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The Absolute Rate of Association of Borane Molecules1

by G. W . Mappes,2 S. A. Fridmann, and T. P. Fehlner

Department of Chemistry and Radiation Laboratory,3 University of Notre Dame, Notre Dame, Indiana 1+6556 
{Received April 9, 1970)

The absolute rate of the reaction of two borane molecules, BH3, to form diborane, B2H6, has been directly 
measured. Both the loss of BH3 and the formation of B2H6 have been followed. At 545°K and 5 Torr total 
pressure of helium, the rate constant for this reaction is 2 X 109 l./(mol sec). The activation energy for this 
reaction is 0 ±  2 kcal/mol. The collisional efficiency at higher total pressures is estimated to be equal to or 
higher than that for radical-radical reactions. The implications of these measurements are discussed in 
terms of the absolute rate theory.

The association reactions of unstable molecular 
fragments have attracted the interest and attention of 
numerous research groups.4 The primary aim of these 
studies is to correlate electronic structure and reactivity, 
and the association of the borane species, BH3, is of 
significant interest for this reason. However, the 
characterization of active intermediates is also a major 
source of illumination of the mechanisms of complex 
reactions. In this regard, the association of borane is 
of particular interest because considerable indirect 
evidence exists for the participation of BH3 as an active 
intermediate in many reactions involving boron 
hydrides.6 Generally the self-association reaction is 
an intimate part of the mechanisms postulated. The 
existence of BH3 as an intermediate has been established 
by the work of a number of groups.6-16 To date no 
successful structural studies of BH3 have been published, 
and our only information concerning this aspect of BH3 
comes from calculations. 17 There has been some 
speculation on the magnitude of the rate constant for 
the self-association of BH3, 18'19 and there has been a 
suggestion that this process might involve a significant 
activation energy.20 Indeed, one can argue reasonably 
either for low efficiency with or without activation 
energy or for high efficiency. Therefore, the objec­
tive of this work was to obtain some quantitative 
information on the rate of the self-association of borane.

To obtain information of this type it is necessary to 
have an intense source of BH3 and a suitable system in 
which to carry out the rate measurements. We have
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Notre Dame under contract with the Atomic Energy Commission. 
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(4) See, for example, F. W . Dalby, J. Chem. Phys., 41, 2297 (1964).
(5) R. L. Hughes, I. C. Smith, and E. W. Lawless, “ Production of 
the Boranes and Related Research,”  R. T. Holzmann, Ed., Academic 
Press, New York, N. Y „  1967.
(6) T. P. Fehlner and W. S. Koski, J. Amer. Chem. Soc., 86, 2733
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(7) E. J. Sinke, G. A. Pressley, Jr., A. B. Baylis, and F. E. Stafford, 
J. Chem. Phys., 41, 2207 (1964).
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874 (1970).

3307



3308 G . W . M a p p e s , S. A . F r id m a n n , a n d  T . P . F e h l n e r

recently reported in detail a kinetically clean source of 
free borane.21 The development of this source pro­
ceeded logically from our previous work on the produc­
tion of borane in low-pressure pyrolytic systems.8’13 
Specifically, we observed that the major loss of BH3 in 
these systems, with the exception of dimerization, is the 
destruction of BH3 on the surface of the reactor. We 
have also observed that borane carbonyl decomposes 
thermally to yield BH3 and CO by both homogeneous 
and heterogeneous pathways of comparable rates. 
Our technique, then, is based on increasing the produc­
tion of BH3by enhancing the conditions for homogeneous 
reaction compared to those of heterogeneous reaction. 
In addition, as the decomposition of BH3 on the wall has 
an activation energy, 22 the products of the pyrolysis of 
BH3CO are rapidly transferred to a lower temperature 
container thereby decreasing the wall destruction even 
further. In this fashion, yields of BH3 as high as 65% 
have been observed and partial pressures of BH3 up to 
0.08 Torr at purities of 80% (based on total boron 
hydrides) have been produced. We report below the 
first measurements of the absolute rate of the self­
association of borane to form diborane.23 As will be 
seen, this reaction proceeds at high efficiency and re­
quires no activation energy.

Experimental Section

The rationale of these experiments is illustrated with 
Figure 1. The tubular flow reactor,21’24 shown schemat­
ically at the bottom of the figure, is constructed with 20  
individually controlled heating coils in an 8-cm length 
of reactor. This heating arrangement allows tempera­
ture profiles, such as the two illustrated, to be set up in 
the reactor. These hot zones are used to produce BH3 
from the thermal decomposition of BH3CO at various 
distances from the downstream end of the reactor. 
The borane carbonyl is introduced at low concentration 
in the inert carrier gas upstream of the heated zone, and 
analysis is carried out mass spectrometrically at the 
position designated “leak” in Figure 1. Temperature 
profiles for the decomposition of BH3CO are chosen such 
that better than 90% of the BH3CO has decomposed, 
and these profiles are set up such that their shape is 
independent of the distance from the analysis point. A 
typical measurement involves setting up two prepara­
tion zones such as those illustrated in Figure 1 and 
measuring the product concentration distributions 
(P)i and (P)2. The difference between (Pfi and (P)2 
may be attributed to reaction taking place in the shaded 
region of length k  .2 (hereafter called the recombination 
zone). There are two major advantages to this 
experimental procedure. First, measurements on reac­
tions occurring in the recombination zone do not depend 
on knowledge of the reactions occurring in the prepara­
tion zone. Second, the recombination zone has a well- 
defined time associated with it. One disadvantage of 
this procedure is that the subtraction process increases

Figure 1. Schematic drawing of the reactor showing typical 
temperature profiles for this study. Temperature profiles were 
measured along the cylindrical axis of the reactor. (P) refers 
to a measured product distribution.

the scatter in the analytical data. Another disad­
vantage is that at higher carrier pressures the tempera­
ture profile distorts in the downstream direction and the 
temperature of the recombination zone increases. 
Therefore, the effect of a variation of the total pressure 
could not be carried out. The primary data obtained 
in these experiments are the product concentration 
distributions (P)i and (P)2 as a function of borane 
concentration, recombination zone time, and recombina­
tion zone temperature. A more detailed description of 
the experimental measurements follows.

A nalysis. The composition of the gas exiting the 
tubular reactor was determined by sampling with a 
minimum sampling time of 5 X 10~ 6 sec through a 
small thin-edged orifice situated 5 mm downstream of 
the last reactor coil into a mass spectrometer system 
utilizing modulated molecular beam sampling. The 
latter system operates by collimating the efflux of the 
sampling orifice into a molecular beam using a three- 
stage differentially pumped system and crossing this 
molecular beam with an electron beam. The resulting

(16) It appears that BHa has been successfully isolated in a low- 
temperature argon matrix. A. Kaldor and R. F. Porter, private 
communication.
(17) See, for example, W . E. Palke and W . N. Lipscomb, J. Chem. 
Phys., 45, 3948 (1966).
(18) S. H. Bauer, A. Shepp, and R. E. McCoy, J. Amer. Chem. Soc., 
75, 1003 (1953).
(19) S. H. Bauer, ibid., 78, 5775 (1956).
(20) W. C. Kreye and R. A. Marcus, J. Chem. Phys., 37, 419 (1962).
(21) G. W. Mappes and T. P. Fehlner, J. Amer. Chem. Soc., 92, 1562 
(1970).
(22) S. A. Fridmann and T. P. Fehlner, Abstracts, Third Great 
Lakes Regional Meeting of the American Chemical Society, DeKalb, 
111., June 1969, p 44; Inorg. Chem., in press.
(23) Presented at the 158th National Meeting of the American 
Chemical Society, New York, N. Y., Sept 1969, Phys. 71.
(24) Similar to one described by I. P. Fisher, J. B. Homer, B. 
Roberts, and F. P. Lossing, Can. J. Chem., 44, 2205 (1966).
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Table I : Partial Pressures of Product Distributions in mTorr at a Total Pressure of 5.0 Torr at the Lower Temperatures

1 0 ~ * V , 104Air, T t, A(BHi) -  2A(BsHe)
Expt cm/sec sec °K Sensitivity (BHiCO)o (BHi)s (BH i)l (BîHe)s (B2H6)l (BHi)fl

3211 7 .6 9 3 . 1 2 540 3 .9 9 17 6 .5 3 .9
36 1 1 .0 5 .2 4 .1 5 . 6 0 .2 9
62 13 .1 9 .5 7 .5 9 . 2 0 .0 2
89- 1 9 .5 11 .7 1 0 .9 14 .1 0 .0 7

120 2 1 .6 14 .6 15 .3 1 7 .9 0 .0 7

3212 7 .6 9 3 . 1 2 540 3 .9 9 17 5 .6 3 .9 2 .0 2 .2 0 .2 3
36 9 .1 5 .2 2 .9 5 .6 - 0 . 1 6
62 1 5 .7 9 .5 4 .8 9 .2 - 0 . 1 7
89 2 0 .8 1 1 .7 8 .9 14 .1 - 0 . 0 6

120 2 5 .6 14 .6 10 .8 1 7 .9 - 0 . 1 2

3301 8 .6 3 2 .7 8 560 2 . 4 5 18 7 .6 4 .0 1 .1 2 .3 0 .1 6
35 8 .5 6 .5 1 .6 3 .6 - 0 . 2 3
49 1 4 .6 9 .1 4 .0 4 .5 0 .3 1
75 2 0 .3 9 .5 5 .4 9 .2 0 .1 6

107 2 3 .9 1 4 .0 7 .0 1 2 .2 - 0 . 0 2
124 2 4 .1 13.1 9 .5 1 6 .0 - 0 . 0 8
144 3 2 .5 1 3 .0 11 .3 1 9 .0 0 .1 3

3061“ 7 .7 6 3 .0 9 543 1 . 0 0 4 P 1 2 .4 s 1 1 .2 s 2 .9 s 7 .1 s - 0 . 5 8 s
73 2 7 .0 1 2 .7 6 .9 1 2 .4 0 .1 2

109 3 1 .5 1 6 .4 7 .8 2 0 .4 - 0 . 3 2
177 4 6 .3 2 0 .8 1 4 .4 2 7 .0 0 .0 1
227 5 3 .8 1 9 .8 1 4 .8 3 6 .2 - 0 . 1 6

3161“ 8 .4 1 2 .8 5 540 1 . 5 9 42 1 2 .8 8 .7
73 2 3 .5 10 .9

112 3 2 .3 12 .3
131 4 2 .1 1 8 .5
187 4 6 .6 19 .6

3081 4 .3 7 7 .3 2 503 0 .6 5 49 2 0 .6 2 .7
112 3 0 .8  2 .7  
183 3 4 .4  1 1 .8  
221 4 4 .9  1 0 .8  
323 3 1 .1  7 .0

“ Linear correction applied, see text. 6 This point not used in rate constant calculations.

ions are accelerated, mass analyzed, and detected 
utilizing an electron multiplier. The molecular beam 
is modulated at 160 Hz, and the signal from the electron 
multiplier is fed to a narrow-band amplifier which is 
locked into the frequency and phase of the modulation 
device. This type of system is very convenient in that 
it discriminates strongly against steady-state back­
ground, various extraneous ion source processes, and 
beam molecules that have suffered collisions. Details 
of this type of sampling system may be found else­
where.25 Calibration of the mass spectrometer system 
for the stable species under flow conditions and for 
various temperatures has been described previously.21 
Products were identified by their mass spectra26 and the 
dependence of these spectra on the reactor parameters. 
The only species observed were BH3CO, B2H6, BH3, CO, 
and H2 (the last is deduced indirectly from our previous 
experiments13 and the formation of solid boron in this 
reactor). The formation of other products containing 
more than 5% of the BH3CO decomposed are excluded

by our measurements. The determination of the 
sensitivity for BH3 has also been described in detail.21 
Briefly, upper and lower limits on the sensitivity were 
established from a mass balance and the yield of di- 
borane in the recombination zone. An absolute value 
of the sensitivity was obtained by noting that (at 
constant total pressure) the loss of BH3CO, at a chosen 
decomposition temperature and partial pressure, and 
the loss of BH3 at the same temperature are pre­
dominantly first order in BH3CO and BH3, respectively 
(note that the latter holds only at the relatively high 
decomposition temperatures). For a number of pro-

(25) T. P. Fehlner, ./. Amer. Chem. Soc., 90, 4817 (1968); S. N. 
Foner, “ Advances in Atomic and Molecular Physics,”  Vol. 2, D. R. 
Bates and Immanuel Estermann, Ed., Academic Press, New York, 
N. Y „  1966, p 385.
(26) Our mass spectrum for BH 3CO (ref 21) corresponds closely to 
that presented in ref 14. We can complete the table in the latter 
by reporting that the relative intensity of C O + (m/e 28) is 10% of 
m/e 40 while BH3+ (m/e 14) is 0.4% of m/e 40 in the spectrum of 
BH 3CO containing boron in normal isotopic abundance.
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files at the same temperature but differing times, a 
simple kinetic relation involving the respective de­
composition constants and the borane carbonyl and 
borane concentrations may be derived provided that 
each molecule of borane carbonyl decomposed yields 
one molecule of borane. The only unknown is the 
relative sensitivities of BH3 and BH3CO. The stoi­
chiometry of the BH3CO decomposition was proved by 
examining the formation of B2H6 at a number of tem­
peratures. The sensitivity of BH3 relative to that for 
BH3CO used in this work in terms of ion current per 
unit pressure is 0.7 ±  0.2 using the m/e 13 and 40 ions 
to measure BH3 and BH3CO, respectively. The 
variation in the sensitivity of BH3 due to changes in the 
reactor temperature and flow velocity were assumed to 
be the same as those for butane.

B H 3 C O  was injected into the flow stream by using a 
calibrated variable leak attached to the B H 3C O  con­
tainer held at a constant temperature of 174°K. This 
procedure was reproducible within 4%. The maximum 
partial pressure of B H 3C O  used in an experiment was 
6.5% of the total pressure (i.e., 93.5% He, 6.5% 
B H 3 C O ) .  This corresponds to a mass flow of 0.7 Torr 
l./sec at 5 Torr total pressure. To minimize consump­
tion of B H 3 C O  (and thus minimize plug-up of the 
sampling orifice) and to maximize the signal to noise 
ratio, the spectrometer was focused individually on each 
ion of interest. The B H 3C O  mass flow was then 
initiated, and measurements of approximately 1 min 
duration were made.

There were several major sources of noise in these 
analytical measurements. Fluctuations in the spec­
trometer sensitivities were estimated as less than 10 %  as 
were statistical fluctuations of the ion current. Small 
differences between the temperature profiles could have 
resulted in a 5-10% change in the BH3 partial pressure 
produced in the decomposition zone. This was 
minimized by keeping the extent of decomposition of 
B H 3 C O  high in the decomposition zone. In addition, 
errors of this type appear in opposite directions in the 
BH3 and B2Hfl measurements. From the mass balances 
contained in Table I in the results we estimate the 
overall analytical error as 15%. Because of the con­
siderable noise in the analysis, the change in BH3 
between the two profiles was made quite large, being on 
the average 50%. To establish the reaction order the 
partial pressure of BH3 was varied by a factor of 8 and 
the overall recombination time by a factor of 2.5. In 
addition, where possible, both the loss of BH3 and the 
formation of B2H6 were followed. Finally, each point 
in the tables is the average of several measurements.

Flow System  and Tim e. The flow system was capable 
of giving flow velocities of up to 106 cm/sec. Variation 
in flow velocity was accomplished by adding carrier gas 
(helium) downstream of the reactor and thereby 
changing the effective pumping speed at the reactor. 
The carrier gas was metered to the flow system with a

servo-driven leak controlled by a differential capaci­
tance manometer. Additional stability was obtained by 
connecting two 300-1. tanks in the pumping line. 
These served both to dampen fluctuations in the pump­
ing speed of the pump and also to allow the accurate 
measurement of the pumping speed of the mechanical 
pump. This was simply accomplished by measuring 
the tank volume and the time required to pump down a 
given pressure differential. These measurements were 
carried out for a range of pressures. The volumetric 
flow rate through the reactor was calculated from a 
measurement of the total mass flow rate, and the mass 
flow rate of carrier gas which was added downstream of 
the reactor. The linear flow velocity was then obtained 
from the cross-sectional area of the reactor. The 
value used in calculating the time was corrected for the 
higher temperature of the reactor by the factor T/297, 
where T  is the mean recombination zone temperature. 
As the reactor coils were accurately wound and the 
spacing was known, the time was simply calculated 
from the difference in the number of coils away from the 
analysis point for the two profiles. The times involved 
in these studies were in the range of 0.1-0.7 msec. 
The pressure upstream and downstream of the reactor 
was measured utilizing a Wallace-Tiernan gauge. 
The calculated pressure drop across the reactor was 7%. 
The mean pressure is reported here.

Under typical conditions the Reynolds number of the 
gas in the reactor is about 20.27 This is below the 
minimum value for turbulent flow in a smooth tube; 
however, the presence of the thermocouple probe with 
guide wires and rough boron on the tube walls prob­
ably causes the flow to be turbulent in nature. In any 
case, the fact that at higher temperatures BH3 reaches 
the wall to decompose into boron and hydrogen indicates 
that there is radial mixing. Therefore the reactor is 
treated as a case of plug flow. We estimate the error 
in time as 2 0 %  mainly due to an uncertainty in the 
recombination zone temperature.

Tem perature. The temperature of the gases in the 
reactor was measured with a thermocouple probe (0.005 
in. chromel and constantan) that could be scanned on the 
center axis along the length of the reactor during normal 
operation. One use of this probe was to measure the 
temperature profiles discussed above. This allowed 
small adjustments to be made in the heating coils so 
that the profiles for a given decomposition zone (see 
Figure 1) could be made as identical as possible. The 
other use of this probe was to obtain a temperature for 
the recombination zone. There is some question 
whether this probe measures the actual gas temperature. 
It appears that in a similar reactor the gas temperature 
is close to that measured with a somewhat finer thermo­
couple.24 Of more concern is the change in temperature

(27) S. Dushman and J. M. Lafferty, Ed., “ Scientific Foundations 
of Vacuum Techniques,” 2nd ed, Wiley, New York, N. Y., 1952, 
p 85.
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Table II : Partial Pressures of Product Distributions in mTorr at a Total Pressure of 5.0 Torr at the Higher Temperatures

Expt
io~»v,
cm/sec

10* Air, 
sec

T r,
"K Sensitivity (BHsCOJo

0071 12.2 2 .9 5 610 5 .1 28
57
95

134

0081 1 1 .7 3 .0 7 640 3 .8 24
46
72

129

0091» 1 4 .0 2 .5 7 630 5 .0 8
19
37
70

0092« 14 .1 2 .5 5 636 3 .1 8
19
37
70

3271 1 0 .4 2 .3 0 700 2.8 23
39
61
80

111
0041 1 3 .9 1 .7 2 706 5 .5 14

28
59
95

2991 1 1 .5 1 .3 9 720 1.8 27
49
86

136

A (B H i) -  2A(BsHe)
(B H 3) s (B H 3)l (B2Hs)S (B 2H 5) l (BH.)a

13 .1 6 .5 1.6 5 .5 - 0 . 0 9
3 0 .1 1 6 .5 3 .1 8.6 0 .0 9
4 2 .5 2 4 .0 3 .9 12 .3 0 .0 4
5 8 .0 3 2 .0 7 .3 1 8 .3 0 .0 7

1 6 .0 8 .3 2 .7 4 .4 0 .2 7
2 9 .8 1 2 .4 4 .4 7 .8 0 .3 6
3 8 .1 2 3 .6 6 .3 1 3 .4 0.01
7 6 .2 2 9 .3 10.8 2 1 .3 0 .3 4

4 .0 3 .2 0 .7
1 4 .2 3 .9 1.8 2 .7  • 0 .6 0
2 6 .7 1 5 .0 2 .7 3 .9 0 .3 5
3 7 .8 2 3 .6 8.0 7 .6 0 .3 9

7 .0 4 .9
1 8 .5 1 4 .5
3 4 .8 2 0 .3 4 .4 1 0 .3 0 .0 8
5 9 .0 2 9 .4

13 6.6
21 6.6
28 14
38 19
46 26

5 .8 3 .3
1 2 .5 8.6
2 3 .4 1 7 .9
3 9 .7 2 9 .6

7 .2 4 .3
14 .2 9 .0
1 9 .4 11.1
2 3 .8 12.6

Linear correction applied, see text.

over the recombination zone. The temperature down­
stream of the decomposition zone has a considerable 
gradient, and the lowest mean recombination tempera­
ture available is 540° K for typical pressures and de­
composition zone temperatures. Ideally one could 
minimize the temperature change in the recombination 
zones by moving the decomposition zone in small steps. 
However, because maximum analytical precision was 
required (see above), these steps had to be made quite 
long. As the reactions of interest have small tempera­
ture coefficients, the increased analytical precision was 
more important than good temperature resolution. 
For a typical recombination zone of 3 cm with a mid­
point temperature of 540° K, the temperature at the 
upstream edge of the zone was 559°K and that at the 
analysis point was 514°K. This temperature dif­
ference disappeared when the recombination zone had 
the same temperature as the decomposition zone. To 
minimize systematic error due to small differences in the 
profiles, the order of setting up profiles at differing 
distances from the analysis point was varied.

Results
The primary data of these experiments are contained 

in Tables I and II. The temperatures listed are the 
mean recombination zone temperatures. Each time 
given corresponds to the difference in the times between 
decomposition and analysis for the two given profiles. 
Initial partial pressures of BH3CO are tabulated for 
reference. The partial pressures of borane and di- 
borane are given for two profiles, where profile L is 
further removed in time from the analysis point than is 
profile S. The raw ion intensities were treated in the 
following way. The contribution to m/e 13 from B2H6 
and small amounts of BH3CO was removed. This was 
typically 15% of the original m/e 13 ion intensity for 
profile S. No significant change in the fragmentation 
pattern of diborane or BH3CO with temperature over 
the temperature range employed here has been ob­
served,6-14 and they were assumed constant in these 
calculations. The relative sensitivities of BH3 and 
B2H6 with respect to butane and the absolute sensitivity 
of butane under flow conditions at the temperature of
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the sampling orifice were used to convert the data into 
the partial pressures shown in the tables. For the data 
in Table I the difference in the sampling orifice tempera­
ture for the two profiles was typically 40°. To maxi­
mize the BH3 pressure, the data for the first four runs in 
Table II were obtained with the decomposition profile S 
as close to the sampling orifice as possible. Thus the 
difference in sampling orifice temperature was more like 
100° which involved a change in sensitivity of ca. 5 % .  
In the three runs with the recombination zone tempera­
ture equal to the decomposition zone temperature, the 
temperature of the sampling orifice was the same for the 
two profiles. A relative sensitivity for each experiment 
is listed, and the analytical precision is proportional to 
these numbers. In the experiments indicated, a small 
correction was applied to account for the change in 
sensitivity due to sampling orifice plug-up over the 
course of an experiment. This correction was assumed 
to be linear in time and changed the concentrations by 
less than 6% . A number of runs were discarded as this 
correction was too large. The last column contains the 
deviation in the mass balances for each run, and for the 
lower temperature runs (Table I) it shows that in the 
recombination zone the stoichiometry is 2BH3 =  
B2H6. The average deviation at 545°K is 16%. The 
poor mass balances at the highest temperatures (Table
II) are due to decomposition of BH3 on the wall and 
some decomposition of the product of recombination, 
B2H6. In a separate experiment using pure diborane 
diluted with helium it was found that diborane is ca. 
30% decomposed at 750° K with a decomposition time 
of 8.5 X 10~ 5 sec.

A number of rate laws were investigated assuming 
plug flow (see above). Figure 2 shows plots of first- 
and second-order rate constants as a function of initial 
BH3 partial pressure for run 3301. Clearly the reac­
tion is not simply first order and may not be simply 
second order. The last entry in Table I (run 3081) is 
data for a run using a recombination zone time better 
than double that of the other runs. The average 
second-order rate constant for this run is 1.3 times that 
for run 3301 while the average first-order rate constant 
for run 3081 is 2.6 times that of 3301. This also indi­
cates that the reaction is mainly second order in BH3. 
Data at long recombination times were not used in the 
final calculations because of the poor precision in mea­
suring (BH3)l for long times. Simple plots of 
[ (BH3)s — (BH3)l]/(BH3)avA£ vs. (BH3)av yield curves 
of positive slope and nonzero intercept. Therefore the 
rate law indicated is

rate = - l/ 2d(BH3)/di =  [ h  +  /c2(BH3)](BH3)
where h  and fc2 are first- and second-order rate con­
stants, respectively. This rate law may be integrated 
to yield
(BH3)s[1 +  hi (BH3) l/  fci ] /  (BH3) l [ 1  +

^(BH^s/fci] =  exp(2 fcii)

C/>»-

>-oc.<cn
tcoce<

(BH3) g mtorr

Figure 2. A plot of the rate constant times time for first-order 
kinetics (top) and second-order kinetics (bottom) vs. the borane 
partial pressure for the short profile.

where t is the reaction time in the recombination zone. 
The rate constants h  and fc2 were evaluated from the 
data contained in Tables I and II in the following 
manner. The integrated equation may be written

log {(BH3)s/(BH3)l | = log {(1 +  fc2(BH3)s/A:1]/

[1 +  fc2(BH 3)L/fc:]} +  2 H / 2 .3 0 3

The ratio kt/fa was then varied until the un­
weighted least-squares slope of a plot of log (BH3)s/ 
(BH3)l vs . log [1 +  h  (BH3)s/fci]/[l +  fc2(BH3)L/fci] 
was equal to 1.00. The intercept of this plot is 
equal to 2M/2.303. An example of this plot for 
the loss of BH3 at 545°K is shown in Figure 3. The 
length of the vertical bar is twice the root-mean-square 
error of the first-order least-squares fit. By utilizing 
the known stoichiometry, the data on the formation of 
B2H6 yield an independent determination of fci and k2. 
As above, the ratio k2/k2 was varied until the un­
weighted least-squares slope of a plot of log [1 +  2 A • 
(B2H6)]/(BH3)l vs . log [1 +  fc2(BH3)s/fc1]/[l +  k ,̂■ 
(BH3)l/&i ] was equal to 1.00. Once again the inter­
cept of this plot is equal to 2fci£/2.303. An example of 
this plot for the formation of B2H6 at 545°K is shown in 
Figure 4. The calculated rate constants are summar­
ized in Table III. The data on the loss of BH3 gave 
good straight line plots at 545 and 629 °K as illustrated 
in Figure 3. The data on BH3 loss at 709°K had 
roughly twice the scatter of the data on formation of 
B2H6 at 545°K (see Figure 4) which in turn has about 
twice the scatter of the BH3 data at the lower tempera­
tures. It should be noted that the most badly scat­
tered points in Figure 3 are high while in Figure 4 they 
are low. The data on the formation of B2H6 at 629°K
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Figure 3. A plot of log (BH3)S/(BH3)L v s . log [1 +  fe(BH3)s/  
h]/[l +  fe(BH3)L/fci] at a mean recombination zone 
temperature of 545°K and a total pressure of 5.0 Torr of helium.

Figure 4. A plot of log [1 +  2A(B2H6)]/(BH3)l v s . log [1 +  
fa(BHi)s/h]/[l +  fe(BHj)g/i;il at a mean recombination zone 
temperature of 545°K and a total pressure of 5.0 Torr of helium.

Table III: First- and Second-Order Rate Constants for the 
Loss of BH3 and the Formation of B2H3 at 5 Torr

Av
kt X  10 ki X  10-2, Species tem p, N o. o f
l . / (m o l  sec) s e c -1 m easured ° K points

1.7 ±  0.3 3.3 ±  2 b h 3 545 26
1.5 ±  0.6 1.1 ±  3 b 2h „ 545 20
1.5 ±  0.3 2.6 ±  2 b h 3 629 15

(0.4 ±  1) (2.6) b 2h 6 629 10
1.3 ±  1 12 ±  5 b h 3 708 13

were few and badly scattered. Consequently, the 
value of fa given in Table III for these runs was cal­
culated by fixing the intercept at the value obtained for 
the BH3 data. The rate constant obtained is consis­
tent with the other values but was used for no other 
purpose than this comparison. The precision listed in 
Table III was estimated by removing one of the most 
scattered points and recalculating fa and fa. The 
accuracy of the rate constant at 545° is estimated28 to

be ±50% . The error is mainly analytical in nature.
A plot of log fa vs. l/ T  and log ki vs. 1/T, roughly 

weighted according to the analytical precision and tem­
perature spread of the recombination zone, yielded 
activation energies of — 1 and 5 kcal, respectively. Al­
though there is considerable uncertainty in the actual 
temperature in the recombination zone, it is clear that 
the temperature of the run designated 709 °K is higher 
than 629°K and likewise 629°K is higher than 545°K. 
Therefore, even though the numerical values of the 
activation energies are not too meaningful, it is cer­
tainly true that the activation energy associated with 
the second-order rate constant is very close to zero. We 
estimate the uncertainty in this activation energy as 2  
kcal. Once again, despite the large uncertainty in 
temperature the error is mainly analytical.28

Discussion

The results presented in the previous section may be 
summarized as follows. In the lowest temperature re­
combination zone, BH3 is lost by first- and second-order 
parallel reaction paths that produce diborane exclu­
sively. At the highest temperatures BH3 is lost by an 
additional first-order path that does not produce di­
borane. The second-order rate constant is 2 X 109 1./ 
(mol sec) at 545°K, and the activation energy asso­
ciated with this rate constant is 0 ±  2  kcal and prob­
ably negative. The first-order rate constant is about 
3 X 102 sec- 1  at 545°K and has an apparent activation 
energy of 5 kcal. We now discuss the two reaction 
paths individually.

The First-Order Path. Consider the first-order path at 
545° where diborane is the exclusive product of borane 
loss. The mechanism of the reaction 2BH3 =  B2H6 
yielding the first-order term must involve the surface in 
some fashion. This interaction probably takes place 
in the following specific way.

BH3 +  S BH3~S K  

BH3-S +  BH3 — ±  B2H6 +  S fa

where S represents a surface site; BH3-S, adsorbed 
borane; and BH3, gaseous borane. This Rideal mech­
anism yields a rate law

R  =  fcsAL(BH3)2/[ l  +  (BH3)A]

where ks is the rate constant for the reaction of free BH3 
with adsorbed BH3, K  is the adsorption equilibrium 
constant for BH3, and L  is the total number of sites. 
This expression assumes an idealized type of adsorp­
tion.29 If (BH3)A »  1

R  =  fcsL(BH3)

(28) S. W. Benson, “ The Foundations of Chemical Kinetics,”  
McGraw-Hill, New York, N. Y., 1960, pp 86-94.
(29) K. J. Laidler, “ Chemical Kinetics,”  McGraw-Hill, New York, 
N. Y., 1965, Chapter 6.
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and k sL  would be identified with our measured V k x/S  at 
545° K where S / V  is the surface-to-volume ratio of our 
reactor. The expression kaL  can be estimated from an 
equation developed by applying the absolute rate 
theory to this type reaction.29 The result is

Mealed) =  (L S / V )(k T / h )( f* / F fs) e x p ( - E 0/kT )

where/* is the partition function of the adsorbed acti­
vated complex, F  is the partition function of free BH3, 
f s is the partition function of the surface site, E 0 is the 
activation energy for the process, k is Boltzmann's con­
stant, T  is the absolute temperature, and h is Planck’s 
constant. Using L  =  1015 cm-2, / * / / ,  =  1, kT/h  = 
1013 sec-1, S / V  =  5 cm -1, T  =  545°K, and F  =  5 X 
1 0 26 cc- 1  we obtain

fci(calcd) = 102 exp( — E 0/ kT ) sec- 1

Therefore, we can account for our observed rate con­
stant (3 X 102 sec-1) only if Eo =  0. This is the only 
mechanism involving the surface that will yield a spe­
cific rate as large as the observed value.

This mechanism is also consistent with the informa­
tion available on the surface recombination of methyl 
radical. The first-order rate constant for the associa­
tion of methyl radicals measured at 551 °K under con­
ditions similar to ours has a reported value of 3.2 X 
102 sec-1. A Rideal mechanism has been established 
for this reaction, and again this is the only mechanism 
that can account for the large rate constant. Finally, 
we have already reported in an independent experiment 
the similarity of the heterogeneous collision yields of 
BH3 to give B2H6 and CH3 to give C2H6. 13

At higher temperatures the extent of reactions via the 
first-order path increases. This is due to the opening 
of another reaction channel for the loss of BH3 at in­
creased temperatures, namely

___  surface __
BH3 --------^ B(s) +  3/ 2H2

The occurrence of this reaction has been reported pre­
viously. 13'22 Indeed the rate constant of this reaction 
reported previously in the study on the low-pressure 
pyrolysis of BH3CO, 13 the rate constant of the same 
reaction obtained from the low-pressure pyrolysis of 
B2H6, 22 and the first-order rate constant measured here 
at 709°K correlate very well if the activation energy of 
the process is about 10 keal. Note that the apparent 
activation energy of the first-order process measured 
here is only a minimum value for the process of BH3 
yielding boron and H2. The fact that the apparent 
activation energy measured here is less than 10  kcal 
indicates that the surface decomposition of BH3 to 
yield boron and hydrogen is negligible at 545°K. This 
is in accord with our measured stoichiometry at 545°K.

The Second-Order Path. As noted in the last section 
the large specific rate constant for the first-order path 
places rather strict restraints on any mechanism.

33 14

Now note that fc2 (BH3) is several times larger than ki 
and that a Rideal mechanism involving a partially sat­
urated surface requires that fc2(BH3) be less than k\. 
So if both our first- and second-order data are to be ex­
plained by such a mechanism, the actual limiting kx 
must be very much larger than the apparent kx that we 
observed. However, a rate constant very much larger 
than the one we observed is totally unreasonable and we 
discard this hypothesis. All possible explanations of 
the observed second-order rate involving surface inter­
actions can be ruled out by the incompatibility of the 
magnitude of the observed rate and the requirements of 
such interactions. In essence, our argument can be 
stated as follows. The binding of an activated com­
plex on the surface in some fashion involves the loss of 
translational degrees of freedom. This results in a 
large factor favoring the gas-phase reaction. If the 
activation energy of the process is very low, both in the 
gas phase and on the surface, then for the concentra­
tions of reactants and concentrations of sites employed 
here, the gas-phase reaction is favored over the surface 
reaction. It is just possible to explain the large mag­
nitude of the rate of the first-order path by invoking one 
bound species and therefore reactions involving two 
bound species cannot contribute significantly to the 
second-order rate. The observed second-order rate 
constant must be attributed to the reaction

b h 3 t  b h 3 ► B2H6 fc2

occurring in the gas phase, and our measured k2 is equal 
the rate constant for this elementary reaction.

One implication of our measurement becomes clear 
if we examine it in light of the overall entropy change 
for the reaction

B2H6 =  2BH3

From Shepp and Bauer’s calculation of the entropy 
change for this reaction, 30 we know that log A d — log 
A ,  +  5.7 at 300°K where A d is the frequency factor for 
the dissociation reaction, A 2 is the frequency factor for 
the association reaction, and the standard state is 1 
mol/1. As the activation energy for the association 
reaction is very small A  a must be at least 10150 sec-1. 
This is a reasonable value for the frequency factor for 
the dissociation of this molecule.31

It appears, however, that the value of the rate con­
stant we have measured is not the high-pressure lim­
iting value. As “fall-off” behavior is crudely depen­
dent on molecular size, it is instructive to consider the 
association of methyl radicals to yield ethane—-a system 
of the same molecular complexity as that studied here. 
The methyl-ethane system has been extensively 
studied, 32 and the fall-off behavior has been measured. 33

(30) A. Shepp and S. H. Bauer, J. Amer. Chem. Soc., 76, 265 (1954).
(31) S. W. Benson, “Thermochemical Kinetics,” Wiley, New York, 
N. Y., 1968, Chapter III.
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In addition this reaction has been studied under con­
ditions similar to ours. 34 The high-pressure value of 
the rate constant for the association of methyl radicals 
obtained by Gomer and Kistiakowsky32 and corrected 
by Shepp35 is 2.2 X 1010 l./(mol sec). The value ob­
tained by Ingold and Lossing at 551 °K and a pressure 
of 5.0 Torr helium is 6.5 X 109 l./(mol sec) . 34 In addi­
tion a small negative activation energy was observed. 
So it is very likely that our rate constant for the borane- 
diborane system is not the high-pressure limiting value. 
Unfortunately, because of the experimental difficulties 
mentioned above, we were unable to study the rate of 
association of BH3 as a function of total pressure. The 
probable negative activation energy does suggest that 
our measurements were made in the fall-off region but 
yields no measure of the extent of falloff. It is possible 
to estimate the order of magnitude of the falloff in 
several ways. We choose to do this semiempirically 
by correcting the observed falloff in the methyl- 
ethane system under conditions identical with ours for 
the gross differences between it and the borane-di- 
borane system. These differences appear in E 0/ R T  
and Ad where E 0 is the dissociation energy and Ad is 
defined above. It is sufficient for our purposes to use 
the Slater formulation of the fall-off equation.36 Using 
E 0 = 35.5 kcal/mol and Ad = 1016 sec- 1  for the borane- 
diborane system and varying the value of m in Slater’s 
equation from 3 to 7 yielded a ratio of the pressure-de- 
pendent rate to pressure-independent rate in the 
borane-diborane system ranging from 0 .1  to 0 .0 2 .87 
Therefore, the high-pressure rate constant for the asso­
ciation of borane is estimated to be given by fc„(est) =  
1 0 10-6 ± 0 -4 l./(mol sec)—a value as large as or larger than 
that for the association of methyl radicals. This in 
turn means that the frequency factor for the dissocia­
tion of B2IÏ6 is given by A d = 1 0 16-3±0-4.

Very fast association reactions have been the subject 
of considerable theoretical discussion.38 The high effi­
ciency of these reactions, which is coupled to a large 
frequency factor for the reverse reaction (dissociation), 
has been explained by introducing the so-called loose 
structure model of the activated complex into the ab­
solute rate theory. 39 In this model, the reactant 
species, e.g., CH3, rotate as freely as if they were sep­
arated from each other. A problem in this interpreta­
tion has been to account for the orientation-independent 
interaction between the unpaired electrons of the two 
radicals at relatively large distances, van der Waals 
forces between the radicals have been suggested as re­
sponsible for the bonding but this explanation has been 
criticized as being too weak. Thus Rice40 has suggested 
two-electron, three-center bonds involving carbon- 
hydrogen-carbon nuclei while Benson38 suggests partial 
ionic bonding with and without bridging hydrogens.

It appears that the collision efficiency for the reac­
tion 2BH3 -*■ B2H lies between 1  in 2  to 1 in 10 gas 
kinetic collisions. Again, this high efficiency requires

Figure 5. Schematic representation of an orientation of two 
borane molecules in the activated complex for the 
association reaction.

that bending vibrations be loosened to rotations in the 
activated complex. For this reason it is very unlikely 
that the activated complex looks anything like 
“normal” doubly bridge-bonded diborane. One pos­
sible “loose” structure for the activated complex that 
accommodates both bonding and “free tumbling” in­
volves the formation of one boron to hydrogen bridge 
bond as

H

B — H — B
/

H

H ' A V
H

We know from molecular orbital calculations of the elec­
tronic structure of BH317 that the lowest-lying unfilled 
orbital is a pz orbital perpendicular to the plane of the 
four atoms. In the suggested activated complex the 
empty p2 orbital of one BH3 molecule overlaps with the 
B-H bonding orbital of a second BH3 molecule to form 
a new bonding orbital. In Figure 5 we picture a cross 
section of the activated complex before bond formation 
in terms of total (90%) electron density contours for

(32) R. Gomer and G. B. Kistiakowsky, J. Chem. Phys., 19, 85 
(1951).
(33) G. B. Kistiakowsky and E. K. Roberts, ibid., 21, 1637 (1953).
(34) K . U. Ingold and F. P. Lossing, ibid., 21, 1135 (1953); K . U. 
Ingold, I. H. S. Henderson, and F. P. Lossing, ibid., 21, 2239 (1953).
(35) A. Shepp, ibid., 24, 939 (1956).
(36) N. B. Slater, “ Theory of Unimolecular Reactions,”  Cornell 
University Press, Ithaca, N. Y., 1959.
(37) Although this treatment is very approximate it is entirely suf­
ficient simply because without any calculation at all one knows that 
the falloff must lie between 1 and 10 " 2.
(38) S. W. Benson and W. B. DeMore in “ Annual Review of Physical 
Chemistry,”  Vol. 16, H. Eyring, C. J. Christensen, and H. S. Johns­
ton, Ed., Annual Reviews Inc., Palo Alto, Calif., 1965, pp 410-413.
(39) T. S. Ree, T. Ree, H. Eyring, and T. Fueno, J. Chem. Phys., 
36, 281 (1962).
(40) O. K . Rice, J. Phys. Chem., 65, 1588 (1961).
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BH3.17 It is of interest that this picture of the acti­
vated complex is similar to that proposed for the asso­
ciation of singlet methylene.41

Conclusions
The absolute rate of the association reaction BH3 +  

BH3 ->- B2H6 has been measured. At a total pressure 
of 5 Torr helium and low partial pressures of reactants, 
the reaction proceeds at every hundredth gas kinetic 
collision and requires no activation energy. It is esti­
mated that at higher pressures the efficiency approaches 
1 in 10 to 1 in 2 gas kinetic collisions. From the very 
high rates we conclude that the association of BH3 to 
yield diborane must be considered as of the same reac­
tion type as radical association and ion-molecule reac­
tions. This means that BH3, which is neither radical 
nor ion, can form activated complexes with structures 
loose enough to permit rotation, yet sufficiently bound 
to restrict independent translation. It appears that 
the mechanism for the binding in these complexes may 
involve interactions of the two-electron, three-center 
type.

3316

The results presented here have some more general 
implications with respect to the field of boron hydrides. 
It now is established that borane exists and has a reac­
tivity with respect to association that is entirely equiv­
alent to that of free radicals. The reactivity of borane 
with respect to other species remains to be established. 
However, it is almost certain that borane is an active 
species in boron hydride systems. This orbitally un­
saturated species (or fragment as it has been called by 
others) may well have higher homo logs just as there are 
higher homologs of the methyl radical. If so, the ex­
planation of the reactions of the boron hydrides will 
probably be heavily based on the presence of these 
species as intermediates. In fact, such an explanation 
has already been put forth, 42 and it is supported by 
these measurements.

G . W . M a p p e s , S. A . F r id m a n n , a n d  T . P . F e h l n e r

(41) R. Hoffmann, R. Gleiter, and F. B. Mallory, J. Amer. Chem. 
Soc., 92, 1460 (1970).
(42) J. Plesek, S. Hermanek, B. Stibr, and F. Hanousek, Collect. 
Czeck. Chem. Commun., 32, 1095 (1968).
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The Catalytic Effect of Metal Oxides on Thermal Decomposition Reactions. 

II. The Catalytic Effect of Metal Oxides on the Thermal 

Decomposition of Potassium Chlorate and Potassium Perchlorate 

as Detected byThermal Analysis Methods

by Winfried K. Rudloff and Eli S. Freeman

IIT  Research Institute, Chicago, Illinois 60616 (Received March 87, 1969)

The catalytic activity of a series of metal oxides on the thermal decomposition of potassium chlorate and its 
intermediate decomposition product, potassium perchlorate, was investigated. Thermal analytical methods 
and electrical conductivity experiments were used to investigate correlations between catalytic activ ity and 
electrical properties of the oxides. I t  was found that oxides of the transition elements were the most reactive. 
Interpretations of the data in terms of the mechanisms of catalysis are discussed.

Introduction

The thermal decomposition of potassium chlorate 
(KC103), which was described in the first paper of this 
series, 1 is catalyzed by many metal oxides.2-9

The catalytic activity of manganese dioxide (Mn02) 
and ferric oxide (Fe20 3) on the decomposition of KC103 
has been investigated extensively.2-8 Others10-12 
found that Mn02 and MgO also catalyze the intermedi­
ate decomposition product of KC103, potassium per­
chlorate, KCIO4.

A systematic study of the relationship between de­
fect structure of metal oxides and their catalytic activ­
ity is not evident in the many investigations dealing 
with the catalytic activity of the oxides on the decompo­
sitions of KCIO3 and KCIO4.

Some correlation has been found between the elec­
tronic defect structure of metal oxides and their cata­
lytic activity on the decomposition of nitrous oxide 
(N20 ) . 13'14 An apparent increase in catalytic activity 
of the oxides with respect to N20  decomposition was 
observed in p-semiconductive oxides, less increase in 
insulator oxides, and the least increase in n-semicon- 
ductive oxides. Only a fragmentary attempt was made 
to correlate electronic defects of oxides to their catalytic 
activity with respect to the thermal decomposition of
K CKV

This second paper in the series is concerned with a 
systematic investigation of the catalytic activity of 
metal oxides on the thermal decomposition of KC103 
and its intermediate decomposition product KC104. 
For this investigation a series of metal oxides was 
selected in which the p-semiconductive character de­
creases from left to right: Cu20, CoO, NiO, CuO, MgO, 
A120 3, ZnO, Ti02, Fe20 3. 15 The catalytic activity with

respect to N20  also decreases in this order. We con­
sidered, however, that methods of preparation, im­
purities, and defect structure of the oxides can signifi­
cantly influence the semiconducting character of the 
oxides. 16 We found that the order of catalytic activity 
of the selected reagent grade oxides on the decomposi­
tion of KC103 and KC104 differed somewhat from the 
order reported for N20  decomposition. Additional 
oxides in our series included Cr20 3, Co30 4, Mn02, and 
Ag20.

This second paper is mainly phenomenological in 
nature; however, some interpretation of the results is 
given. Correlations between electronic and possibly

(1) W. K. Rudloff and E. S. Freeman, J. Phys. Chem., 73, 1209 
(1969).
(2) H. A. Neville, / .  Amer. Chem. Soc., 45, 2330 (1923).
(3) F. E. Brown, J. A. Burrows, and H. M . McLaughlin, ibid., 45, 
1343 (1923).
(4) J. A. Burrows and F. E. Brown, ibid., 48, 1790 (1926).
(5) H. M. McLaughlin and F. E. Brown, ibid., 50, 782 (1928).
(6) S. S. Bhatnagar, B. Prakash, and J. Singh, J. Ind. Chem. Soc., 
17, 125 (1939).
(7) F. E. Brown and J. D. Woods, Proc. Iowa Acad. Sci., 63, 410 
(1956).
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ionic defect structure and catalytic activity of the metal 
oxides will be more thoroughly discussed in a subsequent 
paper covering an investigation in which the induced 
semiconductive characteristics and catalytic effects of 
a few selected representative oxides were investigated 
in more detail.

Experimental Section

P reparation  and Standardization o f  Samples. The 
preparation and standardization of reagent grade KC103 

and KCIO4 have already been described. 1
Reagent grade metal oxides were thoroughly sieved; 

the sieve fractions between 53 and 63 u were dried and 
stored in a desiccator and were used in differential ther­
mal analysis (dta), thermogravimetric analysis (tga), 
and differential thermogravimetric analysis (dtga) ex­
periments. The oxides had the following purity speci­
fications: nickel oxide (NiO), B&A reagent grade, 
Code 2012, assay of Ni minimum 77.0%; cuprous oxide 
(Cu20), B&A reagent grade, Code 1661, assay as Cu20  
minimum 97.0%; cupric oxide (CuO), B&A reagent 
grade, Code 1645, assay as CuO minimum 99.0%; 
manganese dioxide (Mn02), B&A reagent grade, Code 
1948, assay as Mn02 minimum 99.5%; ferric oxide 
(Fe20 3), B&A reagent grade, Code 1741, assay as Fe20 3 
minimum 99.0%; aluminum oxide (A120 3), B&A re­
agent grade, Code 1236; titanic oxide (Ti02), Fisher 
reagent grade, less than 0.013% impurities; cobalt- 
ill,III) oxide (C03O4), B&A reagent grade, Code 1590, 
assay as Co minimum 70%; magnesium oxide (MgO), 
B&A reagent grade, Code 1917, assay as MgO (after 
ignition) minimum 99.0%; zinc oxide (ZnO), USP, 
Code 2451, no purity specifications listed; silver oxide 
(Ag20), Goldsmith Brothers, Division of National Lead 
Co., no purity specifications listed; ehromium(III) 
oxide (Cr20 3), B&A purified, Code 1581.

All oxides were mixed with similar sieve fractions of 
KC103 and/or KCIO4 in a mole ratio that corresponded 
to a ratio of one oxide cation to five potassium cations in 
the chlorate and/or perchlorate. The mixtures were 
shaken for several hours to provide for intimate mixing. 
The mixtures were stored in a desiccator for later use 
in the dta-tga experiments. The sample sizes for the 
thermal analysis experiments were approximately 200 
mg of KC103 plus the corresponding amount of metal 
oxide. The heating rates were nominally 1 0 ° /min, and 
the thermal analysis was performed in air.

The Combined D ifferential Thermal A n a lysis -T h erm o­
gravimetric A nalysis A pparatus. A Chevenard thermo­
balance was modified to permit the simultaneous re­
cording of differential temperature, weight loss, and 
sample temperature (Figure 1). The sample vessel, a 
quartz crucible, is divided into two compartments. 
The first contains the sample under investigation, and 
the second contains a corresponding amount of A120 3 
reference material. The thermocouple wires are led 
through a four-hole ceramic rod that is connected to the
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Figure 1. (a) Schematics of the combined dta-tga
apparatus; crucible for the apparatus, (b) Schematics of the 
combined dta-tga apparatus; electrical wiring for the second 
recorder pen for recording AT and T: (RTH) reference
thermocouple, (STH) sample thermocouple, (CJ) cold junction, 
(POT) 10,000 potentiometer, (RP) recorder pen, (NO) 
normally open, (NC) normally closed, (C) common.

Figure 2. Electrical conductivity apparatus.

Chevenard balance beam. The crucible is held on top 
of the rod by the thermocouples.

The weight changes during reaction are recorded by 
the motion of a metal rod that hangs on the opposite 
side of the balance rod. This metal rod moves up and 
down in a spool when the sample holder moves down 
and up. The motions of the metal rod within the spool
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Figure 3. Thermogravimetric analysis and differential thermal analysis of the catalytic activity of metal oxides on the 
decomposition of K C I O 3 :  (1) CrjCh, (2) CoO, (3) C 0 3 O 4 , (4) Fe203, (5) Mn02, (6) Cu20, (7) CuO, (8) NiO, (9) Ag20, (10) 
ZnO, (11) MgO, (12) TiOj, (13) A120 3, (14) no catalyst.
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create changes in the electromagnetic field that are re­
corded with one pen of a Bristol two-pen recorder. The 
second pen in connection with a time switch permits 
almost simultaneous recording of the differential tem­
perature, A T , and the sample temperature, T.

The S tone-C ahn  T ga-D tga  A pparatus. A Stone- 
Cahn thermobalance with a derivative computer was 
used in some typical runs to obtain simultaneous traces 
of tga and dtga. These experiments were designed to 
obtain a more quantitative insight into the complex 
mechanism of the catalyzed decomposition of KC10S.

Electrical Conductivity M easurem ents. Electrical con­
ductivity of the oxides was measured in the apparatus 
pictured in Figure 2. Single-crystal material, such as 
MgO, was platinum (Pt) coated in  vacuo on two op­
posite sides to obtain intimate electrical contact be­
tween the oxide and Pt electrodes. Powders were 
pressed at 30,000 psig into cylindrical pellets, cut to 
similar size, and pressed between electrodes Ei and E2.

Electrode Ei, inside of a flow tube of Vycor glass, is 
mounted on a glass disk that is fused to a sturdy glass 
capillary fixed at one side of the flow tube. Electrode 
E-2 is fixed on a similar disk-capillary combination. The 
glass capillary is led through a special Teflon stopper, to 
provide adjustable distances between the electrodes. 
In addition, a spring provides adequate pressure of the 
electrodes to the single crystal or powder pellets for 
good electrical contact. The flow tube is placed in a 
tube furnace, which is heated at a nominally constant 
rate. A wire of Pt-10% Rh is fused to one Pt electrode, 
and this junction serves as a thermocouple junction. 
Thus, simultaneously with the recording of electrical 
conductivity (as the y  axis on a Moseley x - y  recorder), 
the temperature can be recorded (as x  axis on the x - y  
recorder). Gas inlets and outlets provide for a proper 
flow or nonflow atmosphere. The conductance (or 
rather resistance) is measured with a General Radio 
electrometer, which is connected to the y  axis of the 
recorder. During operation the whole system must 
be shielded very carefully because of noise pickup from 
the surroundings. This pickup mainly occurs if high 
resistances are involved.

Results

In Figure 3 the differential temperature, A T , and the 
weight loss are plotted as functions of temperature 
(average reference temperature) for the decomposition 
of KC103 in intimate contact with various metal oxides. 
The curves are listed in approximate order of catalytic 
activity of the oxides. In Figure 4 the melting temper­
ature and temperatures at different stages of decompo­
sition of KCIO3 are plotted in the approximate order of 
catalytic oxide activity. In some cases, error limits 
(standard deviations from the mean) are listed.

Figure 4 indicates that the initial decomposition tem­
peratures of K C I O 3  in mixtures with oxides increase in 
the order Cr20 3, Co30 4, CoO, Mn02, Fe20 3, Cu20, CuO,

Catalyst.

Figure 4. Decomposition and melting temperature of KCIO3 in 
mixtures with oxide catalysts: (a) melting point, (b) initial
decomposition, (c) 25% decomposition, (e) 50% decomposition, 
(e) final decomposition.

Figure 5. Thermogravimetric and derivative 
thermogravimetric analysis of the catalytic effect of (1) CrA , 
(2) Fe20 3, (3) CuA (4) A1A, (5) MgO, (6) Ti02, (7) no 
catalyst on the KC103 decomposition.

NiO, ZnO, Ag20, MgO, Ti02, A120 3, no catalyst. At 
25 and 50% decomposition the order is slightly dif­
ferent: Cr20 3, CoO, C03O4, Fe20 3, Cu20, Mn02, CuO, 
NiO, Ag20, ZnO, MgO, Ti02, A120 3, no catalyst.

The melting temperature of KC103 is reduced when 
the oxides Cr20 3, Co30 4, CoO, Fe20 3, Mn02, Cu20, and
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TEMPERATURE C O  —

Figure 6. Thermogravimetric analysis and differential thermal 
analysis of the catalytic activity of metal oxides on the 
decomposition of KC103: (1) Cr20 3, (2) Cu20, (3) Co30 4,
(4) CoO, (5) CuO, (6) Mn02, (7) Fe20 3, (8) Ag20, (9) MgO,
(10) NiO, (11) Ti02, (12) ZnO, (13) A120 3, (14) no catalyst.

CuO are present. It stays constant, within error limits, 
when the other oxides are present. In the first series, 
decomposition already begins in the solid phase. In 
most cases two or more decomposition steps are obser­
vable in the tga curves. These observations are even 
more obvious in Figure 5 in which tga and dtga 
curves of some selected oxide catalysts are plotted vs. 
temperature. In some cases, such as CuO, NiO, and 
ZnO, decomposition occurs over a wider temperature 
range. Cr20 3 and Ag20  each show a distinct decompo­
sition step at relatively low temperatures. Co30 4,

Catalyst.

Figure 7. Decomposition temperatures of KClOi in mixtures 
with oxide catalysts: (a) initial decomposition, (b) melting
point, (c) 25% decomposition, (d) 50% decomposition,
(e) final decomposition.

Mn02, and Cu20  each show a small decomposition step 
at higher temperatures.

In Figure 6 the simultaneous tga and dta curves 
of KClCh-oxide mixtures are plotted, and the corre­
sponding melting and decomposition temperatures at 
various stages are plotted in Figure 7. (Temperature 
pips on the dta curves, Figure 6, indicate the hundreds 
degrees of the actual sample temperatures.)

There are essentially two endothermal reactions oc­
curring in the KClOi-metal oxide mixture: a solid 
phase transition of the perchlorate at around 300° and 
melting. The melting endotherm is sometimes em­
bedded in the exotherm of the decomposition and occurs 
frequently after an initial rise of the differential temper­
ature. In some cases this initial rise is apparently so 
slow that it does not show in the dta curves. How­
ever, the initial decomposition temperatures as taken 
from the tga curves clearly indicate that the reaction 
proceeds already in the solid phase. In a few represen­
tative cases melting was checked visually and found to 
coincide approximately with the second endotherms in 
the dta curves.

The phase transition endotherm of KC104 is only 
slightly affected by the oxide catalysts, while the melt­
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ing point is apparently influenced by the oxides or by 
possible reaction products formed during the initial 
solid-state decomposition of KCIO 4. In all cases de­
composition begins below the apparent melting endo- 
therm. The sequence of catalytic activity of the oxides 
is somewhat similar to the chlorate activity. Again 
several steps of decomposition are apparent.

In Table I the differences in temperature at decom­
position stages of 25 and 50% are listed for the oxides 
with K C IO 3 and KCIO 4. A distinct separation into 
two groups of oxides is apparent, one in which the dif­
ferences are above 10 0 ° and a second in which they are 
well below 10 0 °.

Table I : Temperature Differences between Decomposition 
Temperature of KCIO3 and KCIO4 at 25 and 
50% Decomposition

Oxide
AT  at 25% 

decomposition
A T  at 50% 

decomposition

Cr20 3 158 ± 6 141
C03O4 113 ±  7 125
CoO 114 145
Mn02 137 128
Fe2Os 127 ±  10 112 ±  22
Cu20 105 ±  20 130
CuO 87 60
NiO 76 ±  13 47
ZnO 82 25
Ag20 62 ±  31 38
MgO 23 ±  18 12
Ti02 42 42
AI2O3 14 ±  17 8 ±  14

25 ±  16 19 ±  16

In Figure 8 electrical conductivities of various repre­
sentative oxide pellets in air are semilogarithmically 
plotted vs. temperature. The electrical conductivities 
of the oxides approximately follow the order Cr20 3, 
Fe20 3, Ti02, MgO. Ti02 and MgO exhibit a crossover 
in the electrical conductivity at about 400°. The slope 
for MgO is less steep, however.

Discussion
A distinct difference exists in catalytic activity be­

tween two apparent oxide groups— n-semiconductive 
oxides and p-semiconductive oxides. Oxides in the 
p-semiconductive group—Cr2Os, CoO, Co30 4, Mn02, 
CuO, and perhaps NiO—show relatively high catalytic 
activity. [The classification of Mn02 is somewhat 
questionable; some authors17 classify it to be p-semi­
conductive, while it is classified by Kubaschewski18 
as n-semiconductive.] The catalyzed decomposition 
of KCIO3 in mixtures with these oxides begins in the 
solid phase. These oxides appear to reduce the melting 
point of the chlorate. (Melting is indicated by the 
endothermal change between 300 and 400°.) Metal 
oxides that are generally considered to be p-semi-

Figure 8. Electrical conductance of oxide pellets as a function 
of temperature: (a) Cr203, (b) Fe20 3, (c) Ti02, (d) MgO 
pellet, and (e) MgO single crystal.

conductors17 (or intrinsic semiconductors forming 
positive holes at higher temperatures) are the most 
active catalysts in the thermal decomposition reactions 
of KC103 and KC104. The exception is perhaps Fe2(>3, 
which is considered to be an n-conductor.

Oxides classified as n-semiconductive, the second 
group, barely influence the melting temperature of 
KCIO3 (again, melting is indicated by the endothermal 
change between 300 and 400°). These oxides only 
initiate decomposition in the molten phase, in which 
the chlorate ions are very mobile. (The curves in 
Figure 4 representing melting and initial decomposition 
temperatures cross over.)

In the first step of decomposition (initial shoulder in 
curve 2 of Figure 5), the decomposition rate is relatively 
slow, and this step appears to be mainly governed by 
the charge mobility within the solid chlorate, since at 
this stage the chlorate has not yet become molten. 
After the melting has occurred the decomposition ac­
celerates, and the decomposition rate passes through a 
maximum. Another, higher maximum appears at 
higher temperatures. An approximate weight ratio of 
1 :2  for the small and large peaks is obtained when this

(17) Reference 15, p 397; see also K. Hauffe, Advan. Catal., 7, 213 
(1955).
(18) O. Kubaschewski and B. E. Hopkins, “ Oxidation of Metals 
and Alloys,” Butterworths, Washington, D. C., and London, 2nd 
ed, 1962, p 24.
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ratio is geometrically analyzed in agreement with the 
two-step disproportionation mechanism previously 
postulated for the uncatalyzed reaction. 1

2K C 10* — >  K C 1  +  KCIO 4 +  0 2 ( 1)

KCIO 4 — >  K C 1 +  202 (2)

It may be speculated that a bimolecular chlorate 
anion adsorbs on the surface of the apparent p-semi- 
conductive oxide with a partial and/or total electron 
transfer to the positive holes in the valence band (VB) 
and forms the surface complex

©VB +
' 0  0
Cl 0  Cl 0  
0  0

" 0  0
©VB-----Cl 0  Cl 0

0  0
( x < 2 )  (3)

Consequently, the C l-0 bonds of the anion become less 
stable, and disproportionation occurs at much lower 
temperatures than without the catalyst

©VB
0  0
Cl 0  Cl 0  
0  0

0
0  Cl 0  

0

0
©VB— -Cl +

0

— 1
(4)

Subsequently, the adsorbed, rather unstable C102-(2-1) 
surface anion further decomposes and desorbs as Cl-  
and 0 2 where the Cl-  ion takes along the electron 
partially donated to the valence band. The more 
stable CIO4-  anion then decomposes at much higher 
temperatures. It is interesting to note that differences 
between the temperatures at 25 and 50% decomposition 
of KCIO4 (Table I) significantly decrease if apparent 
n-semiconductive oxides are present, indicating per­
haps different mechanisms by which the catalytic effect 
of the oxides on the decomposition of KC103 approaches 
that on the decomposition of KC104

0BC +
0  0

0  Cl 0  Cl 
0  0

- 2

0c b
o  o

-O Cl 0  Cl 
0  0

—X
(x>2)----------->

- C 1 - - 0 2

0CB
0

- 0  Cl 0
0

0CB +  Cl +  202 (5)

The possible electrical nature of the catalytic de­
composition reaction of both chlorate and perchlorate 
may be demonstrated when Figures 3 to 7 are correlated 
to Figure 8 . The higher the apparent conductivity

(the easier a charge transfer from or to the oxide), the 
higher the catalytic activity appears to be—the elec­
trical conductivities of both MgO and Ti02 appear to 
be of similar order of magnitude and so do the catalytic 
activities as reflected in the thermal analysis curves of 
KC103 and KC104.

There is some evidence that the charge-transfer 
mechanism, at least where the oxides of the transition 
elements are involved, is not entirely electronic, and 
ionic and/or vacancy diffusion through the oxide 
catalyst may be indicated.

Fe20 3 and more so Cr20 3 show much higher electrical 
conductivities corresponding to higher catalytic activi­
ties. In the cases of Cr20 3 and perhaps of Mn02,7 
however, a partial or complete electron transfer results 
in an apparent irreversible change in oxidation state of 
the metal ion—the water-insoluble Cr20 3, which is by 
itself stable at higher temperatures, is oxidized by the 
chlorate to chromate and/or bichromate. This oxi­
dized state is indicated by the residue of a thermal 
analysis of a Cr20 3-KC103 mixture turning yellow and 
becoming completely soluble in water. (The pseudo- 
catalytic nature of different chromium compounds on 
the thermal decomposition of KC103 will be discussed 
in more detail in a subsequent paper.) Literature data 
indicate that Mn02 changes also to a limited degree to 
a higher oxidation state of the cation.7 Cu20  is also 
oxidized to its higher state CuO, as apparently indicated 
by a change in color from red to black. Furthermore, 
the apparent activation energies of the charge-transfer 
process as obtained from an Arrhenius plot of the con­
ductance are between 10 and 20 kcal/mol. This is 
much higher than usually found, if the mechanism were 
purely electronic. 19

On the other hand, recent evidence indicates that 
Fe20 3 is not altered after the reaction. Mossbauer 
spectroscopy of the oxide before and after the catalytic 
reaction shows identical Fe20 3 spectra indicating that no 
irreversible change has taken place during the reac­
tion. (A more detailed study on this will be published 
in a subsequent paper.)

Ag20  appears to be rather peculiar. Under normal 
conditions it decomposes at relatively low temperatures, 
''-300°.20 The presence of the highly oxidizing chlorate 
and/or perchlorate appears, however, to stabilize the 
oxide. The first exothermal decomposition step in 
the mixture with chlorate occurs at around 450° and 
is rather well defined. It may be speculated that C103-  
and/or C104-  anions form complexes with the silver 
cations on the surface of the oxide, thus stabilizing the 
oxide. The first decomposition step does not cor­
respond to the stoichiometry pertaining the 1 : 2  ratio 
of the normal chlorate disproportionation reaction.

(19) P. Zirkind and E. S. Freeman, J. Chem. Phys., 41, 906 (1964).
(20) R. C. Weast, S. M. Selby, and C. D. Hodgman, “ Handbook of 
Chemistry and Physics,”  Chemical Rubber Publishing Co., Cleve­
land, Ohio, 46th ed, 1965, p B220.

The Journal o f  P hysical Chem istry, Voi. 74, N o. 18, 1970



3324 W in f r ie d  K . R u d l o f f  a n d  E l i  S. F r e e m a n

In Table II the differences in heat of oxide formation 
per mole of metal ion are listed for selected metal oxides 
of various valence states. The ease with which the 
valence state of the transition element oxides changes 
can thus be correlated to their catalytic activity as is 
apparent from this table.

Table II: Heats of Formation of Some Metal Oxides

Reaction
A H ,,a

kcal/mol

1 / î Cj H'lO z “I- V 4O2 —*■ C r03 - 2 . 3
1/3Fe304 +  V«Oî —► VíFeíOg - 9
V2M 112O3 +  V 4O2 —  M n02 — 11.1
CoO +  V  e02 —► V 3C03O4 - 1 3 . 0
VaCuaO V 4O2 —*■  CuO - 1 7 .2
V 3TÍ3O5 -f- VaOa —► T i02 - 3 2 . 4

“ AH, = heat of reaction per mole of metal ion in lower valent 
oxide.

A final comment on the apparent melting point de­
pression should be added. It may be argued that 
lowering of the melting point is only consistent with a 
diffusion of catalyst ionic components into the chlorate 
lattice to form impurity centers (polarization centers), 
but the reaction products formed at the oxide surfaces 
may have a similar influence.21 The lowering of the 
melting point can be interpreted as resulting from the 
formation of reaction products at low temperatures due 
to catalysis.22 The reaction rate may be expected to be 
further enhanced by the formation of the molten phase. 
Only in the case of Cr20 3 is it evident that Cr(VI) ions 
penetrate into the chlorate phase. The Cr(VI) ions 
are formed by oxidation of the Cr(III) ions.

Conclusions

The results in the present paper lead to the conclu­
sion that transition metal oxides are the most reactive 
catalysts investigated in this work on the thermal 
decomposition of KC103 and its intermediate decom­
position product KCIO4. This may be correlated to 
the “p” semiconduction nature of these oxides. Ex­
cept for Fe20 3, the apparent n-semiconductive oxides are 
less catalytically active than p-semiconductors. The 
disproportionation reaction step is generally preserved 
during the catalytic decomposition.

