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The reaction of HO2 with NO and NO2 was studied at 25°. The HO2 radicals were prepared by the pho­
tolysis of N2O at 2139 A in the presence of O2 and excess H2. In the presence of NO2, the NO2 pressure 
drops with a quantum yield of disappearance just under 2.0 until a final steady-state value, [N02]ss, is 
reached. If the irradiation is terminated, the NO2 pressure rises due to the heterogeneous decay of 
HONO +  O2 (2). This reaction is so fast that there is no evidence for the competing reaction 2HO2 —► H2O2 
min-1 in our reaction vessel. The initial decay of the NO2 is caused by the reaction HO2 + NO2 —* 
HONO O2 (2). This reaction is so fast that there is no evidence for the competing reaction 2HO2 —* H2O2 
+ O2 (6). Thus from the data k2/k61/2 > 11.4 x  10~8 (cc/sec)1/2. If k6 is taken as 6.0 X 10-12 cc/sec, 
then k2 > 3 X 10~13 cc/sec. If small amounts of NO and NO2 are both present in mixtures of N2O, O2, 
CO, and excess H2, the NO2 pressure rises when irradiation is initiated because of the reaction HO2 + 
NO —► HO + NO2 (1). When the NO is essentially exhausted, the NO2 pressure passes through a maxi­
mum and then decays with a quantum yield of about 2.0. During the initial rise, if [NO] and [N02] are 
sufficiently small, and [H2] and [CO] sufficiently large, then 4>,!N02| = 2(fei[N0 ]/&2[N02] -  1). From 
the data, ki/k2 = 7 ±  1.

Introduction
The reactions of HO2 with NO and NO2 are of interest 

in both the upper and lower atmosphere. The reaction of
H 02 with NO

HCb + NO —*• N02 + HO (1)
is believed to be a key reaction in the conversion of NO to 
NO2 in polluted atmospheres. We have examined this 
reaction previously, but only a lower limit has been ob­
tained for its rate coefficient: ki > 1.5 x  10~13 cc/sec at 
300°K.

As far as'we know, the reaction of HO2 with NO2

H02 + N02 —*■ HONO + 02 (2)
has not been studied, nor has it been considered in atmo­
spheric models. The reaction is greatly exothermic, and 
there is no a priori reason why it could not be fast. If so, it 
would also play an important role in atmospheric chemis­
try.

In this paper we report the first kinetic study of reac­
tion 2 and provide relative rate coefficients for reactions 1 
and 2. The HO2 radicals are generated by the photolysis 
of N2O at 2139 A in the presence of O2 and excess H2.1

The sequence of reactions is

N20 + hv —*■ N2 + 0(‘D) rate = I,
OOD) + H2 —*- HO + H (3)
HO + H2 —► H,0 + H (4)

H + 02 + M —► H02 + M (5)
If NO or NO2 or both are introduced then the HO2 radi­
cals may react with these compounds or they may dispro­
portionate

2H02 —  H202 + 02 (6)
By following NO2 pressure as a function of reaction condi­
tions, the relative importance of reactions 1, 2, and 6 
could be studied.

Experimental Section
The experimental apparatus, procedure, and actinomet- 

ry were the same as in our previous study,1 except that 
the NO2 pressures were measured continuously as a func­
tion time with a sensitive dual-beam spectrophotometer. 
Light from a 300-W tungsten light bulb was modulated 
with a PAR Model 125 chopper equipped with a modified
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654 R. Simonaitis and Julian Heicklen

chopping wheel. The wheel consisted alternately of 16 
slots and 16 mirrors, providing a modulating frequency of 
667 Hz. When the beam impinged upon a slot the light 
was focused by means of lenses and mirrors onto a RCA 
935 phototube. When the beam impinged upon a mirror, 
the reflected light passed through the reaction cell and 
was focused onto the phototube. The signal from the pho­
totube was amplified with PAR Model 112 preamplifier 
and further amplified and detected with a PAR Model 121 
lock-in amplifier equipped with a millivolt recorder read­
out. The minimum NO2 pressure detectable was ~1 
mTorr.

The NO2 was prepared in the vacuum line from pure 
NO and O2. It was purified periodically (when blue N2O3 
could be seen in the solid) by the addition of excess O2 
and degassing at -196°.

Results
NO Initially Absent. Irradiation of mixtures of N20 -  

O2-H 2 in the presence of small amounts of NO2 at 2139 A 
and 25° leads to the consumption of NO2. Figure 1 shows 
a plot of the NO2 pressure vs. irradiation time for an ex­
periment in which the initial NO2 pressure, [N02]o, was 
13 mTorr. The consumption is linear with irradiation 
time, even at 2-mTorr N 02 pressure, until the N 02 is ex­
hausted.

Figure 2 shows a similar plot for an experiment with 
[N02]o = 81 mTorr. As before NO2 comsumption occurs, 
but only to a lower limiting steady-state value, [NC^lss, 
which in this case is 5 mTorr. When the irradiation is ter­
minated, the NO2 pressure rises to a final value, [NO2L , 
equal to about one-third its starting value.

The results clearly indicate that NO2 is consumed dur­
ing irradiation to form a product which thermally decom­
poses to regenerate NO2 thermally. Undoubtedly this 
product is HONO, and the regeneration step is2

HONO (1/2)H,0 + (l/2)NO +  (1/2)N02 (7)

The results of several experiments are listed in Table I. 
The initial quantum yields of N 02 disappearance, 
-<i>tlN02l, are almost all just slightly less than 2.0. Three 
runs have <i>i|N02l slightly above 2.0, and one run at the 
lowest [H2]/[N 20] ratio (i.e., 4.2), has «FjlNCM = 1.34. 
However, for the others, ^¡NCU! varies between 1.61 and
1.95 which reflects the experimental uncertainty. Thus as 
long as [H2]/[N 20] > 8, 4>i(NC>2| is essentially indepen­
dent of the reactant pressures which varied from 13 to 53 
Torr for N2O, 25 to 150 Torr for O2, 410 to 800 Torr for H2 
(excluding the run with [H2] = 210 Torr), and 7.5 to 350 
mTorr of NO2. Further the reactant pressure ratios ranged 
from [H2]/[N20] = 4.2 to 50, [H2]/[02] = 4 to 30, and 
[H2]/[N 02] = 1.9 x  103to 1.0 x  10*.

The values for [NOojss were measured in a number of 
runs and they are listed in Table I. Due to experimental 
problems, it was difficult to obtain accurate values. In 
spite of the large experimental uncertainty, it is apparent 
that [N02]ss increases with [N02]o- Values of the initial 
rate of reformation of NO2 after the irradiation is termi­
nated, RdlNCbl, are given in the table, and they also tend 
to increase with [NC^lo-

For four runs, values of [NO2L  were obtained. Since 
HONO decays to produce one-half as much NO2, the sum 
of [HONO] +  [NO2] at the steady state is obtained from 
the function 2[N02]„ — [N02]ss- For the four runs in Table 
I where this function can be computed, the ratio (2[N02L  
-  [N0 2]ss)/[N02]o is 0.82, 0.75, 0.71, and 0.36, respective-

Figure 1 Plot of N 02 pressure vs. reaction time in the photoly­
sis of N; 0 -0 2 -H 2-N 0 2 mixtures at 2139 A and 25° for [NO2]0 
=  13 mTorr.

Figure 2. Plot of N 02 pressure vs. reaction time in the photoly­
sis of Nj0 - 0 2-H 2-N 0 2 mixtures at 2139 A and 25° for [NO2] 0 
=  79 mTorr.

ly, for the runs with [NC>2]o = 68, 81, 150, and 345 mTorr. 
Consequently as [N02]o rises a larger percentage of the 
N 02 converts to NO, N2O5, or HON02.

A possible route for the loss of NO2 could be by reaction 
with H2O2.2

(1 +  f)H20 2 +  2NO, — -  2HONO, +  fH,0 +  (t/2)02 (8)

To test this possibility, N 02 and H2O2 were mixed, and 
the initial rate of N 02 disappearance, /21|N02], was mea­
sured. The results are in Table II. These rates are smaller 
than those found by Gray, et a/.,2 thus confirming the 
heterogeneous character of the reaction. The rates are too 
small to be significant in the early stages of the reaction, 
but they might account for part of the N0 2 deficiency at 
the steady state, if in fact H20 2 is produced in the reac­
tion.

Another possible route for N 02 loss is through direct 
photodecomposition. To test this possibility experiments 
were dor.e with the N20  omitted. The results are shown in 
Table III. The initial rates of NO2 removal, Ri|N02|, by 
direct photolysis are too small to make a significant effect 
at the bjginning of the reaction. Even with 320 mTorr of 
NO2, th j direct photolysis would only have about a 15% 
effect.

The J o u rn a l o f  P h y s ic a l C h e m is try , Vol. 78, No. 7, 1974
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TABLE I: Reaction o f  H 0 2 with N 02
[NO,]o,
mTorr

INK)],
Torr

[O*],
Torr

[H2],
Torr mTorr/min -«¡[NO,]

[NO,]«,,
mTorr

Äd{NO;l, 
mTorr/min

[NO*]«,
mTorr

7.1
13
13
15
19
24
37
45
67
68
79
80 
80 
80 
81 
82 
83 
83 
86
98
99 

100 
102 
136 
145 
148 
148 
148 
150 
150 
310 
.310 
345

53
52 
50 
50 
50 
50 
50 
20.5 
50
53 
50 
55 
50 
50
49
50 
50 
20 
50 
50 
16 
13 
50 
45 
50 
50 
50 
50 
50 
50 
50 
50 
50

50
50
25
49
50 
50 
50 
33 
50
38 
50 
53 
50

100
50
50
50
50
50
50
37
39 
50 
50 
50 
50 
50 
50 
50 
50 
50

150
120

750
750
750
750
750
800
750
410
700
700
750
800
700
650
700
750
210
750
600
700
800
430
370
700
700
700
700
700
700
700
700
600
630

6.4
6.4
6.4
6.4
6.4
6.4
6.4  
2.6
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4  
2.6
6.4
6.4  
2.0 
1.66
6.4  
5.8
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4

1.95 
1.59
1.78
1.85
1.95 
1.88 
2.03 
1.73
1.72 
1.90
1.79
1.80
1.72 
1.80 
1.78
1.85 
1.34 
2.54 
1.61 
1.92 
2.26 
1.69
1.63
1.64

1.89

1.89
1.72 
1.80 
1.87
1.73

0
0
0
0

5.3
6.5

8.0

11.8
8.6
6.6

7.5
5.0

13
7.4

11

15

11

17

0.67

1.8

2.0

1.55

1.8
2.0

2.5

2.2
3.3
3.0  
5.2

7.0

30

33

56

70

TABLE II: Reaction o f  H20 2 with N 02
[HzOi],
Torr

[NO*
mTorr

-«¡{NO,!, 
mTorr /min

0.17
1.0
1.2
1.2

95
75
30
90

1.75
3.0
0.75
3.7

N O  In itia lly  P resen t. Irradiation of O2 -N 2 O-H 2  and 
O2 -N 2 O-H 2 -CO mixtures in the presence of small 
amounts of NO and NO2  causes the NO2  pressure to in­
crease initially at a rate ftilNC^I (because of reaction 1), 
reach a maximum, and then decline with a constant rate, 
-7?m{N02l, of ~ 2 /a. A typical run is shown in Figure 3.

Values of f?i{N02) and - / ? m{N 0 2| for several runs are 
given in Table IV. Also listed is the initial quantum yield 
of NO2  formation computed as 2f?ijN02!/fim!N02|. The 
results can be summarized as follows: itlNChl increases 
with [NO]o/[N02]o at constant [N02]o, but for the same 
values of [N O ]o /[N 0 2 ]o , 4> i|N02i drops as [N 0 2]o in­
creases from 10 to 20 to 50 mTorr. For [N02]o ~  50 
mTorr, «¡»¡{NC Î rises with [CO], but for [N02]o ~  20 
mTorr the effect of CO is small, an increase of [CO] from 
50 to 150 Torr has almost no effect.

Discussion
M ech a n ism . In order to discuss the results it is conve­

nient to develop the complete mechanism for the early 
stages of the reaction, i.e ., when the reactions of H2 O2 , 
HONO, HONO2 , and N20 5 can be ignored. The initial 
photolytic act is the formation of 0 (1D) via

N20 +  hv — *- N2 +  OCD) rate = h

F igu re  3. Plot o f N 0 2 p re ssu re  vs. re a c tio n  tim e  in the  ph o to ly ­
s is  o f N 20 - 0 2—H 2—N 0 2—NO m ix tu re s  a t 2139 À and 25° fo r 
[N O ]o/ [ N 0 2] o =  1.04.

The photolysis of N 0 2 also occurs to some extent, espe­
cially at high NO2  pressures, but the results in Table III 
show that this process is not important.

The 0 (1D) is removed essentially exclusively by reac­
tion with H2

OOD) +  H2 — >- HO +  H (3)

since the rate coefficients for 0 ( 1D) removal by H2, N 2 O, 
and O2  have the relative values 1.6, 1.0, and 0.42, respec­
tively,3 and except for the one run with [H2]/[N20] = 4.2, 
our experimental ratios for [H2]/[N20] Ï  7.4 and [H2]/
[O2 ] ^ 4. Experimental verification that 0 (1D) removal
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TABLE III: Photolysis o f  N 0 2- 0 2-H 2 Mixtures for 
Conditions where / „  for 50 Torr o f  N20  
Is 6.4 m T orr/m in

[NOsJo,
mTorr

[O-.L
Ton-

[H2],
Torr

-Bi{N02],
mTorr/min

40 50 700 0.20
80 50 750 0.5
87 40 700 0.42

220 50 700 2.0
290 50 700 4.0

by N2O or O2 "was unimportant comes from the invariance 
of 4>i!N02i to the [H2]/[N20 ] and [H2] /[0 2] ratios.

The HO radical produced in reaction 3 can react via
HO + H2 —*■ H20 + H (4)

HO +  N02 +  Mi —*• H0N02 +  M (9)

HO + NO +  lM; — ► HONO + M (10)
HO + CO — ► H + C02 (11)

Reaction 4 (and 11 if CO is present) is the dominant reac­
tion, but reactions 9 and 10 cannot be neglected, in gener­
al, since they are chain-terminating steps. In fact, reac­
tion 9 is probably responsible for the NO2 deficiency ob­
served at high NO2 pressures at the steady state (in NO2) 
conditions.

The H atom produced in reaction 4 undergoes only one 
reaction of importance under our conditions

H +  02 +  M — ► H02 +  M (5)

Its rate coefficient is 1.8 X 10~32 cc6/sec for Ar or He as a 
chaperone.3 With the assumption that H2 is more effi­
cient, the effective second-order rate coefficient under our 
conditions becomes >5 X 10-13 cc/sec. The possible com­
peting reaction of H with NO2 has a rate coefficient of 4.8 
x  10-11 cc/sec.4 Thus under our conditions of [O2]/ 
[N02]o > 160, the reaction of H with NO2 can account for 
no more than 38% of the removal of H atoms and proba­
bly <15%, even under the most unfavorable conditions. 
Furthermore the experimental results show no dependence 
on the [C>2]/[N 02]o ratio. We therefore disregard this reac­
tion. The removal of H by NO is third order and proceeds 
with a rate coefficient no greater than that for reaction 6,3 
so that it can be ignored under our conditions ([02]/[N 0 ] 
> 1000).

The H 02 radical can be removed via any of the pro­
cesses

HCh +  NO —*- HO + N02 (1)
H02 +  NO, — HONO + 02 (2)

2H02 — ► R A  +  02 (6)
In the later stages of the reaction NO2 must be re­

formed because a limiting steady-state value of NO2 is ob­
tained. Reaction 7 produces NO2, however analysis shows 
that if kj = 0.06 sec-1 (see below) reaction 7 is not suffi­
ciently fast to account for the observed values of [NO2W

Other reactions which may produce NO2 are

OH + HONO — » H20 + N02 (12)

HONO + hv —*- OH + NO or H + N02 (13)
H02 +  HONO — ► H20 2 + N02 (14)

Reaction 12 could account for the observed [N02]ss pro­
viding &12 ~  7 x  10-11 cm3/sec. This large value of kï2  is 
not impossible, but is very unlikely. Furthermore the 
mechanism predicts that if reaction 12 is important,

F igure Plot of i> j{N 02} vs. [NO]0/[N O 2]0 in the photolysis of 
N2O-O2-H 2-CO -NO 2-NO mixtures at 2139 A and 25° for [CO] 
>  41 To'r and [NO2]0 <  23 mTorr.

F igure E. Plot of f i, j|N 0 2] vs. [NO2]0 after radiation is terminat­
ed in the photolysis of N20 - 0 2-H 2-N 0 2 mixtures at 25°.

[N02jss should depend on [H2]. This is not observed. 
Reaction 13 would contribute to [NC>2]88 only if reaction 
12 is important. The remaining possibility is reaction 14. 
Analysis shows that this reaction would account for the 
observed [N02]88 provided £14 > 2 x 10“ 14 cm3/sec. How­
ever in view of the uncertainty of the mechanism and the 
large uncertainty in the measured values of [N02]88 this 
lower li nit for cannot be accepted with confidence.

Reaction of H 02 with N 02. In the absence of NO and 
CO, ths mechansim for the early stages of the reaction 
predicts that -<t>iiN02| = 2.0 if reaction 6 is negligible. 
Our results give - 4>dN02! slightly less than 2.0, but this 
deficiency can be attributed to the small amount of 0 ( 1D) 
remova by N20  and 0 2. Of more significance is the fact 
that —o tjN02l ~  2.0 even when [N02] ~  1 mTorr and / a 
= 6.4 mTorr/min. Thus under these conditions, reaction 2 
is more important than reaction 6, which leads to the ine­
quality
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TABLE IV: Reaction o f  H 0 2 with NO and N 02

[NO ]o/ [N 0 2]o
[NO]o,
mTorr

[Or],
Torr

[CO],
Torr

«¡[no2],
mTorr/min

-flmjNOj, 
mTorr/min «■¡[NO,]

1.41 13.8 42
[NO»] ~  

55
10 mTorr“

26.0 3.26 16.0

0.33 6.7 51
[N02] ~  

41
20 mTorr“

5.1 3.13 3.25
0.69 15.8 44 59 17.6 3.40 10.4
0.76 16.8 40 150 21.5 3.60 12.0
0.86 16.8 40 0 12.0 3.30 7.3
0.86 16.5 33 0 15.8 3.30 4.5
0.86 16.5 47 156 18.0 4.50 8.0
0.88 16.5 33 115 23.4 3.90 12.0
0.89 17.7 22 90 18.5 2.90 12.8
0.93 17.7 88 65 18.0 3.60 10.0
1.69 36.5 44 51 29.0 3.10 18.8

0.40 16.5 41
[NO2 ] ~  

50
50 mTorr6

11.0 3.90 5.6
0.74 44 50 0 17.5 11.2 3.1
0.78 43.5 47 120 56 22.0 5.2
0.79 43.3 43 0 26.5 18.4 2.9
0.91 43 40 0 35.0 16.5 4.3
0.97 49 46 110 80 20.7 7.8
1.04 50 44 0 26.0 20.6 3.4

“ [NjO] = 6.5 ±  0.5 Torr, [H2] = 700 ±  50 Ton. 6 [NsO] = 53 =fc 3 Ton, [H2] = 700 ± 50 Ton.

k j k j *  >  2 /a1/2/[N 02] =  11.4 X 10-8 (cc/sec)1/2 (a)

With the average value of fee = 6 x  10-12 cc/sec found by 
Paukert and Johnston5 and Hochanadel, et al.,6 k2 > 3 x  
10“ 13 cc/sec.

Determination of k2fk7. In the presence of NO, the rate 
law for 4>j!N02l becomes complex

’  & T T  “ » ) *
2a  +  1 \ a  ~  1 ( )

1 +  (1 +  a)</3 +  y ) / a +  1
where a =  fei[N0 ]/fe2[N02], /3 =  fe9[N0 2]/(fe4'H2] + 
fen [CO]), and y  =  feio[NO]/(fe4[H2] + fen[CO]). For suffi­
ciently small values of d and y  the equation simplifies to

$i!N02| =  2(fei[N0]/fe^N02] -  1) (c)
Equation c is convenient to use since it can give k\/k2 di­
rectly. The parameters ¡3 and y  can be reduced by reduc­
ing [N02] and [NO], respectively, or by increasing [H2] or 
[CO]. The reason for using CO is because fen »  fe4. These 
parameters are sufficiently small when further increases in 
[CO] no longer raise 4>ilN02j. Our experiments in Table 
IV with [N02]o i  23 mTorr and [CO] > 40 Torr meet this 
requirement. For these experiments 4>i!N02l is plotted us. 
[NO]/[N02] in Figure 4. The plot is linear and the slope 
gives fei /fe2 = 7 ±  1.

Now that fei/fe2 has been obtained, the validity of eq c 
as an approximation can be computed from known rate 
constants. The ratio fen/fei = 20.7-9 For reaction 9 the 
rate coefficients cannot exceed the high-pressure limiting 
rate coefficients which give fen/feg“  = 0.019.10 With 1 atm 
of H2, the pseudo-second-order rate coefficient for reaction 
10 is 6.0 x  10-12 cc/sec.1 With fen = 1.35 X 10-13 cc / 
sec,7“9 fe 10/fen = 45. Thus for the conditions of [H2] = 700 
Torr, [CO] > 40 Torr, [N02]o < 20 mTorr, and 0.33 < 
[NO]0/[N 0 2]o < 1.69, it is found that /3(1 + « ) / ( !  ~ « )  < 
0.031 and (1 +  a)(/3 +  a) < 0.39. Consequently eq c ap­

proximates eq b to within 40% error even under the most 
unfavorable conditions. The largest two data points in 
Figure 4 should lie somewhat low, and indeed they do.

T herm al D eco m p o s itio n  o f  H O N O . After the irradiation 
is terminated the HONO decomposes via reaction 7. As­
suming that the HONO pressure, calculated as 2([N02]œ -  
[N02]Ss)> when the irradiation is interrupted is 0.70[N02]o 
for [N02]o ^ 150 mTorr, as seems to' be the case from 
Table I, we can estimate k 7 from the slope of a plot of 
jRd|N02| vs. [HONO]. Figure 5 is a plot of fld|N02| vs. 
[N02]o. The data are badly scattered, but can be fitted by 
a straight line of slope 0.02 min-1 . Thus k 7 ~  0.06 min-1, 
about a factor of 6 smaller than found by Gray, e t  a l.2 
Both the first-order rate law and the different rate coeffi­
cients in the two studies confirm the heterogeneous nature 
of the reaction.
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The pressure dependence of the stereochemical course in hot homolytic T-for-H and 38Cl-for-Cl substitu­
tion in meso- and rac-l,2-dichloro-l,2-difluoroethane has been studied from 10 to 104 Torr. Distinct dif­
ferences are observed between the yield vs. density dependence of the retained and the inverted product. 
For both recoil tritium and chlorine, substitution with inversion of configuration is almost negligible in 
the gas phase and its yields remain constant over the entire pressure range studied. Typical pressure ef­
fects are observed, however, for substitution with retention of configuration, particularly for recoil chlo­
rine. While the change from the high-pressure gas phase to the liquid leaves T-for-H substitution almost 
unaffected, 38Cl-for-Cl substitution exhibits a strong phase effect. The absolute yields of the retained 
product increase by a factor of 2.5, that of the inverted product by about 20, almost identical in both dia- 
stereomeric substrates. The density dependence of the HC1 and HF elimination products is also differ­
ent for recoil tritium and chlorine; in the latter case the yields follow the increasing trend observed for 
substitution. While for recoil tritium the predominant substitution channel seems to be a direct replace­
ment with retention of configuration, even in the liquid phase, 38Cl-for-Cl substitution at higher densi­
ties cannot be satisfactorily explained on the basis o: the impact model nor by caged radical combina­
tion. Alternatively, substitution via a caged complex is discussed.

Introduction
Hot homolytic substitution reactions by nucleogenic tri­

tium and halogen atoms at asymmetric carbon atoms pro­
ceed predominantly with retention of configuration (for 
review cf. ref 1-3). Recent results of Rowland and cowork­
ers on T-for-H4-5 and halogen for halogen7“10 substitution 
in diastereomeric haloalkanes showed that this is true for 
the gaseous and, to a lesser extent, also for the liquid 
phase. The somewhat smaller stereospecificity observed in 
the condensed phase has been generally ascribed to a con­
tribution from radical-radical cage combination reactions, 
allowing racemization of the intermediate radical.

In a preceding paper11 we have, however, demonstrated 
that 38Cl-for-Cl substitution in liquid 2,3-dichlorobutane 
can be drastically influenced (from 35 to 85% retention) 
by various solvents, a result which could clearly be attrib­
uted to a conformational effect. This conformational effect 
provides evidence for a one-step substitution, which in the 
liquid phase can lead to both retention and inversion. It 
was therefore postulated that the hot substitution can 
proceed via two channels: (i) a direct replacement without 
a change in configuration, according to the Wolfgang im­
pact model3 and (ii) the formation of a longer lived com­
plex, with lifetimes long enough to allow also inversion of 
configuration. While the direct reaction should be pre­
dominant at low pressures, complex formation, if it occurs 
at all, is most likely to be observed at high pressures and 
particularly in the liquid phase, because of collisional sta­
bilization and prolonged collision times. It was also ex­
pected that the latter process should play a greater role 
for chlorine than for tritium due to orbital overlap. In 
order to obtain further evidence for this hypothesis, it was 
necessary to carry out extensive gas-phase studies on the

pressure dependence of the stereochemical course of hot 
substitution reactions by both recoil tritium and chlorine.

Experimental Section
Sample Preparation and Irradiation. A diastereomeric 

mixture of l ,2-dichloro-l,2-difluoroethane, (CHC1F)2, was 
obtained from Peninsular Chemical Research (PCR) Inc. 
The mixture was first prepurified by gas chromatography 
without separation of the diastereomers, using a 4-m col­
umn (8 mm i.d.) with 20% Igepal CO-880 on Chromosorb 
A 60/80 mesh at 60° and 120 cc/min. The prepurified 
samples were then separated by glc into the meso and ra­
cemic forms, using a 14-m column (8 mm i.d.) with 30% 
Igepal CO-880 on Chromosorb P-NAW 60/80 mesh at 85° 
and 200 cc/min. The boiling points of the purified diaste­
reomers are 59.4° for the meso and 59.9° for the racemic 
form.

For the in situ production of recoil 38C1 (T1/2 = 37.3 
min) the 37Cl(n,7)38Cl process was used. Neutron irradia­
tions were carried out in a thermal column facility of the 
FRJ-1 at a thermal neutron flux density of 1.6 x  1010 
cm -2 sec-1 for a period of 120 min. The irradiation tem­
perature was adjusted with a heating cartridge as required 
up to 260°, and measured by a thermocouple. The accom­
panying -/-exposure rate was about 104 R/hr.

For the irradiations in the gaseous phase, weighed 
amounts (corresponding to the required vapor pressure 
during irradiation) of meso- or rac-(CHClF)2, containing 1 
mol % I2 as scavenger were placed in quartz ampoules of 
about 1 to 170 ml (1 to 5 cm i.d.), depending on the pres­
sure. They were outgassed on a vacuum line by freezing 
and melting cycles and then sealed. Liquid samples were 
prepared and irradiated as described before.11
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In the case o f tritium , the 3H e (n ,p )T  process was used 
for the gas-phase studies, and about 10 m ol %  of 3H e was 
added to the substrate vapor. In the liquid phase the 
6L i(n ,a )T  process was applied for the i n  s i t u  production of 
recoil tritium , and the sam ples contained about 10  m g of 
LiF in 100-/d  substrate. A bou t 1 m ol %  o f I2 scavenger was 
added to all sam ples, which were prepared by vacuum  
techniques and irradiated under conditions described  
above.

R a d i o a n a l y t i c a l  P r o c e d u r e .  In the case o f 38C1, the irra­
diated gaseous sam ples were condensed into the tip  of the 
am poule, and 5 m l o f a 1:1 m ixture o f an aqueous N a 2SC>3 

-N a 2C 0 3  solution (10% ) was added. T h e organic products 
were extracted with 1 m l of carrier containing C H 2CI2 . 
The sm all liquid sam ples were crushed directly under the 
surface of the extraction m ixture. A fter washing, aliquots  
of the phases were su bm itted  to radioactivity de­
term ination and, in the case o f the organic phase, to  a 
radio gas chrom atographic analysis. T h e  relatively low  
38C1 activity m ade it necessary to use a discontinuous 
technique , 12 adsorbing the individual eluated products on 
charcoal tubes, which were then su bm itted  to radioactivi­
ty m easurem ent .11

In the case of tritium , sam ples were stored for several 
days at - 3 0 °  to  allow decay of short-lived radioactivities. 
The am poules were then attached to a vacuum  line, im ­
mersed into liquid nitrogen, and opened v i a  break seal. 
T h e gaseous activity (H T ) was then rem oved with H 2 car­
rier and counted separately in an internal proportional gas 
counter. A fter adding carriers to the condensable prod­
ucts, aliquots were su bm itted  to  activity determ ination by  
liquid scintillation counting and to radio gas chrom atogra­
phy. A gain , a discontinuous procedure was used, collect­
ing the individual products in traps containing toluene  
scintillator solutions, which were then subm itted  to liquid  
scintillation counting. Product yields are given in per cent 
of total induced 38C1 or T  activity, respectively (radio­
chem ical y ield ).

G as chrom atographic separation o f the diastereom eric  
labeled products was achieved by using a 12-m  colu m n (5 
m m  i.d .)  with 30%  Igepal C O -88 0  on Chrom osorb P -A W  
6 0 /8 0  m esh at tem peratures betw een 20 and 115° and a 
flow o f 100 c c /m in . T h e  basic experim ental details have  
been published elsewhere .1 3 -14 T h e  sequence of net reten­
tion tim es for the com pounds o f interest was c i s -  

C 1 F C = C F H  (18 .8  m in ), ira ra s-C lF C = C F H  (19 .7  m in ), 
cis-C 1 F C = C C 1 H  (36 .2  m in ), fr a n s -C lF C = C C lH  (38 .2  
m in ), m e so -(C H C lF )2 (76 m in ), and ra c -(C H C lF )2 (104  
m in ). T h e  tem perature program  used was as follows: from  
20° with 2 ° /m in  up to 50°, 10 m in at 50°, with 1 0 ° /m in  to  
105°, after passage of ra c -(C H C lF )2 with 3 0 ° /m in  to  190°.

Results
P r e s s u r e  a n d  P h a s e  D e p e n d e n c e  o f  C h a r a c t e r i s t i c  P r o d u c t  

Y i e l d s  i n  t h e  3 8 C l - r a c - ( C H C l F ) 2  S y s t e m .  T h e product 
yields o f interest, arising from  38C l-for-halogen substitu ­
tion and from  concom itant H F  or HC1 elim ination, have  
been determ ined as a function o f total substrate pressure 
ranging from about 50  to 104 Torr. T h e  total inorganic 
yield (H 38C1, 38C1C1, and 38C1F) was also m easured. T h e  
sum  of other undetected and unidentified organic product 
yields, including those from  38C l-for -H  substitution, was 
calculated from  the activity balance. T h e wide pressure 
range could only be achieved by also changing the te m ­
perature during irradiation from  about 25 to 260°. It was 
shown by constant pressure experim ents at 150 Torr that

Pressure (torr)------ *•

F igure 1. Pressure and phase dependence of characteristic prod- 
uct yields from the reaction of hot 38CI with rac-(CHCIF)2. Sum of 
other organic products (upper right) has been calculated from the 
activity balance. The HCI elimination product yields have been 
multiplied by a factor of 2, assuming an equal chance for radio­
active and inactive HCI elimination.

in the I2 -scavenged system  the product yields and the 
stereochem ical course is not affected by these tem perature  
changes within the experim ental error; e . g . ,  for r a c -  

(C H C 1F ) 2 we obtained at 70° the following radiochem ical 
yields: 0 .06  ±  0 .0 1  for m e so -(C H C lF )2 and 0 .48  ±  0 .03 for 
ra c -(C H C lF )2, i . e . ,  a ratio retention/inversion of 8 .5  ±
1.9.

A t 260° we obtained 0 .06  ±  0 .0 1  for m e so -(C H C lF )2 and  
0 .39  ±  0 .04  for ra c -(C H C lF )2, i . e . ,  a ratio retention /inver- 
sion of 6 .7  ±  1 .9 .

T h e  results o f the pressure dependence of the radio­
chem ical product yields including those from  the liquid  
phase are shown in Figure 1. T h e  corresponding densities 
and the tem peratures applied are also given. It can be 
seen th at both the 38C l-for-halogen substitution and the 
elim ination product yields (lower part o f Figure 1) show a 
qualitatively sim ilar pressure dependence with a point of 
inflection at about 103 Torr, resem bling to som e extent 
the density curves obtained by Richardson and 
W olfgan g16 for the substitution reactions of 18F in C H 3F. 
E xcept for the 38C l-for-C l substitution with inversion, the 
yields o f these products increase up to about 102 Torr, 
then level o ff until about 103 Torr. Above 103 Torr they 
slowly start increasing again, finally (at about 104 Torr) 
showing a drastic alm ost linear increase up to the liquid  
phase. In contrast to the product with retention of config­
uration, which shows the typical pressure dependence, the 
sm all yield of the inverted product rem ains constant over
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F igu re  2. Comparison of pressure and phase dependence of hot 
T-for-H and 38CI-for-CI substitution yields in rac- and meso- 
(CHCIF)2. For temperatures cf. Figure 1.

the entire pressure range, and the jump to higher yields 
only occurs when going to the liquid phase.

It is also noteworthy to point out that the elimination 
products do not show the pressure dependence expected 
for products arising from unimolecular excitation decom­
position processes, namely, a decreasing yield with in­
creasing pressure, but instead exhibit a generally increas­
ing trend, typically observed for hot 'substitution prod­
ucts. Finally, the inorganic yield (upper part of Figure 1) 
is shown to decrease below about 103 Torr, and a concom­
itant increase is observed for the other, mostly unidenti­
fied organic products.

C om parison  o f  P ressure and P h ase D ep e n d en ce  o f  T - 
fo r -H  and 38C l-for-C l S u b stitu tion  Y ields in rac- and  
m e so -(C H C lF )2 . In Figure 2 we have compared the pres­
sure and phase dependence of the T-for-H and 38Cl-for-Cl 
substitution yields in both rac- and meso-(CHClF)2 . In 
addition to the pressure scale the corresponding densities 
in molecules per cm3 are also given. From the lower part 
of Figure 2 it can be seen that 38Cl-for-Cl substitution 
shows an almost identical pressure and phase dependence 
in both diastereomeric substrates, exhibiting the trends 
described above, i.e ., pressure and  phase effect for the re­
tained, and a phase effect only for the inverted product 
yields. The stereochemical course changes from 91 and 
92% at about 150 Torr to 70 and 67% retention in the liquid 
phase for m eso- and rac-(CHClF)2, respectively.

It is also significant that the density effects, particular­
ly the gas to liquid phase effects on the 38Cl-for-Cl substi­
tution yields, are almost identical in both diastereomeric 
substrates.

A completely different picture is obtained in T-for-H 
substitution. Neither a pressure nor a significant phase 
effect is observed in the meso-(CHClF) 2  system, and only 
small changes can be found in rac-(CHClF)2 , i.e ., an in­
crease in the retained substitution product yield above 
about 103 Torr, leveling off before the liquid phase is 
reached, while the inverted product remains practically

Density [Molecules/cm3]
! »»""i— ■ ■ ■■■■■■I— ' ■ rTTTTTr— ■ ■ u•’l!---------- !

102 103 104 liquid
Pressure [torr]

F igure 3. Pressure and phase dependence of HCI and HF elimina- 
tion product yields accompanying hot T-for-H and 38CI-for-CI 
replacement, respectively, in rac-(CHCIF)2. For temperatures 
cf. Figure 1.
unaffected over the entire pressure range and only slightly 
increases when going to the liquid phase. The stereochem­
ical course also shows only small changes from 96% reten­
tion at about 150 Torr to 92 and 80% in the liquid phase 
for m eso- and rac-(CHClF)2 , respectively. In contrast to 
38Cl-for-Cl substitution an almost complete lack of pres­
sure and phase effects seems to be characteristic for T-for- 
H substitution. It should be pointed out that the stereo­
chemical course observed in the gaseous and liquid sys­
tems agree within the experimental error with those re­
ported by Palino and Rowland5 for a corresponding densi­
ty.®

P ressu re D ep e n d en ce  o f  H C I and H F  E lim in a tion  P ro d ­
u ct Y ields. The pressure dependence of the HF and HCI 
product yields in the T-rac-(CHClF)2 system is shown in 
Figure 3. For comparison the corresponding elimination 
product yields are also shown for the 38Cl-rac-(CHClF) 2  

system (lower part of Figure 3), as taken from Figure 1. In 
the case of recoil tritium, HCI and HF elimination, fol­
lowing T-for-H substitution, exhibit a different pressure 
dependence. The HF elimination product yields first de­
crease with increasing pressure, then go through a mini­
mum at about 5 X 103 Torr, and finally level off above 
about 104 Torr. The HCI elimination product yields, on 
the other hand, remain practically constant over the en­
tire pressure range and only show a slight decrease when 
going to the liquid phase.

Even though the experimental errors for these small 
yields are quite large (cf. Figure 3), it is evident that the 
elimination products in the recoil tritium case exhibit a 
completely different pressure dependence than the corre­
sponding products in the recoil chlorine system. HCI and
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HF elimination following 38Cl-for-Cl substitution shows a 
generally increasing trend (lower part of Figure 3), similar 
to that of the substitution products.

Discussion
Lack of Pressure Effect on Inversion Product Yields. 

Even though there are obvious marked differences be­
tween recoil chlorine and tritium with respect to the pres­
sure and phase dependence for both the substitution and 
elimination products, there is one important common as­
pect which should be discussed first. For both recoil tri­
tium and chlorine, substitution with inversion of configu­
ration is almost negligible in the gas phase. While this 
fact has been demonstrated before by Rowland and co- 
workers7-10 at low pressure, it is now interesting to see 
that this is true for a wide pressure range from about 10 to 
104 Torr. This finding demonstrates that the almost com­
plete lack of inversion in the gas phase cannot be due to 
enhanced excitation decomposition. It had been previous­
ly pointed out8 that substitution with inversion might de­
posit much vibrational energy in the substituted product 
that the molecules formed will undergo secondary decom­
position within about 10-10 sec. It can be seen from Fig­
ure 2 that an increase of the inverted substitution product 
yield is only observed when going to the liquid phase, par­
ticularly in the case of recoil chlorine. The fact that inver­
sion remains negligibly small and constant over the entire 
pressure range for both recoil tritium and chlorine indi­
cates that the formation of a complex with lifetimes long 
enough to allow configurational changes does not take 
place in the gas phase for either tritium or chlorine.

On the other hand, substitution yields in the gaseous 
phase are generally small and more than 90% of the recoil 
atoms end up in inorganic form as shown in Figure 1 for 
recoil chlorine. In the case of reccil chlorine the system is 
self-scavenging due to fast hydrogen abstraction,11’14 and 
those chlorine atoms which have not succeeded in organic 
bond formation eventually form H38C1, since hydrogen ab­
straction is the only fast reaction for thermalized chlorine 
atoms with the substrate. The question remains, why does 
the organic product yield increase so drastically when 
going to the liquid phase?

The Gas to Liquid Phase Effect. One is tempted to at­
tribute the sudden increase in substitution yields and the 
concomitant decrease in stereospecificity accompanying 
the gas to liquid phase change to cage effects, which 
would affect chlorine but not so much the smaller tritium 
atoms,15 as seems to be indicated by Figure 2. A similar 
density effect has been observed by Richardson and 
Wolfgang16 for the 18F substitution yields in C H 3 F .  They 
also found a second stronger rise in yield above the critical 
density of about 4 x 1021 molecules/cm3, which they ex­
plained on the basis of Franck-Rabinowitsch caging,17 a 
central concept in condensed-phase hot atom chemis­
try.18-20 Fluorine atoms, however, rapidly abstract hydro­
gen from the substrate molecules and caging is not ex­
pected to play a major role. Another explanation of the 
enhanced substitution yields at higher densities would be 
the concept of a caged complex, i.e., an electronically un­
stable intermediate, which is held together by the sur­
rounding solvent molecules for a time sufficient for config­
urational changes to occur.

In preceding papers11,14 we have already pointed out 
that cage recombination in recoil chlorine-alkyl halide 
systems is not likely to contribute significantly to the sub­
stitution yield, since hydrogen abstraction by thermal

chlorine atoms is a fast process with an activation energy 
of only about 1 kcal/mol, which competes strongly with 
radical combination. Experimental evidence against a 
substantial contribution from cage combination was ob­
tained by the lack of mass, temperature, and viscosity ef­
fects and, most important, by the observation of a confor­
mational effect, which is indicative for a hot one-step 
reaction.11’14

Further information is now obtained from the phase ef­
fect in rac- and meso-(CHClF)2. If the increase in the 
38Cl-for-Cl substitution yield accompanying the gas to liq­
uid phase change (cf. Figure 2) would be due to cage re­
combination between 38C1- atoms and -CHF-CHC1F rad­
icals, both diastereomeric product yields would increase, 
depending on the thermodynamical or kinetic control of 
racemization and recombination, respectively. If recombi­
nation occurs faster or on a time scale comparable to the 
time required for racemization, the product will predomi­
nantly retain the original configuration. If, on the other 
hand, racemization reaches its equilibrium, both diaste- 
reomers are formed, depending on thermodynamic and/or 
on steric factors. These latter effects should be negligible 
in view of the fact that the stereochemical course of the 
substitution and its density and phase dependence is al­
most identical in both diastereomeric substrates, rac- and 
me.so-(CHClF)2. The other case, in which recombination 
would occur with predominant retention, cannot com­
pletely be ruled out. Even though the absolute yield of the 
retained substitution product increases only by a factor of 
about 2.5 as compared to roughly 20 for the inverted prod­
uct, when going from the high-pressure gas (about 104 
Torr) to the liquid phase in both systems, the incremental 
increase for the extra material found in the liquid phase is 
slightly higher for the retained than for the inverted sub­
stitution product (namely, 2.3 as compared to 1.5 in the 
meso and 1.8 as compared to 1.3 in the rac-(CHClF)2 sys­
tem). It should be noted, however, that the yield increase 
of the retained form already starts in the high-pressure 
range of the gas phase, and then simply continues to in­
crease almost linearly with increasing density, while a sig­
nificant inversion is only observed in the liquid phase (cf. 
lower part of Figure 2). The almost linear increase in the 
yield of the retained product at higher densities can also 
be interpreted by predominant collisional stabilization of 
excited product molecules, while the appearance of a sig­
nificant inversion is only connected with the gas to liquid 
phase change. Even though the results do not provide 
conclusive evidence for the absence of caged radical com­
binations, they suggest that caging does not play a major 
role in the case of recoil chlorine, particularly in view of 
our previous results on the conformational effect men­
tioned above.

Mechanism of Substitution. Hot substitution in the gas 
phase is generally described as a direct replacement 
caused by a translationally hot atom [• Y]t

[•Y]* +  RX — ► [RY]* +  X- (1)

On the basis of the impact model this reaction should 
proceed with retention of configuration. The excited prod­
uct molecule [RY]* can either decompose or become col- 
lisionally deexcited

RY +  X

decomposition products, 
e .g . ,  elimination

(2)

The J o u rn a l o f  P h y s ic a l C h e m is try , Vol. 78, N o. 7, 1974



662 H.-J. Machulla and G. Stôcklin

The excited molecules are known to have a wide spectrum 
of lifetimes, ranging from 10~13 to 10~8 sec (for review cf. 
ref 1- 3), and can thus already become stabilized in the 
gas phase over a wide pressure range. This is reflected in 
Figure 2 by the increase observed for the retained substi­
tution products in the pressure range from about 102 to 
104 Torr. It remains open to question as to why this is not 
observed for recoil tritium in the meso-(CHClF)2 system. 
The absolute yields in the meso system are generally 
somewhat higher than those in rac-(CHClF)2, and this 
may be due to the greater stability of the mese form. 
However, it is not apparent why this is much less pro­
nounced for recoil chlorine than for recoil tritium.

The different density dependence of the retained and 
the inverted 38Cl-for-Cl substitution yields suggests that 
in addition to the direct reaction another substitution 
mechanism must be operative. This channel seems to pre­
dominate in the liquid phase. On the basis of the results 
presented in the preceding sections, we feel that caged 
radical combination cannot substantially contribute to the 
product formation in this system. Even though there is no 
unambiguous evidence for this statement, the present re­
sults necessitate the consideration of another substitution 
mechanism.

At higher densities particularly in the liquid phase the 
collision times are longer. The tightly packed molecules 
are kept together and the time of interaction is prolonged. 
For thermal collision partners typical collision times are 
about a factor of 100 greater than at normal pressures in 
the gas phase.21 In addition, solvation and efficient energy 
transfer may promote hot radical-molecule interactions, 
which cannot occur in isolated gas-phase collisions. The 
formation of a pentacoordinate carbon complex with life­
times considerably longer than 10-14 sec seems unlikely, 
however, since there is no definitive evidence for local po­
tential energy minima of neutral five-bonded carbon in­
termediates. On the other hand, the “caged complex,” 
which would explain the experimental results, is to be dis­
tinguished from caged radical recombination, by the num­
ber of radicals in the solvent cage. In caged recombina­
tion, which may lead to racemization, there are as least 
two, which have to recombine, while in the “cagec com­
plex” mechanism there is only one, namely, the (perhaps 
electronically unstable) adduct formed from the hot atom 
and substrate molecule. In the latter mechanism, substi­
tution processes leading both to retention and inversion of 
configuration would occur concomitantly, but racemiza­
tion via a planar radical would not be possible.

T he Elim ination Products. From the great variety of 
possible decomposition products, only those arising from 
HF and HC1 elimination have been determined, since 
their pressure dependence can provide additional informa­
tion on whether they arise from unimolecular excitation 
decomposition (eq 2) or via complex formation. It can be 
seen from Figure 3 that in the case of recoil tritium the 
origin of the elimination products seems to be excitation 
decomposition, even though the observed pressure depen­
dence is not typical. For recoil chlorine, on the other 
hand, the pressure dependence of the elimination prod­
ucts clearly reflects that of the substitution products (cf. 
Figures 1 and 3). Hence, these elimination products 
should not be formed via the direct reaction with subse­

quent excitation decomposition (cf. eq 1 and 2), but rath­
er by a process which is expected to be favored with in­
creasing pressure as an alternative channel to substitu­
tion.

Conclusion

In gaseous rac- and meso-(CHClF)2 both T-for-H and 
Cl-for-Cl substitution proceeds predominantly via a direct 
replacement even at high pressures with almost complete 
retention of configuration, possibly according to the im­
pact model. In the case of recoil tritium this seems to be 
the dominating process even in the liquid phase. For re­
coil chlorine, however, hot 38Cl-for-Cl substitution in. the 
liquid phase cannot be satisfactorily explained by the im­
pact model nor by radical combination but rather by a 
nondirect process, possibly a caged intermediate the life­
time of which is effectively prolonged by the surrounding 
molecules.
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The absolute specific rate of ketene production in the reaction O + C2H4 has been measured using a 
fast-flow reactor coupled to a photoionization mass spectrometer. The rate constant at 300°K for the 
reaction O + C2H4 —► H2C2O + H2 was determined to be 3.81 ± 0.95 X 10“ 14 cc molecule“ 1 sec“1. 
Branching ratios for the reaction O + C2H4 at 300°K were calculated from the results of this study and 
other studies, and they are 0 + C2H4 -► CH3 + HCO (0.95) and 0 + C2H4 -* H2C20 + H2 (0.05).

Introduction

Direct observations of the products produced by the 
reactions of O atoms with olefins have revealed that each 
of these highly exothermic reactions proceeds via more 
than one reactive channel.1 ’2 Since these elementary reac­
tions are important steps in many thermal and photo­
chemical oxidation systems, knowledge of their branching 
ratios is essential to achieve successful kinetic modeling of 
the complex reactive systems in which they are involved. 
We have undertaken to measure these ratios, and we re­
port here the results obtained for the O + C2H4 reaction 
at 300°K.

Investigations to identify the reactive channels of the O 
+ C2H4 reaction began with Cvetanovic’s study of the 
identity and amounts of stable products produced by the 
O + C2H4 reaction.3 Cvetanovic concluded that this reac­
tion proceeds by at least two routes

k,

0  +  c2h4 —  k
CH3 +  HCO 

H AO +  H2

(1 )

(2 )

with route 1 accounting for the majority of the overall 
reaction and route 2 about 4% of the total reaction rate. 
Four other minor routes were suggested as likely. Indirect 
evidence from later flow reactor studies of the O + C2H4 
reaction has supported route 1 as a major one.4'5 Recently 
Kanofsky and Gutman studied the O + C2H4 reaction in 
high-intensity room-temperature crossed molecular beams 
and directly observed the products CH3, HCO, and 
H2C2O with a photoionization mass spectrometer. They 
concluded that the reaction proceeds by routes 1 and 2 
(H2 was not observable by their detection method).1 Their 
failure to observe other detectable products, particularly 
CH2, H3C2O, and H4C2O, led them to further conclude 
that the two observed routes are the only significant ones 
for the O + C2H4 reaction at room temperature.1 -2

The determination of the branching ratios for the O + 
C2H4 reaction reported here essentially consisted of mea­
suring k2 and k. Since the overall rate constant k =  k 1 +  
k2, k i may be calculated (the presumption is made that 
routes 1 and 2 are the only significant ones). The branch­
ing ratios, R 2 = k2/k  and R i = (1 -  R 2), were then calcu­
lated.

Experimental Section

The rate constant k2 was determined by mixing O and 
C2H4 in a conventional fast-flow reactor and monitoring

the absolute rate of H2C2O formation. Initial concentra­
tions of O and C2H4 were chosen to be so low that their 
concentrations were negligibly depleted during their flow 
time through the reactor. Under these conditions stable 
products such as H2C2O (ketene) are produced at a con­
stant rate and their concentrations grow linearly with 
time.

The fast-flow reactor used is one with a movable central 
inlet tube and is essentially identical with one described 
in detail by Niki, Daby, and Weinstock.4 A small leak in 
the end of the reactor allows gas from the reactor to flow 
directly into the ion source of a quadrupole mass spec­
trometer. Extensive details of the experimental arrange­
ment are to be published elsewhere.6 Ions are produced in 
the ion source by photoionization using rare-gas resonance 
lamps.1 Ketene and C2H4 were monitored with a hydro­
gen lamp producing primarily the 10.2-eV Lyman-a line. 
Oxygen atoms were ionized with a windowless lamp con­
taining neon, which emits mainly the 16.67- and 16.85-eV 
resonance lines of neon.

The absolute sensitivity of the mass filter to ketene was 
established by metering known flows of this gas into the 
main carrier gas, which was helium in all the experi­
ments. Ketene was produced by the pyrolysis of diketene7 
and collected in a Dry-Ice cooled trap. Very volatile im­
purities such as CO2 were removed by pumping on the 
cooled trap for several hours. One remaining impurity, al- 
lene, was not removable. Its mole fraction in the ketene 
vapor was accurately determined and the total metered 
flow was corrected to remove the contribution due to al- 
lene. When not in use the ketene was stored at liquid N2 
temperature. Each day the volatile impurities were 
pumped away and the allene mole fraction redetermined.

Oxygen atoms were produced by adding small amounts 
of a 1 .0%-O2-in-helium gas mixture to the helium carrier 
gas flowing through a microwave discharge. Just before 
flowing through the discharge, the gas passed through a 
trap cooled to liquid N2 temperature to remove water and 
hydrocarbons capable of producing H atoms in the dis­
charge. The O atom concentration was determined by 
overtitrating with NO2 and measuring the absolute 
amount of NO produced. Flow rates of NO, NO2, and 
C2H4 were determined by routing these gases to a known 
volume and measuring the rate of pressure rise. Other 
flows were measured with calibrated rotameters.

In a typical experiment the H2C2O ion signal was mea­
sured at various positions of the movable inlet, which in­
troduced C2H4 into the flow containing O atoms. The ab-
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solute sensitivity of the mass spectrometer to H2CsO was 
determined before each run. Four experiments were per­
formed which covered a threefold change in O-atom con­
centration and a twofold change in C2H4 concentration. 
The data obtained from these four experiments are dis­
played in Figure 1.
Results

Since both 0 and C2H4 were in essentially ccnstant 
concentration during their transit time through the flow 
reactor, the net rate of ketene production is given by

A[HAO]/Ai = *2[0][C2H4] (I)

since ketene is not significantly consumed in the f.ow re­
actor. At the low O-atom concentrations used in this 
study a negligible fraction (less than 5%) of the ketene is 
consumed by the relatively slow O + H2C2O reaction.8 
Also the very low steady-state concentrations of CH3 and 
HCO in the flow reactor (1 x 1010 to 3 x 1010 radicals/ 
cm3)5 9 are too low to deplete the ketene concentration 
even if the rate constants for their reactions with ketene 
are near the collision rate. The constant rate of ketene 
production, A[H2C2 0 ]/At, for each experiment was ob­
tained from the slope of the least-squares-fitted line 
drawn through the data points from that experiment 
shown in Figure 1. The concentrations of 0 and C2H4 
were determined from known flow rates, the titrations, 
and measurements of the pressure in the flow tube. In 
each experiment the pressure was 1.40 Torr, the flow ve­
locity 12.8 m/sec, and the temperature 300°K. The gas 
composition was always 99.85% He and nearly 0.15% 3 2 .

The results for all four runs are given in Table I. Three 
of the experiments are in close agreement. The fourth is 
the one with the lowest rate of ketene production. In this 
last experiment the ketene signals were poorest, yie.ding a 
significant uncertainty in the slope, A(H2C2 0 )/Ai. The 
experiment, however, was included because it appreciably 
extends the range of conditions over which this slope was 
measured. The average value for k2 determined from the 
four runs together with the standard deviation is k2 =
3.81 ± 0.76 x 10-14 cm3 molecule- 1  sec-1. The accuracy 
of k2 is estimated to be ±25% (i.e., ±0.95 X  10-14) based 
on the accuracy of flow and pressure measurements and 
on the scatter of the experimental data points.

An additional experiment was performed in which 0 
atoms were generated by passing N2 through the dis­
charge and titrating the N atoms with NO to yield O 
atoms by the reaction N + NO —* N2 + O. The specific 
rate of ketene production was the same in this experiment 
as in those in which O atoms were produced by discharg­
ing O2. This result precludes the possibility that ketene 
production is affected by the presence of O2 or Ĉ UAg) 
(which are present when O2 is passed through a micro- 
wave discharge but absent when N2 is passed through and 
NO subsequently added).

Discussion

To calculate the branching ratios for the 0 + C2H4 
reaction, a value for k, the overall rate constant for the 0  
+ C2H4 reaction, is needed. Using the same flow reactor, 
gas handling equipment, and monitoring techniques k was 
measured using three different sets of flow conditions. The 
details of these experiments are published elsewhere.6 The 
result obtained was k =  7.7 X  10-13 cm3 molecule-1  
sec- 1  at 300°K. This result is very close to a recently rec­
ommended consensus value for k at 298°K, 8.44 X  10-13

0  5 0
CM1 
CM<J

B ) [ o ] = 100x 1012 P -C M

Oro
XTOo

n
2 ,

uo 5 10
t  /  (1Ô3S E C )

Figure 1. Plot of ketene ion signal and concentration vs. time
for the four experiments listed In Table I (a) two experiments in
which [O =  2.71 X 1012 atoms cc , (b'i two experiments in
which [ O ]  =  1.00 X 1012 atoms cc \

TABLE I: Reaction Conditions and Results of
Flow Reactor Experiments

[O ]  X  1 0 - w , ÏC2H 4] X  1 0 - u , Jh X  1 0 » ,
a t o m s  c c -1 m o le c u le s  c c -1 c c  m o le c u le -1 s e c -1

2.71 4 . 1 1 4 .3 0
2.71 2.03 4 .5 0
1 .00 4.16 3 .81
1.00 2 .06 2 .80

cm3 molecule- 1  sec- 1 .10 Using our value for k to calculate 
R 2 and R i, the values are R2 = 0.05 and R i = 0.95.

The branching ratio R 2 is in good agreement with the 
value 0.04 suggested by Cvetanovic, whose result is based 
on a rather extended set of inferences (ketene was not ac­
tually detected), none of which, however, involves knowl­
edge of the identity or importance of the other reaction 
channels.11 The branching ratio R i =  0.95 is higher than 
the value 0.75 reported by Cvetanovic solely because he 
presumed the presence of other reactive channels. There 
is nevertheless agreement that route 1 accounts for most 
of the overall reaction.

In the crossed-beam study of the O + C2H4 reaction by 
Kanofsky and Gutman,1 the ketene mass peak is nearly as 
high as that for the major products CH3 and HCO, which 
gives the “appearance” that route 2 is a major one. We 
have measured the relative sensitivity for the detection of 
CH3 and H2C2O at 10.2 eV to determine whether the in­
ordinately high ketene peak was caused by a large differ­
ence in detection efficiency for these two products. At 10.2 
eV the ketene sensitivity is twice that for CH3 under the 
conditions of the crossed-beam study. Thus, the relatively 
high ketene peak seen in Figure 1 of ref 1 is due to anoth­
er cause, possibly to the different kinematics of the two 
reactive channels. The scattering of ketene from route 2 
could possibly be more favorable along the direction of the 
O atom beam, where products were detected. In such 
crossed-beam studies with fixed-angle detectors, caution 
must therefore be used in associating peak heights of 
products with the relative importance of the respective 
reactive channels.
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Photochemistry of Halogenated Acetones. I. Spectroscopic Studies

Peter A. Hackett and David Phillips*

Department of Chemistry, The University, Southampton S09 5NH, England (Received June 19, 1973; Revised Manuscript 
Received January 14, 1974)

Absorption, fluorescence, phosphorescence, fluorescence excitation, and phosphorescence excitation spec­
tra for 1-chloropentafluoroacetone (CPFA), 1,3-dichlorotetrafluoroacetone (DCTFA), and 1,1,3-trichloro- 
trifluoroacetone (TCTFA) have been measured. Similar spectral data for 1 -fluoroacetone (FA) and
1,1,1-trifluoroacetone (TFA) are also reported. Measurements of fluorescence quantum yields and decay 
times for the vibrationally relaxed singlet states of these molecules were used to calculate values of rate 
constants for radiative ( k R) and nonradiative (feNR) decay. Trends of these results with increasing halo­
gen substitution are discussed and compared with other literature values.

Introduction

The photochemistry and photophysics of halogen-sub­
stituted acetones have attracted considerable interest dur­
ing the past few years. The literature was reviewed in
1964.1 The luminescence of hexafluoroacetone (HFA) has 
been the subject of several recent reports. The phospho­
rescence of the compound was first reported by Bowers 
and Porter, 2 and much work on the luminescence of the 
compound was reported by Kutschke and coworkers. 3" 6 

Fluorescence decay time measurements on HFA, 7 ’ 8 ace­
tone, 8 and acetone-cfo8 allowed comparison of rate con­
stants for radiative and nonradiative decay, and these 
were discussed in the light of simple theories. Photode­
composition in 1 -chloropentafluoroacetone (CPFA), 1,3- 
dichlorotetrafluoroacetone (DCTFA), 1,1,3-trichlorotriflu- 
oroacetone (TCTFA), and other similar ketones has been 
described. 9 Recently some aspects of the photophysics of 
CPFA10  and DCTFA1 1  have been discussed. The present 
series of papers is concerned with aspects of the photo­
chemistry of halogentated acetones not widely studied to 
date. In this first paper various spectroscopic measure­
ments are reported. Subsequent papers will discuss lumi­
nescence quantum yield measurements, vibrational relax­
ation, and quenching of these molecules in the gas phase. 
These papers have been abstracted in part from the Ph.D. 
thesis of P. A. Hackett, University of Southampton, 1973.

Experimental Section

Absorption spectra were obtained on a Pye-Unicam S.P. 
700 recording spectrophotometer using a 6 -cm long quartz 
gas cell. Samples of vapor were introduced to the cell 
using vacuum systems described in earlier papers. 1 1  Un­
corrected fluorescence and total emission spectra were ob­
tained using a Farrand Mk. 1 spectrofluorimeter (SPF) in 
the conventional mode.

Phosphorescence spectra were determined using the sys­
tem shown in Figure 1. Samples were introduced into a 
capillary phosphorescence cell on a mercury-free vacuum 
line by freezing down from a constant volume. Pressures 
of ether and isopentane were also frozen from this known 
volume to give a solution of known molarity. The solution 
was then degassed and transferred to the quartz Aminco- 
Bowman dewar which was filled with nitrogen and placed 
in the SPF. Cylindrical quartz lenses were used to focus 
the exciting light onto the sample tube and the emitted 
light onto the entrance slit of the monochromator. 
Square wave modulation (75 Hz) of the exciting light was 
provided by a three-bladed mechanical chopper placed 
between lamp and excitation monochromator. A light 
emitting diode and phototransistor were placed either side 
of the chopper to derive a reference waveform. The refer­
ence waveform and the output from the photomultiplier 
were fed into the Brookdeal phase sensitive detector
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Farrand Mk.I Spectrofluorimeter

F igure  1. A ppa ra tu s  fo r m e asu re m en t o f p h o sp ho resce nce  
spe c tra .

(PSD) system in the configuration shown in Figure 1. The 
reference unit phase shift was adjusted with both mono­
chromators set at 600 nm, until zero output was recorded 
by the PSD. The PSD was then used to record the 90° out 
of phase emission intensity. It is easily shown that this in­
tensity corresponds only to delayed emission. A phospho­
rescence spectrum was then recorded.

In principle this apparatus could be used to measure 
phosphorescence decay times by measuring the intensity 
of the emission in the in-phase and 90° out-of-phase posi­
tions but the in-phase signal contains contributions from 
scattered light and ketone fluorescence and hence the 
measured phase shift would be distorted. Phosphorescence 
lifetimes were thus measured by photographing an oscillo­
scope trace of the photomultiplier output recorded on a 
Tektronix oscilloscope with 1A1 plug in. The trace was 
photographed in the single shot mode using the reference 
square wave as a trigger, by a Land Thompson oscillo­
scope camera. The response time, 0.3 msec, was inherent 
in the system due to the input impedance of the oscillo­
scope (1 Mil and 100 pF) and the cable capacitance of the 
signal lead (100 pF). However this response time was not 
prohibitive in measuring the phosphorescence decay times 
required ( «  1  msec).

