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The Journal of Physical and Chemical Reference Data 
fills an important gap in the literature of the physical 
sciences. Its subject matter is the quantitative numeri
cal data of physics and chemistry. As the new publi
cation vehicle of the National Standard Reference 
Data System, the Journal will contain carefully evalu
ated data, with recommended values and uncertainty 
limits chosen by experts in each field. Critical com
mentary on methods of measurement and sources of 
error, as well as full references to the original litera
ture, will be an integral part of each compilation.

Examples of some of the critical compilations sched
uled for publication in the four issues of Volume I 
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• Tables of Molecular Vibrational Frequencies, Part 5,

T. Shlmanouchi
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The Journal of Physical and Chemical Reference 
Data is intended to be a definitive source of reliable 
data on physical and chemical properties. Just fill in 
the order form at the bottom of this page to receive 
this invaluable reference source.
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N O T I C E  T O  A U T H O R S

I. General Considerations
The Journal of Physical Chemistry is devoted to re

porting both experimental and theoretical research deal
ing with fundamental aspects of physical chemistry. 
Space limitations necessitate giving preference to re
search articles dealing with previously unanswered basic 
questions in physical chemistry. Acceptable topics are 
those of general interest to physical chemists, especially 
work involving new concepts, techniques, and interpre
tations. Research that may lead to reexaminations of 
generally accepted views is, of course, welcome.

Authors reporting data should include an interpreta
tion of the data and its relevance to the theories of the 
properties of matter. However, the discussion should 
be concise and to the point and excessive speculation is 
to be discouraged. Papers reporting redeterminations 
of existing data will be acceptable only if there is reason
able justification for repetition: for example, if the
more recent or more accurate data lead to new questions 
or to a reexamination of well known theories. Manu
scripts that are essentially applications of chemical 
data or reviews of the literature are, in general, not 
suitable for publication in The Journal o f Physical 
Chemistry. Detailed comparisons of methods of data 
analysis will be considered only if the paper also con
tains original data, or if such comparison leads to a 
genesis of new ideas.

Authors should include an introductory statement 
outlining the scientific rationale for the research. 
The statement should clearly specify the questions for 
which answers are sought and the connection of the 
present work with previous work in the field. All 
manuscripts are subject to critical review. It is to be 
understood that the final decision relating to a manu
script’s suitability rests solely with the editors.

Symposium papers are sometimes published as a 
group, but only after special arrangement with the 
editor.

Authors’ attention is called to the “Handbook for 
Authors,” available from the Special Issues Sales De
partment, American Chemical Society, 1155 Sixteenth 
St., N.W., Washington, D. C. 20036, in which perti
nent material is to be found.

II. Types of Manuscripts
The Journal of Physical Chemistry publishes two 

types of manuscripts: Articles and Communications.
A . Articles should cover their subjects with thor

oughness, clarity, and completeness. However, authors 
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Energetic 18F atoms formed by the 19F(n,2n)18F nuclear reaction can undergo both hot and thermal addition 
reactions with ethylene to form excited CH218FCH2* radicals. The hot reactions of 18F can be almost entirely 
suppressed by moderation with SF6 or CF4, and the excited CH218FCH2* radicals exhibit normal stabilization- 
decomposition (to CH18F = C H 2 +  H) behavior us. pressure for monoenergetically excited radicals. The 
stabilized radicals are observed as CH3CH218F after reaction with scavenger HI. The half-stabilization 
pressures for SF6 and CF4 are 80 and 135 Torr, respectively, and are essentially unchanged for moderator 
fractions >0.75. The difference in half-stabilization pressures indicates that SF6 is more efficient, per mole
cule, in removing the excitation energy of CH218FCH2* radicals. In less-moderated systems, hot reactions 
are also observed: (a) the formation of CH18F = C H 2 by a more energetic route; (b) the formation of CH18F 
from secondary decomposition of CH18F = C H 2; and (c) the formation of CH218F by decomposition of CH2- 
18FCH2*. The rupture of the C -C  bond in CH218FCH2* probably occurs predominantly after capture of 18F 
at high-impact parameters with consequent high-angular momentum in the excited radical. Similarly, sub
stitution of 18F /H  at high-impact parameters is postulated to lead to the C = C  bond rupture in CH 18F = C H 2*.

Introduction
Study of the reactions of atomic fluorine with various 

olefins has not progressed very rapidly, largely because 
of the experimental difficulties involved with the han
dling of F2, HF, and other highly reactive fluorinated 
reactants and products. Valuable information con
cerning the elementary processes involved in the reac
tions of atomic fluorine with ethylene has been obtained 
as a by-product to the use of C2H4 as a scavenger for 18F 
atoms formed by the 19F (7 ,n)18F reaction in CF4.2'3 
In this work, the 18F atoms which failed to react with 
CF4 were effectively removed by addition to ethylene, 
as in (1).

18F +  CH2= C H 2 — > CH218FCH2* (1)

The subsequent fate of these excited CH218FCH2* radi
cals was then determined by a pressure-dependent 
competition between collisional stabilization (eq 2 ) and 
decomposition by hydrogen atom loss (eq 3 ).

CH218FCH2* +  M — CH218FCH2 +  M (2) 

CH218FCH2* CH18F=C H 2 +  H (3)

The stabilized CH218FCH2 radical was then detected 
after reaction with scavenger molecular I2 as CH2- 
18FCH2I, as in (4).

CH218FCH2 +  I2 — > CH218FCH2I +  I (4)

The pressure dependence of the CH18F =C H 2/C H 2- 
18FCH2I ratio in excess CF4 further showed that the 
excited CH218FCH2* radicals were almost uniformly 
monoenergetic, indicating that the radicals were excited 
chiefly by the exothermicity of the 18F atom addition 
with small or negligible additional contribution from 
extra translational energy of the 18F atom. A similar 
F atom addition-plus-decomposition mechanism has 
been invoked in explanation of C2H3F as a product from 
the photolysis of ONP1 in the presence of C2H4.4 Very

(1) This research was supported by A.E.C. Contract No. AT- 
(04-3)-34, Agreement No. 126.
(2) N. Colebourne, J. F. J. Todd, and R. Wolfgang, “ Chemical 
Effects of Nuclear Transformations," Voi. 1, International Atomic 
Energy Agency, Vienna, 1965, p 149.
(3) J. F. J. Todd, N. Colebourne, and R. Wolfgang, J. Phys. Chem., 
71, 2875 (1967).
(4) A. L. Flores and B. deB. Darwent, ibid., 73, 2203 (1969).
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recent studies with crossed beams of F atoms (from 
thermal dissociation of F2) and C2H4 or C2D4 have con
vincingly shown that the substitution of F for H (or D) 
proceeds through a long-lived intermediate, C2H4F (or 
C2D4F) .6 The relative kinetic energy of F atoms and 
ethylene molecules averaged only 1.98 and 1.94 kcal/ 
mol, respectively, with C2H4 and C2D4 in these experi
ments. We have recently reported the results of some 
experiments on fluorine atom additions to olefins and 
acetylene, using 18F atoms generated at tracer levels by 
the nuclear reaction 19F(n,2n)18F,6-8 and obtained some 
information on reactions with ethylene in the process. 
We have now carried out a more extensive study of the 
reactions of 18F atoms with ethylene with careful atten
tion to the effects of several parameters.

First, we have utilized HI as the scavenger molecule 
instead of I2, because of the much greater ease of radio 
gas chromatographic determination of its scavenged 
radical product, CH3CH218F, than of the iodo compound 
formed in (4). In general, our measurements of the

CH218FCH2 +  HI — >  CH218FCH3 +  I (5)

yields for 18F reaction with ethylene in HI-scavenged 
excess CF4 are in excellent agreement with the earlier
I2-scavenged experiments.

Secondly, subsequent investigations of the chemistry 
of energetic 18F atom reactions with CF4 have shown 
the presence of appreciable amounts of CF18F indicative 
of (a) extensive decomposition of excited CF318F* 
molecules, 9,10 and as a corollary (b) that CF4 is not 
quite as inert a reactant as originally believed. Accord
ingly, most of our experiments have been carried out 
with SF6 as the nearly inert source of 18F atoms. Ap
proximately 1% of the 18F atoms formed in SF6 react 
while translationally “hot” to form SF5I8F, and the re
mainder are available for reaction at much lower ener
gies with minor components mixed with the SF6 moder
ator.6-8

Finally, we have been concerned with CH2= C H 2 as 
the primary substrate, and have made measurements in 
excess C2H4, thereby permitting observation of both 
thermal and hot reactions with the substrate molecule.

Experimental Section
A detailed discussion of most of the experimental 

aspects of 18F recoil chemistry as conducted in this 
laboratory has recently been presented.6-8 Our pres
ent experiments have been carried out with gas sam
ples in quite similar manner, and only a brief summary 
is given here. As in earlier systems, the sample irradia
tion temperature could only be 1 0 ° because of the 
present design characteristics of the target area of the 
fast neutron generator.

The 18F atoms were formed by the 19F(n,2n)18F 
nuclear reaction on the fluorinated gaseous substrates 
SF6 or CF4 during the irradiation of 15-ml glass am
poules with fast neutrons produced by a Kaman A711

neutron generator. The total absolute 18F production 
from SF6 or CF4 was evaluated with an accuracy of 
±  10% using the external Teflon-sleeve monitor system. 
Loss of 18F from the gas phase by recoil into the walls of 
the glass bulbs is unimportant ( < 10%) at approxi
mately 1000 Torr and progressively less important at 
higher pressures.

Research grade chemicals were used in these experi
ments: ethylene, Phillips; methane, sulfur hexafluo
ride, hydrogen iodide, and tetrafluoromethane, all 
Matheson. These gases were not further purified ex
cept by the removal of polymerization inhibitors when 
present by distillation from —78° baths, and by rigor
ous degassing in  vacuo. Samples were prepared by 
standard vacuum line procedures using a grease-free 
system. Hydrogen iodide pressures and low-pressure 
hydrocarbon components were measured in a mercury- 
free portion of the vacuum system using a spiral-gauge 
manometer.

The maximum pressure in the ampoules was effec
tively limited to about 3500 Torr by the characteristics 
of the glass vacuum line and the ampoules themselves. 
With the ampoule diameter limited to 2  cm by the 
irradiation geometry requirements of the neutron 
generator, the lower pressure limit for experimentation 
was determined by increasing recoil loss into the walls 
at lower pressures. The decrease in statistical accuracy 
at lower pressures is also significant for products with 
low percentage yields since the total 18F production is 
linearly proportional to the pressure of the fluorinated 
substrate in the system.

The 18F-labeled products were analyzed by radio gas 
chromatography with an external flow proportional 
counter detector.6,11 Chromatographic separation of 
the products observed in these systems is routinely 
carried out with dimethylsulfolane or di-n-butyl 
phthalate columns 50 or 100 ft in length, and with sili
cone oil columns 25 or 50 ft in length.

A typical separation of the radioactive products ob
served from 18F reaction with HI-scavenged C2H4 in 
excess SF6 is shown in the upper half of Figure 1. The 
corresponding radio gas chromatogram without scaven
ger present (lower half of Figure 1) shows essentially 
unchanged yields of SF518F and CH18F=C H 2, while 
CH318F and C2H518F are not formed at all without HI as 
an H atom donor. In the absence of HI, an additional 
minor radioactivity peak from c-C3H518F is found in

(5) J. M. Parson and Y . T. Lee, J. Chem. Phys., 56, 4658 (1972).
(6) T. Small, G. Miller, and F. S. Rowland, J. Phys. Chem., 74, 3464 
(1970).
(7) T. Smail, R. S. Iyer, and F. S. Rowland, ./. Amer. Chem. Soc., 94, 
1041 (1972).
(8) R . L. Williams and F. S. Rowland, ibid., 94, 1047 (1972).
(9) Y.-N. Tang, T . Smail, and F. S. Rowland, ibid., 91, 2130 (1969).
(10) C. F. McKnight and J. W . Root, J. Phys. Chem., 73, 4430 
(1969).
(11) T. Smail and F. S. Rowland, ibid., 74, 1866 (1970).
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Figure 3. Ratio of decomposition/stabilization t>s. 
(pressure)-1 for 18F-labeled products from 18F reactions with 
C2Hi in excess C F 4 (all samples contained C F 4 / C 2H 4 in the 
approximate ratio 18/1): O, C 2H 3I8F / C H 2I C H 218F  with I2 as 
scavenger at 25°; data of Wolfgang et al., ref 2 and 13; solid 
points, C 2H 318F / C H 3C H 218F  with HI as scavenger at 10°
(this work); ratios, H I/C 2H4 (•), 0.2; (A) 0.5; (■) 1.0.

Figure 1. Radio gas chromatographic separation of 
18F-labeled products formed by I8F reactions with C2H4 in 
mixture with SF6 (analysis on 100-ft DMS column), 
mixture composition (in Torr): (•) SF6 730, C2H4 730, HI
0; (O) SF6 740, C2H4 730, HI 40.

Figure 2. Radio gas chromatographic separation of c-C3H518F 
formed by 18F reactions with C2H4 in absence of HI scavenger. 
(Analysis with two 50-ft DMS columns in series, with peaks 
through C2H518F passing through all 100 ft, see Figure 1.
After C2Hs18F, the second 50-ft column was by-passed, and 
the peaks still in the first 50-ft column were allowed to emerge 
directly from it into the counter.) Mixture compositions and 
symbols as in Figure 1 .

C2H4/SF6 mixtures, as illustrated in Figure 2 . The 
c-C3H518F radioactivity is not separated from CH218F- 
CH=CH2 on the dimethylsulfolane column used in 
Figure 2 . Separate measurements with the butyl 
phthalate column confirm that c-C3H518F is the major 
component of this minor peak; the yield of CH218F- 
CH=CH2, if present, is so low that it is not statistically 
significant.

An additional difficulty was observed at very low' 
pressures (<100 Torr) when nominal HI concentrations 
of about 1 Torr were tried. Occasionally, no CH3- 
CH2i8F was observed, and in other cases, the amount 
was variable for apparently duplicate samples. In 
these experiments, the yields of CH18F =C H 2 showed no 
obvious abnormalities. It may be that wall absorption 
problems, variable from sample to sample, can some
times deplete the HI when its total concentration is low-.

Most of the remaining 18F can be found on the wall in 
SF6-C 2H4 mixtures as expected for H 18F, and has been 
determined in a few experiments. In most instances 
here, however, no separate determination wTas made of 
the H18F yield since quantitative yield comparisons are 
less accurate than those involving the chromatographi- 
cally separable components.

All of the pressure measurements quoted in these ex
periments were those performed in filling the bulbs at 
room temperature (about 23°) and have not been 
corrected for the lower actual temperature (about 1 0 °) 
and, therefore, pressure during the irradiation itself. 
The pressures for stabilization of one-half of the CH2)8F- 
CH2 radicals can be converted to moles/liter of SF6 or 
CF4 on the basis that 760 Torr pressure is equivalent to 
molar volumes of about 24.3 M .

Results and Discussion
C F f-C zH i M ixtu res. A set of experiments has been 

performed with 18/1 CF4/C 2H4 mixtures, using HI as 
the radical scavenger. The moderator ratio was chosen 
to match that used in the earlier experiments of Cole- 
bourne, Todd, and Wolfgang. The yields of the ob
served volatile products from our experiments are 
shown in Table I and Figure 3 for some typical experi
ments. The labeled CF318F is made by direct 18F/F  
substitution in CF4, while CHF218F arises from CF318F 
decomposition by C-F bond break followed by HI

The Journal of Physical Chemistry, Voi. 76, No. 24, 1972
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Table I : Volatile Radioactive Products from 18F Atom Reactions in Typical Mixtures of C2H4 with CF< or SF6

■Pressure, Torr-

c f 4 1480 570 232
s f 6 3840 1570 287 94
c 2h 4 83 31 13 209 87 16 5
HI 17 6 2 42 17 3 1

Product Yields, %  Absolute 18F
CF318F 2.24 ±  0.09 1 .9 0 ±  0.17 2.33 ± 0 .2 1
CHF218F 0.58 ±  0.09

0.21 ±  0.07 0.22 ±  0.17
CH318F 0.32 ±  0.07 0.52 ±  0.20 0.21 ±  0.02 0.20 ±  0.03 0.35 ± 0 .1 8
CH18F =C H 2 5.61 ±  0.08 10.6 ± 0.2 17.9 ± 0 .4 1.67 ±  0.03 3.0 ± 0 .1 11.2 ± 0 .3 16.9 ±  0.6
CH3CH2'8F 58.7 ± 0 .3 47.9 ± 0 .4 32.9 ± 0 .7 53.2 ± 0 .2 59.0 ± 0 .2 45.2 ± 0 .6 23.0 ±  0.9
SF518F 1.29 ±  0.02 1.06 ± 0 .0 3 1.09 ±  0.13 0.3 ±  0.3

Table II : Volatile Radioactive Products from 18F Atom Reactions in Mixtures of CF4, C2H4, and HI at L000 Torr Total Pressure

■Pressure, Torr-

c f 4 945 919 946 951 956
c 2h 4 52 61 45 23 12
HI 11 30 45 23 12

Product Yields, %  Absolute 18F Production
CF31SF 2.08 ± 0 .0 7 1.82 ± 0 .0 7 1.94 ±  0.07 1.83 ± 0 .0 7 1.70 ± 0 .0 6
c h f 2«f
c h 3>*f

0.12 ±  0.04 
0.44 ±  0.06 0.82 ±  0.08 1.01 ±  0.06 0.68 ±  0.08 0.52 ±  0.07

CH18F =C H 2 7.45 ±  0.12 6.54 ±  0.13 5.48 ±  0.12 5.45 ±  0.12 4.80 ±  0.12
CH3CH2i8F 53.2 ±  0.3 49.8 ±  0.4 42.1 ±  0.3 40.4 ±  0.3 36.4 ±  0.3

D/S, (CH“F =C H 2)/ 0.140 ±  0.003 0.131 ±  0.003 0.130 ±  0.003 0.135 ±  0.003 0.132 ±  0.004
(CH3CH2i«F)

scavenging of CF218F. The CH18F==CH2 and CH3- 
CH218F are the decomposition and stabilization 
products, respectively, from reactions 2 , 3, and 5. The 
CH318F is a hot product, discussed in detail later.

The general lack of dependence of the measured D /S  
ratio upon C 2H 4 and H I  concentrations is shown by the 
set of data in Table II, gathered at about 1000 Torr 
total pressure. These data are completely consistent 
with the assumption that almost all of the C H 2l8F C H 2* 

radicals were formed by addition to ethylene of essen
tially thermal 18F atoms. At any H I / C 2 H 4  ratio ^0.1, 
sufficient H I  is present to capture all of the stabilized 
C H 218F C H 2 radicals. As the ratio of H I / C 2 H 4  is in
creased, however, a smaller percentage of 18F atoms are 
captured by C 2H 4 because of competition with reaction 
1 by reaction 6 .12

18F +  HI — *■ H18F +  I (6 )

The data of Table I can be plotted in the usual man
ner for chemically activated species, he., decomposition/ 
stabilization (D /S )  vs. reciprocal pressure, giving a good 
straight line for the CH18F=C H 2/CH 3CH218F ratio as 
expected when the sources for both are CH218FCH2* 
radicals with reasonably monoenergetic excitation. 
Our Hl-scavenger data are in good agreement with the

CH18F=CH 2/CH 218FCH2I ratios measured earlier in 
the presence of I2 scavenger by Colebourne, Todd, and 
Wolfgang, 13 as shown in Figure 3. Our best straight- 
line fit does not pass through zero, indicating that about 
2% of the (CH18F=C H 2 +  CH3CH218F) sum is actually 
CH18F=CH 2 produced by some hot process, and not by 
decomposition of a CH218FCH2* radical activated by 
the addition of a thermal 18F atom to C2H4. Two 
hypothetically possible sources for this small incre
ment of “hot” CH18F=C H 2 are (a) decomposition 
of much more highly excited CH218FCH2* radicals 
formed by the addition of hot 18F atoms to C2H4 and
(b) direct 18F/H substitution without the intervention 
of a true radical intermediate.

The pressure for half-stabilization of these CH2- 
18FCH2* radicals is 135 ±  10 Torr, corresponding to 
an average lifetime of about 10~ 9 sec. The linearity 
of the best fit indicates an absence of appreciable spread 
in the excitation energies of the decomposing radicals. 
However, such fits are not very sensitive to the pres-

(12) R. L. Williams and F. S. Rowland, J. Phys. Chem., 75, 2709 
(1971).
(13) The data were given only in graphical form of a different kind 
in ref 2. The original data were kindly furnished to us by the late 
Professor Wolfgang and have been replotted here to facilitate direct 
comparison on a D/S vs. \/P graph.
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ence of 10-30% of the radicals with energies 5-15 
kcal/mol greater than the remainder, and data of our 
accuracy could be accommodated either with a dis
tribution corresponding to the normal spread from 
thermal fluorine atoms plus thermal ethylene, or from 
a thermal distribution plus a minor component of 
moderately larger energies.

The reasonably monoenergetic nature of the excita
tion implies that the major source of this excitation 
energy is the exothermicity of the 18F atom addition 
to the olefin, with any extra translational energy of 
the 18F atom minor in comparison. The excitation 
energy of CH218FCH2* radicals formed by addition 
of thermal fluorine atoms is approximately 44 kcal/ 
mol. 14-16

Comparison of System s Using H I  and / 2 as Scavengers. 
The comparative results of I2-scavenged and HI- 
scavenged CF4-C 2H4 mixtures illustrated in Figure 
3 indicate reasonable quantitative agreement for two 
systems involving two different nuclear reactions as 
the 18F source: I9F(y,n)18F for the I2 system and
19F(n,2n)18F for the HI system. The best straight 
line fit to the I2 data of Figure 3 has a lesser slope (and 
a greater intercept) than for the HI data on the same 
graph. Evaluation of the graphical data of ref 2 in
dicates about 150 Torr as the pressure for half-stabi
lization in the I2 system. 17

Both sets of data in Figure 3 are graphed vs. filling 
pressures in the samples, i.e ., room temperature in 
each case, and hence can be directly compared even 
though the samples were irradiated at 25° for I2-sca- 
venged and 10° for Hi-scavenged experiments. How
ever, the C2H4 bath molecules have slightly less ther
mal energy at 10° (about 0.12 kcal/mol) than at 25°, 
and the CH218FCH2 radicals should be correspondingly 
less energetic and have therefore a higher density for 
half-stabilization at the lower temperature. The 
actual slopes of 135 and 150 Torr in Figure 3 vary in 
the opposite direction; so far, we have not been able 
to vary our sample temperature to make direct mea
surements of the actual magnitude of the temperature 
effect on CH218FCH2 decomposition.

Absolute Yields in  the C'F4-C 2H4 System . The em
phasis in the present paper is on the reactions of 18F 
atoms with C2H4 and not with CF4. Nevertheless, 
certain discrepancies with the earlier CF4 experiments 
should be noted. Absolute yields of 2.9 ±  3 and 2.3 
±  0.3% were reported in C2H4/ I 2 scavenged CF4 for 
CFS18F and CF218F (determined as CF218FI) . 2 The 
data on CF318F yield in Tables I and II indicate a yield 
of only about 2.0%, rather than 2.9%. The prime 
source of this discrepancy resides in the question of 
volatile yields not determined by radio gas chromato
graphic analysis.6 Our summed yields of CH18F =C H 2 
plus C2H518F amount to only about 65% of the total 
18F formed, and we attribute ~ 3 0 %  to formation of 
HI8F by reaction with C2H4.

In our own experiments with C2H2, we have shown 
that substantially more organically bound 18F can be 
recovered (about 83%) than is found with C2H4, con
sistent with a much lower yield of H18F from C2H2 
than from C2H4. We believe that the absolute yield 
of CF318F from the I2-scavenged experiments would be 
reduced to within statistical error of our value of about 
2.0%, if correction is made for H18F yields equivalent 
to that found in our system. The apparently much 
greater discrepancy between the 2.3 ±  0.3% CF218F 
yield as CF2I8FI and the values a factor of 10 lower in 
Tables I and II is the result of preferential CF2I8F re
action with C2H4 rather than HI. In the absence of 
C2H4, the yield of CHF218F from CF4 is about 1.4%, 
reflecting the same generally lower estimate of absolute 
yields in our experiments.

S F t-C iH i M ixtures. Experiments with a variety 
of mixtures have demonstrated that hot 18F atom re
actions occur with lower yield in SF6 than in CF4, and 
hence that the former has some advantages as an “in
ert” fluorine atom source for reactions with other sub
strates. The yields of observed products from typical 
high- and low-pressure SF6 samples are also listed in 
Table I and illustrated in Figures 1 and 2 , while a graph 
of the ratio of CH18F=C H 2/CH 3CH218F yields vs. 
1 / P  is shown in Figure 4 for Hi-scavenged 18/1 SF6/  
C2H4 mixtures. The data fall onto a good straight 
line fit which extrapolates to an infinite pressure limit 
of about 1% CH18F=C H 2 from hot sources. The 
band illustrated in Figure 4 shows the limits for a pres
sure for half-stabilization of 80 ±  5 Torr and an inter
cept of 0.006. Clearly, the error in the intercept could 
be as much as 0.005, but the slope for any intercept 
must correspond to a pressure for half-stabilization 
of about 80 Torr. Flores and Darwent, also measured 
the stabilization of C2H4F* by SF6 and found that 
pressures of about 100 Torr were required.4 In their 
system, however, the SF6 may have been quenching an

(14) Since the A H f  values for CH 2 and most of the partially fluori- 
nated molecules have uncertainties of d= 1-3 kcal/mol, the A H  values 
for reactions involving them are only approximate with possible 
errors as large as ± 3 -5  kcal/mol. Heats of formation in kcal/mol, 
as given in ref 7 and 15, are

F +  18.9 CH 2F -  7 C2H 2 +  54.2
HF -6 4 .8 CHF +25 C2H 1 +  12.5
H +  52.1 c h 2 +  9316 c h 2= c h f - 2 8

A H f  for CH 3F is —55.9 kcal/mol. Assuming that the substitution 
of CH 3 for H has the same effect on CH 3F as on CHt, Ai7f(C2H5F) = 
— 58 kcal/mol. If the bond dissociation energy for CH 2FCH 2-H  is 
98 kcal/mol as in C2H 5-H , then Ai7f(CH2FCH2) is —12 kcal/mol, 
and the addition of thermal F to C2H 4 is about 44 kcal/mol exo
thermic.
(15) “ Selected Values of Chemical Thermodynamic Properties,” 
Circular 500, National Bureau of Standards, 1952.
(16) We use a value of + 93  kcal/mol as our weighted average of 
these values: 93.9, V. H. Dibeler, et al., J. Chem. Phys., 42, 3701 
(1965); 94.6, W. A. Chupka and C. Lifschitz, ibid., 48, 1109 (1968); 
91.9, W. A. Chupka, ibid., 48, 2337 (1968); 95.5, W. A. Chupka, 
J. Berkowitz, and K. M . A. Refaey, ibid., 50, 1938 (1969).
(17) This value was read from the graph of S/D vs. P in Figure 9 of 
ref 2. A pi/2 of 150 Torr corresponds to approximately 4.7 l./m ol 
at 25°, and not the value of 10.7 l./m ol listed in ref 2.
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Figure 4. Ratio of decomposition/stabilization vs. 
(pressure)-1 for 18F-labeled products from 18F reactions with 
C2H4 in excess SF6 (all samples contained SF6/C 2H4 in the 
approximate ratio 18/1): D/S = C2H318F /C 2H618F ; H I/C 2H4 
ratios: (O) 0.2, (□) 1.0, (X ) 3.0. The slopes illustrated
cover the range of pressures for half-stabilization between 
75 and 85 Torr.

electronically excited ONF* precursor to the F atoms, 
as well as stabilizing C2H4F* itself. The observed 
pressure effects could not be separated into these in
dividual processes.

Additional experiments have also been run at other 
ratios, chiefly 3.7/1 and 40/1, with the results shown 
in Figure 5. The linear plots of D / S  vs. l / P  with non
zero intercepts at P  =  c° can be treated as mixtures 
of radicals with two different half-pressures for stabi
lization: (i) the radicals formed by thermal 18F atom
addition and (ii) some very hot radicals with stabi
lization pressures very much higher than the experi
mental range. The contribution from the latter should 
be crudely proportional to the fraction of hot collisions 
which occur with the substrate, C2H4, and not with 
the moderator, SF6. The intercepts of Figures 4 and 
5 are roughly proportional to the C2H4/SF6 ratios of 
the mixtures, consistent with an increased hot contri
bution of CH18F =C H 2 for increased C2H4 mole frac
tion.

The slopes of these D / S  lines, after the small cor
rection required for the presence of the hot reactions 
shown by the nonzero intercept, are all reasonably 
consistent with the same 80 ±  5 Torr pressure for half- 
stabilization. The points at low pressures and/or low 
HI concentrations are the least accurate because of 
statistical problems associated with low 18F total pro
duction at low pressures and the scavenging problems 
associated with very low HI concentrations. The 
slopes of these curves are very sensitive to any change 
in average rate of decomposition of C2H418F*— a factor 
of 2 in slope corresponds to a factor of 2 in the rate, 
which in turn represents only 1 or 2 kcal/mol excitation

Figure 5. Ratio of deeomposition/stabilization vs. (pressure)-1 
for 18F-labeled products from 18F reactions with C2H4 for 
varying ratios of C2H4/SF 6: D/S =  C2H318F /C 2H518F; 
ratios, SF6/C 2H4/H I (O) 3.7/1/0.2, (•) 40/1/0.2, (□) 40/1/1,
( X ) 80/1/1. The slopes illustrated cover the range of pressures 
for half-stabilization between 75 and 85 Torr.

energy. Therefore, the nearly equivalent slopes for 
all three mole fractions indicate that very little addi
tional excitation energy is being removed by the pro
gressive increase in the fraction of collisions of 18F with 
the moderator SF6. In turn, this implies that most 
of the 18F atoms react while essentially thermal even 
in 3.7/1 mixtures, and certainly in 18/1 or 40/1 mix
tures.

The half-pressure of 80 Torr is substantially less 
than the 135 ±  10 Torr found in CF4 mixtures. Al
though SF6 is somewhat larger than CF4, we have esti
mated that the normal cross sections for CH218FCH2 
collisions with SF6 are only about 2 0 %  larger than with 
CF4. 18 Since the excitation energy of the radical is 
presumably determined almost entirely by the exother- 
micity of the 18F atom addition reaction and is therefore 
independent of the source for these thermalized 18F 
atoms, this change in half-stabilization pressures im
plies that SF6 is considerably more efficient per colli
sion than CF4 in stabilizing excited CH218FCH2* radi
cals. This in turn implies that a “strong,” single colli
sion assumption for the stabilization of CH2I8FCH2* 
radicals is not entirely adequate, at least for collisions 
with CF4. Less than unit stabilization efficiency, 
i.e., energy loss per collision insufficient for total sta
bilization in one collision at any pressure, also leads to 
curvature in D / S  vs. l / P  plots, but such curvature is 
negligibly small until the experimental D / S  ratios are 
well in excess of 1.0. Experiments in the «100  Torr 
range would be required in order to determine whether

(18) Approximate collision diameters, from J. O. Hirschfelder, 
C. F. Curtiss and R. B. Bird, “ Molecular Theory of Gases and 
Liquids,”  Wiley, New York, N. Y., 1954. SF«, 5.51 A; CF4, 4.70 A; 
CH 2FCH 2 , estimated as = C 2He, 3.95 A.
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Table III: Pressures for Stabilization of One-Half of the Excited Fluorinated 
Ethyl Radicals Formed by Addition of Near-Thermal ISF Atoms to Olefins

R e a c t io n  s o u rce E x c it e d  so u rce
D e c o m p o s i t io n

ro u te
H a lf-p re ssu re ,

T o r r R e f

“ F +  CH2=CH2 
“F +  CHF=CF2 
18F +  CFî=C F 2

CH218FCH2* CH18F =C H 2 +  H
CHF18FCF2* CHF18F +  CF2
CF218FCF2* c f 2« f  +  c f 2

80 ±  5 
45 ±  5 

218 ±  15

This work 
7 
6

Table IV : Absolute Yields of Volatile 18F Products from 18F Reactions in Hi-Scavenged Gaseous SF6-C 2H4 Mixtures

Total pressure, 1510 1510 1720 1430 1530
Torr

HI pressure, 43 43 44 46 7.5
Torr

Mole fraction 0.74 0.43 0.17 0.16 0.024
c 2h 4

SF518F 0.6 ±  0.1
Absolute Yield, %  Total 18F Product 

0.55 ±  0.1 1.16 ±  0.03 0.96 ±  0.03 1.08 ±  0.04
CH318F 3.5 ±  0.2 2.0 ±  0.1 0.38 ±  0.02 0.33 ±  0.02 0.08 ±  0.03
CH18F =C H 2 9.0 ±  0.3 7.3 ± 0 .1 4.76 ±  0.05 5.14 ±  0.06 3.03 ±  0.18
CH3CH2i8F 25.1 ±  0.4 34.0 ± 0 .3 53.6 ± 0 .2 55.8 ± 0 .2 59.8 ± 0 .2

such curvature exists in this system. At such low 
pressures, our total 18F production becomes statistically 
marginal, and the recoil losses to the walls rapidly 
rise toward 1 0 0%.

The collision efficiencies of both SF6 and CF4 for 
the stabilization of excited alkyl radicals have earlier 
been determined by Rabinovitch and coworkers, 19-22 
although apparently never in directly comparable 
experiments with the same excited radicals. While 
both perfluoro molecules are relatively efficient in re
moving excitation energy, some measurements with 
CF4 suggest an average energy loss per collision as low 
as (E ) =  4.5 kcal/mol (with excited 2-pentyl radi
cals) . 21' 22 Our observation that SF6 is apparently 
more effective than CF4 in stabilizing excited CH2- 
18FCH2* radicals thus shows no inconsistency with the 
scattered prior observations of the stabilizing ability 
of these two molecules for a variety of alkyl radicals. 
Some of the earlier experiments with CF4-C 2H4- I 2 
mixtures were carried out in the presence of neon as a 
moderator gas. At a constant total pressure of 1 atm, 
the amount of decomposition product (C2H318F) rose 
steadily with increasing neon mole fraction until it 
even exceeded the stabilization product (CH218FCH2I) 
yield.2 Per molecule, CF4 was calculated to be 7.5 
times more efficient than Ne in removal of the excita
tion energy of CH218FCH2* radicals. The lesser effi
ciency of neon than polyatomic molecules is consistent 
with all of the observations on noble gas stabilization 
of excited molecules.

The pressure for half-stabilization in SF6 of the ex
cited radicals formed by the 18F addition to ethylene 
is listed in Table III with the corresponding half-pres

sures found for other fluorinated ethyl radicals in 
similar experiments.6,7 The difference in decomposi
tion mechanisms (C-H vs. C-C bond rupture) makes 
direct comparison of the numerical values for half
pressure relatively meaningless. The mechanism 
change itself is related to the unusually high stability 
of CF2 fragments (C-F bonds with -—̂ 125 kcal/mol 
bond strength).

H ot 18F Reactions with C H 2= C H 2. The probability 
that 18F atoms can react with C2H4 while still carrying 
appreciable extra kinetic energy is greatly increased 
by increasing the mole fraction of the target C2H4 in 
the mixture. The yields of 18F products found in 
SF6-C 2H4 mixtures scavenged with HI are summarized 
in Table IV and Figure 6 for a wide range in mole frac
tions of SFe. At any given energy, the probability 
that the next collision will be with C2H4 rather than 
with SF6 is about 60 times greater in 25% SF6 mixtures 
than in 95% SF6, and the likelihood of hot reactions 
is greatly enhanced for the former.

The yields of two products, CH318F and CH18F =  
CH2, increase with decreasing mole fraction of SF6, 
as expected for products whose formation is initiated 
by the reaction of a hot 18F atom. The approximate 
linearity of these decreases in hot product yields sug
gests, similar to the observations in SF6-C 2H2 mixtures,8 
that the inelastic nonreactive scattering processes are

(19) G. H. Kohlmaier and B. S. Rabinovitch, J. Chem. Phys., 38, 
1709 (1963).
(20) D. C. Tardy and B. S. Rabinovitch, ibid., 48, 5194 (1968).
(21) C. W. Larson and B. S. Rabinovitch, ibid., 51, 2293 (1969).
(22) J. H. Georgakakos, B. S. Rabinovitch, and E. J. McAlduff, 
ibid., 52, 2143 (1970).
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ABSOLUTE YIELDS

Figure 6. Absolute percentage yields of 18F-labeled products 
vs. mole fraction C2H4 from 18F reactions in Hi-scavenged 
SF6-C 2H4 mixtures (total pressures 1600 ±  100 Torr): (•)
SF518F, (A) C2H518F, (□) C2H318F, (O) CH318F.

crudely comparable in SF6 and in the hydrocarbon 
(be., similar a values). At the same time, the total 
observed yield of 18F products has diminished markedly. 
The most probable sink for the “missing'’ 18F, unmea
sured in these particular experiments, is through ab
straction of H from C2H4, as in (7). Even in 95% 
SF6-moderated systems, abstraction from ethylene is 
competitive with addition to it as indicated in Table 
I by the maximum total observed yields of about 65%. 
The crossed beam experiments of Parson and Lee have 
shown that both abstraction and addition occur in 
appreciable yield even at relative kinetic energies of 2 
kcal/mol.5 The decrease in total observed yields with 
decreasing mole fraction SF6 in Table IV suggests that 
abstraction is relatively more favored over addition 
as the energy of the 18F atom is increased.

The increase in CH18F=C H 2/CH 3CH218F ratio at 
lower SF6 concentrations indentifies the formation

18F +  CH2= C H 2 — H18F +  C2H3 (7)

of CH18F =C H 2 by one or more hot processes in addi
tion to the decomposition of CH218FCH2* after ther
mal 18F atom addition. One possible mechanism 
for hot CH18F =C H 2 formation has been discussed 
earlier, the addition of hot I8F atoms to C2H4, followed 
by much more rapid decomposition of these more highly 
excited CH218FCH2* radicals. A second mechanism, 
given in (8 ), is the direct (be., without free radical in
termediate) substitution of 18F-for-H, in analogy with 
similar substitution reactions found with alkanes, 
cyclanes, and other molecules.9' 10' 23 This reaction

18F* +  CH2= C H 2 — ^ CH18F=C H 2* +  H (8 )

must be initiated by energetic 18F atoms for no direct 
substitution has been observed with 2-kcal/mol F 
atoms.6

The greatly increased formation of CH318F at lower 
SF6 mole fractions in Hi-scavenged systems can also 
be accounted for by two mechanistic sequences. First, 
the CH18F=C H 2* molecules formed in (8 ) are likely 
to be highly excited, again by analogy with the cyclane 
and alkane data, and can decompose by C =C  bond 
rupture, as in (9). Any CH18F formed in this system

CH18F =C H 2* CH18F +  CH2 (9)

would be expected to react consecutively with two 
molecules of HI by the sequence of reactions 10-12. 11 
An alternate source for CH318F of hot origin is the for-

CH18F +  HI — >  CH218FI* (10)

CH218F1* — ► CH218F +  I (11)

CH218F +  HI CH318F +  I (12)

mation of CH218F by decomposition of CH218FCH2* 
as in (13), again followed immediately by (12).

CH218FCH2* CH218F +  CH2 (13)

The two possible precursors, CH18F and CH218F, 
can be distinguished through experiments in the ab
sence of HI scavenger, in which CH18F will then react 
with C2H4 to form c-C3H618F, as in (14). As shown 
in Figure 2 and Table V, c-C3H618F is found in SF6-  
C2H4 mixtures without HI present. The yield of this 
CHI8F product is less than half that of CH318F observed 
in the Hi-scavenged experiments at the corresponding 
pressure, and C2H4 has been shown to be a sufficiently 
good scavenger for CH18F such that trapping should 
have been essentially complete under these conditions.24 
By difference the additional CH318F yield in Hl-scav- 
enged experiments can be attributed to the presence 
of CH218F radicals. In 50-50 SF6-C 2H4 mixtures 
around 1600 Torr total pressure, the yields of CH18F 
and CH218F are approximately 0.8 ±  0.4 and 1.2 ±  
0.4%, respectively.

CH18F*
CH18F +  CH2= C H 2 —^  / \  (14)

CH2— c h 2

In the absence of HI, no measurable yields of CH3- 
CH218F are observed, as shown in Figure 1, signifying 
that CH218FCH2 radicals are not energetic enough to 
abstract H from C2H4, but instead are lost to recom
bination with other radicals, to polymerization, or to 
wall reactions.

Energetics of H ot 1SF  Reactions with Ethylene. The 
decomposition of CH218FCH2* by C-C bond break

(23) C. F. McKnight, N. J. Parks, and J. W. Root, / .  Phys. Chem., 
74, 217 (3970).
(24) Y.-N. Tang and F. S. Rowland, J. Amer. Chem. Soc., 89, 6420 
(1967).
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Table V : Absolute Yields of Volatile * 18F Products 
from l8F Reactions in SF6-C 2H4 Mixtures

Pressure, SF6 842
Torr C2H4 842

Absolute Yields, %  18F
SF618F 0.64 ± 0 .0 3
CHi8F =C H 2 6.9 ± 0 .1
c-C3H6llF 0.62 ± 0 .1 7
CH2«FCH =CH 2 0.20 ±  0.08

requires about 55 kcal/mol more excitation energy 
than is available from the exothermic addition of ther
mal 18F to C2H4. On the other hand, addition and 
subsequent loss of 18F is thermoneutral, while the re
placement of H by I8F is 7 kcal/mol exothermic. 14 * 
The observed minimum energy pathway for CH2-
18FCH2* decomposition is that of H atom loss, as shown
by the data of Table I and Figure 6 .

Although the decomposition of CH18 *F=C H 2 by
C =C  bond break is approximately 146 kcal/mol en
dothermic, the positive identification through c-C3H518 *F 
of the presence of CH18F is good evidence that this 
reaction can readily occur for energetic 18F atoms. 
One alternative decomposition path for CH18F =C H 2
(the loss of H, endothermic by about 109 kcal/mol) 
should lead to no observed volatile activity unless HI 
is present and should reform the parent CH18F =C H 2 
when HI is present. The incremental yield with and 
without HI as scavenger is quite small (about 7.3 in 
Table IV vs. 6.9 in Table V), indicating that very little 
H loss occurs from excited CH1SF=C H 2*. Another 
alternative path for decomposition (the 1 , 2 elimina
tion of H 18F) seems likely by analogy with other sys
tems,25' 26 but has not been measured in these experi
ments, since the only radioactive trace would be H 18F. 
This reaction is only 17 kcal/mol endothermic and has 
been observed from tritium-labeled excited vinyl fluo
ride, in which CH =CT is left as an observable 
product. 27

CH18F=C H 2* — > CH=CH +  H18F (15)

Decomposition by C =C  bond break is not a com
pletely new observation for 18F atom addition experi
ments: it is readily observed with CF18F=C F 2*,
for which rupture into CF18F +  CF2 requires only 76 
kcal/mol. Moreover, the average energy for 18F/H  
replacement in CH3CF3 has been estimated as 6.3 ±

1.0 eV (~145 kcal/mol) 25 so that postulated excita
tion energies in the 150 kcal/mol range are consistent 
with other experimental observations for hot 18F atom 
reactions. A concurrent question can be raised, how
ever: why should very highly excited CH18F=C F 2* 
molecules decompose by the highly endothermic path
way of C =C  bond rupture when several much less 
endothermic routes (loss of H ; loss of 18F ; elimination 
of HI8F) are available? Qualitatively, the answer 
may well lie in the rotational angular momentum im
parted to the resulting radical if 18F is captured by 
ethylene at high-impact parameters. Such rotational 
angular momentum is available for stressing the C =C  
bond, and is not readily transmitted into the loss of 
H or elimination of H 18F; the immediate loss of 18F 
in such a hot addition reaction corresponds quite closely 
to simple inelastic scattering of 18F and may not be 
easily detected.

As indicated above, an entirely comparable question 
can be phrased for the decomposition of excited CH218F- 
CH2* radicals: why is C-C bond break ever remotely 
competitive with the less endothermic routes of loss 
of 18F or H atoms? A very similar answer presumably 
holds here as well, the capture of 18F at high impact 
parameters imparts to the excited radical an amount of 
rotational angular momentum which is not readily 
effective for the loss of an H atom, but which is quite 
available for bending and rupturing the C-C bond. 
The loss of 18F, again almost indistinguishable from 
inelastic scattering even in concept, is quite possible, 
but would be difficult to detect. The loss of 18F from 
CH218FCH2* as formed by near-thermal addition to 
ethylene has been shown to be unimportant, 12 but 
then rotational angular momentum is much less im
portant for slow 18F atoms. In both instances, our 
suggestion of the possible importance of rotational 
angular momentum in these reactions has been stim
ulated by similar postulates by Bunker28 for the 
isomerization of CH2TNC excited by tritium recoil 
and for the decomposition of excited CH218FCF3* 
formed by 18F/H  substitution in CH3CF3.