Electrical conductivity measurements on some se­
lected oxides indicate the electrical nature of the cataly­
tic action. In some cases, such as with Cr20 3, a com­
plete charge transfer is apparent, and the oxide itself 
is irreversibly changed to a higher oxidation state. 
This and the additional evidence that the activation 
energies for the electrical conduction process in the 
oxides are relatively high suggest that the charge- 
transfer mechanism during catalysis may be at least in 
part ionic.
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Gas-Phase Radiolysis of Toluene
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The y  radiolysis of toluene in the gas phase was studied at room temperature as a function of pressure (1.5-18  
mm) and added N O  and N 20 . The G  values obtained at 10.7 mm and a total dose of 1.9 X  1019 eV are hydro­
gen, 0.36; methane, 0.15; ethane, 0.07; acetylene, 0.41; benzene, 0.18; ethylbenzene, 0.05; xylenes, 0.05;
2-methyldiphenylmethane (M D P M ), 0.05; 3 -M D P M , 0.34; 4 -M D P M , 0.05; and bibenzyl, 0.03. The 
effect of added NO  indicates that ethane, ethylbenzene, xylenes, bibenzyl, and some of the benzene are formed 
by radical reactions but not acetylene and M D P M s . The product formation was compared w ith that of the 
7  radiolysis in the liquid phase and the mercury-sensitized photolysis in the gas phase which was reinvestigated 
in this study. The basic difference between these studies is due to the different reactive species formed by the 
/3-bond fissions; in the gas-phase radiolysis C7H 7+ ions are formed and produce three isomers of M D P M , while 
in the photolysis and liquid phase radiolysis benzyl radicals, producing predominantly bibenzyl, are formed. 
The addition of N 20  results in the considerable increase of M D P M s  and bibenzyl yields, which can be at­
tributed to the additional formation of benzyl and tolyl radicals.

Introduction

Many papers have been published on the radiolysis 
of toluene in the liquid phase. In some detailed studies 
the yields of a number of products, gases and liquids 
including dimers, were determined, and their formation 
has been attributed to the reactions through excited 
molecules. 1-2 However, little attention has been paid 
to the radiolysis of toluene in the gas phase3 where 
ionic reactions are expected to constitute a significant 
segment of the overall reaction. For the gas-phase 
radiolysis of simple alkylbenzenes such as toluene, 
ethylbenzene, and xylenes, of interest is the product 
formation by the reactions of C7H7+ ion, which is the 
most abundant ion in the mass spectra of these alkyl­
benzenes and whose structure and formation process 
have been extensively investigated mass spectrometri- 
cally.4 5 In the previous paper6 we reported that in the 
gas-phase radiolysis of toluene, ethylbenzene, and 
m-xylene the corresponding benzylated alkylbenzenes, 
alkyldiphenylmethanes, were formed as the main 
products in all cases, and their formation was suggested 
to be due to an ion-molecule reaction of the C7H7 + 
ion.

In the present study of the gas-phase radiolysis of 
toluene, the formation of methyldiphenylmethanes 
(MDPM’s) by the reaction of the C7H7+ ion and that of 
other products were investigated in some detail. The 
mercury-photosensitized decomposition of gaseous tolu­
ene is included in this study for comparison with the 
radiolysis.

Experimental Section

M aterials. Toluene was obtained from Wako Pure 
Chemical Industrial Co. and purified by the usual 
method. After the extensive distillations using a 1-m 
column packed with stainless helices, the purity de­

termined chromatographically by flame-ionization de~ 
tection was more than 99.99%. The purified toluene 
was dried over sodium, degassed, and stored in a high- 
vacuum line. Nitric oxide and nitrous oxide, both ob­
tained from Takachiho Shoji Co., were purified by 
several low-pressure distillations.

Procedures. The irradiation cells were Pyrex cylin­
ders of approximately 12 0 -ml volume, and each cell was 
fitted with a break-seal. After the cells were evacuated 
at a pressure of 1 0 ~ 6 mm for ~ 1 0  hr with periodic heat­
ing by a hand torch, the toluene vapor from the storage 
was extensively dried by passing through a sodium 
mirror, degassed, and then introduced into the cells. 
The pressure of the samples was measured by a mercury 
manometer.

Samples were irradiated with y rays from a 5000-Ci 
60Co source at room temperature. The dose rate to 
toluene was determined by ethylene dosimetry, using a 
G  value of 1.28 for hydrogen formation7 and correcting 
for the electron density of toluene relative to ethylene. 
The irradiations were carried out at a constant dose

(1) (a) J. Hoigne and T. Gaumann, Helv. Chim. Acta, 44, 2141 
(1961); (b) J. Hoigne and T. Gaumann, ibid., 46, 365 (1963); (c) 
J. Hoigne, W. G. Burns, W . R. Marsh, and T. Gaumann, ibid., 47, 
247 (1964).
(2) J. Weiss and C. H. Collins, Radiat. Res., 28, 1 (1966).
(3) The G values of the radiolysis products in the gas phase includ­
ing some discussion are reported by K. E. Wilzbach and L. Kaplan, 
Advances in Chemistry Series, No. 82, American Chemical Society, 
Washington, D. C., 1968, p 134.
(4) H. M . Grubb and S. Meyerson in “ Mass Spectrometry of Organic 
Ions,”  F. W. McLafferty, Ed,, Academic Press, New York, N. Y., 
1963, p 453.
(5) A recent study is, for example, K . L. Rinehart, Jr., A. C. Buch- 
holz, G. E. Van Lear, and H. L. Cantrill, J. Amer. Chem. Soc., 90, 
2983 (1968).
(6) Y . Yamamoto, S. Takamuku, and H. Sakurai, ibid., 91, 7192 
(1969).
(7) R. A. Back, T. W . Woodward, and K. A. McLauchlan, Can. J. 
Chem., 40, 1380 (1962).
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Table I : Yields in the y Radiolysis and Hg-Sensitized Photolysis of Toluene Vapor, 
and Comparison with Reported Yields in the Radiolysis

25

-R adiolysis-
Hg-sensitized 

—photolysis-----

30a
-T em p, ' 

50b
— Pressure, mm—

25 25

10.7 7 .5 Liquid 5 .5 16.0

h 2 0.36 0.47 0.14 0.034 0.097
c h 4 0.15 0.15 0.012 0.034 0.023
c2h 2 0.41 0.64 0.002 n.d.c n.d.
c 2h 4 Trace 0.10 0.0003 n.d. n.d.
c2h 6 0.07 0.06 0.017 0.006
Benzene 0.18 0.20 0.0188 0.137 0.101
Ethylbenzene 0.05 0.07 0.0012 0.079 0.066
o-Xylene
m-Xylene ¡•0.05“

0.02
0.06

0.0009
0.0015 K 0 . 0 1 d k o .o D

p-Xylene J 
2-MDPM 0.05

0.007 0.0010 j
e e

3-MDPM 0.34 0.0097 e e
4-MDPM 0.05 0.0102 e e
Bibenzyl 0.03 0.0715 0.181 0.254

“ Data of Wiltzbach and Kaplan (ref 3). b Data of Weiss and Collins (ref 2). In their work many other product yields are deter­
mined such as: ©(methylcyclohexadiene), 62.30 X 10~3; ©(dimethylcyclohexenes), 8.90 X 10“3; ©(benzylmethylcyclohexadiene), 
23.9 X 10~3; ©(2,3-dimethylbiphenyl), 43.2 X 10-3. e Not detectable. d In this work three isomers of xylene were not separated. 
* In the photolysis several dimeric products other than bibenzyl were formed but in much smaller yields.

rate of 3.91 X 1015 eV/(hr /¿mol) for toluene. After 
irradiation, the cell was sealed to a high-vacuum line, 
and the break-seal was ruptured after evacuation. The 
gases volatile at —196°, hydrogen and methane, were 
collected with a standard Toepler pump and analyzed 
by measurement of the volumes with a gas buret be­
fore and after removing hydrogen through a palladium 
thimble heated up to 300°. The residual products were 
analyzed with a gas chromatograph using a flame- 
ionization detector. The gas fraction volatile at 
— 1 2 0 ° containing C2 to C4 hydrocarbons and the 
liquid products except dimers were analyzed with 3-m 
silica gel and Apiezon L columns, respectively, at 100°. 
For the analysis of dimers, a 6-m mixed nitrate column8 
was used with temperature programming from 60 to 
1 2 0 °, and the retention times of the dimers, 2 -, 3-,
4-MDPM, and bibenzyl, were 31, 33, 34, and 38 min, 
respectively. The yields of the gaseous and liquid 
products were determined by comparison of peak areas 
with those for known amounts of propane and benzene, 
respectively, which were submitted to gas chromatog­
raphy before each analysis. The calibration for 
flame-ionization detection was carried out using known 
amounts of authentic gases and propane or standard 
mixtures of authentic liquids and benzene.

The authentic samples, 2- and 4-MDPM were pre­
pared by Friedel-Crafts benzylation of toluene accord­
ing to the experiment of Olah, Kuhn, and Flood.9 
Authentic 3-MDPM was also prepared under the same 
condition by Friedel-Crafts substitution of benzene 
with m-xylyl chloride which was prepared by the method 
of Kharasch and Brown.10

The mercury-photosensitized decomposition of gas­
eous toluene was carried out in a cylindrical quartz cell 
(5 cm in diameter and 5 cm long) with a low-pressure 
mercury lamp at room temperature. The procedures 
of sampling and analysis were the same as those in the 
radiolytic study.

Results
The G values of the products in the gas-phase radioly­

sis of toluene at 10.7 mm and a dose of 1.9 X 1019 eV 
are presented in Table I with the results of previous 
studies both in the gas and liquid phase. At 10.7 mm 
of toluene pressure the G  values were also obtained at 
the doses of 1.2 X 1019 and 2.4 X 1019 eV, and the dose 
effect was not observed for all products. The mercury- 
photosensitized decomposition of gaseous toluene was 
investigated over the pressure range from 2 to 19 mm, 
and the results at the two pressures are also presented 
in the table. The photolysis is thought to be initiated 
by the 2537-A irradiation, and some features of the 
decomposition are in agreement with those of the direct 
photolysis previously reported, where dimeric products 
are not analyzed. 11 ’12

(8) W. W. Hanneman, C. F. Spencer, and J. F. Johnson, Anal. 
Chem., 32, 1386 (1960).
(9) G. A. Olah, S. J. Kuhn, and S. H. Flood, J. Amer. Chem. Soc., 
84, 1688 (1962).
(10) M . S. Kharasch and H. C. Brown, ibid., 61, 2142 (1939).
(11) K. E. Wilzbaeh and L. Kaplan, ibid., 86, 2307 (1964).
(12) As previously indicated by Hentz and Burton (see ref 14), the 
irradiations of the mixtures of toluene and mercury vapors with 
2537 A may result in competitive absorptions by toluene molecules 
and mercury atoms, and both the direct and mercury-sensitized 
photolysis could occur.
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Figure 1. The pressure dependence of the gaseous product 
yields in the radiolysis of toluene vapor: O, Cr(H2); O, ff(CH(); 
3, G(C2H6); •, G(C2H2).

Figure 3. The pressure dependence of the dimeric product 
yields in the radiolysis of toluene vapor: © , G(2-MDPM); 0,
G(3-MDPM); C, G(bibenzyl).

Figure 2. The pressure dependence of the liquid product yields) 
in the radiolysis of toluene vapor: ©, G(benzene);
•, G(xylenes); O, G(ethylbenzene).

As also indicated previously by Wilzbach and 
Kaplan, 3 the yields of all products in the gas-phase 
radiolysis were greater than those in the liquid-phase 
radiolysis. The dimeric product with the greatest G 
value was 3-MDPM, while the most abundant product 
was bibenzyl in the liquid-phase radiolysis as well as in 
the gas-phase photolysis. Another notable discrepancy 
is the formation of various kinds of monomeric and 
dimeric products with partially hydrogenated rings in 
the liquid-phase radiolysis13 with contrast to in the 
gas-phase radiolysis, indicating that the addition of 
hydrogen atoms to aromatic rings is important in the 
liquid phase but not in the gas phase.

Figures 1, 2, and 3 show the pressure dependence of 
the product yields at a dose of 2.8 X 1017 eV/pmol for 
toluene. The yield of 4-MDPM, the minor dimeric 
product, was almost the same as that of 2-MDPM at 
all the pressures studied and was excluded in the figure.

The effects of nitric oxide and nitrous oxide added 
as radical and electron scavengers, respectively, were 
studied at a dose of 1.9 X 1019 eV and at 11 mm of 
toluene pressure. At the minimum concentration of 
added NO (2.6 mol %), ethane, ethylbenzene, xylenes, 
and bibenzyl disappeared and, as is shown in Figure 4, 
benzene was reduced to a constant G value, 0.10. On 
the other hand, three isomers of MDPM were not ap­
preciably affected with the addition of NO and acety­
lene increased slightly with increasing NO concentration 
as shown in the figure.

When 8.1 mol %  NO was added in the mercury- 
photosensitized decomposition of toluene at a pressure 
of 1 2  mm, the yields of ethane, benzene, ethylbenzene, 
and bibenzyl decreased by 46, 7, 77, and 54%, re­
spectively. In the photolysis all the products are con­
sidered to be formed through radicals as noted in the 
Discussion. Hence the observed lower efficiency of 
radical scavenging by added NO in the photolysis than 
that in the radiolysis is attributable to the facts that 
the photolysis occurs in the limited region close to the 
window faced to the lamp and the only limited amount 
of added NO contributes to the reaction, and that the 
yield of radicals is much more in the photolysis than 
that in the radiolysis.

When N20  was added, the most apparent effect on 
the product yields was the increase of the dimers, 
MDPM’s and bibenzyl, as shown with solid lines in 
Figure 5. The other effects of added N20  were the 
slight increases of ethylbenzene and acetylene and the 
slight decreases of ethane and benzene.

When two sets of scavengers, different amounts of 
N20  and 10 mol %  NO, were added, MDPM’s did not

(13) The yields of these products are not presented in Table I, but 
some of those are shown in the footnote b in the table.
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Figure 4. The effect of added NO in the radiolysis of toluene 
vapor (11 mm): • ,  G(C2H 2); 0 ,  G(benzene); © , G (2-M DPM ); 
©, G (3-M DPM ); © ,G (4 -M D P M ).

Figure d. The effects of added N 20  and N 20 - N 0  in the 
radiolysis of toluene vapor (11 mm): © , G (2-M DPM );
(•>, G (3-M D PM ); © , G (4-M DPM ); C, G(bibenzyl);
Q ,  G (3-M DPM ), N 2O-10 mol % NO; © , G (2-M D PM ) and 
G (4-M DPM ), N 2O-10 mol % NO.

increase but showed the same yield as that observed 
in the case of pure toluene, as shown with dotted lines 
in Figure 5, and dibenzyl disappeared. The yields of 
other products when these sets of scavengers were 
added were almost the same as those when 10  mol %  
NO was added alone (Figure 4).

When these additives were added, the yields of 
hydrogen and methane were not determined because 
of the interference of the additives with an accurate 
determination.

Y .  Y a m a m o t o , S .  T a k a m u k u , a n d  H .  S a k u r a i  

Discussion
C om parison o f  P hotolysis and R adiolysis. The direct 

and mercury-sensitized photolysis at 2537 A of gaseous 
toluene have been investigated by several workers1 1 14 '15 
and the main bond fissions are known to occur at the 
C-H bond /3 to the ring and the C-C bond a  to the ring. 
In our study the observed product formation can be 
attributed to the reactions of the radicals produced by 
such bond fissions, i.e ., combinations, and hydrogen 
abstractions from toluene molecules

c 6h 5c h 2 c «h 6c h 3*
H g ( 1 )

C6H5CH,* — 3-  C6H5CH2- +  H (2 )

C6H6CH3* — 3̂ C 6H5- +  CHs- (3)

R- +  C6H6CH3- - > ■  RH +  C6H6CH2- (4)

R • 4“ R • — ^  R—R (5)

where R • represents any radical produced in the
primary processes or by hydrogen abstraction from 
toluene. The low relative yield of xylenes, thought to 
be formed by the combination of methyl and tolyl 
radicals, indicates that the formation of tolyl radical 
is not important or tolyl radical readily changes to 
benzyl radical by hydrogen abstraction from toluene.

If it is assumed that hydrogen, methane, and benzene 
are formed only by hydrogen abstraction reaction (4) 
and the consumption of the radicals by the formation 
of higher polymers is neglected, the yields of the radicals 
produced in the primary processes (reactions 2 and 3) 
are obtained by eq 6- 8 . Such yields of the radicals

[C6H6CH2-] = 2  [bibenzyl] +  [ethylbenzene] —
{ [H2] +  [CH4] +  [benzene]} (6) 

[C6H5-] = [benzene] (7)

[CHr ] = [CH4] +  2 [C2H6] +  [ethylbenzene] (8)

were obtained over the pressure range from 2 to 19 mm 
and plotted in Figure 6 . As shown in this figure the 
pressure dependence of the yield of benzyl radical is 
different from that of methyl and phenyl radicals, 
which are almost equivalent over the entire pressure 
range studied. Although the above equations are 
based on the assumptions mentioned, such a result is 
considered to support the suggestion of Sehon and 
Darwent16 that different excited states contribute to 
the primary processes 2 and 3. On the other hand, in 
the gas-phase radiolysis of toluene, ethane, ethyl­
benzene, xylenes, bibenzyl, and some benzene were 
shown to be formed through radical reactions with the 
effect of added NO. The processes of the formation 
of these products and the precursors of the radicals,

(14) R . R . H en tz  and M . B urton , J . Amer. Chem. Soc., 73 , 532 
(1951).
(15) A . H . Sehon and B . deB . D arw en t, J. Chem. Phys., 23 , 822 
(1955).
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Figure 6. The pressure dependence of the radical yields in the 
primary process of the Hg-sensitized photolysis: O, 
[C6H5CH2-]; •, [CeH5-]; O, [CH3-].

i.e., excited molecules, are considered to be the same 
as those in the photolysis. The relative yields of 
ethylbenzene and bibenzyl, which are formed through 
benzyl radicals, were much smaller than those in the 
photolysis. This fact indicates that the benzyl radical 
formation in the primary process is only minor in the 
radiolysis, while it is considered to be major in the 
photolysis from the result shown in Figure 6 .

The formation of acetylene and MDPM’s, which 
were not detected in the photolysis, is attributable to 
nonradical processes on the basis of the effect of added 
NO (Figure 4).

N onradical Processes in  the G as-Phase R adiolysis o f  
Toluene. Mass spectrometric studies are one of the 
important sources of information relating to the ionic 
processes in the gas-phase radiolysis. In the mass 
spectrum of toluene it is well known that C7H7 + ion is 
the most abundant ion and partially decomposes to 
C6H6+ ion and C2H2.4 Furthermore, on the basis of 
the isotope randomization observed in the mass spectra 
of labeled toluenes, the C7H7+ and C5H5+ ions have been 
suggested to be tropylium and cyclopentadienyl ions, 
respectively, as shown in eq 9.46

( © )  +  S *  (9)

On the other hand, in the recent studies of ion- 
molecule reactions of gaseous aromatic hydrocarbons by 
high-pressure mass spectrometry16’ 17 it is reported that 
the dominant product ions are dimeric ions at higher 
pressure, and for toluene such dimeric ions are Ci4HiS + 
and Ci4Hi6+ formed by the addition of the C7H7+ 
and C7H8+ ions to toluene, respectively. In the gas- 
phase radiolysis of toluene, which is carried out at much 
higher pressures than mass spectrometry, these dimeric 
ions are expected to contribute to the product forma­

tion. We suggested in the previous paper6 that 
MDPM’s are formed via the Ci4Hi6+ ions, i.e., through 
an electrophilic substitution reaction by the C7H7 + 
ions, on the basis of the following observations. (1 ) 
The G  values of MDPM’s were not affected with nitric 
oxide added as a radical scavenger. (2 ) The analogous 
benzylation reactions leading to the formation of 
alkyldiphenylmethanes were also observed in the 
radiolysis of ethylbenzene and wi-xylene, which are 
known to produce the C7H7+ ions in the mass spectra 
as well as toluene.4'18

The formation of MDPM’s via the Ci4H16+ ions, 
formed by the addition of the parent ions to toluene 
molecules, may be neglected considering the results of 
ethylbenzene and m-xylene radiolysis, where Ci« hydro­
carbons were minor products. 19 In this regard, the 
study by Field, Hamlet, and Libby on the temperature 
effect in the high-pressure mass spectrometries of 
benzene and of benzene-toluene mixtures is instruc­
tive.20 They reported that the rise of temperature re­
sults in an increase of the relative intensity of C6H6+ 
ion and a decrease of that of the dimeric ion, (C6H6)2+, 
and that similar temperature dependences of the 
relative intensities of monomeric and dimeric ions are 
also observed in the case of toluene molecular ion and 
the dimeric ion, (C7H8)2+. On the basis of such ob­
servations they suggested that these monomeric and 
dimeric ions are in equilibrium, for example

C6H6+ +  C6H6 ^  (C6H6)2+ (10)

with contrast to C6H5+ and C6H6-C6H5+ ions, whose 
relative intensities are almost independent of tempera­
ture. In view of the above data it seems reasonable to 
assume that such dimeric ions, formed from aromatic 
molecular ions, produce no dimer in the gas-phase 
radiolysis because these are the loosely bonded x 
complexes, which may not be transformed into <j com­
plexes.21 On the other hand, one might think that

(16) S. W exler  and R . P . C low , J. Amer. Chem. Soc., 90, 3940 (1968).
(17) A . G iard in i-G u idon i and F . Zoech i, Trans. Faraday Soc., 64, 
2342 (1968).
(18) O ther ev idences for  this su ggestion  w ere also ob ta in ed , (i) In  
the  rare gas-sensitized radiolysis o f  gaseous to luene the sensitizing 
effect on  the form ation  o f  M D P M ’s w as observed  to  decrease in  the 
order A r  >  K r  >  X e , suggesting th at th e  p recursor o f M D P M ’s 
is a  fragm ent ion  bu t n o t  an excited  m olecu le  or the parent ion .
(ii) In  the gas-phase rad iolysis o f th e  m ixture  o f toluene-ds and 
cycloheptatriene-ta , w h ich  is also kn ow n  to  p rod u ce  the  C?H 7+ ion  
in the m ass spectrum , C D 3C 6D 4C H 2C 6H 5 w as form ed  as w ell as 
C D 3C 6D 4C D 2C 6D 6. T h ese  investigations are to  be publish ed  in 
separate papers.
(19) In  the high-pressure m ass sp ectra  o f xy lenes (ref 17), the 
dom in ant ions at h igher pressure are also C 15 and Cie ions form ed  from  
th e  C 7H 7 + and parent ions, respectively , and a sim ilar result is to  be 
expected  for  ethy lbenzen e th ou gh  th e d ata  are lack ing .
(20) F . H . F ield , P . H am let, and W . F . L ib b y , J. Amer. Chem. Soc., 
91, 2839 (1969).
(21) In  the gas-phase radiolysis o f  benzene [R . R . H en tz  and S. J- 
R za d , J. Phys. Chem., 72 , 1027 (1 968 )] th e  G va lu e  o f th e  d im eric 
p rod uct, b iphenyl, is re latively  sm all w hen  N O  is added, in  sp ite o f  
the large re lative  in tensity  o f  the  (C 6He)2 + ion  (see ref 16, 17, and 
20 ), suggesting th at th e  (C eH e^* ion  d oes n ot con trib u te  t o  the 
form ation  o f  b iphenyl.
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carbonium ions such as C6H5+ and C7H7+ add to 
aromatic rings to form a complexes leading to the forma­
tion of substitution products.

In the previous paper6 the isomer distribution of 
MDPM’s was discussed and accounted for by the 
isomerization of the o complexes, Ci4Hi5+, from la and 
lb to Id as shown with the following scheme.

Scheme I

where the stabilities of these complexes, I, increase in 
the order Id >  la ~  lb >  Ic. The yield of 3-MDPM 
decreased with increasing pressure, while those of other 
two isomers were almost independent of pressure 
(Figure 3). Such a result suggests that the reactivities 
of the complexes I depend on the structures or the 
magnitudes of the excess energies of I. On this basis, 
the possible mode of the formation of MDPMs is con­
sidered as

C7H,+ +  C6H6CH3 (C14H16+)* (11)
I*

I* +  C6H6CH3 — >

MDPM +  C7H9 + (minor) (12)

— *■ I +  C6H5CH3 (major) (13)

la, b, c — >  Id (14)

Id +  C6H5CH3 — >  3-MDPM +  C6H9+ (15)

^  (C21H23+)* (16)

(C21H23+)* +  C«H6CH3 — * C21H22 +  C7H9+ (17)

C2iH23+ T  C6H5CH3 (18)

Thus, the highly excited complexes, I*, produce three 
isomers of MDPM by the proton-transfer process 12, 
which is analogous to that reported in the study of the 
reactions of toluene with He3H + ions,22 but not trimeric 
ions. On the other hand, the complexes I, having less 
excess energies, isomerize to the most stable one, Id, 
which produces 3-MDPM or a trimeric ion. The pro­
ton transfer reaction (15) is thought to be somewhat 
endothermic, and it is required for Id to have some 
excess energies which are less than the activation

energy of the isomerization process (Scheme I). Con­
sidering the effect of added N20 -N 0  mixtures, indicat­
ing that the yields of MDPMs are not affected with 
electron captures by N20  as discussed below, the pro­
ton-transfer reaction 15 seemed probable for the process 
of the formation of 3 -MDPM from Id. However, the 
Ci4Hi6+ ions are considered to be rather stable and 
relatively long-lived species as previously reported, 16 
and if the anions such as 0~  and OH- , formed by the 
reactions 22 and reactions 24 and 26, respectively, de­
scribed below, might contribute to ion neutralizations 
in the presence of N20  instead of electrons, the follow­
ing processes could not be neglected. On this problem 
further investigations are required.

Ci4H]6+ +  e — ► MDPM +  H (19) 

C14H16+ — ► C14H14+ +  H (20)

Ci4H14+ +  e — ► MDPM (21)

Generally a great number of investigations have been 
undertaken on the electrophilic substitution reactions 
of aromatic compounds in solutions, but little attention 
has been paid to those in the gas phase. The radiolysis 
is felt to be a useful tool in the investigations of such 
ionic reactions in the gas phase.23

Hentz and Rzad reported mechanisms for acetylene 
formation in the gas-phase radiolysis of benzene21 by 
comparison with the vacuum ultraviolet photolysis 
with the Xe and Kr resonance lamps.24 They con­
cluded that acetylene is formed from either super- 
excited molecules or ion-molecule reactions of C6H6+ 
with C6H6 or both. In the radiolysis of toluene the 
same processes may contribute to the acetylene forma­
tion as well as reaction 9.

The mechanism of the formation of benzene un- 
scavengeable by added NO is not clear, but the possible 
processes are thought to involve hot radicals or C6H5+ 
ions, known to be the product ions in the mass spectrum 
of toluene.4

The E ffect o f  Added N-ffJ. When N20  was added, 
MDPM’s and bibenzyl showed a marked increase 
(Figure 5). To investigate the processes of the addi­
tional formation of these dimers, 10 mol %  NO was 
added to the toluene-N20  mixtures. In such mixtures 
no increase of MDPM’s was seen and bibenzyl disap­
peared. Such a result indicates that these additional 
dimer formation is due to radical reactions. The con­
siderable increase of the bibenzyl yield with increasing 
N20  concentration suggests that benzyl radicals are 
formed in a large yield in the presence of N20.

(22) F . C acace  and S. C aronna, J. Amer. Chem. Soc., 89 , 6848
(1967).

(23) In  our lab ora tory  the p rop y lation s o f  arom atic  h yd roca rb on s 
w ith  p rop y l cations in  the gas-phase radiolysis o f  th e  m ixtures o f 
p ropane w ith  arom atic h yd roca rb on s are under investigation , and 
the results are to  be published.
(24) R . R . H entz and S. J. R za d , J. Phys. Chem., 71 , 4096 (1967).
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On the other hand, the yields of MDPM’s are not 
appreciably affected by N20  concentrations above about 
3 mol %, and such a dependence on N20  concentration 
is different from that of bibenzyl. Thus, the additional 
formation of MDPM’s is thought to be due to the com­
bination of benzyl and tolyl radicals but not due to the 
reaction of benzyl radicals and toluene molecules.26 
It is also observed that ethylbenzene slightly increased 
while the yield of xylenes, formed by the combination 
of tolyl and methyl radicals, did not vary. On the 
basis of the above results, tolyl radicals may also be 
formed in the presence of N20  as well as benzyl radicals 
but in a limited amount.

In the gas-phase radiolysis of hydrocarbons N20  has 
been generally used as an electron scavenger, but the ob­
served effects are often complicated because of reac­
tions subsequent to electron capture by N20, which 
have been attributed to the 0 ~ ions formed as21'26-28

e +  N20  — >  N2 +  0 -  (2 2 )

For aromatic hydrocarbons Hentz and Rzad21 reported 
the formation of large yields of nitrogen and phenol in 
the radiolysis of the benzene-N20  mixtures, and Rzad 
and Warman26 in a further investigation of the mech­
anism of the formation of these products proposed a 
short-chain mechanism including the 0 “ ions.

In the radiolysis of the toluene-N20  mixtures it 
seems also reasonable to conclude that benzyl and tolyl 
radicals are formed by reactions of the 0 ~ ions with 
toluene molecules.

The plot of 1/G(N2) vs. 1/[N20] gives a good straight 
line as shown in Figure 7, indicating that the formation 
of N2 involves a competition between electron capture 
(22) and ion neutralization (23).26-28 Values of G m (N2),

e +  M+ — > M* (23)

the yield of nitrogen when all the electrons are cap­
tured by N20, and y/kn/h&  are obtainable from the 
values of the slope and intercept of this plot, 26'28 and 
these values obtained in this study were 6.3 and 1.6 X 
1011 (molecule cm-3  sec)1/s, respectively, using 27 for 
the value of W , the energy in electron volts required to 
form one ion pair. In the radiolysis of the benzene-N20  
mixtures21 it is reported that G m {N2) is 29, indicating a 
short-chain mechanism for the formation of N2, and the 
value of Vfc23/fc22 is 3.6 X 1011.

Of interest is the difference of the effect of added N20  
in the radiolysis of benzene and of toluene, and it may 
be attributed to the inductive effect of the methyl 
group in the toluene molecule resulting in a higher 
electron density of the aromatic ring.

The possible mechanism of the reactions of the 0~  
ions with toluene molecules leading to the formation of 
benzyl and tolyl radicals is thought to be

o -  +  C6H6CH3 — >

(OC6H6CH3-) — > ■C6H4CH3 +  OH - (24) 
II

•c 6h 4c h 3 +  c 6h 6c h 3 — >

C6H5CH3 +  C6H6CH2- (25)

0 -  +  C6H5CH3 C6H5CH2- +  OH - (26)

Thus, the O-  ion is considered to attack the electron- 
deficient methyl group of toluene as well as the aromatic 
ring.29 The anion II is an unstable intermediate and 
readily decomposes to tolyl radical and OH-  because 
of the higher electron density of the ring of toluene. 
On the other hand, in the radiolysis of the benzene-N20  
mixtures the corresponding anion, C6H60 - , is more 
stable and reacts with N20  to form phenol and initiate 
a chain process.26

Figure 7. Kinetic plots of G { N2) in the radiolysis of toluene 
vapor with N 20.

The yields of MDPM’s did not vary when a set of 
scavengers, N20  and NO, indicating that the yields of 
the MDPM’s formed from the C7H7 + ions are not 
affected with electron capture by N20.

As previously mentioned, the C7H7 + ions from 
toluene are suggested to be tropylium ions in the 
mass spectrometric studies.4,5 However, in the present 
study of the gas-phase radiolysis of toluene any evidence 
to support such a suggestion was not obtained, while it 
has been found that the C7H7+ ions react with toluene

(25) T h is  idea is p rob able  considering the  result o f  the  photolysis, 
w here M D P M s  yields were negligible w hile ben zy l radicals, p rod u cin g  
ethylbenzene and bibenzyl, were form ed  in  a large y ie ld .
(26) S. J . R za d  and J. M . W arm an , J. Phys. Chern., 72, 3013 (1 9 6 8 )’
(27) (a) W . J. H oltslander and G . R . F reem an, Can. J. Chern., 45,
1661 (1 967 ); (b) W . J. H oltslan der and G . R . Freem an, J. Phys.
Chem., 71 , 2562 (1967).
(28) (a) G . R . A . Johnson  an d  J. M . W arm an , Trans. Faraday Soc., 
61 , 1709 (1965); (b ) J. M . W arm an , Nature, 213, 381 (1 967 ); (c) 
J. M . W arm an , J. Phys. Chern., 71 , 4066 (1967).
(29) T h e  analogous reaction , the h yd rogen  abstraction  from  ali­
ph atic  h y d roca rb on  m olecu les by  the O "  ions, is reported  in ref 27.
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molecules to form MDPM’s. We are further investigat­
ing the structure of the C7H7 + ions in the gas-phase 
radiolysis.
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moto and Mr. Tomikazu Sawai in the Radiation 
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On the Photoreduetion of Acetophenone

by Frederick D. Lewis
Department of Chemistry, Northwestern University, Evanston, Illinois 60201 (Received April 23, 1970)

The photoreduction of acetophenone in 2-propanol-benzene solution has been reexamined. The effect of 
2-propanol concentration on quantum yields and apparent triplet decay rate constants is attributed to the 
presence of a quenching impurity in commercial 2-propanol. The value for the triplet decay rate constant 
in 0.1 M  2-propanol, 3.4 X 105 sec-1, is in accord with values obtained by phosphorescence decay studies and 
is similar to the limiting value for benzophenone triplet decay in benzene solution.

The photoreduction of aromatic ketones with 2-pro­
panol is one of the most intensely studied areas of 
solution photochemistry. Kinetic studies and quantum 
yield determinations have provided information about 
the reactivity and lifetime of the triplet states of benzo­
phenone, 1-10  acetophenone, 11 -14  and their derivatives. 
However, several types of evidence have been reported 
which indicate that the mechanism of these photoreduc­
tion reactions is far from simple. 15'16 First, thequantum 
yield for disappearance of acetophenone12 or benzo­
phenone11 is reported to increase with 2 -propanol 
concentration at low concentrations, but to decrease at 
bigh (> 1  M )  concentrations of 2-propanol. This 
phenomenon has been related12 to the observation of 
highly absorbing and/or quenching by-products or 
intermediates formed in the photoreduction reactions of 
acetophenone12 and benzophenone16 -9  in concentrated 
2 -propanol solutions. Second, values for triplet decay 
rate constants (vide in fra) determined in 2 M  2-pro­
panol-benzene for acetophenone (1.6 X 106 sec- 1 ) 14 
and benzophenone (7.3 X 105 sec- 1 ) 10 are disturbingly 
greater than values obtained in recent phosphorescent 
decay studies (3.0 X 10° sec- 1  for acetophenone and 1.9 
X 105 sec- 1  for benzophenone) . 17 Using benzhydrol 
as the hydrogen donor for benzophenone photoreduc­
tion a value of 3 X 105 sec- 1  is obtained. 16 Finally, 
there is no a p riori reason to expect the triplet decay 
rate constant for acetophenone to be substantially 
greater than that for benzophenone.

We wish to present evidence obtained from a de­
tailed reinvestigation of acetophenone photoreduction 
that both the anomalous quantum yields and rate con­
stants are due to a quenching impurity in commercial 
2 -propanol.

The generally accepted mechanism for reduction of 
acetophenone (A) by 2-propanol (RH) in the presence 
of a quencher (Q) can be described by the following 
equations.

A 1 ■ A 3 (1 )

A 3 — *- A (2 )

(1) J . N . P itts, R . L . L etsinger, R . P . T a y lo r , J . M . P atterson , G . 
R eck ten w ald , and R . B . M artin , J. Amer. Chem. Soc., 81, 1068 
(1959).
(2) J . N . P itts, W . H . Johnson , and T . K u w ana , J. Phys. Chem., 66, 
2456 (1962).
(3) A . B e ck e tt  and G . P orter, Trans. Faraday Soc., 59, 2051 (1 963 ),
(4) W . M . M o o re  and M . D . K etch u m , J. Phys. Chem., 68, 214 
(1964).
(5) S . G . C ohen  and R . J . B aum garten, J. Amer. Chem. Soc., 89, 
3471 (1967).
(6) S . G . C ohen  and J. I . C ohen , Tetrahedron Lett., 4823 (1 968 ); 
Israel J. Chem., 6 , 757 (1968).
(7) H . J . L . B âck strôm , ,K . L . A ppelgren , and R .  J . V . N iclasson , 
Acta Chem. Scand., 19, 1555 (1965).
(8) G . O . Schenck, M . Cziesla, K . E ppinger, G . M atth ias, and  M . 
P ape, Tetrahedron Lett., 193 (1967).
(9) N . F ilipescu  and F . L . M in n , J. Amer. Chem. Soc., 90 , 1544
(1 9 6 8 ) ; J. Chem. Soc., B, 84 (1969).
(10) N . C . Y a n g  and R . L . D u sen bery , Molecular Photochem., 1, 159
(1 9 6 9 ) .
(11) S . G . C ohen , D . A . L anfer, and W . V . Sherm an, J. Amer. 
Chem. Soc., 86 , 3060 (1964).
(12) S . G . C ohen  and B . G reen, ibid., 91 , 6824 (1969).
(13) N . C . Y ang , D . S. M cC lu re , S . L . M u rov , J . J . H ouser, and  
R . D usenbery , ibid., 89 , 5466 (1967).
(14) N . C . Y a n g  and R . L . D u senbery , ibid., 90 , 5899 (1968).
(15) S im ilar observations have recen tly  been m ad e in  th e  case o f  
ben zophen one p h otored u ction s .1*
(16) P . J . W agner, Molecular Photochem., 1, 71 (1969).
(17) W . C . K. C lark, A . D . L itt , and C . Steel, Chem. Commun., 
1087 (1969).
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A 3 +  Q A +  Q* (3)

OH
I

A3 +  RH - X -  P l /^ C H s  +  (CH^COH (4) 

OH
I

(CH3)2COH +  A - X  P h ^ C H a  +  (CH3)2CO (5) 

OH
I

2 Ph/ / ^ xCH3 — pinacol (6)

Assuming that the initially formed radicals (step 4) all 
proceed to products, the usual Stern-Volmer eq 7 and 8 
are derived in the absence and presence of quencher, 
respectively.

v  =  1  +  MRH] (7)

1 = fcr[RH] +  fed K  [Q]
<P &r[RH] + 4r[RHJ W

The variation in quantum yield with 2-propanol 
concentration in degassed benzene solution18 was de­
termined for acetone and pinacol formation and for loss 
of acetophenone using purified reagent grade 2 -pro- 
panol. Acetone formation could be followed at low 
conversion (<5%) by gas chromatography, whereas 
higher conversions (< 2 0%) were necessary for deter­
mination of the loss of acetophenone. Although the 
absolute quantum yields given in Table I may be in 
error by ± 5 % , the relative quantum yields for acetone

Table I : Quantum Yields of the Photoreduction of 
Acetophenone in 2-Propanol-Benzene Solutions

2- <t>b
Propanol, 4>b — A ceto ­

M A cetone P inacol phenone A cetone

0.10 0.166 O .I67
0.125 0.202 0.16 0.32 0.202
0.167 0.259 0.19 0.43 0.260
0.20 0.276
0.25 0.348 0 30 0.63 0.324
0.50 0.356 0 36 0.71 0.376
1.0 0.354 0.38 0.75 0.410
1.5 0.360
2.0 0.376 0.37 0.74 0.456
3.0 0.371
4.0 0.386 0.465

12.8 0.483

<* Quantum yield in commercial 2-propanol at < 5 %  con-
rersion ± 2% relative accuracy. 6 Quantum yield in com-

mercial 2-propanol at <20%  conversion ± 5 %  relative accuracy. 
c Quantum yield in synthetic 2-propanol at < 5 %  conversion 
± 2 %  relative accuracy.

Figure 1. Dependence of quantum yield for photoreduction 
of acetophenone upon 2-propanol concentration for commercial 
(•) and synthetic (A) 2-propanol.

formation are considerably more accurate ( ± 2 %). 
The data in Table I are in accord with steps 1 - 6  in the 
general mechanism which require that $aCetone =  p̂inacol 
= V2$ -acetophenone- The quantum yield for acetone 
formation as a function of 2-propanol concentration 
was also determined using 2 -propanol prepared by 
lithium aluminum hydride reduction of Spectrograde 
acetone. 19 The results are included in the last column 
of Table I.

A plot of 1/Vaeetone vs. 1 / [R H  ] (Figure 1) is linear for 
concentrations of 2-propanol less than 0.25 M . The 
slope (ki/kT) is equal to 0.50 and the extrapolated 
intercept is 1 .0  as required by the assumed mechanism 
(eq 7). Any intercept other than 1.0 (or 0.5 for loss of 
acetophenone20) demands that either the mechanism or 
the experimental data be incorrect. At concentrations 
of 2-propanol less than 0.25 M  the plot of l/<p vs. 
1/ [ R H ]  levels off; however, more noticeably so for the 
commercial 2 -propanol samples than for the 2 -propanol 
obtained by reduction of acetone. In neither case was 
a decrease in quantum yield observed in concentrated 
2 -propanol solutions as reported by Cohen and Green. 12

Several explanations can be advanced for the varia­
tion of quantum yield with 2-propanol concentration. 
An increase in 2-propanol concentration could lower 
the quantum yield by directly effecting the carbonyl 
excited state. Since alcohols do not decrease the 
reactivity of aryl alkyl ketones toward type II elimina-

(18) F ailure to  r igorously  degas sam ples results in low ered  and 
eratic quantum  yields.
(19) A s com m ercia l acetone is prepared  b y  ox ida tion  o f 2 -propanol, 
trace  im purities in the latter m ay persist in the  form er.
(20) C ohen  and G reen 12 report an in tercep t o f  0 .83  fo r  loss o f  a ceto­
phenone.
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tion21 and should not substantially alter the n, it* 
character of the lowest triplet state of acetophenone, 22 
such an effect seems unlikely. Evidence has been 
presented that a transient light-absorbing intermediate 
is formed to a greater extent in more concentrated 
2 -propanol solutions.12 Such an intermediate could 
lower the quantum yield either by quenching of triplet 
acetophenone and/or by competitive absorption. 
Quenching by an intermediate should increase with the 
extent of reaction6 and the light intensity. 23 The low 
conversions and light intensities used in the present 
study should minimize formation of the transient inter­
mediate and thus may account for the lack of upward 
curvature in Figure 1. In order to access the impor­
tance of quenching by an intermediate, the dependence 
of the quantum yield for disappearance of 0.1 M  
acetophenone in 2  ¥  2 -propanol-benzene upon the 
extent of conversion was examined. The results given 
in Table II were obtained by measurement of aceto-

Table I I : Quantum Yields for Disappearance of 
Acetophenone as a Function of Extent of Reaction

% %
reaction <*> reaction S>

2 . 9 0 . 7 4 2 1 . 5 0 . 6 9
5 . 8 0 . 7 4 2 6 . 0 0 . 6 4

1 1 . 4 0 . 7 3 2 9 . 7 0 . 6 4
1 8 . 3 0 . 7 0

phenone absorbance at the wavelength of irradiation 
(3130 A) after varying time intervals. This procedure 
allowed observation of the decay of the absorbing 
transient. The small decrease in quantum yield 
observed over the first 30% reaction is qualitatively 
consistent with increased competitive absorption by the 
intermediate. However, since there is no decrease in 
quantum yield over the first 10 %  reaction, the inter­
mediate cannot account for the low quantum yields 
observed at low conversion in concentrated 2-pro- 
panol-benzene solutions (Figure 1).

An alternative explanation for the variation in 
quantum yield with 2 -propanol concentration is that a 
small amount of quenching impurity is present initially 
in the 2-propanol. The observation that synthetic 
2 -propanol gives higher quantum yields at high con­
centrations than commercial 2 -propanol suggests that 
at least part of the observed effect is due to solvent 
impurities. Analytical gas chromatography showed 
that several minor impurities (<0.05%) were present 
in both samples of 2-propanol. The extremely low 
concentration of these impurities precluded attempts to 
isolate and identify them. The uv spectrum of neat 
2-propanol shows a low-intensity maximum at 3100 A 
(t =  1 X 10~3) thus providing further evidence for the 
presence of a trace impurity capable of acting as an

Figure 2. Calculated amount of quenching impurity as a 
function of 2-propanol concentration for commercial (•) and 
synthetic (▲) 2-propanol.

efficient quencher of triplet acetophenone. Further­
more, by using eq 8 , the kinetic data described below, 
the measured and extrapolated quantum yields (Figure 
1 ), and assuming diffusion-controlled quenching, the 
amount of quenching impurity at each concentration 
can be calculated. Such a treatment leads to linear 
plots shown in Figure 2 of calculated impurity vs. 
2 -propanol concentration with the amount of impurity 
being 0.021% and 0.015% for the two samples of 
2-propanol. It is hard to conceive of any explanation 
other than impurity quenching which would show a 
precise linear dependence upon 2 -propanol concentra­
tion.

A small amount of quenching impurity in 2-propanol 
will alter the intercept of a Stem-Volmer quenching 
plot (eq 8) by changing the effective quencher concen­
tration and thus alter the calculated value kd, the rate 
constant for unimolecular triplet decay. However, the 
ratio k J k T obtained from the slope should remain 
constant. Linear Stem-Volmer plots (Figure 3) were 
obtained for 0.1 AT solutions of acetophenone in 2.0,0.5, 
and 0.1 M  2-propanol-benzene using 3 X 10 ~ 4 to 3 X 
10~ 3 M  irans-piperylene as the triplet quencher. The 
value of kq, the diffusion-controlled rate constant for 
triplet quenching, is assumed to be the same for all 
2 -propanol-benzene solutions as the viscosity changes 
are small. Knowing the approximate amount of quench­
ing impurity in the 2-propanol (Figure 2), the kinetic 
data in 0.5 and 2.0 M  2-propanol solution can be cor­
rected to give kd values in better agreement with that 
determined in 0.1 M  2-propanol. As further verifica­
tion of the kinetic data obtained in 0.1 M  2 -propanol, 
the ratio kd/kT determined from the data in Table III 
agrees exactly with the value obtained from the slope of 
Figure 1  at low 2-propanol concentrations.

The kinetic data given in Table III display several

(21) P . J. W agner, J. Amer. Chem. Soc., 89, 5898 (1967).
(22) A . A . L am ola , J. Chem. Phys., 47, 4810 (1967).
(23) N . C . Y a n g  and S. M u ro v , J. Amer. Chem. Soc., 88, 2852 
(1966).
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Figure 3. Stern-Volmer plots for piperylene quenching of 
acetone formation from acetophenone photoreduction in 0.1, 
0.5, and 2.0 M  2-propanol-benzene in order of 
decreasing slope.

Table III : Kinetic Data for Photoreduction of 
Acetophenone in 2-Propanol-Benzene“

2-Propanol,
M

fcr X 10s, 
sec-1 5

kd X  105, 
sec -1 c

r x 10 -«,
secd

2.0 7.5 28 0.23
0.5 7.5 6.8 0.65
0.1 6 .8 3.4 2.4

“ Limits of error for kinetic data =  ± 1 0 % . 6 Rate constant
for hydrogen abstraction obtained from the slope of linear 
Stern-Volmer plots using frans-l,3-pentadiene as a quencher 
of acetone formation. was taken as 5 X  109 A f-1 sec-1. 
0 Apparent rate constant for triplet decay obtained from the 
intercept of linear Stern-Volmer plots. d Calculated from r = 
(M RH ] +  kA)~\

notable features. First, the rate constant for hydro­
gen abstraction, kT, remains essentially constant as the
concentration of 2-propanol is decreased. Second, the
apparent rate constant for triplet decay, kd, decreases 
by nearly an order of magnitude in going from 2 .0  to 
0.1 M  2-propanol. The calculated value for r, the
triplet lifetime [7 =  (/cr[RH] +  /cd) “ 1 ], shows a related
increase. The value of kA in 0.1 M  2-propanol (3.4 X
10 6 * * * sec-1) is in good accord with the value obtained by 
the phosphorescence decay method (3.0 X 105 sec- 1 ) . 17 
As has been pointed out, 17 such results are apparent 
triplet decay rate constants observed in purified benzene 
solution and may not be indicative of the inherent

triplet lifetime of acetophenone. Wagner16 has sug­
gested that the rate of decay of all triplet species is the 
same under a given set of conditions, being determined 
by a low steady-state concentration of a quenching 
species. The value obtained for benzophenone in 
benzene solution is 3 X 105 sec- 1 . 16 Our result for 
acetophenone agrees with Wagner’s value for benzo­
phenone and thus obviates explanation of the different 
rate constants for acetophenone and benzophenone 
previously reported. 10
1 In conclusion, many of the anomalous data observed 
in the photoreduction of acetophenone in 2-propanol 
may be attributed to a trace of quenching impurity in 
the 2-propanol. Related observations for benzophenone 
photoreduction in 2 -propanol (e.g., short lifetimes, 
upward curvature of l/<p vs. 1/[RH] plots) suggest a 
similar conclusion may be arrived at for these systems. 24 

Whether the 2-propanol impurity is in some way related 
to the formation of the transients observed in aceto­
phenone and benzophenone photoreductions in 2 -pro­
panol remains to be investigated. It is clear that the 
use of concentrated 2 -propanol leads to anomalous 
kinetic results and that published results obtained in 
such solutions must be regarded with reserve.

Experimental Section
Solvents and M aterials. Acetophenone (Eastman) 

was purified by recrystallization from ethanol-water 
and from petroleum ether and then distilled. Benzene 
was Spectrograde refluxed twice over fresh phosphorus 
pentoxide and fractionated, the middle 70% being 
retained. Matheson Coleman and Bell 2-propanol 
was distilled from calcium hydride, the middle fraction 
being retained. Spectrograde acetone was reduced 
with lithium aluminum hydride and distilled from 
calcium hydride through a 1 -m column of glass helices. 
Analysis of both samples of 2-propanol on a 12 ft X 
Vs-in. column of 20% Carbowax 20 M  on Chromosorb 
P showed several trace impurities (< 1 0 -4  of 2-pro­
panol). Viscosities of benzene-2-propanol solutions 
were measured with an Ostwald viscosimeter.

Quantum  Yields. Solutions of 0.1 M  acetophenone 
2 -propanol-benzene mixtures were sealed under vac­
uum in 13-mm o.d. Pyrex tubes after four freeze- 
pump-thaw cycles at a vacuum of less than 1 Torr. 
Samples were irradiated in parallel on a merry-go- 
round apparatus at 25 ±  1° using a filter solution of 
potassium chromate to isolate the 3130-A irradiation 
from a Hanovia 450-W medium pressure lamp. Light 
intensities measured by simultaneous irradiation of 
benzophenone-benzhydrol actinometer solutions25 were 
approximately 5 X 10-6  Einstein l. - 1  sec-1. Samples

(24) A s the rate con stan t for  h yd rogen  ab straction  b y  ben zop h en one 
is greater than th at fo r  a ce top h en on e ,10 th e  presence o f  a qu en ch in g  
im pu rity  w ill h a ve  less o f  an effect on  th e  ben zop h en on e  k inetics.
(25) W . M . M o o re  and  M . K etch u m , J. Amer. Chem. Soc., 84 , 1368 
(1962).
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were analyzed for acetone formation on a calibrated 
12 ft X Vs-in. column of 20% Carbowax 20 M  on 
Chromosorb G at 60°. Loss of acetophenone and 
pinacol formation were determined on a calibrated 
5 ft X Vs-in- column of 4% QF 1 and 1% Carbowax 20 
M  on Chromosorb G using tetradecane as an internal 
standard. Analyses were performed on a Hewlett- 
Packard 5750 dual flame gas chromatograph. Quan­
tum yields for loss of acetophenone as a function of 
extent reaction were determined by measuring the 
absorbance at 3130 A using a Beckman DU spectro­
photometer with a Gilford attachment Model 2 2 2 . 
Absorbances were measured immediately after photoly­

sis and were monitored until a constant value was 
attained.

Quenching Studies. Samples were prepared and 
analyzed as for quantum yield determination except 
that varying amounts of frans-piperylene (Chemical 
Samples) were added to the acetophenone solutions. 
Five concentrations of piperylene, in addition to 
blanks containing no piperylene, were used for each 
Stern-Volmer plot.
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Paramagnetic Resonance Study of Liquids during Photolysis. 

IX . Oxalic Acid and Its Esters1-2

by Henry Zeldes* and Ralph Livingston
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 87880 (Received April 9, 1970)

Epr spectra of aliphatic radicals produced from oxalic acid and its mono- and diesters following electron cap­
ture from donor radicals were studied in solutions during photolysis. Radical production is greatly increased 
by the presence of water. Aqueous solutions were studied for a range of acid concentrations. Cis and trans 
isomers were found for radicals, ROOCC(OH)OR and ROOCCOOR- , derived from ethyl and methyl diesters. 
The neutral cis isomer undergoes fast exchange making all alkyl protons equivalent in isopropyl alcohol solu­
tion. This is attributed to intramolecular hydroxyl proton transfer. The neutral trans isomer undergoes 
exchange between tautomeric forms by an acid-catalyzed mechanism. Only a single line was seen for reduced 
oxalic acid. Splittings from 13C were not seen for reduced oxalic acid in a number of solutions for which the 
signal was strong enough to see unbroadened lines. This may be due to electron exchange between oxalic 
acid and an anion form of reduced oxalic acid. Spectra with anomalous relative line strengths and even emission 
lines were found for electron-donor radicals in the presence of a high enough concentration of oxalic acid which 
shortens the lifetime of the donor radicals. Apparently the radicals are generated with nonequilibrium dis­
tribution of spins; for at least some of the nuclear spin states there are more radicals generated in the upper 
electron spin state.

We wish to report electron paramagnetic resonance 
(epr) spectra of radicals derived from oxalic acid and its 
esters observed during the photolysis of various solu­
tions. These solutions were chosen to give high con­
centrations of aliphatic radicals having the unpaired 
electron on a carbon atom bonded to a hydroxyl group. 
Radicals of this kind are known to be good electron 
donors. 3-4 The addition of oxalic acid and its esters to 
these solutions gave new radicals resulting from the one- 
electron reduction of oxalic acid and its esters

R'OOCCOOR +  D — R'OOCCOOR- +  D +

R'OOCCOOR- -  +  H30 +  ^  (1 )
R'OOCC(OH)OR +  H20

where R as well as R' may be an alkyl group or H. 
This reduction is not surprising, as aliphatic a-di-

* T o  w h om  correspondence should  b e  addressed.
(1) R esearch  sponsored  b y  the  U . S . A to m ic  E n ergy  C om m ission  
un der con tra ct w ith  U n ion  C arb ide  C orporation .
(2) T h e  preced ing  paper o f  th is series is b y  R . L iv in g sto n  an d  H . 
Zeldes, J. Chem. Phys., in  press.
(3) A . L . B u ley  and R . O . C . N orm an , Proc. Chem. Soc., 225 (1964).
(4) R .  O . C . N orm a n  and R . J. P ritch ett, J. Chem. Soc. B, 378 
(1967).
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ketones which are structurally similar have also been re­
duced in this way4 to form semidione, RCOCOR • 
and monoprotonated semidione, RCOC(OH)R, radicals.

The radicals made by reduction of the diesters re­
ported here are expected to show similarities to the 
semidione or monoprotonated semidione radicals which 
result from reduction of symmetrical aliphatic 
a-diketones. Semidione radicalsh ave been studied4^6 
extensively. Monoprotonated semidione radicals, 
particularly the radical derived from biacetyl, have been 
studied4'7’8 in isopropyl alcohol, in acidic aqueous, and 
in acidic isopropyl alcohol solutions. Cis and trans 
isomers of the semidiones have been prepared by dis­
proportionation of acyloins in basic dimethyl sulfoxide 
solution and identified by Russell and Stephens.6 Nor­
man and Pritchett4 produced the semidione and the 
monoprotonated semidione radicals in aqueous solution 
in two ways using the rapid mixing method. One way 
involved reduction of a-diketones as stated earlier, 
and the other involved oxidation of acyloins. They 
found for pH >5 that the trans semidione radical is 
made by the reduction method and that both semidione 
isomers are made by the oxidation method. At lower 
pH they found different spectra and determined that 
the trans monoprotonated isomer is formed by the 
reduction method and that both monoprotonated iso­
mers are formed by the oxidation method. The exis­
tence of cis and trans isomers requires that there be 
enough double-bond character in the bond joining the 
two carbonyl groups to prevent rapid rotation about 
this bond. Semidione and monoprotonated semidione 
radicals derived from biacetyl have also been prepared 
photolytically and studied7 by epr. The radicals were 
generated in aqueous and in isopropyl alcohol solution 
by the reaction of photolytically excited biacetyl with 
good H atom donors such as isopropyl alcohol. Only 
one isomer was reported in this work, and this may be 
identified4'5 as trans. For an isopropyl alcohol solution 
containing 2 %  biacetyl, photolysis gives7 a sharp-lined 
spectrum from the trans monoprotonated semidione 
with hyperfine splittings from all protons. The two 
methyl groups have very different couplings. Upon 
adding acid, very large line-shape effects due to chemical 
exchange were seen and studied. These acid-catalyzed 
exchange effects were also studied by Norman and 
Pritchett4 and by Pritchett8 in aqueous solution. With 
sufficient acid present (pH of 0.5 for an aqueous solu­
tion4) the protons of the two methyl groups give equal 
splittings and there is no splitting from the hydroxyl 
proton. This is a consequence of rapid acid-catalyzed 
interchange between tautomeric forms

H +
CH3C(OH)COCH3 CH3COC(OH)CH3 (2)

which interchanges coupling values for the two methyl 
groups and also causes reversals in the magnetic spin 
state for the hydroxyl proton.

It is apparent that radicals produced by reduction of 
oxalic acid and its esters may have cis and trans isomers, 
protonated and unprotonated forms, and tautomeric 
forms which undergo acid-catalyzed exchange. For 
this reason, the acid concentration was varied, and both 
aqueous and nonaqueous solutions were investigated.

Very strong spectra of the donor radicals could be 
obtained in the absence of oxalic acid or oxalate. Upon 
the addition of oxalic acid, these spectra became weaker 
and the intensities of their hyperfine components be­
came anomalous. A number of these anomalous spec­
tra will be discussed.

Experimental Section
The microwave spectrometer operated at about 9.5 

GHz and used 100-kHz field modulation. The experi­
mental arrangement was described9 earlier, and the 
same methods were used for making measurements and 
calculating g values and hyperfine couplings. The 
estimated error limits are ±0.00004 for g and ±0.02 G 
for the couplings unless indicated otherwise. The 
sample handling system has also been described.9b 
The solutions were freed of molecular oxygen by purg­
ing with gaseous helium. Photolysis then took place 
in a flat silica cell in the microwave cavity as the solu­
tion flowed through it at about 1 ml/min. The inside 
cross section of the cell was 0.4 mm thick (optical path 
length) by 9 mm wide. Temperatures are given for 
the solutions shortly after leaving the cavity. All 
chemicals were used as purchased except where other­
wise noted. The diethyl oxalate (bp 72-74° (10 mm)), 
n-propyl alcohol (bp 96-98°), and acetaldehyde (bp 
2 0 - 2 2 °) were from Matheson Coleman and Bell. All 
other chemicals were reagent quality.

Results and Discussion
R eduction  by E lectron -D onor Radicals. Epr spectra 

were not seen during photolysis of aqueous solutions 
containing just oxalic acid, or oxalic acid and H2O2, or 
oxalic acid and isopropyl alcohol. However, when an 
aqueous solution contained oxalic acid, H20 2, and iso­
propyl alcohol, a very strong sharp line with a g value 
of 2.00403 was seen. In the absence of oxalic acid this 
solution9“ gives a strong seven-line spectrum due to 
(CH3)2COH. Upon adding oxalic acid the spectrum 
from (CH3)2COH became progressively weaker and the 
single sharp line grew stronger. From these observa­
tions and the knowledge3'4 that certain organic radicals 
having the unpaired electron on a carbon atom bonded 
to a hydroxyl or alkoxyl group are good electron donors,

(5) G . A . Russell and R . D . Stephens, J . P h y s . C h em ., 70 , 1320 
(1966).
(6) See also references contained  in ref 4  and 5.
(7) H . Zeldes and R . L ivingston , J .  C h em . P h y s .,  47 , 1465 (1967).
(8) R . J . P ritchett, M o l .  P h y s .,  12, 481 (1967).
(9) (a) R . L iv in gston  and H . Zeldes, J . A m e r .  C h em . S oc ., 88 , 4333 
(1966); (b ) R . L iv in gston  and H . Zeldes, J . C h em . P h y s .,  44 , 1245 
(1966).

The Journal of Physical Chemistry, Vol. 74, -Vo. 18, 1970



3338 H e n r y  Z e l d e s  a n d  R a l p h  L iv in g s t o n

Table I : Values of g and Couplings (a(n)) (in Gauss for n  Equivalent Protons) for Reduced Dimethyl and Monomethyl Oxalate

Compn of soln (per 1.) Medium pH

30 g of dimethyl oxalate and 
100 ml of acetone at 32°

2-Propanol (Slightly
acid)

20.4 g of dimethyl oxalate, 102 
ml of acetone, 102 ml of 2- 
propanol, and 19 g of sodium 
acetate at 34°

Aqueous 5.1

20.4 g of dimethyl oxalate, 102 
ml of acetone, and 102 ml of 
2-propanol at 33°

Aqueous 1 .9

Above solution after adding 
coned HC1 at 34°

Aqueous (0.39 N  
HC1)

0 a (.n) n Radical

2.00418 1.87 6 os-CHaChCC (OH )OCH3
2.00414 2.015

3 11.55
3

irans-CH30 2CC (OH)OCH-
0.71

2.00424 ±  0.00015“ 1.70 ±  0.05“ 6 C H 3O2CCO2C H 1Ì • -
2.00437 1.39 3 Anion6
2.00440 ±  0.00010« 1.59 ±  0.05' 3' Anion6

2.00413“ 1.89 ±  0.03“ 6 C H 30 2C C (0 H )0 C H 3
2.00406 1.77 3 C H A C C f O H y

2.00410“ 1.93“ 6 C H 30 2C C (0 H )0 C H 3
2.00406 1.79 3 C H 30 2C C (0 H )2‘i

“ Mean value for 2 isomers with unresolved lines. 6 Possible radicals are C H 30(O H  jCCOj", C H 3O2CCO2H  • and CFfiOiCGCh-2_. 
c Parameters uncertain as it is not definite that this is a 1-3-3-1 spectrum. This spectrum is weaker than the other 1-3-3-1 spectrum. 
d Rapidly exchanging reduced monoester radicals: CH 30 '2CC(0 H )2 CH 30 (0 H )C C 0 2H.

we conclude that the one-line spectrum results from the 
one-electron reduction of oxalic acid by (CH3)2COH to 
form HOOCCOOH •-  or its protonated form HOOCC- 
(OH),.

Oxalic acid was reduced in aqueous solutions using 
donor radicals made7’9'10 by photolysis of isopropyl 
alcohol and H 2 0 2  to form (CH3)2COH, ethyl alcohol 
and H 2 0 2  to form C H 3 C H O H ,  acetone and isopropyl 
alcohol to form ( C H 3 ) 2 C O H ,  acetone and ethyl alcohol 
to form a mixture of ( C H 3) 2C O H  and C H 3 C H O H ,  acet­
aldehyde and ethyl alcohol to form C H 3 C H O H ,  ■re- 

propyl alcohol and acetone to form a mixture of C H 3-  

C H 2 C H O H  and ( C H 3 ) 2 C O H ,  and ethylene glycol and 
acetone to form a mixture of H O C H 2C H O H  and ( C H 3 ) 2  

C O H .  From solutions containing both ( C H 3) 2C O H  

and C H 3 C H O H  it was apparent that ( C H 3) 2C O H  is 
the better electron donor. Oxalic acid in an aqueous 
solution was also exposed to the radical (A) which is 
formed from p-dioxane by loss of a hydrogen atom. 
This radical, which has been studied10’11 by epr, was 
made by photolysis of p-dioxane and H 2 0 2. It was 
seen that very much less reduction of oxalic acid oc­
curred using A than the other radicals. This is con­
sistent with the report4 that A is ineffective as an 
electron donor in reducing biacetyl, whereas C H 2O H  

and C H 3C H O H  as well as radicals derived from several 
ethers are effective.

Water was needed to obtain a strong line from re­
duced oxalic acid. In a solution containing 5.4 g of 
oxalic acid dihydrate and 160 ml of acetone per liter of 
isopropyl alcohol solution, the line was very weak. 
Upon adding water to bring the water content to 115 ml 
per liter, the line became about 6 times stronger. By 
adding more water the line-strength could be further 
increased by more than a factor of 1 0 .

The methyl and ethyl diesters of oxalic acid and a 
number of monoesters were also found to react with

Figure 1. Spectrum during photolysis of an isopropyl alcohol 
solution containing 30 g of dimethyl oxalate and 100 ml of 
acetone per liter at 33°. Stick spectra (a) and (b) identify 
lines of two reduced dimethyl oxalate radicals. Stick spectrum 
(c) identifies components from the central (20-strength) 
line of (CH 3)2COH.

good electron donor radicals to form radical reduction 
products. The diesters too gave much higher radical 
yields when the solutions contained water. Unfortu­
nately, the diesters were hydrolyzing during the obser­
vations in water solution. This made it difficult to

(10) H . Zeldes and R . L ivin gston , .7. Chem. Phys., 4 5 , 1946 (1966).
(11) W . T .  D ix on  and R . O . C. N orm an , J. Chem. Soc., 4850 (1 9 6 4 ).
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study the reduced diesters. Their concentrations were 
changing during the observations, and radicals from 
monoesters were being produced. Another problem 
was that the pH, an important parameter, was changing 
rapidly.

Reduced D im ethyl Oxalate. Figure 1 shows the spec­
trum for an isopropyl alcohol solution containing di­
methyl oxalate and acetone at 33°. Lines from three 
radicals are identified by the stick spectra. Nineteen 
of the 32 lines from spectrum (a) were resolved and 
measured. These well overdetermined this spectrum, 
a (1-3-3-1) (1-3-3-1) (1-1) pattern of lines due to protons 
from two nonequivalent methyl groups and one other 
proton. This radical is undoubtedly CH3C>2CC(C)H)- 
OCH3, the neutral, monoprotonated one-electron re­
duction product of dimethyl oxalate. The presence of 
a small amount of acid due to hydrolysis from water as 
an impurity could be an important factor in causing pro­
tonation. Radical (b) which has a (1-6-15-20-15-6-1) 
pattern of lines from six equivalent methyl protons was 
also measured. We identify radicals (a) and (b) as 
trans and cis neutral isomers, respectively. The cis 
isomer is presumed to give equivalent splittings for 
the two methyl groups because of fast interchange be­
tween tautomers (cis-1 ) and (cis-2 ) which results from 
intramolecular proton-transfer

0  H O  O H  0

\  . /  _  \  /
C— C ^  t — C  (3)

/  \  /  \
C H 30  O C H s c h 8o  o c h 8

( ct's - 1 )  (cis-2 )

The parameters for these two isomers are in Table I. 
The lines in spectrum (c) are some of the lines of (CH3)2- 
COH. They arise from components of the central 
(2 0 -strength) line of a pattern resulting from six equiva­
lent protons which is split by second-order effects into 
lines with intensities 1-5-9-5 (in order, from low field to 
high field) and then further split in two by the small- 
hydroxyl hydrogen coupling. Isopropyl alcohol solu­
tions containing reduced dimethyl oxalate and acetone 
were also examined at 15° in an effort to find line broad­
ening in spectrum (b) at the somewhat lower tempera­
ture as evidence for a slowing of the tautomeric ex­
change. Line broadening was not found.

