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The thermal and photochemical decomposition of methyidiimide have been studied in the gas phase at
pressures from 10 to 500 Torr and temperatures from 23 to 110 °C. Both decompositions yield CH4 and N2
in equal amounts and proceed by aradical chain mechanism with 3/2-order Kinetics, propagated by the re-
actions CH3s + CHsN2H —=* CHa4 + CH3N2 and CH3N2 —%CHz3s + N2. The rate constant for Tie former,
which is rate controlling, was found to be 1.31 + 0.17 X 10' M_1 s_I. Chain lengths are large ranging from
102 to 10s depending on the rate of initiation. The thermal initiation reaction has a low activation energy
which suggests a surface process. The photochemical initiation was found to have a quantum yield of 0.74
based on the yield of ethane, the main chain termination product, although the quantum yield of the pri-

mary dissociation was probably close to unity.

Introduction

Methyidiimide (methyldiazene) is the simplest of a num-
ber of monoalkyl diimides that have been prepared in re-
cent years,3 and which, like diimide itself, was found to be
considerably more stable than had been supposed. Acker-
mann, Hallmark, Hammond, and Roes studied the proper-
ties of methyidiimide in the gas phase, and reported a mod-
erately fast thermal decomposition at room temperature
which followed 3/2-order kinetics, yielding CH4 and N2 in
equal quantities, and showing characteristics cf a long-
chain free-radical reaction. This behavior is in marked con-
trast to that of azomethane (dimethyldiimide) and of di-
imide itself; the former decomposes by a short-chain pro-
cess at much higher temperature,o and the latter by a non-
radical mechanism.e The present s™udy was undertaken to
examine the kinetics of the thermal decomposition more
thoroughly and to investigate the photochemical decompo-
sition which has not been studied before. It will be seen
that the two processes are closely related.

Experimental Section

Methyidiimide was prepared ir. a vacuum line as de-
scribed by Ackermann et al.4 and was collected in a U-trap
at —196 °C. The pale yellowish white solid was vaporized
into a second trap by warming with hot water, and was fur-
ther purified by prolonged pumping at —196 °C. Very
minor impurities were NH3 and C2H6; passage through a

trap containing P20s removed most of the former and dis-
tillation the latter. The last traces of ethane were difficult
to remove and caused seme difficulty in measurement of
ethane produced in the reaction.

The thermal decomposition was initiated by vaporizing
the purified sample into a cylindrical quartz reaction ves-
sel, 20 cm long, 5 cm i.d., and 150 ml volume, mounted in a
temperature-regulated furnace. The pressure in the reac-
tion vessel was measured with a sensitive quartz spiral
gauge. Preliminary experiments revealed that the system
was highly sensitive to light, and in all subsequent work
light was excluded from the reaction vessel, connecting
tubing, and the preparation line.

After an experiment, products noncondensible at —196
°C were measured in a gas buret and analyzed for N2, CH4,
and H2 by gas chromatography on a molecular sieve col-
umn.

The photolysis was studied at two wavelengths, 4047 and
3660 A, using a medium-pressure BTH 250 W ME/D mer-
cury lamp with Corning filter 5-62 and Hanovia filter 3660,
respectively. The reaction vessel used for the thermal de-
composition was also used for the photolysis at 4047 A. The
light intensity and consequently the reaction rate was
much higher in the photolysis at 3660 A, and to avoid self-
heating the experiments were done in a small water-cooled
vessel of about 14-ml volume. The disappearance of
methyidiimide was followed by changes in tie light ad-
sorbed, measured by a photomultiplier, since even in the
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jacketed vessel self-heating was enough to affect the pres-
sure measurement appreciably. Azomethane obtained from
Merck Sharp and Dohme was used as an actinometer in the
photolysis.

Results and Discussion

Products and Stoichiometry. The sole products of any
importance in both the thermal and the photochemical de-
compositions were methane and nitrogen, formed in equal
amounts, so that the stoichiometry was accurately de-
scribed by the reaction CH3NNH —= CHas4 + N2. Ethane
and hydrogen, in trace quantities, were the only other
products detected; yields of ethane in the thermal decom-
position were about 10-3% of the original methyldiimide,
while in the photolysis they ranged up to 0.5% at the high-
est light intensity. The simple stoichiometry was followed,
within the accuracy of the analysis, during the entire course
of the reaction, which permitted the use of pressure mea-
surements to follow the kinetics of the decomposition.

Kinetics of the Thermal Decomposition. It was discov-
ered in preliminary experiments that the decomposition
was extremely sensitive to light. Experiments with light
carefully excluded, however, showed that there was a genu-
ine thermal reaction, although its rate was much reduced
from that in the presence of normal room light. Figure 1
shows a plot of P» —pP (= Pchanzh) for a typical thermal
decomposition in the dark at 21 °C, together with data
from the experiment in which the vessel was exposed to the
room light. Shown for comparison also are some results ob-
tained by Ackermann and his coworkers in his earlier
study;4 it is clear that in those experiments the reaction
was strongly photosensitized. An important consequence is
that methyldiimide is considerably more stable thermally
in the gas phase than reported by Ackermann et al., with a
halflife of about 1 h at 21 °C with an initial pressure of 50
Torr.

The thermal decomposition of methyldiimide was found
for the most part to obey 3/2-order kinetics as reported by
Ackermann et al.4 Figure 2 shows plots of (P,, —P)~w2 vs.
time, which for a 3/2-order reaction should be linear, for
several initial pressures of methyldiimide and for one case
in which CO2 was added. The data in Figure 2 show two
distinct kinds of deviation for simple 3/2-order kinetics.
The most obvious is the initial curvature, which corre-
sponds to an enhanced initial rate of decomposition; 3/2-
order behavior is typically attained only after 20 or 30% of
the methyldiimide has decomposed. The second deviation
from simple kinetics is a variation with pressure of the 3/
2-order rate constants, obtained from the linear portions of
the plots in Figure 2, at average pressures below about 50
Torr. This is evident in the slopes of the plots in Figure 2,
which should all be the same; in fact they rise sharply with
decreasing pressure at the two lowest pressures. Addition
of 100 Torr of C02 in one experiment reduced the slope to
approximately the high-pressure value. The causes of these
two deviations from simple 3/2-order kinetics are not ob-
vious, and will be considered later in discussion of the reac-
tion mechanism.

The temperature dependence of the thermal decomposi-
tion of methyldiimide is shown in Figure 3 as an Arrhenius
plot of the 3/2-order rate constant, ks.2, which gives an ac-
tivation energy of 7.3 (x1.2) kcal/mol. These data were
taken from the linear portions of plots similar to those in
Figure 2 for pressures above 50 Torr where the rate con-
stant was independent of pressure.
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TIME (MINS)

Figure 1. Pressure change in the thermal decomposltlon of methyl-
diimide at 21 °C: (O) in the dark; (A) in room light; (O) Ackermann
et al.

Figure 2. 3/2-order plot of pressure change Inthermal decomposi-
tion of methyldiimide at 22 °C: initial pressures, (I) 70.0 Torr; (1)
40.2 Torr; (1ll) 108 Torr, 8 Torr methyldiimide plus 100 Torr C02; (1V)
8.2 Torr; (V) 6.5 Torr.

Kinetics of the Photochemical Decomposition. Kinetic
studies of the photolysis were done at 4047 A, which lies
out on the long-wavelength shoulder of the ir - n+ ab-
sorption band of methyldiimide (Figure 4). This wave-
length was chosen to ensure fairly homogeneous absorption
of light; the absorption in fact was always less than 20%.
The system again followed 3/2-order kinetics, shown in
Figure 5 for three different incident light intensities; a
thermal decomposition is shown for comparison. Little or
no initial curvature is evident and the slope was not pres-
sure dependent. The square of the overall 3/2-order rate
constant, k 32, showed a linear dependence of the incident
light intensity, illustrated in Figure e, in which the inter-
cept corresponds to the thermal reaction. The temperature
dependence of k 22 for the photochemical reaction (correct-
ed for the small thermal contribution) is shown in Figure 7
which yields an activation energy of 5.2 (+1.0) kcal/mol.



Thermal and Photochemical Decomposition of Methyldiimide

Figure 3. Arrhenius plot of k3/2 for the thermal decomposition of
methyldiimide.

Figure 4. Near-uv absorption spectrum of methyldiimide vapor, (t in
decadic molar units.)

Figure 5. 3/2-order plot of pressure change in the photochemical
decomposition of methyldiimide at 22 °C.

Overall quantum yields1zs for methyldiimide disappear-
ance were measured at 4047 and 3660 A under a variety of
conditions (Table I). Azomethane was used as an actinome-
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TABLE I: Overall Quantum Yield for the Photochemical
Decomposition of CHINNH at 21 + 2 °C

Initial
CH3NNH Incident light Wave-

concn, intensity, length,

Torr einstein |.-1 s~ A <
43.7 9.3x 10" 4047 2.4 x 10'
54.1 9.3 x 10" 4047 2.60 x 10
26.0 1.86 x 10"° 4047 1.55 x 10°
39.3 3.06 x 10_,° 4047 1.44 x 10-
26.2 2.60 x 10_71° 4047 1.25 x 10
26.1 5.32 x 10"™° 4047 0.73 x 10

235.0 2.0 x 10"s 3660 478

158.3 2.47 x 10-6 3660 308

109.4 2.72 x 106 3660 222

99.5 1.17 x 10«6 3660 213

101.7 2.43 x 106 3660 132

69.6 2.31 x 106 3660 170

76.8 2.69 x 10"6 3660 166

k2lc (*10 8S~)

Figure 6. Dependence of k3,22 on absorbed light intensity.

200 N=4047 A

I =2.56 *10 ""E/'V

_J | i i i [ i 1
270 2.80 290 300 3.10 320 330 340

103 K/T

Figure 7. Arrhenius plot of k3/2 for the photochemical decomposi-
tion of methyldiimide.

ter, assuming a quantum yield of N2 of one;7 the light ab-
sorbed by the methyldiimide was integrated over the
course of the decomposition.

The Mechanism of the Decomposition. The large quan-
tum yields (Table 1), the 3/2-order kinetics, the low activa-
tion energy, and the dependence on the square root of the
light intensity all strongly indicate a radical chain mecha-
nism for the photodecomposition, and the similarities in

TreJourd of Physical Cherristry, W, 80 No 6 1976
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the kinetics suggest that the thermal decomposition pro-
ceeds by a similar mechanism. The following common
mechanism will be seen to account for most of the observed
features of both decompositions:

CH3NNH — CHs3 ‘- N2H @
thermal initiation

CH3NNH + hv — CHs + N2H (@)
photoinitiation

N2H — N2+ H 3

N2H + CHINNH — N2H2 + CH3NN (G

H + CH3NNH — CH3NN + H2 ®)

H + CH3NNH — CH3NNHo (6)

CH3NNH2 + CHSNNH - CH3NHNH2 + CH3N2 (7)

CHs + CH3NNH — CH4 + CH3NN ()

CH3NN — CHs3 + N2 ©)
chain propagation

2CHs3 -> C2Hg (10)
chain termination

This is essentially the mechanism suggested by Acker-
mann et al.4 for the thermal decomposition, with the addi-
tion of reactions 4, s, and 7; a straightforward Rice-
Herzfeld chain propagated by reactions 8 and 9. If every
N2H radical formed in reaction 1 or 2 initiates a chain via
reactions 3 + 5, 3+ & + 7, or 4, then the rate of initiation R\
will be given by

R\ = 2 (fa [CH3NNH] + 1cA<t2) (ID

where /0 = incident light intensity per unit volume, A =
fraction of light absorbed, and 42 = quantum yield of reac-
tion 2. For the present experiments in which A was always
less than 0.2 (usually much less), R\ is given to a good ap-
proximation by the relation

Ri = 2 (k,+ Ao 0)[CH3NNH] (12

where k2 = 2.303tL()>2, t = molar decadic extinction coeffi-
cient, and L = length of photolysis cell.

If now reaction 9 is much faster than reaction s, the lat-
ter will be the rate-controlling propagation step, [CH3] will
be » [CH3NN], and reaction 10 will be the only important
chain termination. The steady-state concentration of meth-
yl radicals will then be

[CH3] = (Ri/k10) 12 (13)

and, assuming long chains, the overall rate of the reaction
will be

R = f®[CH3][CH3NNH] = fes(2(*i +
¢ 2Fo)ffcio)/2[CHaNNHi3/2  (14)

Equation 14 can be seen to predict the observed 3/2 order
of both the thermal and photochemical decompositions,
and the dependence of £ 3/22 on 70 (Figure 5).

Determination of %2 the Primary Quantum Yield of
Dissociation into Radicals. The value of #2 is of interest in
itself and is also needed to obtain values of k\ and kg. If re-
action 10 is the only termination step, it follows that the
rate of formation of ethane may be equated to the total rate
of initiation, and <>(ethare) to 42. Attempts to measure eth-
ane yields at the low absorbed light intensities attainable at
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4047 Aemployed in the Kinetic studies were rendered inac-
curate by traces of ethane impurity and by the fact that the
very large overall quantum yields of decomposition meant
that yields of ethane were an extremely small fraction of
the total methyldiimide decomposed. Since 2 is a primary
quantum yield it should be independent of /o0 and of the
spatial distribution of the absorbed light. Measurements of
(Hethane) were therefore made at the much higher ab-
sorbed light intensities attainable at 3660 A Here the chain
length was much shorter and the ethane yield, though still
small, was a much larger fraction (~0.5%) of the methyldi-
imide decomposed. Values of <>(ethane) are shown in Table
11, and, while scattered, are probably significantly less than
one. It would be surprising, to judge from the behavior of
azomethane and other simple azo compounds,7 if the total
quantum vyield of dissociation were appreciably less than
unity, and the value of 0.74 can be most simply explained
by the occurrence of a molecular dissociation process
(yielding CHs4 + N2 or possibly H2 + CH2=NN) with a
quantum yield of 0.26. This may in fact be the true expla-
nation, although it seems unlikely, since molecular disso-
ciation has been notably absent in the photolysis of simple
azo compounds.7 A much more likely possibility is that re-
action 10 is not the only termination step, so that o (ethane)
is less than <2- This would require that another radical be-
sides CH3 be present at steady-state concentrations high
enough to take part in 20% of the termination reactions.
The other chain propagating radical, CH3NN, is probably
not responsible as it is thought to have little or no stability.
There is, however, some evidence from a study® of the pho-
tolysis of N2H2 and from recent theoretical calculationss
that the N2H radical may be stable enough so that reaction
with CHs (probably to give CHs4 + N2) could compete suc-
cessfully with reactions 3 and 4 at the very high light inten-
sities and high radical concentrations employed in measur-
ing SM®H6). 7. account for $(C2HQ = 0.74, it can be
shown that about 25% of the N2H radicals must have react-
ed with CHzs, and this seems to be the most probable expla-
nation of the observed value. At the very much lower inten-
sities employed in the kinetic studies, this radical-radical
reaction should be negligible compared to reactions 3 and
4. In the treatment of the Kkinetic data which follows, it will
be assumed therefore that R\ is accurately given by eq 12,
and because a molecular photodissociation seems unlikely,
that 2 ~ 1. Some experimental support for these assump-
tions is afforded by the persistence of 3/2-order Kinetics
over a wide range of absorbed intensity, CH3N2H pressure,
and extent of reaction, in the photochemical decomposi-
tion. If however <2 = 0.74, the reported values of k\ should
be decreased by a factor of 0.74, while the estimates of kg
and kg should be increased by 15%. Hydrogen should also
be produced in measurable quantities (by reaction 5) at
high intensity, although it was undetectable in the low-in-
tensity kinetic studies. Measurements in several high-in-
tensity experiments showed ayield of Hz about % of that of
ethane. This suggest some loss of H atoms in reaction s,
and loss of N2H in reaction 4 or by combination with CH3,

Evaluation of k\, and the Nature of the Thermal Initia-
tion. From the right-hand side of eq 14 it can be seen that
the overall 3/2-order rate constant, kg/o, will be given by
the expression

kg/22 = (4kg2/ki0)(ki + fe2/O) (15)

A plot of kg/22 against k210 is shown in Figure 6. It can be
seen from eq 15 that ki = intercept/slope of this plot, and a



Thermal and Photochemical Decomposition of Methyldilmide

TABLE I1I: Quantum Yield for the Formation of Ethane,
<¢£, in the 3660-A Photolysis of CH,N=NH in the
Pressure Region 70—530 Torrat 21 + 1°C

Total
Total absorbed Total
initial light, ethane
pressure, (einstein yield,
Torr 1-)X 10s Mx 10s oy B0
69.6 2.22 1.59 0.72
76.7 2.50 1901 0.76
99.5 2.66 2.02 0.76
101.6 2.87 2.00 0.70
109.5 2.67 1.68 0.63
158.3 2.78 1.58 0.57
234.9 2.53 254 1.00
530.4 8.52 6.39 0.57

Av pK 0.74 +0.13

value of k\ = 1.05 X 10-9 s_1 was determined at 22 °C and
a methyldiimide pressure of 50 Torr.

From eqg 15 it can be seen that in the absence of light,
&/2(thermal) = 2kg{kizkw)l/2, from which it follows that
the owverall activation energy of the thermal decomposition
will be given by

~thermal = Ea+ V(£i ~ Ew) = 7.3 kcal/mol (16)

(from Figure 3). Also from eq 15, it :s clear that k /22 can be
separated into two parts, thermal and photochemical.
Values of kas22 (and thence of kaso< for the photochemical
reaction alone were obtained by subtracting kg/->2(thermal)
from )%/22(thermal 4- photochemical), and it is these values
that are plotted in Figure 7. From eq 15, ft3/2(photochemi-
cal) = 2kg(kzlo/k\o)11-, from which it follows, since k2io
should be almost independent of temperature, that

Nphotodhemical  Eg
(from Figure 7). Combining eq 16 and 17, avalue of E i =
4.2 kcal/mol is obtained, and from “he value of k\ at 22 °C,
a frequency factor .4i = 1.3 X 10-fi s_1 can be calculated.

The bond dissociation energy DfFCHs-NNH) should be
similar to that of azomethane, i.e., 45-50 kcal/mo ,s and the
very much lower value found for E j is only compatible with
a surface-catalyzed decomposition, not unusual in com-
pounds with N-H groups (cf. NH3 or N2H4). This conclu-
sion is supported by a comparison of the thermal decompo-
sition in the two reaction vessels, which had surface/vol-
ume ratios of 0.9 and 4.0 cm-1, respectively. These showed
values of (Z¥2under similar conditions of 3.9 and 7.3 X 10-3
M- 12 s-1, respectively, close to the (S/V)12 dependence
expected for chain initiation at the surface (eq 14).

As noted earlier, the thermal decomposition shows some
deviation from simple 3/2-order kinetics, namely, a faster
than normal rate in the initial stages of the reaction and at
pressures below about 50 Torr. Since they are not observed
in the photochemical reaction, ar.d since the only differ-
ence between the two systems appears to be in the initia-
tion step, it is reasonable to attribute these effects to some-
thing affecting the initiation rate in the thermal decompo-
sition. The initial enhancement of the rate could be ex-
plained either by surface poisoning by a reaction product,
or by enhanced initiation by a trace impurity which was
consumed as the reaction progressed. To test these hypoth-
eses a decomposition was allowed to proceed until 3/2-
order behavior was attained. Products and reagents were

~heio 5.2 kcal/mol 17)
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TABLE I11: Chain Lengths and Value for k, at 21 + 1°C

Initial
CH3\INH
pressure, Av chain 10-7kt,
Initiation Torr lengthO M-1 s~
Thermal 69.7 8.1 x 10s 1.40
33.8 6.3 x 10s 1.55
40.2 7.4 x 10s 1.66
7.8b 25 x 105 1.30
37.1 6.6 X 10s 1.55
Photochemical
4047 A 26.2 54 x 103 1.18
262 9.3 x 103 1.18
39.3 1.1 x 104 1.22
26.0 1.2 x 104 1.24
54.1 1.9 x 104 1.03
43.n 2.0 x 10- 1.21
36.9 1.1 x 104 1.30
53.7 1.2x 104 1.20
47.4 1.3 x 104 1.33
3660 A 158.3 23 x 102 Average value
696 1.3 x io2 from thermal
76.8 1.2 x 102 and 4047 A
101.7 1.4 x 102 results *
1094 16 x 102 | =
l.31 £0.17
X 107M~*
sl

a Average chain length is taken as (overall rate)/(rate of
initiation) averaged over the time course of the reaction.
b~ 100 Torr of CO, was added in this experiment.

PRESSIRE(TORR)

Figure 8. Pressure dependence of k1 at 22 °C.

then condensed out at —196 °C, N2 and CH4 were pumped
away, and the reaction vessel thoroughly evacuated. The
condensate was then revaporized into the vessel and the re-
action allowed to proceed once more. The reaction after re-
vaporization showed no deviation from 3/2-order kinetics,
picking up where it had left off with no change in rate. This
observation points to enhanced initiation bv a trace impu-
rity, although surface poisoning by a minor condensible
product cannot be completely ruled out. The two most like-
ly trace impurities which might cause enhanced initiation
are N2H2 and oxygen. There is some evidence that the for-
mer is produced in small amounts in the synthesis of
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methyldiimide; diimide decomposes much faster than
methyldiimide and would probably be consumed in the
early stages of the reaction. On the other hand, free radi-
cals do not seem to be involved in the thermal decomposi-
tion of diimide, although this may reflect an inefficient
propagation rather than a lack of initiation. Oxygen has a
spectacular effect on the decomposition of methyldiimidel4-
and in trace amounts might well cause enhanced initiation.

The enhanced rate at low pressures is less easily ex-
plained. If this is attributed solely to an increase in the rate
of initiation, values of k\ can be calculated. These are
shown as a function of pressure in Figure 8. At the lowest
pressure employed k\ is enhanced by a factor of 10 above
its high-pressure value. One might invoke surface poisoning
(by CO2) or saturation of more active sites by CH3NNH to
account for the fall in «x\ with increasing pressure, but this
cannot be reconciled easily with the first-order initiation
required for the observed overall 3/2-order kinetics. Alter-
natively a pressure-dependent diffusion of initiating radi-
cals away from the surface might be suggested, but this
should probably result in a steady decrease in k\ with in-
creasing pressure, not a levelling out as observed, and it
seems questionable if such a nonhomogeneous system
could exhibit the relatively simple kinetics observed. No
simple explanation of the pressure dependence of k\ can be
seen at the present time.

Evaluation of ks and kg, Rate Constants for the Propa-
gation Steps. It is evident from eq 15 that ks can be evalu-
ated from the slope of Figure s, knowing &iowo and k 2
values determined in this way are shown in Table 111, and
are seen to be independent of methyldiimide pressure,
added COz2, and the kinetic chain length. From eq 17, tak-
ing£10 = 0, Es is 5.2 kcal/mol, which can be combined with
a value of ks from Table 111 to give a frequency factor Ag =
7.4 X 1010 M' 1 s_1. This is a very large value for a bimolec-
ular reaction, approaching the collision rate. It is not clear
why this frequency factor is so large even though the
CHgNN-H bond is expected to be weak (cf. D(HNN-H) =
75 kcal/mol1l); the equivalent reaction with HI (D(H-1) =
70 kcal/mol) hasi2 e = 2.3 kcal/mol and A = 3.2 X 109 M-1
s-1.

Values of kg can also be obtained from &322 for the ther-
mal decomposition via eq 15, having established k\ as de-
scribed earlier. Values are shown in Table 111 together with
some other parameters of the thermal reaction. Chain
lengths are very large, approaching 106, much larger than in
the photolysis because the rate of initiation is much lower.

Only a lower limit can be estimated for kg. In the steady
state, £9[NNH] = &g[CH3][CH3NNH]. At the highest pres-
sure at which the reaction was studied (500 Torr), 3/2-
order kinetics were still obeyed, and the approximate as-
sumption may be made that [CH3]/[NNH] > 10. It follows
that ks > 10feg[CHsNINH] > 3 X 106 s_1 at 22 °C. This cor-
responds to 9 = 5.9 kcal/mol for As = 1011 s_1, which
might be compared withe = 15and A = 2 X 1010 estimat-
ed for the decomposition of the isoelectronic acetyl radi-
cal, 10 which is considerably more stable than CH3NN. It
should be emphasized that our estimate of kg is a loner
limit and that it may be much larger than Eg corre-
spondingly smaller. It should also be noted that eg cannot
be equated to the bond dissociation energy (which is proba-
bly negative) since the reverse reaction of CH3z with N2
would almost certainly have a sizeable activation energy.o
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Concluding Remarks

The present study has shown that both the thermal and
photochemical decompositions of methyldiimide in the gas
phase proceed by an unusually efficient radical chain reac-
tion which in the thermal reaction at room temperature
may have a chain length greater than 105. Methyldiimide
owes its instability to this enormous chain length which
makes the thermal decomposition at 22 °C moderately fast
even with a very low rate of initiation, and renders the sys-
tem very sensitive to light. The magnitude of the chain
length depends on the high speed of the propagation step,
reaction s, which in turn depends partly on a low activation
energy which reflects a rather weak CH3NN-H bond, but
more especially on an exceptionally high frequency factor.

In marked contrast to methyldiimide, diimide itself,
though less stable at room temperature, appears to decom-
pose by a very efficient bimolecular, nonradical process.s
Radical chains can be generated in the gas-phase photoly-
sis of diimide,s but these are shorter than those observed
for CH3NNH consequently diimide appears to be less light
sensitive, although primary yields of radicals in the two
systems are probably similar. The propagation step in di-
imide analogous to reaction 7 should be as fast or faster,
and the inefficiency of the chain must be attributed either
to a competing addition reaction which yields rather un-
reactive N2H3 radicals, or to the greater stability of N2H
compared to CH3NN. It is curious that while both diimide
and methyldiimide decompose fairly quickly at room tem-
perature, each owes its instability to a quite different
cause. Neither molecule is inherently unstable at room
temperature, i.e., neither molecule undergoes appreciable
unimolecular decomposition, and the H-N bond dissocia-
tion energies are probably higher than those of the C-N
bonds in azomethane, which is completely stable below 200
°C. Azomethane does not support a radical chain reaction
at low temperatures, and even in its high temperature de-
composition only very short chains are observed.This is
partly due to much slower abstraction of H from the meth-
yl groups, but also to the high stability of the CHsNNCH:2
radical which does not decompose appreciably below 200
°C. Thus while CH3NNCH3, CH3sNNH, and HNNH are su-
perficially similar, they show markedly different behavior
in their thermal decompositions and their free radical reac-
tions.
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A mixture of ozone and chlorine, diluted by oxygen and argon, was heated by reflected shock waves in a
shock tube to temperatures and pressures in the range 1000-1400 K and 3.5-9 atm. From the variations in
the concentration of CIO, determined via attenuation of the 2537-A radiation, the rate coefficient for the
reaction CIO + CIO * Cl2 + O2 was determined to be (1.4 £ 0.7) x 10-12 cm3s at 1250 K. Similarly, the ra-
tios of the rate coefficients for CIO + 0 —* Cl + 02 to those for Cl2 + O —&CIO + Cl were found to be 26 + 6
at 1250 K. If the coefficient value for the latter is 9.3 x 10-12 exp(—1560/T) as obtained by Clyne and
Coxon, then the coefficient for the former would be (7 + 1.5) x 10_n cmvs at 1250 K.

Introduction

The kinetics of reactions involving chlorine and oxygen
have been studied fairly extensively in the past with purely
academic interest (e.g., ref 1). In particular, atomic chlorine
and chlorine oxide radicals are highly reactive and undergo
many interesting reactions. The interest in the chlorine-
oxygen system has been recently renewed with the concern
over the possible role of chlorine in the chemistry of the
upper atmosphere.2 o In addition to natural causes such as
the evaporation of sea water and volcanic eruptions,2:3
human activities such as the launching of solid-fuel rock-
etss or the release of chlorofluoromethanes in the form of
refrigerants or aerosol propellantss are now thought to in-
ject chlorine into the atmosphere. Once released into the
atmosphere, chlorine could react via several processes ulti-
mately to remove atmospheric ozone. Because of the seri-
ousness of the possible consequences, more research is
needed on the chemical kinetics involving chlorine and
oxygen. One question remaining presently unanswered is
the reaction rates of the chlorine-oxygen system at the
temperatures prevailing in the upper atmosphere, i.e.,
around 200 K. Experiments are hampered by the fact that
chlorine and its compounds tend to condense at such low
temperatures. To circumvent this problem the reaction
rates can be measured at high temperatures. Knowledge of
the rates at both room temperature and at a high tempera-
ture would be helpful in estimating the rate values at low
temperatures.

In the present work, a shock tube was employed to mea-
sure the reaction rates of chlorine-oxygen systems at high
temperatures. A shock tube is capable o: producing a high
temperature and a high pressure uniformly throughout the
test sample without being affected by the heterogeneous
chemical reactions at the wall. By passing a shock wave
through a gas mixture, one can heat the gas suddenly and
cause a thermal decompositione of a species, e.g., 0zone in
the present study, which then produces a series of reactions
that can be studied. This process is comparable with pho-
tolysis experiments: employed in past studies of the chlo-
rine-oxygen system, in which the reactions are initiated by
photodissociation of a species by a high flux of photons. In
comparison with the photolysis experiments, a shock tube
has the following two advantages: (i) the products of ther-
mal decomposition are electronically unexcited as opposed

to those of photolysis, which tend to be a mixture of excited
and unexcited species; and (ii) the temperature, pressure,
and species concentration in the reacting gas is more uni-
form in the shock tube than in a photolysis test.

In the present experiment, a mixture of chlorine and
ozone, diluted by oxygen and argon, was heated by two
consecutive shock waves, i.e., a primary and a reflected
wave, within a time span of the order of 10 ps, to produce a
temperature in the range 1000-1400 K and a pressure in
the range 3.5-9 atm. The primary shock produces a tem-
perature below 800 K and is considered to cause no chemi-
cal change within the time span allowed. The reflected
shock decomposes ozone thermally within 2 ps typically,
and the resulting atomic oxygen reacts with molecular
chlorine to produce CIO. The variation in the CIO concen-
tration after the passage of the reflected shock is observed
by monitoring the intensity of 2537-A radiation passing
through the test gas. From the variation pattern, the rates
of two reactions, CIO -l CIO —&»CO + OCoand CIO + O —Cl
+ Oz2, are deduced.

