential again
approaches A2 S increases rapidly because of the
oxidation of R2* to RT (point d). At point e S de-
creases as the current becomes anodic.

A final case which can be considered is one in which
the dianion is unstable in solution and decomposes to an
electroinactive diamagnetic product Q (eq 9). The

R ¢

current and esr signal are shown as a function of po-
tential in Figure 9D. As before, S increases until
point b where the second reduction begins. Now S in-
creases until some potential between b and ¢ where the
rate of production of R ~ at the electrode is smaller than
the rates of reactions given by (7) and (9); at this point,
S begins to decrease. The maximum rate of decrease
of S will be near point ¢ which corresponds to (a2
After reversal, S continues to decrease until the po-
tential is again between points d and e.  The point at
which S begins to increase will depend upon the diffusion
layer thickness, and therefore, the scan rate and the
rate of decomposition of the dianion. As the potential
again becomes more positive, S will follow the same
trends as shown in Figures 9A and C.

Several experimental cyclic voltammetric studies
with simultaneous recording of the esr signal are shown
in Figures 10 and 12. Several typical scans on solu-
tions of NB from 10 to 1 V/sec are shown in Figure 10.
The results of cyclic voltammetry on fairly concentrated
solutions of NB and AB are given in Table I1l. The
ip/vh values in Table 111 are not constant as predicted
for a simple reversible electrode reaction.9 There are
probably several reasons for this inconsistency. At
fast sweep rates, where the currents are high, the uncom-
pensated cell resistance becomes important and the
potential sweep departs from linearity. Furthermore,
at higher currents the ohmic voltage drop between the
center and outside edges of the electrode becomes sig-
nificant, and the effective electrode areabecomes smaller.
This resistance between the center and edge of the
electrode is about 300 to 400 0 with the widest electrode
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Figure 10. Experimental current (i) and esr signal (S) during
cyclic voltammetry in a solution containing 7.68 X 10-3 M
nitrobenzene: (A) 10 mV/sec; (B) 100 mV/sec; (C) 1Y/sec.

Table 111:  Cyclic Voltammetry-Esr Results
v,
scan
rate, ipc,® ipa®
mV/sec mA mA ipcApa sa

(a) 7.68 mM Nitrobenzene in 0.1 M TBAI-DMF

5 0.237 0.230 0.97 13.80 3.34
10 0.315 0.308 0.98 11.90 3.15
Q 0.410 0.385 0.95 9.54 2.90
50 0.565 0.555 0.98 5.34 2.52

100 0.717 0.717 1.00 3.58 2.26
200 0.910 0.910 1.00 2.23 2.03
500 1.25 1.25 1.00 1.37 1.77
1000 1.60 1.50 1.00 0.98 1.60

(b) 5.50 m | Azobenzene in 0.10 M TBAI-DMF

5 0.164 0.145 0.88 8.65 2.32
10 0.209 0.185 0.89 5.89 2,09
20 0.270 0.238 0.89 3.10 191
50 0.385 0.360 0.93 2.97 1.76

100 0.480 0.460 0.96 1.89 154
200 0.642 0.632 0.98 1.26 1.44
500 0.882 0.880 0.99 0.72 1.25
1000 1.18 1.17 0.99 0.54 1.18

° ip0is peak current in reduction, ipa reversal peak current,
and S = esr signal in arbitrary units.

used (3.5 mm). On the other hand, at slow scan rates
convection becomes a significant factor and higher peak
currents result.  In general, we find that lower concen-
trations give better constancy in the value of iv/v'2 at
faster sweep rates.

The variation of esr signal S with sweep rate v and
peak current can be derived as follows. The current
as a function of potential for a reversible charge transfer
is given by eq 100

(19) R. S. Nicholson and I. Shain, Anal. Chem., 36, 706 (1964).

(20) W. T. DeVries and E. VanDalen, J. Electroanal. Chem., 10,
183 (1965); R. S. Nicholson, Anal. Chem., 37, 667 (1965).
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*= (NFYhAC*DO '\ '\ (~ jj (RT)A (10)

where t is the time from the beginning of the sweep,
X(nFvt/RT) is the “current function” 9 which is a
function of the applied potential and the other symbols
have their usual meanings. The number of coulombs
passed during the potential sweep is

(NF)'/AC*(iDpl,'v/
RT)IN

(nFvt\

Q = fidt = _
JoX\RTjdt

(11)
Substituting E = vt and dt = E/v into (11) and using
the expression for the peak current, ip

(NF)IAA CtDq 1232

RT'h (12)
where xmM is the maximum value of the current func-
tion yields

Because the integral in eq 13 is only a function of the
potential range of the sweep, then Q, and hence the esr
signal, S, which is proportional to Q, should also be
proportional to ip/v. A plot of S, measured just before
the scan reversal, vs. ip/v is shown in Figure 11. A
linear relationship exists from sweep rates of 1 V/sec
until about 20 mV/sec. At sweep rates below 20
mV/sec, convection again interferes.

Figure 11. Esr signal (S)vs. the peak cathodic current divided
by the sweep rate (ip/v) for solutions of 7.68 X 10-3 M
nitrobenzene (A) and 5.50 X 10-3 M azobenzene (B). Value
of scan rate (millivolts per second) indicated on figure.

Experimental cyclic voltammograms involving two
waves are shown in Figure 12. That of AQ (Figure 12)
exhibits two reversible waves, and qualitatively re-
sembles that of Figure 9C. By comparison, the cyclic
voltammogram and esr signal of AB shown in Figure 12
is qualitatively similar to that of Figure 9D, except that
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Figure 12. Esr signal (S) and current (i) during cyclic
voltammetry: (a) solution of 6.43 X 10-3 M anthraquinone
and 0.104 M TBAP in DMF, sweep rate 10 mV/sec; (b)
solution of 5.50 X 10~3M azobenzene and 0.103 M TBAI
in DMF, sweep rate 20 mV/sec.

less AB- was reduced to AB2-, and that S did not de-
crease as much as in Figure 12.

Conclusions

The cell described is useful for simultaneous electro-
chemical-esr (SEESR) experiments for times up to
about 20 sec. The application of these techniques to
the study of the kinetics of decay of electrogenerated
radicals requires a theoretical treatment of the expected
signal-time behavior for various reaction schemes and
reaction orders. A digital simulation2l treatment of
these is being carried out. The application of SEESR
techniques to the detection of short-lived electro-
generated radicals, using signal averaging techniques,
and to the elucidation of secondary reactions in electro-
lytic hydrodimerizations is currently under investiga-
tion.

(21) S. Feldberg, I.
research.

B. Goldberg, and A. J. Bard, unpublished
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The conductance of the alkali perchlorates at 25° has been measured in water in a concentration range up to

0.06 M and the experinental values analyzed by a revised Hsia-Fuoss (1967) conductance equation.  As-

sociation increases with atomic nunber; it is negligible (}Q)Ihiun and marginal for sodium  For the other
a

three alkali perchlorates, pair association constants are

Introduction

Most previous work on the association of 1:1 electro-
lytes by conductometric methods was carried out in
solvents or solvent mixtures in the range of dielectric
constants below 30. In solvents of higher dielectric
constant, and especially in water, association is slight
and determination of the association constants is there-
fore difficult. The first estimate for 1:1 salts in water
was made by Davies2 who used the Onsager limiting
coefficient plus an empirical term to estimate the con-
ductance Ai of the free ions and then calculated the
fraction y of free ions as A(obsd)/Ai. Based on his
“rather tentative values,” he concluded that “salts
containing a common anion fall, in strength, in the
following order: Li > Na > K > Rb > Cs > TL.”
More recently, a theoretical derivation34 of the higher
terms in the conductance function has been made, which
permits a direct calculation of y from conductance data.
This method has been applied to data on the alkali
halides in water56 and to salts in mixtures of high
dielectric constants.7-9

Previous conductometric measurements for alkali
metal salts in dioxane-water,1011 in ethanol-water2
mixtures, and in various hydrogen bonded solvents1314
have shown that in contrast with direct coulombic
interactions, the association of these salts increases as
the crystallographic radii of the cations increase. The
association sequence found, namelyLi<Na<K <R b<
Cs, has been explained by assuming that in hydrogen-
bonded solvents, the alkali metal cations are extensively
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= 10, KA(Rh) = 135 adKA(Cs) = 17.

solvated. The same behavior has been postulated by
Kay® for the association of alkali halides and perchlo-
rates in aqueous solutions.

In order to test this assumption experimentally, the
conductance of the alkali perchlorates has been measured
in water in a concentration range up to 0.06 M, cor-
responding to the upper limit of applicability of the
present theory. Three of the perchlorates (lithium,
sodium, and potassium) have already been measured,6
the curve for potassium perchlorates lies on the limiting

(1) Grateful acknowledgment is made to the “Consiglio Nazionale
delle Richerche” for support of this research.

(2) C. W. Davies, Trans. Faraday Soc., 23, 351 (1927).
(3) R. M. Fuoss and L. Onsager, J. Phys. Chem., 61, 668 (1957).

(4) R. M. Fuoss and K. L. Hsia, Proc. Nat. Acad. Sci. U. 57,
1550 (1967); 58,1818 (1967).

(5) K. L. Hsia and R. M. Fuoss, J. Amer. Chem. Soc.. 90, 3055
(1968) .

(6) Y. C. Chiu and R. M. Fuoss, J. Phys. Chem., 72, 4123 (1968).
(7) A. D'Aprano and R. M. Fuoss, ibid., 72, 4710 (1968).

(8) A. D'Aprano and R. M. Fuoss, J. Amer. Chem. Soc., 91, 211
(1969) .

(9) A. D'Aprano and R. M. Fuoss, ibid., 91, 279 (1969).
(10) T. L. Fabry and R. M. Fuoss, J. Phys. Chem., 68, 971 (1964).

(11) F. Accascina, A. D'Aprano, and R. Triolo, ibid., 71, 3469
(1967).

(12) R. L. Hawes and R. L. Kay, ibid., 69, 2420 (1965).
(13) R. L. Kay, J. Amer. Chem. Soc., 82, 2099 (1960).

(14) G. B. Porfitt and A. L. Smith, Trans. Faraday Soc., 59, 257
(1963).

(15) R. L. Kay in “Electrolytes,” B. Pesce, Ed., Pergamon Press,
New York, N. Y., 1962, p 119.

(16) J. H. Jones, J. Amer. Chem. Soc., 67, 855 (1945).
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tangent up to ¢ « 0.015, while the curves for lithium and
sodium perchlorates are visibly curving upward from
the tangent at ¢ « 0.005. This result shows that the
potassium salt is relatively more associated than the
other two; Monk,I7using Davies’ method,2estimated a
dissociation constant of 3.0 for potassium perchlorate,
which corresponds to an association constant Kk a ~ 0.3.
In order to complete the series of the alkalis, we have
measured the conductance of rubidium and cesium
perchlorates in water at 25° and also redetermined the
conductances of the perchlorates of the first three
alkalis. For the latter, our values for limiting con-
ductance agree with those of Jones within 0.1 A unit.
Association for lithium perchlorate up to 0.06 N is too
slight to detect; for sodium, it is marginal. For the
other three, the sequence K a = 1.0,1.35,1.7 was found,
corresponding to increasing association with increasing
atomic numbers, K < Rb < Cs.

Experimental Section

The electrical apparatus and the technique used for
the conductivity measurements have been described in a
previous paper.l8 The erlenmeyer-type cell (k =
7.0897 cm-1) was calibrated19using aqueous potassium
chloride solutions. The water (K= 1-2 X 10~60hm-1
cm-1) was purified as previously described.D All the
perchlorates (Commercial reagent grade products) were
recrystallized four to six times from water-methanol
mixtures (1:1 by volume) and dried at 150° in avacuum
oven. The dried salts were kept in a desiccator contain-
ing PO 6.

Conductance runs were made by the concentration
method. All the solutions were prepared by weight and
corrected to vacuum conditions. The densities of the
solutions were assumed to follow the relationship d =
d0 (1 + 7«) where o>is the electrolyte concentration in
equivalents per 1000 g of solution. The constant 7 was
0.0625 for LiC104,0.0770 for NaC104 0.0866 for KC104,
0.0989 for RbC104 and 0.0998 for CsC104

The experimental results for alkali perchlorates in
water at 25° are summarized in Table 12Lwhere cis the
volume concentration (equiv/1.) and A is the equivalent
conductance. A dielectric constant of 78.35 and a
viscosity of 0.8903 cP were used for water at 25°.

Discussion

The experimental data were analyzed by a computer
using the conductance equation

A= 7[A0L + AX/X) — AA€] 1)

where 7 is the ratio of free ion concentration to the
stoichiometric one.

The above equation is a revised version of the Hsia-
Fuoss (1967) conductance equation4with the following
main changes. (1) The relaxation term Ax/x is the
Hsia-Fuoss4 function in which the variable Ka is
replaced by r = Bd2, 3 = t2/DKT; this change2 cor-
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responds to using the Bjerrum radius j3/2 as the lower
limit in the integration instead of the contact distance a.
(2) The association constant

Ka= (1 - 7)/c722
is given by the relation
Ka = (4irA/S36000)F (6) 5 = 0/a

which contains the function

F(b) = Ep(b) - (elvb)[1 + (1/5)] + 2.435 (2)

derived in 1961 by Fuoss and OnsagerZ and replaces
the 1958 equation2

Ka = (47rAa33000)eb

If the data lead to a very small (or slightly negative
value!) for the association constant, it is assumed that
association is negligible and that K Amay be set equal to
zero. The a parameter can in this case not be evalu-
ated, if the Justice modification of the Fuoss-Hsia equa-
tion isused. (3) Activity coefficients are computed by3&

-Iln/ = d(1+ 1)

instead of Debye-Huckel limiting equation. (4) The
electrophoresis term AAe formerly approximated4 by

AA = [dociz (I + k)] + AX/X)

has been replaced by

AAe = [docA(l + ©)]F(v)

where F(r) explicitly gives the effect of interaction
between relaxation and velocity fields instead of ap-
proximating it by multiplying the limit value /3oc/2 by
1 + Ax/x). Its principal effect is to introduce a
previously missed term [—FZ In c] in the electro-
phoresis.5 (5) The volume term in volume fraction
has been omitted.

The revised conductance eq 1 has been programmed
for the electronic computer to find the conductometric
parameters (AQ Ka, and &. The program is a two-
parameter search; given a set of data (c,, A,), dielectric
constant, viscosity, and temperature, it finds the values

(17) C. B. Monk, J. Amer. Chem. Soc., 70, 3281 (1948).

(18) F. Acoascina, A. D’'Aprano, and R. M. Fuoss, ibid., 81, 1058
(1959).

(19) J. E. Lind, Jr., J. J. Zwoleniok, and R. M. Fuoss, ibid., 81, 1557
(1959).

(20) A. D’'Aprano, Ric. Sci., 34(7), 433 (1964).

(21) Table I will appear immediately following this article in the
microfilm edition of this volume of the journal. Single copies may
be obtained from the Reprint Department, ACS Publications, 1155
Sixteenth Street, N. W., Washington, D. C. 20036. Remit $3.00
for photocopy or $2.00 for microfiche.

(22) J. C. Justice, J. Chim. Phys. Physicochem. Biol., 65, 353 (1968).

(23) (@) R. M. Fuoss and L. Onsager, Proc. Nat. Acad. Sci., U. S,,
47, 818 (1961), eq 30 and 37; (b) J. F. Skinner and R. M. Fuoss,
J. Amer. Chem. Soc., 86, 3423 (1964), eq 21, 30-36.

(24) R. M. Fuoss, ibid., 80, 5059 (1958).
(25) P. C. Carman, J. Phys. Chem., 74, 1653 (1970).
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Table I1: Derived Conductance Parameter for Alkali Perchlorates in Water at 25°
Electro- N
lytes Runs Ao I‘% a <
licio4 1 1059 £0.2 (-0.05 = 0.07) 0.03
2 1059 +0.2 (—0.09 £ 0.12) 0.05
1+ 2 1059 +0.3 (-0.07 £0.14) 0.04
NaC104 3 117.3 +0.2 (0.19 £ 0.07) 0.03
4 117.3 +0.3 (0.19 = 0.09) 0.03
3+ 4 1173 0.4 (0.20 £ 0.14) 0.04
KCIO4 5 140.71 + 0.09 0.98 + 0.03 3.32 0.008
6 140.74 + 0.05 0.99 £+ 0.01 3.31 0.005
5+ 6 140.73 + 0.13 0.98 + 0.04 3.31 0.009
RbCICh 7 144.20 + 0.09 1.35 + 0.03 2.69 0.009
8 144.21 + 0.05 1.35+ 0.02 2.69 0.005
7+ 8 144.21 + 0.10 1.35+ 0.03 2.69 0.007
CsC104 9 1445 0.2 1.68 + 0.09 2.28 0.03
10 144.55 + 0.09 1.69 £ 0.09 2.27 0.01
9+ 10 1445 +0.2 1.69 + 0.09 2.28 0.02

of AOand KAwhich minimize the sum of the squares of
the differences between observed values of A and those
calculated by eq 1. Then b is obtained by solving the
inverse of (2) and the contact distance is given by a =
P/b.

All calculations were made on an Univac 1108
computer. The results are summarized in Table Il
where AQis the limiting conductance, K Athe association
constant, &the center to center contact distance, and a
the standard deviation.

As it can be seen from the values of the standard
deviation <, the data are reproduced, within the ex-
perimental error, by the new conductance equation.
From the AOvalues obtained with the combined runs of
each alkali perchlorate, the average value of 67.2 was
calculated for aocios) in water (Table Ill). This
result is in agreement with the value aocioa) = 67.25,
previously found by Goffredi.® Considering the ex-
perimental difficulties encountered with the hygro-
scopic perchlorates the results are better than expected.

As shown in Table 11, all the perchlorates considered,
except lithium perchlorate with a negative KA are
slightly associated in water; cesium perchlorate, in

Table I11: Limiting Electrolyte and lon
Conductance in Water at 25°

Electro-

lytes Ao Ao + Ao
LiCIO4 105.9 38.7« 67.2
NaC104 117.3 50.1¢ 67.2
KC104 140.7 73.5" 67.2
RbC104 144.2 77.06 67.2
CsC104 1445 77.3" 67.2

“ Data are from R. A. Robinson and R. H. Stokes, “Electro-
lyte Solution,” Academic Press, New York, N. Y., 1959, p 463.
(b) Voisinet's corrected value, R. W. Kunze, R. M. Fuoss, and
B. B. Owen, J. Phys. Chem.,, 67, 1719 (1963).
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spite of its largest cation size, is more associated than
the other perchlorates. This result is fully consistent
with the order postulated by Kay.5

Regarding the negative K Avalue found for LiC104:
this result must be considered as merely curve-fitting
without any physical significance. In fact, if we put
the conductance equation in the form

A = A0— Sch712+- Ecy log cy +-

Jey + J2Ay h - KAYfAO

Ka results; the empirical coefficient of the cy/2A0term
and its numerical value must therefore include any
unknown linear terms. Assuming that such terms (not
yet found theoretically) are present, then the con-
ductance equation will be

A= A0—ScAl2+ Ecylogcy + Jcy +

J23/ a - Kact/ 20+ RcyAo « AO- ScMVi +

Eclogc + JXa — (J + BAO— AaAQc

and the computer will calculate (B — KA) as Ka and if
B > KA the resulting Kk a will be a negative quantity.
The dilemma of a negative KA value is until now an-
other shortcoming of the present theory and calls for a
more detailed treatment including the modification of
solvent structure by the ions. Since a negative number
obviously can never be an association constant, at this
stage it is only possible to conclude that the association
of lithium perchlorate is nearly zero in water at 25°.
Furthermore it must be assumed that the unknown
positive terms are also present for salts which give
positive K values and that the association constants for
these salts are actually higher than the values obtained
from the present analysis. It must be recognized,
therefore, that the probability of eventually revising the

(26) M. Goffredi and R. Triolo, Ric. Sci., 37, 1137 (1967).
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current values, once it will be known which kind of cor-
rections to make.

In any case, independently of this revision, the
association sequence found in the present work for the
alkali perchlorates can be explained by taking into
account the effect of solvation on ion pairing. 1112~ If
we consider, in fact, the extreme alkali perchlorates, the
following considerations may be made. Sodium, as well
as lithium ions, on account of their small radii and high
charge densities, strongly orientate the water molecules.
Due to the sheath of solvent molecules around the ions,
ion pairing almost should not occur for them. The
largest cesium cation, on the other hand, is almost un-
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able to orientate the water molecules and must be
considered as a bare ion in aqueous solution. Cesium
perchlorate should be, therefore, much more associated
in water than the other alkali perchlorates.
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Experimental measurements were made of tracer diffusivities, mutual diffusivities, viscosities, and densities

at 25° in the binary liquid system chloroform-carbon tetrachloride.
those predicted by the Hartley-Crank equation for nonideal nonassociated liquid systems.

The diffusivities are compared with
The thermo-

dynamic correction factor in the Hartley-Crank equation undercorrects the mutual diffusivity data. This

undercorrection is an unusual result.

Introduction and Theory

A comprehensive model of diffusion must be able to
predict both mutual and tracer diffusivities. It should
be able to correlate diffusion coefficients to molecular
size and shape, to intermolecular interactions, and to
temperature and pressure. It must also describe the
relationship between tracer and mutual diffusivities.

One moderately successful model is the hydrodynamic
model, which treats a diffusing molecule as a particle
flowing through a continuous medium. In its earliest
form, as set forth by Sutherland2and Einstein,3it con-
siders the diffusing molecule as a sphere and predicts the
diffusivity as a function of temperature, viscosity, and
molecular radius. This has been a fairly good ap-
proximation for large molecules in dilute solutions.

More recent developments of the hydrodynamic
model have differentiated between mutual and tracer
diffusion and have included the effects of intermolecular
associations, molecular size and shape (as distinct from
molecular radius), and solution nonideality.

It has been shown4 that according to the hydro-
dynamic model the tracer diffusivity of a component
which is not associated in solution should be given
by

* RT
Dt \Zi (1)
where T is the temperature, T is the viscosity of the
solution, R is the gas law constant, and <x is the “fric-
tion coefficient” of the component, assumed constant.
The mutual diffusivity in such a system is related to the
tracer diffusivities of the components by

5 BTTXa Xb-lblna @
ab = iLoB (TAJaln X

(1) To whom correspondence should be addressed at Department of
Chemical Engineering, Villanova University, Villanova, Pa.

(2) W. Sutherland, Phil. Mag., 9, 784 (1905).
(3) A. Einstein, Ann. Phys. Chem., 17, 549 (1905).
(4) L. S. Darken, Trans. Faraday Soc., 45, 801 (1949).
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This is the familiar Hartley-Crank equation. It was
initially derived6for the case of constant volumes. It
was later shown that this is not a necessary restric-
tion.6

The Hartley-Crank equation has been found to pre-
dict mutual diffusivities quite accurately in ideal liquid
solutions,7where the thermodynamic correction factor is
unity. In nonideal systems, however, it has not been
so successful. In almost all cases the thermodynamic
correction factor has been found to overcorrect. That
is, the predicted difference between actual mutual dif-
fusivities and the mutual diffusivities if the solution
were ideal is usually too large. In most cases the pre-
dicted diffusivities do at least qualitatively agree with
experimental results, though. The shape of the pre-
dicted graph of mutual diffusivity vs. composition is
generally verified by measurements.

The present paper presents a binary liquid system,
chloroform-carbon tetrachloride, in which the Hartley-
Crank equation appears to undercorrect for solution
nonideality.

Experimental Section

In this study tracer diffusivities were measured by
the microcapillary method. In this method, a Teflon
capillary approximately 8 cm in length and 2 mm i.d.
is filled with a solution, one of whose components is
tagged with 4C. The capillary is immersed in a large
volume of a bulk solution of the same chemical com-
position, but with no tagged molecules. After a 3- to
5-day period, the capillary is removed from the bulk
solution, emptied, and counted. The capillary is then
filled with the same tagged solution and immediately
emptied and counted. The ratio of these two count
rates is then compared to a tabulated solution of the
associated boundary value problem to determine the
diffusivity.

To eliminate convective transfer from the open end
of the capillary into the bulk solution (a major source
of error in this technique) a porous glass disk covers the
open end during the experiment. In this case the
boundary condition for diffusion is not a zero concen-
tration at the open end. Rather, the concentration
gradient is proportional to the concentration at the end
of the capillary. The constant of proportionality in-
volves a resistance term for transfer through the disk,
which depends on pore size and structure within the
disk. This resistance constant appears in the solution
of the boundary value problem. It may be determined
experimentally by performing the experiment on a sub-
stance whose diffusivity is known. This was done using
carbon tetrachloride, with a self-diffusivity of 1.32 X
10-5 cm2sec (as suggested by Rathbun and Babb?.
The absolute precision of this method depends on the
accuracy of the calibration procedure, hence upon the
reported value of the self-diffusivity of carbon tetra-
chloride.
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The precision of this method was determined by
repetitive measurements and comparison with known
mutual diffusivities extrapolated to infinite dilution.
The precision level to be expected in a given experi-
ment was generally found to be + 2%.

Mutual diffusivities were measured by means of a
Mach-Zehnder interferometer.8 Bidlack9 gives de-
tails of construction and operation. This method
consists of following diffusion into a pseudo-infinite
medium from a free boundary by means of optical
interference fringes. The interference fringes repre-
sent a plot of refractive index vs. location in the dif-
fusion cell, which can be related to concentration vs.
location. These are photographed at various times
during the experiment, and measurements taken from
the photographs are compared to a solution of the
boundary value problem to determine the diffusivity.

This procedure yields the integral diffusion coefficient
over the concentration difference between the two solu-
tions on either side of the interface. In this investiga-
tion the refractive indices of the components were such
that differences in concentration of the two solutions
were generally on the order of 0.01 mole fraction or less.
Under these conditions the integral diffusion coefficient
obtained from solution of the boundary-value problem
should be a good approximation to the differential dif-
fusion coefficient at the average composition. Since
the overall change in the diffusion coefficient is ap-
proximately 0.7 X 10-5 cmZsec, the change in dif-
fusivity during one experimental determination should
be on the order of 0.007 X 105 cmZ2sec, which is rela-
tively small.

The precision of the method was determined by
comparison of experimental determinations of mutual
diffusivities to published results in the sucrose-water
system.0 Agreement for this system was within
+0.5%. Experimental difficulties in handling the
volatile chloroform-carbon tetrachloride system de-
crease the precision somewhat. Repetitive measure-
ments in this system indicate that a reasonable estimate
of the experimental precision is £1.5%.

Viscosities were measured using a Cannon-Fenske
capillary viscometer. Repetitive measurements and
comparison to various accepted literature values indicate
a precision of £0.5%.

All experiments were conducted in a water thermostat
with a miximum temperature cycle of + 0.1°.

Results and Discussion

Experimentally determined values of tracer diffusivi-

(5) G. S. Hartley and K. Crank, Trans. Faraday Soc., 52, 781 (1956).
(6) C. S. Caldwell and A. L. Babb, J. Phys. Chem., 60, 51 (1956).
(7) R. E. Rathbun and A. L. Babb, ibid., 65, 1072 (1961).

(8) C. S. Caldwell, J. R. Hall, and A. L. Babb, Rev. Sci. Instrum.,
28, 816 (1957).

(9) D. L. Bidlack, Ph.D. Thesis, Michigan State University, 1964.

(10) L. J. Costing and M. S. Morris, J. Amer. Chem. Soc., 71, 1998
(1949).
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Figure 1. Tracer diffusivity-viscosity product in the system
CHCI3-CCl4 at 25°:

O, vDcscis', 0, vDccu*.

ties, mutual diffusivities, viscosities, and densities at
25° are given in Tables I, Il, and Ill, respectively.
The variation, of diffusivity and diffusivity-viscosity
product with composition are illustrated in Figures 1
and 2.

Table I :  Tracer Diffusivities in the System
Chloroform-Carbon Tetrachloride at 25°

I>CHOI3* x 108, -Dccu* X 106,
wcHda emZsee cmZsec
0.00 1.32
0.08 1.57
0.18 1.49
0.29 1.82
0.42 1.73
0.50 2.02
0.75 2.23
0.76 2.04
0.98 2.16
1.00 2.44

Equation 1 predicts that the product for a nonas-
sociated component is constant at a given temperature.
It can be seen from Figure 1 that this product is con-
stant in this system. This is more or less expected,
since the outer electron shells of the chlorine atoms do

MOLE FRACTION  CHCI,

Figure 2. Mutual diffusivity in thé System CHCI3CCl4at
25° e VA e , 5; O, experimental.
Table I1:  Mutual Diffusivities in the System

Chloroform-Carbon Tetrachloride at 25°

pab X 10
A chcu cmasec
0.027 1.505
0.234 1.557
0.234 1.572
0.431 1.644
0.690 1.680
0.739 1.752
0.774 1.757
0.774 1.779
0.907 1.881
0.942 1.972
0.946 1.976
0.977 2.007

not support hydrogen bonding with the hydrogen of
chloroform. Any other intermolecular attractions are
likely to be too weak to maintain a stable associated
complex.

Furthermore, absence of a temperature effect upon

The Journal of Physical Chemistry, Voi. 75, No. SI, 1971
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Table I'11: Densities and Viscosities in the System
Chloroform-Carbon Tetrachloride at 25°

v, P,
XcHCli cP g/cm8
0.000 0.889 1.5945
0.112 0.826 1.5744
0.232 0.761 1.5600
0.492 0.661 1.5322
0.845 0.568 1.4955
1.000 0.540 1.4798

the heat of mixing supports the conclusion that this sys-
tem is not associated.1l

The Hartley-Crank equation has been modified to
explain the usual overcorrection by the thermodynamic
factor in terms of simultaneous diffusion of monomers
and associated complexes (dimers, trimers, etc.).
These have been reasonably successfull12-14in predicting
the direction of the overcorrection. They usually con-
tain an extra parameter (such as the equilibrium con-
stant for the association) which quantitatively removes
the overcorrection for reasonable values of the bond
strength of the associated complex.

For nonassociated systems such as the present sys-
tem, however, the Hartley-Crank equation should
apply.

If the solution were ideal, the Hartley-Crank equa-
tion would have the form

or, after some substitutions and rearrangement

-Dab = + i)Da*Tb] 4)
The terms vDa* and gD r* are constant and may be
obtained from Figure 1. Equation 4 is plotted in
Figure 2 for comparison with the experimental measure-
ments.

The thermodynamic correction factor may be ob-
tained from isothermal vapor-liquid equilibrium data.
Hala, et al.,n have fit published vapor-liquid data for a
variety of systems to various descriptive equations
(such as Van Laar, Margules, etc.) relating activity
coefficients to solution composition.?* The constants
they obtained for the present system from the data of
McGlashan, Prue, and Sainsburyl® were used to cal-
culate thermodynamic correction factors for use in the
equation

-Dab = -[vDb*Xa + rj-DA*ZB] | ~ 5
J J 107 X ®)
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It may be noted that this system does not deviate too
badly from ideality, so that the ccrrection factor is
rather small. Equation 5 is also plotted in Figure 2.

Comparing the experimental data to the predictions
of eq 4 arid 5 shows that the Hartley-Crank equation
predicts qualitatively the shape of the Dab vs. mole
fraction curve. It does not, however, correct properly
for solution nonideality. In fact it undercorrects,
which is unusual.

In the past, such deviations have often been attri-
buted to intermolecular associations, but this cannot
be the case here. It is possible that the vapor-liquid
equilibrium data are in error, since small errors in this
sort of data are amplified when determining activity
coefficients. This seems somewhat unlikely, for the
experimental data fit both Van Laar and three-term
Margules equations very well.

It is hoped that further refinements in diffusional
models and theory wall explain the undercorrection in
this system. At present, however, the most probable
reason is a slight error in determining solution non-
ideality (i.e., obtaining activity coefficients from vapor-
liquid equilibrium data).

Although the Hartley-Crank equation is ordinarily
at least qualitatively applicable to nonideal solutions,
care must be taken in applying it predictively. In this
system at least, there are some anomalous effects which
are as yet unexplained. Perhaps future experimental
or theoretical work will help to clarify this situation.

Appendix. Nomenclature

a activity

D* tracer diffusivity, cm2sec
Dab mutual diffusivity, cm2sec
gas law constant
temperature

mole fraction

viscosity, cP

density, g/cm3

friction factor, cm/g-mol
subscript A refers to component A
subscript B refers to component B
subscript i refers to component i

T X +H4 X

(11) J. H. Hildebrand and R. L. Scott, “The Solubility of Nonelec-
trolytes,” 3rd ed, Reinhold, New York, N. Y., 1950.

(12) P. C. Carman, J. Phys. Chem., 71, 2565 (1967).
(13) D. K. Anderson and A. L. Babb, ibid., 66, 1281 (1962).
(14) D. K. Anderson and A. L. Babb, ibid., 66, 899 (1962).

(15) E. Hala, I. Wichterle, J. Pol4k, and T. Boublik, “Vapor-Liquid
Equilibrium Data at Normal Pressures,” Pergamon Press, EImsford,
N. Y., and Oxford, 1968.

(16) M. L. McGlashan, J. E. Prue, and J. E. J. Sainsbury, Trans.
Faraday Soc., 50, 1284 (1954).
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In a system in which AX diffuses in the presence of A, transfer diffusion has been defined as the apparent
diffusion due to the jump of X from an A it was bound to, to another, free A. This process results in the dis-

placement of AX without translating A’s.

phenomena, particularly for isothermal diffusion, electric conduction, and thermal diffusion.

Theoretical equations have been given for such types of transport

The correla-

tions obtained are suitable to calculate the second-order rate constant of the exchange reaction AX + A*
A + A*X. The conditions of the application of this effect for kinetic measurements of very fast processes

are discussed in various cases.

It is shown that the diffusion limit is also affected by transfer diffusion and

results in a concentration dependence of the diffusion limit.

1. Introduction

In previous communicationsla new method has been
suggested for the investigation of very fast exchange
reactions which is based on the measurement of the
diffusion coefficient apparently increased by the ex-
change reaction in a system where both reactants are
present and—at least—one of those diffuses according
to a concentration gradient. Some aspects about this
phenomenon in electron or proton transfer reactions
have been discussed theoretically by Levich,2 Dahms,3
and Wyatt,4but they considered only special cases with
respect to either the type of transport or the type of re-
action.

The methods, applied so far for the determination
of the rate of exchange reactions, were isotopic exchange
and nmr line broadening techniques. The upper limit
of the first one is related to the time consumed for
mixing the reactants and for separating them, while
that of the latter one corresponds to the ratio of the
time of interaction of the electromagnetic quantum with
the species and the lifetime of that species in the initial
or product state. These technical and principal restric-
tions caused the upper limit to be about 107 and—-in
successful cases— 109 M _1 sec-1 for the second-order
rate constant, respectively.

It will be shown below that the transfer diffusion
method, as we intend to call it further, gives the possi-
bility to determine the rate of the exchange reactions
within about one order of magnitude below the diffusion
limit. Thus, it has a significant importance in in-
vestigating the processes which proved to be too fast
for the methods known so far.

The purpose of the studies to be published in the
series, started with the present paper, is to show the
applicability of the effect of transfer diffusion for
kinetic investigations of exchange reactions near the
diffusion limit and to gain some information about the
mechanism of these very fast processes. The theoret-
ical discussion given here serves partly as a basis for

the experimental parts; nevertheless, in many points of
view, it gives the first detailed description of the
phenomenon itself.

2. General Theory

Let us consider an exchange reaction in which A and
A* are chemically identical particles and X is an atom,
radical, ion, electron, or an energy quantum that can
transfer between them

AX + A* A=1 A + A*X 1)

where the asterisks serve only for distinguishing between
the two sides of eq 1; they do not mean, however, any
physical or chemical differences except that A is
another particle in the space than A*.

Let a system consist of several AX’s and A’s which
can equally be a mixture of the gases or their solution
in either liquid or solid state. If the gradient in their
chemical potential is not zero all over the space con-
sidered, they would move according to this gradient.
In course of their translation two processes are in opera-
tion: (i) the conventional migration of the species,
and (ii) the exchange reaction which causes an apparent
displacement of, say, A by every effective collision with
AX that results in the transfer of X, since, after such a
collision, A can continue its movement from the point
at which the species AX has situated.

It is again due to the gradient in the chemical po-
tential that the jump of X is favored in the direction of
the gradient; thus, in addition to the conventional
transport, the exchange reaction increases the flux of
AX.

As some simple examples, the effect of the exchange

(1) (a) 1. Ruff, Electrochim. Acta, 15, 1059 (1970);
I. Korosi-6 dor, Inorg. Chem., 9, 186 (1970).

(2) V. G. Levich, Advan. Electrochem. Electrochem. Eng., 4, 314
(1966).
(3) H. Dahms, J. Phys. Chem., 72, 362 (1968).

(4) P. A. H. Wyatt, 1st Interam. Conference on Radiochemistry,
Montevido, 1963.

(b) 1. Ruff and
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reactions of iron(l1) with iron(l11) and iodide with tri-
iodide is shown schematically in Figure 1. In the
iron(ll)-iron(111) exchange A corresponds to iron(l11)
and X stands for the electron, while in the other reac-
tion A is the iodide ion and X is 12 In Figure 1, four
steps of the collision process are shown: (1) the ap-
proach of the reactants, (2) the moment of collision be-
fore X is transferred, (3) that after the transfer, and
(4) the separating products. It can be seen that the
distances 5a and 5ax which should not be moved along
by A and AX, respectively, are always the distance be-
tween the mass centers of the initial and final A or AX.
They can be incidentally equal to each other, if X is a
pointlike particle as it is in electron exchange reactions;
however, in general, their length is different. In
general, the directions of the jumps do not lie in the
same line, but they are always parallel, since the mass
center of the activated complex, as a whole, does not
change.

To formulate the effect of the exchange reaction in-
creasing the transport, the quantities involved should be

defined. For the chemical potentials we have
m=Ha TSa RTIncad zFE -)- mt. (2
and
max = Hax — TSax +
RT Incax + ZaxFE + m.t. (3)
where H = enthalpy of formation, S = entropy of

formation, T = temperature in °K, R = universal gas
constant, ¢ = concentration (supposing ideal behavior),
z = electric charge in atomic units, F = Faraday con-
stant, E —electric potential, and the abbreviation m.t.
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stands for “more terms” which influence the chemical
potential in particular cases not considered here, e.g.,
pressure, magnetic field, etc. Some of the quantities
listed above as T, c, E, can depend on the position co-
ordinates X, y, and z, but this will not be marked
separately.

It seems to be useful for the sake of simplicity to ex-
clude the conditions, when the directions of the two
gradients are not parallel at any point of the system.
This restriction involves that along any surface where
pa is constant, max is also constant. The parallelism of
the gradients does not mean any additional restriction
except with respect to the concentration gradients,
since any gradient in the intensive parameters (T, E,
etc.) gives evidently parallel gradients in the chemical
potential of both reactants.

Let us define the flux of X, disregarding whether it is
carried along by the migration of an AX or it jumps
from an AX to an A, over a surface where the chemical

potentials are constant. Thus
dnx j ,
-gtt = —Pax gra{j max + V{ — vh (4)

where nx is the moles crossing a unit area of this sur-
face, pax is the general transport coefficient, and the
V's are the rates of the exchange reaction between the
layers of the two sides of the surface in forward (positive
flux) and backward (negative flux) directions.

Consider an elementary area of the surface mentioned
above with an AXA activated complex whose axis Sax
crosses the surface with an angle ¢ Introducing the
local coordinate Xwhich is perpendicular to the plane of
the elementary surface area and its direction points to
that of the positive flux of AX, for the chemical po-
tentials at the points of the mass centers of the initial
AX and A one has

PSa‘ SN v

pa = ma8+ | grad MAdX (5)

and

Sa x-S ax’') Sinv
Max = MAX3 X ) grad MAxdX  (6)
where ma,ss and maxs are the chemical potentials at
the surface (constant all over it) and for the meaning
of the distances 5A' and 5ax' we refer to Figure 2.
On the other hand, the chemical potentials at the
points of the mass centers of the final states, marked by
parentheses in Figure 2, are

P(Sa-Sa') sin ©

MA = ma8—J grad MAdX (7)

and

Sa x ' SiN f

MAX) — MAXS + X grad MAxdX (8)

The rate of a chemical reaction, in general, can be
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Figure 2.

given as the product of the concentration of the ac-
tivated complex and the frequency factor Z of its de-
composition to the products.
Using the well-known correlation of the thermo-
dynamics
C*

G*- G- 0,= -RT In— (9)
ae
one obtains
V= 2c* = Zexp”--—-(10)

where G* is the free energy of the activated complex
and Ci and G2are those of the reactants.

In this way, the chemical potential of the activated
complex for the case under discussion should consist of
three parts: (i) the sum of the chemical potential of
the reactants in a system in which there is no gradient
and their value is equal to that of ma.ss and max,8; (ii)
the increase in the chemical potential Ags* due to the
interactions between the reactants that is characteristic
to the particular reaction, but independent of the
gradients; and (iii) the effect of the gradients on the
activated complex.

The determination of this latter quantity needs some
approximation. If the gradients were zero, the struc-
ture of the activated complex would correspond to that
X would be at the half of its pathway between the
initial and final states; i.e., one-half of the particles AX
which gained the necessary free energy of activation are
still in their initial position and one-half of them already
transferred. The same is valid for A. If, however,
the gradients have finite values, the potential barrier to
be overcome by X is more or less distorted, its maximum
is not in the middle of the pathway of X, and so the
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activated complex is asymmetric. The less the gra-
dients, the less this asymmetry. Thus, if the gradients
are small enough in comparison to the interaction listed
under ii, the change in the chemical potential of the
activated complex due to the gradients can be ap-
proximated by the arithmetic mean of those of the
initial and final states

MAXA = HAa + MAXS + Ams* +

IP /*oal sin P /*Sax’ sin P

grad /iAdX + J grad MAxdX —

u

(Sa-5a0 sin 9

X grad /iAdX —

(Sax-Sax') sinV

grad MAdX  (11)

According to eq 10, we have

Gaxa — ma — max

M = Z exp (J ) (12)
RT
and
\b = Z exp( Gaxa ';:(_T_J w XA 13)

Substituting eq 5-8 and 11 and 12 into eq 13 and
14, one obtains from eq 4

dnx
& = —pax grad max —
o C*/2 saxsin P roa
X X 9w X
Sax'sin |p
grad MAxdX +
(Sax-Sax') sin '
( sin ‘p
grad MAxdx J grad MADX —

(Sa-Sa’) sin P

grad MAOX dXd<p (14)

where v is the same as in eq 10, but with mi and M
equal to masand max.s respectively. Integration over
$ takes into account that any case from oax parallel
to the surface to SAx perpendicular to that can equally
influence the flux, while the second integration over X
from zero to 8ax sin ¢ accounts for the fact that all
positions of the activated complex affect the flux, if
Sax crosses the surface or—at least—reaches it by
one of the ends. (It is mentioned, however, that inte-
gration over X—between 0 and SAsin —must not be
done, since displacement of the mass center of A along
8a does not directly influence the flux of X.)

The integrations of eq 14 can be performed, if the
function of the gradients with respect to the position
coordinates—and so to X—is known. For the most of
the practical cases the approximation grad ma = con-
stant and grad max = constant, within the ranges the
integration is done, seems to be satisfactory. Hence
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drix / .\ voaxd N
a&E lPAX A"RT
S grad ma

Sax grad max Jgrad max (13)

It is seen that the term involving Vv in this equation
depends on the particular structure of the activated complex
and on the gradients in the chemical potential of the reac-
tants, i.e., on the experimental conditions. The latter can
certainly be varied so as to get effect in addition to pax
on the basic transport process, and in this way

V  CadaX9 (16)

can be determined, if the Ss can be calculated from
other sources. The main restriction that still remains
in the experimental application is that the term in-
cluding v (i.e., “transfer diffusion term”) should exceed
the error in paxe These errors result in a lower limit in
k. Nevertheless, an experimental method can be sug-
gested on the basis of the correlation in eq 15 by measur-
ing the increase in the transport due to exchange reac-
tions fast enough.

Equation 15 becomes less complicated in particular
cases, when the concrete form of the gradients in the
chemical potentials are substituted and, e.g., the Ss
are equal. These examples will be discussed below.

3. Special Cases

A. Isothermal Diffusion.
one has

For isothermal diffusion,

RT
grad p = S grad c 17)
and hence the flux in eq 15 can be rewritten as

dnx Dax +

dt ax A ,S

S grad cA
SAX grad cAX]}

if the diffusion coefficient

GXE grad cAX (18)

D = (19)

is introduced.

Let us simplify eq 18 according to the following con-
ditions.