The trans neutral isomer of reduced dimethyl oxalate 
is expected by analogy with the trans protonated semi- 
dione derived from biacetyl4'7’8 to undergo acid-cata­
lyzed exchange between tautomeric forms through a 
very short-lived symmetrical intermediate

With an intermediate rate of exchange line shape effects 
would be seen, and with fast enough exchange the trans 
spectrum of Figure la (nonexchanging) would be trans­
formed to a sharp-lined spectrum lacking the coupling 
to the unique hydrogen and having coupling to protons 
of two equivalent rather than nonequivalent methyl 
groups. It was found that just the addition of water 
to the isopropyl alcohol solution provided enough acid 
to bring about these changes. As water was added the 
spectrum of the cis isomer (Figure lb) became stronger. 
The trans spectrum (Figure la) underwent changes 
which could not be followed in detail, because the signal 
was weak, line spacings were small, and other lines 
interfered. Nonetheless, it was apparent that the 
lines underwent width and shape changes which are 
characteristic of exchange. The lines broadened to the 
point of being very difficult to see, and there then 
emerged a second 1-6-15-20-15-6-1 spectrum partly re­
solved from that of the cis isomer. Figure 2  shows the

Figure 2. Spectrum during photolysis of an isopropyl alcohol 
solution containing 24 g of dimethyl oxalate, 81 ml of acetone, 
and 206 ml of H 20  per liter at 31°. The stronger lines are from 
two partially resolved 1-6-15-20-15-6-1 spectra from two isomers 
of reduced dimethyl oxalate. There are weak lines present 
(arrow) from (CILhCOH.

spectrum after 206 ml of water per liter had been intro­
duced. Two partially resolved 1-6-15-20-15-6-1 spectra 
are present. The one with smaller line heights (probably 
with broader lines) is from the neutral trans isomer. It 
has the smaller g value and coupling. Much weaker lines 
(arrow) from (CH8)2COH are also present. Figure 3 
shows the spectrum for a solution which was mainly 
aqueous. The radical (CHO2COH was not detected. 
This solution contained monoester as well as diester 
because of hydrolysis. The 1-3-3-1 stick spectrum labels 
lines from the reduced monoester showing splittings from

k
c h so (o h )c c o o c h 3 +  H + ^ i :

f*st [CH8OC(OH)C(OH)OCHs]+ (4)

c h 8o o c c (o h )o c h 8 +  h +^=i:
fast

The Journal o f  P h ysica l Chem istry, V ol. 74* N o . 18, 1970



3340 Henry Zeldes and Ralph Livingston

Figure 3. Spectrum during photolysis of an aqueous solution 
at about 33° with pH about 1.9 and made up with 20 g of 
dimethyl oxalate, 102 ml of acetone, and 102 ml of isopropyl 
alcohol per liter. The 1-3-3-1 stick spectrum identifies the lines 
from reduced monomethyl oxalate. The remaining lines are 
due to two nearly superposed 1-6-15-20-15-6-1 spectra from the 
cis and trans isomers of reduced dimethyl oxalate.

three equivalent protons of the methyl group. The 
remaining lines are from the reduced neutral diester 
isomers. Only the two lowest field lines of the two 
isomers are partially resolved. Lines of the two iso­
mers appear to have about the same height and width, 
and it is clear that the trans isomer is now undergoing 
fast exchange. Figure 4 is for an aqueous solution 
which was made 1.7 N  in HC1. Hydrolysis was occur­
ring rapidly, and oxalic acid as well as monoester was 
present. The stick spectrum labels lines from the 
reduced monoester which are relatively strong, as 
much hydrolysis had occurred. The arrow points to 
the line from reduced oxalic acid. The remaining lines 
are from the two isomers of neutral reduced dimethyl 
oxalate. The highest field lines of the isomers are re­
solved, whereas in the absence of HC1 (Figure 3) the 
lowest field lines are partially resolved.

The concentration of acid needed to give a fast- 
exchange spectrum (characterized by six equivalent 
protons) in water solution depends not only upon k in 
eq 4 but also upon the hydroxyl proton coupling value, 
the difference in the two methyl group proton couplings, 
and upon the line width for the nonexchanging radical. 
A comparison of the coupling values for trans-proton- 
ated reduced dimethyl oxalate (Table I) with those4’7 of 
the analogous radical derived from biacetyl show that 
fast exchange would occur for the oxalate radical at 
much higher pH, provided that the protonation rate 
constant is the same for both.

Isomer assignments for the neutral reduced dimethyl 
oxalate radicals have been made on the basis of behavior 
which would be expected from exchange between tau­
tomers. The assignment may also be made from a 
comparison of the alkyl proton couplings of the two

Figure 4. Spectrum during photolysis of an aqueous solution 
made up with 17 g of dimethyl oxalate, 86 ml of acetone, 86 ml 
of isopropyl alcohol, and 138 ml of concentrated HC1 per liter 
at about 33°. The arrow points to the single line from reduced 
oxalic acid. The 1-3-3-1 stick spectrum identifies the lines from 
reduced monomethyl oxalate. The remaining lines are from two 
nearly superposed 1-6-15-20-15-6-1 spectra from the cis and trans 
isomers of reduced dimethyl oxalate.

isomers. Assignments for the semidiones were made 
by Russell and Stephens5 on the basis that larger spin 
densities are expected at the carbonyl carbon atom (and 
less at the carbonyl oxygen) for the cis isomer because 
of charge repulsion. For this reason the alkyl proton 
couplings are higher for the cis isomer. Subsequently 
assignments were made for both semidiones and their 
protonated derivatives by Norman and Pritchett, 4 who 
saw both by changing the pH. They too assigned 
higher couplings for the alkyl protons of the cis isomer. 
Assignments made in this way for the neutral reduced 
dimethyl oxalate isomers agree with the assignments 
we have made on the basis of exchange behavior. From 
Table I it is seen that in isopropyl alcohol solution the 
mean methyl proton coupling for the trans isomer is 
smaller than that for the cis isomer. After 206 ml of 
water per liter was introduced to this solution, the trans 
isomer (which then underwent fairly rapid exchange) 
still had the smaller coupling.

Measurements of the spectra of reduced monomethyl 
and reduced dimethyl oxalate were made for aqueous 
solutions of dimethyl oxalate containing acetone and 
isopropyl alcohol at three acid concentrations. This 
was done to learn whether the reduced esters were in 
the anion or the neutral monoprotonated form. The 
results for the reduced monoester will be discussed 
later. In the absence of added acid the solutions were 
acidic because of hydrolysis; a typical solution had a 
pH of 1.9. Measurements were also made at a pH 
of 5.1 for a solution made less acid by adding sodium 
acetate and also for a solution which was made 0.39 N
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Table I I : Values of g  and Couplings ( a )  for Reduced Diethyl Oxalate“

C om pn  o f  soin (per 1.) M edium p H a a R adical

Equal volumes of diethyl oxalate, 
2-propanol, and acetone at 37°

Nonaqueous (Slightly
acid)

2.00415 1.60 «S-C2H 5O2CC (OH )OC2H 5

50 ml of diethyl oxalate, 75 ml of 
acetone, 250 ml of 2-propanol, 
and 19 g of sodium acetate at 
34°

50 ml of diethyl oxalate, 75 ml of 
acetone, and 250 ml of 2-pro­
panol at 32°

Aqueous 5.5 2.00426
2.00418

1.57
1.50

m-CîHsChCCChCiHs- “ 
imras-C2H 50 2CC02C2H 5- -

Aqueous 1.9 2.00410
2.00403

1.70
1.64

cw-C2H 50 2C C (0H )0 C 2H 5 
irans-C2H 60 2CC (OH )OC2H 6

Above soin after adding coned (0.3 N 2.00410 1.71 cts-C2H 50 2C C (0H )0 C 2H 6
HC1 at 32° HC1) 2.00403 1.65 £rans-C2H 50 2CC (OH )OC2H 5

“ Couplings are in Gauss for four equivalent protons.

in HC1. The isomers of reduced dimethyl oxalate had 
very nearly equal concentrations for a given solution. 
Unfortunately, their lines were not resolved well enough 
to be measured separately (Figures 3 and 4). However, 
measurements were made which determined an average 
value of g and of the hvperfine coupling. This was 
done by measuring only the lines of the isomers which 
were nearly in coincidence. Parameters deduced from 
these measurements are in Table I. The estimated 
accuracy of values for the average parameters is some­
what lower than usual for a pH of 1.9 and much lower 
for a pH of 5.1 as shown in the table. At a pH of 5.1 
the average concentration of the reduced dimethyl 
esters was about 3 times higher than at lower pH. 
Supplemental qualitative observations of strengths and 
couplings for spectra (including reduced monoester) 
at several pH values were also made for another aqueous 
solution. Its pH value was slowly decreasing due to 
hydrolysis. Increases in pH were effected by additions 
of sodium acetate; one addition brought the pH from
2.0 to 2.8, and a second brought it to 5.1. The poorly 
resolved 1-6-15-20-15-6-1 spectra from isomers of re­
duced dimethyl oxalate were stronger at a pH of 5.1 
than at a pH of 2.8 and 2.0, and the couplings were 
noticeably smaller. The isomers, are assuredly in the 
neutral form in the solution acidified with HC1. The 
g value and the mean proton coupling are very nearly 
unchanged for a pH value of 1.9. Somewhere between 
pH values of 2.8  and 5.1 there is a significant change in 
these values and in the radical concentration. At the 
higher pH the g value is higher, the coupling is lower, 
and the concentration is higher. We attribute these 
changes to the presence of the anion form at the higher 
pH. This is consistent with the semidiones and their 
protonated derivatives for which there is a higher g 
value7 and a lower coupling4'7 for the anion. The 
higher radical concentration at the higher pH is attrib­
uted to longer chemical lifetime for the anion. Our 
findings place the pK  somewhere in the broad range of
2.8 to 5.1. For comparison, the pK  of the monopro-

tonated semidione derived from biacetyl has the value4 
ca. 4.

R educed D iethyl Oxalate. In a solution made up of 
equal volumes of diethyl oxalate, acetone, and isopropyl 
alcohol at 37° there was a 1-4-6-4-1 spectrum as well as 
a very strong spectrum of (CH3)2COH. We attribute 
the 1-4-6-4-1 spectrum to the cis isomer of the neutral 
protonated form of reduced diethyl oxalate, CH3CH2- 
0 2CC(0H)0CH2CH3. Protonation following electron 
capture by the diester may have been caused by acid 
formed by hydrolysis due to water present as an impu­
rity. The equivalence of the four CH2 protons is be­
lieved to be caused by rapid interchange between two 
tautomeric forms analogous to eq 3. It is assumed that 
interchange is brought about by intramolecular proton 
transfer. Measurements for this radical appear in 
Table II. Other weak lines were present, but we could 
not analyze them. In a solution containing redistilled 
diethyl oxalate and relatively more isopropyl alcohol, 
the weak lines could still not be analyzed. However, 
the outermost weak lines were well resolved and the g 
value was found to be very nearly the same as that of 
the 1-4-6-4-1 spectrum. This solution was also exam­
ined at —31 and at —43°. With lower temperature, 
the lines of the 1-4-6-4-1 spectrum become broader, 
whereas lines of (CH3)2COH become sharper. The 
line-broadening could reasonably result from a slowing 
of the intramolecular proton exchange for this cis neu­
tral isomer. Other weaker lines were present at —31 
and at —43°, but we could not analyze them.

Upon adding water to isopropyl alcohol solutions 
containing diethyl oxalate and acetone, the spectrum 
of (CH3)2COH became weaker and the 1-4-6-4-1 spec­
trum from the cis neutral isomer became stronger. The 
other weak lines whose spectrum could not be analyzed 
in the absence of water appeared to become stronger 
and changed in position and width. With enough 
water present, they could be recognized as a second
1 -4-6-4 -1  spectrum with broader lines partly resolved 
from the spectrum of the cis isomer. With 337 ml of
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Figure 5. Central part of the spectrum during photolysis of an 
isopropyl alcohol solution containing 210 ml of diethyl oxalate, 
320 ml of acetone, 125 ml of H 2O, and 18 ml of concentrated 
HC1 per liter at about 35°. The spectrum is due mainly to two 
nearly superposed 1-4-6-4-1 spectra from the cis and trans 
isomers of reduced diethyl oxalate.

water per liter the lines become about as sharp and as 
strong as those of the cis isomer. We interpret this to 
be the trans isomer. The line shape effects seen after 
adding water are attributed to acid-catalvzed exchange 
between tautomeric forms analogous to eq 4. With 
337 ml of water per liter present the trans isomer was 
seen to have a smaller g value and hyperfine coupling 
than the cis isomer. The relative couplings are con­
sistent with what is expected for these isomer assign­
ments.

The trans isomer showed the fast-exchange spectrum 
(characterized by couplings from four equivalent pro­
tons) in solutions containing less water provided that 
acid was also added. Figure 5 shows the spectrum for 
an acidified solution at about 35°. Not much hydrol­
ysis of the diester had yet occurred, and there are 
present mainly the two partially resolved 1-4-6-4-1 
spectra from the neutral reduced diester isomers. Af­
ter more HC1 was added and much more hydrolysis had 
occurred, the outermost lines became relatively much 
weaker, and there were two barely resolved lines in the 
center instead of just one. The two lines in the center 
and the two flanking lines were mainly from a mixture 
of reduced oxalic acid and reduced monoethyl oxalate. 
Reduced monoethyl oxalate gives a 1 -2 - 1  spectrum due
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to the splittings from two equivalent CH2 protons. 
This splitting is very nearly the same as the splitting 
for the reduced diesters, and in the spectrum just de­
scribed, the 4-strength lines of the reduced diester iso­
mers and the 1 -strength lines of the reduced monoester 
were unresolved. For this reason this spectrum was 
not satisfactory for measuring the parameters of re­
duced monoethyl oxalate.

Solutions of diethyl oxalate which were mostly aqueous 
and which also contained acetone and isopropyl alcohol 
were examined at different acid concentrations to deter­
mine whether the reduced esters were in the anion or 
monoprotonated form. .The solutions showed two 
partly resolved 1-4-6-4-1 spectra from the reduced di­
ethyl oxalate isomers. The isomers had nearly equal 
strengths. The lowest field line of each was resolved, 
and the two lines at highest field, one from each isomer, 
were in coincidence (more so than shown in Figure 5). 
This made it possible to measure the parameters for 
each isomer. In the absence of added acid or base the 
solutions were quite acidic due to hydrolysis, typically 
a pH of 1.9. Measurements were also made at a pH of
5.5 in a solution to which sodium acetate had been 
added. Finally, a solution which was made 0.3 N  in 
HC1 was measured. The concentration of reduced 
diethyl oxalate was about 3 times higher at a pH of
5.5 than at the two lower pH values. The measured 
parameters appear in Table II, together with assign­
ments to isomeric form and to anion or neutral radical. 
The isomers are assuredly neutral in the solution which 
was acidified with HC1. The g values and couplings 
are almost the same for a pH of 1.9. Somewhere be­
tween pH values of 1.9 and 5.5 there is a significant 
change in the parameters and in the radical concentra­
tion. At the higher pH the g value is higher, the cou­
pling is lower, and there is a higher radical concentration. 
These findings are similar to those for the reduced 
dimethyl oxalate isomers, and here too the changes are 
attributed to the dissociation of neutral radicals to form 
anions at the higher pH. The identifications of cis and 
trans isomers for the aqueous solutions in Table II are 
based only on their couplings (see section on reduced 
dimethyl oxalate).

It is interesting that the related radical anions of 
methyl and ethyl mesoxalate, RChCCOCCkR-",  have 
been prepared12 from the mesoxalate esters and also by 
reduction of the oxalate esters by potassium in hexa- 
methylphosphoramide. For both anions the coupling 
to the protons was found12 to be 0.66 G which, as ex­
pected, is lower than values for the reduced oxalic acid 
diester radicals described in this manuscript.

R educed M onoesters. A number of monoesters were 
reduced by electron transfer from donor radicals in 
aqueous solutions. Only the reduced monomethyl ester

(12) G . A . R ussell and S. A . W einer, J. Amer. Chem. Soc., 89 , 6623
(1967).



Paramagnetic Resonance Study of Liquids during Photolysis 3343

Table I I I :  Values of g  and Couplings ( a ( n ) )  (in Gauss for re Equivalent Protons) for 
Reduced Monoesters of Oxalic Acid in Acidified Aqueous Solutions

C om pn  o f  soln (per 1.) 9 a(n) n Radical®
20.4 g of dimethyl oxalate, 102 ml of acetone, 102 ml of 2- 2.00406 1.79 3 CH 30 2C C (0H )2

propanol, and 32 ml of coned HC1 at 34°
19 g of oxalic acid, 400 ml of ethyl alcohol, 34 ml of acetalde­ 2.00408 1.65 2 C H 3CH 20 2C C (0H )2

hyde, and 34 ml of coned HC1 at 37°
22 g of oxalic acid, 370 ml of 2-propanol, 123 ml of acetone, 2.00408 0.90 1 (CH3)2C H 0 2C C (0H )2

and 31 ml of coned HC1 at 37°
19 g of oxalic acid, 325 ml of re-propyl alcohol, 132 ml of ace­ 2.00410 1.68 2 C H 3CH 2CH 20 2C C (0H )2

tone, and 26 ml of coned HC1 at 37°
14 g of oxalic acid, 390 ml of ethylene glycol, 115 ml of ace- 2.00410 1.78 2 H 0 C H 2CH 20 2C C (0H )2

tone, and 24 ml of coned HG1 at 37°

“ Rapidly exchanging reduced mpnoester radicals: R 0 2CC(OH)2 R 0 (0 H )C C 0 2H.

was measured (Table I) at several pH values, as de­
scribed in the section on reduced dimethyl oxalate. The 
other reduced monoesters were measured (Table III) in 
solutions acidified with HC1. To prepare reduced 
monoethyl oxalate a solution was made up with oxalic 
acid, ethyl alcohol, acetaldehyde, HC1, and H20. This 
solution contained a small equilibrium concentration of 
the monoester. The reducing radical was CH3CHOH 
formed7 by H-atom abstraction from CH3CH2OH by 
excited CH3CHO. The spectrum contained a very 
strong sharp line from reduced oxalic acid and two very 
much weaker sharp lines from reduced monoethyl oxa­
late on either side of the strong line. The center line of 
the reduced monoester was obscured by the line from 
reduced oxalic acid. This solution also gave a spectrum 
of the donor radical CHjCHOH. Reduced monoesters 
of oxalic acid with ethylene glycol, isopropyl alcohol, 
and n-propyl alcohol were prepared by photolysis of 
acidified aqueous solutions made up with oxalic acid, 
the appropriate alcohol, and acetone. The donor radi­
cals (CH3)2COH and R'RCOH were produced10 from 
excited acetone by H-atom abstraction from R'RC- 
HOH. In each solution the spectrum of (CH3)2COH 
was absent or nearly absent, because it had quickly do­
nated an electron to the monoester. In the solution 
containing n-propyl alcohol, there was a spectrum from 
CH3CH2CHOH showing splittings from all protons ex­
cept the hydroxyl group proton. The radical CH2- 
OHCHOH was not seen in the solution containing 
ethylene glycol. This does not necessarily mean that 
CH2OHCHOH is a good donor, since it is known9» to 
disappear quickly in acid solutions. Figure 6 shows 
lines in the central part of the spectrum for the solution 
containing ethylene glycol. The strongest line is from 
reduced oxalic acid. In addition, there is a 1-2-1 spec­
trum from the reduced monoester of ethylene glycol. 
Very weak lines (not shown in Figure 6) from the donor 
(CH3)2COH were also present. This solution was also 
examined before adding acetone, and as expected, no 
lines were seen. Figure 7 shows the spectrum for the 
solution containing isopropyl alcohol. The strong line

Figure 6. Central part of the spectrum during photolysis of an 
aqueous solution containing 2.7 g of oxalic acid, 446 ml of 
ethylene glycol, 115 ml of acetone, and 92 ml of concentrated 
HC1 per liter at about 37°. The strongest line is due to 
reduced oxalic acid. The 1-2-1 spectrum is due to the reduced 
monoester of oxalic acid and ethylene glycol.

from reduced oxalic acid is stronger than for the pre­
vious solution, mainly because the oxalic acid concen­
tration is 8 times greater. The two weak lines con­
stitute a 1 - 1  spectrum from the reduced monoester of 
isopropyl alcohol.

The reduced monoester radicals produced in acidified 
aqueous solution were undoubtedly in the neutral pro- 
tonated form (I) or (II) or a mixture as a result of pro­
tonation following electron capture

ROOCCOOH +  D — *■ ROOCCOOH“ +  D+

RO(OH)CCOOH (I)
/

ROOCCOOH- +  H + '  (5)

^ROOCC(OH)2 (II)

Only a single spectrum of reduced monoester was seen 
in these acid solutions, whereas three forms are pos-
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Table I Y : Values of g for Reduced Oxalic Acid in Aqueous Solutions

Compn of soin (per 1.)

117 g of potassium oxalate, 75 ml of acetone, 75 ml 
of 2-propanol, and 15 ml of 1 N  HC1 at 32° 

Above soin after adding coned HC1 at 32°
0.7 g of oxalic acid, 16.2 g of potassium oxalate, 75 

ml of acetone, and 75 ml of 2-propanol at 32° 
Above soin after adding coned HC1 at 32°
Above soin after adding coned HC1 at 33°
Above soin after adding coned HC1 at 31°
67 g of oxalic acid, 283 ml of 2-propanol, and 10 ml 

of H 2O2 at 38°
67 g of oxalic acid, 283 ml of ethyl alcohol, and 11 

ml of H 2O2 at 35°
67 g of oxalic acid, 140 ml of acetone, and 140 ml 

of 2-propanol at 34°
22 g of oxalic acid, 370 ml of 2-propanol, and 123 

ml of acetone at 37°

pH 0 Radical

5.9 2.00419 HO2CCO2H -

5.0 2.00418 HO2CCO2H ■ “
4.9 2.00417 HO2CCO2H • ~

4.5 2.00416 HO2CCO2H • -
1.7 2.00405 H 02CC(0H)2
1.0 2.00404 HOiCCCOHh
0.8 2.00403 H02CC(0H)2

~ 0 . 8 2.00400 H02CC(0H)2

~ 0 .8 2.00401 H 02CC(0H)2

(0.37 N  
HC1)

2.00402 H 02CC(0H)2

Figure 7. Spectrum during photolysis of an aqueous solution 
containing 22 g of oxalic acid, 370 ml of isopropyl alcohol, 123 
ml of acetone, and 31 ml of concentrated HC1 per liter at about 
37°. The strongest line is due to reduced oxalic acid. The 
two weaker lines constitute a 1-1 spectrum due to the reduced 
monoester of oxalic acid and isopropyl alochol.

sible, namely (II) and cis and trans isomers of (I). 
However, all three radical forms can be converted one 
to the other by acid-catalyzed hydroxyl proton transfer 
similar to that shown by eq 2. If the exchange rates 
are comparable to those for the reduced diesters, they 
would be fast enough to give a single averaged spec­
trum as was seen. It is not apparent how much of 
each exchanging form is present.

Measurements of reduced monomethyl oxalate at

several pH values are given in Table I. At a pH of 1.9 
there was only one 1-3-3-1 spectrum from reduced 
monomethyl oxalate, and its parameters are within ex­
perimental error the same as for the acidified solution. 
It too is undoubtedly from the rapidly exchanging neu­
tral radicals I and II. At a pH of 2.8 this spectrum be­
came so weak that its stronger lines were barely seen. 
At a pH of 5.1 there was present a very strong 1-3-3-1 
spectrum and probably another much weaker 1-3-3-1 
spectrum. The latter spectrum is somewhat suspect, 
as it is not entirely definite that it is a 1-3-3-1 spectrum. 
Its 3-strength lines were not resolved from other lines, 
but the 1 -strength lines were resolved and measured. 
Both 1-3-3-1 spectra had larger g values and smaller 
couplings than those at lower pH’s. This is similar to 
what was found for the reduced diesters, and as in those 
cases, this is attributed to dissociation of the neutral 
radicals to form anions. At a pH of 5.1 the 1-3-3-1 
spectra are probably two of the three anion radicals 
CH30(0H )CC02-  CH30 2CC02H - ,  and CH30 2-
c c o 2-2- .

R educed O xalic A cid . The one-line spectrum for re­
duced oxalic acid was only studied in aqueous solution 
as its spectrum was very weak or absent in the absence 
of water. The line was not seen at a pH of 7.7 in an 
aqueous solution containing 117 g of potassium oxa­
late, 75 ml of acetone, and 75 ml of isopropyl alcohol per 
liter. However, when the pH was progressively lowered 
by adding HC1, the signal appeared with increasing in­
tensity. At a pH of 5.9 the signal-to-noise ratio was 3. 
At a pH of 5.3 the line was 10 times stronger, and at a 
pH of 5.0 it was stronger again by a factor of 3. Ob­
servations at still lower ,pH values were made on an­
other solution containing less oxalate ion and oxalic 
acid (see Table IV). For pH values ranging from 4.9 
to 1.0 the line-heights increased by a factor of 340. 
This behavior suggests that electron capture occurs for 
oxalic acid, but not for the oxalate ions.
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Table IV gives g values for reduced oxalic acid and 
the pH for a number of solutions. Although the ab­
solute g values may have errors as large as ±0.00004, 
the precision with which these values were measured in 
a single run was about ±0.00001. The larger error is 
due to uncertainty in the difference in field for the 
positions of the epr sample and the field probe. This 
difference changes from run to run. The smaller 
error may be used in comparing g values for the same 
solutions at different pH values in Table IV. At some 
pH values it is likely that substantial amounts of neu­
tral and anion radicals were present at the same time. 
Since only a single line was observed, these radicals 
either have superposed lines or interconvert rapidly. 
The g value for a pH of 1.7 is slightly higher than at 
lower pH values. This may be a real difference in­
dicating the presence of some radicals in the anion 
form. Measurements were not made over the pH 
range of 1.7 to 4.5 where a large change in g takes place. 
The much larger values of g at the higher pH values 
suggest that mainly anion radicals are present while at 
the lower pH values mainly the neutral radical is 
present.

Solutions with pH values of 1.0 or less had strong 
enough lines that 13C signals, provided they were un­
broadened, should have been seen. Although large 
field scans were made, we did not find lines which we can 
confidently attribute to 13C. However, we may have 
seen 13C in two solutions. One contained 2.9 g of ox­
alic acid per liter and was about 5 N  in HC1. Several 
weak lines were near the strong line. Two of these, 
spaced apart by (2.6 ±  0.5) G, were equally spaced 
from the strong line. Each weak line had about 
1/200 the height of the strong line. The weak lines 
seemed to be broader than the strong line, but an ac­
curate comparison could not be made. Another solu­
tion with the same concentration of oxalic acid but 
about 10 N  in HC1 also had two weak lines equally 
spaced from the strong line. The spacing between the 
two weak lines was (2.25 ±  0.15) G, and the ratio of the 
line height for a weak line to that of the strong line was 
about 1/130.

For pH values of 1.0 or less it seems very likely that 
there would be rapid exchange among the various forms 
of reduced oxalic acid by a protonation mechanism. 
As in the case of the reduced diesters, fast exchange is 
expected between tautomeric forms. Exchange be­
tween the unsymmetrical tautomeric forms such as

H +
h o 2i3c c (o h )2 (h o )213c c o 2h

H+ <6>
- 0 213CC(0H)» ^  (H0)213CC02~

would cause the two carbon positions to appear equiva­
lent in an exchange averaged spectrum. Exchange be­
tween neutral and anion forms by acid dissociation and 
by protonation would also be expected to be rapid at a

pH of 1.0 and lower. These fast exchanges would then 
involve all forms of reduced oxalic acid, and if the 
I3C coupling is only a few gauss we would expect to find 
a sharply averaged spectrum with two hyperfine lines 
from species containing one 13C atom, and each line 
would have 1/90 the strength of the main line rather 
than 1/180 (isotopic abundance of 13C is 1.1%). We 
conclude that exchange by the above protonation 
mechanism is not responsible for the failure to find 
sharp 13C lines at the highest acidity.

Electron exchange between oxalic acid and reduced 
oxalic acid in an anion form could lead to line broaden­
ing if the rate is intermediate or to loss of 13C hyperfine 
structure if the rate is fast

H 02I3CC02H- -  .+  H02CC02H ^
H 0213CC02H +  H02CC02H --  (7)

Exchange for this process would be slower at high acid 
concentrations as less of the radical would be in the 
anion form (which undergoes rapid exchange with the 
neutral forms). It is quite conceivable that the pair of 
weak lines seen in solutions approximately 5 N  and 10 N  
in HC1 are 13C hyperfine lines and that their line heights 
relative to the strong central line are less than 1/90 
because of broadening due to electron exchange.

A nom alous Spectra. In previous studies of solutions 
undergoing photolysis, we had often seen spectra whose 
hyperfine lines appeared to have anomalous strengths. 
They did not have the expected relative heights even 
when the microwave power was low to avoid saturation 
and the 100-kHz field modulation whs large to reduce 
the effect due to possible differences in line width. 
In the present work we noticed that hyperfine lines of 
(CH3)2COH are very anomalous in aqueous solutions 
containing oxalic acid. For this reason, we recorded 
spectra at room temperature in aqueous solutions con­
taining acetone, isopropyl alcohol, HC1, and different 
concentrations of oxalic acid. Excited acetone reacted

Figure 8. Spectrum during photolysis of an aqueous solution 
containing 1.0 g of oxalic acid, 423 ml of isopropyl alcohol, 106 
ml of acetone, and 70 ml of 1 N  HC1 per liter at about 37°. 
The strongest line is due to reduced oxalic acid. The stick 
spectrum identifies lines of (CHa)iCOH.
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Figure 9. Spectrum during photolysis of an aqueous solution 
containing 11.4 g of oxalic acid, 421 ml of isopropyl alcohol,
105 ml of acetone, and 70 ml of 1 N  HC1 per liter at about 37°. 
The strongest line is from reduced oxalic acid. The stick 
spectrum identifies lines from (CH3)2COH.

Figure 10. Spectrum during photolysis of an aqueous solution 
containing 20.6 g of oxalic acid, 192 ml of isopropyl alcohol, 192 
ml of acetone, and 39 ml of concentrated HC1 per liter at about 
37°. The strongest line is from reduced oxalic acid. The 
stick spectrum identifies lines from (CHshCOH.

with isopropyl alcohol to form (CH3)2COH. 10 As the 
concentration of oxalic acid was increased, the steady- 
state concentration and lifetime of (CH3)2COH de­
creased because of electron transfer to oxalic acid. 
Hydrochloric acid was incorporated in these solutions 
to eliminate by chemical exchange10 the small splitting 
from the OH-group protons of (CH3)2COH. Figures 
8 and 9 are for solutions which were nearly identical ex­
cept for the concentration of oxalic acid. The spec­
trometer settings were the same in both cases. For 
Figure 8 there was present only 1.0 g of oxalic acid per 
liter. This is enough to give a very strong line from 
reduced oxalic acid (the strongest line present). The 
spectrum for (CH3)2COH, identified by the stick spec­
trum, is quite similar to the way it appears without ox­
alic acid, and there is a noticeable anomaly in that the 
low-field lines are weaker than the corresponding high- 
held lines. For Figure 9 there was present 11.4 g of 
oxalic acid per liter. The line from reduced oxalic acid 
is much stronger, and the lines from (CH3)2COH are 
much weaker. Furthermore, the intensity anomaly is 
much greater; the ratio of high-held to low-held 6- 
strength or 15-strength lines differs further from unity. 
With even more oxalic acid present, the anomaly be­
came even greater. In a solution containing more ox­
alic acid but different proportions of the other compo- 
nehts, the low-held, 1-, 6-, and 15-strength lines were 
emission lines, whereas the others were absorption 
lines. This is shown in Figure 10.

Additions of oxalic acid were also made to acidihed 
aqueous solutions containing acetone and ethyl alcohol

which generated6 the electron donors (CH3)2COH and 
CH36 HOH. A s before, (CH3)2CJOH showed the in­
tensity anomaly and it became greater as oxalic acid 
was added. In the absence of oxalic acid CH3CHOH 
showed the intensity anomaly in a comparison of its 1 - 
strength lines. As oxalic acid was added, the anomaly 
became more pronounced and quite evident in the 3- 
strength lines of CH3CHOH as well; however, emission 
lines were not seen. It is interesting that the anomaly 
was seen for both radicals, as they were made in the 
same reaction by the transfer of hydrogen from ethyl 
alcohol to excited acetone.

Spectra with inverted low-field lines have been re­
ported by Fessenden and Schuler13 for atomic hydrogen 
and deuterium in liquid methane and methane-ethane 
mixtures during irradiation with fast electrons. Smaller, 
Remko, and Avery14 saw spectra whose low-field lines 
were inverted or reduced in strength for all radicals 
they studied by pulse radiolysis. They found that 
emission occurs for an initial period varying from 6 to 
60 /isec for different radicals. It is quite possible that 
this intensity anomaly is closely related to the observa­
tion18 of nuclear magnetic resonance emission and en­
hanced. adsorption during fast free-radical reactions.

(13) R . W . F essenden and R . H . Schuler, J. Chem. Phys., 39 , 2147 
(1963).
(14) B . Sm aller, J . R . R em k o, and E . C . A v ery , ibid., 48 , 5174
(1 968 ) .
(15) (a) G . L . C loss and L . E . C loss, J. Amer. Chem. Soc., 9 1 , 4549
(1 9 6 9 ) ; (b ) J . L . C loss and A . D . T rifu n a c, ibid., 9 1 , 4554 (1 969 ); 
(c) see references con ta ined  in  a  and  b.
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The Chemically Significant Details of Some Nuclear Reactions

by C. H. W. Jones
Chemistry Department, Simon Fraser University, Burnaby 2, British Columbia, Canada (Received March 9, 1970)

The chemical effects of nuclear transformations have been widely studied in solids. The aim of the present 
paper is to reexamine the sequence of events as they occur following thermal neutron capture in a solid. Experi­
mental evidence recently reported in the literature is reviewed. In particular, attention is focussed on the 
possible existence in the y cascade following neutron capture, of delayed states with half-lives of nanoseconds 
or greater, and which may be highly internally converted. The stopping time for energetic atoms recoiling 
from nuclear reactions in solids is also discussed, and relevant experimental evidence from Mossbauer spectros­
copy and perturbed angular correlation studies is reviewed. The implications of the reported experimental 
work for models of the chemical reactions occurring following the (n,7 ) reaction are discussed.

Introduction
Studies of the chemical effects of nuclear transforma­

tions in solids have been principally concerned in the 
past with investigations of the (n,7 ) reaction. 1 '2 A 
model which set out to describe the physical and chem­
ical processes occurring during and following the recoil 
event was formulated by Harbottle and Sutin3 in 1958. 
The purpose of the present paper is to reexamine, in the 
light of experimental evidence accumulated in the litera­
ture in recent years, some of the important features of 
the (n,y) reactions for several specific cases. In partic­
ular, attention is focussed on the possible existence in 
the prompt y  cascade, following thermal neutron cap­
ture, of delayed states with half-lives of nanoseconds or 
greater, and which may have high internal conversion 
coefficients. The time over which the recoil event takes 
place is also examined, and relevant experimental evi­
dence, obtained from Mossbauer spectroscopy and per­
turbed angular correlation measurements, is reviewed.

In the hot-zone model for recoil events in solids, 3 it 
was visualized that in an (n,7 ) reaction the daughter 
atom would acquire a kinetic energy of perhaps 10 0 ’s 
of eV as a consequence of the emission of high-energy 7  
rays in the 7  cascade. The recoil atom was then en­
visaged as losing its kinetic energy in ca. 1 0 “ 13 sec in 
collisions with surrounding substrate atoms and mole­
cules, and in so doing the radioactive daughter atom 
could become chemically recombined. The recoil en­
ergy transferred to the lattice was visualized as pro­
ducing 5 or 6 local “hot-spots” in the crystal surround­
ing the recoil atom. These hot-spots would then co­
alesce in ca. 1 0 ~ 12 sec to form a hot zone in which the 
crystal would be essentially molten. The hot zone was 
then pictured as cooling down below the melting point 
of the lattice in ca. 10~H sec. During the lifetime of 
the hot zone it was proposed that further chemical re­
actions could occur involving the recoil atom. The 
Harbottle and Sutin model did not take account of the 
spectrum of recoil energies made available as a conse­
quence of the vector cancellation of 7 -ray momenta in

the complex 7  cascade. In one or two instances, where 
the main details of the 7  cascade were sufficiently well 
established, calculations of the recoil energy spectra 
have been attempted.4'6 For those specific cases, the 
calculations show that in a very large fraction of events 
the recoil kinetic energies are considerably greater than 
chemical bond energies, or the energy required to dis­
place an atom in a solid lattice.

A second point, of probably greater significance, is 
whether the processes occurring during the recoil event 
are dominated simply by the kinetic energy of the re­
coil, or whether electronic excitation and ionization of 
the recoiling species will play a significant role.6 At 
the recoil kinetic energies available in (n,7 ) reactions, 
ionization will not occur through the autoionization 
process. However, internal conversion of 7  rays in the 
7  cascade will result in very extensive ionization of the 
recoiling atom through the Auger charging process. 
The 7  transitions which will have high internal con­
version coefficients will be low-energy transitions with 
high multipole character. Such transitions are just 
those transitions which may involve delayed states 
with lifetimes of nanoseconds or greater.

Several authors have in the past made reference to 
the possible existence of relatively long-lived states 
with high internal conversion coefficients in the n,7  
cascade, including Wexler,5 Campbell,4 and Wolfgang.7 
The latter author has pointed out the possibility that 
the recoiling atom in the (n,7 ) reaction could lose its

(1) (a) L . V . G roshev, A . M . D e m id o v , V . 1. P e lek h ov , L . L . S o k o ­
lovsk ii, G . A . B arth olom ew , A . D ove ik a , K . M . E a stw ood , and S. 
M on a ro , Nucl. Data, A 3 , 4 (1 967 ); AS, 1 (1 9 6 8 ); A 5 , 3 (1 969 ); 
(b ) C . M . Lederer, J . M . H ollander, and I .  Perlm an , E d ., “ T a b les  o f 
Iso to p e s ,”  6th  ed, W iley , N ew  Y ork , N . Y ., 1967.
(2) (a) G . H a rb ottle , Ann. Rev. Nucl. Sci., 15, 89 (1 9 6 5 ); (b ) A . G . 
M a d d o ck  in  "N u c le a r  C h em istry ,”  V o l. I I ,  L . Y aa fe , E d ., A cad em ic  
Press, N ew  Y o rk , N . Y „  1968, p  186.
(3) G . H a rb ott le  and N . Sutin, J. Phys. Chem., 62, 1344 (1958).
(4) I . G . C am pbell, Adv. Inorg. Chem. Radiochem., 5 , 135 (1963).

(5) S. W exler, Act. Chim. Biol. Radiat., 8 , 107 (1965).
(6) G . N . W a lton , Radiochim. Acta, 2 , 108 (1964).
(7) R . W olfga n g , Progr. React. Kinet., 3 , 97 (1965),

The Journal of Physical Chemistry, Vol. 74, No. 18, 1970



3348 C. H. W. Jones

kinetic energy and become chemically bound long be­
fore the internal conversion of the long-lived state. 
The final chemical products incorporating the daughter 
radioactivity would then be greatly influenced by the 
Auger ionization and excitation occurring in the pri­
mary (n,7 ) recoil product molecule. Müller* 8 has fur­
ther proposed that there may be several rounds of suc­
cessive ionization and subsequent electronic relaxation 
following successive internal conversion of several 
states in the y  cascade.

In the early 1950’s Wexler and Davies9 and Yosim 
and Davies10 demonstrated that iodine, bromine, and 
indium (11,7 ) recoils acquire a positive charge in a cer­
tain fraction of events as a consequence of internal con­
version. Thompson and Miller11 subsequently in­
vestigated the charge states of In, Dy, and Mn recoils 
and observed that the charge state of the recoil ejected 
from the surface of an irradiated foil or film was in­
dependent of the chemical composition of the target. 
They concluded that the charge was acquired, after 
ejection from the surface, through internal conversion of 
long-lived states in the y  cascade. These experiments 
have been well reviewed by Wexler. 4

The above experiments do not provide a very de­
tailed picture of the recoil event. This can only be 
obtained by the direct measurement of the energy levels 
populated in the y  cascade, the lifetimes, and the rela­
tive number of events occurring through these states. 
Such information is slowly emerging from nuclear spec­
troscopic studies of the prompt y  cascades following 
thermal neutron capture and other nuclear reactions, 
and from related spectroscopic studies of radioactive 
decay processes. In addition, direct experimental evi­
dence as to the stopping time for energetic recoil atoms 
in solids is becoming available from Mössbauer and 
angular correlation work, together with measurements 
on the electronic relaxation time accompanying the 
Auger process.

A review of information available from the literature 
is now presented for several nuclei of interest and the 
implications of the data for theories concerning the 
chemical effects of the (11,7 ) event in solids are 
discussed.

Evidence for Delayed States
The data for several nuclei of interest are abbreviated 

in Table I and the data are discussed in detail below for 
each isotope.

Phosphorus-32. Phosphorus is monoisotopic and 
the reaction 31P(n,7 )32P has been one of the most widely 
used to produce recoil atoms in solids, and is therefore 
of some interest.

Mendelsohn and Carpenter12 have recently studied 
the prompt y  rays emitted in the 31P(d,p)32P reaction 
and have determined the lifetime of the 0.077-MeV first 
excited state in 32P to be 5 X 10~ 10 sec. The transi­
tion to the ground state is in all probability an Ml

Table I :  Delayed States

Delayed Half-
K-shell
internal

No. of 
events/100 Ref for

state, life, conversion neutron half-
Nuclide MeV nsec coeff" captures** lives

32p 0.077 0.5 Very small 45 12
5lCr 0.750 1 0 .8 Very small 72 15
“ Mn 0.109 5.1 ( 0 . 1 - 1 . 0 ) 20 18, 19

0.023 1 1 .0 (ca. 3) 25 18, 19
65Zn 0.054 1600 (9) 22
soßr 0.037 7.4 1 .6 100 26

128 J 0.132 8 .0 (0.5)

(Isomeric
transi­
tion)

42 18, 27,

0.030 8 .6
28

18

“ Values in parentheses are deduced values. b For the (71,7 ) 
reactions, the values quoted are the intensities of the 7 rays 
directly observed in the prompt spectrum.

transition. The internal conversion coefficient will 
then be very small as indicated by the theoretical cal­
culations of Sliv and Band for the internal conversion 
coefficient as a function of Z , the atomic number, the 
energy, and the multipolarity of the transition. 13 The 
(n,7 ) cascade has been studied in some detail14 15 and an 
examination of the intensities of the 7  transitions indi­
cates that the cascade proceeds through the 0.077-MeV 
level in ca. 45 events per 100 neutron captures.

Since the internal conversion coefficient will be small, 
the net effect of the delayed 0.077-MeV transition will 
be that the phosphorus will acquire a further recoil 
kinetic energy of 0.1 eV, given by

in eV, where E y is the photon energy in MeV and M  is 
the atomic mass.

Chrom ium -51. Chromium has several stable iso­
topes, but the one reaction widely studied in recoil 
chemistry is the 60Cr(n,7 )61Cr reaction.

Bauer, et a l.,13 have studied the prompt 7  radiation 
observed in the 6IV(p,n7 )61Cr and 48Ti(a,n7 )81Cr reac-

(8) H . M üller, P roceed in gs o f  th e  S ym p osiu m  on  C hem ica l E ffects  
o f  N uclear R ad ia tion s  and R a d ioa ctiv e  T ransform ation s, In te rn a ­
t ion a l A to m ic  E n e rg y  A g en cy , V ienna, 1964, V ol. I I , p  359.
(9) S. W exler and T .  H . D avies, J. Chem. Phys., 20 , 1688 (1 952 ).
(10) S. Y o s im  and T .  H . D avies, J. Phys. Chem., 56 , 599 (1 952).
(11) J . L . T h om p son  and W . W . M iller, J. Chem. Phys., 38 , 2477 
(1963).
(12) R . A . M en d elsoh n  and R . T .  C arpenter, Phys. Rev., 165, 1214 
(1968).
(13) L . A . S liv  and I . M . B an d, re f lb ,  p  580.
(14) R eferen ce  la , Nucl. Data, A3 (1967).
(15) R . W . B auer, J . D . A nderson , and J. L . C hristensen , Phys. Rev., 
130, 312 (1963).
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Figure 1. The decay scheme for 66Cr showing the 5.1- and 
11-nsec states in “M n .B

tions, bombarding vanadium and titanium targets in 
the Livermore variable energy cyclotron. They report 
a 0.75-MeV state for 51Cr with a half-life of 10.8 ±  0.5 
nsec. They confirmed this half-life by studying the (3+ 
decay of 45 min 51Mn which populates the 0.75-MeV 
state in 61Cr in 0.1% of events.

The prompt y  cascade in the (n,y) reaction has been 
studied by several workers. 16 The deexcitation cascade 
is reported to proceed through the 0.75-MeV transition 
in 72 events per 100 neutron captures.

The internal conversion coefficient for this high- 
energy transition will be very small and the net effect of 
the delayed state will be to impart a recoil kinetic en­
ergy to the chromium-51 atom of 5.9 eV.

M anganese-56. Manganese is again monoisotopic 
and the reaction of interest here is 66Mn(n,y)66Mn.

The decay of 66Cr allows the study of the low-lying 
states in 66Mn as shown in Figure l . 17 The half-life of 
the 109-keV level is reported17 as 5.1 nsec while the 25- 
keV level is also delayed with a half-life of 11 nsec. 
The internal conversion coefficients for the 83-keV and
26-keV transitions have not been measured. However, 
the theoretical calculations of Sliv and Band, 13 together 
with the multipolarities reported by Dropesky, et a l.,17 
suggest the following assignments (Table II) for the 
transitions.

Table I I :  Transitions for 6 xCr

Transition

0.083 M eV  
0.026 M eV

Multi­
polarity

jMi -f- E% 
M i {  +  E f )

K-shell
internal

conversion
coefE

0 .1 - 1 .0
ca. 1.5

The thermal neutron capture cascade has been ex­
tensively studied. Du Toit and Bollinger18 and 
D’Angelo19 measured the lifetime of the 109-keV level

25

0.338Mev

0.211

0.108

0.024

Figure 2. Part of the prompt y  cascade observed following 
thermal neutron capture by ifM n .!1

directly in the y cascade using delayed coincidence 
techniques. They reported values of 5.1 nsec and 11.4 
nsec in good agreement with the values reported from 
the 66Cr decay work.

Hughes, et a l.,70 have investigated the prompt y-ray 
spectrum in detail in both the high-energy reaction, 3 
MeV to 7.3 MeV, and the low-energy region 84 keV to 
1 MeV. In all, some 120 y rays were identified. This 
work clearly shows that the 83-keV and-26 keV levels 
are populated in the y cascade in a significantly large 
number of events. The intensities of the y rays per 
100 neutron capture events21 are shown in Figure 2, 
which also illustrates the relevant part of the y cascade. 
Since the 0.026-MeV y ray is observed in 25% of events, 
assuming an internal conversion coefficient of ca. 1.5, it 
follows that deexcitation through internal conversion 
may occur in ca. 36% of events. This is not inconsis­
tent with the data available for the total number of 
events feeding that level. 21

Z inc-65 . Recoil studies have been concerned with 
two reactions 64Zn(n,y)66Zn and 68Zn(n,y)69mZn.

Decay studies of 65Ga have allowed a detailed investi­
gation of the 0.054 MeV level in 66Zn. The half-life 
measured by August and Frichtenicht22 was found to be
1.6 psec. The multipolarity of the 54-keV transition

(16) G . A . B arth olom ew , E . D . E arle, M . It . G u nye, Can. J. Phys., 
4 4 , 2111 (1966).
(17) B . J. D ropesk y , A . W . Schardt, and T .  T .  Shull, Nucl. Phys., 
16, 357 (1960).
(18) S . J . D u  T o it  and L . M . B ollinger, Phys. Rev., 123, 629 (1961).

(19) N . D ’A ngelo , ibid., 117, 510 (1960).
(20) L . B . H ughes, T . J . K en n ett, and W . V . P restw ich , Nucl. 
Phys., 80, 131 (1966).
(21) R eference  la , Nucl. Data, A 3 (1967).
(22) L . S . A u gu st and J. F . F rieten icht, Phys. Rev., 120, 2072 (1960).
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has not been assigned but the half-life is consistent with 
an transition based on the Weteskopf estimates23 for 
7 -ray half-lives as a function of Z  and the multipolarity 
of the transition. The K-shell internal conversion 
coefficient should then be ca. 9 (Sliv and Band).

The 64Zn(d,p)65Zn reaction has been studied by Lin 
and Cohen24 and the 0.054-MeV transition observed in 
the prompt 7 -ray spectrum. Thermal neutron capture 
studies for zinc have only been carried out on the na­
turally abundant element,26 which contains several 
isotopes. In the prompt 7 -ray spectrum some lines 
have been assigned to the 64Zn(n,7 )65Zn reaction and 
the 0.054 MeV level is populated, although the relative 
intensities of the 7 -transition are not known in detail.

In the above work some transitions have been 
assigned to the 68Zn(n,7 )69mZn reaction although again 
the work is as yet incomplete.

B rom ine. There are several suitable nuclear trans­
formations which have been thoroughly investigated 
for the bromine isotopes, including 79Br(n,7 )80mBr, 
80Br, 81Br(n,y)82mBr —► 82Br and studies, in labeled 
compounds, of the isomeric transition process 80mBr 
«•Br.

There is no evidence yet reported of long-lived states 
in the (n,7 ) cascade populating 80mBr or 80Br. With 
reference to the isomeric transition studies, however, it 
must be pointed out that the decay of 80mBr to 80Br 
proceeds through the 37-keV level which, although it is 
reported to be an E x transition, has a half-life of 7.4 
nsec. 26 The internal conversion coefficients of the 
0.049-MeV and 0.037-MeV transitions are ca. 300 and
1.6, respectively (Figure 3).

The time taken for an Auger cascade to reach the 
outer valence shell of the atom, following the creation 
of a hole in the K shell by internal conversion is con­
sidered to be about I0 -14  to 10-16  sec. Carlson and 
White27 have studied the kinetic energy of the fragments 
observed following the explosive decomposition of 
molecules such as CH3I in the gas phase as a result of an 
Auger cascade produced by X-ray bombardment and 
inner-shell hole production. Their experiments led to 
the conclusion that the Auger cascade reaches the val­
ence shell in about 10_ 14 sec. Subsequent electronic 
rearrangements and charge neutralization will also 
occur fairly rapidly (see below). Thus, following inter­
nal conversion of the 0.049-MeV transition in almost 
every event, a rapid electronic relaxation would occur 
and the recoil atom may become stabilized in some 
chemical form before the 0.037-MeV transition takes 
place. In this second transition ca. 60% of the recoils 
would undergo a second Auger charging process. The 
recoil event would, in 60% of events, be a two-step 
process in effect.

Iod ine-128 . The 127I(n,7 )128I reaction has been 
widely studied in both inorganic and organic systems. 
Iodine-128 is a shielded nucleus and its energy levels 
cannot therefore be elucidated by decay studies. How-

Figure 3. The decay scheme for 80mBr showing the 7.4-nsec 
excited state.26

ever, iodine is monoisotopic and has a large thermal 
neutron capture cross section. Therefore a consider­
able amount of work has been done on the prompt 7 -ray 
spectrum for this element. Du Toit and Bollinger18 
first reported that the 133-keV level in 128I had a half- 
life of 8 X 10-9  sec. This measurement has subse­
quently been confirmed by other workers. 28 ■29 Du Toit 
and Bollinger also inferred the existence of a 30-keV 
delayed state with a half-life of 8.8 nsec on the basis of 
experiments conducted using a thin (6 mm) Nal crystal 
both as the iodine target and as the 7 -ray detector. 
This conclusion was subsequently concurred with by 
Cristu and Papa.28 High-resolution 7 -ray spectra 
taken by Archer, et a l.,99 and by Korteling, et a l.,29 show 
no evidence of a 30-keV 7  ray, which may in turn be 
evidence that the transition is highly internally con­
verted. In any event the details of the low-energy 
part of the 7 -ray spectrum have yet to be clearly estab­
lished. Archer, et al., inferred the existence of an 86- 
keV state from their work although an 86-keV 7  ray 
was not directly observed in that work, or in that of 
Korteling, et al.

Returning to the 133-keV level whose existence and 
lifetime is not in question, Korteling, et al., have pro­
posed that it is an enhanced E 2 transition. This would 
correspond to an internal conversion coefficient of about 
0.5. The 133-keV 7  ray is observed in 42% of neutron 
capture events. It follows that thermal neutron cap-

(23) W eissk op f estim ates, re f lb ,  p  578.
(24) E . K . L in  and B . L . C ohen , Phys. Rev., 130, 312 (1 963 ).
(25) R eferen ce  la , Nucl. Data, A3 (1967).
(26) W . D . S ch m idt-O tt, K . W . H offm ann , I . Y .  K rause, A . F la m - 
m ersfeld, Z. Phys., 158, 242 (1960).
(27) T . A . C arlson  and R . M . W hite , J. Chem. Phys., 44 , 4510 
(1 9 6 6 ); 4 8 ,5 1 9 1  (1968).
(28) M . I . C ristu  and M . S . P apa, Ren. Roum. Phys., 10, 673 (1 965).
(29) R . G . K ortelin g , J . D ’A uria, C . H . W . Jones, an d  T .  Isenhour, 
Nucl. Phys., in  press.

(30) N . P . A rcher, L . B . H ughes, T .  J . K en n ett, and W . A . P rest- 
w ich , ibid., 83 , 241 (1966).
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ture is accompanied in ca. 2 1 %  of events by internal 
conversion of the 133-keV transition.

Thus in at least ca. 21% of events ionization will ac­
company the production of 128I recoil nuclei and this 
ionization will occur some 1 1  nsec on average following 
the primary recoil event. If the 30-keV transition 
exists and is highly internally converted, the fraction of 
events in which delayed Auger charging occurs may be 
even greater.

Other N uclei. For completion, the existence of sev­
eral very long-delayed states should be noted.

Chlorine-38 has a metastable isomer with a half-life 
of 0.74 sec and an energy of 0.67 MeV. This state has 
an internal conversion coefficient of 0.0005.31 The 
recoil would impart a kinetic energy of 6.3 eV to the 
38C1 nucleus. However, cross-section measurements 
indicate that 38mCl is produced in only eight events for 
every 1000 38C1 nuclei produced.lb

As has been discussed in previous work, for both 
82Br32 and 60Co33 there exist metastable isomers with 
half-lives of 6.1 min and 10.5 min, respectively. For 
82Br the (n,y) reaction proceeds through the 82mBr iso­
mer in almost every event and the 0.046-MeV transition 
to the ground state has an internal conversion coeffi­
cient of 382.34 For Co the cross section for the produc­
tion of 60mCo is 18 barns and for 60Co 19 barns. 35 The 
internal conversion coefficient of the 0.0586-MeV transi­
tion of 60mCo to the ground state is 41.36 Thus, in 
these two instances the existence of the very long de­
layed state is readily observable. In most instances 
where the chemistry of 82Br and 60Co recoils has been 
investigated, the primary recoil event has been subse­
quently followed by Auger charging in almost every 
event for 82Br and in approximately one-half the events 
for 60Co. This has been taken note of in the more 
recent work. 32'33

The Time of Electronic Relaxation 
Following K-Shell Hole Production

Direct evidence that electronic relaxation, following 
K-hole production and subsequent Auger processes, 
occurs very rapidly has been obtained for 67Fe from 
Mossbauer spectroscopy. Trifthauser and Craig36 per­
formed a time differential Mossbauer emission experi­
ment using 67CoO as a source, and a single line absorber. 
Employing delayed coincidence techniques, the Moss­
bauer spectrum was taken for selected variable survival 
times of the 14-keV Mossbauer state following the elec­
tron capture event. The spectra exhibited a relativistic 
“time-filtering” effect, but there was no evidence of any 
change in the chemical form of the 67Fe for times from 
10  nsec to 200  nsec following the electron capture. 
This indicates that the Auger charging process and en­
suing electronic rearrangements and charge neutraliza­
tion processes are complete in times less than about 
10  ~ 8 sec.

Many angular correlation experiments have been 
performed to study the so-called “hole-recovery effect” 
following production of a K-shell hole by internal con­
version or electron capture.37'38 The technique is simi­
lar to that of the experiment of Trifthauser and Craig in 
that a time differential experiment is performed, but 
now the angular correlation of the decay radiation is 
studied as a function of the selected variable survival 
time of the intermediate state in the decay. If, follow­
ing the K-hole production, the subsequent electronic 
relaxation and rearrangement occurs over a time com­
parable with the lifetime of the intermediate state in 
the correlation study, then this will be observed as a 
time-dependent perturbation effect. If the relaxation 
is fast, but the equilibrium chemical environment of the 
daughter atom is very different from that of the parent 
because of effects resulting from the Auger cascades, 
then this may be observed as a static perturbation 
effect. The third possibility is that no perturbation 
effect is observed which would indicate complete and 
rapid recovery following the Auger cascade. For the 
purposes of the present discussion only examples in the 
first category will be discussed. The results of such 
experiments are generally open to interpretation and 
the effects of impurities and anomalous field gradients 
appear to confuse the issue. However, the picture 
emerges that in metals, as might be expected, the atomic 
rearrangement and recovery occurs very rapidly in 
times of 10- 1 2  sec. In insulators, the recovery may 
take considerably longer and, for example, the ek~ 7  
correlation in the decay of 197mIIg39'40 exhibits a pertur­
bation for 197mHg sources embedded in insulators. 
This is interpreted as evidence of hole-recovery occur­
ring during the 7-nsec lifetime of the intermediate state, 
following internal conversion of the 0.165-MeV transi­
tion (Figure 4). No perturbation was observed for the 
0.130 MeV-0.279 MeV y - y  cascade in 197Au which 
proceeds through the 16-psec state. This branch of the 
decay passes through the 0.409-MeV 7.2 sec isomer of 
l97Au. Thus following the electron capture, complete 
recovery of the atomic shell may take place in less than

(31) P . K ien le, K . W ien , F . W und erlich , and R . H aas, Z. Phys. 
170, 76  (1962).
(32) R . M . Iy e r  and J. E . W illa rd , J. Amer. Chem. Soc., 87 , 2494
(1 9 6 5 ) .
(33) E . Lazzarini, J. Inorg. Nucl. Chem.., 29 , 7  (1967).
(34) J. F . E m ery , ibid., 27 , 903 (1965).
(35) R eferen ce  lb ,  p  21.
(36) W . T rifth auser and P . P . C raig, Phys. Rev. Lett., 16, 1161
(1 9 6 6 ) .
(37) See S . K arlsson , E . M atth ias, and K . S iegbahn, E d ., “ P er­
turbed  A ngu lar C orrela tions,”  N orth -H o lla n d  P u b lish in g  C o., 
A m sterdam , 1964, p  329.
(38) S . D eben edetti, F . D e  B arros, and  G . R . H o y , Ann. Rev. Nucl. 
Set., 16, 31 (1966).
(39) B . G. P etterson , T .  R . G erholm , J. T h u n , and K . Siegbahn, 
Phys. Rev. Lett., 6 , 14 (1961).
(40) B . G . P etterson , J . E . T hu n , and T .  R . G erholm , Nucl. Phys., 
24 , 223 (1961).
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79

Figure 4. The decay scheme for ,97mHg showing the 7-nsec 
perturbable state.39

7 sec. Alternatively, the 16-psec state may be too 
short-lived to couple effectively to the local electrostatic 
field and thus yields an unperturbed correlation.

The Stopping Time of a Recoil Atom in a Solid
The hot-zone model, proposed by Harbottle and 

Sutin to describe the slowing down of a recoil atom in a 
solid, visualized an atom recoiling, following thermal 
neutron capture, as losing its kinetic energy of several 
hundred electron volts in less than 10-1 3  sec. Several 
experiments have been performed in recent years which 
lend support to the theoretical slowing down time of 
the order of 10~ 13 sec. Thus Stone and Pillinger41 in­
vestigated the 59.6-keV, 63-nsec Mossbauer transition 
for 237Np, populated by a  decay from 241Am and by ¡3~ 
decay from 237U. In both instances the Mossbauer 
effect was observed, although following a  decay the 
recoil-free fraction was lower than that following /3~ 
decay. Kaplan42 has examined this particular system 
in detail and, applying a stopping theory of high-veloc­
ity ions, concluded that the 93-keV 237Np recoil pro­
duced in a  decay would travel ca. 200 A, stopping in a 
time of ca. 4 X 10-1 3  sec. Thus, following decay of 
the parent 241Am, the recoiling 237Np would come to 
rest long before the 59.5-keV Mossbauer transition was 
observed. The appreciable recoil-free fraction is evi­
dence that a significant number of 237Np nuclei come to 
rest and are equilibrated in strongly bonded positions in 
the solid lattices before the Mossbauer transition is 
reached.

Mullen43 has proposed that the lower recoil-free frac­
tion for the 241Am source can be explained by local 
heating of the lattice due to the energy dissipated as the 
recoiling atom slows down. This would raise the effec­
tive temperature in the vicinity of the recoil atom above 
the'ambient temperature. The observed recoil-free frac­
tion corresponds to an effective temperature of 215°K, 
from which Mullen calculates the thermal conductivity 
of Np02 to be 1.6 X 10-s cal cm- 1  deg- 1  sec-1, the

calculation being based on the energy deposited and on 
the assumption that the heat diffuses out of the recoil 
zone with time.

Similar Mossbauer studies have been performed using 
nuclear reactions to populate the Mossbauer level of 
interest, and observation of the recoil-free fraction, and 
the line width, obtained in such experiments provides 
evidence as to the bonding to the recoil atom at the 
time that the Mossbauer y ray is emitted. Thus 
39K(d,p)40K, 66Fe(d,p)67Fe, 39K(n,T)40K, 3«Fe(n,y)57Fe, 
1M,'57Gd(n,7 )156'188Gd reactions have all been studied, 
in addition to investigations of Coulomb excitation for 
61Ni, 67Fe, and 73Ge. In each of these experiments the 
procedure is essentially the same. The source in the 
Mossbauer experiment is the excited nucleus directly 
populated in the respective nuclear reaction, and the 
spectrum is taken against an appropriate single-line 
absorber. These experiments are briefly summarized 
in Table III.44-61 The one important characteristic of all 
of these experiments is that the recoil-free fraction is 
substantial and that the line widths approach the the­
oretical values. Thus, these experiments again indi­
cate that in these nuclear reactions the recoil atom must 
come to rest in the majority of events in strongly bonded 
positions in the solid lattice in the very short interval of 
time before the Mossbauer transition is observed. 
This was true even for the 61Ni experiments where the 
recoil kinetic energy would be many keV and the life­
time of the Mossbauer transition is only 5.2 nsec.

Similar studies to the above have been carried out 
using angular correlation techniques. For particle- 
induced nuclear reactions, the excited states populated 
in the reaction may have their spins aligned with re­
spect to the incident particle beam, and the deexcita­
tion 7  rays may then show an angular correlation with 
respect to the beam direction. Time differential angu­
lar correlation studies have been performed for the 
nuclear reactions shown in Table IV ,52-55 and again the

(41) J . A . S ton e  and W . L . P illinger, Phys. Rev. Lett., 13, 200 (1 964).
(42) M . K ap lan , J. Inorg. Nucl. Chern., 28 , 331 (1 966).
(43) J . G . M ullen , Phys. Lett., 15, 15 (1965).
(44) S . L . R u b y  and R . E . H ollan d , Phys. Rev. Lett., 14, 591 (1 965 ).
(45) D . W . H afem eister, E . B . Shera, ibid., 14, 593 (1965).
(46) D . A . G oldberg , P . W . K ea ton , Jr., Y .  K . L ee, L . M a d a n sk y , 
and J. C . W alker, ibid., 15, 418 (1965).
(47) F . E . O benshain  and W . B erger, Bull. A m er .  Chern. Soc., 12, 
24 (1967).

(48) J . F in k  and P . K ien le , Phys. Lett., 17, 326 (1965).
(49) D . S eyboth , F . E . O benshain, and G . C zjzek , Phys. Rev. Lett., 
14, 954 (1965).

(50) D . A . G oldberg , Y .  K . Lee, E . T . R itter , R . R . S tevens, Jr., 
and J. C . W alker, Phys. Lett., 20 , 571 (1966).
(51) G . C zjzek , J . L . C . F ord , Jr., J . C . L o v e , F . E . O benshain , and 
H . H . F . W egener, Phys. Rev. Lett., 18, 529 (1967).
(52) J . Schm idt, J . M organstern , H . J . K orner, J . B raun sfu rth , and 
S. J . Skorda, Phys. Lett., 24B , 457 (1967).
(53) A . W . S un yar and P . T h ieberger, Phys. Rev., 151, 910 (1966).
(54) J . B leck , D . W . H aag, W . L eitz , and W . R ib b e , Phys. Lett., 
26B, 134 (1968).
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Table I I I :  Mössbauer Studies“’6

M  össbauer

Nuclear
transition

populated ('A, Source
transformation E, keV nsec compd Effect Ref

237U ß -  237Np 59.6 63 Oxide f, following /3-decay 41
241Am a  237Np 59.6 63 Oxide Larger than that for a -  

decay
39K (d ,p)40K 29.4 3.9 Metal Anomolously high f due to 

source oxidation
44

39K (n ,y )4»K 29.4 3.9 Metal K F  
KC1

All f values slightly low 45

66Fe(d,p)67Fe 14.4 100 Metal No effect 46
“ Fe(n,7 )67Fe 14.4 100 Metal Fe20 3 Change in hyperfine inter­

actions observed
47

I56Gd(n,7 )166Gd 89.0 2.2 Oxide and metal Small effect on f with tar­ 48
“7Gd(n,y)168Gd 79.5 2.3 in each case get material
61N i Coulomb 

excitation
67.4 5.2 Metal f slightly low 49

67Fe Coulomb 
excitation

14.4 100 Metal
Fe20 3

No change in f 
f slightly low

50

73Ge Coulomb 
excitation

67 1.6 Metal f slightly low 51

® A table similar to this one may be found in J. F. Ullrich, Ph.D. Thesis, Department of Nuclear Engineering, University of Michigan, 
1967. 4 N . A. Burgov and V. Davydov in “Chemical Applications of Mössbauer Spectroscopy,” V. I .  Goldanskii and R. H . Herber, 
Ed., Academic Press, New York, N . Y ., 1968.

Table IV :  Time Differential Angular Correlation Studies

Nuclear Target

7-Transition studied 
with respect to the 

incident particle beam
E, t1 A ,

reaction material M eV nsec Ref

160 (H e 3,p)18F CaO(s) 1.125 221 52
19F (a ,n )22Na CaF2(B) 0.587 350 52
19F(a,a:,)19F CaF2(8) 0.197 126 52

19F(a,n)22Na H F(Soln) 0.587 350 53
79Br(p,n)79K r K B r^ o i,,) 0.148 112 54
67Fe(p,p')67Fe Metal foil 0.136 8.9 55

results clearly show that the highly energetic recoil atoms 
stop in times short by comparison with the half-life of 
the isomeric state populated in the reaction. The time 
differential angular correlation pattern exhibits a pure 
precession, without any attenuation or perturbation, in 
the solid as well as the liquid substrates. In the case of 
the solid targets this indicates that the recoil comes to 
rest in a normal cubic lattice site in times short by com­
parison with the half-life of the intermediate state. 
The case of the recoiling Fe nuclei is of particular inter­
est because of the comparison available with the Moss- 
bauer work and the fact that the angular correlation 
study extends the time measurement down to 10  nsec 
or so, since the latter employs the 133-keV, 8.9-nsec 
state. The results, using an iron-foil as target, show 
that all the recoiling nuclei are present in equivalent 
magnetic sites 10  nsec after the recoil and that the radia­
tion damage surrounding the recoil is negligible.