Experimental Section

The driven and the driver sections of the shock tube are
3.8 and 1.8 m long, respectively, and have a common inter-
nal diameter of 51 cm (see Figure 1). The driven section
was constructed of Pyrex and stainless steel. Three fibre-
reinforced Pyrex tubings (Corgard, Corning Glass Works)
with the lengths of 0.9, 0.9, and 1.8 m, respectively, formed
most of the length of the driven section. Stainless steel cyl-
inders 3.2 cm long were inserted between the Pyrex pieces
so that pressure transducers, windows, and plumbing at-
tachments could be mounted. The end-wall of the driven
section was also made of stainless steel. Optical measure-
ments were made near the end-wall of the driven section
through four quartz windows 1.27 cm in diameter and
placed at 90° to each other around the tube. The distance
between the optical axis and the end-wall surface was var-
ied between 0.3 and 1.5 cm by varying the thickness of a
gasket. Three pressure transducers were employed, two
along the tube on the stainless steel pieces and one on the
end-wall. There was an interval of 94 cm between the first
two transducers and an interval which varied between 93.8
and 95 cm between the second and the third transducers,
depending on the thickness of the gasket. The velocity of
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DRIVER TUBE
STAINLESS S. DRIVEN TUBE
I 8m PYREX, 3.8 m

STAINLESS S. GAS
DISPERSING TUBE

Figure 1. Schematic of shock tube setup.

the primary shock wave was determined from the pressure
signals from the three transducers, using digital clocks ac-
curate too.1 M&

The driven section was evacuated by a large rotary pump
via a liquid nitrogen Trap before charging the test gas. The
vacuum system attained a vacuum of 2 X 10-3 Torr within
5 min of pumping and had an apparent leak (or outgassing)
rate of less than 5 X 10-3 Torr/min. Using a mass spec-
trometer, the residual gas was found to contain 5-10% CHa4
by volume (the rest consisted of N2, Oz, C02 and H20,
which could all be considered inert in the present test). The
molecule CH4 reacts with atomic chlorine: and hence could
affect the measurements. The CHa4 concentration attained
was considered negligible in the present test, however,
since at this level the rate of Cl removal by CH4 would be
negligibly small compared with the rates of production: by
the reactions under study. Diaphragms were made of Mylar
with thicknesses in the range of 0.05-0.13 mm. They were
ruptured passively, i.e., by the high pressure in the driver
section. The driver gas was unheated helium at a pressure
between 3-11 atm. Typically 2-3 min elapsed between the
vacuum pump shutoff and the firing of the shock tube. No
significant chemical reaction is expected to occur in the
measuring region within this time period.

The attentuation of 2537-A radiation passed through the
test gas was measured. A microwave-excited mercury lamp
provided the 2537-A radiation. The beam was passed dia-
metrically through the test gas via a combination of optical
filters and aperture baffles and was received by a Hamam-
atsu R-106 photomuiltiplier tube. The aperture between the
light source and the test gas limited the intensity of radia-
tion incident on the test gas so that significant photodisso-
ciation of the species under observation did not occur. The
aperture between the shock tube and the photomultiplier
tube minimized the radiation emitted by the test gas reach-
ing the phototube. The output from the photomultiplier
tube was displayed on an oscilloscope via a logarithmic am-
plifier. The photoelectric system had a rise time of approxi-
mately 2 Msec to reach 90% of a steady-state output. The
attenuation data were used quantitatively in the determi-
nation of the reaction rate values.

In addition to the quantitative attenuation measure-
ment, the shock tube was equipped with two additional
means of spectral analysis, i.e., emission measurement and
flash lamp-absorption spectroscopy. Through the windows
offset 90° to the optical axis of the absorption measured
described above, two wide band monochromators could be
placed simultaneously to measure the radiation emission
from the test gas. The monochromators consisted of a pho-
tomultiplier housed behind a filter. Otherwise, a beam of
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Figure 2. Typical oscillograph record of end-wall pressure and at-
tenuation of 2537 A; Cl2at a reflected zone condition of 1024 K and
10.9 atm, pi = 0.200 atm, Us = 621 m/s.

radiation produced by a xenon flash lamp could be passed
through the windows, to be received by a spectrograph. A
3-m Spex Czerney-Turner spectrograph was used for this
purpose. The spectrograph had a linear dispersion of 11.1
A/MM and could record the absorption spectra over a
range of approximately 400 Aat atime. The data from the
monochromators and the absorption spectra were used
qualitatively in verifying the chemical composition of the
test gas.

Ozone was produced by passing oxygen of 99.99% purity
through an ozonator, in which oxygen is converted into
ozone by an electrodeless electric discharge to a concentra-
tion of approximately 6% by volume. The purity of chlorine
and argon used was 99.99 and 99.999%, respectively. The
test gas mixture was prepared by introducing chlorine, the
ozone-oxvgen mixture, and argon sequentially into the
shock tube through a gas-dispersing tube (see Figure 1).
The dispersing tube consisted of a stainless steel tube 6.3
mm in o.d. and 4.8 mm i.d. spanning the entire length of
the driven section with 0.343-mm holes drilled at 38-mm
intervals throughout. Mixing was virtually instantaneous
with the use of the dispersing tube.

The conditions in the test gas behind the reflected shock
wave were deduced from both the speed of the primary
shock wave and the end-wall pressure (see Figure 2). The
velocity of the primary shock wave was attenuated between
the two observation intervals so that the shock velocity was
decreased by about 4% in the last 100 cm When the shock
attenuation was accounted for in the velocity determina-
tion, the end-wall pressures predicted through the use of
the Rankine-Hugoniot relation agreed with the measured
end-wall pressures to within the reading resolution of the
oscillogram. The solutions to the Rankine-Hugoniot rela-
tion were obtained numerically by a computer, allowing for
the change in the chemical composition across a shock
wave and assuming the attainment of chemical equilibri-
um. The equilibrium thermodynamic properties of the
gases involved were obtained from the JANAF Thermo-
chemical Tables7 with the exception of CIO, for which
updated data supplied by D. D. Wagman of the National
Bureau of Standards was used. The updated CIO data re-
sult typically in a 2% lower concentration of CIO in an equi-
librium chlorine-oxvgen system at 2000 K compared with
the JANAF Table data, while virtually no difference can he
seen below 1000 K. The errors in determining the condi-
tions of the test gas behind the reflected shock can be
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Figure 3. Absorption spectra of 6.3% Cl2, 1.5% 03, and 92.2% 02
mixture reacting in a reflected zone at 1180 Kand 5.1 atm; p, = 75
Torr, Us = 964 m/s: light source, xenon flash tube. Equivalent spec-
trograph entrance slit width = 0.28 A

caused in the present procedure by (i) the instrument noise
in the pressure transducer, amplifier, and digital clocks, (ii)
the error in assessing the effect of shock attenuation accu-
rately, (iii) the reading error of the oscillogram, and (iv) the
numerical errors involved in solving the Rankine-Hugoniot
relation. The largest of these errors would be the reading
resolution of the oscillograph, which is typically of the
order of 3%. The reading error results mainly from the elec-
tronic oscillation, referred to commonly as “ringing” in the
pressure transducer-amplifier circuit (see Figure 2). The
possible reading errors result in a temperature uncertainty
of the order of +15 K in the present experiment. This un-
certainty is the principal source of error when the re-
flected-shock region is used for a kinetic study. In the re-
flected-shoek region, the gas under observation is at rest
and therefore does not present any additional uncertainty
caused by the motion of the test gas. This situation is in
contrast to the measurement behind a primary shock wave,
where the motion of the test gas presents an uncertainty
due to possible spatial nonuniformity along the shock tube
such as that caused by the growth of a boundary layer.

Test Procedures and Results

1. Absorption Spectra. Before undertaking quantitative

measurements, the compositions of the gas samples behind

the reflected shock wave were studied qualitatively by
means of absorption spectroscopy. The light source used

for this purpose consisted of a xenon flash tube 3 mm i.d.

and 38 mm arc length, flashed typically with 70 J of electric
energy stored in a2-pF capacitor charged approximately to
8.5 KkV. The discharge was moderately underdamped; one
cycle of excursion to the opposite polarity was observed.

The zero current point was crossed typically at around 15
¢is after the initiation of the arc, while the extinction of the
arc occurred at around 50 ps.

Figure 3 shows the absorption spectra for the wavelength
range of 2600-3050 A taken under conditions qualitatively
identical with those in the main tests, i.e.,, a mixture of
chlorine, oxygen, and ozone undergoing reactions behind a
reflected shock wave. For the test, the width of the en-
trance slit of the spectograph was set at 25 p, which is
equivalent to a spectral bandwidth of 0.28 A. Tri-X Pan-
chromatic film was used and developed by D-19 developer
for 5 min at 30 °C. The flash tube discharge was initiated
at the instant the reflected shock passed the optical axis.
The gas under observation consisted therefore of a mixture
of Cl2,0 2, Os, CI, O, and CIO; CIO was the main product, in
a transient nonequilibrium state, of the reactions between
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Figure 4. Densitographs of absorption spectra: (B) p, = 20 Torr,

32% 02 68% Ar; p5= 3.6 atm, T5 = 3070 K(Us = 1380 m/s); (C)
Pi = 20 Torr, 39% CI2 61 % Ar; p5= 3.2 atm, f5= 2110 K(Us =

1270 m/s); (D) p, = 75 Torr, 6.4% CI2, 1.5% o3, 91.1% 02; p5=

4.8 atm, 5= 1190 K(t/s= 973 m/s); (E) p, = 18 Torr, 14.4% CI2,
26.7% 02 58.9% Ar; p5= 4.0 atm, 15 = 2250 K, (CIO)5 = 2 X

1016 cm-3. Equivalent spectrograph entrance slit width = 0.58 A

chlorine and ozone. As seen in Figure 3, the only distinct
structure is that of CIO, except for self-absorption by
xenon (see below) at around 2880 A. This result is expect-
ed: molecular chlorine and ozone absorb only in continuum
in this wavelength range; oxygen has a band absorption but
it is too weak to appear here; and atomic chlorine does not
absorb in the present wavelength range.

Figure 4 is an overlay of densitographs of spectra taken
under five different conditions. All five traces were ob-
tained with a spectrograph slit width of 50 p, which corre-
sponds to a spectral bandwidth of 0.56 A. The film and its
development method were the same as for Figure 3. In the
figure, trace A shows the spectra of the light source to be
nearly a continuum except for a deep self-absorption at
around 2880 A. Trace B is for oxygen at 3070 K, and shows
the absorption below 2800 A by the Schumann-Runge
band from the vibrationally excited oxygen molecules. The
spectra are taken only for reference; the Schumann-Runge
band was not observed below 2100 K where the quantita-
tive measurements were undertaken.

Trace C confirms that the absorption by chlorine is to-
tally continuous even at an elevated temperature. Trace D,
taken under conditions nearly identical with those for Fig-
ure 3 but with a different slit width, shows the same CIO
band structure. As noted in the figure, the CIO concentra-
tion observed here represents a transient, nonequilibrium
value. In contrast, trace E was taken with an equilibrium
mixture of Clz. Cl, Oz, and CIO. This result was obtained by
shock processing a mixture of Cl2 and 0 2 and flashing the
xenon light source at 500 ps after the passage of the reflect-
ed shock. A time period of 500 ps is considered long enough
for the gas mixture to attain equilibrium. The concentra-
tions of the gas species involved in this run were lower than
those for trace D, and hence the absorption is not as pro-
nounced. Nevertheless, the similarity between traces D and
E with regard to the CIO band system is clearly recogniz-
able.

2. Absorption Cross Sections of Cl2 and cl0. Since the

concentration of CIO is determined in the present work
from the attenuation of 2537-A radiation, accurate knowl-
edge of the absorption cross section at that wavelength is
essential. An absorption cross section a (in cm2)as used in
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Figure 5. Absorption cress section of Clz at 2537 A over arange of
temperature.

the present work refers to that associated with base e in-
stead of base 10, i.e., with the relation 7//o0 = exp(—ernL),
where /o and / refer, respectively, to the intensities of ra-
diation before and after the passage through the absorbing
media, n is the concentration of the absorbing media in
cm-3, and L is the optical pathlength in cm. Since the ab-
sorption cross section of CIO is known only at room tem-
perature, it was necessary to determine the values at the re-
quired high temperatures before the rate measurements
could be undertaken. In order to determine the cross sec-
tions for CIO, however, it was necessary first to determine
the cross sections for Cl2 in the same temperature range;
Cl2 would exist with CIO in an experimental environment
designed to yield the CIO cross section.

The absorption cross sections of Cl2 at room temperature
have been measured by Seery and Brittons over a wide
wavelength range. At 2537 A their data give the cross sec-
tion as 1.48 X 10-21 cm2 In the present work, the cross sec-
tion measurement was repeated using the shock tube as an
absorption cell. The cross section was found to be (8.4 +
0.2) X 10-22 cm2 This discrepancy is presently unex-
plained.

To measure the cross sections at elevated temperatures,
the shock tube was operated with chlorine as the test gas in
the driven section. The charging pressure in the driven sec-
tion was varied between 0.02 and 1.5 atm, and the shock ve-
locity was between 275 and 1270 m/s. A typical oscillogram
trace is shown in Figure 2. As seen in the figure, the inten-
sity 1 decreases each time a shock wave passes the optical
path, as expected. The results of the measurement in terms
of absorption cross section are shown in Figure 5; the cross
section increases rapidly with temperature. This result is
not unexpected; at high temperatures, the excited vibra-
tional levels of the lower electronic state involved will be
populated. Some of these levels may have Frank-Condon
factors greater than those for the vibrational ground state
from which an absorption occurs at room temperature. The
measured data are fitted in the figure with a curve derived
under the assumption that (i) the vibrational energy spac-
ing is even, i.e., harmonic, and (ii) the cross sections for the
vibrational levels vary by a second-order polynomial in the
vibrational quantum number u. Assumption i leads to the
expression for the net cross section for Cl2

a = (1 —exp(—807/T))Y.<yv exp(—807i>/T) cmz
v
where av is the absorption cross section for the uth vibra-

tional level. The summation here is taken fromu = 0tov =
19. A best fit is obtained by selecting the polynomial to be
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Figure s . Absorption cross section of ClO at 2537 A as a function of
temperature.

iv = (45 + 37u + 15u2) X 10-22 cmz

The scatter in the data indicates an uncertainty in the
cross section value of the order of £15% around the curve
at temperatures above 1000 K. At lower temperatures, the
uncertainty decreases, converging to approximately +4% at
room temperature.

In order to measure the absorption cross section of CIO,
the shock tube was operated with a mixture of chlorine,
oxygen, and argon. The concentration ratio between Cl2
and O2 was kept at around 1:10 while the fraction of argon
was varied between 0 and 70%. The charging pressure and
shock velocity were between 10 and 76 Torr and between
1020 and 1350 m/s, respectively. The temperature behind
the reflected shock was between 1660 and 2120 K, while the
pressure varied between 2.5 and 6.5 atm. The oscillogram
records (not shown) indicated that a steady state, consid-
ered to be equilibrium state, was reached within around 20
ms, and remained so for the first 500 jis. Based on this test
and from the equilibrium thermodynamic calculations, it
was concluded that the test gas consisted of 02 CI2, Cl,
CIO, and argon in the reflected shock region. (The atomic
oxygen concentration was negligible.) The ratio of CIO to
Cl2 concentrations were always greater than o.o1, while the
absolute concentration of CIO varied from 6.3 X 1015 to 2.2
X 1016 cm” 3.

The 2537-A beam is expected to be absorbed only by Cl2
and CIO in the equilibrium region; absorption by 0 2 is con-
firmed to be negligible in the tested temperature range
through separate absorption tests with oxygen only. Using
the cross section data of Figure 5 for CI2, the contribution
by Cl2 to the overall absorption was subtracted from the
total absorption in order to determine the portion of the
absorption attributable to CIO. Under the operating condi-
tions chosen, CIO was always the major absorber i.e., great-
er than 50%. This procedure results in the cross section
data shown in Figure 6. As seen in the figure, the cross sec-
tions at the tested temperatures are nearly the same as at
the room temperature. The observed results are not sur-
prising. Unlike Clz, the cross section for CIO at room tem-
perature is observed to be nearly the maximum possible
value; excitation into higher vibrational levels does not
raise the overall absorption cross section beyond the maxi-
mum. The measurement could not be extended to other
temperature ranges because dissociation of O2 tends to
complicate the measurement at higher temperatures, while
the CIO concentration becomes too low at lower tempera-
ture regions. The measured data are fitted in Figure s with
a curve based on the same assumption as for CI2, which is
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a = (1 —exp(—1236/T)) v °vexp(—1236dT) cmz
u=0

<« = (4.35- 055i>) X 10- 18 cmz2

The observed scatter in the data indicates an uncertainty
of the order of + 10% around the mean. Combined with the
uncertainty in the Cl2 cross section, the estimated uncer-
tainty in the cross section value for CIO for 2537-A radia-
tion in the tested tempeaature range is around +15%.

3. Kinetics of Ozone Decomposition in Cl2-O 3 System.

To measure the rate coefficients for the two reactions
under study, i.e., CIO + CIO —Cl2 + O2 and CIO £+ 0 —ClI
+ O2, the shock tube was operated with a mixture of ozone,
chlorine, oxygen, and argon. The concentrations of these
species were typically (03):(Cl2):(02):(A) N 1:5:25:500. The
charging pressure was varied between 0.2 and 1 atm, and
the velocity of the primary shock wave was between 540
and 810 m/s. These operating conditions produced a tem-
perature in the range of 1000-1400 K and pressure from 3.5
to 9 atm behind the reflected shock. Temperatures and
pressures behind the primary shock were roughly half the
reflected-shock values. The distance between the optical
axis and the end-wall surface was kept at around 0.5 cm for
these tests. Under these conditions, the bulk of the gas
mixture being observed undergoes the two shock compres-
sion processes within an interval of the order of 10 ns. Dur-
ing this period, no significant chemical change can occur
since the prevailing temperature is too low to cause any
change. Significant chemical changes occur only after the
gas passes the reflected shock wave. Decomposition of
ozone and formation of CIO and CI can occur there by the
following reactions

03tM—02£0xM (*) R)
c2+0—ClO+ci (k2 (R3
03+Cl—=ClOto2 (M Rs)
cio+o ci+to2 (M (R4

where M represents the third body which consists mainly
of argon. Other possible reactions, including Oz + O —02
+ O2 which is usually significant, are much slower than R,
through R4, and hence can be neglected within the time
span of concern. Among these reactions, Rz, R3, and R4 are
so fast that a quasi-steady-state condition exists for the
atoms involved. That is, 0 and Cl concentrations satisfy
the approximate relations

d(0)/df = *i(03)(M) - f2(0)(Cl2) - MC10)(0) « o
d(Clh/dt = A(0)(C12) - fz3(Cl)(03) + MCIOKO) =*0o
By solving the last two equations, one obtains
MQ3(M)
B~ JIMCla) + MCI0O)
(CI),«(*ilfe3)(M)
in which the subscript s refers to the quasi-steady-state
condition. Using the (Cl)s expression for (Cl), the rate of
change of ozone can be expressed by
d(03)/dt = —2 M 03)(M)
Likewise, using both (0)s and (Cl)s, the rate of change in
(CIO) becomes
d(C10) 2fei(03)(M)fe2(Cl2)
dt ~ f=(Cl2+ MCIO)
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The last two differential equations are now integrated si-
multaneously from time t = o tot = i, where ti is such
time that decomposition of ozone can be considered to be
finished. The time is typically 2 ns under the present oper-
ating conditions. For an approximate solution, the concen-
tration of Cl2 can be considered constant because only a
small fraction (less than 20%) of Cl2 is converted to CIO or
Cl. The approximation leads to the expression

~2 —1rt (Oslo _ ~

k2~ (ClOh(CIO)i
Since (CIO) will be much smaller than (O3)o, the last equa-
tion can be approximated further by

(CL2)(Q3)q
k2 ~ (Cl1O),2

This expression shows approximately how the ratiok jk 2 is
related to the CIO concentration at the end of ozone de-
composition.

At t = i1, the gas mixture consists of Cl, CIO, 02 and
argon. The dominant reaction in this region is the quadrat-
ic decomposition of CIO

ClIO+ CIO—Cl2+ 02 (kB (R5

ClIO% CIO#*Clt CIOO (Ml (RsO

The reverse of the reaction Rz occurs also, but its rate is
probably slower than Rs. If the reverse of R2 can be ne-
glected, (CIO) satisfies the differential equation

d(C10)/df = -(fes £+ M)(C10)2
the solution of which is

(C10) 1

(CIO), ~ 1 + (f + M)<C10),i

The formula shows the dependence of the shape of CIO
concentration variation on the rate coefficient kr, + ks

The above-derived relationships for k jk 2 and (CIO)/
(Cl0), are approximate to within +20%. In determining the
rate coefficients, a more accurate method was used involv-
ing a computer. A family of theoretical curves was generat-
ed with the computer by integrating the rate equations for
(03) and (CIO) given above with k4 and k=, + k$ as variable
parameters, allowing for the change in (Cl2) and the reverse
of Rz to take place. The rate coefficient & was taken from
ref 9 for this purpose. The theoretical curves were then
compared with the experimental trace, and the curve that
most closely resembled the data was selected via a process
of trial and error. The absolute rate coefficient values for
k4 were then deduced from the ratio k 4/k2, assuming k 2 to
be given by the expression

kz = 9.3 X 10-12g-15fi0'T cm3S1

obtained by Clyne and Coxon.10

The rate coefficient k4 determined here can be regarded
as pertaining to the oxygen atoms in their electronic
ground state OOP). In the thermal decomposition of ozone
by Ri at temperatures below 1500 K, the energies of collid-
ing partners are too low to produce an excited atom 0 (!D)
which is at 2 eV above the ground state. This fact was con-
firmed in separate tests as follows. The shock tube was op-
erated with a 5% 0 :+95% 02 mixture to a total pressure of
around 100 Torr, and the radiation emitted from the gas
behind the reflected shock was measured using two mono-
chromators (see Experimental Section). The reflected-
shock temperature attained was approximately 1000 K
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Figure 7. Typical oscillograph record of a run with a mixture com-
posed initially of 0.7% ci2, 0.17% o3, 3.9% o2, 95.2% A, at a re-
flected zone condition cf 1366 K and 5.1 atm; pi = 0.19 atm.

-TRACE TRIGGERS AS A PRIMARY SHOCK REACHES END-WALL
REFLECTED SHOCK PASSES OPTICAL PATH

TIME, t,]j.sec

Figure 8. Interpretation of experimental data on attenuation of 2537
A shown in Figure 5.

while the pressure was approximately 4 atm. The pass
wavelengths of the monochromators were varied from ap-
proximately 2200-7700 Abetween each run. The results in-
dicated that the radiation was emanating over a range from
about 3000 Ato the longest wavelength measured, the in-
tensity being stronger toward the longer wavelength. The
radiation was considered to be that of the oxygen atmo-
spheric band. The absence of emission below 3000 Aproves
that O('D) does not exist. If O('D) atoms were present to
any significant concentration, they would have formed the
complex B3SU  through collision with the ground state O
atoms, resulting in emission in the Schumann-Runge band
with wavelengths below 3000 A

4, Rate Data. A typical oscillogram obtained from the

experiment is shown in Figure 7. The top photograph in
Figure 7 shows the variation in the end-wall pressure and
the intensity of the 2537-A radiation attenuated by the test
gas over the duration of the available test time. As seen in
the figure, the change in intensity occurs within a small
fraction of the total available time. The lower photograph
shows the details of the intensity variation within the first
100 gs. The two reference traces in the figure were recorded
prior to the measurement. Figure 8 compares the oscillo-
graph trace with the theoretical curves calculated assuming
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Figure 9. Arrhenius plot for the rate of bimolecular removal of CIO.
The present data represent the high-pressure limiting case corre-
sponding to the first branch. The dotted line connects the present
data to the high-pressure limit value at 300 K recommended by Wat-
son. At low pressures, the second branch becomes important.
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Figure 10. Arrhenius plot for the CIO + O reaction. The dotted curve
extends the present data to lower temperature assuming constant
reaction cross section and zero barrier. The rate coefficient for the
reaction CI2 + O -+ Cl + CIO was assumed as k2 = 9.3 X
10_12exp(—1560/7) cm3/s.

different combinations of the constants £4 and . As
shown in the figure, the noise in the trace is equivalent to
an uncertainty of about +25% in k\ but a factor of about
15 fores + ks-

Figures 9 and 10 summarize the rate coefficient values
obtained, and compare them with available data 11”15 The
present data shown in Figure 9 indicate a median of around
14 x 10~lz cms s 1 at 1250 K. The measured rate coeffi
cient value is linearly affected by the absorption cross sec-
tion of CIO used. Considering the +15% uncertainty in the
cross section and the observed scatter of the data, the un-
certainty factor in the rate data was judged to be 10103
Data shown in Figure 9 represent the total second-order
rate coefficient and do not distinguish between the two
possible branches of the quadratic reaction Rs and R-/; in
most tests, including the present work, the branching ratio
was not measured independently. The low values such as
those by Clyne and Coxonii were taken at low pressures
(below 10 Torr). The present data and the data by Basco
and Dograiz were obtained at high pressures (above 100
Torr). The figure thus confirms the trend pointed out ear-
lier (see, e.g., Watsonl) that the net rate of removal is faster
at high pressures. This phenomenon had been attributed:
to the difference in the degree of contribution of the second
branch; the second branch becomes significant only at low
pressures. To be consistent with this explanation, the
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present data were interpreted as pertaining to the first
branch Rs only. The dotted curve, expressed by

ks = 4.2 X 10-12 exp(—L1350/T) cm3 s_1

connects the median of the present data with the existing
high pressure limit value at the room temperature.

In Figure 10, the present results on the CIO + O reaction
are compared with the available dataiz'16-17 at room tem-
perature. The median of the present data isk4 = 7 X 10_n
cms s-1 at 1250 K. Since the rate coefficient is quadratical-
ly dependent on the CIO absorption coefficient used, the
uncertainty in the rate value obtained is caused mainly by
the uncertainty in the cross section, and was considered to
be approximately +20%. Because the existing data are at a
totally different temperature, comparison is not meaning-
ful. However, if one assumes a zero barrier and a constant
reaction cross section, assumptions considered appropriate
to the fast exchange reaction concerned, the observed re-
sult can be extended into the low temperature region by

ki =35X10-11vT/300 CM3s 1

as indicated by the dotted curve. At 300 K, the dotted
curve passes between the room temperature data points,
showing the compatibility of the present results with the
existing low temperature data. It is noted here again that
the present experiment measures the ratio of the coeffi-
cients k jk 2 and that the absolute values shown in Figure
10 were derived by taking an existing set of values for k 2.

Conclusions

At pressures in the range 3.5-9 atm and temperatures
between 1000 and 1400 K, the rate coefficients of the sec-
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ond-order decomposition of CIO, attributed mostly to CIO
+ CIO —» Cl2 + Oz, are found to be in the range k$ = (4.2 £

2) X 10~12exp(—1350/T) cnms s_1, the median value being
14 X 10-12 at 1250 K. In the same range of pressure and
temperature, the ratio of the rate coefficient k 4 for the re-

actionClIO+ O— Cl + O2tok2forCl2+ O— CIO + Clis
such that if ko = 9.3 X 10_12exp(—1560/T), then k4 = (7 =

15) X 10-11 cms s-1, the oxygen atom involved here being
in the electronic ground state. The rate coefficient values
are compatible with the existing data obtained in the lower
pressure and temperature ranges.
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Reaction of Ozone with 1,1-Difluoroethane and 1,1,1-Trifluoroethane

Frederick J. Dillemuth,* Barbara Drescher Lalancette,

Department of Chemistry, Fordham University, New York, New York 10458

and Duane R. Skidmore

College of Mineral and Energy Resources, West Virginia University, Morgantown, West Virginia 26506

The reaction of ozonized-oxygen with 1,1-difluoroethane and 1,1,1-trifluoroethane was studied in thermo-
stated, infrared gas cells, in the temperature range 34-86 °C. The products observed in the case of the lat-
ter were carbon dioxide, carbonyl fluoride, formic acid, and water, while the ozonation of 1,1 -difluo-
roethane yielded, in addition to the above, carbon monoxide, acetyl fluoride, and acetic acid. The overall
activation energy, calculated on the basis of the equation —d[o ;jJ/df = k [o ;i][hydrocarbon], was found to be

15.8 * 0.4 kcal mol-1 for 1,1-difluoroethane and 17.5 + 0.5 kcal mol-1 for 1,1,1-trifluoroethane. The preex-
ponential terms were 2.61 + 0.07 X 10s and 6.34 + 0.24 X 108 M-1 s-1, respectively.

Introduction

While substantial work has been done on the reaction of
ozone with the paraffin hydrocarbons,i-6 its reaction with
the fluorine-substituted members of this series has not
been studied, although Heicklen? has reported the results

of his investigations on the ozonation of perfluoroolefins.
As a continuation of our program of hydrocarbon oxidation
studies, we have investigated the reaction of ozone with
several fluorine-substituted paraffins in order to determine
whether the reaction kinetics are affected by the presence
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of a strong electron-withdrawing atom in the molecule. Re-
ported here are the results of studies on the reaction of ozo-
nized oxygen with 1,1-difluoroethane and 1,1, -trifluo-
roethane.

Experimental Section

Ozone enriched oxygen was prepared by passing pure,
dried oxygen through a Welsbach ozonizer which yielded a
mixture ca. 3 mole percent in ozone. Higher concentrations
of ozone were obtained by allowing this mixture to pass
through a silica gel trap cooled to —78 °C with acetone and
dry ice. Subsequent desorption at higher temperatures in a
stream of dried oxygen yielded enriched ozone concentra-
tions in which the ratio [0:3]/[O2] was = o.122. Matheson
Co. 1,1 -difluoroethane and 1,1, -trifluoroethane obtained
from Hynes Chemical Research Corp. were used without
further purification. Analysis by gas chromatography
showed no significant impurities. The hydrocarbon and the
ozone-enriched oxygen, after passing through Bernouilli-
type flowmeters, were mixed in a capillary mixer and
passed into a previously evacuated 10-cm infrared gas ab-
sorption cell to a total pressure of 1 atm. The reaction ves-
sel and contents were then warmed to run temperature.
Any reaction which might have occurred between filling the
cell and the time the desired temperature was reached was
found to be negligible.