Case 1. If the diffusion is linear, say, in the direc-
tion x
grad c = de (20)
da;

Let the concentration ca be constant all over the space.
Thus

dnx Kk8AXZTT dcAx
21
dt Dax+ & (21)
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In this case the transfer diffusion term becomes inde-
pendent of X, and so a normal diffusion is observed in
the presence of A too. Thus Dax should be deter-
mined in the absence of A, while in its presence the
enhanced diffusion constant Dax' can be obtained,
since

KOAXZTT
Dax' = Dax + 4 Ca (22)
The difference Dax' — Dax serves for the calculation

of k, if Sax is known, e.g., from crystallographic data on
A and AX, or—reversed—Sax can be calculated, if k
is known from an independent source. An experi-
mentally determined value of Sax is of importance to
the mechanism of the exchange reaction.

To observe any difference between Dax and Dax,
the second term in eq 22 must exceed twice the errors
in those, ADax, hence

8AZ)ax

CattSa x 2 (23)
Because the order of magnitude of AD.. is about 10“8
cm2sec” land that of Sax2is 10“ Bcm2 k must be about
5 X 107 ca sec” lor larger. The lower limit of the
observation of the effect of transfer diffusion is quite
high, but often just this region of fast exchange reac-
tions cannot be studied by other methods.

Case 2. Consider again a linear diffusion, but let the
reaction be electron exchange (Sax = 5a) with the initial
conditions

Ca x

candca=0,ifx <0

DOand G = c° ifx>0 (24)

Cax
cax = CA= c¢°/2,ifx =0

This is a case of “counterdiffusion,” when AX diffuses
into a space there was only A at the beginning and
vice versa. Thus, for the flux across a plane at a certain
X one has

dffix kba
Dax + X

This is the particular equation Dakms obtained3 for
“electronic conduction in solution” due to concentra-
tion gradients.

Because the term in the brackets of eq 25 depends on
X, the diffusion experiment performed in the presence
of A should be evaluated from point to point along x
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by a suitable iteration procedure. In this case, both
Dax and Da must be determined in the absence of A
and AX, respectively. If, however, D Ais incidentally
equal to DAX or sufficiently near to it, a relation similar
to that in eq 22 can be obtained except that the sum
ca + cax appears instead of cA. (It is to be noticed
that here the gradients are of opposite directions.)

If the latter simplification is valid, an indirect method
seems to be applicable also: any parameter that de-
pends on the diffusion coefficient can be investigated as
a function of the sum of the concentrations, and there
should be a deviation from the usual dependence of that
parameter on concentration due to the transfer diffusion
term, if it is high enough. Namely, voltametric
limiting or peak currents vary usually as linear func-
tions of the concentration of the electroactive species;
transfer diffusion, however, would result in a deviation
upwards from this linearity according to the diffusion
coefficient which depends itself on the concentration.
The *“counterdiffusion” would be developed in the
vicinity of the electrode by the electrochemical reaction
itself.

B. Electric Conductivity. Assuming that no con-
centration gradient is caused by an alternating current
of sufficient frequency and the system is otherwise
homogeneous, the gradient in the chemical potential
becomes

grad u = zF grad E (26)

Since the flux times z gives the current density, and
the total current density is the sum of that for A and
AX, we have

i Z 2'Da(_‘aZaZ+ DaxGixZax?2 +

RT
kdAx 2T v sen
4 CaCax Za x +
Zax Sax)
kbaZi Sax2ax\3
Z GGaxZa2 x [jgrad E (27)
SaZa

It is seen that the increase of the conductivity, when
both reactants are present, in comparison to the sum of
their own conductivity measured in the absence of the
other reactant, is caused by transfer diffusion. Taking
into account that the terms in the brackets are in the
order of magnitude of one, the reaction must be again as
fast as given in eq 23 to exhibit any unusual behavior.
This is why no effect could be observed by Wyatt4in the
conductivity of the systems Fe2+ + Fe3+, hexacyano-
ferrate(ll) and -(I111), and Mn04&- + MnO04, since the
second-order rate constants for these exchanges are
about 1, 10s, and 102M ~1 sec-1, respectively.

Equation 27 does not include the conductivity due to
the other ions certainly present as counterions B2y of
the electrolytes AXaB24 and A XBAKIBA
If these counterions diffuse much slower than those
giving the transfer diffusion, eq 27 still remains valid.
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If not, the weight average of the conductivity of the
cations and anions with respect to the transference
numbers should be introduced in the well-known way
as it has to be done for electrolytes. An unsuccessful
choice of the counterions (when they diffuse much faster
than those responsible for the transfer diffusion) can
depress the whole effect expected. To avoid this com-
plication, counterions of small mobility should be
chosen, if possible.

C. Thermal Diffusion.
ture gradient is, in general, a gradient in concentration;
thus grad m should be transformed with respect to these
two parameters

grad j = (RInc —S)grad T + (RT/c) grad c (28)

fey introducing eq 28 into eq 16, both the flux of AX
and A can be obtained. Combining these two equations
in order to eliminate the concentration gradient of A,
one gets a relation between concentration gradient and
temperature gradient for the stationary case, when the
fluxes of both species are zero

dInGx _ Da'{R In cAx — Sax)
dinT RDADAX" — «2acax0aqax
(dAX" + Da"ca DA*"L™ DAJi) (29)
where
Qa = ~ (30)
0AX
Da" = Da+ keAx(l — QaYax) (31)
kSax2
8 (32)
R In cA — Sa
Fa = (33)

R In Gx — Sax

and q.«. o .x-, and Fax are similar quantities with
the labels exchanged.

The right-hand side of eq 29 is the Soret coefficient
in its extended form due to the transfer diffusion. If
no transfer diffusion exists, it is

d In cax Sax
din T~ Incax—‘Ji (34)

Thermodiffusion also seems suitable to determine the
effect under discussion, although the complicated
feature of eq 29 with respect to the parameters depend-
ing on the individual behavior of the system does not
allow any general conclusion in addition to that the
effect appears in this case too.

4. Effect on the Diffusion Limit
Smoluchowskib6 treated the problem of the diffusion
limit of chemical reactions by the “sink model” cal-

(5) M. V. Smoluchowski, Z. Phys. Chem. {Leipzig), 92, 129 (1917).

The Journal of Physical Chemistry, Voi. 76, No. 21, 1971

The result of the tempera-



3302

culating the flux of the reaction partners B over the
surface of the sphere of radius 5around one of the other
reactants A. 5 is the sum of the radii of A and B.
Summation over all A gives the number of collisions in
unit time. If every collision is effective in resulting in
the products, i.e., the free energy of activation is very
small in relation to RT, the rate constant of the reac-
tion proceeding as fast as possible is

h = 4tNa8(Da + Db) X 10~3 (35)

in M~1Isec-1 units. Here NAis the Avogadro number.
Though several modifications in the treatment have
been made (see ref 6 and the references therein),
Smoluchowski’s result proved to be correct. Trans-
forming eq 35 for the reaction in eq 1, if no transfer
diffusion operates, one gets a similar relationship to
that in eq 35 with B replaced by AX. This equation
holds only when the effectivity of the collision is equal
at every point of the spherical A and AX. If not, the
sensitivity of the collision to its direction would appear
as a configurational entropy of activation and so the
free energy of activation would not be negligibly small.
Including this latter case, Noyes7deduced the relation

K=V (L1+ h/h) (36)

where Kk is the rate constant that can be observed as a
resultant one, if both diffusion and activation control
the reaction, and k2is the rate constant for the purely
activation controlled reaction.

When transfer diffusion influences the diffusion, it
should enhance the value of the diffusion limit as well.
To obtain the correlation for such a case, let us follow
Smoluchowski’s deduction. Consider a spherical sur-
face with a radius 5 around the center of an A and de-
fine the flux in eq 18 for that surface. Every AX
crossing this surface “sinks” into the sphere, i.e., cax.s
= 0. On the other hand, nothing happens to an A, if it
comes close to the one in the center of the sphere; thus
grad cA = 0. Hence the flux is given by eq 21, while
for the reversed case—-the flux of A across a similar
sphere around an AX—is described by an equation
identical with eq 21, but with the subscripts exchanged.
For the diffusion limit one obtains in this way

R = N+ o(cabax2+ cAX8AIk (37)

where
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a= uWaSX 10-3 (38)
Substituting ki instead of h into eq 36 it is altered to

(caSax2 + cAx8Aak2 -
[ki k2 — a(cABAx2+ cAxBAkZk — kik? = 0 (39)

which can be easily solved with respect to k.

The important feature of k is that it slightly depends
on the concentrations, if it is close to the diffusion limit and
this is just the case, when transfer diffusion can be ob-
served at all. This subsidiary dependence of the trans-
fer diffusion terms written in the previous sections
should be always accounted for.

It leads, however, to a more general consequence in
reaction Kkinetics, too. Let us formulate a chemical
reaction of finite net free energy change as

AX + B—»BX + A (40)

If at least one of the exchanges AX + AorBX + B is
fast enough to approach the diffusion limit of the ex-
change, the rate of the reaction in eq 40 would be in-
creased also due to the transfer diffusion term appearing
in it like in eq 37. This would affect &axb even if the
cross reaction is slow, since the resultant rate constant is
the product of the diffusion limit and exp(—(AF*/RT))
(see eq 36, if k2« kf). Thus, when the fast exchange is,
e.g., that between A and AX, one has

KAXB  (e1.axe + acAX8AXXK) exp (41)

if the free energy of activation dominates. Owing to
the dependence of rcaxs 0N cax> the order of reaction
for AX would not be 1, but, apparently, somewhat
higher.

Some other cases—-both exchanges are close to their
diffusion limit, the cross reaction still slow, etc.—can
be discussed similarly. The very important conclusion
is that transfer diffusion should be accounted for in almost
every case, when diffusion limit is approached in suf-
ficiently high concentration of the reactants in either the
exchange reaction of one of the reactants or the cross reac-
tion itself.

(6) E. Pitts, Trans. Faraday Soc., 65, 2372 (1969).
(7) R. M. Noyes, J. Chem. Phys., 22, 1349 (1964).
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The rate of the electron exchange reaction between ferrocerne and ferricinium ion has been determined by
direct measurenent of the diffusion coefficient of the ferricinium ions, increased due to transfer diffusion, in
methanol, ethanol, and 1-propanol as solvents.  The rate proved to be close to the diffusion limit near room
temperature.  The data are in good agreement with the isotopic exchange measurements at around —70° in

methanal.

1. Introduction

In the previous part of this series, transfer diffusion
has been theoretically discussed in detail.1 The
physical background of this phenomenon is that the
movement of a species due to its concentration gradient
does not take place only by its migration, but in addi-
tion to this an apparent translation occurs owing to an
exchange reaction, if the other reactant of this exchange
is present. In the case under discussion, this means,
e.g., for ferricinium ion, that it gains the path of the
iron-to-iron distance which should not be really moved
along, when it collides with a ferrocene molecule and
they exchange the electron. After the exchange, the
newly formed ferricinium ion continues its translation
from the point at which the ferrocene is situated. The
apparent diffusion coefficient Dax" involves in this way
the true diffusion coefficient Dax and a term correspond-
ing to the electronic jump

where K is the second-order rate constant of the ex-
change reaction, Sis the distance between the center of
the reactants in the activated complex, .. and ... are
the concentration of the reactants at a distance x (sup-
posing linear diffusion). The equation is formulated
in a general way for any exchange reaction

AX + A A+ AX 2

where X is the pointlike particle exchanged. In the
present case A should stand for ferrocene, AX for
ferricinium, and X for the electron deficiency (hole) on
the ferricinium ion, since the process has been followed
by the diffusion measurement of the ferricinium ion.
The determination of k can thus rely on the difference
between L>Ax' and Dax, if the second term in eq 1 ex-

ceeds the errors in measuring these two quantities in the
presence and absence of ferrocene, respectively, for
the saturation of alcohols with ferrocene does not allow
higher concentration than 0.05 M, and the true dif-
fusion coefficient of ferricinium proved to be about 10~5
cm2sec' lwith a standard deviation of about 3% in the
best case; the lower limit of observing any difference
between the two diffusion coefficients gives

k1 15 X 109M - 1sec' 1 ©)

in methanol. In ethanol and propanol it is somewhat
lower due to the lower true diffusion coefficients: about
6 X 108 and 4 X 10s, respectively. There was still
some hope to get useful results, since in methanol the
extrapolation of Stranks’ isotopic exchange measure-
ments2 at —75, —70, and —65° to room temperature
supported values high enough to fulfill eq 3.

Concerning the general aspects of the knowledge
of chemical exchange processes as fast as these figures,
it is almost evident how useful a kinetic method can be
giving comparable data for reactions which have been
known as immeasurably fast ones so far. Thus the
purpose of the present paper is to show the applicability
of the transfer diffusion in the case of this particular
reaction.

2. Experimental Section

Materials. Ferrocene was purchased from the Koch-
Licht Laboratories. It was purified by resublimation
at 101°. All the other chemicals were of analytical
grade.

Stock Solutions. HC104 (1 M) solutions have been
obtained by diluting concentrated perchloric acid by
the solvents used; 100 ml of the ferricinium solutions
usually contained 5 ml from this stock solution, so
the water content was sufficiently low.

(1) 1. Ruff and V. J. Friedrich, J. Phys. Chem., 75, 3297 (1971).
(2) D. R. Stranks, Discuss. Faraday Soc., 29, 73 (1960).
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Figure 1. Apparatus for photographic measurement of
diffusion coefficients.

The ferrocene solution was 0.05 M in methanol and
1-propanol and 0.04 M in ethanol.

Ferricinium perchlorate solution was always freshly
prepared by oxidation of 5 ml of ferrocene solution and

2.5 ml of 1 M perchloric acid by Pb02 After filtration

this was diluted to 50 ml.

Apparatus. Diffusion coefficient has been measured
in a glass apparatus shown in Figure 1. Photographic
evaluation has been used. Filter 3 (Schott GmbH.
Type G4) permitted the sufficiently slow flow of the
solution from tube 4 to tube 2 (flow rate 5-10 ml/hr).
All three of the tubes could be thermostated. After
filling tube 4 with the solution of higher density which
was usually the ferricinium solution when measuring
Dax Or Dax, While it was the ferrocene solution for the
determination of D a, the solution was pressed through
filter 3 by a rubber ball applied to the end of tube 4
that eliminated the bubbles under the filters. The
solution above the filters was then removed and re-
placed by the one into which the diffusion of the lower
solution was wanted to proceed. After a period of
thermostating, diffusion was started by opening stop-
cock 6. The communication of the air was enabled by
the hole and slotted grindings 1 which could be closed
by turning the stoppers. When the interface of the two
solutions reached the middle of the illuminated tube, the
stopcock was closed. The mercury lamp of a Pulfrich-
type photometer served behind the tubes 2 to give the
two illuminated circles 5, while the camera (Zeiss, Type
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Figure 2. Calibration curve for ferricinium.

Exacta Varex) was fixed in front of them. ORWO
NP 15 film was used. If the blue solution of ferricinium
was to be photographed, a red filter, eliminating the
yellow color of ferrocene (also present in the case of the
measurements of D'), was applied. When ferrocene
diffusion was measured, a violet filter gave better con-
trasts.

The advantage of this method is that the diffusion
can be followed by snaps taken at different time inter-
vals, and it gives the possibility to start the diffusion
from a very sharp interface; usually no convection
could be seen, which was proved by the fact that the
diffusion coefficient was really independent of the time
of diffusion.

Evaluation. The calibration curve (transmittance
of the film vs. concentration) had to be measured for both
tubes, since there was some difference in the intensity of
the light. For ferricinium and ferrocene solutions they
are shown in Figures 2 and 3, respectively. Transmit-
tance was determined by a Zeiss microphotometer by
which it could be measured in each 0.1 mm of the film,
which corresponded to 3.3 mm in the diffusion column.
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-l 1

Figure 4. Calculated concentration distribution along the diffusion tube.

Figure 5. Distribution of ferricinium in methanol at 25° in
different times of diffusion (1:03, 2:00, 4:02, and 6:00 hr in the
order of decreasing slopes).

The slit width was 0.04 mm, so the transmittance could
be measured within practically pointlike distances.
Using the calibration curves, the concentration could
be determined as a function of the height of the column.
The plot c/cQ where cOis the initial concentration of the
species, vs. the linear coordinate x was fitted to a family
of calculated curves (Figure 4), each curve correspond-
ing to a certain value of Dt. These Dt values were then
plotted vs. the time t that should be theoretically a
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Figure 6. Dependence of Dt on the time.
linear function of t and cross the origin. If this inter-

cept was really obtained, it proved the interface to have
been sharp enough at t = 0. In some runs the inter-
cept on the time axis was at negative values that meant
a convection resulting in a diffusionlike concentration
distribution when starting the diffusion. If the linear-
ity still remained, diffusion coefficients were calculated
by taking into account this additional apparent time as
if diffusion had started earlier. In Figures 5-10 some
typical plots are shown to demonstrate these cases
(Figures 6, 8, and 10 belong to Figures 5, 7, and 9,
respectively).

Calculation of DAx" differed somewhat from that de-
scribed above. Considering that it may depend on X
owing to it involves the ratio of the concentration
gradient (see eq 1), the graphical evaluation gave only a
starting value to an iteration procedure as follows.

The Journal of Physical Chemistry, Voi. 75, No. 21, 1971
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Figure 7. Distribution of ferrieinium in ethanol at 35° in
different times of diffusion (1:00, 3:30, and 5:00 hr in the
order of decreasing slopes).

Figure 8. Dependence of Dt on the time.

If the condition ca + cAX = ¢° CA° + CAX® is
satisfied (where cA° and cAx° are the initial concen-
tration of the reactants) which includes the assumption
Da = Dax, the ratio of the gradients in equal to —1,
1.€.

Dax' —Dax + kb2-4c°

This can be taken as a first approach for calculating
kS2 Using this value and its 75 and 125%, one can
compute three theoretical curves for c/c® as a function
of x. In doing this, the concentration gradients were
calculated in the first iteration step as if no transfer
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Figure 9. Distribution of ferricinum in 1-propanol at 35° in
different times of diffusion (0:32, 1:30, 2:32, and 5:30 hr in
order of decreasing slopes).

Figure 10. Dependence of Dt on the time.

diffusion occurred; in this way a better approach of
D ax' at a certain x could be obtained, then the gradients
were corrected by the new value of Dax and the pro-
cedure was repeated until the same value of o . .-
twice obtained within 0.1 relative per cent. These
curves were fitted again to the experimental points of
the c/c® vs. x plot and the real fc52 was chosen by the
best fit. The iteration was usually very short, within
two steps the correct value was reached, and thus no
appreciable influence of the ratio of concentration
gradients could be obtained.

was



Transfer Diffusion

3. Results and Discussion

For ferricinium perchlorate the diffusion coefficients
measured are summarized in Table I. It is seen that
the errors range from 3 to 15% which can be considered
as a satisfactory precision, since in the presence of
ferrocene the increase in the diffusion coefficient is in
general three times this error or more.

Table I:

Perchlorate in the Presence and Absence of

Diffusion Coefficient of Ferricinium

Ferrocene at Different Temperatures

Upper
—-Lower soin--—-- ) soin
g, [HCIOi], [Fe(lll)], [Fedi», Tedi)], D X 10®,
mM mM m | m | cm2sec-1
In Methanol
12 .5 50 5 0 0 9.17 + 0.87
50 5 45 50 12.0 1.4
20.0 100 10 0 o
50 5 0 o ’l 10.3 * 0.5
50 5 40 45 12.8 = 0.2
25.0 100 10 0 0 ‘I
50 10 0 0 12.6 + 0.1
50 5 0 0 J
100 10 35 45 16.8 * 0.5
50 10 40 47 .5\ in , 0.6
50 5 42.5 47.5/ 16'4
10 4.4 45.6 50 16.0 =+ .9
35..0 50 5 0 0 15.4 * 7
50 5 45 50 20.1 # .0
In Ethanol
12.5 50 4 0 0 4.47 + 0.30a
50 4 36 40 5.24 + 0.40
20.0 50 4 0 0 4.66 + 0.08
50 4 36 40 6.98 + 0.58
25.0 50 4 0 0 4.28 £+ 0.50
50 4 36 40 7.33 £1.0
35.0 50 4 0 0 4.33 £ 0.56
50 4 36 40 591 £ 0.22
In 1-Propanol
12.5 50 5 0 0 0.94 + 0.20
50 5 45 50 1.24 £ 0.15
20.0 50 5 0 0 1.63 + 0.02
50 5 45 50 2.58 + 0.21
25.0 50 5 0 0 2.08 + 0.06
50 5 45 50 3.64 + 0.09
35.0 50 5 0 0 2.73 £+ 0.02
50 5 45 50 3.89 £+ 0.09

“ The errors printed in italics do not arise from the scattering
of the diffusion coefficients corresponding to different diffusion

times, but to the uncertainty of the intercept of the line Dt vs. t.

To exclude the possibility that the increase in the
diffusion constant in the presence of ferrocene is due to
some other effect of changing the solvent structure,
it would be preferred to repeat the measurements by
using a system identical with that of ferrocene and
ferricinium but slow enough to give no transfer diffu-
sion effect. Unfortunately such a system is not avail-
able, since the exchange processes of other metallocenes
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which would meet the requirements have not been
studied. The only test one can do is to measure the
viscosity of the ferrocene solutions. If viscosity re-
mains the same when adding ferrocene, the increase in
the diffusion constant is by all means due to transfer
diffusion. In some viscosity measurements at 25°, ex-
actly this was observed: 0.550, 0.655, and 1.95 cP
was measured for pure methanol, ethanol, and 1-pro-
panol, while the values for the solutions were 0.558,
0.652, and 1.89, respectively.

The temperature dependence of the true diffusion
coefficient was calculated by least-squares method and
resulted in +4.55 + 0.06, —0.25 * 0.5, and +8.22 *
0.08 kcal/ mol for the energy of activation in methanol,
ethanol, and 1-propanol, respectively. In Table II,
the diffusion coefficients of ferrocene are shown. The
values of the energy of activation are 6.05 + 0.07,
0.88 £ 0.04, and 2.81 + 0.04 kcal/mol, respectively.
The unusual behavior of the temperature dependence
in ethanol is significant; its reason, however, is out of
interest in the present work. (It should still be noticed
that the solubility of ferrocene is somewhat less in
ethanol which also shows an unusual behavior.)

Table Il: Diffusion Coefficients of Ferrocene
[Fe(1D)], Da X 100,
t, °C m M cm2sec-1
In Methanol
15.0 50 15.3 £ 0.7
20.0 50 16.7 £2 .4
25.0 50 235 2.0
35.0 50 29.5 + 3.5
In Ethanol
15.0 40 11.0
20.0 40 10.4 =
35.0 40 12.2 £
In 1-Propanol
15.0 50 6.48 £ 0.19
20.0 50 7.45 £ 0.38
25.0 50 8.61 + 0.41
35.0 50 9.00 £ 0.41

From these data both the diffusion limit and the
second-order rate constant of the reaction can be cal-
culated. For the first quantity Smoluchowski’s equa-
tion3was used

W = 4+Va5(Z)a" + -Dax'0/I00O0 (4)

where NAis the Avogadro number, and
k82ir ..
D ax = -Dax + —4r- Ca (5)

Da" is a similar apparent diffusion coefficient as D ax"

(3) M. V. Smoluchowski, Z. Phys. Chem. (Leipzig), 92, 129 (1917).
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in eq 5 but with the labels exchanged (cf. eq 38 in
ref 1).

In Table 111 the values of the diffusion limit are com-
pared to the second-order rate constants measured.
According to that the errors should always be additional
guantities in both cases; while either the sum or the
difference of the diffusion coefficients appear in K\ or
k, respectively, the relative error is higher for the latter
one. Thus, it can be concluded that the reaction takes
place with a rate equal or very close to the diffusion
limit.

Table 111: Comparison of the Diffusion Limit and the Rate
Constant Measured for the Ferrocene-Ferrieinium Exchange

ki* X 109, kd X 10, [H]+
t“C M-~I sec-1 M~ sec-1 m |
In Methanol
-75 0.19+£0.04% 0.000087 £ 0.000022“ ?
-70 0.25 + 0.046 0.00017 =+ 0.00004« ?
—65 0.35 + 0.046 0.00035 =+ 0.00018* ?
125 125+ 1.4 14+ 11 50
20 158+ 1.3 13+ 4 50
25 203+ 1.3 18+ 3 10
25 203+ 1.3 20+ 3 50
25 203+ 1.3 23+ 3 100
35 271+ 14 19+ 14 50
In Ethanol
12,5 8.9+0.8! 5+ 3 50
20 84+ 1.0 5+ 4 50
25 101+ 1.1 19+ 10 50
35 8.8+ 0.6 10+ 5 50
In 1-Propanol

12.5 4.8 + 0.26 3.3 50
20 54+ 0.3 48+ 1.2 50
25 6.6 £+ 0.3 79 + 0.8 50
35 6.9 + 0.3 59+ 0.6 50

«See ref 2. 6Extrapolated values.
dCalculated with 5 = 7.08 A (see ref 2).

' Interpolated values.

It seems to be important to note that, on one hand,
low true diffusion coefficients favor the application of
the transfer diffusion method (see eq 1); on the other
hand, the lower the diffusion coefficients the lower the
diffusion limit. Thus, the range in k that could be
studied at all can be quite small due to a methodical
lower limit and an objective upper one. This range in
the cases under discussion is about one order of mag-
nitude below the diffusion-controlled rate.

Though the extrapolation of the diffusion coefficients
to low temperature is somewhat uncertain, Stranks’
data for the rate constant in methanol are significantly
less than the corresponding diffusion limit. In this
way the enthalpy and entropy of activation can also be
calculated with satisfactory precision using Noyes’
equation4for the resultant rate k, when both diffusion
and activation control is in operation
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k= h/( + h'/k2 (6)

where K2 is the rate constant of the activation con-
trolled reaction. Substituting the temperature de-
pendence of f2 according to Eyring, one has

where k and h are the Boltzmann and Planck constants,
respectively.

Otherwise, when f2 is written in the form f2 =
Z exp(—AF*/RT) where Z is the number of col-
lisions in unit time that can be taken as equal to the
diffusion limit, the following equation can be obtained

The term at the left-hand side of eq 7 and 8 was calcu-
lated as a linear function of /T by a least-squares
program. The activation parameters obtained are
AH* = 148 + 14 and AH* = 8.8 + 1.6 kcal/mol,
AS* = 44 + 6and ASX= 33 + 9 euin methanol.

It is to be noted that these values are very sensitive
to the low temperature data of Stranks, while those
measured by us do not influence their absolute value too
much, but their errors. This is due to that the Ar-
rhenius plot cannot sweep in the large range Strank’s
data would allow, but it must cross the range given by
our points. Since the temperature range covered is
quite large, the activation parameters can be given with
a much smaller scattering than one would expect from
the uncertainty of the rate constants. This is why no
enthalpy and entropy of activation can be given for the
reaction in ethanol and 1-propanol which solvents were
not studied at low temperatures. The thermodynamic
parameters of the reaction seem, however, unreasonable,
since one would expect values near zero for both the
enthalpy and entropy of activation. This is due to that,
on one hand, probably the structure of the complexes
is the same in the oxidized and reduced form and, on
the other hand, ferrocene is an uncharged molecule;
thus neither Franck-Condon restriction nor Coulombic
repulsion would appear. Some recent electrochemical
measurements6 at low temperature support this expec-
tation being in contradication with Stranks’ data.

The main conclusion—in addition to the proof of the
existence of the transfer diffusion—-is that the electron
transfer reaction takes place through an activated com-
plex in which the reactants are as close to each other as
possible. This follows from the agreement of the dif-
fusion limit with the rate constants measured near
room temperature, for the diffusion limit is propor-
tional to 5 while the transfer diffusion term in eq 1 de-

(4) R. M. Noyes, Progr. React. Kinet., 1, 129 (1961).
(5) 1. Ruff, M. Zimonyi, and G. Farsang, to be published.
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pends on & The use of a smaller 5, if reasonable at all,
would result in that the diffusion limit is smaller than
the rate observed. In this way, very important in-
formation about the mechanism of the reaction, namely
the distance of the reactants in the activated complex,
can be tested.
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The effects of adding a series of phosphate esters on the conductances of dilute solutions of piperidinium,
A-methylpiperidinium, and A-ethylpiperidinium picrates in chlorobenzene at 25° have been measured.
Cation-ligand association constants, K1, have been calculated for the ivV-methyl- and A-ethylpiperidinium
cations with tributyl phosphate, n-octyl trimethylene phosphate, and I-oxo-4-ethyl-2,6,7-trioxa-1-phospha-

bicyclo[2.2.2]octane.

The ratio of the cation-ligand association constant for the A-ethyl cation, KL(Et), to

that for the A-methyl derivative, Ki,(Me), has been used as a probe of the electron density on the phosphoryl

oxygen atoms in the esters.

These results are compared with phosphoryl oxygen stretching frequencies, VPO,

and with calculated (Huckel-MO) values of charge densities.

Introduction

Bicyclic phosphate esters have been found2to be poor
extractants, compared to acyclic esters, for lanthanide
metal ions. The same report contained the observa-
tion .that these bicyclic esters had abnormally high
phosphoryl oxygen stretching frequencies. Burger3
reported a linear relation between extractant ability
and the phosphoryl oxygen stretching frequency,
vpo: the lower the frequency, the better the extract-
ant. Wagner4 carried out LCAO-MO calculations for
a number of acyclic phosphoryl compounds and found
an excellent correlation between the calculated phos-
phoryl PO #-bond orders and experimental values of
phosphoryl oxygen stretching frequencies. The cal-
culated values of the net charges on the phosphoryl
oxygen also show excellent correlation with vpom Pre-
sumably the extractant ability of a phosphoryl deriva-
tive is greater the greater the negative charge on the
phosphoryl oxygen, and the larger the 7r-bond order of
the phosphoryl bond, the smaller the net negative
charge on oxygen and the larger the phosphoryl oxygen
stretching frequency.

Recent Hiuckel-MO calculations by Collin6 indicate
that the net negative charge on the phosphoryl oxygen
decreases in the order ethylene phosphate anion > tri-
methylene phosphate anion > diethyl phosphate anion.
Calculated values of the positive charge on phosphorus
decrease more markedly in the same order. Boyd6
reported extended Huckel-MO calculations of both net
charges on atoms and bond orders. Boyd’s calcula-
tions indicate that net negative charge on the phos-
phoryl oxygen decreases in the order trimethyl phos-
phate > methyl ethylene phosphate. This is the re-
verse of the order given by Collin for the diester anions.

The theoretical studies of both Collin and Boyd were
concerned principally with the influence of the geo-

(1) This work has been supported in part by Grant GP 6949 from
the National Science Foundation.

(2) S. G. Goodman and J. G. Verkade, Inorg. Chem., 5, 491 (1966).

(3) (@ L. L. Burger, J. Phys. Chem., 62, 590 (1958); (b) J. L.
Burdett and L. L. Burger, Can. J. Chem., 44, 111 (1966).

(4) E. L. Wagner, J. Amer. Chem. Soc., 85, 161 (1963).
(5) R. L. Collin, ibid., 88, 3281 (1966).
(6) D. B. Boyd, ibid., 91, 1200 (1969).
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metrical constraints imposed by the presence of ~(CH2 re-
bridges between two of the alkoxyl oxygens on the
stability of the esters. The two studies are in agree-
ment regarding the effect of the presence of rings on the
positive charge on phosphorus but not on the effect on
the negative charge on the phosphoryl oxygen.

We believe that we have an experimental tool where-
with we can determine which in a series of phosphate
esters has the greater negative charge on the phosphoryl
oxygen atom and which has the least. We have
found78 that the cation-ligand association constants,

(eq 1), for a series of ligands with piperidinium

BH+ + L~ BH+.L

An = [BH+,L)J/[BH+][L] (1)

(PipH+), 1-methylpiperidinium (MePipH+), and 1-eth-
ylpiperidinium (EtPipH+) cations fell into two distinct
classes: the first group, consisting of the free piper-
idines themselves, 2,6-dimethylpyridine (lut), and tri-
phenylphosphine all had A L values which decreased in
the expected order PipH+ > MePipH+ > EtPipH+,
while the second group, consisting of triphenylphos-
phine oxide (Ph30) and tetrahydrofuran, had AL
values which decreased in the order PipH+ > EtPipH+
> MePipHL We attributed the reversal of the order
for ethyl- and methylpiperidinium cations with the
second group of ligands to the presence of more than
one lone pair of electrons on the oxygen atom. With
one pair of electrons involved in the interaction with the
=NH+ group, the other pair are available for inter-
action with a terminal CH proton on the end of the
ethyl substituent on the cation, (1).

We propose that the ratio AL(Et)/AL(Me), where
AL(R) represents the KL value for the IV-alkylpiper-
idinium cation, may be used as a probe for relative
electron density on a coordinating atom in a series of
ligands of not too different structure. We report here
application of these ideas to the problem of the elec-
tron density on the phosphoryl oxygen in a series of
trialkyl phosphate esters, tributyl phosphate (2),
n-octyl trimethylene phosphate (3), and l-oxo-4-ethyl-

2,6,7-trioxa-l-phosphabicyclo[2.2.2]octane (4). These
0
1
//V Oct I/ v
AN g
Bu2
2
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were chosen because of their stability, ease of prepara-
tion, and availability of other physical properties such
as dipole moments and infrared spectra. The dipole

moment of compound 3 has been determined in the
course of this work.

Experimental Section

Chlorobenzene (PhCIl) was purified as before.9
Benzene (Baker and Adamson, reagent grade) was
passed through alumina (Alcoa, grade F-20), kept for 1
day over sodium ribbon and then distilled from the
sodium ribbon on a 38-cm column packed with glass
helices. A middle cut was taken. Piperidinium picrate
(PipHPI), A-methylpiperidinium picrate (MePipHPI),
and A-ethylpiperidinium picrate (EtPipHPi) were pre-
pared as described previously.7 Tri-n-butyl phosphate,
2 (Eastman Organic Chemicals, White Label), was
distilled under vacuum using a Hickman molecular still;
the bath temperature was maintained at 75°. n-Octyl
trimethylene phosphate, 3 (MCP), was supplied by
Dr. T. H. Siddal, 111, of the Savannah River Labora-
tory, E. |I. duPont de Nemours and Co. This phos-
phate was purified by distillation at 148° (2 mm). A
middle fraction was taken. The density of 3 was
found to be 1.072 g/m1 at 25°, and the refractive index
at 25° (Na a line) is 1.4480. [-Oxo-4-ethyl-2,6,7-tri-
oxa-l-phosphabicyclo [2.2.2]octane, 4, the bicyclophos-
phate (BCP), was also supplied by Dr. T. H. Siddal,
I11. Before each use it was recrystallized once from
ethanol, mp 209-210° (lit.10 mp 207°). Precision
conductance measurements were carried out at 25.00°
using bridge, constant temperature oil bath, and Kraus
erlenmeyer conductance cells previously described.9
A Balsbaugh Laboratories Type 100T3 cell with nickel
electrodes was used for measurements of dielectric
capacitance. The air capacity of this cell is 104.9 pF.
The capacitance measurements were made using a
General Radio Type 716-C capacitance bridge and
716-P-4 guard circuit. The oscillator, operated at 100
kHz, was a General Radio Type 1330-A, and the de-
tector was a General Radio Type 1231-B amplifier and
null detector. Density measurements were made using
a Lipkin pycnometer. Refractive indices were mea-
sured on a Bausch and Lomb Abbe-SL refractometer.

The dielectric constant of chlorobenzene is 5.621.11
The viscosity of chlorobenzene is 0.752 cP12 and the
density is 1.011 g/cc.9 All the foregoing physical con-
stants are for 25.0°. All concentrations are expressed
in units of moles per liter.

(7) A. L. Mixon and W. R. Gilkerson, J. Amer. Chem. Soc., 89,
6410 (1967).

(8) W. R. Gilkerson and A. L. Mixon, ibid., 89, 6415 (1967).
(9) E. R. Ralph, IIl, and W. R. Gilkerson, ibid., 85, 4783 (1964).
(10) O. Neunhoeffer and W. Maiwold, Chem. Ber., 95, 108 (1962).

(11) A. A. Maryott and E. A. Smith, Nat. Bur. Stand. (U. S.), Cire.,
514, 1 (1951).

(12) R. L. MclIntosh, D. J. Mead, and R. M. Fuoss, J. Amer. Chem.
Soc., 62, 506 (1940).
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Figure 1. Conductance ratios, R, for PipHPi in chlorobenzene
at 25° with PI113PO, TBP, MCP, and BCP as addends.

Results

We define a quantity, R = (g/g02 where g is the
conductance of the salt solution at a ligand concentra-
tion [L], and gOis that in the absence of ligand. Figure
1 shows values of R for PipHPi plotted vs. [L] for the
phosphate ligands TBP (0.229 miff in salt), MCP
(0.231 m | in salt), and BCP (0.240 mM in salt) as
well as values already obtained7 for Ph30O (0.244 m |
in salt). The curves for the three phosphates are
distinctly S-shaped, and close inspection of the curve
for the phosphine oxide shows that it too is sigmoid.
If a 1:1 cation-ligand complex is the only complex
forming in a salt-ligand system, eq 1, then it has been
shown9-13that R is related to the ligand concentration

by
R = 1+ Kh[L] (2)

Obviously more complex interactions are occurring in
these systems. We will not attempt to analyze these
results to extract equilibrium constants but will discuss
them qualitatively in the following section.

Figure 2 shows the values of R for the salts PipHPIi
(0.229 miff), MePipHPi (0.309 m I), and EtPipHPI
(0.306 miff) with tributyl phosphate (TBP) as ligand.
The curvature upward in these graphs for the ~-methyl-
arid iV-ethylpiperidinium picrates indicates13 that a
second ligand molecule is adding on to the cation-ligand

complex, eq 3
BH+,L + L BH+,L2

KA = [BH+L2/[BH+,L][L] (3)

3311

Figure 2. Conductance ratios, R, for piperidinium picrate (H),
iV-methylpiperidinium picrate (CH3, and iV-ethylpiperidinium
picrate (C2H5) with tributyl phosphate as addend in
chlorobenzene at 25°.

In such a case R is related to the ligand concentration
by

R = 1+ KI[L] + KLK2n[L]2 (4)
Wemay thenplot (R — 1)/[L] vs. [L], The intercept at
[L] = 0 isK1and the slope is Ki,KA. Values of KLso

obtained appear in Table I. The slopes were so small
and/or uncertain that we do not report here any values

of ff2L
Values of for the methyl- and ethylpiperidinium
Table I: Ligand Association with Methylpiperidinium

and Ethylpiperidinium Cations in PhCI at 25°

Ligands

PhsPO TBP MCP BCP
10“3KL(Me), M-i 150« 44 125 110
¢ CiXEtyXiXMe) TS6« 1.27 114 112
vpo, cm*1 12003 1260« 1300* 1325¢
n, D 4.376 3.07/ 5.5« 7 .10ft

« Reference 7. 6Reference 4. “References 2 and 3. #Ob-
tained in this laboratory. The ir spectrum was obtained using
a neat sample in a KBr cell on a Perkin-Elmer 337 spectro-
photometer. *G. M. Phillips, J. S. Hunter, and L. E. Sutton,
J. Chem. Soc., 146 (1945). f G. K. Estok and W. W. Wend-
landt, J. Amer. Chem. Soc., 77, 4767 (1955). 5This work.
hT. L. Brown, J. S. Verkade, and T. S. Piper, J. Phys. Chem.,
65, 2051 (1961). The dipole moment given is for the 4-methyl
derivative rather than BCP which is the 4-ethyl derivative.
The difference is expected to be negligible.

(13) J. B. Ezell and W. R. Gilkerson, J. Phys. Chem., 72, 144 (1968).
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cations for both the monocyclic phosphate, 3 (MCP),
as ligand and the bicyclic phosphate, 4 (BCP), as
ligand were obtained as described above and are listed
in Table I. Also listed in Table | are values of K\,
for methyl- and ethylpiperidinium cations with tri-
phenylphosphine oxide, Ph3O previously reported.7
The dielectric constants of solutions of the monocyclic
phosphate in benzene at 25° are related to the mole
fraction of solute, *, by the empirical equation, e =
6 + 42.1a. The dielectric constant of pure benzene
cOwas taken as1l 2.274. The dipole moment of MCP
was calculated using the method of Hedestrand. 14 In
this method, the density is taken to be a linear function
of the mole fraction of solute, p = pi + hkr2 If the
volumes of solute and solvent are additive the value of
b can be shown to be given by b = (M2—pir2°)/pPi°,
where M2is the molecular weight of solute, and Vi° is
the molar volume of pure component i. It was as-
sumed that the molar distortion polarization of the
solute at infinite dilution is equal to that of the pure
solute, i.e., the molar refraction of MCP. This last
should not be a critical assumption since this contribu-
tion is only 10% of the total molar polarization. We
calculated the dipole moment of MCP to be 5.52 D.

Discussion

The effects of added Ph&0 and the phosphate esters
on the conductance of PipHPi are more complex than
we had previously believed.7 We believe the sigmoid
shapes of the R vs. [L] curves to be due to the combined
effects of the following reaction, in addition to eq 1 and
3

PipHPi + L~  PipH+,L,Pi- (5)

= [PipH+,L,Pi]
2 [PipHPI][L]

where PipH+,L,Pi_ represents a complex between
ligand and the ion pair 5. The ligands PI13?0 and the

phosphate esters are interacting through the phos-
phoryl oxygen, which is sterically most favorably
situated to add to the cation in the ion pair as shown.
These are not the only equilibria involved, however.
We are able to fit these data using one set of
parameters Ki, K2 and K21 in the low [L] region but
need to adopt another set in the high [L] region. One
set will not allow a fit over the entire concentration
region. It is not necessary for the main purpose of the
present study to have values of A Lfor the piperidinium
ion with these ligands, so we leave that topic.
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We shall be concerned in the main with the values of
AL(Me) for the IV-methylpiperidinium cation and
Ai/Et) for the N-ethylpiperidiniurn cation with the
ligands Ph30, TBP, MCP, and BCP. We had pre-
viously found® that with BudNH+ as the cation, K1
generally increased in magnitude as the dipole moment
of the ligand increased. Here wi'h the phosphate
esters, A L(Me) values increase and then decrease as the
dipole moments increase (Table 1). The ratios
AL(Et)/AL(Me) decrease as the moments increase.

We believe the manner in which ~ (M e) and A L(Et)
change from ester to ester to be the result of two op-
posing effects. The first is a decreasing electron
density on the phosphoryl oxygen as L changes from
TBP to MCP to BCP (this will be discussed more fully
below), and the second is the increase in dipole moments
of the ligands in the order TBP < MCP < BCP as first
two and then all three alkoxy groups are constrained to
a conformation in which the ROP group dipoles have
their negative ends roughly pointed in the same direc-
tion as the phosphoryl oxygen. The ROP group
moments contribute proportionally much more to the
total molecular dipole moments of the phosphate esters
MCP and BCP than to the electrostatic potential
energy of interaction between the positive charge on
the cation and the various group dipoles in the ester
ligands. Our view of the cation-ligand complexes
places the =N +H group from the cation along the phos-
phoryl oxygen-to-phosphorus axis. The center of the
phosphoryl group moment then is closest to the site of
positive charge on the cation, with the alkoxy dipoles
further removed from the cation charge. Since ion-
dipole interaction energy falls off as the inverse square
of the separation distance, the alkoxy dipoles make a
proportionally smaller contribution to the potential
energy of the cation-ligand complexes in the case of
MCP and BCP than to the total molecular dipole
moments of these two ligands.

The decrease in AL(Et)/AL(Me) as L is varied from
Ph30 to TBP to MCP to BCP we interpret as in-
dicating a decrease in net negative charge on the phos-
phoryl oxygen in the order Ph30 > TBP > MCP >
BCP. Note that the values of rpo, the phosphoryl
oxygen stretching frequency, included in Table I, in-
crease in the same order. Such increases in vp0 have
been correlated elsewhere4 with decreasing negative
charge on the phosphoryl oxygen.

The relative negative charges on the phosphoryl
oxygens in this series of phosphate esters, TBP, MCP,
and BCP, are in an order similar to that found in
Boyd’s calculations (trimethyl phosphate greater than
methyl ethylene phosphate) and are inverted when
compared to the order calculated by Collin for phos-

(14) G. Hedestrand, Z. Phys. Chem. {Leipzig), B2, 428 (1929).

(15) W. R. Gilkerson and J. B. Ezell, 3. Amer. Chem. Soc., 89, 808
(1967).
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phate diester anions. The comparisons between our
experimental results and the results of both sets of
calculations are not as direct as we should like.

The theoretical calculations of Collin and of Boyd
were carried out with model compounds which are not
the same as any in our series but several in each set
bear a strong resemblance to ones in our present set.
We conclude from our experimental results that Boyd’s

Intermolecular Hydrogen Bonding. |I.
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set of calculations6is more valid than the other with the
regard to the net charge on the phosphoryl oxygen.

We are more satisfied that our previous explanation8
of the inversion of the values of K\, for the methyl- and
ethylpiperidinium cations in the case of the oxygen-con-
taining ligands is a correct one in view of the excellent
correlation of the values of the ratios isrL(Et)/.KdXMe)

and vpo-
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Vapor pressures, viscosities, densities, surface tensions, heat of mixing, and molar refractivities of water-

tetramethylurea mixtures were measured at temperatures from 25 to 85°.