The above experiments provide only an upper esti­
mate of the stopping time for the energetic recoil. Re­
cent studies of the time-integral perturbed angular 
correlations observed in particle-induced nuclear reac­
tions have led to the direct study of the stopping pro­
cess for such recoils. This work is discussed in detail in 
a recent review.56 The experiments may be briefly 
described as follows. A target foil of 70Ge, mounted on 
an iron backing, is bombarded with 30 to 50-MeV 160  
ions. The incident heavy-ion beam is backscattered 
and the excited 70Ge nuclei recoil with energies of 10 to 
20 MeV into the iron backing. The y  ray from the 1.04- 
MeV, 1.3-psec C excited state of the recoiling 70Ge nu­
cleus exhibits a very large angular correlation with 
respect to the direction of the back-scattered 160  ion 
beam. This correlation is perturbed by the magnetic 
field in the iron foil. The perturbation manifests itself 
as both an attenuation and a precession of the time 
integral angular correlation function. As discussed by 
Grodzins, the experimental data indicate anomalous 
precessions which can be explained by the presence of a 
time-dependent perturbation lasting less than 2  psec 
and which apparently has its origin in the physical 
phenomena accompanying the slowing down of the 
recoil in the metal foil. The precise origin of the tran­
sient hyperfine field observed is not well understood but 
it may lie in the picking up of electrons in the host ma-

(55) H . J . K ostner, J. B raunsfurth , H . F . N esem ann, S . Skorka, 
and B . Zeitnitz, Compt. Rend. Cougr. Intern. Phys. Nucl., Paris, II , 
478 (1964).
(56) L . G rodzins, Ann. Rev. Nucl. Sci., 18, 291 (1968).
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terial as the highly charged recoil slows down. These 
experiments are very important ones since they appear 
to provide direct physical evidence as to the time scale 
of the slowing down event and the nature of the pro­
cesses occurring.

Discussion

In the light of the above literature review it is possi­
ble to reexamine the hot-zone model proposed by Har- 
bottle and Sutin.

All of the experiments in which the stopping time of 
the recoil produced in a nuclear reaction was studied 
indicate that the very energetic (keV to MeV) recoiling 
ion produced in many of these processes stops in the 
lattice at an apparently normal lattice site in times less 
than 10 ~ 9 sec. The experiments discussed by Grod- 
zins suggest that for 10-20-MeV 70Ge nuclei in a metal 
foil the stopping time is of the order of picoseconds or 
less. In the latter experiment there is no evidence that 
the lattice at the end of the recoil track is maintained at 
very high temperatures for times of the order of 1 0 - 1 1  

sec. However, while the recoil energy deposited in 
this reaction is extremely high, the very high thermal 
conductivity of the iron foil, into which the ions recoil, 
would presumably dissipate the energy very rapidly 
indeed. In contrast, Mullen’s interpretation of Stone 
and Pillinger’s work suggests that the Am02 lattice 
surrounding the 237Np 93 keV a  recoil is still above the 
ambient temperature some 100  nsec following the re­
coil event. In this instance the insulating nature of 
the host-lattice prevents the rapid diffusion of heat out 
of the recoil zone and the experimental results are con­
sistent with the generation of high local temperatures 
in the recoil site.

Returning then to the case of (n,y) recoils, the low en­
ergy of 100’s of eV will undoubtedly be lost to the lattice 
in less than picoseconds. Whether or not this leads to 
very high local temperatures and melting of the crystal 
is not clear. The Mossbauer experiments of Table III 
indicate that the effects on /, the recoil-free fraction, 
were of a similar nature in the (n,y) studies as for the 
other, more energetic, nuclear reactions. This may 
well indicate that the physical characteristics of the 
lattice site at which the recoil finally comes to rest are 
determined principally by the expenditure of the last 
several hundred eV of energy at the end of the recoil 
track. Notwithstanding Mullen’s argument, there is 
no direct evidence, either from the Mossbauer or angu­
lar correlation work, that the crystal actually becomes 
molten around the recoil. The relatively nondefective 
lattice site observed in almost every instance 10  ~ 9 sec or 
so following the nuclear reaction would suggest that the 
crystal does not undergo any traumatic physical change 
as the recoiling atom slows down.

Given the fact that the recoil stops in less than pico­
seconds and that any hot-zone created in the process
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will probably have cooled to ambient temperature in 
less than nanoseconds, the existence of the delayed 
states indicated in Table I is of some importance.

For the case of 32P, the 0.077-MeV delayed state will 
probably have little effect on the recoil product distri­
bution. The delayed recoil of 0.1 eV will not be suffi­
cient to lead to further bond rupture or significant exci­
tation of the recoil. Since in the primary event the 
recoil will have acquired 100’s of eV of kinetic energy, a 
further 0.1 eV will hardly be significant in influencing 
the final chemical form of the recoil atom.

In the case of 51Cr, however, the delayed recoil event 
now imparts 5.9 eV to the recoil atom. This could 
conceivably lead to a further bond rupture event since 
bond strengths are generally of the order of 5-10 eV. 
At the very least it will create a further hot-spot at the 
recoil site, which may lead to further chemical reactions 
of the recoil atom. The sequence of events occurring, 
then, will be primary recoil accompanying the prompt 
7  cascade, initial bond rupture for compound ions, and 
subsequent slowing down and stopping of the chromium. 
In the latter processes the chromium fragment may 
react with a substrate lattice ion and, on cooling of the 
recoil zone, the radioactive 61Cr may become stabilized 
in the lattice in a chemical form different from that of 
the parent ion. The delayed recoil event may then 
produce a further bond rupture in the primary recoil 
molecule. This latter event will be characterized by 
the very low kinetic energy available in the process and, 
if bond rupture were to occur, the secondary chromium 
recoil would probably not even escape the primary 
fragment lattice site. Nevertheless, this second event 
could influence the final chemical form of the 51Cr atom 
in the lattice and this may not be the same chemical 
form as resulted in the relatively high energy primary 
event.

The existence of the delayed states in the 7  cascades 
for 66Mn, 66Zn, and 128I are of great significance since in 
these instances the delayed transitions may be internally 
converted. In those instances where the recoil event is 
accompanied by internal conversion of the delayed 
state, the attendant Auger charging, ionization and 
excitation may be expected to play a significant role in 
determining the final chemical form and physical en­
vironment of the recoil atom in the solid. In addition 
to the gross rearrangement of the valence shell of the 
recoil atom, the radiolysis of the immediately surround­
ing lattice by the low-energy Auger electrons, and 
X-rays emitted in the Auger cascade, must be expected 
to have some effect on the final chemical form observed. 
In these events kinetic energy will clearly not be the 
only factor of importance. (It should perhaps also be 
noted that for nuclei with large neutron capture cross- 
section, the self-radiolysis of the surroundings by neu­
tron-capture 7  rays themselves cannot be neglected.)

In the cases of 56Mn and 128I the possibility exists for 
a double Auger cascade. Following the primary recoil



event, the first delayed state may undergo internal con­
version to be followed by relaxation and charge neu­
tralization in a time of ca. 10-8  sec or less. (The Moss- 
bauer work of Trifthauser and Craig indicates a time 
less than ca. 10 nsec in CoO, while the angular correla­
tion measurements appear to indicate that relaxation is 
still occurring during the lifetime of the 7-nsec state in 
the decay of 197mHg in insulators.) The second de­
layed event, with accompanying Auger charging, would 
then trigger a second round of ionization and subse­
quent charge neutralization. A similar sequence of 
events with respect to Auger charging may be antici­
pated for 80mBr -*• 80Br as discussed above.

The possibility of internal conversion occurring some 
considerable time after the primary recoil event in the 
(n,y) reaction was not considered in Harbottle and 
Sutin’s original paper. In the specific instances dis­
cussed above, and presumably in many other instances 
still to be identified, these processes must be considered 
where a detailed description of the reactions occurring 
during the recoil event is attempted.

Trapped Hydrogen Atoms Produced by y  Rays

Conclusion
The experimental evidence reviewed sheds some light 

on the nature of the recoil event occurring in a solid 
following a nuclear reaction. The recoil atom un­
doubtedly stops in a very short period of time, probably 
of the order of picoseconds. There is no conclusive 
evidence, for a wide variety of nuclear reactions and 
simple chemical substrates, that the lattice becomes 
molten surrounding the recoil atom. In almost all 
instances the recoil atom finds itself, in less than nano­
seconds, in a well-ordered lattice site. No studies have 
been made of the slowing down and stopping of a recoil 
atom in a complex lattice containing compound ions.

For several nuclear reactions of interest there is evi­
dence that the reaction occurs through a delayed state 
in a significant number of events and that internal con­
version of those states may occur in the cases noted. 
The chemical effects associated with the internal con­
version must be considered, in describing the recoil 
event in detail.
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Alcohol-Water Mixtures at 7 7 °K
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Small Ht yields (Gm*x ~  0.1) are observed in 7 -irradiated MeOH-H20, EtOH-H20, andn-PrOH-H20 mixtures 
at 77°K although Ht is not observed in either pure component at 77°K. The Ht yield shows a maximum at 
0.1 to 0.3 mole fraction alcohol; the maximum occurs at lower mole fraction for longer chain alcohols. Elec­
trons are also trapped in the mixtures and when they are photobleached the Ht yield increases. The Ht yields 
show a striking correlation with the excess enthalpy of mixing of alcohol-water mixtures; both effects seem 
to be related to alcohol-water complex formation. Epr line widths in deuterated mixtures give information 
on the trapping site structure, and the Ht yields in deuterated mixtures suggest that most of the Ht comes 
from the water molecules.

Introduction
Radiolysis of water produces a small yield of primary 

hydrogen atoms. This is indirectly deduced from 
scavenging effects of solutes. 2 Recently, a transient 
absorption spectrum near 200  nm has been interpreted 
as the direct observation of hydrogen atoms in pulse- 
irradiated water. 3 Radiolysis of ice also produces 
hydrogen atoms which are trapped at 4°K and can be 
directly observed by epr.4 However, in irradiated ice

at 77°K no hydrogen atoms are trapped, although they 
are presumably formed. In liquid alcohols there is

(1) (a) R esearch  R e a cto r  In stitu te , K y o t o  U n iversity , O saka, Japan, 
(b ) T o  w h om  correspondence should  be addressed.
(2) E . H a y o n  in  “ R a d ia tion  C hem istry  o f  A qu eou s S ystem s,”  G . 
Stein , E d ., Interscience, N ew  Y ork , N . Y .,  1968, p p  157-209.
(3) P . P agsberg , H . Christensen, J . R aba n i, G . N ilsson , J . Fenger, 
and S. O . N ielsen, J. Phys. Chem., 73 , 1029 (1969).
(4) H . S. Judeikis, J . M . F lu orn oy , and S. Siegal, J. Chem. Phye., 
37 , 2272 (1962).
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also much indirect evidence based on solute reactions 
that hydrogen atoms are produced during radiolysis,6 
but in ethanol irradiated at 4°K no trapped hydrogen 
atoms are detected by epr,6 nor are they found at any 
higher temperature. Recent work on irradiated solid 
alkanes has shown that H atom trapping is dependent 
on subtle characteristics of the matrix.7

Even though neither irradiated water or alcohol traps 
hydrogen atoms at 77°K we find that trapped H atoms, 
Ht, are observed in irradiated water-alcohol mixtures 
at 77°K .8 The Ht yield vs. mixture composition seems 
to correlate with some thermodynamic properties of 
alcohol-water mixtures and suggests that the H atoms 
are trapped in a specifically structured environment. 
Deuterated mixtures have been used to probe the struc­
tural requirements for trapping and to determine the 
molecular source of the H atoms that are trapped.

Experimental Section
Reagent grade 1-propanol, methanol, and ethanol 

were used without further purification. Methanol-cL 
was obtained from Stohler Isotope Chemicals and D20  
was obtained from Matheson Coleman and Bell Co.

Spherical samples were prepared as described pre­
viously;9 this avoids the use of any sample container. 
60Co 7  irradiation was carried out at 77°K at a dose 
rate of 0.34 Mrad/hr. The total dose was 0.34 Mrad 
for each sample. The Ht yields appeared to be linear 
with dose to at least 0.5 Mrad; higher doses were not 
studied.

The epr spectra were recorded on a Varían V4502 
epr spectrometer with a field modulation frequency of 
100 kHz and a modulation amplitude of 0.6 G at 
low microwave power. Measurements were generally 
taken at a microwave magnetic field, H 1 =  0.006 G, 
low enough to avoid saturation of Ht in 7.0 M  H2SO4. 
It was assumed that there was no significant saturation 
of Ht in the alcohol-water mixtures under this condition 
and extensive studies were not carried out. The num­
ber of trapped spins was determined by comparison 
with the Ht yield in 7 -irradiated 7.0 M  H2S04 at 77°K. 
The 100-eV yield (G  value) of the Ht spectrum in 7.0 
M  H2S04 at 77°K was taken as 1.2. 10

Results and Discussion
Ht is identified by its 505-G doublet epr spectrum8 

and is easily measured quantitatively. Figure 1 shows 
the Ht yield vs. mole fraction of the alcohols. Note 
that the absolute G value is small compared to G'(et~) 
in alcohol. The maximum Ht yield was obtained at 
the mole fraction of 0.16, 0.20, and 0.30 for 1-propanol- 
water, ethanol-water, and methanol-water mixtures, 
respectively. The maximum Ht yield obtained here is 
about 5% of the Ht yield in 7.0 M  H2S04 at 77°K . 10 In 
the case of 1 -propanol-water and ethanol-water mix­
tures, the samples were opaque near the mole fraction 
of the alcohols that gave the maximum Ht yield, while

Figure 1. H t yields per 100 eV of radiation energy absorbed (G )  
vs. alcohol mole fraction in 7-irradiated (0.34 M rad) 
alcohol-water mixtures at 77°K: • ,  yield after irradiation;
O, yield after irradiation and bleaching with visible light.

the samples were glassy (i.e., transparent) in the case of 
methanol-water mixtures.

The center of the epr spectrum near g =  2  consists of 
overlapping spectra due to trapped electrons (et~), OH 
radicals, and alcohol radicals. 11 Most of the irradiated 
samples were also colored blue, which color is associated 
with the et~ optical band. The color could be bleached 
with visible light from a tungsten bulb. The Ht yield 
and the alcohol radical yield were increased after com­
plete photobleaching of et_ ; the OH yield could not be 
followed because of spectral overlap. The increase in 
the Ht yield is shown in Figure 1; it is most dramatic in 
the methanol mixtures. This may be due to a larger 
et~  yield in the glassy methanol-water mixtures com-

(5) G . R . Freem an, Actions Chim. Biol. Radiai., in  press.
(6) D . R . Sm ith  and J. J. P ieron i, Can. J. Chem., 45 , 2723 (1 967 ).
(7) M . L o n g  and J. E . W illard , J. Phys. Chem., 74 , 1207 (1970).
(8) A  sim ilar observation  has been m ade b y  R . C handra , p ersonal 
com m un ica tion .

(9) J . Z im brick  and L . K evan , J. Chem. Phys., 47 , 2364 (1 9 6 7 ).
(10) R . L iv in gston  and A . J . W ein berger, ibid., 33 , 499 (1960).
(11) F o r  a review  see L . K evan , Actions Chim. Biol. Radiai., 13, 57 
(1969).
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pared to the opaque ethanol-water and 1 -propanol- 
water mixtures.

The increase in Ht on photobleaching suggests that 
mobile electrons (em_) are precursors of at least some 
Ht. Possible reactions for forming Ht during photo- 
bleaching of et~ are (1) to (3) and perhaps (4). Ir­
radiation of pure ethanol at 4°K produces et~, but

Trapped Hydrogen Atoms Produced by y  Rays

et-  +  C H 3O H 2+  - X  C H a O H  +  H tV18 (1 )

et-  +  C H a O H  - X  C H 30 -  +  Ht (2 )VIS

e t ~  +  H sO + - ^ >  H 20  +  H t (3)VIS

et“ +  H 20  - X  O H -  +  H tVIS (4)

bleaching et~ at 4°K does not produce Ht.6 This result 
suggests that H is not trapped in pure ethanol at 4°K  
or that reactions 1  and 2  do not occur.

To investigate the molecular origin of the H atoms, 
Ht and Dt yields were measured in deuterated mixtures 
containing 0.33 mole fraction methanol and are given in 
Table I. Some exchange between the hydroxyl protons

Table I : Relative Yields and Line Widths of Ht and D t in 
•y-Irradiated Methanol-Water Mixtures at 77°K“

CHsOH- CHsOH- C D sO D - CDaOD-
H ,0 D ,0 H ,0 D ,0

Relative total yield 1.00 0.61 1.70 0.90
Fraction H t 1.0 0.45 1.0 0.10
Fraction D t 0 0.55 0 0.90
ARPP (H t),6 G 3.9 2.3 3.2 1.7
ARpP (D t),6 G 2.3 1.7

Calcd' AHpp (H t),6 G
For D -H  and H -D 2.6 3.3

=  2
For D -H  and H -D 2.4 3.5

=  3
For D -H  and H -D 2.3 3.6

=  4

“ Mole fraction of methanol is 0.33 for all mixtures. 6 Line 
width between peaks of first derivative curves. c See text for 
explanation.

of water and alcohol will occur, but one is still able to 
make some relevant conclusions. No exchange occurs 
to the hydrogens of the methyl group in methanol. 
The fraction of Ht out of the total hydrogen trapped in 
CD3OD-D2O mixtures was 0.10. Since the solutions 
were 99% deuterated it is clear that some sort of energy 
transfer occurs to preferentially form Ht with respect to 
Dt. Such effects have been observed before, 4 but they 
are not of primary concern here. If the preferential 
formation of Ht is taken into account, the Ht and Dt 
yields found do indicate that most of the trapped hy­
drogen atoms come from water and not alcohol. This

is best shown by the observation of only Ht in CD3OD- 
H20  mixtures. Similar results are obtained after 
photobleaching of et~ which therefore suggest that 
reaction 3 and perhaps 4 occur and predominate over 
reactions 1 or 2. Dt from methanol should arise pri­
marily from the methyl group since CH2OH radicals 
are observed in pure methanol; so some hydroxyl pro­
ton exchange does not change our conclusions. The 
difference in total relative yields may indicate an iso­
tope effect on the Ht trapping probability but its nature 
is not obvious.

The line widths of Ht and Dt in the deuterated mix­
tures are also given in Table I. In the same matrix the 
Ht and Dt line widths are equal. However, the line 
width does decrease as the matrix is deuterated, from 
which one infers that a major contribution to the line 
width is unresolved hyperfine interaction with the 
matrix protons. We have analyzed the line width as a 
root-mean-square sum of unresolved hyperfine inter­
actions and intrinsic line width as has been done pre­
viously for et~ line widths. 12 In completely deuterated 
mixtures the theoretical hyperfine contribution is four 
times smaller than in completely protiated mixtures. 
Using this fact and the observed line widths, we obtain 
the intrinsic contribution and can then calculate the 
line widths for specific site models for the CH30H -D 20  
and CD30D -H 20  mixtures. In Table I we tabulate 
the results for H trapping sites which have D -H  in 
CH30H -D 20  and H-D in CD30D -H 20  mixtures equal 
to the ratios 2, 3, and 4 for the matrix hydrogens that 
interact with Ht (i.e., hydroxyl protons). Exchange 
between hydroxyl protons will not significantly change 
the D /H  ratio. For each ratio the calculated values 
agree well with the experimental values, but the cal­
culated values for CH30H -D 20  vs. CD30D -H 20  mix­
tures change in opposite directions as the D-H  and 
H-D ratios increase. The best balanced agreement 
between the model calculations and experiment occurs 
for ratios between 2 and 3. The ratio of 2 is the molecu­
lar ratio of deuterated and protiated molecules in the 
mixtures. Thus we tentatively consider that one hy­
drogen from each molecule constituting the trapping 
site, presumably the hydroxyl hydrogen on the alcohol 
molecules, interacts with the trapped atom. The 
simplest trap structure in methanol-water mixtures 
would be a hydrogen-bonded trimer of one methanol 
and two water molecules. Such a structure must in­
troduce some extra stability into the matrix to con­
stitute an effective trap for Ht.

Perhaps surprisingly, thermodynamic properties of 
methanol-water liquid mixtures give strong support to 
the picture. The excess enthalpy of mixing of meth­
anol and water at 25° is negative and has a minimum at 
0.3 mole fraction methanol. 13’14 This has been inter­
preted as preferential hydrogen bonding between meth-

(12) L . K ev a n , J. Amer. Chem. Soc., 87 , 1481 (1967).
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anol and water to form well defined complexes. The 
composition dependence of sound absorption coeffi­
cients in alcohol-water mixtures has also been inter­
preted as due to alcohol-water complex formation in 
the same composition range as suggested by the ther­
modynamic data. Furthermore, ethanol-water and
1 -propanol-water mixtures have negative excess en­
thalpies of mixing with minima at about 0 .2  and 0 .1  
mole fraction alcohol. These compositions strikingly 
correlate with the compositions for the maximum Ht 
yields in the frozen mixtures. In fact, the 1-propanol 
experiments were done specifically to test this correla­
tion. It clearly appears that whatever structure is 
present in the alcohol-water liquid mixtures at 25° is 
frozen in on rapid freezing to 77°K and constitutes a 
trapping site for hydrogen atoms produced by radioly­
sis. The negative excess enthalpies become slightly 
more negative as the temperature is lowered below 
25°, but the curve shape does not change much. Thus

we expect the structure to be readily frozen-in. It also 
follows that precooling the matrix before freezing will 
not give much new information about the correlation.

Detailed knowledge of the structure of the inferred 
alcohol-water complexes is lacking. We have found no 
published spectroscopic studies that provide concrete 
structural details. If such studies could be done they 
would provide important insight into the interactions 
that stabilize the H atoms and affect the mixing en­
thalpies.
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Scavenger Effects on Electrons Produced by y  Rays and 

Photoionization in Alkaline Ices at 77°K
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Acrylamide is used as an electron scavenger in the radiolysis and ferrocvanide photoionization of 5 and 10 M  
N aO H  ices. The concentration of acrylamide required to reduce the et~ yield to one-half its initial value is 
higher for y  radiolysis than for ferrocyanide photoionization by a factor of about 3.5. This difference is shown 
to be due to the spatial nonuniformity of em_ generated by y  rays. W ithin the framework of a simple model 
the average travel distance of em~ is 56 A and 44 A  in 5 and 10 M  N aO H  ices, respectively, for both photo- 
ionization-produced and radiation-produced electrons. A kinetic analysis suggests that a high concentration 
of solute molecules tends to destroy trapping sites in the ices.

Introduction
The initial deposition of ionizing radiation in con­

densed media is not uniform. The ultimate trapped 
radicals and ions in irradiated solids may or may not 
reflect this nonuniform energy deposition depending on 
how far they move before being trapped. Information 
about the spatial distribution of trapped electrons (et~) 
in frozen solutions can be obtained by (a) epr observa­
tion of spin-spin interactions, (b) dependence of et~ 
yield on scavenger concentration, and (c) thermal-decay 
kinetics. 1 Electrons are trapped efficiently in 10 M  
NaOH glassy alkaline ice at 77°K. Paramagnetic 
relaxation studies of spin-spin interactions have shown

that spatially nonuniform distributions of trapped 
electrons exist in y 2 and /33 irradiated alkaline ice. A 
nonuniform distribution of et~ implies that the initially 
produced mobile electrons (em_) do not travel far 
enough before being trapped to randomize. If elec­
trons are produced in alkaline ice by photoionization of 
ferrocyanide, paramagnetic relaxation studies show 
that their spatial distribution is uniform. 4 This does

* T o  w h om  correspondence should  be addressed.
(1) L . K e v a n  in “ R a d ia tion  C h em istry  o f  A q u eou s  S ystem s,”  G* 
Stein , E d ., W iley -In terscien ce , N ew  Y ork , N . Y ., 1968, p p  2 1 -7 2 .
(2) J. Z im brick  and L . K evan , J. Chem. Phys., 4 7 , 2364 (1967).
(3) H . H ase and L . K ev a n , ibid., 52 , 3183 (1970).
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not mean that photoionization-produced em~ travel 
farther before being trapped than radiation-produced 
em~; it simply reflects the fact that photoionization 
produces em_ singly.

Here, we have studied the comparative effects of 
acrylamide scavenger on em_ produced by 7  radiolysis 
and by photoionization in alkaline ice. We find a 
significant difference which can only be reasonably ex­
plained by considering the difference in the initial 
spatial distributions of em~ produced by the two meth­
ods. We conclude that the travel distance of em~ in 
alkaline ice is similar for photoionization and for radiol­
ysis. Also, we relate our results to em“ scavenger data 
for radiolysis and photoionization in nonpolar organic 
glasses.

In addition to relative travel distance, the depen­
dence of et~ yield on the concentration of an em~ scaven­
ger should give semiquantitative information about 
how far em_ travels before being trapped. A number 
of studies of the effect of em~ scavengers in y-irradiated 
alkaline ice have been made.6-10 However, several 
assumptions are necessary to derive an em~ travel dis­
tance from the scavenger concentration data. An 
analysis by Seddon and Smith10 in which acrylamide 
was used as the scavenger led to 170 A as the em_ travel 
distance in 8 M  NaOH at 0.2 Mrad radiation dose. At 
this dose the average distance between et~ is 180 A 
(assuming spherical volumes). If the above derived 
em~ travel distance is about correct a nearly uniform 
distribution of et~ is indicated. This conflicts with the 
paramagnetic relaxation data2 and also with an analy­
sis of thermal decay data. 11 We show that a simple 
analysis of em~ scavenger data gives em~ travel dis­
tances that are in agreement with other types of experi­
mental data.

Experimental Section
Reagent grade NaOH and acrylamide were used 

without further purification; 5 X 10~ 3 M  reagent 
grade potassium ferrocyanide was dissolved in 5 M  and 
10 M  NaOH for the photoionization experiments. 
Different concentrations of acrylamide were added to 
the alkaline solutions. Spherical samples were pre­
pared as described previously.2 60Co 7  irradiation was 
carried out at 77°K at a dose rate of 0.3 Mrad/hr. 
The total dose was 0.15 Mrad for each sample. Photo­
ionization was carried out as described previously.4

Epr spectra were recorded on a Varian V 4502 epr 
spectrometer with a field modulation frequency of 10 0  
kHz and a modulation amplitude of 0.6 G at low micro- 
wave power. Pure acrylamide radical spectra were 
obtained after complete photobleaching of e t~- Trapped 
electron signals were obtained by manually sub­
tracting the pure acrylamide radical spectrum nor­
malized to either side of the total spectrum in which 
region only the radical contributes. This normaliza­
tion compensated for the increase in the radical spec-

Figure 1. Effect of acrylamide concentration on the yield of 
et“(0 ) and acrylamide radical (A) in 5 M  NaOH ice, and et~ (* )  
and acrylamide radical (A) in 10 M  NaOH ice irradiated by 
7  rays at 77°K. Total 7 dose was 0.15 M rad for each sample. 
The arrows show the position of Ci in 5 and 10 M  NaOH ices 
(see text).

tram intensity upon photobleaching. The number of 
the trapped spins was determined by doubly integrating 
the epr spectrum and by comparison with the et_ yield 
in 7  irradiated 10 M  NaOH at 77°K. The 100-eV 
yield (G  value) of the uncorrected et~ spectrum in 10  
M  NaOH at 77°K was taken as 2.1. 1

Results and Discussion
The epr spectrum obtained after 7  radiolysis of the 

alkaline solution of acrylamide had the same structure 
as one after photolysis of the solution containing ferro­
cyanide ion and acrylamide. The spectrum consisted 
of a quintet and a singlet, both with g ~  2.000. Seddon 
and Smith10 attributed the quintet with a 25-G splitting 
and a binomial intensity distribution to the radical 
having the structure CH3CHCONH2. This radical is 
plausibly produced by reaction of mobile electrons 
with acrylamide molecules followed by proton transfer 
from the matrix. However, in this work the exact 
identity of the radical is not critical. The singlet, 
which is also correlated with the blue color of the ir­
radiated sample, is attributed to et" .

Radicals and et~ yields vs. acrylamide concentration 
in 7 -irradiated or photolyzed 5 and 10 M  NaOH solu-

(4) H . H ase and L . K ev a n , J. Amer. Chem. Soc., 90, 6875 (1968).
(5) P . N . M o o rth y  and J. J . W eiss, Phil. Mag., 10, 659 (1964).
(6) L . K e v a n  in  “ P rogress in Solid -S tate  C h em istry ,”  V o l. 2, H . 
R eiss, E d ., P ergam on  Press, N ew  Y o rk , N . Y .,  1965, p p  304-329 .
(7) B . G . E rshov , A . K . P ikaev , P . X. G lazu n ov , and Y .  Spitsyne, 
Dokl. Akad. Nauk SSSR, 149, 363 (1963).
(8) B . G . E rshov, E . L yu , and A . K . P ik aev , High Energy Chem., 1, 
478 (1967).
(9) K . E ib en  and D . S chulte-F roh linde, Z. Phys. Chem., 45 , 20 
(1965).
(10) W . A . S ed don  and D . R . Sm ith, Can. J. Chem., 45 , 3083 (1967).
(11) F . S . D a in to n  and C . G op in ath an , Trans. Faraday Soc., 65 , 
151 (1969).
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Figure 2. Effect o f acrylamide concentration on the yield of 
et“ (0 )  and acrylamide radical (A ) in 5 M  NaOH ice, and et~ (* )  
and acrylamide radical (A) in 10 M  NaOH ice photolyzed by  
uv light at 77°K . Each sample contained 5 X  10-3 M  of 
potassium ferrocyanide. The arrows show the position of Ci in 
5 and 10 M  NaOH ices (see text).

tions are plotted in Figure 1 and Figure 2 . The de­
crease in et_ yield and concomitant increase in the radi­
cal yield with increasing concentration of acrylamide is 
clearly shown. This is expected when a competition 
process for em_ occurs between acrylamide and trapping 
sites in which em-  is converted to et~. The figures 
show that the acrylamide concentrations (Ci) at which 
the et~ yield is decreased to one-half its initial yield are 
larger for the y-irradiated systems than for the photo- 
ionized systems by a factor of about 3.5. This is a 
significant and striking difference. The difference is 
not caused by the higher initial et~ yield that obtains in 
the y-irradiated systems because Ci is independent of 
the initial et_ yield at doses below 1 Mrad.

Relation of Scavenger to em~ Travel Distance
Let us consider how Ci is related to the average dis­

tance that em~ travels before being trapped as et~. 
Qualitatively, the smaller Ci is, the greater em-  travel 
distance it infers. An approximate quantitative treat­
ment is to equate half the average distance between 
scavenger molecules at scavenger concentration Ci to 
the average linear distance em~ moves before trapping. 1 
This treatment assumes (a) em~ is uniformly distributed 
when it reacts with scavenger, (b) em_ reacts with the 
scavenger on every “encounter” (i.e ., the scavenger is 
very efficient), and (c) if em-  travels a linear distance r, 
it will scatter enough to “encounter” a scavenger mole­
cule if one is present within the spherical volume of 
radius r.

By photoionization em_ is produced uniformly. 
Acrylamide is a very efficient scavenger for em_ in ice10 
(see also Table III in ref 1). Application of the above

simple model to the data in Figure 2  gives 44 A (C\ =
4.7 X 10- 3 M )  and 56 A (Ci =  2.3 X 10 ~ 8 M )  for the 
average travel distances of em~ in 10 and 5 M  NaOH, 
respectively. If cubic volumes of edge 2 r are used 
instead of spherical volumes the calculated distances are 
about 10 A less. Spherical volumes are used to com­
pare with spherical spur sizes later in the discussion. 
If assumption (b) in the model is not justified, the cal­
culated travel distances are too short. Likewise, if
(c) is not satisfied, the calculated distances are too 
short. Thus, the model gives a lower limit to the em~ 
travel distance. A more detailed model has been de­
scribed12 and used; 10 it requires several assumptions 
about parameters including scattering cross sections 
and gives travel distances 4-5 times larger than the 
simple model used above. This is consistent with the 
fact that the simple model gives lower limits to em_ 
travel distances. For quantitative comparison be­
tween photoionization and radiolysis data it is more 
convenient and just as reliable to use the simple model. 
It is of interest that em_ travels farther in 5 M  NaOH 
than in 10 M  NaOH. This conclusion is valid regard­
less of the quantitative validity of the assumptions 
made in the model. If we make the reasonable assump­
tion that the capture cross sections of the trapping sites 
and of the acrylamide are the same at both NaOH con­
centrations, then the number of trapping sites is greater 
in 10 M  than in 5 M  NaOH. This implies that there 
are definite concentrations of trapping sites or potential 
trapping sites in these matrices which depend on the 
matrix structure. However, the results do not appear 
to distinguish between trapping sites existing prior to 
radiolysis and trapping sites produced as a consequence 
of em_ formation (i.e., potential trapping sites).

In Figure 1 in which em~ is generated by y radiolysis 
the Ci values are greater than for em_ generated by 
photoionization. If the same simple model is applied 
we would conclude that em_ travels a shorter distance 
when produced by y radiolysis than when produced by 
photoionization. This seems physically unreasonable 
since the photo ionization-produced em~ presumably 
have the lower average energy. Furthermore, as­
sumption (a) is not valid for em_ in alkaline ice since the 
et_ are trapped in spurs to give a nonuniform spatial 
distribution. 2 For the sake of definiteness, let us postu­
late that there are G(et~) electrons per spur; this is 
equivalent to the common assumption that an average 
of 100 eV of radiation energy is deposited per spur. If 
one scavenger molecule were within the volume of a 
spur only one em~ could react with it. Thus to esti­
mate the em_ travel distance we want the scavenger 
concentration that reduces the effective number of 
uniformly distributed em_ by 50% where this effective 
number is one em_ per spur. For a nonuniform distri­
bution of em~ produced in spurs we therefore define

(12) P . J. D y n e  and O . A . M iller, Can. J. Chem., 43 , 2696 (1965).
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C i as the scavenger concentration sufficient to reduce 
[et~]° by 50% of fet- ] 0/(?(et ). For O'(er ) =  21 we 
find from Figure 1 that G\' =  2.6 X 10~ 3 and 4.0 X 
10-3  M  for y-irradiated 5 and 10 M  NaOH, respectively. 
These values are very close to the C i values from Figure 
2  for photoionization and correspond to the same em_ 
travel distances.

We conclude that a nonuniform spatial distribution 
of em_ gives a larger C\ value than does a uniform dis­
tribution of em_ in alkaline ices. Consequently, Ci 
values determined for photoionizadon-produced elec­
trons can be used to assess the spatial uniformity of 
radiation-produced electrons. It is remarkable and 
perhaps fortuitous that the em~ travel distance of 44 A 
for 10 M  NaOH obtained here is close to the 42 A spur 
radius for et_ in 10 M  NaOH deduced from paramag­
netic relaxation measurements. 13 The spur radius of 
et_ should roughly correspond to the average distance 
em_ travels before being trapped.

In nonpolar organic glassy matrices like 3-methyl- 
pentane (3MP), mobile electrons probably travel far­
ther before being trapped than in polar matrices. This 
is suggested by results from paramagnetic relaxation 
experiments. 13 Thus radiation-produced electrons in a 
nonpolar organic glass may approximately satisfy as­
sumption (a) in the above model and react with scaven­
ger with a nearly uniform spatial distribution. If so, 
there should be little difference between Ci values for 
photoionization-produced and radiation-produced elec­
trons in 3MP. Detailed results as in Figure 1 exist for 
biphenyl scavenger in irradiated 3MP which give C\ =
2.4 X 10~ 3 A/ . 14 The same investigators have re­
ported et_ yields for two biphenyl concentrations in 
3MP in which em~ was produced by photoionization of 
tetramethylphenylenediamine (TMPD) . 15 From these 
two points we estimate that Ci =  3 X 10 _3 M . 
Thus, the two C\ values do seem to be similar and sup­
port the above picture.

Trapping Site Concentrations
When competition for uniformly distributed em~ 

occurs between trapping sites (T) and acrylamide (S) in 
alkaline ice and the stationary-state assumption is 
applied to [em~] the ratio of the radical yield to et~ 
yield, R , is given by

Scavenger Effects on E lectrons Produced by y  R ays

where K s and K t are the rate constants for scavenging 
by acrylamide and by trapping sites respectively. Ci 
is given by

Ci =  f - ‘ [T] (2)
/\.s

3361

Figure 3. The ratio of radical yield to  et~ yield vs. acrylamide 
concentration in photolyzed 5 M  (A ) and 10 M  (A) NaOH solutions 
and y-irradiated 5 M  (O) and 10 M  (• )  NaOH solutions. The 
straight lines were drawn through the points at lower 
acrylamide concentration.

Lower limits to the initial number of trapping sites in 5 
and 10 M  NaOH ices can be estimated as 2.5 X 1018/g  
and 5.0 X 1018/g, respectively. This lower limit is the 
number of et~ at the plateau in a yield-radiation dose 
curve. 1 At the maximum et_ yield of 3.3 X 1017 
spins/g in our results here, more than 90% of the trap­
ping sites are still available for trapping. We may 
conclude that Ci is approximately proportional to the 
initial concentration of trapping sites. This is con­
firmed by the result that Cf for 10 M  NaOH is larger 
than that for 5 M  NaOFI by a factor of about 2 in both 
7 -radiolysis and photoionization cases.

Figure 3 shows a plot of R  vs. S  for y  radiolysis and 
photolysis in 5 and 10 M  NaOH ices. Solid straight 
lines are drawn through the points at low acrylamide 
concentration. However, the points at higher acryl­
amide concentration fall above these straight lines. 
This would be the case if [T ] decreased at higher solute 
concentrations. It seems possible that a high concen­
tration of solute molecules destroys some trapping sites 
in alkaline ices.
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Reaction of Nitriles with Hydrated Electrons and Hydrogen Atoms 

in Aqueous Solution as Studied by Electron Spin Resonance1

by P. Neta and Richard W. Fessenden*
Mellon Institute Radiation Research Laboratories and Department of Chemistry, Carnegie-Meüon University, 
Pittsburgh, Pennsylvania 16213 (.Received May 4, 1970)

The radicals produced by reaction of hydrated electrons and hydrogen atoms with nitriles in irradiated aqueous 
solutions have been studied by esr. Irradiation with high-energy electrons was carried out directly in the 
esr cavity. Radicals of the type R C H = N  • were observed; their esr spectra are characterized by an 80-G 
proton doublet splitting and a 10-G nitrogen splitting. These radicals are formed from nitriles both by reac­
tion with hydrated electrons followed by protonation and directly by reaction with hydrogen atoms. Only 
about 10% of the hydrated electrons form CN~ as an additional product. No electron transfer from C 0 2~ to 
nitriles was found to take place. Some of the radicals formed by OH reactions or by secondary reactions have 
also been identified.

Introduction
Although nitriles are expected to be moderately reac­

tive toward the primary radicals of water radiolysis, 
little has been reported regarding the radiolysis of 
aqueous solutions of nitriles. A few rate constants 
have been determined for the reactions of OH and eaq~ 
with acetonitrile, propionitrile, cyanoacetate ion, and 
benzonitrile;2 however, no products have been deter­
mined. Esr studies of the reactions of photolytically 
generated OH radicals with nitriles have shown3 that 
OH reacts by abstracting hydrogen from the position a  
to the CN group. The reaction of hydrated electrons 
with nitriles is not expected to yield cyanide ions by a 
detachment reaction similar to that occurring with 
halides, because of the high C-CN bond strength and 
the relatively low solvation energy of cyanide ions. It 
has been suggested,4 therefore, that the initially formed 
(RCN)~ would subsequently protonate to RCH=N. 
No chemical evidence has yet been presented to sup­
port this suggestion. That radicals of this structure 
can exist is shown by the observation of the esr spec­
trum of H2C = N -. This radical, first observed by 
Adrian, et al.,6 in an argon matrix, has a proton cou­
pling constant of 87.4 G (91.2 G reported more recently 
for the radical in CN~ doped KCl6a) and except for 
HCO has the largest proton coupling constant of any 
organic radical. It is to be expected that the spectra 
of other radicals of this type will also display a large 
splitting and will thus be very distinctive. Recently, 
Wood, et al.,ib have produced radicals of the type 
RiC=N as discussed here by photolysis of R2CNH2 in 
an adamantane matrix.

Esr spectroscopy has been used very effectively for 
the identification of radicals during continuous in  situ  
radiolysis of aqueous nitroalkane solutions7 and aqueous 
solutions of carboxylic acids and benzene derivatives.8 
It seemed interesting therefore to follow in a similar way

the reaction of nitriles with ear, "  and with H. A sim­
ilar study of the reaction of amino acids with hydrated 
electrons has been recently completed.9

Experimental Section
Solutions of aliphatic nitriles (purest grade commer­

cially available from Baker, Eastman Kodak, and Al­
drich) were prepared in doubly distilled water7 at con­
centrations of 0.01 to 0.1 M . Sodium formate or meth­
anol (both Baker Analyzed Reagents) were added to 
certain solutions at concentrations high enough to 
scavenge most of the OH radicals. The pH was ad­
justed using potassium hydroxide, perchloric acid, so­
dium phosphates, and sodium tetraborate (all Baker 
Analyzed Reagents). Solutions were deoxygenated by 
bubbling with nitrogen. The irradiation was carried 
out in the esr cavity as previously described.7’8 A flat 
silica cell of 0.5 mm internal spacing was used and 
during irradiation the solution was driven through the 
cell at a flow rate of 1  cm3/sec. No effect of flow rate 
on the spectrum could be observed at rates between 0.5 
and 3 cm3/sec. The solution was cooled slightly before 
entering the cell and all measurements pertain to about 
15°. The total electron beam current was 8 y.A and
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36, 1938 (1962).
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Table I  : Structure and Coupling Constants of Radicals Produced by  Reaction of eaq_ with Nitriles“ '6

Q
Radical factor o N V ' < “ äH

CH3CH =N- 2.00283 10.20 81.98 2.49
- o o c c h 2c h = n  • 2.00280 10.15 80.89 2.88
h o c h 2c h = n - 2.00300 9.95 82.54 2.33 0.31
CH3OCH2CH =N- 2.00295 9.94 83.16 2.17
(CHs)3CCH=N- ~10.00 ~ 8 2 .00 ~ 0 .5
H2C = N -6 2.0031 9.5 91.2

° Hyperfine constants are given in gauss and are accurate to ± 0 .0 3  G. The g factors are measured relative to the peak from  the 
silica cell and are accurate to about ±0.00005. Second-order corrections have been made [R. W . Fessenden, J. Chem. Phys., 37, 747 
(1962)]. 6 The skeleton positions are labeled C— C— C— C = N  • starting with the nitrogen as the a position. Protons bear the same

e S y  ¡3 a

label as the atom to which they are attached. This notation is consistent with that used for alkyl radicals.

that collected at an electrode in the solution was 1 pA. 
Second-derivative spectra were recorded by use of two 
modulation frequencies. This method helps to min­
imize the interference by the signal from the silica cell 
so that only the region from 3 G to 10 G above the 
center of the radical spectrum is obscured.

Results and Discussion

CH3-ON-

I_I_I_I_1_1_I_l I I I I

Spectra of the radicals produced in aqueous solution , 1 l l i
by reaction of eaa_ with acetonitrile and cyanoacetate . ,__ —10.20G-------
are shown in Figures 1 and 2 . These spectra are char­
acterized by an 80-G proton doublet splitting and a 
10-G nitrogen splitting. The similarity of the proton 
and nitrogen coupling constants to those in H2C =N  -6'6a 
together with the chemical arguments below make it 
clear that these radicals are of the structure RCH=N •. 
Three other nitriles gave detectable spectra of the same 
type. The parameters for the five radicals are listed in 
Table I and are all very similar. The values for 
H2C = N  • are given for comparison. The /3-proton 
hyperfine splitting is large because of the geometry with 
the C-—H bond parallel to the p orbital containing the 
unpaired electron and the short C-—N double bond. 
A discussion of this point together with an analysis of 
the anisotropic nitrogen hyperfine coupling (suggesting 
a x-spin density on the nitrogen of 0.73) has been given.6® 
It is interesting that the splittings for protons in the y  
positions are large somewhat paralleling the /3 split­
tings. More distant splittings are also seen. The 
spectrum obtained with (CH3)3CCN could not be fully 
analyzed because of the weakness of the signals. This 
effect is caused in part by the large number of splittings 
(here from S protons) which spread the intensity over 
more lines. Presumably a similar explanation applies 
to CH3CH2CN, H2NCH2CN, NH2COCH2CN, and 
(CH3)2CHCN where no lines of sufficient intensity to be 
measured could be found.

The primary species produced by the reaction of 
nitriles with hydrated electrons

RCN +  eaq-  — > R CN -

Figure 1. Second derivative esr spectrum of an aqueous 
solution o f acetonitrile (0.1 M ) at pH  9 (borax buffered) during 
irradiation with 2.8-M eV electrons. M agnetic field increases to  
the right. T w o segments o f the spectrum are shown which 
include all the lines of the CH 3C H = N  • radical; the separation 
between them is given. The continuous scan could not be 
reproduced but it contains only the additional signal from  the 
silica cell. The stick spectrum shows the 
relationship of the lines.

H
'GOC-CĤ -C-N*

H—IV

Figure 2. Esr spectrum of an aqueous solution of cyanoacetate 
(0.1 M ) containing formate (0.1 M )  at pH  6 (phosphate 
buffered) during irradiation. Only two portions of the 
spectrum, with all the lines from  _OOCCH2C H = N  •, are 
shown. W eak lines from  • CH jCO O -  are present in the 
central portion not shown.

was not observed under our experimental conditions. 
This radical ion most probably undergoes protonation
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H

R CN - +  H20  — ► R— C = N  • +  OH -

to give the radical observed in the esr spectrum.
To support the suggested mechanism of formation of 

R— CH =N  ■ aqueous solutions of acetonitrile were ir­
radiated under several different conditions. The spec­
trum of Figure 1 was obtained between pH 7 and 13 
with solutions containing no other scavenger. In the 
presence of N20  as a scavenger of eaq_ the spectrum 
essentially disappeared showing that eaq_ is a major pre­
cursor. Although (as pointed out in the Introduction) 
OH is known to produce • CH2CN, it could conceivably 
also contribute to the formation of CH3CH =N  •. 
Elimination of >95%  of the OH reaction with CH3CN 
by the addition of formate or methanol did not have any 
effect on the observed spectrum of the radical CH3- 
C H =N -. In acetonitrile and glycolonitrile solutions 
at pH 1, where all the hydrated electrons are converted 
into H atoms, spectra similar to those obtained at high 
pH could be observed, suggesting the reaction

H

R—C = N  +  H — >  R— C = N  •

This reaction is also supported by the recent observa­
tion10 that the rate constants for the reaction of hy­
drogen atoms with acetonitrile and cyanoacetic acid are 
about an order of magnitude higher than the rate ex­
pected for hydrogen abstraction.

To check whether C02-  could transfer an electron to 
a nitrile to form RCH=N ■, solutions of acetonitrile and 
of cyanoacetate were irradiated either in the presence 
of C02 as a scavenger for eaq“

C 02 -|- eaq~ C02~

or in the presence of HCOO-  +  N20  to convert all the 
primary radicals of water radiolysis into C 02~

N20  +  eaq-  — ► N2 +  O H - +  OH

HCOO- +  OH or H — >  C02~ +  H20  or H2

No spectrum for RCH=N- radicals could be observed 
under these conditions, thus eliminating the possibility 
of this electron transfer.

Although the mechanism of reaction of hydrated 
electrons with nitriles seems clearly to be leading to 
the formation of RCH=N • radicals, the possible 
formation of cyanide through

RCN +  eaq-  — *■ R- +  C N -

has to be investigated. This reaction is suggested by 
the observation of a weak spectrum of CH2COO_ in so­
lutions of cyanoacetate. To support this observation 
the yields of CN_ from 7 -irradiated solutions of cy­
anoacetate and acetonitrile at pH 12 have been mea­
sured (using Orion Research cyanide ion selective elec­

trode) and found to be G =  0.3 and 0.2, respectively. 
Thus only ~ 10%  of the electrons form cyanide; the 
majority form RCH=N- which probably dispropor- 
tionates and hydrolyzes to form an aldehyde.

In the absence of a competing OH scavenger some 
radicals could be observed as a result of hydrogen ab­
straction by OH radicals from the a  position of nitriles 
(Table II). The coupling constants for -OOCCHCN, 
HOCHCN, and CH3CHCN are in good agreement 
with those determined by Livingston and Zeldes. 3 The 
spectrum of CH2CN was not detected by us probably 
as a result of the 0.7 G line width. 3 In the case of gly­
colonitrile the radical CNCHOH, could be observed at 
pH 1  to 3. However, at pH 5 to 12 the radical CN- 
CHO~ was observed. This suggests a pK  value of 
about 4 for the CNCHOH radical, considerably lower 
than pK  =  8.8 for the hydroxyl group in “ OOCCHOH11 
and pX = 10.7 for -CH2OH. 12

In solutions of propionitrile the product of the eaq_ 
reaction could not be observed (as mentioned above), 
although the product of OH reaction, CH3CHCN, 
could. In the presence of methanol as an OH scavenger 
only the spectrum of the -CH2OH radical was found. 
When formate was added instead, a spectrum was ob­
served which could be assigned to the radical CH3C 
(COO-)CN (Table I). Higher yields of this radical 
could be formed by irradiating a solution of propio­
nitrile and C02. The mechanism of formation of this 
radical probably involves the combination of CH3- 
CHCN and C02-  to form CH3CH(COO-)CN , 13 which 
then competes effectively for the OH radicals

CH3 CH-CN +  OH — ► CHa-C-CN +  H20
I I
coo- coo-

An attempt to produce a similar reaction in a solution 
of cyanoacetate was not successful, probably due to the 
different relative rates of the competing reactions.

It is necessary to comment here upon the spectra of 
two radicals found in irradiated solids which also dis­
play a proton-coupling constant of about 80 G. Rad­
icals formed from malonamide14 and cyanoacetylurea15 
both show aH =  80 G and aN = 12-14 G. Single crys­
tal studies have been made and the radicals suggested 
in both cases are of the type RCONH with the un­
paired electron in a <r orbital much as in HCO. Al-

(10) P. Neta, R. W . Fessenden, and R. H. Schuler, to be published.
(11) M . Simic, P. Neta, and E. Hayon, J . Phys. Chem., 73, 4214 
(1969).
(12) K .-D . Asmus, A. Henglein, A. Wigger, and G. Beck, Ber. 
Bunsenges. Phys. Chem.., 70, 756 (1966).
(13) See, for example: A. Appleby, J. Holian, G. Scholes, M . Simic, 
and J. J. Weiss, Proc. 2nd Ird. Congr. Radiat. Res., (1962) and F. 
Gtitbauer and N. Getoff, Ird. J. Appl. Radiat. Isotopes, 16, 673 
(1965).
(14) N. Cyr and W . C. Lin, J. Chem. Phys., 50, 3701 (1969).
(15) P. W . Lau and W . C. Lin, ibid., 51, 5139 (1969).
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Table I I : Structure and Coupling Constants of Radicals Produced in Irradiated Aqueous Solutions of Nitriles“

Reaction Radical g factor aßn

C N C H 2C O O -  +  O H — -O O C C H C N 2 .0 03 2 5 3 .1 6 1 9 .78
C N C H jC O O - -  eaq-  (1 0 % ) -*■ • C R .C O O - 2 .00322 2 1 .1 8
C N O H jO H  +  O H - * H O C H C N  (p H  1 -3 )

I t
2 .0 0 3 3 0 3 .3 9 1 8 .20 1 .9 5

y 1
-O C H C N  (p H  5 -1 2 ) 2 .00362 3 .3 1 15 .32

C H 3C H 2C N  +  O H  
C H aC H C N  +  C 0 2"

I

C H sC H C N 2 .00292 3 .5 1 2 0 .3 1 2 3 .2 7

y
C H sC H C N  +  O H C H sC C N 2 .0 02 9 6 3 .4 7 2 0 .2 1

coo- coo-
“ Hyperfine constants in gauss; see Table I for accuracy.

though it may be that the structures are of the suggested 
type we would like to point out that the single crystal 
data are more in accord with a radical structure like that 
found here (R C H =N •)• In particular the isotropic 
nitrogen splitting seems too small to be that of a radical 
related to HCO which has a c =  135 G . 16 Also, the 
anisotropic part of proton-coupling tensors (3.0, —1.7, 
— 1.3) and (1.3, —0.3, —0.9) (in gauss) are much closer 
to those of a /3 proton (see the results for CH3CHCOO~ ) 17 
than an a  proton. The approximate tensor for the 
proton in HCO is (5.0, —0.3, —4.2) 18 and is consid­
erably larger. The second of the two compounds is a 
nitrile and therefore formation of a radical of the type 
R CH=N • is not surprising. It is not clear how this 
type of radical could be formed in malonamide.

In this paper esr spectroscopy of aqueous solutions of 
nitriles during irradiation has been described. Through 
the qualitative effect of various scavengers on the 
steady-state concentrations of radicals it has been 
possible to determine some details of the reactions of 
nitriles. The reactions of both eaq~ and H with nitriles 
have been shown to lead to radicals of the type 
R CH=N •. The esr method has been particularly 
useful here because of the distinctive spectrum of these 
radicals with an 80-G proton doublet splitting.

(16) E. L. Cochran, F. J. Adrian, and V. A. Bowers, J. Chem. Phys., 
44, 4626 (1966).
(17) 1. Mayagawa and K. Itoh, ibid., 36, 2157 (1962).
(18) F. J. Adrian, E. L. Cochran, and V. A. Bowers, ibid., 36, 1661 
(1962).
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Radicals Formed by Electron Attachment to Peptides12

by Michael D. Sevilla
Atomics International Division, North American Rockwell Corporation, Canoga Park, California 91304 
(Received April 15, 1970)

The reactions of electrons with a number of peptides, N-acetylamino acids, and N-acetyl peptides in an alkaline 
D20 glass have been investigated by use of electron spin resonance (esr) spectroscopy. Results found for di­
peptides show that at 77°K reaction with the electron forms a dianion. Warming to 180°K results in esr spec­
tra which are consistent with radicals of the structure • CHRCONHCH RC02-  where R = H or an alkyl group. 
These radicals are formed by deamination of the primary or N-terminal amine group. Further warming to 
the softening point of the glass results in the appearance of a third radical species whose spectra are in most 
cases consistent with the radical NH2CRC0NHCHRC02-  or NH2CHRC0NHCRC02-  formed by an ab­
straction reaction between the parent peptide and the deaminated radical. An analogous reaction mechanism 
to that for dipeptides was found for the tripeptide L-alanylglyeylglycine. Electron attachment to N-acetyl­
amino acids results in localization of the electron in the peptide linkage (—CO—NH—). At 180° K the results 
show that the dianion of the acetylamino acids undergo deamination of the secondary amine group to produce 
radicals of the structure • CHRC02- . For N-acetyl dipeptides the electron is found to localize predominantly 
in the N-terminal peptide linkage; however, some localization at the second peptide linkage may also occur. 
Deamination of a secondary amine group and subsequent abstraction from the parent peptide are found upon 
warming. The results found here are compared to those found for electron reactions in aqueous solution at 
pH 7, and radiolysis of the solid state.

Introduction
The electron is an important radical intermediate in 

the radiolysis of water3 and the radiolysis of solids such 
as amino acids4-7 and peptides.8 Consequently, an 
investigation of the isolated reactions of electrons with 
amino acids and peptides should aid the analyses of 
radiolysis experiments in aqueous media and perhaps in 
the solid state as well.

The reaction of electrons with amino acids in an 
aqueous medium (an alkaline glass) have been pre­
viously studied by use of electron spin resonance (esr) 
spectroscopy.4 It was found that the electron upon 
reaction with an amino acid initiated a series of radical 
producing steps. Radical intermediates were identi­
fied which were consistent with the following mecha­
nism

NH2CRHC02-  +  e-  NH2CRHC022- (1 )
> 1 8 0 ° K

NH2CRHC022“ - -----^ -CRHC02-  +  NH2-  (2 )

•c r h c o 2-  +  n h 2 c r h c o 2- ^ £

c h 2r c o 2-  +  NH2CRC02-  (3)

where R =  H or an alkyl group.
This mechanism was found to be in agreement with 

that proposed for the reaction of amino acids and the 
electron from reaction rate studies and product analysis 
of the radiolysis of amino acids in aqueous solution.9a b 
Recent pulse radiolysis experiments have given evi­
dence that the deaminated radical is a product of elec­
tron attachment to glycine and alanine. 90 The first 
two steps of the reaction mechanism are also in agree­

ment with those proposed from electron spin reso­
nance studies of the radiolysis of solid amino acids. 10 
With these encouraging results it was considered of 
interest to investigate the reactions of electrons with 
peptides.

In previous work, Willix and Garrison have found 
through product analysis and reaction rate studies that 
in oxygen-free aqueous solutions reaction of the electron 
with glycine dipeptides and tripeptides essentially 
quantitatively cleaves the N-C bond of the primary 
(terminal) amine group.9b These workers suggest that 
electron attachment to the carbonyl linkage next to the 
terminal amine group precedes deamination.

In this work a study of a number of peptides and 
acetyl peptides has been performed. This work veri-

(1) This work was supported by the Division of Biology and Medi­
cine of the U. S. Atomic Energy Commission.
(2) This work was presented in part at the 158th National Meet­
ing of the American Chemical Society, New York, N.Y., Sept 9, 1969.
(3) E. Hayon in “ Radiation Chemistry of Aqueous Systems,” 
Stein and Gabriel, Ed., Wiley, New York, N. Y., 1968, pp 157-209.
(4) M . D. Sevilla, J. Phys. Chem., 74, 2096 (1970).
(5) J. Sinclair and M . W. Hanna, ibid., 71, 84 (1967).
(6) (a) H. C. Box, E. E. Budzinski, and H. G. Freund, J. Chem. 
Phys., 50, 2880 (1969); (b) H. C. Box, H. G. Freund, K . T. Lilga, 
and E. E. Budzinski, J. Phys. Chem., 74, 40 (1970).
(7) P. B. Ayscough and A. K. Roy, Trans. Faraday Soc., 64, 582
(1968).
(8) R. C. Drew and W . Gordy, Radiat. Res., 18, 552 (1963).
(9) (a) D. B. Peterson, J. Holian, and W. M . Garrison, J. Phys. 
Chem., 73, 1568 (1969); (b) R . L. S. Willix and W. M . Garrison, 
Radiat. Res., 32, 452 (1967); (c) P. Neta, M . Simic, and E. Hayon, 
J. Phys. Chem., 74, 1214 (1970).
(10) An abstraction step is also found in solid amino acids; how­
ever, it differs from abstraction in aqueous media (see ref 4 for a 
discussion).
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fies the conclusion of Willix and Garrison that deamina­
tion of primary amine groups occurs andfur ther shows 
that it extends to peptides composed of glycine and 
amino acids with alkyl side groups. Results are found 
which confirm the suggestion that electron localization 
occurs at the peptide linkage for dipeptides and pre­
dominantly at the N-terminal peptide linkage in tri­
peptides. In addition, evidence for an abstraction 
step analogous to that found in amino acids (reaction 3 ) 
is found.

Experimental Section
The peptides used in this work were obtained from 

Cyclo Chemical Co. and were the highest grade avail­
able.

The experimental procedure employed has been de­
scribed previously. 4'11'12 In this procedure a deoxy- 
genated 8 N  NaOD (92% D20) solution containing 5 
m M  K4Fe(CN) 6 and ca. 50 mM  solute (peptide) is 
cooled to 77°K to form a glass. The glass formed is 
photolyzed with 2537 A uv light at 77°K for approxi­
mately 1 min. The photolysis produces a dark blue 
color due to the electron by photoionization of the 
K4Fe(CN)6. At this point, an esr spectrum is taken of 
the sample to ensure that photolysis of the organic solute 
is minimal. 13 The sample is then photobleached at 
77°K with light from an infrared lamp for approxi­
mately 4 min. The electrons become mobile and react 
with the solute. An esr spectrum is then taken of the 
sample. The solutions were prepared with D20  since 
this results in improved resolution of the esr signal.

To prevent hydrolysis of the peptides the solutions 
were prepared when necessary by addition of the 
peptide dissolved in a small amount of D20  to the 
cooled (<0°) alkaline solution. The sample is then 
quickly (<20 sec) prepared and cooled to 77°K.

A Varian V4500-10 esr spectrometer equipped with a 
dual cavity, Fieldial magnetic field regulator, and vari­
able temperature accessory was employed in this work. 
Measurements of hyperfine splittings and g values were 
made vs. potassium peroxylamine disulfonate (An =
13.0 G, g =  2.0056).

Results and Discussion
1. E lectron R eactions with Di-peptides. The reac­

tions of electrons with dipeptides were investigated to 
determine whether primary or secondary deamination 
results from electron attachment. For this reason di­
peptides of the form

0

I!
NH2CHRCNHCHR'C02-

where R ^  R' were principally investigated. The dif­
fering side groups ease the identification of the resulting 
radical species and consequently the deamination pro­
cess.

Figures 1-3. Electron spin resonance spectra of radical species 
produced by reaction of electrons with glycyl-L-alanine (Figure 
1), L-alanylglycine (Figure 2), and glycyl-n-leucine (Figure 3) 
in a deuterated alkaline glass. A. The dianion species 
formed by electron attachment at 77°K. B. The

O
II

second radical species, -CHRCNHCHRCCh- , produced by 
deamination of the primary amine group upon warming to 
180°K. C. The third radical species at 190°K produced 
by hydrogen abstraction from an «-carbon. The third 
spectrum of glycyl-L-leucine shows evidence of abstraction 
from the leucine side group as well (see text for a 
discussion). The magnetic field increases from left to right 
for each spectrum in these figures and subsequent figures.

a. G lycyl-h -A lan ine, h -A lanylglycine, and G lycyl- 
glycine. At 77°K electron attachment to the dipep­
tides gly-ala, ala-gly, and gyl-gly results in esr spectra 
which are associated with the dianion radicals (reaction 
4).

O

NH2CRHC— NHCRHC02-  +  e - —•>
0

NH2CRHC— NHCRHC02-  (4)

The spectra for gly-ala and ala-gly (Figures 1 A and 2A) 
show little resolution of structure. The spectrum of 
gly-gly shows a 22-G doublet. 14 Warming the samples

(11) P. B. Ayscough, R. G. Collins, and F. S. Dainton, Nature, 
(London), 20S, 965 (1965).
(12) R. A. Holroyd and J. W. Glass, Int. J. Rad. Biol., 14, 445 
(1968).
(13) Photolysis of solid peptides has been found to produce radicals 
(see A. Meybeck and J. J. Windle, Photochem. Photobiol., 10, 1 (1969)). 
The short photolysis time, the relatively low concentration of .the 
peptide, and the absorbance of the K*Fe(CN)e in the uv prevented 
any significant photolysis in this work.
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containing the dianion radicals to 180°K results in esr 
spectra which are indicative of primary deamination 
reaction 5.

o-
II

n h 2c r h c n h c r h c o 2-  — ►
0

•CRHCNHCRHC02-  +  NH2-  (5)

Thus for gly-ala a three-line spectrum of 22-G separation 
in the intensity ratio ca. 1:2:1 (Figure IB) is found 
which is expected from the -CH2CONH~ radical.4 
In the case of ala-gly a spectrum (Figure 2B) consisting 
of five lines separated by 24 G is found as expected 
for the -CH(CH3)CONH~ radical.4 8'15- 17

The evidence for the N-terminal or primary deamina­
tion step for gly-ala and ala-gly is made stronger by a 
consideration of the other possible deamination site, 
that is deamination of the secondary amine group. If 
this reaction took place a spectrum of the •CH2C 02_ 
radical would be found for ala-gly and a spectrum of the 
•CHCH3C 02-  radical would be found for gly-ala. It 
should be first noted that the spectra in Figures IB and 
2B are not in agreement with the structure of these 
radicals. In addition the esr spectra of these radical 
species were found to show well resolved anisotropic 
hyperfine components;4'18 consequently, if they were 
formed in significant concentrations they would be 
easily detected. The spectra in Figures IB and 2B 
show no evidence of these radicals; thus very little, if 
any, secondary deamination occurs.

Results for gly-gly are also in agreement with the 
primary deamination mechanism. The spectrum found 
at 180°K is nearly identical with that found for gly-ala 
(Figure IB). If secondary deamination occurred the 
anisotropic components of the • CH2C02-  radical would 
be observed. Since no such components are observed, 
it is evident that only primary deamination occurs.

Further warming of the sample containing the de- 
aminated radical species and the parent dipeptide to 
190°K where the glass softens results in a third esr 
spectrum. This final spectrum consists of a 14-G 
doublet for gly-ala (Figure 1C), a 13.5-G doublet for 
ala-gly (Figure 2C), and a 14-G doublet for gly-gly. 19 
A similar doublet of 13.5 G was found for the third 
radical species of glycine produced by the abstraction 
reaction (reaction 3). It is therefore considered likely 
that an abstraction step like that found for the individ­
ual amino acids occurs for the dipeptides as well. This 
abstraction is shown in reaction 6 for gly-gly.

A radical of the form

0

. II
n h 2c h c n h c h 2c o 2-

would result in a similar spectrum and may be produced 
as well.

0

n h 2c h 2c n h c h 2c o 2-  +
0

II
•c h 2c n h c h 2c o 2-  — ►

0n .
n h 2c h 2c n h c h c o 2-  +

o
II

CHsCNHCH2C02-  (6)

The results for gly-ala and ala-gly are somewhat more 
complex since a-carbon radicals may be produced on 
either the glycyl or alanyl residues. Since a quartet 
would be expected for the alanyl a-carbon radical, 8'1617 
the spectra found suggest the predominant radical 
formed is that on the glycyl residue; however, for 
these dipeptides the small end components may be in­
dicative of some abstraction from the alanyl residue. 20

Further warming of the sample or long standing at 
190°K results in a loss of the esr signal due to the final 
radical species. This is most likely a result of radical- 
radical recombination.

b. G lycyl-t,-leucine and G lycyl-i-va lin e. The spectra 
found for gly-leu and gly-val after electron attachment 
and warming to 180°K are essentially the same as those 
found for gly-ala. At 90°K a partially resolved spec­
trum due to the dianion is found (Figure 3A). Warm­
ing to 180°K results in a 1:2:1 triplet of 22 G separa­
tion (Figure 3B) for both molecules. No evidence is 
found for either leucyl or valyl radicals in this step;4 
consequently evidence for significant secondary de­
amination is not found. Thus primary deamination as 
in reaction 5 occurs for these dipeptides as well.