Moderately high resolution fluorescence excitation spec­
tra were measured as follows. Excitation wavelengths were 
selected by a Hilger and Watts Monospex 1000 grating 
monochromator from an Osram XBO 450, 450-W xenon 
lamp. This monochromator has an f  number of 10 and 
uses a grating blazed at 3000 A with a reciprocal disper­
sion of 8  A/mm. Excitation wavelengths passed through 
the cell (Figure 2) which was designed to reduce scattered 
light and hence allow the use of low pressures of sample 
without difficulty. Emission wavelengths were selected by 
a Corning CS-0-52 filter and viewed by a 20th Century 
Electronics Q4249BA photomultiplier. This photomulti­
plier was maintained at 1 kV by a Farnell EHT2 power 
supply. Photocurrents were measured using the Victoreen 
VTE-1 electrometer with a 3 sec time constant. The out­
put signal was displayed on a Heathkit x - t  recorder. A 
voltage subtractor was necessary since the output of the

F ig u re  2. F lu o re sce n ce  e xc ita tio n  ce ll.

electrometer was 0-10 mV floated on -3.8 V and the re­
corder could only accept an input referenced to ground.

Fluorescence quantum yields and decay times were 
measured by procedures to be described in a later paper.

M aterials. The purity of all compounds used in this 
study was tested by gas liquid chromatography (glc) using 
a Perkin-Elmer Model 452 glc with flame ionization and 
thermal conductivity detectors. The carrier gas used was 
helium.

The columns used were (1) 20% silicone grease on celite 
inside 0.25-in. o.d. copper tubing; (2) 1 m of dinonylphtha- 
late on Chromosorb W packed in 0.25-in. o.d. copper tubing.

Purity o f  K e to n e  C om pounds. B ia cetyl was obtained 
from British Drug Houses. It was distilled in the vacuum 
line. Glc analyses showed it to be substantially pure and 
free from acetone and dienes.

Fluoroacetone (F A ) was obtained from Fluorochem Ltd. 
and was used without analysis.

1,1,1-T rifluoroacetone (T F A ) was obtained from Bristol 
Organic Chemicals Ltd. Analysis on column 2 failed to re­
veal any impurity.

H exafluoroacetone (FIFA). The author wishes to thank 
Dr. M. C. Flowers of this department for the gift of puri­
fied hexafluoroacetone.

Chloropentafluoroacetone (C P F A ) was obtained from 
Bristol Organic Chemicals Ltd. Analysis of column 2 
failed to reveal any impurity.

1.3 - D ichlorotetrafluoroacetone (D C T F A ) was obtained 
from Koch Light Laboratories and was distilled on the 
vacuum line. Glc analysis failed to reveal any impurity 
but the mass spectrum showed a peak due to CFCI2 . This 
could be due to the presence of 1 ,1 -dichlorotetrafluoroace- 
tone.

1 .1 .3 -  Trichlorotrifluoroacetone (T C T F A ) was obtained 
from Bristol Organic Chemicals Ltd. and was distilled on 
the vacuum line. No impurities were detected using col­
umns 1  and 2 .

Results

The ultraviolet absorption and fluorescence emission 
spectra of CPFA, DCTFA, and TCTFA are shown in Fig­
ures 3a, 3b, and 3c, respectively. The emission from these 
compounds was identified as fluorescence, since addition 
of up to 200 Torr of molecular oxygen had no effect upon 
the intensity of the fluorescence excited by 340-nm radia­
tion. This assignment was verified by quenching studies
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Figure 3 . A b s o rp t io n  a n d  f lu o re s c e n c e  s p e c tra  o f  C P F A  (a ) ,  D C T F A  (b ) ,  a n d  T C T F A  (c ) :  v a p o r  p h a s e , 2 0 ° . F lu o re s c e n c e  n o rm a liz e d  
to  a b s o rp t io n  s c a le .

Figure 4. A b s o rp t io n  a n d  e m is s io n  s p e c tra  o f F A  (a ) a n d  T F A  (b ) :  (-------- ) e m is s io m  n o t q u e n c h e d  b y  o x y g e n  ( f lu o re s c e n c e ) .  D if fe r ­
e n c e  s p e c tra  a re  p h o s p h o re s c e n c e  s p e c tra .

which showed that 4 Torr of cis-2-butene would quench 
out all of the phosphorescence from biacetyl sensitized by 
DCTFA, but had little or no effect upon the emission of 
DCTFA itself.

The emission from TFA and FA, however, was partially 
quenched by addition of 2-22 Torr of molecular oxygen. 
The emission remaining in the presence of oxygen was 
designated fluorescence, and that quenched by oxygen was 
designated phosphorescence. The absorption spectrum, 
total emission, fluorescence, and phosphorescence emis­
sion spectrum of TFA and FA are shown in Figures 4a and 
4b, respectively.

High (0.3 Â) resolution fluorescence excitation spectra 
of 3 Torr of TCPFA, DCTFA, and TCTFA are shown in 
Figure 5. This figure also shows the effect on these spectra 
of addition of 500 Torr of perfluoro-2-butene.

CPFA, DCTFA, and TCTFA phosphoresce in isopen­
tane-ether glasses at liquid nitrogen temperatures. The 
phosphorescence emission and excitation spectra of these 
compounds are shown in Figure 6 . The phosphorescence 
decay times are shown in Table I.

Selected fluorescence quantum yields and decay times 
for the various ketones are given in Table II.

Discussion

The frequency at which crossing of the fluorescence and 
absorption spectra occurs for the five compounds studied 
here was used to establish the 0 - 0  frequency of the transi­
tion from the ground state to first n7r* singlet state. These

TABLE I: Phosphorescence Decay Times of
Halogenated Ketones

C o m p d TP, m se c C o n d it io n s

HFA 6 . 6 “ 0.06 M  3-methylpentane glass
CPFA 4.7“ 0.02 M  EPA
CPFA 3.1“ 0.02 M  3-methylpentane glass
DCTFA 5 .8 b 0.02 M  ether-isopentane glass
TCTFA 4 . 36 0 , 0 2  M ether-isopentane glass

n R e fe r e n c e  10. b T h is  w o rk .

frequencies together with those of acetone and HFA are 
shown in Table II. The difference between the onset of the
fluorescence and phosphorescence emission spectra, or the 
difference between the phosphorescence maximum and 
the fluorescence maximum, may be used to define the en­
ergy difference between the 3nir* and 1 nir* excited states. 
These values were subtracted from the 0-0 frequencies de­
fined above the lead to the triplet energies also listed in 
Table n.

The effect of chlorine substitution upon extinction coef­
ficient for the nominal ground state to 1 njr* state transition 
is shown by comparison of Figures 3 and 4, from which it can 
be seen that the oscillator strength is greatly enhanced. It is 
also evident that whereas the envelope of the absorption 
curves for the fluorine-substituted acetones is featureless, 
as is that for acetone itself, vibrational structure appears 
in the chlorine-substituted compounds. This is also seen 
in the fluorescence excitation spectra, and more dramati-
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WAVELENGTH IN A
Figure 5. F lu o re s c e n c e  e x c ita t io n  s p e c tra  fo r  C P F A , T C T F A , a n d  D C T F A : (---------) 3  T o r r  o f  k e to n e , ( ---------) 3  T o r r  o f  k e to n e  +  5 0 0  T o r r
o f p e r f lu o r o -2 -b u te n e f  re s o lu t io n  0 .3  A.

250 3SO 450
WAVELENGTH IN NM

Figure 6. Phosphorescence spectra of CPFA, DCTFA, and 
TCTFA at 77°K, in ether-isopentane glass.

cally so in the phosphorescence excitation spectra where 
the features are much better resolved. The coincidence of 
the spacing of the vibrational bands in absorption, fluo­
rescence excitation, and phosphorescence excitation spec­
tra has been established.

The fluorescence excitation spectra are interesting. Lee, 
e t  a l . , 1 2  have shown that in the fluorescence excitation 
spectrum of cyclobutanone a predissociation in the excit­
ed singlet state is clearly evident. Thus for photon ener­
gies which give rise to a state with a few kilocalories of 
energy above the zero-point energy, little or no fluores­
cence is observed. The fluorescence excitation spectrum 
thus differs appreciably from the absorption spectrum. In 
the present case, however, the fluorescence excitation 
spectrum (uncorrected) is quite similar to that for absorp­

tion, showing that a fast predissociation is absent from 
the 'nx* manifolds of CPFA, DCTFA, and TCTFA. At 
sufficiently high photon energies, singlet decomposition 
does however occur, but this process has been shown to be 
competitive with vibrational relaxation, at least for 
DCTFA . 1 1  Figure 5 shows that addition of a large pressure 
of an inert gas gives rise to FES spectra in all cases which 
extend to shorter wavelengths, supporting the idea that 
vibrational relaxation to the fluorescent lower levels can 
be effected in the three systems studied, which thus ex­
cludes the possibility that singlet decomposition occurs 
via a rapid predissociation within the time scale of a few 
vibrations in the molecule.

The behavior of the ketones studied following excitation 
by radiation near to the 0-0 transition (FA, TFA 330 nm; 
DCTFA, CPFA, TCTFA, 340 nm) can be described by the 
following simple mechanism

hv + A —*- ‘A0 absorption (1)
'An —*■ A -F hvf kR fluorescence (2)
'A0 —*■ kSR nonradiative transition (3)

The mechanism is validated by the observation that the 
fluorescence quantum yield observed under such excita­
tion conditions is very much less than unity and is pres­
sure independent. Now k R and k NR are given by

k R = ^f/tf (4)

Anr = (1 — $f)/tf (5)
and values for the equilibrated levels of halogenated ace­
tones are given in Table II (data taken from the following 
paper). For an orbitally allowed transition k R may be cal­
culated from the Strickler-Berg equations13  and such 
values are also given in Table II.

Effect of Substitution on k R

In the case of the n —*■ 7r* transition in formaldehyde the 
transition is orbitally forbidden but made allowed by out- 
of-plane vibrational frequency which distorts the planar 
ground state into the pyramidal geometry of the nx-* 
state. 14  If the nature of the transition in the acetones were 
similar, then the Strickler-Berg (SB) equation should not 
give realistic estimates of k R. Halpern and Ware demon-
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TABLE II: Results o f Lifetim e, Quantum  Yield, and Spectral Measurements 
on Gas-Phase Samples of Halogenated Ketones“

Compd

So —> Si 
0 -0  frequency, 

cm-1

Triplet
energy,
cm' 1

(»p Ôav-1  
Ar(SB) X 

1 0 1» cm»

(?F-3)aV_1 
*r(SB) X 

10s sec-1 TF, nsec
kR X IO"«, 

sec-1
*NR X 10-7, 

sec-1

Ao 1.3 1 . 0 0 . 0 0 1 2 2.4 5.0 42
HFA6 1 . 2 1 0.56 0.0185 8.4 2 . 2 1 . 2

CPFA 28,800 26,000 1 . 2 3.8 0 . 0 2 1 36.1 5.6 2.7
DCTFA 29,000 26,000 1 . 2 6 . 0 0.015 30.0 5.0 3.3
TCTFA 29,100 26,600 1 . 2 3.8 0.0042 12.5 3.4 8 . 0

TFA 29,500 26,200 1.3 0 . 6 0 . 0 0 1 0 4.0 2.5 25.0
FA 29,800 25,800 1.3 0.7 0 . 0 0 1 1 2  ±  1 ' 1 .1 -3 .7 “ 11-37'
Acetone-d« 1.3 0 . 8 6 0.0016 3.4 4.7 29

“  R a t e  c o n s t a n t  d a t a  t h a t  fo r  e q u i l ib r a t e d  le v e ls  ta k e n  f r o m  fo l lo w in g  p a p e r . 6 D a t a  f r o m  r e f  8. '  F lu o r e s c e n c e  d e c a y  t im e  v e r y  d i f f ic u lt  t o  m e a su re . U p p e r  
l im it  o f  3  n s e c  g iv e s  b e s t  f i t  w it h  d a t a ,  a n d  is  u s e d  th r o u g h o u t .

TABLE III: Relative Radiative Rate Constant Data for Fluoroacetones

C o m p d k R, (a c e to n e )  /A r ° w (a ce to n e )  /cJ* [co (a c e to n e )  /to]3 coHT,c c m -1 uB°,d cm-,

Acetone (1 .0 0 ) (1 .0 0 ) (1 .0 0 )
Acetone-d6 1.06 1.29 1.99
FA 1.35' 358 435
TFA 2 . 0 0 242 378
HFA 2.27 1.32 2.26

kR ( a c e to n e )  /  Ar ® arA h(hfa)“

CPFA 0.89 2.55
DCTFA 1 . 0 0 2.27
TCTFA 1.47 1.54

“  D a t a  f r o m  T a b le  I I .  6 D a t a  f r o m  r e f  8b .  '  P r o m o t in g  m o d e  f r e q u e n c y  e s t im a t e d  f r o m  r a te  c o n s t a n t  r a t io  u s in g  H T  s c h e m e  (e q  6) .  d P r o m o t in g  m o d e  fr e ­
q u e n c y  e s t im a te d  fr o m  r a te  c o n s t a n t  r a t io  u s in g  B O  s c h e m e  (e q  7 ) .  4 V a lu e  o b t a in e d  u s in g  th e  u p p e r  l im it  o f  l ife t im e .

strated this point for acetone, acetone-cfe, and HFA, 8 and 
as can be seen from Table II, kR and ftR(SB) are notice­
ably different for FA and TFA also. For the chlorine-con­
taining acetones however ftR(SB) and k R are of similar 
magnitude. Halpem and Ware analyzed their data in 
terms of the theory of Albrecht which describes vibronic 
transitions1 5  using the conventional Herzberg-Teller ap­
proach. The treatment indicates that the intensity of ab­
sorption will be linearly dependent upon the excited state 
promoting mode frequency, and the value of k R will de­
pend linearly upon the ground-state promoting mode fre­
quency. Since isotopic substitution would in general re­
duce the value of the promoting mode frequency, results 
for acetone, acetone-d6. and HFA can be rationalized on 
this basis. It is evident that the present results for TFA 
and for FA if the upper limit of lifetime is taken also fit 
the same broad trend. 16

The Herzberg-Teller (HT) approach has recently been 
criticized as being too simple however. 1 7 ’ 18  It involves 
both the adiabatic Bom-Oppenheimer approximation and 
the Condon approximation, and deviations from the for­
mer can give rise to terms which are significant, but 
which are neglected in the HT scheme. Orlandi and Sie- 
brand18  have shown that in absorption the intensity ratio 
for isotopically substituted species in the HT scheme will 
be given by the ratio of (excited state) promoting mode 
frequencies, whereas in the case of their recent approach, 
termed the Bom-Oppenheimer (BO) approach, 18  the in­
tensity ratio dependence will be cubic with respect to pro­
moting mode frequencies, i.e.

/hH7 I dHT «  uh/cod (6 )

«  (cvh/cod) 3 (7)

Similar relationships will hold fcr the relative values of k R 
except that promoting mode frequencies will be ground-

state parameters. It should therefore be possible to deter­
mine the relative importance of the two coupling schemes 
given data for k R and promoting mode frequencies. Table 
III shows values of k R for a variety of fluorinated acetones 
relative to that for acetone, together with values of the 
relative promoting mode frequencies to the first and third 
power where these data are available. Where promoting 
mode frequencies are not known they have been calculat­
ed from rate constant ratios using both the HT and BO 
schemes, and these values are also shown in Table in. 
The data for acetone-ck clearly do not support either the 
HT or BO schemes, but those for HFA clearly favor the 
BO coupling scheme proposed. Further support for this is 
obtained from the calculation of frequencies using the HT 
and BO mechanisms in the cases of FA and TFA.

An infrared absorption spectrum was taken of a gas- 
phase sample of TFA in a cell using cesium iodide win­
dows. Absorptions were observed at 428, 372, and 362 
cm-1 . Similar spectra were taken of a sample of FA vapor 
and the presence of weak absorptions at 425, 400, 378, and 
357 cm - 1  was revealed. While no attempt has been made 
to assign normal coordinates to these frequencies, the re­
sults do show that for both compounds a frequency exists 
which has the right magnitude to fit the radiative rate 
constant data according to the BO scheme, but at least in 
the case of TFA, no such frequency exists for the HT 
scheme.

However, it is clear from Table EH that the values of k R 
for the chlorinated ketones are all greater than those for 
HFA, which is difficult to rationalize in terms of the 
treatment above. The reason for this discrepancy may be 
seen from a consideration of the extinction coefficients of 
these and other a-chlorinated ketones shown in Table IV. 
Similar marked increases in extinction coefficient and red 
shifts have been noted when an amine group is substitut­
ed a to a carbonyl group. 19  These effects have been as-

T h e  J o u r n a l  o f  P h y s i c a l  C h e m is t r y ,  V o i  7 8 , N o .  7, 1 9 7 4
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TABLE IV: Spectral Characteristics of 
a-Chloro Ketones

C o m p d
^ (ím ax)’

n m emax R e f

Acetone 275 17 1
Chloroacetone 300 32 No. B1/8«
1,1-Dichloroacetone 295 65 1
HFA 305 8 1
CPFA 305 49 9
D CTFA 300 80 1
TCTFA 302 43 1
Cyclohexanone 280 18 20
l-Chlorocyclohexanone6 300 35 No. B 1 /4“

a H .  H .  P e rk a m p a s , I .  S a n d e m a n , a n d  C .  J . T im m o n s  in  “ U V  A t la s  o f  
O rg a n ic  C o m p o u n d s ,”  B u tte r w o r th s ,  L o n d o n ,  1 9 6 6 . b 3 7 %  e q u it o r ia l  s o m e r .

cribed to a mixing of the substituent nonbonding electrons 
in the n-ir* transition, for which there is much further evi­
dence in the literature. 2 0 -2 1

It is not unreasonable to propose that a-chlorinated ace­
tones should show all of these effects and hence the “ n-ir*” 
transition in CPFA, DCTFA, and TCTFA would involve 
more orbital allowedness than the corresponding n-ir* tran­
sitions in nonchlorinated acetones. The manifestations of 
this mixing are the enhancement of the oscillator strength 
of the nominal n-ir* transition in the chloro ketones, and 
better agreement between k R and fcR(SB) for these com­
pounds. Table II shows that this is what is observed in the 
present case.

Nonradiative Decay
The mixing of chlorine nonbonding electrons, or carbon- 

chlorine a* molecular orbitals into the n-ir* transition has 
important consequences on the rate of nonradiative pro­
cesses. In the case of CPFA and DCTFA this nonradiative 
process can be unambiguously defined as intersystem 
crossing since the triplet state yield under these condi­
tions was shown to be close to unity. 1 0 -1 1  Triplet TCTFA 
has a lifetime which is too short to enable the biacetyl 
technique to adequately determine the triplet state yield 
but under conditions of excitation at 340 nm with ketone 
pressures greater than 20 Torr it is not unreasonable to 
suppose the nonradiative process to be solely intersystem 
crossing by analogy with CPFA and DCTFA. The values 
of the intersystem crossing rate constant determined in 
this way are 2.7 X  107 sec- 1  for CPFA, 3.3 X  107 X  sec- 1  

for DCTFA, and 8  X  107 sec“ 1  for TCTFA (Table III). 
Halpern and Ware8 found feNR to vary from 41.7 X  107 

sec- 1  in acetone to 29.4 x 107 sec- 1  in acetone-d6 and 1.2 
X  107 sec- 1  in hexafluoroacetone.

A calculation (using ground-state vibrational frequen­
cies) using the method of Haarhoff22 revealed that the 
maximum density of states (p) isoenergetic with the vi­
brationless excited singlet is 1.2 cm for acetone, 4.2 cm for 
acetone-d6. and 5 X  1C4 cm for HFA; substitution of these 
values into the golden rule expression for the intersystem 
crossing rate constant

* > n  = (2 ir/h)p V 2

where V  is the matrix element associated with the pertur­
bation responsible for the nonradiative decay allows an es­
timation of pV . Values obtained were 2 X  10- 2  for ace­
tone, 4 X  10- 2  for acetone-d6. and 6.9 x  10- 2  for HFA. As 
the authors point out these values are considerably less 
than unity although these molecules show all the other 
characteristics of molecules in the statistical limit. 23  It

must be stated that the calculation of p V  is probably in­
valid because of the lack of knowledge of triplet state vi­
brational frequencies. However it can be seen that substi­
tution affects the electronic part of the nonradiative tran­
sition probability. Presumably the vibronic coupling, 
spin-orbit coupling, and Frank-Condon factors may all 
change as well as the density of states.

It is interesting that the nonradiative rate constant for
1 ,1 ,1 -trifluoroacetone fits into the series investigated by 
Halpern and Ware as does that for FA if the upper limit 
of the lifetime is taken. However, as with the radiative 
rates the intersystem crossing rates in the series HFA, 
CPFA, DCTFA, and TCTFA change in the opposite di­
rection to that predicted. Since the singlet-triplet energy 
gap is relatively constant (3000 cm-1) throughout the 
chlorinated acetone series it is reasonable to suppose that 
the density of states will increase with successive chlorin­
ation due to the introduction of low-frequency modes, and 
this may explain the trend in the intersystem crossing 
rate constants. However, the Frank-Condon factors and 
factors affecting the electronic part (/3) of the nonradiative 
transition probability will change also and it has been 
pointed out that decreases in the former factor frequently 
tend to cancel out changes in the density of states. Thus 
the enhancement of intersystem crossing may be due to 
changes in /3. These changes could be due to an enhanced 
spin-orbit coupling due to “ heavy atom” effects of the 
chlorine atoms. Such internal heavy atom effects on k ¡s c  
have been frequently observed in aromatic molecules al­
though El-Sayed has shown24 that heavy atoms should 
have a negligible effect on n-ir* transitions of carbonyl 
compounds. This calculation was based upon the assump­
tion that the orbitals involved in the nir* transition have 
zero coefficients on the halogen atoms. Clearly if the con­
figurational interaction proposed to explain the variation 
of the radiative rate constant with chlorine substitution 
does occur this assumption will be invalid and the spin- 
qrbit coupling matrix elements will contain one center 
terms on the halogens.

Kanda has measured the oscillator strength for (Ti ■*— 
So) transitions for oxalyl bromide, oxalyl chloride, and bi­
acetyl. 2 5  The results (3.3 x  10~6, 1.34 X 10-7, and 1.12 x 
1 0 ~7, respectively) support the view that internal spin- 
orbit coupling can effect nir* transitions.

Were such effects of importance in the present case, it 
might have been anticipated that progressive chlorination 
would have led to a decrease in the observed phosphores­
cence decay time. However, Table I shows little discern­
ible affect. It is noticeable from Table I that the solvent 
plays a large part in determining phosphorescence decay 
times (results for CPFA), and it is not perhaps useful to 
compare these data.
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Photochemistry of Halogenated Acetones. II. Rate Constant Measurements

Peter A. Hackett and David Phillips*

D e p a r tm e n t o f  C h e m is try . The U n iv e rs ity . S o u th a m p to n  S 0 9  5 N H . E n g la n d  {R e c e iv e d  J u n e  19. 1973 : R e v is e d  M a n u s c r ip t R e c e iv e d  

J a n u a ry  14. 1974)

Fluorescence decay times of FA, TFA, CPFA, DCTFA, and TCTFA have been measured for a variety of 
vapor-phase conditions. Fluorescence quantum yields for the last three compounds are also reported. 
Variations in rate constants for radiative ( k R ) and nonradiative (feNR) decay as a function of photon ener­
gy are discussed. It is shown that increase in photon energy causes an exponential increase in fcNR for the 
compounds studied which is attributable either to decomposition from the singlet manifold or an en­
hancement of nonradiative decay to a short-lived, presumably dissociative, triplet state.

Introduction
The previous paper was concerned with spectroscopic 

measurements on several halogenated acetones. In the 
present paper we present luminescence quantum yield 
and decay time measurements under a variety of condi­
tions from which absolute rate constants for radiative and 
nonradiative decay may be determined.

Experimental Section

L u m in escen ce  Q uantum  Yields. The quantum yields of 
emission of the carbonyl molecules in the gas phase were 
measured using the system described below.

Monochromatic light emergent from a lamp and mono­
chromator combination was collimated by a lens and tra­
versed the long axis of a T-shaped fluorescence cell which 
contained the compound of interest at a known pressure. 
This exciting light then fell upon an RCA 935 photodiode, 
allowing absorption measurements to be made. Light 
emitted by the compound in the cell was observed normal 
to the exciting light by an RCA 1P28 photomultiplier 
powered by a Farnell E2 constant voltage power supply. A 
glass filter was interposed between the detector and the 
cell to reduce scattered light. Photocurrents from these 
two detectors were monitored using a Victoreen VTE-1 
electrometer. The lamp used throughout this work was an 
Osram XBO/150 W1  high-pressure xenon lamp. The mo­
nochromator used was either a Bausch and Lomb 33-86-07

uv visible monochromator or a Bausch and Lomb 33-86-07 
uv monochromator fitted with a collimating lens. The for­
mer monochromator has a grating with a reciprocal dis­
persion of 64 A/mm blazed at 2200 A. The latter was 
blazed at 2500 A with a reciprocal dispersion of 32 A/mm. 
The emergent beam from the monochromator was made 
parallel by a quartz lens. The monochromators were 
wavelength calibrated by observing the peaks in the emis­
sion of a Hanovia SH/100 medium-pressure mercury arc 
lamp and comparing these with the standard spectrum. 
The fluorescence cell was 6  cm long, 3 cm diameter, with 
a 2-cm diameter centrally placed T window and was made 
from Spectrosil A nonfluorescent quartz using 1 -mm thick 
optical flats. All exterior surfaces of the cell with the ex­
ception of the three optical flats were painted with matt 
black paint, substantially reducing the scattered light sig­
nal. The cell and photodetectors were housed in a brass 
casing, isolating them from ambient light. A discussion of 
the geometrical effects operative in a cell of this design 
has been given1 and the relevant correction factors were 
applied wherever the absorption by the compound in the 
cell was high.

A Coming CS0.52 filter was placed between cell and 
photomultiplier tube to isolate ketone fluorescence and a 
Corning CS3.71 filter to isolate the sensitized phosphores­
cence of biacetyl. A mask was placed between the filter 
and the 1P28 photomultiplier to constrict the field of view
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of the photomultiplier to the area of the cell excited by 
the incident radiation. The spectral response of both pho­
todetectors was nominally S5 but it was considered im­
portant to calibrate that of the RCA 935 used to observe 
the intensity of the excitation beam. This was achieved 
using a sodium salicylate quantum counter. Absolute 
quantum yields of fluorescence were obtained by calibra­
tion with 500 Torr of HFA excited at 313 nm in the pres­
ence of 5 Torr of oxygen, for which the fluorescence quan­
tum yield has been given as O.OI85.2

The procedure for measurement of fluorescence quan­
tum yields has been stressed here since previous measure­
ments on DCTFA have been shown to be greatly overesti­
mated.3 This is unfortunate and was due to the use of 
benzene vapor as a standard, which has very different ab­
sorption and fluorescence spectral characteristics from 
those of the ketone investigated. In making corrections for 
the spectral sensitivities of the photodetectors in the origi­
nal studies, maker’s curves only were used. Present results 
indicate that for the particular photomultiplier tube used 
in the original investigation the sensitivity curve assumed 
was invalid. In the present case use of a new 935 photo­
tube, the sodium salicylate quantum counter, and H7A as 
a standard removes these difficulties and leads to the cor­
rect values of fluorescence quantum yields given in the 
Results section.

Values of the quantum yield of emission from biacetyl 
sensitized by the ketones were obtained absolutely by 
comparison with relative yields from biacetyl excited di­
rectly at 404.7 nm extrapolated to zero pressure, for which 
the quantum yield is 0.15 ± O.3.4 -5

At certain wavelengths of excitation the measurement 
of the quantum yield of sensitized phosphorescence of bi­
acetyl <t>s, was complicated by absorption of the incident 
exciting radiation by biacetyl. This effect was corrected 
for by the standard method of Ishikawa and Noyes.6

The sensitivity of the biacetyl triplet state to oxygen is 
well known and so several checks were made to test the 
validity of the measurements. 0 S was shown to be inde­
pendent of the number of times the mixture was degassed 
in the cell. It was also shown to be independent of the 
storage time in the cell for a period of 12  hr; her.ce it 
could be concluded that there were no significant pres­
sures of oxygen in the cell and that little leakage of oxy­
gen into the cell or desorption of oxygen from the cell 
walls occurred.

The bandpass of exciting radiation used in these studies 
was 3 nm, and the precision of measurements on $F at low 
pressure was reproducibly 10%. Low-resolution spectral 
measurements showed no significant change in the fluo­
rescence spectra of the ketones under different excitation 
wavelength and pressure conditions.

F lu o r e sc e n c e  D eca y  T im e  M e a su r e m e n ts . A blocx di­
agram of the apparatus used is shown in Figure 1. The 
lamp was obtained from Applied Photophysics Ltd but 
was considerably modified. The resistor chain was re­
placed with a single 150 Mil resistor obtained from the 
Victoreen Co. (MOX-4) rated at 40 kV and which was 
connected to the Brandenberg 800 EHT power supply by 
30-kV coaxial cable. The screening of this cable was con­
nected to the lamp body (metal) and to the ground of the 
power supply. The resistor was surrounded by Vs-in. thick 
Teflon sheeting formed into a tube. The lamp discharge 
was usually run at 28 kV to give optimum intensity and 
repetition rate. The high voltage electrode of the dis-

Figure 1. B lo c k  d ia g ra m  o f t im e -c o r r e la te d  s in g le -p h o to n  c o u n t ­
ing  a p p a ra tu s .

charge was a tungsten point made from %6-in. diameter 
rod. It was found that the mass of the electrode had a 
marked effect on the characteristics of the discharge. A 
large electrode gave high light intensity pulses at a low 
repetition rate (2 kHz) while a smaller electrode gave a 
high repetition rate of smaller amplitude light pulses. An 
electrode of % in. of 18 gauge platinum wire soldered di­
rectly to the end of the 150-Mil resistor gave a stable 45- 
kHz output of low-intensity light pulses.

The ground electrode was threaded in order that the 
spark gap could be adjusted. The electrode was either a 
rounded tungsten rod or a ball made by fusing platinum 
wire. The optimum spark gap was found by experiment; 
small gaps giving high reptition rates of smaller ampli­
tude pulses, the repetition rate decreasing and intensity 
increasing as the gap was increased until the discharge 
became unstable. The position of the electrodes was then 
adjusted until the required gap was centered in the col­
lecting lens.

All experiments reported here were carried out with the 
lamp filled with nitrogen. The nitrogen pressure was kept 
at 30 lbs/in.2 since this gave the shortest lamp decay. The 
lamp gave light pulses, 4 nsec wide at half-height at a sta­
ble frequency of 2-40 kHz.

The photomultiplier used was an uncooled EMI 9594QB 
biased at 2350 V by a Farnell E2 regulated supply. The 
photomultiplier dynode chain was wired according to the 
maker’s specifications and was terminated in a 50-fi pulse 
counting mode. The “ focus” and “ deflection” potentiome­
ters were adjusted such that the observed signal of the 
lamp excitation pulse was of minimum width at half­
height and of maximum amplitude. These adjustments 
were made using a Tektronix 1S1 sampling oscilloscope.

Start pulses were generated from a single Teflon-insu­
lated wire which passed through the lamp body. Ortec 463
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Figure 2 . R e s u lts  o f  c o n v o lu t io n  o f  t r ia l  d e c a y  t im e s  w ith  la m p  
e x c ita t io n  fu n c t io n  a s  fu n c t io n  o f in p u t d e c a y  t im e .

constant fraction discriminators were used to give proper 
pulse shaping and time derivation of the outputs from the 
photomultiplier and the lamp trigger: The time-to-pulse 
height converter (TPHC) used was an Ortec 437A and the 
multichannel pulse height analyzer (MCPHA) was a 
Northern NS-600. Data readout from the MCPHA was 
achieved with a teletype printer. Problems arising from 
“ pile-up” were avoided by ensuring that the ratio of num­
ber of photons counted, N i, to start pulses N , was less 
than 0.05.

Start pulses generated from the output of TPHC and 
stop pulses generated from the output of the MCPHA 
were counted in an eight-digit dual scaler designed and 
built by Dr. A. W. Sloman of this department. Pulses 
were counted independently in tv/o separate counters. The 
counters were zeroed and held by the same control, ensur­
ing that both counted over identical periods of time. The 
accumulated counts from either counter were displayed by 
a buffered eight-digit display continuously or on com­
mand. The counters could remain operative while the dis­
play was stationary and hence N t / N  could be computed at 
intervals throughout any run.

Data were analyzed using three different techniques. In 
the first, the lamp excitation function was used to convo­
lute expected decay curves for actual fluorescence life­
times using a computer. A log plot was made of the expo­
nential tail of these decay curves and the predicted gener­
ated decay time was obtained. A graph of inputed fluores­
cence decay time against predicted generated decay time 
was obtained (Figure 2). The lamp excitation function 
used to generate these curves is shown in Figure 3. A log 
plot of the experimental observed decay curve with the 
experimental scattered light subtracted was then made 
and the observed decay time was then used to interpolate 
the true decay time from Figure 2.

The second method employed a computer curve-fitting 
routine. The lamp excitation function and the experimen­
tal decay curve were read in to the computer which used 
an estimated value of the fluorescence decay curve to con­
volute a predicted experimental decay curve. The two 
“ experimental curves” were then normalized such that 
their areas were equal and the sum of the squares of the 
deviations between the curves was found. This latter 
function was then minimized by the Newton-Raphson 
curve-fitting procedure; changing the value of the fluores­
cence decay time until the best fit was obtained. This 
curve-fitting procedure proved to be extremely fast.

The third method was used to analyze data obtained at

Figure 3. T y p ic a l la m p  d e c a y  c u rv e  u s e d  a s  e x c ita t io n  fu n c t io n  
in F ig u re  2.

low pressures of ketone and short excitation wavelength. 
Under these conditions the fluorescence intensity varies 
with time according to the kinetic scheme under test and 
such effects were taken into account in the convolution 
procedure. The calculated curve was fitted to the experi­
mental curve by an iterative procedure.

Results and Discussion

Fluorescence decay times for the ketones studied are 
shown in Table I together with excitation conditions. The 
variation in fluorescence quantum yield with pressure of 
ketone for CPFA, DCTFA, and TCTFA are shown in Fig­
ures 4-6.

The dependence of the radiative and nonradiative rate 
constants on the vibrational energy content of the excited 
singlet state was investigated by taking the fluorescence 
decay time and fluorescence quantum yield measurements 
for CPFA, DCTFA, and TCTFA at five wavelengths (340, 
325, 310, 300, and 280 nm), at pressure low enough such 
that the vibrational levels formed by optical excitation 
could be observed in the absence of collisions. This pres­
sure was calculated by assuming that the vibrational re­
laxation constant was equal to 7 x  1010 M _1 sec- 1  and 
that vibrational relaxation removes the state from the sys­
tem. The values calculated were CPFA (fluorescence 
decay time 36 nsec) 0.2 Torr, DCTFA (fluorescence decay 
time 30 nsec) 0.3 Torr, and TCTFA (fluorescence decay 
time 12.5 nsecs) 0.7 Torr. However vibrational relaxation 
leads to a state which may still emit and thus higher pres­
sures may be used without distortion of the decay times 
and fluorescence yields. This was the observed result of 
Halpern and Ware7 who calculated a pressure of 0.1 Torr 
for HFA (fluorescence decay time 84 nsecs) but observed 
that decay times measured at 0.5 Torr were equal to those 
measured at 0.1 Torr. This is what was observed with 
CPFA, DCTFA, and TCTFA.

At pressures in excess of 25 Torr the fluorescence decay 
times of CPFA, DCTFA, and TCTFA were precisely expo­
nential and independent of both pressure and wavelength, 
and thus correspond to emission from the Boltzmann dis­
tribution of excited state levels. At pressures below ap­
proximately 1 Torr, exponential fluorescence decay was 
also observed, but the lifetimes were dependent upon ex­
citation energy, decreasing with increase in photon ener­
gy. At intermediate pressures, nonexponential decay 
curves were obtained.

The behavior here parallels that observed earlier by 
Halpern and Ware7 for HFA, and the pressure dependence
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TABLE I: Fluorescence Decay Times of 
Halogenated Ketones

C o m p d

E x c it a t io n
w a v e le n g th ,

n m

S a m p le
c o n d it io n s ,

T o r r
TF,

n se c

CPFA 340 40 36.1
310 40 36.0
340 80 36.1
340 7 36.1
340 7 36.0
300 5 a
300 2 a
300 4 a
300 11 a
300 7 a
340 0.5 36.0
325 0.5 34.3
310 0.5 29.8
300 0.5 2 1 .8
290 0.5 15.7
280 0.5 8.9

DCTFA 340 80 30.0
340 40 28.0
300 40 30.0
340 30 28.0
300 12 a
300 7.8 a
300 5.5 a
300 4 a
340 0 . 6 25.6
325 0 . 6 19.9
310 0 . 6 16.4
300 0 . 6 14.1
280 0 . 6 6 . 2
310 PFMCH (soin) 26.1

TCTFA 340 40 12.5
340 30 1 2 .6
340 1 . 2 1 2 .0
325 1 .2 13.1
310 1 . 2 1 1 .0
300 1 .2 8 . 6

TFA 310 2 0 0 4.0
FA 310 50 ~ 2

a N o n e x p o n e n t ia l  d e c a y  o b s e r v e d ; P F M C H  p e r f lu o r o m e th y lc y c lo h e x a n e .

of the lifetimes is a manifestation of vibrational relaxation 
from initially “ isolated” molecules to the Boltzmann dis­
tribution. This relaxation process is discussed further in 
the following paper. Values of k R and k NR obtained n the 
low-pressure limit are shown in Table II. It should be 
noted that because of the relatively broad bandpass of ex­
citation used in this study, and sequence congestion :n the 
absorption spectra of the compounds studied, and further, 
the possibility of intramolecular vibrational redistribution 
the low-pressure results are characteristic of a distribution 
of emitting states rather than single vibronic levels.

Wavelength Dependence of k R

Figure 4. F lu o re s c e n c e  q u a n tu m  y ie ld s  o f  C P F A  a t  2 0 “  a s  a  
fu n c t io n  o f  p re s s u re  a t d if fe re n t  e x c ita t io n  w a v e le n g th s .

340 nm
• --------

* ;  *

•
325 nm

c 3IO nm ^
■Str— ° - °  ^ O

fe »® "®  3 ' 9 300 nm

280 nm _

5 ib

300nm

ee'®e

PRESSURE OF
IOC

DCTFA TORR

Figure 5 . F lu o re s c e n c e  q u a n tu m  y ie ld s  o f D C T F A  a t 2 0 °  a s  a  
fu n c t io n  o f p re s s u re  a t d if fe re n t  e x c ita t io n  w a v e le n g th s .

It can be seen from Table III that k R tends to decrease 
with decreasing wavelength. This effect is most pro­
nounced below 300 nm. This effect may be real or an ex­
perimental artifact. Thus optical excitation may result in 
partitioning between excited singlet states which disso­
ciate and excited states which may fluoresce. The quan­
tum yield of fluorescence of emitting states would then be 
underestimated yielding a value of k R which is too low. 
Halpern and Ware7 found no similar discernable trend in 
his experiments on HFA, however, no measurements of 
quantum yields were made in that study. The quantum 
yields used were interpolated from the zero pressure fluo­

rescence quantum yields measured by Kutschke, e t  a l.,s 
at excitation wavelengths of 313, 265, and 254 nm. These 
values were 0.0095, 0.0045, and 0.0015, respectively. 
Kutschke’s value of 0.0138 for excitation at 366 nm was 
not used since this result is probably influenced by the 
effects of direct singlet-triplet absorption. Hence a value 
of the high-pressure quantum yield at 313 nm (0.0185) 
was used for the zero pressure yield at 358 nm. Linear in­
terpolations based upon these values may not yield valid 
estimates of the zero pressure fluorescence quantum yield, 
and hence Ware’s values of k R may be subject to errors.

Herzberg-Teller theory for forbidden transitions can be
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PRESSURE OF TCTFA TORR

Figure 6. Fluorescence quantum yields of TCTFA at 20° as a 
function of pressure at d iffe rent excita tion wavelengths.

TABLE II: Zero Pressure Lifetim es and 
Quantum  Yield Data for CPFA, DCTFA, and TCTFA

E x c i t a ­
t io n

C o m p d

w a v e ­
le n g th ,

n m
TF,

n se c <t> F

ÄR X  
IO "« , 
s e c -1

* N R  X  
10- 7,
s e c -1

C P F A 3 4 0 3 6 . 0 0 . 0 1 5 4 4.3 2.8
3 2 5 3 4 . 3 0 . 0 1 2 6 3.7 2.9
3 1 0 2 9 . 8 0 . 0 0 9 5 3.2 3.3
3 0 0 2 1 . 8 0 . 0 0 7 5 3.5 4.6
2 9 0 1 5 . 7 6.4
2 8 0 8 . 9 0 . 0 0 1 g 2.0 11.0

D C T F A 3 4 0 2 5 . 6 0 . 0 1 3 1 5.1 3.9
3 2 5 1 9 . 9 0 . 0 1 0 5.0 5.0
3 1 0 1 6 . 4 0 . 0 0 8 1 4.9 6.0
3 0 0 1 4 . 1 0 . 0 0 6 2 4.4 7.0
2 8 0 6 . 2 0 . 0 0 1 2 1.9 1 6 . 1

T C T F A 3 4 0 1 2 . 0 0 . 0 0 4 3 3.6 8 . 3
3 2 5 1 3 . 1 0 . 0 0 4 1 3.1 7 . 6
3 1 0 1 1 . 0 0.0027 2.4 9 . 1
3 0 0 8 . 6 O . O O I 5 1.7 1 1 . 6

used9 to show that the integrated absorption coefficient 
should increase with temperature according to the equa­
tion

a  coth C n v j2 k T )  (1)

where Pim is the frequency of the promoting mode. Ware10 

has shown that this quantity obeys the above equation 
over 300-600°K in HFA, which implies that k R should in­
crease with increase in photon energy.

The results found for CPFA, DCTFA, and TCTFA are 
thus in contradiction with vibronic coupling theory. It is 
possible that the value of k R is determined by the magni­
tude of the configurational interaction discussed in the 
previous paper. The temperature dependence of such in­
teractions is not well understood but it is not unreason­
able to propose that interactions which are highly confor- 
mationly dependent would be “ smeared out” at high in-

Figure 7. Quantum yields of sensitized phosphorescence of b i­
acetyl from  30 Torr of DCTFA as a function of biacetyl pressure 
at 20°: O m ercury-free system, A  results from  m ercury-satura t­
ed system.

TABLE III: Quantum  Yields o f Intersystem Crossing 
(<tnsc) for Halogenated Ketones Determined by the 
Sensitized Phosphorescence of Biacetyl Technique

C o m p d

P re ssu re  o f  
c o m p o u n d , 

T o r r

E x c i t a t io n
w a v e le n g th ,

n m «IS C

C P F A 2 9 3 4 0 0 . 9 2
2 9 3 1 0 0 . 6 5
2 9 2 8 0 0 . 2 3

D C T F A 3 0 3 4 0 0 . 9 1
3 0 3 1 0 0 . 4 5
3 0 2 8 0 0 . 0 9
8 0 3 4 0 0 . 9 2
8 0 3 1 0 0 . 7 6
8 0 2 8 0 0 . 4 2
4 0 2 8 0 0 . 2 0

2 5 2 8 0 0 . 1 1

1 5 2 8 0 0 . 0 7

1 0 2 8 0 0 . 0 5

5 2 8 0 0 . 0 1

T C T F A 3 0 3 4 0 0 . 3 7

3 0 3 1 0 0 . 1 2

3 0 2 8 0 0 . 0 1

temal energies, leading to a reduction in k R. Alternatively 
the reduction in magnitude of k R with increasing photon 
energy may simply reflect decreases in the Franck-Con- 
don factors for the radiative transition. A recent paper by 
Lin, e t  a l . , 1 1  is relevant to the discussion above. These au­
thors have shown that within the harmonic oscillator ap­
proximation for both symmetry allowed and symmetry 
forbidden transitions, k R should vary linearly with excess 
vibrational energy in the excited state, both in the case of 
single vibronic level excitation, and in cases in which uni- 
molecular vibrational redistribution occurs. k R may in­
crease or decrease with excess energy depending upon vi­
brational frequency changes and the nature of the modes 
excited. For the case of excitation in a progression in 
which the frequency of the mode excited is less in the 
upper state than in the ground state, k R will decrease lin­
early with excess energy. The same is true for an ensem­
ble of levels if an averaged frequency term is less in the 
upper state than the ground state. For excitation of the 
promoting mode with successive quanta, however, k R 
should increase with excess energy. For the molecules 
studied here excited state frequencies will undoubtedly be 
smaller than ground state, and thus the decrease in k R 
with excess energy can be understood. The apparently 
anomalous results for HFA could on this basis be due to a 
fortuitous excitation of successive quanta of the promoting 
mode at the wavelengths studied.
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Wavelength Dependence of k NR

Table II indicates that for the three chlorinated ketones 
considered here, the value of k NR increases markedly with 
increase in photon energy, as is seen in HFA. It is neces­
sary to understand the nature of the nonradiative process 
to explain such results. The results for each compound 
will be discussed in turn.

D C T F A . The results discussed so far may be explained 
by the following mechanism

A + h v  — *■ 'An (2)

'A „  ----*- A  + h v f (3)

'An — *• nonradiative decay (4)

'A„ + A — ►  'A0 + A (5)

'Ao —*■  A + h v f (6 )

'A0 — ►  nonradiative decay (7)

where A is the ketone, superscripts refer to multiplicity of 
excited states, and subscripts to vibrational content. Am­
biguous points are (i) the number of steps in the vibra­
tional relaxation mechanism which is represented here as 
a one step process for simplicity (discussed in a subse­
quent paper); and (ii) the nature and the products of the 
radiationless processes 4 and 7.

The second point was investigated using the tecnnique 
of the sensitization of the phosphorescence of biacetyl to 
probe S i-T i intersystem crossing in the ketone. Before in­
vestigation of the emission from biacetyl sensitized by 
DCTFA, it was necessary to establish the effect of biace­
tyl upon the fluorescence of DCTFA. The results which 
will be discussed in a subsequent paper show that the flu­
orescence is quenched at all wavelengths with rate con­
stant 2 . 8  x  1 0 lo M _ 1  sec-1 .

The emission of biacetyl sensitized by 40 Torr of 
DCTFA excited at 340, 310, and 280 nm is shown in Fig­
ure 7. Equivalent plots for 5, 10, 15, and 25 Torr of 
DCTFA excited at 280 nm are shown in Figure 8 .

The results were obtained on the mercury-free system, 
however, it was found that the presence of mercury did 
not affect the shape of the sensitization curve and hence it 
was concluded that mercury did not quench the triplet 
state of DCTFA. One such plots obtained on a mercury- 
saturated system is shown in Figure 7.

The following additional steps are consistent with these 
observations

‘A „  + B  — >- A  t- ' ß (8 )
'A „  + B  — -  A  +  'B (9)
3 A m + B  — ►  3B  + A (1 0 )

'B  — ►  3B (1 1 )
3B  — ►  B  + hv„ (1 2 )

3B  —  B (13)
3A m — * D (14)

where B = biacetyl.
3Am arises wholly from reactions 4 and/or 7. The ob­

served quenching of the fluorescence of DCTFA is un­
doubtedly a consequence of electronic energy transfer to 
give singlet biacetyl. The vibrational energy of the excited 
singlet biacetyl molecule will be governed by the overlap 
of the biacetyl absorption spectrum and the emission 
spectrum of 1 An. Thus the excited singlet state biacetyl 
molecule is formed with a range of vibrational energy 
equivalent to optical excitation with wavelengths less

Figure 8. Quantum yields of sensitized phosphorescence of bi­
acetyl against biacetyl pressure for DCTFA-sensitized, 280-nm 
excitation: filled circles, 40 Torr of DCTFA; half-filled circles, 25 
Torr; open circles, 15 Torr; open triangles, 10 Torr, filled trian­
gles, 5 Torr DCTFA.

than 350 nm. It has been shown that at pressures greater 
than 50 Torr such excitation results in a phosphorescence 
quantum yield of 0.145,4 however, at pressures below 40 
Torr this yield is pressure dependent. Thus at experimen­
tal pressures of above 50 Torr singlet energy transfer can­
not decrease the yield of sensitized phosphorescence of 
biacetyl as has been noted for aromatic molecules. Indeed, 
if reaction 4 and/or 7 is partitioned between decomposi­
tion and intersystem crossing singlet-singlet energy trans­
fer will result in an increase in <t>s . Following excitation at 
340 nm steps 3, 4, and 5 can be neglected since absorption 
produces the equilibrated level of the excited singlet state, 
and the quantum yield of sensitized phosphorescence of 
biacetyl 4>s is given by

<t> s = ku r
&12 + &13 L

*JB]
k 6 +  k-¡ +  *9[B]

____________*7____________ _

(k 6 +  k-, +  &9[B]) (&14 + &lo[B])J
*io[B]

(15)

Inspection of Figure 7 shows that for pressures of biacetyl 
above about 5 Torr feio[B] »  k li : and thus

= k n  F k-, + *JB] 1  

k n +  ̂13 L h§ +  k- +  &9[B]J

We require the value of 0 S would have in the absence of 
singlet energy transfer, and an estimate may be obtained 
by extrapolation of the values obtained at pressures of bi­
acetyl of 5 Torr and above to zero pressure of biacetyl. 
Such treatment introduces inaccuracies, but the values 
may nevertheless be used to give an estimate of the inter­
system crossing quantum yield 0 iSc under these condi­
tions where 0 iSC is given by k 6 /(k 6 + k 7) and where k 12/ 
(ki2 +  k 13) =  0.145.4

Table IH shows that at 340-nm excitation, the sum of 
fluorescence and intersystem crossing yields is within ex­
perimental error of unity, and thus the assumption that 
h i = felsc is justified. Under these conditions the decom­
position observed by Bowles, Majer, and Robb12  must ori­
ginate in the triplet state of the ketone since the decom­
position yield is greater than 0.85, as shown earlier. 3 -1 3 ’ 14  

Table III shows that under conditions such that the excit­
ed singlet state of the ketone is not fully equilibrated, the 
sum of intersystem crossing determined as above and flu­
orescence quantum yields is considerably less than unity. 
There are at least two indistinguishable mechanisms 
which can explain this trend. In the first it may be postu­
lated that the excited singlet DCTFA molecule suffers
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Figure 9. Inverse quantum yield of sensitized phosphorescence 
of biacetyl against inverse biacetyl pressure for DCTFA and 
TCTFA sensitizers, 340-nm excitation. Ordinate plotted is 0.15/
0 S-

some fate other than intersystem crossing. This is proba­
bly decomposition. This mechanism would explain the in­
creasing k NR with decreasing wavelength in terms of the 
increasing importance of decomposition. The increase in 
0s at pressures of biacetyl greater than 5 Torr would then 
be ascribed to singlet-singlet energy transfer.

In the second mechanism, the increase in &NR is as­
cribed solely to intersystem crossing with the provision 
that ISC from high vibrational levels of the singlet state 
will produce triplet state molecules which are themselves 
highly vibrationally excited and more prone to decomposi­
tion and hence of shorter lifetime. In this model 
the increase in 0 S at pressures of biacetyl greater 
than 5 Torr is ascribed to the shorter lifetime of the trip­
let state formed by ISC from vibrationally excited sin­
glets. It can be seen that the two mechanisms become 
completely indistinguishable when the lifetime of the 
triplet state produced by ISC becomes equal to the life­
time of the singlet state which produces the triplet state. 
Processes which shorten the lifetime of the triplet state at 
high internal vibrational energies can be envisaged as de­
composition or crossing of the triplet state by another 
(possibly dissociative) electronic energy level of the same 
multiplicity.

Given the above observations it would seem improbable 
that quenching technique would be able to distinguish be­
tween processes occurring from the singlet and triplet 
manifolds, especially in view of the noted similarity in the 
quenching rate constants of singlet and triplet carbonyl 
molecules. However, our mechanism and treatment of the 
data is able to distinguish, albeit crudely, between “ long- 
lived” excited triplet states and “ short-lived” excited 
states. Since the decomposition quantum yield is greater 
than 0.85 under all the conditions studied, the long-lived 
triplet states must, in the absence of quencher, all even­
tually decompose. 12

The biacetyl-sensitized emission plots can be used to 
obtain an estimate of the lifetime of the long-lived triplet 
states of DCTFA. Following excitation at 340 nm of 30 
Torr of DCTFA and ignoring singlet-singlet electronic 
transfer at low pressures of biacetyl eq 15 reduces to

_ k\2 T h  &iq[B]
s k n  +  £l;J L& 6 +  ¿ 7  h i  +  &io[B]_

(17)

Thus a plot of 0s_ 1  against [B] _ 1  will have a slope to in­
tercept ratio of fcn/fcio- Such a plot is shown in Figure 9. 
The ratio k u / k io  derived from this plot is k n / k 1 0  = 0.93

Figure 10. Quantum yield of sensitized phosphorescence of bi­
acetyl from 30 Torr of CPFA as a function of biacetyl pressure 
for various excitation wavelengths, 20°.

Figure 11. Quantum yields of sensitized phosphorescence of bi­
acetyl from 30 Torr of TCTFA at 20° as a function of biacetyl 
pressure at different wavelengths of excitation.

Figure 12. Plots of k NR' as a function of excess vibrational en­
ergy in the singlet manifolds for HFA (filled circles), CPFA 
(open circles), DCTFA (open triangles), and TCTFA (filled trian­
gles). k N R ' is difference between /<NR at any wavelength and 
that for excitation to zero-point level of excited singlet state.

X  10- 5  M. If we assume that k io  = 3 x  1010  A/ - 1  sec- 1  

then fei4 = 2.8 X  105  sec“ 1, or the DCTFA triplet has a 
lifetime of 3.6 Msec.

C P F A . The photochemistry of this compound parallels
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that of DCTFA discussed above. Values of 4>isc deduced 
by extrapolation of eq 16, Figure 10 as for DCTFA, are 
shown in Table HI. Unfortunately no quantum yields of 
decomposition have been measured. The lifetime of CPFA 
triplet must be greater than that of DCTFA since the 
smallest pressure of biacetyl used (0.3 Torr) was sufficient 
to quench all the CPFA triplet, following excitation at 340 
nm.

T C T F A . The quantum yields of intersystem crossing 
deduced by extrapolation of eq 16, Figure 11, are shown in 
Table HI. The lifetime of TCTFA deduced from a plot of 
<kj- 1  against [B] —1 figure 9) assuming that feio = 3 X 
1010  M " 1 sec- 1  is 0.5 u sees. The quantum yield of CO 
production at 20° of 45 Torr of TCTFA following excita­
tion at 313 nm has been measured as 0.92,15 and it is evi­
dent therefore that as for DCTFA, either there is consid­
erable singlet decomposition at 310-nm excitation, or 
there are short-lived dissociative triplet states formed 
which are not quenched by biacetyl. It can be seen that 
even at the longest wavelengths used in this study the 
quantum yield of intersystem crossing to detectable trip­
let levels for TCTFA is smaller than that for CPFA and 
DCTFA. In the case of TCTFA, therefore, some other pro­
cess of energy dissipation is of importance at long wave­
lengths of excitation.

It is evident from Table III that increase in photon en­
ergy causes a rapid increase in k NR for all three ketones 
studied here, and this increase is not associated with an in­
crease in detectable triplet state formation. Figure 12 
shows a plot of (fcNR -  (& n r ) o) against excess vibrational 
energy in the singlet manifold. (&n r ) o is the value of kNR 
for excitation to the zero-point level of the singlet state. 
These data were obtained from the zero pressure results at 
the appropriate wavelengths. It can be seen that k NR' 
[ANr' = (k NR -  (k NR)o)] increases exponentially with ex­
cess energy for CPFA, DCTFA, and HFA. Data for 
TCTFA are less satisfactory, but this is expected in view 
of the fact that intersystem crossing does not account for 
the entire magnitude of (k NR)o for this compound.

Halpern and Ware7 have compared their observed in­
crease in k NR for HFA with that predicted by Bcwers16  

from an RRKM calculation of the dissociation of singlet 
hexafluoroacetone and have rejected the singlet decompo­
sition on the basis of the disagreement of the two trends.

It should be noted that Bowers’ calculation is only of an 
approximate nature, is based upon data measured upon 
mercury-saturated vacuum lines, and makes no distinc­
tion between singlet and triplet decomposition. The 
RRKM calculation should also include factors which ac­
count for the fact that intersystem crossing might be fa­
vored in some modes.

In view of the fact that singlet decomposition would 
lead to an exponential dependence of rate constant upon 
excess energy as observed, and that earlier studies showed 
that for DCTFA the concept of singlet decomposition 
could account for observed quenching behavior, it is 
tempting to associate the increase in k NR with photon en­
ergy for the compounds studied here with a new dissocia­
tive decay channel in the singlet manifold. However, the 
reservation quoted earlier still applies in that an enhance­
ment of nonradiative decay to a dissociative triplet level 
would show similar behavior.
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Photochemistry of Halogenated Acetones. Ml. Vibrational Relaxation in Singlet States
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Single-step and two-step mechanisms for vibrational relaxation in the first excited singlet state manifold 
of CPFA and DCTFA are tested. Results are not unambiguous, but better agreement is obtained for a 
two-step mechanism, in agreement with that proposed for HFA. Rate constants are given.

Introduction

Investigations into the gas-phase photochemistry of car­
bonyl compounds can be performed in two ideal pressure 
conditions. In the first case the experimental pressure is 
high enough to ensure complete vibrational relaxation of 
the optically formed excited state. In this high-pressure 
region only the photochemistry of the Boltzmann distribu­
tion of vibrational levels is observed. In the second ideal 
case the experimental pressure is low enough that molecu­
lar collisions become unimportant during the lifetime of 
the excited state produced optically. In this low-pressure 
region the photochemistry of the vibronic state formed by 
optical excitation, modified only by any intramolecular 
vibrational redistribution, is observed. It has been shown 
in the preceding paper that the rates of primary processes 
are dependent upon the internal energy of the excited 
state. This is implied by the increase in <j>F with ketone 
pressure following excitation with short wavelength radia­
tion.

In practice most experiments are performed utilizing an 
excitation energy greater than the energy of the 0 - 0  tran­
sition, and an intermediate experimental pressure. The 
first condition is often imposed by the use of mercury va­
pour lamps or polychromatic radiation, the second be­
cause of the necessity of obtaining measurable yields of 
products, which thus necessitates having significant ab­
sorption (high pressure), but negligible relaxation (low 
pressure). The results of these nonideal experimental con­
ditions is that the experimental observations are made 
upon an unknown distribution of vibrational levels be­
tween those formed optically and the Boltzmann distribu­
tion. Given these observations it becomes important to 
know the mechanism of the relaxation of the optically 
formed vibrational distribution into the Boltzmann distri­
bution of vibrational levels. This paper presents an at­
tempt to clarify this mechanism for chloropentafluoroace- 
tone (CPFA) and 1 ,3 -dichlorotetrafluoroacetone (DCTFA), 
and compares this with the available data on vibrational 
relaxation in hexafluoroacetone (HFA).

Results

Many of the experimental results discussed here have 
been presented in the preceding paper. They are the pres­
sure dependence of the fluorescence quantum yield of 
CPFA and DCTFA following excitation at 340, 325, 310, 
300 and 280 nm, and the zero pressure radiative and non- 
radiative rate constants measured at the same excitation 
wavelengths.

Additional results given here are the fluorescence decay 
curves of CPFA and DCTFA measured at pressures be­

tween 2 and 12 Torr, following excitation at 300 nm. 
These decay curves were nonexponential. A typical curve 
is shown in Figure 1. Figure 2  shows the effect of octafluo- 
rocyclobutane upon the fluorescence quantum yield of 
DCTFA.

Discussion

Two mechanisms for vibrational relaxation were tested. 
In the first mechanism it was assumed every collisional 
deactivation encounter removed all the excess vibrational 
energy of the excited state. This mechanism is the equiva­
lent of the “ hard-sphere” collisional deactivation often 
used as a first approximation. This mechanism is shown
below.

A + hv — ►  'A„ absorption
k\‘An — *■ A + hvy fluorescence (1)

'A„ — D nonradiative decay (2)
£

'A„ + A — *■  ‘Ao + A vibrational relaxation (3)
k

‘A* —^  A + hvf fluorescence (4)

‘Aj —**■  D nonradiative process (5)

where A is the ketone, subscripts refer to vibrational ener­
gy content and superscripts to multiplicity of excited 
states.

A solution of these equations in the steady-state ap­
proximation is

= ______ki______  ,__________ k4k3[A ]_________
F k x +  k2 + /z3[A] (ki +  k2 +  k j[A ])(k 4 +  kb)

(6 )
or

= W  h A  ~ h i (n\
3 [A](#F. -  $ f)

where 4>P„ = fe4 / ( & 4  + k 5) is the fluorescence yield of the 
Boltzmann distribution of vibrational levels.

k 3 was calculated from eq 7 for experimental values of 
4>P at excitation wavelengths of 325, 310, 300, and 280 nm 
at varying pressures of CPFA and DCTFA. The variation 
in k 3 with the experimental pressure is shown in Figure 
3A (CPFA) and 3B (DCTFA).

The second mechanism tested is shown below 
A + hv — ►  'A„ absorption

‘An ——̂ A + hvy (8 )

'A„ D (9)
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O SO IOO
CHBNNEL NUMBER

Figure 1. Typical nonexponential decay curve. F luorescence 
decay of 4 Torr of CPFA excited at 300 nm (0.64 nsec per 
channel).

Figure 2. Effect of pressure of octafluorocyclobutane on the flu ­
orescence quantum yield of DCTFA at 20°: c irc les, 340-nm ex­
cita tion; triangles, 310-nm excitation; squares, 280-nm excita­
tion.