(25) K . A. Krohn, J. J. Parks, and J. W . Root, J■ Chem. Phys., 55, 
2690 (1971); 55, 5771 (1971); 55, 5785 (1971).
(26) E. Tschuikow-Roux and W. J. Quiring, J. Phys. Chem., 75, 
295 (1971).
(27) W . S. Smith and Y.-N . Tang, presented at the 161st National 
Meeting of the American Chemical Society, Los Angeles, Calif., 
March 1971.
(28) D. Bunker, J. Chem. Phys., 57, 332 (1972).
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Absolute Rate Constants for the Reaction H +  O 2 +  M ->• H 0 2 +  M 

over the Temperature Range 2 0 3 -4 0 4  K la

by Michael J. Kurylolb
National Bureau of Standards, Washington, D. C. 20234 (Received July 28, 1972)

Publication costs assisted by Climatic Impact Assessment Program, Office of the Secretary, Department of Transportation

Absolute rate constants for the reaction H +  0 2 +  M H 0 2 +  M have been measured by the flash photol
ysis-resonance fluorescence technique. For M  =  He, rate measurements over the temperature range 203- 
404 K and pressure range 10-400 Torr gave the Arrhenius expression kiKe =  [6.66 (+ 1 .2 , —1)] X  10-33 
exp[(473 ±  92)cal mol-s/1.987!F] cm6 molecule-2 sec-1. Comparisons of third-order rate constants at 298 K  
gave relative deactivation efficiencies of CH4/N 2/H e/A r =  15.7:3.4:1.0:1.0. The efficiency ratio of N 2 to 
He was 4.5 at 226 K.

The combination reaction of atomic hydrogen with 
molecular oxygen is the dominant loss mechanism for H 
atoms in both the troposphere and stratosphere, thereby 
serving as a source for the hydroperoxyl (H02) radical. 
The reaction also serves as the chain termination step 
at the second explosion limit of the hydrogen-oxygen 
system. To date, kinetic studies of the H +  0 2 +  M 
reaction consist of numerous high-temperature shock 
tube and flame data2-5 and scattered experiments near 
300 K by both direct6-13 and indirect14 techniques. 
Until recently few data were available below 300 K, 
and Arrhenius parameters were subject to rather large 
uncertainties.

To assess the role of this reaction in the chemistry of 
the stratosphere, accurate values of the rate param
eters for various inert gases (M) over a temperature 
range extending to 200 K must be known. Deter
minations from high-temperature data (near 1000 K) 
are inadequate due to the errors involved in long ex
trapolations. Data at lower temperature have been ob
tained predominantly from discharge flow systems 
where the H-atom concentrations were followed by a 
calorimetric probe,7 HNO emission,6 mass spectros
copy,8 and electron spin resonance spectroscopy. 10,12 
These flow data are complicated by wall reactions and 
often require large corrections for longitudinal diffusion 
of H atoms and loss of H atoms by reaction with H 02. 
More recent studies with static systems have employed 
kinetic absorption spectroscopy using pulse radiolysis9 
and mercury photosensitization11 for atom production.

Because of the overall uncertainties in the rate con
stant conditions applicable to atmospheric modeling, 
we have undertaken a flash photolysis-resonance 
fluorescence study of the chemical system over a range 
of temperature and inert gas pressure comparable to 
atmospheric conditions. Experimental conditions were 
chosen such that stoichiometric corrections due to 
secondary reactions were not needed.

Experimental Section
The apparatus and technique have been described in 

detail previously. 15,16 In the present experiments, 
mixtures of an H-atom source compound (CH4 or

(1) (a) Contribution of the National Bureau of Standards, Wash
ington, D . C. (b) Supported in part by the Climatic Impact 
Assessment Program, Office of the Secretary, Department of Trans
portation.
(2) (a) R. R. Baldwin, L. Mayor, and P. Doran, Trans. Faraday Soc.,
56, 92 (1960); (b) R. R. Baldwin and P. Doran, ibid., 57, 1578
(1961) ; (c) R . R. Baldwin, P. Doran, and L. Mayor, Symp. (Int.) 
Combust., [.Proc.] 8th, 103 (1962); (d) R . R. Baldwin, Symp. (Int.) 
Combust., [Proc.] 9th, 218 (1963); (e) R. R. Baldwin, R. B. Moyes, 
B. N. Rossiter, and R. W. Walker, Combust. Flame, 14, 181 (1970).
(3) (a) R. W. Getzinger and G. L. Schott, J. Chem. Phys., 43, 3237 
(1965); (b) R . W . Getzinger and L. S. Blair, Combust. Flame, 13, 
271 (1969); (c) L. S. Blair and R. W. Getzinger, ibid., 14, 5 (1970).
(4) (a) D. Gutman, E. A. Hardwidge, F. A. Dougherty, and R. W. 
Lutz, J. Chem. Phys., 47, 4400 (1967); (b) G. Dixon-Lewis and A. 
Williams, Symp. (Int.) Combust., [Proc.] 11th, 951 (1967).
(5) W. G. Browne, D. R. White, and G. R. Smookler, Symp. (Int.) 
Combust., [Proc.] 12th, 557 (1968).
(6) (a) M. A. A. Clyne, Symp. (Int.) Combust., [Proc.] 9th, 211 (1963) ; 
(b) M. A. A. Clyne and B. A. Thrush, Proc. Roy. Soc., Ser. A, 275, 
559 (1963).
(7) F. S. Larkin and B. A. Thrush, Discuss. Faraday Soc., No. 37, 
112 (1964).
(8) A. F. Dodonov, G. K. Lavrovakaya, and V. L. Talrose, Kinet. 
Ratal., 10, 701 (1969).
(9) (a) W. P. Biship and L. M. Dorfman, J. Chem. Phys., 52, 3210 
(1970); (b) T. Hikida, J. A. Eyre, and L. M. Dorfman, ibid., 54, 
3422 (1971).
(10) A. A. Westenberg and N. de Haas, J. Phys. Chem., 76, 1586 
(1972).
(11) J. Michael, private communication.
(12) G. K. Moortgat and E. R. Allen, presented at 163rd National 
Meeting of the American Chemical Society, Boston, 1972.
(13) W. Wong and D. D. Davis, private communication.
(14) Several references are cited in D. L. Baulch, D. D. Drysdale, 
D. G. Horne, and A. C. Lloyd, “ Evaluated Kinetic Data for High 
Temperature Reactions,”  Vol. 1, Butterworth & Co., London, 1972.
(15) W . Braun and M. Lenzi, Discuss. Faraday Soc., 44, 252 (1967).
(16) (a) M . J. Kurylo, N. C. Peterson, and W. Braun, J. Chem. 
Phys., 53, 2776 (1970); 54,943 (1971); 54,4662 (1971); (b) D. D. 
Davis, R. E. Huie, J. T. Herron, M . J. Kurylo, and W. Braun, 
ibid., 56, 4668 (1972); (c) M. J. Kurylo, Chem. Phys. Lett., 14, 117 
(1972).
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C3H8), 0 2, and an inert diluent (He.. Ar, or N2) were 
flash photolyzed at wavelengths above 105 nm pro
ducing on the order of 0.1 to 0.01 mTorr of atomic 
hydrogen. A Lyman a-resonance lamp168' 17 operated 
continuously was used to excite a small fraction of the 
atoms, and the atom decay in the mixture was monitored 
by following the Lyman a-resonance fluorescence with a 
magnetic electron multiplier placed at right angles to 
both the flash and resonance lamps. Emissions from the 
resonance lamp at wavelengths other than 121.6  nm were 
filtered out by using a molecular oxygen filter between 
the resonance lamp and the reaction cell. In this way 
no interference due to resonance fluorescence from 0  
atoms, also produced by the flash, was obtained. This 
was checked by flashing mixtures containing only inert 
gas and 0 2. Fluorescence signals were accumulated on 
a multichannel analyzer and treated by nonlinear 
least-squares analysis. Since as many as 200 flashes 
were sometimes used to generate one kinetic curve 
(Figure 1), the reaction mixture was changed several 
times to avoid depletion of atom source or 0 2 and ac
cumulation of any reactive product species. Atom 
concentrations were varied by changing either the hy
drocarbon pressure or the flash energy. This made it 
possible to assess the importance of H-atom depletion 
by reaction with H 02 according to the scheme

H +  Ch +  M — ■> H 02 +  M (1)

H +  H 02 — > 20H (2)

Similar intensity studies coupled with variation in the 
H atom to O atom ratio served to analyze for the pos
sible production of H atoms by the fast reaction

O +  OH — > 0 2 +  H (3)

Calculations were performed to estimate the importance 
of OH production by

O +  RH — >■ OH +  R (4)

followed immediately by reaction 3. Such secondary 
H-atom generation was found to be more important 
when propane rather than methane was used as an H- 
atom source and only then at the higher O-atom con
centrations ([02] >  500 mTorr). These results were 
verified experimentally, and consequently only experi
ments with CH4 as the H-atom source and [02] <  500 
mTorr were used in the final analysis. Under these 
conditions, calculations showed that H-atom loss by

H +  0 3 — >  0 2 +  OH (5)

where 0 3 originated from

O +  0 2 +  M — ■> 0 3 • +  M (6 )

was insignificant during the time scale of our measure
ments (usually several milliseconds). All experiments 
were consequently performed under conditions not re-

3 5 0 0

3 0 0 0

i i--------- 1--------- 1--------- 1--------- 1--------- r —

••3, 25 0 0
O •o
W 2 0 0 0 - •*
o:
CL *•
to 1 50 0 •1-2 •D V ,
g  io o o • ••

5 0 0 ..*• V .H-  • /  * • •

0 ---------1--------- 1--------- 1--------- 1______ 1______ 1______ 1___-------- 1-------1-------- 1--------1_____ I_____ I_____ l_
0  2 4  6 8  10 12 14

t (msec)

Figure 1. Typical H-atom decay curve: 200 mTorr of CH4, 
100 mTorr of 0 2, 200 mTorr of He, 45-J flash energy, 298 K.

____ 1______1______1______i______1______1______1______
0 100 200 300 400

[m] (torr)

Figure 2. Plots of &iM[M] vs. [M] for He (O), Ar (A), and 
N2 ( X ) at 298 K.

quiring stoichiometric corrections and not controlled 
or complicated by O-atom chemistry.

Thus, in the presence of inert gas M , the loss of H  
atoms can be represented as

=  [H ][0 2]{/dM[M] +

fciCH‘ [CH4] +  fci°![02]} +
[H]{Z> +  k g  [CH4] +  ¿imp [M]}

where fciM, fciCH4, and fci°! are third-order rate con
stants for H - 0 2 combination employing the indicated 
third bodies; D  is the rate constant for diffusional loss 
of H  atoms out of the viewing zone; kg is a bimolecular 
rate constant for H  atom reaction with C H 4; and fcimp 
takes into account reaction with any impurity present 
in the inert gas. We have not included a term ac
counting for impurities in the oxygen since two different 
sources of oxygen were used without noticeable change 
in the atom decay rates.

(17) D. D. Davis and W. Braun, Appl. Opt., 7, 2071 (1968).
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Applying the foregoing analysis, the first-order H- 
atom decay rates at a fixed total pressure were plotted 
vs. the 0 2 pressure to give slopes of fciM[M] +  fciCH<- 
[CH4] and intercepts expressing the rate of H-atom 
loss by second-order reactions and diffusion at pressure 
[M]. Here we have ignored the term accounting for 
0 2 as a third body. Studies of the 0  +  0 2 +  M 
system have shown 0 2 to be approximately 1 .6 18 times 
more efficient than He or Ar. The assumption of a 
similar efficiency ratio in the present study would make 
corrections negligible. The effect of CH4 as a third 
body was determined from runs in which the CH4 con
centration was varied while keeping 0 2 and He fixed. 
By subtracting the effect of CH4 we were thus able to 
obtain values for fbiM[M] the “second-order rate con
stant at pressure M.” These second-order rate con
stants were then plotted against the inert gas pressure, 
and the slopes of these plots constitute the values of 
fciM reported here. Plots for He, Ar, and N2 at 298 K 
are shown in Figure 2. This procedure was repeated at 
several temperatures between 200 and 400 K. The 
temperature study was done primarily with He as the 
deactivator. Although N2 represents the most inter
esting M species for atmospheric applications, it serves 
as a very efficient quencher of Lyman a fluorescence19 
thereby greatly reducing our signal levels. Because 
of the difficulty in obtaining the N2 data, values of 
fciN! were determined only at 298 and 226 K, the latter 
temperature being descriptive of the stratosphere. A 
value of fciAr was determined only at 298 K.

Ultrahigh-purity gases (02, He, Ar, and N2) were 
used without further purification. Research grade 
methane was degassed briefly at liquid N2 temperature 
and then distilled from liquid 0 2. Pressures were mea
sured on a two-turn Bourdon gauge (20-700 Torr), a 
one-turn 0-20 Torr Bourdon gauge (1-20 Torr), and a 
capacitance manometer (<1 Torr). The calibrations 
of the latter two were checked frequently against a di
butyl phthalate manometer. Reaction mixtures were 
usually made up and stored in 2-1. glass bulbs. In ex
periments employing mixtures made up in the reaction 
cell, identical rate constants were obtained.

Results and Discussion
The experimental results of this study are presented 

in Tables I-IV. The precision associated with the ex
ponential fit of the first-order decay curves was gen
erally 3%. From these first-order rates, the second- 
order rate constants could be determined within an un
certainty of 5-10%. Consequently, the error asso
ciated with the final third-order rate coefficients pre
sented in the tables is realistically assessed at 15%. 
Since these errors are associated with the linear fits of 
the data, the uncertainty could presumably be reduced 
by improving the statistics ( i .e . ,  by increasing the 
number of experiments).

Table I : Rate Measurements for the Reaction 
H +  0 2 +  CH4 — H 02 +  CH4 at 298 K

H e, O î , CH <,
F la sh

e n e rg y ,

F ir s t -
o r d e r
ra te ,

T o r r a m T o r r m T o r r J 6 s e c -1

10 0 100 45 60.7
10 0 100 45 63.6
10 0 350 45 64.6
10 0 350 45 67.1
10 0 600 45 64.6
10 0 600 45 64.6
9.65 250 100 45 142
9.65 250 100 45 142
9.65 250 100 45 140
9.4 250 350 45 157
9.4 250 350 45 160
9.15 250 600 45 167
9.15 250 600 45 171
9.15 250 600 45 177

= (24.6 ±  7.4) X 10~32 cm6 molecule~2 sec-1

1 Torr = 133.32 N m-2 =  (9.66/T(K)) X 1018 molecules
cm- ’ . b A flash energy of 80 J corresponds to an incident light 
intensity at the reaction cell of approximately 1 X 1013 quanta/ 
flash.

Table II : Rate Measurements for the Reaction
H +  0 2 +  Ar —  H 02 +  Ar at 298 K

fciAr [A r ]
F ir s t - X  1 0 “ ,

F la sh o rd e r c m 3 m o le -
Ar, O,, C H i, e n erg y , ra te , c u l e -1

T orr® m T o r r  im T o rr  J b s e c -1 s e c -1  c

50 26 200 45 109
50.5 125

100 180
151 243
200 307
250 333 3.14

250 25 200 45 204
25 189
50 438
50 410

100 588
100 647
150 762
200 943
225 1127 12.84

» 1 Torr =  133.32 N m -2 = (9.66/T(K)) X :1018 molecules
cm-3. b A flash energy of 80 J corresponds to an incident light
intensity at the reaction cell of approximately 1 X 1013 quanta/
flash. c Corrected for k,lCH*[CH4],

The rate constant for H +  0 2 +  CH4 —► H02 +  CH4 
was determined at 298 K in the presence of 10 Torr of 
He (Table I). The value of /ciCH4 under the conditions

(18) F. Kaufman and J. R. Kelso, J. Chem. Phys., 46, 4541 (1967).
(19) W. Braun, C. Carlone, T . Carrington, G. Van Volkenburgh, 
and R. A. Young, ibid., 53, 4244 (1970).
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Table III: Rate Measurements for the Reaction H +  O2 +  N2 —*■ H 02 +  N2

Flash F irst-order fciNM N!] X  1 0 » , X  1 0 « ,
N i, o 2, CH«, energy, rate, cm 8 m o lecu le -1 cm 6 m olecu le -1

T orr» m T orr m T orr J6 s e c -1 s e c -1 c s e c -1

5 5 0 3 0 0 8 0 7 0

5 1 0 0 3 0 0 8 0 1 3 1
5 2 0 0 3 0 0 8 0 2 1 3 1 . 8 0

3 0 5 2 . 5 3 0 0 8 0 3 0 6
3 0 1 0 5 3 0 0 8 0 5 6 4 1 1 .1 0 8 . 7 0

15 1 5 . 8 1 8 0 8 0 1 1 2

15 3 0 . 6 1 8 0 8 0 1 3 2

15 6 1 . 5 1 8 0 8 0 1 7 2
15 9 0 . 6 1 8 0 8 0 2 0 7

15 1 2 0 .6 1 8 0 8 0 2 1 3
15 1 5 0 .6 1 8 0 8 0 2 6 4 3 . 1 3
2 5 2 6 . 3 3 0 0 8 0 131
2 5 5 1 3 0 0 8 0 1 7 4
2 5 1 0 2 .5 3 0 0 8 0 2 8 5
2 5 1 5 1 3 0 0 8 0 3 2 1
2 5 2 0 1 3 0 0 8 0 3 6 4
2 5 2 5 1 3 0 0 8 0 4 5 6 3 . 9 8
5 0 2 5 2 0 0 8 0 163
5 0 5 0 2 0 0 8 0 2 2 2
5 0 1 0 2 2 0 0 8 0 4 3 8
5 0 1 5 0 .5 2 0 0 8 0 5 6 9
5 0 2 0 2 2 0 0 8 0 7 2 2 9 . 8 0 5 . 3 3

“ 1 Torr =  133.32 N m-2 =  (9.66/T(K)) X 10“  molecules cm-3. 6 A flash energy of 80 J corresponds to an incident light intensity 
at the reaction cell of approximately 1 X 1013 quanta/flash. c Corrected for fciCH<[CH4].

shown was found to be 24.6 X 10-32 cm9 molecule-2  
sec-1  and was used to correct the Ar, He, and N2 data as 
mentioned earlier. Even with 5% precision in the 
first-order rates, the absolute uncertainty in /ciCH< is 
closer to 30% due to the obvious problems in mea
suring small differences in large numbers.

The rate constant data for H +  0 2 +  Ar — H 02 +  
Ar at 298 K are presented in Table II. Since the 
values of /ciAr[Ar] fell within the scatter of the similar

Figure 3. Plots of feHe[He] vs. [He] at various temperatures.

Figure 4. Arrhenius plot of the third-order rate constant 
for the reaction H +  0 2 -p He —► H 02 +  He.

He data presented in Figure 2, both the Ar and He 
points were analyzed together to determine &iAr>He. 
The two Ar points by themselves predict a slightly 
lower value for h Al than does the analysis used. Both 
approaches agree within the quoted error limits.

The data from the N2 studies at both 298 and 226 K 
are shown in Table III. The analysis gives values of 
fcxNl of 5.33 X 10- 32 and 8.70 X 10-32 cm6 molecule-2  
sec-1  at 298 and 226 K, respectively.
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Table IV : Rate Measurements for the Reaction H +  0 2 +  He -*• H 02 +  He

F lash F ir s t -o r d e r fciHe [H e ] X  1 0 » , fciHe X  10 ” ,
H e , o2, C H ,, e n e rg y , ra te , c m 8 m o le c u le -1 c m 8 m o le c u le -2

T, K T o r r ° m T o r r m T o r r J6 s e c -1 s e c “ 1 c s e c -1

203 40 24 133 55 145
40 48 133 55 232
40 80 133 55 310
40 120 133 55 460
40 160 133 55 513 5.58
80 48 266 55 426
80 96 266 55 757
80 160 266 55 870 9.74

120 72 400 55 658
120 144 400 55 1331
120 240 400 55 1688 14.24 2.27

213 30 25 127 55 126
30 50 127 55 185
30 75 127 55 240
30 150 127 55 332
30 200 127 55 494 4.04
60 50 253 55 246
60 100.7 253 55 360
60 200 253 55 638
60 300.7 253 55 931
60 400 253 55 1393 6.67 1.93

234 30 50 127 55 153
30 75 127 55 194
30 100 127 55 244
30 150 127 55 298
30 200 127 55 371 3.25
60 50 253 55 205
60 100.7 253 55 329
60 150.7 253 55 422
60 200 253 55 518
60 300.7 253 55 783
60 400 253 55 1018 5.30

100 50 253 55 270
100 100 253 55 438
100 150 253 55 615
100 200 253 55 842
100 300 253 55 1070
100 400 253 55 1499 8.03 1.65

262 75 25 125 55 143
75 50 125 55 180
75 75 125 55 227
75 100 125 55 310
75 150 125 55 403
75 200 125 55 468 5.18

150 50 250 55 304
150 100 250 55 506
150 200 250 55 818
150 300 250 55 1243 9.75 1.65

298 10 100 100 45 140'
10 200 100 45 176'
10 300 100 45 210'
10 300 100 45 188«
10 300-* 100 45 197'
10 300 100 20 204*
10 300 100 80 202'
10 400 100 45 244' 0.87
25 10 110 45 170
25 25 110 45 176
25 50 110 45 186
25 100 110 45 251
25 150 110 45 262
25 200 110 45 313

The Journal of Physical Chemistry, Vol. 76, No. 24, 1972



Absolute R ate Constant for the R eaction H +  0 2 +  M -*• H 0 2 +  M 3523

T, K 

298

He, 0 2, CH(l
Torr° mTorr mTorr

25 300 110
25 0 100
25 0 100
25 25 100
25 25 100
25 50 100
25 50 100
25 100 100
25 100 100
25 200 100
25 200 100
25 300 100
25 300 100
25 400 100
50 25 220
50 50 220
50 100 220
50 130 220
50 200 220
50 300 220

100 25 105
100 50 105
100 100 105
100 150 105
100 200 105
100 250 105
150 50 100
150 50 100
150 100 100
150 150 100
150 150 100
150 200 100
150 300 100
150 400 100
200 50 160
200 50 160
200 100 160
200 150 160
200 200 160
200 100 105
200 200 105
200 300 105
200 400 105
200 0 200
200 0 200
200 100 200
200 100 200
200 100 200
200 200 200
200 200 200
200 300 200
200 300 200
300 100 40
300 100 40
300 200 40
300 300 40
300 400 40
300 3 7 .5 150
300 75 150
300 75 150
300 1 1 2 .5 150
300 150 150
300 150 150

Flash First-order fciHe [He] X  10K,
energy, rate, cm8 molecule-1

J4 sec-1 sec-1 c

45 372 2 .0 9
45 91
45 113
45 131
45 123
45 139
45 139
45 192
45 188
45 245
45 251
45 308
45 304
45 402 2 .0 5
72 215
72 271
72 294
72 379
72 398
72 517 3 .0 4
72 210
72 271
72 357
72 482
72 556
72 717 6 .5 8
45 214
45 225
45 359
45 510
45 473
45 649
45 819
45 1215 8 .5 5
45 430
45 437
45 675
45 833
45 1020 1 1 .9 1
72 590
72 966
72 1429
72 1826 1 2 .7 8
45 102
45 77
45 458
45 408
45 490
45 792
45 839
45 1143
45 1131 1 0 .6 7
45 651
45 705
45 1097
45 1585
45 2200 1 5 .3 2
45 281
45 468
45 495
45 811
45 939
45 951

f c i H e  X  1 0 1 2 , 

cm6 molecule-2 
sec-1
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Table IV (Continued)

He, Ch, CH<,
T, K Torr“ mTorr mTorr

298 300 225 150
300 225 150
300 225 150
300 300 150
300 50 240
300 100 240
300 200 240
400 25 200
400 50 200
400 50 200
400 75 200
400 100 200
400 100 200
400 150 200
400 200 200

357 35 28.3 140
35 56.8 140
35 84.0 140
35 112.6 140
35 168.3 140
75 60.6 300
75 60.6 300
75 121.8 300
75 180 300
75 241.2 300
75 360 300

150 121.2 600
150 243.6 600
150 360.0 600
150 482.4 600
150 721.2 600

434 50 30 167
50 60 167
50 100 167
50 200 167
50 300 167

150 90 500
150 180 500
150 300 500
150 450 500
150 600 500

Flash First-order ifeiH'[H e] x 10», fciHe X 10” ,
energy, rate, cm* molecule-1 cm6 molecule-2

Ji sec-1 sec-1 e sec-1

45 1283
72 1246

187 1264
45 1499 14.61
45 738
45 997
45 1572 17.04
45 270
45 496
45 467
45 695
45 794
45 806
45 1144
45 1545 21.55 1.57
55 169
55 178
55 206
55 217
55 227 1.54
55 193
55 165
55 225
55 279
55 329
55 420 2.84
55 308
55 489
55 727
55 796
55 1258 5.41 1.25
55 211
55 232
55 234
55 295
55 327 1.75
55 219
55 317
55 444
55 595
55 772 4.28 1.06

“ 1 Torr = 133.32 N m-2 = (9.66/7XK)) X 1018 molecules cm-3. 6 A flash energy of 80 J corresponds to an incident light intensity 
at the reaction cell of approximately 1 X 1013 quanta/flash. ' Corrected for fciCH,[CH4]. d Ultrahigh-purity 0 2 from a Pyrex storage 
bulb. * Corrected for third-body effect of 0 2 assuming fci°2 =  1.6fciHe.

As mentioned earlier, the most extensive data were 
taken on the H +  0 2 +  He system (Table IV). These 
data were analyzed as for other M species with the ex
ception that the 10-Torr He data were corrected for the 
third-body effect of 0 2. We have taken the efficiencies 
of 0 2 and He as deactivators to be in the same ratio as 
measured for the 0  +  0 2 +  M reaction. 18 The posi
tive intercepts appearing in plots of &iM[M] vs. [M] 
(Figure 2 ) are not predicted by the data analysis out
lined earlier. Such intercepts could be attributed to 
either a radiative combination not requiring a third 
body or a wall component of the measured reaction. 
The room temperature intercept of 8 X 10 ~ 15 cm3

molecule-1  sec-1  is some two orders of magnitude higher 
than expected for radiative combination, and we thus 
prefer the latter explanation. Although our observa
tion zone is defined by the intersection of three colum- 
nated beams (flash lamp, resonance lamp, and photo
multiplier) in the center of the cell, the cell used in these 
experiments was very small and a small fraction of the 
H atoms could have been observed at the walls. This 
explanation is consistent with the observation in Figure 
3 that the intercept tends to become more positive with 
decreasing temperature. Measurements were therefore 
taken over extended pressure ranges thereby min
imizing the significance of the intercept. The slope of
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Table V : A Summary of Rate Data on the Reaction H +  0 2 +  M —*■ H 02 +  M

T, K M k, c m 6 m o le c u le ” * s e c “ 2 M e t h o d R e fe r e n c e

298 CH, 24.6 X 10-32 Flash photolysis-resonance This work
298 Ar 1.57 X 10-32 fluorescence
298 He 1.57 X 10-32
203-404 He 6.66 X 10 -33 X

exp(473 cal mol'-yi.987T)
298 n 2 5.33 X 10-82
226 n 2 8.70 X 10-32
298 Ar 1.6 X 10-32 Pulsed absorption spectro Dorfman, et a l.
298 h 2 4.7 X 10-32 photometry
297 Ar 1.54 X 10-32 Discharge flow (esr) Moortgat and Allen
297 He 1.49 X 10-32
297 h 2 6.34 X 10-32
298 Ar 1.87 X 10-32 Discharge flow (esr) Westenberg and de Haas
298 He 1.87 X 10-32
298 Ar 0.61 X 10-32 Pulsed absorption spectro Michael
298 He 3.75 X 10-32 photometry (mercury
298 h 2 1.22 X 10-32 photosensitized)
298 Ne 3.16 X 10-32
298 Kr 1.1 X 10-32
298 Ar 1.95 X 10-82 Flash photolysis-resonance Wong and Davis
298 He 1.88 X 10-32 fluorescence
298 n 2 5.3 X 10 "32
298 c h 4 41.5 X 10-32
220-360 Ar 6.75 X 10-33 X

exp(685 cal mol'•yi.987r)
220 n 2 8.35 X lO-82
293 Ar 3.3 X 10-32 Discharge flow (HNO Clyne

emission)
293 Ar 2.2 X lO '82 Discharge flow (HNO Clyne and Thrush
244 Ar 4.0  X 10-32 emission)
225 Ar 3.5 X lO“32
293 He 2.1 X 10-82
293 H20 52.1 X 10-32
293 Ar 3.7 X lO“32 Discharge flow calorimetric Larkin and Thrush

probe
293 He 6 X 10-32 Mass spectrometric probe of Dodonov, et a l.

diffusional cloud

the helium and argon plot in Figure 2 gives a value for 
fciHe = kiAt =  1.57 X 10-32 cm6 molecule-2  sec-1. The 
slopes from similar plots at other temperatures (Figure 
3) are presented in Arrhenius fashion in Figure 4. The 
Arrhenius expression, determined from a weighted 
least-squares treatment of the data, was found to be

AhHe = [6 .6 6  (+1.2, -1 ) ]  X

1 0 -33 e x p ^
f  (473 ±  92) cal mol

1.987T - ]
in units of cm6 molecule-2  sec-1. The weights for the 
points were chosen according to the quantity and 
quality of the data. The error limits given are stan
dard deviations from the least-squares fit. An un
weighted least-squares analysis of the Arrhenius data 
gives

h * °  =  [5.89 (+0.80, -0 .70)] X

1 0 -33 exp
(522 ±  6 6 ) cal mol' 

1.987T I

By making use of the full 15% error bars shown in 
Figure 4, the preexponential factor ranges from 4.2 to 
7.6 X 10-33 cm6 molecule-2  sec-1  and the exponential 
term from 380 to 700 cal/mol.

At 298 K the ratios of third-body efficiencies for sta
bilizing the H 02 adduct are CH4/N 2/He/Ar = 15.7: 
3.4:1.0:1.0. The ratio of efficiencies of N2 to He is 
4.5:1 at 226 K. These trends in efficiencies are in good 
agreement with those recently observed for the O +  
0 2 +  M reaction system.20

In Table V the results of the present work are sum
marized along with recent measurements of other 
workers. Excluded from the table are the numerous 
high-temperature flame and shock tube data as well as 
any other studies dealing with inert gases and temper
atures outside the scope of the present work. At 298 K 
excellent agreement is obtained with Dorfman, et al.,a 
Moortgat and Allen, 12 Westenberg and deHaas, 10 and

(20) R. E. Huie, J. T. Herron, and D. D. Davis, J. Phys. Chem., 
76, 2653 (1972).
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Wong and Davis13 for M = He, Ar, and N2. The 
difference between the fciCHl values of this work and 
that of Wong and Davis is within the expanded error 
limits which must be assigned to both values (as de
scribed earlier). The Arrhenius parameters show 
somewhat different temperature dependences with 
nearly equal A  factors although both are within the 
quoted uncertainties. Since identical techniques were 
used, however, it would have been more gratifying 
were there better overlap in the temperature depen
dence. This difference in temperature dependence for 
He or Ar coupled with the identical N2 results solely 
accounts for the discrepancy in the relative deactiva
tion efficiency ratios at low temperature. The data of 
Michael11 give rate constants much lower than those of 
most present studies. Whereas no definite explana
tion for the low values can be given at this time, it is 
possible that production of H atoms in the mercury 
hydride system could account for slower measured 
decay rates. We cannot say whether this would affect 
the measured relative deactivation efficiencies.

The uncertainties in the flow data of Clyne,6a Clyne 
and Thrush,6b and Larkin and Thrush7 can be ascer
tained from the variation in rate constants between 
successive studies and temperatures. These studies re
quired corrections for longitudinal diffusion, reaction 
with product species, wall reactions, and efficiencies of 
other inert gases present. They are not as precise or ac
curate as the more recent flow studies of Moortgat and 
Allen or Westenberg and de Haas, who were able to use 
information from the earlier studies in making these 
corrections. Nevertheless, the agreement with our 
present work is probably within the error limits of these 
earlier studies.

The high value for fciHe obtained by Dodonov, et al.,s 
was determined by mass spectro metric probing in a 
diffusional cloud. The extreme uncertainties in de
fining the chemistry and physical boundary of the re
acting system tend to question the reliability of the re
sults.

Since our temperature coverage did not exceed 404 K, 
any comparisons with the previous high-temperature

flame and shock tube work must rely on the validity of 
extrapolating our Arrhenius fit outside of our measure
ment range. If we assume no gross disparity from the 
fit in going to high temperatures, the present study pre
dicts a change in rate constant from 7.6 X 10-33 to
8.4 X 10-33 cm6 molecule-2  sec-1  over the temperature 
interval 1600-1000 K. This is to be compared with 
measured values of 8.3 X 10-33 (1435-1650 K),3c 9.1 X 
10-33 (1100 K),4a and 3.9 X 10-33 (1500 K).3a Many 
of the similar high-temperature studies suffer from the 
inability to specify the M species and the necessary 
assignment of a complicated mechanism. All have 
reported uncertainties neighboring 50%.

Several reviews14 have appeared dealing with reac
tion 1. The recommended Arrhenius parameters are, 
as explained earlier, subject to large uncertainties due 
to the large scatter in the high-temperature data and 
the lower precision and accuracy of the earlier low- 
temperature work. The recent review of Baulch, et a l.,u  
assigns (in units of cm6 molecule-2  sec-1)

klAr-He =  [4.1 ±  1 ,Q ] X

1 0 -33 exp|̂
f  (1000 ±  500) cal mol'

1.98771 -]
The present work has established the rate constant 

for the combination reaction of atomic hydrogen with 
molecular oxygen as a function of temperature for a 
number of collision partners. Measurements were 
made in a static system free from the possible large un
certainties due to secondary and wall reactions. Con
ditions were chosen to match those needed for atmo
spheric modeling. The results indicate a smaller 
temperature dependence of kiM than previously as
sumed as well as lower absolute values than reported 
in the early discharge flow work. The very recent 
measurements of other workers fully support these ob
servations.
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The rate of the 0  +  CO reaction has been measured at room temperature from 0.74 to 41.9 atm with C 02 or 
N 2 as the major third body. The method was based on relative rate measurements, with the 0  +  0 2 reaction 
as reference. The pressure dependence is more complex than that normally observed for simple atom associ
ation reactions. Below 1 atm the reaction appears to be intermediate between second and third order, in 
agreement with the earlier results of Simonaitis and Heicklen. However, at higher pressures a further increase 
in rate constant is observed. This latter effect is attributed to a reaction path which is negligible at low pres
sures but which becomes dominant at higher pressures. Detailed mechanisms are suggested.

Introduction
The mechanism of the 0  +  CO reaction is not known 

with certainty. The C 02 potential energy diagram is 
complex, and several paths from reactants to product 
are available. It is quite possible, in fact, that differ
ent mechanisms predominate under different conditions 
of temperature and pressure. The experimental situa
tion is complicated by the fact that CO is subject to 
spurious oxidation in the presence of hydrogenous im
purities and by other mechanisms which are not under
stood. 1

This paper deals with the pressure dependence of the 
0  +  CO reaction, which can provide insight into the 
mechanism. Heicklen and Simonaitis2 have recently 
reported that the reaction enters the second-order limit 
at pressures of about 0.5 atm of N20. They consider 
that this result is not due to impurity effects which may 
have led to earlier reports3,4 that the reaction is second 
order at low pressures. In the present work the rate 
constant has been measured at pressures from 0.74 to
41.9 atm of C02 at room temperature. A few experi
ments were also carried out with N2 as the major third 
body. The results agree well with those of Simonaitis 
and Heicklen at low pressures, but at higher pressures 
the rates increase more rapidly than a linear extrapola
tion of the low pressure data would predict.

Experimental Section
The 0  +  CO rate was measured relative to the reac

tion 0  +  0 2 +  M —*■ 0 3 +  M. Atomic oxygen was 
produced by photolysis of C 02 at 1849 A

C02 +  /ii/(1849 A) — > CO +  0 ( 3P) (1)

0 (3P) +  0 2 (+  M) — > 0 8 (+  M) (2)

0 (3P) +  CO (+  M) — >  C02 (+  M) (3)

The rate constant ratio was then determined from the 
expression

(R o/ R )p  — 1 +
fcco[CO]
&oJ0 2] (4)

where (R 0/ R ) P is the ratio by which the rate of 0 3 
production was suppressed at any given pressure by the 
0  +  CO reaction. In most of the experiments the C 02 
concentration was so high that the significant properties 
of the mixtures (rate of light absorption and effective 
third-body concentration) were independent of the 
presence or absence of the CO. Nevertheless, in the 
mixtures used to determine R 0 the CO was replaced by 
an equal pressure of N2 to compensate for any possible 
effects. The CO pressures ranged from about 50 to 
1000 Torr with sufficient 0 2 being added to give C O /02 
ratios in the range 100-800.

The quantities kco and ko, are the effective second- 
order rate constants for the respective reactions. Val
ues of k0, as a function of pressure were calculated from 
the results of Sauer6 and also Hippier and Troe.6 Since 
N2 was the third body in the experiments of Hippier 
and Troe, their results were recalculated for C 02 as 
third body by assuming a ratio of 2.7 for the efficiency 
of C02 relative to N2. The rate expressions are

ko, (M -1  sec-1)
1.1 X  109

1 +  64/PcOj (atm)
(Sauer) (5)

(1) L. M . Arin and P. Warneck, J. Phys. Chem., 76, 1514 (1972).
(2) R . Simonaitis and J. Heicklen, J. Chem. Phys., 56, 2004 (1972).
(3) B. H. Mahan and R. B. Solo, ibid., 37, 2669 (1962).
(4) L. I. Avramenko and R. V. Kolesnikova, Bull. Acad. Sci. USSR, 
9, 1506 (1959).
(5) M. C. Sauer, Jr., J. Phys. Chem., 71, 3311 (1967).
(6) H. Hippier and J. Troe, Ber. Bunsenges. Phys. Chem., 75, 27 
(1971).
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k0, (Af-1  sec-1) =
1 y  if)9

• T  Q1 r /p---- 7T - V (Hippier and Troe) (6)
1 +  31.5/Pco2 (atm)

In the low pressure limit, these expressions correspond 
to k 0/ = 4.2 X 10s and 7.8 X 108 M ~ 2 sec-1, respec
tively. These numbers bracket recent measurements of 
the 0  +  0 2 rate constant in the presence of C 02,7,8 with 
the former being perhaps closer to presently accepted 
values. Virtually all of the recent measurements, 
which are summarized in ref 8 , fall in the range 5 ±  2 
X 108 Af-2  sec-1. In the high pressure limit, both ex
pressions approach a limiting k0l which is in good agree
ment with the rate constant for isotopic exchange of 
atomic oxygen with 0 2 (multiplied by a factor of 2 ), 
which is kex = 1.2 X 109 Af-1  sec- 1 .9 At intermediate 
pressures, the above expressions predict somewhat 
different behavior, and since it is not clear which is more 
nearly correct, the 0  +  CO results were calculated ac
cording to both equations.

At high pressures, nonideality of C02 was corrected 
for in a first-order fashion by dividing the measured 
pressure by the compressibility factor. 10

An important feature of the experimental method 
was an 0 2- 0 3 filter used to remove 2537-A light. This 
was necessary to avoid complications arising from 0 3 
photolysis, such as production of O('D). The filter 
consisted of a cylindrical quartz cell (2 -in. diameter by 
1-cm path length) which was filled with 2 atm of Math- 
eson ultrahigh-purity 0 2 and which was water-jacketed 
so that it could be cooled to 0 ° by means of a circulating 
water system. Under these conditions, the O3 optical 
density at 2537 A rapidly reached values greater than
3.5 and remained constant as long as the lamp was left 
on. Since 0 3 absorbs relatively weakly at 1849 A, the 
transmission at that wavelength was constant and 
practically independent of small changes in the 0 3 con
centration.

Several types of cells were used, differing in geometry, 
surface to volume ratio, and construction materials. 
Some of these are illustrated in Figure 1 . The stainless 
steel cell (Figure la) was used in the initial experiments 
at high pressure. At lower pressures this cell proved 
unsuitable because, with a lower rate of 0 3 production 
resulting from the reduced C02 absorption, surface de
composition was no longer negligible. Thus, at low 
pressures an all-quartz cell was used in which the rate 
of 0 3 decomposition was much reduced compared to 
the metal cell. Finally, to bridge the gap between 
these two pressure regimes and to assure independence 
of the results on cell type, counterpressurized quartz 
cells (Figures lb and c) were constructed. Two cell 
diameters were used to test for effects of wall proximity 
to the photochemical region.

The 0 3 concentrations were measured on a Cary 
Model 15 spectrophotometer.

Impurity effects are the most serious potential source

(a)

OZONE

HIGH SURFACE-TO-VOLUME RATIO CELL

(c)
COUNTER-
PRESSURIZING

LOW SURFACE-TO-VOLUME RATIO CELL

Figure 1. Schematic diagrams of apparatus, showing low 
pressure mercury lamp, O3 filter to remove 2537-A light, and 
different types of high pressure cells which were used.

of error in these experiments, and therefore strenuous 
efforts were taken to assess the influence of these effects, 
including deliberate addition of H2 and H20  to the mix
tures. The results were found to be quite independent 
of the presence of these impurities, even at concentra
tions exceeding that of the 0 2. In most of the experi
ments the C 02 was Matheson “Aqua-rater” grade, but

(7) F. Kaufman, Ann. Rev. Phys. Chem., 20, 45 (1967).
(8) R. E. Huie, J. T. Herron, and D. D. Davis, J. Phys. Chem., 76, 
2653 (1972).
(9) S. Jaffe and F. S. Klein, Trans. Faraday Soc., 62, 3135 (1966).
(10) J. Hilsenrath, et al., “ Tables of Thermal Properties of Gases,” 
Nat. Bur. Stand. ( U. S.) Circ., 564 (1955).
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Table I : Summary of Experimental Results

,-----------------------P, atm—
COi Na

Reff,“
atm Cell6

Ratio
kco/kOt X  10*

.------------ log kco, sec-1--------------
c d

0 .7 4 0 .7 4 Q 4 .1 7 4 .9 9 4 .7 2

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

1 .0 1 1 .0 1 Q 3 .4 0 5 .0 3 4 .7 6

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

1 .9 3 1 .9 3 Q 2 .3 2 5 .1 3 4 .8 6
2 .6 2 .6 3CPQ 1 .6 4 5 .0 9 4 .8 4

2 .6 2 .6 Q 1 .6 0 5 .0 8 4 .8 3
3 .2 3 .3 LCPQ 1 .4 0 5 .1 1 4 .8 8
3 .2 3 .3 SCPQ 1 .5 0 5 .1 4 4 .9 1
3 .2 3 .3 SS 1 .8 0 5 .2 1 4 .9 8
4 .9 5 .0 SCPQ 1 .4 6 5 .3 0 5 .0 6
6 .6 6 .8 SCPQ 1 .2 8 5 .3 6 5 .1 3
3 .2 1 0 .2 7 .1 SCPQ 1 .2 4 5 .3 6 5 .1 3
7 .8 8 .2 SS 1 .5 0 5 .5 0 5 .2 8
3 .2 2 4 .9 1 2 .5 LCPQ 0 .7 3 5 .3 2 5 .1 1
3 .2 2 4 .9 1 2 .5 SCPQ 0 .8 8 5 .4 0 5 .1 9

1 4 .6 1 6 .0 SS 1 .0 0 5 .5 3 5 .3 4
3 .2 3 8 .4 1 7 .5 SS 1 .0 8 5 .5 8 5 .4 0

2 1 .4 2 4 .0 SS 0 .8 1 5 .5 5 5 .3 9
3 .2 66 2 7 .8 SS 0 .7 7 5 .5 6 5 .4 1

2 8 .2 3 4 .0 SS 0 .6 3 5 .5 1 5 .3 8
3 .2 100 4 0 .3 SS 0 .7 8 5 .6 4 5 .5 2

4 1 .9 5 6 .0 SS 0 .5 4 5 .5 4 5 .4 4

aPetf =  P(C02)/K  +  P ( N 2) /2 .7 ,  where K  -  compressibility factor. 6 Q =  all-quartz cell; SCPQ = small counterpressurized
quartz cell (Figure lb); LCPQ = large counterpressurized quartz cell (Figure le); SS =  stainless steel walled cell (Figure la). c fco2
calculated from data of Hippier and Troe, ref 6. d ken calculated from data of Sauer, ref 5.

in general the results were not sensitive to the grade of 
C 02 used. This independence of hydrogenous im
purities probably stems largely from the absence of 
O^D), since 0 ( 3P) does not react rapidly with most of 
these substances. It was found necessary, however, to 
purify the CO carefully by passage through packed 
spirals at liquid N2 or liquid Ar temperature. Without 
this treatment little or no 0 3 could be produced in the 
CO mixtures, even though research grade CO was used. 
It was occasionally noted that the initial 0 3 production 
rates were low, but later increased to a constant value 
with continuing radiation. This behavior may have 
been due to impurity consumption, a process which has 
previously been found in O3-CO mixtures. 1

With adequate purification of the CO and with clean, 
conditioned cells, the rates of 0 3 production in both 
reference and CO-containing mixtures were linear with 
time, usually to within 5% or better. To avoid 
buildup of excessive 0 3 concentrations and the resultant 
possibility of secondary reactions, the 0 3 was frequently 
decomposed by exposure to 2537-A light between radia
tion intervals. The maximum 0 3 concentrations were 
not permitted to exceed about 0.1 Torr.