The data show that the tri- to

pentahydrates are the most stable water-tetramethylurea species formed.

Introduction

Recently there has been considerable interest in the
interactions in hydrogen bonded binary mixtures.23
The powerful interactions which occur between a protic
and a dipolar-aprotic liquid produce marked changes
in many chemical®and physical4properties.

Tetramethylurea (TMU) and water form such a
binary pair which has not been extensively studied.
We report here studies on the TMU-water system using
classical physical-chemical techniques. The effects of
the TMU-water hydrogen bonds on density, viscosity,
surface tension, vapor pressure, refractive index, and
heat of mixing of these solutions were measured. The
main purpose of the investigation was to determine the
most prominent TMU-water complex species present
in solution at various temperatures.

When TMU and water are mixed, some of the hydro-
gen bonds between the water molecules are broken.
New hydrogen bonds form between the water molecules
and the TMU molecules. Thus the deviations in
properties of the TMU-water mixtures from a linear
interpolation between the properties of the pure com-
ponents result not only from the formation of TMU-
water complexes but also from the disruption of the
water structure. However, large deviations in physical
properties are strong evidence for the existence of
interactions. The presence of a hydrogen bond donor,

the water, and of possible acceptors, the oxygen and
nitrogens of the TMU, suggest that at least a major part
of these interactions will be hydrogen-bond in nature.
The chemical and physical properties of TMU have
been reviewed in considerable detail previously.6 It
is a clear, polar, aprotic liquid which is miscible in all
proportions with water and all common organic sol-
vents. TMU has been suggested as a useful reaction
medium. In its solvent properties, it resembles pyri-
dine and dimethylformamide except that it has a higher
boiling point (176.5° (760 Torr)).6 It is an important
medium for aryl deaminations7 and is the solvent of
choice for higher temperature Ullmann reactions.5
TMU also increases the rate of alkylation reactions.6

(1) Work supported in part by The Ott Chemical Co., Muskegon,
Mich.

(2) A. K. Covington and P. Jones, Ed., “Hydrogen-Bonded Solvent
Systems,” Proceedings of a Symposium on Equilibrium and Reaction
Kinetics in Hydrogen-Bonded Solvent Systems, University of New-
castle upon Tyne, Jan 10-12, 1968, Taylor and Francis Ltd., London,
1968.

(3) (@ J. F. Coetzee and C. D. Ritchie, “Solute-Solvent Inter-
actions,” Marcel Dekker, New York, N. Y., 1969; (b) A. J. Parker,
Chem. Rev., 69, 1 (1969).

(4) G. C. Pimentel and A. L. McClellan, “The Hydrogen Bond,”
W. H. Freeman and Co., San Francisco, Calif., 1960.

(5) A. Lttttringhaus and A. W. Dirksen, Angew. Chem. Int. Ed.
Engl., 3, 260 (1964).

(6) W. Mischler and C. Escherich, Chem. Ber., 12, 1162 (1879).
(7) K. G. Rutherford and W. Redmond, Org. Syn., 43, 12 (1963).
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Experimental Section

The TMU was obtained from the Ott Chemical Co.,
Muskegon, Mich. It was purified by the following
procedure. Ten per cent by volume of dry benzene
was added to the TMU. After stirring, the benzene
was distilled off at atmospheric pressure. The dis-
solved water and dimethylamine codistill with the
benzene. The remainder was vacuum distilled. The
fraction boiling at 62-64° at 13 Torr was collected and
stored in glass-stoppered flasks in the dark.

The formation of hydrogen-bonded complexes can be
inferred by a number of different experimental meth-
ods.4 We report here the measurements of several
intensive physical properties at temperatures from 25 to
80° made on TMU-water mixtures ranging in mole
fraction from O to 1. Systematic deviations of experi-
mental values from calculated ones are evidence of
association.

Vapor pressures of TMU-water mixtures were mea-
sured in a greaseless vacuum apparatus similar in design
to the one described by Christian, et al.da The entire
apparatus was immersed in a constant temperature
water bath at 45.00 + 0.02° and the pressures were
measured manometrically. Samples were introduced
through the mercury seal, using a syringe with a blunted
needle. The amounts added were determined by
weight.

Densities were measured pycnometrically at 25,
45, and 80° in baths regulated to +0.02°. The pycnom-
eters were calibrated with water and the calibrations
were checked several times at each temperature.

Viscosities were determined using a standard Ostwald
viscometer in the same regulated baths as above.
Water was used to calibrate the viscometer at the
various temperatures.1l

Surface tensions were measured using the capillary
rise technique. Measurements were done in the above
baths. The liquid levels were read with a cathetome-
ter. Water was used for the calibrations.12

The refractive index measurements of the solutions
were made with an Abbe refractometer through which
water from the 25° bath was circulated.

The heat of mixing determinations were made in a
calorimeter of our own design. It consisted of a small
Dewar flask fitted with a stirrer, heater, and thermistor.
The thermistor made up the fourth leg of a Wheatstone
bridge. The bridge balance was monitored on a vari-
able sensitivity recorder. As can be shown, for small
temperature changes, the signal to the recorder is
directly proportional to the temperature change from
the balance condition. A weighed amount of TMU or
water was placed in the Dew'ar and the bridge was
balanced. Weighed portions of the other ingredient,
adjusted to the same temperature, were then added.
The change in bridge output was noted. After each
addition, a known amount of electrical energy was added
and the pen shift was again noted. In this way the
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Figure 1. Vapor pressures of TMU-water mixtures at 45°.

heat of mixing was determined over the entire concen-
tration range.

Results and Discussion

Figure 1 shows a plot of the observed vapor pressures
of water-TMU mixtures at 45°. As can be seen, the
deviations from Raoult’s law are small but always posi-
tive. Apparently the change from water-water hydro-
gen bonding to water-TMU association produces little
change in the vapor pressures of such mixtures. How-
ever, apparent agreement with Raoult’'s law is not
necessarily indicative of ideality. Many systems are
known where a cancellation of effects leads to apparent
ideality whereas association is known to occur.13 The
pyridine-ethanol system is an example.4

The densities of TMU-water mixtures show marked
deviations from additivity at the three temperatures
studied, 25, 45, and 80°. At the two lower tempera-
tures, the densities go through a maximum near mole
fraction of 0.2 indicating a TMU-(H®), complex
where n is between 3 and 6. At 80° the densities no
longer show this maximum and in fact show a negative
deviation from linearity. The densities for pure TMU
were 0.9622, 0.9458, and 0.9131 g/m| at 25, 45, and 80°,
respectively. Figure 2 is aplot of Ad vs. X twhere Ad =
d(exptl) — d(calcd) and Xt is the mole fraction of
TMU.

doaicd = XrdrO - X wdw
where di0 and dw are the densities of pure TMU and

(8) S. D. Christian, H. E. Affsprung, and C. Lin, J. Chem. Educ.i
40, 323 (1963).

(9) A. A. Taha, R. D. Grigshy, J. R. Johnson, S. D. Christian, and
H. E. Affsprung, ibid., 43, 432 (1966).

(10) R. C. Weast, Ed., “Handbook of Chemistry and Physics,”
49th ed, The Chemical Rubber Co., Cleveland, Ohio, 1969, p F6.

(11) See ref 10, p F45.
(12) See ref 10, p F30.

(13) G. C. Pimentel and A. L. McClellan, “The Hydrogen Bond,”
W. H. Freeman and Co., San Francisco, Calif., 1960, p 38.

(14) A. Blackburn and J. J. Kipling, Nature, 171, 174 (1953).
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MEROON- ™

Figure 2. The differences between experimental and calculated
densities for TMU-water mixtures at 25, 45, and 80°.

MIEFROIN- W

Figure 3. The differences between experimental and calculated
surface tensions for TMU-water mixtures: O,
25°; -, 45°; (3 80°.

pure water, respectively. This plot more clearly
shows the positive and negative deviations.

The formation of hydrogen bonds leads to an increase
in density and vice versa.  Since both the formation and
rupturing of hydrogen bonds is occurring in this sys-
tem, the complex results are not unexpected.

For the three temperatures, the differences between
calculated and experimental values of surface tension
fell along the same curve, as is shown in Figure 3.

Ycaled = X tTt0 + X w7w®

The values of surface tension observed for pure TMU at
the three temperatures were 34.60, 31.64, and 28.30
dyn/cm. The surface tension of binary mixtures has
been used to determine the form of hydrated species.b
The fairly sharp break in Figure 3 near a mole fraction
of TMU of 0.16 supports a hydrate with the formula
TMU <5HD.
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Figure 4. Molar refractions and their deviations from linearity
for TMU-water mixtures at 25°.

The molar refractions and the differences between
experimental and calculated molar refractions at 25°
are shown in Figure 4.

_n2- 1(ZtMt+ XWAW
m n2+ 2 d

nZx — 1 .V-fl/x nav — 1 Awl w

Rm (calcd) =
mealed) = > %2 dr nav 2 dw

where n, nr, and nw are the refractive indices of the
solution, of pure TMU, and of pure water; Mr and Mw
are the appropriate molecular weights; and d, dr, and
dw are the densities of the solutions, pure TMU, and
pure water. The experimental molar refraction data
lie on a very nearly linear curve. There are, however,
systematic deviations as can be seen from the ARmplot.
These deviations are small and go through an extreme
near 0.5 mole fraction TMU.

The heat of mixing data for the TMU-water system
are shown in Figure 5. The heat evolved per mole of
TMU passes through a minimum of —13.7 kcal/mol
at mole fraction TMU of 0.07. Since there can be many
contributions to the heat of mixing, the location of this
maximum is not necessarily indicative of the form of
the complex.

The fluidities (the reciprocals of the viscosities) at
the various temperatures of the solutions all pass
through minima near mole fraction TMU of 0.15.
Figure 6 shows the difference between experimental
and calculated fluidities. The calculated values were
computed using the Kendalll6equation

log 9= Xtlog ipr + Xwlog tpv

Large deviations from the Kendall equation are seen to
occur at all three temperatures. The measured values

(15) P. Dunn and J. B. Polya, Reel. Trav. Chim., 69, 1297 (1950).

(16) J. Kendall and K. P. Monroe, J. Amer. Chem. Soc.,' 39, 1787
(1917).
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Figure 5. The heat of mixing per mole of TMU
for TMU and water.

Figure 6. The differences in fluidities of TMU-water mixtures
at 25, 45, and 80° from those predicted by the
Kendall equation.

of fluidity for pure TMU at the three temperatures were
73.7,101.6, and 161.3P-h

The fluidity is a reliable and sensitive probe of as-
sociation. The formation of complexes, either strong
or weak, leads to large deviations from the Kendall
equation.17188 Schotti8 has argued that fluidity is the
preferred method in that the deviations from ideality
are much larger than for other techniques. In Figure
6 the fluidity data indicate that the tri- to pentahydrate
is the major complex formed between TMU and water.

In Table I are listed the compositions of maximum
deviations, values of the properties, and the percentage
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Table I: Deviations in Physical Properties of TMU-Water
and DMSO-Water Mixtures from Ideality

---------- TMU-water--—-—--—--* — DMSO-water—

Property XT % X dmbo %da/
, 0.175 6L
Rm 0.50 0.17 0.51 0.7
0.19 810 0.23 23
dat 0.19 19 0.30 5.6
AHmix 0.07
Up 035 ]_1.

deviations in the various properties for TMU-water
mixtures.

dev = 100 |exptl — caled]/exptl

For comparison, dimethyl sulfoxide-water mixture
properties are also included. Dimethyl sulfoxide
is known to hydrogen bond with water to form a trihy-
drate.

From the large systematic differences between the
experimental and calculated values for the physical
properties of TMU-water mixtures, the existence of
strong interactions can be inferred. These are most
likely hydrogen-bonding in nature. Infrared and
nuclear magnetic resonance studies (to be published)
also support the existence of hydrogen bonds in this
system.

To assign a formula to the TMU-water complex
unambiguously on the basis of these data is impossible.
In fact, there may well be more than a single complex
present. Since many types of interactions exist in
these solutions, such as dipole-dipole, the maximum
deviations of experiment and calculations should not
all occur at the same composition. The most stable
complex appears, however, to be between the tri- and
pentahydrate.
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Measurements have been made of the differential heats of dilution of LiCl, LiBr, Lil, NaCl, NaBr, and Nal

in agueous solution at 25°.

The initial solutions between 1.5 and 1.0 mwere diluted with 10 to 18 successive

increments of water, each about 4% of the total volume with a similar amount of solution removed after the

dilution.

With the possible exception of some preliminary runs each of the 16 curves obtained showed an

apparently anomalous region, close to or within that previously reported in volume measurements. The con-
sistency of form of the dilution curves together with the consistency with the effects found in the volume curves
suggests that a significant physical phenomenon is being studied although some problems and questions remain.

Introduction

In an earlier paper2it was found that for most of the
Na+and Li+, Cl-, Br-, and | - salt solutions, the curves
of A®/A\/c as a function of & c appeared to be dis-
continuous in a form suggesting a A-shaped region for
the integral curve. 4wvis the apparent molal volume of
the salt, c is the molar concentration, and the A refers
to the differences of successive measured values of
4y and of \/c. The discontinuities were extremely
small with the deviations of AB/A\/c from a smooth
curve being related to density differences of the order of
1 ppm.

While the effect for Lil solutions was quite erratic,
in general the effect was consistent, reproducible, and
substantially larger than the uncertainty of the mea-
surement. Consequently, the evidence for a physically
significant anomaly was considered to be substantial
although clearly more information was needed before
any definite conclusion could be reached.

The present paper is an extension of the earlier work
to a different type of measurement, i.e., heats of dilu-
tion, in order to examine the significance of the ap-
parent anomalies further. The relative precision
possible with the heat measurements is much lower
than for density measurements; however, the value of
Agen (change in apparent molal heat content) is directly
given by each experiment rather than as the difference
of two experimental values. Consequently, a much
lower level of precision is acceptable for the heat
measurements although to some extent the advantage
of measuring AOh directly is lost because of the very
large values of ASHA\/m and its change with con-
centration, relative to the corresponding volume quanti-
ties. These large values of AGHA \/m and its variation
make very short AOh chords necessary in order to obtain
sufficient resolution and thus some of the possible pre-
cision is lost.

As in the volume measurements,2 the primary pur-
pose of these experiments is one of obtaining a high
precision for each point, relative to adjacent points,
rather than high absolute precision. By designing the
experiment for a differential type of measurement, a
significant increase in the relative precision can be
obtained over that where each point is measured in a
separate calorimetric experiment. The conditions are
not optimum for high absolute precision and a small
overall loss in precision is possible.

With the exception of the work of Young and Machin3
on NacCl solutions, there is apparently no work in the
literature on A<EHA v/m at moderate concentrations
having both sufficient precision and detail to be applied
to the present purpose. The work of Young and
Machin has both sufficient precision and sufficiently
short chords to be applicable. However, even here
there are only a relatively few and isolated points
while a continuous set of closely spaced points is nec-
essary for the present work. All measurements of this
work are at 25°.

Experimental Section

The calorimeter is basically similar to one used pre-
viously4and also to the calorimeters used by Young and
coworkers.36 The 600-em3dewar has thin inner walls
with the top part unsilvered and the outer wall exposed
to the thermostat liquid. The pipets of 20 and 40
cm3capacity were similar to those used by Young and

(1) Research sponsored by the U. S. Atomic Energy Commission
under contract with Union Carbide Corp.

(2) F. Vaslow, J. Phys. Chem., 73, 3745 (1969).

(3) T. F. Young and J. S. Machin, J. Amer. Chem. Soc., 58, 2254
(1936).

(4) G. E. Boyd and F. Vaslow, J. Chem. Eng. Data, 7, 237 (1962);
G. E. Boyd, F. Vaslow, and S. Lindenbaum, J. Phys. Chem., 71,

2214 (1967).
(5) T. F. Young and M. B. Smith, ibid., 58, 716 (1954).
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Smith5 but were of gold-plated copper rather than
tantalum. The pipet mounting was fitted with a
copper ground joint fitting into the lid with the lid
opening surrounded by a chimney as for the other cal-
orimeter openings. The mounting also had a radiation
shield about 10 cm above the lid but below the external
water level. Using this device pipets could be removed
and changed with a minimum disturbance of the calo-
rimeter. The heater, propellers, and general configura-
tion are similar to those used by Young and Machin.3

The temperature-measuring circuit consisted of two
2000-ohm thermistors a short distance apart in a single
glass probe and connected as opposite sides of a Wheat-
stone bridge.4 With a given current in any thermistor
the sensitivity is about twice that of a single thermistor,
and for the small temperature changes used, the non-
linearities were negligible. The other arms of the
bridge were a 4- and a 6-dial resistance box. In any
measurement only the lowest three dials of the 6-dial
box (smallest step 0.01 ohm) were moved and these
were calibrated to 0.0001 ohm. A Keithley 150 B
amplifier and a recorder were used to interpolate resis-
tance changes to 0.001 ohm, corresponding to about
5 X 10-6 deg. With 0.1 mA in each thermistor the am-
plifier was set so that 0.001 ohm corresponded to about
1 mm on the chart which could be easily determined in
the normal noise level.

The calorimeter was calibrated with a 200-ohm elec-
tric heater using a constant current source and measur-
ing the voltage across the heater directly with a Fluke
8300 digital voltmeter while the current was determined
from the potential across a 100-ohm standard resistor.
The Monsanto 100A quartz crystal timer was activated
with a rotary leaf switch in parallel with the heater
current switch.

The calorimeter was finally checked by comparing
the heats of dilution for NaCl solutions of Young3and
Machin with those obtained presently. The results
shown in Figure 1 are within 0.3% at the higher con-
centration and 1% at the lower concentration which is
regarded as satisfactory.

The LiCl and LiBr were the same materials pre-
viously used in the density measurements. The Lil
was prepared from reagent grade LiZZ03 and freshly
distilled HI, and the solution obtained after boiling and
final neutralization with LiOH was used as a stock
solution without crystallizing or drying. The NacCl
used was commercial reagent grade although the
samples used for the first three NaCl (preliminary) runs
were from previously opened laboratory bottles which
might have been of questionable purity. In any case,
these bottles indicated an assay of 99.5% compared
with 99.9% for the fresh bottle used for the last three
runs.

The initial salt solutions were prepared gravimetri-
cally and analyses of the initial and final solutions were
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Figure 1.  Adh/A-\A? for NaCl: +, Young and Machin.3

made either by weighing dried residues or by density
using previously published values.26

For each run about 550 cm3of the salt solution was
weighed into the calorimeter with a weight buret. For
each dilution 20 cm3 of water was weighed into the
pipet and the pipet was placed into the calorimeter
for 1 hr before opening, with a final drift rate of less
than 2 X 10-4 deg/hr. The drift rate generally be-
came linear within 2 min after opening the pipet and
was usually followed for 10 min.

Two electrical calibrations were made for each dilu-
tion, each of 20-sec duration (reading to 0.001 sec)
and about 3.0 cal corresponding to a 1.1 ohms change
on the balancing resistor. The average difference
between the two calibrations for a dilution was 0.12%
(i.e., 0.0036 cal) and, on normalizing all the calibrations
for a given run, by dividing by the weight of water at
each point, the average deviations from the means were
about 0.07%.

After the calibrations the pipets were closed and
removed and replaced with a fresh pipet containing
water. The amount removed was determined by
weighing and between 10 and 20 dilutions were made in
each run. Solution concentrations during the run were
calculated from the initial quantities and the material
balance; however, analysis of the final solutions agreed
with the calculated values to 0.2% or better.

The estimated error is based on a precision in reading
the chart of +1 mm or +0.0025 cal. In addition, the
heat of the pipet opening ranged between 0.0125 and
0.0175 cal or 0.015 = 0.0025 cal. The combined un-

(6) F. Vaslow, J. Phys. Chem., 70, 2286 (1966).



Heats of Dilution of the Lithium and Sodium Halides

Figure 2. a<n/a \ 110 for NaBr.

Figure 3.  A<>HAVm for Nal.

certainty was taken as +0.0040 cal or about £1.5 mm
on the chart reading. Other nonsystematic errors were
probably contributed by an occasional very high elec-
tronic noise level in the laboratory, some sharp fluctua-
tions in room temperature, and inefficient stirring when
there were large differences in density between the
calorimeter solution and pure water in the pipet.

The heats of dilution range from about +7 cal (+
for Li, — for Na) to about +£0.3 cal, so that the esti-
mated uncertainties in the heat evolution were of the
order of less than 0.1% at the highest concentration to
1% at the lowest concentration.

Results

Each measured heat value A£h_on a per mole salt
basis divided by the value of A m (the change in root
molality of the dilution) is the average value of the
slope for the variation of the apparent molal heat con-
tent with \/m, over the interval. These average values
are plotted as points at the center of the interval with
V b as the abscissa and are shown in Figures 1 to 6
for salts NaCl, NaBr, Nal, LiCl, LiBr, and Lil, respec-
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Figure 4. Asn/A\ /o for LiCl.

fm'
Figure 5. A</>n/A\Vm for LiBr.

tively. With the exception of the NaBr curves the
different runs are shown displaced from one another
rather than superimposed. Shown on the NaCl-1
curve are the two points from Young and Machin3
which overlap the present work.

The lines drawn through the points and the vertical
arrows indicate what appears to be a discontinuity or
displacement of one part of each curve relative to an-
other. The horizontal arrows indicate the position of
a chord in the volume measurements where an anomaly
appeared to exist. It should be noted that the or-
dinates for the Na salt curves are negative so that the
displacements shown have the same sign for both the
Li and Na curves and also that NaCl-1, -2, and -3 are
considered as preliminary curves with less weight than
the later three curves. Also in NaCl-1, 40-cm3 dilu-
tions were used and the resolution is lower than that of
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the other curves. Comparisons of the data with pre-
vious work are limited to the two points of Young and
Machin where the agreement is excellent. Data cal-
culated from integral heats of dilution of LiCl7 are also
in agreement but only very crude estimates can be ob-
tained from the integral heats.

The curves shown in Figures 1 through 6 are short
segments of the extended concentration range curves
such as that shown by Young and Machin for NacCl
or that can be calculated from integral data for LiCl.
These extended curves are rather close to parabolas
with a theoretical zero intercept of +4598 for all the
curves and a minimum of about +260 at y/m = 0.7
for LiCl and —400 at y/m = 1.4 for NaCl. The other
salts are similar with the bromides and iodides being
successively more negative.

For NaCl-1 eight more points were determined not
shown in Figure 1, going up to 1.2 m and conforming
closely to the Young and Machin interpolated curve.
Complete detailed results of the heat measurements
are available on microfilm.9

Discussion

As in the earlier papers of this series, 2610 the major
problem of the discussion is a consideration of whether
the anomalous behavior suggested is real and physically
significant or a matter of artifact and random experi-
mental variations. There are variations in the magni-
tude and position of the effect for a given salt and also
some deviations of the points from a smooth curve are
ascribed to physical effect, while others of a comparable
magnitude are ascribed to error. Consequently, no
claim of proof of the effect can be considered yet;
nevertheless, simple statistical arguments concerning
the consistency and form of the curves will be given,
suggesting at least a strong probability that the exis-
tence of anomalies is a valid interpretation of the data.

In order to test whether the division of the curves
indicated by Figures 1 through 6 is statistically justi-
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fied, polynomials from the second to the fifth degree
have been fitted by least-squares procedure to the
complete curves and linear and quadratic expressions
to each of the separate segments. For the least-squares
procedure, points based on temperature changes equiv-
alent to 0.5 ohm or larger have been weighted unity
and points with smaller temperature changes are
weighted in proportion to 0.5. All of the points for the
Li+ salts are correspondingly given unit weights while
the Na+ points range from unity at about y/m =
0.85] down to 0.3 at the lowest concentrations.

The optimum total number of parameters in either
the one- or two-segment fits has been determined by
minimizing the expression 2(y0 — y)(n — p), i.e.,
the Gauss criterion,611 where y0is the calculated AW
Ay/m, y is the observed value, n is the total number of
points, and p is the total number of parameters which
for the two-segment fits is the sum of the parameters
for each segment. The results of this analysis are
shown in Table I for the minimum value of the Gauss
criterion for either method of fitting.

Table I: Sums of Squares of Deviations
for Various Fits of Curves

No. of :‘a:é:wf- 1-Section 2-Section Quadr.
Run points eters 2(20- YP s(ac - Y)2 20 - Y)2

NaCl-I 18 6 5.6 8.1 17.2
NaCl-4 15 5 7.3 3.0 9.4
NaCl-5 15 5 12.0 9.4 12.7
NaCl-6 18 5 13.9 15.6 23.3
NaBr-2 13 5 7.2 5.9 7.6
NaBr-3 10 5 0.98 0.89 1.16
Nal-I 15 5 9.8 3.9 10.4
Nal-2 10 5 2.7 2.3 4.7
LiCI-1 18 6 8.5 5.6 10.3
LiBr-1 13 5 4.9 3.6 5.6
LiBr-2 14 5 4.9 3.2 5.8
Lil-l 14 5 12.8 10.3 145
Lil-2 n 4 9.3 4.5 12.4

The table shows the number of points for each experi-
ment, the number of parameters for the best fit, and
the sum of the squares of the deviations for the one-
and two-section fits with minimum Gauss parameter
and also, for comparison, the quadratic fit of the full
curve. The LiCI-2 curve was omitted since it has

(7) E. Lange and F. DUrr, Z. Phys. Chem., 121, 361 (1926).

(8) G. N. Lewis and M. Randall, “Thermodynamics,” revised by
K. S. Pitzer and L. Brewer, McGraw-Hill, New York, N. Y., 1961.

(9) Complete tables of the experimental heat measurements will
appear immediately following this article in the microfilm edition of
this volume of the Journal. Single copies may be obtained from the
Reprint Department, ACS Publications, 1155 Sixteenth St.,
N.W., Washington, D. C. 20036. Remit check or money order
for $4.00 for photocopy or $2.00 for microfiche.

(10) F. Vaslow, J. Phys. Chem., 71, 4585 (1967).

(11) A. G. Worthing and J. Geffner, “Treatment of Experimental
Data,” Wiley, New York, N. Y., 1943.
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apparently only one point of the upper part of the curve
and although two of the preliminary NaCl curves were
omitted, NaCl-1 was included since it covers a consider-
ably larger concentration range than any other NaCl
curve. The distribution of the points between the
segments and the type of expression for each segment
are fairly obvious from the figures and the total number
of parameters.

It is seen that of the 13 curves, in 11 of them the two-
segment fit is the better one and in some cases markedly
so. Of the two exceptions, that for NaCl-1 clearly
justified a six-parameter fit indicative of complex be-
havior and also the longer chords tend to smooth the
presumed discontinuity. NaCl-6 does have the same
appearance as the other curves and aside from the large
error level there is no apparent reason why it has given
different results.

Another type of test can be applied by considering
just the upper segment of any curve and the deviation
from this curve of the point at the left of the discon-
tinuity. With the exception of NaCl-1, which re-
quired a quadratic expression, these upper portions are
all linear for the Na salts and the deviations from these
lines at the discontinuity can be compared with the
standard deviations in the curves. For NaCl-6 the
deviation at the jump is 4.9 times the standard devia-
tion and for the other Na salts the ratios range from 3
to 6.

These consistently large ratios are clearly outside of
any normal behavior and again indicate the probability
of some sort of transition. Since the long-range
behavior of the NaCl curves is known to be close to a
parabola,3the linear sections in themselves are anoma-
lous and appear to represent a small upward inflection
of the curves.

The possibility of experimental artifact would not
appear to be strong since the direction of the jump is
the same for curves involving both endo- or exothermic
processes and the jump occurs over a variety of con-
centrations for the different salts.

The results obtained here can also be compared with
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the previous results from density measurements and
this comparison is given in Table Il. The table gives
the centers of the chords where the transition occurred
except for LiCl where the start of the diffuse region is
given and for Lil the highest value found is given. Al-
though there are some significant variations, the agree-
ment is generally very good and highly consistent.

Table Il: Transition Centers in Volume and Heat Curves

v, H,
Salt <A2 m"2
LiCl 0.9 0.9
LiBr 1.14 1.05
Lil 1.12 1.14
NacCl 0.75 0.73
NaBr 1.07, 1.05*% 1.05
Nal 0.72 0.75

“W. Geffken, A. Krais, and L. Solana, Z. Phys. Chem., 835,
317 (1935).

It was mentioned earlier2 that if a critical type of
transition does occur, the variations might not be un-
expected. The heats of the reactions are determined
largely within 2 min and this time may be too short for
equilibrium if there is a transition.

It should be noted that even for a fixed transition
point and transition magnitude, the experimental
chords spanning the transition point will show varia-
tions depending on the length and position of the chords
with respect to the fixed point.

It is impossible to know whether the above explana-
tion is satisfactory or not and consequently there must
remain fundamental questions as to the nature of the
effects. The effects are also small and difficult to
measure, adding to the difficulty of interpretation. In
spite of these serious defects, the high degree of con-
sistency of form of these effects and the substantial
statistical evidence do indicate a strong probability
that a physical transition does occur,
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Heat capacities of water adsorbed on two nonporous silica powders, which have different water adsorption
properties, have been measured calorimetrically. For samples with adsorbed water films up to at least 5 to
7.5 nm in thickness, the adsorbed films undergo a phase transition characterized by a broad maximum in heat
capacity which lies entirely below 0°. The temperature and amplitude of the maximum increase with increas-
ing film thickness. Samples with higher water content exhibit a second sharp heat capacitjr peak at 0°. Heats
of transition lie below those for the ice-water transition. The suppression of the transition temperature
cannot be described by capillarity theories depending on contact angles. The data are interpreted in terms of
an alteration in structure and properties of the adsorbed water by the silica surface, an effect whose magnitude
decreases with increasing distance from the surface. The strength of the interaction and the distance to which
it extends from the surface increase with an increase in the hydrophilic character of the surface.

Introduction

The structure and properties of physically adsorbed
films are usually assumed to approach those of the bulk
adsorbate as film thickness increases, with only the
first few monolayers being strongly affected by surface
forces. The calorimetric study of phase transitions in
adsorbed films has proved to be a sensitive tool for in-
vestigating the range of interfacial effects. In studies
of the nonpolar adsorbates N2 Ar, and CH4 adsorbed
on rutile, the first one to three monolayers appeared
not to exhibit any phase transitions.2-4 With increas-
ing film thickness, however, broad maxima first ap-
peared in the specific heat of the adsorbed phase at
about 10° below the bulk melting point and thereafter
rapidly increased in sharpness and approached the bulk
melting temperatures. Moreover, the observed heats
of transition likewise rapidly approached the heats of
fusion of the bulk adsorbates.

For nonpolar adsorbates, the bonding between ad-
jacent layers is almost wholly due to short-range, non-
directional van der Waals’ forces. For polar molecules,
and especially for those capable of forming strong and
directional hydrogen bonds, such as water, it seems
probable that ordering effects from a solid surface could
propagate through a greater depth of adsorbed film.6
Direct studies of phase transitions in adsorbed water
films to date have been largely confined to work with
porous adsorbents, such as porous glass6 and silica
gel.7

We present here the results of a calorimetric study of
phase transitions in water adsorbed on two nonporous
silicas with differing surface properties: Cab-O-Sil,
grade M-5, a pyrogenic silica supplied by the Cabot
Corp., and Hi-Sil-233, a precipitated silica supplied by
PPG Industries, Inc.

Experimental Section

1. Adsorption Measurements. Surface areas of the
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silicas used here were determined by the BET method,
from N2 adsorption measurements in a standard volu-
metric adsorption rig. Water adsorption isotherms
were obtained gravimetrically using a Worden quartz
microbalance connected to a conventional vacuum ap-
paratus.

2. Sample Preparation.
of Cab-O-Sil in this work was 190 m2g, while that of the
Hi-Sil was 133 m2g. Assuming a cross-sectional area
of 10.5 X 10-20 m2for the water molecule, the weights
of the statistical monolayer of HD, per gram of silica,
on these powders are 54 and 38 mg, respectively. Thus,
the average depth of surface coverage by water in the
multilayer adsorption region can be determined by
direct weighing. Samples for calorimetric measure-
ments were prepared by mechanical mixing of bulk
water and powder in sealed containers. Sample com-
position was determined at the end of each run by
weighing the sealed calorimeter with the sample, the
empty calorimeter, and the silica powder after it was
removed from the calorimeter and dried at 110° over-
night.

8. Calorimetric Measurements.
of the controlled-heat-flow type, wherein a known tem-
perature difference was maintained between the calorim-
eter and a surrounding heating element. The calorim-
eter itself was a thin-walled brass cylinder, 7 mm
diameter and 15 mm high, sealed with a tight-fitting

(1) Correspondence should be addressed to Denver Research Insti-
tute, Denver, Colo. 80210.

(2 J. A. Morrison, L. E. Drain, and J. S. Dugdale, Can. J. Chem.,
30, 890 (1952).

(3) J. A. Morrison and L. E. Drain, J. Chem. Phys., 19, 1063 (1951).

(@) K. S. Dennis, E. L. Pace, and C. S. Baughman, J. Amer. Chem.
Soc., 75, 3269 (1953).

(5) J. C. Henniker, Rev. Mod. Phys., 21, 322 (1949).
() G. G. Litvan, Can. J. Chem., 44, 2617 (1966).

(7) W. A. Patrick and W. A. Kemper, J. Phys. Chem., 42, 369
(1938).

The specific surface area

The calorimeter was
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Figure 1. Water adsorption isotherms at 10° on Hi-Sil (0O),

Cab-O-Sil as received (=), and Cab-O-Sil compacted by

slurrying with water and subsequent drying (O). The amount

adsorbed is expressed in statistical monolayers, calculated from
the BET nitrogen surface area.

plastic cap. The heating element was a copper cyl-
inder 2.5 cm i.d., 2.7 cm o.d., and 25 cm long, evenly
wound with nichrome resistance wire. The calorime-
ter was held at the center of the heating tube in a close-
fitting styrofoam holder, and the remaining void spaces
in the heating element were also filled with styrofoam.
The entire assembly was then mounted in a thick-walled
copper cylinder, to minimize longitudinal thermal gradi-
ents, and was immersed in a methanol-water cold bath
maintained near —50°. The heating rate was con-
trolled by maintaining a constant potential difference
between copper-constantan thermocouple junctions in
contact with the calorimeter and heater, respectively.
The calorimeter temperature was measured with a
second thermocouple, referenced to an ice bath. A
crystal-controlled time base was used to trigger a print-
ing digital voltmeter at regular time intervals to record
the emf of this thermocouple. From the resulting
curves of temperature vs. time, the heat capacity of the
calorimeter and its contents as a function of tempera-
ture was derived. The calorimeter was calibrated with
aluminum oxide, using the heat capacity data of Gin-
nings and Furukawa.8

The accuracy and reproducibility of the calorimetric

3323

TEMPERATURE ('C)

Figure 2. Specific heat of water adsorbed on Cab-O-Sil, vs.

temperature, for indicated values of adsorbed film
thickness t(nm).

data varied inversely with the water content of the
sample. The integrated enthalpy change of the calo-
rimeter and its contents was reproducible to + 1% in
repeated runs on a given sample. For the samples
with lowest water content used here, the heat capacity
of the water was about 10% of the total heat capacity,
so that the probable error in this parameter was of the
order of £10%. For samples of high water content,
errors in calorimetric data and in sample composition
combined to give a total probable error of +3% in
heat capacity data. Temperatures were accurate to
within +0.25° at 0°, the error being largely due to
long-term drift in the thermocouple amplifier; short-
term drift appeared to be less than 0.5 pV, correspond-
ing to a temperature change of about 0.01°.

Results and Discussion

Surface Properties of Silicas. The surface of Hi-Sil-
233 is hydrophilic. Hi-Sil is a precipitated silica, and
its surface is fully hydroxylated; i.e., every Si surface
atom bears a hydroxyl group. The Cab-O-Sil surface,
on the other hand, is not fully hydroxylated, and a
substantial fraction of the surface is hydrophobic.
Hi-Sil exhibits a surface area to water adsorption
which is about 1.3 times the N2surface area, assuming
areas of 10.5 and 16.2 X 10-20 m2per molecule of HD
and N2 respectively. The apparent surface area of
Cab-O-Sil for water adsorption is much lower, lying
between 0.15 and 0.25 times its N2surface area. The
lower figure is typical of the low bulk density powder as
received from the manufacturer. In some of our
experiments, its bulk density was increased (by over
a factor of 10) by slurrying the powder in water and

@) D. C. Ginnings and G. T. Furukawa, J. Amer. Chem. Soc., 75,
522 (1953).
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TEMPERATURE (°C)

Figure 3. Specific heat of water adsorbed on Cab-O-Sil vs.

temperature, for high values of adsorbed film thickness t (nm).

subsequently drying it at 110°. This powder is more
hydrophilic. Figure 1 shows water adsorption iso-
therms for Hi-Sil and for both the treated and un-
treated Cab-O-Sil powders.

From our surface area measurements and the particle
densities quoted by the manufacturers (2.2 and 2.0
g cm-3 for Cab-O-Sil and Hi-Sil, respectively) the
respective average particle radii were found to be 7 and
11 nm. In the following, the quantity of water ad-
sorbed is given in terms of the thickness, t, of the
adsorbed layer, calculated by assuming that the par-
ticles are spherical and that the water forms a con-
centric spherical shell of unit density around each par-
ticle. This gives a lower limit to the true film thick-
ness, since aggregation of particles will displace some of
the adsorbed film to greater distances from their sur-
faces.

Heat Capacity of Adsorbed Water. The heat capacity
vs. temperature curves for water adsorbed on both
Hi-Sil and Cab-O-Sil were similar. A broad maximum
in heat capacity first appeared near —14° for coverages
of about two monolayers (t « 0.6 nm). As coverage
increased the maxima increased in amplitude and
sharpness. The temperature at the peak also increased,
but did not approach 0° in a continuous manner. At
film thicknesses near 5 nm for Cab-O-Sil and 7.5 nm
for Hi-Sil, the heat capacity peaked near —1° and had
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Figure 4. Heat capacities of water adsorbed on Cab-O-Sil

(solid curves) and Hi-Sil (dashed curves), per 100 m 2
surface area, vs. temperature, for indicated values
of adsorbed film thickness (nm).

fallen to a value near unity at 0°. With addition of
still more water, a second very sharp peak was ob-
served at 0°, corresponding to the bulk phase transi-
tion. Figure 2 shows heat capacity curves for water
adsorbed on Cab-O-Sil for t < 3.25 nm, while the ap-
pearance of the second peak at higher coverages is
shown in Figure 3. For both Cab-O-Sil and Hi-Sil,
the second heat capacity peak appears at HD/Si02
mass ratios near 1.8-2. (Interestingly, the appearance
of the peak at 0° coincides with the onset of visual
evidence of water in the samples. Cab-O-Sil mixed
with less than twice its weight of water behaves as a
free-flowing powder; only at higher water concentra-
tions does the mixture exhibit gellike properties.)

Hi-Sil appears more effective than Cab-O-Sil in
suppressing the amplitude and temperature of the heat
capacity maxima. Figure 4 shows two pairs of heat
capacity curves for the two silicas, taken at comparable
values of t. The heat capacities are expressed in calories
per degree per 100 m2 surface area, to correct for the
difference in specific area of the two silicas. The lower
amplitudes and peak temperatures shown in Figure 4
for water adsorbed on Hi-Sil persist to higher coverages.

Heats of Transition. The observed broad maxima
in the heat capacities of water on silica obviously rep-
resent diffuse first-order transitions, in the nomencla-
ture of Mayer and Streeter.9 The second sharp peak,
observed at 0° at high water coverages, corresponds

(9) J. E. Mayer and S. F. Streeter, J. Chem. Phys., 7, 1019 (1939).
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ADSORBED FILM THICKNESS (nm)

Figure 5. Heats of transition of water adsorbed on Cab-O-Sil

vs. adsorbed film thickness t; samples prepared from

uncompacted powder (solid curve) and from compacted powder
(dashed curve).

to the normal first-order transition. The heat of transi-
tion for the diffuse transition cannot be determined
unambiguously, since we do not know the true heat
capacities of the adsorbed films. We have arbitrarily
defined a total heat of transition, AHi, as the integral
of the total heat capacity of the adsorbed layer between
—25 and +5°, less the integrated heat capacities of
bulk ice between —25 and 0° and of liquid water above
0°. This method probably gives an upper limit to the
true heat of transition, since it neglects the fact that
the proportion of the high-temperature, disordered
phase increases as the sample warms. The error is
probably small for high t values, but may be as large
as 10 cal g_1 at low coverages.

The heats of transition of water on Cab-O-Sil and
Hi-Sil are shown in Figures 5 and 6, respectively,
plotted as functions of t. In all cases, it is seen that
the heats of transition lie well below that for the ice-
water transition until the film thickness is large.

The discontinuity in the data for Cab-O-Sil in Figure
5 appears to be due to a change in sample preparation
technique. The data at low coverages were obtained
using Cab-O-Sil powder as received from the manu-
facturer, and lie along the solid curve in Figure 5. The
data at high t values were taken using powder whose
bulk density was increased by slurrying with water
and subsequent drying, as described above. These
points lie on the dashed curve in Figure 5. The scatter
in these points reflects variations in sample properties;
the internal consistency of the data obtained using the
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Figure 6. Heats of transition of water absorbed on Hi-Sil vs.

adsorbed film thickness t (nm).

powders in their original state is shown by the points
along the solid curve in Figure 5 and by all the data
obtained on H-Sil samples.

Interpretation of Results. Our data show that silica
powders suppress the temperature and heat of transi-
tion of water adsorbed thereupon, that this effect
persists to distances of the order of 20 molecular diame-
ters from the particle surfaces, and that; the magnitude
of the effect varies with the hydrophilic character of the
surfaces and with the bulk density of the powders.

The dependence on surface properties is easily under-
stood. The Hi-Sil surface, which is fully hydroxyl-
ated, affords opportunity for each adsorbing H2D
molecule to form multiple hydrogen bonds to surface
silanol groups. Since hydrogen bonds to water mole-
cules are highly directional, the position and orienta-
tion of the molecules in the first monolayer will be
strongly determined by the silica surface. This layer
will then also influence the structure of the next layer,
and one can visualize a surface-dependent structure
persisting to a considerable distance from the surface
itself. The Cab-O-Sil surface, on the other hand, is
not fully hydroxylated, and contains numerous iso-
lated silanol groups. Water molecules adsorbed on
these sites retain a greater degree of freedom. The
structuring influence of the surface in this case would be
expected to be less pronounced, an expectation which
is borne out by the data.

The Journal of Physical Chemistry, Voi. 75, No. 21, 1971
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All our results are consistent with a simple model in
which the transition temperature of each layer of
adsorbed water is a function only of its distance from a
silica surface. Layers close to a surface become dis-
ordered (in the sense of melting) at the lowest tempera-
ture, and as temperature increases the phase boundary
moves radially outward. The specific enthalpy of
transition also increases, approaching the bulk value,
with increasing distance from the particle surface.
Each particle can thus be considered as the center of a
sphere of influence, the magnitude of the influence de-
creasing with increasing radius.

The behavior of water adsorbed on Cab-O-Sil powders
of different bulk densities follows from this model.
In the low density state in which Cab-O-Sil is supplied,
the individual particles are sintered together to form
very open, chainlike aggregates with large void spaces
between chains. The result of powder compaction
is to reduce the effective volume of each particle’s
sphere of influence due to the intrusion of neighboring
particles. At the higher water coverages used in this
work (where the volume of the adsorbed water con-
siderably exceeds the volume of the silica particles
themselves) compaction of the powder displaces some
of the water to a greater distance from the particle
surfaces, where the influence of the surface will be
smaller. Figure 7 shows specific heat curves for two
samples, one using the low-density Cab-O-Sil powder
and the other using compacted powder. For both
these samples, the water/silica mass ratio was near
unity. The two curves are practically coincident
below —6 and above 0°. Between —6 and —2°, the
heat capacity curve for water on the compacted powder
lies below the other curve, reflecting the decreased
volume available for adsorption near the particles.
This water is displaced to regions farther from the
particles, where its transition temperature and heat of
transition are higher, thus giving rise to the higher heat
capacity peak above —2°,

Myron N. Plooster and Sonia N. Gitlin
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Figure 7. Comparison of heat capacity curves for water

adsorbed on uncompacted Cab-O-Sil (=) and a

compacted powder (X ).

These results cannot be interpreted in terms of a
capillary freezing process, characterized by a contact
angle between phase boundary and substrate, in the
pores between powder particles. In such a process, if
the transition temperature is depressed by the pore
walls, it should continue to decrease as the particles
comprising the walls move closer together. The de-
pendence of transition temperature on powder density
observed here is precisely the opposite.
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The structure of four potassium-exchanged synthetic X and Y zeolite powders, with varying Si: Al ratio (2.98,

251, 1.75, and 1.22), were studied using X-ray diffraction.
of the exchangeable cations and the occupancy of the different sites in the hydrated state.