'A„ + A 'Am + A
kn

'Am -- *■  A + ZlRp

'An, D

'Am + A 'A0 + A

A0 — 'A0 + hvF 

‘A. D
Solution for $F gives

(1 0 )

(1 1 )

(1 2 )

(1 0 )

(13)

(14)

ks +  k 9 + &i)[A]
______________  _____feio[A]______
(k n +  k u +  ¿io[A]) (kg +  k 9 +  /e10[A])
kn  ____ U À ] _____  _____feio[A]____

( k l3 +  k Xi) (k n + k u +  &10[A]) (kg +  k 9 +  ¿io[A])
(16)

Figure 3. Rate constants for vibrational relaxation from  quantum 
yield data assuming one-step deactivation: (A) CPFA, (B) 
DCTFA. For successful model, computed value of rate constant 
should be invariant w ith pressure.

or

0  = (̂ *f„ — +  (kg +  k u  -  3>f(6i2 +
k 9) )y  +  kgkn ~  fy k u k g  (17)

where <I>Foo = k 1 3 /(k 1 3  +  k n )  is the fluorescence quantum 
yield *of the Boltzmann distribution of vibrational levels, 
andy = feio[A],

The derivation of eq 17 uses the valid approximation 
that ks + kg =* kg and that k 3 1  + k 1 2  =; k 32- The mecha­
nism further assumes that all deactivation steps have the 
same rate constant, feio- Equation 17 was solved for k3o at 
experimental values of <f>F at excitation wavelengths of 
310, 300, and 280 nm. The intermediate level (1 Am) was 
arbitrarily assigned to be midway between 1 An and 1Ao in 
energy. Thus zero pressure rates following optical excita­
tion at 325 nm were used to test $ values at 310 and 300 
nm, and zero pressure rates following optical excitation at 
300 nm were used to test the data obtained at 280 nm. 
Values of k 1 0  deduced from this treatment are shown in 
Figure 4A (CPFA) and 4B (DCTFA).

The two mechanisms were tested further by analysis of 
the nonexponential fluorescence decay curves. Inspection 
of the first mechanism yields

/f(i)a|r k, H---- exp(—i/r,) -
L t2_1 -  r r 'J

r ~ M j [ A ] 1  exp (~ t/ r2) (18)
Lt2_1 -  r r 'J

where r2 _ 1  = k 4 + k5, and t i_ 1  = k 3  + k 2  + fc3 [A], and 
I { ( t )  is the time-resolved fluorescence intensity. This 
equation with one adjustable parameter k 3 was used to fit 
each decay curve by the method of least squares, using 
the computer. The variation in k 3 with experimental pres­
sure is shown in Figure 5.

Inspection of the second mechanism yields
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Figure 4. Rate constants for vibrational relaxation from quantum 
yield data assuming two-step deactivation: (A) CPFA, (B) 
DCTFA. Successful model would show k \ r invariant with pres­
sure.

Figure 5. Rate constants for vibrational relaxation from decay 
time data at 300-nm excitation assuming (A) one-step and (B) 
two-step deactivation: circles, DCTFA; crosses, CPFA. Mecha­
nism B clearly leads to values of kvR invariant over the pres­
sure range studied, and is thus to be preferred.

r m  T I
/K * U (t, -  -  rj-'X T r 1 -  -

+
1̂02̂ 13[AJr «lo^nLAj

L(t2- 1  -  T3-1) ' (r2- 1  -  t3- 'Y ti
— — —\ \ exp(-f/r2) + 

7  2 /J
r k%k] 
L(t2- 1

+
feio2fei3[A]

( t 2~ '  -  T3- 1)  ( t 2- ’  -  T3_ 1X tV
r ^ r j  exPÌ-iAa)

(19)

where t i- 1  = k 1 3  +  k lit  r2 - 1  = k 1 0  +  fen + k 12, T3 - 1  = 
fe8 + fe9 + feio[A]. Analysis of the nonexponential decay 
curves was then made using eq 19.

Figure 5 shows the values of fe3 deduced from this treat­
ment.

This approach is exactly that of Halpern and Ware2 in 
their treatment of the nonexponential decay curves from 
hexafluoroacetone (HFA). These authors found that fe3 in­
creased linearly with pressure over a pressure range from 1  

to 15 Torr, as has been found in this study. They present­
ed feio values determined at three pressures between 2  and 
6  Torr (ignoring much more data at higher pressures) and 
concluded that because these values are constant within 
experimental uncertainty that the second mechanism is 
validated over the first. However, the scatter in the three 
points presented would allow feio to be a quantity increas­
ing with pressure with the same magnitude as fe3. Hence 
we feel that the analysis by Halpern and Ware2 cannot be 
accepted as proof or disproof of either mechanism.

Kutschke3“ 6 has presented various graphical tests which 
support the weak multistep mechanism of collisional 
deactivation. However, these tests involved the assump­
tion that the phosphorescence yield was proportional to 
the fluorescence yield of the Boltzmann distribution, i.e., 
that phosphorescent triplet state HFA molecules are only

TABLE I: Rate Constants ( fe \ -R )  for Vibrational 
Relaxation o f DCTFA“ by Octafluorocyclobutane 
(OFCB)

E x c i t a t io n
w a v e le n g th ,

n m

O F C B
p ressu re ,

T o r r
*20 X  1 0 -»0 , 
M ~ l s e c -1 b

*22 X  10 
M ~ l s e c

2 8 0 1 0 0 2 . 7 2 . 7
2 8 0 4 0 0 2 . 6 2 . 9

2 8 0 8 0 0 2 . 6 2 . 8

2 8 0 1 4 0 0 7 . 0 8 . 2

3 1 0 1 0 0 5 . 3 8 . 5

°  D C T F A  p re ssu re  =  3 0  T o r r .  b E x p la n a t io n  in  te x t .

produced by intersystem crossing from the Boltzmann 
distribution of singlet vibrational levels. Ware2 has shown 
that this approximation is invalid and hence the results 
presented by Kutschke are no longer rigorously correct.

The data presented here make a distinction between 
the two mechanisms no less difficult. The increase in fe3 

and fe io  at high ketone pressures probably points to the 
failure of both mechanisms to explain the observed re­
sults. However fe io  varies less with pressure than fe3 at low 
ketone pressures (Figure 3) and hence the two-step mech­
anism is a better approximation than the one-step col­
lisional deactivation mechanism. This could also be in­
ferred from the fact that fe io  is closer to the gas kinetic 
collisional rate constant (2 . 2  x 1 0 1 1  M - 1  sec-1) than fe3. 
The decrease in fe3 and fe io  with decreasing wavelength of 
excitation implies that more deactivation steps should be 
invoked at high internal energies of the optically formed 
state. It would be a simple matter to test multistep col­
lisional deactivation mechanisms, using computations 
based upon radiative and nonradiative rates interpolated 
from the zero pressure rates already measured. However,
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it is felt that such computations would require more pre­
cise data to give meaningful results.

When an inert gas is present it is necessary to add the 
following step to the first mechanism

> A „  +  M  >A<, +  M  ( 2 0 )

which yields

7 r a i _i_ u non _ *r(fei +  k 2) -  k,^[A] + . . (2 1 )
(<i>Fco “  $ f)

The following steps are added to the second mechanism

> A „  +  M  ' A m +  M  ( 2 2 )

' A I(1 +  M  lA o  +  M  ( 2 3 )

and eq 17 is only changed by the fact that y  is now equal 
to feio[A] + (¿2 2 [M]. The values of & 20 and k 2 2 deduced 
from eq 21 and 17 for the vibrational relaxation of DCTFA

by octafluorocyclobutane at excitation wavelengths of 310 
and 280 nm are shown in Table I.

Here it is more difficult to determine which scheme is 
the closest approximation to reality, since values obtained 
are similar, and both increase at very high pressures of 
added gas. Either mechanism would give a rate constant 
smaller than that obtained for relaxation by the ketone it­
self. This result is expected since there will be better 
matching of vibrational frequencies in the ketone.
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Photochemistry of Halogenated Acetones. IV. Quenching of the Excited States
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The quenching of the relaxed excited singlet states of DCTFA and TCTFA by a variety of unsaturated 
and saturated hydrocarbons has been investigated. For unsaturated quenchers a good inverse correlation 
between ionization potential of quencher and quenching rate constant was found suggesting the initial 
formation of a charge transfer complex, as has been proposed for HFA and CPFA. Triplet quenching 
data for DCTFA was reevaluated, and mechanisms of quenching are discussed.

Introduction

During the course of a study of abstraction reactions of 
CF2CI radicals it was observed that the decomposition of
1,3-dichlorotetrafluoroacetone (DCTFA) was quenched by 
added cyclopentane, perfluorocyclopentane, 1  and ben­
zene. 2 It has also been shown that DCTFA will form sta­
ble oxetane adducts with perfluoro olefins upon liquid- 
phase photolysis3 at -78°. It was the purpose of this part 
of the work to determine the role of the singlet and triplet 
excited states of the ketones in these and other interesting 
reactions.

The singlet and triplet state quenching of hexafluo- 
roacetone (HFA) has been investigated4 7 and more re­
cently the quenching of singlet state chloropentafluoroace- 
tone (CPFA) by alkanes8 and alkenes9 has been reported.

Results

Addition of up to 200 Torr of molecular oxygen had no 
effect upon the fluorescence yield of DCTFA or TCTFA. 
The effect of addition of inert gases such as octafluorocy­
clobutane and perfluoro-2 -butene has been discussed in 
the earlier papers.

Biacetyl, benzene, cyclohexane, butadiene, cis- and 
tran.s-2-butene quenched the fluorescence of DCTFA, the 
last three compounds with the same efficiency. Results for 
the quenching of DCTFA by these molecules and also by a 
variety of olefins were given in an earlier paper. 10

Stern-Volmer plots (<j>Fo/4>F) for the fluorescence 
quenching of TCTFA by butadiene, cis-2-butene and 
frarcs-2-butene are shown in Figure 1. Similar plots for 
quenching of the fluorescence of CPFA, DCTFA, and 
TCTFA by biacetyl are given in Figure 2.

The fluorescence quenching behavior upon excitation at 
340 nm may be discussed using the following mechanism

A ‘A* excitation (1)

‘A„ - H  D radiationless transition (2)

'Ao
ko
— ►  A + hv fluorescence (3)

‘A,
kq

+ M —^ Q singlet quenching (4)
where A refers to HFA, CPFA, DCTFA, or TCTFA and M 
refers to the additive.
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Figure 1. S tern-V olm er plots for quenching of the singlet state 
of TCTFA by olefins (excitation wavelength, 340 nm; 20°): open 
circles, 1,3-butadiene; ha lf-filled  c irc les, frans-2-butene; filled 
c ircles, c/s-2-butene.

Figure 2. S tern-V olm er plots for quenching of singlet states of 
ketones by blacetyl (excita tion wavelength, 340 nm; 20°); open 
circles, DCTFA; half-filled c irc les, CPFA; filled circles, TCTFA.

A consideration of the mechanism shows that

*o[M] r „
0 f„/< />f  =  1 +  T— . . = 1 + kQ[ U ]r D (5)

«R T  «NR

where td is the fluorescence decay time in seconds at zero 
pressure of additive.

If P \ n  is the pressure of additive in Torr such that 
0fo/$f = 2 it follows that at 25°

kQ = l/((5.382\P1/2 X 1 0 -')(rD)) M ~ l sec" 1 (6 )

Values of P 1 / 2  and deduced from the above proce­
dure are shown in Table I. (td values were obtained from 
earlier papers.)

The 2-butenes, benzene, cyclohexane, and perfluoro-2- 
butene all quenched the phosphorescence of biacetyl sen­
sitized by DCTFA at 340 nm. Except for butadiene, addi­
tion of quencher had no effect upon the phosphorescence 
of biacetyl excited directly at 404.7 nm. Thus, any 
quenching observed was associated with the precursor of 
the biacetyl triplet state, which must be the excited state 
of the ketone. 1,3-Butadiene, however, quenches the trip-

683

Figure 3. Quenching of DCTFA trip le t state by hydrocarbons. 
Plots of 0f/0 s against pressure (see text). Figure taken from 
Figure 4, ref 10, normalized to corrected value of </>F.

let state of biacetyl, and thus competitive quenching ex­
periments with this additive were not performed. Since 
the singlet state of DCTFA is quenched by seme of these 
compounds, the quenching of the sensitized phosphores­
cence may be due to this cause, or to real triplet quench­
ing, or both. Plots of 0 F/0 S (where 0 F is the fluorescence 
quantum yield of DCTFA at any pressure of additive and 
< is the corresponding yield of emission sensitized by bi­
acetyl) against pressure of additive compensate for the 
singlet quenching and reveal the extent of true triplet 
quenching. Such plots are shown in Figure 3. These data 
were given in an earlier paper, 10  but in that case the value 
of <t>f had been determined incorrectly, leading to incor­
rect rate constants. It is thus worthwhile including the 
correct data here.

Quenching of the sensitized phosphorescence of biacetyl 
may be discussed using the following additional steps

lA + B - L»- A + ‘B (7)

3A,n + B —*-»- A + 3B (8 )

3A m - D (9)

>B 3B (1 0 )

3B B + ftvp 01)

3B B (1 2 )

M Q triplet quenching (13)

where B = biacetyl.
Assuming quenching of the excited singlet state DCTFA 

by biacetyl to be small under the conditions used in the 
competitive quenching experiments, then

0 f feJB] + k 9 +  feiJM]

0 s & 11 N̂R
Ratios of slope to intercept of such plots yield values of 
the rate constant ratio fei3 /(fes[B] + kg) = /e1 3 rT , B - 1  

where rT,B is the triplet state DCTFA lifetime in the 
presence of the experimental pressure of biacetyl. Values 
of this ratio are shown in Table II.

Discussion
The mechanism of DCTFA and TCTFA fluorescence 

quenching by olefin molecules will be considered first. 
Singlet-singlet energy transfer between olefin and ketone 
may be discounted as the first excited irir* singlet states 
of the olefins are at much higher energies than the nr* 
singlet states of the ketones. A collisionally induced inter- 
system crossing may be similarly discarded since not all 
the olefins are efficient quenchers of the ketone singlet 
state.
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TABLE I: Quenching Parameters of Excited Singlet State CPFA,» DCTFA, 
and TCTFA» at 25° Excited at 340 nm

¡>

P ressu re H a lf -

C o m p o u n d ra n g e q u e n ch in g

p ressu re , c o v e r e d , p ressu re , * q X  10- '» ,

C o m p d T o r r Q u e n c h in g  a d d it iv e T o r r T o r e M ~ l s e c -1 I P ,  e V

D CTFA 80 css-2-Butene 0-63 16.0 3.87 9.14
DCTFA 80 ira/is-2-Butene 0-67 16.0 3.87 9.12
DCTFA 80 1,3-Butadiene 0-43 16.0 3.87 9.07
DCTFA 80 Benzene 0-40 38.0 1.63 9.25
D CTFA 80 Ethylene 0-250 198 0.31 10.51
D CTFA 80 Vinyl fluoride 0-240 299 0.21 10.25
D CTFA 80 1,1-Difluoroethylene 0-200 326 0.19 10.31
D CTFA 80 Perfluoro-2-butene 0-300 0.01* 11.25
DCTFA 80 Cyclohexane 0-70 200 0.31
DCTFA 80 Biacetyl 0-30 21.0 2.95
CPFA 60 Biacetyl 0-35 23.8 2.23
TCTFA 60 Biacetyl 0-35 52 2.86
TCTFA 60 cis-2-Butene 0-140 47.5 3.13 9.12
TCTFA 60 irazzs-2-Butene 0-105 41.0 3.63 9.12
TCTFA 60 1,3-Butadiene 0-80 34.0 4.37 9.07
TCTFA 60 Cyclohexane 0-80 0 .01d
TCTFA 60 Perfluoro-2-butene 0-310 O.OD 11.25

a rD  =  35 n se c . b t d  =  3 0  n se c . c t d  =  1 2 .5  n s e c . d M a x im u m  v a lu e s .

Ì

II

IO

15Z 9

15o 7

1 •

• a ' "
# 7

1 HFA *  Pentad.« ne * lO
II ^2 TCTFA Butadiene

3 DCTFA Buiene
4 TCTFA Bufcne
5 HFA *■ Butene
6 DCTFA *■ Benzene
7 HFA f  Benzene
8 HFA *■ Propylene
9 HFA -  Ethylene
IO DCTFA *Ethviene 13
II DCTFA* 1,1-Ditluoroethylene
12 DCTFA , Vinyl fluoride

f  Peril uorobut-2-ene 
ue. of k)13 HFA ,CPFA , DCTFA, TCTFA 

(max va
T------------ 1------------ r
9 IO II

IONIZATION POTENTIAL OF OLEFIN cV

Figure 4. Correlation of e ffic iency of quenching of singlet states 
of ketones with ionization potential of olefin quenchers: solid 
line, corre lation found for quenching of CPFA by 14 olefins (ref 
9 ) .

Hence it is more likely that the ketone molecule inter­
acts chemically with the olefins, with the possible forma­
tion of a stable product. A notable correlation here, shown 
in Table I, is between the quenching rate constant of an 
olefin and its ionization potential. As the ionization po­
tential of the quencher molecule decreases, its quenching 
rate constant is found to increase. A correlation of this 
type was noted for HFA fluorescence quenching by piper- 
ylene, 2-butene, propylene, benzene, and ethylene. 6 The 
measured quenching rate constants were 8  X  1010, 3 .5  X  
1010, 1.6 x 1010, 8.2 X  1010, and 4.1 x 109 M " 1 sec“ 1, re­
spectively. Perfluoropropylene was shown to have a negli­
gible quenching effect. Another study of HFA fluorescence 
quenching gave kQ for cis-2-butene and isobutene as 2.4 X  

1010 and 2.7 X  1010, respectively. 5

The quenching of CPFA by 14 olefins has been recently 
reported9 and it has been shown that the data fit the 
equation

log k q = 18.0 -  0.79(IP) (15)

where IP is the olefin ionization potential in electron volts 
and k.Q is the olefin bimolecular quenching rate constant.

Figure 4 shows this line plus the quenching data for

TABLE II: Quenching Parameters of Triplet 
DCTFA“ at 25 0 Excited at 340 nm

P re ssu re  ra n g e  fci3/ ( £ s ( [ B ]  +  k s ) ,b 
C o m p o u n d  s tu d ie d ,  T o r r  M ~ l X  1 0 3

czs-2-Butene 0-3.15 16.2
írans-2-Butene 0-3.08 16.2
Benzene 0-15 5.16
Cyclohexane 0-60 1.51
Perfluoro-2-butene 0-87 0.10

a P r e ssu re  o f  D C T F A  =  8 0  T o r r .  b P re ssu re  o f  b ia c e t y l  =  1 .2  T o r r .

HFA, DCTFA, and TCTFA fluorescence. It can be seen 
that the correlation holds for the four ketone molecules, 
with the provision that rates of CPFA fluorescence 
quenching seem in general to be greater than for the other 
molecules. This may be a reflection of the electron defi­
ciency of the carbonyl oxygen. Thus 1 nzr* acetone is not 
quenched by olefins, dienes, or benzene in the gas phase 
or in solution, 1 1 ’ 1 2  but hexafluoroacetone obviously is. 
This is due to the electron-withdrawing effect of the CF3 
groups, which make the carbonyl oxygen more electron 
deficient in the nzr* singlet and triplet excited states. This 
effect may be seen in the ground-state ionization poten­
tials of these molecules: acetone (9.68 eV) and hexafluo­
roacetone (1 1 . 6 8  eV). Such values are not available for 
CPFA, DCTFA, or TCTFA, but may be reflected in the 
rate of fluorescence quenching of these molecules by cis- 
2-butene. The measured rates are 3.5 X  101 0 , 6 5.6 X  1010 , 5

3.9 x  1010, and 3.1 x 1010  M _ 1  sec- 1  for HFA, CPFA, 
DCTFA, and TCTFA, respectively.

The correlation between ionization potential and 
quenching rate constant does not hold when the olefin is 
substituted with strongly electron-withdrawing groups on 
the double bond. Thus vinyl fluoride, vinylidene fluoride, 
and perfluoro-2 -butene have lower quenching rate con­
stants than would be expected on the basis of their ioniza­
tion potentials. A similar effect has been noted in the flu­
orescence quenching of CPFA by chloroethylenes. 9

Thus it has been shown that the excited singlet states of 
HFA interact with olefins via  a charge transfer mecha­
nism; the charge is transferred from the olefin to the car­
bonyl oxygen to give a complex which may dissociate to

The J o u rn a l o f  P h y s ic a l C h e m is try , Voi. 78, No. 7, 1974



Quenching of the Excited States of Halogenated Acetones 685

give ground-state molecules, excited singlet ketone, or 
chemical reaction may occur

A1 + Q =£* [AQ] [A*"......»+Q] A + Q (16)
*2 I

\h

quenching product

The correlation implies that there are only small 
changes in the preexponential factors for the different 
quenching molecules. It also implies that the activation 
energy of the quenching reaction is linearly related to the 
ionization potential of the quenching molecule. If it is as­
sumed that process k i  is governed by the gas-kinetic colli­
sion rate (k  = c AR2 (8 irkT/ii) 1 / 2  with values of <jAB from 
ref 13 we find that k i  = 1.5 x  101 1  M - 1  sec- 1  for <rA B 2 = 
2 0  A , 2 hence it would seem that one collision in every 
five is effective in producing the charge transfer interme­
diate. The nature of the collisional complex AQ and the 
difficulty in describing its lifetime have been discussed. 14

Stable oxetanes have been detected in the liquid-phase 
photolysis of HFA and DCTFA with perfluoro-2-butene3 

and in the gas-phase photolysis of HFA and DCTFA with 
perfluoropropylene. 7 It is not, therefore, inconceivable 
that the charge transfer complex postulated reacts to form 
the closed ring oxetane; however, such an assertion would 
be dependent upon product identification. This was not 
attempted, although the formation of oxetanes from excit­
ed singlet n7r* states has been postulated1 5 , 1 6  and these 
systems might be worthy of further study.

Biacetyl quenches the fluorescence of CPFA, DCTFA, 
and TCTFA with rates of 2.2 x 1010, 2.95 x 1010, and 2.86 
X 1010. The rate constant of quenching of HFA fluores­
cence by biacetyl has been measured as 3.1 x 1010  M ~ l 
sec- 1  by other workers using a technique similar to ours. 5 

In view of the excellent overlap of the ketone emission 
spectra with the biacetyl absorption spectra, this interac­
tion probably occurs by singlet-singlet energy transfer. 
Such an interaction would result in formation of a biace­
tyl molecule with sufficient energy to make decomposition 
inevitable. Obviously this energy transfer process occurs 
with a rate which is less than collisional and hence reso­
nance energy transfer may be excluded. This observation 
is verified by a consideration of the k R values for the four 
ketones: HFA, 2.2 x 105; CPFA, 5.65 x 105; DCTFA, 5 x 
105; and TCTFA 3.4 x  105 sec-1 . There is no apparent 
dependence of kq  on k R, as has been noted for energy 
transfer from aromatic compounds to cyclopentanone, 2 - 
pentanone, and pyrazoline1 7  and thus the energy transfer 
probably occurs by the exchange energy transfer mecha­
nism.

Cyclohexane quenches the fluorescence of DCTFA with 
arate constant of 3.1 X 109 M - 1  sec- 1 . The formation of ad­
ducts between DCTFA and cyclopentane in gas-phase pho­
tolysis has been demonstrated18  by the identification of re­
action products due to the hydrogen abstraction reaction

(CF2Cl),CO* + o  — ►  (CF2C1)2C0H + O '  (17)

(CF2CDl,COH + O  —  (CF2C1)2CH0H + o  (18)

It thus seems reasonable to explain the observed fluores­
cence quenching on the basis cf the above mechanism. 
This proposition is supported by the observation that pho­
tolysis of DCTFA in cyclohexane solution19  gives hydrogen 
abstraction products

(CF2C12)C0* + ( ^ )  — - (CF,Cl>2C’OH +

(CF2C1)2(C6H11)0H (19) 
It has also been noted that cyclopentane quenches CPFA 
with rate constant 3.7 x 109 which is of the same order as 
that reported here between DCTFA and cyclohexane.

The quenching of HFA triplet has been investigated by 
phosphorescence decay time studies. 4 Since the phospho­
rescence decay time of HFA in the absence of quencher 
was known it was possible to extract absolute rate con­
stants for triplet state quenching. When these rate con­
stants were compared with the fluorescence quenching 
rate constants it was seen that a parallelism existed6 for 
quenching rates of olefins. If we assume such a parallelism 
exists for all ketone molecules, which is reasonable since 
the carbonyl oxygen will be as electron deficient in triplet 
and singlet excited states, we can assign the rate of 
DCTFA triplet quenching by biacetyl to be 3 X 1010 M - 1  

sec-1 . We then obtain ^(BiA) + kg  = 1.92 x  10® sec- 1  

and rate constants for quenching of DCTFA triplet by cis- 
2 -butene, benzene, cyclohexane, and perfluoro-2 -butene of
3.1 x 1010, 9.8 x 109, 2.9 x 109, and 1.9 x 108 M - 1  sec-1, 
respectively. These rates parallel the DCTFA fluorescence 
quenching rates, which lends support to the original hy­
pothesis.

The triplet energies of HFA, CPFA, DCTFA, and 
TCTFA have been determined as 26,250,20 26,000,21
26,000, and 26,000 cm-1, respectively. The triplet energies 
of 2-butene and benzene are 27,40022 and 29,500 cm - 1 , 23 the 
former value measured by the oxygen perturbation method 
and the latter value from phosphorescence emission studies. 
It would not therefore be expected that these two com­
pounds could quench ketone triplets by an energy transfer 
mechanism. However, it has been shown that acetone24 

and HFA25 both of which have lower lying triplet levels 
than the olefin, cause the cis-trans isomerization of c is -2 - 
butene. It was shown that the isomerization was not 
caused by the methyl, acetyl, 24 and trifluoromethyl radi­
cals25 present, and hence an endothermic triplet-triplet 
energy transfer from the ketones to the butene seemed to 
be indicated. Thus the energy transfer process involves a 
nonspectroscopic olefin triplet state, as has been suggest­
ed to account for energy transfer from ketones to ethy- 
lenes. 26

It has been demonstrated that mercury quenches the 
triplet states of hexafluoroacetone and trifluoroacetone, 
and a charge-transfer interaction was proposed.2 7  The ef­
fect of mercury on DCTFA and TCTFA triplets was inves­
tigated by determining the biacetyl-sensitized emission 
yields on a system containing mercury and one with mer­
cury absent. There was no observed difference in the max­
imum or the slope of these plots on either system and 
hence it is concluded that any effect of mercury on the 
triplet states of DCTFA or TCTFA must be minimal. This 
may merely be a reflection of the short lifetimes of 
DCTFA and TCTFA triplets compared to HFA triplet.

A ck n ow led g m en ts . We are grateful to The Science Re­
search Council, The Royal Society, and Monsanto Chemi­
cals Ltd. for financial support.
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Generation of Radicals in the Charge-Transfer Photochemistry of Coordination 

Complexes of C o b a lt( lll)  in Aqueous Solution1

Deborah D. Campano,2 Evan R. Kantrowitz, Morton Z. Hoffman,* and Marc S. Weinberg
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The quantum yields of Co2+ formation, </>(Co2+), were determined for the 254-nm irradiation of 24 
Co(ni) complexes of the general form CoINHslsC^CR2 4  at pH 1 in N2 - and 0 2 -purged solutions. The 
values of 0 (Co2+) in N2 were in the range 0.15-0.25 with no obvious correlation with the pK a or redox 
potential of the free carboxylic acid ligand. Quantum yield values significantly out of that range were ra­
tionalized in terms of secondary radical attack on the complex or alternative photochemical pathways 
originating from the initial charge-transfer excitation. Secondary radical attack was evaluated through 
the use of O2 as a scavenger. Where determined, the stoichiometric ratio of Co2 +:CC>2 :R- radical was 
1:1:1. The flash photolysis of ColNHslsC^CC^CC^H2 4  and CofNHslsC^CC^Ph2 4  yielded transient ab­
sorptions due to the •CH2 CO2 H and PhCH2 - radicals, respectively. The -C ^ O H  radical, generated 
from Co(NH3 )5 0 2 CCH2 0 H2+ or the 7 -radiolysis of methanolic aqueous acid solution, did not give evi­
dence of reduction of that complex or Co(NH3 )63+. In contrast, the (CHs^COH radical reduces Co(III) 
complexes. Finally, the CH3 radical was detected by esr from the photolysis of Co(NH3 )s0 2 CCH32+.

Introduction

Irradiation of simple ammine complexes of Co(III) in 
their intense ligand-to-metal charge transfer (CTTM) 
band generates Co2-*- and a free radical derived from the 
one-electron oxidation of a ligand. 3

Co"'(NH3)5X Co2+ + 5NH;; + X- (1)

Flash photolysis and radical scavenger experiments have 
established the nature of X- unequivocally for 
Co(NH3 )5Br2 + , 4 Co(NH3 )5I2 + , 4 ' 5 Co(NH3 )5 N3 2 + , 6 -7

Co(NH3 )5 N0 2 2 + , 8 and Co(NH3 )sC0 3 + . 9 Less certain are 
the cases where the ligand X = NH3 , 1 0 -1 1  H2 0 ,i:> and 
Cl- , 1 2  for example. For the carboxylatopentaammine 
complexes Co(NH3 )5 0 2CH2+, Co(NH3 )5 0 2 CCH32+, and 
Co(NH3 )5 0 2 CC0 2 H2+, the formation of H atoms, 13  CH3 

radicals, 14  and C2 O4 ~ (or C0 2 - ) radicals, 1 5  respectively, 
has been demonstrated. In fact, the 1:1:1 stoichiometry of

Co2+, CO2 , and the radical has shown that the photore­
duction of these complexes of the form Co(NH3 )5 0 2 CR2+ 
can be described simply as

Co(NH3)50 ,CR2+ —£-*• Co2+ + C02 + R- + 5NH.t (2)
CTTM

although it has not been established whether the precur­
sor radical, RC0 2 -, is actually released free into solution. 
The convenient photochemical generation of CH3 radicals 
in aqueous solution via  reaction 2  has been employed in 
the synthesis of macrocyclic complexes containing Co(III)- 
alkyl bonds. 16

Although the 254-nm photolysis13  of Co(NH3 )s0 2 CCH32+ 
can be represented entirely by reaction 2, Co(NH3 )5 0 2 CH2+ 
and Co(NH3 )5 0 2 CC0 2 H2+ demonstrate other processes 
that ultimately lead to Co2+, specifically ligand decomposi­
tion and linkage isomerization. 1 4 -1 5  In addition, further re­
action of the R- radicals with the parent complex can lead
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to an enhanced yield of Co2+ through electron transfer or 
hydrogen abstraction.

R* + Co(III) — *- Co2+ + stable product derived from R- (3)

Values of k 3 are ~107, ~103, and <107 M - 1  sec- 1  for R 
= -H, -CH3, and -CO2H, respectively. 1 3 - 1 5  Despite these 
other processes, the values of the quantum yield of Co2+ 
production (and thus of R- production) from reaction 2 
for these complexes are very similar: 0.15, 0.19, and 0.1- 
0.2 for R = -H, -CH3, and -CO2H, respectively. 1 3 - 1 5

This paper reports the results of continuous and flash 
photolysis studies of complexes of the form Co(N- 
H3 )5 0 2 CR2+ in which the R group is varied systematically 
so as to cause a change in the basicity of the ligand, acid- 
base properties of the complex, and the nature of the re­
sultant R- radical. Of particular interest is the effect of 
R- on the quantum yield of product formation, the identi­
fication of the R- radical and its subsequent behavior, 
and the implications for the understanding of the primary 
processes in Co(III) photochemistry.

Experimental Section
P reparation  o f  C om p lexes . In general, the complexes 

were prepared as the perchlorate salts following the meth­
od of Gould and Taube1 7  in which the parent carboxylic 
acid is allowed to react with Co(NH3 )5 OH23+. In the 
cases where the yields were poor, alternative preparative 
methods were used. Co(NH3 )5 0 2 CH2 CH3 2+ was prepared 
by the method of Jackman, Scott, and Portman18  in 
which propionic anhydride was allowed to react with 
Co(NH3 )5 OH2 3+. The method of Olson and Taube19  was 
used for complexes containing dicarboxylic acids: Co(N- 
H3 )5 0 2 C(CH2 )i-3C0 2 H2+ and cis- and tr<ms-Co(N- 
H3 )5 0 2 CCH =CH C 0 2H2+. The method of Dockal, Ever­
hart, and Gould20 was found to be most appropriate for 
Co(NH3 )5 0 2 CC6HioC0 2 H2+ and Co(NH3 )5 0 2CC=C- 
C0 2 H2+. All the complexes were recrystallized at least 
once and their absorption spectra compared with the lit­
erature value, if known. If no reference to a previous prep­
aration of a specific compound could be found, recrystalli­
zation was continued until the measured molar absorptiv­
ity remained unchanged. Continued recrystallization gen­
erally removed the parent carboxylic acid as an impurity 
and caused e to increase. The purity of such a compound 
was deemed acceptable when £503 had a value in the 65-75 
M - 1  cm - 1  range.

P h o to ch em ica l A p p a ra tu s  and P rocedu res . The 254-nm 
photolysis units and the Xenon Corp. flash photolysis ap­
paratus have been described in detail previously. 1 5  The 
quantum yield of Co2+ formation was determined from 
the continuous photolysis relative to Co(NH3 )5 0 2 CCH32+ 
in 0.1 M  HCIO4 for which <j>(Co2+) = 0.19.14 Co2+ was de­
termined by complexation with SCN~ in an acetone- 
water solution according to Kitson’s method. 2 1 Spectra 
were recorded on a Cary 14 spectrophotometer. Solutions 
prepared from triply distilled water were purged of oxygen 
by passage of Cr2+-scrubbed nitrogen through the solution 
for 2 0  min prior to photolysis and during the photolysis 
period in the case of the 254-nm irradiations. In the latter 
photolyses, the concentration of the complex was chosen 
so that OD254 > 7 and all the incident light would be ab­
sorbed. In the flash experiments, solutions were discarded 
after the first flash.

The analysis for CO2 was performed by quantitative ab­
sorption of the gas on Ascarite. The scrubbed N2 was 
passed through a U-tube containing Ascarite and then

into the solution to be photolyzed. The exit gas from the 
photolysis cell was passed through a tube of Drierite to re­
move the water and then into a carefully weighed U-tube 
containing Ascarite in the first half and Anhydrone, 
Mg(C1 0 4 )2 , in the second half. Any CO2 trapped by the 
Ascarite displaces H2O which is trapped by the Anhyd­
rone. The scrubbed N2 (or, alternatively, tank O2 ) was 
allowed to flow through the photolysis cell for 30 min be­
fore photolysis, during, and for 90 min after photolysis. 
The gain in weight of the Ascarite-Anhydrone tube was 
attributed to absorbed CO2 ; no weight gain was observed 
in the absence of photolysis. The analytical method was 
standardized against the CO2 released in the photolysis 
cell upon the acidification by H C I O 4  of a N a H C 0 3  solu­
tion.

Acetone was determined quantitatively by reaction with 
hypoiodite to produce iodoform which was determined 
spectrophotometrically.22

R adiolysis P rocedures. 7 -Ray irradiations were conduct­
ed in a well-type 60Co source with a dose rate of about 5.0 
x 1016  eV ml- 1  min-1 . Solutions were prepared from tri­
ply distilled water that had been irradiated and photo­
lyzed and were contained in sealed Pyrex vessels that had 
provision for a preirradiation N2 purge. After irradiation 
for a measured length of time, analysis for Co2* was per­
formed as above from which was calculated the G  value of 
Co2+ formation.

E sr D e te c t io n  o f  R adicals. Solutions of complexes were 
exposed to an unfiltered 1000-W Hg-Xe source (Hanovia) 
within the optical transmission cavity of a Varian V-4560 
esr spectrometer. The N2 -purged solutions were flowed 
slowly (~ 1 ml min-1) through the standard Varian aque­
ous solution quartz flat cell (path length 0.03 mm) while a 
scan was made of the radical resonance spectral region. 
These experiments were conducted at the University of 
Western Ontario in collaboration with Professor J. R. Bol­
ton.

Results and Discussion
S p ectra  and C om p lexes . The spectra of all the com­

plexes showed the general features common to Co(III)- 
amine complexes with an oxygen-bonded carboxylate lig­
and: ligand-field (d-d) bands at 503 and 360 nm (e <100 
M - 1  cm-1) and the intense (e > 1 0 3 M - 1  cm-1 ) charge- 
transfer bands in the ultraviolet. The different complexes 
showed subtle variations in the position of the steep ultra­
violet absorption envelope which resulted in a range of 
values of £254 from 2 x 103 to 6  X 103 M - 1  cm-1 . The 
only obvious correlation between the nature of the R 
group on the carboxylate ligand and E25 4 was seen for the 
complexes possessing electron-withdrawing functions 
(-CCI3, -CF3, -CH2CN) or unsaturated systems (-C=CH, 
-C = C C 0 2 H) where E254 was up to a factor of 5 lower than 
forR = -CH3 (£ 254 3.4 x 103 M - 1 cm-1 ).

Inasmuch as the absorption spectra of complexes that 
do not possess an acidic moiety are not affected by pH 
(e .g ., R = -H, -CH3; Co(NH3 )4C2 0 4 + ) , 1 3 - 1 5  no examina­
tion of this point was made for complexes of monocarbox- 
ylate ligands. On the other hand, it is known1 5 ’ 23 that the 
ultraviolet charge-transfer bands of Co(NH3 )5 0 2 CC0 2 H2+ 
are affected by pH indicating that the free end of the oxa- 
lato ligand can be deprotonated with p K a = 2.2. Coordi­
nation of " 0 2 CC0 2 H (pK a =  4.14) to the tripositive 
metal center has the effect of withdrawing electrons from 
the ligand, weakening the O-H bond, and promoting the 
acidity of the free end. This same effect was observed
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Figure 1. Uv spectrum  of Co(NH3)50 2CCH2C02H2+; [com plex] 
=  2.5 X 10~5 M : (A) tbe ac id ic form  in 0.1 M  H C I04; (B) the 
basic form  at pH 7. The insert shows OD at 250 nm as c  func­
tion of pH for [com plex] =  2.5 X 10-4  M.

(Figure 1) for Co(NH3 )5 0 2CCH2C02 H2+ (pK a = 4.0 com­
pared to pK a = 5.69 for - 0 2CCH2 C 0 2H) indicating that 
the influence of the metal center is somewhat lessened 
due to the increase in the number of intervening bonds. A 
spectrophotometric thration of other dicarboxylate com­
plexes was not attempted although a pH effect on the 
spectrum was found for R = -(CH 2 )3C 0 2H and
-CH =CH C02H (cis and trans). It is to be noted that the 
pK a for Co(NH3 )5 0 2 C(CH2 )2 C02 H2+ has been deter­
mined24 to be ~4 compared to the pK a (4.6, 5.9) of suc­
cinic acid.

In general, the molar absorptivities of the complexes at 
254 nm were ~103 times that of the free ligands in jither 
the protonated or deprotonated forms. Only for the unsat­
urated dicarboxylic acids (R = -CH =CH C02H (cis and 
trans); -C = C C 0 2H) did the free ligand show appreciable 
absorption (e2 5 4 >10s M - 1  cm-1). Even here, however, 
the absorptivity of the complex at 254 nm was at least ten 
times that of the free ligand. Thus, making the reasonable 
assumption that strictly intraligand transitions are rela­
tively unaffected by coordination, it can be concluded 
that irradiation of the complex at 254 nm causes excita­
tion of CTTM states and not direct excitation of the lig­
and.

Q uantum  Yields. The quantum yields of Co2+ forma­
tion in 0.1 M  HCIO4 at 25° are presented in Table I for 
solutions purged with N2 or with 0 2. Also included for 
reference are the pK a values of the free carboxylic acid 
ligands. Examination of the table reveals that with cer­
tain exceptions which will be discussed separately, the 
values of <t>(Co2+) for the 254-nm photolysis of Co(N- 
H3)s0 2CR2+ complexes in N2-purged solutions are in the 
rather narrow range of 0.15-0.25. The constancy of the 
values Table I is highlighted by the relatively wide range 
of acidities of the free carboxylic acids (and the corre­
sponding basicities of the coordinating carboxylate anions) 
and the variations in the redox potentials of the free lig­
ands. 2 5  These results indicate that the Co2+ arises from a 
common mechanistic pathway with similar yields for all 
the complexes. These yields are apparently less a matter 
of the nature of the ground-state molecule than they are 
reflective of the behavior of the excited states from 
whence they arise.

The generation of the C-bonded formato isomer in the 
photochemistry of the formato- and oxalato-amine com­
plexes was attributed1 3 ’ 1 5  to the presence of alternative 
photochemical pathways which permitted excitation of 
the ligand. A similar proposal can be advanced to explain 
the sharply reduced $(Co2+) values for the maleato and 
fumarato (R = -CH =CH C0 2H) complexes. It is well es­
tablished26 that both maleic and fumaric acids undergo 
wavelength-independent isomerization when irradiated in 
the ultraviolet and that the process proceeds via  low-lying 
triplet states. 2 7 Irradiation of the maleato and fumarato 
complexes could result in the excitation of the ligand-lo­
calized triplet state in competition with the generation of 
the charge-transfer triplet which appears to be the precur­
sor of the Co2 + . 28 Such a ligand excitation may be expect­
ed to cause isomerization although no attempt to detect 
that process was made in the research reported here. Lest 
it be thought that the reduction in </>(Co2+) is a result of 
the direct absorption of radiation by the ligand, note 
should be made of the “ normal” value of </>(Co2+) shown 
by the acetylenedicarboxylato complex (R = -C = C C 0 2H) 
which also possesses a strongly absorbing ligand. The 
somewhat diminished quantum yield exhibited by the cy- 
clopropylcarboxylato complex may also be reflective of the 
availability of low-lying triplet states and alternative exci­
tation pathways; apparently, the photochemistry of cyclo- 
propanes resembles that of olefins in many ways. 2 7 On the 
other hand, the cyclohexylcarboxylato complexes show 
“ normal” behavior. In this regard, it should be mentioned 
that 0 (Co2+) values from pentaammine complexes con­
taining an aromatic carboxylate ligand, such as R = -Ph, 
are also quite low (~0.04).29 However, the methylene 
group in the phenylacetato complex apparently insulates 
the charge-transfer and ligand-localized excited states 
from each other sufficiently so that the value of <t>( Co2+) 
is the same as that of the other substituted acetato com­
plexes. The somewhat lower value for the trifluoroacetato 
complex may be the result of a dependence of <t> on the 
nature of the spectral band irradiated. The charge-trans­
fer bands of this complex are somewhat shifted to higher 
energies (compared to Co(NH3 )5 0 2 CCH3 2+, for example) 
which results in a low value (665 M - 1  cm-1) for «2 5 4 . 
Thus, inasmuch as the quantum yield for photoreduction 
in Co(in) complexes generally diminishes as irradiation is 
performed on the low-energy tail of the CTTM absorp­
tion, 3 tail irradiation in Co(NH3 )5 0 2CCF32+ could pro­
duce the observed result.

Examination of Table I reveals further that, in general, 
0 (Co2+) in 0 2-saturated solutions is the same as <p(Co2+) 
in N2-purged solutions. This is a common property of 
Co(III) complexes in which the generated radical R- does 
not cause the reduction of the substrate in a secondary 
step. It is also indicative of the lack of quenching of the 
excited states by 0 2. On the cases where there is an 0 2 

effect, specifically where R = -H , 1 3  -C 0 2H, 1 5  and 
-C(CH3 )2OH, the quantum yield in N2 is virtually twice 
that in 0 2 due to the inclusion of reaction 3 into the 
mechanism. The 2-hydroxy-2-propyl radical, 
(CH3 )2CCOH, which would be the resultant radical from 
the photolysis of the a-hydroxyisobutyrato complex, is 
well established as a good reducing agent30 with rate con­
stants in the order of 107-109 M ~ 1 sec- 1 3 1 >32 for reaction 
with Co(III) complexes.

<ch3)2coh + Co(ni) — ►  Co24- + (CH3)2co (4 )

In the presence of 0 2, (CHs)2 C0H radicals would be scav­
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enged rapidly (k s >  1 0 9 M _ 1  sec-1) to generate the per- 
oxy radical which leads eventually to the formation of ac­
etone. 33

(CH3)2COH + 02 — (CH3) A 6 2X)H —  acetone (5)

Thus, while in N2-purged solutions Co2 +/C02 = 1.7 and 
Co2 +/(CHa)2CO = 2.1, in 0 2-saturated solution, these ra­
tios have values of 0.97 and 1.1, respectively.

Scavenging of an R- radical by 2-propanol via  H-atom 
abstraction also results in the formation of (CH3 )2COH. 
#(Co2+) for the malonato (R = -CH 2C 0 2H) complex is 
approximately doubled in the presence of 2 -propanol indi­
cating that reactions 6  and 4 are operative.

•CH2C02H + (CH3)2CHOH — ►  CH3C02H + (CH3)2COH (6 )

A similar effect of the presence of 2-propanol had been 
seen previously in the cases of Co(NH3 )5 0 2CCH32+ 13  and 
Co(NH3 )4C0 3 + . 34 In N2-purged solution of the malonato 
complex in the absence of alcohol, Co2 +/C02 = 1.0.

Flash  P h oto lysis . The flash photolysis of N2-purged so­
lutions of Co(NH3 )5 0 2 CCH2 C0 2H2+ (1 x 10- 4  M )  gave 
rise to pH-dependent transient spectra as shown in Figure
2. These spectra are very similar to those of the 
•CH2 C02H and •CH2 C 02_ radicals and the pH depen­
dence (insert to Figure 2) shows that the radicals exist in 
an acid-base equilibrium with pK a ~  4.5. 3 5  The decay of 
the transient spectra was via  second-order kinetics (Figure
3) demonstrating that at that concentration of substrate, 
any reaction of the radical with the complex must be neg­
ligible. From the slope of the graph in Figure 3, a value of 
2k/e = 1.4 X 106 is obtained. Taking £350 = 880 M - 1  

cm - 1 , 36 a value of 2k = 1.2 x  109 A/ - 1  sec- 1  at pH 6.5 is 
obtained, in very good agreement with previous re­
sults. 3 5 -36 The generation of the -CH2C02H radical from 
the flash photolysis of malonic acid has recently been re­
ported although it is interesting to note that the ioniza­
tion of the acid causes no observable transient absorption 
to be generated. 3 7 In this regard, the formation of the R- 
radical from the CTTM excitation of the complex via 
reaction 2  does not mirror the photochemistry of the free 
aliphatic carboxylate anions where photoionization and 
charge transfer does not appear to occur. 3 7 There is no in­
dication in the continuous and flash photolysis of the 
malonato complex that any ligand decomposition or link­
age isomerization occurs in comparison with the behavior 
of the oxalato complex. 15

The photochemistry of the malonato complex can be 
summarized by the following scheme.

(NH3)5Co02CCH2C02H2+'

pKa 4.01| H+ •

(NH3)5Co02CCH,C02+

Co2+ + 0NH3 + C02 + •CH,C02H Amax 320 nm

p K a 4 .5 j| H +

•CH2C02- Amas 350 nm

The flash photolysis of a number of other complexes (R 
= -(CH2 )2 C02H, -(CH2 )3C02 H, -CH =CH C02H (cis and 
trans), -C = C C 0 2 H, and -C 6Hi 0CO2 H) resulted only in 
weak tail absorptions at A < 320 nm consistent with the 
unstructured spectra known for /?- and 7 -carboxy radi­
cals.35

The flash photolysis of the phenylacetato complex gives 
rise to the characteristic absorption spectrum of the ben-

Figure 2. Transient spectra from  the flash photolysis of 1 X 
10 -4  M  Co(NH 3) 502CCH2C0 2H2+ in N2-purged solution; OD 
read 50 /¿sec after the in itiation of the flash: • ,  pH 2.0; O, pH 
6.8. The insert shows the variation of the OD at 360 nm as a 
function of pH.

Figure 3. Second-order plot o f the decay of the transient ab­
sorption from  the flash photolysis of 1 X 10-4  M  Co(NH3) 502C- 
CH2C02H2+ at pH 6.5 in N2-purged solution: m onitoring wave­
length -  350 nm.

Figure 4. Transient spectrum  from  the flash photolysis of 1 X 
10~5 M  Co(NH3)50 2CCH2Ph2+ at pH 7.0 in N2-purged solution; 
OD read 50 ftsec after the in itia tion of the flash.

zyl (PhCH2-) radical (Figure 4) which decays via  second- 
order kinetics (Figure 5) with a value of 2k/t = 2.2 x 105. 
Owing to the disagreement about the value of t for the 
benzyl radical,36-38_4° a reliable value for 2 k could not be
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Figure 5. Second-order plot of the decay of the benzyl radical 
from the flash photolysis of 1 X 10-5  M  C o(N H 3) 502CCH2Ph2 + 
at pH 7.0 in N2-purged solution: monitoring wavelength =  315 
nm.

calculated except that all the possible values would be 
> 1 0 9 M - 1  sec- 1  which is reasonable for this radical.

In a recent paper on the flash photolysis of aromatic 
carboxylic acids in aqueous solution, Mittal, e t  a l . , 4 1  
noted that the formation of the benzyl radical from 
phenylacetic acid and phenylacetate occurs via  a bipho­
tonic process. They speculated that a second quantum of 
light is required to excite the long-lived triplet state to the 
dissociative state that undergoes loss of -CC^H or eaq- , 
depending upon the pH of the solution. In order to test if 
the benzyl radical arose from similar ligand-localized 
states in the phenvlacetato complex, the concentration of 
radical (as measured by its absorbance) was determined 
as a function of the intensity of the flash. 42 Figure 6  shows 
that the benzyl radical is formed in a monophotonic pro­
cess as represented by reaction 2 .

■CH2 O H  R adica l R ea ction s. The -C ^ O H  radical is a 
good reducing agent30 and has been shown to react fairly 
rapidly with Co(NH3)33+ (k  = 1.4 x  108 M - 1  sec- 1  at pH 
6 ) to yield Co2+ quantitatively, 32 presumably via  an elec­
tron-transfer reaction43 analogous to reaction 4.

•CH2OH +  C o d fl)  —  Co2+ +  H2CO (7)

One might anticipate, therefore, that a diminution of 
<t>(Co2+) by a factor of 2  in 0 2 -saturated solution should 
be observed for R = -CH 2 OH as has been seen for R = 
-C(CH3 >2 0 H inasmuch as the -C^O H  radical is also effi­
ciently scavenged by O2 . 44 Such an effect is not observed 
for R = -CH2OH at pH 1 which leads to the conclusion 
that the -CH2OH radical in acidic solution does not re­
duce the Co(III) parent complex. We had noted this same 
nonreactive behavior earlier in the case of the photolysis 
of the acetato complex14  where the presence of up to 10 M  
CH3OH did not measurably alter 0 (Co2+) despite the fact 
that CH3 OH is an efficient scavenger for CH3 radicals

Figure 6. Dependence of the " in itia l”  absorbance of the benzyl 
radical (read 50 n sec  after the in itiation of the flash) from  the 
flash photolysis of C o(N H 3) 50 2CCH2Ph2+ on the flash lamp in­
tensity.

Figure 7. Esr spectrum  of the CH3 radical formed from  the pho­
tolysis of 1 X  10-2  M  Co (NH3)50 2CCH32+ at pH 1 in N2- 
purged solution. Flow rate of solution through the cell ~ T  ml 
m in - 1 . The esr spectrom eter (100-kHz modulation frequency) 
was operated with a modulation amplitude of 1.25 G and a m i­
crowave power of 10 mW.

producing -C^O H . In order to check this point indepen­
dently, we generated -CH2OH radicals via  the 7 -radioly­
sis of aqueous solutions of CH3OH.

H.20 — >- eaq- (2.8), OH(2.8), H(0.6) 45 (8 )
H + CH3OH — ►

•CH2OH + H2 (¿=1.6 X 106 M- 1 sec- 1 ) 46 (9)

OH + CH3OH — ►
-CR.OH + H20 (¿ = 5.0 x  108 M -' sec- 1  )46 (1 0 )

eaq- + CH3OH —
CH3OH- (* < 1(7 M-1 sec- iya (1 1 )

In acidic solution, eaq- is converted efficiently to H 
atoms.

eaq- + H+ — *■  H (k =  2.2 X 1010 M ~' sec- 1 )46 (12)

The radiolysis of a 1  x 10- 3  M  solution of Co(NH3 )5 0 2 C- 
CH2 OH2+ in 0.5 M  HC104 and 0.2 M  CH3OH resulted in 
G(Co2+) = 0.6 which is a factor of 10 lower than that ex­
pected from reactions 8-10, 12, and 7. Similarly low yields 
of Co24- (G = 0.4) were obtained from the radiolysis of 
Co(NH3 )63+ under identical conditions. It is quite appar­
ent that reaction 7 is pH dependent. Inasmuch as there 
does not appear to be any evidence that the -C ^ O H  rad­
ical undergoes protonation at pH <6 , the lack of an ap-
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TABLE I: Quantum  Yields of Co2+ Formation from 
the 254-nm Photolysis of Co(NH3)30 2CR2+ Complexes“

y .(C o * +)

R p i f a  o f  R C O îH '1 N 2 p u rg e O 2 p u r g e

C a r b o x y l i c  A c i d s
- H  3 . 7 7 0 . 3 0 “ 0 . 1 5 “
- C H ? , 4 . 7 6 0 . 1 9 d 0 . 1 9 J
- C H 2C 1 2.86 0. 2 2 d 0.20
- C H o B r 2.86 0.22 0.20
- C C I s 0 . 6 5 0 . 2 4 d 0.22
- c f 3 0 . 2 3 0.11 0.10
- C H . O H 3 . 8 3 0 . 2 7 0 . 2 8
- C H o C N 2 . 4 6 0 . 1 7 0 . 1 8
- c h , c h 3 4 . 8 8 0 . 2 4 0 . 2 5
- C ( C H 3)3 5 . 0 1 0 . 2 5 0 . 2 7
- C ( C H 3) , O H ~ 4 0 . 5 6 0 . 2 9
- C H = C H 2 4 . 2 5 0 . 1 4 0.12
- C = C H ~ 4 0.12 0 . 0 9

C H  C H o 4 . 8 3 0.10 0 . 0 8

\ /
c h 2

- C t H n  ( c y c l o ) 4 . 9 0 0 . 1 5
- C H 2P h 4 . 2 8 0.22 0 . 1 9

D i c a r b o x y l i c  A c i d s
- C 0 2H  1 . 2 5 , 4 . 1 4 0 . 6 5 e 0 . 3 3 “
- c h 2c o 2h 2 . 8 3 ,  5 . 6 9 0 . 1 5 0 . 1 6

- ( C H 2) 2C O , H 4 . 2 0 ,  5 . 6 4
0 . 2 6 /
0 . 1 8 0 . 1 8

- ( C H , ) 3C O , H 4 . 3 4 , 5 . 4 1 0.20
- C H = C H C 0 2H  ( c i s ) 1 . 9 2 , 6 . 2 3 0 . 0 7 0 . 0 6
- C H = C H C O > H  ( t r a n s ) 3 . 0 2 , 4 . 3 8 0 . 0 5 0 . 0 4
- c = c c o 2h 1 . 7 3 ,  4 . 4 0 0 . 1 5
- C 6H ioC 0 2H  ( 1 , 4 - c y c l o ) 4 . 1 8 , 5 . 4 2 0 . 1 6

“ 0 .1  M  H C IO « ; 2 5 ° .  y .(C o=  +) v a lu e s  k n o w n  t o  ± 1 5 % .  b “ H a n d b o o k  o f
B io c h e m is t r y ,”  2 n d  e d ,  C h e m ic a l  R u b b e r  P u b lis h in g  C o .,  C le v e la n d , O h io ,  
1 9 7 0 ; G .  K o r t i im , W. V o g e l,  a n d  K .  A n d r u s s o w , “ D is s o c ia t io n  C o n s ta n t s  o f  
O rg a n ic  A c id s  in  A q u e o u s  S o lu t io n ,”  B u tte r w o r th s ,  L o n d o n , 196 1 . c D is ­
re g a rd in g  t h e  C o 2+ y ie ld  a r is in g  f r o m  t h e  C -b o n d e d  fo r m a t o  is o m e r ; r e f  13. 
d V a lu e s  ta k e r , f r o m  r e f  1 4 . e T o t a l  C o 2 + y ie ld ;  r e f  15 . S u b tr a c t io n  o f  t h e  
C o 2+ y ie ld  f r o m  th e  C -b o n d e d  f o r m a t o  is o m e r  m a k e s  0(C o 2+) in  N 2 =  
0 .1 -0 .2 .  /  S o lu  t io n  c o n t a in s  1 M  2 -p r o p a n o l .

preciable Co2+ yield in acidic solution must be due to the 
mechanism of the interaction of the radical with the 
Co(III) complexes. This matter is currently under investi­
gation.

E sr D ete c tio n . The continuous photolysis of 1  x 10~ 2 M 
Co(NH3 )5 0 2CCH32+ at pH 1  within the esr cavity re­
sulted in the resonance spectrum shown in Figure 7 where 
the quartet has an intensity distribution 1:3:3:1 with aH =
22.7 ± 0.1 G. This spectrum can be unambiguously at­
tributed to the CH3 radical. 4 7 Attempts to resolve radical 
resonance spectra from other complexes failed: 
Co(NH3)63+, Co(NH3 )4C2 04+, Co(NH3 )4CC>3+, Co(N- 
H3 )5 0 2 CPh2+, Co(NH3 )5 0 2CCH2Ph2+, and Co(C20 4)33-. 
These failures can be rationalized in terms of the quan­
tum yields of radical production, the absorption spectra of 
the complexes, and the lifetimes of the radicals due to 
their reactivity with the substrates and themselves.

A ck n ow led g m en t. The authors thank Dr. S. -N. Chen 
and Mr. K. R. Olson for assistance in some aspects of this 
research.
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Electron Paramagnetic Resonance Absorption in Oriented Phosphorescent 
2,3-Benzocarbazole and 1,2,3,4-Tetrahydroanthracene at Magnetic Fields below 65 G 1

Roger E. Gerkin* and Arthur M. Winer2
Department of Chemistry, The Ohio State Univarsity, Columbus, Ohio 43210 (Received November 12, 1973)

Electron paramagnetic resonance absorptions have been observed from phosphorescent 2,3-benzocarba- 
zole, an impurity which is ubiquitous in commercial chrysenes, and from phosphorescent 1,2,3,4-tetrahy- 
droan'hracene (THA), an impurity which was identified in symmetric octahydroanthracene (OHA). 
Triplet-state zero-field splittings for 2,3-benzocarbazole oriented in single-crystal p-terphenyl and in sin­
gle-crystal chrysene at ~85 K, and for THA oriented in single-crystal OHA at ~85 and ~273 K, have 
been determined using data obtained at magnetic fields below ~65 G. Multiple resonance absorptions 
(five for each of the two transitions studied) were observed for 2,3-benzocarbazole in p-terphenyl whereas 
only single signals were observed for each of the corresponding transitions for 2,3-benzocarbazole in the 
chrysene host structure. Only single signals were observed from THA in single-crystal OHA, and its zero- 
field splittings and spin Hamiltonian parameters were found to be quite similar to those of naphthalene, 
the largest aromatic substructure of THA.

Introduction

In the course of an extensive low-field electron para­
magnetic resonance study of triplet chrysene oriented in 
p-terphenyl or symmetric octahydroanthracene (OHA) , 3" 5 

two tenacious impurities were encountered in sample ma­
terials used in the preparation of chrysene mixed crystals. 
The first of these two impurities, 2,3-benzocarbazcle, oc­
curs in the guest material, chrysene, in concentrations as 
high as 1 0 % even in nominally very pure commercial sam­
ples. 6 ’ 7 The second impurity, identified as 1,2,3,4-tetrahy- 
droanthracene (THA), was found to occur persistently in 
OHA, even after this host material had been zone-refined, 
chromatographed, or recrystallized. In order to remove 
any doubt concerning the possible origin from impurity 
triplet states of multiple resonance absorptions observed 
for chrysene in p-terphenyl or OHA, 3 -5  it was deemed de­
sirable to investigate the low-field resonance spectra of
2,3-benzocarbazole and THA. We here report the results 
of these brief investigations of phosphorescent 2,3-benzo­
carbazole oriented in single crystals of p-terphenyl and 
chrysene, and of phosphorescent 1,2,3,4-tetrahydroanthra- 
cene oriented in single crystals of symmetric octahydroan­
thracene.

Experimental Section
A p p a ra tu s  and  M eth od s . The basic low-field spectrome­

ter and the experimental methods employed have been 
described in detail elsewhere. 4 -8 -9 Optical spectra ob­
tained for purposes of identification of species were taken 
on a Turner spectrofluorophosphorimeter described pre­
viously. 4 Precision determinations of zero-field splittings 
were made for crystal samples in brass resonant cavities 
immersed either in liquid nitrogen boiling at ambient 
pressure, or in distilled water-ice slush baths.

S a m p le  P reparation . 2,3-Benzocarbazole employed as a 
guest material in mixed crystals with p-terphenyl or chry­
sene was obtained from Chemical Procurement Laborato­
ries Inc. and was purified by vacuum sublimation. The 
wavelength of the fluorescence maximum observed for this 
purified material in EPA glass was 4030 A, a value in good 
agreement with a previously reported value of 4070 A ob­

tained for 2,3-benzocarbazole in N , N-dimethy lform - 
amide.7

Chrysene-di2 of nominal isotopic purity 98% was ob­
tained from Merck Sharp and Dohme, Ltd. (MSD. Lot 
No. AD-024), and was subjected to column chromatogra­
phy on Woelm neutral alumina, the only purification pro­
cedure shown to be effective in removing essentially all of 
the 2,3-benzocarbazole impurity. The removal was dem­
onstrated by the absence, visually determined, of the 
characteristic orange phosphorescence of 2,3-benzocarba­
zole in single crystals of chrysene photoexcited at ~85 K. 
(Four additional impurity bands were resolved on the col­
umn and were also separated from the chrysene-di2 .) 
Some chrysene-di2 was used unpurified as a “ source” of
2,3-benzocarbazole in an unknown state of deuteration in 
muted crystals of chrysene-di2 in p-terphenyl.

Scintillation grade p-terphenyl was obtained from Ara­
pahoe Chemicals Inc. and was used without further purifi­
cation, since no (impurity) phosphorescence was detected 
visually from single crystals photoexcited at ~85 K, nor 
was magnetic resonance observed from such crystals.