Results
Figure 2  shows the results of a series of experiments 

to test the linear dependence of R 0/ R  on the C 0 /0 2 
ratio, as predicted by eq 4. The ratios R o /R  were 
found to be independent of the absolute amounts of

CO and 0 2 present, when these quantities were varied 
by a factor of 4.

Table I summarizes the results of all experiments at 
different pressures and in the various cell types. In
cluded also are experiments in which a constant pres
sure of C 02 was added to serve as a source of 0 (3P), 
and varying additional pressures of N2 were added. 
The purpose of these experiments was to test for pos
sible effects due to impurities or nonideality of the C 02. 
In calculating the “effective” pressure of N2 (i.e., the 
equivalent pressure of C 02), it was assumed that N2 is
2.7 times less efficient as a third body compared to C 02. 
This is undoubtedly valid for the O +  0 2 reaction but 
is only an approximation for the 0  +  CO reaction. 
Nevertheless, the resulting 0  +  CO rate constants cal
culated in this way are consistent with those obtained 
in C 02. This is a strong indication that the increase 
of kCo at high pressures reflects a true pressure depen
dence and is not an artifact arising from impurities in 
the C 02.

The rate data at pressures near 1 atm, if arbitrarily 
calculated as third-order rate constants, give good 
agreement with results obtained by others at lower 
pressures by different methods. For example, at 0.74 
atm/cco = 5.3 X 104 or9.8 X 104 M ~ l sec-1, depending 
on whether eq 5 or 6 is used to calculate k0l. Taking 
the average of these two values, the corresponding 
third-order rate constant kco' =  2.5 X 106 M ~ 2 sec-1.
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Figure 2. Plots of data according to eq 4 for different 
pressures of CO2. The pressures listed are “ effective 
pressures,” i.e., the measured pressure divided by the 
compressibility factor.

This value is in good agreement with the result of 
Slanger, Wood, and Black,11 who obtained fcco' = 2.2 
X 106 M ~ l sec-1 with C 02 as third body. The impor
tant conclusion, therefore, is that the present measure
ments show no evidence of impurity effects, which 
would give an apparent high rate constant.

Inspection of Table I reveals, however, that the in
crease of fcco is not proportional to pressure, so that the 
reaction cannot be in the third-order region. This be
havior (below 2 atm) agrees with that observed by 
Simonaitis and Heicklen,2 as can be seen in Figure 3.

Figure 3 shows that, below about 2 atm, the 0  +  
CO reaction behaves as if it were entering the high pres
sure (second-order) limit, with a transition pressure 
P i/2 equal to 0.5 (Figure 3a) or 0.3 atm (Figure 3b). 
However, at higher pressures fcco continues to increase, 
rather than approaching the limit obtained by extrap
olation of the low pressure data. This behavior can
not be ascribed to uncertainty in the 0  +  0 2 pressure 
dependence.

Discussion
A suitable mechanism must account for the fact that 

fall-off behavior is observed at pressures much lower 
than normally expected for simple atom association re
actions involving a triatomic product. The 0  +  0 2 
reaction, which may be cited as an example, remains 
third order at pressures about 100-fold higher. To 
explain the low pressure fall-off, Simonaitis and Heick
len invoked the mechanism originally suggested by 
Clyne and Thrush12’13 in connection with the chemi-

Figure 3. Plots of 1 /fcco vs. 1 /P: a, fcco calculated from 
the data of Sauer6 for fco2; b, fcco calculated from the data of 
Hippier and Troe6 for fco2-

luminescent combination of 0  and CO. This mech
anism (mechanism I) is shown below in eq 7-10, with 
the modification that the initial step of formation of 
C 02(3B2) is not constrained to be in the low pressure 
limit, as was done in the earlier work.

0 (3P) +  CO ¿ 1  C02*(sB2) (7)
— a

b
C02*(3B2) +  M C02(3B2) +  M (8)

- b

C02(3B2) COiPBO (9)
—  C

(11) T. G. Slanger, B. J. Wood, and G. Black, J. Chem. Phys., 57, 
233 (1972).
(12) M. A. A. Clyne and B. A. Thrush, Proc. Roy. Soc., Ser. A, 269 
404 (1962).
(13) M . A. A. Clyne and B. A. Thrush, Symp. (Int.) Combust., [Proc.] 
9th, 177 (1963).
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COiOBO +  M  — >  C O O S »  +  M  (10)

Figure 4 shows the relevant potential energy diagram, 
as proposed by Clyne and Thrush.

The properties of mechanism I  are

d [C 0 2] 

d t

__________ U b ^ d [ Q ] [ C O ] [ M ] _____________
k -J k-^k-b  +  kdkc) +  fcd[M](fc_a/c_b +  kckb)

kco [0 ] [CO ] (11)

[M ] k co ' k „ -
k&k bkc

k—&k—b +  kck\

(1 2 )

[M] 0 ; k co  — k0 —
k<kc'^d

fc f̂c_b +  fccfcd
X

K k b [ M ]  ^  fcafcb[M]
f c - a f c _ a

The characteristic fall-off pressure (at which k co  =  
0.5fco) occurs at

fc-idfc-cfc-b +  kck d) 

bd (/c_a/c—b -f- kck b)
(14)

From eq 12, it is seen that the limiting high pressure 
rate constant, fc„, approaches a value less than fca if 
fc_a/c_b >  kckb. A n independent estimate of the quan
tity fca can be obtained from the experiments of Jaffe 
and K le in9 on the exchange of isotopically labeled 0  
with CO. Taking fca as twice the rate constant for 
isotopic exchange at room temperature, the result is 
fca =  1.2 X  106 M -1  sec- 1 . Th is  value is an order of 
magnitude higher than k a obtained from Figure 3a or b 
by extrapolation of the low pressure data, including that 
of Simonaitis and Heicklen. Further, eq 14 shows 
that the low pressure fall-off behavior cannot be ac
counted for unless Zc_a/c_ b >  k0kb, because otherwise it 
is necessary to postulate an abnormally long lifetime 
of C 0 2*(3B 2). However, if  the condition fc_a/c_b >  k hkc 
is met, then eq 14 takes the form

[ M l . A ^  +  i  (15)
/Cd /c_b

The quantities fcd and fc_b are rate constants for col- 
lisional processes and are unlikely to be greater than 
1011 if f - 1  sec- 1  and may be considerably less. Thus, 
to account for the observed fall-off at P,/2 ~ 0 .5  atm 
( M i /t ~ 0 .0 2  M ) ,  it is necessary that

fc_0 +  fcc <  109 sec- 1  (16)

It  is important to note that the C 0 2(3B 2) produced 
in eq 8 is probably not in low vibrational levels of the 
3B 2 state. In  fact, the temperature dependence of the 
high pressure rate constant observed by Simonaitis and

Figure 4. C 02 potential energy diagram similar to that of 
Clyne and Thrush.12

Heicklen was consistent with an activation energy for 
k - b of about 1 kcal/m ol. (In  the context of their ex
periments, high pressure refers to the region of about 
1 atm.) I t  appears, therefore, that crossing to the 
'B 2 state occurs predominantly from vibrational levels 
near the dissociation lim it of the 3B 2 state. Population 
of lower vibrational levels of the 3B 2 state undoubtedly 
occurs, but would not affect the rate behavior except 
when direct collisional quenching to the ground state 
competes at a significant rate. If  this latter process 
occurs, the mechanism is (mechanism I I ,  eq 17 -19 )

0 ( 3P) +  CO  ¿ 1  C 0 2*(3B 2) (17)
— a

b'
C 0 2*(3B 2) +  M  C 0 2(3B 2) +  M  (18)

- b '

C 0 2(3B 2) +  M  - U -  C 0 2( > E s+) +  M  (19)

The primed notation in eq 18 is intended to denote the 
fact that different (possibly lower) vibrational levels of 
the 3B 2 state are involved. The properties of mech
anism I I  are

d [C 0 2] = 
d<

Mvfcet Q][CO ][M ]
f c _ af c _ b '  +  f c - A  +  f c b '/Ce [ M ]

=  k co  [O] [CO] (2 0 )

[M]

[M ]— »-  °° ; fci

; k co ~ - >  k0 =

co — k „  — 

fee

k—b' "b  ke
X

(2 1 )

[M ]v
fc -a

kb*

fca/cb'[M] <  kJch.[ M ]  

f c - a  =  f c _ a

/  k—b' ~b ^e\ ^  k^a

V ke / kb'

(2 2 )

(23)

As seen by eq 21, this mechanism predicts a lim iting
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high pressure rate constant equal to the rate constant 
of the initial step, fca. The value of ka obtained by 
extrapolation of the high pressure rate constants (0.5 
to 1.0 X  106 if f - 1  sec- 1 ) is in good agreement with the 
estimate of k& based on the exchange experiments of 
Jaffe and Klein, as previously discussed. Th is can 
explain why mechanism I I  is dominant in the high 
pressure region.

A t low pressures, the relative unimportance of mech
anism I I  can be accounted for most simply by the con
dition that fcd ke. This reflects the not unexpected 
fact that C 0 2(3B 2) is more resistant to collisional 
quenching than C 0 2(1B 2).

The predicted fall-off behavior of mechanism I I  is 
similar to that of a “normal” association reaction, in 
which the reactants correlate with the ground state of 
the product and the mechanism is of the energy transfer 
type. Under these circumstances [M ]t/2 is given by 
the ratio of the reciprocal lifetime of the collision com
plex and the rate constant for collisional deactivation 
of the complex. In  the present case an even stronger 
pressure dependence is possible, depending on the rela
tive magnitudes of b< and ke.

A  referee has suggested that the pressure dependence

in Figure 3 may be related to the curvature which is 
frequently observed in plots of 1 /k  vs. l / P .  Such 
curvature arises from a spread in the energy of the in i
tial reaction complex, so that the overall pressure de
pendence is actually a composite of a range of different 
pressure dependences. However, this interpretation 
is equivalent to attributing the low pressure fall-off 
behavior of the 0  +  CO reaction to a long lifetime of 
the C 0 2*(3B 2) intermediate. Otherwise, the onset of 
curvature could not occur at relatively low pressures. 
The 0  +  O? reaction, using the data of Hippier and 
Troe, shows no curvature in the same pressure range 
when plotted in this fashion. To the present author, 
it seems preferable to explain the low pressure fall-off 
in terms of a low fce rather than a low fc_a, and to ac
count for the curvature by the onset of mechanism I I .

A ck n ow ledgm en ts. The author is grateful to D r. A ra 
Chutjian for helpful conversations concerning the C 0 2 
potential energy surfaces. Th is  paper presents the re
sults ol one phase of research carried out at the Jet 
Propulsion Laboratory, California Institute of Tech
nology, under Contract No. N AS7-100 sponsored by 
the National Aeronautics and Space Administration.
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The reaction of borane with ketene to produce a single addition product having the composition BC2H 50  has 
been shown to occur. At 460°K. 4.5 Torr total pressure of helium, and low partial pressures of reactants, the 
bimolecular rate constant for this reaction is 4 X 109 iff-1 sec. All available evidence indicates that BC2H 50  is 
a donor-acceptor adduct involving BH3 and the carbon-carbon it bond. The significance of these results with 
regard to the reactivity of borane is discussed.

One of the objectives of studying the elementary re
actions of borane is to obtain a better understanding of 
the relationship between the electronic structure of 
this species and its chemical reactivity. One approach 
to such an understanding is to compare and contrast 
the nature and the rates of the reactions of B H 3 with 
those of other reactive species. Singlet methylene, a 
reactive species isoelectronic with B H S, readily under
goes reaction l . 2,3

^ H *  +  C H 2CO  — >  C 2H 4 +  CO  (1)

As B H 3 undergoes the isoelectronic reaction4

B H 3 +  H 3B C O  — >  B 2H 6 +  C O  (2)

the reaction of B H 3 with ketene has been examined.

(1) Part VI: T. P. Fehlner, Inorg. Chem., 12, 98 (1973).
(2) R . A. Cox and K. F. Preston, Can. J. Chem.. 47, 3345 (1969).
(3) W. Braun, A. M . Bass, and M . Pilling, J. Chem. Phys., 52, 5131 
(1970).
(4) M . E. Garabedian and S. W . Benson, J. Amer. Chem. Soc., 8 6 , 
176 (1964).
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A  number of modes of reaction of B H 3 with C H 2CO 
are possible.

B H 3 +  C H 2CO  — >  H 2B C H 3 +  CO  (3)

— >  H 2B C H 2C H O  (4)

— H 2B C O C H 3 (5)

— >  C H 2C O B H 3 — >

HoBOCH : C H 2 (6)

— ►  H 3B C O  +  C H 2 (7)

A ll except reaction 7 which is highly endothermic may 
be fast reactions.6 Reaction 3 is analogous to (1);
(4) and (5) are so-called hydroborations;6 and (6) cor
responds to a reduction of the carbonyl group which is 
now known to proceed through the two discrete steps 
indicated.1,7

Because of the multitude of possible reaction paths, 
the reaction of B H 3 with ketene and other difunctional 
molecules has another interesting aspect. Borane re
acts readily with ethylene and somewhat less readily 
with acetone. When a molecule has both the carbon- 
carbon 7T bond and the carbonyl functional groups, the 
interesting question arises as to which feature of the mo
lecular electronic structure, if either, will control the 
initial reactivity of the molecule. The answer to this 
question is directly related to how the electronic struc
tures of chemical species interact in the course of a reac
tion. If, as has been suggested,8 the highest occupied 
molecular orbital of one species and the lowest unoc
cupied molecular orbital of the other species determine 
the reaction character, then one should be able to pre
dict the initial products of the reaction with B H 3 as the 
lowest unoccupied orbital is always on B H 3. On the 
other hand, if these fast exothermic reactions with little 
or no activation energy proceed either through loose 
collision complexes with no specific bonding interaction 
or through donor-acceptor adducts with finite lifetimes, 
then other factors may well control the products ob
served. The study reported below was also carried 
out to test some of these ideas.

Experimental Section
The apparatus utilized in this work, which has been 

described in detail previously,9-11 consists of a fast- 
flow, gas-phase, tubular reactor directly coupled with 
modulated molecular beam sampling to a mass spec
trométrie analysis system. Th is system provides for 
variation in reactant partial pressures and reaction 
time. Total pressure and temperature were not easily 
changed and were held constant. Product identifica
tion was carried out by both conventional analysis of 
the mass spectra and by analysis of the relative phases 
of selected ions.11-14

The conditions of the present experiments were as 
follows. B H 3 was prepared by the thermal decomposi-

Figure 1. Mass spectra of the parent ion regions of the 
product of the reaction of BH3 and CH2CO (top) and the 
reaction of BH3 and CD2CO (bottom).

tion of F 3P B H 3 in a hot zone similar to that shown at 
the top of Figure 1 in ref 10. Rate constant measure
ments were carried out by changing the position of the 
gas probe only.15 The movement of this probe defines 
a reaction zone consisting of the last 2 cm of the reactor. 
The temperature of this zone was 460 ±  10 °K . The 
total pressure in the reactor was 4.5 Torr, and the flow 
velocity was ca. 104 cm/sec. Calibrations of stable ma
terials were carried out as described previously.10

Trifluorophosphine borane and diborane were pre
pared and purified as described previously.16 Ketene 
was prepared by the pyrolysis of acetic anhydride (J. 
T . Baker, Reagent).16 Ketene-d2 was prepared by the 
pyrolysis of acetic anhydride-d6 (Merck Sharp and 
Dohme). Purification was by trap-to-trap fractiona-

(5) The techniques used here only allow the observation of reactions 
of BH 3 with rate constants >  1 0 6 M - 1  sec.
(6 ) H. C. Brown, “ Hydroboration,” W. A. Benjamin, New York, 
N. Y., 1962; Chem. Brit., 7,458 (1971).
(7) T. P. Fehlner, Inorg. Chem., 11, 252 (1972).
(8 ) K. Fukui, H. Fujimoto, and S. Yamabe, J. Phys. Chem., 76, 
232 (1972), and references cited therein.
(9) G. W . Mappes and T. P. Fehlner, J. Amer. Chem. Soc., 92, 1562
(1970) .
(10) G. W. Mapes, S. A. Fridmann, and T. P. Fehlner, J. Phys. 
Chem., 74, 3307 (1970).
(11) T . P. Fehlner, J. Amer. Chem. Soc., 90, 4817 (1968).
(12) S. N. Foner, Advan. At. Mol. Phys., 2, 385 (1966).
(13) R. M. Yealland, R. L. LeRoy, and J. M . Deckers, Can. J. Chem., 
45, 2651 (1967).
(14) M . H. Boyer, E. Murad, H. Inami, and D. L. Hildenbrand, 
Rev. Sci. lustrum., 39, 26 (1968).
(15) S. A. Fridmann and T. P. Fehlner, J. Phys. Chem., 75, 2711
(1971) .
(16) R. L. NuHall, A. H. Laufer, and M . V. Kilday, J. Chem. 
Thermodyn., 3, 167 (1971).
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Figure 2 . Variation in the intensities of the m/e 56 and 28 ions 
(a) with mean borane partial pressure, ( B H 3 ) ,  at a constant 
ketene partial pressure of 72 mTorr and a probe position of 
38.0; (b) with ketene partial pressure at a constant mean 
borane partial pressure of 12 mTorr and a probe position of 
38.0; (c) with probe position (reaction time) at a mean borane 
partial pressure of 6 mTorr and a ketene partial pressure of 72 
mTorr. In (c) the arrow indicates the relative position of the 
sampling orifice. In these experiments the mean temperature 
was 460 °K, the total pressure was 4.5 Torr, and the flow 
velocity was 1.2 X 104 cm/sec.

tion and the purified material was stored at —196° in 
a black-painted bulb. Ketene was metered into the 
flow system from a bulb held at —78°. Purities were 
checked mass spectrometrically.

Product Identification

M a s s  Spectra . The mass spectrum was searched at 
m /e  values that were not obscured by major fragment 
ions of molecules known to be present, i .e . , F 3P B H 3, 
P F 3, B H 3j B 2H 6, and C H 2CO. W ith C H 2CO being in
jected immediately downstream of the B H 3 prepara
tion zone at a partial pressure of ca. 50 mTorr such that 
the total reaction time was ca. 0 .5  msec, the most ob
vious change in the mass spectrum was the appearance 
of ions with m /e  values corresponding to those expected 
for an addition product of B H 3 and ketene. The rela
tive intensities of these ions are shown in Figure 1. 
The presence of these ions depended on both B H 3 and 
C H 2CO partial pressures and on reaction time as i l 
lustrated in Figure 2. These ions were easily observ
able, being only ca. 10 X  less intense than those from 
ketene. T h is  is a qualitative indication of a large rate 
constant.

Changes in the intensity of m /e  28 were also observed 
on the addition of B H 3. As illustrated in Figure 2, 
m /e  28 increased with increasing B H 3 at constant

Figure 3. Plot of relative phase vs. the square root of the 
molecular weight of the neutral progenitor of the ion.
Calibration points are m/e 42 from CH2CO, m/e 42 from 
n-butane, and m/e 69 from PF3. All calibrations were carried 
out under operating conditions of temperature, pressure, and 
flow. The relative phase of m/e 56 from the borane-ketene 
addition product and the uncertainty in the measurement is 
shown by the hash mark. The calculated apparent molecular 
weight is 53 ±  4.

C H 2CO, increased with increasing C H 2CO  at constant 
B H 3, and increased with increasing reaction time. 
These observations are consistent with either m/e 28 
resulting from ionization of another product or m /e  28 
resulting from fragmentation of the molecular ion of 
the ketene-borane addition product. Clearly, these 
changes in m/e 28 cannot be due to C O + from C H 2CO 
as ions known to arise from ketene decrease with in
creasing B H 3. Because the intensity change of m/e 
28 is comparable in magnitude to the intensities in the 
m /e  51-56  region, the former explanation is appealing. 
If  correct, this would im ply that changes in m/e 28 are 
due to CO and/or C H 3B H 2 production and the ions at 
m /e  51-56  are due to (C H 3B H 2)2. However, as is 
shown below, this explanation is not correct.

Ions were sought at m /e  values greater than 56. 
Although very small, nonreproducible ion intensities 
were observed at a few m/e values, no ions that could 
be attributed to products were observed. No high- 
mass products with an ion intensity greater than 1 %  of 
m/e 56 from the ketene-borane addition product were 
observed.

The reaction of B 2H 6 with ketene was also examined 
as B 2H 6 is always present from the association of B H 3. 
The reaction was examined with a total reaction time 
of 0.8 msec, at temperatures of 440 and 570 °K , and for 
partial pressures of B 2H 5 and ketene up to 50 and 30 
mTorr, respectively. No ion intensities corresponding 
to those reported above were found. In  addition no 
evidence was found for the rapid addition of B 2H 3 and 
ketene.

P h a se Spectra . Additional information concerning 
the identity of the reaction products was obtained by 
measuring the relative phase angle of selected ion sig
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nals. This phase angle is directly related to the mo
lecular weight of the neutral progenitor of a given ion 
signal.11-14 The relative phase angles of ions of both 
known and unknown molecular sources were obtained 
from plots of the ion signal at phase angle <t> minus the 
signal at phase angle <f> +  180° vs. the phase angle $ .17 
The results for m /e  56 are shown in Figure 3, and it is 
clear that this ion results from a species having an ap
parent molecular weight of 53 ±  4. In  contrast to the 
situation with the reaction of C 2H 417 and alcohols1 with 
B H 3, there is no suggestion at all that this ion is pro
duced in part from fragmentation of higher mass prod
ucts. Th is observation, along with the mass spec- 
trometric results above, strongly suggests that there is 
no further reaction of the ketenc-borane addition prod
uct either by dimerization or by addition of another 
molecule of ketenc.

The relative phase of the m /e  28 ion signal was also 
examined. Th is  was somewhat difficult because of the 
noisy character of this mass number. However, al
though the results are qualitative, they are conclusive. 
The detector was nulled on m /e  28 in the absence of 
B H 3 when m /e  28 is due only to C O + from C H 2CO. 
In  the presence of B H 3 the sign of the detector response 
is characteristic of a neutral progenitor having a mo
lecular weight greater than ketene. Th is behavior 
was checked using other known gases. Therefore, the 
m /e  28 ion signal that is produced by the reaction of 
B H 3 and C H 2CO  is a fragment ion from the ketene- 
borane addition product.

Iso top ic  Substitution . To obtain final verification of 
the stoichiometric identification of the reaction prod
ucts, the reaction of B H 3 with C D 2CO was examined. 
The resulting mass spectrum in the m/e 51-58  region 
is shown in Figure 1. The net effect of deuteration of 
ketene is a shift of the entire spectrum two mass units 
higher. This fact, plus the strong parent ion intensity, 
eliminates (C H 3B H 2)2 as a possible product as any 1 ,1 - 
dimethyldiborane produced by the dimerization of 
methyl borane should contain four D  atoms. In  turn, 
the absence of (C H 3B H 2)2 implies the absence of C H 3- 
B H 2 as monoalkylboranes dimerize very readily.17 
Therefore the composition of the ketene-borane addi
tion product produced from C D 2CO  is B C 2H 3D 20.

The ion production observed at m /e  28 for C H 2CO 
shifted up to m /e  30 for C D 2CO. The relative phase 
angle of the m/e 30 ion indicated that it  was derived 
from a species of molecular weight greater than 44. 
Therefore the composition of the m/e 30 ion is B C H 3D 2. 
A ll the evidence shows that this ion is a fragment ion of 
the addition product B C 2H 3D 20.

Rate Measurements
S ensitivities. The most precise way to obtain a rate 

constant for the reaction of B H 3 with ketene in this sys
tem is to measure the formation of the addition product 
as a function of time. In  order to do so it  is necessary

Figure 4. Plot of fc8(CH2CO)o/2.303r vs. (CH2CO)0 at 460°K 
a total pressure of 4.5 Torr. The open circles refer to data 
taken at a mean (BH3) = 2.4 mTorr, the closed circles to data 
taken at a mean (BH3) = 2.9 mTorr, and the squares to data 
taken at mean (BH3) = 5.6 mTorr. The linear flow velocity, v, 
was 1.3 X 104 cm/sec. The straight line corresponds to a 
bimolecular rate constant of 4.3 X 10® M -1  sec.

to determine a sensitivity for B C 2H 30. From past 
experience the strong product signals indicated that 
reaction 8 would effectively swamp out reaction 9 at

B H 3 +  C H 2CO  — > B C 2H 60  (8)

2 B H 3 — B 2H o (9)

high C H 2CO  levels. Therefore C H 2CO was used to 
titrate the B H 3 in the flow stream in the same manner as 
has been done previously.17 The ion intensity of 
m /e  56 at l / ( C H 2CO) =  0 is taken to represent a par
tial pressure of B C 2H 50  equal to the partial pressure of 
B H 3 at the injection probe position in the absence of 
ketene. The partial pressure of B H 3 is known9,10 and 
was checked in this work. It  was found that the sen
sitivity of m/e 56 from B C 2H 60  is 1.7 times the sensi
tiv ity  of m/e 13 from B H 3 and 0.3 times the sensitivity 
of m/e 42 from C H 2CO. From the rate constant cal
culated below it is clear that reaction 8 is more than 20 
times faster than (9) when (C H 2CO) >  10 (B H 3) which 
is the case for these titrations.

R ate Constant. Using the m/e 56 ion intensity as a 
monitor of the addition product, the amount formed as 
a function of probe position (time) at various fixed 
ketene partial pressures and various in itial B H 3 partial 
pressures was measured. A n example of the data is 
shown in Figure 2. A  rate constant for reaction 8 was 
obtained by ignoring reaction 9 and by assuming that 
the ketene partial pressure is independent of the extent 
of reaction. Both assumptions are valid for (C H 2CO) 
>  10 (B H 3). W ith these assumptions the integrated 
kinetic equation that is applicable is

log [1 -  (B C 2H 5O )/(B H 3)0] =  -  fc8(C H 2CO )0Z/2.303r

where (B H 3)0 is the partial pressure of B H 3 at the par-

(17) T. P. Fehlner, J. Amer. Chem. Soc., 93, 6366 (1971).
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ticular probe position in the absence of ketene, (B C 2- 
H 50) is the partial pressure of the ketene-borane addi
tion product, kg is the bimolecular rate constant, 
(C H 2CO )o is the initial ketene partial pressure, l is the 
probe position, and v is the linear flow velocity. These 
data were treated in the manner described previously, 16 

and slopes of plots of log [1 — (B C 2H EO )/(B H 3)0] vs. I 
are plotted against (C H 2C O ) 0 in Figure 4 for various 
mean values of B H 3. These plots should be straight 
lines with slopes equal to fc8/2.303w. The initial slope 
indicated by the straight line in Figure 4 corresponds 
to a ks =  4.3 X  109 sec. Th is is the largest rate 
constant that we have measured for a reaction of B H 3 

thus far. The fall-off in the apparent rate constant 
with increasing (C H 2C O ) 0 and at higher mean B H 3 

partial pressures is due mainly to the very rapid reac
tion rate. 18 In  this system the error due to excessively 
fast reaction will tend to lower the apparent rate con
stant. As the error increases with increasing extent of 
reaction one expects the pseudo-first-order rate con
stant to fall off with increasing ketene partial pressure. 
For this reason the data reported here are only semi- 
quantitative and kg may well vary by a factor of 4 to 5. 
I t  is, however, more likely to be low than high. An 
analysis of the various errors in our procedures has 
been given previously. 10' 15

Discussion

N a tu re  o f  the E lem en ta ry  R eaction. Products cor
responding to reaction 3 arc not observed and, because 
it is endothermic, reaction 7 would not be observed 
under these conditions. The composition of the 
product corresponds to B C 2H 50  and thus reactions
4-6 are possible. In  addition one must consider the 
possibility that B C 2H 50  is a donor-acceptor adduct of 
B H 3 as, for example, the intermediate product in reac
tion 6 . Any more conclusive identification of the 
nature of the reaction of B H 3 with ketene requires in
formation on the structure of the product, B C 2H 50. 
No direct structural evidence has been produced in this 
study but circumstantial evidence concerning the struc
ture of B C 2H 50  exists and is presented below.

Previous observations indicate that tricoordinate 
boron compounds, i .e ., substituted boranes, behave 
quite differently from tetracoordinate boron com
pounds, i .e ., donor-acceptor adducts, in our system. 
Monosubstituted boranes tend to readily dimerize or 
form disubstituted boranes, both of which are easily 
identified by their high mass spectra, dependence on 
reagent partial pressures, and by phase measure
ments. 1,17 Donor-acceptor adducts appear quite inert 
toward further reaction under our conditions.7,15 In  
the reaction of B H 3 with ketene there is no evidence for 
the formation of higher mass products; thus, no evi
dence for further reaction. In  contrast, allene, which 
is isoelectronic with ketene, produces easily visible 
high-mass products. 19 These facts indicate that B C 2-

H 60  contains tetracoordinate boron. However, this 
evidence does not distinguish between a ketene-borane 
donor-acceptor adduct and a tricoordinate borane with 
an internal donor-acceptor interaction, e.g.

h 2b  0

\  s
c — c
h 2 h

The second clue concerning the structure of the ad
dition product is the magnitude of the rate constant. 
The rate constant for the reaction of B H 3 with carbonyl 
oxygen is ca. 1 0  times smaller than the rate constant 
for the reaction of B H 3 with the double bond of ethyl
ene.7,17 As calculated above, the rate constant for the 
reaction of B H 3 with ketene is larger than that for the 
reaction with ethylene. Assuming that the collision 
probabilities for the reaction of B H 3 with the carbon- 
carbon ir bond and carbonyl oxygen are the same in 
ketene as in the separate molecules, one would expect 
reaction with the carbon-carbon ir bond to occur with 
a rate constant of 2 X  109 sec. If  this naive 
argument is correct, one would also expect to see a 
product corresponding to the bis adduct of B H 3 with 
ketene at roughly l/ w the level of the mono adduct. 
The fact that one does not observe any ions that would 
correspond to the bis adduct can be explained by the 
conjugation between the carbon-carbon 7r bond and 
the nonbonding electrons on oxygen.20 Such conjuga
tion would tend to reduce the reactivity of the oxygen 
site after addition of B H 3 to the carbon-carbon ir  bond. 
However, the existence of this conjugation makes the 
argument based on separate reactive sites somewhat 
tenuous. The other possible explanation for the non
observation of the bis adduct was mentioned above. 
Namely, the borane is formed and the lone pair on the 
carbonyl oxygen reacts intramolecularly with the tri- 
coordinate boron.

The final structural evidence results from the unique 
ion fragmentation behavior of the addition product. 
One striking characteristic of the mass spectrum of this 
species is the very large relative abundance of the par
ent ion. No other addition product of B H 3 exhibits a 
parent ion that is the base peak of the parent envelope. 
Th is discounts the possibility that B C 2H 50  is some 
generalized adduct of ketene and B H 3 and requires 
B H 3 to be associated with a specific donor site on ketene. 
The two most likely sites are the carbon-carbon ir bond 
or a lone pair on oxygen. Interaction with either 
would leave the type of ionization site that could ex
plain the large parent ion intensity. As the first addi
tion product of B H 3 with allene does not have a strong

(18) R. E. Walker, Phys. Fluids, 4, 1211 (1961).
(19) S. A. Fridmann and T. P. Fehlner, unpublished observation.
(20) R. N. Dixon and G. H. Kirby, Trans. Faraday Soc., 62, 1406
(1966).
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parent ion,19 it  seems likely that B H 3 interacts with the 
carbon-carbon x bond of ketene thereby leaving the 
nonbonding electrons on oxygen for ionization. Th is 
observation also tends to eliminate the tricoordinate 
borane with an internal donor-acceptor interaction as 
the structure of B C 2H 60. None of the known acid - 
base adducts of B H 3 have parent ions as base peaks.

Perhaps the strongest piece of evidence results from 
the identification (see above) of a strong B C H 3 • + frag
ment ion from the addition product. Roughly 3 0 %  of 
the total ionization of B C 2H 50  is due to the odd elec
tron ion B C H 5-+. The predominant fragment ion in 
the spectrum of ketene itself is the odd electron ion 
C H 2- + which accounts for ca. 3 6 %  of the total ioniza
tion.21 As abundant odd electron ions are almost 
always formed by elimination of a molecule from the 
molecular ion,22 the latter process is represented as

c h 2= c = o - + — ►  c h 2- + +  c = o

Therefore, a strong B C H 5 • + ion from B C 2H 50  is likely 
only if B H 3 is associated with the C H 2 end of ketene. 
About 6 0 %  of the total ionization of B C 2H 60  is due to 
ions of composition B C H X whereas for ketene C H X ac
counts for 4 5 %  of the total ionization. The increased 
fragmentation for B C 2H 60  vs. C H 2CO  suggests that 
B H 3 interacts with the carbon-carbon x bond thereby 
weakening it. F inally, it is difficult to envision a pro
cess for the formation of an abundant B C H 5 • + ion 
from the products of reactions 4, 5, or 6.

The hydrogen fragmentation of B C 2H 60  can also be 
analyzed from the results presented in Figure 1. Con
sidering the parent ion envelope alone (m /e  51-56), 
5 2 %  of the total ion intensity is parent ion, 3 4 %  in
volves the loss of one or more hydrogens originally on 
B H 3, and 1 4 %  involves the loss of one or more hydro
gens originally on C H 2CO. Th is is the same behavior 
exhibited by a known donor-acceptor adduct.1 A l
though this does not eliminate tricoordinate borons, 
they do appear to exhibit more hydrogen fragmenta
tion.17

A ll the evidence may be summarized by rewriting 
reaction 8 as

B H 3

B H 3 +  C H 2CO  — >  H 2C = C = 0  (10)

This expresses our conclusions that B C 2H 50  is a 1 : 1  
adduct of B H 3 and C H 2CO, that the boron atom is 
most likely tetracoordinate, and that B H 3 is most 
likely associated with the C H 2 end of ketene.

R eactivity o f  B H 3. The results of this investigation 
continue to refine our picture of the detailed mechanism 
of the reactive interaction of B H 3 with molecules. A ll 
existing data can be explained by, or require, the fol
lowing mechanism

b h 3 +  m  h 3b m  - V  ( i i )
b

where M  is any species that reacts with B H 3, H 3B M  is 
the donor-acceptor adduct, and c represents further 
reaction of the adduct to produce a substituted borane, 
i .e ., rearrangement or molecular elimination. The 
product observed in any given reaction of B H 3 is 
governed by the stability of H 3BM . Thus, depending 
on the magnitudes of /ca, k b, and /c0, the product distri
bution may be H 3B M , H 3B M  and the substituted bo
rane, the substituted borane, or no product at all. In  
the reaction of B H 3 with ketene only H 3B M  is ob
served. Thus, these results continue to support the 
view that the in itial rapid reactions of B H 3 consist 
solely of forming donor-acceptor adducts.1 The nature 
of reaction 11c  is then determined by the modification 
of the electronic structures of both species in the donor- 
acceptor interaction.

The results of this work gain added significance when 
compared to the results of previous investigations. In  
the reaction of B H 3 with C 2H 4 ,17 H 2B C 2H 5 clearly is 
formed but the presence of H 3B C 2H 4 is not excluded. 
In  lieu of positive evidence for H 3B C 2H i, the reaction 
of B H 3 with C 2H 4 was considered to be a direct reaction 
to produce H 2B C 2H 5. In  light of the data presented 
here it  appears that (11) more properly describes the 
process, and the donor-acceptor adduct, H 3B C 2H 4, is 
a real intermediate rather than an activated com
plex.17 Picturesquely, the replacement of 2H  in ethyl
ene by an oxygen atom serves to trap the addition 
product in the donor-acceptor form.

If  the detailed mechanism 11 is correct for the reac
tion of B H 3 with ketene, then these results do not 
answer the question as to what the product of reaction 
11c  for ketene will be. Presumably, paths leading to 
the products of reactions 4-6 exist and the one that 
may predominate depends upon the nature of the 
donor-acceptor adduct. Indeed, reaction 3 is still 
possible. These results do suggest that reaction 1 
might be better viewed as an addition reaction followed 
by elimination of CO  rather than a simple displace
ment reaction.

Recent theoretical calculations conclude that the 
highest occupied orbital in ketene is a x type which is 
principally a bonding orbital between the carbon 
atoms.23 As the results of this work suggest an initial 
interaction of B H 3 with the carbon-carbon x bond 
leading to the donor-acceptor adduct of reaction 10, 
the views of Fukui and others8 would seem to be sup
ported. Unfortunately, the first band in the photo
electron spectrum of ketene is tentatively assigned to

(21) A. Cornu and R. Massot, “ Compilation of Mass Spectral Data,” 
Heyden, London, 1966.
(22) F. W. McLafferty, “ Interpretation of Mass Spectra,”  W. A. 
Benjamin, New York, N. Y., 1966.
(23) J. E. DelBene, J. Amer. Chem. Soc., 94, 3713 (1972).
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electron loss from an oxygen nonbonding orbital.24 
Thus, the answer to the important question concerning 
the relationship between the orbital characters of the 
reactants and the nature of the products is not clearly 
answered by this work. The approach is promising, 
however, and deserves further study.
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The Chemical Kinetics of the Pyrolysis of Hydrogen Deuteride1
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The chemical kinetics of the pyrolysis of hydrogen deuteride into hydrogen and deuterium was studied mass 
spectrometrically over the temperature range 833-1018°K and in the pressure range 4-36 Torr using a double- 
walled 2-1. quartz reaction vessel. The data fitted a pseudo-first-order reaction equation similar to that 
found for the reverse combination after an induction period. The induction period was attributed to a rapid 
heterogeneous reaction which was dominated by the commonly accepted atomic chain mechanism at long 
times or at higher temperatures. The order of the reaction in the region following the induction period was 
found to be approximately 3/ 2 and the overall activation energy was 55.8 ±  2.4 kcal/mol. Rate constants 
for the chain propagating steps, k3, k,, k3, and k$ were computed at 1000° K and shown to be consistent with 
earlier studies using other methods, but computations of k3 and fc5 were lower than those reported by earlier 
experimentalists and theoretical predictions. Activation energies were shown to be dependent upon the 
nature of chain initiation and termination steps and data are reported for E3, E\, E6, and E 3 for two extreme 
assumptions. The surface to volume ratio was varied by a factor of 2 and 4 and found to have negligible 
effect in the homogeneous reaction region. Earlier studies of the H2 +  D2 reaction had found an effect at
tributed to oxygen diffusing through the walls of the reaction vessel but this was not confirmed for the reverse 
pyrolysis of HD. An ad hoc assumption made by investigators of the H2 +  D2 pyrolysis reaction was shown 
to be experimentally valid.

Introduction
One of the most curious enigmas in the field of chem

ical kinetics is represented by the elementary reaction 
between one of the isotopes of the hydrogen atom and 
molecular hydrogen, isotopically substituted and/or 
one of its nuclear spin isomers. Th is H  +  H 2 reaction 
has challenged theoreticians for many years repre
senting, as it does, a three-electron problem. The 
variety of empirical, semiempirical, and ab initio  ap
proaches to the computation of the H 3 surface has been 
the subject of an excellent review by Karplus3 and con
tributions are still being published.4 The accuracy to 
which the potential energy barrier is known, 9.0 ± 1 . 5  
kcal/mol, is still unsatisfactory.3 From an experi
mental viewpoint, the challenge has been equally long,5 
ranging from careful studies of the pyrolysis of the 
Ho +  Do system6 to systems where the H  atom was gen
erated by microwave discharge, nuclear recoil, or 
photolysis. These studies have been well summarized 
by Rowland.7 Experimental activation energies are in 
the 7-9 kcal/m ol range, in fair agreement with the po

tential barrier computations in view of the problems in 
volved in interpretation of the data.

The research reported here was undertaken in 1966, 
prior to the classic study of Westenberg8 using the esr 
technique, with the hope that interpretation of the 
kinetic data obtained from a careful study of the py
rolysis of H D  would be simpler and involve fewer ad hoc 
assumptions, providing more reliable rate constants than

(1) Based on the Ph.D. Thesis of T. Niki, University of Detroit, 
Detroit, Mich., 1971.
(2) Department of Chemistry, Oklahoma State University, Still
water, Okla. 78074.
(3) M. Karplus in “ Molecular Beams and Reaction Kinetics,” 
C. Schlier, Ed., Academic Press, New York, N. Y., 1970, p 339.
(4) C. A. Parr and D. G. Truhar, J. Phys. Chem., 75, 1844 (1971).
(5) A. Farkas and L. Farkas, Proc. Roy. Soc., Ser. A, 152, 124 
(1935).
(6) A. Cimino, E. Molinari, and G. G. Volpi, J. Chem. Phys., 33, 
616 (1960); G. Boato, G. Careri, A. Cimino, E. Molinari, and G. G. 
Volpi, ibid., 24, 783 (1956).
(7) F. S. Rowland in ref 3, p 293.
(8) A. A. Westenberg and N. de Haas, J. Chem. Phys., 47, 1933
(1967).
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obtainable from the studies of the pyrolysis of H 2- D 2 
mixtures. Furthermore, one of the ad hoc assumptions 
necessary to deduce rate constants from the earlier 
H 2- D 2 pyrolysis studies, i .e ., that the ratio (H )/ (D) was 
independent of the extent of reaction, could be experi
mentally verified by a careful study of the chemical 
kinetics of the pyrolysis of H D . As w ill be seen later, 
the first hope was not realized, and while reliable rate 
data were obtained in this study, they suggest that 
pyrolysis kinetic studies are not the optimum experi
mental route to accurate experimental rate constants. 
Future research should probably approach the reaction 
through nonequilibrium such as Westenberg’s8 or Le- 
Roy’s9 flow systems or via  a molecular beam10 approach. 
The second objective of the research, verification of the 
ad hoc (H )/(D ) assumption, was successfully achieved.

Experimental Section
A . A p p a ra tu s and P rocedure. A  double-walled 

fused quartz reaction vessel, similar in configuration to 
that used by B C C M V 6 but of larger dimensions, was 
used. The volume of the internal vessel was 2.17 1., 
calibrated by expansion of a gas from a known volume. 
Because the vessel was quite close to cylindrical, the 
calculated surface to volume ratio, 0.417 cm-1  is fairly 
accurate. Inlets to the vessel and its outer jacket 
emerged from the bottom of the vessel as it  was located 
in the high-temperature oven (Blue M  Electric Co., 
Model 8006C-1) and connected to a conventional high- 
vacuum gas handling system. In  experiments in which 
the surface to volume was increased, pieces of quartz 
tubing were packed into the inner chamber of the reac
tion vessel.

A  pinhole sampling probe, fabricated by a Tesla coil 
discharge through a thin quartz wall at the end of the tu
bular probe, extended downward axially so as to sample 
the gas in the geometric center of the cylinder. The leak 
rates for H 2 were determined mass spectrometrically to 
be 1.75 X  1013 molecules/sec at 1.31 To rr and 6.95 X  
1013 molecules/sec at 5.02 Torr, respectively, corre
sponding to a calculated ideal pinhole size of 1.1  u- 
This leak rate was sufficiently low to permit accurate 
measurements of the peak heights in the mass spectrom
eter (C .E .C . Model 21-103C) to which the probe was 
attached and yet not diminish the equilibrium H 2, H D , 
and IT  pressures in the reaction vessel discernibly over 
a 10-hr observation period.