(14) The splitting for gly-gly presumably arises from the interaction 
of the unpaired electron localized in the peptide linkage (see section 
3) with a proton at the N terminal a-carbon position. The lack 
of structure in the spectra found for gly-ala and ala-gly is most 
likely due to the orientation of the protons to produce only a small 
/S-proton hyperfine splitting.
(15) F. G. Liming, Radiat. Res., 39, 252 (1969).
(16) A. Meybeck and J. Windle, ibid., 40, 263 (1969).
(17) H. C. Box, H. G. Freund, and K. Lilga in “ Free Radicals in 
Biological Systems,”  M . S. Blois, Ed., Academic Press, New York, 
N. Y., 1961, pp 239-248.
(18) The lack of resolution of anisotropic components in the 
*CHRCO— N H r a d ic a ls  may be due to broadening of hyperfine 
components due to unresolved nitrogen splittings.
(19) These results compare favorably with the radiolysis of glycine 
peptides in their solid state. For these peptides 16-17-G doublet 
spectra are found which are attributed to a-carbon radicals (see 
ref 8, 16, 17, and R. S. Mangiaracina, Radiat. Res., 32, 27 (1967)).
(20) It should be noted that these components may also arise from 
anisotropic nitrogen hyperfine couplings. Such components are 
observed from the amino acid a-carbon radicals (ref 4), but have not 
been previously observed in poly crystalline peptides.
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Warming the gly-leu sample to 190°K where the 
the glass softens and then recooling to 180°K resulted 
in a spectrum (Figure 3C) which consists of six resolved 
components. The total width of the spectrum (120 G), 
the regularity of spacing (24 G), and the relatively 
narrow line widths of the outer four lines (7 G) suggest 
a radical with a number of equivalent ¡3 protons. Such 
a radical has been observed previously in irradiated 
solid leucine, 21 as well as hydrogen bombarded solid 
leucine, 22 and poly-DL-leucine. 16 For the amino acid, 
the radical has been assigned the structure

CHS

■C-CH2-CH(NH2)C02H21.22

/
c h 3

At 77°K this radical shows an eight-line spectrum due 
to equal coupling with the methyl protons and one of 
the methylene protons. The intensity ratios are the­
oretically 1:7:21:35:35:21:7:1 and the hyperfine 
splitting is in the range 23 to 25 G. The intensity ratios 
of the lines with the expected ratio 7:21 are in the ratio 
of ca. 7:18. The hyperfine splitting of 24 G is also in 
good agreement with such a radical. The intensities of 
the central pair of lines are greater than expected from 
the above radical species alone. Another species is 
present which has a doublet splitting. This species is 
most likely that produced by abstraction of an a-carbon 
hydrogen atom.

Rewarming the glass to its softening point for a few 
minutes results in a loss of the spectrum of the leucyl 
alkyl radical. A partially resolved doublet of ca. 15 G 
remains and is increased in intensity. This suggests a 
further reaction, i.e ., abstraction of an a-carbon hydro­
gen atom by the leucyl alkyl radical.

The abstraction of the tertiary hydrogen atom from 
the alkyl group of the leucyl residue is a somewhat sur­
prising result. This is because (1) abstraction from 
the a-carbon not the alkyl side group was found for 
amino acids, 4 and (2 ) the alkyl radical evidently later 
abstracts from the a-carbon position. A possible ex­
planation for these results is that the tertiary radical is 
formed by intramolecular abstraction (reaction 7) just

O

CH,

CH;

•ch2-

-H
\
,NH

A  ** /3 CH2— CHCO:

ÇCV CP,

CH3— C— NH— CH— CH2—

CH:,
(7)

diffusion takes place allows the alkyl radical to abstract 
from an a-carbon position.

It should be noted that in the case of the amino acid 
leucine, the leucyl a-carbon radical produces a 13-G 
doublet esr spectrum due to interaction of one of the 
d-protons on the alkyl side group.4 In irradiated poly­
leucine a 21-G doublet is found due to the analogous 
radical, (-NH-CR— CO- ) . 8 The 15 G doublet 
found in this case is in the range expected for an a-carbon 
radical on the leucyl residue. It is expected that the 
spectrum consists of an overlap of both the leucyl and 
glycyl a-carbon radicals. Since the spectra expected 
for the two radicals are so similar, no estimate can be 
made of the relative amounts of each present.

2. R eaction  o f  E lectrons with a T ripeptide. L- 
A lanylglycylglycine. Electron attachment to ala-gly- 
gly at 77°K results in a broad partially resolved singlet 
esr spectrum which is attributed to the dianion. Warm­
ing to 180° K results in a spectrum similar to that found 
for ala-gly with the exception that the central compo­
nent is more intense than expected. The deamination 
step is slow and the large intensity of the central peak is 
probably due to unreacted dianion. Further warming 
to 190°K results in a well resolved doublet of 13 G 
similar in line shape to that found for ala-gly.

These results suggest that the reaction mechanisms 
found for dipeptides apply to tripeptides as well.

3. R eaction  o f  E lectrons with N -A cety la m in o A cid s  
and N -A ce ty l Peptides. The reactions of electrons with 
N-acetylamino acids and peptides were investigated 
to determine whether electron localization on the pep­
tide occurs. If localization does occur it is of interest 
to determine on which peptide unit the electron local­
izes. The acetyl methyl group at the peptide end 
should aid in this determination since it should act as a 
probe to ascertain the unpaired electron density at the 
terminal peptide linkage. Since the possibility of pri­
mary deamination is eliminated for acetylamino acids 
and peptides, it is also of interest to determine whether 
secondary deamination occurs.

a. N -A cety lam in o A cid s. Electron attachment to 
N-acetylglycine, N-acetyl-L-alanine, and N-acetyl-L- 
valine produce esr spectra which show 30 to 32-G dou­
blets at 90°K. The spectra are shown in Figures 4A, 
5A, and 6A. Warming the samples to 170°K results in 
a quartet of ca. 13.5-G separation for each of the di­
anions (Figures 4B, 5B, and 6B). This process is re­
versible, that is, cooling to 90°K results in the original 
doublet. The reversibility shows that no chemical 
reaction has taken place and suggests the change in 
spectra is due to a change in the configuration of the 
acetyl methyl group. A similar phenomenon has been 
found to occur for the acetamide anion. 23 At 85°K

(21) F. Patten and W. Gordy, Radiat. Res., 14 , 573 (1961).
as the glass softens but before diffusion through the (2 2 ) w . Snipes and J. Schmidt, ibid., 29, 194 (1966).
glass occurs. Rewarming the glass so that appreciable (2 3 ) M . D. Sevilla, J. Phys. Chem., 74, 669 (1970).
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Figures 4-6. Esr spectra of radical species produced by 
reaction of electrons with N-acetylglycine (Figure 4), 
N^aeetyl-L-alanine (Figure 5), and N-acetyl-L-valine (Figure 
6). A. The dianion species at 90°K produced by electron 
attachment to the peptide linkage. The doublet spectra arise 
from interaction of one of the acetyl methyl group protons.
B. Same radical species as in A at 170°K. These spectra 
show evidence of a more freely rotating methyl group. The 
conversion from A to B is reversible. C. The radical species, 
■CHRCO2 -  produced by deamination of the 
secondary amine group at ca. 180°K.

the esr spectrum of this species consists of a 30.8-G 
doublet. Upon warming to 180°K the doublet rever­
sibly converts to a 1:3:3:1 quartet of 13.5-G separa­
tion. This phenomenon was interpreted on the basis 
that the methyl group was freely rotating at 180°K and 
locked in a particular conformation at the lower tem­
perature so as to produce one large hyperfine splitting. 
Since the structure of acetamide is that of the end por­
tion of the acetyl peptides, the nearly identical hyper­
fine splittings found for the locked conformation and 
the more freely rotating case can only be explained if 
the unpaired electron is localized at the acetyl peptide 
linkage (CH3-CO-NH-).

The spin densities found to agree with the hyperfine 
splittings in acetamide anion place 0.69 of the unpaired 
spin at the carbonyl carbon, 0.23 at the oxygen, and 
0.06 at the nitrogen.23 The similarity in hyperfine 
splittings suggest these densities apply to the acetyl- 
amino acid dianions as well.

As can be seen in Figures 4B, 5B, and 6B spectra 
found for the quartet in some cases differ significantly 
from the 1 :3 :3 : 1  intensity ratio expected for a freely 
rotating methyl group. This is not unexpected since 
similar intensity ratios are found for acetamide anion at 
temperatures below 170°K.23

Warming the acetylamino acid anions to 185°K re­
sults in the spectra shown in Figures 4C, 5C, and 6C.

These spectra are identical with those found for the cor­
responding deaminated amino acids; that is, the spectra 
in Figures 5C and 6C for acetylalanine and acetylvalme 
are identical with those found for deaminated alanine 
and valine. The spectrum (Figure 4C) found for acetyl- 
glycine shows some evidence of unreacted dianion; 
otherwise it is identical with that found for deaminated 
glycine. These results present convincing evidence 
that secondary deamination occurs via the reaction

0 -

CHs— C— NH— CHRCO2-  — >
O
II

CHa— C— N H - +  -CHRCOs- (8)

Further warming to the softening point of the glass 
resulted in third radical species in the cases of acetyl- 
glycine and aeetylvaline.

b. N -A cety l D ipeptides. The results for the acetyl­
amino acids show that electron localization occurs at the 
peptide bond in preference to a carboxyl group. It is 
of interest to determine where electron localization 
occurs when there is a choice of peptide bonds. For 
this reason two acetyl dipeptides were studied. They 
are acetylglycyl-L-leucine and acetylglycylglycine. 
The spectra found after electron attachment to the 
former is shown in Figure 7. The results expected for 
localization at the end peptide bond are found. The
27-G doublet spectrum at 90°K reversibly converts to 
the quartet of 13-G separation at 165°K. The intensities 
of the individual components of the quartet are far from 
the 1 :3 :3 : 1  expected for a freely rotating methyl group. 
This suggests considerable hindrance to rotation at

Figures 7 and 8. Esr spectra of radical species produced by 
reaction of electrons with N-aeetylglycyl-n-leucine (Figure 7) 
and N-acetylglycylglycine methyl ester (Figure 8). A. The 
dianions at 90°K. B. Same species at 170°K, The 
conversion from the doublets in Figures A to the quartet in 
Figures B is reversible. This shows that the electron is 
predominantly localized in N-terminal peptide linkage. C. 
Radicals produced by further warming. Figure 7C (180°K) 
indicates N-terminal deamination and Figure 8C (185°K) 
suggests a radical of structure - CH2O C (0 )~  is produced. D. 
Third radical species at 190°K. These spectra are indicative 
of abstraction from an a-carbon position.
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165°K. It should also be noted that due to the poor 
resolution the possibility of a significant amount of 
localization at the second peptide bond cannot be 
eliminated.

Warming the sample to 180°K results in a spectrum 
which consists of three major components separated by 
22 G in a ca. 1:2:1 intensity ratio. This spectrum is 
good evidence that radical formed in this step is a gly- 
cyl-like radical and that secondary deamination of the 
acetyl peptide unit occurs. The radical formed in this 
process should be the same as that formed by the pri­
mary deamination of gly-leu. The spectra found for 
the two cases (Figure 7C and Figure 3B) are quite simi­
lar but not identical. This is probably a result of the 
fact that in this case the deamination step was slow to 
occur and a small amount of the dianion remains. It is 
also possible that a small amount of secondary de­
amination at the gly-leu bond occurs; however, the 
radical produced in this process (deaminated leucine 
radical) has a spectral width of 88 G. Therefore if it 
were formed in significant amounts it would have com­
ponents outside those of the glycyl radical and it would 
be easily observable. The spectrum shows no evidence 
of this species.

Further warming to 190°K results in a 13-G doublet 
(Figure 7D) characteristic of abstraction from an a - 
carbon position.

Somewhat different results are found for N-acetyl- 
gly-gly. At 90°K a 26-G doublet is found which con­
verts reversibly to a quartet whose components are 
separated by 13.4 G at 170°K. The spectrum found 
at 170°K is less resolved than that found for the acetyl- 
amino acids and may indicate some localization at the 
second peptide bond. Warming the sample to 180 °K  
gives evidence for only partial deamination. The line 
shapes of the deaminated species resemble that of 
•CH2C0 2 ~ (Figure 4C) rather than ■ CH2CONH~  
(Figures IB, 3B, 7C). This indicates at least some 
secondary deamination of the C-terminal group. Com­
plete deamination does not occur until temperatures are 
reached where the glass softens. At these temperatures 
(190°K) a 13.2-G doublet with components due to an 
anisotropic nitrogen is found which is indicative of ab­
straction of a hydrogen atom from an a  carbon.

Although the results for the acetyl dipeptides may 
suggest some localization at the C-terminal peptide 
bond, the spectra give good evidence that the predomi­
nant localization is at the N-terminal.

c. N -A cetylg lycylg lycin e M eth yl Ester. The local­
ization of the free electron at the N-terminal peptide 
bond can be explained by either of two hypotheses. 
First it may be due to simple charge repulsion. This is 
because in 8 A  NaOH the carboxyl group is unproto- 
nated and carries a negative charge. Therefore avoid­
ance of the charge on the carboxyl group may result in 
localization of the electron at the N-terminal peptide 
linkage. Second, the N-terminal peptide linkage may

form a deeper potential energy well than the other 
linkages and thus preferentially trap the electron. .

To test the first hypothesis acetyl-gly-gly methyl 
ester was reacted with the electron. Esterification of 
the carboxyl group removes the charge on the group 
without greatly changing the electronic structure of the 
peptide. The spectra found after electron attachment 
are shown in Figure 8 . The conversion from the 27-G 
doublet in Figure 8A to the quartet of 13.5-G separation 
in Figure 8B is reversible. These results demonstrate 
electron localization at the N-terminal bond is not a 
result of charge repulsion. This suggests an inherent 
property of the electronic structure of the peptide 
causes localization at the N-terminal peptide bond.

The results found on warming the anion to 185°K are 
somewhat unexpected (see Figure 8C). The spectrum 
found consists of a triplet in the intensity ratio 1 : 2 : 1  
with a 15-G separation.

The 15-G splitting and the narrow central component 
are not consistent with radicals of structure

0  0  o
II II II

•c h 2c n h c h c o c h 3 c h 2c o c h 3

Results found for the reaction of electrons with glycine 
methyl ester suggest that the radical formed has the 
structure '~C(0)0CH2- , 24 The formation of this 
species could be a result of intra- or intermolecular ab­
straction after deamination.

Further warming of the sample results in a spectrum 
(Figure 8D) associated with abstraction from an a- 
carbon position in the parent peptide. This may indi­
cate that the abstraction reaction which produced the 
~C (0)0C H 2- radical was intramolecular in nature.

Comparison to Other Work and Conclusions
In previous work it has been found by Willix and 

Garrison through product analysis and reaction rate 
studies that electron attachment to gly-gly and gly-gly- 
gly in dilute aqueous solutions at pH 7 results in 
deamination of the primary amine group.9b These 
workers suggest that electron attachment to the pep­
tide linkage adjacent to the primary amine group 
precedes deamination. The results found here con­
firm those of the previous work and show that

(24) The reaction of electrons with glycine methyl ester results in 
deamination at < 170°K  to produce a radical structure *CH2C(0)- 
OCH3 . This species yields a spectrum showing distinct anisotropic 
components very similar to that found for ‘ CH^CCh- . However, 
warming to 185 °K results in a new spectrum virtually identical with 
that found in Figure 8C. Since cooling does not result in the original 
spectrum and since the isotropic and anisotropic hyperfine splittings 
are so different for the two spectra, it is concluded that a new radical 
has been produced. The methoxy methyl group is the only possible 
site of abstraction which would produce a spectrum due to two 
equivalent protons. It is therefore considered likely that this new 
radical has the structure • CH20C(0) ̂  (the complete structure 
depends on whether the abstraction is intra- or intermolecular). 
This interpretation is supported by the fact that a reduced hyperfine 
splitting would be expected for a radical of the above structure.. 
For example a 17.4-G splitting is found for the -CTUOH radical 
(R. Livingston and H. Zeldes, J. Chem. Phys., 44, 1245 (1966)).
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primary deamination extends to other peptides com­
posed of glycine and amino acids with alkyl side groups. 
The suggestion of electron attachment to the N-terminal 
peptide linkage is in good agreement with results found 
for the N-acetylamino acids, although the acetyl pep­
tides may suggest some localization of the electron at 
the second peptide bond.

The localization of the electrons at the N-terminal 
peptide linkage is most likely due to a deeper potential 
well for the end linkage. However, the potential 
energy difference between peptide linkages cannot be 
very large. One should therefore expect the effects of 
electron migration between the various peptide units 
at higher temperatures. Thus the preferential de­
amination of the one amine group over another may be 
more due to the competitive rates of deamination rather 
than simply localization itself. This is clearly indicated 
by the fact that the primary amine group deaminates 
in dipeptides even though the electron is localized at 
the peptide linkage. This extends to the acetyl dipep­
tides where the “weakest” bond would be expected to 
rupture even though the electron is “localized” at the 
N-terminal linkage.

Rodgers, Sokol, and Garrison have studied the reac­
tions of electrons produced by radiolysis with N-acetyl 
peptides in H20  solution at pH 7. 26 In dilute solutions 
reaction of the electron with N-acetylalanine is shown 
to lead to liberation of the free amino acid alanine. 
This is not in accord with the mechanism found here in 
8 N  NaOH (reaction 8). An explanation may be that 
in this case the mechanism for product formation is pH 
dependent.

There are a number of studies of the radiolysis of pep­
tides in the solid state.8'16'17'26-29 Several of these studies 
give evidence that radicals of the type • CHRCONH~ 
are formed by cleavage of primary or secondary amine

linkages and that these species further react probably 
by abstraction to form the usual a-carbon radical.816 
It is interesting to note that the first species could be a 
result of primary or secondary deamination caused by 
the electrons produced during radiolysis. However, 
the reactions of positive ions,8 excited molecules, 30 and 
hydrogen atoms16'31'32 must be considered as well.33
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The infrared spectrum from 4000 to 50 cm- 1  and the Raman spectrum have been obtained for tetracyano­
methane, C (CN)4. Raman polarization data have been determined from acetonitrile and acetone solutions, 
and vapor phase infrared data obtained at 170° are reported and compared with both infrared and Raman 
data from the solid compound at room temperature. The spectra are shown to be compatible with Ts molecular 
symmetry, and the C-CN bond force constant is consistent with the treatment of the CN group as a pseudo­
halogen. The C(CN)4 reactivity is attributed to the pseudohalogen groups, rather than the C-C bonds, and 
is justified by the high stability of the C(CN)3~ reaction product.

Introduction
The recent synthesis of tetracyanomethane, C(CN)4> 

and investigation of some of its chemical properties 
revealed a number of similarities with the carbon tetra- 
halides. 1 However, there also are apparent inconsis­
tencies in the treatment of C(CN) 4 as a pseudotetra- 
halide such as its ready hydrolysis under both acidic 
and basic conditions and its occurrence as a crystalline 
solid at normal room temperature. CF4 is a gas, and 
CC14 is a volatile liquid at room temperature. Both 
are stable towards hydrolytic reagents. Its mass would 
place C(CN)4 between these two compounds, so that it 
becomes interesting to ask whether the inconsistencies 
observed result from the inherent reactivity of the 
pseudohalogen group or from the carbon-pseudohalo­
gen bonding differing significantly (presumably being 
weaker) from that of the normal carbon tetrahalides. 
A vibrational analysis, leading to force constant deter­
minations, can help to provide an answer to this ques­
tion.

Experimental Section
Tetracyanomethane was prepared by treating cyano­

gen chloride with silver tricyanomethanide (C1CN +  
AgC(CN)3 — C(CN)4 +  AgCl), as reported earlier. 1 
All transfers of the compound, for loading Raman cells 
or making up mulls or solutions, were carried out in a 
dry nitrogen-filled glove bag. Analytical reagent grade 
acetonitrile and acetone were thoroughly dried and re­
distilled before use as solvents.

Infrared spectra were obtained in the region 4000 to 
200 cm- 1  using a Perkin-Elmer Model 621 spectrom­
eter equipped with a dry air purging unit. Csl 
plates were used for containing hydrocarbon and halo- 
carbon mulls of the compound, and a heated 5-cm path 
length gas cell, fitted with AgCl windows, was used at 
170° for a vapor-phase study. The vapor reacted with 
alkali metal salt windows, as detailed in an earlier pub­

lication, 1 but AgCl proved inert and was used for depo­
sition of sublimed crystalline material as well as for 
containing the vapor. Far-infrared spectra of petro­
leum jelly smears containing the powdered solid were 
obtained from a Grubb-Parsons Cube Interferometer, 
using standard polyethylene disks to contain the sam­
ples. Raman spectra were obtained with a modified 
Perkin-Elmer spectrophotometer, using a Spectra 
Physics Model 125 He-Ne laser, and with a Coderg 
PHI instrument. Raman frequencies were determined 
to ± 2  cm-1, and infrared frequencies to ± 1  cm-1.

Results and Discussion
The infrared and Raman band frequencies found for 

C(CN)4 as a solid at room temperature, as a vapor at 
170°, and as a solute in acetonitrile and acetone solu­
tions, are listed in Table I. Infrared spectra obtained 
from a Nujol mull of C(CN)4 and from C(CN)4 vapor at 
170° are reproduced in Figure 1. Halocarbon mull 
spectra and sublimed C(CN)4 crystal spectra showed 
that there are no C(CN)4 bands in coincidence with 
Nujol bands. The solubility of the compound was low, 
so that reliable Raman polarization data were obtained 
only for the strongest bands. PQR structures were 
apparent in each of the strong infrared bands of the gas- 
phase spectrum, but no absorptions were present in the 
550-em-1 region, in contrast with the infrared spectrum 
of the solid compound.

By analogy with the normal carbon tetrahalides and 
with tetracyanometallate complex ions, it is reasonable 
to expect the overall symmetry of the C(CN)4 molecule 
to be tetrahedral. The normal modes for Td molecules 
of the general form X (YZ )4 have been determined by a 
number of authors,2 -4  and the forms of these modes for

* To whom correspondence should be addressed.
(1) E. Mayer, Monatsh., 100, 462 (1969).
(2) B. L. Crawford and P. C. Cross, J. Chem. Phys., 32, 1482 (1938).
(3) H. Murata and K. Kawai, J. Chem. Phys., 26, 1355 (1957).
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Figure 1. Infrared spectra of C(CN)4: A, solid in Nujol 
mull (N indicates Nujol band); B, vapor at 170°.

Table I :  Principal Infrared and Raman Bands of C(CN)4“

/•-------------------------------------R a m a n ------------------- '
Soln

t __e  _  j polarization
dataSolid V apor Solid

116, vw 115, vs
156, s 154, vw
178, s 178, vw 

190, s
503, w, b 
550, s 
560, vw, sh 560, s 

573, w
Polarized

876, m 863 m(PQR)
889, m 

1025, w, sp 1034, w
1056, vs, b 1061, vs(PQR) 1056, m Depolarized
1095, w 
1123, m

1104, w
1130 vw

2276, vs, sp 2270, s(PQR)
2288, vs, b Polarized

“ All frequencies in cm-1. Relative intensity designations: 
w = weak, m = medium, s = strong, v = very, sh = shoulder, 
sp = sharp, b = broad, PQR = band with P, Q, and R branch 
structures clearly defined.

the Ni(CO)4 molecule are displayed in at least one text­
book.6 The modes are distributed amongst the Td 
symmetry species with the following activities: 2Ai(R) 
+  2E(R) +  Ti (inactive) +  4T2(R,IR), where R and 
IR signify Raman and infrared activities, respectively. 
However, treating the CN group as a pseudohalide, 
X, it becomes interesting to consider the CX4 skeletal 
modes independently and to look for simple analogies 
with the normal carbon tetrahalide modes, it being 
anticipated that this will represent a good approxima­
tion for the bond stretching modes, but a rather poor 
one for the angle deformations. While but little mix­
ing of C-N stretching in with the C-C bond stretching 
mode is expected, by analogy with Ni(CO)4,6 the

5(CCC) and <S(CCN) deformations can be expected to 
have similar force constants, leading to strong coupling 
in the normal modes.

A plot of the n(Ai) symmetric stretching mode fre­
quencies of the normal carbon tetrahalides as a function 
of the mass of the halogen produces a smooth curve, 
from which CN group mass of 26 then leads to a predic­
tion that the symmetric C-C stretching mode should 
occur at around 580 cm- 1  if CN can be treated as a 
pseudohalogen. Table I shows a very strong and 
polarized Raman band at 562 cm“ 1 which can confi­
dently be assigned to this C-C mode. The occurrence 
of a weak band at 560 cm- 1  in the infrared spectrum 
from the solid C(CN)4 probably is due to relaxation of 
the Td selection rules, whereby this Ai mode is infrared 
forbidden. The C(CN)4 molecule occupying a site of 
lower symmetry than Td within the crystal lattice could 
produce this effect. However, there is a stronger in­
frared band at 550 cm“ 1 which remains unaccounted for. 
This band, though strong in the spectrum of the solid, is 
completely absent from the spectrum of the vapor. 
This fact suggests that this also arises from a crystal 
lattice effect (relaxation of selection rules or, more 
likely, in view of the lack of a Raman coincidence, a 
correlation field splitting of the symmetric CC4 stretch­
ing mode), the same effect being responsible for the 
appearance of the 573-cm“ 1 component adjacent to the 
CC4 fundamental in the Raman spectrum.

The PQR band structures found in the vapor phase 
spectrum provide further evidence for a regular tetra­
hedral structure. Spherical top molecules conform with 
the rotational selection rules A / =  0, ±  1 for all vibra­
tional modes. The principal vapor phase infrared 
bands can be assigned to asymmetric C-C and C -N  
bond stretching modes. The 1061-cm“ 1 band corre­
sponds with a depolarized Raman band and falls be­
tween the 776 and 1265-cm“ 1 r8(T2) bands of CC14 and 
CF4, respectively. The 2270-cm-1 band can only 
be due to the T2 C-N stretching mode. The 2288-cm-1 
polarized Raman band is assigned to the Ai totally sym­
metric C-N stretching mode, which is close to the 2262- 
cm_ 1 band previously assigned to the Ai symmetric 
C-N stretch of the Cl C(CN)3 molecule.7 This 2288- 
cm- 1  band was sufficiently broad to encompass the 
2276-cm-1 band found in the infrared region, though no 
obvious band asymmetry was detectable.

The assignment of deformation modes is less readily 
achieved, due to the complexity which undoubtedly 
arises from coupling of CC4 and CCN modes. Distor­
tions due to solid state coupling effects also cloud the 
picture here, though it is possible to make some further

(4) L. H. Jones, J. Mol. Spectrosc., 5, 133 (1960).
(5) D. M . Adams, “ Metal-Ligand and Related Vibrations,’ ’ Edward 
Arnold Ltd., London, 1967, p 85.
(6) L. H. Jones, R. S. McDowell, and M . Goldblatt, J. Chem. Phys., 
48, 2663 (1968).
(7) F. A. Miller and W. K . Baer, Spectrochim. Acta, 19, 73 (1963).
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tentative assignments on the basis of the data given in 
Table I and Figure 1. In the region below 200 cm- 1  

there are two strong Raman bands, at 115 cm- 1  and 
190 cm-1, the former having a very weak infrared 
equivalent and the latter no infrared equivalent. Con­
versely, strong infrared bands at 156 cm- 1  and 178 cm- 1  
have only weak corresponding Raman bands. The 
selection rules listed earlier suggest assignments as 
follows: E-type CC4 deformation at 115 cm-1; T2- 
type CC4 deformation at 156 cm-1; T2-type CCN de­
formation at 178 cm-1; and E-type CCN deformation 
at 190 cm-1. Two extremely weak infrared bands at 
62 cm- 1  and 138 cm- 1  and a similarly feeble Raman 
band at 75 cm- 1  all can be assigned as lattice modes. 
The 863-cm-1 band in the infrared spectrum of the 
vapor, which splits to a doublet in the solid, can be 
assigned either to a combination of 560 (Ai) +  178- 
(T2) +  115(E) cm- 1  fundamentals or to the difference 
tone 1056(T2) — 190(E) cm-1. At 1025 cm- 1  (solid- 
spectrum) we have the possibility of either a ISC isotope 
component of the strong 1056-cm-1 band, or a combina­
tion of 1056(T2) with 156(T2) — 178(T2) cm-1. Either 
combination 1056(T2) +  190(E) — 156(T2) cm- 1  or 
1056(T2) +  154(T2) — 115(E) cm- 1  could account for 
the observed band at 1095 cm-1, while an overtone of 
the 560(A1) cm- 1  fundamental produces a reasonable 
fit with the observed 1123-cm-1 band which also is de­
tectable in the Raman spectrum. Numerous very 
weak bands were apparent in infrared spectra from 
strong mulls, particularly in the region above 2000 
cm-1. Suggested assignments for these are as follows: 
660 cm- 1  ~  1056(T2) -  560(AX) +  178(T2); 1208 cm- 1 
~1056(T2) +  156(T2); 1230 cm- 1 ~  2 2 88^ ) -  
1056(T2) or 1057(T2) +  178(T2); 1380 cm" 1 ~  1056- 
(T2) +  178(T2) +  156(T2); 1945 cm- 1 ~  2288(Ar) -  
190(E) -  156(T2); 2104 cm“ 1 ~  2  X 1056(T2) or 2278- 
(T2) -  178(T2); 2165 cm" 1 ~  2278(T2) -  115(E); 
2225 cm- 1 ~  2288(A4) -  176(T2) +  115(E); 2245 
cm- 1  ~  13C satellite of 2278(T2); 2425 cm- 1  ~  2278- 
(T2) +  156(T2); 2450 cm- 1 ~  2278(T2) +  178(T*) or 
2288(Ai) +  156(T2); 2602 cm" 1 ~  2278(T2) +  156- 
(T2) +  178(T2); 2832 cm" 1 ~  566(A4) +  2278(T2); 
3332 cm- 1 — 1056(T2) +  2278(T2). Some of the fore­
going assignments are necessarily somewhat specula­
tive, but a high degree of confidence can be placed in 
the assignment of the bond stretching fundamentals, 
where interaction between C-C and C-N modes is ex­
pected to be but slight. The separability of stretching 
modes can therefore be justified, and the assignments 
summarized in Table II can be quoted with confidence.

The X -Y  bond force constant for a Td molecule X Y 4 
can be determined from the relationship /  = TOy47r2ri2, 
where my is the mass of the atom Y, and n  is the X Y 4 
symmetric stretching frequency8 (neglecting interac­
tions between X Y  bonds). Taking Y  as the CN group, 
this leads to a value of 4.86 X 106 dyn cm- 1  for the C-C 
bond force constant in C(CN)4. The corresponding

Table I I : Assignments of Bond Stretching 
Fundamentals for C(CN ) 4

Mode Description
Frequency,

cm -1

^(Ai) symm C =N  stretch 2288
vi(Ai) symm CC4 stretch 562
n(T2) asymm C = N  stretch 2270
M T z ) asymm CC4 stretch 1061

values for the normal carbon tetrahalides are as follows: 
CF4, 9.14; CC14, 4.38; CBr4, 3.36; CI4, 2.38. It is 
seen that the reactivity of C(CN)4 cannot be attributed 
to an unusually weak C-CN bond, since the force con­
stants show that this lies between the C-F and C-Cl 
bond values. Carbon-carbon single bond strengths 
in other molecules are seen from the following values 
also to be of the same order as that in C(CN)4 (Table
III)

Table I I I

Fs(C— C). /(C -C ) ,
Molecule cm -1 dyn cm —

CHs-CHs8 993 4.50
C(CHa)4° 734 4.94
CH3-C N 8 918 5.18

° K. A. Taylor and L. A. Woodward, Proc. Roy. Soc., Ser. 
A, 264 558 (1961).

It is significant that the anion C(CN)3-  appears to 
be a common product of C(CN) 4 reactions. For ex­
ample, the acid and base hydrolysis reactions may be 
described by the equations1

C(CN) 4 +  2H20  C(CN)S-  +  NH4+ +  C02 

and

C(CN) 4 +  20H - C(CN)3-  +  OCN- +  H20

The high acid strength of HC(CN) 3 has been attributed 
to the resonance stabilization of the anion, 9 which is 
specially favored in a trigonal planar configuration.7 
Using the 657-cm“ 1 band assigned to the r2(A4') sym­
metric CC3 stretch of the planar (D3h) C(CN)3~ ion,7 
the value 6.63 X 106 dyn cm- 1 for the C-C bond force 
constant may be calculated from a similar relationship 
to that used for C(CN) 4 . 8  This value is significantly 
higher than that found for the parent C(CN) 4 molecule, 
suggesting a good thermodynamic reason for the C(CN) 4 

reactivity. Of course, chemical reactivity is associated

(8) G. Herzberg, “ Infrared and Raman Spectra of Polyatomic 
Molecules,”  Van Nostrand, Princeton, N. J., 1945.
(9) R. H. Boyd, J. Amer. Chem. Soc., 83, 4288 (1961).
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more with kinetic factors, and mechanistic considera­
tions are of importance. From the comparison made 
with the carbon tetrahalide series, however, it is clear 
that neither a dissociative SnI mechanism nor an Sn2 
mechanism involving attack by a nucleophile (H20  or 
OH-  in the hydrolysis reaction) at the central carbon 
atom in C(CN) 4 is likely. The reactivity must there­
fore be attributed to the pseudohalogen groups them­
selves.
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Nuclear Magnetic Resonance Study of the Exchange Rates of 

the Peptide Protons of Glycylglycine and Triglycine 

in Water and Aqueous Ureala

by Charles A. Swensonlb and Lynn Koob
Department of Biochemistry, University of Iowa, Iowa City, Iowa 52240 {Received April 14, 1970)

The rates of exchange for the peptide protons of glycylglycine and triglycine were measured in water and 
aqueous urea solutions as a function of pH using nmr techniques. In contrast to the composite exchange 
rates reported for proteins, the rates for some of the peptide protons in these model peptides are slower in 
aqueous urea than in water and are markedly affected by their neighboring groups. The nmr spectra of 
glycyl-1!W-glycine and triglycine are also reported.

Hydrogen-deuterium exchange has long been used as 
a tool for studying protein conformation. 2 Peptide 
proton exchange rates are generally slower than the 
rates for protons on acidic or basic groups and can be 
measured by conventional techniques.2 The rationale 
for conformational studies is that peptide protons ex­
change relatively more slowly when they are on the 
inside of the protein and possibly involved in specific 
interactions than when exposed to the solvent. Fur­
thermore, the variation of any parameter which would 
cause a change in the conformation would be reflected 
in the exchange rate. For large molecules, such as 
proteins, the exchange rates cannot be interpreted with­
out ambiguity as they are affected by a number of en­
vironmental factors. A first step to the understanding 
of exchange in proteins would be knowledge of the fac­
tors affecting exchange in small molecule models.3-6

Hydrogen-deuterium exchange rates of proteins are 
known to increase in concentrated aqueous solutions of 
a protein denaturant, such as urea. This observation 
can, of course, be attributed to the exposure of addi­
tional groups to the solvent, but there is also the possi­

bility of specific interactions of urea with the peptide 
group and/or the alteration of bulk solvent effects 
which may modify the exchange rate of exposed and 
possibly buried groups. In order to understand more 
fully proton exchange in proteins and specifically the 
effects of aqueous urea, we have measured the rates of 
exchange for the peptide protons of glycylglycine and 
triglycine in water and in aqueous urea as a function of 
pH using nmr techniques.7’8 These peptides were

(1) (a) T h is  research w as su pp orted  b y  a grant from  the D iv is io n  o f
M olecu lar  B io lo g y , N ation a l S cience F ou n dation , G B -7 1 6 7 ; (b )
R esearch  C areer D evelop m en t A w ardee, 1 -K 04 -G M 4 238 4 -0 1  o f  the 
N ation a l Institutes o f  H ea lth . T o  w h om  correspondence sh ould  be 
d irected.

(2) A . H v id t  and S. 0 .  N ielsen, Adrian. Protein Chern., 21 , 287 
(1966).

(3) (a) I . M . K lo tz  and B . H . F rank, J. Amer. Chem. Soc., 87, 2721 
(1 9 6 5 ); (b) I . M . K lo tz  and P . L . Feidelseit, ibid., 88 , 5103 (1 966 ).
(4) B . H . L e ich tin g  and I .  M . K lo tz , Biochemistry, 5 , 40 26  (1966).
(5) I . M . K lo tz  and D . D . M ueller, ibid., 8, 12 (1969).
(6) C . Y .  S. C hen and C . A . Sw enson, J. Amer. Chem. Soc., 91, 234 
(1969).
(7) E . G runw ald , A . L ow enstein , and S. M e ib o o m , J. Chem. Phys., 
27, 630 (1957).
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chosen since their spectra are relatively simple, and 
furthermore, band assignments9 and rate studies in 
water were available for glycylglycine.9-10

Experimental Section

M aterials. Glycylglycine and triglycine were ob­
tained from Fisher and Cyclo Chemical Co., respec­
tively, and were used without purification after verify­
ing that no contaminants were present by paper chro­
matography. The concentrations of the peptide solu­
tions were ~ 1 .0  M  for glycylglycine and 0.5 M  for tri­
glycine. The desired pH’s, which were measured be­
fore and after the nmr measurement on a radiometer 
pH meter, were achieved by adding concentrated acid 
or base as needed. For deuterium oxide solutions the 
pH was adjusted by the addition of concentrated DC1 
or NaOD and the appropriate correction applied. 11 
The heavy water and concentrated solutions of DC1 
and NaOD were obtained from Stohler Isotope Chem­
icals. Recrystallized urea was used for all the aqueous 
urea solutions.

Carbobenzoxyglycine p-nitrophenyl ester and lr,N -  
glycine, which were obtained from Sigma Chemical Co. 
and Bio-rad Laboratories, respectively, were used with­
out further purification. Carbobenzoxyglycyl-15A- 
glycine was synthesized from the reaction of carbo­
benzoxyglycine p-nitrophenyl ester and 15Y-glycine 
according to the illustrative procedure of Greenstein 
and Winitz. 12 The heating time was extented to ap­
proximately 1 hr at a reaction temperature of about 
100°. The recrystallized product (dioxane: water, 
7 :1 ) melted at 174-175°. Glycyl-'W-glycine was pre­
pared from carbobenzoxyglycyl ''W-glycine by catalytic 
hydrogenation over paladium in methanol-water (1 : 1 ) 
at atmospheric pressure. The product was separated 
from the reaction mixture on a Dowex-50 column, 
which was equilibrated with sodium citrate buffer at 
pH 3.25. Desalting was also achieved on a column of 
Dowex-50.

M ethods. The spectra were measured on a Yarian 
A-60 spectrometer at a temperature of 40°. Chemical 
shifts were measured from the resonance line in the 
reference compound, 3-(trimethyl si!yl)-propane sul­
fonic acid sodium salt. The mean lifetime, t, of the 
peptide proton was calculated from the line shape of 
the theoretical curves for the methylene doublet or 
triplet.7'8 The effective spin-spin relaxation time, T 2, 
used in the calculation of the rates, was for the aqueous 
solution since the main contribution to line width is 
field inhomogeneity. The effective T 2 was 0.7 to
1.0 sec from our measurements. The theoretical 
curves for the broadened doublet were used at the 
slower exchange rates, and the curves for the collapsed 
doublet were used at the higher exchange rates. 
Although the values from both methods form a con­
tinuous curve of rate vs. pH, the latter method is less

accurate. Almost all the results reported are from 
the former method.

Results and Discussion
Spectra o f  G lycylglycine. The spectrum of glycyl­

glycine in water contains four lines which in order of 
increasing magnetic field are (a) the peptide proton,
(b) water plus rapidly exchanging amino protons, and
(c) two peaks arising from the methylene hydrogens. 
The assignment of the two methylene peaks to the a and 
¡3 hydrogens was made by Sheinblatt9 with a spin-de- 
coupling experiment and the pH dependence of the two 
resonances. We have also observed the spectrum in 
deuterium oxide, which serves as a further proof of the 
assignment. The /3-methylene group which is attached 
to the rapidly exchanging amino protons shows a single 
narrow line at all pH’s. The a-methylene hydrogens 
which are spin-coupled to the peptide deuterium show 
either a singlet or a triplet, depending on the pH.

In addition, we measured the spectrum of glycyl-16Y- 
glycine wherein the resonance of the N H rproton is a 
sharp triplet since it is no longer broadened by quadru­
p le  relaxation. From this absorption we obtained a 
first-order splitting constant of 5.9 ± 0 . 1  cps which 
is what we observed for the methylene-splitting constant 
in both glycyl-15A’-glycine and glycylglycine. These 
coupling constants represent the mean with their re­
spective standard deviations. Spectra of glycyl-I6Y- 
glycine at two pH’s are shown in Figure 1. Substitu­
tion of 16N for 14N in glycylglycine enables one to ob­
serve the strong coupling of the peptide proton to the 
nitrogen nucleus, and thus, we observed two triplets 
which are separated by the coupling constant, 93 cps. 
A splitting of each component of the a-methylene dou­
blet (Figure lb) into two peaks arises because of coupling 
of these protons with a nitrogen nucleus for which the 
coupling constant was measured to be 1.1 cps. Figure 
la, which shows a spectrum of glycyl-15Y-gly cine at a 
higher pH, illustrates the difficulty encountered due to 
overlapping lines when one tries to measure exchange 
rates from the broadening of the a-methylene doublet. 
An accurate measurement of the same rate can be made 
using the peptide proton triplet of glycyl-16-V-glycine.

Spectra o f T riglcyine. Triglycine in aqueous solution 
shows six resonances in addition to the water resonance 
when the peptide and amino protons are undergoing 
fast exchange. As with glycylglycine, the resonances 
of the rapidly exchanging amino protons are averaged 
with the water resonance. The other observed reso­
nances at pH 4.7 are (a) three methylene resonances at

(8) A. Lowenstein and S. Meiboom, J. Chem. Phys., 27, 1067 (1957).
(9) M. Sheinblatt, J. Amer. Chem. Soc., 87, 572 (1965).
(10) S. O. Nielsen, W. P. B.ryan, and K. Mikkelsen, Biochem. 
Biophys. Acta, 42, 550 (1960).
(11) P. K. Glascoe and F. A. Long, J. Phys. Chem., 64, 188 (1960).
(12) J. P. Greenstein and M. Winitz, “ Chemistry of the Amino 
Acids,”  Vol. 2, Wiley, New York, N. Y., 1961, p 1034.
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Figure 1. Spectrum of glycyl-'W-glycine in water, (a) pH 
4.80; (b) pH 1.50. Figure 2. pH dependence of chemical shift of methylene 

protons of triglycine in water.

3.83, 3.92, and 4.03 ppm (8) and (b) two NH resonances 
at 8.10 and 8.59 ppm (5).

Assignment of the resonances due to the a-, /3-, and y -  
methylene protons was made on the basis of pH shifts 
measured in the study. The peaks at 3.83, 3.92, and
4.03 ppm (5) are assigned to the a-, ¡3-, and y-methylene 
protons, respectively. Ionization of the carboxyl group 
shifts the resonance of the adjacent a-methylene group 
to a higher field due to the smaller inductive effect of 
the carboxylate ion as compared to the carboxyl group 
as is well known.9 The y- and /3-methylene protons 
would be expected to show analogous but smaller shifts 
as their distance from the carboxyl group is larger. 
The resonance which shifts to higher field in the pH 
range where the amino group is neutralized was assigned 
to the adjacent /3-methylene protons. This is expected 
from the relative shielding effects of NH2 and NH3+ 
groups. Neither ionization significantly affected the 
position of the third methylene resonance which was 
assigned to the y  protons. The behavior of these reso­
nances as a function of pH is shown in Figure 2. The 
sigmoidal shape of the plot of chemical shift of a-methyl­
ene protons as a function of pH indicates the titration 
of the carboxyl group, and the pK  can be obtained from 
the inflection. Complete agreement is observed be­
tween the present assignments and those of the cationic, 
zwitterionic, and anionic forms as made by Nakamura 
and Jardetsky13 on the basis of selective deuteration.

Assignment of the resonance at 8.10 ppm (8) to the 
a-peptide proton results from its shift from 8.30 to 8.10 
as the carboxyl group ionizes. The second peak at 
8.59 ppm (8) which does not shift in this pH range was 
assigned to the y-peptide proton. An analogous be­
havior was noted for the a-peptide proton of glycyl- 
glycine.

E xchange Rates. The average lifetime, r, is related to 
the specific rate of exchange by the equation

1  _  k , _  d In cA 1  dcA
r di Ca dt

where Ca is the concentration of the peptide proton 
and k' is the specific exchange rate (this is the number 
of exchanges per second). The mechanism of exchange 
of the peptide proton of glycylglycine, for example 
(same for triglycine), involves the following reactions. 14

kn+
NH3+CH2CONHCH2COO- +  II30 + T=i

n h 3+c h 2c o n h 2+c h 2c o o -  +  h 2o
fcH20

NH3+CH2CONHCH2COO- +  h 2o ^
NH3+CH2CO-NCH2COO- +  h 3o +

kon-
NH3+CH2CONHCH2COO- +  OH-

NH3+CH2CO-NCH2COO- +  h 2o

Measurements were not possible below a pH of 4.0 as 
the rates were too slow for the nmr technique (r > 0 .2  
sec). Experiments were attempted in the pH range 
0.5 to 4.0, but no discernible rate increase was noted, 
which indicates that the catalysis by hydrogen ion is 
negligible in agreement with the work of Sheinblatt.9 
The specific exchange rate can thus be expressed as

k' =  W - r u + 1  +  &h ,o [H 20 ]

The measured exchange rates for glycylglycine in water 
and 6 M  urea are shown as a function of the reciprocal 
of hydrogen ion activity in Figure 3. Base catalytic 
constants for the exchange in water and 6 M  urea, which 
were evaluated from the measured slope of the plots of 
k ' vs. the reciprocal of hydrogen activity, are presented 
in Table I. The value used for pK w in 6 M  urea was
14.26.16 Our value of 1.0 X 10 + 9 (M  sec) - 1 for the base

(13) A. Nakamura and O. Jardetsky, Biochemistry, 7, 1226 (1968).
(14) A. Berger, A. Lowenstein, and S. Meiboom, J. Amer. Chem. Soc., 
81, 62 (1959).
(15) H. B. Bull, K. Breeze, G. L. Ferguson, and C. A. Swenson, 
Arch. Biochem. Biophys., 104, 297 (1964).
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Figure 3. Exchange rate vs. pH for glycylglycine : in
water; -0 - ,  in 6 M urea.

Table I : Base Catalytic Constants, k0B.~, (M sec)-1

Glycylglycine 
Triglycine a

y

Water

1.0 X 10»
6.0 X 107 
9.2 X 10®

6 M Urea

5.7 X 10®
1.4 X 10s
3.7 X 10®

Figure 4. Exchange rate vs. pH for triglycine, (a) a 
proton: in water; -0 - , in 6 M urea, (b) y proton:

in water; -0 - ,  in 6 M urea.

catalytic constant in water at 40° is higher than the 
value of 7.8 X 10 +8 (M  sec) - 1  reported by Sheinblatt9 
at 23°. We consider these results to be in agreement 
in view of the different temperatures used for the two 
experiments and the standard error for the rate mea­
surements which ranged from 10 to 15%. Instru­
mental factors which affect the measured rates make a 
quantitative comparison of the rates from two different 
instruments difficult. However, it should be feasible 
to compare relative rates as we have done.

Similar data are presented for the a and y  protons of 
triglycine in Figures 4a and 4b, respectively, and in 
Table I.

Several interesting points can be made concerning 
these constants. For the peptide protons of glycyl­
glycine and triglycine in water catalysis by OH-  seems 
to be dominated by the charged groups on the mole­
cule. In glycylglycine where the peptide proton is 
located between the positively charged a  amino and 
the negatively charged carboxylate ion the value for the 
basic catalytic constant is 1.0 X 109 which is interme­
diate to the values found for the y  and a protons of tri­
glycine. The exchange rates of the y  peptide proton of 
triglycine and the peptide proton of glycylglycine show 
no catalysis by hydrogen ion down to a pH of approxi­
mately 0.5 where our measurements concluded. In 
contrast, the rates for the a  proton of triglycine which 
are catalyzed to a much smaller extent by base are

catalyzed by hydrogen ion, which is similar to the 
case of IV-methyl acetamide3 and lactams. 3’6 The 
charged amino group thus seems to suppress catalysis 
by hydrogen ion at the adjacent peptide linkage. The 
relatively small value of the base catalytic constant for 
the a  proton of triglycine also reflects the presence of 
the carboxylate ion in the immediate environment. It 
is clear that the charged groups in the vicinity of the 
exchanging peptide protons have a marked effect on the 
observed rates.

In aqueous urea the peptide protons all show a longer 
mean lifetime compared to water even though the rela­
tionships between the lifetimes of the various protons 
are the same. Furthermore, the y-peptide proton of tri- 
glycine and the peptide proton of glycylglycine have 
slightly reduced base catalytic constants in aqueous 
urea. The a-peptide proton of triglycine, however, 
shows a higher base catalytic constant in urea. For 
the long lifetimes measured here the experimental error 
may be larger than the 10 to 15% estimated, and prob­
ably one could consider these two rates to be identical.

Certainly the effect of urea on these compounds is not 
to change the exposure of groups to solvent as in the 
unfolding of a protein. Its effect must be mediated 
either through a specific interaction with the peptide 
group or through a change in bulk solvent.

At the pH’s used for our measurement the urea pro­
tons are exchanging rapidly with the water protons and 
are averaged with the water resonance. Urea might
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then be a reactant in the exchange just as water. Fur­
ther insight into the role of urea in the exchange mech­
anism can be obtained by consideration of intercepts of 
the lines in Figures 3 and 4. The intercept on the or­
dinate for the exchange in water is equal to fcH,o[H20 ]. 
In the aqueous urea solution it is o [H20 ] +  fcu [urea] 
where fcu is the catalytic constant for urea. For each of 
the peptide protons of glycylglycine and triglycine the 
intercept in water and aqueous urea is identical within 
experimental error. This is possible if the catalytic 
constant for urea is the same as that for water and 
urea would then substitute for water in the exchange in 
the aqueous urea solutions.

Urea may decrease the base-catalyzed rate by specifi­
cally interacting with the peptide hydrogen via a hy­
drogen bond which is stronger than that formed be­
tween the peptide hydrogen and water. In an unfolded 
protein in aqueous urea the observed rate would then 
be the sum of two components: (1 ) an increase in

the rate due to an increase in accessibility as compared 
to the folded protein and (2 ) a decrease in rate due 
to the specific interaction of urea with peptide hydro­
gen via hydrogen bonding which decreases the rate 
via the base catalytic constant. It is our opinion 
that urea does not enter into the exchange reaction 
as a charged species in a manner analogous to water 
as it would then need to be protonated or lose a proton—  
which urea does not do readily as it results in a loss 
of 37 kcal/mol of resonance energy. It does, however, 
as indicated above participate in an exchange reaction 
as H20  does with a very small catalytic constant. In 
any case, exchange measurements, which are used to 
assess conformation or conformational changes in pro­
teins in water and aqueous urea solutions, are likely 
to contain ambiguities due to the local environment 
and to the solvent interactions which are different 
for each peptide group. Appropriate consideration 
should be given these environmental effects.

Proton Magnetic Resonance Study of Counterion and Solvent 

Effects on Nitrogen-14 Quadrupole Relaxation in 

Tetraalkylammonium Ions

by David W. Larsen
Department of Chemistry, University of Missouri-St. Louis, St. Louis, Missouri 63121 (Received December 23, 1969)

Nuclear magnetic resonance line shapes for a-methyl protons in (CHS)4N+ and (CH3)3NCH2CH3+ salts are 
presented. The dependence of the line shapes on salt concentration, added electrolyte concentration, solvent, 
and temperature was studied. The observed effects are caused by the 14N quadrupole relaxation rate, which 
is governed by the nature of fluctuating field gradients at the 14N nucleus. Electric field gradients and cor­
relation times are discussed in terms of structure of the cations, solvent interactions, and ion pairing. The 
small temperature dependence of the line shapes suggests that the correlation decay mechanism is rotation 
of the cation. The results are interpreted in terms of contact ion pairs in dimethyl sulfoxide solution and 
solvent-separated ion pairs in aqueous solution. The present results for R4N+X -  ion pairs are in agreement 
with previous results for R4N+MX„3~ ion pairs from studies of nmr pseudocontact effects.

Introduction
Nmr studies of ion pairs of the type R4N +M X,3q  

where M = Fe and Cr, have been reported. 1 -3  These 
studies indicate that the ion pairs are of the solvent- 
separated type in aqueous solution and of the contact 
type in dimethyl sulfoxide solution. Interionic separa­
tions were calculated from the observed pseudocontact 
effects on the proton resonance of the R4N + ions caused 
by the paramagnetic M X ,3-  ions. These calculated

distances depend somewhat upon the model used for 
the ion pair geometry, and the results apply only to the 
large, triply charged M X ,3- ions.

The present studies were made to determine whether 
or not solvent-separated ion pairs are formed between

(1) D. W. Larsen and A. C. Wahl, Inorg. Chem., 4, 1281 (1965).
(2) D. W. Larsen, ibid., 5, 1109 (1966).
(3) D. W. Larsen, J. Amer. Chem. Soc., 91, 2920 (1969).

The Journal of Physical Chemistry, Voi. 74, No. 18, 1970



I4N Quadrinole R elaxation in T etraalkylammonium Ions 3381

R4N+ and a wide variety of anions in aqueous solution, 
and also to test the validity of the geometric model 
used in the previous calculations. 1“ 3

Proton magnetic resonance spectra of tetraalkylam­
monium ions in general exhibit spin coupling between 
14N and both a. and 0 protons.4'6 The proton line shape 
(triplet from coupling with 14N) depends upon the rate 
of the 14N quadrupole relaxation.6'7 The quadrupoie 
relaxation rate depends upon the magnitude and fre­
quency of fluctuating electric field gradients8-10 at the 
14N nucleus. This fact suggests that studies of the pro­
ton line shapes of diamagnetic salts of R4N + would be 
informative since the field gradients reflect such things 
as structure of the cation, solvent interactions, ion 
association, and motions affecting correlation. Study 
of the proton resonance is more useful than study of the 
14N resonance would be since the former may be done 
directly in dilute solution whereas the latter could only 
be done directly in very concentrated solution.

Experimental Section

N m r M easurem ents. Solutions approximately 0.05 
M  in tetraalkylammonium iodide were prepared. Sol­
vents used in the studies were deuterium oxide, di­
methyl sulfoxide-d6 (DMSO-d6), and nitrobenzene. The 
proton magnetic resonance spectra of the solutions were 
recorded using a Perkin-Elmer R-20 nmr spectrometer 
operating at 60 MHz. The resolution was adjusted 
with extreme care before recording each separate spec­
trum. An average of 15 spectra were recorded for each 
sample to obtain optimum nmr line shapes for the study. 
It was found that neither degassing nor bubbling of 
nitrogen through the solution had an observable effect 
on the recorded spectra. The temperature of the 
samples was varied between 1 2  and 2 0 0 °.

Results
Our approach was to choose a tetraalkylammonium 

ion in which the rate of 14N quadrupole relaxation is of 
the correct magnitude to cause partial collapse of the 
proton triplet, so that changes in the proton line shape 
as a function of temperature, solvent, and added electro­
lyte could then be studied. It was found, after a wide 
variety of tetraalkylammonium ions had been studied, 
that the only protons exhibiting nmr spectra in which 
the 14N coupling is in a state of partial collapse for di­
lute aqueous solutions at 35° are those in ¿V-methyl 
groups. The methyl protons in A-ethyl groups, for 
example, exhibit completely resolved 14N splittings, 
which are not affected by solvent variation, tempera­
ture change, etc. In this case, no spectral changes are 
observed because the variation of the experimental 
parameters does not increase the quadrupole relaxation 
rate beyond the “slow limit” case. The A-methyl 
spectra of the ions (CH3)4N+ and (CH3)3NCH2CH3+ 
were found to be the most informative for the focus of 
the present study. The observed line shapes for the

I------1 1HZ

95°

Figure 1. Observed methyl proton magnetic resonance spectra 
for (CH3)4N +I -  and (CH3)3NCH2CH3+I -  at two temperatures 
in D20  solution. The value of Jn - chj is 0.56 Hz and the value 
of the line width at half-maximum is 0.12 Hz for (CH3)4N +.

iodide salts in D20  are illustrated in Figure 1. As shown 
in the figure the methyl spectra of these two ions are 
different, indicating different rates of 14N quadrupole 
relaxation. It can also be seen that the temperature 
dependence of the line shapes is quite small (roughly 
1 / T ). The variation of the (CH3)4N + line shapes with 
temperature is enhanced when DMSO-d6 is used as the 
solvent. The observed line shapes for (CH3)4N+I-  in 
DMSO-de solution over the temperature range 1 2  to 
75° are illustrated in Figure 2 . It was observed that the 
line shapes for (CH3)3NCH2CH3+ are independent of 
solvent at a given temperature and that they exhibit 
a temperature dependence of ~1/!F. The temperature 
dependence of the nmr spectra was studied for the 
solvents D20, DMSO-d6, and nitrobenzene; in the latter 
solvent the l/ T  dependence was observed over the 
range 35 to 200°.

The aqueous solutions of (CH3)4N +I -  and (CH3)3- 
NCH2CH3+I-  were studied as functions both of con­
centration of tetraalkylammonium salt and of concen­
tration of added electrolyte. It was found that the 
proton nmr spectra are independent of both these pa­
rameters. The concentration range of tetraalkylammo­
nium salts studied was from 0.05 M  up to the solubility 
limit of the salt (several molar). The following elec­
trolytes were added to samples which were 0.05 M  in 
(CH3)3NR+I- , potassium salts: fluoride, chloride,
bromide, iodide, cyanide, thiocyanate, sulfate, and 
perchlorate; sodium salts: nitrate, acetate, benzoate,

(4) H. C. Hertz and W. Spalthoff, Z. Elektrochem., 63, 1105 (1959).
(5) M . Franck-Neumann and J. M. Lehn, Mol. Phys., 7, 197 (1964).
(6) J. M . Anderson, J. D. Baldeschwieler, D . C. Dittmer, and W. D. 
Phillips, J. Ghem. Phys., 38, 1260 (1963).
(7) A. G. Massey, E. W . Randall, and D. Shaw, Spectrochim. Acta, 
20, 379 (1964).
(8) J. A. Pople, Mol. Phys., 1, 168 (1958).
(9) R . A. Sack, ibid., 1, 163 (1958).
(10) M . Suzuki and R. Kubo, ibid., 7, 201 (1964).
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Figure 2. Observed proton magnetic resonance spectra for 
(CH3)4N +I “  in DMSO-d6 over a range of temperatures. The 
slight asymmetry in the 75° spectrum is due to the 
superposition of the small, highly temperature sensitive 
residual water peak.

citrate, phosphate, and pyrophosphate. Successive 
additions of each electrolyte were made up to the solu­
bility limit.

Discussion
Pople8 gives the transition probability, p , for transi­

tions between adjacent spin states of an 7 = 1 nucleus

where eq is the electric field gradient, eQ is the nuclear 
electric quadrupole moment, and rc is the correlation 
time (i.e ., the time characterizing the process which 
causes the field gradient to fluctuate). Theoretical 
line shapes for protons coupled to an 7 = 1 nucleus are 
given by the Pople-Sack8'9 equations. These line 
shapes as a function of p  were simulated using an IBM 
1130 computer. Comparison of the observed line 
shapes for (CHS)3NR+I _ salts with the simulated line 
shapes gives the approximate values for p (Table I).

Table I

D 20
-Approximate p value--------------»

D M SO -A  D M SO -A
Ion (35°) (12°) (75°)

(CH3)4N + <0.1 0.5 0.1
(CH3)3NCH2CH3+ 0.5 0.5 0.5

The p  values obtained in this way are approximate since 
there are qualitative differences between the observed 
and calculated line shapes. This is due to neglect of 
effects such as proton natural line width. The problem 
is presently being studied in our laboratories and pre­

liminary computer simulations gave exact fits of the 
observed line shapes from modified Pople-Sack equa­
tions using p  values somewhat smaller than those given 
above. However, the approximate values of p  are 
sufficient for the focus of the present study.

A queous Solution  Spectra. According to eq 1, the 
strength of the interaction (p ) depends upon eq, eQ, 
and rc. Since eQ is independent of experimental varia­
bles, changes in p  must be due to changes in eq and/or 
rc. Correlation decay is usually assumed to arise from 
rotation and/or translation. Correlation times have 
been estimated from the Stokes-Einstein equation, 11 '12 

i.e ., rc cc n/T, where v is the viscosity. However, the 
general use of the Stokes-Einstein equation for nmr 
correlation times in aqueous electrolyte solutions has 
been criticized in a recent discussion of this question, 13 
and it was concluded that a proportionality between 
rc and r)/T is unlikely to be generally valid, especially 
when the ions involved have a marked effect on the 
structural equilibrium of the water. The temperature 
dependence of quadrupole relaxation rates has also been 
rationalized by use of an Arrhenius type expression. 14 
The calculation of reliable nmr correlation times is as 
yet an unsettled question; however, the observed small 
temperature dependence of the lineshapes (roughly 
1 /T ) is indicative of a low activation energy process. 
One such process is suggested by the spherical nature of 
the cation; rotational tumbling16 of the cation could 
contribute to correlation decay and is expected to be 
characterized by a low activation energy. 16 Also, a 
highly concerted (low activation energy) reorientation 
of solvent dipoles in the solvation sheath could con­
ceivably contribute to correlation decay. Effects such 
as rotation of functional groups17 in the cation and ex­
change of solvent or anions, which could possibly 
contribute to correlation decay, would be expected to 
exhibit larger temperature dependences than are ob­
served. A study of proton relaxation times in aqueous 
solutions of tetraalkylammonium salts has been re­
ported. 18 The results of the study indicate that there is 
increased water structure around the cation as com­
pared to the pure solvent and that the cations with 
short alkyl groups (such as those in the present study) 
“reorient themselves relatively quickly in their hydrate

(11) N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev., 
73, 679 (1948).
(12) H. G. Hertz and M. D. Zeidler, Ber. Bunsenges. Phys. Chern.,
67, 774 (1963).
(13) M . S. Arnold and K. J. Packer, Mol. Phys., 14, 241 (1968).
(14) S. Alexander and A. Tzalmona, Phys. Rev. Lett., 13, 546 (1964).
(15) W. B. Moniz, W. A. Steele, and J. A. Dixon, J. Chem. Phys., 
38, 2418 (1963).
(16) M . Davies, Ed., “ Molecular Relaxation Processes,”  Chemical 
Society Special Publication No. 20, Academic Press, New York, 
N. Y., 1966.
(17) E. O. Stejskal, D. E. Woessner, T. C. Farrar, and H. S. Gutow- 
sky, J. Chem. Phys., 31, 55 (1959).
(18) H. G. Hertz and M . D. Zeidler, Ber. Bunsenges. Phys. Chem.,
6 8 , 821 (1964).
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cage.” Although the mechanism for proton relaxation 
is of course different from that for quadrupole relaxa­
tion, the conclusions as to the increased structure in the 
solvent sheath would suggest that the presently ob­
served lack of proportionality between r0 and rj/T is to 
be expected. 13 Also, the conclusion as to the rapid 
reorientation of the cation in the hydrate cage is in 
agreement with the presently proposed low activation 
energy reorientation of the cation. The study18 also 
suggests that two ions as similar as (CH3)4N + and 
(CH3)3NCH2CH3 + would not be expected to have tc 
values which differ by as much as a factor of 5. Thus 
the difference in p  values for the two ions in aqueous 
solution must be due primarily to a difference in eq.

There are at least three different factors which in­
fluence the distribution of charge about the 14N nu­
cleus: the nature of the N-R  bonds, solvent dipoles 
surrounding the ion, and ion pairing. Observations 
made in this laboratory and by others suggest that ion 
pairing has relatively little influence upon the quadru­
pole relaxation rate of R4N+ in aqueous solution. The 
spectra are independent of R4N + concentration7-19 and 
of added electrolyte (containing ions of varying size and 
charge) up to concentrations of several molar. These 
observations indicate that ion pairing in aqueous solu­
tion is not an important factor as far as the spectral 
line shapes are concerned. By use of experimental 
equilibrium constants1 for ion pairs of the type in this 
study, we estimate that there is a negligibly small 
fraction of ion pairs in aqueous 0.05 M  R4N+I- , and 
that the fraction is increased essentially to unit}' when 
a large excess of electrolyte is added to the solution. 
Since line shapes are independent of added electrolyte, 
the contribution to eq from ion pairs must therefore be 
small. It should be particularly noted that addition of 
the electrolytes sodium citrate and sodium pyrophos­
phate to aqueous tetramethylammonium solutions 
caused no detectable change in the line shape. Citrate 
and pyrophosphate have both been observed20 to 
strongly affect 23Na line shapes in aqueous solution. 
The line shapes were also found to be independent of pH.

If the difference in p for (CH3)4N + and (CH3)3NCH2- 
CH3+ in aqueous solutions is due exclusively to a dif­
ference in eq and if ion pairing effects are negligible, 
then the remaining two factors to be considered are the 
effects of the N-R bonds and solvent dipoles. If sol­
vent dipoles surrounding the cation are the major 
source of the field gradient, then the difference in inter­
action strengths could be rationalized in terms of the 
arrangement of solvent dipoles as dictated by the shape 
of the cation. The (CH3)4N + ion has approximate 
spherical symmetry (small eq), and substitution of one 
CH2CH3 for one CH3 should cause a distortion of the 
sphere (large eq). However, it was observed that the 
(CH3)3NCH2CH3+ spectra are essentially identical in 
three solvents, D20, DMSO-d6, and nitrobenzene. If 
the field gradient is caused by the solvent dipole align­

ment, the spectra should exhibit a strong solvent de­
pendence. Only in the case of (CH3)4N + are the spec­
tra solvent dependent.

Conversely, if the field gradient for the aqueous 
solutions is determined by the N-R bonds, the differ­
ence in p  values may be explained on the basis of varia­
tion of C-N -C bond angles.21 In the.solid state, the 
bond angle is exactly tetrahedral22 for (CH3)4N+. The 
bond angles depart markedly from tetrahedral when R 
groups other than CH3 are present.23-24 The tetrahe­
dral bond angle in (CH3)4N + gives rise to a small eq, and 
bond angles other than the tetrahedral angle in (CH3)3- 
NCH2CH3 + would give rise to a larger eq.

D im ethyl S ulfoxide Solution  Spectra. The solvent 
dependence of (CH3)4N+ p  values can be attributed to 
the small contribution to eq from the N-R bonds, which 
allows the effects of electric fields from sources external 
to the cation to be seen in the spectra. The small value 
of p  for (CH3)4N + in aqueous solutions indicates that 
there is no distortion of the electrical field in the vicinity 
of the cation which is long-lived enough to affect p. 
This is consistent with the previous proposal1 -3  of sol­
vent-separated ion pairs in aqueous solution. In con­
trast, the spectra of (CH3)4N + in DMSO-dg solution 
indicate that there is a distortion of the electric field 
in the vicinity of the cation which is long-lived enough to 
affect p. The larger temperature dependence of p  in 
this case could be due to either a larger temperature 
dependence of tc or to a temperature-dependent varia­
tion of the fraction of ion pairs present. In the latter 
case, the larger low-temperature p  value would indicate 
either contact ion pairs or considerable realignment 
of solvent dipoles within the ion pair relative to the 
free ion. If the p  value variation is due to an ion-pair 
effect rather than a rc effect, a mass-action effect should 
be observed by addition of electrolyte to the solution. 
Unfortunately, the amount of additional electrolyte 
which is soluble in the DMSO solutions is negligible 
for most electrolytes. However, appreciable amounts 
of additional electrolyte are soluble in the mixed solvent 
water-DMSO, and it was possible to observe an in­
crease in p  from ~  0.1 to ~  0.4 upon addition of either 
NaCl or LiCl to a solution of 0.1 M  (CH3)4NC1 in 40% 
H2O-60% DMSO. Thus, the changes in p  caused by 
changes in temperature and addition of electrolyte 
agree qualitatively with the dictates of equilibrium 
considerations for ion pairs.