1,2,3,4-Tetrahydroanthracene (THA) was synthesized 
from 9,10-dihydroanthracene according to the procedure 
of Orchin. 10  The THA obtained was chromatographed on 
Woelm neutral alumina using benzene eluant and was re- 
crystallized from ethanol.

Symmetric octahydroanthracene (OHA) obtained from 
Chemical Procurement Laboratories, Inc., was zone-re­
fined 50 passes, chromatographed, or recrystallized twice 
from ethanol. Further discussion concerning the use of 
OHA is given below.

M ix ed  C rystals. Single crystals were grown, cleaved, 
and mounted in resonant cavities as described previous­
ly . 8 The temperature of crystals illuminated by the unfil­
tered radiation of the A-H6  source and contained in cavi­
ties immersed in liquid nitrogen was taken to be 85 ± 3 K 
on the basis of previous measurements made in this labo­
ratory. Such temperatures are designated canonically as 
~85K in the text.

The compositions and nominal guest concentrations of 
mixed crystals employed in these studies are shown in 
Table I.
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TABLE I: Composition and Nominal Guest Concentrations o f Mixed Crystals Employed in This Study

M o d e  o f N o m in a l  g u e s t
B o u le  n o . H o s t  m a te r ia l H o s t  p u r ific a t io n G u e s t  m a te r ia l  (s) o c c u r r e n c e  o f  g u e s t c o n c n , m o l  %

199 p-Terphenyl None" Chrysene-dio1 Added 0.1
169 p-Terphenyl None“ Chrysene-di2 c Added 0.9

1,2-Benzocarbazole Added inci- M L l*
dentally as 
an impurity 
in the
chrysene-di2

266 p-Terphenyl None“ 2,3-Benzocarbazole Added 1.1
252 p-Terphenyl None“ 2,3-Benzocarbazole Added 0.08
104 Chrysene None 2,3-Benzocarbazole Host impurity 104
254 Chrysene None 2,3-Benzocarbazole Host impurity 10d
226 OHA None TH A Host impurity e
241 OHA None TH A Host impurity e
347 OHA Recrystalled TH A Added 2.0

twice from 
ethanol

348 OHA Recrvstalled None I
twice from 
ethanol

“  N o  p h o s p h o re s c e n t  im p u r it ie s  w e re  d e t e c t a b le  in  th is  m a te r ia l (see  t e x t ) .  ' P u rifie d  b y  c o lu m n  c h r o m a t o g r a p h y  t o  r e m o v e  e s s e n t ia lly  a ll 2 ,3 -b e n z o c a r b a z o le  
(see t e x t ) .  c U n p u r ifie d . d E s t im a t e  b a se d  o n  n o m in a l 10—12 m o l  %  o f  2 ,3 -b e n z o c a r b a z o le  f o u n d  in  c o m m e r c ia l  ch ry se n e s . S e e  r e f  6  a n d  7. c N o e  d e te r m in e d . 
f  Im p u r it ie s  r e d u ce d  b u t  n o t  c o m p le t e ly  r e m e v e d  (see  t e x t ) .

Treatment of Data
The spin Hamiltonian chosen to interpret the magnetic 

resonance data is

J C =  H-*|/?|-S +  D S C> +  E ( S a2 -  S B2) (1)
consistent with our previous usage.8

The field dependence of the associated energy levels 
and the method of least-squares fitting o f the resonance 
data have been presented previously.8

Magnetic Resonance Observations for
2,3-Benzocarbazole

p -T e r p h e n y l  H o s t . Assignments to chrysene-di2  triplet 
states (oriented in p-terphenyl single crystals) of multiplet 
patterns o f resonance absorptions associated with sets of 
slightly different zero-field splittings at ~0.116, ~0.062, 
and ~ 0.053 cm -1 were made in detailed analyses given 
in ref 4 and 5. The component signals in the multiplet 
patterns were interpreted as arising from sets of different­
ly oriented chrysene-di2  triplets which occupy several 
kinds of sites of substitution at which there are signifi­
cantly different molecular crystal fields giving rise to the 
observed differences in the zero-field splittings of the 
component signals. In addition to these three well-charac­
terized multiplets containing a total of 20 resonance ab­
sorptions, two other sets o f multiple resonance absorptions 
were observed from mixed crystals of chrysene-di2  in p- 
terphenyl. For one set of signals the corresponding zero- 
field splittings were shown to range between 0.0847 and 
0.0858 cm -1 , while zero-field splittings corresponding to 
absorptions in the other multiplet ranged in value from 
0.0636 to 0.0644 cm -1 . At least five resonance absorptions 
were observed in each of these patterns, and each absorp­
tion within a multiplet was shown to be associated with a 
slightly different zero-field splitting by changing the mi­
crowave frequency by small increments so that the centers 
of the individual resonance signals were moved successive­
ly to zero magnetic field.

When an authentic sample of 2,3-benzocarbazole (Fig­
ure la) was used as the sole guest in p-terphenyl mixed 
crystals, multiplet structure patterns were observed at

H

Figure 1. Structure of (a) 2,3-benzocarbazole and (b) carba- 
zole.

~0.085 and at ~0.064 cm -1 from such crystals, and com ­
ponent signals in these patterns were shown to correspond 
one-to-one with components of the multiplet patterns ob­
served at ~0.085 and ~0.064 cm -1 from impure chrysene 
in p-terphenyl mixed crystals. No absorption patterns 
were observed, however, at the three energies correspond­
ing to the chrysene-di2  zero-field splittings. Conversely, 
when p-terphenyl mixed crystals prepared with chromato­
graphed chrysene-di2  were studied, the three absorption 
patterns attributed to chrysene-di2  were observed but the 
two patterns attributed to 2,3-benzocarbazole were not. 
These results confirm that 2,3-benzocarbazole was indeed 
not the source of any of the resonance absorptions attrib­
uted to chrysene in our previous analyses4’5 but was the 
origin of the ~0.085- and ~0.064-cm _1 multiplets observed 
in those studies.

The correspondence between multiplet signals observed 
from authentic 2,3-benzocarbazole in p-terphenyl, and 
those observed from 2,3-benzocarbazole incorporated in 
p-terphenyl v ia  its occurrence as a contaminant in chry- 
sene-di2  suggests the following self-consistent alternatives:
(a) that the 2,3-benzocarbazole present as an impurity 
underwent little or no deuteration during the perdeutera- 
tion of its chrysene carrier with the consequence that the 
present experiments give no information about a possible 
deuterium isotope effect in 2,3-benzocarbazole; (b) that 
the 2,3-benzocarbazole was perdeuterated during the pre- 
deuteration of its chrysene carrier with the consequence 
that the present experiments establish that phosphores­
cent 2,3-benzocarbazole, in contrast to most other triplet
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b

F ig u re  2. p -T e rp he ny l c rys ta l s truc tu re .

States studied in this laboratory,11-12 manifests essentially 
no deuterium isotope effect in its zero-field splittings at 
~85 K.

C h rysen e H ost Single crystals of unpurified chrysene- 
h i2 grown by the Bridgman method were of very poor 
quality. Nonetheless, when photoexcited at ~85 K such 
crystals manifested intense orange phosphorescence, as 
did single crystals of 2,3-benzocarbazole in p-terphenyl. 
Two weak resonance absorptions were observed from the 
(2,3-benzocarbazole in) chrysene crystals. The zero-field 
splittings associated with the absorptions were deter­
mined and found to be 0.08594 cm-1 with standard devia­
tion 0.00003 cm-1 and 0.06372 cm-1 with standard devia­
tion 0.00002 cm-1, respectively. Thus, the approximate 
values found for the (multiple) zero-field splittings of 2,3- 
benzocarbazole in p-terphenyl host are very similar to 
these more precise values determined for the two individ­
ual signals observed from the chrysene host structure. A 
quite small host-structure shift in zero-field splittings3-4 
is indicated by a comparison of the average values of the 
multiple 2,3-benzocarbazole splittings observed for p-ter­
phenyl host with the single values obtained for chrysene 
host.

The observation of multiple resonance absorptions from 
phosphorescent 2,3-benzocarbazole in p-terphenyl, but 
only single absorptions at corresponding energies for the 
chrysene host structure, parallels results we have obtained 
for other triplet states studied in at least two host struc­
tures of which one was p-terphenyl. For example, chry- 
sene-d12 in p-terphenyl manifests at least seven resonance 
absorptions corresponding to the \D — E \ /h c  zero-field 
transition but only two absorptions for the same transition 
when oriented in the OHA host structure.4 A comparable 
reduction in number of signals was obtained for chrysene- 
di2 on going from p-terphenyl to biphenyl host.4 We inter­
pret these observations in terms of the propensity of a 
guest triplet state to adopt a unique orientation at a sub­
stitutional site in a given host structure, e .g ., 2,3-benzo­
carbazole in chrysene, or conversely to adopt multiple sta­
ble orientations, as is the case for every guest which we 
have studied in p-terphenyl.

If 2,3-benzocarbazole occupies substitutional sites in the 
p-terphenyl host structure (Figure 2) so that its fine struc­
ture axes are approximately parallel to the molecular axes 
of p-terphenyl, then provisionally (on the basis of satisfac­
tion of the zero-field selection rules)4 the zero-field split­

tings at ~ 0.085 cm-1 may be associated with |D — E \ /h c  
and those at ~0.064 cm-1 may be associated with \D +
E \ /h c .

Consistent with this assignment, the values of the spin 
Hamiltonian parameters for 2,3-benzocarbazole in chry­
sene at ~85 K are \D\/hc = 0.07483 cm-1 and \E\/hc = 
0.01111 cm-1, each with standard deviation 0.00003 cm-1. 
We are not aware of any previous experimental determi­
nations of the spin Hamiltonian parameters of 2,3-benzo­
carbazole, either for glass or mixed single-crystal systems. 
However, \D\/hc and \E\/hc for carbazole (Figure lb) in 
glassy ether have been measured as 0.102 and 0.007 cm-1, 
respectively.13
Magnetic Resonance Observations for 
1,2,3,4-Tetrahydroanthracene (THA) in Symmetric 
Octahydroanthracene (OHA)

As discussed in a previous paper,4 extensive purification 
of OHA, including zone-refining and chromatography, 
failed to remove an impurity which gave rise to a yellow- 
green phosphorescence emission from photoexcited single 
crystals of OHA, both at ~85 and at ~273 K. Only for 
OHA recrystallized several times from ethanol was signifi­
cant reduction in the impurity, as evidenced by reduced 
phosphorescence intensity, obtained.

Two magnetic resonance absorptions were detected 
from photoexcited single crystals of unpurified OHA and 
the zero-field splittings associated with the absorptions 
were determined at ~85 K to be 0.111420 and 0.083237 
cm-1, respectively, with estimated uncertainties for repli­
cate determinations ~1 x 10-5 cm-1. Magnetic reso­
nance lifetimes measured in experiments at ~0.111 and 
~0.083 cm-1 were found to be approximately 1 sec at 
~85 K. The absorption line width for the signal near 
~0.111 cm-1 was approximately 15 G.

In an experiment in which the resonant cavity was im­
mersed in a distilled water-ice slush and a bandpass fil­
ter4 for A-H6 excitation was employed, the resonance ab­
sorption associated with the zero-field splitting value 
0.11142 cm-1 at ~85 K was determined semiquantitative- 
ly to have a corresponding zero-field splitting at 273 K of 
0.1097 cm-1. Thus, an approximate zero-field splitting tem­
perature coefficient of -9  x 10-6 cm-1 K~1 was observed 
for the transition at —0.111 cm-1.

The similarity of the magnitudes of the triplet energy 
(as evidenced by the observed phosphorescence), zero- 
field splittings, magnetic resonance lifetime, and temper­
ature coefficient of the (D  -  E) zero-field splitting of the 
impurity to the values of these properties for naphthalene 
suggested that the impurity might be THA, shown in Fig­
ure 3a. An additional basis for this suggestion was that in 
the catalytic hydrogenation of anthracene both THA and 
OHA (Figure 3b) are produced.

Further verification of the identity of the impurity was 
made difficult, however, by the behavior of OHA boules 
grown by the Bridgman method14 from OHA recrystal­
lized twice from ethanol and then doped with authentic 
samples of THA. Such boules consistently shattered vio­
lently, after exerting sufficient force to break the crystal- 
growing tubes some hours after they emerged from the 
heated region of the air-core furnace. In contrast, undoped 
boules of recrystallized OHA remained ice-clear and re­
tained definite cleavage planes months after being grown. 
Two groups of investigators have described phase transfor­
mations in OHA similar to those observed in the present 
research, but neither group discussed the role of impuri-
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H2

Figure 3. S tru c tu re  o f (a) 1 ,2 ,3 ,4 -te tra h yd ro a n th ra ce n e  and (b) 
sym m e tric  o c ia h yd ro a n th ra ce n e .

ties in the processes.15'16 A thorough investigation of this 
problem lay outside the scope of this research.

Inasmuch as whole boules of authentic THA in recrys­
tallized OHA could not be produced, the best single crys­
tal pieces which could be salvaged from shattered boules 
were employed in double-crystal experiments. A special 
double-window resonant cavity was constructed and then 
divided by an opaque partition.8 A single-crystal of THA 
in recrystallized OHA was placed behind one window, and 
a crystal from a boule grown from the same recrystallized 
OHA (but not doped with THA) was placed behind the 
other window. Rotation of the resonant cavity by x per­
mitted alternately photoexciting one, but not the other, 
crystal piece.

In such two-crystal experiments no signals were ob­
served from single crystals of undcped recrystallized OHA 
whereas for the same host material which had been doped 
with THA, resonance absorptions were observed at 
~0.111 and ~0.083 cm-1. Precision zero-field splitting 
determinations for the two observed signals at ~85 K 
yielded values of 0.111424 and 0.083228 cm"1 which may 
be compared with values of 0.111420 and 0.083236 cm-1, 
respectively, determined (as discussed above) for the reso­
nance absorptions observed at ~85 K from the impurity

in unpurified OHA. These precision determinations of 
zero-field splittings establish the identity of the OHA im­
purity to be THA.

Due to the comparatively poor quality of OHA crystals 
obtained in these studies and the lack of a detailed crystal 
structure determination for OHA it was not possible to 
assign the observed zero-field energies for THA to corre­
sponding zero-field transitions on the basis of a rigorous 
investigation of satisfaction of the zero-field selection 
rules as a function of orientation. By analogy to naphtha­
lene, however, it is plausible to assign the 0.11142- and 
0.08323-cm~1 splittings to |D — E \ /h c  and |D + E \/h c, 
respectively. This leads to values of \D\/hc and \E\/hc for 
THA in OHA of 0.09733 and 0.01410 cm-1, respectively, 
at ~85 K. (For naphthalene in biphenyl the correspond­
ing values are approximately 0.0993 and 0.0155 cm-1, re­
spectively.) To our knowledge the precision zero-field 
splittings and spin Hamiltonian parameters presented 
here for THA are the first such data reported for a par­
tially hydrogenated aromatic hydrocarbon.
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Radicals produced after electron attachment to 5-bromo-6-methyluracil and the 5-halouracils at 77°K in 
neutral (12 M  LiCl) and alkaline (8 M  NaOH) aqueous glasses have been investigated by esr spectrosco­
py. Electron attachment to 5-bromo-6-methyluracil in 12 M  LiCl at 77°K results in an anion radical. The 
anion dehalogenates upon warming at 150°K to form the 6-methyluracil-5-yl radical. Esr spectra indicate 
that upon further warming this second species undergoes hydrolysis to form the 5-hydroxy-6-methyl-5,6- 
dihydrouracil-6-yl radical. The results for the halouracils in 12 M  LiCl suggest stable anions for bromo-, 
chloro- and fluorouracil at 77°K. Warming the bromouracil anion to 155°K results in a spectrum attrib­
uted to the uracilyl radical. Warming to 165°K results in the hydrolysis of the uracilyl radical to form a radi­
cal analogous to that found for 5-bromo-6-methyluracil. The fluorouracil and chlorouracil radical anions 
remained stable throughout the temperature range investigated. In 8 M  NaOD the it anions were 
found to be somewhat less stable. The ir anions of 5-bromouracil and 5-bromo-6-methyluracil were not 
observed at 77°K; however, those of chloro- and fluorouracil were observed. The difference in stability of 
the anions in the two glasses is attributed to the fact that the nitrogens are protonated in the neutral 
glass whereas they are not in the alkaline glass. In addition protonation of the anion at an oxygen in the 
neutral glass is also likely. This would produce a neutral radical and result in further stabilization.

Introduction

The radiation sensistivity of 5-bromouracil containing 
DNA has produced considerable interest in the radiation 
chemistry of 5-halouracils.2 This sensitivity has been at­
tributed to the dehalogenation of bromine after attack by 
radiolytic intermediates.2 A number of studies employing 
differing techniques have shown that one of these radioly­
tic intermediates, the electron, induces reductive dehalo­
genation in 5-halouracils.3-5 The primary intermediates, 
the anion radicals, have been observed in pulse radiolytic 
experiments in the cases of fluoro- and chlorouracil.4 The 
bromouracil anion has not been observed in pulse radioly­
tic experiments.

Several esr studies have been performed on the haloura­
cils. In an esr investigation employing steady-state radiol­
ysis to generate electrons in aqueous solution it was found 
that the lifetimes of the halouracil anions were too short 
to be observed.5 Esr studies on y-irradiated single crystals 
of 5-halouracils have given evidence for radicals which 
could be interpreted as protonated anions; however no ev­
idence for dehalogenation was found .6 •7

Esr studies in alkaline aqueous glasses at low tempera­
ture have resulted in conflicting reports that the anicn radi­
cals of the 5-halouracils are stable at 77°K8 and that they 
are unstable toward dehalogenation at this temperature.9 In 
order to resolve this apparent discrepancy as well as to fur­
ther elucidate the mechanisms of reaction after electron at­
tachment to 5-halouracils, we have investigated the reac­
tion of electrons with these compounds in neutral and al­
kaline aqueous glasses.
Experimental Section

5-Halouracils were obtained from Calbiochem (A grade) 
and used without further purification. 5-Bromo-6-methyl- 
uracil was synthesized from 6-methyluracil by the meth­
od of Sasaki and Ar.do.10 The product was recrystallized 
from ethanol.

The experimental procedure was essentially that used 
in our previous work in 8 M  NaOD and 12 M  LiCl.9,11,12 
In this technique a solution of 12 M  LiCI-H20, 12 M  
LiCl-D20 (98% D), or 8 M  NaOD (ca. 92% D) containing 
10 mM K4Fe(CN)6 and ca. 1 mM  of the halouracil is 
cooled to 77°K. The glass formed is photolyzed with 254- 
nm light at 77°K for times usually less than 1 min. 
Trapped electrons formed in the photolysis are photo- 
bleached with f i l t e r e d  light from an incandescent lamp. 
The filter used (a mixed solution of K4Fe(CN)6 and 
K3Fe(CN)6) filtered uv and blue light. This was necessary 
as several of the anion radicals formed dehalogenated 
when exposed to unfiltered light.

The g  values and hyperfine splittings in this work are 
measured relative to potassium peroxylamine disulfonate 
(An = 13.0 G and g  = 2.0056). The g  values are measured 
from the center of the spectrum and are reproducible to 
±0.0003.

Results and Discussion
I. 5 -B r o m o -6 -m e th y lu r a c i l .  5 -B r o m o -6 -m e th y lu r a c i l  in  a 

N e u tr a l  G la ss. 5-Bromo-6-methyluracil (BrMeU) was in­
vestigated to aid our interpretation of the results found for 
the halouracils which follow. The substitution of a methyl 
group at position 6 allows for a clear distinction between 
the various radicals formed after electron attachment.

The reaction of electrons with BrMeU in 12 M  LiCl- 
D20 at 77°K resulted in the spectrum in Figure 1A. Anal­
ysis of the ca . 1:3:3:1 quartet yields a 16.8-G methyl group 
splitting with g  = 2.0026. This initial spectrum could be 
due to the anion radical or the 6-methyluracil-5-yl radical 
(radical II) produced by debromination of the anion. The 
following evidence strongly supports the anion as the ini­
tial species. First, the methyl group splitting is nearly 
identical with that found for the methyl group in the 6- 
methyluracil anion.8 Next resolution of the methyl proton 
splittings would not be expected for the 6-methyluracil-5-
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Figure 1. Esr sp e c tra  o f ra d ic a ls  fo rm e d  by e le c tro n  a tta ch m e n t to 5 -b ro m o -6 -m e th y lu ra c il in 12 M  LiCI: (A ) the  an ion  ra d ica l ( I)  or 
its  p ro to na te d  ana log  in D 20  a t 77 °K ; (B ) the  6 -m e th y lu ra c il-5 -y l ra d ica l ( I I )  In D 20  a fte r w a rm in g  to 150°K ; (C) the  5 -h yd ro xy -6 - 
m e th y l-5 ,6 -d ih yd ro u ra c il-6 -y l rad ica l ( I I I )  a fte r fu rth e r w a rm in g  to  165°K  in H 20 .

yl radical due to the nature of the interaction in a radi­
cals. Finally the observed splitting is in agreement with 
7r-electron spin density calculations which indicate a large 
spin density (p ss 0.5) at position 6 in all uracil and hal- 
ouracil anions.8’13’14 Warming the anion to 140°K or irra­
diating with unfiltered light from an incandescent lamp 
gave the 24-G singlet shown in Figure IB. This spectrum 
is attributed to radical II produced by debromination as 
shown in reaction 1. Resolution of the methyl proton 
splittings is not found for this radical as expected.

+ Br~ (1)

Further warming of radical II in LiCl-H20 to 160°K re­
sulted in the spectrum shown in Figure 1C. The spectrum 
consists of six lines in the approximate ratio of intensities 
1:3:4:4:3:1. Interpretation of the spectrum yields a 19.5-G 
splitting due to three equivalent protons and a 42-G split­
ting due to a single proton. The only radical consistent 
with such splittings is a radical with one 0  proton at the 5 
position and a radical site at position 6. This strongly 
suggests that the hydration reaction (reaction 2) takes

0

+ H,0 (2)

place on warming to form the 5-hydroxy-6-methyl-5,6- 
dihydrouracil-6-yl radical (III). This is confirmed by the 
fact that a quartet of 20 G is observed in LiCl-D20 after 
warming to 170°K. Due to the wide line widths the 0  deu- 
teron splitting is not resolved. To eliminate the possibility 
that a bimolecular reaction of the radical with the parent 
compound was occurring, experiments were performed

where the original concentration of BrMeU was varied 
over tenfold in LiCl-H20. The results showed no change 
in the rate of production of the third radical species with 
concentration as would be expected for a hydration reac­
tion.

5 -B r o m o -6 -m e th y lu r a c i l  in  a  A lk a l in e  G lass. Electron 
attachment to BrMeU in 8 M  NaOD at 77°K resulted in 
an esr spectrum consisting of a 8-G wide singlet at g  =
2.0022. Since a quartet spectrum is expected for the -tr 
anion,15 the results suggest the 7r-anion radical is not sta­
ble in 8 M  NaOD. The observed spectrum is associated 
with the 6-methyluracil-5-yl radical (radical IV).

0 “

Although radical IV shows no more resolution than the 
very similar radical II, the line width for radical IV is con­
siderably less than that found for II. This may be due to 
the structural differences in the two radicals. Warming 
radical IV to 160°K resulted is a second radical perhaps 
due to a hydration reaction. However this spectrum has 
not yet yielded to interpretation.

The greater stability of the anion in the neutral glass over 
that found in the alkaline glass may be due in part to the 
fact that the nitrogens are protonated in the neutral glass. 
In addition the production of a neutral radical by protona­
tion of an oxygen is likely. This would further stabi­
lize the radical. Such oxygen protonated radicals have 
been suggested from studies of the 7  irradiation of 5-hal- 
ouracil single crystals6 and the pulse radiolysis of thymine 
in aqueous solution.16

2. 5 -H a lo u r a c i ls  in  a N e u tr a l  G la ss. 5 -B r o m o u r a c i l .  
Electron attachment to 5-bromouracil (BrU) at 77°K in 12 
M  LiCl-D20 or -H20 results in a 13-G doublet spectrum 
at g  = 2.0025 as shown in Figure 2A. Warming to 155°K 
results in a irreversible conversion to a broad 31-G singlet 
in D20 (Figure 2B). In H20 the singlet is somewhat more 
broad. In light of the results found for MeBrU, where the

The J o u rn a l o f P h y s ic a l C h e m is try , Vol. 78, N o. 7, 1974



698 M. D. Sevilla, R. Failor, and G. Zorman

Figure 2. Esr sp e c tra  o f ra d ica ls  fo rm ed  by e le c tro n  a tta ch m e n t to  5 -h a lo u ra c ils  in 12 M  LiCI: (A ) the  5 -b ro m o u ra c il an ion o r its  p ro - 
tona ted  ana log  a t 77°K  in D 20 ;  (B ) the  u ra c il-5 -y l ra d ica l (V) p ro du ced  by w a rm in g  the  b ro m o u ra c il an ion  to  155°K  in D 20 ;  (C ) the  
5 -h yd ro xy -5 ,6 -d ih yd ro u ra c il-6 -y l ra d ica l (V I)  p ro du ced  by w a rm in g  V to  160°K  in H20 ;  (D ) the  ch lo ro u ra c il an ion o r p ro tona ted  ana log  at 
77°K  in D 20 ;  (E) the  f lu o ro u ra c il an ion  o r p ro to na te d  ana log  a t 140°K  in D 20 .

well-resolved anion converts to a broad singlet, a reason­
able explanation of these results is that the initial spec­
trum is due to the anion or protonated anion and the sec­
ond broadened spectrum is due to the uracil-5-yl radical
(V). We therefore tentatively assign the initial species to 
the anion radical and the second species to the uracilyl 
radical. Upon warming the second species to 160°K in 
LiCl-H20 a quartet spectrum shown in Figure 2C is 
found. Interpretation of this spectrum results in a 41-G (3  
proton) splitting and a 20.5-G (a proton) coupling. In D20 
only a 19-G doublet is observed. These results are excel­
lent evidence for the hydration of the uracilyl radical to 
produce radical VI as in reaction 3. If samples are warmed

directly to 165°K where the glass softens to allow radical 
migration the quartet spectrum appears in much lessened 
intensity. This is attributed to radical-radical recombina­
tion which competes with the hydration reaction at these 
temperatures.

5 - C h lo ro u ra c il . Electron attachment to 5-chlorouracil 
(C1U) in 12 M  LiCl-D20 or -H20 results in an esr spec­
trum consisting of a 15-G doublet splitting at g  = 2.0029 
(Figure 2D). The radical remained stable to 165°K where 
the glass softens. The g  value, hyperfine splitting, and 
temperature stability of this radical strongly suggest that 
it is the anion or protonated anion. No evidence is found 
for a broad singlet spectrum expected for a uracilyl radi­
cal; however, a partial conversion to a quartet identical 
with that found for BrU is found to appear at 165°K in 
some experiments. This may be due to partial dehaloge- 
nation of the anion caused by the warming or more likely by 
light during photobleaching and transfer.

5 -F lu o ro u ra c il . Electron attachment to 5-fluorouracil 
(FU) at 77°K results in evidence for an exceptionally sta­
ble anion. Over the temperature range 77-170°K a spec­
trum is found consisting of a 13-G doublet further split by 
a second doublet of 5.3 G with g  = 2.0033 (Figure 2E). 
This second splitting is likely due to interaction with the 
fluorine atom in the anion. This is reasonable in light of 
the nuclear spin of % for fluorine and the fact that even a

Figure 3. Esr sp e c tra  o f ra d ica ls  fo rm e d  by e le c tro n  a tta ch m e n t 
to  5 -c h lo ro u ra c il in 8 M  N aO D : (A) the  ir  an ion  ra d ica l a t 77°K ; 
(B) the  u ra c il-5 -y l ra d ica l at 110°K  fo rm e d  by ph o to lyz ing  the  
ra d ica l in A w ith  u n filte re d  v is ib le  light.

small spin density on a fluorine can result in a relatively 
large hyperfine splitting.17 No temperature dependence in 
hyperfine splitting or g  value was observed.

3. 5 -H a lo u r a c i ls  in  a n  A lk a l in e  G lass. Reaction of elec­
trons with the 5-halouracils in 8 M  NaOD resulted in sta­
ble i r  anions in two cases. Electron attachment to FU at 
77°K resulted in an esr spectrum whose analysis yielded 
at 12-G splitting at g  =  2.0033. The g  value is the same as 
found in LiCI and is good evidence for an 7r-anion radical. 
No further reaction was noted upon photobleaching with 
unfiltered light or warming. At 77°K electron attachment 
to C1U resulted in an initial spectrum indicative of the ir 
anion. The spectrum consists of a 14-G doublet and g  =

2.0028 (Figure 3A). The w anion was light sensitive and 
upon irradiation with unfiltered light from an incandes­
cent lamp for 10 min converted to a much more well-re­
solved 13.1-G doublet splitting at g  -  2.0022 (Figure 3B). 
Irradiation for intermediate time periods resulted in spec­
tra which showed an overlap of both the i r  anion and the 
second radical. Electron attachment to BrU at 77°K re­
sulted in a spectrum identical in hyperfine splitting, g  

value and line shape with the second radical found for 
C1U. In addition both the second radical from C1U and 
the BrU radical power saturated readily; thus, low micro- 
wave power levels were utilized in the recording of their 
spectra. These spectra are likely due to the uracil-5-yl

CT

radical (radical VII) produced by dehalogenation of the w 
anions of C1U and BrU. Several findings support this con-
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elusion. The low g value is indicative of a a radical.18 The 
13-G splitting observed for this radical is in the range ex­
pected for <r radicals of aromatic systems. For example, 
the phenyl radical has an ortho splitting of 18 G whereas 
the 2-pyridyl radical has an ortho hydrogen splitting of 8
G.19 The fact that BrU and C1U give identical spectra is 
also good evidence for dehalogenation. Finally the im­
proved resolution of the uracilyl radical in NaOD over 
that found in LiCl-DaO is in agreement with the results 
found for 6-methyluracil-5-yl in the two media.

In light of these results we must correct our previous 
work where we reported stable anions for all halouracils in 
8 M  NaOD at -160°.8 In our present work we have shown 
that the BrU x anion is unstable in 8 M  NaOD even at 
77°K; whereas, the FU and C1U x anions are found to be 
stable at 77°K. Since in the previous work samples were 
photobleached with unfiltered light the C1U x anion was 
likely predominantly converted to the uracilyl radical. 
The report by Simpson and Zimbrick that all halouracil 
anions are unstable toward dehalogenation at 77°K in 8 M  
NaOD is also in disagreement with the results of this 
work. These workers do not report photobleaching with 
filtered light. This would explain the lack of observance of 
the C1U x anion. Since the BrU x anion is unstable it 
would also not be observed; however, the FU x anion is 
stable to visible light and should be observed.

An explanation for the difficulty in the identification of 
the radicals observed in 8 M  NaOD in our work and other 
work is that the halouracil x anions and the uracilyl radi­
cal have very similar spectra in the alkaline glass. How­
ever as we have indicated these radicals can be distin­
guished by differences in g value, line shape, and power 
saturation behavior.

Comparison to Other Work and Conclusions. A compari­
son of our results with some recent work is of interest. Pat­
terson and Bansal report in a pulse radiolysis study that the 
stabilities of the halouracil anions are in the order 
FU > CIU »  BrU.4 We find the same order of stabilities in 
the neutral and alkaline glasses. In a conductometric pulse 
radiolysis study Bhatia and Schuler have reported that the 
protonation of CIU anion at pH 5.2 effectively competes 
with dehalogenation, and that this competition is pH depen- 
dent.3b In agreement with these results we find that the CIU 
anion is much more stable in a neutral aqueous glass than in 
an alkaline glass. We attribute this to protonation of the 
anion at an oxygen resulting in a more stable neutral radi­
cal. Bhatia and Schuler did not find evidence for a pro- 
tonated BrU anion even at low pH, whereas our results sug­

gest this species may be stable at low temperature in a 
neutral glass. Patterson and Bansal report that the uracilyl 
radical gave a hydrolysis intermediate.4 This Finding is in 
good agreement with the results found here. However, we 
have been able to identify the hydrolysis intermediate as 
radical VI.

Zimbrick, Ward, and Myers have hypothesized a mech­
anism for radiation sensitization of BrU-DNA.2 They 
suggest that electron attachment to BrU in BrU-DNA re­
sults in the uracilyl radical and that this species subse­
quently abstracts from an adjacent deoxyribose group. 
The final step leads to single strand breakage. This mech­
anism is quite plausible. However, we can suggest that 
the hydration of the uracilyl radical is a possible compet­
ing reaction with the abstraction reaction. This is reason­
able is light of the fact that the uracilyl radical would 
have restricted movement in the DNA structure. The hy­
drated radical if formed could of course also abstract from 
the ribose group; although, this would be less favored en­
ergetically than abstraction by the uracilyl radical.

Acknowledgment. The authors would like to thank Vir­
ginia Brooks for synthesis of 5-bromo-6-methyluracil.

References and Notes
(1 ) This research  w as supported in part by the D ivision of B iom edical 

and E nvironm ental R esearch  of the  U . S. A tom ic  Energy C om m is­
sion.

(2 ) J. E. Z im b rick , J . F. W ard , and L. S. M yers , J r., tnt. J. Radiat. 
Biol., 1 6 , 5 05  (1 9 6 9 );  16 , 5 25  (1 9 6 9 ).

(3 ) (a ) K. M . B ansal, L. K. P atterson, and R. H . S chu ler, J. Phys. Chem., 
7 6 . 2 3 8 6  (1 9 7 2 ):  (b) K. B hatia  and R. H . S chuler, ibid.. 77, 1888  
(1 9 7 3 ).

(4) L. K. Patterson and K. M . B ansal, J. Phys. Chem., 7 6 , 2 3 9 2  (1 9 7 2 ).
(5) P. N e ta , J. Phys. Chem., 7 6 , 2 39 9  (1 9 7 2 ).
(6) J. H ütterm ann  and A. M ü ller, Int. J. Radiat. Biol., 15, 2 97  (1 9 6 9 ).
(7 ) E. G . N ice  and D . R orke , Int. J. Radiat. Biol., 15, 197  (1 9 6 9 ).
(8) M . D . Sevilla  and C. V an  P aem el, Photochem. Photobiol., 15, 407

(1 9 7 2 ).
(9) L. D . Sim pson and J. D . Z im b rick , Radiat. Res., 5 1 ,4 5 9  (1 9 7 2 ).

(1 0 ) T. Sasak i and M . Ando, Bull. Chem. Soc. Jap., 4 1 , 2 2 1 5  (1 9 6 8 ).
(1 1 ) M . D . S evilla , J. Phys. Chem., 7 4 , 6 69  (1 9 7 0 ).
(1 2 ) M . D . Sev illa , C. V an  P aem el, and G. Z o rm an , J. Phys. Chem., 76, 

3 5 7 7  (1 9 7 2 ).
(1 3 ) J. B audet, G . B erth ier, and B. Pullm an , C. R. Acad. Sei.. 2 54 , 762

(1 9 6 2 )  .
(1 4 ) M . D . S evilla , J. Phys. Chem., 7 5 , 6 2 6  (1 9 7 1 ) .
(1 5 ) D u e  to the fa c t that the  nitrogens of the  p aren t com pound a re  de- 

protonated in this a lka lin e  m atrix , this spec ies  is like ly  a  trianion rad ­
ical. To em p h as ize  the fa c t that it is the x -e le c tro n  system  w hich  
has gained the e lectro n  the rad ica l is des ign ated a x -a n  on rad ical.

(1 6 ) L. M . Th eard , F. C. Peterson , and L. S. M yers , J r., J. Amer. Chem. 
Soc., 7 5 , 3 81 5  (1 9 7 1 ).

(1 7 ) A. C arrington and A. D . M cL ach lan , “ In troduction  to M ag n etic  R es­
o n an ce ,"  H arper and Row, N ew  Y o rk , N . Y ., 1967 , p 112.

(1 8 ) R. W . Fessenden and R. H. S chuler, J. Chem. Phys., 39, 2147
(1 9 6 3 )  .

(1 9 ) J . E. B ennett and B. M ile , J. Phys. Chem., 7 5 ,3 4 3 2  (1 9 7 1 ).

The J o u rn a l o f  P h y s ic a l C h e m is try , Vol. 78. No. 7, 1974



700 Doron Kaplan and Gil Navon

E le c t r o n  P a r a m a g n e t i c  R e s o n a n c e  o f  R u t h e n i u m ( l l l )  H a lo p e n t a a m m in e s  in S in g le  

C r y s t a ls

Doron Kaplan and Gil Navon*
Department of Chemistry, Tel-Aviv University, Tel-Aviv, Israel (Received June 25, 1973; Revised Manuscript 
Received January 7, 1974)

The epr of [Ru(NH3)5C1]2+ and [Ru(NH3)5Br]2+ imbedded in single crystals of [Co(NH3)5C1}C12 has 
been investigated. The tetragonal and rhombic splittings and the orbital reduction factors were calculat­
ed from the experimental g  tensors. The corrected orbital reduction factor krK was estimated as 0.81 in 
both complexes. It was found that E(xz,yz) > E(xy), and that the tetragonal splitting is larger when the 
axial ligand is the chloride ion, while the rhombic is the same in both complexes. A discussion of the en­
ergy levels in terms of the ir antibonding interaction is given.

Introduction

The effect of various ligands on the energy levels in 
tetragonal complexes has drawn a considerable interest,1 
and has been formulated in terms of the crystal field and 
molecular orbital theories.2-5 Most of the experimental 
data were taken from optical spectroscopy measurements. 
However, both a and ir interactions contribute to the ob­
served optical transition energies, and the separation of 
these two factors is not straightforward. Electron para­
magnetic resonance parameters, on the other hand, are 
determined by the properties of the ground state almost 
exclusively, and can thus be used for the evaluation of ei­
ther o or 7t interaction in those cases where the unpaired 
electron occupies a f2g or an eg orbital, respectively. Since 
chemical properties are usually ground-state properties, 
epr parameters become very useful for correlations of elec­
tronic structure with chemical behavior.

In the case of low-spin d5 complexes, the unpaired elec­
tron. occupies the t2g orbitals which are split under the 
combined effect of noncubic ligand fields and spin-orbit 
coupling. It is the purpose of the present work to investi­
gate the effect of halide ligands on the energy levels and 
on the covalency in ruthenium(III)-ammine complexes.

Experimental Section

[Ru(NH3)5C1]C12, [Ru(NH3)5Br]Br2, and [Co(NH3)5- 
C1]C12 were prepared as described earlier.6-8 All 
compounds were recrystallized twice from water. Absorp­
tion spectra of the aqueous solutions of the compounds 
were found to be identical with spectra published in the 
literature.9’10

Single crystals for the epr measurements were prepared 
from mixed aqueous solutions of the cobalt and the ru­
thenium complexes. About 20 ml of a saturated 
[Co(NH3)5C1]C12 solution, containing 4-5% of the ruthen­
ium salt, was left in an evaporating dish, at room temper­
ature, under a mild air stream. Crystallization was thus 
effected before the complexes were appreciably hydro­
lyzed. Crystals formed within 48 hr and were about 1 mm 
in length.

Epr spectra were obtained with a Varian V-4502 X-band 
spectrometer. The crystal was mounted on a goniometer 
head, aligned by X-ray oscillation and precession photo­
graphs, and transferred to a quartz rod by means of a 
double-micrometer device. The final crystal orientation in 
the cavity was found to be correct within ± 2° as proved 
by Lauè photographs of the transferred crystals. Cooling

to 77°K was achieved by immersing the crystal in liquid 
nitrogen contained in a “ finger” type dewar, which was 
inserted into the cavity. Lower temperatures were ob­
tained in a special tubular dewar passing through the cav­
ity. The crystal was mounted inside the dewar and cooled 
by a stream of helium gas.

Calibration of the g factors was done using a sample of 
DPPH which was mounted near the crystal.

Experimental Results

The crystal structure of [Co(NH3)5C1]C12 has been de­
termined.11 The crystals are orthorhombic with the Co-Cl 
bond axis in the cation lying in a crystallographic ac 
plane. The unit cell in a ruthenium-doped crystal con­
tains two pairs of magnetically nonequivalent complex 
ions, and hence the epr spectrum of a crystal in an arbi­
trary direction is expected to be composed of two signals. 
The two signals should coincide when the magnetic field 
is parallel to either of the crystallographic planes ab and 
be. The largest magnetic anistropy should be found in the 
be plane. We found that the epr spectra of the crystals 
doped with ruthenium complex ions behave according to 
crystal structure (Figure 1). The measurements of the an­
gular behavior of the epr signals have been performed at 
77°K.

The g tensors were calculated from these measurements 
according to Schonland.12 We define the g tensor princi­
pal axes in terms of the angles 6 and <p, which are the 
polar angles of the z direction of the g tensor in the crys­
tallographic coordinate system. The g tensors and their 
principal axes are given in Table I.13

Our measured values of d and of 48 and 0° respective­
ly should be compared with the values 49 and 0° which 
can be calculated from the crystallographic data of ref 11.

At 77°K the epr line widths of both the chloropentaam- 
mine and the bromopentaammine complexes are of the 
order of 100 G. The resonance lines of the 
[Ru(NH3)5Br]2+ spectra were also quite distorted at this 
temperature. On cooling the crystals below 60°K, a hyper- 
fine structure in the form of four equally spaced, equally 
intense lines per each magnetic site was resolved in the 
[Ru(NH3)5Br]2+ spectrum. We assign this structure to an 
interaction of the unpaired electron spin with the bromine 
nuclear spin ( /  = 3/2). The resonance line width of the 
[Ru(NH3)5C1]2+ ion was narrowed upon cooling, but no 
ligand hyperfine structure was observed even at 7°K.

The resonance line width of both complexes was also
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Figure 1. Epr spectra of [Ru(N H3)5B r]2+ in [Co(N H3) 5CI]Cl2 at
(a) 77, and (b) 16°K Only the lower fie ld signal is shown.

TABLE I: g Tensors and Magnetic Principal Axes 
in Ruthenium Halopentaammines

[ R u ( N H 3) 6C l ] C h  [ R u ( N H 2) 6B r ] B r 2

g x ! 0.987 ±  0.008 1.13 ±  0.01
g „ l 1.513 ±  0.005 1.634 ±  0.008
gz I 2.983 ±  0.003 2.798 ±  0.004

01 0.0 ±  0 .1° 0.0 ±  0 .2°
^1 48.0 ±  0.1° 48.0 ±  0.2°
02 0.0 ±  0 .1° 0.0 ±  0 .2°
<P2 132.0 ±  0.1° 132.0 ±  0.2°

found to depend on the orientation of the crystal in the 
magnetic field. Further investigation of these phenomena 
is planned.

Analysis of the g  Tensors

The theory of low-spin d* complexes has been formulat­
ed by Bleaney and O’Brien14 and by Griffith.15 In princi­
ple, the system is treated as a one-hole t2g configuration. 
The real functions xz, yz, and xy, which are the ir-anti- 
bonding molecular orbitals, are split under the combined 
effect of noncubic ligand fields and the spin-orbit cou­
pling. The diagonal elements of the ligand field perturba­
tion are -1 /2  v, 1/2 v, and A for the xz, yz, and xy orbit­
als, respectively, while the off-diagonal elements are as­
sumed to vanish. On application of the perturbation ham- 
iltonians an energy matrix14-15 is obtained, the eigenvalue 
of which are three Kramers doublets.

We write the ground state in the form14-15
i+> = Ain + b\-d  + cm  
i-> = -A in  + b\i+) + ci-m

where |1> =  - ( 1p/2 )(xz +  iyz), |-1) =  ( l/l /2)(jcz — iyz),

I/} = ixy, and the superscripts plus or minus indicate the 
spin state.

Next, one diagonalizes the usual Zeeman perturbation 
within the ground-state doublet, arriving at a set of equa­
tions

g z =  2A 2 -  2(k +  1 )B2 +  %k -  1)C2 

(1/2 Xgx +  gy) =  -2 (A 2 +  V2kAB) (2)

(1/2X * x  -  g y) =  2(2BC +  V2kAC) 
where k is the orbital reduction factor. This formulation

TABLE I I :  Ground-State Wave Function Parameters, 
Orbital Reduction Factors, and Energy Level 
Splittings in Ruthenium Halopentaammines

[R u ( N H 3) 6C 1 ]C I2 [R u ( N H 3 ) 6B r ] B r 2

A 0.388 0.426
B 0.920 0.903
C 0.056 0.053
k 0.939 0.936
A/X -0 .873 -0 .663
V/\ -0 .158 -0 .158
AEi/\ -1 .306 -1 .340
A E2/\ -1 .977 -1 .837

implies that gx and gy have similar signs.14
A 2 +  B2 +  C2 =  1 (3)

is the normalization condition.
In the above treatment, the interactions of the t2g5 with 

excited configurations were neglected. However, they are 
taken into account later in the corrections of k.

A computer program was written in order to evaluate 
the various parameters appearing in eq 1 and the ligand 
field energy levels. In order to do this, the sign of the g 
factors should be known. We have tried to solve eq 1, sub­
stituting all the possible sign combinations of gx, gy, and 
gz, within the limitation that the signs of gx and gy are 
equal. This procedure yielded only two possible solutions 
for each of the ruthenium halopentaammines. However, 
one solution of the two contained an internal inconsisten­
cy, namely, the expected “ ground” state lying between 
the other two energy levels. In the same solutions, the k 
values were not physically acceptable, being 1.47 for the 
[Ru(NH3)5C1]2+ and 1.63 for the [Ru(NH3)sBr]2+ com­
plex. These solutions were thus discarded. The two ac­
ceptable solutions are presented in Table II. They corre­
spond to negative signs of the three elements of the g ten­
sors in both complexes. We also include in Table II the 
energy differences, AE\ and AE2, between the two excited 
levels and the ground-state Kramers doublet.

It can be seen from Table II that the rhombic potentials 
obtained for both complexes are identical within the ex­
perimental error. This is understandable as the same host 
crystal was used for the epr measurements of both com­
pounds. Since the rhombic potential is small in compari­
son to the tetragonal, a simplified calculation can be 
made by assuming an entirely tetragonal distortion. Set­
ting v = 0, gu = gz, g_i = (1/ 2)(gx + gy), one obtains from 
eq l 16

gu =  —j2[ ( l  +  k) cos2 a — sin2 a ] 

g± =  —2[]/S£ cos a  sin a +  sin2 a]

where

The results for k and for A/X are then respectively 0.935 
and -0.877 for the [Ru(NH3)5C1]2+ ion, and 0.932 and 
-0.670 for the [Ru(NH3)5Br]2+ ion.

A comparison of these values with those appearing in 
Table II shows that the rhombic distortion, although 
largely affecting the g tensor, has practically no effect on 
either k or A.

Discussion

It is interesting to compare the [Ru(NH3)sX]2+ cation, 
where X is a halide ion, to the [Ru(NHs)6]3+ ion. The epr
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TABLE III: An Analysis of the g Tensors Obtained in Ref 17 for [Ru (NH3)6]C13 in [Co(NH3)6CI3]

g l ?y gz k A/X V/\ AEi/X AE j/X

-2 .0 6 - 2.02 -1 .7 2 0 95 0.12 -0 .0 2 - 1.54 -1 .4 6
-1 .8 0 -1 .9 0 -2 .0 6 0 94 -0 .0 8 0.04 - 1.47 -1 .5 3
-1 .1 5 -1 .8 4 -2 .6 6 0 95 -0 .5 1 0.22 - 1.37 -1 .7 5

Figure 2. Angular dependence of g 2 in the ac plane for 
[R u (N H 3) 5C I]2+ in [Co (NH3)5CI]CI2 at 77°K.

spectrum of [Ru(NH3)6]Cl3 in single crystals of 
[Co(NH3)6]C13 has been investigated by Griffiths, Owen, 
and Ward.17 These authors observed three different g ten­
sors, which were assigned to different crystal field envi­
ronments. We made use of their results, feeding the ex­
perimental g values in our programs, and using all the 
possible sign combinations as before. The resulting pa­
rameters are given in Table HI.

One should note that k is not greatly changed upon going 
from the hexaammineruthenium complex to the halcpenta- 
ammineruthenium complexes. We should recall that any 
possible anisotropy ir. k has been ignored in our calculation. 
The lack of dependence of k on the nature of the axial 
ligand (i.e., when this ligand is NH3, Cl- , or Br~) indicates 
that k may indeed be isotropic in this case.

Thomley18 has shown that the factor k is not a pure ir 
orbital reduction factor when the t2g5 configuration in the 
ground state is mixed with low-lying i2g5~'!egn excited 
states. In that case, k is a combination of two factors, 
kGTlr and karr. This point has been further discussed by 
Griffith19 who considered also the interaction between the 
two terms 2T2g' and 2T2g"  of the i2g4eg configuration. To 
first order, only these two terms are mixed with the 2T2g 
of t2g5 under the electrostatic interaction. Interactions due 
to spin-orbit coupling were found to be small18 and were 
neglected. The energy levels of the mixed 2T2g and 2T2g”  
are

Ex =  10Dq +  (7  +  1/34)B -  C
r— (4)

E2 = 10Dq +  (7 -  l/34)B -  C

B and C are the Racah parameters. Then19

k =  K r +  korB(13.2Ei~l -  1 . 2 ( 5 )  

For simplicity, one may assume kalr = k*w, while 1C Dq, B,

and C are usually known from the d-d transitions in the 
optical specturm of the complex. However, the absorption 
spectra of ruthenium-ammine complexes are dominated 
by charge transfer bands10 which render the evaluation of 
energy parameters very difficult. Only for [Ru(NH3)e]3+ 
approximate values of 10Dq and B could be estimated 
from the spectrum (assuming C = 4B, G. Navon, unpub­
lished results). These values are 3.4 X 104 and 580 cm -1, 
respectively. We then find from eq 4 and 5 k T W  = 0.81 for 
the ruthenium-hexammine complex.

It has been reported5 that in the acidopentaammines of 
cobalt and chromium, the Racah parameter C is unaffect­
ed by the nature of the acido ligand. If we assume that 
this is also true for the acidopentaammines of ruthenium, 
then = 0.81 also for chloro- and bromopentaammine- 
ruthenium. This value may be compared with the results 
obtained for other d5 metal complexes. For example, the 
corrected kTT is in the range of 0.72-0.87 for various cova­
lent iron(III) complexes, such as, [Fe(CN)6]3~, Fe(S2- 
COC2H5]3, and [Fe(phen)3]3+ 20 and 0.72 in [IrCle]2“ -18 
Thus the covalency of ruthenium(IH)-ammine complexes 
is comparable to that of strongly covalent complexes of 
iron(III) and smaller than that of hexachloroiridium(IV). 
Uncorrected orbital reduction factors in several ruthenium 
complexes have been reported by Hudson and Kennedy.21 
Most of their values are close to 1.00 but correcting those 
k  values according to the above procedure should lead to 
lower results as well.

The magnetic susceptibilities of ruthenium-ammine 
complexes have been measured and the results were used 
for the evaluation of ft.22 The values of k ,  found by this 
method, were 0.95 and 1.00 (±0.05) ir. [Ru(NH3)5Cl]Cl2 
and [Ru(NH3)6]C13, respectively. These values are in 
agreement with our (uncorrected) value of 0.94-0.95 and 
correspond to a practically ionic metal-ligand bond. Tak­
ing account of the contribution of excited states leads, 
however, to values which are more acceptable from a 
chemical point of view.

The orbital reduction factor is related to the covalency 
parameter used in the molecular orbital formulation. The 
7r molecular orbital in the complex may be written as

Ii2g> =  N„(dt2g -  Xxx)
Here Xx is the covalency parameter and x is the appropri­
ate linear combination of the ammonia ir orbitals. It can 
be shown that16-23

1 - Ì A W  (6)

Neglecting the overlap integral, we have

Nr2 =  ( 1 +  X, 2) -1 (7)
and substituting our value of k I T ,  we obtain X» = 0.78. 
This value is significantly higher than the value of Xx = 
0.28, calculated from nmr paramagnetic shifts of the ani­
mine proton of the [Ru(NH3)6]3+.24 Also it may be point­
ed out that using eq 6 and 7, a “ perfect”  covalency with 
Xx = 1 gives krr = 0.75, while a value of fexx = 0.72 has 
been calculated for both IrCl62 - 18 and [Fe(CN)6]3 - .20
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Figure 3. One-electron energy level scheme, drawn to scale for 
the [Ru (NH3)5CI]2+ ion: left, sp in -o rb it coupling only; right, 
tetragonal and rhom bic splittings only; midd e, actual energy 
levels.

An uncorrected k value of 0.74 for [Mn(CN)e]4_ has been 
reported.14 This indicates that the evaluation of the co­
valency parameter K  from the orbital reduction factor is 
unsatisfactory and should be further elaborated. We note 
here that the incorporation of ligand-ligand overlap inte­
grals in the relation between kTlr and XT25 does lead to a 
reduced value of XT. The correction obtained, however, 
seems to be insignificant.

We next discuss the energy level splitting. In Table II 
the values of A/X found for the ruthenium-halopentam- 
mine complexes are listed. In order to calculate the abso­
lute magnitude of A in each complex, the spin-orbit cou­
pling constant in that complex should be known. The 
spin-orbit coupling constant in the Ru3+ free ion has been 
reported to be -1180 cm -1,26 and we should expect the 
same parameter in the complex to be smaller. We assume 
that X in [Ru(NH3)6]3+ and in [Ru(NH3)5X]2+ (X = 
Cl~,Br~) ions is about -1000 cm -1 . In that case, the 
tetragonal splitting would be -870 and -660 cm -1, re­
spectively.

Earlier in this paper A was defined as

A =  E(xy) -  r^Eixz) +  E (yz)]

so that A is positive when the xz, yz doublet lies lower 
than xy in the energy scale. By working in the one-hole 
scheme, we obtained negative values of A/X. Coming back 
to the complementary d5 configuration, the signs of the 
tetragonal splitting and of the spin-orbit coupling con­
stants are simultaneously reversed, so that the sign of 
their ratio remains unchanged. Since the one-electron 
spin-orbit coupling constant is always positive, a negative 
value of A/X means that the xz, yz orbitals are higher in 
energy relative to the xy orbital (see Figure 3). Since the 
halide ion wave functions are admixed in the xz, yz mo­
lecular orbitals, it is clear that the halide ligand has a de­
stabilizing effect on these orbitals. This conclusion can be 
rationalized in terms of the ligand contribution to the ir 
antibonding character of the molecular orbitals. Consid­
ering the ammonia molecule, the ir orbitals ex and ey are 
combinations of the nitrogen 2px, 2py and the hydrogen Is 
atomic orbitals. The ex, ey orbitals are not as available for 
ir bonding as are the lone pair orbitals of the halide ion, 
for two reasons: (1) the overlap of the e orbitals with the 
metal ion d orbitals is relatively small, and (2) the ioniza­
tion potential of the e orbital is expected to be greater 
than that of the halide p orbital, making the latter closer 
in energy to the metal d orbital. Hence the ir interaction

with the halide ion is stronger than that with ammonia, 
and the xz and yz molecular orbitals become less stable 
than the xy orbital.

The magnitude of the tetragonal splitting was found 
here to depend on the halide ligand, the order being 
|A(C1~)| > | A(Br~)|. Upon going from Cl-  to Br~, the 
polarizability of the ligand ir orbitals increases while, on 
the other hand, the distance between the centers of the 
metal ion and the ligand also increases. These two phe­
nomena are expected to have opposing effects on the ex­
tent of the ir bonding. In addition, the distance increase 
may result in a reduced electrostatic repulsion between 
the ligand and the metal d orbitals. Apparently the resul­
tant of these effects is a slight overall reduction of the 
tetragonal splitting in the [Ru(NH3)5Br“ ]2+ complex.

It has been pointed out by Taube27 that the rates of re­
duction of [Ru(NH3)sX]2+ ions by Cr2+ can be arranged 
in the order fec l_ > &Br_ > fcj_. This is the opposite of 
the order known for the reduction rates of the correspond­
ing cobalt(III) and chromium(III) complexes. This effect 
may have some relation on the order of the tetragonal 
splittings obtained in the present work. Since a larger 
tetragonal splitting is indicative of a stronger ir interac­
tion, the chloride ligand in the chloropentaammineru- 
thenium complex may be expected to conduct electrons 
more easily.
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I n fr a r e d  S p e c t r a  o f  n -B u t y la m in e  A d s o r b e d  o n  S i l i c a -A lu m in a
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Infrared spectra of n-butylamine adsorbed on silica-alumina were measured to investigate the character 
and properties of the acid sites on the surface. The silica-alumina samples were prepared by mixing sili­
ca and alumina, both of which were ion-free samples produced by the hydrolysis of each metal alcohó­
late. The results show that pure silica outgassed at 500° has no acid sites on the surface, while 100° treat­
ed silica in air has very weak protonic acid sites which react with n-butylamine but are inert toward pyr­
idine. The outgassed pure alumina surface has aprotonic acid sites, which are able to change to protonic 
acid sites by adsorbing water molecules. On silica-alumina, strong protonic type of acid sites appear that 
are not found on the individual oxides; the strength of the acid sites increases with decreasing content of 
alumina in silica-alumina.

Introduction
The properties of acid sites on solid surfaces have been 

studied by means of such techniques as titration of the 
acid sites with basic molecules in the presence of Ham­
mett indicators,1,2 infrared spectroscopy of the molecules 
adsorbed on the surfaces,3-4 and vapor-phase adsorption of 
molecules such as ammonia.5-8 Of these techniques, in­
frared spectroscopy of adsorbed molecules can distinguish 
two types of acid sites on the surface, i.e., Lewis and 
Bronsted acid types. For this purpose, ammonia (pKb = 
4.75) or pyridine {pKb = 8.75) has been frequently used as 
an adsorbate,9-14 while the application of n-butylamine 
(pKb = 3.38) to the same purpose has only been described 
by Fripiat, et al. 15 On the contrary, the latter has been 
often employed for the titration method.16-18 Since n-bu­
tylamine is a stronger base than the other two, it will 
react with weaker acid sites than pyridine. The authors 
have measured infrared spectra of n-butylamine adsorbed 
on silica-alumina in order to examine the applicability of 
the adsorbate to the determination of the acid type on a 
surface. The present paper includes results that demon­
strate the usefulness of n-butylamine for this purpose, and 
that the strength of the protonic acid sites measured by 
this method on silica-alumina varies with alumina con­
tent.

Experimental Section
M aterials. The silica-alumina samples used are the 

same as reported previously.19 Ethylsilicate of reagent 
grade was purified by redistillation (bp 164-165°) and 
then hydrolyzed at 100° in a large amount (20 times) of 
water to form silica gel (S). Alumina (A) was also pre­
pared by the hydrolysis of aluminum isopropoxide, the 
latter being synthesized from pure metallic aluminum and
2-propanol. For the hydrolysis, 100 g of aluminum isopro­
poxide was stirred in a mixed solution containing 180 ml 
of 2-propanol and 60 ml of water at room temperature. 
Each precipitate was washed sufficiently with distilled 
water, dried at 100°, and then calcined at 500° for 10 hr. A 
definite amount of each precipitate was mixed in aqueous 
gel state, and then subjected to the same treatments as in 
the case of the individual oxides. Thus, four kinds of sil­
ica-alumina were prepared, differing in composition, i.e., 
of 13, 25, 50, and 75 wt % of alumina (SA-13, SA-25, SA-

50, and SA-75). X-Ray analysis showed the crystal form of 
alumina to be i) form, but that of silica amorphous.

The surface area of these solid samples, determined by 
applying the BET theory to the nitrogen adsorption data 
obtained at —196°, was found to be 628, 201, 573, 472, 408, 
and 397 m2/g  for S, A, SA-13, SA-25, SA-50, and SA-75, 
respectively.

The adsorbates, n-butylamine (bp 76-78°) and pyridine 
(bp 116°), were purified by redistillation from reagent 
grade material in the presence of sodium hydroxide

Cell. The cell used for infrared absorption spectroscopy 
was an in-situ cell substantially similar to that used by 
Peri and Hannan.20 Rock salt plates were fitted to the cell 
windows using silicon grease. The sample disk could be 
heated after moving to a position in an electric oven by 
the use of a magnet from the outside. The extent of vacu­
um attainable in the cell was 1 x 10-  4 Torr. The spec­
trometer used was of the type IR-G manufactured by Nip­
pon Bunko Co.

M ea su rem en t o f Infrared A bsorp tion  S p ectru m . About 
15-30 mg of a powdered sample was pressed under a pres­
sure of 2 ton/cm2 to produce a disk of 2 cm in diameter. 
The disk mounted in the cell was outgassed at 500° for 4 
hr, exposed to n-butylamine vapor of 40 Torr for 24 hr at 
room temperature, pumped off for 4 hr at room tempera­
ture, and then subjected to the measurements of infrared 
absorption spectrum in the ranges of wave number 1300- 
1800 and 2500-4000 cm-1 . After that, the spectroscopic 
measurements and outgassing at elevated temperatures 
were repeated successively.

Results and Discussion
Infrared S pectra o f n -B u tylam in e. Infrared absorption 

spectra of n-butylamine were illustrated in Figure 1. Here, 
n-butylamine was used in three states, i.e., (a) in pure 
liquid, (b) in chloroform solution, and (c) in the form of 
n-butylamine hydrochloride dispersed in Nujol. The as­
signment of the infrared absorption bands of n-butyla- 
mine has been carried out by several authors.15-21

As is shown in Figure la, liquid n-butylamine exhibits 
the absorption band at 1605 cm -1, which can be assigned 
to the NH2 bending vibration,21 while in chloroform solu­
tion the band shifts to 1580 cm -1 (Figure lb). This shift 
will possibly depend on the strength of hydrogen bond.
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Figure 1. Infrared spectra of n-butylam ine: (a) pure liquid; (b) 
in ch loroform  solution; (c) n-butylam  ne hydrochloride dispersed 
in Nujol. The dotted line represents the spectrum  of Nujol.

The bands observed at 1460 and 1380 cm-1 clearly come 
from the CH2 bending vibration, as can be seen also in 
the spectrum of Nujol itself.

In the spectrum of n-butylamine hydrochloride two 
bands are observed at 1610 and 1515 cm-1, both of which 
are absent in the spectrum of liquid n-butylamine (Figure 
lc). Silverstein and Bassler21 cite that the NH3+ groups 
exhibit the symmetrical and asymmetrical bending vibra­
tion bands in the regions of 1550-1504 and 1600-1575 
cm -1, respectively. Undoubtedly, the bands observed on 
the spectrum of n-butylamine hydrochloride agree with 
these two bands. Of the two, the band due to asymmetri­
cal NH3+ bending vibration appears in the same region as 
that of the NH2 bending vibraticn, and consequently this 
band is not applicable to ascertain whether the NH3+ 
species are present or not on the surface. On the contrary, 
the band at 1550-1504 cm -1 due to symmetrical NH3+ 
bending vibration seems to be of great advantage to the 
same purpose, because it is in the region independent 
from the NH2 bending vibration.