The main purpose of the study was the location
The total popula-

tion of the sites | and 1" was about one-fourth of the exchangeable cations and the occupancy of site I' decreased
with increasing Al content, while the population of the sites | and Il accordingly increased. A fraction of

the cations could not be located.

Liquid scattering functions were used in order to take in account the un-
located scattering matter (water molecules and some cations).

A comprehensive discussion on the cation

distribution is given, including the discussion of a possible site 111" in the large cage, formed by two Oi and

two Ch oxygens.

Introduction

Much research has been performed on zeolites, par-
ticularly on faujasites, attempting to explain the in-
teresting properties of these minerals, in the field of ion
exchange, molecular sieve properties, catalysis, etc. An
interpretation of their properties relies to a large extent
on a precise description of structural features such as
framework parameters, size of apertures and cages,
cation location and occupancy of sites, and even the
location of water molecules.

The structure of faujasite (Figure 1) was first de-
scribed by Bergerhoff, Baur, and Nowacki.1 They
studied a natural hydrated crystal with a Si:Al ratio of
about 2.3 saturated mainly with Na+ and Ca2+ ions.
Since then, several structure determinations were made
on natural faujasites, and also on the synthetic iso-
types, the molecular sieves Linde X (Si:Al ~ 1.25)
and Y (Si:Al between 2.2 and 3) zeolites, exchanged
with univalent, divalent, or trivalent cations. Only a
few studies on natural or synthetic faujasites in the hy-
drated form and exchanged with univalent cations are
present in the literature. Broussard and Shoemaker2
studied a synthetic NaX powder, whereas Baur3rein-
vestigated the structure of the previously mentioned
faujasite crystal in order to locate better the cations
and the water molecules. The composition of this
sample was close to that of synthetic Y. Data of
hydrated Y saturated with monovalent ions are not
available. Recently, Olson4 investigated a hydrated
synthetic NaX monocrystal. These four samples rep-
resent two different Si:Al ratios. Although they have
the same framework structure, they show a difference
in cation location.

Therefore it seemed important to us to study system-
atically the cation location and the occupancy of the
different cation sites on a series of synthetic faujasite
samples with varying Si:Al ratio, saturated with uni-
valent cations. Potassium exchanged faujasites were
preferred over sodium faujasites, since more accurate
occupancy factors could be expected for the material
containing the higher atomic number cation. Sodium
faujasites can be converted into the pure potassium
form.6

Experimental Section

Four synthetic Na faujasites with a chemical com-
position ranging from the extreme Y to extreme X
type were kindly supplied by the Linde Co. Chemical
analysis of these samples in the Na form, and equili-
brated to a constant weight in a 32% water-saturated
atmosphere (CaCl2 solution) at room temperature, is
given in Table I. The analytical methods followed
were mainly those described by Voinovitch, etalf One
of the samples was analyzed a second time because of its
less reliable results. By comparison, an error estimate
of the analyses can be made. The structural formulas
are given in Table Il together with the calculated
Si:Al and water'cation ratios. The name indicated

(1) G. Bergerhoff, W. H. Baur, and W. Nowacki, Neues Jahrb.
Mineral., Monatsh., 193 (1958).

(2 L. Broussard and D. P. Shoemaker, J. Amer. Chem. Soc., 82,
1041 (1960).

(3 W. H. Baur, Amer. Mineral., 49, 697 (1964).
(4) D. H. Olson, /. Phys. Chem., 74, 2758 (1970).
(B) H. S. Sherry, ibid., 70, 1158 (1966).

() 1. A. Voinovitch, J. Debras-Gu6don, and J. Louvrier, “L 'Analyse
des Silicates,” Hermann, Paris, 1962.
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Table 1:

Chemical Analysis of the Original Samples

Two analyses
Sample KF 48.2

H2 grav 24.93 25.06
Si02grav*“ 48.56 48.86
Si02color.” 0.78 0.75
Al2 3grav*“ 13.91 14.06
Fe2 3color.” 0.22 0.18
CaoO titr6™ 0.72 0.48
K2 fl phot6 0.03 0.06
Na2 fl phot6 10.38 9.67
Total 99.53% 99.12%

After fusion with a Na2C 03K 2C 03 mixture.
titrated with EDTA and calculated as CaO.

Table 11: chemical Composition of the Original Samples
Structural formula of the
Sample original Na samples
F 482 NMAS.ZS!’MS.SQBAIZ 13 HO
F 547 NeBA 7AIA 7i37.30834 241H20
F 69.8 NeEREAREII2A0BA 247H20
F 865 NEBA5Aks 5Skios sQree % 5 8 HO
Figure 1. Faujasite framework and cation site indication.

in that table and used throughout the text includes the
number of cations per unit cell. F 54.7 and F 86.5
are the conventional Y and X samples, respectively.
A 5-g sample of each was stirred during 24 hr in 200 ml
of a 2 M KC1 solution and, after centrifugation, again
twice for 24 hr in 200 ml of a 1 M KC1 solution. The
excess of salt was removed by three subsequent wash-
ings with distilled water. Chemical analysis of po-
tassium and sodium by flame photometry after dissolu-
tion of the samples with a HF HZX 05solution gave the
following Na20/K D ratios: 0.014 (KF 48.2), 0.011
(KF 54.7), 0.013 (KF 69.8), and 0.025 (KF 86.5). This
means an almost complete saturation of the samples by

b After dissolution with a HF-H 20, solution.

W. J. Mortier and H. J. Bosmans

Sample Sample Sample
KF 54.7 KF 69.8 KF 86.5
25.42 25.15 25.58
45.97 40.42 33.61
2.29 1.87 1.34
16.24 20.39 24.23
0.13 0.14 0.04
0.62 0.61 0.67
0.06 0.26 0.17
9.00 11.25 14.00
99.73% 100.09% 99.64%

¢ The sum (CaO + MgO)

Si: Al H20:Na 00 value of
ratio ratio the K sample, A
2.98 5.04 24.692(4)
2.51 4.41 24.731 (2)
1.75 3.54 24.920(2)
1.22 2.98 25.116 (2)

potassium. Theé,unit cell parameters a0 for the po-
tassium-saturated samples are also given in Table II.
These were obtained by plotting about 20 a0 values,
calculated from the strongest CuK«i (X 1.54050 A)
diffracted peaks, against cos2 O/siii 6 and by extrapo-
lating to 9 = 90°.7 The diffractometer was carefully
adjusted before with a Si powder as standard.

Recording the diagram at high resolution, only a trace
of Barrer’'s P1 zeolite could be identified in three of the
samples (F 48.2, F 54.7, and F 69.8). The other dif-
fracted peaks for each sample fitted a cubic cell and the
extinctions agreed with the space group Fd3m (no.
227) or with the less symmetric space group Fd3 (no.
203). We always used Fd3m, because lowering of the
symmetry increases the number of atomic parameters,
which seemed to us less favorable, taking into account
that the information was obtained from powder dia-
grams.

The peak intensities were estimated from the weights
of paper cuts, made in tracing paper. Unobserved
intensities were taken as Imn/2. It was found that
much better agreement was obtained by averaging
several measurements. The intensities of four re-
cordings were averaged.

With the given slit system, the radiation at 29 less
than 8° partially fell outside the sample holder used
(38 mm X 11 mm X 3 mm). The intensity of the
first diffracted peak (29 « 6°) was multiplied by a
factor taking into account the part of the beam falling

(7 W. Parrish, J. Taylor, and M. Mack, Advan. X-Ray Anal., 7,
66 (1964).
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Table Ill: Hydrated Potassium Faujasites: Atomic Parameters®
KF 48.2 KF 54.7 KF 69.8 KF 86.5
(Si,Al) X 0.1245(2) 0.1254(2) 0.1251(2) 0.1232 (2)
y 0.9458 (2) 0.9454(2) 0.9463(2) 0.9459 (2)
192 (i) z 0.0362(2) 0.0367(2) 0.0350(2) 0.0363 (3)
B, A2 1.88 (0.13) 1.86 (0.13) 1.86 (0.12) 2.08 (0.17)
a X = —y 0.1089(11) 0.1089 (9) 0.1084(9) 0.1076(15)
z 0.0 0.0 0.0 0.0
96 (h) B, 5.58 (0.51) 4.01(0.39) 5.16(0.41) 8.06(0.71)
02 x = 0.2503(9) 0.2498(10) 0.2525 (7) 0.2491 (13)
z 0.1383(6) 0.1409(6) 0.1407 (5) 0.1386(8)
96 (g) B, A2 1.79(0.37) 3.78(0.37) 1.78(0.29) 4.53 (0.50)
03 x =y 0.1753(8) 0.1738(7) 0.1738(7) 0.1771(7)
z 0.9666(6) 0.9652(5) 0.9658(5) 0.9622(6)
96 (g) B, A2 1.12 (0.34) 0.0(0.29) 1.77(0.30) 0.0(0.36)
0, X =y 0.1782(10) 0.1802(8) 0.1799 (9) 0.1797(12)
z 0.3268(7) 0.3268(6) 0.3246(6) 0.3234(9)
96 (g) B, A 3.13 (0.43) 1.84(0.32) 4.23(0.39) 5.05(0.59)
K (1) X —y —z 0.0 0.0 0.0
occupancy 0.0834(48) 0.4391 (309) 0.5572(357)
16 (c) B, A2 10.59(8.35) 8.71(1.24) 4.69 (0.95)
K (1Y) X =y =z 0.0820(22) 0.0802(20) 0.0784(23) 0.0736 (51)
occupancy 0.4260(221) 0.4144(206) 0.3754(214) 0.2236 (275)
32 (e) B, A2 3.79 (0.39) 3.82 (0.67) 6.02 (0.85) 6.08(1.98)
K (1) x =y = 0.2570(12) 0.2574(11) 0.2559(8) 0.2523(10)
occupancy 0.5563(172) 0.6289(177) 0.7578(144) 0.7237(190
32(e) B, A2 1.55 (0.65) 2.21(0.34) 2.09(0.25) 0.80(0.33)
HD X =y =z 0.3750 0.3750 0.3750 0.3750
radius (R) 5.7 5.75 5.85 5.7
8(b) no. of molecules 227.0 217.0 215.0 232.4
B, A 10.0 10.0 10.0 10.0
H 20 X =y =z 0.1250 0.1250 0.1250 0.1250
radius (R) 2.3 2.3 2.3 2.3
8(a) no. of molecules 16.0 24.0 32.0 25.6
B, A2 10.0 10.0 10.0 10.0
K+ X =y =z 0.3750 0.3750 0.3750 0.3750
radius (R) 5.2 5.1 5.3 5.6
8(b) no. of cations 16.77 19.98 26.51 47.27
B, A2 10.0 10.0 10.0 10.0
Final Ri 0.1992 0.1616 0.1629 0.2030
RF 0.1331 0.1150 0.1114 0.1343

The standard deviations are indicated in parentheses.

outside the sample. Up to 128 peaks, going to IV =
h2+ k2+ V = 396, i.e., at about 26 = 77°, representing
236 hkl values, were measured. Including more peaks
would not impart more accuracy because introducing
further peaks involves more and more coinciding hkl
values in the same measured peak. Using a sufficiently
thick layer (3 mm) of sample (apparent density 0.64 g
cm-3) the X-rays were adsorbed for more than 99.9%
even in the least favorable direction. In this way,
absorption decreased the intensities of the diffracted
beams with the same factor in all directions, and no
extinction correction was needed.8

Programs for least-squares refinement and Fourier
analysis were written especially for this problem. The
observed intensities were previously divided by the
combined Lorentz polarization geometrical factor (1
+ ¢0s2 20)/(sin2 6 cos 6). For coinciding hkl values,
the calculated intensity ratios of the former cycle were

used for the calculation of the observed intensities,
from which the structure factors were derived. In the
least-squares program, a block-diagonal approximation
was used to solve the matrix of normal equations. The
parameters X, y, z, and B for the individual framework
atoms were taken in separate blocks. The parameters
of the exchangeable cations were taken together in
another single block, refining alternatively positional
and temperature factors, and positional and occupancy
factors, in order to eliminate as well as possible the
close correlation of population and temperature factors
in the refinement procedure. Sufficient convergence
in the least-squares refinement was reached after the
use of damping factors9 and fixing of the scale factor.

(8 B. D. Cullity, “Elements of X-Ray Diffraction,” Addison-
Wesley, Reading, Mass., 1956, p 188.
(9 G. H.Stoutand L. H. Jensen, “X-Ray Structure Determination,”

Macmillan, New York, N. Y., 1968, p 397.
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This also resulted in a good agreement between the
occupancy factors of the different sites, as determined
from least-squares and Fourier approximation. In-
deed, the large number of reflections in faujasite allowed
us to use a plot of In (SiolQ'Sio/Q vs. sin29/X2 for every
ten lines, to have an estimate of the scale and tempera-
ture factor correction to be applied. During refine-
ment, this plot was examined every four cycles. In
doing so, a sufficient and rapid convergence was
achieved, with almost zero shifts of the framework pa-
rameters in the last cycles.

To improve the agreement between the calculated
and the experimental intensity values for the low order
reflections, we applied the method of Simpson and
SteinfinkD introducing the effect of all the water mole-
cules and of the unlocated potassium ions. In fact, no
water molecules could be localized because tridimen-
sional Fourier analysis did not show any indication of
excess electron density at possible sites, as found, e.g.,
by Olson.4 The water in the large cage and also in the
sodalite cage was supposed to be distributed randomly
throughout a sphere. The centers of the unlocated
potassium ions were taken to be located uniformly at
the surface of a sphere concentric with the water sphere
in the large cage. Inside the sodalite unit, the radius
of the water sphere was taken as 2.3 A. This radius was
found to be a reasonable value, also adopted by Simpson
and Steinfink.10 In the large cavities the radii of the
water sphere and of the potassium sphere were cal-
culated by systematic trial calculations on the first 20
reflections, to obtain the best agreement. The values
of these radii (R) are included in Table Ill. The dis-
tribution of the water molecules between the sodalite
cages and the supercages was also fitted to obtain the
best agreement. For the spheres an additional tem-
perature factor of 10 A2was adopted. The extent of
the water spheres in the large cage and in the sodalite
cage includes the cation sites. This means that the
occupancy factor obtained by our calculations must be
considered as superposed to the relatively less impor-
tant Fourier background. In fact, at these sites, Olson
could indicate some water molecules also.

The Fo synthesis always indicated a large electron
density peak at the center of the 12-ring. However,
this was believed to be partly an effect of series termina-
tion. Indeed, AF synthesis indicated that the estima-
tion of the occupancy of the different sites obtained
from least-squares refinement was sufficient, and that in
the center of the 12-ring, no fixed scattering matter was
present.

We used the weighting scheme suggested by Cruick-
shank, et al.,n for |JFO]> |FO,, i.e., wt= /(2 |FOpin +
IF] + 2|FOR|FOpax). Otherwise, a zero weight was
used.2 The atomic scattering factors were taken from
the International Tables for X-ray crystallography
I1l. The following charges were given to the atoms:
Si2+, Al2+, O-, and for the cations their real charge
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+ 1. The residuals were defined as
R+ = Z\K\FO\- |FJ|/2>]FO0]
hkl hkl

and

Ri = En|Wo- /d/EnMo
where | Owas the intensity, corrected for the continuously
varying factors. For the calculation of the atomic dis-

tances and bond angles, the program o r £ fe 3 Was used.

Results

The parameters describing the structure are given in
Table 111, together with the residuals. The cation site
indication is the one used by Smith}4 (see Figure 1).
The sites | are in the center of the hexagonal prism, the
sites I' inside the cuboctahedron at the six-membered
ring of oxygen ions belonging to the hexagonal prisms.
There are 16 sites | and 32 sites I' per unit cell. Sites
Il and 11" share the six-ring of the cuboctahedron
facing the large cavity: 11" is inside the cuboctahedron,
Il is in the large cage. There are 32 of each of these
sites per unit cell. Further in the discussion we shall
define as sites 111" the four-membered ring formed by
two Oi oxygens and by two O4 (see Figures 1 and 3).

Table 1V gives the atomic distances and bond angles
and also the distances from the center of the large cage
and of the cuboctahedron to the center of the sur-
rounding atoms. A survey of the population of the
different cation sites is presented in Table V. All the
electron density on these sites was assigned to potassium
ions; otherwise the large variations in occupancy cannot
be explained. A list of I,, and I0values is available on
request.

Discussion

The structure of the faujasite lattice obtained in this
work is essentially the same as in previous studies.
The dimensions of the (Si,Al)04 tetrahedra correspond
to the theoretical values of the T-0 and 0-0 distances,
within the experimental error. Assuming the distances
Si-0 = 161 A, AlI-0 = 1.75 A, 0Si-0Si = 2.63 A, and
Oai-Oai = 2.86 A (Smith and Baileyl, the inter-
atomic distances are calculated and compared to the
experimental mean values in Table VI.

The K-0 distances are more variable especially on
sites Il and I' (see Table 1V). The changes in K-0
distances seem to follow the sequence of the framework
charges. The values can be compared to the data

(10) H. D. Simpson and H. Steinfink, Acta Crystallogr., Sect. A, 26,
158 (1970).

(11) H. Lipson and W . Cochran, “The Determination of Crystal
Structures,” G. Bell, London, 1966, p 340.

(12) A. J. Dunning and V. Vand, Acta Crystallogr.,, Sect. A, 25, 489
(1969).

(13) W. R. Busing, K. O. Martin, and H. A. Levy, orffe, Oak
Ridge National Laboratory, Oak Ridge, Tenn., 1964.

(14) J. V. Smith, Second International Conference on Molecular
Sieve Zeolites at Worcester, Mass., 1970.

(15) J. V. sSmith and S. W. Bailey, Acta Crystallogr.,, 16, 801 (1963).
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Table IV: Hydrated Potassium Faujasites: Interatomic Distances (A)“ and Bond Angles (deg)“

KF 48.2 KF 54.7 KF 66.8
Tetrahedron
T-0i 1.665(23) 1.671(19) 1.671 (20)
T-02 1.643(22) 1.673(29) 1.629 (18)
T-03 1.637(20) 1.635(19) 1.666(18)
T-04 1.686(24) 1.676 (20) 1.703 (22)
Mean 1.658 (11)" 1.664 (10)" 1.667 (10)6
T-0i-T 131.6(1.7) 133.4(1.4) 132.8(1.4)
T-02T 147.7(1.2) 145.3(1.3) 147.4(1.0)
t-o3t 140.6(1.0) 143.1(0.9) 144.7(0.9)
t-04-t 135.3(1.2) 133.1 (1.1) 136.8(1.1)
Mean 138.8 (0.7)" 138.7(0.6)" 140.4(0.6)"
0102 2.778(34) 2.812(33) 2.760 (28)
<vO03 2.756(27) 2.750 (22) 2.769 (22)
0104 2.588 (31) 2.592 (26) 2.634 (27)
0203 2.562(28) 2.616(27) 2.656 (23)
0204 2.776(30) 2.745 (29) 2.731 (26)
0304 2.773(30) 2.778(25) 2.778 (27)
Mean 2.705 (12)" 2.716 (ny 2.721 (10)"
01T-02 114.2(1.0) 114.4(1.0) 113.5(0.8)
Or-T-Os 113.2(1.1) 112.5(0.9) 112.2(0.9)
0LT-04 101.2(1.1) 101.5(0.9) 102.6(0.9)
027-03 102.7(0.9) 104.4(0.9) 107.4(0.8)
02T-04 113.0(0.9) 110.1(0.8) 110.0(0.8)
03T-04 113.1 (1.1) 114.1 (0.9) 111.0(1.0)
Mean 109.5 (0.4)" 109.5(0.4)" 109.5 (0.4)"
Cations
K (1)-0j 3.803 (23) 3.809(22) 3.820(22)
02 3.415(15) 3.485 (15) 3.507(12)
-03 2.735(19) 2.801(17) 2.817(17)
K (1)-K (1) 3.507 (54) 3.435 (49) 3.384(57)
K (1')-02 3.193(58) 3.175(54) 3.246(59)
-Os 2.859(56) 2.848 (51) 2.807(59)
K (1")-K (1) 3.003(108) 3.134(99) 3.285(114)
K (11)-02 2.940(33) 2.893 (31) 2.873 (23)
K (11)-04 3.247(37) 3.199 (33) 3.179 (29)
Framework*
Center cubocta-
hedron
K (1Y) 1.839 1.919 2.011
-Os 4.287 4.305 4.324
-0 2 4.388 4.382 4.510
-T 4.938 4.949 4.986
-0 4 5.318 5.351 5.337
-K (1) 5.645 5.671 5.560
-0i 6.650 6.571 6.611
Center large cage
-K (1) 5.047 5.037 5.141
-0 4 6.974 6.916 6.989
-0 2 7.298 7.259 7.261
-0, 7.270 7.282 7.349
-T 7.560 7.558 7.605
° Estimated standard deviations in parentheses. " Standard deviation, calculated from I/n [~ tre]'/2

not calculated.

given by Radoslovichl6for muscovite (K-0 = 2.81 A).

In general, the temperature factors are acceptable.
We notice the large temperature factors of some oxygens
and of the cations on sites I and I'. For the oxygens,
the deformation of the lattice due to Al substitution
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KF 86.5

1.670(32)
1.688(32)
1.615(18)
1.726(30)
1.675 (14)"
132.5(2.4)
144.1(1.7)
145.7(1.1)
137.3(1.6)
139.8 (0.9)"
2.834 (49)
2.681(32)
2.671 (41)
2.634(33)
2.754(41)
2.828(34)
2.734(16)"
115.1(1.4)
109.3(1.3)
103.7(1.5)
105.8(1.0)
107.6(1.2)
115.6(1.3)
109.5(0.6)"

822 (38)
481 (20)
758(17)
.202(128)
.055(131)
798 (129)
651(256)
858 (32)
.137(38)

W N WN W WDNDWw W

.236
.488
421
.020
348
.538
.647

o oo o b~ BN

.338
.057
.433
426
719

N NN N;

¢ Standard deviations were

and the proximity of a cation results in a large tempera-

ture factor.
the same effect.

A too symmetric space group would have

The potassium coordinates are cer-

(16) E.w. Radoslovich, ATEI. Mineralas, 76 (1963).
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Table V: Population of the Different Cation

Sites (Cations per Unit Cell)

KF 48.2 KF 54.7 KF 69.8 KF 86.5
Site | 0.0 1.3 7.0 8.9
Site I’ 13.6 13.3 12.0 7.2
Site | + I 13.6 14.6 19.0 16.1
Site 11 17.8 20.0 24.3 23.2
Large cage 16.8 20.1 26.5 47.2
(unlocal-
ized)
Table VI
e Samples-
F 48.2 F 54.7 F 69.8 F 86.5
T -0 distances
Caled 1.645 1.649 1.661 1.673
Obsd 1.658 1.664 1.667 1.675
0 -0 distances
Caled 2.687 2.695 2.714 2.733
Obsd 2.705 2.716 2.721 2.734

tainly influenced by local lattice distortions and by the
charge distribution, which also results in a large tem-
perature factor. Moreover, the correlation between
temperature and occupancy factors may not be entirely
eliminated in the calculation procedure that we fol-
lowed.

A plot of the population frequency of the different
sites against the number of cations per unit cell
(Figure 2) reveals an interesting relation between the
population of sites I, I', and Il. While for F 48.2 the
hexagonal prism (site 1) was found empty, for F 86.5 it
was filled for more than 50%. The population of site
I', however, varies from almost two cations per cub-
octahedron for the F 48.2 to only one in the case of F
86.5. In the same sequence the number of potassium
ions in site 11 changes from two to three per sodalite
cage (for the number of ions per unit cell see Table V).
The observed variation in the population at site | and
I' is in agreement with the differences between X and
Y zeolites mentioned in the Introduction. There was
indeed a difference in the (2Na+, Ca2+) content on site
I and I' for the hydrated faujasite crystal investigated
by Baur,3and the Na+ content at the same sites for the
synthetic X zeolites studied by Broussard, et al,,2 as
a powder sample, and by Olson4 as a monocrystal.
Whereas Baur3indicated only 50% occupancy at site
I', and zero occupancy of site I, Broussard, et al.,2
found a full occupancy in site I and nothing in site I'.
Our results for F 86.5 are in very close agreement with
the population frequencies of sites | and I' determined
by Olson,4namely nine in site | and eight in site I".

In the space group FdZm, all T atoms are equal, and
only four different oxygens are distinguished. The
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Figure 2. Hydrated K faujasites: occupancy of

the cation sites.

substitution of a Si4+ by an AIl3+ results in an excess
negative charge. An oxygen, however, shall never
share two AI3+ tetrahedra, as is described by the
cation avoidance rule of Loewenstein.I7 For each
Al3+ tetrahedron four different oxygens can provide
neutralization, which may be interpreted by either
partial covalent bonding (Brown, Gibbs, and Ribbel§
or ionic bonding (Jones and Taylorl9 with the ex-
changeable cations. For the conventional sites (I, I,
and 11), only two oxygens, 02 and 03 can provide
neutralization. In our case, from the above viewpoint,
a cation in, e.g., site 1I' can never neutralize the Al3+
tetrahedra, if there is more than one such tetrahedron
in a six-ring. Other oxygens than the 0 3and 0 2 must
therefore participate in the neutralization of the frame-
work charge. We think that a valuable approxima-
tion to the cation location can be made by a statistical
distribution of them over the four types of framework
oxygens, i.e., one-fourth of the cations located at sites
near each oxygen species.

What are the neutralization possibilities for the dif-
ferent types of oxygen ions? The Oi oxygen ions are
accessible for cations only from the large cage. Three
0 2atoms are closest to a cation in site 11, and they also
participate to the six-ring of site I. The 0 3are closest
to the center of symmetry, where they form an octa-
hedral arrangement around site I and also share directly
a possible cation at site I'.  The O4atoms are part of
the four-membered ring of the cuboctahedra and of
the six-ring around site Il. Although a cation in site
Il does not touch an 0 4 their mutual distance is rather
short (see Table 1V).

Ordering of the AI-Si will have an influence on the
distribution of the cations in the zeolitic framework.

(17) N. Loewenstein, ibid., 39, 93 (1954).

(18) G. E. Brown, G. V. Gibbs, and P. H.
(1969).

(19) J. B. Jones and W. H. Taylor, ACtaO}adhj, 83(1 B, 24,

1387 (1968).

PJbbe, ibid., 54, 1044
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Dempseyd proposed valuable models on that point,
where he accepted the zeolite framework as constructed
with double sodalite units having a zero dipole moment.
Nevertheless for further discussion we prefer to use the
number of AIl3+ ions per unit cell, as obtained from
chemical analysis. Statistical data on the AI3+ dis-
tribution, based on the only assumption of the rule of
Loewenstein,17are given in Table VII.

Table VII: Distribution of the A1 Atoms: Statistical Values®
KF 48.2 KF 54.7 KF 69.8 KF 86.5
A
6 MR's
with 2A1 Ai 16.2 22.7 26.5 9.5
with 3A1 A2 0.0 0.0 5.8 22.5
B
4 MR'’s
with 2A1 B 0.0 6.6 21.8 38.5

“The numbers are given in number per unit cell. A, number

of six-membered rings carrying two aluminum atoms (Ai) or

three aluminum atoms (AS) B, number of four-membered

rings of T atoms in the hexagonal prism carrying two aluminum

atoms (total number of such four-rings being 48 per unit cell).

On the basis of these considerations we can discuss
our results as follows.

1. One-fourth of the cations shall be located at the
innermost sites (I and 1') to neutralize the charges
transferred by the 03 oxygens. One-fourth of the ex-
changeable cations corresponds to the following figures.

F 48.2 F 547 F 69.8 F 86.5

Univalent
cations/4 12.1 13.7 17.5 21.6

These figures correspond very closely to the experi-
mental data on the population of sites | plus I'. Only
for KF 86.5 this number is slightly lower, but the
large number of cations present in the large cage sug-
gests a higher degree of neutralization of the framework
charge from the outside (probably site 111'). On the
other hand, these data are of the same order as the
number derived indirectly by the ion-exchange experi-
ments of Sherry,6i.e., about 16 cations in the small pore
system. However, our results showed a trend to in-
crease with the Al content.

2., Simultaneous occupancy of a sites I and I' be-
longing to the same hexagonal prism is probably not
allowed. Therefore, the increasing number of cations
in site 1 shall necessarily result in a decrease of the
population of site I'. This seems valuable for all
samples. Moreover, the occupancy of site |I' seems to
be limited to a maximum of two potassium ions per
cuboctahedron (50% occupancy). This limit may
be due to space requirements and to electrostatic re-

3333

pulsion between the cations in site I' and possibly also
in site I1. Figure 2 reveals indeed that a higher popu-
lation in site Il corresponds to a lower population of
site I'. However, the electrostatic effect will be re-
duced by the water molecules in the sodalite cage.
Probably, an increasing AF+ content, i.e., higher frame-
work charge, will also be a cause for the increasing
number of cations in the hexagonal prism and for the
inversion of the population of sites | and I".

3. Considering that the 02 and to some extent the
04 oxygens participate in the neutralization of the
AlO4tetrahedra, it is likely that more than one-fourth
of the cations are located at the sites Il. For NaX,
Olson4 showed that only the six-rings with three Al
atoms are able to fix a cation. For the Y-type samples,
no six-rings with three Al atoms are present (see Table
V1), and the available data showed no filling of the
sites Il with cations (Smith1). This could be true for
our K samples also. From our present results it is
clear that this possibility is not realized. Comparing
the values of Table VII, part A, with the numbers of
cations found at site Il we conclude that in every struc-
ture only those sites Il are occupied which have the
highest charge density, and that at least one-fourth of
the cations are at such sites. In our samples KF 48.2
and KF 54.7 this corresponds to the occupancy of six-
rings having two aluminum atoms. In zeolite X
(F 86.5) this is realized with the six-rings having three
aluminum atoms as proposed by Olson4 and Smith.4
For the sample KF 69.8 the six-rings with three alumi-
num atoms do not provide a sufficient number of sites
and are supplemented by six-rings with two aluminum
atoms.

4. In the large cages no X-ray evidence was found
for cations fixed at sites other than sites Il. Neverthe-
less the charge transferred by the atoms Oi, and to some
extent by 04 must be neutralized by cations in the
large cavities not located at sites Il. Baur3presented
several arguments in favor of the idea that the water
molecules and the unlocated cations in the large
cavities form a near-liquid phase similar to an elec-
trolyte solution. In the hydrated state a kind of
Stern-Gouy double layer2l would be formed to neutral-
ize the resulting part of the framework charge. How-
ever, we investigated the same samples in the dehy-
drated state,2 and there also an important fraction of
the cations cannot be located in the samples with the
highest lattice charge. In dehydrated samples, the
ions must be located close to the oxygen framework,
and therefore we considered the possibility of fixed sites
along the sequences of four-membered rings of oxygen

(20) E. Dempsey, “Molecular Sieves,” Special Publication, Society
of Chemical Industry, London, 1968, p 293.

(21) J. Th. G. Overbeeck in “Colloid Science I,” H. R. Kruyt, Ed.,
Elsevier, Amsterdam, 1952, p 129.

(22) W. J. Mortier, H. J. Bosmans, and J. B. Uytterhoeven, to be
published.
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Figure 3. Oxygen arrangement at site I11".

ions in the large cavities. Considering the geometry
of the oxygen atoms we defined the sites I11', formed
by two 04and two Oi oxygens, as possible cation sites
(Figure 3). In agreement with Loewenstein’s rule, the
highest charge density at these sites is realized in the
case of a local 1:1 silicon and aluminum ordering. In
that case all the oxygen atoms forming these sites are
part of an aluminum tetrahedron. Moreover, as soon as
a four-ring of T atoms, belonging to the cuboctahedron
or to the hexagonal prism, contains two aluminum
atoms, the site 111" in consideration is highly charged.
Indeed, three of the four oxygen atoms (O4 and Oi)
plus the underlying 0 3take then part in an Al3+ tetra-

E. M. Roberts

hedron. The whole framework can be constructed
with four-rings of T atoms of the hexagonal prism; 48
of such rings must be considered. The number of these
rings containing two aluminum atoms is given in Table
VI, line B. When we compare these values to the
number of unlocated cations we are inclined to assume
that in the samples F 86.5 and F 69.8 an important
part of the potassium ions may be fixed to sites III"
because of the high local framework charge. In the
other cases, a more uniform balancing of charges
through the agency of the water dipoles must form a
more favorable situation. In this way, the large
number of possible arrangements should result in an
occupancy too low to be detected.
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The possibility is examined of detecting, with conventional nmr spectroscopy, atomic motions too slow to

affect the second moment.

Such motions are expected to have a noticeable effect on the free decay of trans-

verse magnetization only after times long compared to the inverse line width. A new definition of T2is given
which is dependent on the long-time behavior of the transverse magnetization. The new definition equates
T2with 8 the root-mean-square time for which transverse magnetization persists. A discussion is given regard-
ing the qualitative equivalence of this definition and more conventional definitions. Experimental data on
TiHi 9% confirm that slow atomic motions may be detected by examining the temperature dependence of 8

Spectra were recorded using large amplitude, square-wave magnetic field modulation.

It is proved that this

method provides an undistorted reproduction of the absorption spectrum.

I. Introduction

It is well known that the gross features of an nmr
spectrum are sensitive only to motions of the spins
which occur with characteristic frequencies comparable
to the rigid lattice line width. For a system which ex-
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hibits motional narrowing, a graph of the apparent
second moment as a function of temperature shows a

(1) (@ Work performed at The Lockheed-Georgia Co., Marietta,
Ga. (b) The author is now affiliated with Dames and Moore, Con-
sulting Engineers, 1314 West Peachtree St., Atlanta, Ga. 30309.
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low temperature plateau along which the second mo-
ment is constant. In most instances, the second
moment falls off sharply and monotonically as higher
temperatures are approached until finally a high tem-
perature plateau is reached. The low temperature
plateau is sometimes termed the rigid lattice plateau,
since in that temperature range there is agreement with
the theoretical second moment for a static spin system.

It is understood that within the rigid lattice region
the nuclear spins are not static but may possess mo-
tions in addition to the wusual vibrational motion.
These motions are of the same type which cause mo-
tional narrowing, but they occur at a rate too slow to
affect the gross features of the line shape. They have
been detected by Slichter and Ailion2 and termed by
them ultraslow. Their method of detection involves
the experiment of adiabatic demagnetization in the
rotating frame. Thus, Slichter and Ailion were able
to extend the detectable values of the atomic jump
time for metallic lithium by about five orders of mag-
nitude. The question whether conventional magnetic
resonance spectroscopy Can be used to detect motions
that are too slow to affect the second moment is to be
examined here. The compound used in this work is
TiHI.HA

Il. Transverse Relaxation

A. Conventional Concepts. Attention is restricted
here to solids where any existing motion of the spins is
slow enough for the adiabatic approximation to be
valid. That is, only that part of the line broadening
perturbation that commutes with the Zeeman operator
is retained in the total Hamiltonian. With this re-
striction and for sufficiently high temperature, the
tranverse magnetization, following a 90° radiofrequency
pulse, relaxes along a curve G(t) identifiable with the
Fourier transform of the absorption curve {7(10).3 The
relaxation function G(t) plays an important role in the
theory of motional narrowing. An equally valid con-
cept of G(L) is that it is equal to the average of cos <)
over all nuclei.34 Here, <(t) is the phase deviation.
For a system of localized spins <q(t) is just tot, where w
is the deviation from resonant frequency.3 For a
system of spins in thermal motion, wis a random func-
tion in time. In this case, t) is the integral of oo(t)
over the time interval (0,i)-4

A single relaxation time T2is often used to describe
the decay of transverse magnetization. Several quali-
tatively equivalent definitions of T2 have been found
useful in practice. Because of the rather large changes
in line shape which are usually observed with motional
narrowing, the precise definition is not important. One
definition of T2equates it with the time necessary for a
group of spins, initially in phase, to become dephased
by 1 radian as a result of their interactions with various
local fields. Another useful definition relates T2 to
the time required for transverse magnetization to de-
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cay freely to approximately one-half of its initial value.
Still another definition relates T2 to the inverse half-
width of the absorption spectrum. The qualitative
equivalence of these definitions is well known and need
not be proved here.4

B. Properties of gu>) and G(t). Let a2be the second
moment of g(co), and let B be the second moment of

G(t). Both g(w) and G(t) are assumed to be centered
at the origins of their arguments. Then
*Q Z V* (1)

In (1), the inequality sign may be dropped after re-
placing the number 42by a number C which depends
on the function g(to). In all cases of practical interest,
C is of the order of unity. It is well known that <2
exists for physically real systems. It will be shown
later that 92also exists. Equation 1 shows that a2and
9are intimately and naturally related.

The half-width of g(co) at half-maximum is often used
as an indication of the average of the absolute value
of the local field. This half-width has only qualitative
significance. Of more fundamental significance are the
various moments of g(«). In principle, they may be
calculated for any fixed arrangement of spins. The
function g(w) is uniquely determined by its moments if
they all exist and if the resulting moment generating
function is covergent. In practice, however, only the
first few moments may be calculated ab initio or from
experimental data. The second moment a2is the most
important of the various moments because it is rela-
tively easy to calculate both theoretically and experi-
mentally.5 Also, the physical significance of a as a
measure of the magnitude of the local field is more
readily apparent than that of the other moments.6

As will be shown, 92 may be computed rather easily
from experimental data. It is not readily calculated
from theory. Although a2 and 92 are not generally
capable of completely defining g(c0) and G(t), respec-
tively, their determination is an important first step
toward defining the functions g(w) and Gif).

C. A New Definition of T2 The purpose of this
discussion is to suggest that 9 has the same physical
significance as T2when the latter is given by any of the
three definitions discussed above. As will be shown,
9and T\ have approximately the same numerical value.
Thus, T2is redefined as

T2=9 )

From the definition of G(t) as the Fourier transform
of gt3), it follows that

(2 (@ C. P. Slichter and D. C. Ailion, Phys. Rev., 135, A1099
(1964); (b) D. C. Ailion and C. P. Slichter, ibid., 137, A235 (1965).

(3) 1.J. Lowe and R. E. Norberg, ibid., 107, 46 (1957).
(4) P. W. Anderson, J. Phys. Soc. Jap., 9, 316 (1954).
(5) J. H. Van Vleck, Phys. Rev., 74, 1168 (1948).

(6) A. G. Redfield, ibid., 98, 1787 (1955).
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where g"(0) denotes the second derivative of g(u)
evaluated at « = 0. It is evident that 02 must exist
because absorption spectra with undefined or infinite
curvature are never observed. From eq 2 and 3, it is
evident that T2is now defined in terms of the spectrum
in the vicinity of the central frequency. This is in
contrast to the usual concepts of T2 which are equiva-
lent to an inverse half-width. Some examples will
serve to illustrate that the definition 2 is not in serious
disagreement with the older definitions of TV

The Gaussian and Lorentzian functions are useful
for purposes of discussion. The Gaussian function

o{t) = (27e?
has the Fourier transform

G{t) = exp(—I/2qa2

exp(—ud 202

The root-mean-square phase deviation is at, and the
half-width at half-intensity is 8 = (2 log 2 Ap-
plication of eq 3 shows that 0y2 =1. It is evident
that the numerical value of 8 is in substantial agree-
ment with older definitions of 7V

The Lorentzian function

o) = 5 A52+ @-1
has a Fourier transform
G{t) = exp(—8Y

In this case, the second moment of g(w) does not exist
if the range of o is taken as (— oo0,c0). Application of
eq 3 shows that 052 = 2. Again, the numerical value
of 0 is in substantial agreement with the older defini-
tions of TV

Aside from being somewhat more general than the
previous definitions, the new definition has one distinct
advantage. It reflects more accurately the behavior
of Gif) for long times. Exceptions to this are found
in the above examples and arise whenever one parameter
is sufficient to describe completely both g(u) and G(t).
These exceptions do not detract from the stated ad-
vantage, because it is probable that an actual spectrum
is neither Gaussian nor Lorentzian.

The higher order moments are even more dependent
than 02on the behavior of G(t) at long times. The in-
troduction of the higher order moments is analogous,
perhaps equivalent, to the use of several time constants
to describe transverse relaxation. Because of the
guestionable accuracy involved in their calculation
and the vagueness of their physical significance, the
moments of order greater than 2 will not be considered.

D. Motional Effects.
times is of importance, because the effect of slow motion
is expected to be manifested at the longer times. Con-
sider a system of spins which may experience various
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magnetic environments. The spins are assumed to
sample each magnetic environment for an average time
r. The rigid lattice second moment is denoted by <i.
There are two distinct situations. If €t < 1, the spin
system dephases according to a stochastic process.
As a result of the rapid fluctuations in magnetic en-
vironment, the sign of « will change before the phase
deviation can become appreciable. The situation is
completely different if ot > 1, since the spin system is
significantly dephased before the average magnetic
environment changes. In this case, that of slow mo-
tion, the function G(t) has a behavior at early times
which is practically the same as that of G(t) for a rigid

lattice. Departure from rigid lattice behavior will be
evident only for relatively longer times. The spin
system is dephased every r sec so that
JL I
— 4
T2~ TV + r “)

where TV is the transverse relaxation time of a rigidly
fixed spin system.7

As temperature increases, t decreases. According
to eq 4, I/Ti should increase as temperature increases.7
Transverse relaxation times based on the usual con-
cepts do not show the behavior predicted by eq 4,
because they are not sufficiently influenced by the
behavior of G(t) at long times. The definition T2= 0
is so influenced. The points brought out in the pre-
vious discussion strongly suggest that in the tempera-
ture range commonly known as the rigid lattice region,
the values of 0should obey the equation

1

. ©)

where 0' is the value of Ofor a rigidly fixed spin system.
For rapid motion where ar &1, it is expected that

1
(6)

The experimental results to be presented here on
TilL A verify these expectations.

I11. Experimental Section

A. Apparatus and Sample. A Varian VF-16 wide-

(7) D. S. Schreiber and R. M. Cotts, Phys. Rev., 131, 1118 (1963).
Equation 4 has been derived by Schreiber and Cotts to describe the
effect of quadrupole interaction on the lanthanum line width of
lanthanum hydride. In their application r-1 is the frequency with
which a lanthanum nucleus is visited by diffusing defects. The theory
leading to eq 4 is valid so long as the restriction jt > lisvalid. The
prediction that the line width should first increase as temperature
increases is substantiated by the lanthanum resonance. The hydro-
gen line width does not exhibit this property. The difference in
behavior between the two resonance lines is due to the fact that the
quadrupole interaction is a much more effective mechanism for
relaxation than is dipolar coupling. If Tz, in eq 4, could be inter-
preted in terms of a quantity more sensitive than the line width, the
effect might be expected to be enhanced in the case of the hydrogen
resonance. It might be mentioned that eq 4 is applicable to slow
exchange, between different sites, of spins which obey the Bloch
equations.
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line spectrometer was used. The detection at the
audiofrequency was accomplished with a Princeton
Applied Research Model HR-8 lock-in amplifier. The
audiomodulation of the magnetic field was derived from
a Hewlett-Packard Model 3300A function generator
and a Model 467A amplifier. The function generator
was phase locked to the internal reference signal of the
lock-in amplifier. Field modulation was performed
with a square wave applied to the modulation coils.
The modulation frequency was 20 Hz. The maximum
peak-to-peak modulation amplitude attainable was
50 G. The sample temperature was regulated with a
V-4557 variable-temperature accessory adapted for
use in the wide-line probe. Frequencies were measured
with a Hewlett-Packard Model 5245-L counter.

A sample of commerically obtained titanium hydride
was used. Chemical analysis gave a composition of
TiHi Awith less than 0.23ty impurity by weight. The
sample was annealed at 300° to homogenize the distri-
bution of hydrogen. It was in powder form with
particles less than 37-ju diameter. It was the same
sample used in previous work.8

B. Spectra. There are two possibilities for the
determination of O from continuous wave data. With
the use of small amplitude of modulation, the derivative
of the absorption spectrum may be recorded. The re-
laxation function may then be obtained by numerical
integration. Another numerical integration produces
02 Even though the effect of nonzero amplitude of
modulation may be taken into account,8 there was
originally a question in the author’s mind concerning
the accuracy of that correction at large values of time.
The reason for this concern was that the peak of ab-
sorption is the part of the curve most affected by the
modulation. This difficulty could be relieved by using
very small amplitude of modulation, but the signal-to-
noise ratio in the vicinity of the peak of absorption
becomes poor. An alternative scheme of spectral
presentation was thought desirable.

The absorption, rather than its derivative, may be
obtained by modulating with a large amplitude square
wave.9 This method may be called the absorption
method to distinguish it from the derivative method.
To the author’s knowledge, no proof exists that the
method actually produces an unmodified version of the
absorption. Experimental proof is presented here that
the absorption method and the derivative method yield
identical relaxation functions. Therefore, they are
equivalent. In this application, the relaxation func-
tion is merely a mathematical convenience used to
show that the signals obtained by the two methods
describe the same distribution. Before presenting the
experimental data a few qualitative observations may
be made with regard to obtaining the spectrum.