The high-temperature oven was equipped with a 
Honeywell indicating potentiometer to control the 
temperature to ± 1 °  over the temperature range 300- 
1280°K . The temperature was monitored by a 
chromel-alumel thermocouple (Omega Engineering) 
which was calibrated against a platinum -platinum - 
1 0 %  rhodium thermocouple (Omega Engineering) cal
ibrated by the U. S. National Bureau of Standards. 
The thermocouple was located against the outer wall 
of the reaction vessel midway down the cylinder. The

temperature thus monitored agreed with temperatures 
measured by sliding the thermocouple up the gas inlet 
to the probe tip, leading us to believe that the radial 
temperature gradient measured from the cylinder axis 
was negligible. The vertical temperature gradient so 
measured from below was 1 2 °  at 730°Iv and 7 ° at 
9 50°K . The heat leak was expected to be large at the 
bottom of the reaction vessel where the two inlets 
emerged and, while it  was not measured, it  must have 
been much smaller at the top of the reaction vessel 
where the small outlet from the probe to the mass spec
trometer was situated. Thus, the temperature gra
dients measured were probably the largest in the entire 
reaction vessel in any direction.

The reaction vessel, even after thorough outgassing 
at 110 0 °, showed retention of small amounts of hy
drogen. (This was demonstrated by monitoring the 
formation of H D  upon introducing pure D 2 into the 
vessel following pretreatment with H 2 and high-tem
perature outgassing.) The reaction vessel was evac
uated for at least 1 hr before each experiment. The 
best reproducibility was obtained by leaving an equi
librium  mixture of H 2- H D - D 2 in the vessel between ex
periments. Because B C C M V 6 reported effects of 
oxygen diffusing through the walls of the reaction 
vessel, some experiments were performed in which 
either air or 0 2 was admitted to the outer chamber.

In  a typical experiment H D  (or an H 2- D 2 mixture) 
was Toepler pumped into the thermally equilibrated 
reaction chamber and the mass spectrum of the mix
ture, ranging from m /e  =  1 to m /e  =  4, was deter
mined every 5 min. Periodically during an experi
ment, the mass spectrum was determined in  the region 
m/e =  12 to m/e =  44 as a check for atmospheric con
tamination. None was ever found.

B . M a teria ls . Hydrogen deuteride was obtained 
from two sources, Merck Sharp and Dohme, Ltd., 
Canada, and V o lk  Radiochemical Co. The first 
source of H D  provided a sample containing 0 .4 3 %  H 2 
and 0 .2 2 %  D 2 and this was used for all of the kinetic 
studies in which additional H 2 was not added to the; 
system. The latter source sample contained 1 0 . 1 %  H 2 
and 2 .5 %  D 2 and was used in the kinetic studies of the 
H 2- H D  mixtures. The samples as provided by the 
manufacturers were further treated to remove trace 
atmospheric contaminants by absorption and desorp
tion on Pittsburgh activated charcoal (Type B P L ) at 
liguid nitrogen temperature.11 After treatment the 
hydrogen samples contained no detectable nitrogen or 
oxygen by mass spectrometry, i .e ., less than 0 .0 0 1% . 
H 2 and D 2 gases were obtained from Matheson Co. and 
purified by passing them separately through a pal-

(9) W. R. Schulz and D. J. LeRoy, Can. J. Chem., 42, 2480 (1965).
(10) W . L. Fite and R. J. Brackman in “ Atomic Collision Processes,” 
M. McDowell, Ed., Elsevier Press, Amsterdam, 1964.
(11) D. Lewis and S. H. Bauer, J. Amer. Chem. Soc., 90, 5390
(1968).
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Figure 1. Pseudo-first-order plot for the H2 +  D2 = 2HD 
reaction at 820°K.

ladium thimble at about 500°. After treatment a 
small amount of hydrogen deuteride, less than 0.08%, 
was the only impurity detectable by mass spectrom
etry.

Results
A .  T he F orw a rd  R eaction : H?. +  Z>2 =  2 H D .  The 

forward reaction was studied at 8 20 °K  and at a pres
sure of 6.2 Torr, equimolar H 2- D 2 mixture, to test the 
valid ity of the experimental setup. The peaks at 
m /e  — 2 and m /e  =  4 decreased smoothly to equilib
rium values and the peak at m/e =  3 rose from its 
in itia l im purity to an equilibrium value in a little over 
11  hr, as expected, and was unchanged some 34 hr 
later. The pseudo-first order behavior observed by 
others5,6 was obtained and is presented in Figure 1. 
The observed half-life, 4.9 hr is in good agreement with 
the value of 4.7 hr observed at 8 5 5 °K  and 10 Torr by 
Farkas and Farkas.5 It  should be noted that the ob
served rate in Region 1, at the very early stages of the 
reaction, was faster than that in Region I I  where agree
ment with earlier workers was quite good. Th is was 
also observed in the H D  kinetic studies and will be dis
cussed in more detail later. Having established the 
ability to reproduce earlier measurements on the H 2-  
D 2 system, attention was then focused on the pre
viously unstudied H D  system.

B . T he R everse R ea ction : 2 H D  =  //.. +  J),. T y p 
ical experimental results for the reverse reaction are pre
sented in Figure 2, where the data have been fitted to 
the anticipated pseudo-first-order equation, In [1 — 
(D2)/ (D 2)eq] =  krt, having been obtained at 8 3 3 °K  and 
36 To rr of initial H D  pressure. Of course, an iden
tical plot is obtained when the concentrations of H 2 are 
substituted for D 2 and the observed variation of H 2 
plotted. Th is  establishes the gross stoichiometry and 
merits no further comment. Observe in Figure 2 that 
the transition from Region I  to Region I I  was near 40

Figure 2. Pseudo-first-order plot for the 2HD = H2 +  D2 
reaction at 833°K.

Figure 3. Pseudo-first-order plot for the 2HD = H2 -f IA 
reaction at 919°K.

t  (min.)

Figure 4. Pseudo-first-order plot for the 2HD — H2 +  D2 
reaction at 951 °K.

min whereas in the forward reaction at 8 20 °K  the 
transition required approximately 90 min. Additional 
data obtained at 9 19 °K  and initial H D  pressure of
24.9 Torr, 9 5 1°K  and initial H D  pressure of 4.8 Torr, 
and 10 18 °K  and initial H D  pressure of 5.40 To rr are 
presented in Figures 3, 4, and 5, where lines have been 
drawn through Region I  in an attempt to define the 
transition time more reliably. A  comparison of Figures
2 -5  suggests that the transition between Region I  and 
Region I I  is strongly temperature dependent and shows 
a steady progression of the intercept toward zero (more 
precisely, toward the value predicted from the 0 .2 2 %  
initial im purity level of D 2). It  need be mentioned
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that over one hundred kinetic experiments were per
formed in the temperature range 833-10 49°K  and in i
tial H D  pressures of 4-36 Torr. The data presented in 
Figures 2 -5  are representative of the totality of many 
experiments and are typical.

Experimental rate constants, kT, were deduced from 
the slopes of graphing the data as in Figures 2 -5 , were 
normalized to a “standard” pressure of 29.00 Torr by 
multiplying by the ratio of the square roots of the ex
perimental and “standard” pressure of 29.00 (to be 
justified later), and are presented in the form of an 
Arrhenius plot in Figure 6. (The data are summarized 
in Table I.) The best straight line was obtained by

Table I : Experimental Results

Ln k r

(.P =
T. p. 29.0 Torr)

Remarks "K Torr (region II)

a, b 833.1 3 6 .03 - 9 . 6 3 6
a, b 8 6 9 .3 2 7 .24 - 9 . 3 8 3
b 9 1 8 .9 2 4 .98 - 8 . 6 0 2
b 9 4 2 .4 2 0 .78 - 7 . 8 7 7
b 9 4 8 .7 30 .25 — 7.511
b 9 5 1 .3 4 .8 0 - 7 . 4 9 0
b 953 .1 17.75 - 7 . 2 7 6
b 9 5 3 .7 8 .8 0 - 7 . 5 6 1
b 9 5 6 .2 16.56 - 7 . 0 7 9
b 9 5 8 .2 12.37 - 7 . 1 5 6
b 9 5 8 .6 21 .79 - 6 . 8 6 2
b 9 6 0 .8 9 .0 8 - 7 . 2 5 3
c, d 9 8 2 .3 3 .9 6 - 6 . 1 6 4
d 9 8 3 .8 9 .1 1 - 6 . 3 3 6
b 9 8 7 .8 31 .93 - 6 . 6 9 6
b 98 8 .4 7 .9 8 - 5 . 9 7 5
b 98 9 .6 6 .7 2 - 6 . 2 1 4
e, d 99 3 .0 9 .4 0 - 6 . 0 7 8
c, d 99 4 .7 18 .20 - 6 . 1 5 1
f, d 9 9 7 .6 6 .3 6 - 5 . 9 2 9
d 9 9 8 .6 26 .91 - 6 . 0 0 1
9, d 1000.5 13 .96 - 5 . 8 1 9
d 1001.2 8 .9 2 - 6 . 0 1 5
d 1002.1 23 .79 - 5 . 8 3 9
b 1003.1 15 .75 - 6 . 0 1 6
d 1018.1 5 .4 0 - 5 . 4 2 5
c, d 1020.4 7 .7 5 - 5 . 6 0 8
d 1046.1 4 .8 6 - 4 . 9 3 2
hj d 9 4 7 .5 3 .5 5 - 7 . 1 6 8
h, b 9 4 8 .5 6 .5 2 - 7 . 6 7 4
h, b 957 .7 7 .2 4 - 7 . 1 8 1
hj d 99 6 .3 7 .9 7 - 5 . 9 9 4
h, d 99 7 .5 7 .8 8 - 5 . 8 5 8
h, d 1007.8 8 .3 9 - 5 . 5 8 0
i, d 9 4 5 .3 5 .1 2 - 7 . 0 0 9
i, d 9 3 0 .6 9 .1 6 - 7 . 7 2 3
i, d 1022.3 5 .5 0 - 5 . 0 9 1

° Deviate from the Arrhenius linear plot. 6 Regions I and 
II observed. c 0.5 atm of the air in outer jacket. d Region I 
not observed. * 0.5 atm of the oxygen in outer jacket. 1 1 
atm of the oxygen in outer jacket. « 1 atm of the air in outer 
jacket. h S/V increased by twofold. ’ S /F  increased by four
fold.

Figure 5. Pseudo-first-order plot for the 2HD = H2 +  D2 
reaction at 1018°K.

Figure 6. Arrhenius plot of In k/ vs. 10 00 /7 '  for the 2HD =
H2 +  D2 reaction.

the least-square method and corresponded to the equa
tion: I n k /  =  [22.1 ±  1.2] -  [55.8 ±  2 A \ /R T  where 
k /  is the pressure-normalized rate constant, R  is the 
gas constant in kcal/m ol deg, and T  is the absolute 
temperature.

The overall order of the reaction in Region I I  was 
determined at 954 and 1001 °K .  These data are pre
sented in Figure 7. A  least-square fit of the data gave 
slopes of 0.58 ±  0.15 at 9 54 °K  and 0.58 ±  0 .11 at 
10 0 1°K  suggesting a 3/ 2-order reaction and the relation
ship k /  =  kt/ P '  \ which was mentioned earlier as the 
basis of normalizing the observed fcr values in Figure 6.

Because of the previously observed effect on the rate 
of oxygen permeating through the walls of the reaction 
chamber,6 a number of experiments were performed in 
the temperature range 1020-982°K  with 1 atm of air in 
the outer jacket, y 2 atm of 0 2 in the outer jacket, and 1 
atm of 0 2 in the outer jacket (See Table I). The 
kinetic data were indistinguishable from those pre
sented in Figures 2 -5  and the normalized k /  fell on the 
line presented in Figure 6 within the statistical uncer
tainty. Therefore, we are unable to confirm for the 
back reaction the effect of oxygen cited by B C C M V 6 for 
the forward reaction.

Since there is some question regarding the role of the 
surface in experiments involving small atoms and mole
cules, especially H  and H> and its isotopes, the reaction 
vessel was packed with short pieces of quartz tubing to 
increase the surface to volume ratio by factors of 2 and
4. The results of kinetic studies in Region I I  across
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Figure 7. Determination of the order of the reaction at 954 
and 1001 °K by plotting k, vs. initial pressure of HD.

Figure 8. Effect of surface to volume on the Arrhenius plot 
of In k,' vs. 1000/7', straight line computed from Figure 6.

the temperature range of these experiments are pre
sented in Figure 8 along with the line computed from 
the data of Figure 6. If  there is a S / V  effect in Region 
I I ,  it is small and is within statistical precision of the 
measurements.

Discussion
The rate data obtained initially, designated as 

Region I  in Figures 2-5, have been a source of puzzle
ment from the outset. Tentative explanations for the 
fa ster  in itial reaction have ranged from traces of 0 2 
catalyzing a chain reaction in the lower temperature 
region and becoming less important as the temperature 
is raised and the 0 2 is consumed, through instrumental 
artifacts, to a heterogeneous component to the reaction 
which became less important than the homogeneous 
component at high temperature and longer times. 
Various aspects of these are considered in detail in 
N ik i’s thesis.1 A  variety of reasons, beginning with 
the necessity of conditioning the walls of the reaction 
vessel to obtain reproducible results (in Region I, not 
Region I I ,  depicted exclusively  in Figures 6, 7, and 8), 
and extending to experimental observations of small 
increases in total pressure (H 2 +  H D  +  D 2) in Region 
I, which were temperature dependent, and disappeared 
in Region I I ,  causes us to favor a heterogeneous reaction 
at the early stages, Region I, which becomes less and 
less important as the atomic chain homogeneous reac

tion becomes more important at later times and at the 
higher temperatures. Thus, we would attribute the 
observation of a Region I  to the more rapid reaction, 
2HD(absorbed) =  H 2(absorbed) +  D 2(absorbed), pre
dominating until the concentration of (H) and (D) 
atoms in the system build up to their equilibrium values 
and the homogeneous chain process dominates, Region
I I .  The time required for the transition from Region
I  to Region I I  is then a complex measure of the time 
required to establish equilibrium H  and D  atom concen
trations and the magnitude of their reaction rates at the 
temperature being considered. Th is  is consistent with 
the observations provided in Figures 1 -5 , respectively. 
A  “pseudo order” calculated from fcr values in Region I  
as a function of initial H D  pressure was found to be
1.7 ±  0.8, supporting the heterogeneous hypothesis for 
Region I. The data are too imprecise to warrant a 
lengthy discussion of Region I  and further under
standing of this kinetic region is left to future studies.

Because of the fundamental implications of accurate 
rate data, already noted in the Introduction, the ob
servations in Region I I  are of much more general in
terest. Figure 7 reasonably establishes this as the 
atomic reaction region and Figure 8 suggests that the 
heterogeneous contribution is negligible. Therefore, it 
seems reasonable to consider the mechanism in Region
I I  to be the atomic chain process similar to that used by 
Farkas and Farkas5 and B C C M V .6 To avoid con
fusion in data comparison, the system of numbering 
reactions used by B C C M V 6 will be used throughout. 
The mechanism postulated to occur in the atomic chain 
homogeneous region is as follows.

H 2 +  M =  2H  +  M fed,, A"r, A h2 =  ( H ) 7 ( H 2)

D 2 +  M  =  2D +  M  k dt, krs K d, =  (D )2/ ( D 2)

H D  +  M  =  H  +  D  +  M  k Am k rw

K Ud  =  (H )(D )/(H D ) 

D  T  H 2 =  H D  -(- H  kz, k-0 K&r, =  7 / 7 ,

H  +  D 2 =  H I)  +  D  Aii, A'6 K .\6 =  k i/k z

The first three equations and their reverse represent the 
possible chain initiation or termination steps, depending 
upon the in itial concentrations of H 2, D 2, and H D , and 
sim ilarly the last two equations are the propagation 
steps. B C C M V 6 have advanced arguments that the 
reactions which lead to chain initiation, the decomposi
tion reactions designated with rate constants k$, fcg, fcio 
above, are not homogeneous but occur at the walls of 
the reaction vessel. Our observations of Region I  cer
tainly do not conflict with this interpretation and, if 
anything, add additional credence to this interpreta
tion. However, whether M  is actually the walls of the 
chamber or not, the atom concentrations are almost 
certainly the equilibrium values and this will be as
sumed henceforth.
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Since the system contains five identifiable chemical 

species presumably in thermal equilibrium with their 
surroundings, i .e . , (H 2), (D,), (H D ), (H), and (D), five 
differential equations may be written to describe the 
kinetics. However, only four are different and they arc 
summarized below

d(H 2)/d< =  -fc ,(H ,)(D ) +  h (  H D )(H ) (a)

D 2 +  M  =  2D  +  M  kd„  k T, K D, =  (D)V(d*) 

d (D 2) /d i =  - f c 4(D 2)(H ) +  i,( H D ) ( D )  (b)

d (H D )/d i =  /c3(H 2)(D ) -  fcs(H D )(H ) +

/c4(D 2)(H ) -  /c6(H D )(D ) (c)

d (H )/d i =  —d (D )/d i (d)

d(H)/d< =  A,(H2)(D ) -  fc,(HD)(H) -

k ( D 2)(H ) +  /c6(H D )(D ) (e)

where the initiation and termination steps have been 
neglected. In  addition, we have imposed the following 
stoichiometric restrictions

(H 2)„ -  (H 2) =  (D 2)o -  (D 2) =

(H D )/2  -  (H D )„/2 (f)

as the atom concentrations may be neglected under 
these conditions. F in ally , we have the condition of 
Microscopic Reversibility at equilibrium, viz.

K oq =  (H D )eq2/ ( H 2)eq(D2)eq =  k3k4/k-J{6 ( g )

Application of the stationary-state condition to 
differential equations d and e leads to the equations

(H) +  (D) =  constant =

\K n ^ ) 0] 'h  +  [Ad2(D )0],/5 (h)

(H )/(D ) =

[*.(H2) +  * ,(H D )]/[* 4(D 2) +  fe(H D )] (i)

which are insufficient to permit the integration of any 
of the differential equations a, b, or c which constitute 
the macroscopic observables in the pyrolysis experi
ments. Hence, an additional acl hoc assumption was 
made directly by Farkas and Farkas5 and indirectly by 
B C C M V 6 that for the in itial concentration conditions 
(H 2)o =  (D 2)o, the left-hand side of eq i is constant 
throughout the course of the reaction. T h is  leads 
directly to the conclusion

(H )/(D ) =  k3/ k 4 -  h / h  =  [ K HJ K u S /2 (j)

which permits eq c to the cast into the form d (H D )/ 
dt =  A  —  R (H D ) and leads to the integrated pseudo- 
first-order equation given earlier, graphed in Figure 1, 
and subjected to the experimental tests of the earlier 
studies of the H 2 +  D 2 reaction.

If  attention is focused now on the H D  pyrolysis reac
tion, it  is possible to recast eq b in the following form, 
assuming as a first approximation that (D 2)0 =  0

d(D 2)/d< =  *,(HD)„(D) -  [27c6(D) +  fc4(H )](D 2) (k)

Now, only if (D) [and (H)] is constant, can we reduce 
eq k to the pseudo-first-order differential equation 
form, d(D 2) /d i =  C  — E { D 2), and integrate it into the 
form tested in Figures 2 -5 , and given earlier. We 
need to note that fcr =  E  =  fc6(H D )0(D) and (D 2)oq =  
C / E ,  where E  =  2fc6(D) +  fc4(H). Thus, since C  is 
indeed a constant in the regions where the. pseudo-first- 
order rate constant describes the kinetic, behavior, we 
conclude that (D ), and from eq h, also (H) is constant 
and independent of the; extent of reaction, experimen
tally verifying the ad hoc- assumption of earlier workers 
that the left-hand side of eq i is constant. It  is worth 
emphasizing that the applicability of the pseudo-first- 
order plot of the integrated form of d (H D )/d i — A  — 
ff(H D ) did not provide such a test because the “con
stants,” A  and B , each  contained terms in (H) and (D) 
which could compensate for any variation during the 
course of the reaction. Thus the applicability of the. 
pseudo-first-order integrated rate equation did not test 
the ad hoc assumption in the studies of the H 2 +  D 2 
pyrolysis studies, but did directly test the assumption 
in the H D  pyrolysis studies reported here. Further
more, it  is possible to deduce from the experimentally 
measured kr by application of eq g, j, and E  =  2/c6(D) 
+  fc4(H), experimental values for each rate constant in 
the propagation steps (/c3, k4, k6, and ke) . The rate 
constants so obtained, normalized to 10 0 0 °K  for com
parison purposes, are presented in Table I I ,  where it 
can be seen that reasonable agreement between the 
experimental numbers obtained in this study and those 
obtained from other experimental studies was obtained 
for k3 and k4, which also agree best with theoretical pre
dictions. The values obtained for k3 and k3 arc almost a 
factor of 2 lower than theoretical predictions and the 
experimental measurements of others, suggesting a 
computational error. However, none has been found 
and we have no explanation for these discrepancies 
which appear outside our experimental error. Since 
the equilibrium constants used by B C C M V  were taken 
from Brickwedde, et a l . ,n  this source of discrepancy 
can be ruled out. Therefore, while our data reinforce 
the experimental deductions of values for k3 and lc4, they 
regrettably only add to the confusion regarding /c3 and
h .

From the temperature coefficient of fcr', and the 
temperature coefficients of the equilibrium processes,12 
it  is possible to compute activation energies for each of 
the chain-propagating steps. Unfortunately, it is not 
possible to be quite so cavalier in dismissing the nature 
of the initiation and termination reactions in making 
these computations. For example, it can be shown that 
E 3 =  E t —  [ A H d 2°  — A ffrx°] /2 ,  where A ffD.° is the 
standard enthalpy change for the dissociation of D 2 into

(12) H. W. Wooley, R. B. Scott, and F. G. Brickwedde, J . Res. Nat. 
Bur. Stand., 41, 379 (1948).
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Table II: Comparison of Rate Constants (cm3/molecule 
sec X 1011) at 1000°K

,----------E x p e r im e n t a l ---------- '
R e a c t i o n T h e o r y 0 O th e rs T h i s  w o r k

D +  H2 HD +  H 11.72 9.79s
12.9e 6.1 ±  0.6
9.8e

H + D î -^HD +  D 5.01 4.55s
1 .1 B 4.6 ±  0.5

H +  HD Ì  H2 +  D
6.1e

4.42 3.7e 2.3 ± 0 .2
D + HD t  D2 +  H 3.41 4.0e 3.1 ±  0.3

° I. Shavitt, J. Chem. Phys., 49, 4048 (1968). b A. A. Westen- 
berg and N. dellaas, ibid., 47, 1393 (1967). c B. A. Ridley, 
W. R. Schulz, and D. J. LeRoy, ibid., 44, 3344 (1966). d W. R. 
Schulz and D. J. LeRoy, Can. J. Chem.. 42, 2480 (1964). e G. 
Boato, et al., J. Chem. Phys., 24, 783 (1956).

two D  atoms and AH IX°  is the standard enthalpy 
change for the overall exchange reaction H 2 +  D 2 =  
2 H D . Therefore, whether or not the prim ary mecha
nism by which D  atoms are formed is homogeneous or 
heterogeneous determines which value of A H x> ° is used 
to compute T V  Furthermore, while the gas phase 
value of AHr>,° can be accurately  calculated from spec- 
trographic data12 the heterogeneous value for A H u °  
for D 2 absorbed can only be estim ated  semiempirically.13 
Therefore, it was decided to carry out the computation 
two different ways, one in which E r was arbitrarily set 
at 60.00 keal/mol and accurate gas-phase values for the 
A H ° ’s used, and the other in which E r was chosen to be
55.8 keal/mol from Figure 6 and the estim ated  value for 
A H v .°  for D 2 absorbed on silica, 95.0 keal/mol, used. 
The computed activation energies are presented in 
Table I I I .  These are the first experimental estimates 
of E 6 and E e. It  is clear that the two methods of com
putation yield results which span previously reported 
values and could allow the authors the luxury of inde
cision. However, the data obtained assuming the in i
tiation and termination steps are prim arily heteroge
neous as suggested by B C C M V  are in better agreement 
with other experimental determinations and are pre
ferred. A t the risk of repetition, the authors wish to 
point out that heterogeneous initiation and termination 
steps are not inconsistent with the data of Figure 8 so 
long as the atomic chain length is long.

Table III: Comparison of Activation Energies

'--------A c t i v a t i o n  energ ies,  k e a l / m o i -------- '
E x p e r i -

R e a c t i o n  m e n t a l  T h e o r y T h i s  w o r k

D +  H i^ H D  +  H 7.61“ 7.42«' 6 . 1 s 8.4'
9.40s

H +  D2 HD +  D 9.39“ 11.0e 6.9 9.2
7.30e 7 .7/ 

H -f- HD —►  H2 -|- D 9. S° 6. 9 9.1
D +  DH -  D, +  H 6.0 8.3

“ A. A. Westenberg and N. deHaas, J. Chem. Phys., 47, 1393
(1967). b B. A. Ridley, N. R. Schulz, and D. J. LeRoy, ibid., 
44, 3344 (1966). e W. R. Schulz and D. J. LeRoy, Can. J. 
Chem., 42, 2480 (1964). d L. Pedersen and R. N. Porter, 
J. Chem. Phys., 47, 4751 (1967). * I. Shavitt, R. M. Stevens, 
F. L. Minn, and M. Karplus, ibid., 48, 2700 (1968). 1 Id.
Conroy and B. L. Bruner, ibid., 42, 4047 (1965); 47, 921 (1967). 
"1. Shavitt, ibid., 49, 4048 (1968). * These values were ob
tained assuming Er = 60.0 keal/mol. 1 These values were 
obtained assuming = 47.5 keal/mol.

Finally, it  is pertinent to return to the comments 
made in the Introduction of this paper regarding the 
goals of this research and the pyrolysis method of 
approaching the computation of these fundamental 
rate constants. We feel that in spite of great care, we 
were only partially successful in providing more reliable 
rate constants and we warn the reader contemplating 
further pyrolysis studies in the H 2- H D - D 2 system that 
this road to more accurate rate constants will require 
significant advances in temperature control, tempera
ture uniformity, and wall reproducibility before success 
is achieved. It  is our opinion that approaches which 
produce H  or D  atoms out of equilibrium with their 
precursors but still in thermal equilibrium with their 
surroundings stand a much better chance of success in 
the immediate future.
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(13) J. H. deBoer and J. van Steenis, Konikl. Ned. Akad. Wetenschap. 
Proc., BS5, 578 (1952).
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The thermal decomposition of current or potential propellant ingredients has been studied from a number of 
aspects. A variety of mechanisms have been proposed. Further theory development and acceptance, how
ever, is being restrained by the fact that some of the key species used in the theories have not been detected by 
chemical analysis. Ammonium perchlorate (AP) has been a favorite candidate for study because it seems to be 
a ubiquitous oxidizer in current solid propellants. Detection of initial and transitory decomposition species is 
nearly impossible by wet methods, chromatography, and slower analytical techniques. Time-of-flight and, 
for the first time, higher resolution methods of mass spectrometry of ultrahigh purity AP and of its deuterated 
derivative were used in this study. Of particular importance to several proposed decomposition mechanisms 
is the sure detection of nitroxyl (HNO), the hydrides of nitrogen, and the oxides of chlorine. The detection 
method must not cause confusion by adding species of its own, such as by cracking due to electron bombardment 
in the mass spectrometer. Furthermore, it is important to find what species might be present in the condensed 
phase—as opposed to the gas phase—that would indicate strong exothermic reactions. Since it is ultimately 
desirable to relate the species found by mass spectrometry to what might be presented during combustion under 
higher pressures, the pertinence of the one to the other is discussed. The species of most concern, HNO (mass 
31), was found as a minor constituent by both high and low resolution measurement at temperatures above 80°. 
It was confirmed by the strong reduction of mass 31 when deuterated AP was decomposed. DNO occurs at 
mass 32. It is considered highly improbable that HNO could have occurred by reactions other than surface 
thermal reactions. High resolution spectra were used to separate the atomic oxygen (or doubly charged 0 2) and 
NHo peaks at mass 16, thereby confirming the presence of a key hydride of nitrogen. The other hydrides of ni
trogen were also found: NH4, NH3, and NH. No condensed phase decomposition species were found at 80° 
or below. Perchloric acid, atomic chlorine, and all the simple chlorine oxides were found, but Cl2, HCIO, 
HCIO2, HCIO3, and C104 were not detected. Also not detected in the condensed phase were nitrogen, N20, 
and N 02. The mass range monitored was from m/e 12 to 200. No parent NH4C104+ ion was detected in any 
experiments. Evidence of enough strong exothermic reactions in the condensed phase was found. It supports 
theories stating that this is a major source of energy to help balance the endothermic requirements for vapor
ization to sustain combustion.

I. Introduction
For several decades there has been interest in clearly 

defining the important energy absorption, generation, 
and transfer steps during solid propellant combustion.2'3 
Better understanding should lead to better control. 
Early  simplified theories stated that ignition took place 
on a surface when a critical temperature was reached. 
The flame zone that was then established above the 
surface provided the sustaining energy by conduction 
and radiation for steady-state surface regression. For 
solid propellants there are many strongly exothermic 
reactions that can be proposed to take place in the 
flame zone to support such theories. Oxidation of hy
drocarbons to C 0 2 and H 20  and of aluminum to A120 3 
are good examples.

The experimental difficulties associated with de
tecting and measuring initial and midcourse reaction 
products, gas, and solid zone dimensions and tempera
ture gradients for a burning solid propellant are nu

merous. In  the late 1950’s the final reaction products 
for simple systems were readily calculated by computer. 
B y  the mid-1960’s reliable final product distributions 
were being calculated for complex propellant mixtures 
and were being confirmed as well as possible by chem
ical and spectral analyses.

The great experimental difficulty lies in capturing 
and identifying the proper quantity of a species before 
a loss of temperature or pressure, or before reactions 
with other species or with surfaces cause a change in 
mole fraction. Gas temperatures range from 2000 to 
3500°K ; the zones being observed range from 10° to 
103 n m. The surface being observed regresses linearly

(1) This research was sponsored by a grant from the Air Force Office 
of Scientific Research to the University of Delaware.
(2) (a) A. D. Crow and W. E. Grimshaw, Phil. Trans. Roy. Soc. 
London, Ser. A, 230, 389 (1931); (b) O. K. Rice and R. Ginnel, J. 
Phys. Chem., 54, 885 (1950).
(3) R. G. Parr and B. L. Crawford, Jr., ibid., 54, 929 (1950).
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at rates in centimeters per second and the ambient pres
sure is usually between 20 and 200 atm.

The high temperatures severely restrict the range of 
materials and processes usable for sampling and anal
ysis. The minute dimensions being observed and the 
rapid movement of the reference vastly complicate the 
study of a given plane in the reacting system, while the 
customary high pressures reduce the dimensions and 
materials usable for viewing and spectrometry.

C on d en sed  P h a se  R ea ction s. To  circumvent some of 
these difficulties, spectral analyses of individual de
composition zones have been made at much lower tem
peratures and pressures; most of the effort has been 
concentrated on one m aterial: ammonium perchlorate.
T h is  report deals with prim ary reactions occurring 
largely at the decomposing surface. Microcinematog
raphy of burning ammonium perchlorate surfaces and 
scanning electron microscopy of quenched surfaces 
have shown the qualitative features of the reacting sur
face in good detail.4

Those photographs have shown almost conclusively 
that important reactions other than sublimation are 
taking place at, and somewhat below, the surface. 
Figure 1 is an artist’s conception, based on a number of 
photographs, showing what the structure of the con
densed phase looks like under certain conditions of high 
pressure combustion. We are most interested in Z4, 
the porous or noncrystalline zone, that even shows 
evidence of a liquidlike phase. Th is  evidence of some 
condensed phase reactions supports some radiation 
heat transfer calculations. They showed that the 
flame zone could not have the requisite temperature 
and emissivity to transfer enough heat to the surface 
and thus satisfy the endothermic requirements of solids 
gasification or sublimation. Th is meant that conduc
tion and heat generation in other zones must be impor
tant processes. Since there is strong convection or 
mass transport away from the surface, there would ap
pear to be only limited molecular back-diffusion from 
hot gas to surface. Th is  means that important exo
thermic reactions must be occurring in the condensed 
phase to at least partially satisfy the endothermic re
quirements for steady-state gasification.

Further interest in the condensed phase springs from 
the conviction that if overall combustion rates are to 
be tailored or altered, the condensed phase reactions are 
the slowest and are also probably rate limiting, and 
therefore the best point for study and attack. Chem
ical analyses have been made of quenched propellant 
surfaces. They have not been too rewarding since 
they indicate largely undecomposed products, as well 
as other products that could have been condensed from 
the gas phase during quenching. But, of course, 
during quenching, severe changes of state are taking 
place.

Another reason for great interest in surface reactions 
is the desire to get at the very earliest stages of decom-

10'lo Above 25“ C —
90°lo of tf -  

If -  
90“lo of tf "

240° C "  

10“!o Above 25" C "

Gas Cool Down Zone 
Hot Gas Zone 
Gas Combustion Zone

Local Measure of Average 
Non-planar Structure

Porous, Non-crystalline Zone 
Cubic Lattice, Stressed Zone
Orthorhombic Lattice,
Heating Up Zone

Figure 1. Crystalline oxidizer, single crystal combustion model.

position. K ey transient or intermediate species might 
be present and detectable in the condensed phase, but 
may rapidly disappear and be lost to detection in the 
gas phase.

II. Theory
P ostulated  E xisten ce  and Im p orta n ce o f  H N O  and N H > .  

A  detailed theoretical analysis of A P  decomposition by 
Jacobs and Pearson6 calls for the formation of nitroxyl, 
H N O , as

N H 2 +  0 2 H N O  +  O H ; AH  =  - 6 . 2  kcal/mol

but N H 2 has not been detected as a decomposition 
product. They point out that the method of produc
tion of the oxides of nitrogen in A P  decomposition was 
first theorized6 on the basis of H N O  reactions as

H N O  +  H N O  — > H 2Q +  N 2Q;

AH  =  —85.8 kcal/mole (1)

unimolecular to give nitric oxide

H N O  H  +  N O ; AH  =  49.6 kcal/m ol (2)

and oxidation to give nitrogen dioxide

H N O  +  0 2 — >  N 0 2 +  O H ; A H  =  —6.6 kcal/m ol

(3)

Guirao and W illiams7 proposed an additional reac
tion for H N O  leading to nitric oxide

H C 10 4 +  H N O  CIOs +  N O  +  H 20 ;

AH  =  —11.79 kcal/m ol

They state that the above reaction is essential to 
their gas phase kinetic scheme, in the sense that the 
overall reaction rate would be much lower without the

(4) T. L. Boggs, K. H. Kraeutle, and D. E. Zurn, AIAA J., 10, 15 
(1972).
(5) P. W. M. Jacobs and G. S. Pearson, Combust. Flame, 13, 419 
(1969).
(6) J. V. Davies, P. W. M. Jacobs, and A. Russell-Jones, Trans. 
Faraday Soc., 63, 1737 (1967).
(7) C. Guirao and F. A. Williams, AIAA J., 9, 1345 (1971).
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postulated step. They point out, however, that H N O  
has never been observed in A P  decomposition or com
bustion experiments.

Wilde8 has also pointed out the importance of H N O  
in the gaseous H 2-N O  reaction.

Selection o f  E xp erim en ta l M eth od . The method we 
feel holds the greatest promise at this time for further 
definition of overall reaction mechanisms and of surface 
decomposition products is mass spectrometry. Small 
samples can be heated to temperatures near the surface 
temperatures obtained during combustion. Such tem
peratures can be supplied to a small sample near the 
inlet to a mass spectrometer by resistance heating of 
the sample container or by radiant heating of the sur
face. Under the ambient high vacuum conditions, any 
surface decomposition should be rapidly followed by 
vaporization. Unfortunately, in the case of ammo
nium perchlorate, rapid sublimation will also be taking 
place. Once in the gas phase, under high vacuum, the 
species have little chance of collision reactions. They 
are ionized in the electron stream and carried to the 
detector. Hopefully, this occurs with a minimum of 
fragmentation or cracking. Pai Verneker and M ay- 
cock9,10 and others have warned that electron bombard
ment of the sublimate can also produce many species. 
However, the ionizing voltage can be varied over a 
wide range to see if drastic changes in species take place 
for different electron energies. Species requiring b i- 
molecular reactions should not occur due to bombard
ment. Also, as a check on the mass spectrometer oper
ation, analyses can be run under test conditions in which 
other quantitative methods can be used. Check meth
ods have revealed good correlation. However, the 
mass spectrometer also identifies a number of highly 
reactive species that could not exist long enough to be 
detected by the slower methods.

A t any rate, time-of-flight and high resolution mass 
spectrometry hold the promise of providing data on 
primary species that have long been postulated to oc
cur, but have not been proved. Time-of-flight anal
yses have been used in the past and have detected some 
of the primary species.9-12

Pellett12 has shown that much the same kinds of 
products occur whether decomposition is caused by 
laser flash heating or by conduction heating of the 
sample in the spectrometer heater.

To simplify the species identification problem, we 
have used neat, high purity ammonium perchlorate 
(AP) and its deuterated derivative as the candidate 
propellants. A P  has been found to burn as a mono
propellant under a variety of physical conditions and 
thus makes an ideal test case.13 It is also a major com
ponent of most solid propellants.

We and others have postulated the following primary 
products capable of being formed in the condensed 
phase: N H 4, N H S, C 10 4, H C 10 4, and the other hy
drides and oxides of nitrogen and oxides of chlorine.

Condensed Phase D ecomposition of NH 4 C104

None of these occur as final products of combustion, 
either by chemical analyses or by thermochemical cal
culation. As stated above, Jacobs and Pearson and 
Guirao and W illiam s have postulated detailed mech
anisms for the combustion process depending on the 
existence of H N O  in addition.

Time-of-flight spectrometry was chosen to scan all 
mass/charge values, while higher resolution methods 
were used to study regions of interest. Prior work 
reported has not used high resolution spectra. In  the 
future, further isotopic tagging is to be used to assure 
separation of species with similar mass/charge values. 
Future work w ill also be devoted to anionic and cationic 
changes to the candidate propellant material. Mack 
and G u illo ry14-16 have initiated some of this work, which 
w ill allow study of the reactivity of a variety of species 
to help strengthen the valid ity of the models proposed.

P ostulated  R elation sh ip  o f  L ow er  T em p eratu re, V a c

u u m  C on d ition s to C om bu stion  E n v iron m en ts. The 
usual combustion testing environment for ammonium 
perchlorate as a single crystal monopropellant has been 
about 65 atm in a bomb pressurized with nitrogen at 
about 25°. Under these conditions, the linear burning 
rate is about 1 cm/sec. The calculated equilibrium 
gas temperature is 113 0 °, the most prominent gas 
species being H 20 , 0 2, H C1, and N 2. Dode17 and 
L e v y 18 have partially confirmed the products by chem
ical analyses. Attempts at measurement have indi
cated that this temperature might be as low as 1000°, 
probably due to nonequilibrium conditions and mixing 
with surrounding cooler gases.

The surface temperature is known from photographs 
to be well beyond the orthorhombic-to-cubic phase 
transition temperature of 240° and is probably close to 
the fast decomposition temperature recorded by differ
ential thermal analysis of 300 to about 450°, depending 
strongly on the purity of the A P . Apparently, at tem
peratures greater than about 300°, the steady-state, 
self-sustaining decomposition reaction we call combus
tion can take over. Below that temperature, only 
about 3 0 %  of the A P  decomposes, and then reaction 
stops. M aycock9 has proposed a theory for this be-

(8) K . A. Wilde, Combust. Flame, 13, 173 (1969).
(9) J. N. Maycock, V. R. Pai Verneker, and P. W. M . Jacobs, J. 
Chem. Phys., 46, 2857 (1967).
(10) V. R. Pai Verneker and J. N. Maycock, ibid., 47, 3618 (1967).
(11) G. A. Heath and J. R. Majer, Trans. Faraday Soc., 60, 1783 
(1964).
(12) G. L. Pellett and A. R. Saunders, “ Mass Spectrometer Pyrolysis 
of Ammonium Perchlorate at Low Pressure,”  CPI A Publ. No. 138, 
Vol. 1, John Hopkins Press, Baltimore, Md., 1967, pp 29-38.
(13) E. E. Hackman, III, and H. C. Beachell, AIAA J., 6, 561 
(1968).
(14) J. L. Mack and G. B. Wilmot, J. Phys. Chem., 71, 2155 (1967).
(15) W . A. Guillory and M. King, ibid., 73, 4367 (1969).
(16) W . A. Guillory, J. L. Mack, and M . King, ibid., 73, 4370 (1969).
(17) M . Dode, Bull. Soc. Chim. Fr., 5, 170 (1938).
(18) J. B. Levy, J. Phys. Chem., 66, 1092 (1962).
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havior. Our assumption in working at temperatures 
of 100 to 300° which is about the only practical range 
for examination by mass spectrometers, unless a flash 
heating method is used, is that the majority of the non
electronic reactions will be the same, at least initially, 
while the 3 0 %  decomposition is taking place. The 
higher combustion temperatures simply remove surface 
decomposition products fast enough by vaporization 
to allow steady-state and complete decomposition to 
take place.

The pressure effect on combustion rates is very 
strong. In  fact, single A P  crystals of millimeter di
mensions will not burn at all below about 1 0  atm. 
Reasons for this were analyzed by Olfe and Penner. 19 

Even though some of the bases they used for calcula
tions have been later found to be somewhat in error, 
their fundamental conclusions seem valid. In  addition 
to the first effect one would predict—that of increasing 
reaction rates with increasing pressure due to greater 
reacting mass concentrations—the greatest effect is on 
the emissivity of the hot gases. Pressure would be 
expected to have little effect on the hot surface emis
sivity, but its value would be much larger than that of 
the gas cloud for small dimensions and low pressures. 
Olfe and Penner showed that radiation from the gas 
cloud to the surface for millimeter size dimensions in
creases tenfold when pressure is increased from 25 to 
300 atm. Even more striking is the effect of increasing 
the simple geometric (not necessarily the physical size 
with all its irregularities) size of the burning surface 
from a square of 2 0  mm on a side to one of 2 0  cm on a 
side. Th is  increases the radiant energy flux from gas 
to surface by about 30,000 times because the larger gas 
cloud above the larger surface has a larger beam length, 
which increases the gas cloud’s emissivity greatly.

Thus, it  can be seen that where a surface tempera
ture of greater than 300° is required, the hottest source 
available is the hot gas, and its effectiveness can be 
increased several hundred thousandfold by nonchem
ical changes; factors like pressure and geometry are 
merely acting as a hotter source to stimulate and sus
tain surface reaction.

Therefore, we make the assumption that, in mass 
spectrometry, although the pressures we use are very 
many times lower than those used in combustion, we 
are compensating for the lost thermal input from the 
gas phase by providing a direct input to the sample by 
the mass spectrometer heater.

It  is realized that dissociative sublimation w ill be 
very strong under the mass spectrometer conditions. 
Here we hope that the high sensitivity of the devices 
being used w ill enable us to detect the surface decom
position products amid an anticipated flood of am
monia and perchloric acid, the first products of decom
position.

It  is interesting that most ammonium perchlorate 
containing propellants burn quite well, although very

slowly, at 1 atm. We believe this indicates that, in 
comparison with pure AP, condensed phase exothermic 
reactions are stronger and more controlling for the 
propellant (as opposed to gas phase radiant heating). 
The likely candidates are the oxidations C  — C 0 2 and 
A1 —*■ AI2O3.

III. Equipment and Experimental Procedures
The three experimental features of the study were 

the mass spectrometers used, the special sample probe 
designed to get surface decomposition products to the 
detector with minimum delay, and the high purity of 
the sample materials.

M a s s  Spectrom eters. T im e-of-F lig h t  (T O F ). For 
screening studies of wide temperature ranges, probe 
experimental work, and the like, two time-of-flight 
mass spectrometers were used. Th is gave an oppor
tunity to compare background traces and to determine 
the presence of any equipment artifacts in the scans. 
The instruments were Bendix Model 12-10 1 spectrom
eters operating with ionizing currents of 70 eV. Th is  
level of electron energy gave good reproducible spectra. 
We realize that this energy level may be causing some 
cracking of the gas species in addition to causing ioniza
tion sufficient for detection. Room temperature is 
associated with only about 0.025 eV. Expected sur
face temperatures of burning A P  (400-900°) might be 
considered to have an energy level of approximately 
0.10 eV. The energy associated with the highest gas 
combustion temperatures would be less than 0.33 eV, 
so the electron beam energies used in any spectrometer 
have a far higher potential for causing decomposition 
than the thermal stress applied. The critical differ
ence between the electron beam and thermal energy is 
that there is usually only one electron impact with a 
species, but thermal radiation impinges on the species 
for a finite time.

Other investigators have already recorded the chlo
rine oxides spectra produced by hot H C 10 4. G uillory 
and K ing refer to the spectra as a cracking pattern 
quite similar to the species we find from A P . Other 
investigators have used very low electron beam ener
gies in the region of 20 eV. Th is is further discussed 
in section Y .