Adsorption of n-Butylamine on Silica Gel. The infrared 
spectra of n-butylamine adsorbed on silica are recorded in 
Figure 2. After the adsorption of n-butylamine on the sili­
ca sample pretreated at 500°, the band at 1595 cm -1 ap­
pears strongly, the intensity of which decreases markedly 
with pumping off at elevated temperatures and extin­
guishes after pumping off at 300°. That the spectra exhib­
it no band at 1550-1504 cm -1 manifests the absence of 
the Bronsted acid sites on 500° treated silica. These re­
sults suggest that adsorbed n-butylamine molecules are 
mostly bonded on the surface through hydrogen bonding. 
The spectra of pyridine adsorbed on silica pretreated at 
500° show the ring stretching vibration bands at 1590 and

Figure 2. Infrared spectra of n-butylam ine adsorbed on silica 
gel: (a) background spectrum  obtained after pretreatm ent at 
500°; after n-butylam ine adsorption, spectra were recorded after 
pumping off at (b) room tem perature; (c) 100°; (d) 200°; (e) 
300°. On 100° treated silica, spectra were recorded as follows: 
(f) background; after im mersion in n-butylam ine, dried at 100° 
for (g) 10 min; (h) several hours.

1440 cm -1 in accordance with the results reported by 
Parry,11 and they disappear almost completely after 
pumping off at 100° for 4 hr, as illustrated in Figure 3.22 
Pyridine can thus be desorbed more easily from the silica 
surface than n-butylamine. Van Cauwelaert, et al. , 23 have 
recently reported that the band at 3750 cm -1 due to 
stretching vibration of free hydroxyl groups on silica sur­
faces shifts to 2890 cm-1 by the adsorption of n-butyla­
mine through hydrogen bonding. The absorption in this 
range, however, overlaps with that of CH stretching vibra­
tion, which makes difficult the identification of the for­
mation of hydrogen bonding between n-butylamine and 
hydroxyl groups.

A preliminary test indicated that dimethylaminoazo- 
benzene adsorbed on the silica surface from a benzene so­
lution could assume acidic color (red), which proves that 
the silica surface has very weak acid sites. Another test 
was carried out by using the silica sample pretreated at 
100° for 24 hr in air; it was immersed in liquid n-butyla­
mine, dried at 100° for several hours in air, and then ap­
plied to the measurement of the infrared spectra (Figure 
2f-h). The results showed that, after immersing in liquid 
n-butylamine, the intensity of the H2O deformation band 
near 1630 cm -1 diminishes slightly, and at the same time 
new bands appear at 1600, 1545, 1468, and 1385 cm -1; the 
former two may be assigned to the NH3+ bending vibra­
tion and the latter two to CH bending. This suggests that 
part of water physisorbed on the 100° treated silica are 
displaced by n-butylamine. In addition, Figure 2h shows
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Figure 4. Infrared spec:ra of n-butylam ine adsorbed on aum ina : 
(a) background spectrum  obtained after pretreatm ent at 500°; 
a fter n-butylam ine adsorption, spectra were recorded after 
pumping off at (b) room tem perature; (c) 100°; (d) 200°; (e) 
300°; (f) 400°; (g) 500°. On 100° treated alum ina, spectra were 
recorded as fo llows: (h i background; after im mersion in n-butyl­
amine, dried at 100° for (i) 10 min; (j) several hours.

that evacuation of this sample at 100° for 4 hr leads to al­
most complete desorption of adsorbed n-butylamine, but 
it leaves the undisplaced water as it stands. This result, 
together with the coloration of dimethylaminoazobenzene, 
indicates the presence of very weak protonic sites an the 
silica surface, as do the results obtained by Fripiat, et  
a l.,24 from infrared spectroscopic studies, that NH4+ 
species are formed by the adsorption of NH3 on 120 and 
200° treated silica gels.

Here, one may suspect the possibility of NH3 + forma­
tion by the reaction of n-butylamine with water, bscause 
an appreciable amount of physisorbed water can be ex­
pected to be present on the 100° treated silica surface. A 
spectroscopic test carried out on the mixture of liquid 
water and n-butylamine, however, demonstrated tie  ab­
sence of the NH3+ species. We can thus conclude that 
weak acid sites detected by the n-butylamine adscrption 
on the 100° treated silica originate from the reaction of n- 
butylamine with the surface, and not with physisorbed 
water. On the other hand, the same experiment carried 
out on 100° treated silica using pyridine as an adsorbate 
did not show a band at 1540 cm -1 indicating the presence 
of pyridinium ions11 (Figure 3).22 These findings give evi­
dence that protonic acid sites on silica surface are so weak 
that they are insensitive to pyridine but sensitive to n- 
butylamine.

A dsorption  of n -B u tylam in e on A lum ina. Infrared spec­
tra of n-butylamine adsorbed on alumina pretreated at 
500° in vacuo are represented in Figure 4. These spectra 
have no band near 1540 cm-1 , which manifests the ab­

sence of protonic acid sites. On the contrary, the strong 
band of the NH2 bending vibration appears near 1600 
cm -1, which shifts gradually from 1595 to 1565 cm -1 
when the sample disk is heated at elevated temperatures. 
Furthermore, it is to be noted that this band remains even 
after treating the disk at 500° in vacuo (Figure 4g). For 
comparison, adsorption of pyridine was carried out on the 
same alumina sample. In accordance with the result ob­
tained by Parry,11 the spectra exhibit a strong band at 
1450 cm -1 showing evidence of aprotonic acid sites, and 
the band remains after pumping off the sample at 500° 
(Figure 5).22 If n-butylamine molecules are adsorbed on 
Lewis acid sites, the NH2 bending vibration should still 
remain. By comparing the desorbabilities of two kinds of 
basic molecules adsorbed on alumina, it may reasonably 
be considered that the band at 1595-1565 cm-1 is attrib­
uted to n-butylamine strongly adsorbed on aprotonic acid 
sites of alumina. The n-butylamine adsorption was carried 
out also on the alumina sample pretreated at 100° in air, 
on which a considerably large amount of water would re­
main possibly physisorbed. The spectra obtained have two 
sharp bands at 1540 and 1580 cm -1 (Figure 4i); the for­
mer demonstrates the existence of the Bronsted acid sites, 
while the latter corresponds to the NH2 bending vibra­
tion. This indicates that part of the Lewis acid sites would 
be converted to the Bronsted acid sites through reaction 
with water, as described by Parry.11 It may therefore be 
concluded that the band at 1595-1565 cm -1 originated 
from the NH2 bending vibration of n-butylamine adsorbed 
on the Lewis acid sites on alumina. Additionally, it has 
been reported that the protonic acid sites on the alumina 
surface are so weak that they can protonate ammonia11 
but not pyridine.11,25'26 A consistent result has been ob­
tained by the present investigation; the protonic acid sites 
on the 100° treated alumina can react with n-butylamine 
to produce the NH3+ species (Figure 4h—j), but not with 
pyridine (Figure 5).22

A d sorption  o f n -B u tyla m in e on Silica-A lu m in a . The 
adsorption of n-butylamine was carried out on four kinds 
of silica-alumina pretreated at 500° in vacuo. The data 
presented in Figures 6 and 7 refer to the samples of SA-13 
and SA-50. The spectra of n-butylamine adsorbed on 
SA-13 have the band at 1520-1503 cm -1 composed of 
more than two constituents, which is considered to come 
from the symmetrical NH3+ bending vibration as stated 
above. By pumping off the sample disk at elevated tem­
peratures, the intensity of this band decreases and at the 
same time the frequencies of the band shift to lower wave 
number in the sense that constituents of higher frequen­
cies in the band diminish more rapidly than those of lower 
frequencies. Similar tendencies are observed on every 
sample of silica-alumina, e.g ., as shown in SA-50 in Fig­
ure 7. These findings indicate that there are more than 
two kinds of NH3+ species adsorbed on silica-alumina 
surfaces differing in acid site strength, and that n-butyla­
mine adsorbed on the stronger sites persists up to higher 
temperatures. Furthermore, it should be pointed out that 
this band moves gradually to lower wave number with de­
creasing content of alumina in silica-alumina.

In Table I, the frequency of the most intensive absorp­
tion in the range of the symmetrical NH3+ bending vibra­
tion is listed as a function of pumping-off temperature 
and alumina content. It can be seen clearly from Table I 
that the frequency shifts to lower wave number with in­
creasing temperature of pumping off as well as with de­
creasing amount of alumina in silica-alumina. Admitted-
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Figure 6. Infrared spectra of n-butylam ine adsorbed on s ilica - 
alum ina (SA-13): (a) background spectrum  obtained after pre­
treatm ent at 500°; a fter n-butylam ine adsorption, spectra were 
recorded after pumping off at (b) room temperature; (c) 100°; 
(d) 200°; (e) 300°; ( fi 400°; (g) 500°.

TABLE I: F requency Sh ift o f  Sym m etrical NH3+
Bending V ibration  (cm -1)

S a m p le

P u m p in g - o f f  te m p e ra tu r e

R o o m
te m p 1 0 0 ° 2 0 0 ° 3 0 0 °

SA-13 1520 1514 1512 1503
SA-25 1520 1515 1514 1510
SA-50 1540 1530 1515 1510
SA-75 1540 1540 1522 1520

ly, it may be considered that n-butylamine adsorbed on 
weaker acid sites is desorbable more easily than that on 
stronger acid sites. These discussions will lead to an im­
portant conclusion that the strength of the protonic acid 
sites decreases with increasing amount of alumina in sil­
ica-alumina.

Furthermore, the background band in the vicinity of 
1620 cm -1 in Figures 6 and 7 seems to be due to the S i-0  
overtone for the following reasons. The absence of molecu­
lar water on the 500° treated silica-alumina samples will 
not permit the appearance of the H2O bending vibration 
near 1600 cm -1. As described above, on adsorption of n- 
butylair.ine, the absorption band appears in the same re­
gion either by the bending vibration of NH2 species ad­
sorbed on the Lewis acid sites or of NH3+ species formed 
by adsorption on the Bronsted acid sites. Also, Figures 6 
and 7 indicate that the absorption band in this region 
shifts to lower wave numbers by pumping off the samples 
with adsorbed n-butylamine at increasingly elevated tem­
peratures; the larger the alumina content, the greater the 
shift. On the other hand, the adsorption experiment of

707

Figure 7. Infrared spectra of n-butylam ine adsorbed on s ilica - 
alum ina (SA-50): (a) background spectrum  obtainec after pre­
treatm ent at 500°; after n-butylam ine adsorption, spectra were 
recorded after pumping off at (b) room tem perature; (c) 100°; 
(d) 200°; (e) 300°; (f) 400°; (g) 500°.

pyridine on the 500° treated silica-alumina samples testi­
fies to the presence of the Bronsted as well as the Lewis 
acid sites (Figures 8 and 9).22 It is also evident that the 
pyridine adsorbed on the Bronsted acid sites can be re­
moved by pumping off at 100- 200°, whereas that on the 
Lewis acid sites remains even after treatment at 500°. 
Thus, it is suggested that the shift of the background ab­
sorption stated above is due to the change in perturbation 
of S i-0  vibration which is caused by the strong adsorption 
of n-butylamine on the Lewis acid sites probably located 
about aluminum atoms in Si-O-Al bondings.

The possibility of dissociative adsorption of n-butyla­
mine should be considered on these samples. If it occurs, 
the surface hydroxyl groups and the secondary amine ad­
sorbed on the surfaces should be produced. Silverstein 
and Bassler21 and Bellamy27 report that the absorption 
band due to the bending vibration of the secondary amine 
appears in the range 1650-1550 cm -1 which approximates 
to the absorption due to the bending vibration of the pri­
mary amine, and that the former is very weak compared 
to the latter. Thus, the absorption of the secondary amine 
is possibly hidden in that of the primary amine if the both 
are present. The actual data demonstrate a fairly strong 
absorption in this region (Figures 6 and 7), which gives 
evidence of the primary amine but makes the presence of 
the secondary amine obscure. On the other hand, the 
band due to the OH stretching vibration near 3600-3700 
cm-1 shifts slightly to lower wave number by the adsorp­
tion of n-butylamine, and it recovers completely by 
pumping off at 500°; this seems to verify a small possibili­
ty of dissociative adsorption of n-butylamine.

The J o u rn a l o f  P h y s ic a l C h e m is try , Voi. 78, No. 7, 1974



708 A. T. Lemley and J. J. Lagowski

The existence of protonic acid sites on silica-alumina 
has been reported by many authors9-14 using ammonia 
and pyridine, but they did not examine the variation of 
the strength of the acid sites with the content of alumina 
in silica-alumina. In the previous paper,19 it has been 
suggested that on silica-alumina there appear a new type 
of physisorption sites for water molecules which are ab­
sent on the surfaces of individual oxides. According to the 
mechanism postulated on the formation of the new sites, 
the sites should have the character of protonic acid. An 
analogous assumption has been made by Léonard, et al. , 28 
on the origin of the Brônsted acid sites on silica-alumina; 
such structural defects as aluminum atoms substituting 
silicon in tetrahedral coordination are responsible for it. 
The present investigation on the infrared spectra of ad­
sorbed n-butylamine seems to support these postulations.

Supplementary Material Available. Figures 3, 5, 8, and 
9, showing the ir spectra of pyridine adsorbed on S, A, 
SA-13, and SA-50, respectively, will appear following 
these pages in the microfilm edition of this volume of the 
journal. Photocopies of the supplementary material from 
this paper only or microfiche (105 x 148 mm, 24x reduc­
tion, negatives) containing all of the supplementary mate­
rial for the papers in this issue may be obtained from the 
Journals Department, American Chemical Society, 1155 
16th St., N.W., Washington, D. C. 20036. Remit check or 
money order for $3.00 for photocopy or $2.00 for micro­
fiche, referring to code number JPC-74-704.
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L iq u id  A m m o n ia  S o lu t io n s .  X II . A  R a m a n  S tu d y  o f  N it r a te s  a n d  T h io c y a n a t e s

A. T. Lemley and J. J. Lagowski*

Department of Chemistry. University of Texas at Austin. Austin. Texas 78712 (Received August 6, 1973)

The results of a Raman spectrophotometric investigation of liquid ammonia solutions of NaNC>3, 
NaSCN, NH4NO3, NH4SCN, LiNC>3, and LiSCN suggest that the anions dominate interaction with the 
solvent in the sodium and ammonium salts, while the cation competes with the anion for solvent interac­
tion in the case of the lithium salts. The vibrational spectra of the nitrate and thiocyanate ions imply 
that the former exhibits a weak interaction with the solvent while strong interactions occur through the 
sulfur end of the SCN -  ion.

Introduction

The results of recent vibrational studies1’2 from this 
laboratory have dealt with the structure of ammonia in 
the liquid state. A model was proposed for the pure liquid 
based on its Ramar. spectrum, particularly in the 3300- 
cm -1 region, which contains the N-H stretching funda­
mentals. The preseni work continues these studies, on liq­
uid ammonia solutions of soluble salts, using Raman spec­
troscopy.

The nitrate ion exhibits a Raman spectrum which, in 
solution, is sensitive to its environment. It has been used 
as a probe in aqueous solutions to characterize anion-

water and anion-cation interactions.3-5 Since only one 
ammonia fundamental mode is obscured by the Raman 
spectrum of NO3- , solutions of nitrate salts in ammonia 
are amenable for study. The thiocyanate ion also exhibits 
a Raman spectrum and none of its fundamental modes in­
terfere with those of ammonia. The spectrum of SCN-  is 
sensitive to interactions through either the sulfur or nitro­
gen end of the ion.®

Sodium, ammonium, and lithium nitrates and thiocy­
anates were chosen for this study of their high solubilities 
in liquid ammonia. The purpose of the present Raman 
study is to elucidate anion-solvent and anion-cation in­
teractions in liquid ammonia solutions of these salts.
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Experimental Section
All solutions were prepared using reagent grade chemi­

cals; NH4NO3 was recrystallized from methanol and 
NH4SCN was recrystallized from absolute ethanol to dry 
the commercial salt. Sodium nitrate was obtained as the 
anhydrous salt and was dried at 110° before use; NaSCN, 
LiNC>3, and LiSCN were each recrystallized from NH3 
several times; the solid was then subjected to high vacu­
um for 12-24 hr. Samples of the anhydrous salts were 
placed in the Raman cell in an inert atmosphere. The am­
monia used to prepare the solutions was distilled from, 
and stored over, sodium. Just before use it was condensed 
onto sodium again and then distilled into the sample cell. 
The Raman cell has been described previously.2

Raman spectra were measured with a Cary 82 Raman 
spectrophotometer. The exciting source was the 5145-A 
line of a Coherent Radiation Laboratories Model 53A 
argon-ion laser. Computer resolution of experimental en­
velopes was accomplished by a non-linear least-squares fit 
of symmetric bands, a technique described completely 
elsewhere.2

Results
Raman spectra of solutions of NaN03, NaSCN, 

NH4NO3, NH4SCN, LiNC>3, and LiSCN in liquid ammo­
nia were measured under pressure at 25°. The concentra­
tions of the solutions varied in general from an NH3/salt 
molar ratio of 6/1 to ca. 40/1. Some salts (LiN03, 
NH4NO3, and NH4SCN) form stable solutions, i.e., vapor 
pressure less than 1 atm at ambient temperature, at 
molar ratios of 3/1 or less and their spectra were also re­
corded. The N-H stretching regions of all spectra were re­
solved by means of computer methods into four bands. 
The positions of these bands, and of the other ammonia 
fundamentals are reported in Table I for a representative 
concentration of each salt solution, i.e., ca. 6/1 molar 
ratio. The uncertainties in the positions of these bands are 
the rigorous statistical uncertainties which come out of 
the non-linear least-squares method of resolution. Uncer­
tainties in half-width and intensity are greater than those 
in position. The uncertainties reflect the best fit within a 
cluster of fits and for the frequency positions these are 
within experimental error. The symmetric bending mode, 
V2, of NH3 is not reported for nitrate solutions because it 
is obscured by the very strong symmetric stretching 
mode of the nitrate ion. A new band grew in at 1120 cm -1 
in each spectrum of the sodium and ammonium thiocy­
anate solutions, becoming more intense as the concentra­
tion increased. In the spectrum of an 8.6/1 NH4SCN solu­
tion this new band was as intense as the band at 1060 
cm -1. The two bands also showed similar intensities at 
approximately the same concentration of a NaSCN solu­
tion. The band labeled v' has been shown to be sensitive 
to the hydrogen bonding interaction of one hydrogen atom 
of an NH3 molecule.2 For a given cation, e.g., Na+, the 
position of this band changed with salt concentration. 
Figure 1 shows how the frequency of the »' band shifted in 
solutions of NaN03 and NaSCN. As the solutions became 
dilute, the band position approached the frequency of this 
band in the pure solvent. Similar results were not seen in 
spectra of the lithium or the ammonium salt solutions. 
The profile of the N-H stretching region changed with 
concentration in a regular way regardless of the nature of 
the salt. The 2v4 band became sharper and more intense 
relative to the band on dilution, while the 1/3 band be­
came broader and less intense.

Figure 1. Change in position of v '  from  3271 c m -1  (pure NH3) 
in N aN 03 and NaSCN solutions vs. concentration: ( • )  N aN 03; 
(O ) NaSCN. Lines drawn are least-squares fit to the data.

696 712 728 696 712 728

cm' 1 cm"1

Figure 2. Computer resolutions of v 4 in-plane bend ng mode of 
N 0 3-  in N aN 03 solutions: NH3/ N 0 3-  (a) 5 .8 /1 , (b) 9 .3 /1 , (c) 
18 /1 , (d) 38 /1 .

Bands in the Raman spectra characteristic of the ni­
trate ions have also been studied. Positions of the nitrate 
ion fundamentals for the NaN03, NH4NO3, and LiN03 
solutions are reported in Table II. The frequencies given 
are the maxima of resolved bands in the case of the v3 and 
v4 modes. Band positions of the nitrate ion fundamentals 
were constant over the concentration range for all modes 
except the V3 asymmetric stretching mode in the LiN03 
solutions. The two bands in this region were separated by 
59 cm -1 in the 3/1 LiN03 solution and the separation de­
creased to 33 cm -1 in the 16/1 LiN03 solution. The inter­
mediate solutions had intermediate separations.

Changes occurred in the relative intensities of the two 
bands in the v4 in-plane bending region of the NaN03 and 
LiN03 spectra. Computer resolutions of this envelope for 
the NaN03 solutions are pictured in Figure 2. The profile 
of the asymmetric stretching region of the nitrate ion is 
shown for these same NaN03 solutions in Figure 3. Figure 
4 shows the 1/4 envelope in several LiN03 solutions. The 
band assigned to the symmetric stretching mode of the 
nitrate ion in the 3/1 LiN03 solution is pictured in Figure 
5. The asymmetry observed in this band was also observed 
(although to a lesser extent) in the spectrum of the 6/1 
LiN03 solution.

The thiocyanate ion has three fundamental modes. 
Only two, which are ascribed to the C-N and C-S stretch­
ing modes, were observed in the Raman spectra of the 
thiocyanate solutions. The third mode, which is a bending
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TABLE I: Raman Frequencies“ and Assignments of NH3 Fundamental Modes

C o n c n 2̂ 4

n h 3
NaNOs
NFLNCL
NaSCN
N H i S C N
LiNOs
LiSCN

°  I n  c m “ 1.

1648
5.8/1
7/1
7/1
6.9/1
6 .1/1
5.9/1

1046

1060,1120 
1060.1120

3214 
3224 
3221
3220 
3216
3221
3215

0.2
0.1
0.2
0.2
0.2
0.2

3271
3279 
3285 
3265 
3278
3280
3281

3300
3305
3305
3299
3297
3303
3297

±  0.1 
±  0.1 
±  0.1 
±  0.2 
±  0.2 
±  0.1

3385
3387
3385
3382
3378
3382
3374

0.2
0.1

±  0.2 
±  0.3 
±  0.2 
±  0.2

Figure 3. Raman spectra of v3 an tisym m etric stretch inc mode 
for N aN 0 3 solutions: NH3/N 0 3“  (a) 5 .8 /1 , (b) 9 .3 /1 , (c~ 18 /1 , 
(d) 38 /1 .

TABLE II: Raman Frequencies“ and Assignments of 
NOj Fundamental Modes

N a N O s N H .N O s L i N O j

Vi

Vi

V3

709
719

1046
1348
1392

712

1046
1332
1381

“  I n  c m -1 . 6 V a lu e s  f o r  6 / 1  L Í N O 3 s o lu t io n .

1070 1050 1030

709
719

1046
ls is 6
13966

Figure 4. Raman spectra of 1/4 in-plane bending mode o- N 0 3~ 
in U N 0 3 solutions: N H 3/ N 0 3~ (a) 3 /1 , (b) 6 /1 , (c) 11 /1 , (d)

Figure 5. Raman spectrum  of v-i sym m etric stretching mode in 
L iN 0 3 solution: NH3/N 0 3~ 3 /1 . Spectral band width is 1.5 
c m ^ 1.

mode, would be expected between 450 and 500 cm -1 . The 
positions of the observed bands are reported for NaSCN, 
NH4SCN, and LiSCN in Table III. The relative intensi­
ties of these bands changed with concentration of the salt 
but their positions did not. Computer-resolved bands of 
the C-S region of NaSCN solutions appear in Figure 6. 
The C-S region for NH4SCN solutions was very similar to 
that for the NaSCN solutions. The band at 740 cm -1 in­
creased in intensity relative to the band at 750 cm -1 as 
the NH3/salt molar ratio increased, i.e., as the solution 
became more dilute. While the C-N stretching mode ap­
peared to be a single band in NaSCN and NH4SCN solu­
tions, it changed in half-width with concentration. The 
band was widest for the most concentrated solutions and 
became narrower on dilution. The widths at half-height 
are reported in Table IV for NaSCN solutions. Both the 
C-S and the C-N stretching regions of the LiSCN in am­
monia solution are somewhat different from that of the 
thiocyanate ion in other salt solutions. In the C-S stretch­
ing region a new band was seen at 765 cm -1 and no band 
was present at 750 cm-1 . A new band was present at 2075 
cm-1 in the C-N stretching region; it decreased in inten­
sity with dilution relative to the band at 2063 cm ' 1 paral­
leling the intensity changes observed in the C-S stretch­
ing region. These regions of a representative spectrum are 
shown in Figure 7.
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734 750 730 746

cm-' cm*'

Figure 6. Com puter resolutions of C -S  stretching mode in 
NaSCN solutions: NH3/S C N “  (a) 5 /1 , (b) 7 /1 , (c) 12 /1 , (d) 
22/ 1.

TABLE III: Raman Frequencies” and 
Assignments of SCN~ Fundamental Modes

C(X>V N a S C N N H .S C N L iS C N

vz
740 740 740
750 750 765

Vl 2063 2063 2063
2075

°  I n  c m -1 .

Discussion
Ammonia Bands. A recent report2 postulated a linear 

model for the arrangement of ammonia molecules in the 
liquid state, partially based on the four band resolution of 
the N-H stretching region of the Raman spectrum. It was 
suggested that some of the NH3 molecules in the liquid 
have unperturbed Czv symmetry (i.e., the end molecules 
of a hydrogen bonded dimer or trimer which have all three 
hydrogen atoms unassociated) while others have per­
turbed Czv symmetry such that the stretching modes are 
split and bands due to an ammonia species of Cs symme­
try are evident. This species has one hydrogen atom of a 
molecule associated with another NH3 molecule through 
the nitrogen atom, i.e., H3N---HNH2. The band which is 
primarily due to the N-H stretching mode of hydrogen 
atoms associated in this manner is broad, occurring at 
3271 cm -1 . It was shown that when sodium iodide and so­
dium perchlorate are added to liquid NH3 the position of 
this band is anion dependent. The N-H stretching modes 
of NH3 molecules in several environments, all involving 
some type of association or hydrogen bonding, would con­
tribute to the Raman intensity of this band. In addition, 
the position of 112, the symmetric bending mode, shifted to 
a higher frequency in Nal spectrum, and while not re­
solved, could have been due to two bands, the original at 
1050 cm -1, and a second one at a higher frequency. In the 
current work, there is some shift in the position of the 
3271-cm_1 band for the sodium salt solutions, which, 
while not a large shift, is anion and concentration depen­
dent. At low concentrations of salt the band is close to the 
frequency in pure NH3 and as concentration is increased 
the anion has more effect on the hydrogen bonding struc­
ture in NH3. The slight shift to higher frequency for the 
nitrate salt implies that the nitrate ion interacts with 
NH3 in a manner similar to solvent molecules interacting 
with each other. In contrast, the band shifts to lower fre­
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Figure 7. Raman spectrum  of 6/1  LiSCN solutions, C -S  and 
C -N  stretching regions.

TABLE IV: Half-Widths” of the C-N Stretching 
Mode in NaSCN Solutions

N H s /N a S C N
H a l f - w id t h ,

c m -1 N H a / N a S C N
H a l f - w id t h ,  

c m -1

4 .9 24 17 13
7 .0 17 22 11
8 .7 15 39 11

12 13

a W idth at half-height.

quency in the thiocyanate solutions implying a strong 
NH3-SCN interaction.

However, the frequency shifts observed for this resolved 
band, even with the uncertainty limits imposed by the 
method of resolution, are not sufficiently significant to 
confirm a picture of anion interaction with ammonia 
through the hydrogen atoms. But the presence of the sec­
ond band in the 112 region at 1120 cm-1 for the thiocy­
anate solutions can be attributed to the symmetric bend 
of ammonia molecules which are not the same as the bulk 
solvent. Since it is negative ions which bring about this 
new band, interaction would be expected to occur through 
the hydrogen end of the ammonia molecule. Iodide and 
bromide salts also affect V2 of ammonia in the same way.1 
Although part of this region is obscured for the nitrate 
salt solutions by the symmetric stretching mode of the 
nitrate ion, this band is sufficiently narrow in all the solu­
tions to show that no new bands grow in with increased 
salt concentration at a frequency far from 1050 cm -1 . The 
nitrate ion thus seems to have little effect on the bulk sol­
vent, which the slope of the line for the nitrate solutions 
(Figure 1) confirms. However, the greater negative slope 
of the line for the thiocyanate solutions is in agreement 
with the strong NH3-SCN interaction implied by the 
band at 1120 cm -1 . Analysis of thiocyanate bands (vide 
infra) confirms this model.

Neither the NH4+ nor Li+ salt solutions exhibit 
changes in v' as do the Na+ salt solutions. The NH4* ion 
is similar to the solvent molecule and must fit into the 
solvent structure to some extent, possibly affecting the 
N-H stretching modes of NH3 so that they do not reflect 
the strong SCN~ interaction as does the bending mode. 
Concurrent work in this laboratory7 has established an 
electrostatic model for the (Li(NHs)4]+ species in lithium 
salt solutions. The experimental symmetric stretching 
mode of this species indicates a solvation energy which is
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30 kcal/mol higher than that predicted for Na+ in NH3. 
Therefore, in a lithium salt solution of 6/1 molar ratio, 
most of the ammonia molecules are associated with the 
lithium ion, and the SCN- interaction with this species is 
not apparent in the spectrum of the ammonia bands.

The amount of Fermi resonance interaction in NH3 so­
lutions appears to decrease with increasing salt concentra­
tion, i.e., as the amount of bulk solvent decreases, as is 
evidenced by the broadening and decreasing intensity of 
the solvent band assigned to 2i>4. It appears that Fermi 
resonance occurs mainly in solvent molecules which inter­
act with each other since the 2v4 band increases and shar­
pens not only with dilution, but also when the tempera­
ture is lowered and the solvent is more ordered.2 The an­
tisymmetric stretching mode, 1/3, of the NH3 species be­
comes sharper in concentrated salt solutions. It has been 
suggested8 that this band broadens due to rotational free­
dom in bulk solvent and that solute interactions restrict 
this freedom; the results obtained here are in agreement.

The model developed thus far for dilute salt solutions 
involves bulk solvent molecules interacting with each 
other, giving rise to a stretching mode at 3271 c m '-  and a 
bending mode at 1046 cm -1 which are sensitive to hydro­
gen bonding between solvent molecules. When the con­
centration of the sodium salt is increased sufficiently the 
anion interaction dominates. In the concentrated lithium 
salt solutions most of the solvent molecules are not free to 
interact with the anions because they strongly solvate the 
lithium ion.

Nitrate Bands. The nitrate ion, if unperturbed, has D3n 
symmetry. The modes which are Raman active are i>i (Ai) 
the symmetric stretching mode, v3 (E) the antisymmetric 
stretching mode, and i/4 (E) the in-plane bending mode. 
The degenerate v3 mode is split in aqueous solutions due 
to the hydrogen bonding effect of the solvent.3 It can be 
further split due to outer-sphere or inner-sphere ion pair­
ing.4 A new band in the region of the degenerate t4 mode 
usually indicates contact ion pairing.5 The v3 antisymme­
tric stretching mode was split in all of the nitra'.e solu­
tions reported here. The fact that »3 is split in NH4NC>3 
solutions implies that the splitting is due to hydrogen 
bonding interaction with the solvent. The v4 bending 
mode is symmetrical in the NH4N03 solutions so contact 
ion pairing is not evident. However, the i»4 bending mode 
is a doublet in the NaNC>3 solutions, even in the 39/1 
molar ratio sample. The high-frequency band at 719 cm -1 
grows with increasing concentration, and since it is depo­
larized, as is the band at 709 c m '1, it probably arises 
from a nitrate ion species which has formed an inner- 
sphere ion pair with the sodium ion. Inner-sphere ion 
pairing has been observed in aqueous solutions of 
NaNC>3.8 If the new band at 719 cm -1 is characteristic of 
an ion pair, a contribution might be expected in the t>3 re­
gion. However, computer resolution of the spec'ra pic­
tured in Figure 3 give two bands with constant separation 
within the epxerimental error. Ion pairing occurs in even 
the most dilute solution for which the spectrum is shown 
and this region does not appear to be sensitive to an in­
crease in ion pairing

As would be expected from the evidence based on the 
NH3 fundamental modes, the nitrate ion bands in the 
lithium nitrate solutions give results different from those 
for the sodium nitrate solutions. The i>4 bending mode of 
NO3'  does not show asymmetry until a molar ratio of 
11/1 is reached. The lithium ion is strongly solvated with 
ammonia and does not form inner-sphere ion pairs easily.

Gardiner, et al. , 9 have claimed that e4 does not exhibit 
doublet character in ammonia until a molar ratio of 4/1 is 
reached. The spectrum in Figure 4 shows that there are 
clearly two bands in an ammonia LiNC>3 solution with 
11/1 molar ratio. The change in splitting with concentra­
tion of the v3 asymmetric stretching mode in the lithium 
solutions correlates with the changes in the v4 bending re­
gion. In dilute LiNC>3 solutions the splitting in the v3 
mode is due to solvent interactions, and the v4 region re­
veals no doublet. In the more concentrated solutions a 
new band arises near i>4 and the amount of splitting in v3 
increases as inner sphere ion pairs are formed. In the solu­
tion with a 3/1 molar ratio, there is sufficient inner-sphere 
ion pairing to cause a second v3 symmetric stretching 
mode to appear on the high-frequency side of the 1048- 
cm_1 band. Asymmetry on the low-frequency side has 
been noted in concentrated aqueous solutions of ni­
trates4-10 and in molten nitrates.11 The high-frequency 
asymmetry in the lithium nitrate solution is not unique; 
aqueous calcium nitrate also exhibits a spectrum with 
asymmetry on the high-frequency side.10

Thiocyanate Bands. The thiocyanate ion is a linear 
species whose vibrational spectrum can be analyzed under 
the point group C „v leading to three fundamental modes: 
vi(2), the C-N stretch, 1/3(2 ), the C-S stretch, and v2 (tt) 
the bending mode. The increase of thiocyanate salt con­
centration in ammonia causes the appearance of a new 
band on the high-frequency side of the v2 symmetric 
bending mode of ammonia (1120 cm -1). This high-fre­
quency bending mode implies a strong interaction be­
tween S C N ' and NH3. Previous studies12 of sulfur-con­
taining species in liquid ammonia suggest that hydrogen 
bonding exists between sulfur and the hydrogen atoms of 
NH3. The position of the C-S stretching bands in all of 
the solutions studied suggests that it is the sulfur end of 
the thiocyanate ion which interacts strongly with the sol­
vent and perhaps with the cations. If there were no strong 
interaction with the sulfur end of SCN-  the C-S stretch­
ing mode would be expected close to 950 cm -1 .13 The po­
sition of the observed C-N stretching mode is reasonable 
for a SCN-  species which is loosely solvated at the nitro­
gen end.6 Two bands are evident in the C-S stretching re­
gion of all salt solutions. The results for the NaSCN and 
the NH4SCN ammonia solutions are the same, so they 
will be treated together. In these solutions two bands are 
observed at 740 and 750 cm -1 . In the LiSCN solutions the 
two bands appear at 740 and 765 cm -1 . The 740-cm-1 
band is easily assigned to NH3-S C N ' interaction since it 
is common to all solutions and because it becomes less in­
tense in concentrated solutions where anion-cation inter­
actions would be expected. At the same time, the 2063- 
cm -1 band is common to all solutions and must be the 
C-N stretch of a SCN- species which is loosely solvated 
probably at the nitrogen end of the molecule. There is 
only one band in the C-N stretching region of the NaSCN 
and NH4SCN solutions while the two bands in the C-S 
region which change in relative intensity with changing 
concentration imply two SCN- species, perhaps in equi­
librium with each other and interacting with the solvent 
through their sulfur ends. However, in the most concen­
trated solutions when the two bands in the C-S region are 
of about equal intensity, the half-width of the band in the 
C-N region is widest. As the solutions become less con­
centrated one band (or species) dominates in the C-S re­
gion and the C-N band gets narrower. The C-N stretch­
ing mode is thus sensitive to the interactions at the sulfur
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end of the molecule, but not enough to give rise to two re­
solvable bands.

While it has been suggested that the 740-cm-1 band is 
due to an NH3-SCN- interaction, the 750-cm-1 band of 
the sodium and ammonium salts and the 765-cm-1 band 
of the LiSCN solutions have not been accounted for. The 
fact that both these bands are of higher frequency than 
the 740-cm-1 band implies that they are due to a SCN~ 
species with a C-S stretching mode which has a 
stronger force constant and a weaker or perhaps less cova­
lent interaction of the sulfur end of the molecule with an­
other species. If the Na+ ion and the NH.J+ ion are con­
sidered in terms of their electrostatic properties, they 
would be expected to act alike. If a M + —  ~S-C=N  inter­
action occurs in these solutions, it would be reasonable to 
suggest that the C-S stretching mode of SCN~ would 
occur at a slightly higher frequency than it would in a 
species of the type H2NH— ~S -C =N  since the metal-sul­
fur interaction might be weaker than the ammonia-sulfur 
interaction making the C-S bond stronger. The fact that 
this second band occurs at an even higher frequency in 
LiSCN solutions can be explained by the strong solvation 
of the lithium ion. The polarizing power of Li+ is shielded 
by the solvation shell of NH3 molecules and any lithium- 
sulfur interactions are thus weaker than sodium-sulfur in­
teractions, resulting in a stronger C-S bond and a C-S 
stretching mode at higher frequency.

The second band in the C-N stretching region in the 
LiSCN solutions is ~10 cm -1 higher than the 2063-cm-1 
band. It could be associated with the same species which 
gives rise to the 765-cm-1 C-S stretching mode. However, 
there is no apparent reason why it should be so far re­
moved from the 2063-cm-1 band when only one C-N 
stretching mode is seen in the NaSCN and NH4SCN solu­
tions. The lithium ion solvates a considerable number of 
the available molecules. If the 2063-cm-1 band is due to 
SCN-  which has considerable solvation at the nitrogen as 
well as at the sulfur end of the molecule, the 2074-cm-1 
band which grows with increasing concentration in the 
LiSCN solutions could be due to SCN- which is desolvat- 
ed to a large extent. This desolvation would not be ex­
pected to occur in the NaSCN and NH4SCN solutions be­

cause these cations allow anion-solvent interactions to 
dominate in concentrated solutions.

Summary
The cations Na+ and NH4+ do not appear to interfere 

with the structure of bulk ammonia, and Na+ appears to 
form ion pairs with NO3-  at lower concentrations in NH3 
than in H2O. The cation Li+ appears to have an ordering 
effect on liquid ammonia, which prevents it from interact­
ing with anions. The nitrate.ion exhibits a hydrogen bond­
ing interaction with NH3 which appears to be similar to 
its interaction with H20 , but in the presence of loosely 
solvated Na+ it forms ion pairs. The thiocyanate ion ex­
hibits a strong interaction with NH3 and with Na+, 
NH4+, and Li+. There appears to be an equilibrium be­
tween the anion-solvent species and the anion-cation 
species but quantitative measurements on this point are 
not available. The vibrational spectrum of the thiocyanate 
ion is quite sensitive to its environment and reflects the 
strong interaction with NH3.
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Partial molal volumes (V2) and apparent molal adiabatic compressibilities (</>*) at 20° have been ob­
tained at low concentrations (0-25 mol %) for the following amines from measurements of density and 
sound velocity: MeNH2, EtNH2, n-?rNH2, n-BuNH2, (Me^NH, (Et^NH, Et(NH2)2, and BzNP^. The 
^2(^2) curves exhibit minima for all amines but BZNH2, and are analogous to the behavior of alcohol- 
water systems. The <pk values are generally negative at low concentrations but assume positive values at 
higher concentrations. For MeNH2, (Me)2NH, and (possibly) EtNH2 the apparent adiabatic compressib­
ility goes through a minimum. The results are shown to be consistent with the stabilizing influence of 
the amines on the water structure. The <t>k{x2 ) curves indicate a possible distinction of the way amine 
molecules exert their stabilizing influence. The lower members seem to dissolve substitutionally, whereas 
the higher members occupy the cavities forcing water into an ordered arrangement (hydrophobic hydra­
tion).

Introduction
In recent years there has been considerable interest in 

the studies in dilute aqueous solutions of nonelectrolytes 
and a special class of electrolytes (tetraalkylammonium 
halides) because these solutes exhibit abnormal behavior 
at low concentrations. Thus, the work of Glew1 showed 
enhanced stabilization of water structure around the so­
lute molecules in the form of clusters or cages for ethylene 
oxide-water system from partial molar volume and pmr 
studies. Anomalies in many thermodynamic properties of 
alcohol-water systems, including the behavior of partial 
molal volume, have been explained by Franks and Ives2 
on the basis of flickering cluster model of Frank and 
Wen.3 Partial molal volumes of some tetraalkylammo­
nium salts go through a minimum at a particular concen­
tration indicating the enclosure of these ions in water 
cages.4 These conclusions have been confirmed by Kay, et 
al. , 5 who studied the variation of the viscosity B coeffi­
cient and its’ temperature variation for these alkyl ions. 
Depending upon the size of the alkylammonium ion, the 
B values are large, positive, and decrease with increasing 
temperature. Thus, information available in dilute solu­
tions of many nonelectrolytes indicates (Franks6) forma­
tion of clathrate hydrate-like structure in solution.

In a recent communication7 from this laboratory, it was 
shown that sound velocity in some aqueous-aliphatic 
amine solutions go through a pronounced maximum at a 
certain low concentration, which is mainly governed by 
the geometry of the molecules. Measurements8 of tne vis­
cosity B coefficient for some of these amines in solution 
and their temperature variation showed a behavior, simi­
lar to those of tetraalkylammonium ions in water, indicat­
ing that a similar ordering effect on water molecules must 
be exerted by the amine molecules as well. Additional evi­
dence for this behavior of amines is derived from the work 
of Jeffrey, et al. , 9 who have obtained solid hydrates of 
some of the amines and have also established their struc­
ture by X-ray study.

In order to throw more light on the interaction of ali­
phatic amines with water, we have undertaken a detailed 
study of partial molal volumes as well as apparent com­
pressibility of the following amines in water at different 
concentrations and at 20°: methyl-, ethyl-, dimethyl-, di­

ethyl-, re-propyl-, and re-butylamine. To this list were 
added ethylenediamine and benzylamine, to see if the 
presence of an additional interacting -NH2 group or the 
presence of a benzene ring in the amine molecule has any 
significant influence on the interactions.

Experimental Section
Methylamine (Fluka, 40% in water), ethylamine (Fluka, 

70% in water), and dimethylamine (Riedel-de-Haen, 40% 
in water) were directly used. The strength of these solu­
tions were obtained by titrating them with standard hy­
drochloric acid solutions volumetrically as well as by pH 
titrations. Dilutions were made by adding a weighed 
amount of water to weighed amount of solutions and the 
concentrations were obtained in terms of mole fraction 
(X2) of amine.

re-Butylamine (Fluka, purum), re-propylamine (Fluka, 
practical), and benzylamine (Riedel-de-Haen) were dried 
over potassium hydroxide pellets and distilled twice. Eth­
ylenediamine (CP grade) was purified by the standard 
method. The refractive indices and densities of these puri­
fied liquids agreed well with literature values.

All solutions were prepared fresh before experiment 
with double distilled water in stoppered conical flasks. 
The densities at constant temperature (20 ±  0.02°) were 
found by using a calibrated 10-ml density bottle suspend­
ed in a U-10 ultrathermostat. The densities are considered 
to be accurate to ±5 units in the fifth decimal place. 
Sound velocity measurements for these systems were re­
ported previously.7

Results and Discussion
Results of densities and sound velocities measurements 

for all the amines studied between 0 and 100 mol % (ex­
cept methyl-, ethyl-, and dimethylamine, where the mea­
surements could not be done at higher concentrations) are 
available as supplementary material. The plots of density 
vs. weight fraction of amine result in curves which are 
convex upward indicating a contraction in volume after 
mixing in all cases.

From the density data, the apparent molal volumes (0V) 
were calculated using the expression
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lOOOWo -  d) M 2
fa = ------- 33--------+  ~7~ (1)c«o do

where c is the concentration in molarity, M2 is the molec­
ular weight of solute, and d0 and d are the densities of sol­
vent and solution, respectively. The corresponding partial 
molal volumes (V2) were evaluated by plotting fa vs. mol­
ality (m), finding the slopes dfa/dm, and using the ex­
pression

V 2 =  0 V +  m(dfa/dm) (2)

The estimated error in fa and V2 at the lowest concen­
tration is about ± 0.2 ml, but is much smaller at higher 
concentrations. The apparent molal compressibility of so­
lute were determined from

0k —
1000(0 -  0O)

c +  000V (3)

where 0 and do are the adiabatic compressibilities of so­
lution and solvent, respectively. The estimated error in fa 
at the lowest concentration is ±1 x 10-10 cm2 d y n '1.

In Figure 1 we have plotted V2 and the excess partial 
molal volume (inserts) V2E = V2 -  V2 (V2 = molar vol­
ume of the pure solute) vs. the mole per cent of amine. 
Figure 2 shows the variation of the apparent molal adia­
batic compressibility fa with concentration for all the 
amines. As the concentrations are sufficiently low and the 
temperature (20°) not very high, the difference between 
the isothermal and adiabatic compressibility is thought to 
be small enough to be ignored (cf. results of fa at 20° for 
n-PrOH of Alexander and Hill10). Smooth extrapolations 
of the curves in Figures 1 and 2 yielded V2° and fa0, the 
corresponding property at infinite dilution. In view of the 
work of Franks and Smith11 on the extrapolation of fa 
curves to zero concentration in order to obtain V2° values, 
the procedure followed by us might be questioned. In 
order to test the correctness of our procedure, the Vi(x2) 
values for methyl- and dimethylamine (where sufficient 
data points below the mimimum in V2 are available) were 
examined for their dependence on x22 and x23 (x2 = mole 
fraction of amine). It was found that Vi(x2) exhibited a 
satisfactory dependence on x22 rather than x23 indicating 
the absence of an inflection point in the V2(x2) curves,11 
thus justifying smooth extrapolation. It was assumed that 
other amines also possess no inflection points in the 
V2(x2) curves. This assumption is not wholly unjustified as 
the difference in V2° for the homologous amines, which 
represents the limiting partial molal volume of a -CH2 
group, turn out in our case to be 17.1, 16, and 14.8 ml for 
the monoamines respectively (cf. Table I) in fair 
agreement with the value of 15.0 ml obtained 
by Alexander12 from measurements on alcohols.
From Figures 1 and 2 the following observations can be 
made. (1) V2 and hence V2E (=  V2 — V2) go through a 
minimum in all the amines except benzyl amine. (2) The 
concentration at minimum in V2 and V2E decreases as the 
chain length of the amine molecule increases. (3) The 
limiting partial molal volumes are smaller than the molar 
volumes of the pure solutes suggesting loss in volume of 
amine in solution. Again the limiting partial molal excess 
volumes V20E is governed by the chain length, being more 
negative for longer chains. Introduction of a second amine 
group in EtNH2 to form Et(NH2)2 reduces V2oe Similar 
observations were also made for the partial molal volumes 
of «-alcohols and glycols by Alexander12 and Nakanishi13 
and seem to be a common feature of monosubstituted

cent of am ine for the aqueous solutions of: (a) (the concentration 
axis for this fram e is from  0 to 50 mol %) ethylenediam ine ( • )  
and benzylamine (A , right-hand sca le), (b) n-propylam ine ( • )  
and n-butylam ine (A , right-hand sca le), (c) ethylam ine ( • )  and 
diethylam ine (A , right-hand sca le ), (d) m ethylam ine ( • )  and 
dim ethylam ine (A , right-hand scale).

alkyl derivatives. (4) The apparent molal compressibility 
fa are generally negative at low concentration but become 
positive at higher concentration after passing through 
zero. The concentration at which fa passes through zero is 
about the same as that at which V2 goes through mini­
mum. Remarkably in methyl- and dimethylamine (and 
probably in ethylamine) the fa ’s are weakly positive at 
low concentration and undergo minima before assuming 
more positive values at higher concentrations. The magni­
tude of the limiting apparent molal compressibility fa0 
also appears to be governed by chain length, becoming 
more negative for longer amines. For benzylamine the fa  
values are positive throughout the concentration range.
(5) The slope dV2/dx2 of the V2(x2) curves before minima 
is least for methyl amine and highest for n-butylamine, 
other amines having intermediate values. Slopes of appar­
ent compressibility dfa/dx2 also show similar characteris­
tic differences.

In Table I are collected values of V2°, V20E, fa0, dV2/ 
dx2, and dfa/dx2 at 20° as also the viscosity B coeffi­
cients at 25°8 for all the amines.

Examination of Figures 1 and 2 shows at the outset that 
benzylamine behaves like a normal solute with both V2 
and (positive) fa increasing monotonously with concentra­
tion. The abnormal behavior of V2 and V2E for the amines 
is similar to those of alcohols2 and tetraalkylammonium 
halides4 indicating a similarity in the solute-solvent inter­
actions in the case of these classes of solutes. The negative
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TABLE I

Solute

Mole
fraction of 
amine at 

minimum <f>\ V-»®, ml ml
(*K°) X

IQ1®,
cm2 dyn -1

bV-2/dx2, 
ml

(dfiK/ZXi)
X 10'«, 

cm2 dyn-1

Viscosity B 
coefficient
(at 25°), 

M~l

Methylamine 0.18 40.9 -5 .9 0« + 4.5 -2 0 48 0.11
Ethylamine 0.083 58.0 - 8 .0 “ - 2.5 -6 9 200 0.23
n-Propylamine 0.05 74.0 - 8 .5 - 9.5 -159 357 0.27
71-Butylamine 0.02 88 8 -1 0 .1 -1 6 .0 -163 1150 0.35
Dimethylamine 0.085 60.8 - 8 .0 “ +  2.5 -102 181 0.19
Diethylamine 0.045 90.8 -1 2 .1 -1 0 .0 -153 416 0.51
Ethylenediamine 0.22 62.1 - 5 .0 - 6 .5 -3 0 45
Benzylamine 104.7 - 4 .2 +  8.5 b

1 The molar volume (VI) for these solutes have been obtained from the density data taken from ref 14. h Positive.

Figure 2. Apparent molal com pressib ility 0 k at 20° as a function 
of m ole per cent am ine for the aqueous solutions of: methyl- 
amine ( • ) ,  ethylam ine ( ■ ) ,  n-propylam ine ( □ ) ,  n-butvlam ine 
(A ) ,  dim ethylam ine (O , right-hand sca le ), d ie th y la m iie  (V , 
right-hand sca le), ethylenediam ine ( 0 ,  right-hand sca le), benzyl- 
am ine (X ) .

values of <pk for some amines at lower concentrations are 
similar to those for n-PrOH observed by Alexander and 
Hill10 at infinite dilution and at temperatures lower than 
30°. This was interpreted by them as being due to the loss 
of structural compressibility of water on account of the in­
crease in the population of four bonded water molecules in 
the vicinity of the solute molecules. Critical evaluation of 
all the available physicochemical data for alcohol-water 
systems led Franks and Ives2 to the conclusion that there 
must be reinforcement of water structure in the neighbor­
hood of alcohol molecules in dilute solutions. Results of 
V2(x2), <t>k, and viscosity B coefficients for amines8 also 
seem to be consistent with this view of structure-forming 
effect by the solute. Additional support for this view 
comes from the analysis of the entropies of hydration 
(ASh) values for some dialkylamines by Franks and Wat­
son,15 who have shown that ASh values are negative even 
after making allowance for the loss of rotational entropy on 
dissolving. Negative entropies of hydration must of necessity 
arise out of an ordering effect exerted by the amines on 
the neighboring water molecules.

The relative magnitudes of V20E, <K, and the B coeffi­
cients throw interesting light on the differences. Thus 
V20e for methyl to butyl alcohol are of the order of —2 to 
—6 ml,16 the corresponding amines show higher values of

-5 .9  to -12  ml (Table I). Although no reliable estimate 
can be made for this quantity for alkylammonium ion, 
these are presumably much larger than for amines.17 
Likewise, $k° for tetramethyl- to tetrabutylammonium ion 
shows maximum negative values of —9.1 to -25.5 X 10-10 
cm2 d yn -1 (obtained by subtracting 0k° for Br-  = +2 X 
10“ 10 from that of salt18), while those for amines are little 
less negative (Table I), and those for alcohols are least 
negative: e.g., $k° for n-PrOH in water is —3 x 10“ 10 cm2 
dyn-110 and for EtOH —2 x 10~10 cm2 dyn-1 .19 A 
more negative <j>k° means a greater loss of structural com­
pressibility of water implying a greater ordering effect by 
the solute on the solvent. Values of viscosity B coefficients 
for amines (Table I, column 8) are generally higher than 
for alcohols (0.087 to 0.3 M~120) but lower than those for 
tetraalkylammonium ions5 (~1.4  M -1 for (n-C4H9)4N + ). 
It can thus be inferred from these observations that 
amines have a stronger ordering effect on water structure 
than alcohols but less than the alkylammonium ions.

The slopes -3 V 2E/3x2 show revealing differences similar 
to those for alcohols in water,2-21 increasing with the hy­
drophobic character of the solute. Higher slopes mean 
that the interactions causing negative V20E become domi­
nate as more solute molecules dissolve in water. Following 
Franks, et a/.,10-22-23 it appears to be reasonable to con­
clude that for n-PrNH2, n-BuNH2, and (Et)2NH the 
stronger solute-solute interactions are responsible for high 
slopes -3 V 2e/3 x2. Conversely, the smaller slopes for other 
amines, especially MeNH2 and EtNH2, would indicate 
that the solute-solute interactions are much weaker, 
which would amount to stronger solute-solvent interac­
tions. Substitution of one more amine group in EtNH2 to 
give Et(NH2)2 should cause stronger solute-solvent inter­
action lowering — 3V2E/3x2, as is also observed.

The slopes d<t>k/dx2 are also revealing. n-BuNH2, n- 
PrNH2, and (Et)2NH show very high values. If a strong 
solute-solute interaction for these solutes is accepted, 
rapid increase in 0k to positive values can be understood 
as resulting from a superposition on the negative structur­
al contribution (resulting from structural stabilization of 
water) a rapidly increasing positive contribution due to 
solute-solute interaction (pure amines possess much high­
er compressibility than water). The steeper the increase, 
the stronger the assumed interaction. Higher values of 
—3V2/dx2 should thus result in higher values of 30k/dx2, 
which is acutally found to be the case (Table I).

The concentration dependence of <pk for MeNH2 and 
(Me)2NH is rather startling and appears to be the first 
cases of 0k showing extrema at low concentrations.24 
EtNH2 also shows signs of a possible minimum, but the 
same cannot be established for want of sufficient data at
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TABLE H

Solute
Activity

coefficient

Free energy of 
solution AG, 

cal/mol
Methy lamine 0.186 -1023
Ethylamine 0.494 -296
7i-Propylamine 2.07 +  431
n-Butylamine 7.70 +  1158
Dimethylamine 0.505 -25 0
Diethylamine 4.70 +  1150

lower concentrations. A possible clue to understanding 
these features can be had from the activity coefficients 
and free energy of solution obtained by Christie and 
Crisp25 in dilute solutions of a number of amines at 25°, 
which are given in Table II.

It is noteworthy that only MeNH2, EtNH2, and 
(Me)2NH, which have activity coefficients less than unity 
(negative deviations from Raoult’s law) and negative free 
energies of solution (indicating affinity for water mole­
cules), exhibit minima in fa. Whereas other amines show­
ing activity coefficients greater than unity have no mini­
mum in fa and, moreover, the fa values are large and 
negative at low concentrations. It is helpful at this point 
to invoke the hypothesis of substitutional dissolution for 
the lower amines (MeNH2, EtNH2, and (Me)2NH) and 
interstitial dissolution for others (an idea proposed by 
Franks and Ives2 in their review). Accordingly, the inter- 
stitially dissolved amines can be thought of as occupying 
either the cavities existing in the open water structure, or 
else such suitable cavities are “ created on demand” 
(Franks and Ives) to suit the size and shape of the solute. 
The latter case will lead to strengthening of water struc­
ture in the vicinity of solute molecules giving negative 
values of fa.

In substitutional dissolution, an amine molecule at infi­
nite dilution occupies one of the so called “ framework 
sites” (Franks and Ives), displacing one water molecule 
into the interstitial site (Frank and Wen). Formation of 
one or two hydrogen bonds wbh amines thus leads to 
breakdown of a few others formed originally by the oxygen 
atom of the displaced water molecule. This leads to an in­
cipient breakdown of water structure leading to small pos­
itive values of fa. Addition of further amine molecules 
can then be thought of as undergoing preferentially hydro­
gen bonding with the displaced water molecules, thus 
creating a fresh lattice site. This would decrease fa. This 
decrease in fa with increasing concentration may continue 
to a point, where accommodation of the solute on the 
framework site is compatible with the native structure of 
pure water. Any addition of solute beyond this point must 
lead to a gradual break down of the lattice leading to an 
increase in fa  again. MeNH2 which shows a broad flat 
minimum at a comparatively higher concentration hap­
pens to be the most compatible with the water structure 
because of its small size. The bulky (Me)2NH with a 
sharp minimum at lower concentration appears to be less 
so. The minimum in fa for the longer EtNH2 molecules 
lies probably at concentration below 1 mol %. Such an ex­
planation based upon substitutional dissolution would be 
in conformity with the magnitude of activity coefficients,

smaller slopes for 3V2E/3x2 and smaller values for viscosi­
ty B coefficients.

In conclusion, we can say that the volumetric and com­
pressibility properties of amines, which in dilute aqueous 
solution show a strong similarity to those of alcohols and 
other monofunctional nonelectrolytes, are consistent with 
amine molecules having a stabilizing influence on water 
structure. Results of apparent compressibility measure­
ments further indicate a possible distinction of the way 
amine molecules exert their stabilizing influence. The 
lower members of the homologous series appear to dissolve 
predominantly substitutionally and thus strengthen the 
native water structure whereas the higher members dis­
solve by occupying cavities and forcing water into an or­
dered arrangement (hydrophobic hydration).
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The various approximations made by Levich in order to calculate electrochemical responses at tubular 
electrodes have been tested using digital simulation. Specifically Levich assumed steady-state condi­
tions, hnear rather than cylindrical diffusion, no axial diffusion, and a linear rather than parabolic veloc­
ity profile. Using digital simulation a model for tubular electrodes was developed which makes possible 
the calculation of electrochemical response without these assumptions. These calculations quantitatively 
define the limits of the approximations as well as predict response beyond those limits. Transient re­
sponse both under potentiostatic and galvanostatic conditions is obtained via this model. In addition to 
this the effect of potential scan rate upon voltammograms produced at flowing tubes is presented.

Hydrodynamic voltammetry is an extremely popular 
electrochemical experiment because it offers to the stu­
dent of electrode reactions controlled and reproducible 
mass transfer conditions under which steady-state mea­
surements may be accomplished. To the analytical chem­
ist the convective component of mass transfer offers in­
creased analytical sensitivity. It is an unfortunate fact of 
electrochemical life that this same very useful convective 
component also greatly complicates the derivation of 
those equations which describe electrode response.

Convective diffusion systems are described mathemati­
cally by combining the diffusion and convection terms in 
an equation of the form

dC
dt =  DWC -  (u,

dC , dC ,
+  U ,r .. +dx dy

dC\
Uzdz) (1)

where C is the concentration of the electroactive species; 
D, the diffusion coefficient; and ux, uy, uz are the compo­
nents of the flow velocity. Clearly it is necessary to have 
available hydrodynamic expressions for the various flow 
velocities and it is this complication which is largely re­
sponsible for the limited development of hydrodynamic 
voltammetry. Although plate1-2 and conical3 electrodes 
situated in flowing solutions have been given some atten­
tion, most hydrodynamic voltammetry has been carried 
out at rotating disk electrodes4-5 simply because cf the 
availability of solutions for the hydrodynamic equations. 
The rotating disk electrode and its variant, the rotating 
ring-disk electrode, have been fully developed as tools by 
which to investigate both charge transfer at the electrode 
and chemical reactions following charge transfer. The ex­
tent of their usefulness is best demonstrated by the exten­
sive special bibliography devoted to rotating electrodes 
which appeared in a recent monograph.6 Another hydro- 
dynamic electrode system, the tubular electrode, has re­
ceived some attention but in view of its great potentiali­
ties, its usefulness is largely unexplored.

The few existing papers which describe tubular elec­
trode experiments may be divided into two categories, 
namely, those which are principally hydrodynamic in na­
ture and those which are more directly concerned with 
electrochemical results. Studies in the first category use 
the electrode reaction principally as an indicator of the 
flow conditions. Studies of this sort were stimulated by

earlier experiments involving planar electrodes fixed in 
flowing solutions,2-7 and are represented by the work of 
Bazn and Arvia8-9 and Ross and Wragg.10 Electrochemi- 
cally oriented experiments have been carried out almost 
entirely by Blaedel and his past and present coworkers. 
This work began with the construction of a simple gravity 
flow tubular platinum electrode which was used to verify 
Levich’s theoretical analysis of convective diffusion to the 
surface of a tube.11 This was followed by a more complete 
derivation of the expressions for steady-state current-volt­
age curves for reversible12 as well as quasireversible and 
irreversible electrode reactions.13 The only homogeneous 
reaction studied at a tubular electrode has been the clas­
sical catalytic case.14

0 +  ne  5 = ^  R ( 2 )

R +  z  0 (3 )

With the exception of the theoretical treatment of cur­
rent-time curves at tubular electrodes in quiet solution15 
all other studies have been involved with either the devel­
opment of new electrode materials16-17 or with the appli­
cation of tubular electrodes to actual analyses.18-21

Thus far all theoretical analyses of tubular electrode re­
sponse have relied upon Levich’s treatment of the mass 
transfer problem.22 By necessity this treatment contained 
several approximations and limitations. The finite differ­
ence method as developed and extensively used by 
Feldberg23-24 has proved extremely helpful in the past for 
the solution of complicated electrochemical problems. 
This has been especially true in the case of convective dif­
fusion25-28 and for difficult geometries.29-32 In order to 
fully explore current-potential-time relationships at tubu­
lar electrodes we have utilized this technique and devel­
oped a finite difference model for tubular electrode calcu­
lations.