(19) E. Bullock, D. G. Tuck, and E. J. Woodhouse, J. Chem. Phys., 
38, 2318 (1963).
(20) O. Jardetzky and J. E. Wertz, J. Amer. Chem. Soc., 82, 318 
(1960).
(21) C . T. O’Konski and Tae-Kyn Ha, J. Chem. Phys., 49, 5354 
(1968).
(22) J. D. McCullough, Acta Crystallogr., 17, 1067 (1964).
(23) L. M. Trefonas and J. 'Couvillion, Acta Crystallogr., 16, 576 
(1963).
(24) A. Zalkin, ibid., 10, 557 (1957).
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Since the variation in p  values for (CH3)4N + in 
DMSO solution can be accounted for by variation in 
the fraction of ion pairs, this indicates that the tempera­
ture variation of r0 is small. Since eq is determined by 
particles external to the cation, rotation of the cation 
within the hydration sheath does not necessarily change 
either the direction or the magnitude of eq relative to 
the quadrupole axis of quantization (the applied mag­
netic field). Thus rotation of the cation might not be 
effective in causing correlation decay. Only to the 
extent of the interaction between the alkyl chains in the 
cation and the solvent dipoles (DMSO) will rotation 
of the cation modulate eq. If there is sufficient inter­
action between alkyl groups and solvent dipoles, the 
correlation time could correspond to the cation rotation 
time even though it is solvent dipole reorientation which 
changes eq. An alternate possibility for a correlation 
decay mechanism in this case is a concerted reorienta­
tion of solvent dipoles and anion motion. This could 
be a low activation energy process which would change 
eq.

The fact that re values and thus cation rotation 
times are essentially independent of solvent for (CH3)3- 
NCH2CH3+ suggests that cation rotation times are 
identical for (CH3)4N + in D20  and in DMSO-d6. If the 
correlation time is assumed to be the cation rotation 
time for (CH3)4N+, then rc values are also identical 
for the D20  and for the DMSO-d6 solutions, and the 
observed differences in p are due to differences in eq. 
The large eq for the DMSO-d6 solutions has been related 
(in this study) experimentally to the presence of ion 
pairs, by both temperature and mass-action effects. 
It is also known from previous nmr studies1 and from 
conductivity data25 for aqueous solutions of R4N+X~ 
salts that the R4N+ ions are essentially completely 
ion paired in the presence of a large excess of electro­

lyte. The conclusion to be drawn is that the eq values 
for (CH3)4N + are different for aqueous and for DMSO 
ion pairs. The large eq value for ion paired (CH3)4N + 
in DMSO may be due to one of two things, (a) “con­
tact” ion pairs or (b) substantial realignment of solvent 
dipoles within “solvent-separated” ion pairs. The 
small eq value for ion paired (CH3)4N + in aqueous 
solution is undoubtedly due to the presence of “solvent- 
separated” ion pairs. The alternate explanation that 
anion field effects are exactly balanced by water dipole 
realignment is unlikely, since this behavior should be 
a function of anion parameters (size, shape, charge, 
etc.).

A more detailed knowledge of the electric field 
gradients in ion pairs is needed to distinguish between 
the two possible origins of the large eq values in DMSO. 
However, one may easily make crude estimates of field 
gradients by assuming point charges for anions and 
neglecting the effects of solvent dipoles.26 These field 
gradients and a typical value12 for r0 (same for both 
solvents) were used in eq 1  to give ion pairing distances 
~ 3  A in DMSO-d6 and >5 A in D20. This indicates 
that the large eq values for DMSO solutions are due to 
“contact” ion pairs. The results of this study thus 
provide additional evidence in support of the previous 
observations1 -3  of solvent separated and contact ion 
pairs.
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Preparation, Raman and Nuclear Quadrupole Resonance Data 

for the Complex SC13 • A1C1., -

by H. E. Doorenbos, J. C. Evans, and R. O. Kagel*
The Dow Chemical Company, Midland, Michigan 48640 (Received March 5, 1970)

SCl3+AlCLr, the suspected chlorinating agent in S02C12 solutions containing S2C12 and A1C13, was prepared 
from SCI4 and AICI3 at low temperature. The white crystalline material is stable at room temperature when 
kept dry. Raman spectra of the solid (25°) and of the molten material (125°) showed that in both phases 
the structure is ionic, SC13+A1C14_. Depolarization measurements, made on the molten material, enabled a 
complete vibrational assignment to be made for both ions, pyramidal SC13+ and tetrahedral AlCLr. Four 35C1 
nqr lines were detected near 10.5 MHz for the solid (28°); these were assigned to the four chemically equivalent 
but physically inequivalent Cl atoms of A1C14~ located at a lattice site of low symmetry.

Introduction
Preparative aromatic-chlorination studies using Bal- 

lester’s1 chlorinating system, A1C13 and S2C12 in large 
excess of S02C12, led us to hypothesize that the effective 
chlorinating agent is the complex, SC13 + -A1C14_, which 
is formed via

SsC 12 +  S02C12 — >  2SC12 +  S02

SC12 +  S0 2C12 — >  SC14 +  so 2

SC14 +  Alda — >  SC14-A1C13 or SC18+-A1C14-

Substantiation required an independent preparation of 
the complex and a qualitative understanding of its 
structure. Ruff and Golla, 2 who first prepared the 
material, used the formulation A1C13-SC14, and the 
organic sulfonium halides, which are also effective 
nuclear-halogenating agents, 3 appear to have covalent 
or charge-transfer structures. 4 On the other hand, 
Raman studies of related inorganic complexes indicate 
a general preference for ionic structures: SeCl3 + - 
AlCh- and TeCls+-A1C14- ; 6 SC13+-A sF6- ; 6 MC1.+- 
SbCl6-  (M = S, Se, Te) .7 Reported here are our 
Raman studies of the solid and molten complex which 
demonstrate its ionic structure in both phases, and a 
partial 35C1 nqr spectrum of the solid which is in accord 
with this structure. After this work was completed 
a Raman spectrum for solid SC14-A1C13 at —90° was 
reported;8 although the structural conclusions are the 
same, the data presented here include additional, es­
sential depolarization measurements and several spec­
tral features which were not resolved by Gerding and 
Stufkens.

Experimental Section
A . P reparation  o f  S C h + A lC l4"“. A three-necked, 

500-ml round-bottom flask, fitted with a Dry Ice cold- 
finger condenser and a Teflon mechanical stirrer, was 
maintained under dry nitrogen as it was cooled to 
— 78° in a Dry Ice-methylene chloride bath. To the

cold flask was added 52 g (0.5 mol) of sulfur dichloride 
and stirring was begun. Chlorine gas was passed slowly 
into the flask whereupon the orange SCI2 gradually 
changed to a yellow solid, sulfur tetrachloride. 
A large excess of chlorine was added to give an easily 
stirred, yellow-green slurry which was stirred for 1  hr.

To the stirring suspension, 66 g (0.49 mol) of an­
hydrous aluminum chloride was slowly added in 2-4-g 
portions. After addition of all A1C13, the slurry was 
stirred for 4 hr at —78°. The reaction mixture was 
allowed to warm slowly to room temperature, and the 
cold finger condenser was removed allowing excess 
chlorine to boil away. To the remaining white solid 
was added 250 ml of thionyl chloride with stirring to 
give a slurry of SCh+AlCh-  in the solvent. The slurry 
was warmed to 60° where much of the complex dis­
solved and then cooled to —25° where it was filtered 
under dry nitrogen. After washing with anhydrous 
carbon tetrachloride and drying under vacuum, 145 g 
of analytically pure SC13+A1C14_ was recovered, mp 
118-120°.

A n al. Calcd for AICbS: Al, 8 .8 ; Cl, 80.8; S,
10.4. Found: Al, 9.1; Cl, 80.4; S, 10.6.

The density of this material as determined by a 
Beckman Air Comparison Pycnometer (Model 930) in 
a drybox was found to be 1.95 g/em3. Raman spectra 
were recorded with a Spex Ramalog System using for

* To whom correspondence should be addressed.
(1) M . Ballester, J. Castaner, and J. Riera, J. Amer. Chem. Soc., 
82, 4254 (1960).
(2) O. Ruff and H. Golla, Z. Arwrg. Allgem. Chem., 138, 17 (1924).
(3) G. H. Bing and R. A. Krieger, Australian Patent No. 230,337 
(1960); Chem. Abstr., 55, 27214 (1961).
(4) G. C. Hayward and P. J. Hendra, J. Chem. Soc. A, 1760 (1969)*
(5) H. Gerding and H. Houtgraaf, Rec. Trav. Chim., 73, 759 (1954).
(6) W. Sawodny and K. Dehnieke, Z. Anorg. Allgem. Chem., 349, 
169 (1967).
(7) I. R. Beattie and H. Chudzynska, J. Chem. Soc. A, 1119 (1967).
(8) H. Gerding and D. J. Stufkens, Rev. Chim. Min., 6, 795 (1969).
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excitation a Spectra Physics 125 helium-neon laser 
emitting approximately 70 mW at 6328 A. Spectra of 
the powder were obtained on samples sealed in Pyrex 
capillaries (~1.5 mm o.d.). Spectra of the melt were 
obtained by heating the powdered sample (sealed in a 
capillary) in a small furnace to *~1250. After slight 
initial decomposition the material appeared to be stable 
at the melting point in the sealed capillary system. 
The furnace consisted of a thick-walled capillary tube 
(> 1 .5  mm i.d.) warmed with nichrome heating wire: 
the central portion of the tube was not obstructed by 
the windings and transverse-transverse excitation­
viewing geometry was used.

All attempts to obtain satisfactory mid- and far- 
infrared spectra were unsuccessful. The complex 
proved to be highly reactive towards both mulling 
agents and window materials.

For the 35C1 nuclear quadrupole resonance studies, 
samples, sealed in glass tubes under vacuum, were ex­
amined over the frequency range, 9-50 MHz, using a 
super-regenerative spectrometer constructed in this 
laboratory after the Petersen and Bridenbaugh de­
sign;9 scans were made with samples held at 77, 195, 
and 301°K. Frequencies of the observed resonances 
were measured using a calibrated radio receiver (Collins 
Radio Co., Type 5IJ-4).

Results
The Raman spectra of crystalline SCh+AlCL-  and of 

the melt are shown in Figure 1. The observed Raman 
bands are summarized in Table I. The coincidence 
between the band positions in the solid and melt indi­
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Table I
SC13 + cm-1

✓-------- This work-------- ^
M elt Solid S olid“ S o lid 6 S o lid '

V i (Ai) 504 vs,p 498 vs 519 vs 494 ws 525 m
V i (A0 278 m,p 276 m 284 m 271 s 280 m

(E) 522 m,dp '521 m 543 s /  516 vs 502 «v
n 533 mw [530 m

V4 (E) 210 m,dp 1208 m 
[215 mw 214 s 206 s

AlCh , cm-1
-This work-

M elt Solid Solid*1 M e lt6

vi (A0 349 m,p 352 m 350 w 351 vSjp-1
»  ( E ) 130 w,dp 138 m 174 m 121 s,dp
r3 (FO Obscured 480 w,sh 481 vw 490 m,dp
vt (F0 186 w,dp 185 w 174 m 186 s,dp

“ SC13+ in SC13 + -AsF6- (ref 6). 6SC13+ in SCIs + .AlCL
(ref 8). '  SC13 + in SCl3 + -SbCl6~ (infrared spectrum ref 7).
* A id «- in SC13 + -A1C14-  (ref 8). • AlCLr in Na + -A lC lr (G. 
Torsi, G. Mamantov, and G. M. Begun, Inorg. Nucl. Chem. 
Lett., in press). 1 Key: v = very; s = strong; m = medium; 
w = weak; p = polarized; dp = depolarized; sh = shoulder.

H. E. D oorenbos, J. C. Evans, and R . 0 . K agel

Figure 1. Raman spectra of SC13+A1C14"; melt (125°), (a) I , ,, 
(b) 7j_(p = 7i//||) and crystalline solid in the 
region 50-700 cm "1.

cates that the complex has essentially the same struc­
ture in both phases.

Nuclear quadrupole resonances were detected only 
at 301°K; four resonances of approximately equal in­
tensities (S / N  about 4) were observed near 10.5 MHz 
(Table II). A lower sample coil filling factor neces-

Table II: Observed 36C1 Nqr Lines for SC13+A1C14+ at 301°K

V ,  M H z
U ncertainty,

M H z “ A ssignm ent

9.91 ±0.03 Cl bonded to AI
10.18 ±0.03 Cl bonded to AI
10.46 ±0.03 Cl bonded to AI
11.04 ±0.03 Cl bonded to AI

“ The uncertainty quoted is approximately the quench fre­
quency employed.

sarily required by the lower-temperature experimental 
arrangement may explain the failure to detect reso­
nances. Adequate annealing periods (several weeks) 
were allowed the samples at these temperatures but 
this did not induce the appearance of the expected 
resonances.

Discussion

Pyramidal SC13 + should show two polarized (Ai) and 
two depolarized (E) Raman bands in its liquid-phase 
spectrum, and these expectations are realized (Table 
I). Listed for comparison in the table are some pre­
vious assignments for SC13+ which were made without 
the benefit of depolarization measurements; the assign­
ments in ref 7 for vi and v3 should be reversed. Both E 
modes are split into two components in the solid-phase 
spectrum of SC13 + - AlCLr; Gerding and Stufkens ob­
served this for r3 but not for vt.

(9) G. E. Petersen and P. M . Bridenbaugh, Rev. Sci. Instrum., 35, 
698 (1964).
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Tetrahedral A1CL-  should show in the Raman spec­
trum of the melt one polarized (Ax) and three depolar­
ized bands. Three are observed, n, v%, and vi} while vg

+
is obscured by the stronger bands of SC13 near 500 
cm-1. In the solid-phase spectrum a weak shoulder at 
480 cm- 1  may well be vg. Gerding and Stufkens’8 
Raman spectrum in the low-frequency region did not 
allow these authors to separate vg and »>4.

Turning to the nqr data we find that previous nqr 
studies have established that chlorine atoms covalently 
bonded to aluminum show resonances in the 11-MHz 
region. Several studies were of A1CI4~ salts10'11 and 
one was of the complex, AlClg-0 (0 1 1 2 0 1 13 )2.12 The 
occurrence of four equally intense resonances in this 
same region demonstrates the presence of similarly 
bonded 01 in the solid SC13 + - A1CL|~. The simplest 
interpretation is that there are four chemically equiva­
lent but physically inequivalent Cl atoms attached to 
A1 in the unit cell, i.e ., the A1C14-  ion located at an 
asymmetric site. The mean of the four frequencies

R aman and N qr D ata for the Complex SCls+AlCL"

(10.40 MHz) and the total frequency spread (1.13 MHz) 
are very similar to the values reported for GaAlCfi 
(10.61 and 1.01 MHz). Alternative interpretation 
may be made but in view of the fact that the vibrational 
data clearly confirm the occurrence of the A1C14_ ion we 
shall not discuss these. It is unfortunate that, due 
presumably to unfavorable lattice-relaxation times, 
the Cl atoms attached to S were not detected in the nqr 
spectrum; these are expected to arise in the 40-MHz 
region.
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The Kinetics of Some Oxidation-Reduction Reactions Involving Cobalt (III) 

in Aqueous Perchloric Acid1

by Geoffrey Davies2 and Kay O. Watkins3
Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973 (Received January 14, 1970)

The stoichiometries and kinetics of the reactions of cobalt(III) with hydrogen peroxide, nitrous acid, hydro- 
quinone, bromide, iodide, and thiocyanate have been investigated in aqueous perchloric acid solution over 
wide concentration ranges. Stoichiometries were determined using standard analytical procedures and 
kinetic data were obtained from conventional and stopped-flow spectrophotometry. The reactions were all 
found to be first order in each reactant and intermediate complex formation could not be detected either 
kinetically or by spectrophotometric means. The second-order rate constants generally obey the relationship 
/cobsd = a +  6/ (H+), where a and b are interpreted as referring to the reactions of Coaq3 + and CoOHaq2+, respec­
tively, with the predominant reduetant species. The mechanisms of these reactions are discussed and a com­
parison is drawn between the rates of oxidation and complexation reactions of cobalt(III) and the rates of 
complexation reactions of iron(III). It is concluded that the rate-determining steps in the reactions between 
CoOHaq2+ and H202, HN02, Br- , and SCN-  involve the replacement of water molecules in the inner sphere 
of the oxidant. The faster reactions with hydroquinone and iodide evidently proceed by a different mecha­
nism in which the OH-  ligand may be involved as a bridging group between the reactants.

Introduction
The instability of perchloric acid solutions of cobalt-

(III) has limited the number of investigations involving 
Coaq3 + and CoOHaq2 + ions. Some systems which have 
been studied previously are the reactions of cobalt(III) 
with water, 4-8 chloride ions,9 malic acid, 10 iron(II) , 11 
and cerium(III) . 12 These studies have led to con­
flicting conclusions13 concerning the nature of the 
oxidizing species. We have investigated a series of 
oxidations by Coaq3 + ions in perchloric acid solution in 
an attempt to obtain additional information concerning 
the extent of hydrolysis of Coaq3+ , 9,10,12 the existence of 
polymeric species,6-8,13 and the mechanisms of reac­
tions of cobalt(III) under weakly complexing condi­
tions. In this paper we report on the stoichiometry 
and kinetics of the oxidation of hydrogen peroxide, hy­
droquinone, nitrous acid, and bromide, iodide, and 
thiocyanate ions by cobalt(III).

Experimental Section
M aterials. Stock solutions approximately 7 M  in 

sodium perchlorate were prepared by neutralizing so­
dium carbonate with perchloric acid and were stan­
dardized gravimetrically. The stock solutions of co- 
balt(III) were prepared as described previously,9 using 
cobalt(II) perchlorate hexahydrate as starting mate­
rial. Spectrophotometric measurements were used to 
determine the cobalt (III) and cobalt (II) concentrations 
(e605 35.3 and eS09 4.84, respectively). The concentra­
tion of cobalt (III) was also checked by adding an ali­
quot to an excess of standardized iron(II) solution and 
titrating the excess iron(II) with standard chromium-
(VI) solution, using diphenylamine as indicator.

All other reagents were of analytical grade and triply 
distilled water was used throughout. Hydrogen per­
oxide solutions (prepared by dilution of 30% wt/vol 
hydrogen peroxide) were standardized either by titra­
tion with cerium(IV) using ferroin as indicator, or by 
estimation as the titanium(IV) complex (e«5 731).14 
Sodium nitrite solutions were standardized either by 
addition of excess standard manganese(VII), followed 
by addition of excess iodide and titration of the re­
sulting iodine with standard thiosulfate solution, or 
spectrophotometrically as nitrous acid (e 328 13.7, £ 3 3 7

23.3, £ 3 4 7  36.7, £ 3 5 8  50.3, £ 3 7 2 52.0, and £ 3 5 6  30.6). Bromine 
was determined gravimetrically as AgBr and iodide as 
Agi. Hydroquinone stock solutions wTere always

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) Address inquiries to University Chemical Laboratory, University 
of Kent, Canterbury, Kent, England.
(3) On sabbatical leave from Adams State College, Alamosa, Colo­
rado.
(4) C. E. H. Bawn and A. G. White, J. Chem. Soc., 331 (1951).
(5) D. W . Weiser, Ph.D. Thesis, University of Chicago, 1956.
(6) J. H. Baxendale and C. F. Wells, Trans. Faraday Soc., 53, 800 
(1957).
(7) H. Taube, J. Gen. Physiol., 29, 49 (1966).
(8) M . Anbar and I. Pecht, J. Amer. Chem. Soc., 89, 2553 (1967).
(9) T. J. Conocchioli, G. H. Nancollas, and N. Sutin, Inorg. Chem., 
5, 1 (1966).
(10) J. Hill and A. McAuley, J. Chem. Soc. A, 1169, 2405 (1968).
(11) L. E. Bennett and J. C. Sheppard, J. Phys. Chem., 66, 1275 
(1962).
(12) L. H. Sutcliffe and J. R. Weber, Trans. Faraday Soc., 52, 1225 
(1956).
(13) C. F. Wells, Discuss. Faraday Soc., 46, 197 (1968), and refer­
ences therein.
(14) R. Bailey and D. F. Boltz, Anal. Chem., 31, 117 (1959).
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freshly prepared in darkened flasks using deoxygenated 
water and were standardized by titration with cerium-
(IV) immediately before use. Thiocyanate was deter­
mined by the Volhard procedure.

Stoichiom etry M easurem ents. Most stoichiometry 
measurements were made by adding a solution of co- 
balt(III) to an excess of reductant. In some cases the 
concentration of the reductant remaining after reaction 
was determined, while in others the concentration of the 
oxidation product was estimated spectrophotometri- 
cally.

The stoichiometry of the reaction with hydrogen per­
oxide was determined by estimating the remaining re­
ductant, as described above. The concentration 
ranges used were (Co111) = 0.62-6.7 X 10-3  M , (H20 2) 
= 2.322 X 10~ 2 M , and (H+) = 0.15-1.50 M . The 
reaction with nitrous acid was studied by titrating 
the remaining oxidant or estimating the remaining 
nitrous acid spectrophotometrically, as described above. 
The concentration ranges used were (Co111) = 9.93 
X 10- 6 to 1.19 X 10~ 2 M , (HN02) = 1.06-11.1 X 
10-3  M , and (H+) = 0.15-3.10 M . Bromine formed 
in the oxidation of excess bromide was determined by 
adding the product solution to an excess of iodide and 
titrating the iodine formed with standard thiosulfate 
solution (starch end point) or by spectrophotometric 
measurements as Br3_ , (e4oo4.28 X 102 at (Br_) = 1.84 
X 10_1 M ). The concentration ranges used were 
(Co111) = 1.7-7.1 X 10- 3 M , (Br-) =  1.00-1.84 X 
10- 1  M , and (H+) = 0.30-1.50 M . Iodine formed 
in the reaction with iodide was determined as described 
above. The concentration ranges used were (Co111) 
= 0.35-10.4 X 10- 3 M , (I-) =  0.2-0.4 M , and (H+) 
= 0.30-1.80 M . The product p-benzoquinone formed 
in the oxidation of p-hydroquinone, H2Q, was de­
termined spectrophotometrically (e240 1-82 X 104, e2.5o

2.11 X 10\ e260 0.88 X 104)ls in the range (Co111) 
= 5.44-43.5 X 10“ 4 M , (H2Q) = 2.44 X IQ“ 3 M , and 
(H+) = 0.12-0.96 M . The stoichiometry in the 
presence of an excess of thiocyanate was determined in a 
three-chamber mixing apparatus as follows. Various 
measured volumes of a standardized cobalt(III) 
solution in 3 M  perchloric acid were added to 10 ml of 
1.114 M  sodium thiocyanate solution, and after vigorous 
stirring the mixture was rapidly added to 10 ml of 5 M  
sodium iodide solution. 16 After dilution to about 200 
ml, the iodine formed was titrated as described above. 
The concentration ranges used were (Co111) = 2.46-
6.82 X 10- 3 M , (SCN-) = 0.28-0.56 M , (I~) =  1.0-
2.5 M , and (H+) = 0.6-1.5 M . Variation of the 
thiocyanate and iodide concentrations had no observ­
able effect on the stoichiometric results. The product 
of oxidation was identified as follows. Cobalt(III) 
solution (25 ml) (2.51 X 10- 2 M  in 3 M  HC104) was 
added to 10 ml of 1.11 M  sodium thiocyanate solution in 
a separatory funnel. Diethyl ether (25 ml) was then 
added and the mixture was shaken for 5 min. After

standing a further 10  min the yellow solid which had 
formed at the interface was filtered off. The combined 
products from repeated experiments were washed 
several times with water followed by ether and were 
then dried overnight in  vacuo over calcium chloride.17 
The yellow-orange solid was then analyzed for carbon, 
nitrogen, and sulfur, with the following results. 18

A nal. Calcd for (CNS)^: C, 1; N, 1.17; S, 2.67. 
Found: C, 1; N, 1.26; S, 2.71.

K in etic  M easurem ents. Most of the kinetic measure­
ments were performed using the stopped-flow apparatus 
described previously. 19 The Cary Model 14 spectro­
photometer was used for some of the slower runs. In 
all cases the reductant was present in sufficient excess to 
ensure pseudo-first-order conditions. Each rate con­
stant is the average of at least six independent measure­
ments.

The reactions with hydrogen peroxide, nitrous acid, 
and thiocyanate were followed by measuring the rate of 
disappearance of cobalt(III) in the wavelength range 
240-605 nm. The choice of wavelength depended on 
the initial cobalt(III) concentration employed. In the 
reaction with bromide the appearance of tribromide ion 
was monitored in the wavelength range 250-325 nm. 
At lower bromide ion concentrations the disappearance 
of cobalt(III) was followed at 240-250 nm. The reac­
tion with iodide was followed by measuring the rate of 
appearance of triiodide ion at 288-330 nm. The rate 
of appearance of p-benzoquinone was measured at 
247-250 nm in the reaction with hydroquinone.

Results
The stoichiometric measurements established that 

the following reactions occurred under the experimental 
conditions used. 20

2Com +  H20 2 — >  2Con +  0 2 +  2H+ (1)

2Corri +  HN02 +  H20  — >

2Con +  N 03-  +  3H+ (2) 

2Coin T- p-C6H4(OH)2 >

2Con +  p-C6H40 2 +  2H - (3)

2Com +  3Br- — > 2Con +  Br3- (4)

2Com +  31- — > 2Con +  I3- (5)

2Com +  2SCN- - h>- 2Con +  (SCN)2 (6)

(15) G. Davies and K. Kustin, Trans. Faraday Soc., 65, 1630 (1969).
(16) C. E. Vanderzee and A. S. Quist, Inorg. Chem., 5, 1238 (1966).
(17) Control experiments showed that no solid material appeared 
in the. absence of cobalt(III) under the experimental conditions.
(18) Only the relative composition is presented since the solid product 
was contaminated with sodium thiocyanate and water. The carbon, 
nitrogen, and sulfur accounted for about 70% of the material.
(19) G .D ulz and N. Sutin, Inorg. Chem., 2, 917 (1963).
(20) The upper limit of uncertainty is 2%  of the given stoichiometry 
in all cases.
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The ultraviolet and visible spectra of the immediate 
products of the reaction of cobalt(III) with hydro- 
quinone, bromide, and iodide ions were identical with 
those of p-benzoquinone (Amax 247 nm) , 16 tribromide 
ion (Amax 265 nm), and triiodide ion (maxima at 288 
and 348 nm), respectively. The kinetic data21 indicate 
that each reaction is accurately first order in each 
reactant.22-24 The observed second order rate con­
stants are independent of (Co111), (Co11) , 25 and wave­
length of measurement.26 The latter observation 
suggests that competing photochemical reactions play 
only a minor role and that the slow formation of 
appreciable concentrations of cobalt(III)-reductant 
complexes, such as those found in the reactions with 
chloride9 and malic acid, 10 does not occur during the 
course of the reactions studied in this work. The rate 
law for each reaction is thus

1  d(Com) 
n  di

d (product) 
d t

=  &obsd(Com))(B) (7)

where

Figure 1. Examples of plots of 10 2n kobsd vs. 1 /(H +) for the 
following reactions at 25.0° and ionic strength 3.0 M: O,
H20 2, (n = 2); •, Br~, (n = 1); » ,  SCN~, (n = 2), (left 
and bottom scales); C, 1“ , (n = 1), (right and top scales).

&obsd — a  +  5/(H+) (8)

In these equations B is the reductant, n  is the appropri­
ate stoichiometric factor, and (H+) is assumed equal 
to (HCIO4) . The parameters a and b may be obtained 
from the intercept and slope, respectively, of plots of 
fcobsd vs. l/XHClCh). Examples of plots of eq 8 for 
reactions at 25.0° are given in Figure 1, which illustrates 
the point that for some reactions the intercepts of plots 
of fcobsd vs. 1 /(H+) are very uncertain (e.g., for H20 2 and 
Br~), while for others the intercept is much better 
established (e.g., for SCN-  and H2Q). Thus, only 
upper limits could be obtained for a in the reactions with 
hydrogen peroxide and bromide.

The following mechanism is consistent with the
observed rate law

Coaq3+ +  H20  ^  CoOHaq2+ +  HsO + K h (9)
kn

Co3+ +  B — > Co11 +  B- (10 )

CoOH2+ +  B Co11 +  B- (ID
fast

Co111 +  B • — *• products (1 2 )
fast

2B- — ► B2 (13)

in which steps 10 and 11 are rate-determining and B- is 
a radical species. The observed rate law (eq 7) is 
predicted by this mechanism if K h/(H+) <K 1 . Under 
these conditions a =  fc0 and b =  fc_iKh, where is the 
acid-dissociation constant of Coaq3+, eq 9. Evidently, 
values of fc_1 can only be obtained from a knowledge of 
K h under the experimental conditions. Although this 
parameter is believed27 to be about 2 X 10- 3  M ~ l at 
25°, there is no accurate value available. We have

collected values of fc0 and the product k - i K h together 
with their apparent activation parameters in Table I .28

Discussion
The second-order rate law which has been found over 

a range of cobalt(III) concentrations in this series of 
reactions supports the conclusion27'29 that the pre­
dominant cobalt(III) species at equilibrium under our 
experimental conditions25 are monomeric Coaq3+ and 
CoOHaq2+ cations. An upper limit of 5 X 10~ 3 M  for 
the acid-dissociation constant of Coaq3+ is suggested 
from the exact rate law fcobsd = (fco +  fc-i Kh/(H+))/ 
(1 +  K h/(H+)) if Kh/(H+) <  0.1 at the lowest 
acidity in our experimental range. Unfortunately, the 
reduction of cobalt (III) by water is very rapid at the 
low acidities which would be required to obtain a direct 
estimate of this parameter.5'6’27'30 Davies and Warn- 
qvist27 have recently proposed a value of (2 ±  1) X 1 0 -3

(21) G. Davies and K. O. Watkins, unpublished data.
(22) In the reactions with hydrogen peroxide, hydroquinone, and 
nitrous acid the reductant is assumed to be the predominant molecular 
species, i.e., H20 2, p-CeH4(OH)2, and H N 02, respectively.23'24 See 
text.
(23) N. Sutin, Ann. Rev. Phys. Chem., 17, 119 (1966).
(24) G. Davies, Coord. Chem. Revs., 4, 199 (1969).
(25) The concentrations of cobalt(III) and cobalt(II) were varied 
between extremes of 0.20-55.5 X 10 ~4 M  and 0.2-874 X 10 ~4 M, 
respectively.
(26) A direct proportionality between the initial cobalt(III) con­
centrations and the corresponding absorbances at zero time was 
observed in those reactions in which the disappearance of cobalt(III) 
was followed.
(27) G. Davies and B. Warnqvist, Coord. Chem. Rev., in press.
(28) The kinetic data from this study have been combined with 
those of ref 6 in the calculation of the activation parameters for the 
reaction with hydrogen peroxide.
(29) B. Warnqvist, Inorg. Chem., 9, 682 (1970).
(30) P. Carrington and L. H. Sutcliffe, private communication.

The Journal of Physical Chemistry, Voi. 74, No. 18, 1970



K inetics of Oxidation- R eduction R eactions Involving Cobalt(III) 3391

Table I : Kinetic Data for Some Oxidation Reactions Involving Coaq3+ and CoOHaq2 + in Aqueous Acid 
Perchlorate Mixtures at Ionic Strength 3.0 M

a So +, as j  +,*■
Reductant

fco,“
M -1 sec -1

k-iKh,a
sec-1

A ffo+ , 
kcal mol-1

cal deg ~1 
mol-1

AH_i
kcal mol-1

cal deg -1 
mol-1 Ref

M alic acid0 4 . 6 5 8 d
Thiom alic acid0 < 6 1 5 .2 d
c i - ° 3 2 4 .6 e
Thiourea 5 2 1 5 .7 + 3 f
H 20 / < 2 2 3 .0 2 3 .5 + 2 5 h
h n o 2 18 1 7 .2 1 8 .3 + 9 2 1 .7 +  19 h
H N 30 < 2 3 5 .2 2 3 .1 +  15 i
CIO,* < 1 5 9 .6 2 1 .8 + 2 3 j
Br“5 < 5 3 0 .4 2 6 .1 + 3 7 h
SCN- 8 6 . 5 7 9 .6 2 0 .6 + 2 0 2 5 .6 + 3 7 h
h 2q 2 2 0 0 1 2 8 0 1 8 .2 +  18 1 8 .6 +  17 h
I - 8 0 0 0 2 8 6 0 1 9 .4 + 2 5 2 1 .5 +  3 0 h

“ At 25.0°. 5 These are composite parameters involving the enthalpy and entropy of acid dissociation (eq 9). 0 The parameters
refer to complex formation. d See ref 10, data at ionic strength 0.25 M. ‘ See ref 9. 1 A. McAuley and U. D. Gomwalk, J. Chem. 
Soc., A, 977 (1969): ionic strength in the range 0.82-1.50 M; and ref 27. ‘  It was not possible to obtain accurate activation parameters 
for the reactions of Coaq3 + in these reactions. See text. * This work. * See ref 37, data at ionic strength 2.0 M. 1 See ref 38, data 
at ionic strength 2.1 M.

M  for Kh which is also consistent with the present kinetic 
data as well as with previous spectrophotometric 
estimates.5'6

The kinetic dependence in this series of reactions 
contrasts sharply with the more complex kinetics 
observed, for example, in the reactions of cobalt(III) 
with chloride, 9 malic and thiomalic acids, 10 and cys­
teine,31 where the formation and disappearance of 
intermediate complexes have been monitored spectro- 
photometrically. The kinetic and spectrophotometric 
observations suggest that any intermediate complexes 
formed are present at undetectably low concentration 
levels in the reactions we have studied.

Comparison of our results with other data for cobalt- 
(III) reactions, (Table I), points to some interesting 
correlations. Thus, we note that a narrow range of 
valus of k _ iK h characterizes32 the reactions of CoOHaq2 + 
with all the reductants except QH2 and I- , which react 
at considerably higher rates than do the other species. 
Now some of the data in Table I refer to rates of com­
plex formation in the absence of a net oxidation reaction, 
and so it seems reasonable to suppose that the indepen­
dence of the reaction rate on the nature of the reductant 
is related to a common rate-determining step which 
depends mainly on the properties of the oxidant. This 
common process is evidently water exchange on the 
oxidant, which, to a first approximation, can be con­
sidered to be ligand independent for an inner-sphere, 
“dissociative interchange” 33 mechanism. A comparison 
of these results with the available data23'34 for com- 
plexation reactions of FeOHaq2+ tends to support this 
assignment of an inner-sphere mechanism for the cobalt- 
(III) reactions. For example, the rate of oxidation of 
SCN-  by CoOHaq2+ is faster than those of Br-  and

HN3 by about the same factor as is involved in the 
corresponding complexation reactions of FeOHoq2+. 
This is reasonable if both cations react via a water- 
exchange mechanism with these ligands.

The limited amount of accurate data for reactions of 
Coaq3+ which is available makes definite mechanistic 
assignments difficult for the reactions of this species. 
Comparison of the ratios k-iKh/kg for reactions of iron- 
(III) 36“ 39 and cobalt(III) does suggest, however, that 
the rates of reaction of Coaq3+ with Br- , Cl- , HN3, and 
SCN-  may be influenced by the rate of water exchange 
on the oxidant, but this cannot be proven in the absence 
of more extensive data for complexation reactions. 
The activation parameters for the redox reactions may

(31) A. McAuley, private communication.
(32) This observation also strongly supports the assignment of H X 
as the reducing species in reactions involving weak acids:22 thus, the 
examples in Table I cover a pK  range of about nine units for the 
reductants of the weak-acid type, indicating that reactions with 
anionic and more highly protonated species may be neglected in the 
interpretation of the data.23,24
(33) C. H. Langford and H. B. Gray, “ Ligand Substitution Pro­
cesses,”  W. A. Benjamin, New York, N. Y „  1965.
(34) D. Seewald and N. Sutin, Inorg. Chem., 2, 643 (1963).
(35) The mechanism of reactions of the type Feaq3 + +  X -  is not 
firmly established:36 thus, the rate constants for the cases where 
X  is SCN, Br, and Cl have a ligand dependence which is not con­
sistent with the limiting SNl-type mechanism. In the reactions of 
Coaq3+ with H2O2, Br~, HN 3 ,37 and CIO238 the apparent acid-inde­
pendent rate term could be attributable to changes in activity coef­
ficients on replacement of Haq + by Naaq+ or Liaq+.37-39
(36) F. Basolo and R. G. Pearson, “ Mechanisms of Inorganic 
Reactions,”  2nd ed, Wiley, New York, N. Y., 1967, Chapter 3.
(37) R. K . Murmann, J. C. Sullivan, and R. C. Thompson, Inorg. 
Chem., 7, 1876 (1968).
(38) R. C. Thompson, J. Phys. Chem., 72, 2642 (1968).
(39) A. J. Zielen and J. C. Sullivan, ibid., 66, 1065 (1962).
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give further insight into the reaction mechanisms when 
this information becomes available.

Comparison of the rate constants for the reactions of 
cobalt (III) with hydroquinone and iodide with those 
for the other reactants suggests that water exchange in 
the oxidant is not rate-determining in these faster 
reactions. If K h <  5 X 10-3 M, then A;_i >  102/c0 and 
it is evident that the OH-  ligand has a much larger

influence than might be expected for an outer-sphere 
reaction.23 It seems likely that the OH-  ligand is 
acting preferentially as a bridge for electron transfer; 
some stabilization of the product might be expected for 
such a route, especially in the reaction with I - .23'36
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Thermodynamics of Divalent Metal Sulfate Dissociation and 

the Structure of the Solvated Metal Sulfate Ion Pair

by John W. Larson
Department of Chem istry, M arshall U n iversity , Huntington, West V irg in ia  25701 (Received M arch 26, 1970)

Heat of dilution data for several divalent metal sulfates are used to calculate reliable values of AS° for reac­
tions of the type M S04 (ion pair) =  M 2+(aq) +  SC>42 -(aq). The values obtained are AS0 =  —14.7, —15.2, 
— 17.8, —15.6, —16.6, and —15.7 gibbs/mol for M  =  Mg, Zn, Cd, Ca, Cu, and Ni, respectively. Inade­
quacies in the electrostatic description of ion-pair formation are pointed out. The AS° values are explained 
by assuming that the microscopic structures of the ion pairs differ in the number of water molecules the sul­
fate ion displaces from the primary octahedral hydration of the metal ion. There is good agreement between 
the extent of hydration of the ion pair assumed in order to account for the AS° values and the extent of hydra­
tion arrived at by spectroscopic techniques.

Ion-pair formation has long been considered to have 
an important place in an adequate theoretical descrip­
tion of electrolyte solutions. More recently, ion-pair 
formation has been shown to be of practical importance 
in that the energetics of many biological reactions are 
greatly affected by it.1

Reliable thermodynamic data are needed both to 
help in providing an adequate description of the extent 
of ion-pair formation and to provide clues to the micro­
scopic description of the solvated ion pair, especially in 
connection with recent work on ultrasonic absorption 
and optical spectroscopy.2-6

In order to provide reliable data for the heats and 
entropies of dissociation of divalent metal sulfate ion 
pairs, calculations are reported here that make use of 
the very precise heats of dilution measured by Lange 
and his coworkers.6 Although these workers were able 
to demonstrate that the heat of dilution data for such 
diverse and complex substances as Na^SCh, K3Fe(CN)6, 
and K4Fe(CN)e obeyed the Debye-Huckel limiting law 
at low concentrations, no such agreement was obtained 
for the six divalent metal sulfates used in their investi­
gations.6

Even though this discrepancy has been attributed to

ion-pair formation,7 no detailed analysis along this line 
has been made. From the known equilibrium con­
stants for the dissociation of these metal sulfate ion 
pairs it can easily be ascertained that even at 10-4 m, 
approximately 3% of these compounds are undissociated. 
No agreement between measured heats of dilution and 
the Debye-Htickel theory could, therefore, be expected 
at concentrations above 10-4 to. The relevance of 
these heat of dilution data to the thermodynamics of 
ion-pair formation, therefore, seems obvious.

Nair and Nancollas8 have reported potential measure-

(1) H. B. Clarke, D. C. Cusworth, and S. P. Datta, Biochem. J., 58, 
146 (1954); 64,604 (1956).
(2) M . Eigen and K. Tamm, Z. Elektrochem., 66, 107 (1962).
(3) R. Larsson, Acta Chem. Scand., 18, 1923 (1964).
(4) J. M . Smithson and R. J. P. Williams, / .  Chem. Soc., 457 (1958).
(5) G. Atkinson and S. K . Kor, J. Phys. Chem., 69, 128 (1965).
(6) E. Lange in “ The Structure of Electrolyte Solutions,”  W . J- 
Hamer, Ed., Wiley, New York, N. Y., 1959; E. Lange and J. Mon- 
heim, Z. Phys. Chem. (Frankfurt am M ain ), 150A, 349 (1930); E. 
Lange and H. Streeck, ibid., 157A, 1 (1931); E. Lange, J. Monheim, 
and A. L. Robinson, J. Amer. Chem. Soc., 55, 4733 (1933) ; E. 
Lange and W . Miederer, Z. Elektrochem., 60, 34 (1956).
(7) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolyte Solutions,”  Reinhold, New York, N. Y ., 1958.
(8) V. S. K. Nair and G. H. Nancollas, J. Chem. Soc., 3934 (1959).
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merits that were used in calculating the equilibrium 
constant for reaction 1

HSO*- +  M 2+ =  H+ +  M S04 (1)

and its temperature dependence. From these data and 
their previously determined heat of dissociation of the 
bisulfate ion, they calculated AG°, AH°, and AS0 
values for reaction 2.

MSO4 (ion pair) =  M 2+(aq) +  S042_(aq) (2)

These measurements on the sulfates of Mg, Zn, Co, and 
Ni, while yielding good AG2° values, apparently contain 
large systematic errors and are inadequate for the 
calculation of A772° and A»S'2°. This conclusion is 
substantiated by recent calorimetric studies on the 
dissociation of the bisulfate ion.9 Similarly, the 
measurements of Izatt, et al.,10 on the association of 
SO42-  and metallic ions are inapplicable, since they 
were carried out at high concentrations (0.02 m) and 
require a long extrapolation to infinite dilution.

Calculations and Results
A detailed analysis of the method used here to 

obtain AH2° and AiS2° values will be given for ZnS04. 
An identical method has been used for the other com­
pounds.

For ZnSOi, the value of the equilibrium constant for 
reaction 2, K2, is taken as 4.7 X 10“ 3 * * * *.8'11'12 The 
expression for the equilibrium constant is given by eq 3

K 2
y±2a2m 
(1 — a) (3)

where m is the molality of the ZnS04 solution, a is the 
degree of dissociation, and 7± is the mean activity 
coefficient of the dissociated ZnS04. The activity 
coefficient of the neutral associated ZnS04 is assumed 
to be unity at all concentrations. For a solution of the 
pure salt,the total ionic strength of the solutionis simply 
4am. The value of y± is estimated by using the ex­
tended Debye-Hiickel equation13 for 2-2 electrolyte 
solutions, eq 4

log =
-4 .092(am )‘/2 

1 +  0.6582a (am)1/2
+  4 b(am) (4)

where a is the assumed distance of closest approach for 
the ions and b is an empirical parameter, a at any 
specified m may be calculated from the given a, b, K2 
values, using these equations.

The relative apparent molal heat constant 0H, is 
assumed to be made up of two parts,14 15'16 the heat of 
dissociation of the associated ion pair and the heat of 
dilution of the dissociated ZnS04, AHd- This may be 
written as

<t>n =  (1 — a)AH2° +  aAHd (5)

Values of <t>n have been arrived at by Lange, et al., from 
heats of dilution obtained with a twin adiabatic calo­

rimeter. The values of AHd are estimated by use of the 
extended Debye-Hiickel theory for 2-2 electrolytes

A H d =
3.776(am)1/2 

1 +  0.6582(aam),/2
kcal/mol1/2 (6)

where a has the same value as used in eq 4. Although 
eq 5 could then be used to calculate AH2° from re­
ported values of <£h, the values of 4>h reported contain 
a relatively large uncertainty associated with the 
extrapolation of the experimental data to m = 0. To 
eliminate this source of error, a differential form of 
eq 5 was therefore used, that after rearrangement 
results in eq 7.

AH2° A4>h A(aAHd)
A(1 — a) A(1 — a) (7)

Values of A(1 — a) and A(aAHd) between any two 
concentrations may be calculated by the method given 
above and A$h data are taken from the actual experi­
mental determinations of Lange, et al.o

Values of a — 4 A and b =  0.4 were used in the calcu­
lations reported here. As reported in Table I, at

Table I  : The Enthalpy of Dissociation of ZnS04

A »2°, A/L°,
kcal/mol kcal/mol

Initial Final —  A 0 h , (o = 0, (o = 4,
molality molality cal/mol ¡1 = 0) b = 0.4)

0.01 0.0001 530 -1 .43 -1.36
0.04 0.01 245 -1 .12 -1.51
0.25 0.04 278 -5.69 -1 .39
0.49 0.0001 1139 -1 .40

concentrations below 0.01 m, setting a = 0 and 6 = 0
results in a calculated AH2 only slightly different than 
the value obtained with a = 4 and b =  0.4. At higher
concentrations, however, only values of a and b of
approximately 4 and 0.4 gave results consistent with 
those obtained at lower concentrations.

Because AG2° and K2 for some of the salts considered
here are known only with considerable uncertainty, it is
necessary to consider the dependence of the calculated

(9) J. M. Readnour and J. W . Cobble, J. Inorg. Chem., 8, 2174 
(1969).
(10) R. M . Izatt, D. E. Eatough, J. J. Christensen, and C. H. 
Bartholomew, J. Chem. Soc. A, 47 (1969).
(11) L. G. Sillen and A. E. Martell, “ Stability Constants of Metal­
ion Complexes,”  Special Publication 17, The Chemical Society, 
London, 1964.
(12) C. W. Davies, “ Ion Association,”  Butterworths, Washington, 
D. C „ 1962:
(13) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 
2nd ed, revised, Butterworths, London, 1965.
(14) P. Hopkins, Jr., C.-H. Wu, and L. G. Hepler, ./. Phys. Chem., 
69, 2244 (1965).
(15) H. P. Hopkins, Jr., and C. A. Wulff, ibid,, 69, 6, 9 (1965).
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AH2° on the value of AG2° or K  used in the calculation 
with eq 1. In Table II, values of AIZ2° and A$2° for 
ZnS04 are calculated on the basis of first assuming AG2° 
is 150 cal/mol larger than the “ best”  value and then 
assuming A(t2° is 150 cal/mol smaller than the “ best” 
value. It can be seen that no independently accurate 
AH2° can be calculated from heat of dilution data.

Table II : Dependence of A H i0 and ASP 
on Assumed AG2° for ZnS04

A H i ° , a s 2° ,

kcal/mol kcal/mol gibbs/mol

3.175 - 1 .3 6 - 1 5 .2
3.325 - 1 .2 3 - 1 5 .3
3.025 - 1 .5 2 - 1 5 .2

The minimum error in AH2° is approximately equal 
to the error in the value used for A(?2°. Much more 
important, however, is that if a low value is used for 
AG °, the resulting AH2 will be low by approximately 
the same amount, and thus A<S2° is virtually unchanged. 
This happens to be the quantity that is of most interest 
from the theoretical standpoint. No such fortuitous 
compensation takes place by combination of the A(r2° 
and AH2° values arrived at from the equilibrium or 
apparently from the titration calorimetry measurements.

In principle the variation of the heat of dilution data 
with concentration could be used to calculate the equilib­
rium constant for reaction 2. In practice, the best 
that can be done is to restrict the value of log K  to 
within ±  0.4 unit. Any of the more common methods13 
of determining K  result in a value of K  more accurate 
than this and, therefore, values of K  from the literature 
are used in all of the calculations.

The results of calculations for 5 other salts for which 
there are adequate heat of dilution data are tabulated in 
Table III. The estimated maximum uncertainties 
reported in AH2° and AS2° include the uncertainty 
associated with choice of K2) a, and b. Only the heat of 
dilution data in the concentration range below 0.01 m 
were used in calculating the results presented in Table 
III to minimize the uncertainty associated with the 
choice of a and b.

The values of AH2° and AS2° reported in Table III 
are in quantitative and qualitative disagreement with 
those reported by Nair and Nancollas.8 Good qualita­
tive agreement is obtained between the results pre­
sented here and those of Izatt, et al.,10 but quantitatively 
the AH ° and AS2° values reported by Izatt, et al.,10 are 
less negative by approximately 0.9 kcal/mol and 2.1 
gibbs/mol, respectively. This discrepancy is of the 
order of magnitude expected in view of the fact that no 
corrections for the ionic strength of the solutions were 
made to the reported AH data.10

As stated by Nancollas,16 “ It is not easy to assess the 
limits of accuracy of heat and entropy values; those 
obtained from temperature coefficient data are ob­
viously not as reliable as calorimetric values. On the 
other hand, the calorimetric method usually involves 
the use of rather high ionic strength which introduces 
other uncertainties.”  Calculation of heat and entropy 
values based on heat of dilution data as reported here 
has both the advantage of being a direct measurement 
of enthalpy and the advantage of being done at very 
low ionic strengths. Because of the demonstrated 
precision of the measured heat of dilution data,17 the 
AH2° and AS2° values reported here should be more 
reliable than any of the previous values.8’10

The partial molal entropies of the aqueous divalent 
metal ions are listed in Table III. These have been 
used along with the values of AS2° reported here and the 
S2° of S042_(aq)18-20 to obtain the partial molal en­
tropies of the metal sulfate ion pairs reported in Table
III.

Discussion
The first theory that led to a description of the ther­

modynamics of ion-pair formation was due to Bjer- 
rum.21 This theory has been successful in many 
respects.13 The Bjerrum theory nevertheless is in­
adequate in some respects as pointed out by Fuoss.22 
Some of these inadequacies have been eliminated by 
taking into account the discontinuous nature of the 
solvent and by considering only those ions of opposite 
charge in actual contact to be ion pairs.22 Theoretical 
values of AG2° and AS2° calculated by Fuoss’ theory13’22 
with a center to center distance of 4 A are reported in 
Table IV along with the average experimental values 
from Table III. In spite of this good agreement in the 
magnitude of the values of AG2° and AS2°, no agree­
ment is observed between the predicted and observed 
trend of these quantities, especially A<S2°, with the 
center to center distance of the ions. Instead of a 
generally more negative entropy change as the size of 
the cation decreases, as the theory predicts, just the 
opposite trend is observed.

The trend predicted by this theory (and other elec­
trostatic theories21’23) results from assuming the trend in 
AjS2° is predominately determined by the differences in

(16) G. H. Nancollas in Discuss. Faraday Soc., 24, 128 (1957).
(17) See ref 7, p 335.
(18) W. M . Latimer, “ Oxidation Potentials,”  2nd ed, Prentice-Hall’ 
Englewood Cliffs, N. J., 1952.
(19) J. W . Larson, P. Cerutti, H. K . Garber, and L. G. Hepler, J. 
Phys. Chem., 72, 2902 (1968).
(20) D. D. Wagman, W. H. Evans, V. B. Parker, I. Halow, S. M . 
Bailey, and R. H. Schumm, National Bureau of Standards Technical 
Note 270-3, U. S. Government Printing Office, Washington, D. C. 
1968.
(21) N. Bjerrum, K . Danske Vidensk, Selsk., 7, No. 9 (1926).
(22) R. M . Fuoss, J. Amer. Chem. Soc., 80, 5059 (1958).
(23) J. T. Denison and J. B. Ramsey, ibid., 77, 2615 (1955).
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Table III : The Thermodynamics of Ion-Pair Dissociation

Ion pair
AGs0,11,12 
kcal/mol

A H2°, 
kcal/mol

ASi°,
gibbs/mol

52° (M2+ (aq)), 
gibbs/mol

Si° (ion pair), 
gibbs/mol

MgS04 3.15 ±  0.05 -1 .27  ±  0.20 -14 .7  ±  0.5 — 28.21« -8 .7
ZnS04 3.17 ±  0.05 -1 .36  ±  0.20 -15 .2  ±  0.5 -2 6 .919 -6 .9
CdS04 3.15 ±  0.05 -2 .15  ±  0.17 -17 .8  ±  0.4 -1 7 .419 +5.2
CaS04 3.15 ±  0.05 — 1.50 db 0.20 -15 .6  ±  0.5 —13.218 +7.2
CuS04 3.22 ±  0.07 -1 .72  ±  0.20 -16 .6  ±  0.5 -2 3 .619 -2 .2
NiS04 3.14 ±  0.05 -1 .52  ±  0.20 -15 .7  ±  0.5 -3 1 .619 —11.1

Table IV : Average Values of AG° and AS° for 
the Dissociation of 2-2 Electrolytes

AG 2°, A Si°,
kcal/moi gibbs/mol

Fuoss theory 3.20 —15.5
Av exptl values 3 .16±0 .05  —15.9 ±  2

the entropies of the dissociated ions, the entropies of 
the neutral associated ion pairs being relatively un­
affected by the size of the cations. The .S2° values of 
the cations are expected to decrease as the cation 
becomes smaller. Considering only those ions that are 
unaffected by crystal field splitting, the trend in the 52° 
values reported in Table III is Ca >  Cd >  Zn >  Mg, the 
same as the trend in their ionic radii.13 The electro­
static predictions of relatively constant 5'2° values for 
the ion pairs, however, are shown to be incorrect by the 
values in Table III. These values are markedly dif­
ferent, so much so that the total entropy change has a 
trend opposite that predicted.

This theory does not take into account the electro­
static attraction of the ions for the solvent dipoles. 
The mutual potential energy, G, between the cation (of 
charge Zi) and the anion (of charge z2) may be written

Z1Z2
°  = DR

where R is the distance the ions are apart and 1) is the 
dielectric constant of the medium between them. The 
potential energy between the oriented solvent dipole 
and the ion may be written as

r  vzi
G =  ~D R 2

where n is the dipole moment. Equating these energies, 
a critical distance, Rc, equal to /u/z2 is obtained. For an 
anion with a point charge of 2.4 esu and a point dipole of
1.8 D, Rc =  0.7 A. Inside this distance, displacement 
of the solvent dipole would result in an increase in 
potential energy. Cations with a radius greater than 
Rc might, therefore, be expected to form predominately 
"contact ion pairs” while cations with a radius less 
than R would be expected to form “ solvent-separated 
ion pairs.”  24 Although there is no easy way to take

into account the finite size of the ions and solvent 
molecules and behavior of the latter in the very high 
field in the vicinity of ions, a trend towards forming 
contact ion pairs in preference to solvent separated ion 
pairs would be expected as the cation became larger.

The MgS04, NiS04, and ZnS04 ion pairs are assumed 
to contain an octahedrally hydrated metal ion both 
because of their small radii and the fact that they form 
crystalline heptahydrates. Only lower hydrates are 
known for the sulfates of Ca, Cu, and Cd. Assuming the 
sulfate ion does penetrate the primary octahedral 
hydration shell of the Ca and Cd ions, the observed 
S2° for the ion pairs may be explained. From the 
geometry of the sulfate ion, it does not appear un­
reasonable to assume that the sulfate ion acts as a 
bidentate ligand displacing two adjacent water mole­
cules attached to the metal ion. This would result in a 
large increase in entropy. The entropy of the “ water 
of hydration”  is estimated by Latimer’s rules to be 9.4 
gibbs/mol.18’25 After displacement, the entropy of 
this water would be equal to the entropy of ligand water 
or 16.71 gibbs/mol.20 The total entropy change when 
two molecules of the “ water of hydration”  are displaced 
by the sulfate ion is therefore about 14.6 gibbs/mol (or 
approximately twice the molar entropy of melting ice). 
This is in excellent agreement with the observed dif­
ference between the entropies of the Zn, Mg ion pairs 
(predominately solvent-separated ion pairs), and the Ca, 
Cd ion pairs (predominately contact ion pairs).

In CuSOi ■ 5H20  the sulfate ion occupies the axial 
positions of the octahedral coordination of the copper 
ion.26 The axial water molecules in the hydration of 
the Cu2+ ion are apparently easily displaced because of 
the Jahn-Teller effect. The axial water molecules are, 
however, not adjacent and therefore the sulfate ion 
could displace at most one. The value of the partial 
molal entropy of the CuS04 ion pair is therefore ex­
pected to be approximately halfway between the en­
tropy of the solvent separated ion pair and the contact 
ion pairs with two displaced waters of hydration. This

(24) Contact ion pairs and solvent-separated ion pairs are often 
referred to as inner-sphere complexes and outer-sphere complexes.
(25) W. M. Latimer and W. L. Jolly, J. Amer. Chem. Soc., 75, 1548 
(1953).
(26) F. A. Cotton and G. Wilkinson, "Inorganic Chemistry,”  Inter­
science Publishers, New York, N. Y., 1966.
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explanation is clearly supported by the data in Table
III.

The conclusions drawn here from the entropies of the 
ion pairs are in at least qualitative agreement with the 
conclusions drawn from other work. From infrared 
spectroscopy, Larsson3 has arrived at the order Cd >  Cu 
>  Zn >  Ni for the tendency of the metal ion to form 
contact ion pairs with the sulfate ion. From the ex­
amination of the visible absorption spectrum of the 
CuS04 and C0SO4 ion pairs, Smithson and Williams4 
concluded CuS04 forms a contact ion pair and C0SO4 a 
solvent-separated ion pair. From data on the volume 
change for reaction 2, Hamann, Pearce, and Strauss27 
have concluded that MgS04 forms a solvent-separated 
ion pair.

Ultrasonic absorption studies on divalent metal 
sulfate solutions have led to equilibrium constants of 
the conversion to the solvent-separated ion pairs to the 
contact ion pairs, reaction 8.2’6’28-30 Values of K s for 
M = Ni, Mg, and Zn have been reported as */jo, Vs

and y 4, respectively. Data that lead to values of K s 
for M = Cu and Ca have also been reported, but be-

M (0H 2)„S04 =  M S04 +  n ll20  (8)

cause reaction 8 is kinetically fast, the values reported 
are quite uncertain. For copper, values of K$ have 
been reported from 10~2 to 102+ and for calcium Ka >  1.

Neither the spectroscopic nor the ultrasonic absorp­
tion work results in a value for the number of water 
molecules displaced when the contact ion pair is 
formed.
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(27) S. D. Hamann, P. J. Pearce, and W . Strauss, J, Phys. Chem., 
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The Ionization Constant of Water to 800° and 4 0 0 0  Bars1

by Arvin S. Quist
Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 87830 (Received April 22, 1970)

Electrical conductances of dilute aqueous ammonium bromide solutions were measured to 800° and 4000 bars. 
The ammonium bromide underwent extensive hydrolysis at elevated temperatures. The conductance data from 
these solutions were evaluated and combined with results previously obtained with HBr, NH3, KBr, and NaBr 
solutions, to give values for the ionization constant of water to 800° and 4000 bars. Logarithms of these 
ionization constants increase linearly with the logarithm of the molar concentration of water (at constant 
temperature) and also increase with temperature (at constant density).

Introduction
A knowledge of the thermodynamic ionization con­

stant (Kw) of water is of fundamental importance to 
understanding ionic equilibria in aqueous solutions. 
Well established values for this quantity are available 
for temperatures below 100°, but at higher tempera­
tures, particularly in the supercritical region, few values 
have been reported. Until recently, the only experi­
mentally determined K w’s above 100° were those re­
ported by Noyes and coworkers some 60 years ago.2 
This group calculated ionization constants for water to 
306°, at saturation vapor pressure, from electrical con­
ductivity measurements on ammonium acetate solu­
tions. More recently, K w’s have been calculated to 
1000° and 133 kbars from shock wave3 and static4 
measurements of the conductance of pure water.

Although it is very difficult to make accurate con­
ductance measurements on pure water at high tempera­
tures and pressures, the success of the two methods3'4 
for the direct measurement of this parameter for water 
at high temperatures and pressures results from the

(1) (a) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corporation, (b) Pre­
sented in part at the 158th National Meeting of the American 
Chemical Society, New York, N. Y., Sept 1969.
(2) (a) A. A. Noyes, et al., “ The Electrical Conductivity of Aqueous
Solutions,”  Publication No. 63, Carnegie Institution of Washington, 
Washington, D. C„ 1907; (b) A. A. Noyes, Y . Kato, and R. B.
Sosman, J. Amer. Chem. Soc., 32, 159 (1910).
(3) (a) H. G. David and S. D. Haman, Trans. Faraday Soc., 55, 72
(1959); (b) S. D. Haman and M. Linton, ibid., 62, 2234 (1966);
(c) S. D. Haman and M . Linton, ibid., 65, 2186 (1969).
(4) (a) W. Holzapfel and E. U. Franck, Ber. Bunsenges. Phys. Chem.,
70, 1105 (1966); (b) W. B. Holzapfel, J. Chem. Phys., 50, 4424
(1969).
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large increase in K w with increasing temperature and 
pressure, coupled with a corresponding decrease in dis­
sociation constants for electrolytes (such as NaCl5) 
with increasing temperature. Consequently, as the 
temperature increases, the total conductance of water 
due to self-ionization increases by several orders of 
magnitude while the relative contribution of ionic im­
purities to the total conductance decreases. Unfortu­
nately, this method is not very successful in the tem­
perature region 300-800°, at low and intermediate pres­
sures, where the conductance of small amounts of im­
purities usually introduced by the all-metal pressure 
vessel contributes substantially to the conductance of 
water. For this region, a more suitable method is one 
in which conductances of solutions of a hydrolyzable 
salt are measured.

The results presented in the present paper, obtained 
from conductance measurements on aqueous am­
monium bromide solutions, bridge the gap between the 
data available along the liquid-vapor equilibrium curve 
to 306° and that recently reported from measurements 
to 1000° and 133 kbars. Values of K w in this inter­
mediate region of temperature and pressure are of 
particular interest since these conditions encompass the 
temperatures and pressures at which mineral-forming 
processes occur in hydrothermal solutions.

Included in this paper are measured electrical con­
ductances of dilute (0.002-0.015 to) aqueous ammo­
nium bromide solutions from 0 to 800° to 4000 bars. 
These data, together with information obtained earlier 
from measurements of HBr,6a NaBr,6b NH3,6c and KBr6d 
solutions under the same conditions of temperature and 
pressure, provide the necessary information from which 
ionization constants for water were calculated for the 
temperature range 300-800°. These results agree well 
with values reported previously for K w at both higher 
and lower temperatures.

Experimental Section
The general experimental methods and details of the 

apparatus have been presented in an earlier paper.6 
Solutions of ammonium bromide were prepared gravi- 
metrically from reagent grade salt (Baker and Adamson, 
Morristown, N. J.) and conductivity water. Four 
concentrations were studied: 0.002008, 0.00501,
0.01000, and 0.01500 to. Three different inner elec­
trodes were used for these measurements. Their cell 
constants were 1.96, 0.509, and 0.496 cm-1 as deter­
mined with 0.01 and 0.1 demal KC1 solutions at 25.00 ±  
0.01°.

Results
Specific and equivalent conductances were calculated 

from the experimental data by methods described pre­
viously.6 Typical results are shown in Figure 1, where 
specific conductances of 0.002008 to NEfiBr are plotted 
against pressure at the experimental temperatures.

0  1000 200 0  3 0 0 0  4 0 0 0  5000
PRESSURE ( bars)

Figure 1. Specific conductances of 0.002008 m NH4Br 
solutions as a function of pressure at several temperatures.

TEMPERATURE ("Cl

Figure 2. Isobaric variation of specific conductances of 
0.00501 m NEUBr solutions with temperature at pressures 
from 500 to 4000 bars.

Figure 2 shows the isobaric variation of specific conduc­
tance for the 0.00501 m solution as a function of tem­
perature at pressures from 500 to 4000 bars. The con­
ductances of the 0.01500 to solutions are given in Figure 
3, where equivalent conductances are shown as a func­
tion of density, at the experimental temperatures. 
Equivalent conductances at integral temperatures and 
densities were obtained by plotting equivalent conduc­
tances, at integral densities as obtained from graphs 
similar to Figure 3, as a function of temperature and 
interpolating to integral temperatures. Table I pre­
sents equivalent conductances at integral temperatures

(5) A. S. Quist and W. L. Marshall, J. Phys. Chem., 72, 684 (1968).
(6) A. S. Quist and W. L. Marshall (a) ibid., 72, 1545 (1968); (b) 
ibid., 72, '2100 (1968); (c) ibid., 72, 3122 (1968); (d) ibid., 73, 978 
(1969).

The Journal of Physical Chemistry, Voi. 74, No. 18, 1970



3398 Arvin S. Qüist

Table I: Equivalent Conductances (cm2 ohm-1 equiv-1) of 0.01 m NH4Br Solutions at Integral Temperatures and Densities

T em p , ,----------------------------------------- --------------------------------------------------------------------D en sity, g cm -»-
°c 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0 79
25 144

100 370
200 680 615 570
300 930 885 840 790 730 670
400 1000 1010 1005 990 965 925 880 835 780
500 470 660 825 920 960 970 965 930 890
600 230 400 585 750 850 915 935
700 90 175 315 480 680 825
800 36 90 185 320 480

0.2 0.4 0.6 0.8 1.0 1.2

DENSITY (g cm-3)

Figure 3. Equivalent conductances of 0.01500 m NH4Br 
solutions as a function of density at several temperatures.

and densities determined in this fashion for 0.01000 m 
NH4Br solutions.

The conductance behavior of ammonium bromide 
solutions is qualitatively similar to that observed pre­
viously for salts such as N aCl/ NaBr,6b and KBr6d ex­
cept at the higher temperatures where the conductance 
of ammonium bromide decreases sharply relative to the 
other salts. This comparative behavior is shown in 
Figure 4, where specific conductances of 0.01 m solu­
tions of HBr,6a KBr,6d NaBr,6b NH3,6c and NH4Br are 
plotted vs. temperature, at a pressure of 4000 bars.

Below 100° the conductance of ammonium bromide is 
nearly identical with that of potassium bromide. This 
similarity in behavior has been observed previously at 
several temperatures at 1 atm pressure for limiting 
equivalent conductances7 and viscosity B coefficients,8 
indicating that the transport properties of the ammo­
nium and potassium ions are very similar. Previously 
unreported measurements in this laboratory have shown 
that the conductances of 0.01 m NH4Br and KBr are 
nearly identical at pressures to 4000 bars, at 0 and 25° ; 
this again indicates the similarity in transport proper­
ties of ammonium and potassium ions, in this case under 
conditions where some of the water structure has been 
destroyed. Considering the relative similarities in the

The Journal of Physical Chemistry, Vol. 74, No. 18, 1970

Figure 4. A comparison of the specific conductances of 0.01 
m HBr, NH4Br, KBr, NaBr, and NH3 solutions as a function 
of temperature at 4000 bars.

conductance behavior of alkali metal halides to 800° 
and 4000 bars,6d it seems reasonable to assume that the 
mobilities of the potassium and ammonium ions will 
continue to be nearly identical at high temperatures and 
pressures.

Above 100°, at 4000 bars, the conductance of 0.01 m 
NH4Br begins to diverge from that of KBr. The in­
crease in conductance of NH4Br relative to that of KBr 
is probably not due to any major differences in the mo­
bilities of the potassium and ammonium ions but rather 
is a consequence of the hydrolysis of the ammonium ion 
according to the reaction

NH4+ +  H20  = NH3 +  H30 +  (1)

(7) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”  2nd 
revised ed, Butterworths, Ltd., London, 1965, p 465.
(8) M. Kaminsky, Discuss. Faraday Soc., 24, 171 (1957).
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This hydrolysis reaction results in the replacement of 
ammonium ions by hydrogen ions; therefore the con­
ductance of the NH4Br solution becomes greater than 
that of the unhydrolyzed KBr solution because of the 
higher mobility of the hydrogen ion as compared to the 
mobility of the potassium ion. Since ammonia becomes 
a weaker electrolyte with increasing temperature,60 
then with increasing temperature a larger fraction of 
the ammonium ions in the NH4Br solution hydrolyzes 
and consequently the difference in conductance between 
NH4Br and KBr solutions becomes greater.