The peak-to-peak amplitude Hmof the modulation
field must be large enough to encompass the entire
spectrum. A convenient rule is to choose Hm> 3AH,
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Figure 1. A signal obtained via the absorption method. The

separation between the two spectra is 45.0 G. The resonant
nuclei are protons in NH 4C1 at room temperature.

where AH is the line width. The modulation fre-
qguency vm should be chosen such that nonadiabatic
conditions prevail. The recorded signal from NHAC1 is
shown in Figure 1. The signal consists of two spectra
separated by Hmand relatively inverted. The occur-
rence of twin spectra is due to the nature of the lock-in
amplifier. This spectra should not be confused with
that obtained by high frequency modulation in high
resolution nmr spectroscopy.

The titanium hydride TiHi.9%4was used as a test case.
The line width of TiHi.%4at room temperature is 13 G.
A square-wave modulation field with an amplitude of
45 G and a frequency of 20 Hz was used. The relaxa-
tion functions from the two methods are compared in
Figure 2. Each point is actually an average of several
points. The correction for field modulation was in-
cluded in the computation of G(t) from the derivative
data. In obtaining the derivative data, the modulation
amplitude was kept small enough such that the cor-
rective factor,8Ji(bt)/(bt), did not vanish for times less
than 4 X 10 5sec. The close agreement between the
curves suffices to show that the absorption method
produces a signal which is the integral of the signal ob-
tained with the derivative method.

C. Calibrations.
rivative method must be corrected for the effect of field
modulation. This is particularly important for the
present purposes, since the effect of modulation be-
comes more pronounced for large values of time. The
peak-to-peak amplitude of the modulation field was
measured by adjusting the resonant frequency of water
to coincide with the extremes of the modulated field.

The radiofrequency was 8 Me. The possibility of
saturation was avoided by using a radiofrequency
power well below the point where saturation occurred.
Spectra were recorded using a scanning speed of 0.083
G/sec. The scanning rate yHo was calibrated by scan-
ning through a narrow resonance line at two different

(8) E. M. Roberts and C. W. Merideth, Phys. Rev., 179, 381 (1968).

(9) E. R. Andrew, “Nuclear Magnetic Resonance,” Cambridge
University Press, London, 1955, p 163.
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Figure 2. Comparison of Fourier transforms as obtained by

the absorption method and derivative method. The data are
for TiHi 9%t at 307°K.

radiofrequencies. The two scans were stored succes-
sively in a multi-channel analyzer and then jointly
displayed on the recorder. The scanning rate is the
frequency separation multiplied by the channel separa-
tion divided by the channel advance rate.

The sample was sealed in a Pyrex tube 8.5 mm ini.d.
A capillary thermocouple well entered the top of the
tube through a ring seal. The closed bottom of the
capillary was 2 cm from the bottom of the sample tube.
This arrangement allowed the temperature to be mea-
sured at a point near the center of the receiver coil. A
silicone rubber plug molded in place around the thermo-
couple and fitting tightly in the capillary prevented
moisture from condensing in the well. The tempera-
ture of the sample was measured by means of a copper-
constantan thermocouple having Teflon insulation.

D. Calculations.
to collect data in the rigid lattice region. Derivative
spectra were used for calculations in the temperature
range corresponding to narrowed spectra.

The curvature ¥'(0) was calculated by plotting the
normalized absorption g{w) vs. w§2. The points near
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the origin were fitted to a straight line using the method
of least squares. It is important tc decide for which
interval, about w = 0, the above plots may be con-
sidered safely linear. For this purpose, the absorption
may be assumed to have a Gaussian shape. Then, the
condition that the o2 term predominates is W2« 4a2
The second moment of TiHi.9tis approximately 25 G2
If an interval of 2 G on either side of center is used, a
sufficient number of data points may be obtained, and
the above inequality will be satisfied. The slope and
intercept of this straight line give ¥'(0) and g(0),
respectively. The normalization factor, second mo-
ment, and the relaxation function were calculated for
each case by numerical integration. Actually, the
normalized values of g(u) are not needed for the cal-
culation of H. However, the separate values of g"(0)
and gf0) are of considerable interest, and for these the
normalized values of gr(@) are needed.
Numerical integration of

e2= £ G(H)dtjf G(t)dt @)

was performed using relaxation functions previously
determined for the motionally narrowed spectra.8
For the three higher temperatures, the relaxation func-
tions do not decay sufficiently before the necessary cor-
rection for modulation becomes intolerably large. In
these cases, the relaxation functions were extrapolated
to longer times using an exponential approximation.

IV. Results

A. Qualitative. Motional narrowing first appears
forTiHi A in the neighborhood of 400°K. The second
moment of g(u) is constant for temperatures less than
370°K. Between 370 and 400°K is an intermediate
range for which §t « 1. The temperature range for
which T < 370°K will be referred to as the “rigid
lattice region” even though the spins may still have a
slow thermal motion. The region for T > 400°K will
be referred to as the “ motionally narrowed region.”

Absorption spectra were taken at the temperatures
99.2, 195.2, 246.5, 307.2, and 336.2°K. A spectrum at
99.2°K is shown in Figure 3. The signal-to-noise ratio
decreases with increasing temperature. According to
the general theory of nuclear magnetism, the absorption
intensity should be inversely proportional to the ab-
solute temperature when the high temperature ap-
proximation is valid. The unnormalized intensity
data, plotted in Figure 4, show that the high tempera-
ture approximation is valid. The temperature de-
pendence of the spectra due to the Boltzmann distribu-
tion of spins over the energy levels is contained in a
simple factor which cancels on normalization.

In the motionally narrowed region, the spectra were
obtained with the derivative method. For this range
of temperatures the absorption method produced spec-
tra with poor signal-to-noise ratios. Signal enhance-
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Figure 3. Typical spectrum of TiH19< at 99°K. The line

width at half-maximum is 12.8 G.

Figure 4. Arbitrary intensity of TiHi.%absorption vs. 1037 1

ment with a time-averaging computer would have been
necessary for the attainment of accurate results with
the absorption method. On the other hand, derivative
spectra were available from previous work.8 Although
it is more desirable, from the standpoint of consistency,
to use the same method throughout, it was more prac-
tical to use the derivative data already available. The
spectra were recorded at temperatures 377.2, 400.0,
421.7, 445.2, 464.8, 481.4, 514.2, and 534.2°K.

B. Quantitative. For the rigid lattice region, the
values of 6 were calculated from the spectral data ac-
cording to eq 3. For the motionally narrowed region
the values of 6 were calculated in the manner indicated
by eq 7. The results are shown in Figure 5 Also
shown in Figure 5 are the values of T2 defined by
G(T2 = e~IAs The initial increase of 0_1 with tem-
perature is in agreement with eq 5.

No less than ten spectra were recorded for each point
in the rigid lattice region. The 9 values plotted in
Figure 5 are averages. The significance of the ob-
served temperature dependence is best tested by con-
sidering the calculated values of g"(0), g{0), and <2
separately. This was done for the sets of data at 99.2
and 307.2°K. The averages for g"(0), g{0), and <2
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10 20 30 400 0
TK
Figure 5. I/Ttvs. T for TiHj.«. The points marked O and X

are those for which Ti = 8. The former correspond to data

obtained with the absorption method; the latter are from the

derivative method. The points marked + correspond to the

definition G{Ti) ~ e~"'T

are given in Table | for the two sets of data. The
statistical t-testDwas applied to determine if the aver-
ages for the two temperatures are significantly different.
The results of that test are shown in Table I. The
meaning of tand txis that if t > tx, there is a probability
greater than (100 — x) per cent that the two sets of
data, as described by the given averages, are signifi-
cantly different. It is evident from the standpoint of
curvature and maximum intensity that there is a
significant difference between the nmr line shapes at
the two temperatures. However, from the standpoint
of second moment, there is no significant difference.
Of the three parameters, g"(0) is the most sensitive.
The average values of fif'(0), g(0), and 9 are listed in
Table 11 for the points in the rigid lattice region. The
indicated precisions are standard deviations.

Table | :
Second Moment for Temperatures 307.2 and 99.2°K*“

A t-Test Comparison of Curvature, Intensity and

T g"(0) (10 —36see*) t h
307.2 —0.90 £+ 0.16 4.80 2.82
99.2 -1.19 £ 0.08

T i7(0) (10-ssec) t i
307.2 2.74 £ 0.04 3.96 2.82
99.2 2.81 £ 0.05

T cad (10» see-2) t R3Y)
307.2 1.80 + 0.08 0.367 0.685
99.2 1.81 + 0.13

° The indicated errors are standard deviations.

If the temperature variation of 9 in the rigid lattice
region is due to slow thermal motion, eq 5 should be
descriptive of that variation. The correlation time r

(10) W. J. Youden, “Statistical Methods for Chemists,” Wiley,
New York, N. Y, 1951.
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Table Il: Average Vvalues of g"(0), g(0), and 6 in the
Rigid Lattice Region*
Temp,
"K s"(0) (10-1* sec») g(0) (10~16sec) 6(10-6 sec)
99.2 1.190 £+ 0.080 2.814 + 0.048 0.651 + 0.040
195.2 1.156 + 0.09 2.757 £+ 0.020 0.648 + 0.030
246.5 1.108 + 0.160 2.754 + 0.029 0.631 + 0.049
307.2 0.902 + 0.159 2.740 = 0.040 0.573 £+ 0.060
336.2 0.663 + 0.061 2.756 + 0.030 0.489 + 0.019

“ The indicated precisions are standard deviations.

in eq 5 and 6 is usually equated to the mean atomic
jump time of a diffusion process and should have a
temperature dependence according to

t = t' exp(E/RT) (8)

The factor r' may actually have a temperature de-
pendence, but over a narrow temperature range the
variation of r' ordinarily is obscured by the exponential
change. If there are several processes responsible for
the changing magnetic environment, 1/tin eq 5 should
be replaced by a sum over the separate terms I/r*.

The value of 9 for the rigidly fixed system of spins is
evidently given closely by the value at 99°K. A log
plot of (/9 — 1/9") vs. 10T is shown in Figure 6.
The line is a least-squares fit of the data. Values for
r' and E are given in Table I1l. The precisions of these
numbers are derived from estimates of the variances,
as is usual in a least-squares fit.

Table I11:
the Rigid Lattice Region Compared with E and t Obtained
from Eq 9 and 8 for the Motionally Narrowed Region*

Values of E and t’ Obtained from Eq 5 and 8 for

Rigid lattice =~  — Motionally narrowed region—

region - This paper Reference 4

log t' -7.1 £0.2 -14.6 0.6 -12.9 £0.5

E, kcal 3.8 +0.2 18.9 1.2 175 1.0
mol-1

“ The numbers represent a least-squares fit of the data shown
in Figures 6 and 7.

In the motionally narrowed region, the jump time r
was related to 9 through the equation

1= V,(r/0")2e~®/T- 1+ 29/t] 9)

where 9" is the maximum value of 6 Equation 9
incorporates an obvious ad hoc adjustment in the equa-
tion previously used to relate the jump frequency with
transverse relaxation time.8 TTie values of 2/r ob-
tained by solving eq 9 with 9" = 0.5 X 10-5 sec are
shown in Figure 7. The results for t and E are shown
in Table 11l. Compared with these values are the
values of t' and E obtained previously using T2 de-
fined by G(T2 = e~IAs
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Figure 6. Log plot of (1/0 — 1/0') vs. 10*/T for the rigid
lattice region. The data are from Table Il. A straight line

least-squares fit of the points is drawn.

V. Discussion

A. Explanation Based on Motion. It has been
found that, in the rigid lattice region, the experimental
values of 9 are described well by eq 5 with r given by
eq 8. This isvery good evidence that a motional effect
is responsible for the temperature dependence of 9
For the motionally narrowed region, the values of t cal-
clulated using T2 = 9 are in good agreement with the
values of t using 1\ defined by G(T2 = e~'h.

The position of hydrogen within the lattice and the
diffusion mechanism in the motionally narrowed region
have been studied in titanium hydrides by Stalinsky,
et al.n They find that, in the rigid lattice region, the
protons are situated in sites located at the tetrahedral
positions around the titanium atoms. In the mo-
tionally narrowed region, diffusion proceeds by way
of a vacancy mechanism involving empty tetrahedral
sites. The octahedral sites appear to play little or no
role in the diffusion mechanism. In TiHIi9 the frac-
tion of unoccupied tetrahedral sites is small, which im-
plies that the diffusion mechanism involving vacancies
two or more sites removed is unlikely. The assump-

(11) B.stalinsky, c. K. Coogan, and H.S. Gutowsky, J. G’H’T’IH'NS,

34, 1191 (1961).
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Figure 7. Log plot of 2/« ... 10a7 for the motionally
narrowed region. Equation 9 was used to
calculate « from o.

tion will be made here that diffusion in TiHi.9occurs
by the movement of a proton into an immediately ad-
jacent empty site.

Considerably different activation energies have been
found in the present work for the two temperature
regions. Evidently, two processes are involved. The
simplest explanation of the observations based on two
separate processes is as follows. The magnetic be-
havior of the spins is a collective one, but it is simpler
to think in terms of the single spin approximation.
The magnetic environment of a given spin may change
in either of two ways. First, a spin may move to a
neighboring vacancy, if that vacancy already exists.
Second, the formation of a vacancy in the neighborhood
of the spin is capable of changing the magnetic en-
vironment. The second process is much more com-
plicated than the first, and there is no reason to suspect
that the two processes have the same activation energy.

The time scale is important in the analysis of the ef-
fect of diffusion on relaxation. The time with which
r must be compared is 6'. Here, r is the mean time of
change of magnetic environment, and it must be related
to the process causing that change. Suppose first
that r < 6. The magnetic environment changes often
by both processes before significant dephasing occurs.
What is observed in this case is the composite process
which has an activation energy equal to the sum of the
activation energies of the two processes.2 On the
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other hand, if £ > 6', what is observed is one process 0)
the other, but not both. In the last statement, tht
assumption was made that the probability of a simul
taneous or near simultaneous occurrence of the twc
processes is negligible on the time scale for which 6 ii
small. In this case, the process which affects th<
magnetic environment occurs with a rate n-1 + r21
where n and r2 are the correlation times of the tw<
processes.2 If n A>r2 only the second process will b<
effective as a relaxation mechanism. It seems prob-
able that the activation energy 3.8 kcal/mol, observe!
for the rigid lattice region, is associated with a jump o
an already present vacancy.

Diffusion in a pure metal proceeds by a least three
processes. In addition to the two processes discussec
above, there is the process of creating extra vacancies
within the lattice. The experiment on lithium bj
Ailion and Slichter detected only one activation energy
The criterion for which their technique may be used tc
detect atomic motion is r < Tx Evidently this cri-
terion ensures that the process which affects the experi-
mental data is the composite one with an activation
energy equal to the sum of the separate activation
energies.

B. Alternative Explanations. There are alternative
mechanisms which might cause changes in the curvature
of the absorption g@). Stalinski, et al.,n observed
negative Knight shifts in titanium hydrides of various
compositions. These shifts are dependent on concen-
tration and temperature. |If the sample were not
homogeneous in concentration these shifts could cause
changes in line shape. Such changes would by asym-
metric. No asymmetry in the line shape is observed,
and the values 0 fg"(0) are independent of whether one
plots g(oi) vs. 2for o< 0 or w> 0. It may be con-
cluded that changes in curvature due to a distribution
in Knight shifts are within the experimental error and
are not responsible for the results reported here.

The shifts noted above actually may not be Knight
shifts. They may be due to demagnetizing fields the
magnitudes of which depend on the geometries of the
particles in the sample.1814 The susceptibility of
titanium hydride is dependent on concentration and
temperature. The argument of the preceding para-
graph may be repeated here to show that a distribution
of shifts due to an inhomogeneous distribution of de-
magnetizing fields is not responsible for changes in
curvature of absorption.

(12) In the simplified theory, rates are combined according to the
rules of probabilities of independent processes. If both processes
occur simultaneously, the overall rate is the product of the two
rates. If one or the other but not both occur, then the overall rate
is the sum of the rates. In the first case an activation energy exists
for the composite process and is equal to the sum of the activation
energies. In the second case no composite activation energy exists
except when one rate is exceedingly larger than the other.

(13) D. S. Schreiber and L. D. Graham, J. Chem. Phys., 43, 2573
(1965).
(14) L. E. Drain, Proc. Phys. Soc., 80, 1380 (1962).
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It is believed that the above arguments are effective
in ruling out the possibility that either Knight shifts
or magnetic susceptibility variations are responsible for
the observed temperature dependence of 6'. A further
test was applied to strengthen this conclusion. Spectra
were taken at 307°K utilizing a radiofrequency of 16
Me. The value of 62at the frequency 16 Me was equal
to 02 at 8 Me, within experimental precision. If the
observed line shape variations were due to Knight
shifts and magnetic susceptibility variations, they
would be dependent on magnetic field.

One further possibility is that a small nonsecular
broadening is present and is most evident in the vicinity
of peak absorption. Experiment at room temperature
indicates that Ti is on the order of 0.1 sec. This is long
compared to T2 and it seems unlikely that the effects
observed here could be due to Ti broadening.

VI. Summary

Evidence has been presented which is believed to
illustrate conclusively that motion of the spins, too
slow to affect the second moment, may be detected by
examining the finer features of the line shape. The
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new definition of T2 while not drastically different from
the older definitions, depends more on the finer features
of the line shape than do the older definitions. The
fact that the temperature dependence of 6 is described
by eq 5, in which r is given by eq 8, strongly indicates
that a rate process is involved.

The result of this work is that the range of correlation
times, detectable by conventional nuclear magnetic
resonance spectroscopy, may be extended by about two
orders of magnitude. The upper end of the new range
of correlation times is within the range detectable with
the method of Slichter and Ailion.2 The rates which
may be detected with the present method may be called
“slow” in contrast to the ultraslow rates detected with
the method of Slichter and Ailion. The advantages
of the method presented here are (1) simplicity in
execution, and (2) the need for only conventional nmr
apparatus.

The validity of the technique of modulating with very
large amplitude followed by phase sensitive detection
to produce an undistorted absorption spectrum has
been demonstrated. The absorption method has the
advantage that 9 may be obtained more simply than
with any other mode of spectral presentation.
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Hydrogen Peroxide Formation upon Oxidation of Oxalic Acid in Presence and
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In the presence of oxygen and an excess of manganese(ll) the amount of hydrogen peroxide formed increases
greatly with increasing temperature, increasing concentration of manganese(ll), and decreasing rate of addi-
tion of permanganate, cerium(lY), or chromium(V1) to an acidified solution of oxalic acid. The three oxidants
yield the same results, which indicates that the initial reaction is the formation of a complex manganese(l11)
oxalate, denoted as MnnlOx. The formation of large amounts of hydrogen peroxide is accounted for by a
chain mechanism

MnmOx
02202-— }mMn(ll) - Ox2' - 2il

Mn(ll) + C02+ CO<; CO02" + 02— > 0ZX02~;
—>=a\In11Ox -T CO02 (- HD2

A similar mechanism can be written for the formation of hydrogen peroxide in the decomposition of a solution
of KXoln(CD43 in acid medium, where the initial reaction is Com (Ox)38' — Co(ll) + 20x2* + C02+
C02'. The effects of various factors on the peroxide formation are reported. In the absence of added man-
ganese(ll) the concentration of peroxide formed remains small, and no peroxide is formed with chromium(VI).

Mechanisms are presented to account for these facts.

Introduction

It has been known for many years that small amounts
of hydrogen peroxide are formed in the titration of
oxalic acid with permanganate.2* Hydrogen peroxide
is not formed in the absence of oxygen. Since the titer
of the oxalic acid is the same in the presence of oxygen
as in its absence, the overall reaction leading to the
formation of hydrogen peroxide must be

HX24+ 02 "~ HXD2d2C02 (1)

Deiss4assumed the intermediate formation of peroxalic
acid which disproportionates into carbon dioxide and
hydrogen peroxide. However, Milburn and Taube6
showed that peroxalic acid is formed only in strongly
acid medium.

No systematic studies have been reported in the
literature on the quantities of hydrogen peroxide
formed under various experimental conditions. We
have found that reaction 1 may occur quantitatively
if a trace of permanganate or other oxidant is added
very slowly to a mixture of oxalic acid, dilute sulfuric
acid, and manganese(ll). Before presenting the re-
sults of our experiments, a brief review is given of the
interpretations of the mechanism and Kinetics of the
reaction between oxalic acid and permanganate.

From the work of Launer, et al.,6 and Noyes, et al.,’
it appears that two overall reactions can be written for

the oxidation of oxalate in acid medium with per-
manganate in the presence of manganese(ll)7

MnCb“ + 4Mn2+ + 5nCD £~ + 8H+ —>
5Mn(CD4,3n+ 4HD (A)
2Mn(CDA)E-n— »

2Mn2+ + (2n - 1)CD 4L~ + 2C02 (B)

where n may be 1, 2, or 3. In the absence of man-
ganese(l1) no reaction occurs between oxalic acid and
permanganate. In the presence of manganese(ll) the
first steps of reaction A are postulated to be

MnCh* + MnCD4—> Mn042' + MnCD4+ (AX
Mn(VI) + Mn(ll) —> 2Mn(1V) (A2
Mn(1V) + Mn(l1) — » 2Mn(111) (A)

(1) This investigation was carried out under a grant from the
National Science Foundation.

(2 (@ K. Schroder, z. Offentl. Chem., 16, 270 (1910);
Kolthoff, Z. Anal. Chem., 64, 185 (1924).

(3 F. Oberhauser and W. Heusinger, Ber., 61, 521 (1928).

(4) E. Deiss, Z. Angew. Chem., 39, 664 (1926).

B) R. M. Milburn and H. Taube, J. Amer. Chem. Soc., 81, 3515
(1959).

(6) (@ H.F. Launer, ibid., 54, 2597 (1932); (b) ibid., 55, 865 (1933);
(c) Launer and D. M. Yost, ibid., 56, 2571 (1934).

(7) (& R. M. Noyes, Trans. N. Y. Acad. Sei., 13, 314 (1951); (b)
J. M. Malcolm and R. M. Noyes, J. Amer. Chem. Soc., 74, 2769
(1952); (c) S. J. Adler and R. M. Noyes, ibid., 77, 2036 (1955).

M) 1. M.
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Manganese (111) forms various complexes with oxalate.
Cartledge and Ericks8 prepared the yellow Mn1ll-
(CD 492 and the red M n(CA)3F complexes as salts
in the solid state. In addition there can be formed a
positively charged complex MnniC2D 4+ which ap-
parently is cherry-red.9 None of these complex ions
is stable in solution and all decompose into Mn(ll)
and carbon dioxide, but with different rates, the red
trioxalate complex giving the slowest reaction. Adler
and Noyes7cfound that the rate at which permanganate
is reduced to manganese(lll) and -(Il) in a solution
containing a large excess of oxalate is exactly equal to
the rate at which the manganese(lll) would form
manganese(ll) in the absence of permanganate. This
is accounted for by the rapid formation of manganese-
(111) oxalate by the overall reaction

MnO4 + Mn2++ (2n+ 3JCD4L + 8H+ — *
2MN(I11)(CDHM3 M+ 3C02+ 4HD

Launer,6 Noyes,7 and other authors agree that in
the decomposition of manganese(lll) oxalate a free
radical C02e~ is formed

Mnin(CD4n3- 22— >

Mn2+ + (» - 1)CD4& + C02+ C02-- (BO

Mnnl(CD 4,3+ CO*-* — »
Mn2+ + nCOD4&- + C02 (B2

Dependent on the pH, oxalate concentration, and tem-
perature, part of the manganese(ll) is present as Mn2+
and part as a complex with oxalate. The formation
of hydrogen peroxide was accounted for by Launer and
Yosté by the reactions

C02e~ + 02— > 002~ (co
0028 + Mn(Il) + 2H+ —>
Mn(lll) + HD2+ C02 (CO

For the sake of convenience we have written Mn(l1l)
instead of Mnin (CD 4n3 2n. Reaction Ci is expected to
be very rapid.

Experimental Section

Chemicals. All chemicals used were of reagent grade.
Baker's Analyzed CP manganous sulfate contained a
trace of metallic impurity which gave a polarographic
reduction wave; the species which causes it has not
been identified. After two recrystallizations this wave
had disappeared; the purified salt was used in all ex-
periments. Air, pure oxygen, and mixtures of air and
nitrogen served as sources of oxygen of different pres-
sure. Tank nitrogen used for experiments in the ab-
sence of oxygen was passed over copper heated at
200°; the results were the same as those obtained with-
out purification. A few' experiments have been carried
out on the formation of hydrogen peroxide in the de-
composition of the eobalt(lll) oxalate complex in
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acidified solutions. The green salt K3 om (CD 43
was prepared following the directions of Sorensen.®0

Technique. Experiments in which the oxidant was
added dropwise at a uniform rate over various periods
of time were carried out in a gas stream, stirring of the
solution sometimes being enhanced by a magnetic
stirrer. When experiments were made in the absence
of oxygen, the solution of oxidant being added was
continually bubbled with nitrogen which was pre-
saturated with water. Unless stated otherwise, ex-
periments were carried out at room temperature.

Analysis. Hydrogen peroxide formed was deter-
mined iodometrically in the presence of some molybdate
as catalystll or polarographically. In several in-
stances both methods were used in the analysis of a
given sample and the same results were obtained.
When the peroxide content was less than 5 X 10~4 M,
the iodine formed was titrated amperometrically. At
higher peroxide concentrations, the end point was
found visually using starch as indicator.

The sum of hydrogen peroxide and residual oxalic
acid was determined by titration with permanganate
at 50°. Blank experiments with mixtures of hydrogen
peroxide and oxalic acid solutions, containing the same
constituents as the initial reaction mixtures, showed
that the method of analysis yields reliable results.
For the sake of brevity, concentrations are expressed in
terms of the final reaction mixture, after addition of
oxidant.

Results

Experiments without Added Manganese(ll) Sulfate.
Permanganate as Oxidant. A slow titration of 0.05 M
oxalic acid in 0.5 M sulfuric acid was carried out at 25°
with 0.1 N permanganate. After addition of 50 equiv
% of oxidant in 10 min (i.e.,, 0.01 M permanganate)
the hydrogen peroxide content was 2 X 10~4M. Upon
further addition of only 1 equiv % of oxidant (2 X
10~4 M) in 1 hr the hydrogen peroxide content was
8.5 X 10-4 M, and upon further addition of 1 equiv %
of permanganate in 4 hr [HD 2] was 15 X 10-4 M. In
other experiments in the dark at 25° permanganate was
added alsowly to 0.05 M oxalic acid in 0.1 M sulfuric
acid. After addition of 13 equiv % permanganate in
1hr [HD 2] was 0.14 X 10-4 M, after addition of 22%
in 2 hr 0.4 X 104 M. However, when the initial
reaction mixture was also 0.1 M in manganese(ll)
sulfate, the hydrogen peroxide content after addition
of 13 equiv % permanganate in 1 hr was 5.0 X 10-3 M.
The above and similar experiments (vida infra) with
different initial concentrations of oxalic acid indicated

(8) G. H. Cartledge and N. P. Ericks, J. Amer. Chem. Soc., 58, 2061,
2065 (1936).

(9 H. Taube, ibid., 69, 1418 (1947).
(10) S. P. L. Sorensen, Z. Anorg. Allg. Chem., 11,1 (1896).

(11) 1. M. Kolthoff and R. Belcher, “Volumetric Analysis,” Vol.
111, Interscience, New York, N. Y., 1957, p 283.
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that presence of manganese(11) and very slow addition
of permanganate favor peroxide formation.

Addition of permanganate to a mixture of oxalic
acid and hydrogen peroxide in the absence of added
manganese (11) yielded results showing that hydrogen
peroxide reacts faster than oxalic acid with the oxidant.

Ceric Sulfate as Oxidant. A large number of experi-
ments was carried out in an oxygen stream in which
cerium(lV) was used as oxidant. In all instances traces
of hydrogen peroxide were formed. With initial con-
centrations of oxalic acid varying between 0.05 and
0.005 M the hydrogen peroxide concentration at various
stages of the titration (slow, rapid, 25°, 50°) varied be-
tween 0.1 and 1.5 X 10-4 M. At 75° addition of 0.2
equiv % of oxidant to 0.05 M oxalic acid in an oxygen
stream vyielded peroxide concentrations of 3 X 10-4
and 6 X 1 0 M with addition times of 5 min and 1 hr,
respectively. Again it was found that in the absence
of added manganese(ll) hydrogen peroxide reacts
much faster with the oxidant than oxalic acid does.

Chromium(VIl) as Oxidant. With potassium di-
chromate as oxidant no hydrogen peroxide formation
was ever observed (absence of manganese(ll)) even at
75° in an oxygen atmosphere.

Experiments in the Presence of Manganese(ll) Sulfate.
Permanganate as Oxidizing Agent. Absence of Oxygen.
A large number of experiments were carried out in a
nitrogen atmosphere, in which 0.1, 1, 2, and 10 equiv %
of permanganate was added in 1, 2, 3, and 4 hr, respec-
tively, and at temperatures of 25, 50, and 75°. The
initial solutions were 0.02, 0.01, or 0.001 M in oxalic
acid, and 0.1 M in sulfuric acid and 0.1 M in manganous
sulfate. Under no conditions was peroxide formed and
the amount of oxalic acid decomposed was equivalent to
the amount of permanganate added. Experiments
were carried out with solutions 0.005 M in oxalic acid
and in hydrogen peroxide and 0.1 M in sulfuric acid and
in manganese(ll). After 4 hr at 25° no reaction be-
tween oxalic acid and peroxide was observed; at 50°
after 4 hr 2 to 3% peroxide and oxalic acid had reacted.
At 75° the reaction was more pronounced; after 2 hr
16% had reacted and after 4 hr 35 to 38%.

Experiments were also carried out at 50° in nitrogen
in which to the above reaction mixture (0.005 M in
oxalic acid and in peroxide) 2 and 10% equiv % of
permanganate, respectively, were added in 4 hr. In
both instances 20% of oxalic acid and 20% of hydrogen
peroxide had reacted, indicating that slow addition of
permanganate at 50° induces the reaction between
oxalic acid and peroxide in the presence of manganous
sulfate.

Presence of Oxygen. Temperature 25°. Effects of
Time of Addition of Various Amounts of Mn(V11) and of
Concentration of Oxalic Acid. In Table I are reported
results obtained with an initial concentration of oxalic
acid of 0.01 M. The same results were found in the
dark and in daylight.
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Table 1¢

KMnOi - ---— Addition time of KMnOi, hr—
added, 0.1 0.5 1 2 4

equiv % [H202] formed X 104m

60 15 26 32
30 34

10 23 50

5 21 37 44

1 6.0 11.0 17.4 24 29

0.5 1.6 8.5 17

0.1 1.9 6.0 10.0

0 0 0 0 0 0 (after 8 hr)

° Solution 0.01 M in oxalic acid, 0.1 M in sulfuric acid, and
0.1 M in MnS04; 0 2saturated; 25°.

From Table 1 it is seen that the rate of addition of
permanganate has a large effect upon the amount of
peroxide formed. In all instances the final concentra-
tion of oxalic acid was determined. When 5 equiv %
or less permanganate was added, the molar concentra-
tion of hydrogen peroxide formed was found almost equal
to the concentration of oxalic acid which had disap-
peared, taking into account the effect of permanganate
added; i.e., equivalents of peroxide formed equals
equivalents of oxalic acid disappeared minus equivalents
of permanganate added. Actually in most experi-
ments it was found that 1 to 2% less peroxide was
formed than oxalic acid which had disappeared.
Similar results as in Table | were found when the initial
concentration of oxalic acid was 0.05 and 0.001 M.
Results obtained at the latter concentration are listed
in Table I1.

Table 11°
KMnOi - — Addition time of KMnC>4, hr------ -
added, 0.5 1 2 4
equiv % [H202] formed X 10¢m
50 5 5 5
20 7.5 7.5 7.5 7.5
10 9.0 9.6
5 8.6 9.0 9.0
2 6.6 9.6 9.5
0.5 3.6 5.6 6.6 8.6
0.2 2.4 4.1 6.4
0 0
° Conditions as in Table I; except 0.001 M oxalic acid (instead
of 0.01 M).

Again it is clear that the amount of hydrogen peroxide
formed increases with decreasing rate of addition of
permanganate. When 2 equiv % permanganate was
added in 4 hr, practically all oxalic acid had yielded an
equimolar amount of peroxide. This corresponds to
the overall reaction 1, in which the decomposition of
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nearly 0.001 M oxalic acid in the presence of oxygen is
induced by the addition of only 8 X 10~6 M perman-
ganate. When more permanganate, e.g., only 5 equiv
%, was added, most of the oxalic acid had reacted
with oxygen (eq 1), no oxalic acid being left after 4 hr.
In the experiments in Tables | and Il a slow stream of
oxygen was passed through during the addition of
permanganate. The experiments were repeated with
additional stirring with a magnetic stirrer; the same
results were obtained.

Effect of Concentration of Manganese(ll) Sulfate.
This effect is quite large. Experimental conditions
were the same as in Table I; the same results were ob-
tained in both light and dark. When 1 equiv % of
permanganate was added in 2 hr, the percentages of
oxalic acid having reacted to yield hydrogen peroxide
were 0.5, 12, and 25 at manganese(ll) concentrations
of 0, 0.01, and 0.1 M respectively. With an addition
time of 4 hr the percentages were 0.5, 15, and 30.

Effect of Initial Presence of Hydrogen Peroxide. Ex-
perimental conditions were the same as in Table I, ex-
cept that the original reaction mixture also contained
1, 2, 5 10, and 20 mol % (referred to oxalic acid con-
centration), respectively, of hydrogen peroxide; the
amount of permanganate added varied between 1 and
0.05 equiv %. No effect of the initial concentration
of peroxide upon the amount of peroxide formed was
observed.

Effect of Concentration and Kind of Acid. The effect
of the concentration of sulfuric acid was investigated
in a solution of the composition given in Table I.
For the sake of brevity only results are given after
addition of 1 equiv % of permanganate in 4 hr. The
molar concentrations of hydrogen peroxide were 2.0 X
10- 3in 0.01 M, 2.9 X 10“3in 0.1 M, and 3.4 X 10-~3in
1 M sulfuric acid. With hydrochloric instead of sul-
furic acid and 0.1 M manganese(ll) chloride instead of
sulfate the peroxide concentration in 0.2 M acid was
3.0 X 10-3 M. W:ith 0.1 M phosphoric acid and 0.1 M
manganese(ll) sulfate the peroxide content was 1.9 X
10~3M and with 0.5 M phosphoric acid 2.8 X 10-3 M.
When no acid was added (the initial reaction mixture
was 0.01 M in oxalic acid) the hydrogen peroxide con-
centration was 1.7 X 10-3 M, either in the presence of
0.1 M manganese(ll) sulfate or chloride. It may be
noted that in the absence of added acid the peroxide
concentration was the same as in the presence of 0.1 M
phosphoric acid. Perchloric acid had the same effect
as hydrochloric acid. The effect of a neutral salt,
sodium perchlorate, was determined in a solution of the
composition given in Table I. The concentrations of
peroxide formed after addition of 1 equiv % perman-
ganate were 2.5, 2.1, and 1.8 X 10~3M after 2 hr in the
presence of 0, 0.5, and 1 M salt and 2.9, 2.4, and 2.2 X
10~3after 4 hr addition.

Effect of Temperature and Other Variables at Higher
Temperatures. The effect of temperature on hydrogen
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Table Il
-Time of addition, hr-------

Temp, 01 4

°c [HDJ X 104 m
0 1.3 3.2

25 6 17 29
50 16 47 65
75 27 86 90

Composition as in Table I. Results in dark the same

daylight; 1 equiv % of permanganate added. Oxygen, washed

through water at the listed temperature, passed through reaction

vessel.

peroxide formation is large.
Table 111.

As in all previous experiments the residual oxalic
acid was determined. Corrected for the amount of
permanganate added the concentration of oxalic acid
corresponding to that which had disappeared was 0.5 to
15 X 10-4 M greater than peroxide formed, except in
the 4-hr experiment at 75° when practically all oxalic
acid had disappeared. Apparently, some hydrogen
peroxide decomposed at this high temperature, as the
concentration of peroxide formed should be 97 X 10~4
M, as compared to 90 X 10_4 M found.

The effect of concentration of sulfuric acid on peroxide
formation was found to be much larger at higher tem-
peratures than at room temperature. For example,
using a reaction mixture and conditions as in Table I11,
but at varying sulfuric acid concentrations, the peroxide
concentration after addition of 1 equiv % of perman-
ganate in 1 hr at 50° was 1.3, 4.7, and 54 X 10-3 M
at initial concentrations of acid of 0.01, 0.1, and 1.0 M,
respectively. When carried out at 75°, the correspond-
ing peroxide concentrations were 2.9, 8.6, and 6.5 X
10~3M as compared to 1.1, 1.7, and 2.1 X 10-3 M at
25°.  In these experiments the concentration of oxalic
acid disappeared was 1to 2 X 10-4 M greater than the
concentration of peroxide formed. In the above and
the following series of experiments additional stirring
with a magnetic stirrer had no effect on the results.
The effect of concentration of manganous sulfate was
determined at 50°. The composition of the reaction
mixture and experimental conditions were the same as
in Table I, except that 0.5 equiv % of permanganate
was added in 4 hr at 50°. At initial concentrations of
manganous sulfate of 0.01, 0.05, 0.1, 0.25, and 0.50 M
the concentrations of peroxide formed were 3.4, 5.5, 6.7,
6.8, and 6.9 X 10-3 M, respectively. Within the ex-
perimental error the molar concentration of oxalic acid
disappeared was equal to that of peroxide formed.

Effect of Oxygen Concentration. At the same com-
position and under the experimental conditions as in
Table 1 0.5 equiv % permanganate was added in 4 hr
at 50°, while the solution was bubbled with either oxy-
gen or air or a mixture of four parts of nitrogen and one

Examples are given in
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part of air. The concentrations of peroxide formed
were 6.7 (02, 5.1 (air), and 1.1 X 10~3M, respectively.
Again the number of moles of peroxide formed was equal
to that of oxalic acid which had disappeared.

Cerium(lV) Sulfate or Chromium(VI) as Oxidizing
Agents. Many of the experiments reported in the
preceding section at a manganous sulfate concentration
of 0.1 M were repeated using cerium(lY) or chromium-
(V1) as oxidants. The results were the same as those
obtained with permanganate.

Decomposition of Solutions of KtCoUI(CNONz~
Dark green solutions of this salt are unstable, 1 mol of
cobalt(l11) oxidizing 0.5 mol of oxalic acid; the resulting
solution has a pink color due to cobalt(ll). When the
initial concentration of the salt was greater than 0.025
M a pink precipitate of cobalt(ll) oxalate was formed.
Upon decomposition in 0.1 M sulfuric acid in the pres-
ence of manganese(ll1) and oxygen, hydrogen peroxide
was formed, the results being the same in light and dark.
In all instances the amount of peroxide formed was
equimolar to the amount of oxalic acid oxidized. No
peroxide was formed in the absence of oxygen. Most
of the experiments were carried out at 50°, the solutions
being 0.1 M in sulfuric acid. Under these conditions
and in the absence of oxygen the salt in the solution had
decomposed completely in about 3 hr; in the presence
of oxygen the decomposition rate was considerably
smaller. A few results on the effect of concentration
of cobalt(l11) salt, of manganese(ll), and of time of
standing on the formation of hydrogen peroxide are re-
ported in Table IV.

Again presence of manganese(ll) promotes the forma-
tion of peroxide. On the other hand, in the absence of
manganese(l1) the concentrations of peroxide formed
were much greater than with permanganate or cerium-
(V) as oxidants. The amounts of peroxide formed
after the complete decomposition of the complex in the
absence of manganese(ll) were the same at 25 and at
50°, the rate of decomposition of the salt at 25° being
about one-fortieth as large as at 50°.

Table IV : Peroxide Formation in Decomposition
of Solutions of K 3 0o(C204)3 at 50°“

Concen-

tration Time of [IDO,]
Co(ll) [MnSOU, standing, X 10«
salt, m M hr M
0.011 0 0.2 0.75
0.011 0 4 1.5
O0.01P 0 4 2.2b
0.011 0.04 4 8.2
0.02 0 4 to 10 2.5«
0.02 0.01 4 to 8 10.3«

“ Solution 0.1 M in sulfuric acid. Air passed through. bOxy-

gen passed through. «Pink precipitate formed after 2 hr;

after complete decomposition solution was barely pinkish.
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Discussion

In the Introduction it has been mentioned that man-
ganese(lll) can form three complexes with oxalate.
We will use the notation MnmOx for these com-
plexes. Manganese(ll) also can form one or more
complexes with oxalate, and we use the symbol Mn(ll)
for all forms of manganese(ll). As with MnmO0x,
equilibria are dependent on concentrations of manga-
nese, oxalate, and acid and on temperature.

In the presence of sufficient Mn(ll) the amount of
hydrogen peroxide formed was the same, irrespective
whether small amounts of permanganate, cerium(lV),
or chromium(V1) were used as oxidants. Therefore in
all instances the initial reaction (for simplicity not
balanced) must be the following

Mn(VIIl) or Ce(1V) or Cr(VI) +
Mn(ll) + Ox22 — » MnmOx (2)

Since the concentration of peroxide formed is many
times greater than corresponds to the concentration of
oxidant added, a chain reaction must occur in the
presence of oxygen

MnmOx —> Mn(ll) + C02+ (XV ~
[measurable rate] (Bi)

C02- + 02— > OXXV - [very fast]  (Ci)

0202-- + Mn(ll) + 2H+ — »

HD2+ C02+ MnniOx [fast] (C2

Reactions Bi, Ci, and C2constitute a chain reaction in
which eq 2 is the initiating reaction. The most prob-
able termination reaction is

CO*" + MnmOx — >

C02+ Mn(ll) [fast] (3)

The amount of peroxide formed increases very much
with decreasing rate of addition of oxidant. The
reason is that there is competition between reactions
Ci and 3. The instantaneous concentration of Mnm -
Ox becomes smaller with slower addition of oxidant
thus favoring reactions Ci and C2over 3.

Quantitatively, the sequence of reactions 2, Bi, Ci,
C2 and 3, with any of the oxidants listed in reaction 2,
leads to the following predicted kinetics. In the follow-
ing, O represents Mn(VIIl), Ce(lV), or Cr(VI). 1In
the initial presence of Mn(ll), considering the small
amount of O added, [Mn(ll)] remains constant.
Similarly [02] and [Ox2-] are constant. The con-
centrations of these three substances are not included
in the rate expressions, but are understood to be in-
cluded in the appropriate rate constants. When cO
moles of O per liter of final solution is added con-
tinuously over the interval t sec, we have for time tup
to T
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d[o] = ¢,

di T MO] O

Co

- e~M) ()
.
With all the oxidants k2 is relatively large, and for
the values of t and r used in the present work (Il)
reduces to (I11)

0] = ~

o (HI)

The rate of formation of hydrogen peroxide is given
by (1V)

=uom i'- v
di (v
The assumption of steady states for Mnm Ox,
0C02= and C02e~ leads to (V)
UoZXo2-] =--p + \VIFfc7[0pT*[0] (V)
where k = HkKkask3 Substituting (111) and integrat-
ing to t = tgives the result

[H02] = -7 + ] Ve + koo (V1)

The value of f2does not appear in eq VI. Therefore
the amount of peroxide formed should be independent
of the oxidant, as is observed. Figure 1, which is
based on the data of Table I with Mn(VII) as oxidant,
is a plot of {[HD2] + c04}2vs. t. In Table I, 1
equiv % of Mn(VII) corresponds to 2 X 10-6 M. The
plots should be straight lines with slopes proportional
to cO (Under most of the conditions of Table I, cOis so
small with respect to [HD 2] that [HD 2] is proportional
to r1l) The agreement with eq VI is satisfactory for
the smallest values of cQ, the value of kbeing 3.4, 4.0,
and 4.1 X 10~6(tin sec) for @ = 2 X 10-6,1 X 10-6,
and 2 X 1Q~-6M, respectively. AtcO= 1 X 10-4 M,
the dependence on r is of the same form as at smaller
cQ but kisonly 2 X 10-6. The sequence of reactions
2, .... 3 cannot account for a maximum formation of
peroxide at an intermediate cO (c/. Table I). Equa-
tion VI does not hold at the higher rates of addition
(higher values of cQ, undoubtedly as a result of the
reaction of Mn(lll) with hydrogen peroxide. A
guantitative interpretation of the effects of Mn(ll),
H+, and HZ 2 4is not possible, as the equilibria deter-
mining the concentrations of various forms of Mn(I11)
and Mn(I1) are not known. Also, it is not known how
temperature affects the equilibria between the various
Mn(l11) and Mn(ll) complexes. The hydrogen ion
concentration also affects these equilibria. The large
increase in peroxide formation with increasing tempera-
ture probably must be accounted for by the increase in
the rate of decomposition of MnInOx (reaction B),
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Figure 1. Plot of ([H22 + c04)2vs. t (cf.eq VI, Table I)

for indicated values of cO0.

although the rates of the other reactions also increase.
It is interesting to note that, according to Launer,BRin-
crease of ionic strength greatly increases the rate of de-
composition of MnmOx, while in the present work
we found a slight decrease in the amount of peroxide
formed with increasing ionic strength. Launer carried
out most of his experiments at a pH of the order of 5,
while in our work the pH was of the order of 1. Also,
Launer used a large excess of oxalate over manganese,
resulting in the formation of Mnm (C24)3_, while
in many of our experiments conditions were favorable
for the formation of Mnm (C24)2_ and Mnm (C204 +,
the rates of decomposition of the lower oxalate complexes
being much greater than that of the trioxalate (Taube9
and Adler and Noyes7).