The reaction was followed by in situ infrared analysis of
the reacting gases.2 A balancing cell which was filled with
hydrocarbon at the same partial pressure as in the reaction
cell allowed only those absorptions due to reaction prod-
ucts and ozone to be recorded. The cells were used in con-
junction with a Perkin-Elmer Model 21 recording spectro-
photometer. Ozone was measured at 1055 cm-1, carbon
monoxide at 2183 cm-1, carbon dioxide at 2344 cm-1, car-
bonyl fluoride at 1931 cm-1, acetyl fluoride at 1880 cm-1,
formic acid at 1754 cm"1, and acetic acid at 1715 cm"1 The
concentrations of ozone and products were calculated from
calibration curves constructed from reference spectra run
on pure compounds at various known partial pressures
under conditions as similar as possible to those prevailing
during the oxidations. Initial hydrocarbon concentrations
were determined from the flow rates employed in making
up the reaction mixtures.

The reaction cell was Pyrex with end windows of sodium
chloride. A water jacket allowed temperature control to
+0.2 °C. All stopcocks were lubricated with Kel-F grease
which is ozone resistant and has a vapor pressure of less
than 1 X 10-3 mm of mercury. Time zero was recorded
from the moment the reaction cell was brought up to tem-
perature.

Reaction of Ozone with 1,1-Difluoroethane

@ Experimental Results. The major products of the

ozone-1,1 -difluoroethane reaction as determined by in-
frared analysis were found to be carbon dioxide, carbon
monoxide, carbonyl fluoride, acetyl fluoride, formic acid,
acetic acid, and water. Formaldehyde was never observed
in any of the experiments though conceivably it might be
present in trace quantities. A moderately strong band ap-
peared at 1026 cm" 1 superimposed on the ozone absorp-
tion. This was most likely silicon tetrafluoride resulting
from fluorine attack on the glass walls of the reaction ves-
sel. A plot of the concentrations of ozone and products vs.
time is shown in Figure 1. It can be noted that the curves
for carbonyl fluoride and carbon dioxide show the typical
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behavior of consecutive reactions. At higher temperatures
(55-65 °C), the carbonyl fluoride formed disappeared rap-
idly, due to the hydrolysis of this compound to carbon
dioxide and hydrogen fluoride.

A slight amount of unreacted ozone could usually be de-
tected in the reaction vessel even when the reaction wes
virtually complete. The ozone concentration at this point,
however, was of the order of 10" 4 M or less.

The concentration of fluorinated hydrocarbon in this se-
ries of experiments was on the average 2.9 X 10" 2 M. In no
case was the initial ozone concentration in excess of 1.6 X
10" 3 M.

On the basis of product yields it was possible to deter-
mine the ratio of the number of gram atoms of oxygen fixed
in products to the number of moles of ozone consumed. It
was found that on the average 1.8 gram atoms of oxygen
were fixed for each mole of ozone consumed.

(b) The Effect of Surface. In order to determine whether
or not a heterogeneous reaction was occurring together
with the homogeneous gas phase oxidation, it was decided
to investigate the effect of changing the surface to volume
ratio of the infrared cell. This was effected by inserting ei-
ther Pyrex tubing or regular sodium chloride crystals into
the reaction vessel. The salt surface to volume ratio was in-
creased from 0.2 to 1.0 cm"1, and the Pyrex surface to vol-
ume ratio from 2.2 to 5.8 cm"1 In neither case was any sig-
nificant change in the rate of the reaction observed. Plots
of the logarithm of ozone concentration vs. time for reac-
tions of ozonized oxygen with 1,1 -difluoroethane conducted
in the packed and unpacked reaction cells at 55 °C are
shown in Figure 2.

(c) Kinetics. Plots of the logarithm of ozone partial pres-
sure vs. time, e.g., Figure 2, were found to be linear in every
case. This indicated that the reaction was first order with
respect to ozone. Points obtained after the partial pressure
of ozone fell below 2 mm of mercury were considered unre-
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TABLE |
Ea, kcal mcl ' A, Mi1s1 ~25 c (ca'cd)-M 's'’ Si, eu
CHXF2H 158 £ 0.4 2.61 +0.07 x 10* 7.15 x10“4 -24 1
CHCF3 175 £ 05 6.34 +0.24 x 10" 6.45 x 10~5 -23.2
| | 1 1 |
295 30 305 310 315 3.20 3.25
I/ T °K X103

Figure 2. Effect of added surface on react on rate.

liable since at these low values product absorption often in-
terfered with the ozone peak at 1055 cm-1.

Previous work with unsubstituted hydrocarbonsz2s-6 indi-
cates that the rate expression for the ozone-i,1-difluo-
roethane reaction is best given by

-d[03/dF = fe(F[CHICFH

Since in these experiments the isolation technique was
employed by making up the reaction mixtures with the hy-
drocarbon in large excess, its concentration was effectively
constant during the course of each run. The activation en-
ergy was determined from Arrher.ius-type plots of the loga-
rithm of the reaction rate constant vs. the reciprocal of ab-
solute temperature, e.g., Figure 3. The activation energy,
the preexponential term A, calculated from the equation

k = A exp(—Ea/RT)

the rate constant at 25 °C, and the entropy of activation
are given in Table 1.

Reaction of Ozone with 1,1,1-Trifluoroethane

@ Experimental Results. Ozons was found to react ap-
proximately ten times more slowmly with 1,1,1-trifluo-
roethane than with 1,1-difluoroethane. The only reaction
products observed were carbon dioxide, carbonyl fluoride,
and formic acid No carbon monoxide, formaldehyde, or
trifluoroacetic acid was observed in any of the experiments.

In all cases the concentration of carbon dioxide was equal
to or greater than that of carbonyl fluoride. A typical plot
of the concentration of ozone and reaction products vs.

Figure 3. Logarithm of reaction rate constant vs. reciprocal of abso-
lute temperature for ozone-1,1-difluoroethane.

time is shown in Figure 4. The initial concentration of
1.1.1- trifluoroethane was on the average 3.1 X 1G2 M while
that of ozone was 14 X 10-3 M.

Product balances for the reaction of ozone with 1,1,1-tri-
fluoroethane calculated on the basis of 30 independent
runs showed that on the average 0.9 gram atoms of oxygen
were fixed per mole of ozone consumed.

(b) Effect of Surface. Since the reaction of ozone with
1.1- difluoroethane and with other hydrocarbonssss was
shown to be independent of surface, it was not thought nec-
essary to investigate the possibility of surface effects in this
case.

(c) Kinetics. The kinetic parameters of the ozone-1,1,1-
trifluoroethane oxidation are given in Table I. They were
calculated in the same manner as was reported for the pre-
vious reaction.

Discussion

The products observed in this work suggest that the pre-
ferred site of initial ozone attack on 1,1 -difluoroethane is
the hydrogen attached to the fluorine-substituted carbon
atom rather than the hydrogen of the methyl group. The
resulting radical, CH.jCFa-, can easily sustain the odd elec-
tron because of the high electronegativity of the adjacent
fluorine atoms. With 1,1,1-trifluoroethane, the radical
.CH2CF3 cannot be easily stabilized and consequently is
more difficult to form. The finding that the reaction rate is
approximately ten times slower in this latter instance
seems to support this view. The initial step in ozone attack
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Figure 4. Concentration of ozone and reaction products at 75.6 °C.

on saturated hydrocarbons has been proposedz'3's as
RH+ 03— R-+ 02+ -OH

There appears to be no reason for postulating a different
mode of attack in the case of fluorine-substituted hydro-
carbons.

In the case of 1,1-difluoroethane, for example, the fol-
lowing tentative sequence most easily accounts for the
products observed:

CH3CF2H - 03— CHsCF2 + 02 + -OH )
CH3CF2 + 03- CH3CF20- + 02 @
CH3CF20- — CF2 + -CHs ©)
«CHs + 02 — CO, C02, H20, HCOOH @

Ethoxy-type radicals are known to decompose by a reac-
tion such as (3).9 The large amount of carbonyl fluoride ob-
served among the reaction products appears to justify in-
cluding a step such as (3) in the reaction scheme. The reac-
tion sequence indicated by step 4 for the oxidation of the
methyl radical has been outlined by others.10-12 Since the
methyl radical would most likely react preferentially with
oxygen rather than with ozone in the presence of an excess
of the former, step 4 employs oxygen as the oxidizing agent
rather than ozone.

The kinetic equations for the relevant intermediate
species are:

—d[CHsCF2 -]/dt = & [CHsCF2H][03] - f[CHsCF2 -][03]
—d[CH3CF2 -]/dt = 6 2[CH3CF2 -][03] - &[CHsCFD ]

Making use of the stationary-state approximation, one
finds

[CH3CF2] = (fcj/AzHCHaCFaH]

and
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Figure 5. Logarithm of reaction rate constant vs. reciprocal of abso-
lute temperature for ozone-1,1,1-trifluoroethane.

[CH3CF20 -] = (/21/fe3)[CH3CF2H][03]
When these values are substituted into
-d [03)/dt = fei[CHILFH][0F + fACHILF2-][0]
one obtains
—d[03)/df = 2fci [CH3CF2H][03]

The order of the disappearance conforms to that postu-
lated by Schubert and Pease.2 The overall reaction rate ko
is related to k \ by the equation:

ko = 2ki

Taking the logarithm of both sides of the equality while
substituting in the Arrhenius form gives:

InAo-----—-— = In2Ai —
RT RT

Whence, at high temperature extreme
Ao = 2Ai
and at low temperatures
—Eo= —E1

Hence E\ should equal ca. 15 kcal mol-1 to conform to ex-
perimental observations and which is not inconsistent with
our understanding of this elementary step. It is, further-
more, in agreement with the findings of Schubert and
Pease1s who postulate a similar activation energy for the
analogous first step in the paraffin-ozone reaction.

The ratio [CO]/([COFZ + [C0Z) was found to be ap-
proximately one during most of the reaction. This finding
could be taken as an indication that the oxidation of the
methyl radical primarily yields carbon monoxide, and that
the hydrolysis of carbonyl fluoride is responsible for the
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carbon dioxide observed. This, however, is open to several
objections, the most serious of which is that it seems to
imply that the methyl radical is being oxidized to carbon
monoxide and water almost as rapidly as carbonyl fluoride
is being formed. No completely satisfying explanation has
yet been advanced for the rapid rate of carbon monoxide
production, especially since the principal reaction product
of methane ozonolysis is carbon dioxide. 14

The reaction of O3 with 1,1,1-trifluoroethane suggests
the following step

CF3CH20- — -CF3 + CHX ()

However, since no formaldehyde was observed among
the reaction products, a subsequent rapid reaction with
ozone to yield carbon dioxide is indicated. The production
of large amounts of carbonyl fluoride is explained in a man-
ner analogous to the oxidation of the trifluoromethyl radi-
cal.15

The observations that H is more readily abstracted from
the 1 rather than the 2 position of 1,1 -difluoroethane and
that 1,1,1-trifluoroethane is even less susceptible to H ab-
straction are supported by the work of Whittle et al.16'17
who used Br and CF3 to remove hydrogen atoms. Fluorine
was shown to deactivate hydrogen atom abstraction on ad-
jacent carbon atoms.

The formation of CH3CFO and SiF4 might be explained
by a sequence:

CH3CF2 + 02 -* CH3CFO + OF )
OF- w 2+ W 2 ©)
\¢F2 + wall — SiFa @)

The activation energy calculated for the reaction of
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ozone with the fluorine-substituted saturated hydrocar-
bons is somewhat higher (ca. 2 kcal mol-1) than those re-
ported for the first three members of the paraffin seriess's
Nonetheless, we feel that there is no significant difference
in the values for these compounds. The similarity in the
energies of activation suggests that the reaction processes
involved are essentially the same in both cases. The calcu-
lated product yield shows an approximate 1:1 ratio of gram
atoms of oxygen fixed to moles of ozone disappearing in the
case of the 1,1,1-trifluoroethane reaction. It would be rea-
sonable, therefore, to exclude a chain mechanism involving
oxygen molecules. With 1,1-difluoroethane, the ratio was
approximately 1.8:1 and the above conclusion is probably
not valid in this case.
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The gas phase ion chemistry of 2-fluoropropane is reported. The parent ion fragments to yield (CH3)2CF+,
CH3CHF+, and CH2CHF-+ as the abundant primary ions, all of which react with the parent neutral by F-
transfer to yield (CH3)2CH+. (CH3)2CH+ in turn reacts with the parent neutral by H- transfer to regener-
ate (CH3)2CF+, thus completing a chain reaction which leads to the conversion of 2-fluoropropane to a
mixture of propane and 2,2 -difluoropropane via ionic intermediates. This chain reaction is terminated by a
slow condensation reaction of C3H7+ with 2-fluoropropane to yield CsH13+. A variety of trapped ion cyclo-
tron resonance techniques, including in particular cyclotron resonance ion ejection methods, permits all of
the rate constants for this reasonably complex reaction scheme to be extracted.

Introduction

We have recently reported the gas phase ion chemistry of
the methyl and ethyl halides RX (R = CH3, C2Hz and X =
F, Cl, Br, I).2 The chemistry of CH3 and C2H5 proved to
be of considerable interest, prompting us to investigate ion-

molecule reactions of the variously substituted fluoro-
methanes CHa4-,,F,, (n = 1-4),34 fluoroethanes C2He_nF,,
(n = 1-6),5 and fluoroalkenes.s These studies in turn led to
the development of methodology for the determination of
carbonium ion stabilities,3'7'8 using either H_ or halide ions
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as reference bases and interpreting the heterolytic bond
dissociation energies (e.g., the enthalpy changes for reac-
tion 1 and 2) as measures of ion stability. Of particular in-

RF—R++F~ AH = D(R+-F-~) @

RH-R+ +H- AH = D(R+H ) ©

terest are cases where the relative heterolytic bond disso-
ciation energies for F_ and H- are reversed for a pair of
carbonium ions Ri~ and Rz2+. If reactions 3 and 4 are both
exothermic (requiring that D(Ri+-F~) > D(R2+-F~) and
D(Rj+H_) < D(R2+-H~), respectively) then the owverall
process 5 will be exothermic and may occur as a chain reac-

R,++ RF* — R2++ R/F ©)
R2+ + RiH — RoH + Ri+ @
rh+rX—r f+rbh ®)

tion proceeding through ionic intermediates4 The chain
length will be determined by competing reactions as well as
reactions with impurities. Thus far only one example of
such a process has been observed, where Ri+ = CHF2+ and
R2+ = CH2F+, the overall reaction involving the conversion
of CH2F2 to a mixture of CH3F and CHF3.4 We report in
this paper the gas phase ion chemistry of 2 -fluoropropane,
where another chain reaction analogous to that described
above is observed, and results in the overall conversion of
2 -fluoropropane to a mixture of 2,2-difluoropropane and
propane via ionic intermediates. Trapped ion cyclotron res-
onance techniquess are used in the present study to follow
the sequential bimolecular reactions occurring at relatively
low pressures following ionization with a pulsed electron
beam. lon ejection -.echniques facilitate determination of
the thermal rate constants for the complex sequence of re-
actions occurring in 2 -fluoropropane.

Previous studies of the gas phase ion chemistry of fluo-
roalkanes have not included 2-fluoropropane. Studies of
the decomposition of thermally and chemically activated
2 -fluoropropane have been reported. 10+ 12

Experimental Section

Instrumentation for ion cyclotron resonance spectrosco-
py has previously been described in detail 49,13 Two spec-
trometers were utilized in the present study, a Varian V-
5900 spectrometer equipped with a 9-in. magnet and a
spectrometer built in Caltech shops with a 15-in. magnet.
Both spectrometers are equipped for ion trapping. All cy-
clotron resonance ion ejection experiments were performed
with an irradiating oscillator applied to the source region of
the ICR cell during the ion storage portion of the trapping
sequence. Experiments were performed at ambient temper-
ature (approximately 25 °C as determined by a thermistor
attached to the cell mount).

The sample of 2-fluoropropane was prepared by treating
2-iodopropane with AgF. The products were distilled under
vacuum and finally purified by gas chromatography to re-
move traces of propylene.

Results

Fragmentation of 2-Fluoropropane. The parent ion is
observed only as a minor ion at the lowest electron ener-
gies. The major ions at all electron energies are those
formed by fragmentation of the parent ion (reactions 6- 8).
The relative abundances at 15.0-eV electron energy are in-
dicated.
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Figure 1. Variation of ion abundance with time for 2-fluoropropane
at 6.2 X 10-7 Torr ionized with a 6-ms electron beam pulse at 15.0
ev.

025

CHXHF-+ (mse 46) + CH4 (6

0.50

(CHACH CHICHF+ (mse 47) + CH; ()

e ICF (mreBl) + H ®

Positive lon Chemistry. The variation of ion abundance
with time is illustrated in Figure 1 at an electron energy of
15.0 eV. The two primary ions at m/e 46 (CH2CHF-+) and
m/se 47 (CH3CHF+) are observed to decay exponentially
with time, leading to the rapid buildup of mrse 43
[(CH;))2CH+]. Double resonance experiments identify the
fluoride transfer reactions 9 and 10 as accounting for the
disappearance of m/e 46 and m/e 47.

CH2CHF-+ + (CH3)2CHF A (CHa)2CH+ + CH2CHF2
O

CH3CHF+ + (CH3)2CHF ~ (CH.,)2CH+ + CH3CHF2
(10)

(CH3)2CF+ + (CHJ),CHF - (CH3)2CH+ + (CHB3)2CF,
(11)
The decay of mse 61 [(CH3)2CF+] is somewhat more
complicated, exhibiting an upward curvature at short
times. Double resonance experiments identify mse 61 as
also contributing to m/e 43 (fluoride transfer reaction 11),
with the latter ionic species regenerating the former in the
hydride transfer reaction 12. Reactions 11 and 12 taken to-

(CH3)2CH+ + (CH3)CHF  (CH3)2CF+ + (CH3)2CH2

(12)
gether comprise a chain reaction in which the overall pro-
cess 13 results in the conversion of 2-fluoropropane to a
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TABLE I: Summary of Observed Processes and Thermal Reaction Rate Constants for 2-Fluoropropanea

Process -j
CHOCHF+ + (CHRZCHF -TV (CH32CH- + CHXCHF2
CH,CHF+ + (CH32CHF -~ (C H 392CH+ + CH3CHF2
(CH3ZF+ + (CHY)ZCHF .- X (CHYZXCH+ +(CHIYZXCF2
(CH2ZCH+ + (CHY2C H F-"- (CHY2ZCF+ + (CH32CH2
(CH3ZCH+ + (CH32XCHF CBH13+ + HF

Thermal rate constant, 10 I0cnm3nmplecule 1s 1 AH b keal/mol
130+ 20 -20
140+ 20 -23
44+ 06 -7
10+ 02 -7
36+ 05 —35¢C

“ Measured at 15.0 eV. Reported rate constants are the average of four determinations. b Calculated wsing thermochemical data in Table
111 for fluorocarbon species; other data are from standard sources. ¢ Cf;Hj3* assumed to be a tertiary carbonium ion whaose heat of forma-

tion is estimated to be ~154 kcal/mol using group equivalents.

65 60 55 50 45 40
m/e Ejected

Figure 2. Decrease in abundance of m/e 85 (CeHi3+) at 600 ms re-
sulting from the ejection of various precursor ions. The amplitude of
the radiofrequency electric field is 0.08 V zero to peak. Higher lev-
els lead to the appearance of flat bottom peaks, but result in no fur-
ther decrease in the abundance of m/e 85. Other conditions are the
same as for Figure 1

2(CH3)2CHF — (CHs)aCHz + (CH,)2CF2 (13)

mixture of propane and 2,2-difluoropropane. The chain re-
action is interrupted by the condensation reaction 14 of

(CH3)2CH+ + (CH3)2CHF N CsH13+ + HF 14
m/e 43 with 2-fluoropropane which results in the produc-
tion of a hexyl cation which does not react further. When
m/e 43 is continuously ejected in a time short compared to
the time between collisions, the product ion at m/e 85
(CeHi3+) is not observed. When m/e 61 is continuously
ejected a product ion at m/e 85 still appears, although re-
duced in abundance. These observations indicate that m /e
43 is the sole precursor to m/e 85. The postulated reaction
sequence accounts for the behavior of m/e 43 and m/e 61
shown in Figure 1. The initial buildup of m/e 61 is due to
reaction 12. At long times m/e 43 and m/e 61 appear to
decay together the two ions being interconverted by reac-
tions 11 and 12 while m/e 43 reacts slowly in the condensa-
tion process 14.

Determination of Rate Constants. The rate constants k\
and k 2 (summarized in Table I) for reactions 9 and 10 can
be extracted in a straightforward fashion from the slopes
for the decay of m/e 46 and m/e 47 shown in Figure 1L An
ion ejection experiment yields a useful relationship be-
tween the rate constants k4 and k  Figure 2 illustrates the

TABLE II: Results of lon Ejection Experiments to Determine
Reaction Pathways Leading to m/e 85 (C<;Hi3+) in
2- Fluoropropane»

m/e Fractional decrease in -~ Fractional abundance of
ejected intensity of m/e 85 m/e ejectedatt =0

a3 100 0.00

46 0.25 0.25

a7 0.60 0.59

61 0.34 0.16

“ Measured at 15.0 eV. Data from FHgure 2

decrease in the abundance of m/e 85 observed at 600 ms at
6 X 10-7 Torr, where this species is ~96% of the total ion
abundance and the reaction sequence is nearly complete
when various precursor ions are ejected. A comparison of
the fractional decrease observed in m/e 85 (Figure 2) with
the fractional abundance of the ejected ion att+ = o is pre-
sented in Table Il. These data have several implications.
First, as noted above, m/e 43 is the sole precursor to m/e
85. Second, since m/e 46 and m/e 47 contribute directly to
m/e 43 and in turn to m/e 85, the observed fractional de-
crease in m/e 85 is equal to the fractional abundance of
these ions at + = 0. Finally, it is expected from the pro-
posed reaction scheme that the fractional decrease in m/e
85 when m/e 61 is ejected will be 1arger than the abun-
dance of this species at f = 0. The difference in these quan-
tities is the fraction of m/e 43 produced by m/e 46 and m/e
47 which reacts to produce m/e 61. This gives the relation-
ship 0.34 —0.16 = (0.25 + 0.60) k J (k A + k5), which reduces
to the rate constant ratio kjks$ = 0.27. With this con-
straint, the kinetic equations describing the variation of ion
abundance with time were solved and compared with the
experimental results. The best fit obtained is indicated by
the solid lines in Figure 1 and the rate constants are sum-
marized in Table 1.

Variation of lon Abundance with Pressure. The varia-
tion of ion abundance with time illustrated for 2 -fluoropro-
pane in Figure 1 is examined under conditions which per-
mit the decay of reaction intermediates formed in bimolec-
ular processes. At higher pressures such intermediates may
be intercepted and collisionally stabilized. The operation of
the ICR spectrometer in the continuous drift mode permits
the variation of ion abundance with pressure to be exam-
ined up to 1CT3 Torr with a reaction time of ~1 ms.14 Such
experiments were carried out, with results very similar to
those shown in Figure 1. Thus at 10~! Torr CeHi3+ is the
only remaining ionic species, and there is no evidence for
collisional stabilization of intermediates in the proposed
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scheme of reactions deciphered from trapped ion experi-
ments.

Discussion

Reactions Observed. Reactions of fragment ions are
dominated by fluoride transfer processes. The interaction
of carbonium ions with alkyl fluorides has been postulated
to involve fluoronium ion intermediates which fragment to
yield a new carbonium ion. This is generally illustrated for

2 -fluoropropane in reaction 15.2 4 Only in the formation of

R++ (CH3)2CHF - [R-F+-CH(CH3)2* — RF +

(CH3)2CH+ (15)

the symmetrical diisopropyl fluoronium ion do other frag-
mentation pathways compete with the bond cleavage indi-
cated in reaction 15. Mechanisms for the observed pro-
cesses are proposed which involve a fluoronium ion inter-
mediate which decomposes either by disproportionation
(equivalent to hydride transfer, eq 16) or by the more com-
plex rearrangement elimination reaction in which HF is

CH,
aOF 1 H
CT H
,LVi (CH).CH, + (CH).CF+ (16
N
CH,
CH,

H\
CH, ~ "CH,

CH— F— CH
ch: + \
CH F
WCHA  Ha
CH

CcH,,+ + HF  (17)

CH — (HCH

lost (eq 17). Although the proposed mechanisms are specu-
lative, and isotopic labeling experiments were not per-
formed, processes analogous to reaction 14 have been ob-
served in the reaction of C2HS+ with C2H5F and C2HsCL
and (CHz3)3C+ with (CH3)3CF,15 (CH3)3COH,14 and a range
of i-CsH,, X species (X = CI, Br, OH, and SH).Hfi In each
case a symmetrical “onium” ion of the type R2X+ can be
inferred as a reaction intermediate.

The two reactions 12 and 14 make it difficult to use iso-
propyl fluoride as a reference species for the determination
of unknown fluoride affinities (and thus carbonium ion sta-
bilities) from F_ transfer equilibria. This has been the case
for all monofluoroalkanes thus far investigated.io Double
resonance techniques are useful for identifying the pre-
ferred direction of fluoride transfer reactions, however, and
ion ejection techniques such as described in the previous
section can be used to extract forward and reverse rate con-
stants even when other processes compete with the reac-
tions of interest.

Thermochemistry The heats of formation of many of
the fluorinated ions and neutrals encountered in this study
are not well characterized. The available data are summa-
rized in Table Il and have been used to calculate AH for
each of the reactions summarized in Table I. The overall
chain reaction 13 is exothermic by 14 kcal/mol, the exo-
thermicity being determined by the special stability of
geminal difluorides. It is known that C-F bond energies in-
crease when a second fluorine atom is bonded to the same
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TABLE I11: Summary of Thermochemical Data

AHr2B keal/mol Ref
(CH3XHF -68 a
(CH3XCR2 -125 b
chXh2F -63 c
chXhf2 -120 c
chZhf2 -74 d
(CHIZCH+ 192 e
chXxhf+ 206 f
CH,CHF+ 163 o
(CHIZCF+ 142 h

° Reference 120 nh Calculated assuming D(CH3CF2CH3) ~
D(C2H5CH3J). ¢S S Chen, A S. Rodgers, J. Chao, R S. Wilhoit,
and B. J. 2nolinski, 3. Phys. Chem. Ref. Data, 4, 441 (1975). d Cal-
culated assuming that D(CFZHCH2-H) ~ 98 kcal/nol. e F. P.
Lossing and G. P. Serreluk, can. J. Chem., 48, 955 (1970). 7Calcu-
lated using IP(CH2CHF) = 1031 eV and AHKCH2CHF) = 31.6
kcal/mol; S. W. Benson, “Thermochemical Kinetics”, Wiley, New
York, N.Y., 1968, Table A.11 * Calculated from AP(CH3CHF) =
12.04 eV from C2sF (A D. Williamson, P. R LeBreton, and J. L
Beauchanyp, unpublished photoionization experiments). h +7
keal/mol, see text for discussion.

carbon. The effect has been attributed to the importance of
bond-no-bond resonance structures of the type

Fe

Since reactions 11 and 12 are observed to proceed to the
right it can be inferred, respectively, that D[(CH3)2CF+-
F~) » D[(CH3):CH+-F-] and D[(CH3)2CH+-H-] =s
D[(CH3)2CF+-H-1]. These relationships give
A/f[(CH3)2CF+] = 142 + 7 kcal/mol. The pair of carboni-
um ions (CH3)2CF+ and (CH3)2CH+ correspond to Ri+ and
R2+ in the general sequence of reactions 3-5 discussed in
the Introduction.

Comparison to Solution Chemistry. The 2-fluoropropyl
cation was the first fluorine substituted aliphatic carboni-
um ion directly observed in solution, produced either by
the ionization of 2,2-difluoropropane in SbFs-S02 solution
at —60 °C or by protonation of 2-fluoropropene in FS03H -
SbFSSCH solution at —60 °C.17-18 lonization of 2-fluoropro-
pane with excess SbFs yields the propyl cation which is sta-
ble at room temperature.19s Possible further reactions of
propyl cations with 2-fluoropropane [e.g., reactions 12 and
14] have not to our knowledge been characterized. It has
been reported that the BF3 complex of 2-fluoropropane
yields unidentified polymer products upon warming.2o It is
of further interest to note that ionization of 2-chloropro-
pane in SbFs-So 2 solution leads to the formation of the
isopropyl cation which, upon warming, reacts with the par-
ent compound to generate hexyl cation products.zi This
may suggest a process in solution analogous to the conden-
sation reaction 14.
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Photoredox Chemistry of Iron(lll) Chloride and Iron(lll)

Perchlorate in Aqueous Media. A Comparative Studyl
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Photoredox chemistry of iron(l11) chloride and iron(l11) perchlorate in aqueous media was investigated in
the wavelength range 250-425 nm. The effects of incident intensity, iron(l1l) and iron(ll) concentrations,
wavelength of irradiation, chloride concentration, radical scavengers, pH, time of irradiation, and tempera-
ture on product quantum yields were investigated. The primary photoreaction is postulated to be Fe3+
OH” —aFe2+ + -OH in iron(l11) chloride and iron(l11) perchlorate solutions; secondary reactions of -OH af-
fect the product quantum yields. From the variation of quantum yields with the wavelength of irradiation
the OH-" -» Fe(l1l) charge-transfer excited state is concluded to be the one responsible for photoreduction.
Under identical conditions, the product quantum yield (i'Fe2) for the photoreduction of iron(l1l) chloride

is less than that of iron(l11) perchlorate.

Introduction

Iron(l11) ions in aqueous solutions containing inorganic
anionic ligands show a tendency to form ion pairs of the
type Fe3+-X- (where X = CI, Br, OH, NCS, N, etc.).28In
aqueous solutions containing weak anionic ligands, such as
N03 and ClO4~, the principal ion pair is Fe3+-OH_
formed by hydrolysis,3while in the presence of Cl- the ion
pairs Fe3+-OH_ and Fe3+-Cl_ coexist. The ion pair forma-
tion of Fe3+ with OH- and CI- in aqueous media has been
investigated.38'15

Even though the photochemistry of aqueous iron(lll)
chloride solutions dates back to 1949,16*18 hitherto no gen-
eral agreement regarding the photochemical mechanism
has been reached.19 While it was generally accepted that
the primary photoreaction in aqueous solutions of iron(l11)
perchlorate was Fe3+-OH_ —»Fe2+ + -OH, A2 the primary
photoprocess in aqueous iron(l11) chloride was reported to
be Fe3+-Cl_ —mFe2+ + .CI.16-182 However this latter mech-
anism has been contradicted by Saha et al.19 Saha et al. did
not detect any appreciable concentration of a Cl end group
in the poly(methyl)methacrylate obtained from aqueous
solutions containing iron(l1l) chloride as photoinitiator of

polymerization. Instead they detected an OH end group in
the polymer. Hence, it was believed that a comparative in-
vestigation of the photochemistry of iron(l11) chloride and
iron(l1l) perchlorate in aqueous media would be informa-
tive with respect to correlations of both electronic spectra
and structural features with photodecomposition modes.