A different behavior is observed above 600° (at 4000 
bars) where the conductance of ammonium bromide 
decreases sharply. Qualitatively, this sharp decrease 
can be explained by comparison with the conductance of 
HBr solutions under the same conditions of tempera­
ture and pressure. The rapid decline in the specific 
conductance of HBr solutions at high temperatures, 
as shown in Figure 4, occurs because it becomes a weak 
electrolyte under these conditions.611 In NH4Br solu­
tions at these same high temperatures a significant frac­
tion of the hydrogen ions produced by the hydrolysis of 
the ammonium ion (eq 1) combines with the bromide 
ions to form un-ionized HBr, thereby markedly reducing 
the conductance of these solutions also.

In potassium bromide solutions there appears to be 
no hydrolysis of the potassium ion to temperatures of 
800°. In these solutions the hydrogen ion concentra­
tion will be determined by the self-ionization of water 
and will be relatively low. Therefore, in KBr solutions 
the concentration of un-ionized HBr will also be very 
low and can be neglected entirely. Consequently, the 
difference in conductance of an NH4Br solution relative 
to that of a KBr solution of identical molality can be 
used to determine the concentration of the undissociated 
HBr present in the NH4Br solution. The following 
paragraphs describe the procedure used to calculate the 
ionization constant for water at high temperatures and 
pressures from conductance measurements on NH4Br, 
KBr, and HBr solutions.

Calculation of the Ionization Constant of Water
Hydrolyzed ammonium bromide solutions contain at 

least four different ionic species— NH4+, Br~, H +, OH~ 
-—and, depending upon the temperature and pressure, 
significant concentrations of up to four un-ionized 
species—HBr, NH3, NH4Br, and H20. The equilibria 
between these ions and molecules are given by the fol­
lowing reactions and thermodynamic equilibrium con­
stants

H20 ^ i :  H+ +  O H - (2a)

K w =  [H+][OH- ]/±2 (2b)

H B r ^ ì :H +  +  Br- (3a)

[H +] [Br- ] , 
[HBr] J±

(3b)

NH3 +  H20  ^  NH4+ +  O H - (4a)

T,  [NH4+][O H -]„ . 
b _  [NH,] 4 (4b)

NH4Br NH4+ +  Br- (5a)

[NH4+][B r-l „ 
8 “  [NH4Br] J± (5b)

where the bracketed quantities represent molar con­
centrations and / ± is the mean molar ionic activity 
coefficient. Activity coefficients for the un-ionized 
species have been assumed to be unity, and for con­
venience the concentration of the solvent (water) has 
been included in the equilibrium constants. In addi­
tion to these four equilibrium constants that inter­
relate the concentration of the various molecular and 
ionic species, one can add equations of electrical charge 
balance

[NH4+] +  [H+] =  [Br-] +  [OH- ] (6)

and mass balance

Co =  [NH4+] +  [NHS] +  [NH4Br] (7a)

= [Br- ] +  [HBr] +  [NH4Br] (7b)

where C0 is the stoichiometric molar concentration of 
NH4Br used to prepare the solution.

Additional equations can be utilized if the electrical 
conductances of the solutions are measured. Thus, for 
every concentration of ammonium bromide there is an 
equation relating the measured conductance to the con­
centrations of the ions present in solution. For par­
tially hydrolyzed NH4Br solutions, the conductance 
equation must include the contributions of four different 
ions (three ions if the concentration of the hydroxide ion 
is neglected). Although in principle this is a straight­
forward process,910 when this procedure is applied to 
calculate ion concentrations in partially hydrolyzed, 
partially associated, NH4Br solutions, then high-order 
equations are encountered which are difficult to solve. 
Also, uncertainties in the experimental data and in the 
values for viscosities, dielectric constants, and limiting 
equivalent conductances necessary to calculate the 
theoretical parameters in the conductance equation 
make such a rigorous procedure of doubtful practical 
value.

Simpler procedures for calculating K v from the con­
ductance data are given below, in which conductances of 
0.01 m solutions of NH4Br, HBr, and KBr are compared 
directly. Potassium bromide is included in the com­
parison because it is assumed (see above) that its con­
ductance represents that of an “ unhydrolyzed”  NH4Br 
solution. With this assumption, the difference in con­
ductance between 0.01 m NH4Br and 0.01 m KBr at

(9) L. Onsager and S. K . Kim, J. Phys. Chem., 61, 215 (1957).
(10) A. S. Quist and W . L. Marshall, ibid., 70, 3714 (1966).
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elevated temperatures and pressures is considered to be 
related to the concentration of the hydrogen ion pro­
duced by the hydrolysis of the ammonium ion (eq 1). 
The procedure for calculating Kw is slightly different 
depending on whether HBr is considered to be com­
pletely dissociated (in general, at densities of 0.80 g 
cm-3 and above) or whether significant concentrations 
of neutral HBr (or NH4Br) species exist (at densities 
below 0.80 g cm-3). These calculations are described 
more fully in the following paragraphs.

For electrolyte solutions, the specific conductances of 
the ions present in solution are additive. The specific 
conductance of an electrolyte (*) is related to its equiva­
lent conductance (A) and molar concentration (C) by 
the equation

Amd AC
* =  1000 = 1000 ( '

where m is the molality and d is the solution density in g 
cm-3. If it is assumed that no ionic association occurs 
and that the hydroxide ion concentration is negligible,11 
the specific conductance of a partially hydrolyzed NH4- 
Br solution of stoichiometric molar concentration C0 is 
given by the equation

x(meas) =  ACo/1000 = |A(HBr)[H+] +
A(NH4Br) [NH4+]} /1000 (9a) 

ACo = A(HBr) [H+] +  A(NH4Br){U0 -  [H+]} (9b)

where A(HBr) and A(NH4Br) represent the conduc­
tances of completely ionized HBr and NH4Br solutions 
at the ionic strength of the solution. The ionic 
strength may be calculated from the equation

/  = ViEc^i2 (io)
i

In eq 10 Ct and zt represent the molarity and electrical 
charge of the fth ion. When no association to form 
HBr or NH4Br occurs, I  is equal to 1/ 2C'0. Under condi­
tions where HBr is a strong electrolyte (the concentra­
tion of undissociated HBr is negligible) A(HBr) can be 
set equal to the measured value for an HBr solution at 
the ionic Strength of the partially hydrolyzed NH4Br 
solution.6d Under the same conditions the concentra­
tion of NH4Br (and KBr) ion pairs will also be negligible 
and so the conductance of “ unhydrolyzed”  NH4Br, 
A(NH4Br), can be set equal to the measured value for 
KBr at the same ionic strength,6d since the conductance 
of the K + and NH4+ ions are probably nearly identical 
(see above).

AC0 =  A (HBr) [H+] +  A(KBr){C0 -  [H+]} (9c)

For every hydrogen ion produced by the hydrolysis 
reaction there will be an ammonia molecule formed; 
consequently, the ammonia concentration in these solu­
tions will be equal to the hydrogen ion concentration. 
Equations 4b and 2b can be combined, and the values of

Kb given previously60 can be used to calculate the ion 
product for water for temperatures and pressures where 
there is negligible ion association. In this procedure 
the activity coefficients in eq 2b and 4b, calculated with­
out regard to ion-size parameters, are assumed to be 
equal and hence cancel out. Values of Kw given in 
Table II at densities of 0.80 g cm-3 and above correspond 
to these conditions.

Table II: Negative Logarithm of the Ion Product of Water, 
Kv (=  oh+ X aoH-)- Standard State is the 
Hypothetical 1 M Solution

Density, 
g cm"8 300 400

---------Temp,
500

3C-------
600 700 800

1.00 9.0
0.95 9.3 8.7
0.90 9.1
0.85 9.4 9.0
0.80 9.8 9.4
0.75 10.1 9.9 9.6
0.70 10.7 9.6
0.65 11.7 10.2 9.7
0.60 12.1 11.0 10.5 10.3
0.55 11.9 11.6 11.3 11.0
0.50 12.5 12.4 12.0 11.7
0.45 13.4 13.1 12.7

At temperatures and pressures where there are signifi­
cant concentrations of HBr molecules and NH4Br ion 
pairs (for example, above 600° in Figure 4), the proce­
dure for calculating K v is somewhat different. In order 
to calculate the reduction in concentration of H +, 
NH4+, and Br~ ions by the formation of un-ionized 
HBr or NH4Br, values for the ionization constants for 
HBr and NH4Br are necessary. Although ionization 
constants for HBr have been determined previously,6a 
it was not possible to use the same methods to obtain 
corresponding values for NH4Br because of extensive 
hydrolysis of NH4+. However, values for the ioniza­
tion constant of NaBr are known6b and it can be as­
sumed that corresponding values for KBr are approxi­
mately the same, since the conductance behavior of all 
of the alkali metal bromides is very similar at high tem­
peratures and pressures.6d Therefore, since the be­
havior of KBr and NH4Br is also similar, values for the 
ionization constant for NH4Br can be assumed to be 
approximately equal to the corresponding values for 
NaBr.

Under conditions where the concentrations of undis­
sociated HBr and NH4Br are significant, the measured 
conductances of HBr and KBr solutions do not repre­
sent the conductances of completely dissociated solu-

(11) For 0.01 m NH4Br, the largest calculated hydroxide ion con­
centration under the conditions reported in this paper was at a 
density of 1.0 g cm -3 at 300° where this value was approximately 
0.03% of the bromide ion concentration.
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tions of these electrolytes. However, if the fraction (0) 
of the electrolyte which is dissociated at the ionic strength 
of the solution is known, then the hypothetical conduc­
tance (A') of this electrolyte when it is completely dis­
sociated at the same ionic strength can be calculated 
from the measured conductance A. For example

A'(HBr) =  A(HBr)/0(HBr) (11a)
A'(NH4Br) =  A(KBr)/0(NaBr) ( l ib )

Values of 0 were calculated from ionization constants and 
limiting equivalent conductances given previously.6“'15 
For internal consistency, the same methods12 were used 
to calculate 0’s as were originally used to obtain the 
ionization constants for HBr and NaBr.

Using these calculated conductances for completely 
dissociated HBr and NH4Br, and using an initial esti­
mate for the concentration of H +, the concentration of 
NIL+ can be calculated from eq 9a. Since the hydrox­
ide ion concentration in these solutions is insignificant 
compared to the concentrations of the other ions, eq 6 
can be used to calculate the bromide ion concentration. 
Equation 5b can then be used to calculate the concen­
tration of undissociated NH4Br, where the activity 
coefficient is calculated by the equation

log/± = - A / v,/( l  +  Il/l) (12)

where A is the theoretical Debye-Huckel parameter and 
I  has been defined earlier. This form of the Debye- 
Hiickel equation is the same as was used earlier to cal­
culate ionization constants for HBr,6a NaBr,6b and 
NH3.6c

Continuing with this procedure, eq 7b was used to 
calculate the concentration of un-ionized HBr. A new 
estimate of the hydrogen ion concentration could then 
be obtained by the use of eq 3b. This value of the 
hydrogen ion concentration was then compared with 
the first estimate, and the calculations were repeated 
until successive values of the hydrogen ion concentra­
tion did not differ by more than 0.1%. It should be 
noted that convergence to the final value of the hydro­
gen ion concentration was rapidly achieved whether or 
not “ maximum” or “ minimum” possible values were 
selected for the first estimate of the hydrogen ion con­
centration.

Once final values of the above concentrations were 
established by the iterative procedure, the ammonia 
concentration was calculated as the sum of the hydro­
gen ion and the HBr molecule concentrations. Finally, 
eq 4b and 2b were combined as previously described to 
give values for the ion product of water. The values 
for K w given in Table II at densities below 0.80 g cm-3 
were calculated for conditions of incomplete dissociation 
of HBr and NH4Br.

Comparison with Previous Research
In Figure 5, the logarithm of the thermodynamic ion 

product for water is plotted against the logarithm of the

DENSITY ( gm cm“ 3 )

Figure 5. Log Kw (molar units) for the ion product of water 
as a function of the logarithm of the molar concentration of 
water at temperatures from 300 to 800°.

TE M P E R A TU R E  ( ° C  !

1 0 0 0 / T  C K I

Figure 6. Log Kw (molar units) for the ion product of water 
as a function of T(°K)-1 at water densities • 
from 045 to 1.0 g cm-3.

molar concentration of water. The linear relationship 
noted earlier for several other ionization equilibria6'6'13 
is again observed. For comparative purposes, some 
K w values calculated from an empirical equation re­
ported by Holzapfel4b are included in this graph. The 
slopes of the lines in Figure 5 were found to be 16.8; 
they appear to be independent of temperature. This 
value may be related to the change in hydration num­
bers of the reactants and products for the ionization of 
water.13

In Figure 6, the logarithm of the ion product for 
water is plotted against the reciprocal of the absolute 
temperature, at various constant densities. The values

(12) (a) T . Shedlovsky, J. Franklin Inst., 22S, 739 (1938); (b)
R. M . Fuoss and T. Shedlovsky, J. Amer. Chem. Soc., 71, 1496 
(1949).
(13) (a) W. L. Marshall and A. S. Quist, Proc. Nat. Acad. Sci., 
58, 901 (1967); (b) A. S. Quist and W. L. Marshall, J. Phys. Chem., 
72, 1536 (1968).
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at 1000° were calculated from Holzapfel’s equation; 
K v’s along the liquid-vapor equilibrium curve were 
taken from Noyes’ work.2 Figure 6 indicates that 
there is a nearly linear relationship of log K w vs. T~l for 
all densities. From the slopes of these lines, essentially 
the same for all densities, a value of 14.0 kg-cal/mol 
was calculated for the energy of ionization of water. 
This value is nearly the same as was used by Holzapfel 
in his empirical equation,4b and may be compared with 
a calorimetrically determined heat of ionization for 
water of 13.336 kg-cal/mol at 25° and atmospheric 
pressure.14

The uncertainties associated with the values in Table 
II vary, depending somewhat upon the temperature 
and density under consideration. At high densities 
and low temperatures (upper left region in Table II), 
where experimentally the conductances of 0.01 M  HBr 
and NH4Br solutions are always greater than those of a 
0.01 M  KBr solution, the differences between the mea­
sured conductances of the NH4Br and KBr solutions 
are small (about 5-6%  of the total conductance). 
Under these conditions, small errors in either of these 
conductances produoe a much larger error in the cal­
culated value of K w. At temperatures and densities 
where the conductances of the KBr solution are greater 
than those of the NH4Br and HBr solutions (lower right 
region of Table II), the differences between the mea­
sured conductances of the NH4Br and KBr solutions are 
larger (20-50% or more) and so any errors associated 
with the conductance measurements have a lesser effect 
on the calculations. In addition, errors in the values of 
K h produce equivalent errors in K w. In general, an 
uncertainty of about 0.3-0.5 unit can be ascribed to the 
values in Table II. Ion products of water for the cen­
tral region of the table were not reported because their 
uncertainties were much larger. In this region, the con­
ductances of the 0.01 M  NH4Br, HBr, and KBr solu­
tions were nearly the same and so the small uncertain­
ties in these experimental values led to very large un­
certainties in the value of K w.

From the values of log K w presented above, a semi- 
empirical equation has been derived which expresses 
the ion product of water, within experimental error, to 
high temperatures and densities. This equation is ob­
tained as follows. From Figure 5 one can obtain the 
equation

log K W(T) =  log KJ(T) +  16.8 log CHio (13)

where K W°(T) is the ion product for water at tem­
perature T when its concentration is one mole per liter.

Using the van’t Hoff equation, and an energy of 
ionization of water of 14,000 cal/mol as obtained from 
Figure 6, one can write the relationship

ioI x . . m  =  i o g x . . (n ) + | ^ ( i - i )  a «

where To is some arbitrary reference temperature. A 
suitable reference temperature is 25°, where log K w is 
accurately known to be —14.000 at 1 atm pressure 
(density =  0.9971 g cm-3) .16 Using eq 13 to calculate 
a hypothetical log K w° at 25°, this quantity can be sub­
stituted into eq 14 to give

log K W»(T) =  -  33.05 -  (15)

Equation 15 can then be combined with eq 13 to give 
the final equation

log K W(T) =  -33.05 -  ^  +  16.8 log Cmo (16)

Equation 16 reproduces, within experimental error, the 
log K w values given in Table II to 800°. This equation 
also gives values of log K w along the saturation vapor 
pressure curve to 306° which agree -well (average devia­
tion ±0.02 unit) with those reported earlier by Noyes.2 
[Note: for this comparison, the values reported by 
Noyes were all corrected by 0.09 log K w unit to make 
his 25° value (14.09) agree with the currently accepted 
value of 14.000. ] Although eq 16 seems to be adequate 
to express the experimental values to 1.0 g cm-3 at 
1000°, log K w values calculated from it at 1.5 g cm-3 
at 1000° are about two units more negative than those 
reported by Holzapfel.4b

The values for the ion product of water as presented 
in this paper seem to be quite consistent with earlier 
values reported at both higher and lower temperatures. 
As a result, values for the ion product of water are now 
available throughout the complete range of tempera­
ture extending from 0 to 1000°, and from pressures of 1 
to 133,000 bars.
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(14) C. E. Vanderzee and J. A. Swanson, J. Phys. Chem., 67, 2608 
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(15) A. K. Covington, R. A. Robinson, and R. G. Bates, ibid., 70, 
3820 (1966).

The Journal of Physical Chemistry, Vol. 7^, No. 18, 1970



Pretransition Behavior of Solid Potassium and Thallium Sulfates 3403

Pretransition Behavior of Solid Potassium and Thallium Sulfates 

from Heat Content and Thermal Expansion1

by A. S. Dworkin* and M. A. Bredig
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee S78S0 (Received April 6,1970)

In  agreement w ith X -ra y  diffraction data for thermal expansion, drop calorimetric measurements of the heat 
contents of potassium and thallium sulfates showed these di-isomorphous salts to differ significantly with  
respect to the transition from an orthorhombic (pseudohexagonal) to a hexagonal crystal structure. While 
in potassium sulfate most of this change occurs isothermally at 584° (AH tI =  2020 cal m ol-1) the correspond­
ing change in thallium sulfate has a very small isothermal part (A iftr =  160 cal mol-1 a t 501°) and is pre­
dominantly a gradual pretransitional process. The difference is attributable to the high polarizability of the 
T1+ ion. The heat of fusion of thallium sulfate was found to be 5870 cal mol-1 at 643°.

Introduction
Majumdar and R oy2 have reported that the enthalpy 

of the transition in K2SO4 at 584° [857°K] from the 
orthorhombic to the hexagonal crystal structure, as 
determined by means of the Clausius-Clapeyron equa­
tion Afftr =  (APtrTtr)/(dTtr/dp) =  1230 cal/mol, is 
only about one-half that of AHtl =  2140 cal/mol deter­
mined calorimetrically.3 This was explained2 in terms 
of several unspecified intermediate crystal transforma­
tions in K2SO4 which were said to invalidate the assump­
tion of the presence of the orthorhombic structure at 
584° and thus the calculation of AFtr (X-ray) based 
upon it. We felt this was highly improbable because of 
the great similarity in structure between the ortho­
rhombic, pseudohexagonal structure at 25° and the 
hexagonal one at 600°.4 An alternate explanation is 
suggested by the pretransition effect observed in the 
calorimetric study.3'5 If this effect were due to an 
intrinsic structural characteristic of the crystal, the 
actual heat of the first-order transition at 584° might be 
as little as half of the reported calorimetric value. How­
ever, if the pretransition effect were due to the presence 
of a eutectoid produced by impurities as implied in the 
calculation of AHtr in ref 5, then an explanation of the 
enthalpy discrepancy in terms of an erroneous AVtr 
must be sought. In an attempt to resolve this question 
we have remeasured the heat content of K2SO4. For a 
comparison of K2SO4 with TI2SO4, di-isomorphous with 
but chemically different from K2SO4, we also measured, 
for the first time, the heat content of TI2SO4 up into the 
liquid range.

Experimental Section
The copper block drop calorimeter used for the mea­

surements and the experimental procedure have been 
described in detail previously.6 The salts were sealed 
in an inner platinum liner to prevent attack on the in­
conel capsules especially designed for our heat content 
apparatus. The heat content of the empty inconel

capsules was measured in a separate series of measure­
ments. The heat content of the platinum7 amounted to 
only about 10 to 15% of that of the salt. Both the 
platinum and inconel capsules were welded closed in a 
helium drybox. Our procedure involves melting of the 
powdered salts before the first drop to ensure good 
thermal conductivity even in the solid phase. It was 
necessary to melt the K2SO4 in its sealed double con­
tainer in a separate furnace prior to the first drop since 
our heat content furnace cannot attain the temperature 
of melting of K2SO4.

The melting and transition temperatures of both sul­
fates were determined by thermal analysis. The salts 
were held in quartz tubes with a Pt-10% Rh thermo­
couple extending directly into the melt. K2S04 was 
found to melt at 1069° with a transition at 584° and 
TI2SO4 melted at 643° with a transition at 501° in good 
agreement with other investigators.2’6 

The sulfate content of our recrystallized T12S04 was 
found to be 19.02 ±  0.02% (theoretical value 19.03%) 
and no foreign metals were found by spectrographic 
analysis. The K2S04 was analytical reagent grade 
with less than 0.05% impurities. Both salts were kept 
in an oven at 140° for 48 hr before use.

Results
The measured heat contents are given in Table I. 

Smoothed values of heat content, entropy, and heat 
capacity are given in Table II. Figure 1 represents a

* To whom correspondence should be addressed.
(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corp.
(2) A. J. Majumdar and R. Roy, J. Phys. Chem., 69, 1684 (1965).
(3) K. K . Kelley, Bur. Mines Bull., 584 (1960).
(4) M . A. Bredig, J. Phys. Chem., 46, 747 (1942); 47, 587 (1943).
(5) C. H. Shomate and B. F. Naylor, J. Amer. Chem. Soc., 67, 72 
(1945).
(6) A. S. Dworkin and M . A. Bredig, J. Phys. Chem., 64, 269 (1960).
(7) D. R. Stull and G. C. Sinke, “ Thermodynamic Properties of the 
Elements,”  American Chemical Society, Washington, D. C., 1956.
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Table I: Measured Heat Contents of T12S04 and K 2S04

R u n T em p, H t  — i?298, R un Tem p, H  T  —  H 298,

no. ° K kcal m o l-1 no. ° K k cal m o l" 1

T l2SO.i
34 400.2 3.66 29 781.6 21.16
23 428.4 4.73 30 791.5 21.59
35 460.3 5.88 18 803.7 22.12
24 486.0 7.00 6 823.7 23.08
36 512.5 8.07 7 843.9 23.96
25 534.4 8.91 8 863.0 24.87
37 559.9 9.96 9 885.0 25.83
26 584.9 11.18 10 901.1 26.66
19 620.8 12.92

Liquid20 644.8 14.04
21 672.8 15.43 39 922.2 33.47
33 688.0 16.13 4 926.9 33.73
27 700.6 16.74 13 933.8 33.94
28 713.7 17.42 5 940.4 34.21
14 726.7 18.11 38 952.7 34.88
15 743.7 18.99 12 957.7 34.95
32 752.6 19.47 1 967.2 35.54
16 760.5 19.80 11 976.9 36.07
31 766.7 20.18 2 988.3 36.40

k 2s o 4

13 427.7 4.32 22 751.2 17.61
23 457.0 5.42 6 771.1 18.63
14 478.7 6.28 7 794.0 19.70
24 506.0 7.33 8 813.6 20.69
15 526.9 8.04 9 833.5 21.74
25 554.1 9.16 20 842.9 22.10
16 576.8 10.06 10 850.2 22.62
26 606.2 11.31 21 852.0 22.67
17 623.0 11.89 4 868.5 25.35
27 649.3 12.99 5 896.3 26.59
18 670.4 13.89 3 922.0 27.75
11 705.7 15.48 2 951.3 29.08
19 726.9 16.34 1 979.9 20.39
28 733.9 16.71

Figure 1. Heat content (Ht — H 19S) of potassium sulfate and 
thallium sulfate.

comparison of the heat content vs. T for K2S04 and 
TI2SO4 and also shows the earlier calorimetric data for 
K2SO4.5 A computer program to calculate high-tem­
perature thermodynamic functions8 was used to obtain 
the entropy and heat capacity values as well as the fol­
lowing equations for # T — # 29S (cal/mol)

TkSOi. Orthorhombic

Hi -  #298 =  -2921 +  9.7247’ +  2.834 X

10- 27’2 -  7.447 X 105/T(298 -  774°K) ±  0.4%

transition

A #tr (774°K) =  160 ±  60 cal/mol

hexagonal

Hi -  #288 =  -14,697 +

45.847'(774 -  916°K) ±  0.1%

melting

A #m (916°K) =  5870 ±  60 cal/mol

liquid

# T — #298 = —8600 -)-

45.607’(916 -  1100°K) ±  0.2% 

K2SOi. Orthorhombic 

Hi -  #298 = -11,732 +  33.9571 -

5.35 X 10-*T2 +  8.49 X 10-6T3 +

4.27 X 106/7 ’(298 -  857) ±  0.5%

transition

A#tr =  2020 ±  80 cal/mol

hexagonal

# t  -  #298 =  -13,910 +  45.227X857 -  1000) ±  0.1%

The fit of the data to the equations is given above. An 
overall accuracy of ±0.5%  is estimated for the heat 
content measurements and the stated error for the 
heats of fusion and transition are estimated from the 
precision and accuracy of the heat content measure­
ments. The computer program sets A #  =  0 and fixes 
Cp at 298°K by means of an input parameter. For 
K2S04, the previously measured value9 of Cp =  31.1 
cal/deg mol-1 at 298°K was used. Since no low-tem­
perature measurements for T12S04 are available, a Cp = 
35 cal/deg mol-1 at 298°K was obtained from an extrap­
olation of our high-temperature heat content data. 
The addition of a cubic term to the standard Kelley 
heat content equation3 improved the fit of the data for 
K2S04 and resulted in a heat capacity curve having the

(8) T. G. Godfrey and J. M . Leitnaker, ORNL-TM-1599 (1966).
(9) G. E. Moore and K. K . Kelley, J. Amer. Chem. Soc., 64, 2949 
(1942).
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Table II: Smoothed Values of Heat Content, Heat Capacity, and Entropy for TI2SO4 and K2S04

-----------TÍ2SO4---------- ----------- K2SO1---------- ------------------- „
Cp, St — S299, Cp, St — &298,

T, cal mol-1 HT — #298, cal mol-1 cal mol-1 HT — #298, cal mol“ 1
°K deg"1 kcal mol-1 deg"1 deg"1 kcal mol-1 deg"1

298 35.0 0 0 31.1 0 0
400 37.1 3,64 10.5 34.9 3.37 9.7
500 41.0 7.54 19.2 38.1 7.03 17.8
600 45.8 11.88 27.1 41.3 10.99 25.1
700 50.9 16.71 34.5 44.8 15.30 31.7
774 54.8 20.62 (orth) 39.8
774 45.8 20.78 (hex) 40.0
800 45.8 21.98 41.5 48.7 19.97 37.9
857 51.2 22.82 (orth) 41.4
857 45.2 24.84 (hex) 43.7
900 45.8 26.56 46.9 45.2 26.78 45.9
916 45.8 27.30 (hex) 47.8
916 45.6 33.17 (liq) 54.2

1000 45.6 37.00 58.2 45.2 31.30 50.7
1100 45.6 41.56 62.5

same characteristics as one obtained by adiabatic mea­
surements and reported10 since the completion of our 
experiments. This will be discussed below. The 
additional term neither improved the fit nor changed 
the Cp curve for T12S04 and therefore was not used in 
that case.

Discussion

There is very little if any indication of the pretransi­
tion effect in K2S04 immediately below Ttr = 857 
(584°) as shown by our five measurements between 
800°K  and the transition temperature (Figure 1). Our 
A-fftr value of 2020 ±  80 cal/mol essentially confirms 
the value 1940 reported originally6 (or 2140 presently 
accepted).3 The heat content at 580° reported earlier 
as “pretransition” 6 actually must have reflected partial 
transition (eutectoid) caused by an impurity. (This 
was realized by Shomate and Naylor in arriving at 
AHir =  1940 cal/mol.) Since the effect is not intrinsic 
to pure K2SO4 and no indication of intermediate crystal 
transformations were found either in our work or the 
adiabatic measurements of Shmidt,10 we are forced to 
seek another explanation of the discrepancy in AHtI 
reported by Majumdar and Roy (M and R ).2

We believe the explanation is to be found in a con­
sideration of the difficulty involved in obtaining an 
accurate AFtr by X-ray methods. One must not only 
use a small difference between two large numbers (e.g., 
74 and 73 cm3/m ol K2S04 at 583°)2 but must obtain the 
lower one by extrapolation in a region of strong curva­
ture. If the absolute X-ray parameters for K2S04 ob­
tained by M and R 211 and other investigators12-14 are 
examined, we find differences great enough to account 
for a variation in AFtr of at least 50%. The difficulty 
of obtaining an accurate value of AFtr by X-ray diffrac­
tion was also noted by Roy.15 We wish to point out,

Figure 2. Continuous and discontinuous deformation of the 
structures of K2S04 and T12S04 with temperature (based on 
data from ref 2). a. Deviation from hexagonal symmetry 
of base plane, b. Change of pseudohexagonal 
[co/(1A v /ao2 +  6o2l an(l hexagonal (c/o) axial ratios relative 
to ratio, (c/a)tr, at the transition temperature.

(10) N. E. Shmidt, Russ. J. Inorg. Chem., 12, No. 7, 929 (1967).
(11) A. J. Majumdar, Ph.D. Thesis, Pennsylvania State University- 
1958. University Microfilms, Inc., Ann Arbor, Mich., L. C. Card. No. 
Mic 58-7290.
(12) M . Bernard and R. Hocart, Bull. Soc. Fr. Mineral. Crist., 84, 
396 (1961).
(13) R. Moreau, Bull. Soc. Roy. Sci. Liege, 32, 252 (1963).
(14) H. E. Swanson, R. K . Fuyat, and G. M. Ugrinic, National 
Bureau of Standards Circular 539, Vol. I l l ,  U. S. Government Print­
ing Office, Washington, D . C., 1954, p 62-64.
(15) A. J. Majumdar and R. Roy, / .  Inorg. Nucl. Chem., 27, 1961 
(1965).
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however, that the general nature of the increase in vol­
ume with temperature is not in question.

The calorimetric results for thallium sulfate (Figure 
1) exhibit a rather significant difference from the potas­
sium salt, in contrast to the structural similarity stressed 
by M and R .2 Both the enthalpy (160 cal/mol) and 
the entropy (0.2 cal deg-1 mol-1) of transition are an 
order of magnitude smaller than in K2SO4 (2030 and
2.3, respectively). This is in at least qualitative agree­
ment with the high-temperature X-ray data2 which 
suggest a much smaller volume change, AFtr <  0.5 
cm3/m ol in T12S04 than in K2SO4, AFtr >  1.0 cm3/mol. 
Also a volume expansion in the temperature range 150° 
below the transition, resulting largely from an increase 
in the pseudohexagonal c axis of the orthorhombic 
structure, begins at a lower temperature and is much 
larger for T12S04 than for K2S04. The contrasting 
structural behavior may be even more readily illustrated 
with the dimensional deviations from the hexagonal 
symmetry than with the volume changes. Figure 2a 
demonstrates how gradual the change is in T12S04 from 
the pseudohexagonal symmetry of the (001) plane of 
the orthorhombic structure to the truly hexagonal sym­
metry of the high-temperature phase. Figure 2b shows 
the largely isothermal change of 3% from the pseudo­
hexagonal axial ratio c0/ 1/ 2(V /a02 +  b02) to the hexagonal 
c/a for K2S04 in contrast to the gradual change in 
T12S04. It furthermore indicates a smaller change in 
c/a, above the transition temperature, for T12S04 than 
for K2S04.

The heat capacity behavior is also consistent with the 
abnormal volume expansion. The Cp of K2S04 in­

creases in the normal fashion, i.e., with decreasing rate, 
up to a temperature of about 600° K  where it begins to 
increase with increasing rate. At TtT the specific heat, 
Cp — 51 cal/deg mol-1, is higher than that for the 
hexagonal solid (C'p =  45) or the liquid (Cp = 47).5 
The C'p of T12S04 increases with an increasing rate from 
the lowest temperature to Tlr where Cp =  55, again 
much higher than the Cp = 46 of the hexagonal solid 
and the liquid. This reflects the early pretransition 
behavior observed in the X-ray measurements. Al­
though the heat capacities are merely a derivative of 
our actual heat content measurements and as such are 
not highly accurate, they are essentially confirmed for 
K2S04 by the adiabatic measurements of Shmidt.10 
His measurements over the range 298-770°K agree 
with ours to better than ±  2% and also show an inflec­
tion at about 600°K. (Shmidt makes the unlikely 
claim that the point of inflection is at 505°K for all five 
alkali metal sulfates but the actual data seem to indi­
cate a temperature closer to 600°K for K2S04.)

The far more gradual nature of the structure change 
in T12S04 may be attributed to the high polarizability of 
the T l+ ion, the most polarizable of all univalent cat­
ions. The present observations confirm those of 
Fischmeister,16 who pointed out the adverse effect of 
increasing polarizability of the M+ cations, especially 
of T l+, upon the sharpness of the transition in various 
sulfates M2S04.

(16) H. F. Fischmeister, Z. Phys. Chem. (Frankfurt am Main), 7, 
91 (1956).
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Polarizability of Alkali and Halide Ions, Especially Fluoride Ion

by Kasimir Fajans

Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48104 (Received October %7, 1969)

After it was recognized, in 1924/ that the Lorentz-Lorenz refractivity R (proportional to dipole polarizability 
a) of ions in crystals depends on the electric field of oppositely charged ions, numerous attempts were made to 
derive values of these properties for free gaseous ions. Those proposed recently for alkali and halide ions by 
Wilson and Curtis (WC) differ considerably, especially for anions and particularly for F~, from previously 
derived ones. On the other hand, the polarizability a of F~~ obtained by WC coincides with that calculated 
by Cohen, applying the wave mechanical coupled Hartree-Fock approximation. It is shown in the present 
article how a set of a’s for analogous ions can be tested for consistency, either by considering the deviations 
from additivity or by applying the inequalities method. Both ways lead to the conclusion that the new a 
for F~ (1.56 A 3) is too large and that there is no reason to revise the value 0.95 used by the present author.

1. Introduction

Wilson and Curtis (WC) acknowledge in a recently- 
published paper2 our correspondence about an earlier 
version of their manuscript. Their work deals with 
the dependence of the polarizability a of ions on the 
field of oppositely charged ions in alkali halide crystals. 
In a qualitative respect the view accepted by WC in the 
final version of their article agrees fully with the general 
principle which my coworkers and I applied to an ex­
tensive experimental material since 1924: the polariz­
ability (initially the Lorentz-Lorenz molar refractivity 
Re) diminishes in the field of positive, increases in that 
of negative charges. Nevertheless, the same experi­
mental polarizabilities of the crystalline alkali halides 
lead us to values for the free gaseous ions which differ in 
the following way. The ratio W C/BF is:3 0.79 for 
Na+; on the average 0.93 ±  0.014 for K+, Rb+, Cs+;
1.24 ±  0.02 for Cl- , Br- , I - ; for F -  it has the large 
value 1.635. (See the individual values of a in Tables 
IV and V.)4

We are especially concerned about the large dis­
crepancy in the case of F -  because the aF- value of BF 
was used recently as the basis of our own6a'c and other6b 
investigations.

The reason why various investigators arrive at 
different a values for gaseous ions is that they attempt 
to satisfy different correlations. BF applied those 
derived by Fajans and Joos1 (FJ) which were confirmed 
by further theoretical considerations relating the polariz­
abilities of gaseous ions to the experimental values of 
the noble gases as well as by extensive data involving 
ionic compounds in crystalline, vapor, and dissolved 
state. The comparison of these experimental data 
with the chosen values for gaseous ions led always to 
reasonable deviations from additivity. Therefore in 
order to test the new set of a values for free alkali and 
halide ions we shall apply to them both these methods.

2. Comparison of a  for Aqueous and 
Crystalline Alkali Halides

First let us consider in Figure 1, as was done in Figure 
1 of ref 1, the experimental differences between the 
alkali halides in aqueous solution and in the crystalline 
state. The present figure applies to the polariz­
abilities a in A 3, the former one to Ra in cm3. Numer­
ous individual values, especially for the solutions, 
became more precise. Their sources in the present 
figure, in addition to those given in ref 2, are: for the 
solutions, ref 3 and 6; for the crystals, WC, Table I, 
column “ Accept.”

The general appearance of the two figures is identical, 
except that in the present figure of the somewhat 
irregular7 values for the fluorides, namely Li —0.017, 
Na -0.082, K  -0.096, Rb -0.085, Cs -0 .051, the 
last two are not shown.

For the interpretation of Figure 1 one has to take 
into account that each aaq — aCr for a given salt is the 
differential result of the following effects: tightening
(decrease of a) of the anion in the crystal and of the

(1) K. Fajans and G. Joos, Z. Phys., 23, 1 (1924).
(2) J. N. Wilson and R. M . Curtis, J. Phys. Chem., 74, 187 (1970).
(3) The abbreviation BF refers to the paper with N. Bauer, J. Amer. 
Chem. Soc., 64, 3031 (1942), in which values of i .  were derived. 
We apply the relation: R  (cm1) =  2.522 a (Á 3). The values of a for 
free ions used here are those given by Wilson and Curtis in their 
Table III for Model II. The F~ value for Model I would give the 
still larger ratio 1.93.
(4) During the editorial treatment of the present article a still dif­
ferent set of a values was published by A. J. Michael, J . Chem. Phys., 
51, 5730 (1969). Contrary to WC, the values of AJM are larger 
than those of BF for the alkali ions (AJM /BF decreases from 1.60 
for N a+ to 1.24 for C s+), smaller for the halide ions (AJM /BF 
increases from 0.80 for F~ to 0.91 for 1 “ ). The assumed changes 
of a in the crystals do not show a clear regularity.
(5) (a) K. Fajans, Struct. Bonding, (Berlin), 3, 88 (1967); (b) R . 
A. Penneman, Inorg. Chem., 8, 1379 (1969); (c) K. Fajans, ibid., 8, 
1553 (1969).
(6) K . Fajans and R. Lühdemann, Z. Phys. Chem., 29B, 152 (1935).
(7) The possible reason for the irregularity is an inaccuracy of the 
experimental R values of the hygroscopic crystalline RbF and CsF 
(see sections 3 and 6).
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Figure 1. Polarizabilities, am which alkali halides have in 
dilute aqueous solution minus those in the crystal. The 
somewhat irregular values for RbF and CsF are omitted 
for the sake of clearness of the figure. See text.

water molecules in the solution due to the field of 
the cation; loosening of the cation in the crystal and 
of the water molecules in the solution, due to the field of 
the anion; in the case of highly polarizable ions, like I~ 
and perhaps Cs+, it is possible that anions are tightened 
and cations are loosened also in the field of the water 
dipoles.

In spite of this rather complex situation there can be 
no doubt as to the meaning of the preponderance of 
positive ordinate values: the tightening of the anion 
by the cation in the crystals is the dominant effect. 
Taking into account that this effect can be expected to 
increase with the strength of the polarizing field of the 
cation and the polarizability of the anion, one under­
stands the regular decrease of the positive ordinate 
values from Li+ to Rb+ and from I~ to Cl- .

The line for CsCl, CsBr, Csl is above that for the Rb 
salts, obviously because of the different crystal structure 
of these three salts.8

Of special importance for our present discussion are 
in Figure 1 the negative, small values for the five 
fluorides. The negative sign of aq — cr can be due 
partly to a more pronounced tightening exerted by the 
cations on the water molecules in the solution than on 
F -  in the crystal, and also to a more pronounced 
loosening of the cations than of water in the field of F - . 
In order to test these possibilities we shall compare the 
experimental aaq and acr of the salts separately with the 
sums of the as of gaseous cation and anion according to 
BF as well as WC.

3. Comparison of Experimental a  
with Those for Free Ions

Starting with the aq — g values in Table I part a, 
one sees that they are of the same order of magnitude as 
the experimental values in Figure 1. Those for LiF and 
NaF are negative, the other three are positive; this 
means that in the case of Li+ and Na+ the tightening 
effects predominate, in the case of K+, R b+, Cs+ the 
loosening effects; even the gradation from LiF to CsF is 
regular. The latter is not the case for the cr — g

values of RbF and CsF, which supports the assumption 
in ref 7. There are no evident inconsistencies in the ag 
values of BF.

Table I : Change of the Sum of a (A3) for Cation and 
Anion in Solution and Crystal

L iF N aF K F R b F C sF

a. (Xg of BF
aq — g -0.054 -0.046 0.055 0.056 0.074
cr — g -0.037 0.036 0.151 0.141 0.124

b. a g of WC
aq — g -0 .69 -0 .61 -0 .47 -0 .4 3 -0 .41
cr — g -0.675 -0 .53 -0 .38 -0 .35 -0 .36

On the other hand, the WC values in Table lb  are all 
negative and the absolute values are considerably (on 
the average 74 times) larger than the absolute experi­
mental aq — cr values in Figure 1. The latter appear 
to be a small difference of much larger effects involving 
the gaseous ions. This does not appear to be reason­
able and the situation is very different when one 
considers, e.g., Lil, for which aq — cr is 1.09. The 
latter difference compares as follows with those involv­
ing gaseous ions: g — aq BF 0.25, WC 1.95; g — cr 
BF 1.34, WC 3.04. These values are of the same order 
of magnitude as 1.09, although those of WC are dis­
tinctly larger than the BF ones, because for a (I- , gas) 
the ratio W C/BF equals 1.23. Hence the great con­
trast for the fluorides seems to be caused by the unduly 
large ay- for which W C/BF is 1.69.

4. The Method of Inequalities
As the other method for testing the F -  value we shall 

use here that of “ inequalities of quotients.”  It played 
a decisive role for the derivation of the R values for 
gaseous ions by FJ1 and has been explained since on 
many occasions in the research literature9® and text­
books.9b The following example explains the main 
idea. Comparing the a values of the isoelectronic F - , 
Ne, Na+, one has to take into account that the differ­
ence of 1+  between the nuclear charges is relatively 
larger between Ne and F -  than between Na+ and Ne. 
One has therefore to expect for the quotients Q' the 
inequality aF-/a^e >  aNe/aNa+ because 10/9(1.1111) 
>  11/10(1.1000).

This idea was extended in ref 9a to the quotients Q" 
and Q'". Since in testing wave mechanical a values in

(8) K. Fajans, Z. Phys. Chem., 130, 724 (1927), where the first 
attempt was made to treat the deviations from additivity of Rd 
quantitatively. See also in the W C paper ref 15-18 to investiga­
tions of Ruffa and others. The theoretical and quantitative aspects 
of these deviations will not be discussed in the present article.
(9) (a) See especially K. Fajans, Z. Phys. Chem., 24B, 103, 114 
(1934); (b) see, e.g., S. Glasstone, “ Text-book of Physical Chemis­
try,”  Van Nostrand, New York, N. Y „  1940, p 529; 1946, p 539.
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Table II : Regularities of the Quotients for the Series 9 to 17

9 i o  11 12 13 14 15 10 17

Q' 1.1111 1.1000 1.0909 1.0833 1.0769 1.0714 1.0667 1.0625
Q "  1.0101 1.0283  1.0270  I.O26O 1.0251 1.0244  1.0239
Q '"  1.0218 1.0213 1.0210  I.O39 I.O37 I.O35
Q1Y I.O35 I.O33 I.O3I — I.O32 1 .O32

section 5 we shall proceed to still further quotients let 
us demonstrate here purely mathematically in which 
respect the inequalities are valid. Choosing as an ex­
ample the series of the ions of neon type between the 
nuclear charges 9(F~) and 17(C17+), the results are 
given in Table II.

It is seen that not only Q', Q", and Q'" decrease from 
left to right but that each Q" (Q "r) is smaller than 
both Q' (Q") above it. The irregularity indicated by 
-*■ in the series of the Q1Y values is caused by the in­
sufficient accuracy due to the rounding off to four 
decimal places. In fact,, the stated regularities apply 
to the further Qn the more decimals one chooses. But 
even with seven decimals QYul is somewhat larger than 
the smaller QYU. Finally, with eight decimals the 
validity of the inequalities method becomes perfect for 
this series z =  9 to 17.

QVli 1.04183 I.O586 1.041726 1.05950

/
Qv m  1.0597 1.05776

5. Testing of Wave Mechanical a  Values
Wilson and Curtis, comparing the af- value derived 

by them with wave mechanical calculation of Cohen,10 
say: “ It is therefore conceivable that even Cohen’s
calculated value for a(F - ), which agrees precisely with 
our extrapolated value (Model II) is too low.”  The 
inequalities method is very appropriate for testing of 
this assumption.

Cohen used the coupled Hartree-Fock approximation 
in order to calculate a for F - , Ne, Na+, Mg2+, and 
Al3+. His values agree closely with those of Lahiri 
and Mukherji11 (LM) except that the latter include also 
Si4+, and their value (in A 3) for F~ (1.40) is distinctly 
smaller than that of WC and Cohen’s (1.56). In 
Table III the inequalities method is applied to the LM 
values.

It is seen that all Q' and Q"  values are consistent 
with the inequalities rules and the Q'" and QlY diminish 
from left to right. However, the first Q'" and Q1Y as 
well as QY are larger than the smaller of the values 
above them and the same is true for the second QIv.Ua

In order to demonstrate how sensitive this method is, 
let us assume that the inconsistencies indicated by the 
three arrows at the left side of Table III are due mainly 
to the F~ value 1.40 not being correct. One can achieve 
better consistency putting the smaller Q1Y equal to 1.03

Table III : Test“ of Lahiri-Mukherji’s a in Â3

F "  N e N a + M g 2+ A1J+ Si4 +
1 .4 0  0 .3 5 0  0 .1 4 0  0 .0 6 97  0 .0 3 93  0 .0241

Q' 4.00 2.500 2.008 1.773 1.631
Q "  1.600 1.245 1.1325 1.087

/
Q '"  1.285 1.099 1.042

/  /
Q1Y 1.169 1.055

/
QY 1.108

* The four arrows at the bottom of the table indicate that the 
values involved increase in this direction instead of decreasing. * 10 11 12 13

and QY equal to 1.02; there result as the first values on 
the left

Q1V 1.05 Q” ' 1.15 Q" 1.43 Q' 3.58 F~ 1.25

Accordingly the LM value 1.40 for F~ and even more 
the WC value 1.56 appear to be too large.

A more direct proof that the Hartree-Fock approxi­
mation is not exact enough for the derivation of the as  
for ten electron systems is that the LM-Cohen value 
for Ne (0.350) is 11% smaller than the experimental one 
(0.3953). This is not surprising because even for two 
electron systems the a’s calculated by Cohen10 do not 
agree with the precise values obtained by up to 96-term 
variational wave functions,12 as the following eompari-
son shows.

H - H e Li +

CH12 30.50 0.2050 0.02851
Cohen10 13.8 0.196 0.0280

The approximate values are smaller than the precise 
ones (in % ) 1.8 for Li+, 4.4 for He, and 55 for H~. 
The pronounced discrepancy for H~ was first shown by 
Schwartz.13a The tremendous tightening effect ex-

(10) H. D. Cohen, J. Chem. Phys., 43, 3558 (1965); 45, 10 (1966).
(11) J. Lahiri and A. Mukherji, Phys. Rev., 153, 386 (1967).
(11a) N o te  A d de d  in  P b o o f . Considering the Q' involving the a 
of Na+, M g2+, Al3+ in Table III and those of F“ , Ne, Na+ in Table 
V to be correct, the result is obtained that Q'a is approximately 
equal (Q 'z).8 A table analogous to Table II, in which z =  9 to 14 
are replaced by 98 to 14,8 shows a perfect validity of the inequalities 
rules down to Qv =  I.O2 I2 .
(12) K. T. Chung and R. P. Hurst, J. Chem. Phys., 43, 35 (1965) 
[CH],
(13) (a) C. Schwartz, Phys. Rev., 123, 1700 (1961); (b) K . Fajans, 
Chimia, 13, 354 (1959).

The Journal of Physical Chemistry, Voi. 74, No. 18, 1970



3410 Kasimir Fajans

erted on H~ by cations was emphasized earlier13b 
using its approximate a. The precise value is 
reduced from 30.5 to 2.0 in crystalline KH, to 0.8 in 
the H2 (H - +  H+) molecule.14 *

6. Application to a  of Alkali and Halide Ions
The inequalities method can be applied to the WC 

and BF values in the following way. WC list in their 
Table III two sets of a for free alkali and halide ions. 
One was derived assuming that only the anions change 
their polarizabilities in the field of cations (Model I), 
the other set attempts to take into account also the 
less pronounced variability of the cations (Model II). 
For Li+ and Na+ the same theoretical values are listed 
in both sets, for the other ions the resulting a differ 
(in A 3) between 0.02 for K+ and 0.29 for Br- . We shall 
test here only the set II in which of- is smaller than in 
I. Of the values given for Cs+ (2.45-2.42) we choose 
the more favorable limit 2.42. The a’s of the noble 
gases in Tables IV and V are experimental.

Table IV: Test of WC’s a in A3

Q'a Q

F - 1.56 3.95 Ne 0.3953 2.67 Na+ 0.148
Cl“  4.41 2.687 A 1.641 2.023 K+ 0.811
Br~ 5.84 2.350 Kr 2.485 1.815 Rb+ 1.37
I -  8.91 2.217 Xe 4.019 1.661 Cs+ 2.42
Q"b Ne 1.479 A 1.328 Kr 1.295 Xe 1.335
Q,"C 1.121 Ay 1.319 ±  0.016

° Q' is the ratio between two neighboring a. 6 Q" =

CQ"' = Q" (Ne)/Q"(av A, Kr, Xe).

Table V: Test of BF’s a in Ä3

Q’a Q'
F - 0.952 2.40g Ne 0.3953 2.104 Na+0.1879
Cl- 3.475 2.118 A 1.641 1.850 K+ 0.887
Br- 4.821 1.940 Kr 2.485 1.673 Rb+ 1.485
I -  7.216 1.795 Xe 4.019 1.579 Cs+ 2.545
Q"a Ne 1.144 A 1.145 Kr 1.159 Xe 1.137

“ The meaning of Q' and Q" is the same as in Table IV.

The application of the inequalities method to a set of
a’s corresponding to those in Table IV was discussed
in ref 9a. It is to be expected that both kinds of the

Q' diminish distinctly, the Q" slightly from the Ne 
type to the Xe type. In Table IV the Q' values fulfill 
this expectation but the Q" are somewhat irregular 
for the A, Kr, Xe types and their average (1.319) 
is considerably smaller than Q" (Ne) 1.479. This 
indicates that a for F~ is relatively too large. To 
become consistent with the other values the ratio 
Q '(F -/N e) should be 1.319 X 2.67 =  3.52 and a(F~) 
1.39 instead of 1.56.

In Table V the BF values are tested the same way. 
The comparison of the Q" for the Ne (1.144) and Xe 
(1.137) types shows the expected slight decrease, the 
only small irregularity is that the Kr value (1.159) is 
somewhat larger than both. An analogous situation 
was found in 19349a when the method of inequalities 
was applied to Rd- At that time /¿(Kr) appeared to 
be somewhat uncertain and it was shown that it would 
be sufficient to change the latter from 6.37 to 6.44 cm3 
(1.1%) in order to avoid the irregularity. The re­
measurement16 of the refractivities of the heavy noble 
gases gave for RD of Kr 6.397 and of Xe 10.435 instead 
of the previous 10.42, but as Table V shows, these 
changes do not remove completely the irregularity of 
Q" for the a values. For the sake of comparison it 
may be said that in order to change Q" for the Kr type 
from 1.159 to the regular value 1.142 it would be 
sufficient to change a(Kr) from 2.485 to 2.504 A 3 
(0.76%). This is out of the question but there are 
possibilities of small inaccuracies of the data involving 
some ions. For instance, it has been mentioned7 for 
other reasons that R of solid RbF may not be correct. 
If a reinvestigation would lead to a (R b+) 1.463 instead 
of 1.485, Q" for the Kr type would become 1.142.

The main result of the above discussion of Table V is 
that it does not contain any indication that a(F - ) 0.95 
is considerably too small. It may also be mentioned 
that this value nearly coincides with the average 0.88 
±  0.09 of values obtained by Hajj, Pauling, Ruffa, and 
Tessman-Kahn-Shockley, as listed in a recent investi­
gation.16

(14) The exceptional behavior of H~ is due to the extreme ratio 
2.000 of the negative: positive charges composing it. For the anions 
F -  to I -  this ratio decreases only between 1.111 and 1.019. Hence 
it is not surprising that the inequalities regularities do not apply 
completely for the series H “ , He, and L i+. For their above CH 
value Q "  (20.69) is much larger than the smaller Q' (7.190). More 
surprising is that even purely mathematically in a table analogous 
to Table II but for z values 1 to 4 the first Q '"  (1.1852) is distinctly 
larger than the second Q "  (1.1250). These questions are beyond 
the main purpose of the present article.
(15) D. Damkohler, Z. Phys. Chen., 27B, 130 (1934).
(16) F. Hajj, J. Chem. Phys., 44, 4618 (1966).
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Flow Birefringence of Real Polymer Chains. Theory

by Kazuo Nagai
Government Industrial Research Institute, Osaka, Midorigaoka 1, Ikeda, Osaka, Japan (Received July 1 4 , 1969)

A theory of flow birefringence of dilute polymer solutions in the steady, laminar flow is developed on the 
basis of Gotlib and Svetlov’s distribution function. The hydrodynamic interaction is neglected. The ratio 
of the intrinsic birefringence to the intrinsic viscosity, or the stress-optical coefficient, is found to be pro­
portional to the flow-birefringence optical anisotropy of Kuhn’s random link, Arf = 3A(Tr f)-1(Tr yf), where 
f is the tensor of frictional moments, y is the optical polarizability tensor made traceless, Tr denotes the trace, 
and the averages refer to those on a free chain. If a polymer chain is approximated by a deformable ensemble 
of point frictions, we find (Tr f) = ( 2 f . ) and (Tr yf) = (2f.)" "S^/Tr yr,vri;T), where A 
is the friction constant of point i, r,7 is the vector connecting points i and j, r,-3- is its magnitude, and T denotes 
the transpose. Art is calculated for real polymer chains with fixed bond lengths and angles and with hindered, 
interdependent internal rotations, on the basis of the rotational-isomeric-state approximation and the addi­
tivity principle of bond polarizabilities. It is assumed that frictions are concentrated on skeletal atoms. 
Expressions are derived for the two cases: finite chains of an arbitrary bond sequence and stereoregular 
chains of infinite length. In the latter case it is analytically verified that Art agrees with the strain-bire­
fringence optical anisotropy of Kuhn’s random link Ara = 8/ 2(r2)- 1(rTyr) where r stands for the end-to-end 
vector. (Ars is obtained experimentally from photoelastic measurements on rubberlike materials.) Concise 
derivations of, and compact expressions for, (r2), Ar„, etc., are given for stereoregular chains of infinite length.

I. Introduction

Flow birefringence of dilute solutions of flexible 
polymer molecules has been theoretically treated by 
many authors on various models. In their pioneering 
work Kuhn and Kuhn1-3 treated the simplest model, 
the elastic dumbbell model, i.e., two beads connected by 
a spring. Zimm4 discussed the multi-spring-bead 
model, or the Rouse model. Gotlib and Svetlov5 ex­
amined the Kratky-Porod persistent chain model. 
Various effects have also been studied; the hydro- 
dynamic interaction by Zimm4 and Cerf,6 the inner 
viscosity by Cerf,6 the “ form”  anisotropy by Copic,7 
Tsvetkov,8 and Koyama,9 the deformation of polymer 
chains in a laminar flow by Peterlin,10 and so on. Theo­
retical aspects were reviewed by Jerrad,11 and theo­
retical as well as comprehensive experimental results 
by Tsvetkov8 and Janeschitz-Kriegl.12

All the theories cited above were based on hypo­
thetical models of polymer chains. Realistic models 
with fixed bond lengths and angles and with hindered, 
interdependent internal rotations have never been con­
sidered as yet. This paper concerns a general theory 
based on such models. The intention of the theory is 
to describe the flow birefringence in terms of basic, geo­
metrical, and optical parameters of polymer chains. 
We have particular interest in the relation of the stress- 
optical coefficient [n ]/2h] obtained from the flow 
birefringence, where [n] and [17 ] are the intrinsic bire­
fringence and viscosity, respectively, with that from the 
strain birefringence. Methods for calculating the latter 
quantity have recently been well developed.13-16

In the present treatment we neglect the hydrody­
namic interaction and the excluded-volume effect. For

the multi-spring-bead model Cerf6 has shown that both 
[n] and fo] are significantly influenced, but the ratio 
[n\/2 [77 ] is little affected, by the hydrodynamic inter­
action. We expect that this may be the case with our 
more sophisticated models.

In the course of this work we found new methods of 
calculations, and new expressions, for the mean-square 
end-to-end distance, the mean-square radius of gyra­
tion, and the stress-optical coefficient, of stereoregular 
polymer chains of infinite length. These results are 
also included here. An application of the theory to

(1) W . Kuhn and H. Kuhn, Helv. Chim. Acta, 26, 1394 (1943).
(2) W . Kuhn and H. Kuhn, ibid., 28, 1355 (1945); 29, 39, 71, 830 
(1946).
(3) W . Kuhn and H. Kuhn, J. Colloid Sci., 3, 11 (1948).
(4) B. H. Zimm, J. Chem. Phys., 24, 269 (1956).
(5) Yu. Ya. Gotlib and Yu. Ye. Svetlov, Dokl. Akad. Nauk, SSSR, 
168, 621 (1966).
(6) R. Cerf, J. Phys. Radium, 19, 122 (1958); see also ref 11, p 415.
(7) M . Copic, J. Polymer Sci., 20, 593 (1956); J. Chem. Phys., 26, 
1382 (1957).
(8) V. N. Tsvetkov in “ Newer Methods of Polymer Characteriza­
tion,”  B. Ke, Ed., Interscience Publishers, New York, N. Y ., 1964, 
Chapter 14.
(9) R. Koyama, J. Phys. Soc. Jap., 16, 1366 (1961); 19, 1709
(1964).
(10) A. Peterlin, J. Chem. Phys., 39, 224 (1963).
(11) H. G. Jerrad, Chem. Rev., 59, 345 (1959).
(12) H. Janeshitz-Kriegl, Advan. Polymer Sci., 6, 170 (1969).
(13) K. Nagai, / .  Chem. Phys., 40, 2818 (1964).
(14) (a) K . Nagai, J. Chem. Phys., 47, 2052 (1967); (b) ibid., 51, 
1265 (1969).
(15) P. J. Flory, R . L. Jernigan, and A. E. Tonelli, J. Chem. Phys., 
48, 3822 (1968).
(16) P. J. Flory, “ Statistical Mechanics of Chain Molecules,”  Inter­
science Publishers, New York, N. Y., 1969, Chapter IX .
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n-alkanes is reported in the succeeding paper.17 Pre­
liminary results of this work were published elsewhere.18

II. Flow Birefringence in the Absence 
of the Hydrodynamic Interaction

We consider the dynamic and optical behavior of a 
polymer chain in the steady, laminar flow with a veloc­
ity (Gy 0 0) in the xyz coordinate system, where G is 
the velocity gradient, in the absence of the hydrody­
namic interaction. A polymer chain is approximated 
by a deformable ensemble of n +  1 point frictions, 
numbered 1, 2, . . . ,  n +  1, with being the friction 
constant of point i. The optical property of the chain 
will be introduced in a later stage. We want to calcu­
late the intrinsic birefringence and the intrinsic vis­
cosity. Some intermediate relations in the work of 
Gotlib and Svetlov,6 which were originally derived for 
the persistent chain, appeared general enough to be 
adaptable to the present model. Use of their relations 
led to a minor inconsistency, indicating the presence of 
some errors in their treatment. We therefore decided 
to reexamine the problem by a different method. Our 
model is more general and treatments appear more 
elegant than theirs.

In another paper, Gotlib and Svetlov19 derived a 
distribution function for a polymer chain in a laminar 
flow, starting with the Kirkwood20 general diffusion 
equation. Their function, with an obvious generaliza­
tion to the present model and with a trivial constant 
factor omitted, becomes

We =  (1 +  l/iGfxv/kT) e x p ( -E int/fcT) (1)

with

Z0 =  (87t2) - ’/ - - ' / ( 1  +  W xv/kT) X
exp ( - E  in t /kT)dnd{d} (5)

where 0 represents a set of Eulerian angles, which 
specify the orientation of the polymer chain with 
respect to the external xyz system, and represents 
a set of internal coordinates, or, more specifically, 
internal-rotational angles about skeletal bonds, y  can 
be expressed

r  =  TiVi'.vW1' +  T2V7iy7,T +  73y7Jy71T (6)

yr* =
Mr**
pykV

_y7*z_
k = 1, 2, 3 (7)

where 71, 72, and 73 are the three principal values of y ,  
and yT„ y72, and y7, are the unit vectors along the cor­
responding principal axes. Similarly, f can be ex­
pressed

f  = /iy/iy/,T +  /zy^y/J +  /3y/»y/,T (8)

k =  1, 2, 3 (9)y/» =
PfkX
P fk V

-Mftz.

Substitution of the xy component of f in eq 8 into 
eq 5 and integrating over 0 yields

Z0 =  Z0 = f  ex p (-E int/kT) d{<?} (10)

where Z0 is the partition function of the polymer chain 
in its free state. In obtaining eq 10 use was made of

where E ¡nt is the internal conformational energy of the 
polymer chain, k is the Boltzmann constant, and T is 
the absolute temperature. f xv is the xy component of 
the tensor of frictional moments, f, which is expressed 
in a dyadic form

n-\-1
f  = E  Ti(r< -  rcf)(r4 -  rcf)T (2)

i — 1

where r4 and rof are the coordinate vectors of point i 
and the center of friction, respectively, and the super­
script T denotes the transpose. r0f is given, on the 
analogy of the center of masses, by

Tcf =  (E  G)-1 E  f<r< (3)
i

WG in eq 1 is valid only up to the linear term in G. An 
expression analogous to eq 1 was derived in a more 
intuitive manner by Kramers21 as early as 1946.

The average of the optical polarizability tensor y  
can be obtained by averaging it over the internal and 
external coordinates of the polymer chain. Using eq 1 
we have

<r)o = (8ir°)-iZ0- ' f - - - f y ( l  +  lUGfxv/kT) X
exp(—Eint/kT) dOd{<?} (4)

(8ir2) _1/d O  = 1 and (%Tr2)~lf  pitxpn.v dO = 0

Equation 10 implies that the internal free energy is 
not changed by the flow field up to the linear term in
G. Equation 4 involves the two integrals

Ii = (8x2) lS  y do (ID

l2 = M - 1/ ^  do (12)

Substitution of eq 6 into eq 11 and integration yield

Ii =  7 3(Tr y)E3 (13)

where Tr denotes the trace of a tensor and E„ is the 
unit matrix of order v. In going to eq 13, use was 
made of

(87t2) - 1/^ * * 2 do =  Vs 
(8tt2)~1S pykxßikv do = 0 etc.

(17) K . Nagai, J. Phys. Chem., 74, 3422 (1970).
(18) K . Nagai, Rep. Prog. Polymer Phys. Jap., 12, 41 (1969).
(19) Yu. Ya. Gotlib and Yu. Ye. Svetlov, Vysokomol. Soedin., 8, 
1517 (1966).
(20) J. G. Kirkwood, Rec. Trav. Chim., 68, 649 (1949); J . Polymer 
Sä., 12, 1 (1954).
(21) H. A. Kramers, J. Chem. Phys., 14, 415 (1946).
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Substituting eq 6 and the xy component of f in eq 8 
into eq 12 we obtain

I2 = (87r2) - 1/ ( 7 1yTly7lT +  Y2l*72l»72T +

1 ystf7 3 ^ ) (.flMfixflfiv / 2M /szM /ay “ 1“  fzf̂ /zxyfsv) ( 1 4 )

Upon integration, all other than xy and yx elements 
vanish owing to symmetry, whereas the latter become

(I*)** = (I2)»* = E  y k i i iS iv y k -u n y  ~  1]
oU ktl = 1,2,3

=  ¿[3T r(rf) -  (T rT)(Trf)] (15)

by utilizing

(87t2) 1 S Hykzpyki/fLfixPfw dO = 1/so [3(t»7*;-u/i)2 1]

Thus we have

where c is the concentration of the polymer in grams 
per cubic centimeter, M  is the molecular weight, iVA 
is the Avogadro number, and vo is the viscosity of a 
solvent. Comparison of our results with those of 
Gotlib and Svetlov6 reveals that (N +  1)_1 is er­
roneously included in eq 2, and 770“ l is lacking in eq 4 
of ref 5.

The intrinsic viscosity can readily be obtained by 
generalizing the Debye22 method. The increase in vis­
cosity by dissolved polymer molecules is given23 by

= VzAT p«f)0)„
= VsNp(Tr f) (21)

with ?; being the viscosity of the solution. The third 
equality is valid only as far as up to the linear term in

I2 = 30

0
3Tr(r f) -  (T ry )(T r f) 

0

3Tr(Yf) (Tr y)(Tr f) 
0 
0

(16)

M o  3(Tr r )E3 +  mkT
0 (3Tr(Yf)

(3Tr(Yf) -  (T r Y)(Trf)>
0

(T r Y)(Trf)> 0" 
0 0
0 0

(17)

Replacing the integrals on 0 in eq 4 with Ii and I2, eq 
13 and 16, and then integrating over {0}, we find eq 17, 
where the averages without subscripts refer to those 
on a free chain. From eq 17 it is obvious that two of 
the axes of the principal polarizabilities make 45 and 
135° with the positive x axis, respectively, both lying 
in the xy plane, while the remaining one is along the z 
axis. Namely, the extinction angle is 45°. The dif­
ference between the first two principal polarizabilities 
(45° value minus 135° value) is

(A 7)g =  2(^)0)*!,
=  ((?/30fc T) (3Tr (Yf ) -  (T r r )(Trf)>  (18)

This (Ay}0 can be converted to the birefringence An 
of the solution by the Lorentz-Lorenz relation. If 
the solution is very dilute and An is small, we obtain

An =  (27r/9)[(V  +  2)2/n „]A p(A7)o (19)

where n0 is the refractive index of a solvent and Nv is 
the number of polymer molecules in 1 cm3 of the solu­
tion. The intrinsic birefringence becomes, according 
to eq 18 and 19

[n] = lim An/cGrio
c—0
g-~ 0

= T̂ (W°2 +  — ^ < 3 T r (Yf) -  (T r Y)(Trf)> 
135 kT riovo M

(20)

G is concerned. The intrinsic viscosity becomes, there­
fore

[17] = lim (7, -  7,o)/c77o = (A A/6M77o)(Tr f) (22)
c— 0

Combining eq 20 and 22 we obtain for the flow-bire­
fringence stress-optical coefficient

Cf =  [n]/2fo] = (2ir/45fcT) [(n02 +  2)2/n 0]Ar, (23)

with

Ar, = l/ 2(Tr f )_1<3Tr(Yf) -  ( T r Y)(Trf)> (24)

Arf may be called the flow-birefringence optical anisot­
ropy of Kuhn’s random link, inasmuch as, in Kuhn 
and Kuhn’s theory,1-3 A rf is equal to the optical 
anisotropy of Kuhn’s random link.