The time-of-flight instruments had a capture sensi
t iv ity  of 10 - 8  A. A  Bendix Model 843 hot filament 
sample controller was used to control sample tempera
tures. A  sample of approximately 10 mg was used. 
When the desired test temperature was reached and 
stabilized, a number of spectra were run until they 
were reproducible.

T im e-o f-F lig h t (T O F )  S a m p le  P robe . Sample orien-

(19) D. Olfe and S. S. Penner, “ Radiant Energy Emission from the 
Equilibrated Reaction Products of a Pure Ammonium Perchlorate 
Pellet,” Air Force Office of Scientific Research Technical Note No. 
59-1094 (Contract No. AF 49 (638)-412), Lockheed Missiles and 
Space Division, Sunnyvale, Calif., Sept 1959.
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Figure 2. Top mass spectrometer probe sketch.

tation and thermal conditioning within the spectrom
eter are critical to reproducibility. The probe we used 
is shown in Figure 2. In  our studies we endeavored to 
assure that the sample was heated uniformly and placed 
as near as possible to the electron beam. The lim ita
tion on nearness was to restrict the beam from being 
able to impinge directly on the solid sample. Our 
goal was to know the temperature of the solid phase, to 
operate at temperatures that would cause measurable 
decomposition of the condensed phase and production 
of gaseous species, and then to identify those species 
before any further decomposition or collisions could 
take place. The short period of time (10 _6 sec) and 
high vacuum (10-5 Torr) during the period from vapor
ization to detection would tend to preserve the species 
from collision reactions. On the other hand, the high 
vacuum and the electron impact will tend to cause de
composition that is an artifact of the analytical method. 
Our hope is that the artifact will be quantitative, rather 
than qualitative. That is, we are tacitly assuming at 
this stage that the degree of decomposition we are 
measuring for a given temperature is really that for a 
somewhat higher temperature—if higher pressures and 
no electron beam were the ambient conditions. Thus, 
we are putting emphasis on detecting condensed phase 
decomposition rather than gas phase reactions.

H ig h  R esolu tion  Spectrom etry. A  C E C  DuPont 2 11 - 
110B instrument was used for these studies. A molec
ular leak of perfluorokerosene was used in the back
ground as a reference. W ith high resolution spectros
copy a number of runs are required to give assurance 
that peak heights at a given mass/charge are meaning
ful, particularly with solid samples. A  burst of de
composition occurring when the detector was measuring 
a given mass/charge would make that peak unrealisti

cally large. The vacuum in the sample region was 
10 -5 Torr and at the detector it was 10-8 Torr.

H ig h  R esolu tion  S am p le P robe. As Figure 3 shows, 
the solid sample of A P  to be tested is placed as near as 
possible to the electron stream. As the sample is de
pleted during the test., it recedes somewhat from the 
ionization area, but in no case is it farther than about 
20 mm. As shown, a Knudsen effusion cell is available, 
although it was not used during these tests.

M a teria ls. The ammonium perchlorate used was 
ultra high-purity grade prepared by American Potash 
Corp. This material had previously been used to pre
pare very pure single crystals. The deuterated ver
sion was prepared by triple recrystallization from D 20. 
After vacuum drying, it gave no detectable proton 
signal on nmr analysis.

IV. Results
W ith the mass spectrometers used, resolution could 

be varied from differentiating between unit masses 
(TO F) to differentiating between masses differing only 
at the fourth decimal place.

Background traces were a necessary adjunct to the 
understanding of sample species and their amounts. 
Although care is taken to clean sample and ionization 
chambers and stabilize the trace recording network, 
there is always the possibility of a peak being misinter
preted if sufficient background traces and repetitive 
traces are not available.

The background trace in Figure 4 is typical for time- 
of-flight (TO F) measurements. A ir impurities are 
readily seen. Doubly charged nitrogen and oxygen are 
seen at m /c  14 and 16. Hydroxyl and water are seen 
at 17 and 18. The mass 29 peak is probably C 2H.-,+ 
from a previous hydrocarbon sample. The peak at 
mass 40 is A r+  as a minor im purity in air, as is the C 0 2 + 
at mass 44. Although attempts were made to keep 
A P  samples pure and dry, there is the possibility that 
some water and C 0 2 were absorbed and were introduced 
into the results. Th is tends to confuse the under
standing of how much water is due to A P  decomposition 
and how much is due to absorbed water. When only

3549

NOTE: Distance from sample surface to electron stream , 10 to 20 mm.

Figure 3. Sample and probe orientation, high 
resolution spectrometer.
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OH

Figure 4. Time-of-fiight mass spectrometer scan; 
background at 100°.
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Figure 5. Time-of-flight mass spectrometer scan; 
NH4CIO4 at 80°.

unit mass discrimination is possible, such as with T O E , 
the C 0 2 peak also covers the region at mass 44 where 
NoO might be detected. We are very much interested, 
however, in the complete absence of any peak at mass 
31, where H N O  is being sought in the sample.

In  our time-of-flight screening studies, 80° was found 
to be the highest temperature at which there was no 
detectable decomposition of A P (see Figure 5). Scans 
made at 1 0  to 2 0 °  intervals from room temperature to 
80° detected nothing but background. The strong 
peaks at 28 and 32 are due to a background of air. It  
can be seen that nothing is detectable at masses: 51
or 53 (35C 10  and 37C 10 ) ; 67 or 69 (36C 10 2 and 37C 10 2) ; 
S3 or 85 (35C 10 S and 37C 10 S) ; or at 100 or 1 0 2  (H 35C10., 
and H 37C10j), any of which would indicate perchlorate 
decomposition.

Referring to Figure 6 , it can be seen that at 95° the 
appearance of the chlorine oxide species has begun. 
There is also evidence for NO at 30, H N O  at 31, and 
atomic chlorine at 35 and 37. H C 1 at masses 36 and

28 32

Figure 6. Time-of-flight mass spectrometer scan; 
NH4CIO4 at 95°.
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Figure 7. Time-of-flight mass spectrometer scan; 
NH4CIO4 at 115°.

38 has not yet appeared, and molecular chlorine at 70 
is definitely absent.

At 1 1 5 °,  Figure 7, H C 1 at 36 and 38 suddeidy be
comes prominent. High resolution scans show that 
the strong increase in mass 44 is due to further CO> 
being desorbed from the sample. N 20  was detected. 
H N O  as mass 31 and NO at mass 30 and C l at 35 and 
37 have all reached a maximum, the examination for 
hydrides of nitrogen at lower m /c  is discussed later.

At 135° (Figure 8 ) H N O , CIO, and C 10 2 are seen to 
be no more abundant than at 1 1 5 °.  C 10 3 (83 and 85) 
and H C IO 4 (100 and 102) now appear at a maximum. 
H C 1 at mass 36 is now about as prominent as C 10 3 at 
85. It  can be easily seen that there is no C 10 4 in any 
of these or in the following traces at masses 99 and 101.

In  Figure 9, at 165°, H C 1 and C 10 3 still vie for posi
tion as the most abundant species. There is still ab
solutely no indication of molecular chlorine. No NO-> 
at mass 46 was detected in any of the scans; nor was 
H O C1 at masses 46 and 48.

Figure 10 is the decomposition pattern for deuterated 
A P  at 140°. D C lO i is now prominent at masses 101
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Figure 9. Time-of-flight mass spectrometer scan; 
NH4CIO1 at 165°.

and 103. The extent of proton im purity can be readily 
detected by the H C IO 4 peaks at 100 and 102 amounting 
to about 1 0 %  of the total. Th is seems to indicate that 
delays in analysis of deuterated A P, while subject to 
ambient air from time to time, can lead to absorption 
of water and significant reversion to N H 4CIO 4. The 
freshly prepared deuterated A P, after drying, gave no 
minimum signal on nmr analysis, indicating less than a 
few hundredths of 1 %  proton content.

Most significant in this figure is the absence of mass 
31, evidently due to D N O  now occurring at mass 32 
(along with 0 2). A  puzzling part of this trace is the 
nearly 5 0 %  content of H C I in the overall H C 1 -D C 1 
signal. There is no indication of N D 4 at mass 22 in 
this lower sensitivity run, but N D  is present at mass 
16 and D 20  is strong at mass 20.

A  typical higher resolution (complete peak separa
tion between O H  and N H 3 )  scan of the lower mass 
numbers is shown in Figure 11 . The major peak at 
mass 14 is doubly charged N 2, but it is entirely due to 
the background. The major peak at mass 15 is N H .  

The smaller in size, but higher mass number peaks, at

16, 17, and 18, respectively, are N H 2, N H 3, and N H 4. 
N H 4 is quite small and easily lost on lower sensitivity 
and low resolution traces. The presence of some N H 4+ 
was confirmed by detection even when the electron 
beam of the mass spectrometer was turned off. The 
N H 2 peak at mass 16 is roughly 5 0 %  of the overall mass 
16 signal due to the combination of doubly charged 
oxygen and N H 2. The oxygen, unlike nitrogen, is 
mostly due to A P  decomposition. The strong OH 
signal is almost all due to the sample; we assume part 
is due to A P  decomposition. The strong water signal 
is almost all due to the sample, and we assume some 
part of it is A P  decomposition and the remainder is 
water and or an im purity in the sample. Alhough not 
shown here, the higher mass scans showed C 0 2 to be 
present due to the A P, but no N 20  was present at mass 
44.

V. Data Evaluation
In  our studies, as compared with those conducted at 

atmospheric or higher pressures, we should be producing 
larger quantities of N H 3 and H C 10 4 due to dissociative 
sublimation. If we did not detect these two as in itial 
and major species as temperature was raised, we would 
suspect that the low pressure in the mass spectrometer 
and the electron beam energy were cracking the am
monia and perchloric acid known to be formed and 
were producing the decomposition species. A  review 
of the figures showing uncorrected relative species 
abundance from 80 to 165° shows that N H 3 and H C 10 4 
are among the first species formed, and they remain as 
major species at all temperatures tested.

Maycock and Pai Verneker10 have proposed a point 
defect mechanism to explain the fact that at atmo
spheric pressure only 3 0 %  of ammonium perchlorate 
decomposes below 300°. At temperatures above 350°, 
decomposition is complete. The species we have found 
and the mechanisms to account for them are in accord 
with their mechanism, which calls for production of 
species such as N H 4, N H 3, H 20 , H C 10 4, and C 10 3 in the 
condensed phase.

The Journal o f  P h ysica l C hem istry, V oi. 76, N o . 24, 1972



3552 E. E. H ackman, III, H. H. H esser, and H. C. Beachell

90
100 h2o

N2 +
-  (Largely from Air) 02

(Largely from Sampl
NH N»2

“  30 -
C£ 20

NOTE- No peaks recorded below M/C = 14.

J ________ uL j _j L
18 19

Mass/Charge

Figure 11. High resolution mass spectra; ammonium perchlorate at 165°, m/c 14-24.

In  this sot of experiments we did not find a tempera
ture at which N H 3 and H C IO 4 were the only products. 
In  the first appearance of HClO-i at 95°, C 10 3, the' first 
decomposition product of H C lO j, is already equally 
abundant and C 10 2 is possibly one-third as abundant . 
A  more detailed study of the temperature range 80- 
95° should be made. Our spectra seemed to correlate 
quite closely with the figures and descriptions given by 
G uillory and K in g .16 Th is  includes the chlorine oxide 
species “reversal effect” they referred to. Guillory 
and K in g  also gave the spectrum for perchloric acid 
itself. However, they state that H C lO j produced as 
an evaporated product remains relatively stable up to 
320°. Therefore, they attribute chlorine oxide species 
in the 200° region and below to H C IO 4 cracking by the 
electron beam. T h is  may well be, but L e v y 18 reports 
heterogeneous H C 10 4 reactions below 300°, the rate 
depending on the nature of the surface with which it  is 
in contact. It  might be expected that the surface of 
decomposing A P, containing N H 4  and N H 3 species, and 
probably N H 2 and N H  species, could provide an en
vironment favoring HC10.4 decomposition. The ab
straction of O H  at the weaker C l-O H  bond would start 
the formation of the three chlorine oxides.

Apparently, we cannot yet say for certain what por
tion of the H C IO 4 decomposition species (and by anal
ogy the hydrides of nitrogen species) is duo to thermal 
decomposition and what portion is due to electron 
beam cracking. We do know that the intensities of 
the species grow in a striking fashion as the tempera
ture is increased from 95 to 165°. Also Pellett and 
Saunders12 have reported not much difference in the 
relative abundance of the species when reducing elec
tron beam energy from 70 down to 20 eV. They also 
state that cracking products and solid decomposition 
products can be differentiated. It  must be realized, 
however, that 20-cV electrons are approximately sev
eral hundred times more powerful than the thermal 
environment for initiating uncatalyzed decomposition.

The factor that adds credence to thermal decomposi
tion as the source of many species— as opposed to 
cracking—is the presence of species such as H C1, H N O ,

and NO. Perchloric acid has not been shown to pro
duce H C 1 as a decomposition product. H N O  and NO 
almost certainly require a number of decomposition 
steps by N H 3 and H C IO 4, followed by oxidation of nitro
gen hydrides. Such reasoning leads us to believe that 
many of the species detected actually were formed on 
the surface of the thermally decomposing N H 4C IO 4. 
Once such species are formed on the surface, it requires 
only that they be vaporized, usually as a radical, struck 
with an electron which strips off one electron and forms 
the positive ion. Then, with almost no chance of any 
further reaction, the ion is accelerated to the identifica
tion sector of the mass spectrometer. Thus, surface 
reactions should be the last reactions occurring.

Table I  gives a scries of reactions we believe could 
occur on the surface of thermally decomposing am
monium perchlorate at temperatures as low as about 
100° when under high vacuum. Although direct spec
tral evidence for mobile C 10 4_ has not been found, the 
detection of small quantities of N H 4+ both with and 
without the electron beam turned on indicate that the 
perchlorate ion might have been present. Reaction 
lc  indicates pathways by which both N H 4 and N H G  
might have been formed. To make the perchlorate 
ion a positive ion so that it  can be detected requires 
stripping off an electron pair

C I O 4 -  C 10 4 +

T h is  is much less likely to occur than

C 10 4“ -— >  C 10 4 • (radical)

and the radical would not be detected. On the other 
hand, any N H 4+ leaving the surface in the high resolu
tion apparatus would be immediately accelerated to the 
detector. Such was found with the electron beam 
turned off. Further work will be required to determine 
the proportions of N H 4 and N H 4+ being formed.

The presence of N H 4 and absence of C 10 4 might seem 
to militate against the interpretation that radicals left 
the surface because, in that case, one might assume a 
nearly equal probability of detecting either ammonium
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Table I : AP Condensed Phase Decomposition 
Reaction Steps Justified by Mass Spectral Studies

Table II : Ammonium Perchlorate Monopropellant 
Combustion Equilibrium Calculations0

1. NH4+ +  CIO4-— (a) -

I-------- (b) ■
OR

■(c)

NH3 +  HCIO4 (major) 

NH4+ +  CIO4“  (minor)
C102 +  0 2

NH4 +  CIO4

+  e

(minor) 

>N H 4+ +  2e-

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

10.

HC104 ------------- -------OH +  C103
C103 +  n h 3 ------------>- C102 +  OH +  NH:
C103 +  C103 — ------->  2C102 +  0 2
C102 --------------- ------ >- Cl +  0 2
NH, +  Cl •-------------- NH2 +  HC1
n h 2 +  Cl — — ------ >  NH +  HC1
n h 2 +  o 2 -------- ------ >■ HNO +  OH
n h 2 +  o 2 -------- ------ >- NO +  H20
C103 ---------------------- >- CIO +  0 2

C o m b u s t i o n
sp ec ie s,  

m o l / 1 0 0  g 1 a t m
---------Pre ssu re --------

34  a t m 6 8  a t m

Cl 0.0054 0 .0 022 0.0019
HCl 0.8168 0.7301 0.7005
CIO 0.0001 0.0002 0.0002
Cl2 0.0144 0.0593 0.0742
OH 0.0002 0.0001 0.0001
H20 1.2937 1.3371 1.3519
NO 0.0011 0.0013 0.0013
n 2 0.4250 0.4249 0.4249
0 2 1.0546 1.0329 1.0254

0 Other products less than 0.00005: H, NH, H2, NH3, N, and 
O.

or perchlorate. However, C 10 4 is highly unstable, de
composing unimolecularly to C 10 2 and 0 2. The second 
reaction producing O H and C 10 3 has been widely pro
posed and is well supported by our findings. Our re
action steps suggest that all decomposition starts with 
this step.

In HCIO.1, the symmetry of the perchlorate ion is 
upset. The C l -0  bond, which was 1.408 A  for each of 
the oxygens, is lengthened to a C l-O H  bond length of 
1.630 A. Th is sets the stage for H C 10 4 decomposition 
to C 10 3 and O H radicals. The third and fourth reac
tions providing two pathways to C 10 2 formation tend 
to explain the presence of more C 10 2 and CIO. Reac
tion 10 suggests one method of CIO formation. Re
action 5 shows how C 10 2 could decompose without 
going to CIO. Reactions 6 through 9 show reasonable 
ways for forming the various hydrides that are found, 
plus HC1, H N O , and NO. Oxygen was found to sub
stantiate its usage in several reactions.

The reaction steps shown as occurring allow for the 
formation of most of the stable end products of equi
librium combustion except nitrogen. Tables I I  and 
I I I  show the calculated combustion temperatures, gas 
molecular weights, and species distribution for three 
pressures. It  can be seen that low pressures favor 
formation of H C 1 and C l at the expense of C l2. Thus, 
where reactions are carried out at very low pressure, 
we would not expect to see C l2.

Table I V  shows a series of nine reaction steps that 
are not justified based on the mass spectral analyses. 
The formation of C l2 (reaction 5) probably would take 
place at higher pressure. The underlined species rep
resent those species not detected. N 0 2, N 20 , HOC1, 
N 2, and C l2 have been reported as decomposition prod
ucts by other investigators. We believe this may be 
the differentiation between condensed phase or surface 
reactions and gas phase reactions. We know that ni
trogen is a major end product. However, we find no

Table III : Ammonium Perchlorate Monopropellant 
Combustion Equilibrium Calculations

•----------H, = — 7 0 .69  k e a l / m o l

P a ra m e t e r s 1 a t m 34  a t m 68  a t m

Temp, °K 1375 1397 1403
Temp, °F 2015 2054 2066
Av mol wt 27.691 27.871 27.930

Table IV : Typical Nonjustified AP Condensed Phase 
Decomposition Reaction Steps

1.

2.

3.
4.
5.
6. 

7.

(Condensed) NH4 +  C104~ —----- >■ NH4C104 (gas phase)'
NH3 +  CIO --------- ----- ------- ----- >. NH2 +  HOCl
OH +  C l---------------------------- ----- >■ HOC1
HNO +  0 2 ------------------------- ----- >. N 02 +  OH
Cl +  C l----------------------------------->■ Cl2
NH2 +  N 02 ----------------------- ----- >. N20  +  H20
n h 2 +  0 2 -------------------------- ----- > NH +  H 02

8.

9.

10.

N +  NO ----------------------------------> n 2o
NH2 +  H N O------------- ---------------^ N20  +  H,0
NH +  Cl --------------- -- -------------- >. N +  HCl

0 Underlined species not detected.

evidence of either N  or N 2 coming from the surface. 
Wo theorize that the oxidation of the nitrogen hydrides 
just does not proceed beyond N H  at the surface.

Conclusions
1. Most of the species postulated as occurring in 

A P  decomposition were found. The spectrometers re
corded only positive ion species. Therefore, the species 
detected were positive ions or were formed by electron- 
impact stripping of one or more electrons from the 
actual thermal decomposition species.

2. The species H N O  and N H 2 were found as con
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densed phase products providing support for two the
ories of decomposition mechanisms.

3. Small quantities of N H 4 were found, but no C 10 4. 
N H 4+ leaving the condensed phase was detected with 
the electron beam turned off. C 10 4~, on the other 
hand, could only have been detected by the loss of two 
electrons. C 10 4 could have been formed, but unimo- 
lccularly decomposed so rapidly as not to be detected.

4. No evidence for C l2 was found. Atomic chlorine 
was formed among all decomposition species. Th is is 
probably due to the low pressure studied. Th is checks

with the results of G uillory and King, but is at variance 
with the results of a number of other investigators.

5. Nitrogen, N 20, N 0 2, and H O C1 were not de
tectable as condensed phase decomposition products.

6. There is evidence that the m ajority of all pro
posed reactions of A P  decomposition take place in the 
condensed phase at least to some extent. Thus, suffi
cient exothermic reactions can be made available under 
proper pressure conditions to feed energy to the prime 
condensed phase endothermic reactions and to sustain 
combustion once the reaction chain is established.
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Reversible transformations of spiropyrans into merocyanines are studied in a series of seventeen photochromie
3-substituted benzothiazolinic spiropyrans. The absorption spectra of the colored photomerocyanines and 
their first-order thermal fading kinetics are followed using a rapid scanning spectrometer coupled to a flash 
photolysis apparatus. Activation energies and entropies are calculated in toluene. The rate processes are 
shown to be very sensitive to H bonding of the solvent and to the nature and position of substituents; a rate 
enhancement of 105 is observed between the substituents X  =  OCH3 and X  =  i-C 3H7. The data indicate that 
steric hindrance of substituents in the 3 position of a planar photomerocyanine has major importance in the 
rate of conversion of the colored form back to the spiropyran.

Introduction
Spiropyrans arc known to behave as photochromic 

compounds giving merocyanine dyes when uv irradi
ated.

The stability of the photomerocyanine is related to 
the high degree of conjugation allowed by a nearly 
planar conformation. A  great deal of data collected on 
the spiropyrans has led to the structure and properties of 
this colorless form S. On the other hand, thermo
dynamic and spectroscopic properties of the colored 
form and the effect of substituent X  in the 3 position are 
not very well known. In the work reported here, we 
analyze the problem, often mentioned in the literature 
but rarely discussed, of the conformation and stability
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Table I: Kinetic, Thermodynamic, and Spectral Data of 3-Substituted Benzothiazolinic Spiropyrans

■Tolu ene------------------------------------------------------------------------■ /•---------------------E t h a n o l -
C o m  S u b s t i t u e n t A / T - b ,  k ca l Xmax, n m ^max. n m
p o u n d X k,  sec a t  2 5 ° E a, kca l  m o l  1 m o l -1 A S - L  eu (v is ib l e ) k,  s e c  1, a t  2 5 ° (v is ib l e )

B T l CH," 2 . 5 2 1 . 7  ±  0 . 3 2 1 . 1  ±  0 . 3 1 7 . 1  ±  0 . 2 6 0 0 ,  ( 5 4 5 ) ,  

4 2 0

7 . 7  X  1 0 - 4 4 9 0 ,  4 2 0

B T 2 C,H," 2 3 . 2 2 1 . 8  ±  0 . 4 2 1 . 2  ±  0 . 4 1 8 . 8  ±  0 . 3 6 3 5 ,  4 1 0 1 5 . 5  X  1 0 - 4 4 1 2 . 5

B T 3 CH(CH ;L " 6 8 0 ft 2 0 . 1  ±  0 . 5 1 9 . 5  ±  0 . 5 1 9 . 5  ±  0 . 5 6 1 0 ,

4 2 0 - 4 1 0

5 . 7  X  1 0 - 3 4 3 0

B T 4 6 1 2 1 8 . 9  ±  0 . 2 1 8 . 3  ± 0 . 2 1 8 . 8  ±  0 . 2 6 2 0 ,

6 1 0 - 5 9 0 ,

4 0 0

4 . 6 5  X  1 0 - 3 4 3 0

B T 5 OCH, 9 . 5  X  1 0 - 3 2 5 . 6  ±  0 . 5 2 5 . 0  ±  0 . 5 1 6 . 3  ±  0 . 2 6 4 0 ,  4 2 0 ( 7  X  1 0 - T 5 3 2 ( 4 1 5 )

B T 6
» - € > >

1 6 . 2  X  1 0 - 3 2 4 . 1  ±  0 . 2 2 3 . 5  ±  0 . 2 1 2 . 3  ±  0 . 2 6 2 5 ,  4 1 5 5 4 2

B T 7 SCH, 7 6 1 9 . 3  ±  0 . 7 1 8 . 7  ±  0 . 7 1 2 . 8  ±  0 . 5 6 3 5 ,  4 1 5 5 . 8 5  X  1 0 - 2 5 9 6 ( 4 0 2 )

B T 8
s ^ 0 >

1 6 3 1 7 . 4  ±  0 . 2 1 6 . 8  ±  0 . 2 7 . 4  ±  0 . 1 6 0 5 ,  4 2 5 ,  

4 0 0

1 . 6 8  X  1 0 - 1 5 2 9  ( 4 0 7 )

B T 9 1 7 . 5 1 9 . 3  ±  0 . 7 1 8 . 7  ±  0 . 7 1 0 . 3  ±  0 . 7 605 2 . 0 7  X  1 0 - 4 5 3 2 ( 4 0 4 )

B T 1 0 1 8 1 8 . 9  ±  0 . 3 1 8 . 3  ±  0 . 3 8 . 7  ±  0 . 2 6 0 5 ,  4 0 5 2 1 . 8  X  1 0 - 4 5 3 2 ( 4 0 2 )

B T 1 1 9 . 9 2 0 . 1  ±  0 . 3 1 9 . 5  ±  0 . 3 1 1 . 7  ±  0 . 2 6 1 0 ,  4 0 0 8 . 8  X  1 0 - 4 5 3 0 ( 4 0 8 )

B T 1 2 6 . 4 4 2 1 . 2  ±  0 . 2 2 0 . 6  ±  0 . 2 1 4 . 8  ±  0 . 2 6 3 5 ,  3 9 5 1 2 . 5  X  1 0 - 4 5 3 0 ( 4 0 8 )

B T 1 3
- < 0 ^ cH ;

5 . 2 5 2 0 . 0  ±  0 . 3 1 8 . 4  ±  0 . 3 1 0 . 1  ±  0 . 2 6 2 0 ,  4 0 5 3 . 8 6  X  1 0 - 4 5 2 0 ( 3 9 8 )

B T 1 4 - < ( D ^ o c h :j 4 . 7 4 1 9 . 5  ±  0 . 2 1 8 . 9  ±  0 . 2 8 . 1  ±  0 . 2 6 2 0 ,  4 0 5 2 . 3 4  X  1 0 - 4 5 2 5 ( 4 0 2 )

B T 1 5 3 . 1 3 2 1 . 9  ±  0 . 5 2 1 . 3  ±  0 . 5 1 5 . 2  ±  0 . 4 6 0 5 ,  3 9 5 6 . 2 5  X  1 0 - 4 5 3 0 ( 4 0 8 )

B T 1 6 @ p
3 . 0 4 1 9 . 4  ± 0 . 2 1 8 . 8  ±  0 . 2 7 . 3  ±  0 . 2 6 2 0 5 2 7

B T 1 7 @ § r 1 0 . 8 1 9 . 8  ± 0 . 2 1 9 . 2  ±  0 . 1 1 1 . 2  ±  0 . 1 6 5 0 ,  4 4 0 ,  

4 2 5

1 0 . 0 5  X  1 0 - 4 5 2 0

“ Synthetized and studied by It. Guglielmetti16 (for comparison). b k, sec-1, at 25.4°. c Approximate value.

of a photomerocyanine in relation to substituents in the 
3 position.1-6 We have determined in two solvents and 
at different temperatures the rate constants of the ther
mal decoloration reaction and the absorption spectra of a 
series of photochromie7-9 3-substituted benzothiazolinic 
spiropyrans synthetized in the Department of Organic 
Chemistry in the University of Provence.10,11

Experimental Section
A  flash photolysis apparatus available in the Physical 

Organic Chemistry Laboratory at Paris was used to 
induce the opening of the C 2-O i bond of the colorless 
form and to produce the colored photomerocyanine 
derivative. The visible absorption spectrum of this 
open form was recorded on a scanning Warner-Swasey 
spectrometer which was coupled with the flash photoly
sis apparatus and was operated at high speed (1 
spectrum per millisecond). The spectrometer was

programmed to allow the recording of several successive 
spectra. From these spectra we measured the kinetics

(1) M. W . Windsor, R. S. Moore, and J. R. Novack, Spectrochim. 
Acta, 18, 1364 (1962).
(2) J. Ch. Métras, M. Mosse, and C. Wippler, J. Chim. Phys., 62, 
659 (1965).
(3) T. Bercovici, R. Heiligman-Rim, and E. Fischer, Mol. Photo- 
chem., 1,23 (1969).
(4) R. Heiligman-Rim, Y. Hirshberg, and E. Fischer, J. Phys. Chem., 
66,2465, 2470 (1962).
(5) Y. Hirshberg and E. Fischer, J. Chem. Soc., 3129 (1954).
(6) J. Arnaud, M. Niclause, and C. Wippler, J. Chim. Phys., 65, 
2150 (1968).
(7) R. Guglielmetti and J. Metzger, Bull. Soc. Chim. Fr., 2824 (1967).
(8) R. Guglielmetti, E. Davin, and J. Metzger, ibid., 556 (1971).
(9) J. Rondon, R. Guglielmetti, and J. Metzger, ibid., 3029 (1971).
(10) R . Guglielmetti and J. Metzger, ibid., 3029 (1969).
(11) A. Samat, Organic Chemistry Speciality Thesis, Marseilles, 
1972.
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Figure 1. Effect of spiropyran BT5 concentration on the 
precipitation of the colored open form at different temperatures 
in toluene.

of disappearance of the colored form M  and calculated 
the kinetic constants of ring closure (k A). Cells of path 
10 cm were used. For kinetic measurements the 
temperature of cells was controlled ( ± 0 .1 °)  by the 
circulation of water from an external thermostat. 
Two flash lamps produced a discharge with an energy of 
about 500 J in a few microseconds.

The compounds investigated are represented by the 
main formula S with X  =  C H 3, C 2H 5, z'-C3H 7, cyclo
hexyl, O C H 3, O C6H 5, S C H 3, S C 6H 6, C 6H 4Br, C ,H 4C1, 
C 6H 4F, C 6H 5, C 6H 4C H 3, C 6H 4O C H 3, C 6H 4OH, « - 
naphthyl, /3-naphthyl.

The absorption spectra and fading rates were deter
mined in ethanol (H 20  =  200 ppm) at 25° and in tolu
ene (H 20  =  20 ppm) at 15, 25, 35, 45, and 55°. These 
results were used to calculate the activation enthalpies 
and entropies in the last solvent (Table I). The concen
tration ranges were about 10-5 to 10-6 mol/1. owing to 
complex phenomena which appeared at high concentra
tions (10-2 to 10-3  mol/1.) with some compounds (X  =  
O C H 3, O C 6H 5, S C H 3, S C 6H 5). Thus with the com
pound X  =  O C H 3, the open form precipitates in 
toluene at a concentration level which is a function of 
temperature as shown in Figure 1.

The synthesis of the spiropyran with a phenoxy group 
in the 3 position leads to a colored product containing a 
great proportion of the photomerocyanine derivative. 
We thermally faded the solution in order to obtain the 
spiropyranic form of the compound. The 3-substituted 
spiropyrans with chloro and hydroxy functional groups 
are obtained partly as open form but they degrade when 
flashed.

Results and Discussion
Two important features appear in Table I. The 

first is a high sensitivity of the ring closure rate to 
the solvent, and the second is an important structure

effect on this rate; a rate enhancement of ~ 1 0 5 is 
observed between the substituents X  =  O C H 3 and X  =  
f-C 3H 7.

The large decrease of the rate observed in the passage 
from a nonpolar and aprotic solvent like toluene to a 
polar and protic solvent like ethanol is consistent with 
earlier studies on benzothiazolinic and indolinic spiro
pyrans.12-14 Th is decrease is related to a polar 
structure of the open form of these compounds sta
bilized in ethanol by H  bonding and by the high polarity 
of the solvent.

These solvent-photomerocyanine interactions must 
be very large if we consider the difference of a factor of 
about 1000 observed on the decoloration kinetics in 
those two solvents. We will discuss now the structure 
effects on the decoloration rates in terms of charge and 
its delocalization.

A lky l substituents induce both a polar and a steric 
effect. Three types of substituents have been used: 
alkyl or alicyclic, para-substituted aryl, and functional 
groups. F irst we consider the polar effect of the sub
stituent. B y  using the a*  parameters as defined by 
Taft, we observe that the stability of these compounds is 
sensitive to polar effects. The fading rate varies by a 
factor of 10 between C H 3 (a *  =  0.00) arid C 2H 5 (a *  =
— 0.10) substituents; with an isopropyl group {a *  =
— 0.19) the rate increases by a factor 30. This important 
variation of the kinetic rate is due to the intervention of 
the steric effect ( E s =  —0.47 for f -C 3H 7 whereas E s 
parameter values are comparable for C H 3 and C 2H 6, 
respectively, +0.00 and —0.07).

Th is steric effect sensitivity appears much more 
clearly with the cyclohexyl substituent (E s =  —0.79) 
which has a kinetic rate near that of isopropyl but its a*  
coefficient ( — 0.13) lies between a*  of i'-Pr and ethyl sub
stituents.

These results show that steric effects are determinant 
in the ring closure kinetic rates of the photomerocyanine 
form; the rate increases as the groups in the 3 position 
become more bulky.

To evaluate this steric interaction and to determine 
the most stable configuration for the photomerocyanine 
form, theoretical computations have been made with the 
Symon’s program taking account of van der W aals 
nonbonding interactions.15 These computations have 
shown that among the various possible cis and trans 
configurations for these compounds, two trans struc
tures A  and B  are favored.

A  theoretical conformational investigation using the 
Extended Hiickel method has been developed on the

(12) R. Guglielmetti, M . Mosse, J. Ch. Métras, and J. Metzger, 
J. Chim. Phys., 65,454 (1968).
(13) O. Chaude, Cah. Phys., 51,22 (1954).
(14) J. B. Flannery, J. Amer. Chem. Soc., 90, 5660 (1968).
(15) A. Samat, R. Guglielmetti, Y. Ferre, H. Pommier, and J. Metz- 
ger, J. Chim. Phys., 69,1202 (1972).
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quinonic structure of the more stable A  configuration 
for determining the rotation angle 6 which corresponds 
to the minimum energy.

The rotation angle d increases with volume of the 
substituent (50° for H , 70° for C H 3, 75° for i - C 3H 7). 
These results are compatible with the experimental 
observations on the destabilization of the open form 
with increasing of hindrance of the 3-position sub
stituent.

To determine the electronic contribution to the whole 
substituent effect it is necessary to keep constant the 
large steric interaction. For this investigation, we have 
selected para-substituted aryl groups CeH4X  with X  =  
H , C H 3, O C H 3, OH, C l, Br, and F  for which steric 
effects may be considered as invariant. In  this series of 
substituents the variation of reactivity has to be related 
to the sensitivity to electronic effects. It  appears that 
the stability of the photomerocyanine is governed by 
inductive and resonance effects of the para X  substit
uents which transmitted to the carbon atom in the a 
position of the aryl group. Using the <r para constants 
defined by Hammett, we have obtained a linear rela
tionship (coefficient correlation R  =  0.973) between 
reactivity and substituent effect (Figure 2). The slope 
( + 1 .2 1 )  of this relation indicates that a positive charge 
density is located on the atom 3.

X

relation17 log k /k 0 =  p(<r +  rAo-), where p is the reaction 
parameter, a is the inductive constant of the substituent, 
A a =  <x+  — a is the resonance contribution of the 
substituent effect as defined in the reference reaction of 
Brown and Okamoto,18 and r is the degree of resonance 
interaction between the substituent and the reactive 
center in the studied reaction. The computation of 
this relation with a multiple regression program gives 
log k /k o  =  1.50(<7 +  0.27A<r) with a correlation 
coefficient R  =  0.997. The value obtained for r(0.27) 
confirms the very weak degree of the resonance interac
tion of the para substituent, which is related to the large 
rotation of aryl groups with respect to the plane of 
electronic delocalization.

The colored form of methoxy and phenoxy derivatives 
is largely stabilized when compared to their methyithio 
and phenylthio homologs. In  addition to the electronic 
and steric effects, a supplementary factor of stabiliza
tion may be proposed for oxygen comparatively with 
sulfur: an intramolecular chelation by H  bonding.

In  this series of compounds, the study of the X  =  H  
derivative would be of major interest, but this com
pound exists only in its open merocyanine form. This 
infinite stability must be related to the absence of steric 
effect and hence to a maximal conjugation.15

The existence for a <rp relationship for 3-position 
substituents has to be compared to a o-p+ relationship for 
6' substitution.12'16 In  the latter case, the strained 
planarity of the molecule involves a maximal resonance 
interaction between substituents and reaction center. 
In  the former case, however, the steric hindrance leads to 
rotation of a 3-substituted para-aryl group out of the 
plane defined by the charge atoms C 2, C 3, and C 4.

This very weak degree of conjugation for 3-position 
substituents can be estimated by a Yukaw a-Tsuno

(16) R. Guglielmetti, Sciences Thesis, Marseilles, 1967.
(17) Y. Yukawa and Y. Tsuno, Bull. Chem. Soc. Jap., 32, 965 (1959) ; 
32,971 (1959).
(18) H. C. Brown and Y. Okamoto, J. Amer. Chem. Soc., 80, 4979 
(1958); 79,1913 (1957).
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Moreover the comparison between X  =  H  and X  =  
S C H 3 substituents argues for the determining influence 
of steric effects on stability of photomerocyanine when 
compared to electronic effects. Although the a polar 
constants are the same for these two substituents (<xH =  
(tS C H 3 =  0), an important rate of fading is observed for 
the S C H 3 derivative (fc25° =  76 sec- 1  in toluene).

Conclusion

The investigation of the thermal fading kinetics for 
these 17 3-substituted benzothiazolinic spiropyrans in 
ethanol and toluene solvents shows the important 
electronic delocalization developed in the colored 
photomerocyanine structure of

i CmC. (
> ~

5+ 0
5-

This electronic delocalization is responsible for the 
influence of the polarity of the solvent on the fading rate 
of the photomerocyanine. In agreement with theo
retical calculations the steric effect in the 3 position is of 
major importance in the nonplanarity of the molecule 
and in the destabilization of the colored photomero
cyanine form.

A ck n ow led gm en t. We are grateful for support of 
this work by the D .R .M .E , Optical D ivision 75996, 
Paris Armées.
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Experimentally determined proton dissociation (and reassociation) rate constants for substituted naphthols 
in the first excited singlet state are reported. The results are rationalized on the basis of a charge-transfer 
explanation supported by CNDO/2 and PPP molecular orbital calculations.

I. Introduction

It  has long been known that the dissociation con
stant of an organic acid is dependent on the electronic 
state of the molecule. Two possible explanations for 
this phenomenon have been advanced: (1) the acidity
is related to some gross orbital feature of the state re
flected in the symmetry of its wave function;2 and (2) 
a more subtle aspect of electronic rearrangement is in
volved such as a small change in charge-transfer char
acter.3 The first explanation has been shown to be an 
oversimplification by the work of Vander Donckt and 
Porter,4 who showed that the excited singlet and triplet 
states of anthrols, where both states are derived from 
anthracene states of the same symmetry, still have ap
preciably different acidities.

Proton dissociation and reassociation rate constants 
have previously been reported6 for 2-naphthol. In 
this paper we report experimentally determined proton 
dissociation and reassociation rate constants for 1- 
naphthol, 2-naphthol, and various substituted naph
thols in the first excited singlet state. The results are 
rationalized on the basis of a charge-transfer explana

tion supported by C N D O /2  and P P P  molecular or
bital calculations.

II. Experimental Section
A . M a ter ia ls . The water used was filtered through 

both a Barnstead mixed bed ion-exchange column and 
a Barnstead organic removal column. The following 
naphthols were used: 1-naphthol and 2-naphthol
(Eastman reagent), 2-chloro-1-naphthol, 4-chloro-l- 
naphthol, l-bromo-2-naphthol, 6-bromo-2-naphthol, 
and l-chloro-2-naphthol (K  & K  Laboratories 9 5 -

(1) Correspondence should be addressed to Departamento de Bio
química, Instituto de Biociéncias, Universidade Federal de Pernam
buco, Recife, Permambuco, Brasil. This article is based in part on 
a dissertation submitted by I. B. in partial fulfillment of the re
quirements for the Ph.D. at the University of Pittsburgh in 1968.
(2) T . Forster, “ Reactivity of the Photoexcited Organic Molecule,” 
Interscience, New York, N. Y., 1965, p i l l .
(3) J. N. Murrell, “ The Theory of the Electronic Spectra of Organic 
Molecules,”  Methuen and Co., Ltd., London, 1963.
(4) E. Vander Donckt and G. Porter, Trans. Faraday Soc., 64, 3218 
(1968).
(5) (a) L. Stryer, J. Amer. Chem. Soc., 88, 5708 (1966); (b) N. M. 
Trieff and B. R. Sundheim, J. Phys. Chem., 69, 2044 (1965); (c) 
A. Weller, Z. Phys. Chem. (Frankfurt am Main), 3, 238 (1955).
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9 9 % ), 6-methyl-2-naphthol and 7-methyl-2-naphthol 
(Columbia Chemical Co. > 9 5 % ) .  The unsubstituted 
naphthols were purified by vacuum sublimation while 
the substituted naphthols were purified by recrystalliza
tion from ethanol. None of the naphthols gave flu
orescence peaks at longer wavelengths than published 
values.

Buffers were prepared from the following reagents or 
certified grade chemicals at total concentrations not 
exceeding 0.001 M  (except at pH  < 3  or > 1 1 ) :  H C1, 
H 2S 0 4, C H 3C 0 2H , C H 3C 0 2Na, H 3B 0 3, and K O H .

B . E q u ip m en t. Absorption spectra were measured 
on either a C ary 14 or a Bausch and Lomb Spectronic 
505. The fluorescence spectra (uncorrectcd) were 
measured at room temperature (22°) on an Aminco- 
Bowman spectrophotofluorimeter with a 1P 21 (S-4 
response) photomultiplier. These spectra were re
corded on a Hewlett-Packard Mosely 7035A X - Y  re
corder. The uncertainty in wavelength of the absorp
tion and fluorescence peaks was assumed to be ± 1  nm. 
The uncertainty in the peak heights varied but was 
generally about 2 % .

Lifetime measurements were performed on a single 
photon counting apparatus which has been described 
in detail elsewhere.6 In  this apparatus only a small 
fraction (approximately 4 % )  of periodic excitations 
(usually 5000/sec) cause a photon to reach a photo
multiplier of negligible dark current. These single 
photon responses are then stored in a multichannel 
analyzer according to the time between the flash and 
the reception of the photon. The data are taken out 
of the multichannel analyzer onto data cards, fed into 
the IB M  360 at the Columbia University Computer 
Center, and a best lifetime is fitted. The uncertainties 
given for the lifetimes are chosen from the results of 
the curve fitting program such that two standard de
viations from the best value of the lifetime are con
tained within the error limits.

The pH  measurements were made with a Beckman 
Research pH  meter with a calomel reference electrode, 
standardized with a Fisher phosphate buffer (pH 6.85).

C . F orster  C ycle . The Forster cycle7 (eq 1)

pA'gd — p X exc =  /i(rHA — vA-)/2.3/cT  (1)

has been used to calculate the difference in pK  between 
the ground and the first excited singlet state. In  ac
cordance with W eller’s suggestion8 each frequency was 
taken as the average of the absorption and fluorescence 
maxima for the lowest excited singlet.

Forster cycle calculations were performed on two 
unsubstituted and on seven substituted naphthols. 
The results are shown in Table I . 9,10 p K ed was deter
mined experimentally by plotting absorbance vs. pH, 
following the method of D avis and Geissman.11

D . In te n sity  vs. p H .  In  this method the relative 
fluorescence intensity (arbitrary units) of the naph- 
tholate ion is plotted against p H .8 Experimentally,

Figure 1. Fluorescence intensity vs. pH for 1-naphthol. 
Concentration of 1-naphthol, 5.6 X 10-6 M; exciting 
wavelength, 309 nm; 7 is relative emission 
intensity at 467 nm.

equimolar (in acid plus conjugate base) solutions were 
prepared in different buffers, the fluorescence was ex
cited at an isosbcstic point, and the emission intensity, 
I ,  was recorded at a wavelength where the conjugate 
acid fluorescence makes a negligible contribution. An 
example of such a plot for 1-naphthol is shown in F ig 
ure 1.

From such results the rate constants for dissociation 
(fct) and association (kb) in the excited state were cal
culated using the following equations, first derived8 by 
Weller

Q

i

h  =
____q

( Q  -  q ) t

¿ + 1  +  t Í ' h '0 + 1

(2)

(3)

where Q is the relative fluorescence intensity of A -  on 
direct excitation of A - , q is the relative fluorescence 
intensity of A -  on direct excitation of H A  where the 
pH  is high enough to render the rcassociation negligible 
( i .e . , the first plateau region in Figure 1), t and t' are 
the actual lifetimes of the first excited singlet states of 
the acidic and basic forms, respectively, at very low and 
very high pH.