In the absence of manganese(ll) in the reaction mix-
ture the amounts of peroxide formed on titration with
permanganate or cerium(lV) sulfate are found to be
very small. With the latter oxidant no manganese is
present during the titration. The formation of per-
oxide in the presence of oxygen is accounted for by the
following reactions

CDL + Ce(lV) —> Ce(lll) + CO2+ CO02-- (4)
C02= + 02— P 002~ (Cx)
02X 02-- + H+~ HO02- + CO02 (5)

2H02- — » HD 2+ 02- (6)
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The reason why the concentration of peroxide remains
so small during the titration is that hydrogen peroxide
reacts much more rapidly with cerium(lY) than oxalic
acid does.

With permanganate as oxidant manganese(ll) and
-(111) are formed during the titration. When the
titration is carried out very slowly, the amount of
peroxide formed increases in the latter stages of the
titration. It is of interest to note that with dichromate
as oxidizing agent (absence of Mn(ll)) not a trace of
peroxide is formed. Apparently, no C02« free radical
is formed, which can be explained by the following reac-
tion mechanism

COL + Cr(Vl) —> 2C02+ Cr(lY)
Cr(lV) + Cr(VI) 2Cr(V)
2Cr(V) + 2CQV - —> 4C02+ 2Cr(lIl)
In the beginning of the section on experimental re-
sults it was shown that in the presence of excess man-
ganese(ll) and absence of oxygen small amounts of

permanganate induce the oxidation of oxalic acid by
hydrogen peroxide in a nitrogen atmosphere. The

Mnm Ox formed yields C02«~ which can react with
hydrogen peroxide by a chain reaction mechanism

C02-- + HD2—> C02+ OH- + OH-

OH- + MnnOx MnmOx + OH-

followed by (Bi).

In the absence of added manganese(ll) the amount
of hydrogen peroxide formed is much greater with
KXom (CD 43 as oxidizing agent than with per-
manganate or cerium(1V). The primary reaction again
yields C02= which apparently is not oxidized by the
cobalt(l11) or only very slowly as compared to its reac-
tion with oxygen to form HO02- which in turn dispor-
portionates into peroxide and oxygen (eq 5 and 6).
The favorable effect of added manganese (Table 1V)
upon the formation of peroxide must be attributed to
the occurrence of reaction C2 considering that upon
decomposition of 1 mol of KXom (CD 43 2 mol of
uncomplexed oxalate is formed.

In subsequent papers the hydrogen peroxide forma-
tion with oxygen as oxidant and the effect of retarders
will be discussed.
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The photochemical isotopic exchange between iodobenzene and radioactive molecular iodine (Im1) was studied
in methylcyclohexane solutions. The limiting exchange yields, «-x-, measured at several excitation wave-
lengths in the uv range were found to be identical with the corresponding deiodination limiting yields, $3.-.
This observation and a study of the effects of dissolved oxygen and iodine concentrations suggest that the
exchange is initiated by photocleavage of iodobenzene to phenyl (Ph-) and iodine radicals, with O2and 12
competing in the scavenging of Ph- (fcil+Ph/fco2ph.= 2.1 + 0.5). The photocleavage of iodobenzene was
found to be wavelength dependent in the near-uv range (e.g., 334 and 365 nm), where part of the absorption
leads directly to the iodobenzene triplet. It is suggested that dissociation takes place from the lowest excited

tion in the visible range, do not exchange with iodobenzene.

singlet, but practically not from the triplet state. It is shown that iodine atoms, produced by selective excita-
Neither does excitation of the charge-transfer

(CT) complex between iodobenzene and iodine lead to exchange or deiodination.

Introduction

The isotopic exchange process Al + 1*1 Al* + 12
where A is aliphatic, olefinic, or aromatic, can be in-
duced by thermal, radiation-, or photochemical activa-
tion.1-8 The mechanisms of the thermal3 and radia-
tion45induced exchange in aromatic iodides have been
recently investigated and discussed. However, only
partial and controversial information appears to be
available concerning the corresponding photochemical
exchange process. Such a process, first reported by
Noyes,6was later studied by Anbar and Rein7 who sug-
gested the step Arl -f- | #-*mArP + | mas the major ex-
change path. This conclusion appears to be inconsis-
tent with observations (see ref 5 and later in this work)
indicating that iodine atoms are unreactive with iodo-
aromatics.

In an attempt to elucidate the mechanism of the
photochemical exchange, we have recently investigated
the Ph1-113l system using monochromatic excitation at
365, 334, and 313 nm.8 The observed yields were found
to be wavelength dependent but, under the corre-
sponding experimental conditions ([12] > 10~3M), they
were not significantly affected by deaeration. Such ob-
servations induced us at the time to reject the dissocia-
tion Phi —hp> Ph- + |I- as the step initiating the ex-
change process, favoring a mechanism involving an ex-
cited state of the Phl-1131 CT complex. This was
supported by the wavelength dependence of the iodo-
benzene exchange yields, in contrast to those of the
corresponding deiodination process which were as-
sumed to be wavelength independent. Very recently
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we have reexamined these conclusions in view of new
experiments showing an oxygen effect on the exchange
yields, detectable at low iodine concentrations. In the
present work these new data are reported accompanied
by a careful reinvestigation of the effects of wave-
length, as well as those of oxygen and iodine, on the
photodeiodination of iodobenzene. It will be shown
that all observations lead to the formulation of a new
reaction scheme for the photoexchange of iodine in
iodoaromatics, involving phenyl radicals. The clarifi-
cation of the photochemical exchange mechanism bears
also on practical applications, such as the development
of “clean” labeling techniques for aromatic iodides,
free from by-products such as those associated with
thermal or radiation-chemical methods.

Experimental Section

Materials. lodobenzene (Aldrich Chemical Co.) was
purified by vacuum distillation in an atmosphere of dry
nitrogen. Light absorption at 365 nm was used for

(1) R. M. Noyes and D. J. Sibbett, J. Amer. Chem. Soc., 75, 767
(1953).

(2) R.. K. Sharma and N. Kharasch, Angew. Chem., Int. Ed. Engl.,
7, 36 (1968).

(3) M. Nakashima, C. Y. Mok, and R. M. Noyes, /. Amer. Chem.
Soc., 91, 7635 (1969).

4 A. Appleby, J. C. Charlton, and R. E. Spillett, Chem. Commun.,
958 (1967).

(5) R. Riess and H. Elias, J. Phys. Chem., 74, 1014 (1970).
() R. M. Noyes, J. Amer. Chem. Soc., 70, 2614 (1948).
(7) M. Anbar and R. Rein, Chem. Ind. (London), 1524 (1963).

(8) A. Levy, D. Meyerstein, and M. Ottolenghi, J. Amer. Chem. Soc.,
92, 418 (1970).



Isotopic Exchange between lodobenzene and M olecular lodine

checking the purity of iodobenzene solutions in methyl-
cyclohexane (ephi at 365 nm, 0.13 + 0.01). lodine,
resublimed (Fisher Scientific Co.), and methylcyclo-
hexane (Matheson spectroquality) were used with no
further purification.

Allyl iodide, used as a monitor of iodine atoms, was
purified by the method described by Sibbett and
Noyes.9

lodine-131 carrier-free, in a basic aqueous iodide so-
lution containing no reducing agents, was produced at
the Nuclear Research Centre, Negev, by dry distilla-
tion of reactor-irradiated TeO2 Special care (using
triply distilled water) was taken to ensure that the so-
lution was free from organic impurities.

Light Source and Actinometry. Excitation wave-
lengths were selected from a medium pressure mercury
arc by means of interference (Baird-Atomic Inc. X 254,
313, and 334 nm). Corning glass (X 365 nm with 0-52
and 7-37, and X > 520 nm with 3-69) or Pyrex glass
(X> 285 nm) filters.

Actinometry in the uv range was performed using an
uranyl oxalate actinometer. The rate of iodine atoms
production by irradiation of iodine solutions in the
visible range was evaluated using allyl iodide (0.1 M)
as aselective iodine atom scavenger.D

Procedure. Solutions of radioactive iodine were pre-
pared by shaking a 3-ml R-methylcyclohexane solu-
tion for 5-10 min with about 1 ml of aqueous iodide-131
solution, to which 0.2 ml of 0.1 M HZ04and 0.1 ml of
0.01 M KIO3 were previously added. The organic
layer was separated and used for exchange experiments
within 2 days. For each irradiation a sample of 0.5-
1.5 mCi, or 0.5-1.5 juCi in the low activity samples, was
employed. Solutions were deaerated by consecutive
freeze and thaw cycles on a vacuum line. Oxygen con-
centrations were controlled by shaking the solution
under the appropriate pressure of air. The exact
amounts of dissolved oxygen were determined using gas-
liqguid chromatography on an 8-ft 13X molecular sieve
column at 100°. At 23°, under a partial air pressure of
720 mm, the value of 3.4 X 10-3 M was obtained.
After the irradiations, always carried out at room tem-
perature, 24 + 1°, a known volume of the reaction mix-
ture was shaken thoroughly for 10 min with a basic
aqueous thiosulfate solution (0.1 M NaOH and 0.1 1|
NaS20 3. A part of the organic layer was then sep-
arated and counted in an ionization chamber (Mediae
dose calibrator, Nuclear-Chicago) or in a well-type
Nal(Tl) 2-in. crystal for the low activity samples. A
blank, nonirradiated, sample was submitted to the same
treatment, to account for thermal exchange. When
low activity samples were used, iodine concentrations
were determined spectrophotometrically before and
after each irradiation. Exchange yields at 365 nm
were found to be considerably affected by impurities,
probably because of the very weak absorption of iodo-
benzene in this spectral range. This is apparently the
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reason fer the somewhat higher exchange yields re-
ported previously at 365 nm.8

Deiodination yields were determined by measuring
the optical density of the iodine photoproduct at 520
nm («i, 910), using a Hilger (Uvispek H 700) spectro-
photometer.

Treatment of Data. The rate of exchange, Rex, was
calculated by applying McKay's equation1l to our ex-
perimental conditions in which [Phi] 5> [12], leading to

2[12] In (I’I’> )

Rex = t (1)
where F is the exchange fraction and [12] is the average
molar iodine concentration during the irradiation time
t.  This equation was used since the maximum increase
in iodine concentration during a run was only 10%,
while the change in iodobenzene concentration was of
course negligible. Under these conditions, computa-
tion according to the method of Luehr, et al.,22 which
takes into account changes in the concentration of the
reactants, does not give any improvement relative to
the range of our experimental accuracy. The exchange
guantum vyield, 4=x, was determined by means of the
expression

0EX - - ()

where J0is the intensity of light reaching the reaction
cell (einstein/second, liter) and a- is the light fraction
absorbed by the photoactive species X, e.g., identifying x
with iodobenzene, we obtain aphi = Dphi(aT/D T) where
Z)Tand ax are, respectively, the total optical density and
the total light fraction absorbed. The corresponding
expression for the deiodination process is

R vz 2A[12]

He = )k T (10 @)

where A[l2] is the increment in the iodine concentration
at time t

Results and Discussion

1. Excitation within the Visible 1> Band. In order
to check the role of iodine atoms produced as the only
reactive radicals in the Ph1-113I system, we have sub-
mitted deaerated iodobenzene-113ll solutions in meth-
ylcyclohexane to visible light excitation. A 3-69
Corning glass filter was employed to transmit light
above 520 nm, in the range of the iodine absorption

(© D. J. Sibbett and R. M. Noyes, J. Amer. Chem. Soc., 75, 761
(1953).

(10) @ F. W. Lampe and R. M. Noyes, ibid., 76, 2140 (1954);
(b) J. Zimmerman and R. M. Noyes, J. Chem. Phys., 18, 658 (1950).
(11) See A. C. Wahl and N. A. Bonner, “Radioactivity Applied to
Chemistry,” Wiley, New York, N. Y., 1951, p 7.

(12) C. P. Luehr, G. E. Challenger, and B. J. Masters, J. Amer.
Chem. Soc., 78, 1314 (1956).
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band. The iodobenzene concentration was 0.1 I and
that of the iodine carrier was varied in the 7 X 10~5to
8 X 10 M range. Under these conditions light is ex-
clusively absorbed by molecular iodine leading to
iodine atoms. No photochemically induced pickup of
radioactive iodine by iodobenzene could be detected,
even after prolonged irradiations. From the yields of
iodine atoms production, estimated by means of the
allyl iodide technique,10 an upper limit of $ex < 10~6
was determined for the exchange induced by excitation
within the visible 12band. We may therefore conclude
that iodine atoms as such do not play a detectable role
in the photochemical process. This conclusion, in
agreement with a previous suggestion of Riess and
Elias,5 rules out the exchange process (Arl + 13-

Arl13l + | <) suggested by Anbar and Rein7for alcoholic
solutions. An alternative path: Arl 1130 + |-

Ar1dl-12+ 1-, involving a reaction between an iodine
atom and an iodobenzene-iodine CT complex, is also
ruled out in our systems by the present experimental
data. Such a mechanism has been recently proposed
by Milligan and coworkers to account for the closely
related photochemical interchange of halogens between
haloaromatics and halogen molecules in solution.13

2. Exchange and Deiodination Induced by Uv Irradia-

tion. As previously reported268uv irradiation of iodo-
benzene-iodine systems leads to a substantial exchange
of iodine. As expected from a simple exchange pro-
cess, the radioactivity of the aromatic material was
found to be proportional to the initial iodine radio-
activity. The exchange rate exhibited the character-
istic exponential dependence on the irradiation time,
and the equilibrium value [Phi*]» (i.e., the maximum
radioactivity obtainable in iodobenzene) was found to
be consistent with the expected value

Phi*p = 1o 0l @
[Phi] + 2]

where [I1*]o is the initial concentration of radioactive

iodine.

Using a Pyrex glass filter, transmitting above 285
nm, photochemical experiments were carried out in
3.0 X 10_2Miodobenzene-methylcyclohexane solutions
in the presence of 1.1 X 10~4to0 4.4 X 10-4 M molecular
iodine. Under such experimental conditions the prin-
cipal uv mercury lines absorbed by the solutions are
those at 303 and 313 nm with only a small contribution
(~20%) from the 334-nm line and a negligible one (less
than 2%) from that at 365 nm. The irradiated solutions
were tested for both exchange and deiodination, as
functions of oxygen and iodine concentrations. Ex-
change vyields, unaffected by [02] at relatively high
iodine concentrations, were found to be markedly
affected by either [02] or [I2], when both values fell
within the proper 8 X 10-5 to 8 X 10~4 M range.
Explicitly, Rex increases with increasing [12] but is low-
ered by dissolved oxygen (see Figure 1). As to de-
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Figure 1. Reciprocal exchange rates (Fex)-1 as function of
the oxygen concentration in 0.03 M solutions of Phi in
methylcyclohexane: =, [12] = 1.1 X 10“4M; 0, [IZ] =
2.3 X 10~4M; A, [14 = 44 X 10-4 M. Excitation was

polychromatic as described in the text.

[Oari(l./mol) x 10'2

Figure 2. Reciprocal rates of deiodination (Fde)-1 plotted
vs. [0 -1 in 0.03 M solutions of Phi in methylcyclohexane:
m, [I17 = 1.2 X 10“4M; O, [17 = 25 X 10"4m; A, [127 =
3.3 X 10-4 M.

described in the text.

Excitation was polychromatic as

iodination rates, rRde, they were found to exhibit
oxygen and iodine concentrations effects, opposite to
those of rex (Figure 2). Such observations, indi-
cating that exchange and deiodination are essentially
two competing processes, suggest the validity of the
simple scheme

Phi Phe+ |e (5)

Ph- + 02—>moxidation products (deiodination) (6)
ke .

12—> Phi +

Ph- + I- (exchange) )

to account for the effects of oxygen and iodine. The

scheme leads to the expressions

(13) J. T. Echols, V. T. C. Chuang, C. S. Parrish, J. E. Rose, and
B. Milligan, J. Amer. Chem. Soc., 89, 4081 (1967).
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/\10*}

b2+ Aty ®)

«pDE — lFi)DE[]#Q

ft — ft n (9)
EX EXfes[IZ]H- kt[Ot]
where 77qde° is the deiodination rate when [02] » [I2]
and /¢;ex0is the exchange rate when [12] » [02].

The applicability of these equations to our experi-
mental data is tested in Figure 1 where 1/Rex is plotted
vs. [02], and in Figure 2 where 1/A de is plotted against
Y [02]- A linear behavior is obtained in both cases
for various iodine concentrations in the 1.1 X 10“4to
44 X 10~4M range. In each figure a common inter-
cept is obtained for lines of different [I2] values, and
the same rate constants ratio, k’k2 = 2.2 + 0.3, is
calculated from each line in either Figure 1 (fc3fc2 =
intercept/slope [12]) or Figure 2 (fc3fc2 = slope/
intercept [12]). From the corresponding intercepts,
.Sex0 and Rjw1lwere calculated leading to the yield
ratio. (Qex°/"de) = 1-04 £ 0.06. We may thus
conclude that the experimental data are in complete
agreement with the mechanism consisting of reactions
5-7. The role of iodine as a phenyl radical scavenger,
which has been a matter of some controversy,2-414 is
now clearly established.

We have previously ruled out any significant role of
iodine atoms produced from the photolysis of 12in the
exchange process. We may still question, however,
their role when produced from the photolysis of iodo-
benzene. This point is relevant to the recent radia-
tion-chemical work of Reiss and Elias in which the reac-
tion

Phi4'+ 1*- —APhI* + I-

(where Phi* is an unidentified excited state of iodo-
benzene) has been suggested as the major exchange
step. When photolyzing Phi, both iodine atoms and
excited iodobenzene molecules may be present to allow
the proposed reaction. However, the kinetic analysis
presented above, showing that 12and 0 2compete in the
scavenging of the same intermediate, isinconsistent with
the above step. Also, the mechanism involving Phi~*
will not explain the identity between <de° and <ex°,
and can therefore be rejected in our photochemical
system in favor of the scheme of reactions 5-7.
Experiments similar to the above were also per-
formed using monochromatic excitation at 254, 313,
334, and 365 nm. The values obtained for the ratios
h/7h (21 = 0.5) and <ex%/>de° (1.00 + 0.06) were
practically identical with those reported above for the
polychromatic light. However, in the monochromatic
cases, absolute values for $8x° (and $de°) could also be
calculated. The values obtained taking ax as the light
fraction absorbed by iodobenzene at each wavelength
(see Experimental Section) are presented in Table 1.
It is of interest to point out that the quantum yields for
deiodination of iodobenzene in the above spectral re-
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>, nm.

Figure 3. Long wavelength range of iodobenzene absorption
in methylcyclohexane, measured at [Phi] = 0.1-1 M.
Continuous line is experimental spectrum, dotted line is a
rough estimate of the separate contribution of the SO—aSi
transition. The difference between the curves is attributed to
the direct SO—»Ti absorption (see also ref 16).

gion are currently assumed to be very close to unity.225
Our data for methylcyclohexane solutions at room tem-
perature appear to be in better agreement with the early
work of Olaerts and Jungers, 5who report a maximum
value of 0.37 for the quantum yield of the deiodination
process.

Table I: Deiodination and Exchange Quantum Yields for
Methylcyclohexane Solutions at Room Temperature (24 + 1°)

lodo-

benzene lodine
Wave- concen- concen-
length, tration, tration,
nm mol/L moi/l. #HEX
254 0.001 2-6 X 10~4 0.39 £ 0.02 0.39 £ 0.02
313 0.03 2-7 X 10 0.39 £ 0.02 0.39 = 0.02
334 0.1-0.5 1-6 X 10-4 0.30 + 0.02 0.30 = 0.02
365 0.1-0.5 1-6 X 10-4 0.22 = 0.02 0.22 £ 0.02

As mentioned above, the identity between <de® and
Oex® presents the main evidence for the exchange mech-
anism initiated by the photocleavage of iodobenzene.
As shown in Table I, de° and <$ex°® are independent of
[12]. Recalling that both parameters were calculated

(14) J. F. Garst and R. S. Cole, Tetrahedron Lett., 11, 679 (1963).

(15) See J. G. Calvert and J. N. Pitts, “Photochemistry,” Wiley,
New York, N. Y., 1967, p 528.

(16) E. Olaerts and J. C. Jungers, Discuss. Faraday Soc., 2, 222
(1947).
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assuming that Phi is the photoactive species (he.,
x = Phi), this second observation yields additional
evidence in favor of the exchange being initiated by
light absorption of iodobenzene. Assuming the alter-
native mechanism, involving light absorption by the
P hl-12charge-transfer complex (he., x = Phl-12, the
same experimental data will lead to a marked depen-
dence of the exchange yields on [12], a fact for which it
will be difficult to account reasonably. We therefore
attribute all photoprocesses to the excitation of Phi,
concluding that the charge-transfer complex is photo-
chemically inactive.

Attention should now be paid to the marked drop
in the quantum yields observed upon increasing the ex-
citation wavelengths to 334 and 365 nm. Such effects
should be considered in view of the characteristic ab-
sorption spectrum of iodobenzene in this region. It
has been pointed out by Ferguson and lredalel7 (see
also Figure 3) that concentrated iodobenzene solutions
exhibit a distinct shoulder around 350 nm. Their low-
temperature phosphorescence experiments strongly
suggested that this low-energy band should be attrib-
uted to the SO -*m Ti transition. A rough estimate
gives 0.5 and 0.8 for the intensity ratio e(s,->Si)/
[«(So-*sl) +«(SB»Ti)] at 365 and 334 nm correspondingly.
These two numbers should be compared with the
limiting deiodination yields ratios: [€de®°(365 nm)/
0de’(254 nm)] = 0.56 and [<>DE(3%4 nm)/ODE°(254
nm)] = 0.77. The same values (see Table 1) are ob-
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tained for the corresponding limiting exchange yields.
Recalling that at 254 nm €(s,>Si) »  «(S«*Ti), the
matching within each of the two pairs means that the
limiting deiodination or exchange yields are propor-
tional to the population of Si, and that the lowest triplet
state does not undergo a detectable photodissociation
at room temperature.

Thus, the photochemistry of iodobenzene in the
250-400-nm range is only due to light absorption
within the SO— Si band which leads to dissociation into
Phmand | =radicals, with phenyl radicals reacting with
both iodine and oxygen. Under our particular experi-
mental conditions we have found no evidence for their
reaction with iodobenzene, as recently suggested for
aqueous solutions.188 These results seem to clarify
some controversy concerning the mechanism of radio-
lytically induced exchange in iodoaromatics4'6 support-
ing the scheme involving a reaction between 12 and

Ph- as suggested by Appleby, Charlton, and Spillett
for aqueous solutions.4
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The synthesis and characterization of two new copper(l1) complexes, Cu(3,2,3-tet)Cl2and Cu(3,2,3-tet)(N0 32
where 3,2,3-tet is NHACH NH(CH22NH(CH2NH?2 is reported. The visible absorption spectra of these
complexes together with the spectra of the analogous complexes of ethylenediamine and 2,3,2-tet, where
2,3,2-tet is NHACH2INH(CHINH(CH2NH2 give information pertinent to the ordering of elec-

tronic energy levels of copper(ll) in amine complexes.

The absorption spectral data and epr data when

used to calculate covalent bonding parameters for the copper(ll) complexes give results which are not satis-

factory.

Introduction

Complexes of the new tetradentate ligand 4,7-diaza-
1,10-decanediamine, NH2(CH2ANH(CH2ZNH(CH23
NH2(3,2,3-tet), containing cobalt(lll) have been pre-
pared recently.2 This ligand has a much greater ten-
dency to form trans complexes with cobalt(lll) and
presumably other six coordinate metal ions than two
other linear tetramines which have been under investi-
gation: triethylenetetramine (2,2,2-tet) and 3,7-diaza-
1,9-nonanediamine (2,3,2-tet). One would predict
that 3,2,3-tet would be an ideal ligand to coordinate to
copper(ll) because of this metal ion’s well-known
ability to bond strongly to four coplanar donor amine
functions. In our laboratories copper(ll) complexes
of 3,2,3-tet have been prepared and characterized.
Epr and visible absorption spectral data for these 3,2,3-
tet complexes and analogous complexes containing
2,3,2-tet and ethylenediamine (en) have been obtained
(Table 1). The visible absorption spectra are inter-
preted using a ligand field model, and the epr data are
used in theories relating covalent bonding with the
experimentally measured results. The results in ap-
plying these theories to the epr data are not satis-
factory.

Experimental Section

Reagents. Reagent grade copper(ll) chloride di-
hydrate, copper(ll) nitrate trihydrate and Eastman
White Label AhN'-bis(2-aminoethyl)-1,3-propanedia-
mine (2,3,2-tet) were used without further purification.
4,7-Diaza-l,10-decanediamine (3,2,3-tet) was prepared
by the method of Alexander and Hamilton.2a Eastman
Practical ethylenediamine was distilled before use.

Preparation of Cu{2,8,2-tet)Cli and Cu(2,3,2-tet)-

(NO32m The complexes were prepared according to
the method of Bosnich, etal.3

Preparation of Cu(3,2,3-tet)Ck and Cu(S,2,3-tet)~
(N032 These complexes were prepared in the same
manner as that used for the 2,3,2-tet complexes. Anal.
Calcd for Cu(3,2,3)Cl2 C, 26.56; H, 6.14. Found:
C, 27.17; H, 6.09. Calcd for Cu(3,2,3)(N032 C,
31.12, H, 7.19. Found: C, 31.45; H, 7.41.

Preparation of Cu(en)Z2l and Cu{en)i(NOi).. The
complexes were prepared by the method of Caglioti,
etalA

Visible Spectra. Visible spectra were recorded on a
Cary Model 14 spectrophotometer. Solid samples
were finely ground in Nujol and supported on filter
paper. Visible spectra were also recorded for aqueous
solutions (0.01 M) of each complex.

Elemental Analysis. Carbon and hydrogen analyses
were performed by Galbraith Laboratories, Knoxville,
Tenn.

Epr Measurements. The epr spectra were taken with
a Varian 4502 spectrometer. DPPH was used as a
reference line. The magnetic field was measured with a
Varian Fieldial magnetic field regulator. A Varian
variable temperature accessory was used for the low-
temperature studies. Epr spectra were taken of the
various copper complexes as chlorides at —160° (0.004
M copper in 60% glycerin-40% water frozen solution)

(1) NDEA Predoctoral Fellow.

(2) (@ M. D. Alexander and H. G. Hamilton, Jr., Inorg. Chem., 8,
2131 (1969); (b) G. R. Brubaker and D. P. Schaefer, ibid., 9, 2373
(1970).

(3) B. Bosnich, R. D. Gillard, E. D. McKenzie, and G. A. Webb,
J. Chem. Soc., A, 1331 (1966).

(4) V. Caglioti, C. Furland, G. Dessy, and C. lbarra, Gazz. Chim.
Ital., 92, 1276 (1962).
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Table I: Visible Spectra Data
~max Vax
(solid), (HD), «max
Compd nm nm (ILO)
Cu(en)2N032 533 547 57
Cu(en)XCI2 550 545
Cu(2,3,2-tet)(N032 532 527 66
Cu(2,3,2-tet)CI2 544 524
Cu(3,2,3-tet)(NO,,)2 540 535 86
Cu(3,2,3-tet)Clj 553 538

and at room temperature (0.01 M copper in water).
In these solutions the copper complexes exist as Cu-
(amine)4HXD )2+. The g values, hyperfine constants,
and line widths were evaluated for the three copper
complexes by matching a computer calculated spectrum
to the observed spectrum. The computer spectrum is
for tetragonal symmetry and varies the g values @\ and
gt), the hyperfine constants (A and B) and the line
widths (AH ILand AHj_) to get a least-squares fit to the
observed spectrum. The program uses either Gaussian
or Lorentzian line shapes. The epr spectra of the
frozen solutions along with the calculated spectrum for
the Cu(cn)2 complex are shown in Figure 1. The
computer-calculated parameters are given in Table I1.

There was little difference in the epr spectra of the
three different copper complexes, Cu(en)2(HD )2+,
Cu(3,2,3-tet)(HD )2+, and Cu(2,3,2-tet)(HD) 2+ at
—160° and also at room temperature. A careful
visual inspection of the three spectra does indicate
that the value of g for the 2,3,2-tet complex is slightly
less than for the other two complexes. This is also
confirmed by the computer evaluation.

It is difficult to assign uncertainties to the values of
the epr parameters given in Table Il. The complexes
undoubtedly have some rhombic distortions, whereas
our program assumes tetragonal symmetry. Thus
for example the value of g+ is probably an average of
the values of gx and gv. We have estimated the ab-
solute uncertainties for any one of the following com-
plexes: A(x6 X 10-4 cm-1), B{+6 X 10-4 cm-1),
0n(x0.0l), and grj_(+ 0.01). The uncertainties of the
parameters for the three complexes relative to each
other are somewhat better than this. The lowering
of the N\ value for the 2,3,2-tet complex as compared
with the (en)2 and 3,2,3-tet complexes was observed
consistently for several separate runs with complexes
in the water-glycerin solvent and also when the com-
plexes were dissolved in methanol.

Results and Discussion

Electronic Spectra. Copper(ll) complexes of the
formulation Cu(en)2X2and Cu(2,3,2-tet)X2where X is
an anionic ligand have been prepared previously.34
In these complexes all amine groups bond to the metal
ion in the tetragonal plane. We have prepared anal-
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Figure L The epr spectra of Cu(amine)4(H2 )2+ complexes
taken at 90°K. The top curve (------ ) is a calculated spectrum
which best matched the Cu(en)ZH2D ) 2+ epr spectrum.

Figure 2. Absorption spectra of aqueous solutions of
Cu(amine)4(HD ) 2+ complexes.

ogous 3,2,3-tet complexes of copper(ll) using pro-
cedures very similar to those employed in the synthesis
of the en and 2,3,2-tet complexes. The similarity
between the solid-state spectra of corresponding 3,2,3-
tet, 2,3,2-tet, and en complexes, as seen in Table I,
supports the notion that 3,2,3-tet also functions as a
tetradentate ligand coordinating in the tetragonal
plane with the anionic ligands coordinating weakly
perpendicular to the plane as is the case for the (en)2
and 2,3,2-tet complexes.

Aqueous solution spectra of the complexes as chlo-
ride salts are shown in Figure 2. In aqueous solution
the amines retain their “planar” coordination but the
axially coordinated anions are replaced by water mole-
cules. The spectra are similar especially in the shape
of the bands. Before examining the spectra in detail
consider the ligand field splitting diagram for Cu(ll) in
Figure 3, which shows the state splitting for various
symmetries. The complexes under consideration are
of pseudo-Zh* symmetry. Procter, Hathaway, and
Nicholls6 have examined the absorption spectra of

(S) I. M. Procter, B. J. Hathaway, and P. Nicholls, J. Chem. Soc. A,
1678 (1968).



Epr Spectra of Copper(ll)-Amine Complexes

Table Il: Epr Parameters for Op-Amine Complexes
HIl Bb
Complex G* G*
Cu(en)2(HD )2+ 14.1 26.0
Cu(3,2,3-tet) (H20 ) 2+ 15.8 25.4
Cu(2,3,2-tet) (H2D )22+ 18.7 25.5

“ The spectra were best fit using gaussian line shapes.

Oh

Figure 3. Ligand field splitting of copper(ll) in

various symmetries.

several Cu(en)2X 2 complexes and have concluded that
the energies of the ZEg, B2y, and 2Aig states are similar
enough so that the single band obtained in the spectrum
of each of these complexes is due to all three transitions
with the Big -» ZEgbeing highest in energy. However,
they could not reach any conclusions concerning the
relative energies of the B2y and 2Aigstates. Recently,
Smith6 has developed a theory which works well in
explaining the presence of the three d-d transitions in
the one band. Furthermore, his theory indicates that
the 2Aigstate is the lowest in energy of the three excited
states. Comparison of the spectra of the (en)2 2,3,2-
tet, and 3,2,3-tet complexes supports this conclusion.
The position of the band maximum decreases in the
order 2,3,2-tet > 3,2,3-tet > (en)2indicating a slight
decrease in ligand field strength in the amine plane
(Dgw) in the same order. The effect on the relative
energies of the states is to first of all decrease the sep-
aration between the center of gravity of the ZEg +
B2 states and the center of gravity of the 2Aig and
Big states, and secondly, to decrease the Eg, B2
splitting and to a much greater extent the 2Aig, Big
splitting. Now, if the 2Aig state is higher in energy
than the B2 the effect of a decreased Dgxwould be to

3357
A X 10< B X 104,
cm-1 cm-1 A1 01
-197 -30 2.201 2.040
-189 -32 2.204 2.038
-202 -31 2.195 2.045
Figure 4. Probable configuration of 3,2,3-tet in

copper(ll) complexes.

cluster the energies of the Zg, 2Alg, and B Zystates more

closely while if the B2 state is higher in energy an

increase in separation of the energy of the 2Aig state

from the ZEgand BZystates should occur. Thus in the

former case a slight decrease in Dgxv should result in a

narrowing of the band as well as a shift in the position

of the maximum while in the latter case a broadening

of the band is predicted. The half-width of the (en)2
band (4900 cm-1) is indeed greater than that of the

2.3.2- tet band (4500 cm-1) and the half-width of the
3.2.3- tet band (4530 cm-1) is nearly the same as that
of 2,3,2-tet. Therefore the results are compatible

with the 2AJ state being lower in energy than the

B2 state.

The intensity of the band for the 3,2,3-tet complex is
considerably greater than those for the (en)2and 2,3,2-
tet complexes. This is likely a result of a greater devia-
tion from Dinsymmetry in the 3,2,3-tet case. Consider
the most likely configuration and conformation of 3,2,3-
tet in the complex (Figure 4). The six-membered
chelate rings are in the preferred chair conformation,
the five-membered ring is in the preferred gauche
conformation, and the secondary amine functions are
in the RR(SS) configuration. One will note that the
trimethylene linkage for one six-membered ring is
crowded above the amine plane and that of the other
is crowded below the plane. This crowding could be
alleviated by raising one primary amine function and
lowering the other resulting in a pseudo-tetrahedral
distortion. A slight distortion of this type would
account for the increased band intensity.7

6) D.W. Smith, J. Chem. Soc., A, 1708 (1969).
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Epr Spectra. Epr and visible absorption spectra
have been used many times to determine covalent
bonding parameters for copper(ll) ions in various
ligand field environments. The epr parameters <11
of, and A and B and the separation of the d orbitals
(EX Ex2yl « AEX] EX4Z ' Ex2y2 AEXxzyK)
are used to calculate the covalent bonding parameters
a2 di2z»and d2 and the Fermi contact hyperfine inter-
action “constant” K (or K. a2 measures the coval-
ency of the dxi-y>-u bonds, di2of the dx»-ir bonds and
d2 of the dXyZIT bonds. These parameters are one
for ionic bonds and are 0.5 for pure covalent bonds.
One should refer to the original papers89 for a more
detailed discussion of the theory and parameters used
therein.

There seems to be one fairly consistent trend resulting
from the use of these theories, i.e., a decrease in the
value of d]limplies an increase in the degree of covalent
bonding. This behavior is predicted by the formal-
ism89 used to evaluate the covalent bonding parameters
from the epr spectra. Also the experimentally mea-
sured values of g\ for copper(ll)-ligand complexes
are reduced as the bonding becomes stronger. For
example, NN\ is about 2.3-2.4 for copper-oxygen bonds,
2.2-2.3 for copper-nitrogen bonds, and 2.1-2.2 for
copper-sulfur bonds. Table Il gives the epr param-
eters for Cu(en)2HD )2+, Cu(3,2,3-tet)(HD )22+,
and Cu(2,3,2-tet)(HD)2+. The epr spectra imply
that the covalent bonding is nearly the same in all
three complexes but is slightly stronger in the 2,3,2-tet
case. This is consistent with the visible spectral re-
sults.

The general theory89 used to determine the covalent
bonding parameters from the epr and visible absorp-
tion spectra does not, however, work well for these
complexes. The problem encountered here is a com-
mon one, i.e., the amount of x bonding predicted by the
theory is greater than expected (see e.g., ref 9-12).
Reasonable results can usually be obtained if one as-
signs the band energies AExy and AEXA\Z “correctly.”
For example, AEXA\Z is often assigned an energy of
about 25,000 cm-1 such that the out-of-plane x bonding
is negligible (/32 = 1). Usually this band cannot be
confirmed because of a very intense charge-transfer
band at an energy around 25,000 cm-1.

Our experimentally measured and computer-analyzed
g values and hyperfine constants for the copper com-
plexes given in Table Il. These results agree quite
well with those of Alei, Lewis, Denison, and Morgan, 1013
who have also measured the epr spectra of Cu(en)2
(HD)2+. The epr data for the Cu(en)2 complex
have been analyzed using the theory of Kivelson and
Neiman9 and the results are reported in Table III.
The epr data were treated in two ways: (1) (line a of
Table I11) values of a2 /3i2 and fi2were calculated using
the d-d band resolution of Procter, et al.,6 with the
ordering of energies of the states being Zg > B2 >
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2729, and (2) (line b of Table I11) we have assumed no
in plane x bonding (i.e., di2 = 1) and have used the
data to calculate a2and AEXxy.

Table Il1l: Covalent Bonding Parameters for Cu(en)2(H20 )22+
_ K—agQ ABY, ABe
a2 132 £2 cm-1 cm-1 cm-1
(a) 0.80 0.76 0.73 0.01258 17600 19400
(b) 0.79 1 24500
(409 nm)

“ The data from Table Il have been used along with the follow-
ing values for other parameters: 8 = 0.093, T = 0.333, X =
—828 cm-1, and P = 0.0360 cm-1.

The first treatment gives the covalent bonding
parameter di2 = 0.76 which, according to the theory,
should indicate appreciable d”~-x bonding. How-
ever, there are no orbitals available on the amine donors
for such bonding, and thus /3i2 should be one. The
other x-bonding parameter, (I2 is calculated to be 0.73
thus indicating significant dxz, dJ/zx bonding. This
would have to involve the water molecule coordinating
along the 2 axis perpendicular to the coordination
plane of the amines. Bonding along this axis is usually
considered to be weak, however; and furthermore,
water is a poor x-bonding ligand. There is one other
point in considering this treatment of the data. The
~-bonding parameter a2is 0.80 which would indicate
more in and out-of-plane x bonding than in-plane 0—
bonding which seems unusual.

In the other treatment we have assumed ft2 = 1.0
and have used eq 5d and e from Kivelson and Neiman9
(KN) to determine a2 (these are the equations for the
hyperfine constants A and B). Using this value of
a2 then the KN equation (5b) (the equation for g\\
was used to find a consistent value for the d-d transi-
tion corresponding to AExv (24.500 cm-1). As can be
seen in Figure 2, there is no band at 24,500 cm-1 (24.5
kK). Using larger AExy results in d:2> 1, a physically
unrealistic value. Thus both treatments indicate
that for the complex considered here the theory cer-
tainly does not work well. Attempts to use the theory

(7) A. S. Brill and G. F. Bryce, J. Chem. Phys., 48, 4398 (1968).
® A. H. Maki and B. R. MeGarvey, ibid., 29, 31 (1958).
(9 D. Kivelson and R. Neiman, ibid., 35, 149 (1961).

(10) W. B. Lewis, M. Alei, Jr., and L. O. Morgan, ibid., 45, 4003
(1966).

(11) W. Schneider and A. V. Zelewsky, Helv. Chim. Acta, 48, 1529
(1965); A. Van Heuvelen and L. Goldstein, J. Phys. Chem,., 72, 481
(1968).

(12) S. Antosik, N. M. D. Brown, A. A. McConnell, and A. L. Porte,
J. Chem. Soc. A, 545 (1969); H. R. Gersmann and J. D. Swalen,
J. Chem. Phys., 36, 3221 (1962); E. M. Roberts and W. S. Koski,
J. Amer. Chem. Soc., 82, 3006 (1960).

(13) M. Alei, Jr., W. B. Lewis, A. S. Denison, and L. O. Morgan,
J. Chem. Phys., 47, 1062 (1967).
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by juggling the values of X (the spin-orbit coupling
constant) and P, both of which have an (r-3) de-
pendence, have also failed.
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The trapped intermediates produced by the self-radiolysis of tritiated glassy and polycrystalline ethyl iodide
at 77°K have been investigated with the aid of their esr and optical spectra. The initial growth rates are pro-
portional to the specific activity but decrease with time at rates which are different for the different species.
In glassy ethyl iodide, ethyl radicals grow to plateau concentrations which are proportional to less than the
first power of the specific activity, the kinetics indicating that the radicals are removed by a process stimulated
by the radiation, or that competing processes interfere with their production as the concentration of reaction
intermediates increases. The average radical lifetime in the steady state at 101°K, the highest temperature
at which radicals could be observed in competition with thermal decay, is ca. 15 sec. Between 77 and 95°K
the radical decay rates increase with an Arrhenius factor of 2.5 kcal mol-1, but increase much more rapidly above

95°K.

IHlumination of y-irradiated samples in the 400-500-nm range removes trapped CZ2H6 radicals. Tri-

tiated glassy samples emit a steady-state luminescence with an intensity approximately proportional to the
specific activity. The synthesis of CH4T | from T2 C2H4 and 12is described.

Introduction

7 Irradiation of glassy or polycrystalline ethyl iodide

at 77°K produces a number of trapped reaction inter-
mediates observable by their visible-uv2or esr spectra.3
Ethyl radicals have been clearly identified. Other
tentative assignments include ions and charge transfer
complexes. The stabilities of the species differ, and
there is evidence that some are precursors of others.
The present paper reports more extensive investigations
of their growth and decay including evidence on photo-
bleaching, temperature effects, and recombination
luminescence, (3Rays from tritium, present as C2H4T I,
rather than 7 rays, have been used for irradiation.
This method of irradiation allows convenient contin-
uous observation at a variety of dose rates and tempera-
tures, avoids the interfering spectra which 7 rays induce
in the walls of the sample container, allows an evalua-
tion of LET effects by comparison with 7-irradiation
studies, and allows easy calculation of varied dose rates
from a knowledge of the tritium concentration.
Tritium has previously been employed as a source of
radiation in solid state radiolyses by Spinks and co-
workers using HTO dissolved in HD, DX, and
organic materials such as CHsOH at 77°K and by

Damerau and coworkers, who examined the decomposi-
tion products of tritiated tryptophane and dimethyl-
diethyltin at low temperatures.4

Experimental Section5

Synthesis of C:H4aTl. CZH4T | was synthesized from
T2 (half-life 12 years, maximum /? energy 18.6 keV)
using the apparatus of Figure 1. The reaction sequence
was T2 -f- 122 2TI, activated by a hot wire, followed

(1) (@ This work has been supported in part by the U. S. Atomic
Energy Commission under Contract AT(11-1)-1715, by the W. F.
Vilas Trust of the University of Wisconsin, and by NSF and Dan-
forth Foundation fellowships held by P. J. Ogren; (b) present
address: Department of Chemistry, Maryville College, Maryville,
Tenn. 37801.

(@ R. F. C. Claridge and J. E. Willard, J. Amer. Chem. Soc., 88,
2404 (1966).

(3 (@ H. Fenrick, S. V. Filseth, A. L. Hanson, and J. E. Willard,
ibid., 85, 3731 (1963); (b) H. Fenrick and J. E. Willard, ibid., 88,
412 (1966); (c) G. L. Hermann and L. A. Harrah, Technical Report
AFML-TR-65-333 (1966); (d) R. J. Egland and J. E. Willard,
J. Phys. Chem., 71, 4159 (1967).

@ @ J. Kroh and J. W. T. Spinks, J. Chem. Phys., 34, 1853 (1961);
(b) J. Kroh, B. C. Green, and J. W. T. Spinks, Can. J. Chem., 40,
413 (1962); (c) W. Damerau, G. Lassman, and H. G. Thom, Z.
Phys. Chem. {Leipzig), 223, 99 (1963).