The strain-birefringence stress-optical coefficient of 
polymeric networks is given by

Cs = (2ir/45kT) [(«2 +  2) 2/tf]A rs (25)

where n is the mean refractive index of a sample, and 
Ars is equal to the optical anisotropy of Kuhn’s random 
link for the random chain,24 while

Ars = 1/ 2(r2) -1(3rTYr — r2Tr Y)

= y 2<Tr rrT) - 1(3Tr(YrrT) -  (Tr rrT)(Tr Y)) (26)

(22) P. Debye, J. Chem. Phys., 14 , 636 (1946).
(23) N. Saito, “ Kobunshibutsurigaku,”  Shokabo, Tokyo, 1958, p 
178.
(24) W. Kuhn and F. Grün, Kolloid Z„ 101, 248 (1942).

The Journal of Physical Chemistry, Vol. 74, No. 18, 1970



3414 K azuo Nagai

for real polymer chains,13'25 where the averages refer to 
those on a free chain, r is the end-to-end vector, and 
r is its magnitude. We note that eq 25 with eq 26 is 
valid only at the limit of infinite chain length,13'24'25 in 
contrast with eq 23 with eq 24 which is valid for chains
of arbitrary length. If, following Jernigan and Flory,26 
we introduce the traceless tensor

7 = 7  — 4/3(Tr 7)E3 (27)

we have

AT, =  3/ 2(Tr f ) -1(Tr yf) (28)

and15'16

Ars = 3/ 2(r2} - 1<rTyr> =  3/ 2<Tr rrT>-\Tr yrrT) (29)

The formal similarity of Aik with Ars and the formal 
simplicity of both are noteworthy.

For later convenience we express f in terms of vectors 
connecting pairs of friction points. By utilizing eq 3 
and

rofrcfT =  ( E b ) _2E  fibhr/1  (30)i.j
obtained therefrom, f in eq 2 can be rearranged suc­
cessively as

f  =  E  -  (E  f i ) r c f r c f T
i

= E r ^ r j  -  (Er<)_ 1E ? d y 1r/r
i i,j

= (E fi)-1( E f ir / iriT -  E fdW ir/)
i j  i,j

=  l  (E  fi)_1E  +
"  i j

r .r / -  r4r /  -  ririT)

= (E f i )_ 1Efir;T«r„T (31)
i<j

where rw = r} — r t. We therefore obtain

(Tr yf) = ( E f O ^ E r ^ T r ^ / )
i<3

— (E  f«)_1E  (32)
i<j

and

(Trf) = ( Z ^ E U A r i / )  (33)
i<j

where rtj = |rM|. It is seen that if all f ’s are equal to 
unity, (n +  l ) -1(Tr f) becomes the mean-square radius 
of gyration. We note that (Tr f) can be related to the 
mean rotatory diffusion constant Dr by Einstein’s rela­
tion

D r =  k T (T r  f) - 1 (34)

III. Expression of Tr f and Tr ff  in Terms of 
Structural Parameters and Bond Polarizabilities

Both (Tr f) and (Tr yf), and hence ATf, can be calcu­
lated for real polymer chains, by assuming the simple

additivity principle of bond polarizabilities and the 
rotational isomeric state model for skeletal bond rota­
tions. Consider a linear polymer molecule involving n 
skeletal bonds which are numbered 1, 2, . . . ,  n, from 
one end to the other. Two terminal bonds, e.g., one 
C -H  bond in every terminal methyl group in n-alkanes, 
are included in these n bonds. Skeletal atoms also 
are numbered 1, 2, . . . ,  n +  1; skeletal bond i con­
nects skeletal atoms i and i  +  1. All bond lengths 
and bond angles are assumed to be fixed, and chain 
flexibility is effected by rotation about skeletal bonds. 
The friction of the polymer chain is assumed to be con­
centrated on skeletal atoms, being the friction con­
stant of skeletal atom i.

We introduce a set of cartesian coordinate systems as 
follows.27 Coordinate system i is attached to the plane 
determined by skeletal bonds i — 1 and i in the follow­
ing way. The x axis is in the direction of skeletal 
bond i and the y axis is in the plane of skeletal bonds 
i — 1 and i, making an acute angle with skeletal bond 
i — 1. The z axis is chosen so as to constitute a right- 
handed system together with the x and y axes. The 
internal-rotational angle dt about skeletal bond i is 
measured from the trans position toward the direction 
of the right-handed twist of the polymer chain. Two 
presentations v, and vi+1 of components of a vector in 
coordinate systems i and i -f- 1 are correlated by

Vi — AjVi+i (35)

Ott Pi 0
& cos 8t — at COS di sin dt (36)

J t sin 0j — at sin dt — COS 8i_

where A,- is the transformation matrix, and a, =  cos ui 
and & = sin with cc{ being the angle between 
bonds i and i +  1, i.e., the supplementary bond angle, 
bond vector b, of skeletal bond i is now expressed in 
its own coordinate system as bte3, where is the length 
of the bond and eY is a 7-dimensional vector defined 
by

eY = (1 0 0 .. . 0)T (37)

We first calculate the square end-to-end distance 
’’i,K+i2 =  r 2 and Tr f. Their averaging is postponed 
later. The former quantity can be expressed

r2 =  E  W  +  2 E b , - b ,
»=1 i<j

n

= E  î2 d- 2 bibĵ 3TAiAj+i... A3_ie3 (38)¿ = 1 i<j
According to a modification143 of Flory and Jernigan’s 
method,28 eq 38 can be cast into

(25) K. Nagai and T. Ishikawa, J. Chem. Phys., 43, 4508 (1965).
(26) R. L. Jernigan and P. J. Flory, ibid., 47, 1999 (1967).
(27) K . Nagai, ibid., 31, 1169 (1969).
(28) P. J. Flory and R. L. Jernigan, ibid., 42, 3509 (1965).
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r2 = (10  0)
n
n

ri O
1_____

26e3TA
A

62"
be3 ---

---
-1

o
 o

 
__

__
1

_0 0 1 _ i_ _1_

where 0’s are null matrices whose orders are so chosen 
as to be consistent with other nonzero parts of matrices, 
and the subscript i to the bracket is implied to apply 
to b and A as subscripts. (Similar notations are used 
throughout this paper.) Ai is indefinite in di and A„ 
is so both in un and 8n. These angles can be chosen 
arbitrarily, as is apparent from eq 39. On the other 
hand

(E  f<)Tr f = E
i<i

= E  M jQ. 0 0) X
i<3

j - 1 " i 2be3TA 62" 0"
n 0 A eo

» 0
k = i 0 0 1 _ k _ 1

which is rewritten 

(E  r<)Tr f = (1 0 0 0 0) X

"1 r 2ffce3TA 0" "o"
n + 1 0 l 25e3TA b2 0 0
n 0 0 A be3 0 0

4=1 0 0 0 1 r 0
0 0 0 0 i_ i_ _1_

A similar expression (with f  = 1) was given previously 
in connection with the square radius of gyration.29

We next proceed to calculate Tr ff. We assume 
the simple additivity principle of bond polarizabili­
ties.30-32 According to this principle, each bond is 
assigned the three principal polarizabilities, «i in the 
direction of the bond and a2 in the two directions per­
pendicular to the bond, and these polarizabilities are 
assumed independent of the conformation and environ­
ment of the molecule in which the bond exists. Polar­
izabilities of a whole molecule are obtained by adding 
tensorially polarizabilities of all bonds. As far as the 
anisotropy of polarizabilities is concerned, we can regard 
the bond as having only the longitudinal component of 
the magnitude ax — a2. Bonds of our polymer chain 
are now grouped as follows. Bond in is the xth bond 
of group i, where group i includes all bonds rigidly 
fixed to coordinate system i, except for skeletal bond 
i — 1. By this definition, skeletal bonds are dually 
indexed; skeletal bond i, or, say bond ¿1. The con­
tribution of bond ik to the total polarizability y is 
given by (ai — a2) 4, y^ yiltT, where (ai — a2)u is the 
anisotropy of polarizabilities of the bond and y4* is 
the unit vector along the bond. We make y traceless 
by so doing the tensor of polarizabilities of each bond, 
i.e., (ai -  a2)iK(Vu\iuT -  VaEj). Thus we can write

f  =  E  f  i (42)i= 1

f i  =  E  («i -  «2)<*(y<, y<J -  V3E3) (43)
K

where yt is the traceless tensor of polarizabilities of 
group i, and k counts all bonds of the group. An 
expression of a tensor depends on a coordinate system 
in which its components are measured. We write the 
expression of y t in coordinate system i especially as

yf = Aa{ = E  (“1 — “2)<«(yi, VuT ~ VsE*) (44)K

where and hereafter

Uu = (y«a nuz)T (45)

is understood to be the expression of the unit vector in 
coordinate system i, though no particular indication is 
made.

From eq 32 and 42 we obtain

(E  r<)Tr yt =  E  E  r<ry<r„Tr*rw> (46)
i<3 k

For convenience we divide the sum into the three 
sums

3415

r f f  == Si +  s 2 +  s 3 (47)

Si = E (48a)
k<i<j

s 2 = E (48b)
i <k<j

s 3 = E (48c)
i<3 <k

We observe that each term with specified i and j  in S2 
is equivalent to r^ r  in eq 29 if a subchain spanned by 
skeletal atoms i and j  is regarded as a new chain. 
Therefore we can use previous results14 for S2■ Terms 
in Si and S3 are similar and even simpler. Important 
for the calculation of these quantities is the recognition 
of the facts that the nine components of a tensor are 
transformed from coordinate system i +  1 to coordinate 
system i by the direct product matrix of A,, i.e., 
Ai X Ai,33'13-16 and this \ t X A< can be reduced to the 
matrix B4 (eq 54 below) of lower order by utilizing the 
symmetry of yk and riS riyT.23'34 Flory and Jernigan’s 
method28 is also important for casting results into com­
pact forms. Referring, for the methods of calculations, 
the reader to the previous papers cited above, we give 
only the final results

<Sj = E  A«/t^TgBfc ■ - • B4_i(f4E6 0 0) X
k<i<j

j -1 B 5f(E. X e2)A b W “0
n 0 A be3 0
i=i 0 0 1 _ J i .

(29) K. Nagai, J. Chem. Phys., 48, 5646 (1968).
(30) E. H. L. Meyer and G. Otterbein, Phys. Z., 32, 290 (1931).
(31) S.-N. Wang, J. Chem. Phys., 7, 1012 (1939).
(32) K. G. Denbigh, Trans. Faraday Soc., 36, 936 (1940).
(33) K . Nagai, J. Chem. Phys., 38, 924 (1963).
(34) K. Nagai and T. Ishikawa, ibid., 45, 3128 (1966).
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S2
i<k<j

( 3— 1 "B bf (E, X e2)A b2e i "0" r & —l "1 26e3TA" 
_0 A

-i " o '
_E3_y i(A a 7 Tg 0 0) n

l = k
0
0

A
0

be3
1

0
J i .

+  (fi o) n
L l _

X

Aaft(E3 0) r y r A  b ef
L Lo 1 _

-, "o'
J i .

k-1 "1 2be3TA ò2e6TB " 0 )
+  (7 0 0) n 0 A 6(E3 X e2T)B 0

l = i 0 0 B _Aa*+_ J
3-1 "l 26e3TA 62e6TB 0

s 3 =  T, (7  0 0 ) n 0 A ò(E3 X e2T)B 0
i<j <k l- i _o 0 B J

Bj • • • Bs-iAaj;i, t

(50)

(51)

f is a diagonal matrix of order 6 whose first, fourth, 
and sixth elements are 2 and remaining ones are unity, 
g is a diagonal matrix of order 6 whose first, fourth, 
and sixth elements are unity and remaining ones are 
2. Hence fg =  2E6. The direct product of a = 
{ atj} and b = {btj} is defined by

a X b
aòn ah
aò2j ah

Further

Atti =  S  («1 — “ 2)<*(/U2 — 73, MlM2,

(52)

and
MM3, M22 — 73, M2M3, M32 — 7s) u (53)

Mention must be made about quantities bearing the 
subscript n +  1. Among these, only is significant. 
bn+1, Ab+1, and Bn+1 can be arbitrarily chosen, only 
sizes of the matrices being significant. Adre+i must 
be equated to zero.

We now proceed to average Tr f and Tr yf over all 
internal conformations. This can be achieved by intro­
ducing the now-familiar rotational isomeric state ap­
proximation for skeletal bond rotations. It is con­
venient to treat the following two cases separately.

IV. Finite Chains of an Arbitrary Sequence of Bonds
According to the rotational isomeric state approxi­

mation, di is assumed to be in either of st discrete values, 
or “ state,”  9(w, 04(2), . . . ,  0 /s<). These states need not

a2 2a0 0 d2 0 0
afi cos 9 (d2 — a2) cos 9 a sin 9 — ad cos 6 d sin 6 0
afi sin 9 (d2 — a2) sin 9 — a cos 9 — ad sin 6 — d cos 9 0 (54)

d2 cos2 6 — 2ad cos2 9 2d cos 9 sin 6 a2 cos2 9 — 2a cos 9 sin 9 sin2 9
d2 cos 9 sin 9 — 2«d cos 9 sin 9 d(sin2 6 — cos2 9) a2 cos 9 sin 9 a(cos2 9 — sin20) — cos 9 sin 9

d2 sin2 9 — 2ad sin2 9 — 2d cos 6 sin 6 a2 sin2 9 2a cos 9 sin 9 cos2 9

Adding Si, S2, and S3, summing over i and j, con­
densing results into a single term for specified k by 
adjusting sizes of ensuing matrices, and finally sum­
ming over k, we reach

"0"

( E  7 )T r r f  =  (1 0 . . . 0)h3(1)h3(2> . .. h,w-w |

with

(55)

necessarily be common for different bonds in their 
location and in number. The conformational partition 
function of the molecule can be evaluated as

Z = ejjpipa . .. p„eSo_, (57)

where p; is the statistical-weight matrix of size st X s1+i 
(except for i =  1, n — 1, and n), associated with the 
transition between states of skeletal bond i and i +  1. 
p’s are constructed as follows. If only up to first- 
neighbor interactions are taken into account, the 
energy of the molecule is given by eq 58.

1

h»<*> =

f  2fòe:iTA ¿F2e6TB 0 AatTgB
1 26e3TA 52e6TB 0 0

A 6(E3 X e2T)B 0 0
B fB 0

B 0
B

0

rAatTgB 2f6e3TAiiA fbW A Ìfi, 0
A«txgB 2òe3TAèA ò2e3TASe3 0

0 A ¿A fcA ae3 0
0 0 a 7 rAà+0 0 0 a 7fB fbf (E3 X 62)A 7>2e 6 0
B bf (E3 X e2)A fe2e 6 0

A be3 0
1 f1

(56)
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E — [Ift(ft) +  2ft(ft, ft) ] -f- [Ift(ft) -f-

E3(6z, ft)] +  . . .  +  [En-v(dn- 2) +
En-iidn-2, ft_i)] +  En-i(d„-1) (58)

This grouping of energy components leads to

(E  f<)(Tr ft)

Z - '( e S!T 0 . 0)H 3(»H3'2) . . .  H 3(n+1>j

P< =  ( e x p { - [ £ t(ft<*>) +  W * > ,  6i+1V ) ] /k T } ) ,

i = 1, 2, . . . ,  n — 1

=  E ,

(59)

(60)

with

In constructing Pi and p„_i according to eq 59 we as­
sume #i(ft) =  Ei(6h ft) =  0 and S„_i(0„_i, 6n) =  0. 
All elements of pi (or p„_j) except in the first row (or 
column) are arbitrary, as is apparent from eq 57.

Ho« :

H 2«  =

p 26 (E, X  e3T)A
0 Ä
0 0

62p
6(p X  e8) 

P

The above formulation of Z is slightly different from P fP 2f6(Es X  e3T)A f62p o "
that previously given14 but is equivalent and more 0 p 26 (E, X  e3T)A 62p 0
convenient in constructing p’s because different types 0 0 A 6(p X  e3) 0
of p’s of a less number (2) suffice (cf. succeeding paper). 0 0 0 P rp

Now the required averages are obtained as _0 0 0 0 p_

'p  fp 2f6(Es X  e8T)Ä f62(Es X  e6T)B 0 (E, X  A «tT)G sB
p 26(Es X  e3T)A 62(ES X  e6T)B 0 0

A 6(ESs X  e2T)B 0 0
B fB 0

H 3(i) = B 0
B

f  (Es X  AatT)G sB 2r6(Es X  e3TA«)A f62e3TAae3p 0
(Es X  AatT)GsB 26(ES X  e3TA«)A 62e3TAae3p 0

0 (Es X  A«)A 6(p X  Aaes) 0
0 0 p X  Aaf fp X  Aa+
0 0 0 P X  Aat

fB f6Fs(E3s X  e2)A f62(p X  e6) 0
B 6F5(E3s X  e2)Ä 62(p X  e6) 0

A 6(p X  es) 0
P fP

P

(63)

(64)

(65)

(66)

(r2) = Z -»(e *T 0 0)H0C1)H0(2) . . . Ho« 

(E  f<)(Tr f) =

0
0 (61)

In eq 66, Fs = Es X  f  and Gs = Es X  g. Also pn+J = 
Es„_,. At and B, are formed from A<, eq 36 and B,, 
eq 54, by replacing cosp ft sin® dt by c^s^p,, where c4 
and s; are the diagonal matrices of order st whose fcth 
elements are cos ft(t) and sin d{ik), respectively.

0 Namely

0
Z~\eJ  0 0 0 0)H2(1)H2(2) . .. H2("+1) 0 (62) ap dp 0

0 A, = /3cp — aCp Sp (67)
-ßs-n-l - J3sp — asp — cp_ i

The Journal of Physical Chemistry, Vol. 74, No. 18, 1970



3418 Kazuo N agai

a2p 2a/3p 0 /32p 0 0
a/3cp 032 -  a2)cp asp — a/3 cp 0sp 0
a/3sp (P2 -  a2)sp — aCp — a/3sp -Pep 0
02c2p — 2a/3c2p 2/3csp a2C2p — 2aCSp s2p
/32csp — 2a/3csp j3(s2 — c2)p a2CSp a(c2 — S2)p — esp

_,82s2p — 2a/3s2p — 2/3csp a2S2p 2aCSp C2P

We point out that (r2) can be expressed in terms of
H2’s

<r*> = Z -\ 0 e„T 0 0 0)H2t«H2̂ > H: (»)

0
0
0

1
0

(69)

The expression for (rTyr) previously derived,14 if the 
traceless tensor y is used, becomes

<rTrr> =

Z - ‘ (eS!T0 . . . Hx(«)

0
_esn-l_

(70)

with

In connection with treatments of (Tr f) and (Tr yf), we 
have found new, more concise derivations, and the most 
compact expressions for all these quantities.

Consider a stereoregular chain composed of N struc­
tural units. For mathematical convenience, this chain 
is assumed to be a subchain of an infinite chain com­
posed of the same structural units. Each unit is assumed 
to involve to skeletal bonds (an m-repeat polymer). 
Conformational statistics of the chain is characterized 
by to transition-probability matrices defined as in eq 
59, pi, p2, . . . ,  pm, and by the normalized, left- and 
right-hand eigenvectors v and u of pxp2 . . . pm, associ­
ated with its largest eigenvalue. We assume p’s to be 
so normalized that the largest eigenvalue of pxp2 .. . pm 
is unity. This is effected by dividing either (say, pi) 
of p’s defined as in eq 59, by the largest eigenvalue of 
P1P2 • ■ • pm- Thus we have

pxp2. . PmU = u, vpxp2. Pm = v, and vu = 1 (73)

X e3T)A 52(ES X  eJ)B (E. X  AatT)GsB 2 b (E s X e3TAa)A 62e3TAae3p
A 5(E3s X e2T)B 0 (Es X Aa)A 6(p X  Aae3)

B 0 0 p X  Act1̂
B 6F5(E3s X  e2)A 62(p X  e6)

0 A 5(p X e3)
P Ji

(71)

Similarly, (rTyr) can be expressed in terms of H3’s

<rTr r> =
" 0 ~

(v and u play an important role in the following. For 
this reason we wish to refer to the method in this sec­
tion as the largest eigenvalue method.) With thus 
redefined p’s, (r2) for our subchain is given by

Z ~ \ 0  e„T 0 . . . 0)Hs(1>Hs12) .. . H3w
0

es„_,
0

(72)

Equations 69 and 72 are useful when we want both 
A rf and AT, since it suffices to construct only the two 
kinds of matrices, H2(<> and H3(i).

V. Stereoregular Chains of Infinite 
Length. Largest Eigenvalue Method

We are interested in the asymptotic behavior of (r2), 
(rTyr), (Tr f), and (Tr yf) for stereoregular (or multi­
repeat) chains at the limit of infinite chain length. 
Treatments of (r2) and (rTyr) were given previously.14 
Calculations involved were of considerable length, but 
final expressions were fairly simple and systematic.

with

<r*> = (v 0 0)X02V
0
0
u

H0(1).. ,H0<m) = X0
Xoxx Xox2 Xoi8
0 Xo22 Xo23
0 0 Xq33,

(74)

(75)

where X0 is divided into the submatrices Xow in such a 
manner as that of H0(<) in eq 64; X0n, X022, and X033 are 
of the orders of Si, 3sx, and Si, respectively. Inverting 
the procedure by which we obtained eq 39 from eq 38, 
we can write eq 74 as

(r2) = £  v X on ^ X ou X o^ U  +i = \

2  vXoil1 1Xoi2Xo22̂  1 1Xo23Xo33Â (76)
1 <i<j<N
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Utilizing vX0iii_1 =  v(pi.. .pm)i_1 =  v and Xoas^'u =  
(pi. • .pm)A'_iu = u, and summing over i and j, we 
obtain

(r2) — v j [X013 +  X012(E — X022) 1X023 ]Â  —

Xoi2(E -  X„22) - 2(E -  Xo22w)Xo23}u (77) 

or, in terms of X0

1 T 0 '
(E -  X o,,)-1 X

( " 0 "
<E +  Xo E3S1
( _ 0 _

[E -  N -K E -  XC22) _1(E -  X022w)] X 

(0E 3S1 0) >X0 (78)

According to a method described in the Appendix, 
eq 78 is rewritten

tffu<Trf>~ £  vX211,' - 1X212X222ii- i- 1(X224 +1 <il<t3<44 <N
i3 —1

X223 2  X233IS 12 ^X234) X24424 “  1X24eX255iV_'*,U (83)
is = »l + l

Summing over i’s by utilizing vX211i“ 1X212 = f uv and 
X246X255 “u = fuu, and discarding terms of orders 
lower than N 3, we obtain

A fu(Tr f) ~  VeiV3fu2v[X224 +

X223 (E X233) ~1X234]ll (84)

Therefore, we obtain for the asymptotic value of 
<Tr f)
(Tr f)* = 1/6 ^ 2fu'v[X224 +  X223(E — X2s3) -1X234]u (85)

We note that among various terms ensuing after decom­
position of X2n in eq 81 into the submatrices only the 
terms of the form X2iill_1X2i2 . .. X ^ X ^ “ '* con­
tributed to the leading terms.

—ES1 Xoi2 Xoi3 -1 0"
{r*)/N =  -  (v 0 0) 0 (X022 -  E3si)[E -  N -K E -  X022) _1(E --Xo22iV) ] - 1 X023 0

0 0 ESI_ _u

The value of (r2) at the limit of N -*■ °°, (r2)*, becomes

<r2)* /A  =

—ES1 Xol2 X013 —1 0"
(vOO) 0 x 022 — E3si X023 0

0 0 —ESl_ u_

Equation 78 with N = °o was derived previously14a by 
a lengthier calculation, and eq 78 itself and eq 79 and 
80 are new.

We next calculate (Tr f). We have for the subchain

We can easily confirm X224 = X0i3, X223 = X0i2, 
X233 = X022, and X234 = X023, and hence obtain

(Tr f>* = VeWfu(r2)* (86)

It is of particular interest that (Tr f)* is determined by 
the total friction of the polymer chain, A fu, and the 
mean-square radius of gyration (r2)* /6, and is inde­
pendent of the way in which f u is partitioned on 
skeletal atoms of a unit.

We now proceed to calculate (rTYr). We have for 
the subchain

Wf„(Tr f) = (v 0

" 0" O'

0)X2" (81) (rTyr) = (v 0 . . . 0)Xi*

0 0
u_ u

(87)

where f u = ft +  . . .  +  ft, is the total friction of a 
structural unit, and

H2<» .. . W m) = X2 =

X212 X213 X2J4 X215
x222 X223 X224 X225

X233 X234 X235 (82)
0 X244 X245

X255_
where the division of X2 into the submatrices is as­
sumed to be made in accordance with that of H ,(<), 
eq 65. lVft(Tr f) can be calculated by decomposing 
X,N as previously. We are interested only in the lead­
ing terms, i.e., those of order N3. Retaining only terms 
that contribute to the leading terms we obtain

with

Hi(1) . .. HjW = Xi =

X112 Xu3 XU4 X116 Xus
Xl22 Xl23 0 Xl25 Xi26

X133 0 0 Xl36
X144 Xl45 Xl46

0 X155 Xl56
Xl66_

where the division of Xi into the submatrices is as­
sumed to be made in accordance with that of eq 
71. Decomposition of Xi‘v in eq 87 into the sub­
matrices yields a numerous number of terms. Among 
others we consider contributions from two groups of 
terms as involving the factors
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Xi ,4X144* and Xi33*Xi36 k 1

Like these, Xn4 (or Xi33) appears always in pair with 
XiH (or Xi36). By a direct examination Xi33 = X144 = 
B1B2 • • • Bm is found to have unity as its largest eigen-

<rTfr) = (v 0 0)XiA

>2 • 
value

v'6 iB2

where

B m =  v' B1B2 • fi«u' = u'

with 

Xi =
Xm X112 Xu3 
0 X122 Xl23
0 0 Xi33

Xm Xll2 Xll3 X„4 Xus Xll6
Xl22 Xl23 0 x126 Xl26

u B' 0 0 Xl36
0 B' Xl45 Xl46
0 (90) 0 Xl55 Xl56
u
0 Xl66_

(96)

(97)

v' = V*(v 0 0 v 0 v) (91)

We divide X133 = Xi44 into the two terms, u V  and B', 
i.e.

where Xi is divided into Xiy as indicated by broken 
lines. We note that all eigenvalues of Xi22, which are 
identical with those of Xi22 = Xi65 = AiA2 . . .  Am and 
B', are smaller than unity. Therefore we can here­
after proceed as in the case of (r2). Thus we find

E„ Xu 2 Xll3 -1 "0"
(rTyr)/W =  - ( v 0  0) 0 (X122 -  E18si)[E -  N -\ E -  X122) - l(E -  X i / ) ] - 1 X123 0

0 0 —ESI_ _u_

B' = 6 iB2 B, -  u'v' (92)

The largest eigenvalue of B' thus defined must neces­
sarily be smaller than unity.35 Since uV B ' = B 'uV  
=  0 and uVu'v' =  u'v', we have

X133* = Xh4* = u'v' +  B'* k >  1 (93)

If this relation is substituted into the two factors men-

which reduces, at the limit of N -*■ <»

(rTyr)*/2V =

(98)

-  (v 0 0)

or, in terms of XiM

—ESI Xll2 Xll3 -1 "0
0 Xl22 — El8si Xl23 0
0 0 -E „ _ u_

(99)

(rTyr)t/N =  -(▼  0 ■ ■ • 0)

— E » , X u 2 X „ 3 X U4 X u s X]16 — 1 "o"
X l 22 — E 351 Xl23 0 x126 X l 2 6

B' -  E6si 0 0 X l 3 6

B' -  E6S1 Xl45 X l4 6

0 X 155 — E3si Xl56 0
_ ES1_ u_

tioned above, terms involving u 'v ' vanish on account 
of the relations

m
X114U' = 53 pi .. . Pa—i(ESfc X

fc=1
Ad*tT)GSt8* .. . 8 mu' =  0 (94)

(100)

We finally treat (Tr yf). We have for the subchain

"O'

Wfu(Tr yf) = (v 0 .. . 0)X3
v'X136 =  E  v'Bi . . . 8 ,_i(E„ X

k =  l

Aat^p*: . . .  pm =  0 (95)
which both are a consequence of our use of traceless with 
tensors. This result indicates that Xi33 and XM4 of Xi 
in eq 87 can be replaced by B' without error. If Xi 
so modified is designated Xi, we have

(101)

(35) K. Nagai, J. Chem. P h y s 45, 838 (1966).
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H3<‘> . .. H3(m> = Xs

X3ii x312 ! X313 x314 X 315

i X322 X323 X 324 X 325

X333 X 3 3 4 X 335

X 344 X 345

X355

0

X 316 X 317 X 318 X 3 1 9 X 3 1 ,1 0

0 X 327 X328 x329 X32,10
0 0 X33g X 339 X33,10
0 0 0 X 3 4 9 X 34,10

0 0 0 0 X 35,10
X36fl X 367 X368 X 3 6 9 X36,10

X 377 X 378 X 3 7 9 X37,1 0

X 388 X 3 8 9  J -^38,10

X 3 9 9 X 3 9 .1 0

X3,10,10

(102)

where the division of X3 into the submatrices is as­
sumed to be made in accordance with that of H3(,), 
eq 66. Decomposition of X ^  in eq 101 yields a 
numerous number of terms. It is found that the lead­
ing terms of order IV3 are of the form X3UM_1X312 .. . 
X39,ioX3,10, i / - »  and hence come exclusively from the 
part of X3 as enveloped by broken lines. Therefore 
we have

Ntu(Tr yf) ~  £  fu2 (v 0 . . .  0) X
1 < i< j  <N

X322 X 323 X 324 X 3 2 7 X 3 2 8 X329 ¡ - i - l 'o'
X333 X 3 3 4 0 X338 x 339

X 344 0 0 X 349

X 377 X 378 X 379
0 X388 X 389 0

. X 3 9 9 . u_

(103)

where use was made of vX3ni-1X3i2 = f uv and 
X39,ioX3,io,ioA = f uu. We can easily confirm that 
X 322 =  X u i ,  X 323 =  X n 2 , etc., and hence the matrix in 
eq 103 is identical with X i ,  eq 88. Substituting eq 87 
having j  — i — 1 in place of N into eq 103 and sum­
ming over i and j  by utilizing eq 100, we have for the 
asymptotic value of (Tr yf)

(Tr *f)* =  V s lV ^ y r )*  (104)

and hence

Ar, = 3/ 2(Tr f)* -1(Tr yf)* =

3/ 2(r2) * - 1(rTyr)* = AT. (105)

The analysis of this section has yielded several im­
portant results. We have explored concise derivations 
of (r2)*, Ars, etc., and obtained (probably, the most) 
compact expressions for (r2)* and A TV

Of particular importance is the relationship given by 
eq 105, which is valid for stereoregular chains of infinite 
length. It implies that flow birefringence gives the 
same molecular information as does strain birefringence. 
Of course, various assumptions that led to this con­
clusion should not be forgotten, i.e., the neglect of the 
hydrodynamic interaction, the excluded-volume effect, 
and other side effects. It is interesting that friction 
constants Ç{ have canceled out in eq 105, and hence 
A rf is independent of the way in which is partitioned 
on skeletal atoms of a unit. From this result we

speculate that eq 105 would be valid when frictions are 
attached to skeletal as well as nonskeletal atoms, i.e., 
those on pendant groups. Rigorously, eq 105 is valid 
only for infinite chains. In practice, however, the 
agreement between Arf and Ars is reached with rela­
tively short chains for polymers of an ordinary degree 
of flexibility, say, 10s skeletal bonds (see succeeding 
paper17).

Appendix
(r2)/N, etc., can be comprehended in a general rela­

tion
'0 "

( )/N = (vO . . . 0 ) Z 2Z3 . . .  Z,_xX

with

Z* = E +  X
0
E
0

(E -  Yft) _1(0 . . . 0 E 0  . . . 0)

(Al)

(A2)

(A3)

In eq A2, it is assumed that the second and fourth E’s 
are both preceded by fc — 1 0’s of appropriate sizes. 
If we introduce t matrices, fr, &, • ■ defined by

( )/N =

v(fi & . .. Çj_i 0 . . .  0)Z,Zm  . .. Z,_iX (A4)
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then we find 

with
{ )/N =  v£,u (A5)

- E  =  - h

0 = &XW +  £2X2j +  • • • +  Kj-iX i-ij +  — E), j  — 2, 3, . . t — 1

= &XU +  £2X2{ +  . .. +  Jp-rX^,« -  ^  (A6)

Solving this set of linear simultaneous matrix equations with respect to i ’s, and substituting lA into eq A5 we 
obtain

( )/N =  - ( v O . , . 0)

Putting t = 3, X = X0, and

E x12 Xl3 Xi, -1
Y2 -  E X23 x2i " o '

Y3 -  E x3i

0)
0

0 Y,_i - E  X ,.u u_

- - E  _

—1 = (E --  X022) _1 [E -  N~\E - X022) - 1(E -  X0222V) ]

(A7)

(A8)

we obtain eq 79.
We note that the recurrence relation eq A5 and A6 is less elegant but more effective than eq A7, for the 

computational purpose both in computational speed and in less occupation of computer memories, (rTyr)*/ 
N, eq 100, etc., can be expressed in the form of eq A5 with eq A6, if t, X, and Yt’s are appropriately chosen.

Flow Birefringence of Real Polymer Chains. Application to n-Alkanes

by Kazuo Nagai
Government Industrial Research Institute, Osaka, Midorigaoka 1, Ikeda, Osaka, Japan (Received July 14, 1969)

The flow-birefringence optical anisotropy ATf of Kuhn’s random link, together with related quantities, is 
calculated for w-alkanes, on the basis of the theory developed in the preceding paper. The model employed is 
the familiar rotational-isomeric, three-state (trans T, gauche G, and gauche prime G') model. The bond 
angles are assumed to be tetrahedral and the GG' conformation for a pair of neighboring bonds is eliminated. 
The agreement of ATt with Ars, the strain-birefringence optical anisotropy of Kuhn’s random link, at the 
limit of infinite chain length, as predicted in the preceding paper, is numerically confirmed. The theory is 
compared with experimental results on n-alkane liquids reported by Champion and his coworkers. In com­
parison of theoretical results obtained for isolated chains with observed values for pure liquids, the isolated- 
chain approximation is employed, which was suggested by Bueche and discussed by Fox and Allen, in the 
theoretical interpretation of bulk viscosity of polymers. The agreement between theory and experiment is 
rather poor. Various aspects of the isolated-chain approximation are examined, and the short-range orienta­
tional order among chain segments is suggested to be one of mechanisms responsible for the discrepancy.

I. Introduction
This paper is concerned with an application to n-al- 

kanes of the theory developed in the preceding paper.1 
One aim is to confirm numerically the agreement 
of the stress-optical coefficient obtained from flow bire-

fringence with that from strain birefringence, or of 
ATf with ATS, at the limit of infinite chain length, a 
result predicted in the preceding paper.1 If this is the

(1) K . Nagai, J. Phys. Chem., 74, 3411 (1970).
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case, it is also of great interest how rapidly the former 
converges to the latter with increasing chain length.

We attempt to make comparisons with experiment. 
Champion and his coworkers2'3 reported flow-bire­
fringence measurements on a series of «-alkanes as pure 
liquids over a temperature range. They analyzed 
their data by regarding a n-alkane molecule as a rigid 
ellipsoid of revolution, on the basis of the Raman- 
Krishnan theory.4 Obviously, a rigid ellipsoid of revo­
lution is a rather poor model for n-alkanes; even the 
lowest members such as butane and pentane are rea­
sonably deformable by rotation about skeletal bonds6 
and lack the assumed symmetry for most conforma­
tions. The Raman-Krishnan theory4 is of dubious 
validity. We analyze the data of Champion, et al.,2'3 
by means of the present theory which is based on more 
realistic models for n-alkanes.

The preceding paper1 is hereafter referred to as I and 
eq ab of it as eq I-ab. Most of symbols which retain 
their previous meanings are used without definition. 
Preliminary results of this work were published else­
where.6

II. Model and Procedure of Calculations
The model employed is the now-familiar three-state 

[trans (6(T) = 0°), gauche (fl(G) = 120°), and gauche 
prime (0(G } =  —120°) ] rotational-isomeric model.7-9 
Bond lengths and angles are both assumed to be fixed, 
the latter being taken as the tetrahedral angle. In 
n-alkanes the T, G, and G ' rotations about terminal 
C -C  bonds do not produce distinguishable conforma­
tions. For this reason we regard n-alkane molecules 
as composed of skeletal C -C  bonds alone, in construct­
ing the partition function, etc. The partition function 
Zn for the n-alkane chain comprising n C-C bonds is 
expressed, according to eq 1-57 and 1-59, as 10

= e3rqn-*e3

1 1 1
a (7 e
a e <7

(1)

(2)

where a is the statistical weight of a gauche bond 
neighboring to a trans bond or a gauche bond of the 
same sense, and e, which we set equal to zero through­
out, is that of a gauche bond neighboring to a gauche 
bond of the opposite sense.

According to a previous formulation (ref 14 of I), Z4 
is given by

I 0 o" “ 1 1 r "1 0 0" r
0 1 0 <7 (7 e 0 cr 0 1
0 0 1_ _a € C7_ 0 0 0_ _i_

(3)

whereas the present formulation, eq 1 or eq 1-57, yields

Z 4 = (1 0 0)
“ 1 1 r “ 1 1 r “ 1 1 r V

<7 (7 € (7 <7 6 (7 (7 € 0
(7 € <7_ e cr__ _ a e <J _ _0_

(4)

In eq 4, the second and third rows of the first matrix 
and the second and third columns of the last matrix 
are arbitrary but are chosen as above in order to 
express Z4 in terms of the single matrix q. The equiv­
alence of eq 3 and 4, and the advantages of the latter, 
are obvious.

We normalize q by dividing by its largest eigenvalue 

X = V i { l  +  +  e +  [(1 +  <J +  c)2 +  4(<r — e) ]1/a}

as suggested previously,1-10 i.e.

P = X-1q (5)
and thus have

Zn =  X"-1e8V -1es (6)

The advantage of using p instead of q lies in that it 
prevents elements of various matrices to become extra­
ordinarily large numbers when matrices are raised to 
high powers.

As far as anisotropies of polarizabilities are con­
cerned, we can regard, with the assumption of the 
tetrahedral bond angles, that each C-C bond possesses 
the effective bond anisotropy

Aae = (m — £*2)0-0 — 2(cm — £*2) c—h (7)

and C-H  bonds no anisotropy, where (aj — £*2)c-c  and 
(ai — £*2)0 —h are the anisotropies of the C-C and C -H  
bonds, respectively.11 Remembering that the unit vec­
tor along a C -C  bond is given by (1 0 0)T in the co­
ordinate system defined with respect to this and pre­
ceding C -C  bonds,1 we find for the traceless tensor of 
each group

Aâ = Aa<

and hence

AâT

2A 0 0
0 - V s 0 (8)
0 0 - V s .

Vs 0 0 -  VsO -  Vs)7 (9)

Concerning the hydrodynamic property of the chain, 
we assume all carbon atoms to have an identical fric­
tion constant f.

(2) J. V. Champion and G. H. Meeten, Trans. Faraday Soc., 64, 
238 (1968).
(3) J. V. Champion and P. F. North, ibid., 64, 2287 (1968).
(4) C. V. Raman and K. S. Krishnan, Phil. May., 5, 769 (1928).
(5) G. J. Szasz, N. Sheppard, and D. H. Rank, J. Chem. Phys., 16, 
704 (1948); N. Sheppard and G. J. Szasz, ibid., 17, 86 (1949); S. 
Mizushima and H. Okazaki, J. Amer. Chem. Soc., 71, 3411 (1949); 
K. Kuchitsu, Bull. Chem. Soc. Jap., 32, 748 (1959); L. S. Bartell 
and D. A. Kohl, / .  Chem. Phys., 39, 3097 (1963).
(6) K. Nagai, Rep. Prog. Polym. Phys. Jap., 12, 41 (1969).
(7) C. A. J. Hoeve, J. Chem. Phys., 35, 1266 (1961).
(8) K . Nagai and T. Ishikawa, ibid., 37, 496 (1962).
(9) A. Abe, R. L. Jernigan, and P. J. Flory, J. Amer. Chem. Soc., 
88, 631 (1966).
(10) K. Nagai, / .  Chem. Phys., 45, 838 (1966).
(11) R. A. Sack, ibid., 25, 1087 (1956).
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We have now defined all quantities in terms of wdiich 
to express (r2), etc. We have for (r2)

’ O'
0

0 (10 )(r2) =  Zn- 1\ n- 1(0 e3r 0 0 (»H **-«*«

vectors and by dividing it by Z n, and (iv) repeat the 
procedures (ii) and (iii) to obtain the averages for 
larger n . Separate calculation of Z n is unnecessary; it 
is obtained as the scalar product of e3r with the last 
symbolic element of the ensuing column vectors. A"-1 
is totally omitted in the computations.

III. Numerical Results
where H2 is given by eq 1-65 and H2(n) is equal to H2 
with E3 in place of p. For the computational purpose 
it is more convenient to arrange eq 10  as

We put e = 0, thereby eliminating the GG' con­
formation for every pair of neighboring bonds, and 
assume the Boltzmann relation

(r2) = Z n~'\n~ \ 0 e3r 0 0 0)H2m
0
0
0

p-1e3
0

(ID

with

p le3 =  A(o- — e) * [ —  (a- +  c) <r a ]T (12 )  

Similarly, we have 

(n +  Df(Tr f) =

^ „ -V -K e 3r 0. . ,0)H2”
0
0
0

n r  ̂ 3
L P- 1e3 J

(13)

(rryr) = Z n- ' \ n~ \ 0 e3r 0. . ,0)H3n

(n +  l)r(Tr yf) =

0
- h
0

P“ ’e3

(14)

a = exp(—EG/RT) (18)

where Ec, is the energy of the gauche conformation, 
relative to that of the trans, R is the gas constant, and 
T  is the absolute temperature. Numerical results of 
AFf/Aac are plotted against n, the chain length, for 
various values of E q in Figure 1. In these calculations 
R = 1.987 cal/deg and T  =  298.16°K were used. 
Values of Arf for other temperatures and energies, T ' 
and E q ', can be obtained by interpolation; seek AFf for 
E g = 298.16 E G'/ T '.

We have examined the asymptotic behavior of various 
quantities for large n. From the analysis for stereo­
regular polymers of infinite length, given in I, we 
expect the following relations

(r2) = a0n +  60 (19)

(rTyr) = cun +  hi (2 0 )

(n +  l)(Tr f) = atn* +  62n2 +  cjn +  d2 (21)

(n +  l)(Tr yf) = a3n 3 +  h3n2 +  c3n  +  d3 (22)

where we have put b (bond length) = 1 , £ =  1 , and 
Aae = 1, without any loss of generality. If these rela­
tions are reached, the coefficients determined by the 
relations should converge

a =  Ay n and b =  y n — na  (23)

1(e.r 0 . . .0)H3m
0

fP _ ,e3
_p_1e3_

(15)
for (r2) and (rryr), and

a =  VeA3y n, b =  V2 (A2?/« -  6 (n — l)a] 
c = A y n — (2 n  — 1)6 — (3n2 — 3 n +  l)a

The flow-birefringence and strain-birefringence optical 
anisotropies of Kuhn’s random link are then expressed, 
respectively, as

AT, = 3/ 2(Tr f)-'(Tr yf) (16)

Ars = y 2(r2) - 1(rryr) (17)
Computations are carried out in the following way. 

We (i) construct H2, H3, and the column vectors at the 
for right in eq 11 and 13-15, (ii) multiply H2 or H3 
to the vectors to yield new vectors, (iii) obtain the 
required averages by making the scalar product of the 
left, row vectors in eq 1 1  etc., with the ensuing column

d =  y n — an 3 — bn~ — cn (24)

for (Tr f) and (Tr yf), where y n stands for (r2) etc. for 
n, and Aky n =  A*~h/n -  A’c- 1y n- i  with A?y n =  y n.

The asymptotic expressions eq 19-22 were actually 
borne out with numerical data; the convergence was 
reached with n =  10 0  ~  1 2 0 , though with considerable 
fluctuations. As a result it is confirmed that a2 =  
a0/ 6  and a3 =  cti/6 , or (Tr f)* = n (r2)*/6  and (Tr yf)* = 
n(rryf)*/6 , and hence

Arf = y 2(Trf)*->(Tryf)* =

y 2(r2)*->(rryr)* = Ars (25)
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Table I: Coefficients in (eq 19-22) for Selected Values of E g , ( R  =  1.987 cal/deg and T  — 298.16°K were used)

0 . 4
-Eq, k ca l/m ol- 

0 . 5 0.6 0.8

On 5.575 973 99 6.886 045 42 7.395 777 75 7.997 369 98 9.537 064 83
h -2 6 .3 4 2  331 -3 7 .4 5 5  056 -4 2 .7 2 5  974 -49 .5 01  924 -6 9 .4 5 2  860
Ox 9.820 530 58 17.877 608 6 21.289 216 1 25.608 086 4 38.208 443 9
bi -7 8 .2 9 2  74 -165 .529  236 -209 .734  4 -270 .790  9 -47 7 .10 2  1
a 2 0.929 328 999 1.147 674 24 1.232 629 63 1.332 895 00 1.589 510 81
b2 -9 .9 8 0  9 -14 .9 11 -1 7 .3 0 6 -20 .4 11 -2 9 .6 56
c2 100.2 168.0 205.9 259.1 439.4
<h -4 8 2 -9 2 3 - 1  190 - 1  620 - 3  210
d z 1.636 755 10 2.979 601 44 3.548 202 68 4.268 014 40 6.368 073 99
ba -3 3 .0 11 -6 9 .2 0 2 -8 7 .7 3 4 -11 3 .40 -2 0 0 .3 7
c3 426.3 1 010 1 353 1 866 3 843
d z - 2  570 - 6  960 - 9  880 - 1 4  560 - 3 5  100

Figure 1. A T f / A a e vs. n, the chain length, for various values of 
E g  (kcal/mol). R  =  1.987 cal/deg and T  =  298.16°K were 
used (c/. eq 18).

in accordance with the theoretical prediction, 1 where 
the asterisked average is the limiting value at the limit 
of infinite chain length.

Fluctuations in coefficients with varying n arise 
from the fact that coefficients are obtained as small 
differences among large quantities. About five sig­
nificant digits are lost in a2 and a3, and these errors 
introduce more exaggerated errors in b, c, and d. 
Fluctuations are considerably reduced by utilizing a2 =  
Oo/ 6 and a% =  eq/ 6 instead of a =  1/eA3y  in eq 24, and 
by using values of aa and eq obtained by the largest 
eigenvalue method. 12 Coefficients for selected values 
of E q, determined in this way by using consecutive y n's 
ending at n = 10 0  (for the first four) or at n =  1 2 0 , 
are given in Table I. It is found that eq 19-22 for 
(r2) etc., with coefficients thus determined, reproduce 
values directly calculated according to eq 11 and 13-15, 
with an accuracy of 10-6  or better, for n >  100. Obvi­
ously the accuracy should increase with increasing n. 
Thus the direct calculation of (r2) etc., through n  100,

together with the «.-dependence analysis described 
above permits us to cover the entire range of n, thereby 
obviating the time-consuming process of raising ma­
trices of considerable sizes to very high powers.

Temperature coefficients of Arf are plotted against 
n in Figure 2. These values are calculated from values 
of AFf at two temperatures in a close proximity of 
0 .0 1 ~  0 .1 °.

Figure 3 indicates that AFf/Aae (solid curves) and 
Ars/Aae (broken) converge to a common limit, but 
the former does more slowly. In this figure, circles 
are values of Ar{ for the hypothetical m-repeat chain 
which differs from the previous one only in that the 
first and every subsequent mth carbons alone bear a 
constant, nonzero friction. By the n-dependence 
analysis it is confirmed that Arf for this model also 
tends to the same limit at the limit of n ~ *  °°, irrespec­
tive of TO.

Ratios of values of (r2) etc. to respective limiting 
values for E G =  0.8 kcal/mol are plotted against n  in 
Figure 4. The characteristic ratio (r2)*/n = 9.537 
and hence the flexibility, for this value of E g , are 
typical of those for most synthetic polymers. We 
therefore examine the degree of convergence of various 
quantities to respective limiting values, using this 
parameter. Percentage attainments at n =  200, 500, 
1000, and 1500, respectively, are: ATf (93.8, 97.5, 
98.7, 99.2); Ars (97.3, 98.9, 99.5, 99.7); <r2> (96.4, 
98.5,99.3,99.5); <rrfr> (93.8, 97.6, 98.8, 99.2); (n +  
1) (Tr f) (91.3, 96.4, 98.2, 98.8); (n  +  1) (Trff) (85.7,
93.9, 96.9, 97.9). We thus see that lengths of about 
1 0 s skeletal bonds are sufficient to make Arf prac­
tically indistinguishable from its limiting value.

IV. Comparison with Experiment
Some additional assumptions are needed to apply the 

present theory to data on pure liquids of n-alkanes, 
because the theory was formulated for isolated chains. 
It seems prohibitively difficult to develop a theory

(12) K . N agai, J. Chem. Phys., 40 , 2818 (1964).
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Figure 2. — d In ATf/d In T  vs. n , the chain length, for various
values of ¿¡^(kcal/mol). R  — 1.987 cal/deg and 
T  =  298.16°K were used.

Figure 3. A iy A a e (solid curves) and A r3/A ae (broken) vs. n , 
the chain length. Circles and lines connecting them are ATf for 
a hypothetical wi-repeat polymer, that is, the n-alkane chain 
whose first and every subsequent with carbons alone bear a 
nonzero friction. Other parameters: E g (kcal/mol) as 
indicated, R  =  1.987 cal/deg, and T  =  298.16°K.

which takes into account complicated interactions 
among chains which may occur in pure liquids in flow. 
According to Fox and Allen, 13-16 the chain-length de­
pendence of bulk viscosity of most polymers can be 
well interpreted by a theory originally developed (by 
Debye16) for isolated chains, provided chain lengths do 
not exceed some critical values nc. This result was 
explained as follows. 13’16 For polymers of chains 
shorter than n0, chain entanglements could be neglected, 
and hence, for an individual chain, the rest of polymer 
could be regarded as acting as a continuum medium 
with an enhanced viscosity. This idea, which is widely 
accepted at present, 15 was first put forward by Bueche. 17 
We follow this idea as the first approximation. n-Al- 
kanes we are here interested in are much shorter than 
the critical length n0 =  270 for polyethylene. 18

The Journal o f  P h ysica l Chem istry, Vol. 7-4, N o. 18, 1970

Figure 4. Ratios of (r2) etc., to respective limiting values, vs. n, 
the chain length. Parameters: E g  =  0.8 kcal/mol, R  =  1.987 
cal/deg, and T  =  298.16°K.

With this isolated-chain approximation, most rela­
tions given in I remain valid with minor changes. The 
birefringence An is given by eq 1-19 with n  the refractive 
index of pure liquids instead of n0.

An =  (ir/AbkT) [(n2 +  2)2/n](?Np<Tr yf) (26)

(Do not confuse this n  with the chain length; n  in the 
Lorentz-Lorenz factor is the refractive index.) The 
viscosity is given by eq 1 - 2 1  with the i?0 term omitted

i? = l/ eN p(Tr f) (27)

Thus we find for the stress-optical coefficient

C t =  An/2VG  =  (2ir/45fcT) [(n2 +  2)2/n]Arf (28)

Champion and Meeten2 and Champion and North3 

recently reported experimental values of the stress- 
optical coefficient and its temperature coefficient of 
n-alkane liquids with n = 8~19 over a temperature 
range 15~50°. Some of their results are reproduced 
in Table II. We include there values of Arfi0bsd which 
are calculated from Ct according to eq 28 by using 1.422 
throughout for the refractive index, the value for n-do- 
decane (n = 11) at 20°. Champion, et a l.,2’3 used 
Vuks’ modification19 of the Lorentz-Lorenz internal 
field, instead of the original L-L (used in this work). 
With this modification, Ct in eq 28 is smaller by a factor 
of (n2 +  2)/3 = 1.341, and therefore values of Arf obad 
are greater by this factor than those in Table II. 
Champion, et a l.,2’3 analyzed their data by approxi­
mating an n-alkane chain by a rigid ellipsoid of revolu­
tion, on the basis of the Raman-Krishnan4 (R-K) as

(13) T . G  F o x  and V . R . A llen, J. Chem. Phys., 41 , 344 (1964).
(14) V . R . A llen  and T . G  F ox, ibid., 41 , 337 (1964).
(15) G . C. B erry  and T . G  F ox , Advan. Polym. Sri., 5 , 261 (1 968).
(16) P . D eb ye , J. Chem. Phys., 14, 636 (1946).
(17) F . B ueche, ibid., 20 , 1959 (1952).
(18) See ref 15, p  269, T a b le  I.
(19) M . F . V uks, Opt. Spectrosc., 20, 361 (1966).
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Table H :  Observed Values of the Stress-Optical Coefficient 
Ci, Arf, and the Temperature Coefficient of Ct, of w-Alkane 
Liquids, by Champion and Coworkers2 ■3

n,
no. of 
C-C 
bonds

C { X  1010, cm  see2/ g  
A t  20° A t 36°

ACf.obsd 
A t 20°

X  1 0 « , cm3 “ 
A t  36°

[d In Ct/
d ( i / r ) ] obSd,

deg/
A t 36°

8 0.355 0.904
9 0.415 1.057

10 0.54 1.375
11 0.59 0.59 1.503 1.585 689
12 0.695 0.665 1.770 1.786 575
13 0.785 0.785 1.999 2.109 417
14 0.97 0.785 2.471 2.109 866
15 1.055 0.88 2.687 2.364 884
16 1.005 2.699 880
17 1.135 3.049 901
18 1.23 3.304 883
19 1.265 3.398 878

“ Calculated from Ct according to eq 28 by using n = 1.422. 
b Small temperature dependences of the refractive index were 
neglected.3

well as Peterlin-Stuart20 (P-S) theories. They found 
that the chain-length dependence of Ct can be satis­
factorily interpreted by the R-K  theory but cannot 
by the P-S theory, while the temperature dependence 
cannot by either. A rigid ellipsoid of revolution is not 
a good model for w-alkanes in the liquid state, as we 
have pointed out. The R-K  theory is of dubious va­
lidity.

If our rotational-isomeric-state model and other vari­
ous assumptions are valid, the ratio of observed to cal­
culated values of Alb, or Arfl0bsd/Arf,cai, should be 
independent of the chain length. Values of the ratio 
for data at 20° (circles) and 36° (squares) are plotted 
against n  for E G =  0.5 (open), 0.8 (half-filled) and °° 
(filled) kcal/mol, in Figure 5. We see that the required 
constancy is not obtained with values of E G which seem 
reasonable, i.e ., E G =  0.5 ~  0.8 kcal/mol. Even E G =  
°° is not sufficient to suppress the increase in the ratio 
with increasing n. This value of E G, which corresponds 
to the fully extended, planar zigzag conformation of 
n-alkanes, is obviously unacceptable. Thus, as for the 
chain-length dependence, the present theory yields 
poorer agreement with experiment than does the R-K  
theory employed by Champion, et alA 3

Champion and North8 analyzed the temperature de­
pendence of Ct through d In C t/ d {l/ T ). Observed 
values at 36° reported by them are included in Table II. 
Champion and North3 showed that if a small tempera­
ture dependence of the refractive index is ignored the 
R-K theory predicts Ct « T ~ l for a rigid model, and 
therefore

d In C t/ d (l/ T )  =  T  (29)

With the same approximation on the refractive index, 
our theory predicts, according to eq 28

d In C'f/d(l/T) = T (1  -  d In Ar,/d In T ) (30)

Observed values (circles) at 36° by Champion and 
North3 are shown in Figure 6, together with theoretical 
values (curves) calculated according to eq 30, for various 
values of E G (kcal/mol) as indicated. The curve for 
E g =  0 or °o corresponds to eq 29, predicted by the R-K  
theory.

r  i.2s

k
<1 0.8

cr
«a o. 6
$
<1:

0.4

0.2

Figure 5. AaeArf,0bsd/Arf, 0ai vs. n, the chain length. 
Experimental data are those at 20° (circles)2 and at 36° 
(squares).3 Theoretical values are calculated using 
E q =  0.5 (open), 0.8 (half-filled), and ® (filled) 
kcal/mol, and relevant temperatures.

As E g decreases from <» to 0, or the chain flexibility 
increases, the calculated temperature coefficient first 
increases, then passes through a maximum around E g = 
1.2 ~  1.5 kcal/mol, and thereafter decreases; it does 
by no means reach the observed values (except for n  =  
13). The observed values show discontinuity with 
respect to n. Champion and North3 explained this by 
assuming that in liquids n-alkane chains with n  <  14 
are predominantly in the extended planar conformation 
whereas those with n  >  14 are in nonextended, rota­
tional-isomeric conformations. Such an abrupt change 
in flexibility does not seem reasonable, at least as far as 
isolated chains are concerned. The present theory, 
which takes into account the presence of various rota­
tional isomers, does not predict any anomaly in the 
temperature coefficient.

The present theory has thus failed to interpret con­
sistently both items of the chain-length and temperature 
dependences of the stress-optical coefficient, like the 
R -K  theory employed by Champion, et a l.2’3 This re­
quires reexamination of various underlying assump­
tions.

(20) A . P eterlin  and H . A . Stuart, Z . Phys., 113, 663 (1939).
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Figure 6. d In C f /d ( l / r )  vs. n , the chain length. Observed 
values (circles) by Champion and North,3 and theoretical values 
for various values of E g (kcal/mol) as indicated, both at 36°.

Attempts to improve the rotational-isomeric-state 
model of n-alkanes seem fruitless since the discrepancy 
goes far beyond any uncertainty in the model. The so- 
called intrachain excluded-volume effect seems negli­
gible for chains as short as n  <  2 0 , and this is particu­
larly so with our GG'-eliminated chains, as demon­
strated by us8 and by Smith.21 The hydrodynamic 
interaction, which arises from a nonuniform segment 
density, is absent in pure liquids in which every part of 
liquids is equivalent and uniform at the level of segment 
sizes.

In the isolated-chain approximation it is implied 
that all dynamic and thermodynamic interchain inter­
actions can be taken into account through friction con­
stants f j. Friction constants are known to be de­
pendent on chain lengths for very short chains. 15 Even 
if this is the case, we should find the same AG as above, 
provided G varies by a constant factor. In the op­
posite case where G depends on i, or the location of a 
friction along the chain, we can obtain AG which may 
behave differently. We do not pursue further the effect 
because any reliable evidence is lacking at present on 
the location dependence of G - A separate theoretical 
examination of the viscosity and birefringence would 
be useful.

There is a thermodynamic interchain interaction 
which cannot be properly taken into account by the 
isolated-chain approximation, i.e., the short-range 
orientation order among chain segments. n-Alkane 
chains in which the trans conformation is preferred are 
geometrically asymmetric when viewed at the level of 
the size of a methylene. If such chains are put in a 
condensed phase such as pure liquids, there would re­
sult the short-range orientational (parallel) order owing 
to the interchain excluded-volume effect and space­
filling requirement. Both the birefringence and vis­

cosity may be affected by the order, but, probably, the 
former more sensitively. The increase in chain length 
of n-alkanes would increase the geometrical asymmetry 
and the orientational order, the latter in turn increasing 
Arf to more extent than predicted by the isolated-chain 
treatment, in accordance with the above observations. 
The rise in temperature brings about, besides the de­
crease in f which has no effect on AG, the decrease in 
the orientational order, through the increasing chain 
flexibility which diminishes the geometrical asymmetry, 
and also through the decreasing density which makes 
less severe the interchain excluded-volume effect and 
space-filling requirement. As a result, Art decreases 
more rapidly than predicted by the isolated-chain treat­
ment, again in accordance with the above observations.

We recall that similar effects were found in related 
properties of n-alkanes and polyethylene. The ob­
served22 optical anisotropy of n-alkanes as pure liquids, 
increases more rapidly with increasing chain length than 
predicted28 by the isolated-chain treatment. The ob­
served24 temperature coefficient of the stress-optical 
coefficient of unswollen polyethylene networks is much 
larger than predicted.26 These results, just in line with 
our observations on flow-birefringence data, were satis­
factorily interpreted by the orientational order men­
tioned above.23’25 The orientational order is by no 
means limited to n-alkanes and polyethylene. All 
chain molecules are necessarily geometrically asym­
metric to some extent, when local portions of chains 
(comprising ten or so skeletal bonds) are regarded as 
constituent units. Frisman and her coworkers26’27 

found that for a variety of polymers Arf obtained 
through measurements on dilute solutions strongly de­
pends on solvents used. They ascribed these results 
to the short-range orientational order between solvent 
molecules and polymer segments, of the same nature as 
discussed above.27

On the basis of the above arguments, the orientational 
order may be responsible, at least in part, for the dis­
crepancy between theory and experiment. Of course 
the possibility of other defects in the isolated-chain 
approximation, e.g., the location dependence of G as 
mentioned above and some other mechanisms of un­
known origin, cannot be ruled out at present.

(21) R . P . Sm ith, J. Chem. Phys., 42 , 1162 (1965).
(22) C . C lém en t and P . B oth orel, J. Chim. Phys., 61 , 878 (1 964).
(23) K . N agai, J. Chem. Phys., 47 , 4690 (1967).

(24) A . N . G en t and V . V . V ick roy , Jr., J. Polym. Sci., Part A-Ü, 
5, 46  (1967).

(25) K . N agai, J. Chem. Phys., 49 , 4212 (1969).
(26) E . V . F rism an and V . Y a . A n dreich enko, Vysokomol. Soedin., 
4 , 1559 (1 962 ); E . V . F rism an and A n g  B a o  C hu, ibid., 4 , 1564 
(1962); E . V . Frism an, G . A . D yu zh ev , and A . K . D ad ivan ya n , 
ibid., 6, 341 (1964).
(27) E . V . Frism an, A . K . D ad ivan ya n , and G . A . D y u zh e v , Dokl. 
Akad. Nauk USSR, 153, 1062 (1 963); E . V . F rism an and A . K . 
D ad ivan ya n , Vysokomol. Soedin., 8 , 1359 (1 966); J. Polym. Sci., 
Part C, 16, 1001 (1967).
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It is well known2 that ionization in solution (unlike 
homolytic fission) is characterized by a volume decrease 
(— AF). This decrease is largely the result of the 
polarization and attraction of surrounding solvent 
molecules by the ions (électrostriction). In ionic 
equilibria, A F can be determined from density measure­
ments extrapolated to infinite dilution if stable solutions 
of the ions and of the neutral species are available; 
alternatively, it can be calculated from the effect of 
pressure on the equilibrium constant via the relation 
A V  =  — R T  à In K / à p . Both methods have been 
used for a number of weak acids in water; A F is gener­
ally found to be —10 to —15 cm3/mol, which corre­
sponds to an increase in K  by roughly 50% for every 
thousand atmospheres. The dissociation of some ion 

- pairs in water has also been studied at high pressure; 
the AF values for the MnS0.4 and MgS04 pairs are 
both about —7 cm3/mol. 3 Similar considerations 
govern the volume changes that accompany the partial 
ionization accomplished as the transition state is 
reached in solvolytic processes; one is then dependent 
on the effect of pressure on the rate constant and the 
relation AF* = — R T  b l n  k/dp. For SnI hydrolysis, 
— AF* is usually somewhat smaller than the ( — AF) 
values characterizing weak acids since the ionization is 
incomplete.

The électrostriction phenomenon is described in a 
first approximation by the Drude-Nernst equation 
AF =  — (q2/ 2rD 2)à D / àp . Both the q (charge) and 
r  (radius) dependences of AF have been confirmed at 
least qualitatively; little is known, however, about sol­
vent effects (Z) is the dielectric constant). Solvolysis 
reactions generally seem to be accelerated more by 
pressure if they are carried out in solvents such as 
alcohol or aqueous acetone than in pure water, but 
there is no confirmation of the very large pressure 
effects to be expected for ionization in nonpolar solvents. 
We report here the effect of pressure on the solvent 
separation of the tight fluorene-lithium ion pairs in 
tetrahydrofuran. This process has been found by

Hogen-Esch and Smid4 to be accompanied by charac­
teristic spectral changes. We use the apparatus shown 
in Figure 1, so designed because of the great sensitivity 
of these solutions to the atmosphere. Lithium (0.1 g) 
and mercury (4 g) are introduced into A and fluorene 
(15 mg) into B; the openings are sealed and the appara­
tus is evacuated. The mercury is warmed slightly until 
amalgation occurs. THF (10 ml) is distilled from 
potassium into B and the solution is allowed to flow into 
A by tilting; remaining traces of fluorene can be trans­
ferred by distilling a little THF back to B. After 24 hr 
a few drops of the solution in A are allowed to flow into 
B; this solution is then diluted by distilling all the 
solvent into B. The pale yellow color indicates whether 
the concentration is in the proper range. The appara­
tus is then tilted in the opposite direction to allow the 
solution to flow into C. Some nitrogen is then admit­
ted to force the solution into the Pyrex cell D (0.5-cm 
path). The apparatus is then tilted such that the 
mercury in the cell covers the sealed-in platinum tube 
(0.5-mm diameter; length is 2 mm inside the cell,

Table I : Effect of Pressure on the Ion Pair Equilibrium 
of Fluorene-Lithium in T H F  at 25.0 ±  0.1°

-OD-
p, At At

bars 373 nm 349 nm Ka

1 1.07 0.705 2.51
36 1.08 0.703 2.70
70 1.09 0.702 2.92

104 1.10 0.700 3.00
139 1.14 0.700 3.55
277 1.135 0.683 3.90
415 1.185 0.682 5.06
553 1.235 0.683 7.00
691 1.28 0.680 9.41
966' 1.39 0.700 >10

» Calculated on the basis of ratios of em /eus of 2.05 and 0.178 
for the solvent-separated and tight ion pairs, respectively (Figure 
5, ref 4); it can readily be shown that the observed ratio is a 
linear function of the mole fraction of one of the ion pairs if 
Beer’s law is obeyed by both and if both species have the same 
e at one of the two wavelengths used (note that the OD at 349 
nm is constant within 2-3%  of all pressures).

(1) Paper XX in the series, “Chemical Reactions Under High Pres­
sure.”
(2) W. J. le Noble, Progr. Phys. Org. Chem., 5, 207 (1967), and re­
views quoted there.
(3) F. M. Fisher and D. F. Davis, J. Phys. Chem., 69, 2595 (1965).
(4) T. E. Hogen-Esch and J. Smid, J. Amer. Chem. Soc., 88, 307 
(1966).
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Figure 1. Apparatus for preparing and transferring T H F  
solutions of fluorene-lithium ion pair to the high-pressure 
absorption cell.

0.5 mm outside); the cell can then be removed and 
placed in the stainless steel recepticle E, which contains 
a few drops of mercury and has a small indentation in 
the bottom to fit the platinum protrusion. The cell is 
washed with THF, warmed briefly with a hairdryer to

expel any trace of gas remaining in the platinum tube, 
and entered into the cylindrical cavity of the Aminco 
high-pressure absorption cell. The platinum tube is 
wetted by the mercury; without it, oxygen apparently 
diffuses into the cell through the THF film between the 
Pyrex and the mercury.

We find that even a pressure of 1 kbar reversibly 
converts virtually the entire solute into solvent-sepa­
rated ion pairs, and calculate AF to be —35 ±  5 cm3/  
mol (Table I). This value— for the mere insertion of a 
solvent molecule—is huge even when compared to the 
complete ionization of most neutral species in water. 
If we assume AF for the complete dissociation in water 
of a monovalent ion pair to be about —2  cm3/mol (one 
quarter that of the bivalent pairs of MnSCh and MgS04), 
we find that the volume change in THF is about twenty 
times as large; this difference is undoubtedly due to the 
greater compressibility and less rapid attenuation of 
electrostatic forces in low D  solvents. Knowledge of 
these results should enable one to test mechanisms of 
reactions involving ions postulated for such media.
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