Experimental Section

Materials. lron(l1l) chloride (BDH) was purified by the
published procedure.5 Iron(l11) perchlorate was prepared
following the method of Mulay and Selwood.13 Potassium
ferrioxalate for chemical actinometry was prepared and pu-
rified by the literature procedure.282/ Purification of meth-
ylmethacrylate and sodium benzoate, used for chemical
scavenging, has been described.ZB Water was distilled over
alkaline permanganate, then over EDTA, and stored in
polyethylene containers. All other materials used in this
study were reagent grade and were used without further
purification.

Methods. Gross irradiations, from which no quantum
yield data were desired, were carried out either by means of
a medium-pressure AH-4 mercury source or in a Royonet
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photochemical reactor; RPR-3500 A lamps, which have a
maximum intensity at 350 nm with a band width of ap-
proximately 40 nm, were used.

Photochemical irradiations, from which quantum yields
were to be determined, were performed with a Hanovia
901C-1 150-W xenon lamp dispersed through a Bausch and
Lomb 33-86-40 monochromator. Intensity changes were ac-
complished by Baird-Atomic neutral density filters. Sam-
ples were irradiated in a 1-cm rectangular cell (volume 4.5
ml) fitted with ground joint and teflon stopper. The cell
was thermostated at the desired temperature by circulating
water through the cell holder from a constant-temperature
water bath. In determination of the product quantum
yields, conversion of iron(l11) to iron(ll) never exceeded 5%
of the initial iron(ll1l) concentration. Since iron(l11) solu-
tions show great tendency to undergo hydrolysis, all solu-
tions were prepared just before use.

Source intensities were measured by ferrioxalate acti-
nometry.Z/,28 Iron(ll1) was determined spectrophotometri-
cally as the [Fe(phen)3|2+ complex (phen = 1,10-phenan-
throline).Z/2 Calculations of the quantum yield have been
described.Z/ pH measurements were effected using a Cor-
ning Model 7 pH meter and a combination glass-calomel
electrode (Beckman No. 39142 AS8). Electronic absorption
spectra and absorbance measurements were obtained using
a Zeiss RPQ 20A recording spectrophotometer.

Results30

Chemical Scavenging Experiments. Degassed solutions
of iron(l11) chloride and iron(l1l) perchlorate (1.0 X 10-3 M
and pH 2.0) were photolyzed at 350 nm in the presence of
varying concentrations of methylmethacrylate (0.5-1.0 M).
The polymers formed were recovered, purified, and ana-
lyzed for Cl and OH end groups.28331-36 The test for the CI
end group was always negative, while that for the OH end
group was strongly positive.

Benzoic acid was also employed as a radical scavenger.
When aqueous solutions of iron(l1l) chloride or iron(l1l)
perchlorate (OO0l M and pH 20) were irradiated in the
presence of sodium benzoate (0.002 M), a deep purple color
developed showing the formation of salicylic acid and,
hence, OH radicals in the solution. In order to verify
whether any chlorobenzoic acids were formed in iron(lll)
chloride, the irradiated solution was acidified with HC1 and
extracted with ether; the ether extract, after washing with
water, was evaporated to dryness and the residue subjected
to elemental analysis for chlorine. No chlorine was detect-
ed, thus showing the absence of any detectable amount of
chlorobenzoic acid in the irradiated solution.

Effect of Added Concentration of Chloride on Quantum
vield. Addition of sodium chloride to iron(l1l) chloride or
iron(l11) perchlorate had a decelerating effect on the pho-
toreduction (Figure 1). The quantum yield for the photore-
duction of iron(l11) chloride decreased by a factor of 5 on
increasing the added [CD] to 1.0 M. For irontlIll) perchlo-
rate this factor was ca. 10. It should be noted that 0.005 M
iron(lll) perchlorate containing 0.015 M chloride gave
nearly the same quantum yield as that of 0.005 M iron(l11)
chloride which contained 0.015 M chloride in the absence
of any added CD.

Variation of Quantum Yield with Wavelength. AS
shown in Figures 2 and 3 the variation of quantum yields
with excitation wavelength in the region 250-425 nm for
iron!lll) chloride and iron(l11) perchlorate was dependent
on the absorbance of the solutions at the respective wave-

The Journal of Physical Chemistry, Vol. 80, No. 6, 1976

F. David and P. G. D"yid

Figure 1. Effect of [NaCl] on the product quantum yields for the
photoreduction of iron(lll) chloride (=), and iron(lll) perchlorate (O).
Initial concentration of iron(lll) chloride and iron(lll) perchlorate was
5.0 X 10-3 M.

N g ¢

Figure 2. Product quantum yields for the photoreduction of iron(lll)
chloride as a function of wavelength of irradiation: (1) wavelength
dependence on quantum yield at constant iron(lll) concentration of
3.5 X 10-3 M; (2) wavelength dependence on quantum yield at con-
stant absorbance of 0.55 + 0.03; (3) absorbances of the 3.5 X 10-3
M solution as a function of wavelength.

Figure 3. Product quantum yields for the photoreduction of iron(lll)
perchlorate as a function of wavelength of irradiation: (1) wave-
length dependence on quantum yield at constant iron(lll) concentra-
tion of 7.0 X 10-3 M; (2) wavelength dependence on quantum yield
at constant absorbance of 0.55 + 0.03; (3) absorbances of the 7.0
X 10“ 3 M solution as a function of wavelength.

lengths. When a solution of the same iron(l11) concentra-
tion was used at different wavelengths (the absorbances of
this solution were different at different wavelengths), the
quantum yields showed maxima at 300 and 400 nm. When
the quantum yields were determined using solutions whose
absorbances were nearly constant (ca. 0.5) at the desired
wavelengths (this was achieved by using different iron(l11)
concentrations at different wavelengths), the quantum
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Figure 4. Product quantum yields for the photoreduction of iron(lll)
chloride (1), and iron(lll) perchlorate (2), as a function of concentra-
tion. (3) and (4) represent the absorbances of iron(lll) perchlorate
and iron(lll) chloride, respectively, as a function of concentration.

pH

Figure 5. Effect of pH on the product quantum yields for the photo-
reduction of iron(lll) chloride (1), and iron(lll) perchlorate (2). (3) and
(4) represent the absorbances of iron(lll) chloride and iron(lll) per-
chlorate, respectively, as a function of pH.

yield values exhibited a single maximum at 300 nm; the
quantum yields decreased on increasing or decreasing the
wavelength from 300 nm.

Effect of Initial Iron(lll) Concentration on Quantum
vield. The dependence of quantum yield on initial concen-
tration of iron(l11) is depicted in Figure 4 along with the
absorbances of the solutions. The change in quantum yield
was more pronounced at iron(lll) concentrations below
0.002 M. When the concentration is decreased from 0.01 to
0.0005 M, the quantum yield increased by a factor of 4 for
iron(111) chloride and by a factor of 7 for iron(l11) perchlo-
rate.

Variation of Quantum Yield with Incident Intensity.
The quantum yields for iron(l11) chloride and iron!lll) per-
chlorate decreased with increase in incident intensity. For
iron(lll) chloride the quantum yields at incident intensity
values (x 10-14 quanta s-1) of 5.0. 2.6, 1.0, 0.50, and 0.23
were, respectively, 0.011. 0.015, 0.025, 0.035, and 0.068. For
iron(111) perchlorate the quantum vyields at identical inci-
dent intensity values were respectively 0.035, 0.045, 0.055,
0.110, and 0.300. The variation of quantum yields was more
significant at incident intensity values less than 1.0 x 104
quanta s-1. For higher incident intensities the quantum
yields showed a tendency to reach a limiting value.

pH and the Quantum Yield Values. The quantum yield
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Figure 6. Product quantum yields and the concentrations of iron(ll)
formed in the photoreduction of iron(lll) chloride (1 and 3, respec-
tively), and iron(lll) perchlorate (2 and 4, respectively) as a function
of time of irradiation.

Added iron(ll) concentration ([Fe!T) x 105M
B A 0O 2 4 6 8 10 12 14 16

Figure 7. Product quantum yields for the photoreduction of iron(lll)
chloride (m — m), and iron(lll) perchlorate (= -m -« ) as a function
of added concentration of iron(ll) perchlorate. A and B are the plots
of 1/4'net vs. [Fe2+]av for iron(lll) perchlorate and iron(lll) chloride,
respectively. Time of irradiation for iron(lll) perchlorate solutions
was 2.5 h.

values at various pH (adjusted with Ho0104) along with the
absorbances of the solutions are displayed in Figure 5. For
the iron(lll) chloride, the quantum yields showed a maxi-
mum at pH 2.0. lron(l11) perchlorate exhibited the quan-
tum yield maximum at pH 1.2. In comparison, the change
in quantum yield was more pronounced for iron(lll) per-
chlorate (a factor of 3.5 between the highest value at pH 1.2
and the lowest value at pH 2.8) than for iron(l11) chloride
(a factor of 1.7 between the highest value at pH 2.0 and the
lowest value at pH 2.8).

Time of Irradiation and Quantum Yield Values. AS
shown in Figure 6, the guantum yields for the photoreduc-
tion of iron(lll) chloride and iron(lll) perchlorate de-
creased with the time of irradiation. The plot of [Fe2+]
formed vs. time of irradiation showed that the iron(ll) con-
centration reached a limiting value of ca. 1.4 X 10~4M. The
extrapolated quantum yield values to zero time of irradia-
tion were 0.077 and 0.033. respectively, for iron(l1l) per-
chlorate and iron!lll) chloride.

Variation of Quantum Yield with Added Concentration
of Iron(11). Added concentrations of irontll) (as iron(ll)
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perchlorate) decelerated the photoreduction (Figure 7), the
quantum yields dropping nearly to zero for iron(ll) values
ca 14 x 10-4 M and higher. It is interesting to note that
this concentration was nearly same as the limiting iron(ll)
concentration in the plot of [Fe2+] vs. time of irradiation
(Figure 6). The plots of /4> vs. [Fe2+]av (where [Fe2+]av =
[Fe2+]o + %[Fe2+]f, [Fe2+]o is the concentration of iron(ll)
present initially and [Fe2+]f is the concentration of iron(ll)
formed photochemically) gave straight lines (Figure 7) with
slopes of 6.5 x 1(f and 2.5 x 10’, and intercepts of 26 and
9.5, respectively, for iron(l1l) chloride and iron(lll) per-
chlorate.

Dependence of Quantum Yields on Temperature. Quan-
tum vyield for the photoreduction of iron(lll) chloride in-
creased with increase in temperature of the irradiated solu-
tion, the quantum vyields being 0.015, 0.017, 0.020, 0.025,
and 0.022, respectively, at temperatures 5, 10, 20, 20, and
40 °C. The variation of quantum vyields for iron(l1l) per-
chlorate was negligible (the quantum yield decreased ca.
5% as the temperature was raised from 5 to 40 °C).

Discussion

The experimental results presented herein are in agree-
ment with the hypothesis that, in aqueous solutions of
iron(111) chloride as well as iron(l1l) perchlorate, the pri-
mary photoprocess is the homolytic cleavage of the Fe(l11)-
OH bond.1 The primary photoreaction may he represented
as

Fe3+-OH- Fe2+ + OH

Radical scavenging experiments employing benzoate and
methylmethacrylate clearly indicated that OH radicals
were produced during the irradiation. There was no indica-
tion for the production of Cl radicals as was formulated
earlier. fi48

Further evidence in support of formulating Fe3+-OH- as
the photoactive species is the variation of quantum yield
with added concentration of CI- (Figure 1). The concentra-
tion of Fe3+-Cl- increases with increase in [Cl-].1" Hence,
at constant pH, the molar fraction of Fe3+-Cl- increases in
comparison to Fe3+-OH-. Consequently, an increase in
quantum vyield for the photoreduction is expected if Fe3+-
Cl- is the photoactive species. However the results, con-
trary to this prediction, indicate that Fe3+-OH_, rather
than Fe3+-Cl~, is the photoactive species. A decrease in
molar fraction of Fe:i+-OH- with the consequent decrease
in the fraction of light absorbed by it might account for the
decrease in quantum yield with increase in [CI- ].

The dependence of quantum yield on excitation wave-
length might prove to be another strong point in identi-
fying Fe3+-OH- as the photoactive species. Fe3+-Cl- has a
charge-transfer maximum at 340 nm2 while Fe3+-OH- has
this charge-transfer absorption maximum at 300 nm.810
Both iron(lll) chloride and iron(l1l) perchlorate showed
quantum yield maxima at 300 nm (Figures 2 and 3) indi-
cating the photoactive charge-transfer band centered at
300 nm. The slight decrease in quantum yield values at
wavelengths lower than 300 nm might arise from the par-
tial absorption of incident light by Feagi+ which is photo-
chemically less active than Fe !+-OH- . The appearance of a
second maximum at 400 nm on employing solutions of con-
stant initial iron(111) concentration might be a manifesta-
tion of extremely low light absorption (<2%) in this region
(see below).

Quantum vyields for the photoreduction of iron!lll) chlo-
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ride as well as iron(l111) perchlorate decreased with increas-
ing iron!lll) concentration. A sharp increase in quantum
yield was observed in solutions absorbing less than 10% of
the incident light intensity. Low absorbed intensity sig-
nifies a homogeneous absorption of light, a homogeneous
distribution of the reduction products, and a lower rate of
reduction. Assuming a steady-state concentration for OH,
the recombination reaction Fe2+ + OH -* Fe3+-OH~ de-
pends on the effective concentration of Fe2+. Increase in
concentration of iron(l11) increases the absorbed light in-
tensity and/or decreases the pathlength of the solution ab-
sorbing light. This amounts to the increase in photoreduc-
tion and/or restriction of the photoreduction to a narrower
and narrower region of the solution with the consequent in-
crease in the effective concentration of Fe2+. Similar ef-
fects were observed on decreasing the incident light inten-
sity. Since a decrease in incident intensity reduces the rate
of production of Fe2+, we may reasonably assume a paral-
lelism between the variation of quantum yields with inci-
dent intensity and initial iron(111) concentrations (Figure
4). In the absence of its recombination with Fe2+, OH radi-
cals react with the impurities in distilled water.22

Iron(l1l) chloride and iron(lll) perchlorate showed
slightly different behavior with variation in pH of the solu-
tions (Figure 5). Under the conditions of the present study,
the quantum yields for the photoreduction of iron(l11) per-
chlorate increased until pH 1.3 and then decreased. As is
depicted in Figure 5, the absorbance of the iron(lll) per-
chlorate solution at 340 nm decreased with increase in pH,
evidently due to the conversion of Fe3+-OH- to Feaf+. If
we assume that Fe3+-OH- is the only light absorbing
species at 340 nm in the pH range 2.8-1.3, the increase in
quantum yield is a consequence of the fall in absorbed in-
tensity and more homogeneous light absorption with the
concomitant decrease in reoxidation of iron(ll) (see above).
The fall in quantum yield below pH 1.3 may arise from the
increase in light absorption by Feag3+, which is photochem-
ically less active than Fe3+-OH- . Iron(ll1) chloride showed
a quantum yield maximum at pH 2.0. Since Fe3+-Cl- and
Fe i+-OH~ are the two predominant light absorbing species,
the quantum yield maximum at pH 2.0 signifies that the
molar fraction of the photoactive Fe3+-OH- is at a maxi-
mum at this pH. A decrease in pH decreases the molar
fraction of Fe3+-OH- with the consequent decrease in
quantum yield. The decrease in quantum yield at pH high-
er than 20 results from the increase in light absorption
and/or decrease in pathlength of the solution absorbing
light, or formation of higher association species of Fe3+ and
OH-, namely, Fe(OH)o+ or FeolOHL44, which might be
photochemically less active.12 14

The variation of quantum yields for the photoreduction
of iron(l1l) chloride and iron(lll) perchlorate with time of
irradiation (Figure 6) gives the best evidence of the impor-
tance of the reoxidation of Fe2+ by the radicals generated
during the photoreduction. As is shown in Figure 6, the
iron(l1) concentration reached a limiting value; when
[Fe2+j reached ca. 1.4 x 10-4 M reoxidation or recombina-
tion was 100% efficient so as to render the rate of produc-
tion of Fe2+ zero. This conclusion is substantiated by the
variation of quantum yield with added concentrations of
irontll) (Figure 7). The quantum yield decreased almost to
zero when the added concentration of iron(ll) was ca. 1.4 x
10-4 M, in good agreement with the limiting iron(ll) con-
centration observed in the photoreduction as a function of
time of irradiation.
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If we assume that the termination of OH takes place en-
tirely by reaction with Fe2+ and impurities in the distilled
water,22 the following reactions may be written for the pri-
mary photoprocess and the ensuing thermal reactions:

Fe3+ «OH- — *-Fe2+ + OH €))

Fe2+ + OH - X Fe3+ «OH~ ()
*2

OH + IM — »- products (©))

IM represents the impurities in distilled water. Treating
the above reactions by steady-state methods we have

— =—v—r[Fe2+] + - 4

4net # 2[IM]1 P
The plot of 1/4-net vs. [Fe2+]av gave a straight line (Figure
7). The primary quantum vyield values (reaction 1) derived
from the intercepts are 0.038 and 0.105, respectively, for
iron(l11) chloride and iron(l1l) perchlorate photoreduc-
tions. This low quantum yield value for iron(lll) chloride
evidently results from the partial absorption of the inci-
dent light by the photochemically inert Fe3+Cl_. The
slopes of the straight line plots, which are equal to k\
Ofe1M], enable us evaluate £i/£ JIM]; this ratio is calcu-
lated as 2.5 X 104in the system iron(l11) chloride and 2.6 X
104 in the system iron(l1l) perchlorate. This high value
shows that reoxidation of Fe2+ by OH is highly efficient in
comparison to the termination of OH by reaction with im-
purities in distilled water.

The increase in quantum yield for iron(l11) chloride with
increase in temperature is evidently due to the increase in
hydrolysis.3810 If we assume [Fe3+-Cl_] constant, the con-
centration of Fe3+-OH” increases with increase in tempera-
ture. Thus, an increase in molar fraction of Fe3+-OH~, with
the consequent increase in the fraction of light absorbed by
Fe3+-OH~, occurs and, hence, the increase in guantum
yield.
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Benzene in aerated aqueous solution irradiated at 214 nm (causing transition to the second excited singlet
state) gives a similar major photoproduct, with similar yield, as irradiation at 229, 254, or 265 nm. The
yield is nearly independent of temperature between 20 and 60 °C. The results in correlation with the wave-
length dependence of fluorescence support the view that this photochemistry originates in nonrelaxed
states prior to the formation of the thermalized fluorescent level.

We report our results on the photochemistry of aerated
aqueous solutions of benzene irradiated with X214 nm and
compare these with those of irradiations with X229, 254, or
265 nm. Absorption of light at 214 nm causes transition to
the second, probably 'Bn,, excited singlet state of benzene,
while the absorption at the three longer wavelengths re-
sults in excitation to the first, 'B 2U singlet state (Figure 1).

Symmetry considerations make either electronic transi-
tion unallowed from vibrational levels of the planar 'Aig
ground state to levels of either of the planar excited states,
>B,Uor 'B],,, unless the transition is such that at least one
nontotally symmetrical vibrational mode is aroused or
eliminated in the process. In our case transitions originate
in a symmetrical ground state and result in excited states
in which one quantum of nontotally symmetrical vibration
evolves, accompanied by one or more quanta of symmetri-
cal vibrations.

In the gas phasel as well as in nonpolar solvents21 deaer-
ated benzene yields on illumination at 254 nm one major
initial photoproduct only, benzvalene:

The reaction necessitates out-of-plane distortion for the
formation of the valence-bond isomer. Recent detailed in-
vestigation34 supported the suggestionl5 that such photo-
chemistry originates in very short times, before vibrational
relaxation to the fluorescent level.

This photochemistry in nonpolar solvent was shown to
be nearly independent of temperature5 while fluorescence4
depends on it. Fluorescence was also shown to be wave-
length dependent: in the gas phase on excitation by X <250
nm,b and in solution by X <230 nm?7 the yield of fluores-
cence decreases. At longer wavelengths the yield is constant
up to ~265 nm. We have now reinvestigated these points in
aqueous solution.

The wavelength dependence of photochemistry is diffi-
cult to determine in many organic solvents with sufficient
accuracy since the solvents absorb at shorter wavelengths,
e.g., at 214 nm too strongly. In the gas phase quantitative
results on this system proved hard to obtain. In our experi-
ments hitherto we too have not obtained satisfactory pho-
tochemical results at shorter wavelengths in solvents such
as cyclohexane. However in aqueous solution it is possible
to obtain reliable results at shorter wavelengths.

Aerated aqueous solutions of benzene give on illumina-
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tion with X 254 nm only one major photoproduct.8'12 Its
formation is readily and accurately determined by spectro-
photometry. Once formed, the product is stable in solution
for long periods. In aqueous solution the accessible wave-
length range is readily extended to 214 nm. From the com-
parison of the results at various wavelengths and between
the effects of temperature on the photochemical and fluo-
rescence yields in water we shall argue on the pathway of
the photochemical process. There is some disagreement8’'13
on the exact nature of the product and the role of Oo in the
photochemistry. These points will also be discussed.

Experimental Section

Solutions of benzene (Fluka, puriss, 99.93%, thiophene
free) in triple distilled water were freed of dissolved gases
by repeated freeze-thaw cycles until the pressure of gases,
noncondensable at liquid air temperature, was <10-4 Torr
in equilibrium with the solution at room temperature. The
solutions were then equilibrated with the appropriate pres-
sure of O2 Alternatively, air saturated solutions were used
directly. Benzene concentrations in the solutions before ir-
radiation were determined by the method of Marketos.14
Solutions of 10-4 to 10-2 M were used, to avoid involve-
ment of excimers. In this range we found that the results
were independent of initial benzene concentration.

Irradiations were carried out on 4 ml of solution in 1-cm
optical path length Spectrosil cells (Thermal Syndicate
Ltd.). At 265 nm a 100-W Hanovia-SH high-pressure Hg
lamp was used in conjunction with an American Optical
Co. interference filter, with cutoffs at 260 and 280 nm and
transmitting at 265 nm ~2% of the light. At 254 nm we
used the emission line from a Thermal Syndicate flat spiral
low-pressure resonance Hg lamp, in conjunction witha 1 M
KC1 filter of 1-cm optical path length to remove light at 185
nm. Emission lines from 25-W Phillips Cd or Zn lamps
were used at 229 and 214 nm, respectively. These lamps
give no other line which would be absorbed by the benzene
solution.

Light intensity was determined using the Forbes-Heidt
uranyl oxalate actinometer,13 taking its quantum yield as
0.50 at 214 nm; 0.55 at 228 nm; 0.60 at 254 nm; 0.60 at 265
nm. In a previous investigation the use of these light
sources and of the actinometer over this wavelength range
was discussed in some detail.16 Dose rates were ~10-6 ein-
stein |._1 s_1 for the lamps at the shorter wavelengths and
~10-7 einstein 1.-1 s”1 at 265 nm. Light absorbed in the
benzene solution was calculated from the actinometry and
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Figure 1. Absorption spectrum of benzene in water.

absorption spectrum, and determined accurately at least
twice daily. Spectra and yields of products were deter-
mined using a Cary 14 instrument.

For fluorescence measurements we used the apparatus
described by Feitelson17 with a high-pressure Xe-Hg lamp
as the light source in the excitation range of 225-265 nm.
At 214 nm a Phillips Zn lamp, as in the photochemical ex-
periments, served as the excitation light source. The fluo-
rescence output was measured always at 280 nm.

Results

As Figure 1 shows, the molar extinction coefficients in
aqueous benzene solution are similar and relatively high at
254 and 214 nm; similar and relatively low at 265 and 229
nm. At 254 and 214 nm solutions were adjusted to OD ~2
for the photochemical experiments, and at 265 and 229 nm
to OD ~0.2.

All photochemical experiments were carried out in un-
buffered solutions at pH ~ 6. On illumination, as discussed
in detail previously,10 one major photochemical product is
formed in aerated solutions, with an absorption spectrum
in near neutral solutions showing a single maximum at 294
nm. In alkaline solution this peak shifts to 308 nm (Figure
2). We followed the formation of the photoproduct by mea-
suring absorption changes at 294 nm and calculated the
quantitative yield from the acid-base titration of the prod-
uct.

We have to correct here an error in our calculation re-
ported previouslyl0 where we used the titration value at the
point where pH = pK and only half the acid is neutralized.
Thus our previous calculated value of t has to be divided by
a factor of 2. Hence, for the photochemical product
= 4815 M“1cm"land n= 7820 M“1cm 'l

Figure 3 shows, in air saturated and Oo free solutions, the
formation of the photoproduct. In air saturated solutions
initially at 254 and at 214 nm the rate of formation of the
product is equal and high; the rate of formation at 214 nm
decreases at higher doses, while at 254 nm it is still con-
stant. This we attribute to the fact that the product itself
absorbs light appreciably more at 214 nm than at 254 nm,
and is thus itself attacked at 214 nm.

From the initial slopes of some 10 experiments at every
wavelength we obtained the quantum yield in aerated solu-
tions at room temperature, as shown in Figure 4. Within
our experimental error the initial quantum yield appears to
be nearly constant over the wavelength region.
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Figure 2. Absorption spectrum of photoproduct at pH 6 and 10.

Figure 3. Formation of photoproduct as a function of dose (O) in
aerated solution illuminated with A 214 nm and in deaerated solu-
tions illuminated with A (¢) 214 and (A) 254 nm.
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Figure 4. Initial quantum yield as a function of wavelength of illumi-
nation.

In view of the contradictions in the literaturelO11on the
requirement for oxygen in the formation of the photoprod-
uct and the claim that the same photoproduct is formed in
yields of exactly one-half of that in presence of oxygen even
in its absence, we reinvestigated this point. Figure 3 shows
that in the absence of oxygen in thoroughly deaerated solu-
tions the yield of the photoproduct rapidly reaches a low
residual level, beyond which the rate of formation becomes
very low. The results are consistent with the assumption
that oxygen is required for the formation of appreciable
yields of this photoproduct.

Figure 5 shows the dependence of photoproduct yield at
254 nm on oxygen pressure. A limiting quantum yield of
~18% is obtained at 1 atm pressure of Oo in equilibrium
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Figure 5. Quantum yield as a function of Oz concentration in solu-
tions illuminated with X254 nm.

14

Figure 6. Quantum yield as a function of temperature.

with the solution. Similar results were obtained at 214 nm,
except that the limiting yield was achieved at lower O2
pressures and appeared to be some 15% lower than at 254
nm.

We investigated at 214 nm and at 254 nm the effect of
temperature on the quantum yield. Figure 6 shows at 214
nm that < is nearly independent of temperature between 20
and 60 °C. Similar results were obtained at 254 nm now
and previously.10

We also examined the wavelength dependence of fluores-
cence yield. Previously results were obtained on this in the
gas phase6 and in nonpolar solvents.7 We used solutions of
sodium salicylate, as the reference standard, as did Braun
et al. for this purpose.7 We obtained relative to salicylate a
constant fluorescence yield from H20 solutions of benzene
on excitation from 260 nm to ~230 nm; and a decrease to
~0.4 of that at 258 nm at 214 nm (Figure 7). The fluores-
cence of benzene in H20 solution is not affected by the
presence or absence of O2 within our experimental error,4
in view of the short lifetime.

Discussion

The photoproduct at 214 nm appears from the spectro-
scopic evidence now reported to be indistinguishable from
that obtained at 254 nm. We have not established whether
the precursors are identical and indeed the detailed mecha-
nism of formation of the photoproduct in aerated water
from the primary excited benzene is still to be established
though our previous flash photolysis resultsl0 give some in-
dications of it. The reproducible formation of the product,
however, allows us to follow the effect of experimental pa-
rameters on the photochemistry.

Chemical evidence shows that the photoproduct from
benzene in aerated aqueous solution illuminated with X254
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Figure 7. Fluorescence in aqueous solution of benzene relative to
that of salicylate as a function of wavelength.

nm is a cyclopentadienylaldehyde, 1, where R = OH910 or,
as proposed by Wilzbach and Kaplan, R = H.11'12

The resolution of this difference (on which we continue
to work) does not affect the conclusions of the present
work, though it is of considerable importance for the de-
tailed mechanism of reactions leading from the primary
photochemical step to the final stable product.

So is the second point on which there is disagreement in
the literature, i.e., the role of oxygen in the formation of the
product. In previous work we have shown in steady (254
nm) and in flash irradiationl0 that oxygen is required for
the efficient formation of photoproduct I. In contrast, it
was stated that the presence or absence of 0 2makes no dif-
ference to, or affects only little,11'12 the yield of the photo-
product. Quantitatively it was claimed12 that the yield of |
is exactly double in the presence of that in the absence of
02. The present work at 254 and 214 nm shows that the
yield of | in the presence of O2 follows regular Kinetics
while in its absence (which we are not certain we achieved
completely) it is difficult to establish whether any 1 is
formed at all and if so in what yield.

In the presence of O21 is formed in quantitatively repro-
ducible yields. In aerated solutions the initial yield is con-
stant within the experimental error between 214 and 265
nm. In solutions saturated with O2 at 1 atm pressure the
guantum yield of | approaches a limiting value of ~18% at
254 and ~16% at 214 nm. This limiting yield is achieved at
somewhat lower O2 pressures at 214 nm than at 254 nm.
The yield is nearly independent of temperature.

The fluorescence yield from such solutions shows a sharp
decline on excitation by wavelengths shorter than ~230
nm. It also decreases appreciably with increasing tempera-
ture.4 These results make it very unlikely that the photo-
chemistry passes through the same state which is responsi-
ble for the fluorescence, i.e., the thermalized lowest vibra-
tional level(s) of the first excited singlet 'B 2Ustate.