Equation 2 yields kt, assuming one knows t, as a 
function of the ratios of the heights of the two plateaus 
(see Figure 1). Equation 3 is merely the [H30  + ] de
pendence of the fluorescence intensity of the basic form. 
Thus a plot of Q / I  vs. [H30  + ] should yield a straight

(6) T. Tao, Biopolymers, 8, 609 (1969).
(7) T . Förster, Z . Elektrochem., 54, 42 (1950).
(8) A. Weller, ibid., 56, 662 (1952).
(9) A. Weller, Z. Phys. Chem. (Frankfurt am Main), 17, 224 (1958).
(10) G. Jackson and G. Porter, Proc. Roy. Soc., Ser. A, 260, 13 
(1961).
(11) C. T. Davis and T. A. Geissman, J. Amer. Chem. Soc., 76, 3507 
(1954).
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Figure 2. Q/I vs. [H30 +].

[H30+] x 103.

Figure 3. Q/I vs. [H30 + ].

line of slope k\,t'/k ft and intercept 1 +  1 /k i t .  In  prac
tice the y  intercept of a Q / I  vs. [H30  + ] plot can be quite 
close to 1.0 (see Figures 2 and 3), leading to a great deal 
of uncertainty in k , values determined in this manner. 
Therefore, eq 2 was used to determine ks in all cases. 
kb values were then determined from the slopes.

As mentioned previously, the lifetime measurements 
were done on a single photon counting apparatus and 
the results are shown in Table I. The naphthols were 
measured at pH 1, and the naphtholates at pH 13. 
However, seven of the lifetimes were not accessible on 
the single photon device because they were in the order 
of 1 nsec, or less, and could not be resolved from the 
lamp lifetime. Of these seven, four lifetimes were ob
tained by comparison with reference compounds (acidic 
and basic forms of 2-naphthol) whose lifetimes could be 
determined.
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Table II: Determination of Lifetimes Oscillator Strengths and Relative Fluorescent Quantum Yields

- /  X  102 -
Base A c i d Base A c i d

2-Naphthol 8
l-Bromo-2-naphthol 6
6-Bromo-2-naphthol 5

.0 ±  0.1 3.31 ±  0.07
8 ± 0 .1  3.26 ± 0 .0 6
8 ±  0.2 4.1 ±  0.2

1.00
0.064 ±  0.004 
0.048 ±  0.004

1.00
0.049 ±  0.003 
0.064 ±  0.006

Table III : Summary of CNDO/2 and PPP Results

-------1-N aphthol----------------------- - ------------------ ------ 2-N aphthol----
Set A Set B Exptl Set A Set B Exptl

Felc, eV 3.84 8.25 3.61 3.81 8.32 3:70
Mgd, D 0.99 1.44» 1.40 1.49“
Mexcj D 6.40 5.8 ±  0.96 7.27 3.5 ±  0 .7b
Oxygen pe-(gd) 1.9585e 6.2014 1.9599e 6.2208
Oxygen pe-(exc) 1.9530e 6.1332 1.9481e 6.1486

° Reference 17. b Reference 18. e ir densities only.

B y comparing the compound of interest to a refer
ence compound one obtains

where « is the frequency of the fluorescence peak, /  is 
the oscillator strength, <j> is the fluorescence quantum 
yield, and the zero subscripts refer to the corresponding 
values for the reference compound. <p/<t>0 is approxi
mated by the ratio of the fluorescence peak heights. 
The lifetimes obtained from eq 4 are also shown in 
Table I, with the oscillator strengths and relative flu
orescence quantum yields appearing in Table I I .

The dissociation and association rate constants are 
shown in Table I  along with the p K ’s calculated by the 
intensity vs. pH method.

III. Molecular Orbital Calculations
A .  General D escrip tion . Two sets of molecular 

orbital calculations for 1-naphthol and 2-naphthol were 
carried out on the IB M  7090 at the University of Pitts
burgh Computer Center. Set A  was a P P P 12'13 ap
proach which considered only the tt system. Set B 
was based on a C N D O /2  treatment14 which considers 
all valence orbitals. The excited states were obtained 
by considering some 25 singly excited configurations 
for set B (all 30 singly excited configurations were con
sidered in set A) as the basis set and applying configura
tion interaction (C l).

B . S et A .  The results of two of the P P P  calcula
tions are given in Table I I I .  Several sets of parameters 
were taken directly from Forster.16

C . Set B .  Our set B deviated from Pople’s pro
cedure in that we used Nesbet’s convergence formula16 
to speed convergence and we neglected overlap among 
other than adjacent atoms.

The excited singlet states were calculated from the 
ground state molecular orbitals by taking only singly 
excited configurations. Because of the large number 
of these present in the naphthols (675), only a few of the 
lowest energy singly excited configurations were con
sidered (in general, 25). However, preliminary calcu
lations on phenol produced the result that the calcu
lated lowest excited singlet state was a 7r-n*, n-7r*. 
Experimentally, the lowest excited singlet is a ir -ir*. 
Thus it was concluded that the calculated energies are 
not reliable and for information on the wavcfunctions 
only tt- tt* and a ~ a *  configurations were included in 
the naphthol calculations.

In  set B  the molecules were assumed to be composed 
of regular hexagons with bond lengths: C -C ,  1.40 
A ; C -O , 1.36 A ; C -H ,  1.08 A ; and O -H , 0.96 A. The 
H -O -C  angle was assumed to be 109°, with the H 
atom in the plane of the ring and oriented away from 
the C 9- C 10 axis. Calculated values of the energies and 
the ground and excited state dipole moments arc given 
in Table I I I . 17

IV. Discussion

A .  F orster C ycle. A  comparison of the p A ’s deter
mined by the Forster cycle method with those deter
mined by the intensity vs. pH method (Table I) shows 
the former to be higher in all cases, save one. This can

(12) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 460, 767 (1953).
(13) J. Pople, Trans. Faraday Soc., 49, 1375 (1953).
(14) J. Pople and G. Segal, J. Chem. Phys., 44, 3289 (1966).
(15) L. Forster and K. Nishimoto, J. Amer. Chem. Soc., 87, 1459 
(1965).
(16) R. K. Nesbet, Rev. Mod. Phys., 35, 552 (1963).
(17) K. Higasi and S. Ogata, Oyo Denki Kenkyusho Hokoku, 19, 28 
(1967).
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be rationalized by considering that the Forster equa
tion (eq 1) should really be written

2 .3 R T ( p K gi — p K exo) =  h N (v  Ha  — vA-)  —

T ( A S h a  -  ASa-) +  P ( A V h a  ~  A V a-)  (5)

where N  is Avogadro’s number and the A X y represent 
the change in variable X  of species y  upon excitation.

The Forster assumption that A F Ha =  A F a- is 
probably quite valid in condensed systems. However 
the assumption that A»Sha =  AS a- is not.

If  we first consider the undissociated form, the dipole 
moment increases upon excitation.18 The increased 
dipole moment probably encourages more clustering of 
solvent molecules about the excited state than the 
ground state; therefore A S h a  is negative. In  the case 
of the dissociated form the clustering is probably con
siderable in the ground state and in all probability de
creases slightly upon excitation as the charge is most 
likely delocalized. Thus AjSa- is probably positive and 
almost certainly has a smaller absolute value than 
ASHa - This would account for (pAgd — p K exc) being 
greater than that value calculated from eq 1.

B . L ifetim es. The measured lifetimes (Table I) of 
the substituted naphthols are not at all surprising in 
comparison with the corresponding unsubstituted naph
thols. The bromo compounds would be expected to 
have shortened lifetimes owing to increased intersystem 
crossing (considerably more likely in the presence of 
heavy atoms). The other substituents seem to have 
no great effect on lifetimes. The un-ionized 1-naph- 
thols studied here all have short lifetimes, in contradic
tion of the lifetime given by Weller9 for 1-naphthol of 
13 nsec.

C . R a te C onstants. The measured rate constants 
for acid dissociation and reassociation in the lowest ex
cited singlet state (Table I) can be rationalized in terms 
of valence bond theory. If  we consider ionization of 
the naphthols to be a process in which a proton disso
ciates from an electron cloud which is somewhat local
ized on the adjoining oxygen atom, we would expect 
that dissociation would be retarded (kt decreased) by 
an increase of electron density on the oxygen atom. 
M ethyl is an electron donor by both induction and 
resonance (hyperconjugation), thus the small k f values. 
Bromo and chloro substituents are electron withdrawers 
by means of the inductive effect; thus they would be 
expected to have large k f s. Th is  is strikingly shown. 
However, bromo and chloro are electron donors by 
means of the resonance effect which would tend to de
crease kf. From the fact that none of the halonaph- 
thols shows a decrease in kf one can generalize that the 
inductive effect is more important, as is usually found 
for the halogens.

It  is quite common to predict trends in equilibrium

constants of simple dissociation reactions by consid
ering only the undissociated species. The im plicit 
assumption of such a comparison is that kb w ill remain 
constant. Upon scanning the fcb values in Table I  we 
see that although they approach the diffusion limiting 
magnitude for a bimolecular process, there are some 
differences. A  full discussion of substituent effects on 
kh is probably not justified because the measurements 
leading to kb for many of the compounds (having 
p A exc <  2) had to be done in solutions of high acidity 
where the neglect of activity coefficient corrections is no 
longer justified.

D . C h a rge-T ran sfer E xp la n a tion  o f A cid ities . A 
major reason for this research was to explain why there 
are differences in pK & values between the ground and 
lowest excited singlet states. Let us consider differ
ences in the ease of heterolytic dissociation of the O -H  
bond to be due to purely electrostatic attractions be
tween the hydrogen nucleus (proton) and an electron 
cloud localized on the adjacent oxygen atom. From 
this simplified model it  is obvious that as the electron 
density on the oxygen decreases the O -H  bond weakens, 
giving rise to a lower pK &.

The P P P  calculations do support, at least qualita
tively, the valid ity of the charge-transfer explanation of 
differential acidities. Though only two of the 11 pa
rameter sets done are shown in Table I I I ,  all 11  indi
cated the higher oxygen electron density to be in the 
ground state, thus predicting a higher pK „  for the 
ground state, as is observed. The arbitrarily picked 
sets shown in Table I I I  correspond to the parameters 
7cc =  9.50, too =  16.50, W c =  11.42, W 0 =  33.00, 
dec =  2.24, and dco =  2.12.

The results of set B are also shown in Table I I I .  
I f  we consider the predicted excitation energies, they 
compare very poorly with experiment. However the 
ground and excited state dipole moments give an ad
ditional criterion of the accuracy of the wave functions 
obtained. In  general, the results are moderately sat
isfactory. The set B  wave functions also satisfactorily 
predict a higher electron density on the oxygen in the 
ground state. The parameters were those of Pople and 
Segal.14

A ck n ow ledgm en ts. The authors would like to ex
press their thanks to Professor Richard Bersohn for the 
use of his laboratory, especially the single photon 
counting instrument, to D r. Terence Tao for having 
written the program which calculates the fluorescence 
lifetimes, to the staffs at the University of Pittsburgh 
and Columbia University Computer Centers, and to 
the National Science Foundation for support through 
Grant GP-7932.

(18) Ira Brinn, Doctoral Dissertation, University of Pittsburgh, 
1968.
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Fluorescence Quenching by Benzoic Acid1

by Nelson H. C. Cooke and Barton S. Solomon*
Department o f Chemistry, Merrimack College, North Andover, Massachusetts 0184-5 (Received June 2, 1972)

Fluorescence quenching of various naphthalene derivatives by benzoic acid has been investigated in an attempt 
to elucidate the mechanism of the quenching reaction. In contrast to the results of Miwa and Koizumi, we 
have found that benzoic acid can quench by two different interactions. Our results indicate that the quenching 
of the fluorescence of molecules, capable of forming a hydrogen bond with benzoic acid, involves the formation 
of an exciplex where the primary interaction contributing to binding is hydrogen bonding. On the other hand, 
if the excited molecule is incapable of forming a hydrogen bond, the binding interaction is due to electron 
transfer. These conclusions follow from the correlation of the quenching reactivity of benzoic acid with the 
oxidation potentials of a series of naphthalene derivatives. The effect of added p-dioxane on the fluorescence 
quenching has been studied in both types of systems and the results support the above conclusions.

Introduction
Fluorescence quenching by benzoic acid was first re

ported by Miwa and Koizumi2,3 who studied the 
quenching of the fluorescence of 2-naphthol, 2-naph- 
thylamine, 2-methoxynaphthalene, and 2(2V,2V-di- 
methyl)naphthylamine. Their results, along with the 
fact that benzoic acid is largely dimerized in solution, 
led them to suggest that benzoic acid quenches the 
fluorescence of the above compounds by an electron 
transfer mechanism. They proposed that benzoic 
acid dimer acts as an electron acceptor and the excited 
naphthalene derivative as the electron donor. Al
though benzoic acid is largely dimerized in solution, a 
simple equilibrium calculation shows that there is a 
significant monomer concentration. In the systems 
studied here we estimate that about 10% of the benzoic 
acid is in the form of the monomer. Further, there are 
two possible dimers of benzoic acid, a ring dimer and a 
linear dimer.

0
r /  HO
\ I0H--0 =  C

linear dimer 
— HOx

, v
ring dimer

Two of the forms of benzoic acid (monomer and linear 
dimer) can hydrogen bond with all of the fluorescent 
compounds used by Miwa and Koizumi. Therefore, 
we do not feel that the results and arguments presented 
by them rule out the possibility of quenching involving 
a hydrogen bonding interaction. We have undertaken 
a complete study of fluorescence quenching in these sys
tems and have reported some of our preliminary results 
elsewhere.4

Experimental Section
Fluorescence spectra were obtained on a Farrand 

Optical Co. Mark I spectrophotofluorometer. The so
lutions were thoroughly degassed by several freeze'- 
pump-thaw cycles on a high-vacuum line.

The solvent (cyclohexane) used was spcctrophoto- 
mctric grade and was checked for fluorescence before 
use. The fluorescent materials were the purest com
mercially available grades and were further purified 
by recrystallization and vacuum sublimation. Scintil
lation grade p-dioxane was distilled and then passed 
through a column of alumina immediately before use. 
We have previously found this technique useful for re
moving quenching impurities.6 Benzoic acid was 
purified by multiple recrystallization from benzene fol
lowed by vacuum sublimation.

Fluorescer concentrations used were generally be
tween 10~6 and 10 “ 5 M  and, in order to minimize inner 
filter effects, were adjusted so that less than 5% of the 
incident light was absorbed. Benzoic acid concentra
tions were varied up to 0.08 M .

Results and Discussion
Fluorescence quenching by an electron transfer 

mechanism has received considerable theoretical and 
experimental consideration. Weller and coworkers6-9

(1) A preliminary report on this work was presented at the Third 
Northeast Regional Meeting of the American Chemical Society, 
Buffalo, N. Y„ Oct 1971.
(2) (a) T. Miwa and M. Koizumi, Bull. Chem. Soc. Jap., 36, 1619 
(1963); (b) ibid., 38, 529 (1965).
(3) T. Miwa and M. Koizumi, ibid., 39, 6651 (1966).
(4) D. W. Ellis, R. G. Hamel, and B. S. Solomon, Chem. Commun., 
1697 (1970).
(5) B. S. Solomon, T. F. Thomas, and C. Steel, J. Amer. Chem. Soc., 
90, 2249 (1968).
(6) B. S. Solomon, C. Steel, and A. Weller, Chem. Commun., 927 
(1969).
(7) H. Beens and A. Weller, Acta Phys. Pol., 34, 593 (1968).
(8) D. Rehm and A. Weller, Ber. Bunsenges. Phys. Chem., 73, 834 
(1969).
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Table I

l A E j)  —
T,a ¡ A E D,b U (D s V D 8) , c r ( D . V D . ) , kqT, kg X  1 0 - i

C o m p o u n d n sec e V e V e V M - i M ~ l s e c “ :

N aphthalene 96 3.95 1.72 2.23 11 1.1
2-Methylnaphthalene 59 3.87 1.55 2.32 14 2.4
1-Methylnaphthalene 67 3.91 1.52 2.38 67 10
Fluorene 10 4.12 1.65 2.47 31 31
Acenaphthene 46 3.87 1.36 2.51 190 41
2-Methoxynaphthalene 13 3.76 1.52 2.24 34 21
1-Methoxynaphthalene 49 3.82 1.38 2.44 340 69

“ Obtained from I. B. Berlman, “ Hand Book of Fluorescence Spectra of Aromatic Molecules,” 2nd ed, Academic Press, New York, 
N. Y., 1971, or determined by the oxygen quenching technique, ibid., p 58. b Estimated from the absorption and fluorescence spectra. 
c From N. L. Weinberg and H. R. Weinberg, Chem. Rev., 68, 449 (1968).

have shown that for a series of experiments with the 
same quencher, the same solvent, and various fluores- 
cers, a correlation between the Stern-Volmer quenching 
constant (/eq) and ‘AA’d — i?(Ds+ /D s) would be ex
pected. The singlet excitation energy of the fluorcscer 
(electron donor) is given by ’ AA’d and /f(D s+/D s) rep
resents the polarographic oxidation potential of the 
fluorescer. As a first test of the postulated electron 
transfer quenching mechanism of benzoic acid, the 
quenching constants were measured for a series of 
fluorescers including some which could and some which 
could not form a hydrogen bond with benzoic acid 
monomer and linear dimer. The results of this study 
are shown in Table I. For the first five fluorescers 
listed in Table I, for which there is no possibility of hy
drogen bonding with benzoic acid, there appears to be 
a nonlinear correlation between 'AAd — A (D S+/D S) 
and kq.

For diffusion-controlled reactions North10 has pre
sented a scheme

-̂d i ff

Di* +  Q (DQ) — > (D+Q-)
q

where kdiu is the rate constant for diffusion of Di* 
(electron donor excited singlet) and Q (quencher) to 
form the proximity pair (DQ), &_Q is the rate constant 
for diffusive separation of Di* and Q, and kr is the rate 
constant of the electron transfer reaction. This scheme 
illustrates the quenching mechanism for full charge 
transfer. Other interactions, such as weak charge 
resonance and hydrogen bonding, can also contribute 
to exciplex binding and fluorescence quenching. For 
the electron transfer case, with a constant quencher, a 
constant solvent, and a series of fluorescers. a linear 
correlation between

In
^diff kq

and

'A E o  -  E ( Ds+ /D s)

is expected10̂ 14 where

kr ______ kg
k ~ q  k d  i f f  k g

The data of Table I arc plotted in Figure 1 and indeed 
a linear relationship does emerge between

and

'AAd -  A (D S+ /D S)

On the other hand, the data for 1-methoxynaphthalcnc 
and 2-methoxynaphthalene do not fit this relationship. 
We therefore propose that benzoic acid can interact in 
two different ways with excited molecules to form an 
exciplex. In the scries of aromatic hydrocarbons, in
capable of forming hydrogen bonds, the quenching oc
curs by a charge-transfer interaction to form the ex
ciplex. On the other hand, we propose that the flu
orescence quenching of 1-methoxynaphthalene and 2- 
methoxynaphthalene by benzoic acid involves a hydro
gen bonding interaction leading to binding in the ex
ciplex.

We have also investigated the effect of adding 
p-dioxane on the quenching in two model systems: 
2-methoxynaphthalene and 2,3-dimethylnaphthalene, 
both of which are quenched by benzoic acid. Figure 
2 is a plot of I  ¡¡/I vs. p-dioxane concentration, where I0 
is the 2-methoxynaphthalene fluorescence intensity in 
the absence of benzoic acid and I  is the fluorescence 
intensity in the presence of 0.02 M  benzoic acid. 
Notice that as the p-dioxane concentration increases

(9) D. Rehm and A. Weller, Isr. J. Chem., 8, 259 (1970).
(10) A. M. North, Quart. Rev., Chem. Soc., 20, 421 (1966).
(11) T. R. Evans, J. Amer. Chem. Soc., 93, 2081 (1971).
(12) H. Knibbe, D. Rehn, and A. Weller, Ber. Bunsenges Phys. 
Chem., 72, 257 (1968).
(13) A. Weller, Progr. React. Kinet., 1, 192 (1961).
(14) A. Weller, Proc. Nobel Sym., 5th, 413 (1967).
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Figure 1. Correlation between rate constants of fluorescence 
quenching by benzoic acid and the oxidation potentials of the 
excited molecules: (1) naphthalene, (2) 2-methylnaphthalene,
(3) 1-methylnaphthalene, (4) fluorene, (5) acenaphthene, 
with /cun (cyclohexane) = 6.6 X 109 Af-1 sec-1.

[DIOXANU(M)

Figure 2: Effect of adding p-dioxane on the quenching 
of the fluorescence of 2-methoxynaphthalene (10-6 M) by 
benzoic acid (0.02 M).

the quenching decreases, i.e., I  a/1 approaches unity. 
This can be rationalized in terms of the proposed 
quenching mechanism and the following equilibrium 
between benzoic acid and p-dioxane.

Since the proposed quenching mechanism in this sys
tem involves a hydrogen bonding interaction, it is ap
parent that added p-dioxane hydrogen bonds with the 
benzoic acid thus decreasing the I0/I value. At high 
p-dioxane concentrations most of the benzoic acid is 
hydrogen bonded and little if any quenching via hydro
gen bonding interaction can occur. Since the excited 
state oxidation potential lAED — E (D S+/T)S) of 2- 
methoxynaphthalene is small and the benzoic acid con
centration is low, we would expect to see very little 
quenching due to electron transfer interaction. Thus 
the I0/I value approaches unity at high p-dioxane con
centrations.

Figure 3 is a plot of I0/I vs. p-dioxane concentration, 
where 70 is the 2,3-dimethylnaphthalene fluorescence

Figure 3. Effect of adding p-dioxane on the quenching of 
of the fluorescence of 2,3-dimethylnaphthalene (10-6 Af) by 
benzoic acid (0.02 Af).

intensity in the absence of benzoic acid and I  is the 
fluorescence intensity in the presence of 0.02 M  benzoic 
acid. Notice in this case that I0/I does decrease as the 
p-dioxane concentration increases but the Io/I value 
levels off at a value above unity. This indicates that 
the hydrogen bonded, benzoic acid-p-dioxane complex 
can quench by an electron transfer interaction although 
less effectively than benzoic acid. Since in the elec
tron transfer quenching the benzoic acid acts as an 
electron acceptor, one would expect the complex to be 
less effective than benzoic acid.

We conclude from the above results that there are 
two different interactions that can lead to exciplex
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binding between benzoic acid and an excited molecule. 
In cases where there is no possibility of hydrogen 
bonding, an electron transfer interaction occurs, but if 
the molecules have the ability to hydrogen bond then 
this interaction leads to the fluorescence quenching. 
The results also lead to the conclusion that in the elec
tron transfer cases all three species of benzoic acid 
(monomer, ring dimer, and linear dimer) may act as

3566

quenchers. In the hydrogen bonding case only the 
monomer and linear dimer can quench.
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A Study of Alkylbenzene Luminescence12

by Peter M. Froehlich and Harry A. Morrison*
Department o f Chemistry, Purdue University, Lafayette, Indiana 47907 (Received March 17, 1972)

The relative (to toluene) fluorescence (at room temperature and 77° K) and phosphorescence (77° K) intensities 
as well as excited singlet lifetimes of a number of alkylbenzenes are tabulated. Empirical correlations of the 
data include the previously observed “xylene effect” (whereby ortho and para substituents enhance <j>f) and 
a new “ «-substitution effect” (whereby alkyl substituents on a carbon a  to the ring reduce <tn). In the latter 
case, it can be shown that for monosubstituted alkylbenzenes, relative fluorescence intensity decreases as a 
linear function of the number of ¡3-hvdrogens. The “xylene” effect is shown to be a consequence of increased 
k, whereas the “ «-substitution” effect is a result of decreased k , plus increased k d (two a-hydrogens) or a 
particularly large increase in kd (one or zero «-hydrogens) (kd represents internal conversion and intersystem 
crossing). Though the “xylene effect” is insensitive to temperature, those compounds with enhanced non- 
radiative decay show dramatic enhancements in fluorescence relative to toluene at 77°K.

Introduction
In the course of a study of the quenching of alkyl

benzene luminescence by dienes,3 it was necessary to 
examine the fluorescence and phosphorescence emission 
of a number of alkylbenzenes, including many for which 
such spectral data have not yet been reported. The 
resulting quantum efficiency and lifetime data prove 
useful, not only in their own right, but also in that they 
permit valid empirical correlations to be discerned. 
Such an approach has been quite successfully demon
strated for benzenoid aromatics in the compendia by 
Berlman,4 and further references to these works will be 
made throughout this paper.

Experimental Section
Chemicals. Aromatic hydrocarbons were obtained 

from commercial sources and were tested for purity by 
vpc using either an Aerograph Autoprep A-700 or a 
Yarian-Aerograph 90-P instrument equipped with a 
20 ft X 0.25 in. 15% Carbowax on Chromosorb W 
DMCS-treated column or a 20 ft X 0.25 in. 30% Carbo
wax on Chromosorb P column. If the reagent con
tained impurities, it was purified by preparative vpc 
with one of the above columns. All aromatic com
pounds were molecularly distilled and rechecked for

purity by vpc with a 5 ft X 0.125 in. 3% SE-30 column 
before use. Burdick and Jackson “ distilled in glass” 
hexane was used as received. The uv spectrum of each 
lot (in a 1-cm cell vs. air) was recorded to ensure that 
there was no absorption above 230 nm. Phillips “ in
strument grade” isopentane (99.5 mol % ) was passed 
through two chromatography columns containing 
either Merck alumina or Matheson Coleman and Bell 
silica gel. The uv spectrum of each lot (in a 1-cm cell 
vs. air) was recorded to ensure that there was no ab
sorption above 230 nm.

Spectroscopy. Ultraviolet spectra were recorded 
using 1-cm quartz cells with a Cary 14 spectrophotom
eter. Absorbance measurements were obtained with 
the Cary instrument or a Gilford photometer (Model 
222A) coupled to a Beckman DU monochromator.

(1) Organic Photochemistry, Part XX; Part XIX: P. Froehlich
and H. Morrison, Chem. Commun., 184 (1972).
(2) Abstracted from the doctoral dissertation of P. Froehlich, 
Purdue University, Aug 1971. Presented, in part, at the 162nd 
National Meeting of the American Chemical Society, Washington, 
D. C„ Sept 1971,
(3) P. Froehlich and H. Morrison, to be published.
(4) (a) I. B. Berlman, “Handbook of Fluorescence Spectra of Aro
matic Hydrocarbons,” Academic Press, New York, N. Y., 1965: 
(b) I. B. Berlman, ibid., 2nd ed, 1971.
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Table I : Relative Fluorescence Intensities of Alkylbenzenes

-------- Room temperature------ ------------------------- N 77°K
Rei rei

Alkylbenzene fluorescence0 <t>lh fluorescence6*

Benzene 0.26 0.036 0.058,« 0.07'
Toluene (1.00) (0.14) 0.14,« 0.23' (1.00)
Ethyl- 0.77 0.11 0.15« 0.86
ra-Propyl- 0.82 0.11 0.12« 1.01
Isopropyl- 0.52 0.076 0.10« 0.82
n-Butyl- 0.82 0.11 0.85
Isobutyl- 0.86 0.12 1.02
sec-Butyl- 0.62 0.088 0.12« 0.72
¿erí-Butyl- 0.23 0.032 0.58
ra-Hexyl- 0.88 0.12 0.91
Cyclohexyl- 0.64 0.089 0.13«
n-Decyl- 0.85 0.12
n-Nonadecyl- 0.82 0.11
1,2-Dimethyl- 1.21 0.17 0.16,« 0.20' 1.25
1,3-Dimethyl- 0.94 0.13 O o OO 0.95
1,4-Dimethyl- 1.60 0.22 0.33,« 0.24' 1.55
1,4-Di-ieri-butyl- 0.44 0.061 1.48
1,3,5-Trimethyl- 0.63 0.088 oHo

0.61
1,2,3-Trimethyl- 0.58 0.081 0.08'
1,2,4-Trimethyl- 2.03 0.28 0.34,« 0.31
1,3,5-Tri-ieri-butyl- ~0.07 *—'0.01 0.64
1,2,3,4-Tetramethyl- 0.81 0.11
1,2,3,5-Tetramethyl- 0.84 0.13
1,2,4,5-Tetramethyl- 2.12 0.30 0.32'
Pentamethyl- 0.54 0.075
Hexamethyl- ~0.01 <0.01 0.02» 0.54
Hexaethyl- OOl <0.01 0.74

“ Relative to toluene; all solutions 1-3 mAf in n-hexane with data corrected for relative light absorption at 254 nm; error estimated 
at ± 5 % . 6 Based on a value of 0.14 for toluene (see text). « Data from Berlman and Krongauz corrected as discussed in the text.
d Relative to toluene; all samples 1-3 mJf in an isopentane glass; error estimated at ±10% . • Reference 4. '  Reference 8. » Refer
ence 9.

Emission spectra were recorded on a “ homemade” 
spectrophotofluorometer5 using a 253.7-nm mercury 
pen lamp source. Fluorescence spectra at room tem
perature (ca. 22°) in hexane were obtained using 1-cm 
square quartz cells, while spectra at 77°K in isopentane 
were obtained using 3-mm i.d. Suprasil optical quartz 
tubes.

Sample Preparation. Solutions of the various aro
matic hydrocarbons (~1.3 X IO-3 ili) in hexane were 
deoxygenated by bubbling argon through the cells for 
15 min and then sealed with a stopcock. Solutions in 
isopentane were deaerated by eight freeze-pump-thaw 
cycles at less than 1 p using a high-vacuum rotary oil 
and oil diffusion pump (Sargent Welch, Co., Model S- 
71780) and were also sealed by a Kel-F stopcock. The 
pressure was measured by a pirani gauge (Consolidated 
Vacuum Co., Type GP-110). Relative fluorescence 
intensities at room temperature of the aromatic hydro
carbons studied, using toluene as reference, were ob
tained from their fluorescence spectra. The area of 
each spectrum and the solvent blank were obtained by 
use of a computer program developed by R. B. Brainard 
and R. W. Peiffer of these laboratories.6 The area

under the emission spectrum for toluene was corrected 
to reflect the difference in absorption between the solu
tion containing hydrocarbon under study and the tol
uene solution. Relative fluorescence intensities at 
77°K were obtained from total emission spectra in the 
same manner as at room temperature (except for sam
ple preparation). Examination of the total emission 
spectra showed that the overlap between fluorescence 
and phosphorescence spectra was negligible. Relative 
phosphorescence intensities were obtained in the same 
manner as fluorescence intensities. Singlet lifetimes 
were measured with a TRW  nanosecond fluorometer 
(Model 31 A) using a deuterium lamp. The photo
multiplier output was fed into a dual-beam oscilloscope 
(Tecktronix Corp., Type 555) and the decay curve dis
played on an X -Y  recorder (Hewlett-Packard, 7035B). 
Data were analyzed 15 nsec after the flash, and linear 
log I vs. time plots were obtained in all cases

(5) R. B. Brainard and H. Morrison, J. Amer. Chem. Soc., 93, 2685 
(1971).
(6) R. B. Brainard, Ph.D. Thesis, Purdue University, Aug 1970.
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Results
Fluorescence intensities (relative to toluene) for 

various alkylbenzenes in dilute hexane solution at room 
temperature are listed in Table I, together with quan
tum efficiencies (0f) calculated using 0f for toluene as 
0.14. This value is that reported by Berlman,4 * as cor
rected by Birks;7 the correction derives from the use 
of a 0 f for the primary fluorescence standard (9,10-di- 
phenylanthracene) of 0.83, as opposed to Berlman’s 
use of 1.0. Thus, all values taken from Berlman have 
been reduced by 17%. Several citations from Beren- 
fel’d and Krongauz8 are included in Table I9 10 11 but are cor
rected so as to bring these workers’ toluene value (0.23) 
in line with the base number used in the table. Rela
tive fluorescence intensities at 77° K in an isopentane 
glass are also included in Table I.

Phosphorescence intensities for a number of these 
alkylbenzenes were measured relative to toluene at 
77°K in isopentane; the data are listed in Table II. 
Also presented in this table are phosphorescence life
times (rp) as measured for several of the samples.10,11

Table II : Relative Phosphorescence 
Intensities of Alkylbenzenes“

R e l  p h o s  rp,
A lk y lb e n z e n e p h o r e s c e n c e sec

Toluene (1.00) 3.50 ±  0.07
Ethyl- 0.85
ra-Propyl- 0.91 3.72 ±  0.03
Isopropyl- 0.25 2.17 ±  0.03
n-Butyl- 0.90
Isobutyl- 1.02
sec-Butyl- 0.20
tert-Butyl- None obsd
n-Hexyl- 0.76
Cyclohexyl- 0.26
1,2-Dimethyl- 1.16
1,3-Dimethyl- 0.95
1,4-Dimethyl- 1.89 4.60 ±  0.06
1,4-Di-ferf-butyl- 1.22 3.94 ±  0.03
1,3,5-Trimethyl- 1.14 4.09 ±  0.05
1,3,5-T ri-iert-buty 1- 0.06
Hexamethyl- None obsd
Hexaethyl- None obsd

“ Samples 1-3 mM in isopentane at 77 °K; data presented 
relative to toluene.

Singlet lifetimes (n) were measured at room temper
ature using a TRW  nanosecond decay time fluorometer 
(Model 31A). Data are presented in Table III.12 
Also included in Table III are values for kf (from kt =  
0f/xf) and kd (from 0d = 1 — 0f and fed = 0dAd). 
Note that kd, as here defined, includes internal con
version and intersystem crossing (i.e., kic and fcisc).

Discussion
Several comments can be made concerning the data 

in Table I. First, as has been commented on else-

Table III: Singlet Lifetimes for Alkylbenzenes 
at Room Temperature“

kt X fcd X
rf, 10», 10»,

A lk y lb e n z e n e nsec L i t .6 s e c -1 s e c -1 c

Benzene 33.6 (29.0) 1.1 29
Toluene 35.2 (34.0) 4.0 24
Ethyl- 35.1 (31.0) 3.1 25
K-Propyl- 36.0 (32.4) 3.1 25
Isopropyl- 24.5 (22.0) 3.1 38
n-Butyl- 35.1 3.1 25
Isobutyl- 33.3 3.6 26
sec-Butyl- 29.2 (25.0) 3.0 31
ferf-Butyl- 10.0 3.2 97
n-Hexyl- 35.3 3.4 25
Cyclohexyl- 29.2 (26.4) 3.0 31
ra-Nonadecyl- 34.2 3.2 26
1,2-Dimethyl- 38.2 (32.2) 4.5 22
1,3-Dimethyl- 32.7 (30.8) 4.0 27
1,4-Dimethyl- 33.3 (30.0) 6.6 23
1,3-Di-iert-butyl- 14.5 4.2 65
1,3,5-Trimethyl- 38.3 (36.5) 2.3 24
1,2,4-Trimethyl- 10.3* 26d
1,3,5-Tri-ieri-butyl- 15.1 0.66 66
1,2,3,4-Tetramethyl- 33.8 3.3 26
1,2,3, S-Tétraméthyl 27.9 4.7 31
ia ^ ,5-Tetramethyl- 28.6 10.5 24
Pentamethyl- 15.7 4.8 59
Hexamethyl- <1.6, 0 .6' 2» 1600»

(60

“ Samples 1-3 mM in ra-hexane and prepared as for the fluores
cence intensity measurements. 6 Reference 4b. c k-,0 +  kM. 
d Calculated using r from ref 4b. '  Obtained by oxygen quench
ing, cf. ref 4a. > Reference 12. » Using 0.6 nsec.

where,4b extension of a linear alkyl chain beyond two 
carbons seems not to have appreciable effect on 0f; 
compare, for example, n-propylbenzene (0f = 0.11) 
and n-hexylbenzene (0t = 0.12). A similar insensi
tivity to chain length has been noted in ultraviolet ab
sorption spectra.4b Second, ortho and para substitu
tion of the benzene ring enhances 0f, whereas meta sub
stituents have, if anything, a negative effect; compare
1,2-dimethylbenzene (0f = 0.17), 1,3-dimethylbenzene 
(0f = 0.13) and 1,4-dimethylbenzene (0 / = 0.22) or
1,2,4-trimethylbenzene (0f = 0.28) and 1,3,5-trimethyl- 
benzene (0f = 0.09). This “ xylene effect” was first 
noted by Berenfel’ d and Krongauz8 and a large effect of

(7) J. B. Birks, “ Photophysics of Aromatic Molecules,” Wiley- 
Interscience, New York, N. Y., 1970.
(8) V. M. Berenfel’d and V. A. Krongauz, Theor. Exp. Chem. USSR, 
3, 63 (1967).
(9) M. D. Lumb and D. A. Wehl, J. M ol. Spectrosc., 23, 365 (1962).
(10) Such data are markedly dependent on degassing techniques and 
solvent purity and are presented here only for the purpose of refer
ence. A complete study of phosphorescence lifetimes may be found 
in ref 11.
(11) J. W. Rabalais, H. J. Maria, and S. P. McGlynn, J. Chem. 
Phys., 51, 2259 (1969).
(12) T. V. Ivanova, P. 1. Kudryaskov, and B. Ya. Sveshnikov, Sov. 
Phys. Dokl., 6, 407 (1961).
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1,4 disubstitution on absorption has been known for 
some time.4b To this phenomenon can now be added 
an “ «-substitution effect,” whereby alkyl substituents 
on the a-carbon attached to a benzene ring bring about 
a reduction in ; compare toluene (0f = 0.14), ethyl
benzene (0£ = 0.11), isopropylbenzene (0f = 0.07) 
terf-butylbenzene (0f = 0.03).

The effect of a change in temperature on these phe
nomena is of interest. Whereas the “ xylene effect” is 
essentially unchanged from room temperature to 77°K, 
the effect of «  substitution is considerably diminished 
at low temperature. Thus, fe?'£-butylbenzene changes 
from 23 (relative to toluene) to 58% at 77°K. More 
dramatically, l,4-di-£er£-butylbenzene goes from 44 
(room temp) to 148% (77°K) and 1,3,5-tri-ierf-butyl- 
benzene from 7 to 64%. There is, in fact, a general 
enhancement of fluorescence intensity relative to tol
uene, with those compounds having the smallest values 
at room temperature showing the greatest increase. 
For example, hexamethylbenzene and hexaethylben- 
zene have barely measurable fluorescence at room tem
perature but relative intensities of 54 and 74%, respec
tively, at 77 °K. (Of course, these changes in relative 
intensity are, in turn, superimposed on an increase in 
the absolute values for </>f at lower temperature.13)

Finally, it should be noted that the relative phos
phorescence intensities at 77°K (Table II) show the 
same trends discussed above for fluorescence at room 
temperature, i.e., independence of chain length, a 
“ xylene effect” and an “ «-substitution effect.”

Any explanatory discussion of these trends requires 
that the relative radiative and nonradiative rate con
stants, rather than emission intensities, be considered. 
The fluorescence efficiency is the ratio kf/kf +  kd (where 
ka represents all unimolecular14 nonradiative decay 
modes)16 and is obviously subject to effects on the 
radiative and/or nonradiative rates. We have there
fore collected, in Table III, values for kt and ki.

An examination of Table III now reveals that the 
“ xylene” and “ a-substitution” effects have their origin 
in different decay modes. Thus, as has been noted 
elsewhere,4b’8,16 the enhancement of fluorescence in p- 
xylene is primarily due to an increase in ki, with kd al
most identical with that for toluene.17 This shows up 
even more dramatically with 1,2,4,5-tetramethylben- 
zene. The increase in ki parallels a rise in the molar 
extinction coefficient for absorption and is generally 
attributed to the distortion of the benzene symmetry 
and a concomitant diminution in the forbiddeness of 
the 0-0 transition.415’18

By contrast, changes in both kd and fcf are respon
sible for the “ a-substitution effect.” When the alkyl
benzene contains no a-hydrogens (ethylbenzene, n- 
propylbenzene, n-butylbenzene, isobutylbenzene, n- 
hexylbenzene), a decrease in fcf is primarily responsible 
for lower fluorescence efficiency. Derivatives con
taining one or zero «-hydrogens (isopropylbenzene,

Figure 1. Plot of the monoalkylbenzene fluorescence intensity 
(relative to toluene) vs. the number of ¿¡-hydrogens.

sec-butylbenzene, cyclohexylbenzene, £er£-butylben- 
zene) are also associated with sizable increases in kd, the 
change being most dramatic with the ¿erf-butyl deriva
tives. This enhancement of kd is likely related to a 
conclusion drawn from studies of triplet alkylbenzene 
radiative and nonradiative decay, namely “ C-H  
stretching vibrations of alkyl group appended to a 
benzene ring are efficient in modulating nonradiative 
transitions. This quenching ability extends as far as 
carbon centers which are twice removed from the ring 
and not much further.” 11 A striking correlation be
tween relative fluorescence intensity and the number of 
/3-hydrogens is shown in Figure 1.

Finally, as regards the effect of temperature on the 
relative fluorescence intensities, it is now clear that 
those compounds which show the greatest increase at 
low temperature19 are exactly those which have un
usually large kd values. Again, one would like these 
data in terms of /Cjc and fciac; however, kd has been

(13) See, for example, E. J. Bowen and S. Sahu, J. Phys. Chem., 63, 
4 (1959); J. N. Eastman, J. Chem. Phys., 49, 4617 (1968), and ref 4b, 
p 458, for complete list of leading references on temperature effects.
(14) The possibility that steric hindrance to self-quenching is a 
factor in comparative alkylbenzene emission intensity has been sug
gested,4b but we are presuming that self-quenching, at the concen
trations used in this study (ca. 10 ~3 M ), can be neglected.
(15) A further dissection of kd into kiC (internal conversion) and 
kisc (intersystem crossing) would be still more desirable, but this 
requires intersystem crossing efficiencies, values for which are notice
ably lacking for all but a few of the compounds in these tables. 
Experiments in this direction are in progress.
(16) V. M . Berenfel’d and V. A. Krongauz, Bull. Acad. Sci. USSR, 
Phys. Ser., 32, 1463 (1968).
(17) There is some evidence that the increase in <£f in p-xylene 
occurs at the expense of internal conversion rather than intersystem 
crossing, cf. K. Sandros, Acta Chem. Scand., 23, 2815 (1969).
(18) It has been suggested16 that the increase in kf is due to the 
inductive effect of the methyl groups.
(19) The studies at low temperature did, of course, involve a large 
increase in viscosity as well; we have here assumed (see also ref 21) 
that low temperature alone is responsible for the enhanced 0f, but 
future studies of relative emission vs. viscosity are clearly called 
for.
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shown to be made up of temperature-dependent and 
temperature-independent components with the tem
perature-dependent component in benzene and its 
derivatives attributed to “ thermally activated Si-S0 
internal conversion via an isomeric state. ’ ’20 If this view 
is valid, increasing a substitution may then be facili
tating such isomerism, and in this light, it is interesting 
that the sterically crowded pentamethyl- and hexa- 
methylbenzenes also have characteristically high ka 
values and temperature dependencies for 0f.21
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(20) Reference 7, p 146.
(21) Upon completion of this work and manuscript, a Communica
tion appeared containing fluorescence data for several polymethyl- 
benzenes. Particularly interesting is the reported observation (from 
unpublished data) of a large temperature effect on the fluorescence 
intensity of hexamethylbenzene; cf. A. Reiser and L. J. Leyshon, 
J. Chem. Phys., 56, 1011 (1972).
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Electron Spin Resonance of Triplet Nitrenes from Aryl Isocyanates1

by V. J. Kuck,* E. Wasserman, and W . A. Yager

Bell Laboratories, Murray Hill, New Jersey 07974  (Received July 10, 1972)

Publication costs assisted by Bell Laboratories

The photolysis of benzoyl azide at 77°K with 2537-A light in a methylcyclohexane-isopentane glass was studied 
by means of uv and esr. The rearrangement to form phenyl isocyanate was observed in the uv. No triplet 
signal in the esr corresponding to benzoylnitrene was obtained. However, upon further irradiation a signal 
was found whose zero-field parameters, D and E, were identical with those of phenylnitrene which had been 
independently produced from the photodecomposition of phenyl azide. Phenyl isocyanate, o-tolyl isocyanate, 
and naphthyl-1 isocyanate were irradiated at 77°K in a rigid matrix with 2537-A light, and the zero-field 
parameters of the nitrenes that were produced were found to be the same as the parameters of nitrenes made 
from the corresponding azides. No nitrene signals were detected by means of esr upon irradiation at 77 and 
4°K of alkyl isocyanates with and without sensitizers.