(5) Further details are available in the Ph.D. Thesis of Paul J.
Ogren, University of Wisconsin, 1968.
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Figure 1. Vacuum manifold for synthesis of tritiated ethyl
iodide. All connecting tubing was of 2 mm i.d. capillary.
Solid circles indicate greaseless stopcocks.

by TI + CH4 CHA4TI, catalyzed by ALI3 Tritium
stored as UT3on the uranium bed6 (A) was released by
heating and transferred by the Toepler pump to reactor
(B). The reactor contained several grams of carefully
dried 12in the bottom. In a typical synthesis, 1.5 Ci
(2.6 X 10 5mol) of T2was mixed with 7 X 10-4 mol of
H2 giving a total pressure of 30 Torr in the reactor,
which was then sealed at 1. Reaction proceeded for
an hour with the platinum wire electrically heated to a
red-yellow glow. HI present in the H2 + 12 2HI1
equilibrium mixture was continuously removed by the
77°K trap (C), using convective circulation induced by
warming coil (D). Fresh I12from the warmed solid in
B mixed with the returning H2 T2 stream. After
completion of the synthesis, point 2 was sealed, the
break-seal (3) was opened, and the mixture of HI and
T1 was condensed into reactor (E) which contained
ca. 1gof All3and 2.3 X 10-3 mol of C2H4 (ca. 420 Torr
at 25°). The All3was prepared by heating an excess
of Al with thoroughly dried 12 After addition of the
T1 to E and sealing at point 4, reaction was allowed to
proceed for 90 min at 40-45°. The CHA-CH4TI
mixture was then purified by distilling from —250°K to
77°K to remove 12 pumping at —78° for 6 hr to remove
H1 and low-boiling hydrocarbons, and passing through
silver powder to remove residual 12 The product was
water white. Yields of ca. 70% of the H2 used and
75% of the theoretical specific activity were commonly
obtained. These samples of ca. 100 /)l were of a con-
venient size for optical and esr measurements. Specific
activity measurements on gaseous aliquots (3.83 ml at
40 Torr) in the ionization chamber (F) containing
30-40 cm of Ar7were reproducible to + 3% and agreed
within 10% on an absolute scale with liquid scintilla-
tion counter measurements.8

In this paper specific activities are given in units of Ci
ml-1 of CHSY at 25°. For 1 Ci ml-1 the dose rate is
6.6 X 10BeV g~7 min-1. Samples of 5-10 Ci ml-1
were usually synthesized. To obtain lower specific
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activities they were diluted with inactive CHA. At
10 Ci ml-1 a sample contains ca. one T atom per 40
CHA molecules. Samples which had undergone sig-
nificant decomposition on storage were repurified before
use.

Safety Precautions with Tritiated, Samples. External
exposure to tritium /3 radiation is not hazardous, but
the radiation may be a hazard if tritiated compounds
are inhaled or ingested. All syntheses and spectro-
photometric examinations of tritiated samples were
carried out in an independently vented fume hood.
Samples for esr measurements were prepared in 3 mm
0.d., 2 mm i.d. Suprasil tubes w'hich could be inserted
into a Kel-F protective sheath (4 mm o.d., 3.4 mm i.d.)
that would fit into the Varian liquid nitrogen dewar
used in the esr cavity. The sheath, fabricated from a
Kel-F rod, encased both the Suprasil sample tube and its
quartz-to-Pyrex seal-off tube and was closed with a
threaded aluminum cap and O-ring. Alternatively,
protective sheaths can be fabricated by machining and
heat sealing 0.25 in. o.d. Kel-F tubing.9 Kel-F was
found to be much less brittle at 77°K than Teflon,
nylon, or polyethylene.

Esr Measurements. A Varian V-4500 X-band spec-
trometer operating with 100-kHz modulation and a
microwrave power of ca. 15 mW was used for esr mea-
surements. Absolute concentrations of unpaired spins
were determined by electronic integration6 and com-
parison with DPPH and galvinoxyl standards. A few
measurements were made at 4°K in an esr cavity de-
signed for this purpose.D

Spedrophotometric Measurements. Spectrophoto-
metric measurements on the 0.1-ml samples of tritiated
ethyl iodide glass were made with a Cary 14 spectro-
photometer using optical cells of 0.25-1-mm path length
which could be reproducibly positioned in the light
path while held under liquid nitrogen in a dewar with
flat windows. Thin cells were used because of the
limited sample volumes available, the high optical
densities to be measured, and the necessity for minimiz-
ing the cracking which occurs when thicker samples of
ethyl iodide glass are cooled to 77°K. The cell bodies
were made by drawing down hot quartz tubing over
stainless steel forms (€.9., 0.5 mm X 1cm X 4 cm).1l

Luminescence Measurements. The steady-state lumi-
nescence resulting from self-radiolysis of tritiated ethyl
iodide glasses was measured by an IP21 photomultiplier

(6) (a) 3.J. Katz and E. Rabinowitch, “The Chemistry of Uranium,”
1st ed, McGraw-Hill, New York, N. Y, 1952 pp 183-213; (b) R. W.
Ahrens, Ph.D. Thesis, University of Wisconsin, 1959.

(7) K. E. Wilzbaeh, A. R. Van Dyken, and L. Kaplan, Argonne
National Laboratory Report ANL-5143 (1953).

(8) We are indebted to Professor C. Heidelberger for the use of his
facilities for these counts.

(9) M. A. Long and J. E. Willard, J. Phys. Chem., 74, 1207 (1970).
(10) H. W. Fenrick, Ph.D. Thesis, University of Wisconsin, 1966.

(11) Using techniques devised by W. J. Wheeler of the University
of Wisconsin Department of Chemistry Glass Shop.
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G rowth Patterns of Reaction Intermediates

MA 1000
SL 800

Figure 2. Esr spectrum of tritiated ethyl iodide glass (3.3 Ci ml-1) after 600 hr at 77°K. The six-line C2Hs spectrum is
shown above, and three sections of the low- and high-field spectrum, measured at different sensitivities are below. The
absolute values of the fields indicated on the lower spectra are subject to an uncertainty of £30 G. The microwave power

was 15 mW in each case.

tube positioned ca. 2 cm from a sample held under liquid
nitrogen in a dewar with a flat unsilvered window.
The phototube has a maximum response at 400 nm
with half maxima at 320 and 550 nm. Its signal-to-
noise ratio is 1:1 or greater when exposed to 3 X 106
photons sec-1 at 400 nm and operated at 500 V. The
dark currents of ca. 10-4 (A and photocurrents of ca
10~3fiA through a 48K resistor were measured with a
microvoltmeter.

Results

Esr and Optical Spectra of Glassy Samples. Radioly-
sis of ethyl iodide glass at 77°K by the /Brays of tritium
produces species which give esr spectra (Figure 2) and
visible spectra (Figure 3) identical with those from y
irradiation of C2HA glass.23

The six-line spectrum of the uper portion of Figure 2
is attributable to CH5radicals. It grows linearly in a
freshly frozen sample at a rate proportional to the
specific activity of the sample (Figures 4 and 5), but
with decreasing rate at longer times, until a steady-
state concentration is reached (Figure 6). Figures 7
and 8 show growth curves for all of the spectral fea-
tures.

Glassy tritiated ethyl iodide gave the same six-line
ethyl radical esr spectrum at 4°K as at 77°K, with no
evidence of the doublet to be expected if trapped H
atoms were present. Ethyl iodide glass 7-irradiated
in a Cryotip unitl2 at 20°K in an optical cell with
0.40-mm path length gave the same 405- and 520-nm
lines produced at 77°K (the dose was too low to produce
observable absorption at 750 nm at either temperature).

Temperature Effects. The highest temperature at
which ethyl radicals could be detected in the steady-
state measurements on a 10 Ci ml-1 glass sample was
101 + 1°K. The steady-state concentration was ca.
1 X 10-6 mol %, indicating an average radical lifetime
of about 15 sec if G(CH6 = 213 and first-order decay

MA = modulation amplitude; SL = signal level.

Figure 3. Optical spectrum of tritiated ethyl iodide glass
(2.4 Ci ml-1) as a function of time at 77°K. Cell
thickness 0.40 mm.

Figure 4. Growth of C2Hs concentration in tritiated ethyl
iodide glasses of different specific activity, as a
function of time at 77°K.

is assumed. The shape of the radical spectrum was
the same at 101°K as at 77°K.

Ethyl radicals produced in CZHA glass at 77°K by 7
irradiation disappear within less than 5 min at 102 *

(12) R. F. C. Claridge, R. M. lyer, and J. E. Willard, J. Phya. Chern.,
71, 3527 (1967).

(13) P. B. Ayscough and C. Thompson, Trans. Faraday Soc., 58,
1477 (1962).
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Figure 5. Initial growth rates of C2Hs radicals in tritiated
ethyl iodide glass at 77°K as a function of specific activity.

Figure 6. Concentration of C2Hs in tritiated ethyl iodide
glasses of different specific activity as a function of long times
of standing at 77°K; 100 units on the ordinate

= 14 X 10<2mol %.

Figure 7. Change in concentration of paramagnetic species in
tritiated ethyl iodide glass (3.3 Ci ml-1) at 77°K as a function
of time. See Figure 2 for spectral features at the indicated
magnetic fields and for modulation amplitudes and

signal levels used.

1°K. The esr spectrum near 3100 G is somewhat more
stable, but is removed by 10 min of annealing at the
same temperature. The peak at 2400 G decreases by
less than 30% in 10 min at 102°K. The optical ab-
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Figure 8. Growth in absorption maxima of visible spectrum

(Figure 3) of tritiated ethyl iodide glass (1.4 Ci ml-1) at 77°K
as a function of time. Uncorrected for overlap of peaks; cell

thickness = 0.40 mm.

sorption peaks at 520 and 405 nm can be observed for
several minutes at 99°K, while the 750-nm peak decays
somewhat more rapidly.

Decay rates of radicals in tritiated samples at several
temperatures were compared by observing their steady-
state concentrations and assuming R = kN, where R =
the rate of CH5production (assumed to be independent
of temperature) and N is the concentration. This
method of evaluating the data is, of course, somewhat
arbitrary because of the complexity of the radical decay
kinetics in these systems.6 The steady-state plateaus
were achieved both by warming samples from 77°K,
with accompanying decay of the radical concentration
to its new plateau and by cooling from the liquid with
accompanying growth to the plateau. Between 77 and
95°K the decay rate increases by a factor of about 25,
and over the next 5° by an additional factor of 50
(Figure 9). The slope of the curve of Figure 9 from 77
to 95°K yields an “E\" value of 2.5 kcal mol-1.

Luminescence and Optical Bleaching. When mea-
sured with the photomultiplier tube, samples of 10
and 1.4 Ci ml-1 gave ratios of luminescence current to
dark current of 10;1 and 1:1, respectively, with a dark
current of 10-4 /;A. After corrections for self-absorp-
tion and solid angle, it is estimated that photon emis-
sion in the 320-550-nm range (pm bandwidth) is less
than 2 X 1012sec-1 and that G(photons) is not more
than 0.2.

To test whether such luminescence could be respon-
sible for the faster decay of radicals during irradiation
than in its absence (see Discussion), we have monitored
the radical concentration during illumination of a
7-irradiated sample of glassy CH@ in the esr cavity
(Figure 10) using several wavelength regions. The
illumination intensity was 10%6photons sec-1 or more in



Growth Patterns of Reaction Intermediates

Figure 9. Arrhenius plot for C2Hs decay in tritiated
ethyl iodide glass.

Figure 10. Effect of illumination at different wavelengths on
C2Hs concentration in 7-irradiated ethyl iodide glass at 77°K.
Open circles are for times when the light source was off and
closed circles for times when it was on. The wavelength ranges
indicated were filtered from the output of an AH4 lamp using
Corning filters 7-51, 4-72, 2-64, and 3-66, in each case coupled
with a 1-69 filter, for the 330-390, 400-500, 670-720, and
580-720-nm bands, respectively. Prior to the illuminations,
the sample was stored 70 hr following a 1-min, 2 X

1018eV g~ 17 dose.

all cases. At the start of illumination the radical con-
centration was ca. 6 X 10-6 mol % and the o.d. of the
sample was ca. 0.5 at 520 nm. Radicals were removed
with an estimated quantum efficiency of ca. 0.002 by
light of 400-500 nm.

Effects of Additives. lodine present at 0.3 mol %
during 7 irradiation of CH@ glass reduced both the
growth rate and plateau concentration of CZH5radicals
by 20%. Impurities produced by a 3-hr 7 irradiation
of CHsl glass at a dose rate of 2 X 108BeV min-1
followed by melting and refreezing lowered the growth
rate and plateau by 10%. The irradiation and melting
adds about 0.1 mol % each of CH4 CZHG 12 and HI to
the system.&® No effect on subsequent ethyl radical
formation was observed for 1.2 X 10DeV g-1 irradia-
tions followed by 2 min at 99°K, which removed most
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Figure 11. Esr spectra of t-itiated polycrystalline ethyl iodide
(10 Ci ml-1) 50 hr after freezing. All spectra are from same
sample. Spectra b, ¢, and d taken after rotating the sample
around a vertical axis by 45 90, and 135° relative to a.
Spectrum e shows central portion of signal at signal level 50
compared to 400 used for a, b, ¢, d. All modulation amplitudes
1250. Dotted lines on spectrum a show portion of spectrum
which is obscured by container signal when activation is

by 7 irradiation.

of the ethyl radicals, or 30-min illumination at 660-900
nm, which removes the 750-nm peak.

G Values. G values reported for the production of
CMHs radicals by the 7 radiolysis of CH3 glass are
20 + 0.4,132.2 £ 0.4,u and 1.5. The present work
gave 2.2 £ 0.5. The radical concentrations shown in
the figures of this paper have been calculated assuming
a = 2.0.

Esr Spectra of Polycrystalline Samples. Figure 11
shows esr spectra generated in tritiated polycrystalline
ethyl iodide by self-irradiation. The portions of the
spectrum which are obscured by signals from the sample
tube when 7 irradiation is used® (dotted lines of
Figure 1la) can be examined without interference.
The bottom spectrum taken at eightfold lower sensi-
tivity than the upper spectra suggests that the ethyl
radical is responsible for the large central signal. The
width of the individual lines of the central signal is
greater than the width of the ethyl radical lines in ethyl

(14) R. J. Egland, Ph.D. Thesis, University of Wisconsin, 1968.

(15) R. J. Egland, P. J. Ogren, and J. E. Willard, J. Phys. Chem., 75,
467 (1971).
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iodide glass or y-irradiated polycrystalline ethyl iodide.
The growths of both the CH6signal and the wide signal
are shown in Figure 12 for each of two specific activities.
Uncertainties in reproducibly positioning the samples
in the cavity relative to rotation around the vertical
axis lead to some of the scatter observed.

Discussion

Absence of LET Effects. In ethyl iodide glass the
average energy (5.6 keV) tritium i3 particles® have a
track length of about 3000 A with spurs every 75 A on
the average, while the average (500 keV) Compton
electrons produced by @XCo rays have 1-mm tracks
with average spur separations of 2000 A.I7 The agree-
ment of the (?(CHY values for the irradiation of C2HA
glass with tritium ffs and with 6Co y’'s, and the
similarity of the esr and optical spectra indicate that
the greater proximity of spurs in the tritium case does
not significantly alter the nature or concentration of the
trapped reaction intermediates.

Species Responsible for Esr and Optical Spectra. Dif-
ferences in the rates of growth (Figure 7) of different
parts of the esr spectrum (Figure 2) of tritiated ethyl
iodide glass at 77°K indicate the presence of at least
three trapped paramagnetic radiolysis products, in-
cluding ethyl radicals (six-line pattern in the upper
portion of Figure 2); the species which gives the broad
low- and high-field pattern with which the lines at 2400,
2815, and 3900 G are associated (tentatively identified
as 12- 3d1); and the species responsible for the group of
lines around 3130 G. The three optical absorption
peaks of Figure 3 for which the growth curves are
plotted in Figure 8 appear to correspond to three species.
In addition, the visible tail of afurther species absorbing
in the uv region appears to grow. The 405-nm peak
and the lines of the very broad esr spectrum both show
continuing growth at 77°K during the periods observed,
but the 405-nm absorption grows on warming in the
range up to 102°K,2 whereas the broad esr spectrum
decays at 80°K,M4 indicating that they are due to dif-
ferent species. The growth curves of Figure 7 have
not been followed for sufficiently long times or with suf-
ficient accuracy to rule out the possibility that the 520-
or 750-nm peak may result from the same species that is
responsible for the very broad esr absorption or for the
3130-G pattern. The temperatures of onset of rapid
decay (i.e., disappearance in 5 min) differ for the three
species observed by esr spectroscopy.

Of the four or more species responsible for the esr and
optical spectra of glassy ethyl iodide, only the ethyl
radical is identified with certainty. The 750-nm peak
has been assignedBto a positive species [(CHI )+ or
CHACHS5+], and later investigators have considered
this plausible.3 12~, formed by | + 1-, has been sug-
gested3 as the species responsible for the 405-nm peak,
while evidence on the effects of scavengers on the similar
395-nm peak in solutions of alkyl iodides in hydrocar-
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Figure 12. Change in concentrations of central signal
attributed to C2Hsand the “1000-G species” in tritiated
polycrystalline ethyl iodide as a function of time at 77°K.
Circular points, 11 Ci ml-1; square points, 3.3 Ci ml-1.
Solid points, C2Hs signal; open points “1000-G signal”
measured by line X of Figure 1la. The height indicated by
the arrow in Figure 11a was used to monitor the

“1000-G species.”

bons suggests that it is due to a neutral species, and
CHA 1 has been proposed.9 The evidence3d X that
12- is responsible for the broad esr spectrum argues
against its being the species responsible for the 405-nm

peak. The species responsible for the 520-nm peak is
not known; C2IrJ s~ has been suggested as a possi-
bility.2

The predominant spectrum produced by 7-irradiated
polycrystalline samples of CH3 (Figure 11) is not ob-
served in glassy samples. There is evidence which
suggests that it may be due to electrons trapped in the
polycrystalline matrix in such a way as to be coupled
with both iodine atoms and methyl group protons.5

Growth Kinetics of Ethyl Radicals; Radiation Catalysis.
Assuming that the rate of production of radicals (R) is
constant for a given dose rate, the plateaus of Figure 6
indicate that some process (or processes) which remove
radicals increases in rate with radical concentration
until the rate equals R, i.e., dN/dt = R — fcf(AU) = 0.
If the removal process is first order, then N,,, the radical
concentration at the plateau, must be directly propor-
tional to R (i.e., R = K(N,,). If the process is second
order, AL must be proportional to the square root of the
specific activity (R = k(N,)d. For radical removal
wholly by a first-order process stimulated by the con-
tinuing radiation (“radiation-catalyzed decay”), N,

(16) E. A. Evans, “Tritium and its Compounds,” Van Nostrand,
Princeton, N. J., 1966.

(17) (@) C. M. Lederer, J. M. Hollander, and L. Perlman, “Table
of Isotopes,” Wiley, New York, N. Y., 1968; (b) D. E. Lea, “Actions
of Radiations on Living Cells,” Cambridge University Press, New
York, N. Y., 1955, p 24.

(18) E. P. Bertin and W. H. Hamill, 3. Amer. Chem. Soc., 86, 1301
(1964).

(19) J. P. Mittal and W. H. Hamill, ibid., 89, 5749 (1967).
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would be independent of the specific activity (dN/(it =
O=R —krN,; N, =1cl)

The ratio of the plateau concentrations of Figure 6 is
1:2.5:4.7. If the concentrations were proportional to
the first power of the specific activity, the ratio would
be 1:3.4:15.2, and if to the square root, it would be
1:1.84:3.9. These data eliminate the possibility that
radical removal at the plateau is solely by either first-
or second-order thermal decay or by radiation-catalyzed
decay. In 7-irradiated ethyl iodide glass at 77°K, the
fraction of the radicals which decays per unit time at
any given time after irradiation is independent of the
initial concentration (i.e., of the dose).D This “com-
posite first-order” 21 decay indicates that each radical
is removed by a process independent of the presence of
other radicals and eliminates the possibility that a pro-
cess proportional to (/4 ,)2 contributes to the steady
state of Figure 6. Therefore, radical removal at the
steady state must occur by a combination of composite
first-order decay and radiation-catalyzed decay. This
is confirmed by the Observation that the rate of decay
of radicals in a 7-irradiated sample immediately after
cessation of irradiation at doses in the plateau region
is slower than the rate of radical production determined
from the initial slope of the growth curve. For a
sample irradiated to a dose of 3 X 10DeV g-1 at a dose
rate of 2 X 108 eV g-1 min-1, this decay rate was
30-50% slower than the growth rate.18

Quantitative evaluation of the dependence of plateau
concentration on specific activity is not feasible, with
the information available, because of the complexity
of the interrelationships of the composite first-order de-
cay and the radiation-catalyzed decay. Immediately
after 7 irradiation of aglassy ethyl iodide sample at 77°K
the fractional decay rate is 1.3 X 10-2 min-1, after
25% decay it is 3.4 X 10-3 min-1 and after 50% decay
1.0 X 10-3 min-1. Thus the initial radical population
contains a continuum of subpopulations which have
different first-order decay rates. During prolonged
irradiation, radiation-catalyzed removal of the slower
decaying radicals occurs preferentially relative to re-
moval of the more rapidly decaying radicals because of
the difference in residence times in the matrix. This
effect is illustrated by the fact that radical decay curves
for ethyl iodide glass samples which have received a
1-min 7 dose and a 60-min 7 dose are superimposable
after normalization for the 40-fold higher initial radical
concentration in the latter.1l8 This could not be the
case unless the more thermally stable radicals were
preferentially removed by radiation-catalyzed processes
during the 60-min irradiation.

Mechanism of Thermal Decay. Ethyl iodide dissolved
in liquid or solid hydrocarbons acts as an electron
scavenger, undergoing dissociative electron capture
(CHA + e- *mCH5+ 1-). The evidence indicates
that in solid hydrocarbons the fragments remain in the
parent cage and undergo geminate recombination at a
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measurable rate, with composite first-order kinetics.2L
Since the G value for ethyl radical production in pure
ethyl iodide glass (ca. 2) is of the same order as in 1
mol % solutions in solid hydrocarbons (1.1), it is reason-
able to assume that the same processes of formation
and decay predominate, although additional processes
may occur.

Decay of the free radicals by intraspur diffusion
rather than geminate recombination would give com-
posite first-order Kinetics, for a portion of the decay,
but is inconsistent with the experimental observations
that (i) over 98%, and perhaps all, of the radicals de-
cay by a process which is independent of the concentra-
tion of other radicals in the system;D (2) ethyl iodide
glass at 77°K is stable for 2 years or more with respect
to conversion into the thermodynamically more stable
crystalline form, indicating that diffusion must be ex-
tremely slow.

Mechanism of Radiation Catalysis. For the experi-
ment in which the rate of radical decay from the plateau
following 7 irradiation at 2 X 1018eV g-1 min-1 was
found to be about 50% of the rate of radical production,®
G(radiation-catalyzed radical removal) = ca. 1. The
concentration of radicals at the plateau was 5.2 X 10-4
mole fraction. If the radicals were equally spaced
throughout the matrix, the average separation would be
ca. i3 molecular diameters, and the average distance
between the site of a new energy deposition event and
that of a previously trapped radical would be ca. four
molecular diameters (ca. 20 A). This is an order-of-
magnitude estimate of the distance over which the
radiation catalysis effect is felt. Possible origins of the
effect incldde (1) heating of the matrix by the radia-
tion; (2) photobleaching by the luminescence emitted
during irradiation; (3) reaction of H atoms, electrons,
positive holes, or other radiolytic products with the
growing concentration of radicals; (4) activation of re-
combination of geminate pairs, or of other combination
processes, by energy transferred through the matrix;
(5) scavenging of electrons by trapped positive holes as
the concentration of these builds up, in competition
with prodution of radicals by dissociative electron cap-
ture. Of these the first three appear unlikely for
reasons noted below. The fourth cannot be ruled out;
there is evidence that thermal decay of ethyl radicals in
glassy ethyl iodide at 77°K occurs as the results of
vibrations or rotations of matrix molecule groups neces-
sary for geminate recombination, but very little is
known about energy transfer through glassy matrices.
The fifth is plausible and similar to the mechanism be-
lieved to be responsible for the plateau and subsequent
decline in trapped electron concentration with increas-

(20) H. Fenrick, N. B. Nazhat, P. J. Ogren, and J. E. Willard,
J. Phys. Chem., 75, 472 (1971).

(21) For other examples of this type of decay see: (a) W. G. French
and J. E. Willard, ibid., 72, 4604 (1968); (b) R. F. C. Claridge and
E. Willard, 3. Amer. Chem. Soc., 87, 4992 (1965).
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ing dose in 7-irradiated hydrocarbon23 and alcohol
glasses.2b With increasing dose there is increasing
probability of newly formed electrons encountering a
trapped positive charge and becoming neutralized, in
competition with dissociative capture. If this does not
produce new radicals, it will decrease the level of the
plateau of radical concentration.

Energy of 100 eV deposited in the matrix and con-
verted into heat would raise the temperature of a sphere
of 35 A radius by 10°K assuming a heat capacity of 1
cal g-1 and no heat loss from the region. Since much
of the energy is used for ionization and bond breaking
and since such a temperature rise, if it occurred, could
persist for only a fraction of a second, it appears im-
probable that thermal effects are responsible for the
radiation-catalyzed radical removal (although a large
uncertainty rests in the assumption as to the volume
heated). According to the data of Figure 9, a 10°K
rise in temperature from 77°K would increase the re-
combination rate by about sixfold.

The low quantum vyield 0.002) for removal of
radicals by illumination in the 330-720-nm range
(Figure 10) and the low G value for photon production
by radiation-induced luminescence in the sample
(4 0.2) preclude the possibility that such luminescence
contributes significantly to the radical removal re-
sponsible for the steady state.

Reaction of H atoms, electrons, or positive holes with
free radicals might remove the radicals at a rate pro-
portional to the radical concentration. The absence of
a trapped H-atom esr signal in ethyl iodide glass under-
going self-radiolysis at 4°K and evidence against
H-atom production in the radiolysis of hydrocarbon
glasses argue against the H-atom reaction.Z If elec-
trons react with radicals (R=+ e_ —2%*R:-), each such
event removes a radical and prevents production of a
new radical by dissociative capture. For this effect
to be significant would require the cross section for e~
capture by radicals to be high relative to that for cap-
ture by The contribution of positive hole
migrations to radical removal would require a charge
mobility which seems improbable.

The experiments with added 12 and with CHA ex-
posed to prior irradiation and melting or annealing to
generate stable products, indicate that such products
of irradiation cannot account for much of the radiation
catalysis, although they may be responsible for the
slow decrease in ethyl radical concentrations at very
long times (Figure 7).

Radical Growth in Polycrystalline Ethyl lodide. Both
the “ 1000-G” esr signal and the central signal attributed
to ethyl radicals grow in tritiated polycrystalline ethyl
iodide as rates which decrease with time. The broad
spectra reach pleateaus (Figure 12) which are not
greatly different in intensity for 3.3 and an 11 Ci ml-1
samples, consistent with predominant removal of the
species by radiation catalysis. The maximum concen-
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tration of the 1000-G species produced by 7 irradiation
at a dose rate of 2 X 10BeV g~' ml-1, which is 30
times that in the 11 Ci ml-1 tritiated sample, is not
more than twice as high as in the 11 Ci ml-1 sample.
The decrease in the 1000-G species at times greater than
about 100 hr observed in this work and earlierd sug-
gests the increasing competition for the species or its
precursor by another radiation product which is grow-
ing in concentration with time of irradiation. Evidence
as to the identity of the species responsible for the
broad spectrum has been discussed. 55 It may be
physically trapped electrons coupled with both iodine
atoms and CH3protons. Momentary warming of such
samples to 147°K decreases the intensity of the broad
signal while increasing the ethyl radical signal, as might
occur if dissociative capture can compete for electrons
with neutralization and retrapping processes. The
continued increase in ethyl radical concentration with
increasing dose, while the broad spectrum decays
(Figure 12), is consistent with this model, although by
no means proving it.

In addition to the differences in the nature and Ki-
netics of trapped intermediates produced in polycrystal-
line ethyl iodide as compared to glassy ethyl iodide, dis-
cussed here, major differences in product yield obtained
on melting have been reported. 24

Related Investigations. Experimental investigations
of limiting concentrations of free radicals in trapping
matrices have indicated concentrations of N atoms in
N2at 4°K of ca. 0.1% ,50f 0.5% in polar aromatic com-
pounds, and of 5% in nonpolar aromatic compounds.3B
If it is assumed that radicals are stably trapped unless
they have a radical as a nearest neighbor, the maximum
possible concentration may be estimated to be several
per cent.Z In the work of the present paper the maxi-
mum concentrations achieved were less than 0.1%.
The relatively low limiting concentration may result
from the production of each C2H5radical in the same
solvent cage with an |- geminate partneri819 with
which it is predestined to combine.

Previous examples of radiation catalysis include ob-
servations on a variety of biologically related organic
solids,Z on glassy and polycrystalline ethylene glycol,B

(22) (a) A. Ekstrom, R. Suenram, and J. E. Willard, J. Phys. Chem.,
74, 1888 (1970); (b) S. Fujii and J. E. Willard, ibid., 74, 4313 (1970).

(23) D. Timm and J. E. Willard, ibid., 73, 2403 (1969).

(24) (a) E. O. Hornig and J. E. Willard, 3. Amer. Chem. Soc., 79,
2429 (1957); (b) T. O. Jones, R. H. Luebbe, Jr., J. R. Wilson, and
J. E. Willard, J. Phys. Chem., 62, 9 (1958); (c) H. J. Arnikar and
J. E. Willard, Radial. Res., 30, 204 (1967).

(25) (a) D. W. Brown, R. E. Florin, and L, A. Wall, 3. Chem. Phys.,
66, 2602 (1962); (b) B. J. Fontana, ibid., 31, 148 (1959).

(26) V. I. Trofimov, I. I. Chkheidze, and N. Ya. Buben, Russ. J.
Phys. Chem., 39, 881 (1965).

(27) For examples and further references, see W. Snipes and P. K.
Horan, Radiat. Res., 30, 307 (1967).

(28) V. K. Ermolaev and V. V. Voevodsky, “Effect of the Phase
State on the Radiolysis of Organic Solids,” in Proceedings of the
Second Tihany Symposium for Radiation Chemistry, Akademiai
Kiado, Budapest, 1967.
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and on polycrystalline CBr62 By selective deutéra-
tion of radicals it has been shown that in y-irradiated
L-alanine crystals the radical plateaus are due to radical
removal by radiation rather than to the onset of
processes which compete with radical production.Z
Voevodsky and Ermolaev found that the initial growth
of radicals in y-irradiated solid ethylene glycol appears
to consist of two linear portions,Bsuggesting two types
of sites one of which is removed by effects of continuing
radiation more readily than the other. The breaks
occurred at doses of ca. 10D eV g-1 and radical con-
centrations of ca. 0.1 mol %. The ratio of slopes of the
two regions was independent of dose rate, and the
breaks occurred at the same dose in different experi-
ments. In the present work the initial growth of
radicals often appeared to consist of two different linear
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portions at low dose rates and low ethyl radical con-
centrations (Figure 4) but the ratio of the slopes, and
the dose at which the breaks occurred, changed with
increasing dose rate. It is probable that in the ethyl
iodide system the apparent breaks result simply from
the early saturation of the population of ethyl radicals®
which undergoes relatively rapid thermal decay.

y Irradiation of polycrystalline C2Brii produces Br2
with differential G values which change from 4 at doses
less than 2 X 10BeV g_1to 0.2 at 10DeV g_1. Addi-
tional data suggest that the (7(Br2 values fall because
two radiation-catalyzed processes (CBr5 + Br2 —»
CBr6+ Br, and CBr4+ Br2-mC2Br6 remove Br22

(29) R. M. lyer and J. E. Willard, J. Chem. Phys., 46, 3501 (1967)
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It is shoan that ultrasonic absorption is selectively sersitive to site bound counterions and should therefore
penmit the study of this type of binding Bqoerimental resuits are showing an increase of the ultra-
sonic absorption of solutions of anmonium (PP), poly(ethylene sulfonate) (PES),
poly(styrere sulfonate) (PSS), and carboxymetiwylcellulose (CMC) upon addition of alkali chlorices.  These
incresses are interpreted in termrs of site binding processes involving the allkali ions.  For a given counterion
site binding effects are found to incresse when the mininum distance d betwween two dharged sites is decreased.
For PP, PES, and CMC the ionic sequences dotained in this work are guiite similar to those dotained by others,
wsing “static” methods.  To explain these results it is assumed that the binding of a counterion involves two
dharged sites whend is sl (chelation), and only one dharged site whend is large (ion pairing).

on polyions. When sound waves are propagated

Ultrasonic absorption techniques have proved to be a
useful tool for the study of aqueous solutions of simple
electrolytes.1 However, in the field of polyelectrolytes
their use has been limited to studies of conformal transi-
tions and H bonding in solutions of electrically charged
polypeptides2 and of polycarboxylic acids.34 Re-
cently we have shown6 that ultrasonic absorption
measurements may also provide informations on the
nature and kinetics of counterion binding by polyions.
The reasoning following was employed. In aqueous
polyelectrolyte solutions there exist various chemical
equilibria which involve counterions and charged sites

through such solutions these equilibria are perturbed
by the pressure changes due to the waves. This inter-
action gives rise to a relaxational ultrasonic absorption

(1) J. Stuehr and E. Yeager, ‘ Physical Acoustics,” Vol. 1A, W. P.
Mason, Ed., Academic Press, New York, N. Y., 1965, p 351.

(2) G. Schwarz, J. Mol. Biol., 11, 64 (1965); T. Saksena, B. Michels,
and R. Zana, J. Chim. Phys. Physicochim. Biol.. 65, 597 (1968).

(3) B. Michels and R. Zana, Proceedings of the 7th International
Congress on Acoustics, Akademiai Kiado, Vol. 2, paper 20M6, p 41,
Budapest, 1971.

(4) B. Michels and R. Zana, Kolloid Z., 234, 1008 (1969).

(5) C. Tondre and R. Zana, IUPAC Symposium, Book of Abstract
Vol. I, paper I11a9, p 387, Leiden, 1970.
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provided that a volume change AFO0is associated with
the perturbed equilibria.1 When only one equilibrium
is involved the excess absorption is given byl

5a/N> = A/(l + «V) = A/(1+ NZN”») (1)

where 5a = a — aOis the difference between the absorp-
tion coefficients for the polyelectrolyte solution and
for the solvent, i.e., water ; « = 2N is the angular
frequency of the ultrasonic wave; r = (2 &Vr)_1is the
relaxation time associated with the equilibrium under
study; N and Nr are the ultrasonic frequency and the
relaxation frequency, respectively; and A, is a quantity
independent of N. It has been shown that both A and
r are function of the two rate constants fu and fci
characterizing the equilibrium and of the concentra-
tions, ci} of the species involved in the equilibrium. A
can be written in the form1l

A = AFoxf(fcl fc 1 a) 2

Equations 1 and 2 indicate that 8a/N2 = 0 if AFO= 0.
For counterion binding reactions AFOis essentially due
to the release by the counterion and the charged sites
of the polyion of part of their hydration water. This
release occurs only if counterions come close enough to
polyion charged sites in order to bring about a strong de-
crease of the electrostatic field in the space surrounding
ions and charged sites and containing the electrostricted
water molecules (i.e., the "A” region in the Frank and
Wen’'s model§. Clearly, such counterions are those
usually referred to as “site bound” or “specifically
bound” counterions. In the following, site bound
counterions are those whose hydration shells overlap
those of charged sites. On the other hand, it can be
safely assumed that counterions which constitute the
ionic atmosphere of a polyion (“ionic atmosphere
binding”) retain practically all of their hydration water.
Thus no volume change should be associated with this
type of binding.

As was shown in an earlier paper,6 the study of
Sas/N2 as a function of frequency and concentration
may give the detailed mechanism of site binding and
permit the determination of the rate constants. The
purpose of this paper is to present additional results
which substantiate those already reported6 on poly-
ethylenesulfonic acid (H-PES) and which show the
effect of various parameters on site binding as detected
through absorption measurements. These new results
have been obtained mostly with solutions of poly-
styrenesulfonic acid (H-PSS), polyphosphate (PP),
and alternating copolymer of maleic acid and methyl
vinyl ether (Gantrez). A brief account of results con-
cerning carboxymethylcellulose (CMC) is also given;
a more thorough study on this polyelectrolyte will be
published later.7

1. Experimental Section
Samples of Na-PES, Na-PSS, and Na-CMC were

The Journal of Physical Chemistry, Vol. 75, No. 21, 1971

C. Tondre and R. Zana

gifts from Hercules Powder Co., Dow Chemical Co.,
and Dr. M. Rinaudo (Grenoble, France). Solutions
of these polyelectrolytes were purified and obtained in
the acid form by passing them through columns of
anion and cation-exchange resins. The acid content
of the resulting solutions was determined by potentio-
metric titration. Tetramethylammonium (TMA) hy-
droxide was then added to obtain a neutralization de-
gree of 0.95. Finally the TMA-polyelectrolyte solu-
tions were diluted to the desired concentration. The
polymerization degrees (PD) of CMC and PSS samples
were unknown; that of PES was about 800.

Gantrez was purchased from Borden Chemical Co.
in the form of an alternating copolymer of maleic an-
hydride and methyl vihyl ether. This copolymer was
washed with ether, dissolved in acetone, reprecipitated
in ether, and dried under vacuum It was then dis-
solved in water and quantitatively hydrolyzed by heat-
ing at 60° for a few hours. The resulting solution was
then purified and titrated as above. The PD of this
copolymer was unknown.

A sample of K-PP (PD > 1000) was donated by Dr.
U. P. Strauss. It was dissolved and transformed in
TMA-PP by stirring with a TMA-neutralized cation-
exchange resin (TMA-resin) and by passing the result-
ing solution through a column of TMA-resin. The
Concentration of this TMA-PP solution was determined
by potentiometric titration of the hydrolyzed H-PP
solution obtained by passing quantitatively a given
volume of the TMA-PP solution through a cation-
exchange resin and heating at 80-90° for 15 min to en-
sure a sufficient hydrolysis.

All stock solutions of TMA-polyelectrolytes were
stored at 5°. The salts used in this work were of re-
agent grade purity and used without further purifica-
tion. Throughout this paper concentrations are ex-
pressed in equiv/l

The ultrasonic absorption coefficients were measured
at 25° and 2.82 and/or 5.04 MHz using a two-crystal
interferometer which has been described elsewhere.8

I1l. Results and Discussion

1. Existence of an Excess Absorption Due to Site
Binding of Counterions. Figures 1 and 2 show the
variation of 8a/N2vs. 6 = added salt concentration
cxci/TMA-polyelectrolyte concentration cp, for solu-
tions of TMA-PP and TMA-PSS. These results are
quite similar to those obtained for the effect of added
alkali chlorides on the absorption of TMA-PES6 and
TMA-CMC7 solutions.

These increases of 8a/N2with 0' may be interpreted:
when alkali ions are introduced into TMA-polyelec-

(6) H. Frank and W. Wen, Discuss. Faraday S o c 24, 133 (1957).
(7) R. Zana, C. Tondre, M. Rinaudo, and M. Milas, J. Chim. Phys.
Physicochem. Biol., in press.

(8) R. Cerf, Acustica, 13, 417 (1963); S. Candau, Ann. Phys. (Paris),
9, 271 (1964).
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Figure 1. Tétraméthylammonium polyphosphate: variation
of da/N2with B upon addition of alkali chlorides and TMACL1,
cp = 0.035 N.

trolyte solutions they may become site bound, in con-
trast with TMA ions which are not site bound because
of their large radius.69 This gives rise to a new ab-
sorption process and results in an increase of da/N2
with 6'. However, before going any further one must
consider the possible contributions of the three following
processes to the increase of da/N2

(@) Relaxation processes involving the ionic atmo-
sphere of the polyionlinclude electrostatic binding of the
counterion as well as the relative movement of a polyion
and its ionic atmosphere in the velocity field due to the
sound wave. Such processes can be readily dismissed
since in the Debye-Hiickel approximation (which can be
used for the moderately concentrated solutions used in
this work: cp ranging from 0.035 to 0.1 N) their con-
tribution should not depend on the nature of the counter-
ion, while our results show a strong dependence on this
parameter67 (Figures 1 and 2).

(b) Viscoelastic relaxations which are related to
the viscosity of the solution are known to be significant
at frequencies well below 1 MHz,11 i.e., outside the
frequency range investigated in this work. Moreover,
their contribution should increase with the solution
viscosityDwhile Figures 1 and 2 show that addition of
salts which bring about a decrease of viscosity12-14
result in an increase of da/N2

(c¢) Relaxation associated with conformational modi-
fications of polyions occuring upon salt addition12-14
may result in absorption changes in the megahertz
range.23 However, for polyphosphates no volume
changes were observed upon addition of TMA-C1 to
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Figure 2. Tetramethylammonium polystyrenesulfonate:
variation of Sa/N2with 6' upon addition of alkali chlorides
and TMAC1, cp = 0.1 N.

TMA-PP and of LiCl to Li-PP9 although such addi-
tions bring about changes of conformation.22 Volume
change measurements have not yet been performed on
the other polyelectrolytes studied in this work, but
changes of conformation are known to occur for PES13
and CMCH upon additions of salts. On the basis of
Strauss, et al.,9results one should not expect any volume
change and therefore, according to eq 1 and 2, any in-
crease of absorption associated with conformal changes.
Our results confirm this prediction since we found that
for all TMA-polyelectrolytes studied so far57 (Figures
1 and 2) da/N2is not modified upon TMAC1 additions
up to 9 = 3 and that additions of LiCl to Li-Gantrez
and of NaCl to Na-CMC’s7 bring about only small
changes of da/N2

Moreover, the striking behavior of NaCl on Figure 1
might be taken as an indirect evidence that the increase
of da/N2is not due to conformal changes since the work
of Strauss, et al.,22 did not reveal any Na-specific con-
formal change of polyphosphate.

From the above discussion we conclude that the in-
crease of da/N2with 9" is due to site binding processes.

2. Influence of the Nature of the Polyion. For
given added salt, our results67 (Figures 1 and 2) show
that the increase of da/N2with 9' depends strongly on
the polyion. The effect of NaCl on da/N2for TMA-PP,
PES, and PSS solutions has been represented in Figure
3 where (Aa/N20 = (da/N2Naci.r — (da/N2tmaci«.
CMC was not included as for this polyelectrolyte the
effects depend very much on the substitution degree.7
Whatever the added salt, Aa/N2 has been found to
increase in the order PSS < PES < PP. This sequence

(9) U. P. Strauss and Y. Po Leung, J. Amer. Chem. Soc, 87, 1476
(1965).

(10) T. Litovitz and C. Davis, “Physical Acoustics,” Vol. Il1A,
W. P. Mason, Ed., Academic Press, New York, N. Y., 1965, p 282.

(11) B. H. Zimm, J. Chem. Phys., 24, 269 (1956); P. Rouse, ibid.,
21, 1272 (1953).

(12) U. P. Strauss, et al., J. Phys. Chem., 61, 1353 (1957); J. Amer.
Chem. Soc., 82, 1311 (1960).