The results are consistent with the assumptionl0 that in
aqueous solutions, as also in nonpolar solvents,2 this photo-
chemical pathway arises from and its extent is decided in
very short times in the spectroscopically prepared higher
levels, prior to interaction with the environment and ther-
malization. This would be in agreement with the original
proposal by Kaplan and Wilzbach to this effect, deduced
from their experiments in the gas phase.
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Indeed the limiting yields now determined, ~18% and
~16%, are similar to the extrapolated value ~18% derived
for the formation of the photoproduct, benzvalene3 in a
nonpolar solvent, cyclohexane, in the absence of O2 The
guantitative reproducibility is much better in the present
work. The extrapolation to initial yields in nonpolar sol-
vents is based on an analytical method subject to consider-
able error at low doses. The similarity of initial yields is
consistent with the assumption that a common precursor
arising from the spectroscopically prepared state is respon-
sible for the ultimate photochemical product in both cases.

Support for these views was obtained from experiments
showingl8 that the effect of the heavy atom Xe is to de-
crease fluorescence in nonpolar solvents appreciably, with-
out affecting the photochemical yield.

Various mechanistic hypotheses may be proposed to ac-
count for these observations. We pointed out34-1018 that
transition from the lowest vibrational levels of the totally
symmetrical, planar, 1A]f, ground state to either the first
excited singlet XB82Uor the second excited singlet 1Biu is
forbidden unless the transition is coupled with the evolu-
tion of at least one nontotally symmetrical vibrational
gquantum in the excited level. Indeed spectroscopic study
showed that the detailed structure of these two electronic
transitions consists of one such nontotally symmetrical vi-
brational mode and one or more symmetrical vibrations.
There exists the possibility that the formation of the
present photoproduct may proceed through out-of-plane
distortion, as does the formation of benzvalene,33 and that
this is connected with the asymmetric component induced
selectively by the optical transition.

We would then argue that the component leading to pho-
tochemistry is induced to a similar extent over the range of
265 to 214 nm, the division of pathways between that lead-
ing to the photochemical product on the one hand, and to
radiationless conversion resulting, inter-alia, in the forma-
tion of the fluorescent level occurs before thermalization,
from the spectroscopically prepared state rich in nontotally
symmetrical vibration.

Our results leave open the possibility that the difference
between the 1B2Uand 1Blu states may lead to some differ-
ence in the structure of the primary valence-bond isomer
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which19 eventually yields I. The similarity of the yields at
214 and at 254 nm show, however, that the decisive photo-
physical factors are closely related.

Previously we discussed in some detail34 how the fluo-
rescent level of benzene may be depopulated through ther-
mally promoted pathways, which, in the case of the highly
symmetrical benzene, do not lead efficiently to the present
photoproduct, since thermally accessible higher vibrational
levels do not preferentially include asymmetric vibrations,
while the levels prepared by light absorption require this
mandatorily. The results in the present paper showing the
feeble effect of temperature on the photochemical yield
agree with these previous views, and compare with the con-
siderable temperature effect, E ~ 5 kcal/mol,- we reported4
on the fluorescence of benzene in water.

By contrast the less symmetric molecules of fluoroben-
zene and toluene do yield in aerated aqueous solution a re-
lated photoproduct20 but their formation shows, as does
the fluorescence of the parent molecules, an appreciable
temperature effect.
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The reactivities of Cu(ll) complexes, including formate, ammonia, Cl-, SO42-, and some amino acids,
toward O2- were investigated in the presence of excess of the complex forming additives. The reactivity of
the Cu(ll) complexes is substantially smaller than that of free Cu2+ ions, when several ligand molecules are

attached.

Introduction

The dismutation of superoxide radicals recently became
a subject for research by several groups.2'10 Enzymatic ca-
talysis of superoxide dismutation has been a matter for in-
vestigation since the work of McCord and Fridovich.5 The
rate of catalysis by bovine superoxide dismutase and its
mechanism received particular attention.5'8 The mecha-
nism for catalysis was shown to involve alternate reduction
and oxidation of the copper atoms in the enzyme."' A simi-
lar mechanism was proposed for free Cu2+ ions.9 In this
manuscript we extend the previous work9 to include the ca-
talysis of O2- dismutation by various copper complexes. As
before, we use pulse irradiated 0 2 saturated aqueous solu-
tions containing formate as a source of O2- radical ions.
The following reactions take place in the irradiated solu-
tions:

HO-A A A *ea- H OH H0+ OH,HA, H (@
eaq + O2-m02
H-w02~-H 02

kzu = 2X 10IOM-1s-1 (2
kg}- = 2 X 10loM-1 s-1 ©)
H + HCOu- — H2+ C02 A43=5X 108M-1s-1 (4)

febl4= 3 X 1I00M-1 s-1
©)

kgl5= 2.4 X 109M-1s- 1 (6)

OH + HCO0" * HoO + C02-

CO2 + (02 *CO2+ 02

HO2— H++ 02~ X34= 16 X 10-5M @

At sufficiently high [formate], O2- radical ions (in equilib-
rium with HO2) are produced within a short time after the
electron pulse. No other radical species are present under
such conditions. In the absence of other additives, 0 2~ rad-
ical ions decay away to form 02 and H202, according to a
pH dependent mechanism.34 In the presence of a catalyst,
the decay of Oo- becomes enhanced. The catalysts which
are described in the present manuscript include Cu(ll)
complexes with various inorganic and organic ligands. In
principal, both Cu(ll) complexes and the free ligand mole-
cules are capable of reaction with eag~, H, and OH in com-
petition with reactions 2, 3, 4, and 5.16 However, in most of
our experiments, conditions were chosen so that such com-
petition was not important. In some cases relatively high
concentrations of amino acids were employed while for-
mate ions were excluded. Under such conditions, peroxy
radicals of the type RHO2 might have formed (RH is an
amino acid of which a hydrogen atom was abstracted), to-
gether with O2 . Despite the more complex nature of such
systems, we found these experiments useful to test the ef-
fect of reducing the free [Cu2+] (in equilibrium with Cu(ll)
complexes).
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Experimental Section

The pulse radiolysis apparatus and the optical detection
system have been described previously.4 Control experi-
ments were always carried out before injection of
Cu(C104)2. The lifetimes of O2- absorption in the absence
of Cu(ll) indicated a fairly low level of impurities.3 The pH
was adjusted with the aid of phosphate buffer, or NaOH
(when an amino acid was present). All solutions were satu-
rated O2 (Matheson’ ultrapure). Appropriate light filters
were used in order to minimize unnecessary light. With
these, scattered light was less than 5% and was ignored.
Unless otherwise stated, a 4 cm long cell, with a single light
pass was employed. A 150-W Xe-Hg lamp was used as a
light source. Oscilloscopes (Tektronix, 556 dual beam and
549 memory), 1P28 photomultiplier, and B and L mono-
chromator were used. The time resolution was better than
2 fus. The temperature was 23° + 2 °C.

Materials. Water was triply distillated. Other materials
were used as received: Cu(C104)2 (Fluka purum), NaCl
(Baker analyzed), Na2s04 (BDH analar), mono sodium and
disodium phosphates (Malinckrodt analytical), ammonium
hydroxide (Frutarom analytical), sodium formate (B and
A), L-valine (Merck for biochemistry), L-proline and L-
hydroxyproline (NBC), L-glutamate (Merck pure), DL-ala-
nine, glycine, L-methionine, and glycylglycine (Fluka pur-
iss), hemocyanine (from Marine-Invertebrabe (keyhole-
limtet), product of Pacific Biomarine Supply Co.), and
plastocyanine (from Chlamidomonas Reinhardi).

Results

Complexes of Cu(ll) with Formate lons. Formate ions
are known to form complexes with Cu(ll), the stability con-
stants being 37, 4.5, 0.7, and 25 M-1 for Cu(HCO02)+,
Cu(HCO0 22, Cu(HCO02-):i, and Cu(HCO 2)42-, respectively,
at ionic strength 2.17 We tested the ability of the various
formate-Cu(ll) complexes formed at different [HCOu-] to
react with CD- presumably according to the general eq 8.
Cu(ll) represents here all the forms of bivalent copper
which are present in the solution. At a given formate con-
centration

02" + Cu(ll) — 02+ Cu(l) (8)

or
2H+
02 + Cu(ll) »H22+ Cu(lll)

several Cu(ll) complexes may participate in the reaction,
therefore kg is an apparent reaction rate constant of O2-
with the various Cu(ll) complexes, which are present under
the experimental conditions. The apparent reaction rate
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Figure 1. The reactivity of Cu(ll)-formate complexes toward 02 : (a)
calculated using kBa= 1.7 X 109, kb= 3.0 X 10s, k& = 8.0 X
108, kpp= 4.0 X 108, k8 = 1.9 X 109 M+ 1 s_1; (b) as (a) except
that Kb = 1 X 109 M“' s-1 was chosen; (c) as (a) except that k&
= 3 X 108 M~1s_1 was chosen; (d) as (a) except that kBa= 2.3 X
109 M-1 s-1 was chosen.

constant k8can be expressed according to

ka= (agf+ kasKalm 02-] + k8K a&KhHCO02-]12+
fcacK akbKc[HC02-13 + fesdiCaA-bifeXdtHCOa-]4)/«  (9)

K Kb, K¢, and Kd are the stability constants for the
mono, di, tri, and tetra complexes, respectively, k8fis kg for
the free Cu2+ions, k8 k8b, &, and k8 represent the reac-
tion rate constants of 02_with the mono, di, tri, and tetra
complexes, respectively, and a is defined by

« = (1 + Ka[HC02] + KaK b[HCO02-]2+
KaKbKc[HC02-]13+ KakKbKdd[HC02-]14) (10)

Equation 9 is correct for [HC02~] » [Cu(ll)], which
suits our experimental conditions. We used about 10-4 M
Cu(ll), >10-3 M HC02~, and 1-2 juM 0 2_, for the measure-
ments of k8 The light path was 12.3 cm; measurements
were carried out at 248 nm. In Figure 1 we present k8
values as a function of [HCO02_], at constant ionic strength
(2 M). Sodium perchlorate was added to keep the ionic
strength at a constant level. The line (Figure 1) was calcu-
lated using eq 9, taking k8(= 1.9 X 109, k&= 1.7 X 109, k&
= 3.0 X 108, fec = 8.0 X 108, and k8d = 4.0 X 108 M-1 s“1
The value k& = 1.9 X 109 M_1 s_1 is considerably lower
than k8f = 8 X 109 M _1 s_1 measured in 10-3 M formate.9
The difference is in agreement with an expected ionic
strength effect on the reaction rate of 02_ with the doubly
charged Cu2+ ions. At 3 X 10~2 M formate, and at 0.1 M
formate, Cu(HC02+ + Cu2+ ions compose 93 and 72% of
the total Cu(ll) concentration. As these forms of copper
formate are the most reactive, the increase of [HCO02 ]
above 0.03 M is followed by a decrease in k8 The results
make it possible to determine k8(as equal to k8at [HCO02 ]
< 10~2 M. The value of k&is calculated with a lower accu-
racy, since the calculation of fesa depends somewhat on the
value used for k8 and on Ka Of the other rate constants,
kod can be obtained from the experiments at 2 M formate,
where reaction 8 is mainly the reaction of Cu(HCO0 2)42_.
The values of feB and k8are correct only to within a factor
of 2. We estimate the error limits of k8, &3, and fega as
(£0.3) X 109, (+0.6) X 109, and (+1.5) X 10s M“1s_1, re-
spectively.

The catalysis of 02~ dismutation by low Cu(ll) concen-
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trations in the presence of relatively high [HC02~] was also
tested. In these experiments, 2 X 10~5 M 0 2~ was allowed
to react with (1-4) X 10~6 M Cu(ll). Solutions containing 2
M formate showed a catalytic effect by the copper with an
apparent reaction rate constant kn = 2.7 X 108 M_1 s~I.
Cu represents the total copper ions, at all reactive valence
states.

2H+
Cu+202—~* Cu+ H202+ 02 (11)

The catalytic reaction was found to be pseudo-first order in
0 2~, the rate being proportional to [Cu]. We assume that
the mechamism of catalysis is similar to that suggested for
free Cu2+ ions,9 namely, reaction 8 is followed by regenera-
tion of Cu(ll) according to

2H+
Cu(l) + 02 -* Cu(ll) + H20 2 (12)
The apparent reaction rate constant = 14 X 109 M-1

s_1 (or if reaction 8 involved the formation of Cu(lll):
Cu(lll) + 022 — Cu(ll) + 02

was measured in 0.2 M HCO02~. (Note that at the relatively
low Cu concentrations, the results had to be corrected since
the control experiments showed that the non-copper-cata-
lytic decay of 0 2_ could not always be neglected.) These re-
sults show that the reactivity of Cu(l) toward 0 2~ cannot
be much lower from that of Cu(ll), under the experimental
conditions. In conclusion, there is a definite decrease in the
reactivity of Cu(ll) toward 0 2~ as higher HC02~ complexes
are formed. This becomes evident if the ionic strength ef-
fects are considered. At zero ionic strength, k8( is about
fourfolds higher than the value we measured at ionic
strength of 2 M.9 Similarly, &d is probably about fourfold
lower at zero ionic strength and thus the ratio k8(Ik&d ~
102 is obtained for zero ionic strength.

Ammonia Complexes. The stability constants for
Cu(NH3)2+, Cu(NH3)22+, Cu(NH3)32+, Cu(NHs)42+, and
Cu(NH?3)53+ have been determined to be 1.86 X 104, 3.9 X
103, 1.0 X 103, 155 X 102, and 0.30 M-1, respectively.18
Values of the apparent reaction rate constant k8, at various
[NH3], are given in Table I, together with the distribution
of Cu(ll) among the various complexes. The reactivities of
OH radicals with the free Cu2+ ions,16band with NH319 are
known. Under the conditions of Table I, at least 50% of the
OH radicals (usually >90%) react with HC02_ according to
reaction 5. Both spectral and kinetic measurements show
that the absorption observed several microseconds after
the pulse can be attributed to 02~ This absorption decays
away by a single process in both the absence and the pres-
ence of Cu(ll) indicating that under our conditions, prod-
ucts other than 0 2~ which might have formed, e.g., by the
reaction of a small fraction of the OH radicals with NH3,
did not interfere with the measurements. From the results
of Table I, it is possible to calculate ka&= (2.2 + 0.6) X 109,
kS = (2.2 + 0.8) X 109, fogc = (1.0 £ 0.5) X 109, and fesd = (2
+ 0.8) X 108 M_1 s-1 for the appropriate complexes be-
tween Cu(ll) and NH3. For these calculations we took k8&f =
2.2 X 109 M_1 s~\ and neglected the penta complex which
is expected to account for 6% of the Cu(ll) at the highest
[NH3 used. In addition, we assumed no formation of
mixed complexes of [HC02~] and [NH3]. This assumption
is undoubtedly correct for [HC02_] < 2 mM, but is not cer-
tain for 100 mM formate (last two experiments of Table I).
Therefore, the value of fegd is doubtful. Nevertheless, it is
clear that the reactivity of Cu(ll) toward 0 2~remains rela-
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TABLE I: Reactivity of Copper Ammonia Complexes toward 0 2"

Total Total i0-9 (kt

[Cu(1)], [NH3], orfe.),
pH pM mM* M-s-
5.8 3—00c 1 0 0 0 0 0 0) 2.0*-1.7e
6.9 100" 0.12 20.51 0.42 0.07 0.003 <io-4 <io-5 44 x i0-5) 22¢&
6.9 30c 0.35 (0.0066 0.37 0.43 0.13 0.006 <106 3.0x i0-4) 21*
6.9 71c 9.2 x 102 (0.48 0.43 0.08 0.004 Cl104 <io-9 4.8 X io—4§ 1.9d
7.0 100" 1.0 (0.01 0.15 0.45 0.35 0.04 io-5 7.8 x i0-4) 2.2*
7.0 3.0C 1.0 (0.006 0.11 0.41 0.41 0.06 2x 10"5 1.0x 10"3) 1.7e
7.0 3.0" 16 (0002 0.051 0.32 0.51 012 6x 10~s 1.6 X10"3) 1.6e
7.0 ioo" 19 0.002 0.051 0.32 0.51 012 6x 10"5 1.6x 103 2.2d
7.4 300/ 6.0 2<10— 0.005 0.10 0.51 038 6x 10"4 4.9 X i0-3) o0.43d
7.5 100/ 5.0 (<10"4 0.006 0.11 0.51 0.37 5x 10-4 4.7 x i0-3) 0.61*
7.4 100/ 1.0 (<10-5 0.001 0.04 0.38 058 2x 10-3 9.8 x 10"3) 0.49*
1.7 300/ 20 (<10 1.7 x 104 0.013 0.25 0.73 4x 10"3 19x 1073) 037<*
82 1007 100 (<10"9 <io-5 6x 10"4 0.06 0.91 0.03 0.1) 0.29**
8.5 1007 200 (<10-0 <io-6 io-4 0.03 0.91 0.06 0.2) 0.20d

" Measurements carried out at 248 nm, using optical path 12.3 cm. Each value is an average of three to four determina-
tions. *The numbers in parentheses represent the fractions of free Cu3+ ions, mono, di, tri, tetra, and penta ammonia com-
plexes, and the concentration of free NH3 (M) respectively. These were calculated from the appropriate stability constants
(see text). c2 mU formate present, ionic strength = 1 M (NH4C10,, + NgCI104) [02]0 =2 x 10“6M for the measurements of
fcg, and 2 x 105 M for the measurements of ktl. dks. ek, ,./As ¢, but 1 mM formate present. ? As ¢, but 100 mM formate
present.

TABLE 11: Reactions of 02 with Cu(ll) Complexes in
the Presence of NaCl or Na2s04"

TABLE I11: Reactivity of Cu(ll)-Amino Acid
Complexes towards 0 2*

Cu(ll), [O02]0, 108 fes, Amino
pM pM M 1s~ acid
concn, Cu(ll),
1.0 15 4.7»
1.0 15 48*c mMopH o pM o M - s
100 35 4.1* Alanine"-*
10 15 80** ar]ln'e.} - 10 7.4 100 2.8 X 106
100 35 6.0%% Alaning"-*** 10 7.4 300 3.5 X 106
' ) Glutamate *-Ze 100 7.1 100 1-2) X 10
100 35 4.5/e (t-2)
Glutamate *-Ze 100 7.1 300 (1-2) X 10°
" 12.3-cm light path at 248 nm. Each value is an average Glycine*/ 1000 6.0 100 -1 X 106
of three experiments. * 1 mM formate, 0.95 M NaCl, pH Glycine"-"- 20 7.9 100 2.1 X 106
6.3. ¢ 25th pulse on the same solution, with total [02 ] = Glycine"-"- 20 7.9 300 2.1 X 106
380 pM. di mM formate, 0.33 M Na2S04, pH 7.2. e 100th Hydroxy proline"-*-? 2 8.1 50 1.2 X 106
pulse on the same solution, with total [02 ] = 350 pM. Hydroxy proline"-*-? 2 8.1 100 1.0 X 106
Hydroxy proline *-?-* 10 7.7 100 9.0 X 10=
Methionine*-/' 50 7.8 100 6.8 X 10°
tively high when the first three NH3 molecules add as li- Methionine *>/* 50 7.8 200 8.0 X 106
gands. The addition of the fourth NH3 ligand has an effect Meth!on!ne:-/: 50 7.1 100 5.6 X 106
on ks which is smaller than the effect of adding the fourth :;/Iet_hlgln*lne - 50 Tt 800 4.8 X 106
. X roling"-*-?-/ 1 7.5 100 5 X 10s
HCO02_ion. This may be due to a charge effect. Copper Valine*-/* 05 62 100 24 %X 10s
continues to act as a catalyst for 02 dismutation, even Valine*-/* 10 8.1 100 1.7 X 106
when complexed. Glycylglycine"-// 10 6.7 100 1.9 X 107
Complexes with Cl~ and with SO42~. Experiments in  Glycylglycine”-/ 10 6.7 200 2.0 X 107

0.95 M NaCl show a considerable reactivity of Cu(ll) both
in excess over [0 2_], and as a catalyst for 0 2~ dismutation.
The same is correct for 0.33 M Na2S04. The results are
summarized in Table II.

Cu(ll) Complexes with Amino Acids. In Table Il we
present data on the reactivity of Cu(ll) in the presence of
amino acids.

The initial absorption observed in the solutions which
contained both formate and an amino acid was similar to
that observed in formate solutions, in the absence of amino
acids. In both cases the absorption was due to 02~, which
formed according to reaction 6.15 HC02~ competed suc-
cessfully with amino acids for OH, and O2 succeeded to
scavenge practically all the electrons.16 In the case of gly-
cylglycine, about 10% of the initial absorption decayed
away with €i/2 ~ 200 1s despite the presence of 5 mM for-
mate. Glycylglycine reacted with a fraction of the OH radi-
cals, eventually producing peroxy radicals which decayed
away considerably faster than 02 _. In the absence of for-
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"5 mM formate present. * 3.5 pM radicals produced per
pulse. ¢ 15 pM radicals produced per pulse. “Measured at
280 nm, with 4-cm light path. "No formate present. In the
absence of copper the optical absorption decayed away by
two processes. The slower of these accounted for about
40% of the optical absorption and was attributed to the de-
cay of 02~ /Measured at 248 nm, light path 12.3 cm.
*Measured at 270 nm, light path 4 cm. * No formate pres-
ent. Twq decay processes in the absence of copper. The
slower accounted for 80% of the initial absorption and was
attributed to the decay of 02_.™0.2 M formate present.
iln the absence of copper there were two decay processes.
The slower of these accounted for 90% of the initial ab-
sorption and was attributed to 0 2. *10 mM formate pres-
ent.

mate, about 50% of the radicals are still expected to form
02~ according to reaction 2. The reactivity of the amino
acids used by us toward eaq_ is generally low enough to ne-
glect the possible reactions of amino acids witheag . 1 M
glycine is an exception to this, as it is expected that about
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25% of eag~ react with it in O2 saturated solutions. How-
ever, in this solution still about 90% of the total radicals
produce 02~, because the peroxy glycine radicals (which
are formed as a result of the OH attack on glycine, followed
by reaction with O2) are converted to 02~, within about 50
Hs, under our experimental conditions.20

In all other experiments where formate was absent eaq_
formed O2- according to reaction 6. OH radicals reacted
with the amino acids to produce amino acid radicals which
were converted to the appropriate peroxy radicals upon re-
action with O2. These radicals may have yielded additional
CE-, the yield of which, if any, is still open for further re-
search. Indeed, the initial absorbance in the absence of for-
mate was not exactly the same as in the HCO2- solutions;
variations up to 20% were observed. This is expected, if the
peroxy radicals have absorptions which are somewhat dif-
ferent from the absorption of O2- . In all the cases except in
glycine, where amino acids were irradiated in the absence
of both formate and copper, the absorption decayed away
by two processes. The first usually accounted for 10-20% of
the initial absorption (except in the case of glutamate,
where it was 60%). The second process can be attributed to
the decay of O2-, the source of which is reaction 2 plus O2-
produced from the reactions of amino radicals with O2.
This conclusion is supported by the fact that the absorp-
tion remaining at the end of the fast process was normally
much higher than the absorption expected from O2-
formed by reaction 2 alone. The half-life of the fast process
was of the order of 5 X 10-4 s, and varied from one amino
acid to another.

The absorption which remained after this decay disap-
peared considerably slower (half-life 0.1-0.2 s), all in one
process. This agrees with the assumption that this absorp-
tion belongs to O?- . Further work is needed to establish the
fate of peroxy radicals derived from amino acids.

Copper Proteins. 1-2 of hemocyanine and of plasto-
cyanine were tested for catalysis of O2- dismutaticn in O2
saturated solutions containing 20 mM formate at pH 8.0 (3
X 10-3 M phosphate buffer). No activity was observed at
290 nm (ks,ku <106 M-1 s-1).

Conclusions

The reactivities of Cu(ll) complexes toward O2- decrease
when several ligand molecules become attached to the cop-
per atoms. This effect may be connected with changes in
the redox potential of the Cu(ll). It is known that Cu(ll)
may be stabilized with respect to reduction, upon corn-
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plexing. As the reaction of Cu2+ with O2- was suggested to
involve the formation of Cu+, it is not surprising that O2-
is less efficient in reactions with Cu(ll) complexes. In fact,
the possibility that O2- may tend to oxidize Cu(ll) (as com-
plexes) rather than reduce it to Cu(l) cannot be ruled out
at present.

Our conclusions are in agreement with previous work, in
which Cu(ll) chelates were found, in some other cases, to
have relatively low reactivities toward O2- .21-23
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The effects of 7 radiolysis on adamantane-dm and adamantane-d 16 containing 2-methyltetrahydrofuran
solute molecules have been examined via X-band 9.5-GHz and Q-band 35-GHz electron spin resonance at
temperatures down to 77 K. Adamantane-di6 appears to produce at least two radical species, a fact that
cannot be deduced from X-band ESR alone. 2-Methyltetrahydrofuran produces two distinct radicals (1
and 1V) and hyperfine splitting constant values have been assigned to each species. A third radical is
formed from 2-methyltetrahydrofuran at high temperature, but is presently unidentified. These two radi-
cals are believed to be formed in 7 radiolysis of 2-methyltetrahydrofuran glass, but they do not seem to suf-
fice to entirely explain the observed spectrum in the glass.

Introduction

The radiolysis of 2-methyltetrahydrofuran (MTHF)
glass at 77 K is of considerable interest because of the high
yield of trapped electrons produced. However, the fate of
the concomitant cation produced in the initial ionization
process is not so clear. The radiolytic mechanism has been
suggested to be as followsl

MTHF em + MTHF+ (@)
em —> er (G=26) (1a)
MTHF+ + MTHF —>»
MTHFH+ + MTHR (G= 26) (Ib)
MTHF — ~ H + MTHFR (G=02) ©

H+ MTHF —» H + MTHF (G=02 (%)

where G represents the molecular yield per 100 eV of radia-
tion energy absorbed and the subscripts m and t refer to
mobile and trapped. This scheme gives G(et~) = 2.6 and
G(MTHF) = 3.0 as observed, but only reactions 1 and la
have been clearly demonstrated. Electron spin resonance
(ESR) studiesl clearly identify asinglet atg = 2.002 with a
4.2-G peak-to-peak derivative line width (A H pp) as due to
et _. In addition a seven-line spectrum atg = 2.003 with an
average splitting of 20.1 + 0.4 G, relative intensities of ap-
proximately 1/4/7/8/7/4/1, and A//R 10 G has been as-
signed to either or both neutral radical A2 or the proton-
ated radical B.3 The proton on the oxygen of the proton-
ated radical would not be expected to show hyperfine inter-
action with 10-G line widths, so the ESR spectra of A and
B are expected to be the same. The seven-line spectrum is

CH— CH2
CH— CH, fo
foo\ cH  (—CH3
cH  Cc-a 2V,
v H+
A B
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explained by assuming that the three methyl protons and
one of the /I3CH2 protons are equivalent and have ~20-G
splitting while the other BCH2proton has a 40-G splitting.

If the above explanation is correct, 7 radiolysis of
MTHF-dg should show the same seven-line spectrum.

CH2— CH,
I\
CD, CDCH,
X Cr

MTHF-d.

However, 7 radiolysis of MTHF-c¢3 glass gives a nine-line
radical spectrum with an average splitting of 13.6 G and
relative intensities of approximately 1/1/4/4/7/4/4/1/1; this
is not readily interpretable as due to a single radical.4This
suggests that reaction Ib and perhaps reactions 2 and 2a do
not give rise to a single radical as has been commonly as-
sumed.

To help resolve the identity of the primary radicals pro-
duced in MTHF radiolysis we have investigated the radi-
cals produced in the radiolysis of adamantane doped with
MTHF. Previous studies have shown that adamantane is a
useful matrix for obtaining well-resolved ESR spectra of
solute radicals produced by radiolysis.5

Experimental Section

Adamantane (Ad, Aldrich Chemical Co.), adamantane-
d16 (Ad-di§ Merck Sharp and Dohme (Canada)), and 2-
methyltetrahydrofuran (Matheson Coleman and Bell) were
purchased in the highest purity available. Ad and Ad-di6
were purified by three to five sublimation procedures.
Fresh samples of multiply resublimed Ad and Ad-dl6were
used for each radiolysis experiment since previous experi-
mental work has disclosed that reirradiation of a sample
produces poorly resolved electron spin resonance spectra
and generally irreproducible data.5 MTHF was purified by
standard methods involving the following sequential opera-
tions: repetitive washing with 10% aqueous NaOH, vacuum
distillation from CaH2, repetitive passages through newly
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activated (650 K) Al20s under N2 or Ar atmospheres, re-
fluxing over Na metal on a vacuum line, and storage on a
vacuum line over an alloy of Na and K.6 Samples were pre-
pared on the vacuum line by methods described previously
for cyclopentadiene5 and sealed off in quartz ESR tubes at
pressures of <10 Torr. Samples were irradiated in a Co-60
source with a7 ray flux of ~2 X 1017 eV g-1 min-1; doses
were usually ~5 X 1018 eV g-1 for each sample. To avoid
complications from signals developed in ESR cells, samples
were inverted prior to irradiation, the top of the cell flamed
after irradiation and prior to ESR monitoring to reduce the
population of color centers produced in the quartz tube,
and then reinverted for ESR monitoring. The sample tem-
perature was maintained at 77 K throughout these manipu-
lations. The resonance cavity was maintained at 92 K prior
to insertion of the sample; this was the coldest accessible
temperature conveniently maintained by the N2 gas flow
system used for the variable temperature study in both
spectrometers. Room temperature studies via Q-band ESR
were carried out by compressing Ad or Ad-dje samples into
a disk7 via a standard KBr die and press at ~6 X 103 psi,
and then mounting the sample directly in the resonance
cavity. This obviated any possible interference from signals
not originating from the Ad samples themselves. ESR spec-
tra were recorded with a Varian E-4 X-band 9.5-GHz spec-
trometer and a Varian Associates E-9 Q-band 35-GHz
spectrometer. Computer simulations8 were obtained via an
IBM 360/75 computer and CalComp accessory plotter. The
gauss baselines for each spectrometer was calibrated from a
sample of Mn in MgO, a value of 86.8 G being taken for the
separation of the two center lines of the sextet equal inten-
sity spectrum resulting from 55Mn2+ ions in the MgO ma-
trix.9 The errors for both X-band and Q-band spectrome-
ters did not exceed 1.5% as measured from the Fielddial
scanning parameters of the instruments.