The equation describing mass transfer to the inner sur­
face of a tube through which a solution is flowing in a 
laminar regime is

dC
dt

æ c  \dC (PC
dr2 r dr dz2

ÖC
dZ ( 4 )

where C = C(r,Z,t) is the concentration at any point 
within the tube, D is the diffusion coefficient, r is the ra-
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dial coordinate, Z is the axial coordinate, R is the inside 
radius of the tube, and Vo is the axial flow rate. The use 
of the Poiseuille velocity profile

V =  M1 ~  ft} (5)
in the above expression requires that a sufficiently long 
inlet region exist in order for this parabolic profile to es­
tablish itself. It is also to be carefully noted that eq 4 is 
valid only in the case of laminar flow and that this re­
striction will be imposed throughout this discussion.

It is obvious from eq 4 that the analytical solution of 
the mass transfer problem with appropriate electrochemi­
cal boundary and initial conditions is a difficult task. In 
order to simplify this problem several approximations 
have been made. The solutions obtained under these ap­
proximations were of course limited to a very restricted 
set of conditions. The best known set of approximations 
are probably those used by Levich.33

Levich solved the equation

—  =  0 = D —  +dt U U dr- + (6)

using the boundary conditions appropriate to constant ap­
plied potential in the region of convective-diffusion con­
trol. These are

C(Z,r, 0) = C» (7)

C(Z,r,t) =  0 0 <  Z  <  X ,t >  0 (8)

r — * °° C (Z ,r,t) =  Cb (9)
Here X  is the electrode length, t is the time after the 
boundary condition is imposed, and Cb is the concentra­
tion of the electroactive species in the solution bulk. Com­
parison of eq 6 with eq 4 reveals that the following ap­
proximations were made in order to facilitate solution.

(1) dC/dt = 0. This is of course the steady-state as­
sumption which although it permits the useful calculation 
of steady-state currents, precludes the possibility of 
studying transient phenomena.

(2) (1 /r)(dC/dr) = 0. This assumes that the diffusion 
process may be approximated by linear diffusion which is 
tantamount to saying that the diffusion layer is much 
smaller than the tube radius. This places a physical limit 
on the tube geometry and flow rate.

(3) cl2C/3Z2 = 0. The neglect of axial diffusion places a 
restriction on the lower end of flow rates which may be 
utilized, because this assumption requires axial mass 
transport to be due predominantly to flow.

(4) V0[l -  (r2/R2)] s? 2V0[(F -  r)/r]. The approxima­
tion of the Poiseuille velocity profile by a linear one also 
limits the tube size to large tubes since it again requires 
that the diffusion layer be small in comparison to the tube 
radius. Using these assumptions and the above boundary 
conditions (7-9) an expression (10) was obtained for the 
steady-state current at a tubular electrode.

i =  2.01« F TrCbD 2/3R 2/3X 2/3V 31/3 (10)

More recently a similar problem has been treated and 
extensively discussed using a different set of assumptions 
and boundary conditions.34 In the present notation the 
equation which was solved was

0 D
(PC  1 dC 
I dr2 +  r dr

æ c\
dZ2] + (11)

and the boundary conditions used were

C(Z,R) =  C,
C(Z,R) =  C2

lim
Z — ► °o dC/dZ =  0 (14)

The flow field, V, is assumed to be constant. The inclu­
sion of axial diffusion as well as the use of the cylindrical 
Laplacian certainly increases the rigor of this solution; 
however, the assumption of a uniform flow field which is 
independent of radius is questionable. This assumption is 
probably not as good as the linear gradient employed by 
Levich. It must also be noted that the boundary condition 
described by eq 13 is not strictly speaking the case for a 
tubular electrode surrounded by insulating surfaces since 
the surface concentration on the upstream side should not 
be the same as that on the downstream side.

0 < Z <  X  (12)
Z <  0,Z >  X  (13)

Method
The computational method used was the digital simula­

tion technique which has been applied to a variety of elec­
trochemical problems. This technique is mathematically 
equivalent to the explicit difference method which has 
been used to solve the boundary value problems of diffu­
sion. The mathematical considerations are fully discussed 
in several standard numerical analysis texts.38’36 The 
methodology for the application of this procedure has 
been thoroughly described by Feldberg.24

The electrode model consists of a net of points in a 
coordinate system of proper symmetry. For tubular elec­
trodes two-dimensional circular cylindrical coordinates 
constitute the appropriate system. This same geometry 
was recently used in a theoretical discussion of finite pla­
nar disk electrodes.29 A model of the simulation grid is 
shown in Figure 1. The model electrode is L units in 
length and P units in radius. There are P  + 1 radial divi­
sions. The surface of the electrode is taken to be at the 
points where p = 1, 0 < f  < L where p and are the radi­
al and axial coordinates, respectively. The tube surface 
corresponding to net points f  < 0 or f  > L was taken to 
be nonelectroactive. In this model solution resistive drops 
have been ignored. This assumption was made in order to 
remain consistent with previous treatments so as to facili­
tate comparison. These effects will depend markedly on 
geometry and will certainly be important in the case of 
nonaqueous electrolytes.

The finite difference formalism for cylindrical diffusion 
has been discussed in detail.29 Very briefly the finite dif­
ference equations for diffusion used in this work are given 
below. Linear diffusion was necessary to model the as­
sumptions made by Levich, and the difference equation 
for one-dimensional diffusion is given by

=  F !>,(.* +  F,r- -  2F„,-, +  F11+i,f ,) Ü5)
where k is the iteration counter, 5 is the dimensionless dif­
fusion coefficient

8 =  DAt/(Ar)2 (16)
and is the dimensionless concentration at the
point (p,f) and at time k

F = C ^ / C »  (17)
For one-dimensional circular radial diffusion the diffusion 
equation becomes for 1 < p < P  + 1

Fp.u+\ =  F „.u +  %Fn ¿ ,  -  2Fp,f> +  Fp+uJ +

2( P  -  p  +  l^^V-ii.f,« “  F ß + i/J (18)
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Figure 1. Electrode coordinate systems: (a) real coordinates, 
(b) sim ulation coordinates.

and for the central element where p = P +  1, it is

F p+i,{,k+ i =  F p+ i,i> +  ^diFpfa — F P+it[',) (19)

Clearly the concentration of the p = 1 element is estab­
lished by the boundary conditions of the experiment to be 
simulated. Several possible treatments exist for two-di­
mensional cylindrical diffusion, and in this work the sim­
plest approach was chosen. The equations were for 1 < p 
< P +  1
Fp£tr\-i FP£]K +  6( Fp+ F p —\tfo d- /''„.¡-i,«

^Fpjs F  Fpj+ij.) +  2(p  — p +
(20)

and for p = P  + 1
^Vt-u>+i =  F  +  4¿XFpfa — F p+ij:K) +

"  2Fpj" +  F Pj +u) (21)
The proper boundary conditions are imposed on the “ elec­
troactive” elements: p = 1, and 1 < f  < L +  1.

Since there is a convective component in only one di­
rection the convection problem at a flowing tubular elec­
trode is quite simple. The only complication is that the 
viscosity of the fluid is responsible for a parabolic velocity 
profile. The expression used to calculate solution displace­
ment due to convection was

A f =  W (l( l  -  (P ~ p P2 +  1)2)  (22)

where W0 is the maximum axial velocity in units of f  per 
time step. The linear gradient used by Levich is expressed 
by

A f =  W of V  1}}  (23)

In eq 22 and 23, Af P is the number of axial units that the 
solution is displaced in lamina p per time step k. This 
means that the concentration originally at point (p,*) be­
comes the concentration at point (p,f + Af). Since the net 
points must be indexed by integers and A f is not neces­
sarily integral, a weighted average of two upstream con­
centrations must be used in order to obtain the new con­
centration. Taking the notation ||X|| to mean the greatest 
integer less than or equal to X, the concentration may be 
calculated from
F j  =  (1 +  ||Af|| -  AnF„,M im  +

(A f -  l|Af||)Fp,f_ 1|Ani+1 (24)

where Fp,j is the old dimensionless concentration and 
Fp,j.' is the new dimensionless . concentration brought 
about by convection. A similar approach has been used to 
treat convection at the rotating ring-disk electrode.37

The boundary conditions used depended upon the elec­
trochemical experiment being simulated and were estab­
lished at the beginning of each time step. For voltamme­
try the electrode reaction was taken to be rapid and the 
surface concentrations for a given potential were calculat­
ed via the Nernst equation. For potentiostatic transients 
and steady-state currents in the region of convective-dif­
fusion control, the surface concentration of the electroac­
tive species was set equal to zero. The boundary condi­
tions for the galvanostatic experiment were more compli­
cated since although the total current flowing at the elec­
trode is a preset constant, the flux along the electrode 
varies; therefore, the current at each annulus must vary. 
This case is completely analogous to similar conditions at 
the finite planar disk and has been discussed in detail.29

Certain dimensionless parameters have proved useful 
when interconverting between real and simulation space. 
By analogy to the real current which is given by eq 10 the 
simulation current is calculated from

Z Mm = 1.018<5~1/3P-I/3L2/3W 01/3 (25)

Often for convenience currents are normalized with re­
spect to the limiting current. Another very useful tubular 
electrode parameter has been derived by intersecting the 
Cottrell equation

i =  n F AD1 /2C6/7r1/2t1/2 (26)

with the limiting current expression, eq 10. This yields a 
time-like parameter known as the equivalent time and de­
noted t'. It may be easily shown that the equivalent time 
is given by

t' =  0.3152F2/3X 2/3IC 1/3V’„ -2/3 (27)
or if the volume flow rate, Vf, is used11

Ff =  t R W 0/2 (28)
the expression becomes

P = 0.4259«2X2/3£r1/3F r2/3 (29)
The simulation counterpart of this quantity is

9' =  t'D/R2 =  0.3152L2/3P-4/3ô2/3VFo2/3 (30)

Normalizing the time axis by dividing by the equivalent
time permits the presentation of the time-dependent be­
havior of whole families of electrodes by a single curve. It 
will also be seen that this quantity is useful in defining 
other experimental parameters such as the scan rate in 
voltammetry. The notation used is summarized in Appen­
dix I.

Results and Discussion
Zero Flow Limit. In order to establish the lower limit of 

response as well as to compare simulation results with 
known analytical solutions the zero flow limit was investi­
gated. The problem of radial diffusion in an infinite tube 
has been discussed.15 38'39 Since the assumption of an in­
finite tube eliminates axial diffusion, Fick’s second law is 
given by

dC(r.t) _  <PC(r,t) 1 dC(r,t) 
dt dr2 +  r dr (31)
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and the boundary conditions have already been stated. 
The solution to this equation is38-39

Jo (anr) 
J¡(otnr) exp|-Da„2£j (32)

where an is the nth root of the equation

J 0(a„r) =  0 (33)

and Ji(y) is a Bessel function of order i. From this expres­
sion the flux of the electroactive species at the electrode 
surface, hence the current, may be determined. The cur­
rent-time behavior is expressed by15

i =  4 ir n F X C bD X  e x p {D a nH\ (34)
1

This situation was simulated and it was determined that 
for P > 30 the simulation approached the analytical solu­
tion within 0.4%. Since we were interested in the effects 
of axial diffusion it seemed worthwhile to repeat this cal­
culation including this term. This amounts to an evalua­
tion of the importance of edge effects at tubular electrodes 
and is to some extent comparable to previous discussions 
of edge effects at planar electrodes.29-40'41 The results of 
this calculation are shown in Figure 2. The geometry used 
for this calculation was the same as that employed experi­
mentally by Oesterling and Olson,15 X / R  = 16.7. The 
current including axial diffusion is normalized with re­
spect to the current calculated from eq 34 and plotted us. 
t D /R 2. From this plot it is clear that there is a substantial 
current due to axial diffusion under these conditions. In 
the interest of comparison some of the experimental data 
of Oesterling and Olson15 have also been plotted in Figure
2. The calculation confirms the general tendency of their 
points taken at longer times to depart from simple theory. 
There are several possible explanations for the failure of 
the simulation to completely explain their data. The elec­
trode was a mercury coated platinum tube; consequently, 
some departure from the assumed geometry due to the 
surface tension of mercury would be expected. In order to 
make the comparison one must know the diffusion coeffi­
cient for the ion in question and uncertainty is often pres­
ent in these values. The best explanation, however, is 
probably the existence of a small convective component 
which would become important at longer times. This con­
vection could be due to vibration or in the case of ion-ion 
reductions it could be due to density differences between 
oxidation states. One unfortunate aspect of tubular elec­
trodes is that because of their geometry, no means exists 
to compensate for this latter source of convection. This, of 
course, is not the case for planar electrodes.42 The impor­
tance of axial diffusion may be experimentally minimized 
by increasing the X/R ratio.

T h e L evich  A ssu m p tion s. The first simulation done 
with a flowing solution was a calculation using the Levich 
assumptions, and boundary conditions, eq 6-9. For values 
of L  > 50 and diffusion layer thickness greater than 30, 
the simulation converged within 0.2% of the values calcu­
lated by Levich. This confirmed the validity of our ap­
proach, gave some idea of the number of volume elements 
necessary to obtain convergence, and also provided us 
with an estimate of our probable error. The latter point is 
an important one since probable error in this technique is 
often difficult to establish.

P otentiostatic and G alvanostatic Transients. The time- 
dependent response of a convective system to a current or 
potential step has been considered in the past as a prob­

Figure 2. Departures from  eq 34 due to axial d iffusion. Data 
points taken from  ref 15.

0.5 1.0 1.5

Figure 3. Current transient when a potential step is applied to a 
flow ing solution.

lem in its own right.43' 45 Here transient response is con­
sidered because it leads to an understanding of the signifi­
cance of t' which in turn is useful in explicating the im­
portance of cylindrical diffusion. Thus the current tran­
sient which occurs when the potential is stepped from a 
value at which no Faradaic process takes place to one at 
which the Faradaic current is convective-diffusion con­
trolled was simulated. The calculation was carried out 
using the Levich assumptions, and the result is shown in 
Figure 3. In this figure the time axis is normalized by di­
viding by t ’ , and the current axis is normalized with re­
spect to the limiting current. Not surprisingly the cur- 
rent-time behavior is very Cottrell-like in the region t / t '  
< 0.4, and it reaches the steady-state value at t / t '  > 2.0.

The time-dependent response of a flowing tubular elec­
trode to a current step is shown in Figure 4. Because the 
flux at the electrode surface is not constant along the 
length of the tube the calculations involved were rather 
lengthy. In the interest of conserving computer time the 
Levich assumptions were made for this calculation. A re­
versible electron transfer was assumed so the magnitude 
of the current step may be related to the ordinate of Fig-
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Figure 4. Potential transient when a current step Is applied to a 
flow ing solution.

ure 4 by means of Blaedel and Klatt’s12 equation for a re­
versible voltammogram at a flowing tube

E -  E°
RT (D oxy *  RT i
nF ln \DrJ  nF ln iD -  i (35)

From Figure 4 it is apparent that the steady-state poten­
tial is reached when t/t' > 4.0.

Cylindrical Diffusion. Figure 3 makes it quite apparent 
that the equivalent time, t' defined by eq 29, very nearly 
describes a condition of the diffusion layer at a flowing 
tube which corresponds to that for a stationary electrode 
at time t'. This suggests that it might be profitable to 
substitute t' into eq 34 and thereby estimate the change 
in steady-state current due to the cylindrical geometry. 
Figure 5 shows the results of such an experiment. The 
lower curve represents a simulation including cylindrical 
diffusion and the upper curve is the result of the above 
approximation. This makes clear the region in which cy­
lindrical geometry must be taken into account and pro­
vides a good approximation for much of this region. Addi­
tionally the difference between the two curves provides an 
estimate of the departures expected when Poiseuille flow 
is neglected. Clearly linear diffusion may be safely used 
whenever t'D/R2 < 10-4 . In terms of experimental vari­
ables this requires that XD/V{ < 10-6 and if we take the 
conventional value of 1 X 10-5 cm2/sec for D then one 
would expect Levich theory to be perfectly adequate when 
X/Vf is less than 0.1 sec/cm2.

Axial Diffusion. Axial diffusion was seen to be impor­
tant in the zero flow limit; however, its significance in the 
case of flowing solution will depend upon flow rate and 
geometry. Figure 6 shows the simulation for an electrode 
with an X/R ratio of 1/1. The lower curve in this figure is 
for an X/R ratio of infinity, i.e., no possible axial diffu­
sion. The departure of the lower curve is due entirely to 
cylindrical diffusion and parabolic flow. The geometry 
chosen is an extreme one and even here the influence of 
axial diffusion is slight. In fact it is even somewha: com­
pensatory. For electrode and flow rates for which the other 
Levich assumptions held it was impossible to produce an 
axial diffusion effect. Not surprisingly the neglect of axial 
diffusion is seen to be the best of the Levich assumptions.

Scan Rate. The derivation of the equation of the cur­
rent-voltage curve for a tubular electrode with flow ng so­
lution is relatively easy if one makes the steady-state as­
sumption.12,13 From an experimental point of view it 
would be useful to know at what potential scan rate the

Figure 5. Departures from  Levich equation due to cylindrica l d if­
fusion. Curve a is calculated from  eq 39 and curve b is the sim ­
ulation.

Figure 6. Departures from  Levich equation due to axial diffusion. 
Curve a is fo r an e lectrode with X / R  =  1/1 and curve b repre­
sents the lim iting case X / R  =  «>.

Figure 7. Voltam m ogram s of a reversible system at a flow ing 
tube e lectrode as a function of scan rate.

steady-state assumption becomes valid. Figure 7 shows 
the results of the simulation of this problem. The assump­
tions used were identical with those used for the treat­
ment of galvanostatic transients. Various voltammograms 
shown as a function of nVV where V is the voltage scan 
rate in mV/sec. Both the current and potential axes have 
been normalized. This calculation demonstrates that the 
steady-state assumption is valid for cases in which nVt' < 
5. Perhaps more important is the fact that one might
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naively assume that the absence of a current maximum 
would experimentally confirm steady-state behavior when 
this, in fact, is not the case. The voltammogram obtained 
in the case nVt' = 25 has no maximum but the value of 
f^ i im /2  obtained from this curve would be in error by 20/n 
mV. With respect to this parameter it should be recalled 
that for a tubular electrode E1/2 differs from the polaro- 
graphic E1/2 by (RT/6 nF) In (,Dox/DTe<i)1'2.
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Appendix I. Explanation of Notation
r = actual radial coordinate 
p = radial coordinate of model 
R = inside tube radius 
Z = actual axial coordinate
5  = axial coordinate of model 
X  = electrode length
D = actual diffusion coefficient
6 -  dimensionless diffusion coefficient 
Vo = axial flow rate
V{ = volume flow rate
Wo = maximum axial velocity in units of f  per time step
L = number of length units of model
P  = number of radial units of model
k  =  iteration counter
0 = dimensionless time
Fp.j-,* = dimensionless concentration
Z = dimensionless current parameter
t' = equivalent time (see eq 27 and 29)
0' = dimensionless equivalent time
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Reuben D. Rieke* 2 and Stephen E. Bales
W il l ia m  R a n d  K e n a n ,  J r .  L a b o r a to r ie s  o f  C h e m is t r y ,  U n iv e r s i t y  o f  N o r th  C a ro l in a .  C h a p e l H ill ,  N o r th  C a ro l in a  2 7 5 1 4  

{ R e c e iv e d  A u g u s t  11, 1 9 7 2 )

Alkali metal reduction of naphtho[6]cyclobutene has been carried out in a variety of ethereal solvents in 
order to study ion-pairing effects. The methylene protons of naphtho[6]cyclobutene were found to be 
equivalent under all conditions involving tight ion pairs. The origin of this equivalency is discussed.

Interest in the detailed structure of ion pairs has been 
considerable.3 Of particular interest has been the study of 
the kinetics and equilibria between structurally different

ion pairs.3c_e Esr studies of pyracene4 and acenaphthene5 
radical anions have provided examples of line-width alter­
nation and nonequivalency of methylene protons as a re­
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suit of ion pairing. Our studies6 of benzocyclobutene 
(BCB) radical anion provided a further example of these 
phenomena caused by ion pairing. For these systems, the 
common feature is an ethylene bridge in the 1 and 8 posi­
tions for pyracene and acenaphthene and in the 2 and 3 
positions for BCB. As a result of these studies, the naph­
thalene analog of BCB, naphtho[6]cyclobutene (I), was of

5 4
I

interest due to its ethylene bridge at the 2 and 3 positions. 
In this paper we would like to present our results of a 
study of the various ion pairs of the radical anion of I. All 
hyperfine splitting constants (hfsc) are given in gauss.

Results
Table I gives the results for this ion-pairing study of 

compound I. Reduction of I with potassium in dimethoxy- 
ethane (DME)7 or a mixture of DME and hexamethyl- 
phosphoramide (HMPA) gave virtually identical, temper­
ature-independent esr spectra. Methylene nonequivalency, 
alternating line widths, and ion pairing were not observed 
using these conditions. It was decided to try other combi­
nations of metal and solvent to see if these phenomena 
could be produced from I.

Sodium Reductions. Reduction of I with sodium in 
DME gave reversible, temperature-independent spectra 
from -2 0  to -80° that were essentially the same as those 
obtained from reductions using potassium in DME and 
DME-HMPA. The hfsc for the methylenes was slightly 
smaller, having a value of 5.80.

When sodium and tetrahydrofuran (THF) were used, 
the spectra obtained from —100 to -65° were the same as 
observed using potassium and DME, except the hfsc for 
the 1 and 4 protons was slightly smaller, having a value of 
5.35. At -6 0  and -50° a large increase in line width was 
noted from 0.15 G at —65° to approximately 0.50 G at —60 
and -50°. At -45° metal splittings due to the sodium cat­
ion were observed, A Na at —45° being 0.50. The sodium 
splitting increased with temperature giving a value of 1.10 
at room temperature. Despite the ion-pair formation, the 
methylene protons remained equivalent over the range 
where metal splittings were observed: —45° to room tem­
perature. The spectra were reversible with temperature 
and could be simulated quite well over the entire temper­
ature range. Experimental and calculated spectra for -6 0  
and —30° are shown in Figure 1. The —60° spectra had 
hfsc of A i.4 = 5.35, A5i8 = 4.23, A 6.7 = 1.60, and A CH2 =
5.80, while the -30° spectra had hfsc of A 1a = 5.10, A5,8 
= 4.20, A6.7 = 1.55, ACH2 = 5.75, andANa = 0.75.

Finally, I was reduced with sodium in diethyl ether 
(DEE). Spectra were obtained at -100 and —120° and de­
cayed rapidly at higher temperatures. Also, the spectra 
exhibited metal splittings which increased with tempera­
ture. Calculated spectra gave good fits as far as the num­
ber and positions of lines, but the relative intensities did 
not agree with the experimental results, probably as a re­
sult of modulation of the Na hfsc. This might arise by in­
terconversion of ion pairs of different solvation number.3'

Potassium Reductions. When potassium and THF were 
used the hfsc showed slight perturbations comparée to the 
free ion case, with A i .4 = 5.10, As 8 = 4.40, A67 = 1.65, 
and ACH2 = 5.70. However, the methylene protons were

Figure 1. Esr spectra of the radical anion of I prepared using 
sodium and THF: (a) experimental spectrum  at —60°; (b) ca l­
culated —60° spectrum  using hfsc given in text and a line width 
of 0.500 G; (c) experimental spectrum  at —30°; (d) calculated 
- 3 0 °  spectrum  using line width of 0.500 G.

equivalent and the spectra exhibited little change from 
— 120 to —30°. Calculated and experimental spectra at 
-70° are shown in Figure 2.

Finally, I was reduced with potassium in DEE. Unusual 
spectra were obtained from - 100° to room temperature 
having a large center peak flanked by narrower hyperfine 
lines. The spectra were weak but appeared to be indepen­
dent of temperature. A good spectrum was obtained at 
room temperature and the hyperfine portion could be sim­
ulated quite well using A 1A = 5.00, A5,8 = 4.45, A 6.T =

The J o u rn a l o f  P h y s ic a l C h e m is try , Vol. 78, N o. 7, 1974



Ion Pairing of Naphtho[i>]cyclobutene 725

Figure 2. Esr spectrum  of the radical anion of I prepared using 
potassium and THF: upper, experim ental spectrum  at - 7 0 ° ;  
lower, ca lcu lated - 7 0 °  spectrum  using hfsc given in text and a 
line width of 0.125 G.

1.60, and A,-H2 = 5.50. The methylene protons appeared 
to be equivalent over the temperature range studied; cal­
culated spectra using two sets of two gave poorer fits than 
those using one set of four. The origin of the large center 
peak was not determined. One possibility was that the 
center peak was due to solvated electrons but this was not 
considered likely in DEE. As the concentrations were al­
ways 5 X 10- 3 M  or less, a rapid electron exchange pro­
cess between anion or anions and the neutral species 
seemingly can be ruled out. One possible explanation is 
that it arises from a decomposition product. It is inter­
esting to note that upon reduction with sodium in DEE 
the large center peak was not observed, so the solvent 
does not appear to be the determining factor. The calcu­
lated and experimental spectra for +25° are shown in Fig­
ure 3.

Other Attempted Reductions. It was suggested that ion- 
pair formation and thus the probability of making the

Figure 3. Esr spectrum  of the radica l anion of I prepared using 
potassium and DEE: upper, experim ental spectrum  at +25°; 
lower, ca lcu lated + 2 5 °  spectrum  using hfsc given in text and a 
line w idth of 0.200 G.

methylenes nonequivalent would be most favored using 
lithium and THF.8 Reduction of I under these conditions 
was very slow. The spectra obtained consisted of one 
broad line which could not be resolved. Finally, I was 
added to lithium in 2-methyltetrahydrofuran (MTHF), 
but no color change was observed and as far as we could 
tell no reduction of I occurred.

Discussion of Results
The results for this ion-pairing study of I are given in 

Table I. The values for the hfsc are considered good to 
±0.05 G. The temperatures are good to ±0.1°. The table 
shows that reduction with potassium in DME or DME- 
HMPA and sodium in DME produced the free ion, with 
ion pairing being negligible. However, in sodium and THF 
or DEE ion pairs were formed, as evidenced by the metal 
splittings. The perturbations of the hfsc (compared to the 
free ion case) for potassium in THF and DEE may also be
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TABLE I: Hfsc Obtained for I Using Various Conditions of Metal and Solvent
Solvent Metal Ai.« /-i,S A6,7 A c h . Am Temp, °C

DME K 5.40 4.20 1.58 5.85 -50 to +25
DM E-HM PA K 5.40 4.20 1.60 5.82 — 88 to 0
DME Na 5.40 4.20 1.60 5.80 -80 to -20
THF K 5.10 4.40 1.65 5.70 -120 to -30
THF Na 5.35 4.23 1.60 5.80 —100 to — 50

5.10 4.20 1.55 5.75 0 .7 5 '-30
5.00 4.00 1.50 5.50 1 .1 0 + 25

DEE K 5.00 4.45 1.60 5.50 + 25
DEE Na 5.50 4.35 1.65 5.80 0.20 -120

5.47 4.30 1.62 5.72 0.25 -100

attributed to ion pairing, though metal splittings were not 
observed for these reductions. However, the methylenes 
remained equivalent and alternating line widths were not 
observed for any of the reduction conditions shown in 
Table I. This observation was quite unexpected as formal­
ly I is very similar to acenaphthene and pyracene. In all 
these molecules the methylene protons are situated about 
the same distance from the center of the 9-10 bond. There 
are three possible explanations for this observation. First, 
under all the conditions studied, we could have been in a 
region of fast exchange. A second possibility is that the 
metal ion is located in the plane of the NBCB molecule in 
a symmetrical position with respect to the methylene pro­
tons either close to the methylene protons or close to 
atoms 6 and 7. A third possibility is that the metal ion is 
above the ir cloud but for steric reasons is located over the 
ring involving atoms 5-10. We tend to rule out the second 
view. This stems partially from our work with benzocyclo- 
butene6 but also from the finding that the metal ion is lo­
cated above the plane in the case of pyracene.9 Also cal­
culations on acenaphthene radical anion ion pair indicat­
ed that the preferrec positions of the metal cation would 
be above the 9-10 bond.5 This was also predicted for 
naphthalene by Goldberg and Bolton.3a We also feel that 
the third possibility is unlikely for the following reasons. 
Reduction of I under a variety of conditions which surely 
yielded a variety of ion pairs showed negligible tempera­
ture dependency of the aromatic hfsc. It would seem that 
this could be explained in one of two ways. One possibility 
is that the cation is not fixed in a potential well over ei­
ther ring ar.d is jumping rapidly back and forth. Thus the 
observed hfsc are a weighted time average of a large num­
ber of possible values. The second possibility is that the 
solvated cation is in a single potential well over the ring 
involving atoms 5-10 due to steric repulsion of the methy­
lene groups attached to positions 2 and 3.10 We feel that 
the second explanation is not likely. First of all, the meth­
ylene groups attached to the 2 and 3 position are sterically 
about the smallest alkyl substituent one can attach to the 
naphthalene ring system. Far larger substituents have 
been placed on the naphthalene system and these have 
not prevented tight ion pairs from forming witn large 
metal hfsc. For example, the 2,6-di-ierf-butylnaphthalen- 
ide system shows a large sodium hyperfine splitting in 
MTHF.3c Thus even with a large feri-butyl group on each 
ring tight ion pairs can be formed. Finally, the reduction 
of 2,3-dimethylnapnthalene in DME with potassium 
shows a very large temperature dependence of the aromat­
ic hfsc in contrast to I.7 Sterically two methyl groups are 
larger than the fused four-membered ring and now the po­
tential wells over each ring appear to be different n ener­
gy or else now the cation is essentially over the ring in­
volving atoms 5-10 and it is in equilibrium with a loose 
ion pair or the free ion.

From these observations, it would appear that in I the 
cation is rapidly jumping back and forth from over one 
ring to over the other on one side of the molecule. If this is 
so, it would seem that the only logical explanation for the 
equivalency of the methylene protons is that we are also 
in a region of fast exchange for the movement of the cat­
ion from one side of the naphthalene molecule to the other 
side. The reason for the lower barrier of interconversion of 
the two ion pairs of I compared to pyracene or acenaph­
thene is not readily apparent. It is interesting to note, 
however, that any interconversion process that can be de­
scribed as resulting from rotation about the long axis of I 
relative to the metal cation should be more facile than for 
either pyracene or acenaphthene due to the positioning of 
the alkyl substituents.

One other interesting observation pointed out by Gold­
berg11 is that the sodium splitting in DEE is about 0.2 G 
at —120° while for naphthalene radical anion it is 0.80 G. 
In THF, both I and naphthalene have a metal splitting of 
about 1.0 G. This would suggest that the methylene pro­
tons do affect the potential well over the substituted ring. 
In the case of the tighter ion pair (DEE) at low tempera­
tures, the sodium ion may be spending more time over the 
9-10 bond which has low spin density. This could be a re­
sult of the potential well over the substituted ring being 
displaced toward the unsubstituted ring due to steric in­
teraction with the methylene protons.

In order to gain some additional evidence on this point, 
HMO calculations were carried out. The effect of the 
metal cation was taken into account by making those po­
sitions near the cation more electronegative. HMO calcu­
lations employing different coulomb integral variations 
were run for three possible ion pairs: the cation above the 
9-10 bond, near the 6-7 bond, and above the center of the 
ring containing carbon atoms 5 through 10. The calcula­
tions indicated that the best correlation was obtained 
when the cation was located over the center of the ring 
farthest from the ethylene bridge. This configuration was 
calculated by making the coulomb integrals for carbons 5 
through 10 more electronegative by — 0.05|/3o| (h5 io = 
—0.05) and using the coulomb integrals for carbons 1 
through 4 which gave the best fits for the free ion case 
(hi,4 = -0.2, h2.3 = 0.1). The calculated hfsc were A  1,4 =
5.00, A5.8 = 4.37. A6.7 = 1.72, and A CH, = 4.54. Inspection 
of Table I shows that these values agree quite well with 
the trends observed for NBCB as ion pairing increased.
Experimental Section

Usual high-vacuum techniques using alkali metals and 
ethereal solvents were employed to prepare the radical an­
ions studied. The initial hydrocarbon concentration was 
approximately 5 x 10-3 M. Dimethoxyethane (Aldrich), 
tetrahydrofuran (MCB), and diethyl ether (Allied) were 
dried by several distillations from lithium aluminum hy­
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dride (Alfa), degassed on the vacuum line using the 
freeze-pump-thaw techniqpe, and distilled under vacuum 
to solvent bumpers containing sodium-potassium alloy 
(Unified Science Associates). Hexamethylphosphoramide 
(Aldrich) was dried by several vacuum distillations from 
Linde 13X molecular sieves (Union Carbide) followed by 
degassings on the vacuum line prior to use.

Epr spectra were recorded on a Varian E-3 spectrometer 
with X-band frequencies and an E-3 variable temperature 
accessory. Temperatures were checked using a Honeywell 
Model 2746 potentiometer and copper-constantan ther­
mocouple, and are considered good to at least ±2°. Gas 
chromatographic analyses were performed on a Hewlett- 
Packard 57.50 research chromatograph using an 8  ft X  1.4 
in. column of 10% SE-30 on Chromosorb P. Computer sim­
ulations of theoretical esr spectra were done using a For­
tran Version IV program for mixtures employing Lorent- 
zian line shapes written by Griffin.12 Melting points were 
taken on a Fisher-Johns hot-block apparatus and are un­
corrected.

N a p h th o[b]cyclob u ten e was prepared by the procedure 
of Cava and Shirley;13 it was purified by gc to give mp
86.5-87.5, lit.13 mp 86.5; mass spectrum m /e  154.

A ck n ow led gm en t. Helpful discussions with Ira B. Gold­
berg and E. de Boer are gratefully acknowledged. Finan­

cial support of this investigation by the National Science 
Foundation is gratefully acknowledged.
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E l e c t r o c h e m i s t r y  o f  R h o d i u m - D i p y r i d y l  C o m p l e x e s 1

Gregory Kew, Keith DeArmond,* and Kenneth Hanck

D e p a r tm e n t o f C h e m is try , N o rth  C a ro lin a  S ta te  U n iv e rs ity , R a le ig h , N o rth  C a ro lin a  2 7 6 0 7  (R e c e iv e d  A u g u s t 6, 1973 )

Voltammetric data have been obtained for 2,2'-dipyridyl (dip) complexes of rhodium in acetonitrile. A 
reaction sequence is proposed based on analysis of electrochemical and luminescence data. For 
[Rh(dip)3]3+, the first one-electron reduction is followed by moderately fast elimination of one dip lig­
and. A second, apparently reversible, one-electron transfer which produces a Rh(I) species is also fol­
lowed by a chemical reaction. Two more stepwise, reversible one-electron transfers yield [Rh(dip)2]° and 
[Rh(dip)2]_ successively. Reactions for [Rh(dip)2Cl2]+ exactly parallel those found for the tris dip com­
plex except chloride is eliminated following the first electron transfer. Preparation and cyclic voltamme­
try of (dipH)[Rh(dip)Cl3(0H)]-H20, [Rh(dip)2]C104-3H2 0 , and [Rh(dip)2Cl]2(C104)2-4H20 confirm 
the above sequence

Introduction
A combination of electrolysis and electron spin reso­

nance (esr) spectroscopy was first used to study light 
atom jr-radical systems.2 The esr hyperfine and electro­
chemical data obtained can be useful in describing high­
est filled and lowest empty it orbitals3 and often may be 
correlated with the corresponding spectral transitions.4-5 
This general method has been extended to a number of 
transition metal complexes involving ir-type and other lig­
ands. These include the dithiolato complexes of Ni, V, Co, 
and Rh,6 the dipyridyl chelates cf Cr and V,7-8 and or- 
ganometallic compounds involving the metals Mo, Mn,

Fe, Co, Ni, Rh, Cr, W, and Ir bonded to ir-type ligands as 
well as to a carbonyl carbon.9

Nonaqueous solvents such as acetonitrile (AN) and 
7V,./V-dimethylformamide (DMF) have proved superior to 
H20 for stabilization of reduced species due to their lower 
oxidizing power and lower proton availability. Examples 
of this are seen in the reduction sequences of [Cr(dip>3]3+, 
[Mn(dip)3]2+, [Fe(dip)3]2+, and [Co(dip)3]2+ in H2010 vs. 
their reduction in AN.11-12

Redox and kinetic properties of metal-dipyridyl com­
plexes have been frequently studied, mostly in aqueous 
solution. Several general reviews are available.13 Polarog-
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raphy of Rh-amine complexes in aqueous solution has 
been reported by Gillard, Osborn, and Wilkinson.14 In all 
cases the first reduction process involved two electrons. 
This was also true for reduction of [Rh(Sacac)3] ir. ace­
tone, 15 the only reported nonaqueous study. Of the vari­
ous Rh diimines, only the reduction of [Rh(dip)2Cl2]+ has 
been attempted. This work, also by Gillard, et al., in 
aqueous solution, 14 was inconclusive. Recently Bard, et 
al., studied the chemiluminescence and electrochemistry 
of [Ru(dip)3]2+, isoelectronic to [Rh(dip)3]3+, in AN.16

Attempts to produce paramagnetic species from 
[Rh(dip)3]3+ and [Rh(dip)2Cl2] + (by electrochemical re­
duction in AN) stable enough to detect by esr have not 
been successful to date. Consequently a more general 
electrochemical study of the reduction sequence for these 
complexes was initiated.

Experimental Section
R eagents. The acetonitrile (AN) was Fisher reagent 

grade further purified by stirring with CaH2 and decant­
ing onto P2O5 from which it was distilled. It was refluxed 
over CaH2 and redistilled discarding the first 20% and last 
15-20%. A/,iV-Dimethylformamide (DMF) used was Ma- 
theson Coleman and Bell reagent grade further dried with 
type 4A molecular sieve for several days and redistilled at 
reduced pressure.17 Tetraethylammonium perchlorate 
(TEAP) used as a base electrolyte was Eastman White 
Label further purified by three recrystallizations from dis­
tilled H2O. It was dried in a vacuum oven at 100° over­
night and stored under dry N2. The complexes were syn­
thesized using RhCl3 -3H20  from Engelhard Industries 
and 2,2'-dipyridyl (dip) from Aldrich Chemical Co Both 
were used without further purification.

S yn th esis. Preparation of [Rh(dip)3]Cl3-5H2 0 , 
[Rh(dip)2Cl2]Cl-2H20, [Rh(dip)3](C10 4)3-2H20 , and
[Rh(dip)2Cl2]C104 has been described previously.18 The 
complex (dipH)[Rh(dip)Cl3(0 H)]-H20 was synthesized 
by a procedure described by Kulasingam, McWhinnie, 
and Miller for preparation of (phenH)[Rh(phen)Cl4].19 
The product was recrystallized from a water-acetone (1:1 
by volume) mixture rather than from water due to the 
tendency of (dipH)[Rh(dip)Cl3(OH)]-H20 to undergo 
further ligand exchange in H20 yielding [Rh(dip)2Cl2]Cl- 
2H2O. [Rh(dip)2]C104-3H20 was prepared by NaBH4 
reduction of [Rh(dip)3](C104)3-2H20  as described by 
Martin, McWhinnie, and Waind.20 [Rh(dip)2Cl]2(C104)2- 
4H20 was prepared by reduction of [Rh(dip)2Cl2]C104 
according to a general scheme reported by' the same 
authors. Products were used immediately after puri­
fication and drying or were stored under dry N2. Those 
previously reported were characterized by comparison 
with published spectra. Spectral properties of (dipH)[Rh- 
(dip)Cl3(0 H)]-H20  are to be published separately. A nal. 
(Atlantic Microlab, Inc., Atlanta, Ga.) Calcd for 
(dipH)[Rh(dip)Cl3(0H)]-H20: C, 43.08; N, 10.05; Cl, 
19.10; H, 3.62. Found: C, 43.72; N, 9.93; Cl, 18.33; H, 
3.75.

A pparatus. Optical spectra were obtained with a Cary 
Model 14 spectrometer (uv-visible), Perkin-Elmer Model 
521 spectrometer (ir), or an Aminco-Bowman spectropho- 
tofluorometer (uv-visible emission).

The drybox used was obtained from S. Blickman, Inc. 
(Model ILE with Vacuum Atmospheres Corp. Dri-Train 
Model He-373-BI for H20 and 0 2 removal).

Electrochemical measurements were made with a 
Princeton Applied Research (PAR) Model 174 polaragra-

phic analyzer, a conventional, three-electrode instrument, 
and a Hewlett-Packard-Moseley Model 7001A recorder. 
Cyclic voltammetry above 0.2 V/sec potential scan rate in­
volved use of a triangle wave generator based on a circuit 
design by Bull and Bull21 interfaced to the PAR Model 
174. Rise time of the Model 174 potentiostat is not pre­
cisely known but voltammetric curves taken above 80 V/ 
sec are slightly distorted. Since positive feedback iR com­
pensation was not available, some additional distortion 
results from uncompensated resistance. A voltage “sweep 
and hold” capability was not available, consequently re­
sidual current curves for runs faster than 0.2 V/sec could 
not be obtained except in the case of the least cathodic 
reduction.

A Tektronix Model 502A oscilloscope and a Tektronix 
Model C-12 oscilloscope camera were used to record fast 
voltammograms. The electrochemical cell used was of a 
conventional H-type design with an isolation compart­
ment separated from the test and reference compartments 
by fine porosity frits.

All data reported here were obtained at a vertical plati­
num wire electrode whose geometric area was 0.335 cm2. 
(At various times a vertical Pt foil electrode and horizon­
tal Pt “button” disk electrode, Beckman No. 39273, were 
also used. No qualitative differences in voltammetric 
curve shape were noted using these.)

T echniques. Platinum electrodes were cléaned between 
experiments with hot 15 M  nitric acid, rinsed six times in 
deionized water (>5 megohm cm), and finally rinsed with 
electronics grade methanol. They were then “dried” in a 
nitrogen stream and introduced into a dry, nitrogen filled 
glove bag or box at least 1 hr before use. At least two pre­
liminary, single-cycle scans were performed in the test so­
lution at approximately 10 V/sec to condition the working 
electrode before recording the data. In order to assure an 
oxide-free platinum surface the anodic limit of each scan 
was equal to or less than 0.1 V vs. see.

In practice both the isolation and reference compart­
ments of the electrochemical cell described above were 
filled with AN 0.10 M  in TEAP. A large diameter agar- 
4% KC1 salt bridge extending to an see was inserted into 
the reference compartment only during an individual ex­
perimental measurement. No difficutly with frit plugging 
due to KCIO4 precipitation was observed; no attempt was 
made to obtain an accurate estimate of liquid junction 
potential resulting but voltammetric peaks were repro­
duced within ± 10 mV.

Data were obtained with the above cell assembly con­
tained either within a drybox or in a glove bag flushed 
with nitrogen of less than 20 ppm total impurity content. 
Nitrogen used for deaerating or blanketing test solutions 
was passed through a bed of Ridox (room temperature O2 
removal catalyst)22 and through a solvent saturation bub­
bler.

Results
All complexes were dissolved in AN 0.10 M  in TEAP. 

Redox couples observed in this study are designated by 
increasing roman numerals, I through V, proceeding 
toward more negative potentials. For example, see Table 
I .

Cyclic voltammograms of [Rh(dip)3]3+ at two sweep 
rates at a platinum electrode are shown in Figure 1 . The 
solution was colorless initially. While observing experi­
ments at moderate potential scan rates (e.g ., 0.02-0.10 
V/sec), a red-violet colored material was observed at the
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TABLE I: Examples of Variation in Epc and [E ^  — E(P/i)t] or [£p„ — E ^ ]  with Change in va i

i  +  II I II in  IV

Epc
[Epc -
£ (P/2)cI Epc

[Epa -  
Epc] Epc

[Ep, -
Epc] Epc

]Epa
Epc]

lEp. -
Epc]

A. [Rh(dip)3]3+, 6.02 X 1 0 M
0 .1 0
9.52

31.8
89.8

0 .1 0
1.50

10.5
32.2
87.1

0.83

0.84
0.92
0.97
1 .0 1
1.05

70

54
65
80

130
125

0.83
0 .8 6
0.93

120
195

0.96
1 .0 0
1.06

B. [Rh(dip)jCl2]+, 5.16 X IO"1 M

1.46
1.48
1.49 
1.53

1.46

1.47 
1.49

58
90

120
200

64

80
120

1.67
1.69
1.71
1.75

1.67

1 .6 8  
1.70

60
95

130
210

66

90
130

II III

•pc
[Epc -  
E(p/i)cl Epc •pc

[Epc -  
E(p/a)c]

[Epc -
E(p/2)c]

0 .0 2
0 .1 0
0 .2 0

C. [Rh(dip)Cl3(OH) ] 
0.83 24.8 148 1.28
0.83 34.4 145 1.27
0.83 94.4 146 1.28

', 1.60 X 10-‘ M
20.6 67
35.5 66

105.2 66 2.21 549 79
• Results for Rh(III) dip complexes in 0.10 M  TEAP/AN solutions at a Pt electrode. 6 v in V/sec, Epe in —V vs. see, [Epa — Epe] in mV, ipc in pA.

electrode surface shortly after passing the potential corre­
sponding to the least negative cathodic peak, (Epc)i + ii- 
On removing the applied potential, the colored product 
moved away from the electrode changing in color to a 
shade of yellow before diffusing into the bulk of solution. 
Prolonged electrolysis at potentials slightly more negative 
than (EPC)i + „ led to a pale-yellow colored solution.

Cyclic voltammograms of [Rh(dip)2Cl2]+ and [Rh(dip)- 
Cl3(OH)]_ are presented in Figures 2 and 3. Note the 
similarity between the voltammograms for the tris and bis 
complexes at 0.10 V/sec scan rate. At a scan rate of 31.2 
V/sec an additional wave is resolved in the vicinity of 
-0.8 V for [Rh(dip)3]3+ (Figure lb) but not for the bis or 
mono dip complexes.

A red-violet colored material is also formed at the work­
ing electrode during electrolysis of [Rh(dip)2Cl2]+. The 
sequence of events for the red-violet product parallels that 
seen in the [Rh(dip>3]3+ solutions except the color change 
from red-violet to yellow is not clearly observed since the 
bis complex solution is initially a pale yellow.

(dipH)[Rh(dip)Cl3(0H)]-H20 dissolves in acetonitrile 
to form a pale, dull orange-colored solution. No color 
change is seen at the electrode-solution interface on elec­
trolysis. In addition to the waves shown in Figures 1-3, 
another is found peaking at approximately -2.20 V us. see 
for all three complexes. This wave is much larger for 
[Rh(dip)3]3_ than for [Rh(dip)2Cl2]+ or [Rh(dip)- 
CUiOH)]-  and arises from reduction of uncomplexed 
2,2'-dipyridyl. An irreversible wave may also be seen at 
approximately +1.4 V in solutions where the counterion is 
chloride. This wave is due to oxidation of chloride.16

Figure 4 shows cyclic voltammograms of [Rh(dip)3]3+ in 
which the potential scan was reversed shortly after (£pc)i 
to check for reoxidation of the reduction products. No 
similar oxidation wave was observed for the other two 
complexes. Data derived from voltammograms of the tris, 
bis, and mono dip Rh(III) complexes are found in Table I.

Figure 5 shows a cyclic voltammogram of [Rh(dip)2]+- 
The waves in the region from —1.3 to —1.7 V for this com­
plex are identical to those in the same region for

Figure 1. Cyclic voltammograms of [Rh(dip>3 ]3+, 
M :  (a) v =  0.10 V/sec; (b) v =  31.2 V/sec.

1.08 X 10“

[Rh(dip)3]3+ and (Rh(dip)2Cl2]'t' indicating [Rh(dip)2]+ is 
also the species present at these potentials when one 
starts with the Rh(III) tris and bis complexes.

[Rh(dip)2]C104-3H20  is prepared by reduction of 
[Rh(dip)3](C104)3-2H20  suspended in water.20 Addition 
of NaBH4 produces an immediate color change and a deep 
red-violet solid settles out. This dried material dissolves 
slowly when added to AN-containing 0.10 M TEAP. Solu­
tion within 1-2 mm of the undissolved crystals on the bot­
tom of the container is purple-tinted but changes to yel­
low as it diffuses away. Final color of the solution is a rich 
golden yellow, markedly darker than the pale yellow hue 
characteristic of [Rh(dip)2Cl2]+. The color difference does 
not seem to be due to concentration differences alone
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V vs SCE

.Figure 2. Cyclic voltammograms of [Rh(dlp)2CI2] + , 5.16 X 
10“ 4 M: (a) v = 0.1C V/sec; (b) v = 32.2 V/sec.

V vs SCE

Figure 3. Cyclic voltammograms of [Rh(dip)Cl3 (O H)]_ , 1.60 X 
10“ 4 M: v =  0.10 V/sec.

since the solubility limit of both complexes is similar 
(below 10 ~ 3 M).

Figure 6 is the cyclic voltammogram of [Rh(dip)iCl]22+ 
obtained by chemical reduction of [Rh(dip)2Cl2]C10 4 . On 
dissolving the solid in AN, red-violet solution is observed 
in the vicinity of remaining undissolved crystals. The col­
oration persists considerably longer in this case, until the 
solution diffuses at least 1 cm away from the crystals, but 
the final color of the solution is yellow, intermediate in 
shade between that observed for [Rh(dip)2]+ and that for 
[Rh(dip)2Cl2] + .

No red-violet material was visible at the working elec­
trode during voltammetry of [Rh(dip)2]+ while some was 
observed during voltammetry of [RhidiphClfe24". In both 
cases the bulk of solution was a shade of yellow before, 
during, and after electrolysis. Data obtained from voltam­
mograms of [Rh(dip)2]+ and [Rh(dip)2Cl]22+ may be 
found in Table II.

No change was observed in the voltammetric peaks as­
sociated with any of these complex ions when free 2 ,2 '- 
dipyridyl was added, within experimental error. A trend 
suggesting concentration dependence in rate at which 
(£pc)i and (£pc)n shifted with changing scan rate was 
noted23 but could not be more closely characterized due

-0.4 -06 -0.8 -1.0 -1.2
V VI SCE

Figure 4. Cyclic voltammograms of [Rh(dip)3 ]3+, 1.08 X 10"4 
M :  (a) v = 46.1 V/sec; (b) v = 46.3 V/sec.

Figure 5. Cyclic voltammograms of [Rh(dip)2]+ , 5.15 X 10 4 
M: v =  9.65 V/sec.

TABLE II: Examples of Variation in Epc and
[Epc -  i?(P/2)c] or [Epa -  EpC] with V -b

V

I + II III IV

Epc
[Epc — 
E(p/2)cl Epc

[EPa
Epc] Epc

[Epa
Epc]

A. [Rh(dip)2Cl]22+, 6 .50 X 10 -4 M

0.10 0.83 55 1.46 1.66
1.72 0.90 60 1.49 120 1.68 110
9.56 1.00 70 1.52 180 1.70 150

32.0 1.03 90 1.57 280 1.74 240
91.8 1.06

B. |[Rh(dip)2]+, 5.15 X 10-4M
0.10 1.46 60 1.67 70
9.64 1.49 110 1.69 110

32.4 1.51 160 1.72 170
91.7 1.56 250 1.76 250

a Results for Rh(I) and Rh(II) dip complexes in C. 10 M  TEAP/AN solu­
tions at a Pt electrode. b Epc in — V vs. see, [Epc — E(p/2)c] and [Epa — Epc] 
in mV.

to low solubility of the complexes and the estimated ex­
perimental error in potential measurement.

Discussion
E le c tr o n  T ra n sfer  S e q u e n c e . Reduction sequences are 

proposed (Figure 7) which are consistent with the voltam-
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V vs SCE

Figure 6. C y c lic  v o lta m m o g ra m s  o f  [R h ( d ip ) 2 C I]22 + , 6 .5 0  X  
1 0 - 4  M :  v  =  1 .7 2  V / s e c .

metric results obtained for [Rh(dip)3]3+, [Rh(dip)2Cl2]+, 
[Rh(dip)2Cl]22+, and [Rh(dip)2]+. Comparison of the first 
two steps for the Rh(H[) species is particularly important.

W a ves I  and II. a. General. The single large wave ob­
served at (jEPc) = -0.83 V vs. see for a [Rh(dip)3]3+ solu­
tion scanned at 0.10 V/sec is in fact a composite wave 
(Figure 1). The resolution of a second wave at higher 
sweep rates clearly establishes that it results from more 
than one discrete electron transfer process. Unless the po­
tential scan is reversed shortly after passing ( E pc)i (Figure 
4a), no corresponding oxidation wave is observed (e .g ., 
Figure lb). Presence of oxidation wave I indicates that a 
moderately fast chemical reaction is interposed between 
the first electron transfer and the second electron transfer. 
The voltammogram in Figure 4b shows potential scan re­
versal after passing (E vc) u .  That portion of the second re­
duction wave which is visible has a slope identical with 
the slope of the first wave suggesting that the second elec­
tron transfer process itself may be fast enough to produce 
a corresponding oxidation wave if not followed by a very 
fast chemical reaction. The chemical reaction following 
reduction wave II seems considerably faster than the one 
which follows reduction wave I since no oxidation wave II 
may be observed at the maximum scan rate of our instru­
mentation.

Theory for a variety of ECE mechanisms has been 
worked out by Nicholson and Shain.24 For an ECE mech­
anism with both electron transfers reversible, the flux of 
reactants for the two separate electron transfers are inde­
pendent for any conceivable type of intervening chemical 
reaction, i.e., (i)a+b = (0a + (0 b -  Plots of E  vs. log [ i /  
(¿d ~ 0] from dc polarographic data indicate n =  1.00 ± 
0.05 for the composite wave as do values of [E pc — £(P/2)C] 
from stationary electrode voltammograms at scan rates 
<0.5 V/sec (for solution concentrations >5 X 10-4 M ) .  
This suggests that the difference in E ° between the two 
charge transfers, AE °  =  { E u ° -  £ (°), must be small but 
negative. If instead AE ° >  0, the slope and/or [E pc — 
£(p/2,c] for the composite wave should approach that ex­
pected for a reversible two electron transfer process. If 
AE °  were < 0 , two reduction waves should be observed, 
even at slow sweep rates.

Voltammetric peak potential shifts of reduction waves I 
and II appear due to kinetic influence from the following 
chemical reactions and the effect of uncompensated resis­
tance.

The fact that an oxidation peak may be observed asso­
ciated with redox couple I and the lack of a similar peak 
for couple II supports the view that ( k t )n  »  (kr)t. Influ­
ence of the “ kinetic parameter,” kt /a , on the shape of a 
voltammetric curve for an EC mechanism has been ex-

BIS TRIS

[R h d i^cg '* [Rh<%g~

I I - (I) I I -
[Rhdip,cg0

| (vary fast) ♦ T**- J I)«)

[Rhdip,Cl],+ +  Cl [Rhdip2Y]<2+n, + +  dip

I I - O R I I -
[Rh<*P,cD0 [RhdipJY]l,+n,+

| (*»ry fast) | N^yfost)

|Rhdip^]1+ +  Cl [RKdipj'* +  Yn_

I I - (III) I I -
[RhdipJ° [RhdipJ°

I I - (IV) I I -
[RhdipJ1 [k h d ip j1

Y "- = C l'o r AN

Figure 7. P ro p o s e d  re a c t io n  s e q u e n c e  fo r  t r is  a n d  b is  d ip  rh o ­
d iu m  c o m p le x e s .29

plored.25 (k {/a  = (kfR T ) / (n F v ), since a =  (n F v ) /( R T ).) If 
scan rate, v, increases, kt /a  decreases, producing a ca­
thodic shift. Extended to the present situation, if (k r)u  »  
(fef)i, as v increases, the absolute value of (k t ) u /a  de­
creases more rapidly than does (fef)I/a. Thus the differ­
ence in reaction rates could cause reduction wave II to 
shift further cathodically than does reduction wave I for a 
given increase in scan rate. Consequently the composite 
wave may be resolved into two waves.

In the limit of very large k t for a following chemical 
reaction, a reduction peak undergoes a cathodic shift of 
30/n  mV per decade increase in potential scan rate, ac­
cording to theory.25 However, in the present case (Table 
I.A) a threefold increase in scan rate, from 9.52 to 31.8 
V/sec, apparently results in a shift of 30 mV for wave I 
while wave II shifts by 40 mV. Increasing the scan rate 
from 31.8 to 89.8 V/sec results in an additional 60-mV ca­
thodic shift for both waves. (Experimental error in each 
voltammetric peak measurement is estimated as ±3-4 mV 
from scan to scan on the same sample, so shift measure­
ments could involve a maximum of ±8-mV error.)

A portion of the potential shift for both reduction waves 
I and II is due to uncompensated solution resistance. Sep­
aration of uncompensated iR  effects from heterogeneous 
electron transfer effects is often difficult or impossible.26 
However if neglegible charge transfer effects are assumed, 
then shifts observed for waves HI and IV can be used to 
estimate the uncompensated resistance since these waves 
have no chemical complications. An average value of 18 
ohms is found to account for observed variations from 
theory.

As scan rate is increased from 9.52 to 31.8 V/sec, reduc­
tion wave I shifts 30 mV, wave II shifts 40 mV, wave IR 
shifts 15 mV, and wave IV shifts 18 mV. On going from
31.8 to 89.8 V/sec reduction waves I and II shift 60 mV 
while waves HI and IV shift 40 mV. In systems involving 
several successive electron transfers the effect of uncom­
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pensated resistance should increase progressively from the 
most anodic to the most cathodic peak. This establishes a 
practical upper bound to the amount of shift attributable 
to iR effects. The maximum amount would thus appear to 
.be 10-15 mV of the shifts observed between 9.52 and 31.8 
V/sec and 30-40 mV of the shifts seen between 31.6 and
89.8 V/sec. Consequently while iR effects cannot account 
for the “resolution” of waves I and II, a significant contri­
bution is apparent at scan rates high enough to resolve 
them.

An additional factor which might contribute to peak 
shifts such as those seen for reduction waves I and II is a 
difference in heterogeneous rate constant for electron 
transfer to the two different species involved. Such an ef­
fect is not observable in the present case however since, 
within experimental error, the potential difference be­
tween (Epch and (£pc)n remains constant as scan rate is 
increased from 9.52 to 89.8 V/sec.

b. n  V a lu es . Using dc polarography it was found that 
the diffusion current for the most positive reduction wave, 
(¿d)i + n, of the Rh(ffl) tris and bis dip complexes was 
twice the magnitude of (id)m or of (id)iv- ((¿a)i + n/*fa)in 
= (id)i+n/(id)iv = 2.00 ± 0.05.)

At a scan rate of 0.10 V/sec, using cyclic voltammetry 
at a platinum electrode, the ratio (tpc)i+n/(ipc)in = 2.00 
± 0.08 for [Rh(dip)2Cl2 + solutions while for [Rh(dip)3]3+ 
solutions of approximately the same concentration (~5 X 
10~4 M )  (ipc)i + ii/(ipc)in = 1-80 ± 0.05. The difference in 
(ipc)i + n/(ipc)m between [Rh(dip)2Cl2]+ and [Rh(dip)3]3+ 
suggests that the increase in sweep rate from 0.0C33 to 
0.10 V/sec results in a more negative AE ° ', (=  \E ° ' — 
E i° '] ) for [Rh(dip)3]3+ so that reduction waves I and II 
overlap less exactly and lead to a diminished value of 
(¿pc)i + n- Values of \Epa -  E pc] and [ipa/tpc] derived from 
the same cyclic voltammograms indicated that redox cou­
ples HI and IV were unequivocally one electron and re­
versible.

As an independent check of overall n  value for the com­
posite waves at 0.10 V/sec, a comparison was made be­
tween (¿pc)i+ii for known solutions of [Rh(dip)3]3~ and 
[Rh(dip)2Cl2]+ and (ipc) for a chemically similar but well- 
characterized standard. The standard chosen was 
[Ru(dip)3]Cl2-5H20 for which it was known that the least 
negative reduction was a reversible, one-electron trans­
fer.16 For [Rh(dip)3]3+ solutions, (¿P c ) i + i i / ( í p c ) k r u > =
1.83 ± 0.04 while for [Rh(dip)2Cl2]+ the ratio equalled
2.03 ± 0.05.

The entire reaction sequence for [Rh(dip)2Cl2]+ through 
the second electron transfer process must closely parallel 
that for [Rh(dip)3]3+. Only if at least an ECE mechanism 
is also present for [Rh(dip)2Cl2]+ with AE ° somewhat less 
than zero, can we account for the apparent additivity of 
current at both dc polarographic and moderate solid-elec­
trode voltammetric scan rates. Again, if AE ° were >0, it 
would be expected that (tpc)i+ii/(ipc)i(Ru) = (2)3/2 = 2.82 
since the governing equation for stationary electrode vol­
tammetry shows ip a n3/2 .

c. P r o d u c ts . At 0.10 V/sec, (£pc)I+1I = -0.83 V for 
both [Rh(dip)2Cl2]+ and [Rh(dip)3]3+, as noted in Tables 
I and II. Since an ECEC process must be operative, the 
fact that no additional wave may be resolved for 
[Rh(dip)2Cl2]+ by increasing potential scan rate or by a 
combination of increased scan rate and potential scan re­
versal shortly after (Epc)i+n may indicate that (fef)i for 
[Rh(dip)2Cl2]+ is larger than for [Rh(dip)3]3+. It def­
initely suggests that (fcrh and (k t) u for [Rh(dip)2Cl2]+ are

closer in magnitude than are the same two values for 
[Rh(dip)3]3+.

At scan rates above 0.10 V/sec, (£pc)i+ii for 
[Rh(dip)2Cl2]+ shifts cathodically with an increase in scan 
rate at the same rate observed for (Epc)u for 
[Rh(dip)3]3+. This does not exclude the possibility that 
the ( f e f ) n ’s  are similar, nor the possibility that the two 
species involved in the second electron transfer processes 
may be similar (Figure 7).

Dc polarographic data offer a clue to the differences in 
rate of the chemical reaction following reduction wave I 
for [Rh(dip)s]3+ and [Rh(dip)2Cl2]+. Reduction wave V, 
associated with reduction of free 2,2'-dipyridyl, (jEi/2)v = 
—2.17 V vs. see, showed a diffusion current equivalent to 
n =  2.18 for [Rh(dip)3]3+ solutions while in
[Rh(dip)2Cl2]+ solutions (id)v implied n = 0.18.