(13) H. Eisenberg and G. Mohan, J. Phys. Chem., 63, 671 (1959).
(14) C. Pierre, M.A. Thesis, University of Grenoble, October 1969.
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Figure 3. Effect of NaCl additions on Aa/N2for TMA-PP,
TMA-PES, and TMA-PSS, r,, 0.1 N.

of polyions is the same as the one found by volume
change measurements91616 and reflects the influence
on Aa/N2of the électrostriction of the polyion on the
surrounding water molecules. This électrostriction
depends on the intrinsic électrostriction of the charged
site and on the minimum distance d between charged
sites when one adopts the rod-like modelT7 for polyions.
The distance d which represents the actual distance be-
tween two charges on the cylinder equivalent to the
polyion is different from the charge distance b which
appears in the expression of the charge parameter X
characteristic of the rod-like modelZ (b is related to
the projection of d on the axis of the rod or cylinder).
d depends on the polyion local conformation and on the
distance between the charged group on the side chain
and the polymer chain. Therefore, the differences in
Aa/N?2for the three polyions cannot be explained in
terms of X since it has about the same value for PP,
PES, and PSS. The average surface charge density
cannot be used either because site binding is a local
process in which the discrete nature of the charged sites
must be considered. The results in Figure 3 indicate
that the excess ultrasonic absorption due to site binding
increases when d decreases since dpp < dPES < dpss-B

S Counterion Sequences.
of counterions with respect to the resulting increase of
sa/N2 have been obtained for 6 > 1. TMA-PES,6
H— TMA < Li < Cs < Rb < Na < K; TMA-PP,
TMA < Cs < Rb < K < Li « Na; TMA-PSS, H ~
TMA ~ Li< Cs~ Rb'~ K~ Na; TMA-CMC,7H
~ TMA < Cs< Rb< K< Nac< Li.
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It is striking that these ionic sequences are very
similar to those obtained for PP,2PES,13and CMCD
by other methods which may be referred to as “static”
methods in contrast with ultrasonic absorption which
is a “dynamic” method. The ionic sequence for PSS
has not been reported yet. For TMA-PP an inversion
similar to the one which can be seen in Figure 1 for the
effects of Li+ and Na+ has also been found through in-
trinsic viscosity measurements.2 These findings sug-
gest that the ionic sequences obtained in this work may
not be too modified when the ultrasonic frequency N is
decreased although eq 1 and 2 predict a dependence of
Sa/N2on the nature of the counterion through AVo, k,,
k-i, and the concentration of site-bound counterions.
Our results may be taken as indicating that the relaxa-
tion frequencies, Ad, associated with the dehydration
of counterions and polyions are of the order or larger
than the narrow frequency range studied in this work
(2.8-5.0 MHz), as was found for Na-PES.6 On this
basis, changes in the above ionic sequences must be ex-
pected at higher frequencies, when AD < N, as the
ratio A 2A a2 (see eq 1) becomes significant and as the
values of Ad are likely to depend on the nature of the
counterion. At this point it must be remembered that
in their ultrasonic absorption studies of alkali metal
salts of small chelating agents, Eigen, et al./m found
ionic sequences which were shown to depend on fre-
quency. This variation was attributed to differences
in the binding of the various alkali ions by the chelating
anions. It was also reported® that the relaxation fre-
quencies were independent of concentration, varied
very little with ionic strength, and increased only by a
factor ~5 in going from Li+ to Cs+. These results are
quite similar to those reported in this paper and in
others.6716

The ionic sequences found in this work may now be
explained if one assumes that site bound alkali ions are
either fixed on one charged site (ion-pairing) or adopt
an equilibrium position between two charged sites9
separated by the distance d (see part 111 2), depending
on the respective values of the counterion radius and
of d. The latter type of binding which is analogous
to chelation would occur only when d is small enough.
It may then be postulated that for a given polyion exists
a counterion X whose radius is such that the binding
of X results in a maximum neutralization of the elec-

(15) C. Tondre and R. Zana, unpublished results.

(16) M. Rinaudo and C. Pierre, C. R. Acad. Sci., Ser. C, 269, 1280
(1969).

(A7) T. Alfrey, et al., J. Polym. Sci., 7, 543 (1951);
J. Chem. Phys., 51, 924 (1969).

(18) It is difficult to evaluate d without a model for the polymer
chain. However the sequence dpp < dpES < dpss is readily obtained
when one adopts a planar zig-zag model for the polymer chain and
sets the charge at the center of mass of the oxygen atoms.

(19) M. Rinaudo and M. Milas, J. Chim. Phys. Physicochem. Biol.,
66, 1489 (1969).

(20) M. Eigen, Pure Appl. Chem., 6, 97 (1963); see also ref 1, p 450.

G. Manning,
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trostatic field in the counterion and charged site
“A-regions”6 and in turn, in a maximum release of
electrostricted water molecules. Thus, the site binding
of X should yield the largest volume change and the
largest increase of 8a/N2 at frequencies N < iVD,x as
indicated by eq 1. On the contrary, when d is large
ion pairs would be formed and result in smaller increases
of 8a/N2 Polarization effects, invoked by others2l to
explain ionic sequences, may then be of importance.

The following facts are thought to give support to the
above model, (a) Volume change measurements9have
shown that, as expected the maximum volume change
is obtained for a counterion which differs with the
polyion under study.

(b) Our model predicts that the smaller d, the
smaller the radius of the counterion for which the
maximum increase of 8a/N2is observed, in agreement
with our results on PP (Figure 1) and PES6for which
dpp < dpHs: the maximum effects are observed, respec-
tively, with Na+ and K+.

(c) For PSS, since d is large (>6 A) the électro-
striction is probably rather small and should therefore
result in smaller 8a/N2increases than for other polyions.
Moreover in this case only ion pairs may be formed with
small ions while chelation may occur with large counter-
ions. In the former case very small or no effects
should be observed. Our results in Figure 2 seem to
confirm these predictions since no effect is observed
with Li+ and H+ while rather small effects can be seen
for Na+, K+, Rb+, and Cs+.

(d) Results relative to Gantrez give evidence of the
two types of site binding postulated in this work. It
must be first remembered that Gantrez is a polydicar-
boxylic acid characterized by two well-separated
pKa's.2 Therefore, at neutralization degree 8 < 0.5
at the most one COZ2H per monomer unit is ionized, and
the distance d between charged sites is large (>5 A
at 8 = 0.5). At $> 0.5 the number of fully ionized
monomer units increases linearly with 8 On these
units d is small and chelation may occur. Figure 4
shows the variation of Aa/N2with 8for the neutraliza-
tion of Gantrez with NaOH and LiOH. Aa/N2is de-
fined as the difference between the values of 8a/N2at a
given 8 when the neutralization is conducted with
XOH and TMAOH. Therefore, Aa/N2 may be as-
sumed to represent the absorption term due to the
binding of X. It can be seen that with both NaOH
and LiOH, Aa/NZ2remains quite small up to 8 = 0.5 and
then increases rapidly and almost linearly with 8 The
same ionic sequence was obtained with Gantrez and
CMC.7

4. Case of H+.
other monovalent counterions because of its particular
behavior.

In this work for PP and PSS and in ref 5 for PES it has
been found that equimolecular solutions of H-polyelec-
trolyte and TMA-polyelectrolyte have the same value

H+ has been dissociated from the
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of 8a/N2 Thus, in solutions of strong polyelectrolyte
H+ behaves as if it were not bound. Indeed, other
techniques have shown that there is no site binding
of H+ by PSS but preliminary volume change measure-
ments seem to indicate that H+ is somewhat site
bound by PES.6 On the basis of this last result one
would have expected an absorption to be associated
with the binding of H+ by PES. Because of its ex-
tremely small size however H+ may be expected to give
rise only to ion pairs. That no absorption could be de-
tected may indicate that the fraction of bound H+ is
too small to give rise to a measurable absorption.

Figure 4. Gantrez: variation of Aa/N2with the
neutralization degree 6 for the neutralization with NaOH (*)
and LiOH (O), cp = 0.1 N.

In a solution of weak polyelectrolytes, essentially
polycarboxylic acids, we have shown47 that a small
although measurable absorption is associated with the
binding of H+ by -C02_. This binding, however, re-
sults in the formation of a covalent bond and in a quite
large AFO(up to 20 cm3mol for polyacrylic acid1, and
is probably different from the binding in solutions of
strong polyelectrolytes.

In conclusion, it may be said that all the results given
in this paper show that the observed increases of 8a/N2
upon additions of alkali chlorides to solutions of TMA-
polyelectrolytes are due to site binding processes in-
volving the alkali ions. It is hoped that the results of
volume change and ultrasonic absorption measurements

(21) H. Bungenberg de Jong, “Colloid Science,” Vol. Il, H. Kruyt,
Ed., Elsevier, New York, N. Y., 1949, p 259.

(22) P. Dubin and U. P. Strauss, J. Phys. Chem., 74, 2842 (1970).

(23) S. Lapanje and R. Rice, J. Amer. Chem. Soc., 83, 496 (1961);
L. Kotin and M. Nagasawa, ibid., 83, 1026 (1961).
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now in progress in our laboratory will provide us with
the detailed mechanism of site binding and with the

N OTES

Determination of the Hindered Rotation
Barrier in [/nsym-Dimethylselenourea

and Comparison with Similar Compounds

by L. W. Reeves,* R. C. Shaddick,
and K. N. Shaw

The Chemistry Department, University of Waterloo,
Waterloo, Ontario, Canada (Received March 10, 1971)

Publication costs assisted by the National Research Council of Canada

A recent review article by Kesslerlcollects the infor-
mation regarding studies of the restricted rotation about
C-N bonds in amido-type structures. It is evident
that many of these data are reliable only as far as values
of AG*, the free energies of activation, are concerned.23
In amides and thioamides the order of these energies
for hindered internal rotation about the C-N bond is
now fairly well accepted. Consistency tests on the
many studies can be made by plotting AS* vs. AH* and
extrapolating the data for a given compound to AS* =
0. This gives the AG* obtained from coalescence tem-
peratures to a very good degree of precision and merely
reflects the systematic errors in AH* and A<S+, which
arise from the nmr experiment.124

Considering the general structure

H3C\ [><s)
N-c/~
HyY \

the following series of decreasing free energy of activa-
tion (in kcal mol“1 at 298°K) for amides with vary-
ing R has been measured

F (18.2) CH,(17.4)
OCH3(15.2)

CN (21.4)
phenyl (14.8)

Cl (16.8)
SCH3(11.4)
The corresponding series for the thioamides is

Cl (19.2)
SCH3(15.7)

CN (23.4)
phenyl (18.4)

CH3 (20.2)
OCH3(17.8)

The data above have been assembled from ref 1-8 and
some has come from our own unpublished studies.
With few exceptions, in the above series the barrier
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values of the rate constants and of the fraction of site
bound counterions.

in the thioamides is about 2 kcal mol“ Lhigher than in
amides for a given substituent. This can be attributed
to the increased C-N whbond character expected for the
thioamides in the ground state.8 The phenyl group
may differ because of the steric complications of the
larger group. We shall be presenting these compar-
isons in more detail in a separate paper. Barriers in the
corresponding urea compounds are net so well studied46

Figure 1. Arrhenius plot for the hindered internal rotation
rates of «nsj/OT-iV.A-dirnethylselenourea.

(1) H. Kessler, Angew. Chem. Int. Ed. Engl., 9, 219 (1970).

(2) A. Allerhand, H. S. Gutowsky, J. Jonas, and R. A. Meinzer,
J. Amer. Chem. Soc., 88, 3185 (1966).

(3) P. T. Inglefield, E. Krakower, L. W. Reeves, and R. Stewart,
Mol. Phys., 15, 65 (1968).

(4) J. Sandstrom, J. Phys. Chem., 71, 2318 (1967).

(5) A. Lowenstein, A. Melera, P. Rigney, and W. Walter, ibid., 68,
1597 (1967).

(6) A. S. Tompa, R. D. Barefoot, and E. Price, ibid., 73, 435 (1969).
(7) R. C. Neuman and L. B. Young, ibid., 69, 2570 (1965); R. C.
Neuman, D. N. Roark and V. Jonas, J. Amer. Chem. Soc., 89, 3412
(1967).

(8) L. W. Reeves and K. N. Shaw, Can. J. Chem., in press, and un-
published work.
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Figure 2. Selected line shape fit data for the nmr spectra of unsym-N,IV-dimethylselenourea. The continuous line
represents the computed line shape and the experimental data points are superimposed.

but it appears that iV-methyl urea derivatives have ex-
tremely low barriers, such that spectral resolution by
the nmr technique is not possible even at the lowest
available sample temperatures (~ —160°). The thio-
ureas have a higher barrier to internal C-N rotation and
estimates of AG* for a series of methylthiourea solu-
tions range from 13.2 to 14.4 kcal mol-1.6 The purpose
of this present note is to report a study of N,N-di-
methylselenourea (unsymmetrical) by a total line shape
fit of the spectra of solutions 0.94 mol % in CDC13at a
series of temperatures between —12.9 and 74.7°. The
compound was obtained from K and K Laboratories
and recrystallized from chloroform before use. The
residual CHC13in the CDC13was used as a line shape
standard and 1% TMS was added as a lock signal. A
Varian HA 100 with the standard variable temperature
accessory was used for the study. Temperatures were
defined by use of methanol and ethylene glycol sam-
ples,9in appropriate temperature regions. The spectra
were especially simple to analyze, since no long-range
coupling is observed and a trivial two site rate matrix

Table I: Kinetic Data for DMSeU (0.94 Mol % in CDC13

Temp, k
°C sec-1
74.7 4360.0
63.9 1946.0
52.6 972.0
47.3 657.0
30.2 194.6
17.5 66.46

6.2 25.29

4.4 12.47

-12.9 2.980

Ea= 1431 + 0.33 kcal mol 1

AS* = -2.88 + 1.10 cal deg“1 mol“1 (298.2°K)
AH* = 1372 kcal moD1 (298.2°K)

AG* = 1458 kcal mol“1 (298.2°K).

suffices for the analysis.810 The chemical shift differ-
ence between the equally populated methyl sites,

(9) A. L. Van Geet, Anal. Chem., 40, 2227 (1968).
(10) L. W. Reeves and K. N. Shaw, Can. J. Chem.,, 48, 3641 (1970).
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2i2,10 was measured as 46.6 Hz and was conveniently in-
dependent of temperature.

The rate constants for internal rotation are set out in
Table 1 which also lists the Kkinetic parameters
extracted from the Arrhenius plot (Figure 1) in the usual
manner.23 Selected line shape fits are presented in
Figure 2, where the continuous lines are computed line
shapes and the data points from normalized experi-
mental spectra are superimposed. The average spec-
tral intensity deviation in all the line shape fits was less
than 1.8%. In the table the value of AS* is satisfac-
torily close to zero.

The contribution in simple amides of structure Ib
which represents the itcharacter of the C-N bond in the
ground state is larger for thioamides than for amides be-
cause of the less efficient overlap of S 3p and C 2p
orbitals.

X=0S

la Ib

The expected trend in urea compounds is analogous,
but here the overall barrier is further lowered because
of the sharing of ttcharacter between two C-N bonds,
as shown by structures lib and c.

X=0,S,Se

X
X

lla iib lie

The previous study of thioureas was performed using
coalescence temperatures in unsymmetrical ureas6 and
possibly on reexamination some downward adjustment
of A(?* = 14 kcal mol-1 would be expected.

Hologram Interferometry for Isothermal

Diffusion Measurements

by Julius G. Becsey,* Nathaniel R. Jackson,
and James A. Bierlein

Aerospace Research Laboratories, Wright-Palterson Air Force Base,
Ohio  J5JSS (Received March 18, 1971)

Publication costs assisted by the Aerospace Research Laboratories

In this paper we report the use of hologram inter-
ferometrylfor the study of isothermal diffusion from a
boundary. The principal advantage of the method,
aside from the simplicity of the optics, is that there is
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no need for optical-quality windows in the diffusion cell.
Since the base hologram can be taken with the cell
filled with a homogeneous solution, the real-time inter-
ferogram is formed between the reconstructed homo-
geneous cell image and the cell image with the dif-
fusion in progress. Thus, all contributions due to
optical retardation in the test zone are nulled out except
those produced by the diffusion process. Traditional
interferometric techniques such as Rayleigh,2-4 Mach-
Zehnder,6 and wave-front shearing6-11 do not possess
this valuable characteristic.

Our finite fringe hologram interferometer is essentially
the same as described beforel213 with the exception of
the laser (in this work we used a 15-mW CW He/Ne
laser), collimator lenses (f.I. = 36 cm), recording camera
(35-mm model, fl. = 135 mm), and base hologram
plate holder. To eliminate inevitable shrinkage due
to atmospheric humidity changes, a wet-gate plate
holder was used (Jodon Engineering Associates) which
affords excellent fringe stability over long periods.
The base holograms were recorded on Agfa Scientia
8E75 and 10E75 plates (about Vio to V3sec ex-
posures). The real-time interferograms were recorded
on Kodak Pan-X film (about 7500-sec exposures).
To minimize the skewness of the interferograms due to
higher order aberrations in the cell, the recording
camera was focused at a plane located within the cell at
one-third of the cell length measured from the exit
window.¥4 The magnification of the recording camera
was also determined at this plane. The measurements
were taken in a flowing-junction cell6 about 8 cm high,
length 7.95 cm, width 0.8 cm. The beam deflector
was adjusted so that five finite fringes appeared in the
image of the cell.

To interpret the finite fringe interferograms, we need
to know the optical path P in a free-diffusion cell at
any distance X measured upward from the initial
boundary (eq 1).
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P(tx) = Ln(tx) = Lu + (LAfi/2) eri(x/2y/Dt) (1)

Here tis the time since the start of the experiment, L is
the geometric length of the cell, n is the instantaneous
refractive index at any vertical distance X, ji is the
mean of the initial refractive indices of the diffusing
solutions, An is their difference, and D is the isothermal
diffusivity. A fringe number j can be assigned to a
selected fringe if one counts (in the direction of de-
creasing X) the number of the fringes intercepting the
continuation of the vertical and straight portion of any
fringe until the selected fringe is reached. Since the
distance between the adjacent fringes corresponds to a
path difference of one wavelength, the fringe number j
can be expressed as a function tand x

jt,x) = P(tx —> mw)/X — P{t,x)/\ =
(LAj«/2X)[I — erf(ee/l2y/Dt)] =

(LAN/2\) cerf(a;/2y/'Dt) (2)
We index each interferogram serially in time by the
subscript m = 1, 2, etc., and each fringe number on the
interferogram by n — 1, 2, etc. In practice it is neces-
sary to introduce a zero-time correction U (applicable
to all tm) and a base-line correction Bm(peculiar to each

interferogram) to account for error in locating the
straight portion of the fringes. Hence eq 2 becomes

) ~ jmn = (LARJ/2X)
cerixmn/2VvD (tm-Mo)] + Bm (3)

j ’

For each interferogram taken at time tmthe value of
xmn was measured for each jmn) the parameters D,
t LAn/2\, and a set of Bmwere calculated by the
minimization of the function

[O'calcd)m,ra O'obscOm.re]2 4)

ALL m ALLn

where Ocaicd)™y» is given by eq 3. A grid-search type
nonlinear least-squares method was applied in the data
reduction process.B

The interferograms obtained during the interdiffusion
of water and 0.03 M aqueous KC1 solution are shown in
Figure 1. Table | summarizes our results for several
different systems. M is the mean of the initial molal
concentrations and AM is the initial concentration dif-
ference between the interdiffusing solutions. The
errors given are the standard errors of the mean ob-
tained from independent measurements. The zero-
time corrections ranged between 0 and 90 sec; the
values of Bmwere of the same magnitude as the average
fringe number errors (about 0.08). All measurements
were made at 25.0°. The experimental values are in
reasonable agreement with other determinations.16-18

It is also possible to record the entire refractive field
in the free-diffusion cell by taking holograms during
the diffusion process. If these holograms are recon-
structed by a collimated laser beam (incident from the
same angle as the original reference beam), the re-
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Figure 1. Finite fringe real-time hologram interferograms.
Aqueous KOI (0.03 M) diffusing into pure water at 25.0°.

Figure 2.  Wave-front reconstruction by holograms and analysis
with wave-front shearing interferometer.

Table 1: Isothermal Diffusivities of Various Aqueous
Solutions at 25.0° Measured by Hologram Inferferometry

<D X 106 cm2sec-

Aqueous Litera-
solution M AM This work ture
KCI 0.0150 0.0300 1.872 + 0.012 1.876"
/0.9973 1.9946 2.242 +0.014 2.264*
DD \0.4923 0.9845 2.284 + 0.014 2.268*
CdlI2 0.4674 0.0287 0.808 + 0.006

° References 16 and 17. 6 Reference 18.

called real object beam can be studied by different
optical methods. Figure 2 shows an interferogram
obtained from a hologram (0.005 M aqueous KC1/
water at 25.0°, t = 10.3 min) with a wave-front shear-
ing interferometer.78 Thus, the actual refractive
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index field can be recorded and reconstructed at any
time for evaluation by various optical methods chosen
at convenience.
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The purpose of this note is to clarify the conclusions
from some recent studies of collisional energy transfer
involving highly vibrationally excited polyatomic mole-
cules.

A study of the collisional quenching of vibration-
ally excited, ground electronic state cycloheptatriene
(CHT), and of its deuterated analog CHT-d8 has been
reported by Atkinson and Thrush2 (AT). From their
treatment of the data, AT concluded that the average
amount of energy removed from CHT per collision
((AE)) by various bath gases is (kJ mol-1): CHT,
17.5; toluene, 11.5; SF§ 5.9; C02 3.8; He, 0.6.
These magnitudes agree with earlier estimates based on
fluorescence quenching experiments with /3-naphthyl-
amine.3 However, they are much smaller than the
down-jump steps reported at room temperature by
Kohlmaier and Rabinovitch4 (KR) from chemical acti-
vation studies of vibrationally excited sec-butyl radicals
(kJ mol-1): SF§ >37; C4H8 =>37; C02 16.7;
He, >3.3. The values of AT are smaller yet than those
deduced for vibrationally excited cyclopropanes6chemi-
cally activated by methylene radical reaction.

Atkinson and Thrush suggested that their results
would be better reconciled with those of KR if the lat-
ter’s values had been incorrectly deduced: they pro-
posed that an error by KR of a factor of 2 in the calcu-
lated magnitudes of the decomposition rate constants,
KE could have led to an error of more than a factor of 2
in the deduced (AE) quantities. In addition, they pro-
posed that while ks values were known accurately in the
cyclopropane work, an incorrect value of A/7f°(CH2
had caused an error in the assumed energy and treat-
ment of cyclopropane; with use of the original data,
but with a current value of A//f°(CH2, AT presented
drastically revised (AE) quantities for the cyclopropane
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system (kJ mol-1): He, 0.6; Ar, 1.6; N2 1.9
CH4 2.5. The value so obtained for He is in striking
agreement with the like quantity for CHT.

It is evident that, some disagreements in interpreta-
tions and conclusions exist between the data treatment
and results of the Washington and Cambridge groups.
Setser, et al,,6have called attention recently to a differ-
ence in interpretation between their recent results on
halogenated ethanes and that of AT. We wish here to
examine these matters in some depth, albeit with
brevity.

The data of AT were analyzed by them in terms of
Stern-Volmer plots with multistep quenching, and with
the assumption that a constant amount of energy was re-
moved from CHT on each collision. We first wish to
demonstrate that the discrepancy between the work of
the Washington and Cambridge groups is not as large
as was originally stated—especially for less efficient bath
gases. We have applied the stochastic method of data
treatment478to the He-CHT data Theoretical val-
ues of ftB were similar to those used previously.2 Two
sets of weak collider calculations were made—one for a
stepladder, and the other for an exponential distribution
of dowm-transition probabilities. On the basis of a
stepladder model, which was employed by AT, the
average energy amount transferred per down-step from
CHT is 1.9 kJ mol-1. This quantity is three times
larger than the original value of AT. The increase is
due mainly to the fact that AT (as well as the earlier
workers with /3-naphthylamine3 neglected up-transi-
tions; these have a probability relative to down-transi-
tions which is governed by detailed balance. The cor-
rection is smaller for more efficient gases; thus, the
original value of 3.8 kJ for C02is raised to 5.0 kJ, while
the values for toluene and CHT are essentially un-
changed. Nonetheless, the values of (AE) found for
down-steps for He and C02from the CHT wbrk are now
only two to three times smaller than those of KR, and
any discrepancy is substantially reduced. Some dis-
crepancy still remains and depends, in part, on the rela-
tive magnitudes of the collision cross sections used by
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AT.9 Of course, there is no reason why (AE) values
should be identical for different substrates and systems.2

What meaning is to be attached to (AE) quantities?
Atkinson and Thrush suggested in their concluding re-
marks, as a preferred interpretation of the data ob-
tained by them, that most collisions with inefficient
bath gases are elastic and that a large amount of energy,
perhaps an average vibrational quantum of ~16 kJ
mol-1, is removed on infrequent collisions, e.g., 1in 28
for He, say, rather than a much smaller amount on vir-
tually each collision. On this basis, however, the re-
maining disagreement between the two groups becomes
the question, how important is elastic collision? Is the
elastic collision probability, pu, close to unity for He, for
example, as suggested by AT?D

The Cambridge data offer no information on this mat-
ter since theirs is a “high pressure” study.47 The
work of the Washington group cited,46 and later
studies,67 were made at both “high” and “low” pres-
sures and do provide such information, as do thermal
dilution studies.8 We may recall (see ref 4 and 7) that
the “high pressure” single-channel kinetics method for
studying energy transfer gives values of (AE) which
depend, as required input, upon the magnitude of the
inelastic collision cross section; by contrast, the “low
pressure” method yields values of (AE) which refer
only to inelastic collisions and which require no knowl-
edge of the inelastic collision cross section. The mea-
surements to date which are diagnostic for this matter
supply a consistent answer: “low pressure” single-chan-
nel reaction systems, of the kind considered above, and
later work with multiple channel reaction systems71l
give concordant values for the behavior of a given inef-
ficient bath gas in similar systems; these values of
(AE) when applied to the “high pressure” single-
channel data show that pit has no special weight. In
short, the relative magnitudes of inelastic collision
cross sections for all gases appear to be closely similar
to those of conventional9 total kinetic collision cross
section and, in the case of helium, say, is certainly not as
low as »/» of such magnitude. This conclusion is fur-
ther supported by the consistency of relative effective
cross sections found from energy transfer cross sections
with those deduced from transport properties.912
Thus, for helium, smaller amounts of energy are trans-
ferred on virtually every collision, rather than very
large amounts at infrequent collisions.

Finally, it was suggested by AT that the calculated
values of (AE) in (1) the sec-butyl radical system and
in (2) the cyclopropane system depend strongly on the
magnitudes of the theoretical ftEused in the data inter-
pretation in the first case4and on an error in the value of
Ai7f°(CH)2 used5in the second case. We have rein-
vestigated this matter by detailed ad hoc stochastic cal-
culations. The suggestion of AT proves to be greatly
overdrawn. In the first case, the experimental mag-
nitudes of KR depend principally on “low pressure”
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data, and the proposed error in ftE changes the deduced
magnitude of (AE) by only 10%. The error in
A/7f°(CH2 in the second case6 is actually irrelevant
since the thermochemistry was specified in empirical
manner as based on reasonably well known (within a
factor of 2, say) values for ftEin the cyclopropane sys-
tem. Moreover, the original (AE) values for cyclo-
propanes6have recently been reconfirmed by a reinves-
tigation of the dimethylcyclopropane system,8while the
sec-butyl data agree with a large number of recent inves-
tigations of other similar radical systems.7

There is no doubt that experimental error may affect
some or all of the data under consideration. For in-
stance, there is an inconsistency between the data re-
ported by AT for CHT and CHT-ds.13 Some values
for CTIT-dg at lower energies are inaccurate but can be
corrected.
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The stoichiometry and thermodynamics of the addi-
tion reaction (eq 1) of acetaldehyde and ierf-butyl
hydroperoxide have been studied by proton magnetic
resonance spectroscopy.

(1) Abstracted from a portion of the Ph.D. thesis of Maria C. V.
Sauer at Brown University, 1970.
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Nmr Spectra. The nmr spectrum of pure acetal-
dehyde consists of a quadruplet at 5 9.68 and a dou-
blet at 82.15 (Figure 1). The quadruplet was assigned
to the aldehydic proton and the doublet to the methyl
group.

The nmr spectrum of ferf-butyl hydroperoxide con-
sists of a singlet at 5 1.25 assigned to protons of the
ferf-butyl group and a quite broad resonance at 5 7.97
assigned to the proton of the hydroperoxide group.2

The nmr spectra of mixtures of acetaldehyde and
tert-butyl hydroperoxide show (in addition to the res-
onances of pure acetaldehyde and feri-butyl hydro-
peroxide) a quadruplet centered at 55.35 and a doublet
centered at 6 1.24. The broad peak assigned to the
hydroxy and hydroperoxy groups was shifted in this
spectrum to about 55.

The assignments of the doublet and the quadruplet
of the addition product were checked by measuring
the coupling constants; it was found that ./doublet =
Jq.ﬂhﬂﬁ = 550 cps. Similarly, for acetaldehyde,
the assignments were confirmed by the coupling con-
stants. Jdoublet = »/quadruplet — 2.84 cps.

The 5 1.25 resonance due to the ferf-butyl group in
ferf-butyl hydroperoxide appears in the mixtures spectra
as a slightly broad peak and apparently overlaps with
the resonance due to the ferf-butyl group in the
addition product. By varying the total concentration

a
™S
L
b
™S
C
™S
a B

t ededededA- d--m A
10 5 0
ppm (£)

Figure 1. The nmr spectra of acetaldehyde (a), ferf-butyl
hydroperoxide (b), and a mixture of acetaldehyde and

hydroperoxide (c) relative to tetramethylsilane; assignments
are given in text.
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of ferf-butyl hydroperoxide it was found that under the
experimental conditions the resonance was saturated.
The saturation was noticed because with increasing
concentrations of ferf-butyl hydroperoxide the intensity
of the peak remained unchanged and by decreasing the
radiofrequency of the oscillator the intensity of the
peak in a particular sample increased.3

To avoid the saturation problem, solvent benzene
was added to the system and, when working at low
temperatures, small concentrations of ferf-butyl hydro-
peroxide were used. Under these conditions, the S
1.25 resonance became narrower and it was possible
then to distinguish the chemical shifts of the ferf-butyl
group in the free ferf-butyl hydroperoxide and in the
addition product; these shifts are less than 2 cps apart.

The product nature and stoichiometry of the reaction
were checked in every spectrum by measuring the rela-
tion in intensities between the ferf-butyl resonance,

the methyl doublet, and the proton quadruplet of the
addition product.

! Agributyl 3 ieri-butyl 9
/methyl | | proton 1
Results. The equilibrium constants K were calcu-

lated according to the equations

[addition product]e
= [CH.CHO Je[ferf-BuOOH]e

and

[CHXHO Je | GO

+ | addition product

) [CHXHO]o

wherein | refers to the intensity of the nmr signal for

the respective quadruplets. Similarly, from conserva-
tion of mass, we have

[addition producile = [CH3HO]0 — [CHXHO]e

and

[ferf-BuOOH]e = [ferf-BuOOH]0 — [addition product]«

The subscripts zero and e refer to initial and equi-
librium states, respectively. The reaction was studied
in the concentration range for acetaldehyde from 2.6
to 6.2 M, for ferf-BuOOH from 1.7 to 2.5 M, and ben-
zene concentration from 3.7 to 7.4 M.

At least four experiments at different concentrations
were performed at each temperature. The equilibrium
constants obtained, along with standard deviations, are
presented in Table I. The corresponding Van't Hoff
plot showed some scatter but no deviation from linear-
ity. The derived thermodynamic parameters for
finite concentrations are as follows: AH = —8.60

(2) D. Swern, A. H. Clements, and T. M. Lwong, Anal. Chem., 41,
412 (1969).

(3) J. A. Pople, W. G. Schneider, and J. H. Bernstein, “High-Resolu-
tion Nuclear Magnetic Resonance,” McGraw-Hill, New York,
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kcal mol-1, AG = —0.66 kcal mol“1 AS = —26.6 cal
mol-1 deg-1,and TAS = —7.94 kcal mol-1.

Table | : « Equilibrium Constants at Different
Temperatures for the Reaction of Acetaldehyde
with ieri-Butyl Hydroperoxide (Eq 1)

Temp,

°C K, M-i

- 1.0 122+ 0.8
5.5 9.3+ 05
10.0 6.7 +0.5
12.0 56+ 05
17.5 48 £ 04
25.5 31+ 04

COMMUNICATIONS TO

Dependence of the Glass Transition
Temperature on Heating Rate

and Thermal History

Publication costs assisted by Catholic University of America

Sir: In a recent paper Rasmussen and MacKenziel
have reported glass transition temperatures, Tg, mea-
sured by differential thermal analysis (dta) as a function
of heating rate for water-alcohol solutions. Using a
treatment proposed by McMillan,2they calculated acti-
vation entropies and enthalpies for the glass transition
relaxation from their data. We wish to report here
some preliminary results of an analysis of heat capacity
measurements in the glass transformation region which
indicate that no fundamental significance can be at-
tached to the kinetic parameters derived by the method
of the above authors.12

McMillan’s treatment2is in error in that he considers
the heat capacity, C, rather than the enthalpy, H, to be
the relaxing quantity in the glass transition region.
(McMillan’s treatment cannot account, for instance,
for the maxima commonly observed3in heat capacity-
temperature plots near Te.) The correct approach is
to consider the total enthalpy of a glass-forming liquid
to be the sum of a nonrelaxing part, HG and a relaxing
part, Hr

H(T,t) = HQT) + Hr(T,t)

The heat capacity changes and the breaks in the dta
curves observed near Tg are then associated with the
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The value of K for the reaction of («'i-BuOOH with
acetaldehyde is slightly less (a factor of 4 at 0°; a factor
of 2 after statistical correction) than for hydrogen
peroxide and acetaldehyde. Since conditions could
not be made identical, the difference is only an estimate;
nevertheless, it is clearly small. Also there are small
differences in the values of AH and AS (more negative
for HD 2 addition). It seems clear that the addition
process is essentially the same for HD 2and fert-BuOOH;
the replacement of H by a fert-butyl group has little
significance on the reaction.

Acknowledgments. We are grateful to the U. S. Air
Force Office of Scientific Research (Grant No. 70-1839)
for continued support.

THE EDITOR

time-temperature dependence of the relaxing part of the
enthalpy, for which a corresponding relaxational heat
capacity may be written

CTT,H) = dHr(T,H)/dT

The simplest assumption for the time dependence of
the relaxational enthalpy is the first-order kinetic ex-
pression

d[Hr(T,t) - Ht-(T(t))] = [Hr(T,t) - Hr(Tm

dt r(T(t))
(D

r is the relaxation time and Hr€ is the equilibrium re-
laxational enthalpy, such that at constant temperature

iir. 77 = lim i/r,T
t—>m

In eq 1 it is presumed that the temperature-time
schedule of the system is known, so that Hr’ depends
ultimately only on T. This, along with the assumption
of linearity, also makes « afunction only of T. Previous
relaxation experiments have shown that eq 1 is
generally inadequate both in that more than one time
constant r is needed to account for the observed data
and in that first-order kinetic expressions fail at fairly

(1) D. H. Rasmussen and A. P. MacKenzie, J. Phys. Chem., 75, 967
(1971).

(2) J. A. McMillan, J. Chem. Phys., 42, 3497 (1965).

(3) U. E. Schnaus, C. T. Moynihan, R. W. Gammon, and P. B. Mac-
edo, Phys. Chem. Glasses, 11,213 (1970).
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Figure 1. Calculated heat capacity curves for various heating
rates of glasses quenched at a rate of —40 deg/min.

small departures from equilibrium.4-6 Since the calcula-
tions to be described here are intended only to be illus-
trative of the effect of thermal history and heating or
cooling rate on Te, however, it is sufficient for our pres-
ent purposes to assume the simple relaxation kinetics
givenineq 1.

Integration of eq 1, followed by differentiation with
respect to T, allows calculation of Cvas a function of
temperature. The value of HTat the initial time and
temperature is a required boundary condition for the
integration and is determined by the previous thermal
history of the system. In Figure 1 we show some Cr
vs. temperature curves calculated in this fashion.
(Details of the calculation will be presented in a future
publication.) These are sample calculations using a
value of

r = A exp{E/RT)

with A = 1 X 10-22 sec and E = 50,000 cal/mol, which
gives a glass transition around 200°. The Crvalues are
normalized to zero and unity at the respective low- and
high-temperature limits.

The Crcurves shown in Figure 1 were calculated for
various heating rates of glasses which were first
quenched at a rate of —40 deg/min from a temperature
well above the glass transition region to a temperature
well below it. Tghas been taken as the midpoint of the
line AB, to correspond with the Tg definition of Ras-
mussen and MacKenzie.1 In Figure 2 Arrhenius plots
of heating rate vs. Tg are shown for the curves of Fig-
ure 1, along with similar plots for glasses of other ther-
mal histories and for the relaxation time r. The acti-
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Figure 2. Arrhenius plots and activation energies for heating
or cooling rate vs. Teand relaxation time vs. temperature:

©, Tgmeasured for a cooling schedule starting above the glass
transition region; <€, Temeasured for a heating schedule of
glasses quenched at —2.5 deg/min; A, Te measured for a
heating schedule of glasses quenched at —40 deg/min;

------ , Arrhenius plot for 1/r.

vation energies, E, for the various plots are given in the
figure.

Two important points may be gleaned from Figure 2.
The first is that the Te values measured for a given rate
of change of temperature with respect to time depend
both on the thermal history of the glass and on the di-
rection of temperature change (heating or cooling).
Hence it is not a fruitful exercise to concern oneself
overly with the assessment of an exact and “correct” Tg
value at a given heating rate for a given substance, as
Rasmussen and MacKenzielhave attempted to do for
the case of water. That is, Tgvalues at 5 deg/min out-
side their limits of —137 + 1° can be obtained for
water samples subjected to different thermal histories,
as is suggested by the scatter in their Figure 7.1 (We
do not mean here to denigrate the value of Tgvs. com-
position studies for glasses of identical thermal history,
as conducted by Rasmussen and MacKenzieland nu-
merous others.)

Second and more important, the activation energies
(and other kinetic parameters) assessed from the de-
pendence of Tgon heating rate also depend on thermal
history and type of heating or cooling schedule and do
not necessarily correspond to the activation energy for
the relaxation time controlling the glass transformation
phenomena. For the sample calculations summarized
in Figure 2, the apparent activation energy for Tgwas

(4) M. Goldstein and M. Nakonecznyj, Phys. Chem. Glasses, 6, 126
(1965).

(5) P.B. Macedo and A. Napolitano, J. Res. Nat. Bur. Stand., 71A,
131 (1967).

(6) L. Boesch, A. Napolitano, and P. B. Macedo, J. Amer. Ceram.
Soc., 53,148 (1970).
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found to deviate by as much as 25% from the relaxation
time activation energy.

It should be evident from the foregoing that the ex-
traction of fundamental kinetic parameters for the glass
transition from the temperature dependence of the heat
capacity will require analysis of the entire Cvs. T curves
in the transition region, taking into account the thermal
history of the glass. Such an analysis will also require
the use of kinetic expressions more realistic than eq 1.
We are currently at work on this problem and hope to be
able to report its solution in a future publication.7
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(7) Editor's Note. Drs. D. H. Rasmussen and A. P. MacKenzie
(Cryobiology Institute, RFD 5, Box 137, Madison, Wis.), the authors
of ref 1, comment as follows. We are very pleased to learn of the
work of Moynihan and Macedo. Lest we appear from their paper to
have endorsed a particular theory of the nature of glass relaxation
phenomena, we wish to take this opportunity to say we believe we
made ourselves clear concerning our reservations regarding Mec-
Millan’s treatment. In the absence of a treatment founded upon
more generally accepted concepts of the glassy state, we restricted
ourselves to the derivation of empirically useful information.
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Electron Transfer Reactions of Ferrocenesl

Publication costs assisted by the Ames Laboratory of the
U. S. Atomic Energy Commission

Sir: The rate of electron exchange between ferrocene
and ferricenium ions, as in reaction 1, has been of long-

Fe(C8HH2 + *Fe(aHB2+ =

Fe(CaHH2+ + *Fe(CEHH2 (1)

standing interest. Successful Kkinetic studies using
radiotracer methods have been limited to low tempera-
tures (—70°) in methanol;23 even there the rate is so
high as to be barely measurable. The use of nmr line
broadening has likewise been frustrated owing to the
high transverse relaxation time of ferricenium ion.4

Our approach to this problem has been to evaluate
the rates of net electron transfer reactions between sub-
stituted derivatives, rather than the exchange process
itself. These data may then permit, under certain
theoretical models, the calculation of a value for the
exchange rate constants.

For example, one reaction studied is reaction 2.

Fe(CEHH(CBH4N-Bu) + + Fe(CEHACHI2 =
Fe(CAHO(CEH4«BU) + Fe(CEHACHI2+ (2)

Although also quite rapid, these cross reactions give
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rise to net observable chemical change, making them
more amenable to study. In the present studies, the
rate constants were evaluated, typically within a stan-
dard deviation of 5-10%, using the stopped-flow method
with very low reactant concentrations, (1-10) X 10_6
M, under reversible second-order conditions.5@®

In all, ferrocene and seven of its substituted deriva-
tives of the type Fe(C8HEH(CsHIX) and Fe(CHH4X )2
were studied. The formal electrode potential for
each compound was determined in the same medium
by potentiometric titration. These values, summarized
in Table I, permit the calculation of the equilibrium
constant for each of the cross reactions as in eq 2.7
Rate measurements were made on 22 reactions. Fig-
ure 1 depicts the results of these determinations in
the form of a plot of log k{j vs. log Ktj (where i and j
refer to the numbers 1-8 assigned the ferrocenes in
Table 1). The data appear to be reasonably linear,
and the slope of the line shown is 0.55.

This graphical treatment is suggested by the Marcus
relation8 for adiabatic, outer-sphere electron transfer

Table I :  Electrode Potentials and Calculated Electron
Exchange Rate Constants for Ferrocene and Substituted
Ferrocenes, FeiCsHiX+CslILY)'1

10-6 ku,b
X, Y E°\ v \s. see sec-1
1 CHs, CH3 +0.1899 + 0.0005 6.6
2 n-C4Hg, ii-CT3 +0.2353 £ 0.0004 6.7
3 H, n-C4Ho9 + 0.2556 + 0.0005 6.5
4 H, H + 0.2719 + 0.0005 5.7
5 H, HgCl + 0.2797 £ 0.0004 5.3
6 H, CH2OH + 0.2806 £ 0.0005 4.2
7 H, CeHe + 0.3267 = 0.0010 18
8 H, 1 ~ + 0.427 14

ajQy and k refer to 25.0°, in 1:1 v/v n-PrOH/HD withy —
0.050 M, Ba(C1042 electrolyte. 5Electron exchange rate con-
stant, as in reaction 1, computed fitting experimental kij values
toeq 3.

(1) Work performed in the Ames Laboratory of the U. S. Atomic
Energy Commission. Contribution No. 3044.

(2) D. R. Stranks, Discussions Faraday Soc., 29, 73 (1960).

(3) G. Lang, M.S. Thesis, Washington University, St. Louis, Mo.,
1956.

(4) M. Dietrich, Ph.D. Thesis, Washington University, St. Louis,
Mo., 1962.

(5) A Durrum stopped-flow spectrophotometer having a Kel-F
mixing chamber with a 2-cm optical path was used for these deter-
minations. The reactions were followed at wavelengths in the region
230-270 nrr. where the difference in molar absorptivity between the
two ferrocenes was the greatest. The data were fit to the Kinetic
equation for reaction 2 using standard relations.

(6) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 2nd
ed, Wiley, New York, N. Y., 1961, pp 187, 188.

(7) As a matter of convention the cross reactions in eq 2 are a®
written such that K > 1. The rate constants referred to are those

for the reactions proceeding in the forward direction, although in
many cases kinetic determinations were carried out from both sides.

8) (@ R. A. Marcus, J. Phys. Chem., 67, 853 (1963); (b) W. L.
Reynolds and R. W. Lumry, “Mechanisms of Electron Transfer,”
Ronald Press, New York, N. Y., 1966, Chapter 6.
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fcey — (kukjjKijfij) ~ ?3)
where kti and k}j are the electron exchange rate con-
stants between the respective ferrocene and its oxidized
form, ktj the (experimental) rate of net electron trans-
fer as in eq 2, Ki} is the equilibrium constant, and
is the quantity defined by log fi} = (log Ktjy/4 log
(ku kjj/Z2, Z being the collision frequency of neutral
molecules, 10u M -1 sec-1. The success of eq 3 in cor-
relating other outer-sphere electron transfer processes
has been noted by Sutin and wcoorkers.9-12

In this case, the validity of the treatment of the data
implied by Figure 1 depends upon the eight electron
exchange rate constants (Kiit kj}) being the same and
fw remaining close to unity. The data are not in bad
agreement with this model. More quantitatively,
however, the 22 values of k{j can be used according to
eq 3 to derive “best” values for the exchange rate con-
stants, assuming that the form of the Marcus relation

“Kij

Figure 1. A plot of the log of the experimental rate
constants ka vs. log Kij for the net electron transfer reaction
asineq 2 The compounds are identified by the numbers in
Table I, with the convention as stated.7
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Figure 2. A plot of the log of the experimental rate constants
kij vs. log (Kikjj k ijfn the latter calculated from the
parameters given in Table I. Same legend as in Figure 1.

is correct. These calculated rate parameters are also
listed in Table I and are seen to cover but a factor of
4 in magnitude. Using these eight parameters and
the electrode potentials, the 22 cross-reaction rate con-
stants are recalculated to within an average deviation
of 13%. The agreement of theory and experiment are
shown in Figure 2, where the experimental values of
log k™ are plotted against the log of the right-hand side
of eq 3 using the parameters given in Table I.

(9) M. H. Ford-Smith and N. Sutin, J. Amer. Chem. Soc., 83, 1830
(1961).

(10) G. Dulz and N. Sutin, Inorg. Chem., 2, 917 (1963).
(11) H. Diebler and N. Sutin, J. Phys. Chem., 68, 174 (1964).

(12) R. J. Campion, N. Purdie, and N. Sutin, Inorg. Chem., 3, 1091
(1964).

(13) Fellow of the Alfred P. Sloan Foundation, 1968-1970.

Institute for Atomic Research John R. Pladziewicz

and Department of Chemistry James H. Espenson~*13

lowa State University
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Received June 28, 1971
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