Results and Discussion

Usage of Ad and Ad-di6 as isolation matrices, and the su-
periority of Ad-di6 over Ad for this purpose, is now well es-
tablished (cf. the spectrum of CeH5CH2 shown in Ad and
Ad-die matrices in ref 5e). There is still an element of con-
troversy as to the exact identity of the primary radical pro-
duced from adamantane, and there is little published data
at all concerning radiolysis of Ad-di6 or the temperature
dependence of the observed data from the radiolysis of Ad
itself. Since this latter is pertinent to this investigation of
the temperature dependence of radiolysis data for MTHF,
we have included a brief description of our data on this
topic.

Radiolysis of Adamantane-d\s- Temperature Depen-
dent Study. Since Ad, Ad-d16 and diamantanefd are all
structurally similar, and since Ad and diamantane seem to
produce structurally equivalent radicals (the bridgehead
radical) 5d we assume that Ad-<16 will also produce a
structurally equivalent radical, the 1-adamantyl radical.5&1

The ESR spectrum obtained at Q-band following 7 irra-
diation of Ad-di6 at 77 K is shown in Figure la. The
changes noted as the monitoring temperature rises from
~95 K to room temperature are detailed in Figure la-d. No
qualitative or quantitative changes were noted in the spec-
trum until the temperature began to approach ~200 K. It is
assumed that the spectrum that would be seen at 77 K is
very similar to that shown in Figure la. The broad singlet
envelope is similar to that seen previously for Ad at X-
band. The ESR singlet envelope from A d i n the Q-band
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Figure 1. First-derivative ESR spectra taken at Q-band of purified
adamantane-die 7 irradiated at 77 K (a) Spectrum typical of the
temperature range 92-180 K, this scan taken at 110 K; (b) spectrum
taken at ~210 K; (c) spectrum at room temperature ~300 K; (d)
spectrum at room temperature after more than 15 h at ~300 K
Spectrometer settings in this figure, and for subsequent Q-band
spectra, are typically 12,150 G center at 34.782 GHz, +50-G scan,
1.0 dB below 70-mW power, 100-kHz modulation frequency, and
2.0-4.0-G modulation amplitude.

spectrum at low temperature has a total width of ~42 G, a
peak-to-peak line width of ~7 G, and does not exhibit any
significant degree of microwave power saturation up to 70
mW. These data may be contrasted with those obtained
previously5®1 for adamantyl radicals at X-band at room
temperature, where values of 50-G spectral width and 12-G
peak-to-peak line width were obtained, and significant sat-
uration was seen at ~35 mW.

As the temperature of the 7 irradiated Ad-di6 is raised
from ~180 K through the crystal transition temperature at
208 K to ~215 K, the singlet envelope changes slowly and a
second peak at higher field develops (Figure Ib). As the
temperature rises to ~300 K this second peak becomes
somewhat better resolved (Figure Ic). This two line spec-
trum is qualitatively stable for more than 7 days, and is
identical with the spectrum obtained if Ad-di6is 7 irradi-
ated and observed at room temperature. The upfield peak
decays slowly at room temperature with a first half-time
for decay of >5 h. The kinetics fit a second-order plot over
~90 h.

These data suggest that at least two distinct radical
species contribute to the observed ESR spectrum from 7 ir-
radiated Ad-di6, and therefore by analogy to the ESR spec-
trum observed from Ad itself. The appearance of a second
upfield line in the Q-band spectrum as the temperature
rises implies that two radicals of different g factors are
present at room temperature. This structure is not ob-
served at X-band. The existence of two radicals is support-
ed by the decay of the upfield line at room temperature in-
dependent of the other line without any concomitant
growth elsewhere in the spectrum. By analogy with the X-
band studies5c,d we tentatively assign the dominant line at
room temperature in Figure Ic to the 1-adamantyl radical.
The identity of the other radical is presently unknown; it
does not seem reasonable to assign the other line in Figure
Ic to 2-adamantyl since its g factor is expected to be simi-
lar to that for 1-adamantyl. However, the spectral changes
in Figure 1 are qualitatively important for understanding
of the spectral features from a solute in the Ad-die matrix.
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Figure 2. First-derivative Q-band and X-band ESR spectra for y irra-
diated adamantane-dis containing 2-methyltetrahydrofuran as a so-
lute; y irradiation temperature was 77 K Q-band spectra at (a) 150,
(b) 170, and (c) 200 K; (d) stick spectrum assignment and hyperfine
values for Q-band ESR spectrum, (e) X-band ESR spectrum at 200
K. Spectrometer settings are typically those given in Figure 1 The
field increases to the right.

Radiolysis of MTHF in Ad-die. The nature of the
changes observed, and the explanations proposed for these
changes, when Ad-dig containing MTHF as a solute isy ir-
radiated at 77 K and then monitored via both Q-band and
X-band ESR from ~95 to 300 K, are complicated, and in
some cases unexpected. To simplify such descriptions we
have broken the text up into sections devoted to specific
temperature ranges. These regions are: temperatures below
~140 K, where signals from radicals derived from the ma-
trix only are seen; ~140-240 K, where one specific solute
radical is seen; ~240-270 K, where a second solute radical
appears; and from 270 K to room temperature, where ob-
served changes correlate with changes in matrix radical
species and not primarily in solute species.

MTHF-Ad-die System below 140 K. When Ad-di6 con-
taining MTHF as a solute is y irradiated at 77 K and then
monitored at 95-140 K, a singlet spectrum is observed at
X-band and at Q-band which seems primarily due to the
adamantane matrix radical.

MTHF-Ad-die System at 140-240 K. Both the Q-band
and X-band ESR spectra remain qualitatively similar and
stable as the temperature is slowly raised from 95 K, until
at ~ 140 K there begins to appear hyperfine structure over
a span of approximately 70 G. These changes are detailed
in Figure 2. There are three prominent lines to high and to
low field of the center asymmetric line. An additional high
field line shows up fairly clearly on the high field side of the
center line above 170 K and we deduce that its symmetry
partner lies under the center line. In total there is a new
spectrum with a pattern of eight, equal intensity lines. This
eight-line Q-band spectrum can be analyzed by the stick
diagram in Figure 2d to give independent hyperfine values
of 133 £ 0.5, 21.7 £ 0.5, and 32.0 £+ 1.0 G. The peak-to-
peak line widths for the Q-band spectrum vary between 2.2
and 3.7 G, with an average value of 2.9 G for the clearly dis-
tinguishable outer six lines of the octet. A comparable X-
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band spectrum at 200 K, shown in Figure 2e, displays three

individual hyperfine values of 14.0 + 0.5, 22.1 + 0.5, and.
344 + 2 G. The average line width for the X-band spec-
trum is 2.1 G for the outer six lines of the octet.

We note that these line widths are typical of alkyl radi-
cals with localized spin centers in Ad-di6 matrices and are
larger than the line widths found for delocalized spin cen-
ters such as aryl and allyl radicals (0.6-1.8 G) in Ad-di6
matrices.5d'11 The following empirical observations on
these line width differences can be made. First, use of Ad-
di6 rather than Ad reduces the effects of unresolved proton
hyperfine coupling from long-range matrix dipolar interac-
tions, and thus significantly reduces the line width. This ef-
fect seems more pronounced for delocalized spin centers
than it is for localized spin centers typical of alkyl radicals,
and may reflect a difference in the matrix dipolar interac-
tions exhibited by each system. Secondly, in a adamantane
matrices delocalized radicals typically exhibit narrower line
widths than a corresponding localized radical with appar-
ently similar structure. This can be illustrated by compari-
son of cyclopentenyl radical

with the alkyl radical

derived from cyclopentane,5b'10 by comparison of aliphatic
linear alkyl radicals with similar allylic radicals derived
from alkenes,5lla’c and by comparison of radicals derived
from 2,5-dimethylthiophene by H abstraction (allylic) and
H addition (alkyl).llb’c

These three hyperfine values are clearly attributable to
three independent hydrogen atoms in an alkyl radical de-
rived from the MTHF solute, and are consistent with two
possible structures, | and Il. We find it difficult to rational-

ize the hyperfine values in terms of structure | from four
viewpoints. First, this structure would imply that two of
the observed hyperfine values are «-proton coupling con-
stants (a,H), and only one (22 G) resembles the typical
values for a,H in alkyl radicals. Secondly, aaH values
should be virtually temperature independent, and only one
of these hyperfine values is found to be so (see X-band
spectra in Figure 4). Thirdly, by analogy with other sys-
tems, it is difficult to see why two a, Hvalues should differ
by such a large amount for a -CH?2 group that should be
undergoing relatively free rotation about the single C-C
bond at this temperature. If the -CH2 group is rendered
immobile for some reason, then interaction with the terti-
ary H atom attached to the carbon atom at position 2 (C2)
will certainly lead to nonequivalence, but even for systems
involving =CH?2 (such as a delocalized allyl radical)12
where free rotation has been severely curtailed, the two aaH
values for individual protons rarely differ by more than 2-3
G, and never by 8-10 G. Fourthly, by analogy with other
systems subjected to radiolysis, it is most unusual for the



y Radiolysj%,of 2-Methyltetrahydrofuran in Adamantane

methyl group attached to a saturated ring or alkane moiety
to undergo attack. Customarily in adamantane matrices,
the methyl group will stay intact while radiation damage in
the form of H-atom abstraction will occur from the main
carbon skeleton of the molecule. This is particularly true
when a tertiary H atom is available on the molecule, as ex-
emplified by isopentane, 2-methylpentane, and 3-methyl-
pentane,5a and particularly by the structural equivalent to
MTHF, methylcyclopentane.5

Another possible radical structure, 111, caused by C-C

m

bond cleavage and methyl radical loss from the 2 position,
can be rejected also because radical 111 would be expected
to have equivalent /3 protons. This is a subtle point which
will be discussed in the next section.

The assignment of individual hyperfine values to partic-
ular protons in Il can be made relatively easily because Il
has a similar spin environment to 111 and the liquid phase
ESR spectrum of Ill has been assigned with a,H= 123 G
and agH = 28.3 G.13 Note that the aaH coupling is greatly
reduced from the typical 22-G a,,Hvalues in alkyl radicals.
In other liquid phase studies of radicals derived from alco-
hols, carboxylic acids, and ethers, Norman and co-work-
ersl14-16 also found that a,H values were typically less than
20 G in oxygen containing radicals. Thus we can assign the
14- G coupling to the a hydrogen of II.

If we assume that the 14-G hyperfine constant is that
from the a hydrogen, then the 33-G coupling and the 22-G
coupling are assigned to two distinct /3-hydrogen atoms at
C4. The angular dependence of the agHvalues in hydrocar-
bon radicals is well described by the Heller-McConnell
equationl7

arfH = (B, + B2 cos 0)p

where jBi is usually close to zero and B2 =* 50 G.18 Thus the
maximum coupling of ~50 G is found for a /3-proton orien-
tation at a projected angle on a plane perpendicular to the
C-C axis of 0°. Hyperfine values of 33 and 22 G correspond
to 6~ 36° and 6 ~ 48°, respectively, and thus a projected
angle between the two /3 protons at C4 of ~96°. This is
smaller than the angle of 120° expected by looking down
the C-C bond of sp3-hybridized carbons. Some distortion is
expected at each carbon atom in view of the constraints im-
posed by a five-membered ring configuration.
MTHF-Ad-difi System at 240-270 K. In this tempera-
ture range three distinct sequences of events can be distin-
quished. First, the center of the spectrum alters both in in-
tensity and fundamental pattern. Secondly, a new set of
lines begins to appear, seen easily by two lines more than
15- G downfield and upfield of lines 1 and 8 of the doublet
pattern octet from Il, and by two lines just inside lines 1
and 8 of the octet and separated from them by ~7 G. Other
lines also show plainly in the interior of the octet. Thirdly,
the relative intensities of the lines comprising the octet
change at the same rate as the new lines appear indicating
overlap of the octet with a new radical spectrum. Also the
octet separation changes very slightly to give a new set of
hyperfine values. The final Q-band spectrum obtained
after these changes, which exhibits a qualitatively stable
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(b)

©

Figure 3. First-derivative Q-band ESR spectrum from 7 irradiated
adamantane-ctie containing 2-methyltetrahydrofuran solute, the 7 ir-

radiation temperature was 77 K (a) Spectrum observed at ~260 K;

(b) stick spectrum assignment for radical Il; (b) stick spectrum as-
signment to the new radical that grows into the doublet pattern octet
contributed by Il at temperatures of ~200 K. The field increases to
the right.

ESR pattern with respect to temperature, is shown in Fig-
ure 3 at 260 K. The spectrum in Figure 3a remained stable
up to temperatures of ~270 K.

The appearance of the new lines in the spectrum outside
the main octet from Il separated by ~102 G, the new lines
that appeared at several points within the octet pattern,
and the marked increase in intensity of lines that com-
prised the octet due to overlap with an underlying spec-
trum allow identification of a new radical spectrum. A well-
defined set of 12 lines is found with a 1:2:1 triplet separa-
tion of 23.9 + 0.5 G and a 1:3:3:1 quartet pattern with a
separation of 19.0 £ 0.5 G. This radical spectrum can only
be assigned to a structure such as IV. Although this assign-

ment of 19.0 G to the methyl group coupling is unusual
with respect to typical acH3H magnitudes of ~23 G (e.g.,
methylcyclopentyl has ochdh = 23.0 G),5b there are three
factors that support this assignment. First, the 1:3:3:1 rela-
tive intensities in the pattern can only mean three equiva-
lent protons. Secondly, it is expected that the a-carbon
spin density would be reduced by the adjacent oxygen
atom, as was seen for Il. Thirdly, a structurally similar rad-
ical has been formed by 7 radiolysis incuded H-atom addi-
tion to 2,5-dimethylthiophene in adamantane with struc-
ture V.llb'c

Since radical 1V is not seen until nearly 100 K after 1l
has developed, and grows concomitantly with a spectral
loss attributable to matrix radical decay, it seems reason-
able to postulate formation of 1V by radical attack on the
solute from an adjacent matrix radical. A plausible reason
for the late appearance of IV with respect to Il is then at-
tributed to steric hindrance produced by the shielding
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Figure 4. First-derivative X-band ESR spectra obtained by y radioly-
sis of adamantane-d-s containing 2-methyltetrahydrofuran; y irradia-
tion temperature was 77 K (a) Spectrum taken after warming to 260
K; (b) spectrum obtained by recooling sample to 160 K; (c) spectrum
obtained after sample has been rewarmed to ~270 K The field in-
creases to the right.

methyl group at C2 relative to the unshielded and equally
reactive 5 position of MTHF. The possibility that IV is
formed from Il by a unimolecular or bimolecular reaction
can be discounted. First, the degree of migrational mobility
accessible to a molecular species in adamantane is severely
limited, thus bimolecular reactions are improbable. Sec-
ondly, no discernible loss of a spectrum attributable to Il
can be seen. Thirdly, unimolecular rearrangements involv-
ing this extent of bond making and breaking can be ruled
out from conventional mechanistic arguments.

If the lines attributed to IV are subtracted from the ob-
served spectrum, a set of equal intensity lines remain that
can be fitted to an octet pattern with hyperfine values of
13.2, 24.4, and 30.1 G (Q-band). This pattern is obviously
that from structure Il with a small mixing of /3-proton hy-
perfine values induced by motional averaging. A stick spec-
trum of this modified octet, and the stick spectrum of 1V,
are given in Figures 3b and 3c, respectively. The equivalent
X-band spectrum to that in Figure 3 is shown in Figure 4,
and exhibits considerable line broadening due partly to an
unfortunate similarity of a major hyperfine coupling in
each radical (23.9 and 24.4 G), but also to severe overlap-
ping caused by nearly coincident, but not identical
values. There is a ~1.3-G separation of centers at Q-band,
with the octet spectrum from Il lying upfield of IV.

It is interesting and instructive at this point to consider
the reasons for the equivalency of the 3 protons in 1V, and
the nonequivalency of the 3 protons in Il, when they are
both apparently similar radicals in the same matrix. This
apparent anomaly is linked, not with molecular inversion
vibrations, but to the reduced molecular symmetry of Il
relative to IV. Examination of molecular models clearly in-
dicates a significant amount of diaxial interaction between
the axial methyl at C2 (the preferred conformer) and the
axial proton at C4; thus the 3 protons of Il are not magneti-
cally equivalent. On the other hand, in radical 1V the meth-
yl group is no longer axial and the 3 protons become equiv-
alent. On this basis we may also reject the possibility that
the low temperature octet pattern is assignable to radical
111 produced by methyl group loss at C2. Although IlI is
formally identical with Il with respect to spin center envi-
ronment, Il would be expected to have two equivalent 3
protons and a sextet ESR spectrum.
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Figure 5. First-derivative Q-band ESR spectra from y irradiated ada-
mantane-di6 containing 2-methyltetrahydrofuran; y irradiation tem-
perature was 77 K (a) Spectrum taken at 280 K; (b) spectrum at
300 K; (c) spectrum after several hours at 300 K The field in-
creases to the right.

One final point should be added in denial of structure Il
formed by methyl group loss. If the methyl group is indeed
cleaved, it will be trapped in the same matrix cage as the
major radical (I11), and if it cannot escape the cage it will
undergo prompt geminate recombination. We have found
no evidence for molecular migration of a species as large as
CHS3, and can confirm that NH3 does not appear to migrate
freely through an adamantane lattice.5d The only migration
seen in adamantane matrices has been by H atoms (and
presumably by D atoms) together with the ubiquitous elec-
tron; moreover, no traces have been found of free methyl
radicals from MTHF or similar solutes trapped in adaman-
tane. Thus, if methyl group cleavage does occur, prompt
geminate recombination should remove the possibility of
stabilizing radical IlI.

MTHF-Ad-d\e System from 270 K to Room Tempera-
ture. The final changes noted as adamantane-di6 contain-
ing 2-methyltetrahydrofuran solute is warmed from ~270
K to room temperature following 7 radiolysis at 77 K ap-
pear to mainly reflect changes in the radical or radicals de-
rived from Ad-di6 itself. These changes are detailed in Fig-
ure 5. The first striking change is a growth, and then a
rapid decay of a large central peak (Figure 5a), which then
gives rise to the two-line Q-band spectrum seen in Figure 1,
and shown overlaid with the solute spectrum in Figures 5b
and 5c. More important than these adamantyl radical
changes is the observation that the spectrum attributed to
the tertiary radical IV has completely decayed. The octet
pattern from |1l is still easily visible in Figure 5a, together
with a rapidly decaying contribution from IV. In Figure 5b,
IV has disappeared altogether, and the octet from Il is be-
coming obscured by the ESR spectral pattern of another
species. This new radical has vastly different power satura-
tion characteristics from both Il and the matrix radical
contributions, since peaks can be selectively enhanced by
increasing the Q-band microwave power from ~0.7 to 70
mW. However, the entire upfield portion of the spectrum is
obscured by the two-line spectrum from adamantyl species,
and we are unable to identify the major solute species con-
tributing to the observed spectrum.

After several hours at room temperature the spectrum
appears as in Figure 5c. It has narrowed in overall width
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TABLE I: Hyperfine Splitting Constants Found from a
Variable Temperature Study of 2-Methyltetrahydrofuran
in Adamantane-d,6 Matrices y Irradiated at 77 K

Structure
Temp, K Hyperfine values found, G assigned
~140—240 Octet pattern <330)
Q-band: 13.3,a 21.8,a 32.0*
X-band: 14.0," 22.1,« 34.4*
(13-14G)
I
-240—270 Octet pattern <301G)
Q-band: 13.2,a 24.4,* 30.1*
1131G-
-240—270 Triplet of quartets Hv (23.96)
Q-band: 23.9,* 19.0*
H

(19.06G)

a+05G *+x1 G.c+2 G.

from the original 71 G of the octet pattern from Il alone
shown in Figure 2, to a value of just over 50 G in Figure 5c.
This indicates that a new unidentified species is formed
from, or replaces, radicals Il and IV.

Comparison of Data with MTHF Glass. It is of interest
to compare the present results with the radicals produced
in MTHF glass. The X-band ESR spectrum from the y ra-
diolysis of MTHF glass at 77 K shows an intense central
singlet attributed to trapped electrons superimposed on a
radical spectrum.1The radical spectrum alone is obtained
after optical bleaching of the trapped electrons and it has
seven lines with approximately pyramidal intensity ratios,
an overall width of 120 G, and a peak-to-peak width of ~10
G. We have simulated8 the first-order spectra from radical
species Il and IV with line widths of 4-6 G which are typi-
cal of a glassy matrix. Neither spectrum agrees well with
the glassy phase spectrum. Radical Il degenerates to a
seven-line spectrum with an intense line at the center and
nearly equally intensity lines on either side. The spectrum
has a total width of only —70 G for a line width of 4 G. Rad-
ical 1V produces a six-line spectrum with roughly pyrami-
dal intensities and an overall width of 100 G for a 6-G line
width. We have also tried various mixtures of spectra Il
and IV to simulate the glass spectrum to no avail. We con-
clude that the previous assignment of the radical spectrum
in glassy MTHF to radical 1V is quite doubtful. The radical
spectrum in the glass may well be composed of radicals Il
and 1V as well as radicals formed by loss of H at carbons 3
and 4. This suggests that there may be little specificity in
ion-molecule reaction Ib.

It is possible that different dominant radicals are formed
by y radiolysis of the glass and of the doped adamantane.
Willard and co-workers have demonstrated that 3-methyl-
pentane glass at 77 K tends to form the secondary radical,
CH3CHCH(CHY3)CH2CHS3, under radiolysis.19 However it
appears that the only radical produced from 3-methylpen-
tane in adamantane by radiolysis is the tertiary radical,
CH3CH2C(CH3)CH2CH 3>

Summary and Conclusions

A comparison of X- and Q-band ESR spectra of adaman-
tane-di6 y irradiated at 77 K and studied upon warming

‘eshows that at least two radical species are produced. When

Ad-d16 is doped with MTHF, y irradiated at 77 K, and
warmed several identifiable radical species are formed as
summarized in Table I. Below 140 K only the adamantane
matrix radical is observed. From ~140 to 240 K MTHF-
solute radical Il is formed, presumably by H abstraction
from MTHF by the matrix radical. From —240 to 270 K a
second solute radical 1V is formed, while 1l also remains.
When both radicals Il and IV appear, the matrix radical
partially decays. The initial preference for formation of Il
is rationalized on steric grounds. At temperatures above
—270 K, IV decays rapidly, Il decays more slowly, and a
new solute radical begins to dominate the spectrum. The
parameters of neither radicals Il and 1V, nor their mixture,
can be used to successfully simulate the radical spectrum
found in irradiated MTHF glass.

Note Added in Proof: Recent work by Dismukes and
Willard20 confirms the production of radicals Il and IV by
7 -irradiation of MTHF in adamantane, but they indirectly
conclude that the two equivalent 3protons in radical IV at
—230 K and above become inequivalent with one coupling
constant twice the other at 77 K so that radical 1V can ex-
plain the spectrum in MTHF glass. Their conclusion re-
mains inconsistent with our results on the irradiation of
MTHF-d3glass at 77 K so methods of specifically produc-
ing solely radical 1V at 77 K are being investigated.
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Ternary systems of the type isomer cis + isomer trans + solvent are considered. Preponderance of the cis
form of 1-chloropropene in a series of organic solvents is discussed in terms of the configurational energies
Uu of the isomers; experimentally found independence of the cis/trans ratio of the solvent used is ex-
plained using the configurational energy formula for the ternary system and a simple combining rule. The
equations obtained enable predictions of isomeric equilibria in solutions, provided the configurational
energies of components are accessible. Limitations of the present method are related to strong specific in-

teractions between molecules of isomers.

1. Introduction

This work is related to studies of the thermal decomposi
tion of some substituted diazirines by one of us.1'2 The de-
composition of 3-chloro-3-ethyldiazirine in various solvents
produces nitrogen and cis- and irons-1-chloropropene. The
dipole moments of the solvents used varied over a consider-
able range. In spite of this, the cis/trans concentration ratio
in 1-chloropropene was about 5:1, changing only very
slightly with the solvent used.2 Analogous result has been
obtained for cis- and trans-1-bromopropene, produced in
various solvents by the thermal decomposition of 3-bromo-
3-ethyldiazirine.2

Abell and Adolf3 have studied the gas phase bond isom-
erizations of allyl fluoride, allyl chloride, and allyl bromide
to the corresponding 1-halo-1-propenes. They have also
found the cis/trans ratios of the olefins equal approximate-
ly to five, and this independently of the halogen in the hal-
opropene. Abell and Adolf admit frankly that they are un-
able to explain such a result.

In the present paper we discuss the above results in
terms of the configurational or interactional energy Uc. For
a ternary system cis-olefin ¢ + trans-olefin t + solvent s we
thus write

Uc= x2t/ss+ x2Ua + Xt2Utt + 2xsxcUa+

2xXtfits  2x-i"1 ¢, (1)
where x's denote mole fractions and double identical in-
dices of the type ii refer to pure components. Ucis clearly a
molar quantity. Terms of the Uu or Uy type necessarily
contain ternary, quaternary, etc. interactions, and repre-
sent thus effective binary interactions. The state of equilib-
rium of the system may be characterized by xsand by con-
centration of one of the isomers, say xGm corresponding to
the minimum of the configurational energy Uc.

2. Basic Relations

Given eq 1, the first task consists in calculating the pair
interaction energies L7y. There are at least two distinct
methods of doing this. The first consists in summing up
orientational, inductive, and dispersive contributions;4-6
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we can write the interaction energy of a pair of molecules
uy (cf. eq 3.71 in ref 4) as

2MIW-eion + fifi +

3 kT

311*0# - - 4]
ilj +

where R = intermolecular distance, p = dipole moment,

= polarizability, k = Boltzmann constant, T = thermody-

namic temperature, h = reduced Planck constant, and v =

characteristic frequency. The last term in (2) may be ap-

proximately substituted4-6 by

Ih L )]
w+ v 2(li +/j)
where | = ionization potential. Values of t/y featured in (1)
are simply obtained from uy by summations over all ij pairs
in the system; average intermolecular distances R may be
introduced into (2).

An alternative to eq 2 consists in assuming an explicit
dependence of the configurational energy on the molar vol-
ume V. We consider the form proposed for pure liquids by
Frank,7 namely

Uii = - E WV iinii 4)
where Ea and M\ are constants for a given pure substance i.
The beauty of eq 4 consists in the fact that differentiating
it with respect to volume at constant temperature produces
Ujj again, only multiplied by a factor, so that
ilii=— (€t— - p) (5)
where a, k, and P are, respectively, the isobaric expansivity,
the isothermal compressibility, and the macroscopic pres-
sure. Quantities featuring in eq 4 and 5 have been exten-
sively used by Bagley and his collaborators.8-10 In particu-
lar the internal pressure, which is the term in braces on the
right-hand side of eq 5, has been used for successful predic-
tions of enthalpies and entropies of mixing in binary liquid
mixtures.10
The parameter n is, e.g., for cyclohexane8 equal to 1.15
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TABLE I: Concentrations of cis-I-Chloropropene in a Series
of Organic Solvents, Enthalpies of Vaporization, and
Configurational Energies of Solvents at 25 °C

—104/vp,J -1tfUnJ
Solvent XS X@yn mol-1 mol*1
Cyclohexene 0.9798 0.0165 3.374 3.126
Anisole 0.9784 0.0175 4.854 4.607
tert-Butyl 0.9812 0.0144 4.661 4413
alcohol
Dimethyl 0.9858 0.0105 5.289 5.041
sulfoxide

+ 0.01 when n is calculated as the ratio of internal pressure
to cohesive energy density. Bagley et al. maintain that n
becomes exactly unity when due account is taken of the ef-
fect of external modes of motion of the molecule in the lig-
uid state. Denoting the molar volume of the vapor phase by
Vv, we write the equation of state of the vapor as

PV\i = NKT - BnP (6)

where N is the Avogadro constant and B the vapor second
virial coefficient. By thermodynamics we now obtain the
equation for nasil

Vh(T - -P P (— —
e P Unk © 3 AT
nu— ]

Hr p_P B. j

Here Hvep represents the enthalpy of vaporization; we re-
member that V, a, and krefer to the liquid phase while B
to the vapor. Given eq 5 and 7 we can readily eliminate n
and write

The last result represents an alternative to eq 2 for interac-
tions in pure components; for mixed interactions combin-
ing rules of the general form Uij = t/ij(LYii,L/jj) may be used.

3. Calculations

The experimental data we have considered are taken
from Table 3 of Liu and Chien.2Since 1-bromopropene has
been studied in a smaller number of solvents than 1-chloro-
propene, we have concentrated on the latter. Concentra-
tions of isomers given in ref 2 are, within limits of the ex-
perimental error, independent of the temperature. For each
solvent we have, therefore, performed averaging over data
for various temperatures displayed in ref 2. Our present
calculations have been made for 25 °C, taking into account
that in each solvent the total concentration of the olefin
(i.e., cis plus trans) was 0.2 M. The respective concentra-
tions of the solvent xs and the equilibrium concentrations
of the cis isomer xGnin all solutions are given in columns 2
and 3 of Table I. Experiments described in ref 2 involved
one more solvent, namely, hexamethylphosphoramide;
since its heat of vaporization was not available, we have ex-
cluded this compound from Table I.

We now return to eq 1. By differentiating (1) with re-
spect to xc, we find that at the state of equilibrium of the
cis and trans forms in a given solvent, the corresponding
concentration x@mis
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= (1 - xs)(Utt- Uct) + xs(t/t3~ Ucs) P,
Xemn t/cc + Uu - 2Uct

xtm, has been eliminated from eq 9 by simply putting xtmin
=1- xs- xQun

To determine various parameters, we turn first to eq
2. A fairly extensive search of the literature has revealed,
however, that the polarizability O values for components of
our systems are not available. We turn therefore to eq 8.
We again encounter some difficulties, since there are no
second virial coefficient B values in the standard source of
data of this kind;12 the literature published since the com-
pilation of Dymond and Smith was made does not contain
such data either. There are methods of predicting values of
B, notably the correlation of Chang and Lu,13 which has
been successfully tested for about 20 compounds. The sec-
ond virial coefficients are calculated by Chang and Lu from
the values of vapor-liquid critical temperature Tc, critical
pressure Pc, and the accentric factor as proposed by Pitzer.
However, from the compilation of Kudchadker et al.14 it
turns out that the critical constants of our compounds are
not available! Even a very simple B(T) correlation used for
some alcoholsls is in terms of the critical temperature, so it
cannot be presently applied either.