To further confirm the liberation of 2,2 '-dipyridyl at po­
tentials in the vicinity of the composite wave, controlled 
potential electrolysis was performed on a solution initially 
containing only [Rh(dip)3]Cl3. After electrolysis at 0.15 V 
more negative than (£pc)i + n, a luminescence spectrum of 
the resulting solution indicated the presence of 
[Rh(dip)3]3+, [Rh(dip)2Cl2]+, and of free 2,2'-dipyridyl.

Summarizing, polarographic results indicate that a 
chemical reaction liberating 2,2'-dipyridyl is involved in 
or after the electron transfer indicated by wave (I + II) for 
[Rh(dip)3]3+ but not for [Rh(dip)2Cl2]+. Luminescence 
spectra confirm the presence of free 2,2'-dipyridyl in elec­
trolyzed [Rh(dip)s]3+ solutions.

It is reasonable to conclude that the moderately fast ir­
reversible chemical reaction following reduction wave I in 
[Rh(dip)3]3+ is ligand exchange eliminating 2,2'-dipyridyl. 
This is consistent with “chemical intuition” since ex­
change of a bidentate dip for a solvent molecule would 
proceed at a slower rate than monodentate ligand loss. 
Consequently, exchange involving dip should be easier to 
“outrun” by an increase in potential scan rate.

Starting with a solution of [Rh(dip)2Cl2]+, if the first 
very fast following reaction is chloride elimination, the 
[Rh(dip)2Cl]+ which results is quite similar in geometry 
and expected reactivity to the product obtained from

[Rh(dip)J)+ +  AN +  le-  — [Rh(dip)2(AN)]2+ +  dip

The species [Rh(dip)2]+ accounts for redox couples 
found at potentials more negative than the composite 
wave. Therefore the second electron transfer and the very 
fast irreversible following reaction for [Rh(dip)3]3+ and 
[Rh(dip)2Cl2]+ starting materials are, respectively
[Rh(dip)2(AN)]2+ +  le~ —  [R hidipj/AN lf — *

[Rhidip/J* +  AN
and
[Rh(dip)2Cl]+ +  le“  =5=*= [Rhidip^Cl]® — ►

[Rh(dip)J+ + Cl-
W a ves III and IV . Examination of voltammograms of 

[Rh(dip)2]+ at 0.10 V/sec reveals that [E pa — £pc]m = 60 
mV and [£pa — £pc]iv = 70 mV. Both charge transfers 
appear reversible, one electron, and without chemical 
complication. Comparison of Figure 5 with Figures 1 and 
2 indicates a one-to-one correspondence to both in the re­
gion from -1.3 to -1.8 V. This then establishes the waves 
as due to the reactions

[Rh(dip)2Jl~ + le-  =5 =^ [Rh(dip)2]° (redox couple III)

[RhidiplJ0 +  le-  [Rh(dip)2]_ (redox couple IV)
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As in dc polarography, waves at more negative potential 
are associated with reduction of free 2,2'-dipyridyl.

The voltammograms obtained when isolated [Rh(dip)2- 
C1]2(C104)2.2H20 was dissolved in AN were exactly 
what would be expected for an equimolar mixture of 
[Rh(dip)2Cl2]+ and [Rh(dip)2]+. Instead of the general 
2:1:1 ratio between peak current for the composite, third 
and fourth waves observed for Rh(IH) starting materials, a 
1:1:1 ratio was found. Martin, e t  a l., who originally isolat­
ed this complex, indicated that it appeared to dispropor­
tionate when redissolved20 (original preparation involved 
sodium amalgam reduction of an aqueous suspension). 
The data above thus appear to support their hypothesis.

While the reduction sequence adduced for the bis and 
tris dip Rh complexes explains all observed electrochemis­
try, efforts continue to further characterize intermediate 
products by electron spin resonance and optical spectros­
copy.

E le c tr o n  T r a n s fe r  S e q u e n c e  f o r  (d ip H )[R h (d ip )C lz -  
(0if)]-fi20. Figure 3 indicates that the reduction sequence 
of (dipH)[Rh(dip)Cl3(0H)]-H20 is quite different from 
those for the bis and tris complexes. The following reac­
tions are proposed for the mono complex

[Rh(dip)Cl3(OH>] + le-
'[R h (d ipX 312( O H ) r  +  C T '

or

[Rh(dip)Cl3(OH)r

’ [Rh(dip)Cl.(OH)]~ + AN 
or

[Rh(dip)Cl3(OH)f“
+

le -
[R h C U O H X A N ip - '

or

[RhCl3(OH)r
+ dip

At all scan rates reported (Table I) (£pc)i = —0.83 V 
and (£pC)n = —1.28 V. The third wave was not examined 
at 0.02 V/sec but at 0.20 V/sec ( £ p c ) i i i  = -2.21 V. The 
invariance of [£pc — £(P/2|c]i with an order of magnitude 
change in scan rate is curious since the electron transfer 
appears irreversible even at the lower rate, but may lend 
additional significance to (jEpc)i = -0.83 V which is also 
invariant. From the invariance of (£pc)n and [£pc — 
£(p/2ic]n this process can be specified as a reversible, one- 
electron transfer followed by a fast irreversible chemical 
reaction. It may be inferred from (iPc)i/(tpc)n = 0-90 at v 
-  0.20 V/sec that the first electron transfer process in­
volves approximately one electron overall. Also, (ipc)ni/ 
(¿pc)11 = 5.23, if (iPc)ii implies one electron. Recalling 
that the cation was (dipH)+, a plausible reaction account­
ing for n  -  5 is

dip + (dipH)+ + 5e~ -» 2dip2- +
The most likely impurity in (dipH)[Rh(dip)Cl3(OH)]- 

H20 is [Rh(dip)2Cl2]Cl-2H20 which forms readily if 
heating is attempted during recrystallization from 1120- 
acetone. However, any voltammetric peaks attributable to 
[Rh(dip)2Cl2]+ are easily distinguished. In Figure 3b the 
irreversible wave peaking in the vicinity of -0.83 V us. see 
could be due to bis impurity but absence of the third and 
fourth reduction waves, and the corresponding oxidation 
waves, is good evidence that the amount of bis present is 
small and that the irreversible wave (electrochemically 
and chemically) with ( E p c) = —0.83 V is characteristic of 
[Rh(dip)Cl3(OH)]-.

R e d o x  O rb ita ls . R h (I I I )  C o m p le x e s . On a platinum 
surface at scan rates below 0.10 V/sec, no significant dif­
ference is observed between the composite wave I?i/2 values 
of [Rh(dip)3]3+ and [Rh(dip)2Cl2]+. For [Rh(dip)- 
Cls(OH)]- the electron transfer is irreversible making 
accurate estimate of E 1/2 impossible so the only meaning­
ful comparison available between all three complexes is 
between (£pc)i for [Rh(dip)Cl3(OH)]_ and (Epdi+ii for 
the bis and tris complex ions.

Extensive interaction is expected between bidentate jt 
ligands of a tris complex when substantial jr-type bonding 
to the central metal ion is possible. Since the same degree 
of interaction, hence same v *  orbital energy, cannot be 
expected for another complex containing fewer n ligands, 
a difference in (E pc) is expected for the mono, bis, and 
tris complexes of this study.

For the tris complex the first electron is expected to add 
to a 7r*-antibonding orbital in which contribution of the 
dip ring systems predominate. The first electron trans­
ferred to a bis moiety could enter either a predominantly 
7r*-antibonding orbital or possibly a molecular orbital lo­
calized on the Rh(in) ion in which d orbital contributions 
predominate. For the mono complex generally similar al­
ternatives exist except that the orbital in which ir charac­
ter from the dip ring dominates is expected to contain a 
higher percentage of d orbital character. This difference in 
orbital character is supported by luminescence spectral 
data for the tris and bis complexes which indicate that 
the lowest excited state for [Rh(dip)s]3+ is a ligand jr-type 
state while that for the bis complex indicates a localized d 
orbital as the lowest excited state.18

However, all three Rh(III) dip complexes undergo a first 
or first composite reduction process showing the same 
(£pc)! One possible explanation is that the redox orbital 
in each case contains contributions from only o n e  dip ring 
system, i .e . , the degree of interaction between dip ring 
systems in the tris complex is substantially s m a lle r  than 
expected.

This is supported by luminescence data for mixed bi­
dentate ligand complexes which suggest that the dip rings 
of the tris complexes act independently.27 An electron ex­
cited from the ground state in, for instance, the [Rh(dip)- 
(phen)2]3+ ion to a ir* level on the ligand system shows 
two distinct lifetimes before luminescent decay. One of 
these is very close to the single lifetime observed for 
[Rh(dip)3]3+ (2.3 x 10~3 sec v s . 2.29 x 10~3 sec for the 
latter18) and the lifetime of a second emission approaches 
that of the [Rh(phen)s]3+ species.

b. R h (II I )  vs . R u (I I )  C o m p le x e s . The electrochemistry 
of [Rh(dip)3]3+ and [Ru(dip)3]2+ is largely, but not en­
tirely, consistent with their chemistry. [Rh(dip)3]3+ is ob­
tained in good yield only by special, forcing conditions.18 
[Rh(dip)Cl3(OH)]_ readily undergoes further ligand ex­
change yielding [Rh(dip)2Cl2]+, clearly the favored 
species of the three. In contrast, some care is required to 
obtain anything other than [Ru(dip)3]2+, i .e . , [Ru- 
(dip)2Cl2)°, and (dipH)[Ru(dip)Cl4].28

This suggests a stability of the Ru tris complex relative 
to its isoelectronic Rh counterpart apparently borne out 
by the electrochemical behavior. The value of (£pc)i = 
-1.36 V for [Ru(dip)3]2+ vs. approximately -0.83 V for 
the Rh analog would seem to represent a combination of 
kinetic and thermodynamic factors. But while a localiza­
tion of charge in a single dip ring on electrochemical re­
duction favors the bidentate ligand elimination observed 
for [Rh(dip)3]3+ after the first electron transfer, the more
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extensive delocalization of the redox orbital suggested by 
a b se n ce  of such a reaction in the Ru analog16 is normally 
consistent with reduction at a le ss  n eg a tiv e  potential, ex­
actly opposite from the effect observed.

Difficulties arise in trying to correlate differences in 
electrochemical parameters with the spectral differences 
of [Ru(dip)3]3+ and [Ru(dip)3]2+. Attempts to correlate 
change in E °, a change in free energy, with hv, a change in 
internal energy, are problematic in general as has been 
summarized by Vlcek.5 For a limited series of isoelectron- 
ic metals with the same ligand a linear relationship be­
tween E °  and hv may be noted but even this depends on 
the spectral transitions being of the same type. The lumi­
nescence spectrum of [Ru(dip)3]2+ shows a transition 
from a lowest unfilled orbital that has substantial d char­
acter, i.e ., a (d-ir)* state, whereas the corresponding or­
bital for [Rh(dip)3]3+ has little d character and may be 
characterized as a ligand localized ir* orbital. Therefore, 
meaningful correlation of optical and electrochemical data 
is not expected.
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Self-diffusion coefficients were determined for the sodium and for the tétraméthylammonium ion in a 
moderately cross-linked polystyrenesulfonate gel at 5, 25, and 40° by measuring their respective self-ex­
change reaction rates with 2.3y 2 2 Na+ and C-14 labeled Me 4 N + as tracers. A solution to the diffusion 
equation for a composite sphere in a limited bath was employed in a computer-assisted, non-linear least- 
squares fit o f the experimental rate data to obtain particle self-diffusion coefficients, D p, and values of 
the kinetic mechanism parameter, £. The value of D p for Me 4 N + at 25° was less than one-fourth that for 
Na+ ion and the activation energies for the two ions were 7.0 and 5.2 kcal m ol-1 , respectively. The 
strong reduction in the mobility of tétraméthylammonium relative to sodium ion in the pclyelectrolyte 
gel was attributed to the difference in the viscous drag effect they experience.

Introduction
A large amount of empirical data on the ion-exchange 

behavior of organic ions in aqueous solutions has come 
into existence in recent years, and many astonishing chro­
matographic separations of closely related species have 
been reported. At present, however, very little is known 
about the causes and mechanisms for these unusual re­
sults. A discussion of the interactions of organic ions in 
cross-linked polyelectrolyte gels has been given by Feitel- 
son 1  who has considered the limited information available 
on the equilibrium behavior of the tetraalkylammonium 
ions , 2 - 4  the amino acid cations, and the carboxylic acid 
anions. Virtually no quantitative measurements on the 
mobilities of organic ions in ion exchangers have been re­
ported, although it has been observed 5  that the rates of 
exchange of the tetra-n-alkylammonium ions decrease 
with increasing ion size. Early work6  with cylindrical 
packed beds o f granular, sulfonic acid-type cation ex­
changers in the alkali-metal and ammonium form has 
shown that the ratio of their equivalent conductivities to 
the equivalent conductances (X0+) o f the respective cat­
ions in aqueous solutions at infinite dilution is very nearly 
a constant. If this empirical relation holds for tétraméthyl­
ammonium ion, its mobility in an ion exchanger would 
be expected to be approximately the same as for sodium 
ion because Xo for Me 4 N + (44.9) is only slightly smaller 
than for Na-  (50.1).

Measurements c f  the self-diffusion of tétraméthylam­
monium and of sodium ion in a moderately cross-linked 
polystyrenesulfonate gel have been performed in this re­
search. Diffusion-controlled rates of self-exchange of C-14 
labeled and nonlabeled Me 4 N + ions and of 2 2 Na+ and 
2 3 Na+ ions, respectively, were determined at several tem­
peratures. A superior, new theoretical method was applied 
to the treatment o f the rate data to give accurate ionic 
self-diffusion coefficients. A criterion for the kinetic 
mechanism which controls the self-exchange rate also 
is given by the theory.

Experimental Section
M a te r ia ls  a n d  P r o c e d u r e . The experimental procedure 

(limited bath technique) was essentially the same as that

applied earlier in this Laboratory . 7  The exchanger was a 
nominal 8 % divinylbenzene (DVB) cross-linked polysty­
renesulfonate taken from the same lot as that used in previ­
ous thermodynamic studies . 2  The sodium form was wet 
seived to collect particles with diameters between 0 . 2 1  

and 0.42 mm, and defective beads were removed by back- 
washing until a microscopic examination showed the 
preparation to be nearly 100% spheres. The exchanger was 
cleaned by cycling it repeatedly from the sodium to the 
hydrogen form. Finally, it was converted either to the so­
dium (NaR) or tétraméthylammonium (M e 4 NR) form by 
treatment in a column with a large excess of molar chlo­
ride solution followed by 0.1 M  solution and by rinsing 
with deionized water until a negative test for chloride was 
obtained.

A predetermined amount ( i .e . ,  mequiv) of NaR or 
Me 4 NR was suspended in 270 g of pure water held in a 
three-neck, round-bottom flask submerged in a water bath 
held to ±0.05° of the desired temperature. The exchanger 
was charged with either 2 2 Na+ or C-14 labeled M e 4 N + ion 
by placing the activity in the water and waiting approxi­
mately 24 hr for isotopic equilibration. Conditions were 
such that virtually all the radioactivity entered the poly­
electrolyte gel; the small amount remaining in solution 
was determined.

The self-exchange reaction which caused radioactivity 
to reappear in the external solution was initiated by rap­
idly adding a weighed quantity o f electrolyte of known 
concentration which contained the same cation as in the 
exchanger.

The external solution was ca . 0.10 N  so that swelling 
changes or Donnan invasion of the exchanger by electro­
lyte could be neglected. The rate of attainment of isotopic 
redistribution equilibrium was measured by withdrawing 
weighed samples ( i .e . ,  ca . 0 . 1  g) o f solution from the well- 
stirred reaction mixture and measuring their radioactivi­
ty. The C-14 labeled M e 4 N + activity in solution was de­
termined by liquid scintillation counting as described pre­
viously . 2  Corrections of 1-4% maximum were made for 
variable quenching caused by the slightly differing 
amounts of water in the samples. Long-lived, 7 -ray emit­
ting (2.6y) Na-22 activity was measured with a 4tr geome-
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TIME ( sec I

Figure 1. Rate of self-exchange of tetram ethyiam m onium  Ion in 
Dowex-50W , X-8, Me4N form  at various tem peratures (C-14 la­
beled Me4N + Ions).

try, thalliated Nal crystal scintillation counter. The radio­
chemical purity of the 22Na preparation was checked by 7  

spectrum measurements with a multichannel analyzer.
The exchanger was recovered from the reaction flask on 

completion of the experiment and the average particle 
size was estimated from microscopic measurements on 
over 1 0 0  spheres submerged in their equilibrium electro­
lyte solution. The average diameter for the Na+ form was 
0.0301 cm and 0.0326 cm for the Me.jN+ form. The frac­
tional attainment of isotopic redistribution equilibrium, 
F , was computed by dividing the corrected activity 
(counts per min per g of solution) by the activity observed 
after 24 hr. A typical plot showing the increase of F  with 
time is given in Figure 1.

T r e a tm e n t  o f  E x p e r im e n ta l  R e s u lts . Two models were 
applied in the treatment of the F ( t )  data to derive rate 
constants for the self-exchange reactions of C-14 labeled 
Me 4 N+ and 2 2 Na+ ions, respectively. Qualitatively the 
shape of the rate curves (Figure 1) was characteristic of a 
process controlled by diffusion in and through the poly­
electrolyte sphere ( i .e . , particle or “ p-type”  diffusion). 
Therefore, a solution 7  to Fick’s equations for a sphere 
with the appropriate boundary conditions was employed 
which gives a formula from which the particle diffusion 
coefficient, D p , can be derived by fitting the experimental 
data to the function, F ( t ) .  Three quantities, r, Xn, and w 
appear in F ( t ) .  The dimensionless variable, r, which is re­
lated to t, D p , and the particle radius, a, by

r =  D pt f a 1 ( 1 )

the parameters, \n, which are the roots of the transcen­
dental equation

\ n cot =  1 +  X„2 /3 w  (2)

and w  which is the ratio of the total milliequivalent of ion 
in the exchanger to that in the ambient solution, and is 
defined by

W  =  C V  l e v  (3)

where C  and C are the concentrations of the diffusing 
species in the exchanger of volume V  and in the solution 
of volume V, respectively. The values of D p derived by fit­
ting the experimental data to F ( t ) ,  however, showed a 
progressive increase with time suggesting that the ion ex­
changer was nonuniform, or, that a thin film of solution 
was present at the particle-solution boundary so that a

“ coupled”  film diffusion-particle diffusion process was oc­
curring. Examinations of the spheres with a polarizing 
microscope did not reveal heterogeneity in the exchanger, 
hence diffusion in and through a composite sphere was 
considered.

Several solutions of the mathematics o f diffusion in 
composite spheres for appropriate boundary conditions 
have been reported , 8 , 9  however, the recent treatments of 
Huang1 0  for a finite bath and of Span 1 1 , 1 2  for an infinite 
bath are noteworthy. An important difference in the 
treatments by these latter authors lies in their assump­
tions about the concentration profile in the liquid film 
which encloses the ion-exchange sphere. If a l in ea r  con­
centration gradient is assumed, the mathematical solution 
for a finite bath is 
F ( t )  =  1 -

^ _________6 £ 2 ( 1  +  a ) exp(—g „ 2 r )_____________
^ ( 9 / a )  +  a g n 2 +  9 ) £ 2 -  ( 6  +  a ) g n 2£  +  o t g „ *

where the g n are the nonzero roots of
tan g j g n =  (3£ -  a g „2)/[(£  -  1 ) a g n2 +  3£] (5)

with a = C V / C V  = w - 1 and £ = (a / d )(D ,/ D p ) (C / C ), 
where & is the film thickness and D ( is the film diffusion 
coefficient.

Constant values of D p and estimates of <5, assuming 
values for D t published for binary aqueous solutions, were 
obtained from computer-assisted, non-linear least-square 
fits of eq 4 and 5 to the data. In making this fit reasonable 
guesses of the values of £ and D p for each system must be 
made to initiate the computer calculations. The validity 
o f the assumption of a linear concentration profile for our 
experiments will be discussed in the light of Span’s re­
sults.

Discussion

A summary of the results is given in Table I where the 
uncertainties shown for D p and £ are the standard devia­
tions of the values listed. The self-diffusion coefficient for 
Me 4 N + is seen to be significantly smaller than for N a+, 
and the activation energy for the process is distinctly larg­
er. Analogous reductions in the relative mobility of 
tetramethyiammonium ion have been reported 1 3  in inves­
tigations o f the electric conductivites of a homogeneous 
polystyrenesulfonate membrane with a somewhat larger 
water content ( i .e , C(Me4 NR) = 1.59 mequiv m l-1 ). 
Thus, the ratio of the equivalent conductance of the 
tetramethyiammonium to the sodium form of the mem­
brane was 0.44 compared with the ratio of D p values 
(Table I) at 25° of 0.23. The reduction in the mobilities of 
ions in a polyelectrolyte gel from their values in aqueous 
solutions may be attributed to three effects: (a) a reduc­
tion of the cross section for diffusion because of obstruc­
tion by the molecular network o f the gel; (b) a further re­
duction because only a fraction of the “ free” volume will 
permit ionic motion in a direction perpendicular to the 
cross section for diffusion ( i .e . , tortuosity factor); and (c) 
a reduction caused by the resistance experienced by a 
sphere when its diameter approaches the width of the in­
terstices (pores) in the gel network. It may be inferred 
from the equivalent conductance 6 , 1 3  and from ionic self­
diffusion coefficient7  data on the alkali-metal cations that 
the movement of sodium ion is restricted by a and b, but 
not by c, because of a decrease in the size of the hydrated 
ion. Thus, the expected increase in drag with the
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TABLE I: Particle Self-Diffusion Coefficient, D p,  
and Kinetic Mechanism Parameter, £, for the  
Self-Exchange Reactions of Tétram éthylam m onium  
and Sodium Ions in  Nom inal 8% DVB Cross-Linked 
Polystyrenesulfonate1

Mobility of Organic Cations in Cross-Linked Po yelectrolyte Gels

Temp,
°C Op. cm2 sec-1 X 107

-Eact»kcal mol“1 t cm X 103

5.0 0.93 ± 0.01
(CH3) iN + Ion

42.8 ± 3.5 1.6
25.0 2.17 ± 0.06

7.0 ±  0.3
39.7 ± 8.6 0.9

39.2 4.46 ± 0.08 9.6 ± 0.4 (1-6)

5.0 5.13 ± 0.12
Na + Ion

4.6 ± 0.2 2.0

24.9 9.61 ± 0.38
5.2 ±  0.5

4.8 ± 0.3 1.2
“  C (N a R )  =  3 .0 ;  C (M e t N R )  =  2 .5  m e q u iv  m l-> .

size of a hydrated alkali-metal cation is compensated by 
an equivalent reduction in its hydration. The mobility of 
the large, poorly hydrated Me4N+ ion will be reduced by 
c, and conductance measurements13 have shown that the 
mobilities of the larger, symmetrical n-alkylammonium 
ions relative to their mobilities at infinite dilution in 
water are strongly decreased proportionately to their re­
spective sizes. The role of factor a above in lowering ionic 
self-diffusion has been shown by recent measurements 
with 22Na+ in aqueous solutions of the model compound, 
sodium p-ethylbenzenesulfonate (see Figure 3, ref 14).

The composite sphere model employed in this research 
is of interest because of the utility of £ as a criterion for 
the mechanism of the rate-controlling step. Helfferich15, 
in a consideration of the problem of predicting whether 
film (“f-type”) or particle (“p-type”) diffusion will be rate 
determining, has derived a simple, a p p r o x im a te  modulus, 
(C / C )(B / D )( 5 / a )( 5  + 2aBA), which predicts particle diffu­
sion control when it is much less than and film diffusion 
when it is much greater than unity. (aBA is unity for iso­
topic exchange.) It is readily seen that this dimensionless 
modulus is practically identical with £_1 which comes di­
rectly without approximation from the mathematics of 
diffusion in a film covered sphere. There is, of course, no 
sharp boundary between film and particle diffusion con­
trol; both mechanisms contribute when their individual 
rates are comparable.

The values of £ (Table I) appear to be independent of 
the temperature, excepting possibly at 39.2° with the 
Me4N+ ion self-exchange reaction. However, the stirring 
conditions in this experiment may have been different
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from the others as strict control of this variable in limited 
bath type measurements is difficult. The parameter £ is 
expected to be nearly temperature independent because of 
the contra variant changes in the ratio (D t/ D p) and in the 
film thickness, 8, with temperature. The film diffusion 
process possesses a lower activation energy than does that 
for particle diffusion, so that (D t / D p) will decrease with 
temperature. On the other hand, a /S  will increase, largely 
because of the reduction in viscosity with temperature. 
Previous measurements7 have demonstrated that a is in­
dependent of the temperature.

The apparent film thickness computed with Df(Na+) 
= 1.30 x 10-5 cm2 sec-1 in 0.1 N  NaCl,16 and assuming 
Df(Me4N+) = 1.1 x 10~5 cm2 sec-1 in 0.1 N  Me4NCl are 
seen (Table I) to be of reasonable magnitude. These 8 
values appear to be sufficiently small to support the basic 
assumption that an immobile film with a linear concen­
tration profile existed at the surface of the spherical parti­
cle. Calculations by Span12 have demonstrated that con­
centration profiles in the films are practically linear when 
the ratio, (8 /a ) , is less than 0.1. In our experiments this 
ratio was 0.055 and 0.080 for tetramethylammonium and 
sodium ions, respectively.
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The integral heats of solution AH s , of Bu4PBr (from 5 to 75°), Ph4PBr and Ph4AsCl (from 15 to 75°), and 
of Ph4PCl at 25 and 35° in water have been determined at very low concentrations. The heat capacities 
of dissolution at infinite dilution, ACp°, of these salts in water as a function of temperature have been 
derived by the integral heat method. The temperature dependence behaviors of A Cp° of Ph4PBr and 
Ph4AsCl are very similar to each other but different from that of Bu4PBr. The results are compared with 
those of Bu4NBr, NaBPh4, and n-Am4NBr reported earlier. The interpretation of certain predominant 
similar characteristic features such as occurrence of maxima and minima around 40 and 50°, respective­
ly, has been discussed in terms of the various possible structures existing in aqueous solutions of these 
solutes.

Introduction
The understanding about the exact nature of the .nter- 

action of solutes containing large nonpolar groups with 
water is far from satisfactory. Although a number o f stud­
ies on the various physicochemical properties o f aqueous 
solutions of such solutes carried out during the past few 
years have resulted in a great deal of progress, a number 
of questions have been raised, answers to which are either 
not available or unsatisfactory.1 The model compounds 
chosen in various studies are usually salts containing large 
alkyl or aryl ions such as R4N + , R4P+, R4B~ etc. 
Because of their ease of dissolution in water, such salts 
form a convenient tool to study hydrophobic hydration.

The heat capacity changes of the solutes in water is rec­
ognized to be one of the most sensitive measures of the 
gross structural changes brought about by the solutes.2 
The studies on the temperature dependence o f heat ca­
pacity changes o f solutes containing large nonpolar groups 
not only give an idea about the gross structure o f their 
aqueous solutions at different temperatures but can also 
shed light on the nature of hydrophobic hydration in a 
more detailed manner.3-6 The earlier studies on the tem­
perature dependence of limiting heat capacities of dissolu­
tion o f NaBPh4,3 Bu4NBr,4,7 and n-Am4NBr4 had re­
vealed complex behavior (occurrence of maxima and min­
ima in the ACP° -T  curve) for NaBPh4 and n-Am4NBr as 
compared to simple behavior (only a slight decrease if any 
in ACP° with increasing temperature) for Bu4NBr. In 
these studies3-5 based on the limited data a certain tenta­
tive and speculative explanation was given with regard to 
the effect of the nature (alkyl or aryl, cation or anion) and 
size of the large nonpolar group on its interaction with 
water. In order to obtain a definitive and clear difference 
in the effect of alkyl and aryl as well as of cationic and 
anionic nonpolar group and also of the increasing size of 
the nonpolar group on hydrophobic hydration, we report 
in this paper the limiting heat capacities of dissolution, 
ACP°, of Bu4PBr from 10 to 70° and of Ph„PBr and 
Ph4AsCl from 20 to 70° in water. The limiting heat capac­
ities of dissolution were derived from heats of solution

measurements at very low concentrations by the integral 
heat method.8-9

Experimental Section
The precision calorimeter and the procedure for the 

measurements of integral heats of solution have been de­
scribed earlier.3-5 The submarine calorimeter (550-ml 
glass dewar flask) was immersed in a thermostat whose 
temperature was kept constant to ±0.002° by a Sargent 
Welch Thermonitor, Model ST. A 10-kilohm thermistor 
formed one arm of the Wheatstone bridge which was con­
structed from precision decade resistors. The signal was 
fed into an amplifier which in turn drove a Sargent re­
corder. The minimum temperature change that could be 
detected was of the order o f 2 X 10-5 deg. At 25° the calo­
rimeter was calibrated by measuring heats of solution of 
KC1 in water and that of THAM  (tris(hydroxymethyl)- 
aminomethane) in 0.1 N  HC1. The values obtained were 
within 0.2% of those reported by Gunn.10

At higher temperatures (up to 75°), the calorimeter was 
calibrated by measuring heats of solution of NaCl in 
water. The values obtained were in good agreement with 
those obtained by Criss and Cobble.8

Since the vacuum-sealed empty bulbs gave negligible 
heat of bulb breaking at all temperatures the sample 
bulbs were sealed in  v a cu o , thus eliminating the applica­
tion of somewhat uncertain correction for the heat of 
empty bulb breaking.

Salts Bu4PBr and Ph4PBr were procured from Alfa In­
organics and recrystallized11 from absolute ethanol by 
adding absolute ether to the solution; they were dried in  
v a c u o  at 60° for about 7-8 hr. Ph4AsCl was obtained from 
K & K Laboratories and recrystallized12 from absolute 
ethanol and ether and then from water free methylene 
chloride and dried in  v a c u o  at 60° for 7-8 hr. The sample 
bulbs filled with samples were further dried at about 80° 
for about 12 hr, cooled, weighed to constant mass, and 
sealed in  v a c u o . The weights o f the samples of the salts 
were chosen so as to result in a calorimeter solution of 
about 10-4  to 10-3 m. The water used in the calorimeter
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was conductivity water obtained by passing distilled water 
through a Barnsted mixed bed ion-exchange resin column.

Results
The values of the integral heats of solution, AH a, of 

Bu4PBr (from 5 to 75°), Ph4PBr and Ph4AsCl (from 15 to 
75°), and of Ph4PCl at 25 and 35° at concentrations rang­
ing from 0.3 x 10“4 to 2 X 10-3 m  are given in Tables I, 
II, HI, and IV as supplementary material (see paragraph 
at end of paper regarding supplementary material). The 
values of the heats of solution at infinite dilution, AH a, 
were obtained by averaging the values of AH a since the 
determined values were measured in very dilute solutions 
wherein any effect of molality is masked by the experi­
mental error. The values of AH s° of Bu4PBr, Ph4PBr, and 
PluAsCl computed with 95% confidence limits at all tem­
peratures are given in Tables V, VI, and VII, respectively. 
The values of the limiting heat capacities of dissolution 
ACP°, of Bu4PBr from 10 to 70° as derived from the AH a° 
values by the integral heat method8-9 are given in Table V 
and plotted as a function of temperature in Figure 1. The 
values of ACP° of Ph4PBr and Ph4AsCl from 20 to 70° are 
given in Tables VI and VII, respectively, and plotted as 
function of temperature in Figure 2. Since at 30° the A Cp° 
value of Ph4PCl (190 ± 8 cal deg-1 mol-1) reported ear­
lier, from this laboratory13 seemed to be inconsistent with 
the ACP° value of Ph4PBr (146 ± 2 cal deg-1 mol-1) inso­
far as the influence of halide ions on the ACP° values of 
FUN* and R4P+ salts is concerned, it was found desirable 
to repeat the AH a measurements of Ph4PCl at 25 and 35°. 
Ph4PCl sample was prepared by treating a solution of 
pure recrystallized Ph4PBr with freshly precipitated silver 
hydroxide and HC1. The salt was recrystallized from etha­
nol and ether and then from dry methylene chloride. The 
recrystallized salt was dried in vacuo at 60° for about 7-8 
hr. Measurements of AH s of Ph4PCl at 25 and 35° which 
are listed in Table IV of supplementry material were in­
deed found to be different from the earlier reported 
values.13 The present values of AH s° (-2194 ± 22 cal 
mol-1 at 25° and -691 ± 9 cal mol-1 at 35°) are believed 
to be correct since the value at 25° is in excellent agree­
ment with that reported by Friedman.14 The error in the 
earlier reported A H S° values of Ph4AsCl is believed to 
have arisen possibly due to methylene chloride used for 
recrystallisation not being moisture free.

The revised ACP° value of Ph4PCl at 30° (157 ± 3 cal 
deg-1 mol-1) seems to be consistent with that of Ph4PBr 
(146 ± 2 cal deg-1 mol-1) in that the influence of bro­
mide ion on the ACP° value of Ph4P+ is not much differ­
ent from that of the chloride ion and the slightly less posi­
tive value of ACP° of Ph4PBr as compared to that of 
Ph4PCl is in line with the view that bromide ion is a bet­
ter structure breaker than the chloride ion.

Discussion
The partial molal heat capacity at infinite dilution, 

CP2°, can be represented as15
CP2° = Cp2(int) + Cp2°(solv)

where CP2(int) represents the intrinsic heat capacity of 
the ions in the absence of the ion-solvent interaction and 
CP2°(solv) represents the influence which the ions exert on 
the solvent structure. Since A Cp°, the heat capacity of 
dissolution at infinite dilution, is given by ACp° = Cp2° -  
CP2 where CP2 represents the heat capacity of the pure 
solute, Cp2°(solv) can then be represented as

Figure 1. Excess partia l molal heat capacities of te trabü ty Iphos­
phonium brom ide in water as a function of tem perature.

TABLE V: L im iting  Excess Partial Molal Heat 
Capacities, ACP°, of Bu4PBr in  W ater from  10 to 70°

Temp, A H .0,“ Temp, ACP°,6
° c cal mol-1 ° c cal °K-1 mol-1

5 - 6 8 8 3  ±  8 4
10 1 8 7  ±  9

1 5 - 5 0 1 5  ±  3 9
20 1 8 6  ±  5

2 5 - 3 1 6 0  ±  2 5
3 0 1 8 6  ±  3

3 5 - 1 3 0 5  ±  1 1
4 0 1 6 4  ±  2

4 5 3 3 0  ±  5
5 0 1 6 6  ±  2

5 5 1 9 9 0  ±  1 3
6 0 1 6 4  ±  2

6 5 3 6 2 6  ±  1 6
7 0 1 4 8  ±  4

7 5 5 1 0 6  ±  3 7

“  A 7 V values are computed average values with 95% confidence limits.
b The uncertainty in the ACp° value at temperature T(eACp°'p) is eACp°y =
[1 /(7 Y  - T O H teA H .V ,)2 +  (eAH,1V , ) ! ) 1' 2 where T = (T, +  Ti)/2.

TABLE V I: L im itin g  Excess Partial M olal Heat 
Capacities, ACP°, of Ph4PBr in  W ater from  20 to 70°

Temp, AHs°,a Temp, ACp°,6
° c cal mol-1 ° c cal °K_1 mol"»
1 5 6 2 2  ±  8

20 1 8 6  ±  2
2 5 2 4 8 6  ±  1 6

3 0 1 4 6  ±  2
3 5 3 9 4 6  ±  1 5

4 0 2 0 4  ±  3
4 5 5 9 8 6  ±  2 3

5 0 1 0 5  ±  3
5 5 7 0 3 7  ±  1 2

6 0 1 0 7  ±  2
6 5 8 1 0 5  ±  1 5

7 0 1 5 5  ±  4
7 5 9 6 5 6  ±  3 7

a AH*° values are computed average values with 95% confidence limits.
b The uncertainty in the ACP° value at temperature T(eACpoj0 is calculated 
as follows: eACpT° = [1 /(Ti -  T,)][(Aif8°ri)= + (eA/Vr,)’]1'2 where T = 
(Ti + Ti)/2.

Cp2°(solv) =  ACP° +  [C p2-  Cp2(int)]

Since the contribution of the term [CP2 — CP2(int)j as es­
timated from the values of CP2 and CP2(int) given by Vis­
ser and Somsen15-16 for Bu4NBr, is rather small compared 
to the large ACP° value of highly structure making salts 
such as reported in this paper, the ACP° values (in place
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Figure 2. Excess partial molal heat capacities of tetraphenyl- 
phosphonium brom ide and tetraphenylarsonium  ch loride in 
water as a function of tem perature: • ,  A C p° of Ph4PBr; ▲, 
A C P° of Ph4AsCI.

Table V II:  L im iting  Excess Partial M olal Heat 
Capacities, A C P° , of PhiAsCl in  W ater from  20 to 70°

Temp, AHs°,a Temp, ACP°,6
°C cal moi-1 °C cal °K-1 mol-1
15 -4483 ± 36
25 -2654 22

35 -956 ± 29

45 1023 ± 21

55 2055 ± 22

65 3375 ± 16
75 4952 ± 33

20 183 ±  4

30 170 ±  4

40 198 ±  4

50 103 ±  3

60 132 ±  3

70 158~ ±  4

a AHS° values are computed average values with 95% confidence limits. 
b The uncertainty in the ACP° value at temperature T{eACv°j>) is calculated 
as follows: eACpT° = [1/(T2 -  Ti) ] [(eAHs°Tl) * + (eAHs0r2)2]1/2 where T =  
(Ti + To)/2.

of Cp2°(solv) values) could be safely used to discuss the 
structural changes brought about by the addition of so­
lutes or by the change in temperature.

It may be seen from Tables V, VI, and VII and that the 
ACP° values of Bu4PBr, Ph4PBr, and Ph4AsCl at 30° are 
186 ±  3, 146 ±  2, and 170 ±  4 cal deg-1  m ol-1 , respec­
tively, indicating that all these solutes are good structure 
makers and that the gross structure-making propensities 
of these salts are o f about the same order of magnitude. 
However, on examining the A Cp° -T  plots (see Figures 1 
and 2), it is found that the temperature dependence of 
ACP° of salts (Ph4PBr and Ph4AsCl) containing aromatic 
nonpolar cation resemble each other but are different 
from that of the salt (Bu4PBr) containing the aliphatic 
nonpolar group. Both Ph4PBr and Ph4AsCl salts show a 
complex temperature dependence (see Figure 2) in that a 
shallow minimum is observed at 30°, followed by a maxi­
mum at 40° and another minimum at 50° while the 
A Cp° -T  plot for Bu4PBr (see Figure 1) shows a slight 
gradual decrease in the ACp° value with increasing tem­
perature. The temperature dependence o f CP2 °(solv) is not 
likely to be significantly different from that of A Cp° even 
if the estimated temperature dependence o f the term [CP 2

-  Cp2(int)]15-16 (which for Bu4NBr ranges from about 
—34 cal deg-1 m ol-1 at 5° to about —20 cal deg-1  m ol-1 
at 55°) is taken into account. The difference in the behav­
ior of Bu4PBr from that of Ph4PBr and Ph4AsCl may be 
attributed to the difference in the interaction of butyl and 
phenyl groups in water.

Although it may be difficult at this stage to explain 
completely the A Cp° -T  plots o f the solutes containing 
large aromatic and aliphatic nonpolar groups there are 
certain predominant similarities as well as differences in 
the ACP° -T  plots of Bu4NBr,4-7 Bu4PBr, Ph4PBr, 
Ph4AsCl, NaBPh4,3 and n-Am4NBr5 which must be ac­
counted for in any theory of interactions of nonpolar 
moieties with water. For instance, the more or less slight 
decrease in the ACP° values with increasing temperature 
from 10 to 70° for Bu4NBr4’7 and Bu4PBr (Figure 1) point 
out the fact that the overall effect of increasing tempera­
ture is not too significant. Less than 20% of the total 
structure existing at 10° seems to be broken down at 70°. 
Since the number of clusters of hydrogen-bonded water 
molecules gets reduced with increasing temperature the 
decreasing positive contribution to ACP° with increasing 
temperature by Bu4NBr and Bu4PBr may be correlated 
with the effect of breakdown of clusters of water mole­
cules stabilized by these salts. These results, however, do 
not support the theory of Nemethy and Scheraga17 ac­
cording to which A C p° of nonpolar solutes in water should 
increase with increasing temperature. For solutes contain­
ing phenyl groups it is interesting to note that there are 
certain similar predominant features in the A Cp° -T  plots, 
i .e . , a maximum around 40° and a minimum around 50°. 
For n-Am4NBr also corresponding maximum and minimum 
are found to occur around 50 and 60°, respectively. It 
seems that the two-state mixture model of hydrogen- 
bonded and monomers species is inadequate to explain 
these results. There must be an additional effect or an ad­
ditional kind o f structure which results in increasing posi­
tive contribution to ACP° with increasing temperature. It 
seems logical then to think of the existence of molecular 
aggregates (nontetrahedral hydrogen-bonded species) in 
addition to clusters of tetrahedral hydrogen-bonded 
species; the increasing breakdown of clusters results in an 
increasing number of molecular aggregates with increasing 
temperature in the aqueous solutions of the above solutes. 
The net effect on temperature dependence of A Cp° would 
be the combination of the effect, i .e . , (i) melting of clus­
ters which decrease in number with increasing tempera­
ture (ACP° decreasing with increasing temperature), and 
(ii) melting of aggregates18 which increase in number with 
increasing temperature (ACP° increasing with increasing 
temperature) which may thus account for the observed 
maxima and minima.

An alternative explanation could be that hydrophobic 
bonding plays an important role in determining the tem ­
perature dependence of ACP° of Ph4PBr, Ph4AsCl, 
NaBPh4, and n-Am4NBr in water. The temperature of 
maximum hydrophobic bond strength being 42 and 58° for 
the interactions of aromatic and aliphatic side chains, re­
spectively,19 may be responsible for the occurrence of 
minima around 50° for Ph4PBr, Ph4AsCl, and NaBPh4 
and around 60° for n-Am4NBr.

The possibility of cage-like structures existing in aque­
ous solutions of Ph4PBr, Ph4AsCl, NaBPh4, and n - 
Am4NBr is not ruled out since the rather sharp and dras­
tic reduction in ACP° around 40 to 50° could very well sig­
nify the collapse of such a structure.
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From the above discussion it seems that although' the 
temperature dependence studies on the limiting heat ca­
pacities of dissolution o f solutes containing large nonpolar 
groups have provided some useful information which must 
be taken into account for any theory of nonpolar group- 
water interactions, however, these studies alone cannot 
give complete insight into the nonpolar group-water inter­
actions. It would be worthwhile and desirable that de­
tailed temperature dependence studies on other properties 
of aqueous solutions o f solutes containing nonpolar 
moieties be also carried out for hopefully complete under­
standing of hydrophobic hydration.
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P u b lic a tio n  c o s ts  a s s is te d  b y  th e  In s t itu te  o f P h y s ic a l a n d  C h e m ic a l R e s e a rc h

Electronic absorption spectra of anion radicals of 40 carbonyl compounds have been recorded. For the 
compounds previously studied, such as fluorenone and benzophenone, the measurement has been ex­
tended to shorter wavelengths to find additional absorption bands. The experimental spectra agree sys­
tematically with theoretical calculations for the ir electronic state of the anions using the method of Lon- 
guet-Higgins and Pople plus Cl treatment. Some anions are subject to bond scission (benzoyl bromide 
and (o-bromoacetcphenone), enolation (dibenzoylmethane and benzoylacetone), and cis-trans isomeriza­
tion (dimethylmaleate).

Introduction
The anion radical of aromatic carbonyl compounds has 

been the subject of a number of esr studies.1-4 Fraenkel 
and his coworkers prepared aromatic anion radicals con­
taining aldehyde, acetyl, or amide, as well as other sub­
stituents and compared the observed esr spectra with the 
calculated spin densities.1 Anion radicals of benzophenone 
and its analogs have been studied by many authors be­

cause of remarkable solvent effect and ion-pair forma­
tion.2-4

Compared with the esr study, optical studies of the an­
ions are relatively few, and thus far only the visible ab­
sorption bands of anions of benzophenone and fluorenone 
have been investigated in some detail.4-6 Although the 
aforementioned tendency of the anions to form ion pairs is 
by itself an interesting subject in both esr and optical
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30 20 10 kK

Figure 1. Adsorption spectrum  of the benzaldehyde anion. Un­
less otherw ise stated, all spectra were measured for rigic solu­
tions in m ethyltetrahydrofuran (MTHF) at 77°K. The numbers at 
the peaks denote the absorption maximum in units of nm. The 
sticks and MO diagram s represent the result of ca lcu lation. The 
horizontal broken line dem arcates the singly occupied orbital 
from  the doubly occupied ones lying below the line. The vertica l 
arrows ind icate m ajor configurations whose coeffic ient in the 
total wave function exceeds 0.3.

Figure 2. Absorption spectra of the styrene and 1,1-diphenyleth- 
ylene anions. See cation to Figure 1.

studies, optical spectra perturbed by the countercation or 
solvent molecules are not suited for the comparison with 
theoretical spectra calculated for the electronic state of 
free anions.

Figure 3. Absorption spectra of the benzaldehyde derivatives 
anions. See caption to Figure 1. The observed extinction coe ffi­
c ient (e) is not shown to avoid com plication in the figure. They 
are more or less sim ilar to those for the benzaldehyde anion.

Figure 4. Absorption spectra of benzoyl and oenzoylmethyl radi­
cals. See caption to Figure 1. The sticks in the upper spectrum  
represent the result of a P -P -P  type calcu lation for closed-shell 
benzaldehyde m olecules. Note that the observed e for ben- 
zoylmethyl radica l is relatively small in agreem ent w ith the ca l­
culated oscilla to r strength.
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Figure 5. Absorption spectra of the cinnamaldéhyde, c innam ic 
acid, and benzoylacetone anions. See caption to Figure 1. Since 
the character of the firs t four transitions of these anions are 
sim ilar to those of the benzaldehyde anion, the MO diagram  as 
well as the s tick spectrum  fo r c innam ic acid are om itted in the 
figure.

In previous papers we have shown that y  irradiation of 
frozen ethereal solutions is capable of producing anion 
radicals for a wide range of substances and providing de­
tailed spectral information about the anions.7 ’8 Therefore, 
the method should improve the long-standing situation of 
insufficient spectral data on unstable ion radicals. In this 
paper we have measured the spectra of a number of car­
bonyl compounds and analyzed the spectra in terms of a 
conventional ir electron MO theory to confirm the experi­
mental results.

Besides spectrochemical interest, a compilation of au­
thentic spectra should be implemental to pulse radiolytic 
as well as flash photolytic studies dealing with reaction 
intermediates produced under high excitations. Further­
more, confirmation of the versatility of the present meth­
od by studying simpler systems would be desirable before 
the method is applied to the study of more complicated 
biological systems involving one-electron reduction and 
oxidation.9

Experimental Section
Since the experimental details are described thoroughly 

in previous papers,7 ’8 only minimum essentials will be 
given below. All the anion radicals are formed by the 
reaction of electrons produced by the ionization of an eth­
ereal (2-methyltetrahydrofuran) solution frozen at 77°K, 
and the spectrum is recorded at the same temperature. 
The observed spectrum at wavelengths longer than >300 
nm can be attributed solely to the anion radical of solute 
because the radiation “ debris” concomitantly produced 
upon irradiation absorbs only in uv regions. Except for the 
case where the solute is sparingly soluble the extinction

Figure 6. Absorption spectra of the dibenzoylmethane and ben- 
zalacetophenone anions. See caption to F igure 1.

Figure 7. Absorption spectra of the benzophenone anion in e th­
anol and in MTHF. See caption to Figure 1. The extinction coe f­
fic ien t fo r the ethanol solution was obtained on the assumption 
that the yield of the total scavengeable e lectrons in the alcohol 
was G =  2 .35.18b
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Figure 8. Absorption spectra of the benzophenone ketyl -adical 
in ethanol and in MTH F. See caption to Figure 1.

coefficient of the solute anion can be determined fairly ac­
curately.7’8 Note, however, that care must be exercised 
when spectra at room temperatures are compared with 
the spectra in this paper because the absorption band is 
generally sharpened due to the low measurement temper­
ature.

The MO calculation for ir electronic states o f anions was 
made using a standard semiempirical method developed 
by Longuet-Higgins and Pople as in the previous work.7’8 
The Cl procedure with 40 configurations including some 
with two-electron excitations was applied.

Results and Discussion
( 1) B e n z a ld e h y d e  a n d  I t s  S im p le  D e r iv a t iv e s . The anion 

of benzaldehyde exhibits the absorption spectrum shown 
in Figure 1. The weak absorption in the near ir (X >700 
nm) can be amplified by a prolonged irradiation as de­
scribed in previous papers.7-8 Comparison of the observed 
spectrum with the theoretical stick spectrum leads to the 
assignment indicated by the broken lines. The four transi­
tions are characterized mainly by the configurations sche­
matically shown at the bottom of Figure 1. (Since we re­
gard the result of the semiempirical calculation as a con­
firmatory guide of the experimental result, we are not too 
much concerned with the numerical discrepancy between 
the theory and experiment. Thus, only the schematic rep­
resentation is given in the figures.)

Inspection o f the MO diagram shows that the first tran­
sition is attributable almost purely to charge transfer from 
the antibonding carbonyl to the asymmetric e2 U orbital of 
benzene. The second may be visualized as the transition 
between the states split from the configurations accom-

F ig u re  9 . Absorption spectra of the benzophenone analog anions. 
See caption to Figure 1. The extinction coe ffic ient fo r acridone 
could not be determ ined accurate ly owing to poor solubility. The 
MO diagram s are shown only for the firs t three transitions to 
dem onstrate how the substituents, NH, O, C -C , a ffect the three 
MO’s involving the e2u o rb ita ls of benzene.

modating the odd electron largely in the carbonyl antibond­
ing orbital and in the symmetric e2u orbital of benzene. 
The two transitions are purely anionic in the sense that 
the excitation is caused from the half-occupied MO (5) to 
vacant orbitals. The third and fourth are associated with 
the near degenerate configurations (5 —► 8) and (4 —*■ 5) 
which have been split by the configuration interaction. It 
is seen that “ molecular”  configurations such as (4 -*• 5) 
and (3 -*  6), that is, excitation of an electron in the orbit­
als below the horizontal broken line in the figure, begin to 
appear from the third and fourth transitions.

As will be shown later, the pattern of these four transi­
tions is commonly observed for several other monosubsti- 
tuted carbonyl compounds such as benzoic acid and cin­
namaldéhyde, and is also common to the prototype tt 
electron system of styrene anion (upper spectrum of Fig­
ure 2). In the spectrum of the latter anion the first ab­
sorption band predicted in the near-ir region seems to be 
overshadowed by the second band having Xmax 595 nm. 
The lowest n-7r* transition expected for the benzaldehyde 
anion would appear in the near uv as in the case of neu­
tral molecule, and its detection would be more difficult 
for the anion than for the molecule because of overlapping 
7r-7r* transitions.

Figure 3 demonstrates the spectra of anions of benzal­
dehyde derivatives. Methyl and cyanomethyl substitution 
causes little effect on all the three observed bands of the 
benzaldehyde anion while the hydroxyl and amino groups

The J o u rn a l o f  P h y s ic a l C h e m is try , Vol. 78, N o. 7, 1974



Electronic Absorption Spectra of Ion Radicals 745

Figure 10. Absorption spectra of the benzoin, p-m ethoxyphenyl- 
duro ketone, and benzil anions. See caption to Figure 1.

blurr the vibrational structure and shift the first band in 
the near ir toward the red and the second and fourth in 
the visible-near uv to the blue. The intensity of the sec­
ond band against the fourth is slightly enhanced. These 
spectral features are in qualitative agreement with the 
calculation taking into account the two it electrons on the 
hydroxyl and amino groups. However, the noticeable red 
shift of the near-uv band upon the ortho substitution with 
OH and OCH 3  was not reproduced by the calculation 
made for both planar and twisted conformations. Whatev­
er the reason for the discrepancy, the similarity of the 
spectra for the two ortho-substituted ions suggests that 
the intramolecular hydrogen bond in o-hydroxybenzal- 
dehyde is not crucial in the electronic excitation of the 
anion.

Contrary to the chloro and fluoro derivatives giving 
spectra similar to that o f benzaldehyde anion, benzoyl 
bromide yielded a quite different spectrum as shown in 
Figure 4. Likewise, a)-bromoacetophenone exhibits a spec­
trum different from the derivatives in Figure 3. The ob­
served spectrum of the latter compound is well repro­
duced by the calculation o f the it electron system of ben- 
zoylmethyl radical assumed to be produced by the disso­
ciative electron attachment to aj-bromoacetophenone. By 
analogy, one may consider that the anion of benzoyl bro­
mide is not stable and decomposes to the benzoyl radical 
and the bromide anion. If the odd electron in the benzoyl 
radical remains localized on the carbon atom as a <s elec­
tron, the absorption due to the i t - ir*  transition should be 
similar to that of the benzaldehyde molecule and occur in 
the near-uv region. The different behavior of the bromo 
compounds m a y b e  associated with the relatively small 
bond energy of C -Br compared with C -F and C-Cl. In a 
previous study of benzoyl chloride an absorption spectrum

Figure 11. Absorption spectra o f the terephtha lic compounds 
anions'. See caption to Figure 1. The sparing solubility of tereph­
tha lic  acid prevents the determ ination of £. Although om itted in 
the figure, the result o f ca lcu lation fo r the acid indicates that the 
firs t transition should be blue shifted relative to terephthalal- 
dehyde (transition energy =  14.37 kK, oscilla tor strength =  
0.287) in qualitative agreem ent w ith the experim ental result.

identifiable with that in Figure 3 has been assigned to 
benzoyl radical . 1 0  The result of the present work, how­
ever, indicates that the previous assignment is probably in 
error. Similar correction of assignment seems necessary 
for the system of cinnamic acylchloride in the previous 
work in view of the present result o f cinnamaldéhyde and 
cinnamic acid in Figure 5.

The character of the calculated first four transitions of 
the two anions in Figure 5 (cinnamaldéhyde and cinnamic 
acid) is analogous to that of benzaldehyde anion. The pre­
dicted red shift of the major three bands as well as the 
blue shift of the first minor band are realized in the ob­
served spectra, although qualitatively. Since the spectrum 
of the benzoylacetone anion at the bottom of Figure 5 is 
similar to the cinnamic compounds rather than the simple 
benzaldehyde derivatives, the anion appears to be in the 
enolic form. A brief mention o f the enolation of the anion 
has been made by Bauld . 1 1  Similar enolation is apparent 
in the anion o f dibenzoylmethane because of the striking 
resemblance to the spectrum of the benzalacetophenone 
anion in Figure 6 . The anion of dibenzoylmethane has 
been studied by Bauld 1 1 , 1 2  and by Willigen and Weiss- 
man 1 3  who prepared the anion by alkali metal reduction. 
The anion has been concluded to take the form of the eno­
lic dianion, C 6 H 5 C 0 C H = C (C 6 H 5 ) 0 2-  +  2 N a+, whose 
optical spectrum is affected sensitively by the metal cat­
ion and the solvent. .Thus, for example, Li-, Na-, and K- 
treated M THF solutions give the absorption maximum at
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Figure 12. Absorption soectra of the isophthalic com pounds an­
ions. See caption to F igure 1.

779, 845, and 900 nm, respectively.13 Except for the shift 
and the broadening of the absorption band, the spectrum 
reported by Willigen and Weissman is in agreement with 
that in Figure 6. Therefore, the anion of dibenzoyl- 
methane is considered to be enolic whether it is ion paired 
as in the previous work or free as in the present.

As is seen from comparison of MO diagrams in Figures 
6 and 7, the first five transitions of benzalacetophenone 
bear features common to those of the benzophenone anion 
which will be discussed below.

The absorption spectrum of benzophenone anion has 
been studied by many authors,3' 6’14 who paid attention 
only to the visible band appearing at 600-700 nm arising 
from the countercation of metals used for the chemical re­
duction.3 The remarkable shift upon ion pairing is dis­
cussed semiquantitatively by McClelland in terms of the 
stabilization o f the anion in the ground state by pair for­
mation.5’6 For absorption other than in the visible band 
Broadhurst, e t  a l., reported a doublet of peaks at 339 (e
1.38 X 104) and 329 nm (1.27 X 104) without showing the 
whole spectrum.15

The lower spectrum in Figure 7 shows that the visible 
band shifts to the near-ir region while the near-uv bands 
agree well with those reported by Broadhurst, e t  a l., ex­
cept for the sharpening of the absorption. In addition to 
these bands a slight bump is seen at 25-28 kK which be­
comes distinct upon changing the matrix from MTHF to 
ethanol (upper spectrum of Figure 7) and upon binding 
the two phenyl rings by a methylene group (see anthrone 
in Figure 9). All these absorptions are assigned as in Fig­
ure 7. The first three transitions responsible for the near- 
ir band are associated with the intramolecular charge res­
onance induced by the charge migration from the carbonyl 
to the two benzene rings. The bump at 25-28 kK and the 
strong near-uv band are assigned to a couple of two split 
transitions. As in the case of benzaldehyde us. styrene,

Figure 13. Absorption spectra of phthalic acid , phthalic anhy­
dride, and related anions. See caption to Figure 1.

close parallelism is seen for benzophenone and 1,1-diphen- 
ylethylene anions (see lower spectrum of Figure 2). As 
shown in the upper spectrum of Figure 7, the first three 
transitions are subject to a remarkable blue shift upon 
change of matrix while the higher transitions are relative­
ly independent o f the matrix. Such a difference o f the ef­
fect of the hydrogen bond is understandable because the 
local ic electron charge on the carbonyl group changes 
drastically only for the first three transitions.

The slight structure seen at about 560 nm in the upper 
spectrum of Figure 7 is due to the concomitant formation 
of a ketyl radical.14 Almost complete conversion o f the 
anion to the radical could be effected when the sample 
which showed the upper spectrum was slightly warmed 
until the blue color due to the anion turned to pink. The 
pink solution recooled to 77°K gave the spectrum of the 
ketyl radical in ethanol and MTHF as shown in Figure 8. 
Although the visible band has been observed repeatedly 
since the original flash photolytic experiment by Porter,16 
Figure 8 presents a wider scope of the spectrum. Contrary 
to the benzophenone anion, the solvent shift o f the ketyl 
radical between ethanol and MTHF is relatively small. 
This is reasonable because the charge density on the oxy­
gen atom, with which the hydrogen bond is formed, is lit­
tle perturbed by the w electron excitations responsible for 
the observed absorptions. The unambiguous intensity dis­
tribution in the calculated spectrum indicates that the 
observed strong band at 300-340 nm corresponds to one of 
the two transitions split from configurations (7 —► 8) and 
(8 —► 9), the counterpart being associated with the visible 
band. Therefore, although the near-uv bands of the benzo­
phenone anion and the ketyl radical are similar in general 
appearance, the character o f the transition is not.
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Figure 14. Absorption spectra of the pyrom ellitic  dianhydride 
and 1,8-naphthalic anhydride anions. See caption to Figure 1.

Anthrone, with the same jr electron system as benzo- 
phenone, exhibits a prominent peak at 386 nm which ap­
parently corresponds to the bump observed for benzophe- 
none anion (top of Figure 9). The fixation of the two ben­
zene rings also causes partial revelation of vibrational 
structure on the first band at 500-1000 nm. For general 
interest on an analogous series, the anions of acridone, 
xanthone, and fluorenone were studied (Figure 9). For all 
three anions theory predicts one strong and two weak 
transitions involving the charge migration from the car­
bonyl to two e2 U orbitals of benzene to appear at <15 kK 
as in the case of the benzophenone and 1,1-diphenylethyl- 
ene anions. The phase of the sync- and asym-e2 U orbitals, 
however, differs among the four anions (benzophenone 
and the three in Figure 9). The appearance of one or two 
weak absorptions before the strong one for acridone, xan­
thone, and fluorenone seems to be in accord with the ex­
periment. Of the first two weak transitions predicted for 
the fluorenone anion, only the one short-axis polarized 
seems to have been observed because the finger-like peaks 
at 600-1100 nm can be analyzed in terms of a fundamen­
tal o f v s  1490 cm -1 indicative of a carbonyl stretching.

The middle spectrum of Figure 10 indicates that duro- 
substitution destroys the coplanarity of benzophenone to 
make the spectrum of the anion similar to that of simple 
derivatives of benzaldehyde in Figure 1 and that of ben­
zoin at the top of Figure 10. Since benzil is known to be 
skewed almost orthogonally in crystal, one might expect, 
by analogy with the above example, a spectrum similar to 
that of the benzaldehyde anion. However, the observed 
spectrum in Figure 10 is compatible with the spectrum 
calculated on the assumption o f a planar trans form. The

Figure 15. Absorption spectra of the anions of some aliphatic 
unsaturated ketones. See caption to Figure 1.

MO diagram shows that the first two transitions are quite 
analogous to those o f the benzophenone anion while the 
third transition identifiable with the observed absorption 
at 320-370 nm is proper to the diketone, that is, the tran­
sition is caused mainly between a bonding and an anti­
bonding local orbital on the two carbonyl groups. Calcula­
tions were also made for cis planar forms but the general 
feature of spectrum was not comparable with the experi­
mental. A chemical analysis of reactions of the benzil 
anion indicates that the anion in solution is probably in a 
cis form.17 We regard the discrepancy between the two 
conclusions as due to the presence of metal cations in the 
experiment by Bauld17 which would coordinate with the 
two adjacent carbonyl oxygens in the cis form.

Figures 11-13 demonstrate systematic differences 
among the three disubstituted benzene derivatives. The 
main spectral features of the three isomers can be ac­
counted for by a simple one-electron model as in the case 
for the corresponding dinitrobenzenes.7 The fact that the 
spectrum of the anion of phthalic acid resembles that of 
the anhydride anion (upper two spectra of Figure 13) 
seems to indicate that the intramolecular hydrogen bond 
and the accompanying nonplanarity of phthalic acid is not 
as influential in the excitation of the ir electron system. 
As is apparent from Figures 13 and 14 (see also Figure 15 
below), cyclization in the anhydrides makes the vibration­
al structure distinct.