We have observed the electron spin resonance (esr) 
spectra of aromatic nitrenes obtained from the photo- 
lytic decomposition of aromatic isocyanates. It had 
been previously postulated that isocyanates yielded 
nitrenes upon photolysis2'3 although no direct evidence 
had been obtained supporting this conclusion. While 
this work was in progress, Porter and Ward4 reported 
the observation of the ultraviolet spectrum of phenyl
nitrene during the flash photolysis of phenyl isocyanate.

Initially we sought to clarify the existence of triplet 
benzoylnitrene as an intermediate in the photolytic 
decomposition of benzoyl azide. A 1% solution of 
benzoyl azide in 95% methylcyclohexane-5% iso
pentane was prepared and then irradiated at 77 °K  with 
2537-A light. A Varian V-4502 100-Hz field modula
tion esr spectrometer was used to detect resonance 
absorptions. An esr spectrum was obtained which 
was identical with one observed when phenyl azide was 
photolytically decomposed to form phenylnitrene.5 
No lines other than those corresponding to phenyl
nitrene were detected. Thus, there was no direct 
evidence for triplet benzoylnitrene as an intermediate 
in the photolytic decomposition of benzoyl azide.

In another experiment, the photolytic decomposi
tion of benzoyl azide in the same matrix and under the 
same conditions was observed by ultraviolet spectros
copy. Absorption lines at 269 and 277 nm, corre
sponding to the formation of phenyl isocyanate, ap
peared upon irradiation. The decomposition of the 
phenyl isocyanate was then thought to be the source 
of phenylnitrene. A 1% solution of phenyl isocyanate 
in methylcyclohexane-isopentane was irradiated at 
77°K and the decomposition was followed by means 
of esr. The observed spectrum was identical with 
that recorded when phenylnitrene had been generated 
from phenyl azide. These results might be explained 
by the following equation.

(1) Given in part at the Middle Atlantic Regional Meeting, Feb 
1968, held in Philadelphia, Pa., by V. J. Kuck.
(2) (a) D. A. Bamford and C. H. Bamford, J. Chem. Soc., 30 (1941); 
(b) J. H. Boyer, W. E. Krueger, and G. J. Mikol, J. Amer. Chem. 
Soc., 89, 5504 (1967).
(3) J. S. Swenton, Tetrahedron Lett., 2855 (1967).
(4) G. Porter and B. Ward, Proc. Roy. Soc., Sec. A , 303, 139 (1968).
(5) G. Smolinsky, E. Wasserman, and W. A. Yager, J . Amer. Chem. 
Soc., 84, 3220 (1962).
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Other 1% solutions of aromatic isocyanates in meth- 
ylcyclohexane-isopentane.were irradiated at 77°K and 
the esr spectra of the resulting nitrenes were recorded. 
From the spectra the zero-field parameters D and E6 
were determined, where D is a measure of the magni
tude of the spin-spin interaction of the unpaired elec
trons and E  its deviation from cylindrical symmetry. 
Assuming g = 2.0023 the following values were ob
tained: phenylnitrene |i)| =  1.003 cm-1, o-tolyl 
nitrene \D\ =  0.957 and naphthyl-l-nitrene \D\ = 
0.798; ¡A| <  0.003 in each case. These results agreed 
with those previously obtained when the corresponding 
azide was decomposed.7

Previously, by use of esr, it has been established that 
alkyl nitrenes are generated in the photolytic decom
position of alkyl azides.8 If the decomposition was 
carried out in the presence of sensitizers, nitrene forma
tion could be observed by means of esr at 77°K. When 
direct irradiation of alkyl azides was employed there

was much less efficient generation of stabilized nitrenes 
and a signal could be detected only at 4°K. In hope 
of observing alkyl nitrenes generated from the photolytic 
decomposition of alkyl isocyanates, 1%  solutions of 
cyclohexyl, ferf-butyl, and w-propyl isocyanates were 
irradiated with an Osram HBO 200-W mercury lamp 
both at 77 and 4°K. No esr absorptions correspond
ing to nitrene formation were detected. These 
results could be explained by the fact that alkyl iso
cyanates absorb between 2100 and 2400 A,2a a region 
where our lamp output is very low. Sensitizers such 
as acetone, benzene, and acetophenone were used and 
again no signals corresponding to nitrene formation 
were observed. The failure of sensitized decomposition 
might be due to inefficient energy transfer to the excited 
triplet states of the alkyl isocyanate. Since population 
of the excited singlet states occurs far into the uv, the 
nearby triplet states may well be of high energy.

(6) E. Wasserman, L. C. Snyder, and W. A. Yager, J. Chem. Phys., 
41, 1763 (1964).
(7) E. Wasserman, Progr. Phys. Org. Chem., 8, 319 (1971).
(8) E. Wasserman, G. Smolinksy, and W. A. Yager, J. Amer. Chem. 
Soc., 86, 3166 (1964).

An Electron Spin Resonance Study of Several DNA Base Cation 

Radicals Produced by Photoionization

by M. D. Sevilla,* C. Van Paemel, and C. Nichols
Department o f Chemistry, Oakland University, Rochester, Michigan 48068 {Received M ay 16, 1972) 

Publication costs assisted by Oakland University

•?r-Cation radicals of a number of DNA bases have been produced in aqueous glasses (8 N NaOD, 5 M K2CO3-  
D20, 5.7 M D3PO4) at low temperature by uv photolysis. Well-resolved esr spectra of rr-cations of 5-methyl- 
cytosine (NaOD, K2CO3, D3PO4), thymine (K2C03), and thymidine (NaOD) are found and reduced to hyperfine 
coupling constants. The methyl proton splittings for ir-cations of 5-methylcytosine show a great dependence 
on pH. The methyl proton splitting is 20 G in 5 M K2CO3 and 5.7 M D3PO4, whereas in 8 A NaOD it is 14 G. 
This lowered splitting is explained by a comparison of the experimental results with theoretical splittings based 
on McLachlan MO computations. This comparison suggests that at high pH the amino nitrogen loses one 
proton and fully conjugates with the ring x-electron system. Results found for thymine in 5 M K2CO3 are 
nearly identical with previous results in NaOD and D3PO4. The thymidine jr-cation is found to have similar 
splittings to the thymine ir-cation, however, anomalously low g values are found for this radical.

Introduction
Positive and negative ions of the DNA bases are 

likely primary intermediates in the radiolysis of crys
talline pyrimidines and purines as well as in the radiolv- 
sis of DNA itself. Recent esr investigations by several

authors have implicated ions as the primary interme
diates toward radical production in the radiolysis of 
pyrimidine single crystals.1-4 Several workers have

(1) J. Hüttermann, J. F. Ward, and L. S. Myers, Int. J. Radiat. 
Phys. Chem., 3, 117 (1971).
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Figure 1. Structures of 5-methyl cytosine (I-IV ) and 
thymidine (V).

suggested the role of ion radicals in the radiolysis 
of D N A .8-6 In recent work Graslund, et al., have 
assigned esr spectra of irradiated DN A found at low 
temperatures to positive and negative ions on the DNA 
bases.7 In addition, several esr studies of DNA base 
ions in aqueous glasses have also appeared.6'8-11 These 
studies are of significance in that they can aid in the 
identification of ions formed in crystalline DNA bases 
and in composite spectra found in DNA.

This study continues our investigations of the ion 
radicals of the DNA bases.8 9'12 In previous work it 
was shown that the positive ion of thymine was pro
duced by photoionization of thymine in alkaline and 
acid aqueous glasses.8 Results indicated this was a 
biphotonic process involving ionization from a meta
stable triplet state. In the present work we report 
an esr study of radical “ x-cations”  of 5-methylcyto- 
sine and several other DNA bases (Figure 1). “ x-
Cations” 13 are produced via uv photolysis, and results 
are found which show the effects of protonation on the 
spin density distribution in pyrimidine cations. In 
addition, decomposition reactions of the x-cations were 
observed and are reported in a subsequent article 
in this journal.14

Experimental Section
The details of the esr spectrometer used have been 

described previously.8 The glasses were produced by 
cooling solutions of 8 N  NaOD (92% D), 8 N  NaOH,
5.7 M  D 3PO4 (97% D), 5.7 M  H3P 0 4, or 5 M K 2C 0 3 
and the solute (0.25 mg/ml) in a 4 mm o.d. Spectrosil 
tube to 77°K. The use and properties of these glasses 
have been discussed by other workers in detail.15-17 
Deuterated glasses were usually employed to increase 
resolution. The uv photolysis was performed at 77°K 
outside the esr cavity employing a helical low-pressure 
mercury lamp. Solutions were prepared in doubly 
distilled D 20  with blank runs made to assure the ab
sence of background signal due to the glass. All 
samples were deoxygenated prior to irradiation by 
bubbling with nitrogen. Potassium ferricyanide (2

X 10-3 M) was used as an electron scavenger to ob
tain spectra uncomplicated by an overlap spectra of 
the anion. Since this compound was noted to react 
with several DN A bases (as evidenced by a loss of the 
color of the ferricyanide ion), solutions containing 
K 3Fe(CN )6 and the solute were made separately, 
cooled to — 50°, and then mixed quickly while cold.

DNA bases were obtained from Calbiochem (grade 
A) except for thymidine which was from Schwarz. All 
g values and hyperfine splittings were measured vs. 
peroxylamine disulfonate with an taken as 13.0 G 
and g taken as 2.0056.

Results and Interpretation of Spectra
5-Methylcytosine Cation and Anion. To obtain 

information about the effect of pH and differing ma
trices on the esr spectra of radicals formed, 5-methyl- 
cytosine was photolyzed in three deuterated aqueous 
glasses: 8 N  NaOD , 5 M  K 2C 0 3, and 5.7 M  D 3P 0 4. 
Photolysis at 77 °K  for 1 min in each case resulted in 
strong visible phosphorescence from the sample which 
persisted for several seconds after photolysis ceased. 
The phosphorescence indicated an appreciable steady- 
state triplet population which is considered essential 
to the photoionization process.18'19

Uv photolysis of 5-methylcytosine in 5 M  K 2C 0 3 
imparted a purple color in the glass characteristic of 
the trapped electron. The esr spectrum at 110°K 
taken immediately after photolysis is shown in Figure

(2) A. Dulcic and J. N. Herak, Radiat. Res., 47, 573 (1971).
(3) J. N. Herak and V. Galogaza, J. Chem. Phys., 50, 3101 (1969).
(4) S. Carpy and H. Dertinger, Int. J . Radiat. B iol., 18, 359 (1970).
(5) R. A. Holroyd and J. W. Glass, ibid., 14, 445 (1968).
(6) M. G. Ormerod, ibid., 9, 291 (1965).
(7) A. Graslund, A. Ehrenberg, A. Rupprecht, and G. Strom, 
Biochim . Biophys. Acta, 254, 172 (1971).
(8) M. D. Sevilla, J. Phys. Chem., 75, 626 (1971).
(9) M. D. Sevilla and C. Van Paemel, Photochem. Photobiol., 15, 407 
(1972).
(10) V. T. Srinivasan, B. B. Singh, and A. R. Gopal Ayengar, In t. J. 
Radiat. Biol., 17, 577 (1970).
(11) N. B. Nazhat and J. J. Weiss, Trans. Faraday Soc., 66, 1302 
(1970).
(12) M. D. Sevilla, J. Phys. Chem., 74, 805 (1970).
(13) It should be noted that the radicals produced by loss of one elec
tron from structures I, III, IV, and V do not have a unit formal posi
tive charge. This is due to differences in protonation. The term 
“ 7r-cation” is used here to mean a radical produced by loss of an elec
tron from the 7r-electron system and does not refer to the total charge 
on the molecule.
(14) M. D. Sevilla, C. Van Paemel, and G. Zorman, J. Phys. Chem., 
76, 3577 (1972).
(15) (a) L. Kevan in “ Radiation Chemistry of Aqueous Systems,”
G. Stein, Ed., Wiley-Interscience, New York, N. Y., 1968, pp 21- 
72; (b) L. Kevan in “ Progress in Solid-State Chemistry,” Vol. 2,
H. Reiss, Ed., Pergamon Press, Elmsford, N. Y., 1965, pp 304- 
329.
(16) B. G. Ershov and A. K. Pkaev, Radiat. Res. Rev., 1, 2 (1969).
(17) D. M. Brown and F. S. Dainton, ibid., 1, 241 (1968).
(18) C. Helene, R. Santus, and P. Douzou, Photochem. Photobiol., 
5, 127 (1966).
(19) R. G. Shulman and R. O. Rahn, J. Chem. Phys., 45, 2940 
(1966).

M . D . Sevilla, C. V an Paemel, and C. N ichols

The Journal of Physical Chemistry, Vol. 76, No. 24, 1972



DNA Base Cation Radicals Produced by Photoionization 3573

Figure 2. Esr spectrum of the rr-cation radical of 5-methylcytosine (structure III) in 5 M  K2C 03-D 20  at 110°K produced by 
photoionization. The large central component is due to the electron. The overlay at the high-field end shows the end components 
more clearly. The stick reconstruction is based on theoretical parameters described in the text.

Table I : Esr Spectral Parameters for ir-Cation Radicals of DNA Bases

Hyperfine splittings, G ------------ - ------------------------g values-
Parent molecule Matrix «CHsH AlN Aj_N »1:

5-Methylcytosine 5 M  K2C03 19.7 ±  0.2“ 5.9 ±  0.3 
10.9 ±  0.3

<2 .5
<2.5

2.0025 ±  0.003 2.0049 ±  0.0006

8 N NaOD 13.8 ±  0.2 28.5 ±  0.3 <2 .5 2.0025 ±  0.0003 2.0046 ±  0.0006
6 M  D3P04 20.0 ±  0.2 2.0030 ±  0.0005*

Thymine 5 M  K2C03 20.3 ±  0.3 11.9 ±  0.3 <2 .0 2.0024 ±  0.0002 2.0043 ±  0.0006
8 N NaODc 20.5 ±  0.2 12.0 ±  0.3 <2 .0 2.0023 ±  0.0002 2.0042 ±  0.0006
6 M  D3P04= 20.4 ±  0.2 11.8  ±  0.2 <2 .0 2.0026 ±  0.0002 2.0046 ±  0.0006

Thymidine 8 N NaOD 21.4 ±  0.3 14.0 ± 0 . 5 <3 .0 1.9986 ±  0.006* 2.0010 ±  0.0006*

“ The error limits represent the reproducibility in these values. b Because of poor resolution the values of <i|| and gj_ could not be 
determined. This value is that found at the center of the spectrum and should be considered an estimate of the isotropic g value. 
° M. D. S e v i l l a ,Phys. Chem., 7 5 , 626 (1971). * See text for a discussion of these g values.

2. The strong central absorption at g =  2.001 is also 
characteristic of the electron.20 The remaining com
ponents are attributed to the 5-methylcytosine t -  

cation radical. These hyperfine components show a 
large 1 :3 :3 :1  methyl proton splitting of 19.7 G. In 
addition,there are several smaller splittings which have 
components with line shapes characteristic of aniso
tropic nitrogen hyperfine splittings with approximately 
axial symmetry, A 11»  A x and g ± >  g\\.

The spectrum gives evidence for two such anisotropic 
nitrogen hyperfine splittings. The spin Hamiltonian 
has been solved for molecules containing a single 
anisotropic nitrogen hyperfine splitting.8'21 Extend
ing the solution to two nitrogens results in expressions 
1 and 2 for the positions in magnetic field of various 
extrema in the spectrum. In the interpretation of

H =  tf||° -  ge/gu(A u'Mv +  A MW N +  Och.Mh) (1)

H ~ H± — ge/ g j _ ( A +  A j_2M n +  Rchj-Mh) (2)

the spectrum it must be remembered that each ex

pression generates a spectrum independent of the 
other.22 In the case of expression 2 we find that the 
experimental values of A L are small and simply con
tribute to the line width; thus components generated 
by (2) are due to the methyl proton splitting only. 
Components generated by expression 1 will arise from 
two nitrogen An splittings as well as by the methyl 
group splitting. These peaks should therefore be 
much less intense than those interpreted as arising 
from expression 1. This is found to be the case in 
Figure 2. The analysis of this spectrum in terms of 
the parameters in expressions 1 and 2 gives the values

(20) M. J. Blandemer, L. Shields, and M. C. R. Symons, Nature 
(London), 199, 902 (1963).
(21) F. J. Adrian, J. Chem. Phys., 36,1692 (1962).
(22) In fact the spectrum consists of an overlap of spectra at every 
possible orientation to the external magnetic field; however, at mag
netic fields corresponding to the parallel and perpendicular directions 
changes in first derivative spectra occur which can easily be identified 
in terms of the parameters in expressions 1 and 2 (P. W. Atkins and 
M. C. R. Symons, “The Structure of Inorganic Radicals,” Elsevier, 
Amsterdam, 1967, pp 268-271).
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Figure 3. Esr spectrum of the 5-methylcytosine x-cation radical (structure IV) in 8 V  NaOD at 110°K. The large central 
component is due to the electron. The stick reconstruction is in excellent agreement with experiment and is described in the text.

tabulated in Table I. A stick reconstruction based 
on these parameters is shown in Figure 2. Agreement 
between theory and experiment is considered excellent.

The esr spectrum found in Figure 3 was obtained 
after photolysis of 5-methylcytosine in 8 N NaOD at 
77°K. A deep blue color associated with trapped 
electrons was observed in the sample. This spectrum 
also shows the strong absorption due to the electron 
at g =  2.001. We again associate the remaining spec
tral components to the 5-methylcytosine ir-cation 
radical. A comparison of Figures 2 and 3 shows a 
great change in the hyperfine structure with the change 
in solvent pH. The spectrum in Figure 3 shows a 
significantly reduced methyl proton splitting. In 
addition, the remaining hyperfine structure including 
line shape and intensities can be accounted for by one 
large anisotropic nitrogen splitting. Analysis of the 
spectrum on this basis yields the splittings and g values 
reported in Table I. A stick reconstruction based on 
these parameters is shown in Figure 3. The agree
ment between the theoretical reconstruction and ex
periment is again considered excellent. Only those 
components overlapped by much more intense com
ponents are not resolved in the spectrum.

Photobleaching the sample containing the 5-methyl
cytosine ir-cation and electron in 8 N  NaOD produces 
a mixed spectrum of the anion and cation. The 
anion has been produced in the absence of cation by 
photooxidation of the ferrocyanide ion in the alkaline 
glass to produce trapped electrons followed by photo- 
bleaching to produce the anion by electron attachment. 
This gives an esr spectrum which has a doublet split
ting of 15 G and a line width of 12 G. These results 
are similar to those found for the thymine anion and 
the anions of other pyrimidines in our previous work.8

Upon photoionization of 5-methylcytosine in D3PO4 
spectra indicative of products of electron attachment 
and deuterium atom attack are found in addition to

the spectrum of the cation radical. This is attributed 
to the fact that the electron is not trapped signifi
cantly at 77°K in this glass. To prevent such attack, 
samples were prepared containing 2 X 10~3 M  ferricy- 
anide ion which acts as an electron scavenger. The 
photoionization of 5-methylcytosine in glasses con
taining the ferricyanide ion resulted in spectra such as 
shown in Figure 4. The spectrum consists of a quartet 
of ca. 1 :3 :3 :1 with 20.0 G separating the individual 
components. This large splitting is attributed to 
the methyl group. The large line width found (ca. 
9 G) suggests relatively large unresolved hyperfine 
splittings.

Thymine x-Cation Radical. Photolysis of thymine 
in 5 M  K2CO3 (D20) at 77 °K  produced a purple color 
in the originally clear glass. During and after photoly
sis the sample phosphoresced strongly. The esr spectra 
show the thymine ir-cation radical and the electron. 
The spectra are virtually identical with those previously 
found for the thymine ir-cation in alkaline and acid 
glasses except for slightly improved resolution.8 Pa
rameters found from the analysis of these spectra are 
reported in Table I along with those found in our pre
vious work in the other glasses.8

Thymidine and 5-Methyldeoxycytidine x-Cation Rad
icals. Upon photolysis at 77°K in NaOD or K2CO3 
glasses thymidine and 5-methyldeoxycytidine both 
emitted strong phosphorescence. In addition, the 
presence of the electron in the samples was indicated 
by the deep blue or purple color and by the esr spectra. 
The spectra of the ir-cation radicals are poorly resolved 
and in most cases uninterpretable. Only in the case 
of thymidine in the NaOD glass was resolution suffi
cient for interpretation. This spectrum is displayed 
in Figure 5A. As expected, the hyperfine structure is 
similar to that found for the thymine ir-cation radical 
in the same matrix. Warming to 195°K in the pres
ence of the ferricyanide ion greatly improved resolution
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Figure 4. Esr spectrum of the 5-methylcytosine 7r-cation 
radical (structure I or II) in 5.7 M  D3P04 at 110°K. 
Electrons produced during photolysis have been scavenged 
with ferricyanide ion.

Figure 5. Esr spectra of thymidine w-eation radical (structure 
V) in 8 N NaOD: A, immediately after photolysis at 110°K; 
B, after warming to 195°K in the presence of ferricyanide ion. 
The overlay shows the high-field end portion more clearly.

and removed the electron signal (see Figure 5B). This 
change in resolution was not reversible. However, 
measurement of the spectral parameters at both tem
peratures demonstrated the hyperfine splittings and 
g values do not change significantly with temperature. 
These parameters are reported in Table I. The g 
values are strikingly low for a radical of this type. This 
was thought to indicate complex ion formation with a 
transition metal; however, the fact that (1) the g values 
did not change with the addition of the ferricyanide, 
(2) chemical doping with CN-  had no effect on the

spectra, and (3) the hyperfine splittings for the thymi
dine w-cation are so similar to those for thymine w- 
cation argues against this.

Discussion
The hyperfine splittings for the 5-methylcytosine 

w-cation radicals differ significantly from glass to glass. 
We attribute these differences to changes in protona
tion of the amino group and ring nitrogen at position 1. 
Possible structures for 5-methylcytosine at different 
pH’s are shown in Figure 1. The pK ’s for the nitro
gens are 4.6 for the amino nitrogen and 12.4 for the 
ring nitrogen.23 Structure I would then be expected 
in the D3PO4 glass for the parent compound; however, 
structure II is possible for the w-cation since protona
tion would be less favored for a positively charged 
species. In the K 2C 03 glass (pH ca. 12.5) structure 
III is likely for the w-cation for the same reason. In 
the strongly alkaline 8 N  NaOH glass structure III 
or IV would be expected. In the case of thymidine 
w cation structure V is most likely in the NaOH glass. 
McLachlan MO spin density calculations have been 
performed for each of the possible structures. These 
spin densities are reported in Table II. Parameters 
used for these calculations were those found to give 
reasonable agreement with experiment in our previous 
work on the thymine w-cation and the pyrimidine 
anions.8'12 Other parameters are given in the table. 
For comparison to the experimental results theoretical 
hyperfine splittings were calculated from the spin 
densities and are listed in Table II. Values of Q em
ployed are Q N N  =  +27, Q c h 3h  =  +40, and Q c h 11 =  —  30.8

It has been noted that An is approximately 2.3 
times the isotropic nitrogen splitting for a number of 
nitrogen containing free radicals.7 We find a factor 
of 2.5 places values of aN (iso) clearly within the limits 
specified by the values of An and A x . We have used 
this factor to approximate the experimental isotropic 
nitrogen splittings given in Table II.

The results in Table II show that either calculation 
based on structure I or II accounts for the large methyl 
group splitting in the experimental results for the w- 
cation in the acid glass. The lack of further resolu
tion in the spectrum may also be explained by the cal
culations. Resolution is found for the w-cation in 
K2CO3 and NaOD where the 6H hyperfine splitting 
is predicted to be small; however, in the acid glass 
the 6H splitting is predicted to be moderately large. 
Since a-proton splittings cause greater line broadening 
than an equivalent nitrogen splitting the large line 
width in the acid medium may be expected.24

(23) D. O. Jordan, “The Chemistry of Nucleic Acids,’ ’ Butterworths, 
Washington, D. C., 1960, pp 134-139.
(24) However it should be noted that theoretical calculations for 
thymine also predict such a difference in the 6-position hyperfine 
splitting. The experimental results however show only a slight in
crease in the line width.
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Table II : Theoretical Spin Densities and Hyperfine Splittings for 5-Methylcytosine and Thymidine x-Cations

------------------------------------------------------------------------ Structure-------------------------------------------------------------------------------
1° II III IV6 V

Position r— 

1 0.105 0 .1 1 0

-----McLachlan spin densities-------

0 .1 2 1 0.148 0.228
2 - 0 . 0 2 0 -0 .018 0.072 0.001 -0 .016
3 0.171 0.145 - 0 . 0 1 2 0.011 0.109
4 -0 .035 -0 .032 0.062 -0 .038 -0 .014
5 0.396 0.406 0.458 0.379 0.410
6 0.152 0.158 0.046 0.004 0.047
7 0.153 0.141 0.053 0.008 0.156
8 -0 .001 0.008 0.106 0.424 0.008
9 0.005 0.005 0.007 0 .0 0 0 0 .0 0 2

10 0.075 0.076 0.087 0.062 0.072

I
Exptlc

(D3PO4) II

--------------------------- ¡structure--------
Exptlc

III (KsCOO IV
Exptlc

(NaOD) V
Exptlc

(NaOD)

KN) 2.8 < 4 3.0 3.3 4 .4 4 .0 < 2 6.2 5.6
3(N) 4 .6 < 4 3.9 0 .3 < 2 0 .3 < 2 2.9 < 2
5(CH,) 1 5 .9 20.0 1 6 .2 1 8 .4 1 9 .7 1 5 .2 1 3 .8 1 6 .4 2 1 . 4

6(H) 4 .6 < 9 4.7 1 .4 <5 0.1 < 5 1 .4 <5
8(N) 0.0 < 9 0.2 2 .9 2 .4 1 1 .5 1 1 .4

“ Nitrogen parameters used for the protonated amino group are hn =  2 and fcc_N = 0.8. b A great number of resonance hybrids are 
conceivable for structure IV. We find that assuming an equal double bonded character for all three nitrogens (/in = 0.8, fcc-N = 1.08) 
gives the best agreement with experiment. c The experimental line width sets an upper limit to the magnitude of the unresolved hyper
fine splittings. A hydrogen splitting less than the line width would not be expected to be resolved; however, an isotropic nitrogen 
splitting of >  1/2.5 times the line width would give rise to resolvable A ¡| splittings.

The results found for the 5-methylcytosine x-cation 
in the K 2CO3 matrix are in good agreement with the 
calculations based on either structures II or III. Im
proved agreement is found for III where the magnitude 
of the methyl group splitting concurs more favorably 
with experiment. Since structure III is also expected 
to predominate in this alkaline matrix, we tentatively 
assign the experimental splittings to positions accord
ing to the calculation based on this structure.

The experimental hyperfine splittings for the 5- 
methylcytosine x-cation in the NaOD glass are in 
agreement only with the values based on structure IV. 
The large experimental nitrogen splitting and the re
duced magnitude of the methyl proton splitting are 
predicted by this calculation. One point of disagree
ment is that the nitrogen splitting at position 1 is pre
dicted to be relatively large and would be expected to 
be observed in the experimental spectrum. There 
would be some experimental difficulty in determining 
a second nitrogen splitting if its magnitude were one- 
half the larger splitting. In this event, the spectrum 
found would be nearly identical with that found in the 
absence of such a splitting except that new low intensity 
components should be found at the ends of the spec
trum. We searched for these components but did not 
find them. The overall agreement between theory 
and experiment is such that structure IV is strongly 
indicated as that of the 7r-cation in the NaOD glass.

This of course results in the assignment of the nitrogen 
splitting to the amino nitrogen.

The calculated results for the thymidine x-cation 
radical (V) are in reasonable agreement with exper
iment. However, the smaller nitrogen splitting pre
dicted by theory is not found experimentally. A 
comparison with the calculated results for thymine in 
our previous work shows that the increase in the exper
imental value of the nitrogen splitting is correctly pre
dicted; however, a decreased value of the methyl 
group splitting is incorrectly predicted.

Several anion and cation radicals have been found 
in irradiated single crystals of pyrimidines1-4 or in 
pulse radiolytic studies.26'26 Herak and Galogaza3 
find the cytosine cation and suggest a spin density dis
tribution similar to that found for 5-methylcytosine 
x-cation (III) in this work. Hiittermann, et al., 
report the 5-methylcytosine anion radical is stabilized 
at low temperatures.1 The anion is reported to have 
a doublet splitting of 17 G which compares favorably 
with the 15 G found in this work in the NaOD glass 
even though different structures due to protonation 
are expected in the different matrices. Hartig and

(25) P. Neta, Radiat. Res., 49, 1 (1972).
(26) G. Nuoifora, B. Smaller, R. Remko, and E. C. Avery, ibid., 
49, 96 (1972).
(27) G. Hartig and H. Dertinger, Ini. J. Radiat. Biol., 20, 577 
(1971).
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Dertinger report the thymidine positive ion in powdered 
thymine crystals.27 The resolution is sufficient to 
resolve only the large methyl proton splitting of 19 G.

This value is in good agreement with that found in 
our previous work8 considering the differences in molec
ular environment.

Reactions of the Cation and Anion Radicals of Several DNA Bases1

by M. D. Sevilla,* C. Van Paemel, and G. Zorman
Department o f  Chemistry, Oakland University, Rochester, Michigan 4-8063 (.Received M ay 16, 1972)

Publication costs assisted by Oakland University

The reactions of the 7r-cation and anion radicals of several DNA bases are investigated in a number of aqueous 
glasses. For thymine and 5-methylcytosine the 7r-cations initially formed at 77°K react upon warming in 8 
N  NaOH or 5 M  K2C 03 by deprotonation of the methyl group to produce a RCH2- radical. This is verified by 
the production of the RCH2- radical by an independent method in the case of thymine. Results are found 
which indicate possible cation radical decomposition in the cases of thymidine and 5-methyldeoxycytidine. 
Computer simulations of the glassy spectra expected for the thymine RC-H2- radical where the nitrogens 
are either protonated or unprotonated suggest splittings near 17 G for the CH2 group and 6 G for the 6- 
position proton in the unprotonated case. The anion of thymine in 12 M  LiCl which is stable at low tempera
tures is found to protonate upon warming to form the 5,6-dihydro-5-thymyl radical. Identical results are found 
for thymidine. The results found for the reactions of cation and anion radicals are discussed in terms of results 
found in crystalline DNA bases and recent pulse radiolysis results. A mechanism of radiation damage to DNA 
is discussed.

Introduction
The study of the reactions of ion radicals of biolog

ical molecules is of importance to the understanding 
of the effect of radiation on these structures. Holroyd 
and Glass were the first to show that the thymine x- 
anion in an alkaline matrix reacts by protonation to 
form the 5,6-dihydro-5-thymyl or “ thymyl” radical 
(reaction l ).2 Since the esr spectra of irradiated DNA

0~

clearly show the thymyl radical, this reaction has been 
suggested to be significant in the radiolysis of DNA.2 
In a preliminary report Sevilla indicated that the thy
mine 7r-cation radical in an alkaline matrix decomposed 
by deprotonation of the methyl group to form radical 
II by reaction 2.3 A number of other investigations

0 ”  c r 

ii

have also found evidence for the role of positive ion 
radicals toward the production of more stable radical 
species.4-6

In our preceding work we reported an esr study of the 
7r-cation radicals of several DNA bases.3,7 In this work 
we report an esr investigation of the reactions of these 
ion radicals. Experimental evidence is given which 
confirms that the thymine ir-cation undergoes the de
protonation reaction (reaction 1). In addition, the 
results suggest the 7r-cation radicals of 5-methyl- 
substituted DNA bases react by this deprotonation

(1) This research was supported in part by the Division of Biology 
and Medicine of the U. S. Atomic Energy Commission.
(2) (a) R. A. Holroyd and J. W. Glass, Int. J. Radiat. Biol., 14, 445 
(1968); (b) M. G. Ormerod, ibid., 9, 291 (1965).
(3) M. D. Sevilla, J. Phys. Chem., 75, 626 (1971).
(4) J. Hüttermann, J. F. Ward, and L. S. Myers, In i. J. Radiat. 
Phys. Chem., 3 , 117 (1971).
(5) G. Hartig and H. Dertinger, Int. J. Radiat. Biol., 20, 577 (1971).
(6) A. Graslund, A. Ehrenberg, A. Rupprecht, and G. Strom, 
Biochim. Biophys. Acta, 254, 172 (1971).
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reaction. Work is also reported which shows the pro
tonation of the anions of thymine and thymidine to 
form the thymyl radical is not pH dependent.

Experimental Section
The details of the experimental procedure can be 

found in our previous publication.7 In this work a 
new aqueous glass is employed. It is found that 12 
M  LiCl is compatible with the photooxidation of fer- 
rocyanide technique for generating electrons. The 
electron is stable in this glass at 77°K. Although we 
know of no previous report of the use of this glass 
with the ferrocyanide method, there are investigations 
of the radiolysis of the glass in which its characteristics 
are described.8

The 7 irradiations were performed using a 60Co 
source.

Results
Reactions of Cation Radicals. Thymine. In pre

vious work it was shown that photolysis of thymine 
(0.25 mg/ml) in 8 A  NaOH glass at 77°K produces 
the well-resolved esr spectrum of the 7r-cation radical 
and the electron.3 Photobleaching the trapped elec
tron produces the 7r-anion and 7r-cation radicals in about 
equal concentrations.3 We find that warming the 
glass containing the cation and anion to about 140° K 
results in the loss of the 7r-cation radical esr spectrum. 
Further warming to 190°K results in loss of the 71- 
anion spectrum and production of the spectrum shown 
in Figure 1A. This spectrum is considered to be the 
overlapped spectrum of the thymyl radical and the 
radical produced by the decomposition of the 71-cation. 
The eight-line spectrum of the “ thymyl”  radical is 
clearly present. The reaction of the anion to form 
this species has been reported by other workers and 
shown to be a reaction of the anion with water in the 
aqueous solvent.2a The dotted curve in the spectrum 
shown in Figure 1A is the thymyl radical in an 8 A  
NaOH glass in the absence of the 7r-cation decomposi
tion product. This species is produced in a separate 
experiment by electron attachment to thymine and 
subsequent protonation of the 7r-anion by warming 
to 190°K. The electrons are generated by the photo
oxidation of ferrocyanide ion. Subtraction of the 
thymyl radical spectrum from the overlapped spec
trum results in the spectrum shown in Figure IB. This 
spectrum is considered to be the 7r-cation decomposi
tion product. The spectrum extends 53 G, consists 
of eight components, is anisotropic in nature, and can
not be interpreted directly. However, the spectrum 
appears as an overall triplet which is further split. 
This radical species is believed to be radical II since it 
has been observed in irradiated crystalline thymine.

To verify that radical II is the decomposition prod
uct of the 71-cation radical, the same radical was pro
duced by an independent means. It is known that at
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Figure 1. (A) Esr spectrum of the 5,6-dihydro-5-thymyl
radical and the thymine 7r-cation decomposition product at 
190°K in an 8 A  NaOH-IBO glass. The dotted curve is the 
“ thymyl”  radical alone. (B) Spectrum of the ir-cation 
decomposition product resulting from a subtraction of the two 
curves in A. (C) Spectrum of radical II at 190°K produced 
by -O-  attack on thymine in 8 A  Na0D-D20. The central 
peak is a background signal. The nearly identical spectra in 
B and C confirm the identity of the 7r-cation 
decomposition product.

high pH hydroxyl radicals (-0~ ) attack the methyl 
group of thymine to produce radical II .9'10 To pro
duce this species only, an alkaline D20  glass containing 
1 mM thymine and saturated with N20  at low temper
ature was irradiated with 60Co 7 rays (dose 2.4 X 1018 
eV/g) at 77°K. This produces 0 ~  and electrons 
which are both stabilized at this temperature. Upon 
warming to 180°K the electrons react with N20  to 
produce - 0 “  and N2. The predominant attacking 
species is then 0 “ . Figure 1C shows the spectrum 
of the irradiated sample at 190°K after O-  attack. 
The large central peak is background signal resulting 
from the irradiated quartz sample tube. Except 
for increased resolution of the hyperfine components 
and the background signal in Figure 1C the spectra 
in Figures IB and 1C are identical. The increased 
resolution is due to the fact that the irradiated sample 
was prepared in D20  while that which yielded spectrum 
IB was prepared in H20.

A second method was used to separate the 71-cation 
decomposition spectrum from the thymyl radical. 
Samples of thymine (1 mM) in 8 A  NaOD containing 
1 mM ferricyanide ion were photoionized with uv light. 
The ferricyanide ion acts as an electron scavenger. 
Photobleaching the electron in these samples results

(7) M. D. Sevilla, C. Van Paemel, and C. Nichols, J. Phys. Chem., 
76, 3571 (1972).
(8) L. Kevan in “The Chemical and Biological Action of Radia
tions,” M. Haissinsky, Ed., Masson, Paris, 1969.
(9) L. S. Myers, J. F. Ward, W. T. Tsukamoto, D. E. Holmes, and 
J. R. Julca, Science, 148, 1234 (1965).
(10) N. Nazhat and J. Weiss, Trans. Faraday Soc., 66, 1302 (1970).
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Figure 2. Esr spectra of radicals produced by warming the 
•ir-cation radicals of several DNA bases to 190°K in 8 N 
NaOD-D20  or 170°K in 5 M K2C03-D 20  in the presence of 
an electron scavenger (1 mili ferricyanide ion): A, thymine 
in 8 N NaOD; B, thymine in 5 M  K2C03; C, cytosine in 8 
N NaOD; D, cytosine in 5 M K2C03; E, thymidine in 5 M 
K2C03; F, 5-methyldeoxyeytidine in 5 M  K2C03.

in an esr spectrum of the cation and a small signal due 
to the anion radical. The electron is thus effectively 
scavenged. Warming this sample to 190°K results 
in the spectrum shown in Figure 2A. This spectrum 
is virtually identical with Figure 1C and is more re
solved than Figure IB as would be expected due to the 
deuterated matrix. From these results we conclude 
that the ferricyanide ion is an effective electron scav
enger which does not take part in the reaction. From 
the overall results in this section we can conclude that 
the thymine 7r-cation radical deprotonates to form 
radical II.

Since the decomposition mechanism could be matrix 
dependent, it was of interest to perform experiments 
at a lower OH-  concentration. Photolysis of thymine 
(1 mM) in 5 M  K2C 03/D 20  with 1 mM  ferricyanide 
ion produced the esr spectrum of the 7r-cation and 
electron. Photobleaching and warming to 170°K 
resulted in the spectrum shown in Figure 2B. This 
spectrum is 56 G in width and is similar to that found 
in the NaOH glass. We associate this spectrum with 
radical III. These results are good evidence that the 
mechanism is the same in NaOD and K2C 03 matrices.

NH,

ch2-

IV V

5-Methylcytosine. Samples of 5-methylcytosine (1 
mM) in 8 N NaOD containing 1 mM  ferricyanide

were photoionized with uv light. Warming the sample 
containing the x-cation to 190°K results in the esr 
spectrum found in Figure 2C. In 5 M  K2C 03-D 20  a 
similar procedure produced the spectrum shown in 
Figure 2D. These spectra are virtually identical with 
those found for thymine and suggest an identical 
mechanism of decomposition to form radical IV in 
NaOH11 and V in K2C 03.12

Thymidine and 5-Methyldeoxycytidine. Neither the 
thymidine or 5-methyldeoxycytidine x-cations gave 
evidence for decomposition in 8 N NaOD. In fact, 
thymidine x-cation was observed at temperatures as 
warm as 195°K. However, warming the x-cations 
of these nucleotides in 5 M  K 2C 03 to 190°K produced 
esr spectra shown in Figures 2E and 2F. These spectra 
differ from the virtually unresolved spectra originally 
found for the x-cations. This change in spectra was 
found to be irreversible and may suggest a further 
reaction. The total width of both of these spectra is 
approximately 60 G and is somewhat larger than the 
56-G width found for the thymine and 5-methylcy- 
tosine x-cation decomposition radicals. In addition, 
line components for the nucleosides are not in agree
ment with those found for the pyrimidines. Results 
of spin density calculations and spectrum simulations 
(discussed later) suggest that such differences in spectra 
may be expected for a radical of the same form as 
radical II when substitution occurs at the nitrogen. 
However, owing to the fact that the positive ions were 
stable in 8 N  NaOD and that the x-cation spectra 
would appear as similar quartets, we can only tenta
tively associate the radicals which give rise to the spec
tra in Figures 2E and F to radicals VI and VII.

O NH,

R R
VI VII

Reactions of Thymine and Thymidine Anion Radicals. 
Photolysis of 10 mM ferrocyanide ion in 12 M  LiCl-H20  
glasses containing ca. 1 mM thymine or thymidine 
produces the anion radicals (see Figure 3A). The 
results found for thymine and thymidine are virtually 
identical. The spectra of these anions which consist 
of 14-G doublets are similar to those found in our 
previous work in 8 N  NaOD glasses.3'13 Both anion 
spectra show the presence of a small amount of the 
thymyl radical which is probably explained by the

(11) In view of our results for the 5-methylcytosine ir-cation in 8 N  
NaOH (ref 7) a structure with one amino proton is also possible.
(12) This structure is considered most likely in 5 M  K2CO3 glasses 
since production of this radical in concentrated D3PO4 by • OD attack 
produces an identical spectrum.
(13) M. D. Sevilla and C. Van Paemel, Photochem. Photobiol., 15, 
407 (1972).
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Figure 3. (A) Esr spectrum of the thymine anion produced
by electron attachment at 110°K in 12 M LiCl. (B) Esr 
spectrum of the 5,6-dihydro-o-thymyl radical produced by 
warming the anion in A to 170°K.

fact that reaction 1 can be induced by uv light.14 Upon 
warming the samples to 170°K a loss of the anion signal 
occurs with a concurrent buildup in the characteristic 
eight-line spectrum of the thymyl radical. Figure 3B 
shows the spectrum for thymine after the reaction has 
gone to completion. Analysis of the final spectrum for 
thymine yields acm = 20.3 G and OcHi(av) = 39.6 
G at 110°K. For thymidine we find och3 = 20.2 G 
and acHj(av) = 37.6 G at 110°K. These results are 
similar to those found by Holroyd and Glass in NaOH 
glasses.2a Through computer simulations these work
ers estimated the difference between the two methylene 
proton splittings to be 9 G for the thymidine case.

Spectrum Analysis by Computer Simulations. Sim
ulations of the polycrystalline spectrum of ir-cation 
decomposition radical (radical II) are possible from 
previous work on thymine single crystals. Hutter- 
mann reports the hyperfine and g tensors and their 
direction cosines for radical V III.15 This radical

0

H
VIII

differs from radical II only by the protonation of the 
nitrogens. The reported isotropic components are 
15 G for the CH2 protons and 11.3 G for the 6-position 
proton. Transforming the hyperfine tensors into the 
g tensor axis system and utilizing a computer program 
which simulates the polycrystalline spectrum to first 
order16 results in the spectrum in Figure 4A. In the 
simulation the line components were assumed to be 
gaussian and the line width was 3.5 G for each com

M. D. Sevilla, C. Van Paemel, and G. Zorman

Figure 4. (A) Computer simulation of the glassy spectrum
of radical VIII based on parameters from single crystal work.
(B) Computer simulation of the glassy spectrum of radical II 
based on parameters described in text.

ponent. The resultant spectrum consists of a quartet 
of unequal spacing. Although this spectrum is sim
ilar to that found in polycrystalline thymine by Hartig 
and Dertinger5 which they assigned to radical VIII, 
it is unlike that found here for radical II. This sug
gests a relatively large effect due to the differences 
in protonation between radicals II and VI. Neta has 
produced the monoprotonated radical by 0 “  attack 
at high pH in a steady-state radiolytic technique.17 
This radical is found to have isotropic hyperfine 
splittings of approximately 16 G for the CH2 protons 
and 8 G for the 6-position proton. Thus a small in
crease in the CH2 splitting and a significant reduction 
in the 6-position splitting is induced by the deprotona
tion of position 1. A greater change in hyperfine 
splittings may be expected in 8 N NaOH where both 
nitrogens at position 1 and 3 are deprotonated. Mc- 
Lachlan MO calculations of the spin density distribu
tion employing usual parameters7 for radical II in
dicate an increase in the spin density at the CH2 group 
and a decrease at position 6 over that calculated for 
radical VIII. We have simulated the esr spectrum of 
radical II by employing the same g and hyperfine tensor 
elements found by Hiittermann for radical VIII but have 
altered the tensor elements proportionately so that the 
isotropic components correspond to the theoretically 
indicated values of 17 G for CH2 and 6 G for the 6- 
position proton splitting (see Figure 3B). Gaussian 
lines with 1,5-G line width are assumed. The resolution 
of individual components and peak heights in Figure 
3B is not in good agreement with experiment; how
ever, the line positions are in relatively good agree
ment, i.e., the average of the magnitudes of the devia
tions of theoretical positions from experiment is 1 G.