We omit, therefore, the term containing the second virial
coefficient in eq 8. Since at atmospheric pressure the term
—PVjj in the numerator of (8) is of the order of —10 J
mol-1, and the PBnterm typically of the order of —100 J
mol-1, there is little point in retaining PVa in (8) even if it
can be calculated. We thus write

Ua = —tfiivaP+ NKT (8a)

a simple equation which has been extensively used before.

The values of Hvap of our solvents have been obtained
from the following sources. For cyclohexene the P(T) An-
toine equation constants given by Forziati et al.16 and the
Clausius-Clapeyron relation were used. Similar calcula-
tions were made for anisole, taking the Antoine equation
constants recommended by Boublik et al.17 For ieri-butyl
alcohol a directly measured experimental value of Wadso18
was accessible. For dimethyl sulfoxide the value of Doug-
las,19 obtained by him from the vapor pressure measure-
ments, was used. The corresponding values of Hvep, as well
as the values of the configurational energy calculated from
them using eq 8a, are given in the last two columns of
Table I. We notice that Ua values change considerably
from one solvent to another.

As for the isomeric olefins, no HVB were accessible;
vapor pressure P(T) equations have not been found either.
The only data useful in this connection were the tonome-
tric coefficients dT/dP listed in ref 20; these are 0.039 K/
Torr for the cis isomer and 0.040 K/Torr for trans- 1-chlo-
ropropene. From these values, using the Clausius-Clapey-
ron relation at the atmospheric pressure and eq 8a, one ob-
tains Uac = -2.246 X 104 J mol-1, Utt = -2.183 X 104 J
mol-1, and the ratio UadU tt = 1.029. These values appear
reasonable enough, but clearly to better visualize small dif-
ference between the Uu values for the isomers, we have ob-
tained values with four significant figures from experimen-
tal measurements made within two significant figures. In
view of the kind and accuracy of the available experimental
data, the only acceptable conclusion from these values is
«the qualitative one, namely, that (UadU tt) > 1.

In general, when Ua values are accessible, the next step
consists in calculating mixed configurational energies of
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the type [/ij. We have obtained the values of Unfrom the
simplified eq 8a rather than from (8). If highly accurate Ua
values were accessible, the use of sophisticated combining
rules would be desirable. Presently we write simply

Uss XJl/ce -f U (10a)
Uts = Xtsll/tt + U (10b)
Uct = Xct(Uac+ Utt) (10c)
We then assume
= g (ID
as well as
(12)

Consider now carefully eq 10-12. Equations 10 are all
true by definition. Equation 11 is quite plausible and easy
to accept, since we are dealing here with two isomers of the
same chemical compound, interacting with a liquid solvent.
Equation 12 appears less obvious. We have to remember
here that Uacand Uttare very close to one another; this can
be expected on the general grounds and it has already been
confirmed by the values of the tonometric coefficients,
crude as they are. Under the circumstances, any combining
rule which puts Ud in the vicinity of the values of Uacand
Utt cannot be far off the real value of Uct Provided Xis of
the order of 0.5, eq 12 thus becomes acceptable also.

The equilibrium state between cis and trans isomers has
been expressed by eq 9. Substituting (10-12) into (9) we
obtain

_ xUcc- (1- X- sg+ 2xs\)Utt
xam (2X - 1)(Ucc + Uty

Equation 13 represents a very interesting result. We no-
tice that UaBdoes not feature in it at all. Equation 13 pre-
dicts thus xGinindependent of the kind of solvent used, in
agreement with the experimental facts outlined in the be-
ginning of this paper.

Since we expect X to be of the order of 0.5, we can now
determine whether X is larger or smaller than one half.
From (13) we obtain by pure algebra

U |-X + (xc+ *.)(2X-1)

utt X- *¢(2X - 1)
where the second index in xc has been omitted. For large
values of jes, such as in the experiments under consider-

ation, we have the last term in the numerator (xc + xs)(2X
- 1)* 2X- 1. Then

(14)

(15)

From the experimental data we have found that (UcJUtt)
> 1. According to eq 15 this is only possible if X> 0.5.

4. Discussion

Inspection of the experimental concentrations in Table |
demonstrates that xcdecreases by 0.070 when passing from
anisole through cyclohexene and tert-butyl alcohol to di-
methyl sulfoxide. At the same time the solvent concentra-
tion xaincreases by 0.074. Thus, for a given concentration
of a solvent, the concentration of the cis form of the olefin
is indeed virtually independent of the kind of the solvent.
This takes place in spite of large differences between con-
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figurational energies of solvents, as shown in the last col-
umn of Table I. The reason why this happens is explained
by eq 13, in terms of the general equilibrium condition (9)
and simple combining rules (10).

The second natural question to ask is, why the cis form
of 1-chloropene appears always in preponderance as com-
pared to the trans olefin? A simple answer to this results
from the experimental values of the tonometric coeffi-
cients, namely, that the absolute value of the configura-
tional energy is larger for the cis isomer. One would like
this qualitative answer to become quantitative; but that
will be possible only when all experimental parameters fea-
tured in eq 8 are available.

In principle at least, the Uac — Utt difference may be
found from quantum mechanical calculations, but this al-
ternative presents some difficulties also. Electrolytic syn-
thesis of difluorodiazine leads invariably to a mixture con-
taining 85% of the cis isomer, something very similar to our
case of l-chloropropene. Kaufman et al.2l and Turner2
performed energy calculations for both isomers of N2F2.
Kaufman and her colleagues have found that the cis form is
favored energetically; their calculations were based on the
extended Hiickel method. Turner using the CNDO/2 meth-
od has found that the trans form is favored by about 1.2 kJ
mol-1, but he remarks that within the error of his calcula-
tions both forms have the same energy. There exists a dis-
tinct energy barrier when passing from the trans to the cis
form of N2F2; this has been explained by Turner in terms
of simple atom-atom repulsion, rather than any alterations
in chemical bonding.

Our eq 1 has been written for any system of the general
type isomer cis + isomer trans + solvent. For any such sys-
tem, therefore, eq 9 is applicable also. Given configuration-
al energies of all components and the solvent concentra-
tion, one can predict the concentration of the cis isomer ac-
cording to (9). If the Ucc, Utt, and Ussvalues available were
highly accurate, a more sophisticated combining rule such
as

might become worth using. The harmonic mean rule (16)
has been discussed by Kreglewski in his monograph.23 Lin
and Robinson24 have demonstrated that this rule is superi-
or to some other combining rules for rare-gas pairs, and the
rule has been used extensively by Kreglewski and his col-
leagues.2526 We have to remember, however, that all com-
bining rules are of limited validity only for systems with
strong interactions.26 Kolbe27 has studied cis and trans
forms of I-ieri-butylcyclohexan-4-ol by infrared spectros-
copy, with CCl4 as the solvent. He has concluded, that the
degree of hydrogen bond autoassociation of the cis com-
pound is remarkably lower than that of the respective trans
form. Clearly, for systems with strong specific interactions
such as the one studied by Kolbe, finding parameters Uct,
Uts, and Ucs for our eq 9 would represent a formidable
task. For other systems there is no fundamental difficulty;
the practical difficulty is related to the accessibility of ex-
perimental parameters featuring either in eq 2 and 3 or else
ineq 8.
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Thermodynamics of Mixed Electrolyte Solutions. V.1 An Isopiestic Study of the Aqueous

Systems Tetra-n-propylammonium Bromide-Sodium Bromide and

Tétraméthylammonium Bromide-Sodium Bromide at 25 °C2

D. Rosenzweig, J. Padova,*3and Y. Marcus

Soreq Nuclear Research Centre, Yavne 70600, Israel (Received July 8, 1975)

Osmotic and activity coefficients were measured by the gravimetric isopiestic vapor pressure technique in
the aqueous systems tétraméthylammonium bromide-sodium bromide and tetra-n-propylammonium bro-
mide-sodium bromide. The excess Gibbs free energy of mixing and Friedman’s interaction coefficients
were obtained and interpreted in terms of ion-ion interactions leading to self-salting-in in the case of the
PANBr-NaBr-FUO system and to salting-out in the case of the Me4dNBr-NaBr-H20 system.

Introduction

Studies of the thermodynamic properties of aqueous
mixed electrolyte solutions have been very useful in in-
creasing our understanding of the nature of specific ion in-
teractions in solution. The tetraalkylammonium electro-
lytes in particular have received considerable attention in
recent years.4 Wen and co-workers5 have determined the
excess free energy of mixing of some tetraalkylammonium
halides with potassium halides and found them to be con-
siderably smaller than heats of mixing.6 The difference be-
tween AGe* and AHex is very large, indicating a arge nega-
tive ASex, thereby confirming the predominantly structural
effect of the large tetraalkylammonium ions. Similar con-
clusions may be drawn from the heats of mixing of Pr4NCI
with LiCl, KC1, and NaCl7 and excess free energy of mixing
in the Pr4dNCI-NaCIl-H20 system which indicate that ASex

is large and negative and consistent with the water struc-
ture-promoting effect of PraN+.

The present research was designed to expand the knowl-
edge of the nature of the tetraalkylammonium ions by com-
paring the interaction of a structure breaker, the Me4N +
ion, and a hydrophobic structure maker, the Pr4N 1 ion, in
mixtures with an electrostrictive structure maker, the Na+
ion, using osmotic coefficient measurements and excess
free energy of mixing determinations.

Experimental Section

Materials. Sodium bromide (Baker analyzed chemical
reagent) was recrystallized twice from conductivity water
and dried carefully for 24 h at 180 °C before use. Tétra-
méthylammonium bromide (Fluka purum certified re-
agent) was purified and recrystallized a few times from a
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50% methanol-50% ethanol mixture9 while tetra-rc-pro-
pylammonium bromide (Eastman Kodak Co.) was recrys-
tallized from acetone.9 The tetraalkylammonium bromides
were subsequently dried at 80 °C for 3-4 days™under vacu-
um (10-5 Torr) and then sealed in vials untitjhsed.

Stock solutions were prepared by weight.'The concentra-
tions were determined by gravimetric analysis of the bro-
mide and indicated a minimum purity of 99.9% for the bro-
mide salts. The constant ratio mixtures were prepared by
weight from the stock solutions and then diluted by the
weight dilution method. All weights were corrected to
vacuo.

Apparatus and Experimental Procedure. The osmotic
coefficients were determined by the gravimetric isopiestic
comparison method with an apparatus which has been de-
scribed previously.10 No significant changes were made in
the procedure. The measurements were carried out over a
concentration range of 0.3-6 m at 25 °C in both systems.
Activity coefficients of sodium bromide in mixed solutions
were obtained from emf measurements. The procedure has
already been describedl and measurements were carried
out at an ionic strength of 0.75 m at 25 °C using a Beckman
sodium sensitive glass electrode and an Ag|AgBr electrode
manufactured by Orion.

Results

Equilibrium isopiestic concentrations determined are
presentedll in Tables | and Il together with the concentra-
tion of the bromide reference solutions, the ionic strength |
which is identical with the total molality m = mp + me (B
and C denoting the sodium and tetra-n-alkylammonium
salts, respectively), yc the molal fraction of the latter salt
defined by mc/(mB + me), and §>the osmotic coefficient.
The values of the osmotic coefficients of the pure tetraal-
kylammonium salts determined in this work were plotted
against the molality m in Figures 1 and 2 and compared
with literature data.5'12-14 The agreement is generally good.
For tetramethylammonium bromide our results are nearly
identical with those obtained by Levienl4b which deviate
slightly from those reported by Lindenbaum and Boyd12 at
concentrations higher than 5 m. On the other hand, our
tetra-rc-propylammonium bromide results generally agree
best with the data of Lindenbaum and Boyd.12

Treatment of the Results

The excess free energy change AGex per kilogram of
water during the mixing of me moles of NaBr and me
moles of R4ANBr in aqueous solution may be written15

AGex(y,7) = Gex(y,7) - yGex(1,7) - (1 - y)Gex(0,7) (1)

where Gex(l,7) applies to a solution of pure R4NBr and
Gex(0,7) applies to a solution of pure NaBr and the free
energies all pertain to the same ionic strength 7.

The excess free energy of mixing is usually expressed in
terms of the Harned16 or Scatchardl7 coefficients. The
most direct way of determining AGex(y,7) makes use of eq
16.22 from ref 15 whereby

[a(AGe*/)/d(I/1)]P Ty = AGwex )

where AGwex is the solvent contribution to the excess free
energy of mixing. Similarly to eq 1, AGwex(y,7) is defined as

AGwvex(y,7) = Gwex(y,7) - yGwex(1,7) - (1 - y)Gwex(0/)

The integration of eq 2 at constanty yields18
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AGex(y,7) =7 J%' AGwex(y,7") d(1/7") €)

which can be shown to be equivalent to

ZiGex(y,7) = —ARTI [rl d;(y'“ AVT-

" 1-7~(1,70 1- ¢>0,7)

s vt AVTUW) Ty A
According to the Debye-Hiickel limiting law for 1-1 elec-
trolytes at 25 °C, the expression (1 - <j))/VI tends to a fi-
nite limiting value of 0.3908 as 7 tends to zero. The integra-
tion may be carried out graphically or numerically within
reasonable agreement. The values obtained for AGex of the
tetrapropylammonium and tetramethylammonium bro-

VT (4)
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Figure 3. Excess free energy of mixing (AGP*/RT) aqueous PraNBr
and NaBr at constant ionic strength (/) plotted against y, the molal
fraction of PrdNBr in the mixed electrolyte at 25 °C.

Figure 4. Excess free energy of mixing (AGf»/RT) aqueous Me4NBr
at constant ionic strength (/) plotted against y, the molal fraction of
Me4NBr in the mixed electrolyte at 25 °C.

mide systemsll were plotted against yc at various ionic
strengths in Figures 3 and 4, respectively.

A general expression for the excess free energy of mixing
has been derived by Friedman’s extensionl5 of Mayer'’s
ionic solution theory19 which in the case of a 1-1 electrolyte
yields the following expression

AGeHy,I) = RTIZY/(I - y)[go+*i(l - 2y) +
ft(l - 2y)2+...] (5

where the gi are free energy interaction parameters. The
excess free energy of mixing values AGe* were fitted by a
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TABLE IlI: Friedman's Interaction Parameters in the
PrANBr-NaBr System

1 g ml gi,m1 g2zm 1
05 .0.5146 0.1056 0.1231
1.0 0.3649 0.0850 0.1075
15 0.2750 0.0753 0.099%6
20 0.2146 0.0695 0.0947
25 0.1699 0.0653 0.0924
30 0.1352 0.0618 0.0943
35 0.1075 0.0591 0.0918
4.0 0.0849 0.0570 0.0931
45 0.0661 0.0558 0.0954
50 0.0503 0.0554 0.0985

TABLE 1V: Friedman's Interaction Parameters in the
PraNBr-NaBr System

/ go“m 1 go6m 1 gi,“m 1 g26m 2
05 0.0336 0.0368 0.0130 0.0138
1.0 0.0192 0.0216 0.0107 0.0120
15 0.0101 0.0107 0.0095 0.0105
20 0.0026 0.0019 0.0074 0.0088
25 -0.0043 -0.0053 0.0054 0.0068
30 -0.0107 -0.0115 0.0034 0.0048
35 -0.0171 -0.0170 0.0012 0.0029
40 -0.0233 -0.0222 -0.0008 0.0008
45 -0.0294 -0.0272 -0.0028 -0.0012

0 Values obtained from the McKay transform. hValues obtained
from Friedman’s equation (eq 5).

TABLE VII: Harned Coefficients in the Prd&NBr-NaBr-H20
Systemat 25 °C*

m «B 2R oB ac Rc ¢C

05 0008 -03555 05722 02761 -0.5594 1.2368
1.0 00074 -0.1374 01195 01743 -0.1930 0.2295
15 00092 -0.0813 0.0486 01215 -0.1029 0.0850
20 00104 -0.0573 0.0259 0.0908 -0.0689 0.0432
25 00106 -0.0443 0.0160 00722 -0.0533 0.0264
30 00103 -0.0365 0.0110 0.0609 -0.0449 0.0181
35 00100 -0.0316 00081 00541 -0.0397 0.0134
40 00100 -0.0287 0.0063 0.0500 -0.0359 0.0103
45 00109 -0.0271 0.0052 0.0476 -0.0327 0.0082
50 00130 -0.0267 0.0044 00461 -0.0296 0.0066

0The subscripts B and C correspond to NaBr and Pr4NBr, re-
spectively.

method of least squares to eq 5 and the gi parameter values
are listed in Tables 111 and V.

The activity coefficients were obtained from the change
in AGexat constant ionic strength, since by definition

[6AG® (y,1)/all]PTJj = RT In (7,/T,0) 6)

Their values, listed in Tables V and VI,11 are plotted in
Figures 5 and 6.

The classical method of Robinson,28 which makes use of
the McKay-Perring transform2l to determine the activity
coefficients from the experimental osmotic coefficients,
could be applied to the tétraméthylammonium bromide
system, but not to the tetrapropylammonium bromide mix-
tures. The experimental isopiestic data obtained in the lat-
ter case (Table 1) would not be reproduced by less than a
quartic equation in >c- Because of the inherent difficulties
involved in the integration of the McKay transform2l in
even simpler cases, as pointed out by Robinson and Co-
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TABLE VIII: Harned Coefficients in the MeANBr-NaBr-H20
System at 25 °Ca

m “«B ac He

05 01000 0.0074 0.1057 0.0179
10 0.0732 (010020 0.0707 0.012
15 0.0629 0.0017 0.0542 0.0078
20 0.0583 0.0018 0.0449 0.0057
25 0.0562 (010020 0.0389 0.0042
30 0.054 00022 0.0347 0.0032
35 0.0556 0.0023 0.0316 0.0025
4.0 0.0566 0.0025 0.02901 (0[0020]
45 0.0585 0.0027 0.0271 0.0018

OThe suiscripts B and C correspond to NaBr and MedNBr, re-
spectively.
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Figure 7. Plot of the activity coefficients of sodium bromide 7 Nl
VS. INaBr.

vington,2b Robinson’s methoddB was not used for the
PrdANBr-NaPr system. The results obtainedll for Me4NBr
by this method, however, are expected to be slightly less re-
liable because of the uncertainty involved in the extrapola-
tion to zero, and the indirect way of calculating the excess
free energy of mixing AGexfrom the activity coefficients.

Calculated values of the activity coefficients for NaBr
obtained from the isopiestic measurements are compared
at an ionic strength of 0.75 m with those determined direct-
ly from emf measurements in Figure 7. The agreement
could not be better taking into account the various extrap-
olations involved.

The results obtained for the activity coefficients can be
reproduced within experimental error by the expression

log (7ihin) = a,mj + pirn/i +c'émy/

where two Harned coefficientsl6a, and ft are sufficient for
the tétraméthylammonium bromide system, but at least
three, a,, ft, and &, had to be used for the tetra-n-pro-
pylammonium bromide system. The coefficients are listed
in Tables VII and VIII. It may be easily shownl5 that the gt
of eq 5 and the Harned coefficients are related as follows:
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go = 2.303[(¢b + «C) + 7(/3b + He) + 71&2(Bb + ¢(C) + =-

(72)
o\ = 2.303[%7 (dc —Hb) + %72(5c —5b) + ==q  (7h)
g2 = 2.303[V8/2(5b + 50) + ...] (70)

where g, = 2; 11+1~2gu and | represents the order of inter-
action (/ > 2+ i).

Discussion

. The PrANBr-NaBr System. As shown in Figure 3, the
AGex values plotted against y(PrsNBr) at constant ionic
strength give parabolic curves similar to those obtained in
the aqueous systems PraNBr-KBrs and PrsNCI-NaCl.s
The positive values of go at low ionic strength 7 may be
taken as evidence that two tetrapropylammonium ions can
be separated only by doing a considerable amount of
work22 At larger 7 values the skewness of the curves
toward the other component is even more pronounced than
in similar cases,s's as displayed by the finite values of the g,
(i > o) interaction coefficients which indicate the presence
of ion triplets and larger aggregates in solution.

According to Friedman’s formalismis the multiple parti-
cle interactions present in the solution are significant.
Since a g2 term is required to fit the data, a contribution
from interactions of four or more particles is indicated. The
ion pair term goz [identified with 2.303(«b + «c)]' is posi-
tive over the entire concentration range and points to like-
ion pairs PraN+-PraN+, Na+Na+ being favored over
mixed pairs PraN+-Na+. The contribution of the triplet in-
teraction term gos to the value of go is negative in sign (gos
= 2.303(dB + dc)) and this may explain the general de-
crease of go with increasing 7 (Figure 8). The negative sign
of gos indicates that mixed charged ion triplets (PraN+
Br“-PraN+) are being favored over like-charged ion trip-
lets (PraN+-PraN+-PraN+) already present in the mixture.
This is further confirmed by the relatively small values of
gi3 (7/3(dc —/3)) which is the like-charged ion triplet con-
tribution to g:. The large contribution of quadruplet inter-
action (g,4) to the various parameters g, is especially signif-
icant at higher concentrations and indicates a substantial
salting-in of the tetrapropylammonium ion. The same pic-
ture is obtained by considering the values of In (yc/yc®) in
Figure 5. These values show that aty = 0.0 this ratio is pos-
itive and increases with 7. This indicates most probably the
removal of the self-salting-in effect of PraN+ by the in-
crease in Nat+ concentration. At constant 7 the effect of
Na+ on promoting the reduction in the overlap of the
PraN+ hydration spheres is seen to decrease as expected.
The values of In (yc/yc®) go through a broad maxima in the
range of 7 values between 1.0 and 2.0 pointing toward a rel-
atively strong self-salting-in effect of PraN+ at high ionic
strengths. This is in agreement with the interpretatione,7 of
measurements of heats of mixing and heats of dilution of
tetrapropylammonium salts23 which suggests that the large
effect of the PraN+ self-interaction is due to the comple-
tion of hydration cospheress on dilution both with the sol-
vent aloner and with small cationss at constant ionic
strength.

Il. The MeiNBr-NaBr-HoO System. As shown in Figure
4, the values of AGex plotted against yc at constant ionic
strength 7 give parabolic curves at low concentrations simi-
lar to those obtained in the MedNBr-KBr-H2 system.5 At
larger 7 the skewness of the curves, due to the nonzero
value of the parameter, g,, increases. The excess free energy
of mixing changes its sign from positive to negative and at 7
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= 2the AGel curve is similar to curve d presented by Wu in
his study of Young’s mixture rule.24 At least one other sys-
tem is known to present such a behavior,25 which is rather
common in mixtures of nonelectrolytes.26 At still higher
concentrations, the AGe* values remain negative but the
usual parabolic curves are again obtained with a minimum
nearyc = 0.5.

The concentration changes in AGex may be interpreted
using Friedman’s formalism.11 Applying Reilly and Wood’s
expansionZ7 it may be shown that when all classes of triplet
interactions28 are taken into consideration

go=Bl0- B20- B0+ I[BUL- B20L - BO2A] +
7/2[B210- B120- 3B30- 3B030] (8a)

gt = 7/3[B120- B210+ BID- BOX| (8b)
or

go = gm + /go3(mixed-charged ion) +
Igos (like-charged ion) (9a)

gi = /gi3(like-charged ion) (9b)

The ion pair term go2 is positive only at the lowest concen-
tration (0.5 m), but it becomes negative and decreases
steadily with increasing ionic strength. This means that di-
luting the solution down from 0.5 will promote the forma-
tion of like ion pairs Me4N+-Me.iN+ consequent to hydro-
phobic structure making. From 1.0 m up, the formation of
mixed ion pairs Me4aN+-Na+ will be favored over like ion
pairs, this tendency increasing as the ionic strength grows.
On the other hand, the triplet contributions go3 and g13 are
positive, but starting from 3 m upward the like-charged ion
triplet term g 13 is negligible and we may safely assume that
the contribution of mixed-charged ion triplets to the free
energy of mixing will be more important than that of trip-
lets formed from three ions of the same charge. In other
words a triplet interaction of the form (Me4N+-Br~-Na+
may be expected. These changes are reflected in the ratio
In (7¢/7C°) in Figure 6 which shows a decrease in the self-
salting-in. The hydrophobic structure making at low con-
centrations is confirmed by the endothermic heats of mix-
ing found in the same system29 according to Yeung's sign
rule, which predicts endothermic heats of mixing for ions
with the same structure-forming property.

Frank and Evans4 proposed that the tetraalkylammo-
nium ions should become hydrophobic structure makers as
the size of the alkyl group increases. The evidence is quite
strong5"7'3l in indicating that the tetrapropylammonium
ion is a strong hydrophobic structure maker at all concen-
trations as is the tetramethylammonium ion at low concen-
tration only.2931 However, as the concentration increases,
the strong self-interaction of the tetrapropylammonium
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cation (salting-in) is predominant and masks other effects,
while the tetramethylammonium cation behaves as a typi-
cal structure breaker, as displayed by the formation of
mixed ion pairs. The free energies of mixingll are small in
both cases but the large negative heats of mixing in
PraNBr-NaBr indicate that the interactions of the larger
tetraalkylammonium ions are predominantly a structural
(i.e., entropy) effect, while in the case of the smaller ones
the heats of mixing of Me4NBr with NaBr are endothermic
but small so that the structural effect is much less pro-
nounced.

Supplementary Material Available: Tables |, I, V, VI,
IX, and X and Figures 5, 6, and 8 (13 pages). Ordering in-
formation is available on any current masthead page.
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Wide-line NMR measurements have been made that support and extend the ir-based operational distinc-
tion between chemisorbed and physically adsorbed species. Physically adsorbed pyridine or thiophene on
molybdena-alumina shows liquid-line NMR behavior with considerable and generalized mobility even at
low temperatures. These species undergo phase transitions at low temperatures that slow down or elimi-
nate their motions on the surfaces. Chemically adsorbed pyridine is much more rigidly held on the surfaces
studied with essentially only a rotation about the C2 axis of the adsorbed species persisting to very low
temperatures. Pretreatment does not affect the behavior of pyridine, but thiophene is physically adsorbed
only on H2reduced surfaces, and it undergoes a reaction on calcined surfaces. The observed differences in
behavior are based on variations exhibited in the line width, line shape, and second moments of the NMR
spectra and in the ir spectra of the adsorbed species.

Introduction

The infrared spectra of pyridine adsorbed on aluminas
and modified aluminas have been used widely and quite
successfully to distinguish Lewis surface acidic sites of vari-
ous strengths from each other as well as from Bronsted
acidic sites.1-4 This use of pyridine as an ir probe of surface
acidity is possible because of the variations in the spectrum
of adsorbed pyridine in the region 1400-1700 cm-1 pro-
duced by adsorption to sites of differing types and
strengths. Pyridine is adsorbed on a given surface and then
subjected to desorption at various temperatures and for
various time intervals. The stronger acidic sites retain the
bound pyridine (with ir absorptions characteristic of these
sites) with increasing temperature and periods of desorp-
tion. This operational procedure is also used to distinguish
physically from chemically adsorbed pyridine in that the
pyridine initially desorbed at temperatures below 150 °C is
conventionally defined to be physically adsorbed.1-4 Simi-
lar successful utilization of NMR techniques has been
made to obtain information pertaining to inter- and intra-
molecular interactions of adsorbed species.5

This paper presents NMR and ir data that provide con-
siderable insight both into the differences of physically and
chemically adsorbed pyridine and also between adsorption
sites of variable strength. The line shapes, line widths, and
second moments of the NMR absorptions are utilized here
to distinguish physically from chemically adsorbed pyri-
dine. These data tend to validate the ir-based operational
assumption with respect to physically and chemically ad-
sorbed pyridine on alumina modified by various transition
metals. In addition, these data provide a rather detailed
description of the dynamics of the adsorbed species on a
molecular level. Finally, information is obtained on the rel-
ative strength of the various acid sites through the exami-
nation of the spectra of adsorbed thiophene and their con-
trast to the more strongly adsorbed pyridine on the same
modified alumina surfaces.

Experimental Section

The modified aluminas were prepared by standard tech-
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niques where M0O3 was impregnated in the alumina from
an aqueous solution of ammonium paramolybdate. The
preparations were dried at 100 °C for 2 h. then calcined at
500 °C for 18 h in acurrent of dry air.

For the ir investigation, samples were ground into 100-
mg powdered aliquots which were then pressed into 1 in. in
diameter wafers at approximately 8000 psi for 1 min. All
treatments of the wafers were carried out after the wafer
was mounted in a cell, which has been previously de-
scribed,1 and attached to a vacuum system in which the
ultimate pressure achieved was 10~6 Torr.

The wafer was initially evacuated at 500 °C for 16 h. At
this point the wafer is considered to be “calcined only”. Re-
duction was accomplished by flowing Ho at a rate of ap-
proximately 20 cc/min for a period of 4 h at 500 °C fol-
lowed by further evacuation at this temperature for 4 h.
Pyridine was added to the wafer surface by exposure to 12
Torr at 150 °C for 1 h, followed by 2-h evacuation at the
same temperature. Thiophene was added by exposure to 20
Torr at room temperature for a period of 1 h followed by
evacuation, also at room temperature, for 1 min. Other
evacuation temperatures and time periods were used and
are specified in the text where pertinent.

Infrared spectra were recorded at ambient temperature
on a Beckman IR-12 with a special slit width of 4 cm-1.
The instrument was continuously purged with dry air.

For NMR investigation, 1g of sample was contained in a
standard solid-sample tube fitted with a side arm, vacuum
stopcock, and vacuum joint to permit attachment to the
vacuum system. Calcination and reduction conditions were
as described above, as was the addition of pyridine and
thiophene unless specified differently in the text.

Nuclear magnetic resonance experiments were carried
out with a Varian V-4200 wide-line NMR spectrometer.
The instrument was equipped with Fieldial for magnetic
field scanning and a standard variable temperature probe.
The first derivative of the resonance absorption was re-
corded at 11.09 MHz using 40-Hz audio-modulation of the
field with sufficiently low peak-to-peak amplitude to pre-
vent artificial broadening.