Compared with the preceding aromatic compounds, an­
ions of the simple aliphatic compounds in Figure 15 ex­
hibit absorptions in narrower spectral regions. The overlap
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of bands for maleic anhydride and maleimide renders the 
assignment shown by the broken lines less certain. How­
ever, the extensive vibrational structures which can be 
analyzed in terms of a single fundamental of s  305 
cm-1 for maleic anhydride and v s  620 cm-1 for the 
imide suggests that the predicted first transition with a 
small intensity superposes on the second and the third 
transitions of moderate intensities. The bold curve at the 
top of Figure 15 represents the absorption of the dimeth- 
ylmaleate anion. This spectrum changed to that in fine 
curve upon illumination of light with X > 350 nm. The 
latter spectrum is identical with the spectrum of the di- 
methylfumarate anion shown in the second part of Figure
15. The result indicates clearly the cis-trans isomerization 
of dimethylmaleate upon the excitation to its first elec­
tronic excited state. Similar isomerization has been ob­
served for stilbene and alkyl disulfides.18® It is seen from 
Figure 15 that the slight blue shift on isomerization is in 
agreement with the results of calculations.
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Assuming multilayer adsorption similar to that seen in the BET model, a series of rate equations, in 
which beam flux /, the number of adsorption sites A’, and two kinds of mean residence times of adatoms 
labeled ti and t? are only contained as parameters, has been derived to interpret the phenomenon ob­
served in our atomic beam experiments in a previous paper. It has been revealed that some known types 
of rate equations on adsorption car. be deduced from the basic equations. The sticking coefficient has 
been also expressed as a function of the parameters I /N , n, and T2. The sticking coefficient curves are 
classified into six groups according to the exposure time or the surface coverage. The conditions for the 
attainment of the adsorption equilibrium or for the vapor condensation have been established by the 
present model.

Introduction
Although various rate equations for adsorption, among 

which the Langmuir equation is most famous, have been 
proposed by many investigators,1 rate equations-applica­
ble to multilayer adsorption are few. Some recent theories 
on the growth of thin films2 have treated condensation 
processes by using various sets of rate equations, and have 
received a great deal of attention. These equations are, 
however, very complicated, because many parameters, 
such as the decay time of the aggregates, lifetime of ada­
toms on surface, collision probability of aggregates cn sur­
face, etc., are involved.

In adsortion experiments using atomic beams, we ob­
served an interesting phenomenon that the sticking coeffi­
cient of the potassium atoms on a mica surface changed 
with the increasing exposure time. That is, in the initial 
period of exposure the sticking coefficient decreases grad­
ually from unity, but if accumulation of the beam atoms

on the surface exceeds a certain value, it increases and 
gradually approaches a saturated value. To interpret this 
phenomenon we proposed a series of rate equations in the 
previous paper.3 In the present paper the applications of 
the basic equations will be discussed.

Theory
(a) M o d e l and Basic E quations. Figure 1 shows the 

schematic processes of dynamic adsorption in the present 
model. Beam flux is given by I  (molecules cm-2 sec-1) 
and the number of elementary sites on the surface by N  
(sites cm-2). It is also assumed that the atom impinging 
on the surface is always trapped at the site, but the atom 
impinging on the site occupied by the Lth layer is reflect­
ed. Atoms trapped on bare sites are assumed to evaporate 
after a mean residence time t%, unless they are confined 
to the sites by the adsorption of other atoms on the top of 
them. Atoms adsorbed in the multilayer can only evapo-
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o o o o o 9 . = A N  1 +  ( N / t J ) (7)

According to the definition given by eq 3, the sticking 
coefficient S as a function of the exposure time is ob­
tained by differentiating eq 6, namely

L - th  layer

3rd layer 
2nd layer 

1st layer

s w  = l i t  =  ^ (8 )

The sticking coefficient S as a function of the surface cov­
erage, 6 = n-i/N, can also be obtained from eq 5.

S (0 )  =  1 — [1 +  ( N / t J W  (9)

Figure 1. A schem atic draw ing of the adsorption and desorption 
processes of atoms in the present model.

rate from the uppermost layer individually, and the mean 
residence time of the adatoms in every uppermost layer is 
assumed to have an identical value expressed by r2. At 
time t, the number of bare sites is no, that of the sites oc­
cupied by the monolayer n%, those occupied by the double

( c )  L  = 2 C a se. In this case, the solutions
given by

I  ( - £ ( « t2 -  1) . a ( 0 r 2 -

1 "  «|8ts l 1 V h  e Y h

and

P  |. i 0 a
n 2 ~  a p N \ l  +  f H e

- a t  — - y = e ~
Y h

(1 0 )

(ID

Here
layers n 2, and so on. According to this model, rate equa­
tions for multilayer adsorption are given by

dn0 Tli 
di IV t,

H  =  (1 /» !  -  1 /r2)2 +  (4 //J V n ) 

a  =  ( B  +  Y H ) / 2

0  =  { B  -  Y H ) / 2

drii

d t
I f  , n , n 2

=  * ( « o  - n i ) - - + ~
and

a/3 =  ( I / N f  +  ( I / N t 2)  +  (1 / r , r 2)

0.1
 §■ |t

o II ^ ( « 1  -  n 2) -  ~ ( n 2 -  n 3)
where

B  =  (2 I / N )  +  (1 t u )  +  ( l / r 2)

where

d n L I  n L 

dt ~  N nL~ l r2

L

(1)
Since H  >  0, B  >  0, and a/3 >  0, it is clear that a  > 0 and 
/S > 0. The total number of adatoms is represented by

a ( t )  =  rii +  2 n 2 =  ¿ g  +  ^ ) [ 1  "

N  =  J j i ,
1=1

(2) c i e x p (-a i)  -  c 2 e x p (-/? f)]  (12)

If a sticking coefficient S is defined as where

s  - 1=1

then eq 1 yields

o  _  ,  _  ____J _ v  _  * £
*  “  1 t,/ r 2I ^ n ‘ N

(b )  L  =  1 C a se . In this case, eq 1 are transformed into

d n i _  J _
df “  N ''

_  ] _ , i u  _  x _  « i~  t i \ )  T

(3)

(4)

(5)

and

Then

"= (_/î + k + +
Cl +  c2 = 1

If we have a rate equation expressed by

which corresponds to the Langmuir equation
d v / d t  = ft1(om — v ) — k j j

where v is the volume of the adsorbed gas and v m that of 
the adsorbed gas when all sites c f adsorption are covered 
with a monolayer only. The solution of eq 5 is

rii =  (Z /A )[1 -  e x p (-A f)]  (6)

where
A =  ( I / N )  +  (1 /r ,)

Equation 6 indicates that the surface coverage 8e at the ad­
sorption equilibrium is

v = i>Xl — C] exp(—a t)  — c2 exp( ~ 6 t ) ]  (13)

the values of t i , t2, and I / N  will be estimated from a, 0 ,  
and ci.

Differentiating eq 12, the sticking coefficient as a func­
tion of the exposure time can be obtained as

From eq 10 and 11, it is evident that at adsorption equi­
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Figure 2. S ticking coe ffic ient curves predicted by various cond i­
tions of eq 15.

librium (t — <*>) na and n2 are given by I/a^r2 and I2/  
a fiN , respectively, and the ratio of n2/rii is equal to t2I/
N. If t2I/N  1, n2/nx is always very small and 0 is given 
by n i/IV. Then, eq 4 results in

S (6 ) ^  1 -  [ ( N / t J )  + { N / T j X n J n W  (15)

In this case sticking coefficient curves as shown in Figure 
2 are expected.

{d )  L  = “  C a se. In the general case of eq 1 the sticking 
coefficient is defined as

Figure 3. S ticking coeffic ient curves predicted as a function of

S =  l i m X ) ^ 7 /  (16)

with a plausible assumption

lim ( n L/ N )  =  0 (17)
CO

Now, it is convenient to introduce new parameters as
follows: 6i =  rii/N , 9 = 2 ; = i“ 0j, and T  = I t/ N . Using
these parameters, eq 1 are rewritten by

d0, I  A T  =  1 -  (1 +  a)#! +  bd2 - 0

d02/d T  =  0! -  (1 +  b )d 2 +  003

.................  (1 8 )

where a =  N / t -J  and b = N / t2I. From the above equa­
tions, the relations

S =  1 -  ( a  ~  6)0, -  bd (19)

and
d 0 /d T  =  1 -  a0, -  0 (20)

are obtained.
In the beginning o: the exposure 6 will be nearly equal 

to 0i as expected from the relations of d 0 i/d T  = 1 and 
d0j/dT  = 0 ( i  > 2) at T  =  0, and then

0 ~  e-n+oW] =  T  ~  (21)

Since lim r — o (dO/’d T ) = 1, the following relations hold

hm -r~ =  - a  (22)
T - i0 u i

and

S ~  1 -  ad  ~  1 -  a T  ( fo r  T  « :  l  ^  )  ( 23 )

(which corresponds to S = 1 — ( i /r j )  in the S - t  coordi­
nate).

The sign of A S  =  S  -  (1 -  a T )  is as follows. If a >  6, 
AS > 0; and if 6 > a, AS < 0 for T  < Tc, and AS ^ 0  for 
T  >  T Cl where T c =  [ (b ’/a) -  1 ](0(TC) -  0i(Tc)) +  0(TC).

If 6 < 1, it is clear that S > 0. In this case, the beam 
atoms will be trapped by the surface and 0 will approach 
unity with exposure time. Then, the extreme conditions 
can be given by

lim =  0 (24)
T - OD d i

and
lim S =  1 — 6 (25)

If 6 > 1, the adsorption equilibrium can be attained 
after long exposure time, and the final surface coverage 0e 
is obtained from the conditions of S = 0 and d0 /dT  = 0 as

n 1 
e 1 +  a — (a /6 ) (26)

Near the equilibrium, the relation
dS „  
dT  ~  0r-o°

(27)

also clearly holds.
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TABLE I:  Approximate Formulas for 
Sticking Coefficient

C o n d it io n S t ic k in g  c o e ff ic ie n t

a »  1 S ~  e ~ aT fcr 6 >  1
S :0  —>- 1 —  b for b <  1 and T  qA 0

a «  1 «  b S  ~  e ~ T  for T  qk 0
a »  1 »  b S  ~  1
b »  1 S =  e -U +«)T  for T  qk 0

b «  1 S  -  1 +  -̂----------  [ e - y T -  e - * T ]
V I  +  4 / a

where
7 = 1 + (3/2) + V(a/2)2 + a 

and
S = 1 +  (c/2 ) -  V  (a/2 )2 +  a

The sign of d S /d T  is as follows. If a < 6, d S / d T  < 0 ;  if 
a >  b >  1, d S / d T  < 0; if a >  b  and b < 1, the sign 
changes from negative to positive when a >  26/(1 -  b ) 
but it does not change when a < 6 /(1  -  6).

Considering these relations, six types of S - T  curves are 
expected as shown in Figure 3. Similarly, S -6  curves can 
be classified into six types as shown in Figure 4.4 How­
ever, b and d in Figure 3 or 4 can not be distinguished 
from c and e, respectively, unless I / N  is known. In the
S - T  curves it will be difficult to measure the difference of 
e and f, because the magnitude c f AS may be very small 
in these cases. Under some extreme cases, one can find 
the approximate formulas of the sticking coefficient as 
shown in Table I.

Discussion
There are two interesting points to be discussed in this 

model. One of them is the relation of the rate equations in 
the case of L  =  “ to the “ BET”  isotherm.5 Under adsorp­
tion equilibrium, drii/dt in each step in eq 1 can be set 
equal to zero. Then, one can obtain the relations

t J / N  =  ni/n<>

and
t 2I / N  =  n 2/ n l =  n 3/ n 2 =  . . . (= 1 /6 )  (28)

Under the condition of 6 > 1, an equation similar to the 
BET isotherm is obtained by a treatment similar to that 
described in some textbooks6

i n  =  t i n ' l % n ‘ =  (1 -  l/6 )| i/ +  (C -  l ) /6 !  (29) 

where c =  t \/t i -
The other point is concerned with nucleation of evapo­

rated film. If the condition of 6 < 1 < a is satisfied, the 
growth rate of clusters o f adatoms, I /N , is greater than

the decay rate o f the clusters, l / r 2, but the condition of 
I / N  < 1 /tj makes the bare sites remain as they are. In 
this case it may also be considered that the surface migra­
tion of adatoms will contribute to the formation of clus­
ters of adatoms.

The important problem in future work is how to take 
mutual interactions of atoms adsorbed in different sites 
into account. A simple model considered may be that the 
atoms in the first monolayer have two different residence 
times, depending on whether the nearest neighbor sites 
are occupied by adsorbed atoms or not. However, the esti­
mation of the number of the atoms having different resi­
dence times seems very difficult. Even if a way to esti­
mate it is found, the rate equations become nonlinear and 
it will be difficult to solve them.

With regard to the formula o f the sticking coefficient, 
however, a plausible one

S  =  1 -  f a / r ,  (3 0 )

is obtained by generalizing eq 19. This formula holds well 
even when migration, recombination, and dissociation of 
adatoms occur on the surface. A discussion of this will ap­
pear elsewhere.
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Y i e l d s  o f  R a d i a t i o n  P r o d u c t s  i n  S o d i u m  M e t a p h o s p h a t e  G l a s s e s

Yoshimitsu Kobayashi,1 Aaron Barkatt,*1b and Joseph Rabani
D e p a r tm e n t  o f  P h y s ic a l  C h e m is t r y ,  T h e  H e b re w  U n iv e r s it y ,  J e r u s a le m  9 1 0 0 0 ,  I s r a e l  ( R e c e iv e d  J u ly  2 3 , 1 9 7 3 ; R e v is e d  M a n u s c r ip t  

R e c e iv e d  J a n u a r y  2 , 1 9 7 4 )

Metaphosphate glasses have been irradiated and dissolved in aqueous solutions, where the trapped posi­
tive and negative species, M P+ and MP~, respectively, reacted with scavengers. I - , 0 2, Fe(CN)64_, 
Fe3+, and TM PD have been used to scavenge M P+ and M P - . From product analysis, G (M P+ ) = 
G(M P_ ) = 2.2 ±  0.1 was calculated. Combining this with absorbance measurements in glasses yields 
(5°°(MP+) (the extinction coefficient o f  MP+ at 500 nm) = (1.92 ±  0.17) x  103  M - 1  c m '1. MP~ reacts 
with aqueous 0 2  to produce peroxy radicals ( 0 2-  or M P 0 2~). Whatever peroxy radicals are formed, they 
decay in water to produce H 2 0 2. M P -  does not react with N20  and does not produce H 2  upon reaction 
with alcohols in acid solutions. It is concluded that M P -  does not form eaq-  or H upon its interaction 
with water. Pulse radiolysis experiments show that aqueous solutions of metaphosphate are relatively 
inert toward eaq-a n d  OH.fc(eaq-  + MP) < 1  X 106  and fe(OH + MP) < 5 X 10« M “ 1  sec-1 .

Introduction
Upon irradiation of sodium metaphosphate (MP) glass 

by ionizing radiations, several absorption bands in the op­
tical and esr spectra appear. These were assigned to elec­
tron-deficiency (hole) and electron-excess centers, respec­
tively.2“

The processes leading to the formation o f these products 
over an interval of up to 1 0 “ 2  sec after irradiation were 
previously investigated.2b

It is the purpose of the present work to determine the G 
values o f the stable products. The techniques employed 
here are based on analyzing the effects produced by the 
dissolution of the irradiated glasses in aqueous solutions. 
Similar effects have been investigated previously for sol­
ids, especially alkali halides, and they include detection of 
light emission , 3  pH measurements , 4  H 2  analysis , 5  and in­
vestigations o f redox reactions with solutes. These reac­
tions include the oxidation of I -  to I3 — , 5  o f Fe2+ to Fe3 + , 6  

and of tetramethyl-p-phenylenediamine (TMPD) to Wur- 
ster’s blue . 7  Reduction processes investigated included the 
conversion of tetranitromethane (TN M ) to nitroform 7  and 
the formation of N 2  from N 2 0 . 8

Another system utilized in the present work was the re­
duction of Fe3+ to Fe2+ in the presence of methanol, pre­
viously employed in the radiation chemistry of aqueous 
solutions . 9

The use of suitable systems makes it possible to deter­
mine the yields of the stable radiation products and their 
reactivity in aqueous solutions. Comparison with the ini­
tial yields of their precursors enables us to test whether 
the change in optical absorption observed during the sta­
bilization process involve annealing.

Experimental Section
Irradiations were carried out with a Radiation Machine­

ry Corporation 137Cs 7  source. The dose rate was mea­
sured by means of the Fricke dosimeter taking G(Fe3+) =
15.6 m olecule/100 eV. (The results agreed within 5% with 
results obtained by means of Co2+-doped 2-mm thick 
glass plates calibrated by the Soreq Nuclear Research 
Center, Israel. ) 1 0  The dose was 6 . 6 8  x  101 8  eV hr - 1  g - 1  

unless otherwise stated.

The method of preparation o f sodium metaphosphate 
(MP) glass disks was described earlier . 1 1

The chemical composition of these samples was 
(NaP 0 3 )n, where n  s  50, and with -O H  terminal groups.

The disks were 1.60-1.80-mm thick and weighed 1.0-1.5
g. All the reagents employed were o f AR quality. High- 
purity Ar, 0 2, and N20  (Matheson Co.) were used. Ar and 
N20  were purified by bubbling through a trap of V2+ 
(prepared by shaking together NH 4 VO 3  and zinc amalgam 
in concentrated HC1) 1 2  and subsequently through traps of 
NaOH and of triply distilled water.

Solutions for the dissolution of the irradiated glasses 
were prepared using triply distilled water. The optical 
densities of the dissolved irradiated glass samples were 
measured with the aid of a Beckman DB-G spectropho­
tometer against reference solutions containing the same 
reagents and the same amounts o f unirradiated glass. All 
measurements were carried out at a temperature of 25 ±  
2°.

Results
D e te r m in a t io n  o f  Y ie ld s . The yields of the oxidized and 

reduced products of the irradiation of MP glass were de­
termined by dissolving the glass samples in the following 
solutions: air-saturated KI, air-saturated K 4 Fe(CN)6 , air- 
saturated TM PD, and Ar-saturated methanol-containing 
F e (C 1 0 4)3.

In all cases, the following precautions had to be taken 
in order to obtain reproducible results. (1) The glass was 
crushed into fragments weighing less than 50 mg each be­
fore irradiation. During dissolution the water was vigor­
ously stirred. This prevented recombination near the sur­
face, so that the radicals reacted exclusively with the so­
lutes. We have found that a further increase in the rate of 
stirring did not affect the results under our conditions. (2 ) 
The dissolution took place immediately after irradiation 
to minimize the effect of thermal decay.

In all cases, 500-mg MP samples were dissolved in 
25-ml scavenger solutions. Dissolution was usually com ­
plete within 20 min. Optical densities obtained with sam­
ples irradiated for long periods (in the KI system) were 
read after appropriate dilution.
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D0SE,10'9eVgr-'

Figure 1. D issolution of irradiated MP in air-saturated 0.06 M  Kl 
(X 353 nm, / =  1 cm ): ( • )  dose rate 6.68 X 1018 eV g ” 1 
hr-1 ; (O )  20-hr delay before dissolution; (0 )  30-hr delay be­
fore dissolution; (X ) dose rate 2.67 X 1018 eV g ” 1 h r- 1 , time 
scale divided by 2.5.

(a) A e r a t e d  K I . The extent o f the oxidation of KI to io­
dine was determined by reading the optical density D  due 
to I3 -  at 353 nm, where e = (25,700 ±  300) A/ - 1  cm - 1 . 1 3  

Corrections were carried out for the equilibrium

I2  +  r  I “  Uf4  =  774 M ~ T  (i)
The results obtained for the optical density at 353 nm as a 
function of irradiation time are given in Figure 1. Note 
that D ihr(l +  (/Ci[I j ) 1) represents the optical density 
which would have been obtained had all the iodine been 
in the form of 1 3 “ irrespective of [I- ]. Air-saturated aque­
ous solutions acidified with H 2 SO 4  were employed, and 
the optical densities were read 10-15 min after the end of 
the dissolution. The results were independent of [H+] over 
the range of pH 2-5. They were also not changed by satu­
ration with O 2  instead of air. No concentration effect on 
the total iodine f o -  +  I2 ) can be observed within experi­
mental error at >10“ 3  M  KI. From Figure 1 it can also be 
seen that the total iodine production is linearly dependent 
on the irradiation time of the sample up to 3 hr (2 x  101 9  

eV g-1 ), yielding (9.6 ±  0.4) X 10- 6  M  total iodine/hr. 
The same initial slope is obtained at a dose rate lower by 
a factor of 2.5.

The difference between the high and the low dose rate 
curves (Figure 1) is due to some thermal annihilation 
which is more important at low dose rates (longer irradia­
tion time). This effect has been confirmed by direct ob­
servation of the visible absorption in undissolved glasses 
(see Figure 5). It can be seen from both figures that irra­
diation at a high dose rate and subsequent delay gave 
practically the same results as irradiation with the same 
dose at a slower rate over the same overall period of time.

(b ) I~  Saturated w ith 02, N 20 ,  or A r  at p H  2  and 4. 
The results obtained upon dissolving the irradiated glasses 
in 0 2 -saturated solutions were identical with those ob­
tained in aerated solutions. When Ar or N20  were used 
instead of O2 , only about 1 0 % of the 1 3 “  was obtained. 
When I2  (~ 5  X 10” 5  M )  was initially present in the Ar- 
or N 2 0-saturated 6 x  10” 2  M  I ” solution, no effect on 
[I3  J could be observed upon dissolving the irradiated 
glass.

(c) A erated  K iF e (C N )6 - The solutions were prepared in
0.05 M  H 2 SO 4 , and the pH after introduction of 20 g l . ” 1

DOSE, 10,9eVgr-’

Figure 2. D issolution of irradiated MP in a ir-satu-ated 0.01 M  
K4Fe(CN )6 (X 420 nm, / =  4 cm ): ( • )  pH 2.1, 75-90  min after 
dissolution; (O ) pH 4.5, 20 min after d issolution; (upper inset) 
oxidation of 0.01 M  K4Fe(CN )6 by 1 X 10” 5 M  H20 2: (O ) 0.2 
M  MP, 0.05 M  H2SO4 (pH 2.1); ( • )  0.01 M  H2S 0 4 (pH 2.1).

of MP was 2.1. The production of Fe(CN)63_ was mea­
sured 75-90 min after the end of the dissolution by read­
ing the optical density at 420 nm. The absorption of 
Fe(CN)63”  at this wavelength was found to be indepen­
dent of the presence of MP, with a molar extinction coef­
ficient o f (1000 ±  50) M _1 cm -1 in agreement with previ­
ous data.15 The dependence of Fe(CN)63_ absorption on 
irradiation time was linear in 0.01 M  ferrocyanide up to 3 
hr at least (see Figure 2), and the resulting yield of 
[Fe(CN)63~] was (17 ±  1) x  10"6 M / hr. We found that 
using a constant dose (1-hr irradiation) D  increased with 
Fe(CN)64_. Above 5 X 10-3  M  ferrocyanide, D  became 
independent of [ferrocyanide] (Figure 2).

(d )  A e r a t e d  T M P D . In the case of air-saturated TMPD 
the production of Wurster’s blue was measured at 600 nm. 
The introduction of M P did not change the absorption at 
this wavelength and the value used for t was accordingly 
10,100 M “ 1 cm -1 .16 The oxidation of TM PD by air over 
the dissolution time (<20 min) was very slight and was 
corrected for by measuring the absorbance against a refer­
ence solution which contained unirradiated M P dissolved 
under the same conditions in the same concentration of 
TM PD. The [product] dependence on irradiation time at 
1 mM  TM PD was linear up to at least 4 hr (see Figure 3) 
yielding (10.3 ±  0.4) x  10” 6 M  product/hr. At constant 
dose (1-hr irradiation) D  increased with [TMPD]. D  be­
came independent of [TMPD] at concentrations >5 X 
10“ 4 M  (see Figure 3). As in the case of I ” , there was no 
effect of [O2 ] which was varied from 2.6 x  1C1“ 4 to 1.3 x  
10-3  M . Replacing the 0 2 by Ar or N20  resulted in the 
elimination of the product (Wurster’s blue).

(e) A r -S a tu r a t e d  M e t h a n o l -C o n ta in in g  F e (C lO D s -  
Aqueous 1,10-phenanthroline (5 ml of 0.25% solution) was 
added at the end of the dissolution in a Fe3+-methanol 
aqueous solution. The optical density of the Fe2+-l,10 - 
phenanthroline complex was read at 515 nm. Although 
MP apparently forms a complex with Fe3+, suppressing 
its yellow color, it has no effect on the absorption of Fe2+-  
1,10-phenanthroline at pH 3, where it was found to have a 
molar extinction coefficient of (11,000 ±  300) M _1 cm -1 
in accordance with previous data.17 The data (for a total 
volume of 30 ml) is presented in Figure 4, where a linear
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DOSE, 10'9eVgH
1 2 3

Figure 3. D issolution of irradiated MP in air-saturated 10-3  M  
TMPD (X 600 nm, / =  1 cm ).

DOSE, lO’9eVgr-1
1 2 3

Figure 4. D issolution of irradiated MP in Ar-saturated 0.02 M  
Fe(CI04)3 +  CH3OH +  o-phenanthroline (X 515 nm, / =  1 cm ): 
(O ) 0.1 M  CH3OH; ( • )  0.2 M  CH3OH; (X ) 0.5 M  CH3OH; (A )  
glasses doped with 0 .1 m  Cd2+, 0.2 M  CH3OH.

dependence on irradiation time is observed at 0 . 0 2  M  
Fe3+ and 0.2 M  CH3OH up to 3 hr. After normalization to 
25 ml we obtain (9.8 ±  0.5) x  10~ 6  M  Fe2 +/hr. D  became 
independent of [Fe3+] at concentrations >1 X 10 ' 2  M .  
Varying the [CH3OH] over the range 0.1-0.5 M  does not 
have any significant effect on the results (see Figure 4).

M e c h a n is m . The results presented in the previous sec­
tions are in agreement with the following general mecha­
nism.

metaphosphate glass —► intermediates -► MP+ + MP- (2)
where M P ' and MP+ represent the “ trapped electron” 
and “ trapped positive hole,”  respectively. Note that MP+ 
and M P - are free radicals, the nature of which has been 
discussed . 2  Upon dissolving the glass in 0 2-containing 
water, reaction 3 or 3' takes place.

m p  +  o r (3 )

► M P o r ( 3 0

As we measure final products we are unable to discrimi­
nate between reaction 3 and 3 '. If 0 2_ is produced, it is in 
equilibrium with H 0 2, p K (H 02) = 4.8 . 1 8 > 1 9  The peroxy

radicals are expected to oxidize the solute X  (X  =  I , 
Fe(CN)6 4_, TM PD), according to reaction 4 or 4 ' . 2 0 - 2 1

2H+ +  O r  +  X — ► X+ +  H,0, (4)

2H+ +  MPOr +  X —»  X+ +  H A  +  MP (4')

(X+ is %(I2  +  I3~), Fe(CN)63" , orWurster’s blue.)
Indeed, we have identified H 2 0 2  as a product in such 

solutions. When solid KI was added (up to 0.1 M )  to the 
solution that contained the dissolved irradiated meta­
phosphate glass, I3 — was produced, although at a relative­
ly low concentration (35% of the concentration obtained 
when I -  was initially present). If the solution was treated 
for 20 min by 10~ 8  M  catalase at pH 4.5, prior to the ad­
dition of KI, no oxidation of I -  could be observed. This 
indicates that either reaction 3' is not important, or reac­
tion 4' proceeds as written, so that no peroxide other than 
H 2 0 2  is formed (catalase acts as a specific catalyst for the 
decomposition of H 2 0 2 ) . 2 2  The low yield (35%) can be ra­
tionalized since back reactions between M P 0 2~ or 0 2_ 
and MP+ may take place when I -  is absent. However, 
formation of some H 2 0 2  may be expected from 0 2~ pro­
duced in reaction 3 or 3'.

MP+ is assumed to react with X  according to reaction 
5. We have previously shown that MP+ is a strong oxidiz­
ing agent .2b The yield of X+ depends on the fate of H 2 0 2. 
When X  =  I - , H 2 0 2  oxidizes two equivalents of X , ac­
cording to the general reaction

MP+ + X — MP + X+ (5)

H A  +  2X — » 20H" +  2X+ (6)

The results at pH 2.1 (X  =  ferrocyanide) are in agree­
ment with the proposed mechanism. We have confirmed 
that the oxidation of ferrocyanide by H 2 0 2  at pH 2.1 is 
not stoichiometric, but proceeds to 81 ±  2 %, in agreement 
with previous data . 2 3  This oxidation is independent o f the 
metaphosphate concentration (see Figure 2). Measure­
ments were also carried out at pH 4.5, where after 20 min 
two ferricyanide ions are produced per each H 2 0 2  mole­
cule. (The reaction is not stoichiometric, and the concen­
tration of ferricyanide depends on the tim e . 2 3  The results 
at pH 2.1, where the optical density of ferricyanide does 
not change after 1  hr, are more reliable.) Indeed, higher 
ferricyanide yields were obtained at pH 4.5. The kinetics 
and the material balance observed in the oxidation of fer­
rocyanide ions at both pH 2 and 4.5 are in agreement with 
the assumption that H 2 0 2  is produced upon the dissolu­
tion of the irradiated glasses.

The oxidation of TM PD by H 2 0 2  was found to be rela­
tively slow, and reaction 6  could be neglected under our 
conditions. Thus, in iod ide-0 2  solutions, G f U ') = 
%[G(M P+) +  3G(M P“ )] = 4.3 ±  0.2, in ferrocyanide-0 2  

at pH 2.1, G(ferricyanide) = G(M P+) +  2.62G(MP_ ) =
7.8 ±  0.3, in ferrocyanide-0 2  at pH 4.5, G(ferricyanide) = 
G(M P+) +  3G (M P ") = 8 . 6  ±  0.6, and in T M P D -0 2, 
G(Wurster’sblue) = G(MP+) +  G (M P ') = 4.6 ±  0.2.

In the Fe3+, CH3OH deaerated solutions, M P ' reduces 
Fe3+ to Fe2+. M P+ presumably reacts with methanol to
produce radicals which reduce additional Fe3+.

MP-  +  Fe3+ — *■ MP +  Fe2+ (7)
MP+ +  CH3OH — *- MP +  CH2OH +  H+ (8) 

MP+ +  CH,OH — ► (MPCH;;OH)+ (80
CH2OH +  Fe:i+ —*  CH,0 +  Fe2+ +  H+ (9)

(MPCH3OH)+ +  Fe3+ — *• CH20  +  Fe2+ +  2H+ +  MP (90
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Figure 5. Spectrum  and intensity (at 500 nm) of absorption in ir­
radiated pure MP disks: ( • )  no delay; (O ) 15-hr delay; ( 0 )  
25-hr delay.

G(Fe2+) = G(M P+) +  G (M P -) = 4.4 ±  0.2.
From the results obtained in all four systems one can 

calculate G(M P+ ) = G(M P~) = (2.2 ±  0.1). The equiva­
lence o f G(M P+) and G (M P- ) follows from the requirement 
for electrical balance. It is in agreement with the results 
presented above, and with the lack of change in [I3 - ] ,  when 
both 1 “ and iodine were present before the dissolution of 
the glasses.

N 2 O did not increase the yield o f (I3 — + I2 ) in compari­
son to Ar, as might have been expected if N 2 O could con­
vert M P " into OH, as it does to eaq_ . The low yield of 
(I3  +  I2 ) observed in Ar and N 2 O is probably due to the
incomplete removal of adsorbed O 2 . This conclusion is in 
agreement with gas chromatographic measurements which 
showed that the yield of N 2  was less than 0 . 0 2  molecule/ 
100 eV.

M o la r  E x t in c t i o n  C o e f f i c i e n t s  o f  M P +  a n d  M P ~ . Feld- 
mann, Treinin, and Volterra reported the absorption spec­
trum of irradiated metaphosphate glass disks . 1 1

We have carried out similar work and confirmed their 
results (see Figure 5). The absorbance at 500 nm was lin­
ear with dose up to at least 3 hr of irradiation. Moreover, 
combined pulse radiolysis and spectrophtometric tech­
niques showed absorbance changes o f less than 3% at 500 
nm in the time range 30 msec-4 hr. Combining absorb­
ance measurements with dosimetry yields G(M P+) X  
i 5 0 0 (M P +) = 4.2 x  103  M _ 1  cm - 1  (100 eV ) - 1  molecules, 
hence { 5 0 0 (M P +) =  (1.92 ±  0.17) x  103  M - 1  c m -1. The 
spectrum in Figure 5 represents both M P+ and M P - . 
Above 500nm on lyM P + absorbs , 1 1  a n d « = e(MP+ ).

P r o p e r t i e s  o f  M P ~. (a) G a s C h r o m a to g r a p h y . No H 2  

was detected upon dissolving the irradiated glasses in 1  M  
2 -propanol or 1  M  methanol at pH 1. This shows that 
M P -  produces neither eaq _ nor H atoms upon its interac­
tion with water. This conclusion is in agreement with the 
N 2 O experiments which show that M P - does not react 
with N 2 O, and hence it does not react similarly to eaq - .

(b )  L ig h t  E m iss io n . An RCA 1P28 photomultiplier, sen­
sitive in the wavelength range 200-650 nm, showed no

light emission upon the dissolution of an irradiated glass 
sample (250 hr) at pH 4-6. Experiments with irradiated 
NaCl, under identical conditions, showed strong emission, 
in agreement with previous results.3b The dissolution of 
M P takes 20 min, as compared with 1  min for NaCl. 
However, surrounding the dissolution vessel by a Kodak 
ASA 400 film showed no darkening in the case of MP, and 
intense darkening in NaCl. These experiments demon­
strate the different nature of products in NaCl and in MP. 
Had M P -  produced eaq_ and MP+ produced OH upon 
reaction with water, the emission results would have been 
similar in both MP and NaCl. It has been proposed that 
the production o f eaq_ is responsible for the emission in 
irradiated NaCl . 2 4

(c) P u ls e  R a d io ly s is  o f  M P  S o lu t io n s . The possibility of 
producing oxidized and reduced products of M P through 
reactions with the active irradiation products of water, 
v iz ., eaq- ,  H, and OH, was investigated using pulse radio- 
lytic techniques. The accelerator, the optical analyzing 
system and the handling of solutions were described pre­
viously . 2 8  For all MP solutions used (in concentrations up 
to 1  M) no formation of absorbing products other than 
those of the medium could be observed upon pulsing with
1.5 fis e c , 3 x  102 0  eV l ._1, 5-MeV electron pulses. Such 
negative results were obtained at pH 5-5.5, 1 - 2  (HC104), 
and 11-12 (NH 4 OH, NaOH) in solutions saturated with 
Ar, N 2 O, air, and O 2 , in the presence and in the absence 
o f alcohols.

These observations were in agreement with another se­
ries of measurements, where 1 M  M P was found to have 
no noticeable effect on the yield or lifetime o f eaq_ as 
measured by direct observation, on the reduction of 5 x 
10 - 5  M  KMnO . » , 2 6  both in Ar-saturated solutions at pH
5-5.5 and in N 2 0 -saturated solutions at pH 1-2 (HCIO4), 
and on the oxidation of aerated 10 - 3  M  KSCN 2 7  solutions 
at pH 5-5.5.

These results lead to the conclusion that the rate con­
stants for the reactions of M P with eaq-  and H are < 1  x 
10® M _ 1  sec - 1  and that for the reaction with OH is <5 x  
10® M _ 1  sec-1 . MP is therefore much less reactive toward 
the radiation products o f water than the monomeric phos­
phate anions . 2 8

Concluding Remark
It can be concluded that although M P is unreactive 

toward eaq ~ and H (on the basis of the pulse radiolysis re­
sults), the reverse reaction of the negative radiation prod­
uct M P - , to form eaq~ or H in solution, does not proceed 
either. In this manner, MP differs from NaCl, which pro­
duces eaq-  upon irradiation and dissolution . 8

MP is unreactive toward OH, but in this case the re­
verse reaction of the positive radiation product of MP to 
form OH in solution cannot be ruled out, as no significant 
differences were found between the reactivity of M P+ in 
the present experiments and the known data concerning 
OH radicals.

D o p e d  G la sses . In the experiments described up to now, 
we measured the yield of the permanent radiation prod­
ucts of MP glass. In a previous work2b we observed that 
the absorption of the radiation products at 25° undergoes 
several consecutive changes in the 1 0 - 7  to 1 0 - 2  sec range. 
After 30 msec, no more changes in the spectrum were ob­
served and no appreciable decrease in intensity occurred 
for several hours. We sought to determine whether the ab­
sorption changes prior to stabilization involve short-range 
annihilation, or, as indicated by kinetic evidence , 2 b - 2 9  are
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due only to changes in the spectrum due to interaction 
with the medium, whereas the annihilation at 25° com ­
mences only at the 1 0 4  sec time scale.

In order to clarify this point, we dissolved M P glasses 
doped with 0.1 m  Cd2+ (as CdSO*) in Ar-saturated 0.02 M  
Fe(ClC>4 ) 3  solution containing 0.2 M  CH 3 OH. From earlier 
pulse radiolysis work2b we know that 0.1 m  Cd2+ traps 
95% of the precursors of M P - , and that the trapping takes 
place in <5 x  10 - 8  sec. Careful examinations showed that 
the absorption of Cd~ remains unchanged up to several 
hours after the irradiation, and that Cd2+ does not affect 
the positive holes. The present results obtained in the dis­
solution o f the Cd2+-doped glasses were identical with 
those obtained with the pure glass (see Figure 4), leading 
to the conclusion that the yield of initially produced elec­
trons trapped as Cd+ is the same as that of stabilized 
M P -  in the pure glass.
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On the Mechanism of the Hydrolysis o f 

Triethylethoxysilane at the Silica-Carbon 
Tetrachloride Interface

S ir : We would like to present the following remarks con­
cerning the mechanism of this reaction as proposed by 
Bascom and Timmons.1 (1) It is difficult to imagine that 
water molecules covering only 15% of a silica surface1 can 
form a continuous hydrogen-bonded network sufficiently 
strong to assure protons transfer. (2) In Bascom and Tim- 
mon’s mechanism, it is not obvious why it is necessary to 
cover all the existing surface hydroxyl groups, indepen­
dently o f their concentration (their experiments on surfac­
es treated at 750 and 550°) before an abrupt increase in 
hydrolysis rate can be observed.

We are therefore proposing an alternative mechanism 
based on the supposition that in a silica surface the effect 
of 7r bonding between the free electron pairs o f oxygen and 
the empty 3d orbitals of a silicon atom prevails on the 
positive inductive effect, which the oxygen is exercizing 
on a silicon. As a result, one would observe a change in 
polarity of the S i-0  bond from S i+6- 0 -5 to S i_4- 0 +A 
This could be responsible for an increase of the ionic char­
acter of hydroxyl groups of a silica surface. These hydrox­
yl groups would then become active sites for adsorption of 
water and TEES molecules.

When the number of adsorbed water molecules is not 
sufficient to cover all hydroxyl groups, there exist on a sil­
ica surface three competitive sites for adsorption of 
TEES: free hydroxyl groups, free hydroxyl groups with 
adsorbed water molecules, and vicinal hydroxyl groups 
with adsorbed water molecules.2 We have also to consider 
the effect of a (p —*• d)tr bonding between a silicon atom of 
the silica surface and an oxygen of the surface hydroxyl 
group. This effect would manifest itself most strongly in 
the hydrogen bond formed between the proton of the sur­
face hydroxyl group and the alkoxyoxygen of the TEES 
molecule. The Bascom and Timmons’ experiments seem 
also to suggest that the noncovered isolated hydroxyl 
groups would form the strongest hydrogen bonds with 
TEES molecules and would then be the preferable sites 
for their adsorption. The change of the stretching frequen­
cy of these groups on triethylethoxysilane adsorption 
quoted by Bascom and Timmons was from 3700 to about 
3500-3000 cm -1 . These sites however are inactive for the 
hydrolysis reaction. Due to the low relative concentration 
of adsorbed TEES molecules (with respect to the number 
of surface hydroxyl groups), one must cover practically all 
the existing hydroxyl groups with water molecules before 
the adsorption of TEES on hydrated sites, followed by the 
hydrolysis reaction, can take place. As soon as all hydrox­
yl groups are covered by adsorbed water molecules, there 
is competition between the two active sites formed on (a) 
vicinal hydroxyl groups and (b) isolated hydroxyl groups. 
It seems logical that due to the cumulative effect of the 
two surface silicon atoms, the hydrogen bond formed be­
tween the hydrogen of the adsorbed water and the oxygen 
of (C2H5)3SiOC2H5 molecule would be stronger in the

case of adsorption on vicinal than on isolated hydroxyl 
groups.

Due to the effect of (p —* d)ir bonding mentioned above, 
the silicon atom of a silica surface can supply some polar­
izing field. A decrease of the activation energy for the dis­
sociation of adsorbed water molecules would result in a 
reduction of the energy of the transition state. The polar­
izing field generated by silicon atom would then create fa­
vorable conditions for the hydrolysis reaction of the ad­
sorbed TEES. If the hydrogen atom involved in hydrogen 
bonding with an alkoxyoxygen of TEES is sufficiently aci­
dic and the oxygen atom sufficiently basic, the hydrogen 
can be transfered as a proton to form a covalent bond 
with this oxygen. If, at the same time, the position of the 
adsorbed TEES molecule is such that the silicon of TEES 
finds itself in the vicinity of the oxygen of the adsorbed 
water molecule, the hydrolysis reaction of TEES can take 
place.

It seems to us that our mechanism of the hydrolysis 
reaction of TEES by water molecules adsorbed on a silica 
surface suggests not only an explanation for the “ go,”  “ no- 
go”  behavior of the kinetic data obtained by Bascom and 
Timmons but also foresees the existence of optimal condi­
tions for this reaction. An increase of concentration of vic­
inal hydroxyl groups covered by adsorbed water would in­
crease the hydrolysis rate due to an increase in concentra­
tion o f active sites. On the other hand, the increase in 
concentration of surface hydroxyl, groups would result in a 
decrease of the polarizing ability o f the silica surface. 
(Due to a kind of a saturation effect, the influence of tr 
bond is smaller, the higher the concentration of surface 
hydroxyl groups.) It is this last effect which would limit 
the rate of the reaction of hydrolysis of TEES on a silica 
surface. We therefore consider that experiments should be 
Conducted in a way to control the concentration of vicinal 
hydroxyl groups.3
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On the Mechanism ot the Hydrolysis of 
Triethylethoxysilane at the Silica-Carbon 
Tetrachloride Interface. A Reply

tensive bridging and the formation of a network is not ex­
pected until the hydroxyl-water molecule ratio is nearly 
unity, which is consistent with the model proposed in the 
hydrolysis study.

P u b lic a tio n  c o s ts  a s s is te d  b y  th e  O ffic e  o t N a v a l R e s e a rc h

S i r :  We wish to respond to Prigogine’s criticisms of our 
proposed mechanism of the surface hydrolysis of triethyl­
ethoxysilane1 and also to comment on the model which 
she proposes as an alternative. 2 Her first objection is that 
the water coverage was only 15% of the surface area and 
finds it difficult to imagine that this low a coverage can 
form a continuous H-bonded network. This objection ig­
nores the more pertinent point that this amount of water 
represents complete coverage of the surface hydroxyls 
which themselves covered only 15% of the surface. If we 
make the reasonable assumption that the hydroxyls are 
randomly distributed over the surface, a scale drawing 
will show that even at as low a coverage of 15% the hy­
droxyls are close enough to be bridged by water molecules 
in the fashion we proposed. A much higher water coverage 
was needed in the work of Fripiat than in our study be­
cause their silica had been less intensely dried and there­
fore had a higher surface hydroxyl content. 3

The most surprising result of the hydrolysis study was 
the, go-no go, aspect of the kinetics. Prigogine does not 
accept our hypothesis that this is the result of the sudden 
formation of a H-bonded water-hydroxyl network. In­
stead, she suggests that the triethylethoxysilane (TEES) 
is so strongly H bonded to nonhydrated surface hydroxyls 
that until the latter are all hydrated, there is no adsorp­
tion of TEES on the hydrated hydroxyls and, thus, no 
reaction.

We find it difficult to understand why the bonding of 
the TEES should be so different to the two types of sites 
when H bonding is undoubtedly involved in both cases. 
We would agree that there might be a distribution that 
f a v o r s  TEES • • • H O -Si^ adsorption but that in equilib­
rium with the TEES adsorbed to nonhydrated hydroxyls 
there would be some adsorption on the hydrated sites. 
Therefore, there should have been some hydrolysis, albeit 
small, prior to complete water coverage of the hydroxyls. 
None was observed.

One of the difficulties we encountered in justifying our 
proposed network formation was that it required a partic­
ular orientation of the adsorbed water molecule, i . e . ,  a 
SiOH donon, H2 O acceptor configuration (structure I) . 4
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Recently, a study of the infrared bands of adsorbed water 
in the 4500-9000-cm-1 region indicated that the configu­
ration that we assumed is in fact the only orientation con­
sistent with the observed spectra. 5 Furthermore, if the 
preferred H-bonding role of the =Si-O H  is that of a 
donor, then the bridging of water molecules between hy­
droxyls, which involves the = Si-O H  as an acceptor 
(structure II), will not occur until nearly all of the hydrox­
yls are covered by a water molecule. In other words, ex-
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Interaction of Molecular Hydrogen with Magnesium 
Oxide Defect Surface

S i r :  We have studied the interaction of molecular H2 with 
high defect concentration MgO surfaces, freshly prepared 
by vacuum decomposition of high-purity Mg(OH) 2 pow­
ders. It was found that molecular H2 at 1-6 bars is capa­
ble of reacting with such MgO surfaces giving rise to a 
pronounced conductivity maximum at about 130°.

The methods employed were dc conductivity and di­
electric loss factor measurements in the frequency range 
from 100 Hz to 10 kHz, using a cell with circular A1 elec­
trodes, 40 mm diameter with a 0.1-mm gap. The results 
obtained with dc and ac were essentially the same, which 
indicates that no polarization effects occur. The higher 
pressure range, up to 2 0 0  bars, is presently under investi­
gation.

A typical experiment was carried out as follows, and the 
results are shown in Figure 1.

The cell loaded with about 0.1 g of Mg(OH) 2 and con­
tained in the pressure recipient was first evacuated to 
10- 2  Torr and heated at 3°/min to near 400°. Prior to the 
dehydration of Mg(OH)2 which starts around 250° a con­
ductivity maximum is observed, shown by curve 1. This 
maximum, already reported elsewhere, 1 occurs under vac­
uum as well as under H2 or inert gas pressure. It is not 
due to a gas-solid reaction, but rather due to a proton 
tunnelling mechanism operative in Mg(OH) 2 prior to de­
composition. 2

After partial dehydration the sample was slowly cooled 
under vacuum to room temperature. High-purity H2 gas 
was then introduced to 6  bars pressure, and the sample 
was heated again at 3°/min to not more than 250°. Curve 
2  shows an increased conductivity but no maximum.

The sample was then again allowed to cool slowly, first 
under H2 pressure to about 150°, then under vacuum to 
room temperature. After thorough evacuation at room 
temperature 6  bars H2 pressure were again applied and
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Figure 1. R e s u lts  o f  c o n d u c t iv i ty  vs. te m p e r a tu r e  m e a s u re m e n ts .

the sample was once more heated to about 250°. Curve 3 
shows that the conductivity has again markedly increased 
and now goes through a pronounced maximum at about 
130°.

Repeating the same cycling does not further increase 
the conductivity nor does it increase the intensity of the 
maximum. On the contrary, the maximum decreases and 
eventually vanishes after eight-ten cycles.

The following features of the conductivity maximum 
were established. First, no maximum was observed, if in 
between the heating was performed under either N2 or O2, 
but the maximum reappeared nearly as strong as before 
during the next run under H2 pressure. Second, after the 
maximum had disappeared, due to repeated cycling, the 
activity could largely be restored by heating the sample 
again above 300°, causing new dehydration to occur.

We think that the conductivity effects reported here 
can be connected with the presence of 0 “ centers on the 
MgO defect surface. Mass spectroscopic studies have 
shown that, when high-purity Mg(OH)2 is heated under 
vacuum, molecular hydrogen is evolved between 300 and 
550°, followed by an oxygen evolution around 700°.3 As 
discussed briefly elsewhere in connection with preliminary 
work done on partially deuterioxylated MgO samples, 4 the 
hydrogen evolution can be explained by a thermal disso­
ciation of pairs of OH- groups neighboring an oxygen va­
cancy, schematically

O H - .............O H -  — O - ...............O -  + H 2

Concomitantly O ' ions are formed on the MgO defect 
surface, which become unstable at high temperatures, giv­
ing off oxygen.

The present conductivity measurements seem to indi­
cate that above reaction can be reversed by applying H2 

at higher pressure

O - . . . H - H . . . O - - O H - ......... OH-
A quite similar description has been proposed by Boudart, 
e t  a l . , 5 to explain the H2 /D2 isotope exchange reaction 
taking place at temperatures as low as 77 K on V, centers 
on MgO surfaces. Between 77 K and room temperature, 
the range studied by Boudart and coworkers, H2 and D2 

seem to form adsorption complexes permitting the isotope 
exchange but not annihilating the V j  center. The present 
conductivity study indicates that above room temperature 
a true reaction seems to take place between H2 and some 
O " centers which slowly destroys the active sites.

The y, center is thought to consist of a cluster of 0~ 
ions, probably three in a triangular array, and closely con­
nected with an oxygen vacancy and an OH- group. 5 Der- 
ouane, e t  a l . ,6 have found that the V i  center is active for 
the H2 /D2 exchange only, if traces of H2 O are present. We 
also found that the conductivity maximum appears 
strongly only, if traces of H2 O are present during the 
heating cycle. Too much H2 O, however, veils the effect by 
the formation of a tightly bound H2 O film on the MgO 
defect surface. 7

A full discussion and detailed description of the experi­
mental results, including electron spin resonance data, 
will be published shortly.
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Effect of Pressure on the Thermodynamically 
Reversible Gelation of 12-Hydroxystearic Acid in 
Carbon Tetrachloride1

Publication costs assisted by the Research Institute o f Science and 
Engineering, Ritsumeikan University

S i r :  In a thermodynamically reversible gel, the cross links 
are known to be caused by secondary forces, such as hy­
drogen bonds (H bonds), hydrophobic, and electrostatic 
interactions, rather than by covalent bonds. The gel of 12- 
hydroxystearic acid (CH3 (CH2 )sCH(OH)(CH2 }ioCOOH) 
in carbon tetrachloride (CCI4) has been investigated by
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Figure 1. S o l-g e l p h a s e  d ia g ra m  o f 1 2 -h y d ro x y s te a r ic  a c ic - C C I4 
s y s te m  a t v a r io u s  c o n c e n tra t io n s :  ( • )  3 .3  X  1 0 ~ 2; ( O )  4 .9 5  X  
1 0 “ 2 , ( A )  6 .6  X  1 ( V 2; ( O )  9 .9  X  1 0 " 2 M .

Figure 2. R e la t io n s h ip  b e tw e e n  th e  lo g a r ith m  o f th e  a c id  c o n ­
c e n tra t io n s  a n d  th e  re c ip ro c a l o f  th e  a b s o lu te  te m p e ra tu re  o f 
th e  s o l to  g e l t r a n s fo rm a t io n  a t e a c h  p re s s u re : ( • )  1; ( C )  5 0 0 ; 
( A )  1 0 0 0 ; ( O )  1 5 0 0  a tm .

means of thermal analysis and ir spectrophotometric mea­
surements by Tachibana and coworkers. 2 These authors 
showed that cross links are formed by the intermolecular 
H bonding between hydroxyl groups (OH) and cxygen 
atoms of carbonyl groups (C= 0).

In a previous study of the pressure effect on thermody­
namically reversible gelation in aqueous solutions, we 
have found that for gelatin, poly(vinyl alcohol), and meth­
yl cellulose the formation of intermolecular H bonded 
cross links results in negative values of both AH  (enthalpy 
change) and AV (volume change). In this paper we report 
on the effect of pressure on gel formation of 1 2 -hydroxy- 
stearic acid in CCU. In this solvent one may expect that H 
bonds between individual acid molecules will be more 
pronounced than in acueous solution.

The method for the determination of the sol to gel 
transformation was the same as the previous paper. 3 The 
error in the pressure accompanying the measurement of 
the transformation was about ±50 to 100 atm. The sample 
of 12-hydroxystearic acid was furnished from Tokyo Kasei 
Kogyo Chemicals Co. and recrystallized five times from 
acetone, mp 79.0-80.0°, lit. mp 79.3-79.8° 4 and 80.5-81°.5

Figure 1 shows the sol-gel diagram of 12-hydroxystearic 
acid at concentrations from 3.3 x 10- 2  to 9.9 x ID- 2  M  

CCI4 . The phase above each curve is a sol, while the 
phase below each curve is a gel. It can be seen from Fig­
ure 1 that gelation is promoted by compression. If plots of 
the logarithm of the concentrations of acid v s .  the recipro-

Pressure, atm

Figure 3. R e la t io n s h ip  b e tw e e n  th e  lo g a r ith m  o f th e  a c id  c o n ­
c e n tra t io n s  a n d  th e  p re s s u re  o f th e  s o l to  g e l t r a n s fo r m a t io n  a t 
e a c h  te m p e ra tu re :  ( O )  4 0 .0 ; ( X )  4 2 .5 ; ( A )  4 5 .0 ; ( □ )  4 7 .5 ; ( • )  
5 0 .0 ° .

TABLE I: A H  Values and the Number o f H Bonds per 
Mole of Cross Link Formed at the Gel Point under 
Various Pressures

Pressure, atm 1 500 1000 1500
-  AH, kcal/mol 35.2 34.7 36.9 37.5
No. of H bonds 8.3 8.2 8.7 8 . 8

TABLE II: AV Values per Mole of Cross Link Formed 
at the Gel Point at Various Temperatures

Temp, “C 40.0 42.5 45.0 47.5 50.0
-  AV, ml/mol 47.8 50.8 50.8 49.3 49.6

cal of the absolute temperature of the sol to gel transfor­
mation are made, straight lines are obtained at each pres­
sure (Figure 2). According to an analysis presented by El- 
dridge and Ferry, 6 the A H  values for the formation of 1 
mol of cross links out of 2  mol of cross linking sites are 
then obtained from

log c = (A///2.303/?)l/T +  constant (1)

The A H  value per mole of H bond, which has been re­
ported on many compound in CC14 for OH— O bond, is 
well established to fall within the range of 4-4.5 kcal/ 
mol. 7 If we assume that the average strength for 1 mol of 
H bond of 12-hydroxystearic acid in CC14 system is 4.25 
kcal/mol, the number of H bond per cross link can be es­
timated. Table I with A H  values per cross link shows the 
number of H bonds per cross link to be about 8  to 9. Since 
one H bond per molecule is in principle sufficient for gela­
tion, the much higher value of 8  to 9 found per cross link 
probably mean that a lot of dimerization occurs which 
leads to “ wasted H bonds” as far as infinite network for­
mation is concerned.

Assuming that the sol to gel transformation can be 
treated as a phase transition, the AV accompanying the 
formation of a cross link, which is derived from the Claus- 
ius-Clapeyron and Eldridge-Ferry equations at constant 
temperature, is obtained from the following equation

log c  —  ((AV — R T k f ) / 2.303R T ) P  +  constant (2)

where k s  is the compressibility of CC14 and was calculated 
by the Tait equation. 8 Table II show AV values calculated 
from the linear relation between the logarithm of the acid 
concentration and the transformation pressure at various 
temperatures in Figure 3. The AV values accompanying 
the formation of 1 mol of H bond also can be calculated
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from the A V values per cross link in gel formation and the 
average number of H bonds in each cross link (Table I). 
The average value of A V  for the formation of an H bond is 
then found to be about —5.5 ml/mol, which seems to be 
reasonable in comparison with the value for OH— O bond 
formation, —6 . 0  ml/mol obtained in the dimerization of 
formic acid, 9 —4.64 ml/mol for the association of n-butyl 
alcohol in CS2 . 10
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Noise Spectra of Ion Transport Across an Anion 
Membrane

Publication costs assisted by City College 01 New York

S i r :  We have, over the past several years, studied trans­
port across cation membranes by measuring noise power 
spectra. 1 From this work, we were able to draw certain 
conclusions, at least for H+ ion, as to the transport 
mechanism. 1 «1 In our initial paper,la-b we reported some 
limited results on anion membranes. These results indi­
cated that, unlike the cation membrane spectra, anion 
membrane spectra showed 1 // noise, and sometimes l / f 3 ' 2  

noise. Since these results on anion membranes have not 
been followed by a systematic evaluation, the initial data 
have been left unconfirmed. Recent work by Hooge and 
coworkers2 has renewed interest in 1 // noise, and there is 
a significant difference in the transport mechanism indi­
cated by 1 // noise and 1 /f3'2. For these reasons, a brief 
reinvestigation of the noise spectra generated by ion 
transport across an anion membrane seemed appropriate 
at this time.

The technique is unchanged from that previously des­
cribed, ld except that only room temperature measure­
ments were made. The LA260V Applied Cybernetics am­
plifier was replaced by a Model LA460V (or by an AD-YU 
Model 1027C for some higher noise measurements). Solu-

TABLE I: Slopes o f Noise Spectra for Various 
Concentrations and Currents“

C u rr e n t
d e n s it y ,

Concn, M A /m * a bb C fB ,c  H z

HCl Spectra
0.024 96 1 . 8

178 0.9 2 . 2 5,000
0.017 70 1.7

74 1 . 8
82 1.9
95 1 . 6

119 1.7
125 1.3 3.0 13,000

0.0080 43 1.7
50 1 . 6
62 1.5
71 1.3 2 . 1 4,500
80 1.4
95 0.9 3 2 0 , 0 0 0

0.0038 42 1 . 8

49 2 . 0

59 1.7
89 1.7
96 1 . 8

H3PO4 Spectra
0.034 96 1.4

1 0 1 1.4
125 1.5
178 1.5

0.018 42 1 . 6

53 1.7
74 1 . 6

95 1.4
1 0 1 1 . 6

131 1 . 1 1 . 8 9,000
0.0081 42 1.4

61 1.7
71 1 . 1 1.9 4,500
78 1.7

119 1 . 0 1 . 8 8 , 0 0 0

0.0019 42 1 . 2 2 . 6 15,000
50 1 . 6 2 . 0 15,000
55 1 . 1 3.0 2 0 , 0 0 0

59 1.5 2 . 6 15,000
71 1 . 1 3.0 2 0 , 0 0 0

77 1.3 2.3 15,000

°  S lo p e s  a s  — d  lo g  p o w e r /d  l o g  f .  b F o r  v a lu e s  o f  / b  £  1 0 4 H z ,  th e  b s lo p e s  
a r e  b a s e d  o n  a  sm a ll n u m b e r  o f  p o in ts , a n d  h a v e  a  r e la t iv e ly  la rg e  e r ro r . 
c F r e q u e n c y  a t  w h ic h  c u r v e s  o f  t w o  s lo p e s  m e e t ,  ± 2 0 % .

tions of H3PO4 were prepared as follows: solution 1 , 0.034 
M ;  solution 2, 0.018 M, solution 3, 0.0081 M ,  solution 4,
0. 0019 M. Also, solutions of HC1 were prepared: solution
1, 0.1024 M, solution 2, 0.017 M ,  solution 3, 0.0030 M, so­
lution 4, 0.003 M .

The anion membrane was Ionac Type MA 3236, with an 
exposed surface of 8.4 X  10_ 6 m2.

The spectra were taken, as before, with a Tektronix 3L5 
spectrum analyzer in the frequency range 300-80 kHz; in 
this work, the center frequency settings were checked with 
an IEC Model F34 function generator. No other changes 
in procedure were made from the previous work.ld

The results are summarized in Table I. As can be seen, 
two types of spectra exist: those in which an approximate 
f - 3 / 2  si0 pe was found, and those in which an f ~ l  3lope was 
found at lower frequencies, with an approximate f ~ 2  at 
higher frequencies. It is relatively simple to deal with the 
—1 . 5  slope cases, as these are normally characteristic of 
diffusion. 3 Furthermore, with cation membranes at low 
current densities, diffusion appears to dominate the
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noise.ld It is probably safe to conclude that for the more 
concentrated H3PO4 solutions, this is equally true.

However, the other form of spectrum is not comparable 
to any found with the cation membranes. Here, 1// noise 
does appear over an appreciable frequency range. The fact 
that a steeper slope appears at higher frequencies gives a 
strong hint as to the source of the noise, however. It has 
long been known that a distribution of relaxtion rimes 
could produce 1 / f  noise between the lower and upper fre­
quency limits of the distribution, and that, above the 
upper frequency limit, f ~ 2 noise should result.4 This is 
fairly close to the behavior observed here. The fact that, 
even in the more dilute solutions, single slope spectra 
which are usually between 1.5 and 2.0 occur suggests that 
the relaxation processes do not exclude the simultaneous 
presence of diffusion. If the two contributions are of simi­
lar magnitude (as is indicated by the fact that either one 
may be found with only a relatively small change ir. con­
ditions) it is possible for them to combine so as to produce 
a spectrum which takes this form, within experimental 
error.

Current-voltage curves for anion membranes do not 
produce clearly defined plateaus at a critical current den­
sity, as cation membranes do;la this behavior was found 
again in this system. Of the systems studied here, only 
the most concentrated H3PO4 solution remains ohmic in 
its behavior throughout the range of current densities in 
which noise spectra were taken. This solution gave only 
diffusion spectra. No spectra showing two slopes appeared 
at current densities less than that at which non-ohmic be­
havior began (within experimental error, ±8 A/m2), al­
though single slope spectra, as in the case of the least con­
centrated HC1 solution, appeared well above this point.

Above the critical current density, cation membranes 
show a spectrum fairly close to two straight lines of slope 
—3, —5, and this could be interpreted as due to turbu­
lence.ld-5 Although the anion membrane spectra some­
times showed a steeper spectrum following a less steep 
one, and a —1 slope can appear between -3  and -5 , the 
steeper slope for the anion case did not approach —5, and 
no evidence of a —3 slope was found at low frequency. 
Therefore, it appears that turbulence does not occur with 
anion membranes as it does with cation membranes.

The following conclusions can be drawn. (1) At current 
densities lower than that for the start of non-ohmic be­
havior, the noise spectra are dominated by diffusion noise.
(2) At higher current densities, the spectra often are of a 
type which would be characteristic of a distribution of re­
laxation times. (3) In contrast to cation membranes, these 
spectra show no evidence of turbulent flow.
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