~'mPyridine and Thiophene Adsorbed on Modified Alumina

Figure 1. Relative intensity of NMR signal due :0 adsorbed pyridine
(A) or thiophene (B) on “calcined-only’ (O) and reduced (A or O)
9% Moo3/j)-Al2o 3 as a function of pumping time and temperature.
Open symbols are for room temperature evacuations; solid symbols
refer to evacuation at 150 °C.

Results and Discussion

A. Ir Results and NMR Line Width Measurements. Pyr-
idine is chemically and physically adsorbed on both
7-Al1203 and modified 1-Al203 surfaces. The differentiation
between the two types of adsorption is operational in na-
ture. Previous infrared investigationsl have shown that
heating Al203 with adsorbed pyridine at 150 °C and con-
stant evacuation for 2 h removed the physically adsorbed
pyridine, i.e., the species responsible for absorption bands
at approximately 1440 and 1600 cm“ 1

Figure 1A presents the results for an analogous experi-
ment utilizing the wide-line NMR signal of pyridine rela-
tive to that of dehydrated base alumina. After exposure to
pyridine vapor, the modified aluminas were evacuated at
room temperature and the spectra recorded at the time in-
tervals shown. After 2 h of room temperature evacuation
the samples were heated for 1 h at 150 °C with evacuation.
The signal due to the adsorbed pyridine decreased signifi-
cantly, and in conjunction with the aforementioned in-
frared spectroscopic results, the residual signal is attrib-
uted to chemisorbed pyridine only. The spectra recorded
previous to the heat treatment are attributed to both phys-
ically and chemically adsorbed pyridine. Figure 1A also
shows that H2 reduction of a 9% M0/1J-Al203 does not sig-
nificantly affect the amount of pyridine adsorbed relative
to a “calcined-only” sample. There is some initial differ-
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Figure 2. Infrared spectra of adsorbed thiophene on 9% MoO3/
7-Al20 3. (A) Sample is "calcined-only”. Spectrum A results from
1-min evacuation at room temperature after exposure to thiophene.
Spectrum B results from heating the above for 1 h at 150 °C with
evacuation. (B) Sample is reduced. Spectrum A results from 1-min
evacuation at room temperature after exposure to thiophene. Spec-
trum B results from 5-min further evacuation at room temperature.

ence in the amount adsorbed, but that difference becomes
insignificant after the first few minutes of evacuation. The
amount of chemisorbed pyridine does not decrease further
even after extensive (4-h) evacuation at 150 °C.

Figure IB presents the corresponding results for thio-
phene adsorption on 9% MO/7J-AlI203. The adsorption on
the reduced sample is greater than that on the “calcined-
only” sample, with the signal produced from the former of
approximately the same magnitude as that produced by
adsorbed pyridine.

The infrared spectra of thiophene adsorbed on the modi-
fied aluminas, which are presented in Figure 2, show that
there is a significant difference between the “reduced” and
“calcined-only” samples. Absorption bands occur at 1082,
1252, and 1409 cm* 1 on the reduced sample. This spectrum
indicates that the thiophene is physically adsorbed because
these band maxima are essentially identical with those of
liquid thiophene, which occur at 1080, 1250, and 1406
cm“1, and which are assigned to the in-plane deforma-
tions.6 Also, after approximately 5 min of pumping on the
adsorbed thiophene at room temperature, all of the bands
with the exception of a weak residual absorption at 1252
cm*“1 are removed. The plethora of absorption bands ob-
served for thiophene adsorbed on the “calcined-only” sam-
ple indicates that the thiophene has reacted and that the

The Journal of Physical Chemistry, Vol. 80, No. 6, 1976



608

reaction products are adsorbed. Also, these bands were
found to remain after heating at 150 °C for 1 h, although
the relative intensities were modified. This indicates that
the reaction products are chemically adsorbed. The behav-
ior of the above spectra is consistent with the results ob-
tained from the wide-line NMR i.e., the reduced sample
contains a significantly greater amount of physically ad-
sorbed thiophene than the “calcined-only” sample.

The wide-line NMR spectra of adsorbed thiophene (Fig-
ure IB) show evidence for some chemically adsorbed thio-
phene in that there is a residual signal after evacuation at
150 °C for the time interval indicated. The S/N ratio, how-
ever, is very low and the amount remaining after each heat
treatment is a small fraction of the equilibrium physically
absorbed thiophene. It is also of interest to note that the
rate of desorption of thiophene from the “calcined-only”
sample is considerably greater than from the reduced sam-
ple. Essentially, all of the thiophene is removed after about
30 min of pumping. Further information pertaining to the
adsorbed thiophene is available from a detailed consider-
ation of the NMR line widths. Thiophene is known to un-
dergo several phase transitions as the temperature is low-
ered. NMR has been used to detect some of the transitions
of thiophene, the NMR absorption line width showing
discontinuities at the phase transition temperatures. The
experimental second moment of the absorption can be used
also for a discussion of such broadenings. Figure 3A pre-
sents the variation of the second moment of neat thiophene
with decreasing temperature. The solid phase transition oc-
curs at —127 °C, in agreement with previous work.7 The
variation in the absorption line’'s second moment for physi-
cally adsorbed thiophene on a reduced 9% MO/VAI203
sample is given in Figure 3B. A solid phase transition oc-
curs at —132 °C. The line widths corresponding to the plot-
ted experimental second moments show a closely parallel
behavior for the neat and physically adsorbed thiophene.
Thus, the behavior of physically adsorbed thiophene is
similar to that of the neat liquid when both are solidified at
low temperatures. Clearly, the physically adsorbed thio-
phene remains extremely mobile, showing generalized tum-
bling and even translational motion at very low tempera-
tures close to the transition temperature. However, even at
this transition temperature, there must be some mobility
remaining in the adsorbed thiophene for (1) the theoretical
moment is 6.8 G,2 i.e., considerably greater than the ob-
served value; and (2) as shown by previous work,7 there are
several phase transitions that neat thiophene undergoes
with some mobility remaining down to —160 °C.

The variation of the proton signal line width with de-
creasing temperature for physically adsorbed thiophene on
a reduced 9% Mo/rj-AfO;! at two different levels of cover-
age is given in Figure 4. The differences in coverage were
produced by further evacuation at room temperature of the
sample initially containing adsorbed thiophene. The sam-
ple containing the greater amount of thiophene undergoes
a solid phase transition at —127 °C, which is the same tem-
perature as for the pure thiophene. As the amount of physi-
cally adsorbed thiophene decreases, the transition temper-
ature shifts to a higher temperature. For the case under
consideration, a sample with residual thiophene after 120
°C evacuation at room temperature shows a transition at
—110 °C. This indicates that the adsorbed thiophene layers
near the surface are under the strong influence of that sur-
face, whereas, the thiophene at the higher coverage behaves
more nearly as neat thiophene. It is of further interest to
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Figure 3. The experimental second moment of the NMR absorption
of neat thiophene (A) and of thiophene adsorbed on reduced 9%
Mo Os/ 77-Al203 (B) as a function of temperature.

Figure 4. The line width of physically adsorbed thiophene on re-
duced 9% b Os/7J-Al203 as a function of temperature. Two differ-
ent coverages of thiophene are shown: (O) represent adsorbed thio-
phene which has been evacuated at room temperature for 5 min;
(O) represents evacuation for 120 min.

note that the line width at a given temperature is greater as
the amount of adsorbed thiophene is decreased. This varia-
tion of line width as the relative amount of physically ad-
sorbed thiophene is changed can be attributed to the same
surface forces responsible for the variation of the transition
temperatures with coverage. Similar behavior is observed
with both physically adsorbed and chemisorbed pyridine.
The line width of pyridine adsorbed on both a reduced and
“calcined-only” 9% MO/VAI203 sample as a function of
coverage is given in Figure 5. The line width is seen to be
independent of the reducing, or lack of, conditions em-
ployed. As observed previously for thiophene, the line
width increases as the amount of physically adsorbed pyri-
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Figure 5. Line width of NMR adsorption of ‘physically" deft half of
curve, room temperature evacuation) and “chemically" adsorbed
pyridine on 9% Mo00O3/7-Al1203: (O) represents “calcinec-only” and
(A) represents reduced modified aluminas.

dine is decreased, reaching a maximum when only chemi-
sorbed pyridine is present on the surface. In fact, there is a
tenfold difference in line width between chemisorbed and
physically adsorbed pyridine, and this difference could be
used as an alternate operational criterion to distinguish
chemisorbed from physically adsorbed pyridine.

Another striking difference between chemically and
physically adsorbed pyridine is shown in Figure 6. The line
width of the chemically and physically adsorbed pyridine
has been recorded as a function of temperature, from room
temperature to —150 °C. The ir results have been used here
for the operational definition of “chemical” and “physical”
adsorption. Pyridine that remains on the support after
evacuation at room temperature shows a sharp and narrow
liquidlike signal that persists in this manner down to about
—125 °C. At that temperature, there is a very sharp change
taking place with the line width showing a 50-fold increase
from about 0.1 to over 5.0 G. On the other hand, the signal
due to chemisorbed pyridine, even at room temperature, is
a fairly broad one with the \HRP being about 3.5 G. The
line width for this signal remains unchanged down to about
—115 °C at which point there is a transition. The broaden-
ing of the chemisorbed species is some 15 °C earlier than
the transition of the physically adsorbed one. Also, the
broadening is not as great, changing from about 3.5 G to al-
most 5 G, while for the physically adsorbed, the change is
considerably greater. The data below the transition tem-
perature seem to indicate that physically absorbed pyri-
dine broadens to a value some 10% greater than that of
chemisorbed pyridine. The difference is probably signifi-
cant although the spectra at these temperatures are rather
poor, especially for the chemisorbed ones with low S/N.

B. Line Shapes and Second Moments of NMR Absorp-

tions. We have examined the line shapes of the resonance
absorptions of the various samples with some rather inter-
esting results. The Bloch equations predict Lorentzian line
shapes, and this is what is generally observed for liquids.89
Lorentzian lines are also expected where there exists ex-
change interaction between like species.

In the absence of exchange broadening, dipolar interac-
tions in randomly distributed solids produce Gaussian
NMR absorption lines.8 On the other hand, in magnetically
dilute systems, dipolar broadening produces Lorentzian
lines. Examination of the obtained line shapes further de-
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Figure 6. Line width of NMR absorption of chemisorbed (O) and
physically adsorbed (X) pyridine on reduced 9% Mo0O3/TJ-Al203 as a
function of temperature.

fine the sharp differences that we already noted between
chemisorbed and physically adsorbed species.

Figure 7 shows the line shape of physically adsorbed pyr-
idine at various temperatures. Clearly, at high tempera-
tures above the transition point, the observed line is Lo-
rentzian as expected for highly mobile, liquidlike behavior.
In the figure this is shown with the X's falling exactly on
the observed line (—66 and —104 °C spectra) while the
Gaussian points (O’s) deviate considerably from the ob-
served absorption. The line shape of the signals observed at
temperatures below this transition point is pure Gaussian.
(Figure 7 also shows the observed signal at —137 °C.) It is
interesting that at temperatures immediately before the
transition to a broader, solidlike Gaussian signal, the ob-
served signal is actually the superposition of two distinct
signals, one extremely narrow and the other much broader.
At —118 °C the signal shows large Lorentzian absorption
and smaller Gaussian absorption, while closer to the transi-
tion (at —128 °C), the relative amounts of the two have
been reversed. It is interesting to note that as the transition
temperature is approached the line shape begins to deviate
from the simple pattern. For example, at —104 °C (Figure
7) the signal is intermediate, i.e., Gaussian toward the cen-
ter, but in the wings it remains Lorentzian.

For thiophene adsorbed on reduced MO/A1203, a similar
behavior of the line shape is observed. At temperatures
well above the transition point (which occurs at about —130
°C), the line shape of the physically adsorbed thiophene is
pure Lorentzian; however, at temperatures below the tran-
sition, the line shape is Gaussian. The same general pattern
is observed with neat thiophene. Its line shape remains es-
sentially Lorentzian down to its transition point, but then
below that point the line shape becomes Gaussian. Again
the line width of the thiophene above the transition point
is liquidlike, but it is broader than the liquid thiophene (0.1
mG vs. 0.1 G).

In sharp contrast to the physically adsorbed pyridine,
the line shape of the chemisorbed pyridine is uniformly
Gaussian at all temperatures including room temperature
and on both sides of the transition point. These various ob-
servations are summarized in Table I. No significant differ-
ence has been observed in the line shape of pyridine ad-
sorbed on reduced or calcined molybdena-alumina. The re-
sults presented here fit a plausible scheme that is deter-
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A B C

Figure 7. NMR line shapes of physically adsorbed pyridine on re-
duced 9% Moo 3/>)-Al203 at various temperatures. The observed
line is solid; the X's describe a Lorentzian line shape and the O's a
Gaussian curve: (A) —66 °C, Lorentzian lire shape; (B) —104 °C,
Lorentzian and Gaussian superposition; (C) —137 °C, Gaussian line
shape.

TABLE I: NMR Line Shapes Observed for Adsorbed Species
on Reduced 9% MOO3VAI1203

Line
Adsorbate Temp, °C Afipp, G shape* Comments
Thiophene -6 01 L
-90 0.3 L
-115 to-130 Transition
-135 3.0 G
Pyridine -66 01 L
(physically -118 01 L>G Two
adsorbed) signals
-128 ~2 G>L Two
signals
-130 ~3.5 G Transition
-137 6 G
Pyridine -60 32 G
(chemisorbed) -115 4.2 G
-140 5.0 G

“ L = Lorentzian; G = Gaussian.

mined by the random distribution of the adsorbed species
and of the influence of the system on the mobility of these
species.10 At the higher coverage, where we have more ma-
terial and less on-the-average influence by the surface for a
given species, we should expect a narrow Lorentzian curve.
Upon removing the material and thereby increasing on-
the-average the influence of the surface, we should expect a
somewhat broader (as observed) NMR absorption. The
mobility of the species in order to influence the line width
of the NMR absorption must be of the order of magnitude
of the inverse line width. It could very well be, then, that at
the higher coverage the smaller but real influence of the
surface causes some slowing down of the species which,
when coupled with the random distribution and close prox-
imity of the interacting adsorbed species, gives to the signal
some elements of Gaussian behavior. This effect may be
enough to give to the physically adsorbed (on the high cov-
erage level at least) some solidlike behavior without greatly
affecting the line width. Of course, the line width is not as
low as would be expected for a true liquid (AHpP at room
temperature is a 0.1 mG vs. 0.1 G for the adsorbed species
in the case of pyridine). If one restricted further the mobili-
ty of the species (e.g., chemisorbed pyridine) then one
would expect the signals to become pure Gaussian and to
broaden also considerably. As the data presented earlier in-
dicate, this is exactly what is observed both with pyridine
(chemisorbed and physically adsorbed) as well as with
physically adsorbed thiophene.
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Finally we turn briefly our attention to the comparison
of calculated and experimental second moments, for they
present the possibility of providing some detailed structur-
al and dynamical insight of the behavior of solids and ad-
sorbed species. As shown earlier (Figure 3), there isa close
correspondence between the second moment of neat thio-
phene and adsorbed thiophene over a wide range of tem-
peratures. The theoretical second moment of thiophene is
6.8 G2,7 but at no temperature has the observed second mo-
ment approached that value at all. The lower observed ex-
perimental second moment indicates considerable residual
mobility probably of a reorientational nature about the axis
perpendicular to the molecular plane.7

The situation with pyridine is also instructive. In our ex-
periments, the physically adsorbed pyridine as a function
of temperature (Figure 6) corresponds to an initial cover-
age of 2.2 X 1020 molecules/g of sample (surface area of the
catalyst was 200 m2g). The amount for a monolayer re-
quired is 3.9 X 1020, therefore, in our experiments, less than
one monolayer was present. The highest experimental sec-
ond moment for physically adsorbed pyridine is 6.1 G2 at
the lowest temperature studied, while for the chemisorbed
pyridine the corresponding value is 4.2 G2. Several observa-
tions can then be made with a fairly high degree of confi-
dence using the theoretical and calculated second moment.

The expected intramolecular second moment of pyridine
is 6.4 G2, yet the total observed (6.1 G2) is less than the in-
tramolecular contribution. Since, (1) upon the onset of ro-
tational motion the intramolecular contribution would be
affected first, and (2) the level of coverage is such that we
expect some intermolecular contribution for the physically
adsorbed pyridine but probably not for the chemisorbed
pyridine, then, we must conclude that even below the tran-
sition temperature some rotational motion must persist for
the physically adsorbed pyridine. The greater second mo-
ment of the physically adsorbed relative to that of the
chemisorbed pyridine at this low temperature (—130 °C)
must be due to intermolecular contributions which are not
present in the chemisorbed case because of the lower cover-
age as well as to possible differences in the intramolecular
second moment contribution. The fact that the second mo-
ment of the chemisorbed pyridine below the transition has
the value of 4.2 G is significant. The intramolecular value
of the rigid species (6.4 G2) is reduced to 4.3 G2 upon the
onset of rotation about the C2 axis through the nitrogen.
Thus, the picture that emerges as far as the pyridine ad-
sorbed on molybdena-alumina at these levels of coverage is
the following. The chemisorbed pyridine is attached to the
surface sites and it is held quite rigidly with the only ap-
parent motion at a temperature lower than the transition
point being a rotation about the C2axis. This rotation must
have a rate higher than 20 kHz since it does affect the line
width of 5 G. At temperatures higher than the transition
temperature, there appear(s) additional intramolecular
motion (s) since the line width narrows from about 5.0 to
3.5 G and the second moment drops correspondingly from
4.3 to 2.5 G2 These additional motions are probably libra-
tional in nature, but not generalized tumbling, for the lat-
ter would entail a line width and second moment of much
lower values as observed with the physically adsorbed
species. The generalized motion, including translational
motion, is evident for the physically adsorbed pyridine, by
the dramatic drop of the line width at its transition point.

These results are in general agreement with certain stud-
ies of pyridine on various cation-substituted faujasites re-
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ported by Russian workers.1l These workers showed that
the width of the NMR lines and their second moments de-
pended on the degree of saturation of the zeolites w th pyr-
idine as well as on the nature of the compensating cation of
the zeolite.

Conclusions

In conclusion then, the NMR data provided here support
the ir based differences between physically and chemically
adsorbed species. Pyridine adsorbs both physically and
chemically on molybdena modified alumina with the pre-
treatment of the support not being particularly significant.
On the other hand, thiophene adsorbs physically only on
the reduced molybdena-alumina while it undergoes reac-
tion on “calcined-only” molybdena-alumina. The physical-
ly adsorbed pyridine and thiophene show liquidlike NMR
behavior with considerable mobility even at low tempera-
ture, but both eventually undergo phase transitions that
slow down or eliminate the motion of the adsorbed species.
Chemically adsorbed pyridine is much more rigidly held on
molybdena-alumina surfaces with apparently only a rota-
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tion about the C2axis. The NMR data provide alternative
definitions to the operational ir definition of chemically
and physically adsorbed pyridine by providing some de-
tailed structure and dynamic insight of the adsorbed
species.
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Charge Transfer Interaction between Thioacetic

Acid or Its Ethyl Ester and Triethylamine
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The interaction between thioacetic acid (TAA) or its ethyl ester (ETA) and triethylamine (TEA) was in-
vestigated by means of uv, ir, and NMR measurements in CC14, CH:C12, and ethanol. Two new bands were
observed in CH:Cl. and ethanol while only one band was present in CCl. for the TAA-TEA system. From
the disappearance of the bands characteristic of intermolecular interaction in the case of ETA and TEA
and also from the measurements of ir and NMR spectra, the bands due to the interaction of TAA and TEA
were attributed to a hydrogen bonding type interaction, which is also supported by the results of absorp-
tion spectra for the alkyl thiol-amine system. For the assignment of these bands a semiempirical MO
(CNDO-CI) calculation was helpful. The absorption at shorter wavelength in the former two solvents was
assigned to a &_h~n "* <M*SH transition owing to a CT interaction while the absorption at the longer wave-
length in the former solvents as wed as that in the latter solvent to a its “*» <r*s-H transition associated with
the S-H bond stretched by hydrogen bonding.

There have been a number of studies on the e.ectronic
structures of molecular complexes from both theoretical
and experimental aspects, since Mulliken proposed the in-
termolecular charge-transfer (CT) theory.1 From the point
of theoretical interest, molecular orbital (MO) techniques
have been applied to various molecular interactions based
on Mulliken’s theory.2 While in experimental fields, spec-
troscopic investigations have been done on the donor-ac-
ceptor interaction by means of several kinds of spectros-
copies, uv,3 ir4 NMR,5 ESR 6 etc. Through these studies,

* Address correspondence to this author at the Department of
Hydrocarbon Chemistry, Kyoto University.

the structures and physical properties of CT complexes
have been clarified and discussed in some detail.7 On the
other hand, investigations concerning hydrogen bonding
(HB) have been made in connection with various systems
of biochemical or theoretical interest.8 The contribution of
CT forces to HB systems has been discussed and even sug-
gested as one of the significant factors.9 However, observa-
tions of CT bands in HB systems by spectroscopy in ultra-
violet and visible region (uv-vis) have been seldom re-
ported because of much weaker interaction than CT com-
plexes and the absorption of considerably shorter wave-
length, usually as in the vacuum ultraviolet region, which is
characteristic of these systems. A notable exception is
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found in the study of Kubota,l0 where HB type CT com-
plexes between TEA or its N -oxide and several kinds of ar-
omatic hydroxy compounds are investigated, but these HB
systems in the case of alkyl compounds as acceptors have
not been performed hitherto, so far as we know.

While sulfur compounds have been widely studied in
view of several points of chemical interests, of which the
contribution of 3d orbital,11 the problem of hypervalency,12
and the behavior as biochemical model compounds13 may
be characteristic, many sulfur compounds also behave as
the electron donor in the donor-acceptor interaction of
chemical and biological systems owing to the lower ioniza-
tion potential. However, few studies on the donor-acceptor
interaction of sulfur compounds as “acceptors” have been
done except the works of Miller and others.5

In a previous paper,14 we tried to discuss the difference
of the electronic states between thioacetic acid (TAA) and
its ethyl ester (ETA). In the present work, an attempt was
made to study how TAA and ETA interact with an elec-
tron-donating molecule in several kinds of solvents, such as
carbon tetrrachloride, methylene, chloride, and ethanol, by
means of uv-vis spectroscopy. The nature of these interac-
tions was examined also in terms of ir and NMR spectra.
Furthermore, MO calculations were performed with the
CNDO/2 method in order to make the assignment of CT
bands and to obtain the stable configuration of both
ground and excited states in these systems, where the con-
figuration interaction (Cl) technique was used to describe
more correctly the excited states of these systems.

Results

Yamabe et al.

Figure 1. Uv-vis spectra of the TAA-TEA system in CCl4 at 15 °C.
The concentration of TAA is 7.07 X 10~2 M. The concentrations of

TEA are (1) 2.82 X 10-1, (2) 4.25 X 10_1, (3) 5.64 X 10~1 (4) 7 07
X 10-1, and (5) 1.43 M.

1 First of all, we carried out measurements of the elec- Figure 2. Uv-vis spectra of the TAA-TEA system in CH2Cl2 at 15

tronic absorption spectra of TAA and triethylamine (TEA)
mixtures in carbon tetrachloride, methylene chloride, and
ethanol, varying the concentration of TEA.2 The results
obtained are shown in Figures 1-3, which demonstrates
that there appeared two kinds of new bands at ca. 335 and
400 nm in methylene chloride and in ethanol, whereas in
carbon tetrachloride only one new band at 400 nm was
found. Moreover, we can distinctly recognize the increment
of these new bands with increasing amount of TEA, reflect-
ing that these bands could be directly correlated to the
donor action of TEA. The isosbestic point at 230 nm in the
case of ethanol solvent, as is shown in Figure 3, was uncon-
firmed in other solvents, because of the limit of spectral re-
gion due to the absorptions of the solvents themselves. It
could be observed by other techniques.

In order to study further these experimental facts, we
tried to test the following Benesi-Hildebrand relation,15 as-
suming that a 1:1 molecular complex is formed:

D+A*C 1)

K = Cc/CDCA= Cc/(CD - Cc)(CA° - Cc) )

where Cc is the concentration of the complex (TAA-TEA),
CA° is the original concentration of TAA, and CA is the
concentration of noncomplexed TAA; similar designations
are applied to TEA (component D). From eq 2

1IK = CD’CA°/Cc - CD’- CA + Cc 3)
The absorbance A is defined as
A = tdCc @

where t\ is called the molar extinction coefficient (in units
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°C. The concentrations of TAA in the region of 335 and 410 nm are
7.07 X 10~3 and 7.07 X 10~2 M, respectively. The concentrations
of TEA in the region of 335 and 410 nm are 143 X 10~1~ 143
and 3.57 X 10-2 ~ 5.64 X 10_1 M, respectively.

of M 1cm J and d is the length in a cell (in cm). Substi-
tuting eq 4 into eq 3, one can obtain the following equation:

11K = exdCc/A - CDF - CA® + Cc (5)

When Cd°® » CA’ > Cc, the third and the last terms ineq 5
can be neglected and eq 5 is reduced to
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Figure 4. Plots Of Co°Ca°’/Acvs. (Co0+ CA) for the TAA-TEA sys-
tem in CCU (at 410 nm).

Figure 5. Plots of Cd0Ca0/Ac vs. (Co0 + CA°) for the TAA-TEA sys-
tem in CH2Cl2 (O, 335 nm; ¢, 410 nm). The right coordinate of the
vertical axis in this figure corresponds to the absorption band at 335
nm.

dCA/A = I/(KtxCD) + I/t (6)
In the case of Cd®° ~ CA’ > Cc
dCD’CAM = 1/(K«x) + (CD° + CA°)/«x @)

Then, we tried to apply eq 6 and 7 to the above three sys-
tems, which results are shown in Figures 4-6. From the
straight lines of this figure and the existence of the isosbes-
tic point for the ethanol solvent system, it is permitted to
attribute these absorption bands to the 1:1 complex. Values

of the equilibrium constant K and the molar extinction
coefficient é\obtained from these straight lines are summa-
rized in Table I.

2. Secondly, measurements of uv and visible spectra of
ETA-TEA mixtures were carried out in ethanol to decide
whether the complex of TAA and TEA is due to the charge
transfer from the nitrogen lone pair electron to the a* or-
bital of the S-H bond or to the carbonyl «* orbital. In the
ETA-TEA system, we found neither new absorption bands
nor any remarkable change of both position and intensity
of the absorption band of ETA itself at 232 nm even with
the use of a considerably large amount of TEA. This fact
indicates that there appears no formation of molecular
complexes between ETA and TEA in ethanol. The differ-
ence between TAA and ETA in these phenomena may ob-
viously be attributed to the replacement of hydrogen atom
of the S-H group by an alkyl substituent. Hence the two
new absorption bands in TAA-TEA mixtures might rea-
sonably be explained in terms of the formation of a HB-
type complex.

3. Furthermore, spectral work on the n-propanethiol-
TEA system was performed to clarify experimentally
whether there exists an interaction between the carbonyl
group of TAA and TEA or not. The resultant spectra were
similar to those of the TAA-TEA system, that is, in CH2CI2
solvent there also appeared two new bands located at some-
what shorter wavelengths, 300 and 340 nm, and in the case
of CHCI3 solvent only one new band at 340 nm. The behav-
ior of absorption bands, remarkably depending on the sol-
vent polarity, are also similar to that of the TAA-TEA sys-
tem. Therefore, it is asserted that two new bands in the
case of TAA should not be attributed to the interaction of
the carbonyl group of TAA but that of the thiol group with
TEA.

4. In order to provide grounds for the above inference, we
measured the change of proton chemical shift of the thiol
group of TAA by varying the amount of TEA in CCl4 and
CH2CI2. The results obtained are summarized in Table II,
from which we can easily recognize that the S-H proton
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TABLE I: Equilibrium Constants and Molar Extinction Coefficients of the TAA-TE A System in Three Kinds of
Solvents (15 °C)

Eq 6 (CD°» CA°>Cc) Eq7(CD°- CA°» Cc)
Solvent 250 nm 335 nm 400 ~ 410 nm 250 nm 335 nm 400 ~ 410 nm
CC1, 4,91 6.53
4.74 4.98
CH2XC12 52.67 5.14 66.71 7.22
o\ 105.7 5.33 107.1 5.40
C,H,OH K 39.36 ~ 126.0« 36.08 8.23 111.7 45.00 10.50*
- 6.29 ~ 2.47 x 104 15.13 7.23 2.28 x 10* 12.35 23.81

« As is seen from Figures 1—3, this was found to be off of the straight line. Such a result may be easily realized from the
fact that we could not find the CT band at 250 nm, in the case of excess donor. * This result is after 24 h, since the equilib-
rium constant K in the instant measurement after mixing TAA with TEA was negative (K =—12.91, 4.23) from the
straight line using eq 7. This result could be attributed to the interaction of solvent with TAA or TEA.

TABLE Il: Proton Chemical Shifts for the CH3COSH and N(CH2CH3)3 System in CCl4and CH2C12 (in 5 Value, ppm)

ccl, CH2xC12
Mole ratio« ch3 SH -CH2 -ch3 ch3 SH -ch2 -ch3
1:0.0 2.33 4.64
1:0.1 2.30 6.47 3.18 1.26
1:0.3 2.35 8.57 3.23 1.33
1:.0.5 231 9.47 3.18 1.33 2.32 7.50 3.09 1.26
1:0.7 2.30 10.35 3.12 1.27
1:1.0 2.30 10.77 3.03 1.27 2.32 10.39 3.07 1.25
1:1.2 2.27 10.91 3.10 1.27
1:2.0 2.27 12.39 2.80 1.14 2.28 10.89 2.80 1.14

« The concentration of TAA is4.95 x 10'1 M, and the concentrations of TEA varied from 5.02 x 10“2-0 9.98 x 10~1M

at 20 "C.

signal of TAA largely shifts toward the downfield as in-
creasing concentrations of TEA, i.e., from 4.64 ppm (1:0) to
10.77 ppm (1:1) in 5value in CCLt and from 4.64 ppm (1:0)
to 10.39 ppm (1:1) in CH2CI2

In addition, an ir measurement was made with respect to
the TAA-TEA system in CCLt, indicating that the stretch-
ing frequency of vs h at 2550 cm-1 (m) shifted toward low
frequency, 2515 cm-1 (w) and ¢s-H at 830 to 810 cm-1 (w),
while the shift of vc=0 at 1690 cm