(14) Y. Lion and A. Van de Vorst, Int. J. Radiat. Phys. Chem., 3, 
513 (1971).
(15) J. Hiittermann, Int. J. Radiat. Biol., 17, 249 (1970).
(16) M. Si Swin Wei, Ph.D. Thesis, The University of Michigan, 
1970.
(17) P. Neta, Radiat. Res., 49, 1 (1972).
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The line positions are even in better agreement (0.8-G 
average deviation) with those found for the 5-methyl- 
cytosine radical in Figure 2C. These results indicate 
that the isotropic splittings of 17 and 6 G used in the 
reconstruction are near the true isotropic splittings 
of radicals II and IV.

The results found for thymidine and perhaps 5- 
methyldeoxycytidine may now be explainable in terms 
of the effects of ribose substitution at position 1. The 
expected effect of this substitution would be to increase 
the 6-position splitting so as to produce a spectrum 
which appeared as a quartet. This is what is found 
experimentally in Figure 2E.

Discussion
The results found here suggest that the mechanism 

of decomposition of the 7r-cation radicals of 5-methyl- 
substituted DNA bases in aqueous glasses is deprotona
tion of the methyl group. These results are in good 
agreement with recent results obtained on irradiated 
crystalline DNA bases. Hiittermann, et al., in work 
with irradiated 5-methylcytosine single crystals sug
gest that the positive and negative ions first produced 
react to form more stable secondary radicals by mecha
nisms analogous to reaction 1 and 2.4 Hartig and Der- 
tinger report results for irradiated dry powders of 
thymine, thymidine, and DN A.6 For thymine they 
find that the positive ion initially formed deprotonated 
to form radical VIII. For thymidine and even DNA, 
radicals of the form of radical VIII are observed in the 
esr spectra. They suggest that deprotonation is the 
mechanism of formation of these radicals as well.

In recent results on irradiated single crystals of 6- 
azathymine Herak and Schoffa suggest a radical anal
ogous to radical VIII is formed by hydrogen atom 
abstraction.18 Results found here would suggest the 
deprotonation of the positive ion as an alternative 
explanation.

Our results for the reactions of the thymine and 
thymidine anions have a bearing on a point of disagree
ment between esr and pulse radiolytic experiments. 
Esr investigations show that thymine anion undergoes 
irreversible protonation in alkaline matrices to produce 
the 5,6-dihydro-5-thymyl radical.23'14 Pulse radioly
sis of aqueous solutions of thymine at pH 7 indicate 
the thymine anion protonates at an oxygen.19-21 
Theard, et al., suggest that a possible reason for this 
apparent discrepancy is that the pH affects the protona
tion mechanism.19 The results found here in 12 M  
LiCl glasses do not support a pH dependence. The 
fact that there is evidence that “ thymine”  anions in 
irradiated wet DNA protonate upon warming also 
argues against this explanation.22 Another possible 
explanation for this difference in results is that the 
ionic strength, not pH of the glasses, affects the mecha
nism of protonation. The results found in DNA would 
argue against this. In addition, Verma, et al., report

DNA Base Cation and Anion Radical Reactions

that thymine anions protonate in mixtures of methanol 
and 0.5 M  NaOH where the ionic strength is much 
lower.23 A likely explanation for this difference is 
that the 6-protonation is a slow step not observed in 
the pulse radiolysis experiment.

The results found here and the results of a number 
of other workers leads to a mechanism of the direct 
effect of radiation on DNA. Graslund, et al., have 
shown that the initial effect of radiation is to produce 
ions which are stabilized on the DNA bases at low 
temperature.6 The DNA strand can then be viewed 
as a semiconductor for excess charge and holes. At 
low temperatures the electrons and holes are immobile 
while as the temperature increases the charges can 
migrate through the x-orbital systems of the stacked 
DNA bases. In the migration process the bound 
electrons and holes can recombine, transfer out of the 
DNA strand if the DNA is in contact with another 
molecule,24 or induce reactions at the most reactive 
DNA bases. Ion recombination would explain the 
loss of signal intensity observed when samples of DNA 
irradiated at low temperatures are warmed.5 The 
results found for irradiated DNA clearly suggest that 
the electron would be expected to react at the thymine 
base to form the thymyl radical.22'26-28 A number 
of workers have suggested this reaction to explain the 
appearance of the thymyl radical spectrum only when 
wet DNA initially irradiated at 77 °K  is warmed to 
temperatures above 200°K .2 The fact that irradiated 
samples of dry DNA do not produce the thymyl spec
trum is in accord with the anion protonation mecha
nism.6,22 The results found here would suggest the 
deprotonation of the methyl group of thymine base 
in DNA as a possible reaction for the positive hole. 
Hartig and Dertinger’s findings that irradiated dry 
DNA shows a predominant signal due to a deprotonated 
base thymine radical is good evidence that this reaction 
of the positive ion in DNA may be preferential over 
other possible reactions.5 Thus it is likely that elec
trons and holes in wet DNA react predominantly with 
thymine base to produce radicals via mechanisms 
analogous to those in reactions 1 and 2.

(18) J. N. Herak and G. Schoffa, M ol. Phys., 22, 379 (1971).
(19) L. M. Theard, F. C. Peterson, and L. S. Myers, J. Phys. Chem., 
75, 3815 (1971).
(20) G. Scholes and R. L. Willson, Trans. Faraday Soc., 63, 2983 
(1967).
(21) E. Hayon, J. Chem. Phys., 51,4881 (1969).
(22) A. Ehrenberg, A. R,upprecht, and G. Strom, Science, 157, 1317 
(1967).
(23) N. C. Verma, B. B. Singh, and A. R. Gopal-Ayengar, Stud. 
Biophys. {Berlin), 13, 231 (1969).
(24) Transfer of radiation induced free radicals from DNA to cys- 
teamine has been reported [P. Milvy, Radiat. Res., 47, 83 (1971) ].
(25) R. Salovey, R. G. Shulman, and W. M. Walsh, J. Chem. Phys., 
39, 839 (1963).
(26) J. B. Cook andS. J. Wyard, Nature {London), 219, 526 (1966).
(27) J. B. Cook andS. J. Wyard, Int. J . Radiat. B iol., 11,357 (1966).
(28) J. P. Elliott, P roc. R oy. Soc., Ser. A , 302, 361 (1968).
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Studies of ieri-Butyl Formate
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The s-cis, s-trans interconversion barrier and s-cis, s-trans population ratio of ¿erf-butyl formate in various 
solvents have been determined by means of nmr total line shape analysis. The free energy difference between 
the two conformers (AC?0) is found to vary linearly with the Onsager parameter (e — 1 ) /(2e +  1). Extrapola
tion to e = 1 (gas phase) results in AG° = 6 kcal/mol. For a solution of ferf-butyl formate in dimethylform- 
amide-dr-dimethyl ether (1:1) the free energy of activation was found to be AG T,83 =  8.75 and 9.32 kcal/mol 
for the two isomeric forms. It has also been possible to estimate the population ratio at room temperature from 
the coupling constant 5J h - h - These values show reasonable agreement with results derived from the total
line shape data.

Introduction
It is now well known, from nmr studies, that there 

exist large barriers to internal rotation about the formal 
single bonds in amides,2 nitrites,3 and nitrosamines.4 
Due to the chemical similarity it is to be expected that 
the C -0  bond of the ester group should possess a torsion 
barrier of a similar order of magnitude; this has, how
ever, not been confirmed by nmr measurements. There 
do exist however, ir5 and ultrasonic relaxation6 data, 
showing that the barrier to hindered rotation in methyl 
formate is ca. 10 kcal/mol.

Chiefly on the basis of dipole moment measurements7 
and microwave spectroscopy8 it has mostly been as
sumed that the conformation of formates is almost ex
clusively s-trans. In small ring lactons, however, the 
ester group is forced to be in the s-cis conformation, and 
it has by means of dipole moment measurements been 
found that in lactons with 8 or 9 atoms in the ring there 
is an equilibrium between the s-cis and s-trans conformers

0 O

\  ^
0 — c

o
t

o

\ /  \
H R  H

s-trans s-cis

and for larger rings the s-trans conformer dominates.9 
In a recent ab initio calculation1 the energy difference

The Journal o f Physical Chemistry, Vol. 76, No. 24, 1972

between the two conformers of methyl formate was 
calculated to be 9 kcal/mol with the s-cis conformer 
having the higher energy, in agreement with the micro- 
wave data.8 These data show that the energy differ
ence between the s-cis and s-trans conformers of the 
ester group is normally very high. This can probably 
explain the fact that the cis-trans isomerism of esters 
has, to date, not been observed by means of nmr spec
troscopy.

Recently it has been shown that the formyl proton 
pmr signal from ¿erf-butyl formate splits into an unequal 
doublet at low temperature (below —90°) in DM F so
lution,10 showing that the population ratio in ¿erf-butyl 
formate is not as far from unity as is that for methyl

(1) H. Wennerstrom, S. Forsen, and B. Roos, .7. Phys. Chem., 76, 
2430 (1972).
(2) W. E. Stewart and T. H. Siddall, III, Chem. Rev., 70, 517 (1970).
(3) P. T. Inglefield, E. Krakower, L. W. Reeves, and R. Stewart, 
M ol. Phys., 15, 65 (1968).
(4) R. K. Harris and R. A. Spragg, Chem. Commun., 362 (1967).
(5) T. Miyazawa, Bull. Chem. Soc. Jap., 34, 691 (1961).
(6) (a) S. V. Subrahmanyam and J. E. Pierey, J. Acoust. Soc. Am er., 
37, 340 (1965); (b) J. Bailey, S. Walker, and A. M. North, Trans. 
Faraday Soc., 64, 1499 (1968); (e) K. M. Burundukov and V. F. 
Jakovlev, J. Fiz. Chim., 42, 2149 (1968).
(7) R. J. B. Marsden and L. E. Sutton, J. Chem. Soc., 1383 (1936).
(8) R. F. Curl, Jr., J. Chem. Phys., 30, 1529 (1959).
(9) R. Huisgen and H. Ott, Tetrahedron, 6, 253 (1959).
(10) M. Oki and H. Nakanishi, Bull. Chem. Soc. Jap., 43, 2558 
(1970).

I



Studies of the Ester Bond 3583

formate. This is probably due to an increased steric 
repulsion in the s-trans conformer.

Since the dipole moments for the two conformers of 
methyl formate are unequal,1 the s-cis/s-trans popula
tion ratio should change with the polarity of the solvent. 
The enthalpy difference between the s-cis and s-trans 
conformers of methyl formate was estimated to change 
from ca. 8 kcal/mol in gas phase to ca. 4 kcal/mol in a 
solvent with t =  30, with the s-trans conformer re
maining lower in energy.

In the present work we have performed low-temper
ature pmr studies of £erf-butyl formate in various sol
vents, in order to determine first the effect of the po
larity of the solvent on s-cis/s-trans population ratio 
and second the torsional barrier, in £erf-butyl formate.

Experimental Section
Material and Sample Preparation. The ¿erf-butyl 

formate was synthesized from a formic acid-acetic 
anhydride reaction mixture and ¿e?-£-butyl alcohol ac
cording to the procedure of Stevens and van Es.u The 
boiling point was found to be 83°. The solvents, di- 
methylformamide-d7, dimethyl ether, and CF2C12 were 
obtained from Merck A.G. (Darmstadt), Matheson, 
Inc. (Newark, N. J.), and Vorginia Chemicals, Inc. 
(Porthmouth, Va.), respectively, and used without fur
ther purifications.

The samples were prepared directly in 5-mm nmr 
tubes (Wilmad, Quality 505). All samples contained 
ca. 10%  by volume of ¿erf-butyl formate and a small 
amount of TMS and various amounts of the solvent 
components (see Table I). All solvents with the excep
tion of DMF were condensed directly into the nmr 
tubes, which were cooled with liquid nitrogen. The 
tubes were sealed off and stored in a refrigerator.

Table I : Composition and Dielectric Constant of the 
Solvent Mixtures

Sample
no. D M F -J t (CHj)20 CF2CI2 CCh *!S ° eioo°a

I 95 5 3 4 .8 60
II 50 50 2 3 .5 35
III 100 5 .0 1 0 .7 5
IV 50 50 3 .5 6 .5
V 100

° Estimated from comparison with other compounds, for which 
the variation of e with temperature are given (Handbook of 
Chemistry and Physics, 46th ed, The Chemical Rubber Publish
ing Co., Cleveland, Ohio, 1965).

Apparatus and Measurements. The pmr spectra for 
line shape analysis were recorded on a Yarian XL-100 
spectrometer equipped with a V-6040 temperature con
troller and a V-4415 variable temperature probe. The 
signal from dimethyl ether or TMS was used as internal 
lock. The rf power of the observing field was always

kept sufficiently low to prevent saturation and a slow 
sweep rate (0.5 and 0.2 Hz/sec) was used to avoid 
distortion of the signals. The sweep expansion on the 
flatbed recorder varied from 1 to 5 Hz/cm.

The temperature was measured by means of a ther
mocouple, which was inserted into the probe and fixed 
just below the nmr tube. The readings of this thermo
couple were in a separate experiment, calibrated against 
another thermocouple inside a spinning 5-mm sample 
tube, filled with dimethyl ether; the sensing point of 
this thermocouple was just in height with the receiver 
coil. The outer thermocouple was found to show 2.5° 
lower temperature than the inside thermocouple, at 
— 100°. This difference was found to decrease with 
increasing temperature and at —30° there was no de
tectable difference between the two readings. No 
marked change in the difference temperature with 
small variations in the flow rate of the cooling gas was 
observed. The accuracy in the temperature measure
ments is estimated to be ± 1°.

For the determination of the s-cis/s-trans population 
ratio in samples not used for a total line shape analysis 
a Yarian A-60A spectrometer was used. For the 60- 
MHz spectra the temperature was taken from the pre
calibrated dial on the temperature controller and is 
estimated to be accurate only to ±  10°.

Line Shape Analysis and Determination of Population 
Ratios. For samples III and IV the population ratios 
were determined directly from integration of low-tem
perature spectra, in which the signals from the two con
formers were well resolved. For samples I and II, 
where total line shape analysis was performed, the pop
ulation ratios were obtained from this analysis.

The line shape of the formyl proton pmr spectrum is 
determined by (i) the s-cis to s-trans population ratio; 
(ii) the chemical shift difference between the two sig
nals, Av; (iii) the effective spin-spin relaxation time, 
T2e,f; (iv) the rate of exchange between the two con
formers; and (v) the coupling constants between the 
formyl proton and the ¿erf-butyl group protons, 6J trans 
and Vcu. The McConnell12 equation has been used to 
calculate theoretical spectra. In this equation, pa
rameters i to iv are included; the spin couplings v were 
taken care of through the summation of 10 A X  spectra; 
where the spacing between the A lines is given by 
J tran s  and for the X  lines by Jcis, and with intensities 
as 1:9:36:84:126:126:84:36:9:1.

T2eff could be determined only at the fast exchange 
limit, normally at room temperature, where T2eff for 
TMS was additionally obtained. At all other temper
atures, the following equation to extract T2eff was em
ployed: 1/7YBF = 1 /T 2™ S +  1 /T 2+ where 1 /T 2+, a
correction term needed to determine T2tBF from T2TMS, 
was determined at room temperature.

(11) W. Stevens and A. van Es, Reel. Trav. Chim. Pays-Bas, 83, 863 
(1964).
(12) H. M. McConnell, J. Chem. Phys., 28, 430 (1958).
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The population ratios and the chemical shift differ
ences could only be determined in relatively narrow 
temperature interval at low temperatures, for sample 
I, 10° while for II, 20°. The s-cis/s-trans population 
ratios at higher temperatures were calculated under the 
assumption of constant AG°.13 The shift difference 
between the two formyl proton signals attributed to 
the s-cis and s-trans conformers in sample II was found 
to decrease linearly with temperature from —112 to 
— 91° and the same temperature dependence was as
sumed to be valid at higher temperatures for both sam
ples I and II; this parameter was thus obtained from 
a linear extrapolation.

At all temperatures the rate of exchange was ob
tained from visual comparison of experimental and cal
culated spectra. In all, some 200 spectra were calcu
lated.

Results and Discussion
Nmr Spectra. The pmr spectrum of ¿erf-butyl for

mate at room temperature consists of two sets of sig
nals: a doublet at 8 1.46 (¿erf-butyl group) and a mul- 
tiplet at 8 8.03 (formyl proton). The splittings, which 
vary with the solvent composition (Table II), are the 
same in both the doublet and the multiplet and are 
caused by a five-bond long-range coupling. Since ¿erf- 
butyl formate consists of a mixture of s-cis and s-trans 
conformers, the observed splitting can be assumed to 
be a weighed mean of the coupling constants in the two 
conformers (eq 2). The variation in

5 J transPtrans +  J cisP cis (2)

with the solvent composition indicates that the popu
lation ratio changes with solvent. The major cause 
for the variation of 8 with the solvent is assumed to be 
changes in the population ratio.

Table II : Chemical Shift Difference, St>, Molar Ratio of the 
s-Cis Conformer at —100 and 30°, and the Free Energy 
Difference between the s-Cis and s-Trans Conformers at 
-100 and 30°

Sample
no.

6j/_iooo ,a 
ppm (pcie)—looo A(?°_iooo Ô30O (PcisDoo Aff°30O

I 0 .8 1 5 27 0 .3 4 0 .3 1 36 0 .3 4 b
II 0 .8 2 3 17 0 .5 5 0 .3 5 23 0 .7 3
III 0 .6 7 5 .5 0 .9 8 0 .4 1 3 2 .1
IV
V

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

a Formyl proton signal. b Assumed to be the same as A(?°_ioo°.

When the sample temperature is lowered, below 
— 40°, the formyl proton signal begins to broaden and 
at ca. —90° the signal splits into an unequal doublet 
attributed to the s-cis and s-trans conformers. Due to 
the fact that the low-field signal intensity decreases

Figure 1. AG °, from the s-trans/s-cis population ratio in 
iert-butyl formate, vs. (e — l)/(2e +  1) for the solvent: X,
low-temperature data from integration or line shape analysis; 
O, room temperature data from 5 = Vtrans-Ptrans +  '•AisAns-

with the decreasing polarity of the solvent, this signal 
is assigned to the more polar s-cis conformer. As 
shown below, this is also in agreement with a larger 
trans 6J than cis 6J, as is usually observed for amides.2

The ¿erf-butyl signal has, however, not broadened 
more than the TMS signal, showing that the s-cis and 
s-trans chemical shift difference for the ¿erf-butyl group 
are at least two orders of magnitude smaller than for 
the formyl proton signal. The low-temperature chem
ical shift difference for the formyl proton signal, bv, 
pcis, and the high-temperature splitting, 8, are given in 
Table II.

Solvent Dependence of the s-Cis to s-Trans Population 
Ratio. From the low-temperature nmr spectra, it was 
possible to determine the population ratio either by 
integration or from the line shape analysis (Table II). 
These values have been used to calculate the free en
ergy difference between the two conformers, AG°.

According to Onsager, eq 3,14 where Es is the sta-

M2 (e -  1)
3 (26 +  1)

bilization energy, u is the dipole moment of the solute, 
a3 is the molar volume of the solute, and e is the dielec
tric constant of the solvent, the energy difference be
tween the two conformers should be linearly related to

(13) From Figure 1 and reasonable values on the temperature varia
tion in the dielectric constants it can be estimated that AG ° should 
change ca. 0.05 keal/mol over the whole temperature range used for 
sample II and much less for sample I.
(14) L. Onsager, J. Amer. Chem. Soc., 58, 1486 (1936).
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Table III : Activation Parameters for the s-Cis-s-Trans Interconversion in ¿erf-Butyl Formate

Sample
no. Atf*l» A S * / AC?* 1 181» a# * 2» A S * / A<?*2 183»

i
i i

9.16 ±  0.5 
9.18 ±  0.5

1.93 ±  3 
2.39 ±  3

8.81 ±  0.1 
8.75 ±  0.1

9.50 ±  0.5 
9.40 ±  0.5

1.79 ±  3 
0.45 ±  3

9.17 ±  0.1 
9.32 ±  0.1

» In kcal/mol. 6 In cal/mol K.

(t — l ) / ( 2e +  1), which also has been found in the 
present work, see Figure 1. Upon extrapolation to e = 
1 an estimation on the value on AG° for tert-butyl for
mate in gas phase was obtained; A(?°e = 1 = 6 ±  1 kcal/ 
mol. This is in reasonable agreement with the AH° 
values estimated for methyl formate, using the Onsager 
equation and theoretically estimated values for the 
constants a and ju-1

Under certain assumption, it is possible to estimate 
the population ratio at room temperature from the 
variation in the effective coupling constant with solvent 
polarity. If we assume that (a) the last term in eq 2 
can be neglected for the solvent CC14, (b) AG° is tem
perature independent for DMF solution, and (c) 
5Jtrans and 5JC¡s are solvent independent, then V  trans =
0. 42 Hz and 6«/c¡5 =  0.11 Hz; the difference between 
the cis and trans coupling constants is similar to the 
difference between the cis and trans five-bond coupling 
constant in ./V,./V-dimethylacetamide.16'16 From this 
it is possible to calculate the population ratios for tert- 
butyl formate in samples II and III at 30° by means of 
eq 2; these results are given in Table II and in Figure
1. Owing to the temperature dependence of the sol
vent dielectric constants AG° will also be temperature 
dependent, which is in conflict with assumption b above; 
the value of (e — l ) / ( 2e +  1) does, however, change 
very little even for very large variations in e when e >  
30, as for DMF. Assumption b is therefore probably 
not too crude. As can be seen from Figure 1, where 
the open circles refer to high-temperature and the 
crosses to low-temperature data, the agreement be
tween the two data sets is satisfactory.

Inter conversion Barrier. From the data presented 
here it is not possible to settle which one of the two pos
sible internal motions, that can cause the s-cis to s- 
trans interconversion, have the lower activation en
ergy. IBMOL calculations on methyl formate show, 
however, that the torsional barrier height should be 
much lower than that of inversion (7 and 31 kcal/mol, 
respectively).17

The rate constants for the hindered rotation process 
in ¿erf-butyl formate, for samples I and II, have been 
evaluated by means of a total line shape analysis, in the 
temperature intervals from —96.6 to —51.7° for I and 
from —111.9 to —43.9° for II. The results are plotted 
as log(rT) vs. l/T (Figure 2). Both series of measure
ments gave reasonably straight lines, and the activa-

Figure 2. Log (tT ) vs. l/T for /erf-butyl formate: X,
sample I, cis barrier; 0  sample I, trans barrier; O, sample II, 
cis barrier; •, sample II, trans barrier.

tion parameters, calculated from the Eyring18 equation, 
eq 4, are given in Table III.

In (■tT) =  In (JtT/h) -  AG */ R T  =

In (kT/h) -  AH*/RT  +  AS*/R  (4)

From Figure 2 it can be seen that the change in the 
torsional barrier height from solvent I to II is mostly 
caused by increase in the transition state energy and 
the s-cis conformer energy compared to the s-trans con- 
former energy. There is also a small decrease in the 
transition state energy compared to the s-cis conformer

(15) L. W. Reeves, R. C. Shaddick, and K. N. Shaw, Can. J. Chem., 
49, 3683 (1971).
(16) T. Drakenberg, K.-I. Dahlqvist, and S. Fors4n, J. Phys. Chem., 
76, 2178 (1972).
(17) G. Karlstrom, personal communication.
(18) S. Glasstone, K. J. Laidler, and H. Eyring, “The Theory of Rate 
Processes,” McGraw-Hill, New York, N. Y., 1941.
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energy on going from I to II .19 This is expected since 
the s-trans conformer should have the lowest dipole 
moment with the dipole moment of the transition state 
being intermediate.1

The steric interaction between the ierf-butyl group 
and the carbonyl oxygen should tend to increase the s- 
trans conformer energy compared to the methyl for
mate in the same way as found for amides.20 On the 
other hand, the inductive effect from the ¿erf-butyl 
group should tend to increase the torsional barrier 
through an increased double bond character in the 0 -  
C (0) bond. It is thus not possible to predict how the 
barrier should change from methyl formate to tert- 
butyl formate; we believe, however, that the steric 
effect dominates (c/. amides21). The energy difference 
between the s-trans conformer and the transition state, 
as well as the energy difference between the s-trans and 
s-cis conformers, should thus be smaller for ¿erf-butyl 
formate than for methyl formate, which is in good agree
ment with the present results and those of Subrahman- 
yam and Piercy.6*

From a comparison of the barriers to internal rota
tion in formates, nitrates,3 amides,2 and nitrosamines4 
it is obvious that the substitution of the carbonyl car
bon in amides and formates with nitrogen increases the 
barrier by some 2 kcal/mol, possibly due to nitrogens 
greater electronegativity. In the same way it is seen

that the barrier height is reduced by more than 10 
kcal/mol when an oxygen is substituted for the amino 
nitrogen in amides or nitrosamines. Both these effects 
are in agreement with the idea that it is the degree to 
which the resonance structure (2) contributes to the 
resonance hybride that primarily determines the bar
rier height. The contribution from the resonance 
structure (2) will decrease with increasing electroneg-

0 o-
- /  /

X —Y X + = Y
(1) (2)

ativity on X  and decreasing electronegativity on Y.

Acknowledgments. We wish to thank Dr. H. Wen- 
nerstròm for helpful discussions and Dr. W. Egan for 
valuable linguistic criticism. This work was supported 
by a grant from the Swedish Natural Science Research 
Council.

(19) This change is less than the error limits given in Table III, but 
as can be seen from Figure 2, the r values for the s-cis barrier of 
sample I are significantly higher than the r values for the s-cis barriers 
of sample II.
(20) L. A. LaPlanche and M. T. Rogers, J. Amer. Chem. Soc., 86, 
337 (1964).
(21) R. M. Hammaker and B. A. Gugler, J. M ol. Spectrosc., 17, 356 
(1965).
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Visible or ultraviolet luminescence is observed in the reactions of atomic fluorine with many organic and 
inorganic molecules. In most cases, the radiation is produced by reaction with fluorine atoms generated by 
electric discharge through either CF4 or F2-Ar mixtures, indicating that the luminescences are due neither to 
impurities nor to the very exothermic reactions of F2. Some emissions, such as 0H(A -*■ X) in the reaction 
with H20, NH(A — X) with NHs, and C12(A — X) with Cl2, are best explained as due to atomic combina
tion. In other cases, this mechanism can be precluded by thermochemical arguments. With hydrocarbons, 
CH, C2, CF, and OF2 bands have been observed. The presence of oxygen is apparently not necessary to 
produce the CH emission. CO Cameron bands are one of the impurity-caused luminescences which have 
been observed in the hydrocarbon reactions. They are generated only when the atomic fluorine is produced 
from CF4 and are possibly due to the reaction between atomic oxygen and CF.

Introduction
The emission of light of variable intensity and color 

is certainly one of the most striking features of flames, 
and the measurement of the intensity and spectral dis
tribution of this light has long been employed to fur

ther our understanding of these combustion systems. 
Such investigations are most profitable when there 
exists prior knowledge of the mechanism producing the

(1) Correspondence should be addressed to Department of Chemis
try, Emory University, Atlanta, Ga. 30322.
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emission, since in most flames, explosions, etc., com
plicating factors, such as temperature gradients, diffu
sion, and wall effects, make it extremely difficult to un
ambiguously assign mechanisms. Much of the emis
sion from flames is due to chemiluminescence, i.e., spe
cific reactions which produce products in radiating ex
cited states. For flames employing oxygen or air as 
the oxidizer, the mechanism generating many of these 
emissions has been established by studying atomic 
flames, produced by adding reagents to flowing streams 
containing atomic oxygen or hydrogen. In the present 
work, luminescences generated in atomic fluorine flames 
have been investigated to acquire greater understand
ing of combustion systems in which F2 or fluorine-con
taining compounds are employed as oxidizing agents.

Chemiluminescence has also played a key role in the 
study of the kinetics of some of the simplest chemical 
reactions, those involving atoms. By far the most 
popular method of measuring the concentration of gas 
phase N, 0 , and H has been by titration with a stable 
compound which reacts rapidly and specifically with 
the atom according to a known stoichiometry.2 In 
chemiluminescent titrations, there is a change in the 
color or intensity of the luminescence at the equiva
lence point. To date, for atomic fluorine, no chemi
luminescent titration has been devised which does not 
give erroneous results in the presence of F2.3 Un
doubtedly, the lack of availability of such a simple 
method for measuring fluorine atom concentrations has 
seriously inhibited work on atomic fluorine chemis
try.

Luminescence from fluorine-containing flames4a and 
discharges415 has been previously investigated, and 
there has been extensive work on infrared radiation 
produced in reactions of atomic fluorine,5 primarily di
rected toward laser development. The present paper, 
however, is the first to report on the visible and ultra
violet radiation produced in systems excited by atomic 
fluorine.

Experimental Section
One of the most troublesome problems that arises in 

the study of chemiluminescence is emissions produced 
by impurities. In this work, spectral features assigned 
to CN, OH, CO, NO, and NF often appeared when the 
constituent elements of these molecules were not in
tentionally being introduced into the system. Con
taminants are particularly difficult to avoid when 
handling atomic fluorine, since this corrosive atom re
acts with Pyrex and quartz, liberating atomic oxygen, 
as well as a number of stable molecules. Fortunately, 
coating these rpaterials with Teflon greatly reduces the 
rate at which they are attacked.

As an aid in identifying emissions that are caused by 
impurities, we have reacted each substrate with fluorine 
atoms produced by an electric discharge through both 
CF4 and F2-A r mixtures. These two sources of fluo

Chemiluminescence Excited by Atomic Fluorine

rine atoms present somewhat different purification 
problems. Although discharging pure F2 would not 
introduce unwanted elements into the system, com
mercially available F2 (Matheson Co.) contains an ap
preciable air impurity. Due to the similarity of the 
boiling points of F2, 0 2, and N2, removal of this im
purity in a continuous flow system is exceedingly diffi
cult and was not attempted. Thus, unpurified F2 was 
diluted five- to tenfold with Ar and discharged with 
50-100 W of 2450-MHz power in an Evenson-type 
cavity6 on an alumina section of a flow tube, as sug
gested by Rosner and Allendorf.3 As anticipated, 
bands due to oxygen and nitrogen impurities were often 
excited by this fluorine atom source. The alternative 
source of atomic fluorine, discharged CF4 (Matheson 
Co.), could be readily purified by outgassing at liquid 
N2 temperature. It has been shown that a microwave 
discharge through CF4 in an alumina discharge section 
of a Teflon-protected flow" system produces primarily 
atomic fluorine and C2F6.7 In addition to undissociated 
CF4, higher fluorocarbons, and a small amount of F2, 
there may also be some CF2 present in this source of 
fluorine atoms.

Differences in the spectra excited by the two fluorine 
atom sources may result from their different concentra
tions of F and F2, as well as from their different im
purity concentrations. Generally, [F]F2-Ar/[F]cF4 = 
2-5 and [F2]F!-Ar/[F2]cF< =  3-30. At a total pressure 
of 1.0 Torr, a typical pressure of atomic fluorine is 100 
V for F2-A r and 30 m for CF4. In addition, some prod
uct of atomic fluorine reactions usually reacts with F2, 
regenerating the fluorine atom. This chain process 
results in a further increase of the effective atomic fluo
rine concentration in the F2-A r source. It is note
worthy that many of these reactions of F2 are more exo
thermic than the original atomic fluorine reaction and 
thus may be responsible for the observed luminescence. 
On the other hand, F2 could eliminate emissions by 
effectively scavenging an active intermediate.

The experimental arrangement is shown in Figure 1. 
The alumina tube, in wdiich F2-A r or CF4 is discharged,

(2) H. Melville and B. G. Gowenlock, “Experimental Methods in 
Gas Reactions,” Macmillan, New York, N. Y., 1964, p 248; F. 
Kaufman, J. Chem. Phys., 28, 992 (1958); P. Harteck, R. Reeves, 
and G. Mannella, ibid., 29, 608 (1958).
(3) D. E. Rosner and H. D. Allendorf, J. Phys. Chem. 75, 308 
(1971).
(4) (a) R. A. Durie, Proc. Roy. Soc., Ser. A , 211, 110 (1952); G. 
Skirrow and H. G. Wolfhard, ibid., 232, 78 (1955); (b) for example, 
B. A. Thrush and J. J. Zwolenik, Trans. Faraday Soc., 59, 582 
(1963).
(5) J. C. Polanyi and D. C. Tardy, J. Chem. Phys., 51, 5717 (1969); 
J. H. Parker and G. C. Pimentel, ibid., 51, 91 (1969); H. W. Chang, 
D. W. Setser, M. J. Perona, and R. L. Johnson, Chem. Phys. L$tt., 9, 
587 (1971); H. W. Chang, D. W. Setser, and M. J. Perona, J. Phys. 
Chem., 75, 2070 (1971); N. Jonathan, C. M. Melliar-Smith, and 
D. H. Slater, J. Chem. Phys., 53, 4396 (1970).
(6) F. C. Fehsenfeld, K. M. Evenson, and H. P. Broida, Rev. Sci. 
Instrum., 36, 294 (1965) ; commercially available from the Opthos 
Instrument Co.
(7) C. E. Kolb and M. Kaufman, J. Phys. Chem.. 76, 947 (1972).
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Figure 1. Flow system: A, bulbs for purifying reagents; B, 
helical traps; C, alumina tube; D, microwave cavity; E, 
Teflon connector; F, light-tight enclosure; G, light traps; H, 
A1 foil reflector; J, McLeod gauge; K, thermocouple gauge; 
L, movable inlet tube; M, Teflon O-ring connector; N, trap.

is joined by a Teflon connector to a section of the flow 
system containing two light traps and the region where 
the luminescence is viewed. This section is easily re
moved for frequent cleaning and recoating with Teflon. 
Reactants are added through a movable inlet, which is 
positioned for maximum spectrometer response. Pres
sure is measured with either a McLeod or thermocouple 
gauge and generally falls in the range 0.5-2.0 Torr. 
The apparatus does not contain provisions for mea
suring flow rates. However, some of the more inter
esting reactions are currently being investigated with a 
more sophisticated flow system.

Spectra are recorded with a Jarrell-Ash, 0.25-m, 
Ebert monochromator (//3.5), having an ultimate 
resolution of ca. 3 A and employing a photomultiplier 
detector sensitive from 1800 to 6200 A. For the weaker 
spectra, an aluminum-foil reflector is employed, and 
the phototube is cooled with nitrogen chilled to Dry 
Ice temperature. A nitrogen purge of the mono
chromator and a Spectrosil viewing section of the flow 
tube are used when investigating the spectral region 
below 2000 A. Wavelength calibration is from known 
lines in the spectrum and by comparison with a low- 
pressure mercury lamp. The entire apparatus is in
stalled in a light-tight hood, and suitable shielding is 
employed so that light from the discharge does not 
enter the monochromator.

Results
Table I summarizes the luminescences excited by 

reacting atomic fluorine with various substrates. Ex
cept for the few cases noted, the emissions are produced 
with both discharged CF4 and discharged F2-A r as the 
fluorine atom source. The intensity refers to the 
strongest line of each band system, with no allowance 
made for variation of the sensitivity of the spectrom
eter, which decreases rapidly below 2000 and above 
6000 A. Weak (w) emissions could usually be re
corded only with resolution of ca. 50 A. The intensity

of bands attributed to impurities varied considerably, 
undoubtedly owing to differences in the concentration 
of the impurity.

Table I : Summary of Luminescences 
Excited by Atomic Fluorine

R e a c ta n t E m iss io n s  d etected®

CO, C02, SO2 None
H2, H2S, NOj None
N20, CCli, CF3C1 None
h 20 OH (A -*• X, v' = 0,1 )m
n h 3 NH(A —► X, v' = 0,1 )s, NF(b -+ X, 

v' = 0)w
Ch C12(A -^ X , v ' = 6-12,14)m
Br2 BrF(0+ — X, v' = 1-9 )w
CF3Br BrF(0+ —► X, v' = 2-7 )w
CF3I IF(0+ X, v' = 0-6)w
Hydrocarbons6 CF(A — X, v' = 0,1 )m' and (B — 

X, v' = 0)m,c CF2 m,‘  CO- 
(A —*• X, v' — 2-10)mc'li and (a —► 
X, v' =  0-5)m,d'e C2(d —► a, v' = 
0-5)s, CH (A — X, v' = 0)s, C3w', 
OH (A -*■ X, v' = 0-3)v,dCN (B-* : 
v' — 0-4)v<i

° Intensities: s, strong; m, medium; w, weak; v, variable. 
b CH4, C2H2, C2H4, C2H6, propylene, 1,3-butadiene, benzene. 
c F2-Ar fluorine atom source only. d Due to impurity. * CF4 
fluorine atom source only.

Discussion
Although we will speculate on mechanisms for some 

of the observed luminescences, such speculations are at 
this stage based primarily on thermochemical argu
ments and on analogy with other chemiluminescent 
systems. Reliable mechanisms can only be arrived 
at after detailed study of the dependence of emission 
intensities on total and partial pressures in the system.

Among the substrates for which no luminescence was 
observed, CO, C 02, N20, CCI4, and CF»C1 react too 
slowly with atomic fluorine at 25° and pressures of a 
few Torr to generate appreciable amounts of light.8 
Fluorine does not have a great affinity for electronega
tive elements, such as oxygen or chlorine. The more 
electropositive elements in these reactants are pro
tected, either by strong multiple bonds to nonreactive 
atoms or sterically, as in CF3C1 and CC14. (Homann 
and MacLean, however, have suggested that, at flame 
temperatures, atomic fluorine is able to displace chlo
rine from such perhalomethanes.9) Not all of the 
“ nonluminescent”  reactions are slow, however. The

(8) These results have been established by brief studies of these 
reactions which employed molecular beam analysis, a new technique 
described in M. Kaufman and C. E. Kolb, Chem. Instrum., 3, 175 
(1971). A more detailed investigation of the reaction with CCli 
has been reported in ref 7.
(9) K. H. Homann and D. I. MacLean, Combust. Flame, 14, 409 
(1970); / .  Phys. Chem., 75, 3645 (1971).
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addition of atomic fluorine to SO2 to produce F2S02 is 
quite rapid,8 as are the reactions F +  H2 and FI +  F2, 
which produce vibrationally excited HF and are the 
basis for HF lasers.5 The combination of hydrogen and 
fluorine atoms does not provide sufficient energy to 
populate the first excited electronic state of HF.

It is interesting to compare the rapid reactions of 
atomic fluorine with the hydrides, H20, H2S, and NH3. 
In the H20  system, the A state of OH can energetically 
be populated by three-body combination of 0  and H 
atoms, these being generated by a sequence such as

F +  H20  - ->  HF +  OH (1)
F +  OH -—>  HF +  O (2)

O +  OH — >  0 2 +  H (3)

0  +  H +  (M) — > OH* +  (M) (4)

Reaction 3, which involves two intermediates, probably 
does proceed at an appreciable rate in this system, 
since its rate constant is ca. 1013 cm3/mol-sec,10 and 
oxygen atoms do not react with the major components 
of the system (H20, F2, and HF). Atomic combina
tion has been proposed for OH (A X ) emission in 
combustion reactions employing 0 2.u The mechanism 
is also in accord with the absence of SH(A —► X ) emis
sion in the H2S reaction, since combination of a sulfur 
atom with a hydrogen atom provides 5 kcal less energy 
than that necessary to populate the A state of SH. 
Durie has observed SH(A -> X ) emission from a H2-  
F2 flame contaminated with sulfur-containing com
pounds. However, at flame temperatures, sufficient 
thermal energy is available to form the A state. Sul
fur is deposited in the reaction of atomic fluorine with 
H2S, and its formation could be initiated by a reaction 
analogous to (3). The reaction with NH3 completes 
the pattern, since here the observed A (3n) — X (32 -)  
bands of NH can also be excited by combination of 
thermal atoms.

Both Cl2 and Br2 produce yellow luminescence when 
added to atomic fluorine. The glowing region in these 
reactions extends many centimeters downstream of the 
halogen inlet. In the CI2 case the emission is due to 
the A (3n 0+) X (12) transition of Cl2, strongly sug
gesting that the mechanism producing the lumines
cence is12

F +  Cl2 — > C1F +  Cl (5)

Cl +  Cl +  (M) — >- Cl2(A3n 0-) +  (M) (6)

Since recombination of atomic chlorine would be slow 
at our pressures, the large extent of the emitting zone 
is consistent with reaction 5 being very fast.13 The 
intensity of the emission was measured with a photocell- 
filter combination sensitive in the range 4500-6200 A 
and was found to maximize at a Cl2 flow very close to 
that which just removed all the atomic fluorine.14 We 
have also noted that F2 concentrations, measured mass

spectrometrically, are hardly affected by addition of 
sufficient Cl2 to maximize the emission, indicating that 
the reaction

Cl +  F2 C1F +  F (7)

must be quite slow at 25°. These observations suggest 
that the reaction with Cl2 may be of some use as a 
chemiluminescent titration for atomic fluorine in the 
presence of molecular fluorine. In the Br2 reaction, 
the yellow color is due to the 3IIo + —► X (x2 ) transi
tion of BrF, with bands originating from 1 <  y' <  9. 
Br2 emission from atomic bromine combination occurso
at wavelengths longer than 6500 A 15 and would not be 
detected by our photomultiplier.

The 0+ -*■ X  transition of the corresponding inter
halogen is also observed in the reaction of atomic fluo
rine with CF3Br and CF3I. There is considerable evi
dence that these reactions do not proceed by halogen 
displacement at room temperature.16 Thus, either free 
Br and I atoms are formed by secondary reactions in 
these systems or the emission is produced by a mech
anism other than atomic combination.

Characteristic luminescence is found for the reaction 
of atomic fluorine with hydrocarbons, as well as for 
molecules such as methyl bromide and ethylene oxide, 
which contain other elements in addition to carbon 
and hydrogen. The visible light from these systems is 
the brightest of all the reactions we have investigated, 
with the most intense bands being those of CH(A — X ) 
and C2 (Swan system). The emissions are similar to 
those observed by Durie from flames of organic sub
stances burning in F24a and also resemble the spectra of 
organics burning in 0 2 or air.11 In the latter case, CH 
bands are generally ascribed to reactions of oxygen- 
containing species.17 In our atomic fluorine reactions, 
however, CH emission was most prominent in runs with 
minimum oxygen contamination (as measured by the 
intensity of OH emission), and thus oxygen-containing

(10) D. D. Drysdale and A. C. Lloyd, Oxid. Combust. Rev., 4, 157 
(1950).
(11) A. G. Gaydon, “The Spectroscopy of Flames,” Wiley, New 
York, N. Y., 1957. The reaction may proceed by three-body recom
bination or by preassociation as suggested by S. Ticktin, G. Spindler, 
and H. I. Schiff, Discuss. Faraday Soc., No. 44, 218 (1967).
(12) L. W. Bader and E. A. Ogryzlo, J. Chem. Phys., 41, 2926 
(1964); M. A. A. Clyne and J. A. Coxon, Proc. Roy. Soc., Ser. A , 298, 
424 (1967); M. A. A. Clyne and D. H. Stedman, Trans. Faraday Soc., 
64, 1816 (1968).
(13) J. Warnatz, H. Gg. Wagner, and C. Zetzsch, Ber. Bunsenges. 
Phys. Chem., 75, 119 (1971).
(14) The fluorine atoms were simultaneously monitored by molecular 
beam analysis; see ref 7 and 8.
(15) D. B. Gibbs and E. A. Ogryzlo, Can. J. Chem., 43, 1905 (1965).
(16) I. O. Leipunskii, I. I. Morozov, and V. L. Tal’roze, Dokl. Akad. 
Nauk SSSR, 198, 1367 (1971); J. Bozzelli, C. Kolb, and M. Kaufman, 
to be published.
(17) P. H. Kydd and W. I. Foss, Eleventh Symposium on Combus
tion, The Combustion Institute, 1967, p 1179; J. Peeters, J. F. 
Lambert, P. Hertoghe, and A. Van Tiggelen, Thirteenth Sym
posium on Combustion, The Combustion Institute, 1971, p 321; 
see ref 11.
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species are probably not necessary for its production. 
An oxygen-free reaction, that of two excited CH2 radi
cals, has recently been proposed by Quickert18 to ex
plain CH emission in the 0  +  C2H2 system.

Surprisingly, at wavelengths shorter than 3000 A, the 
emission from hydrocarbon reactions is dramatically 
different depending on whether F2-A r or CF4 is used 
as the source of atomic fluorine. With F2-Ar, the A 
— X  and B — X  transitions of CF, as well as bands of 
CF2, are detected when fairly high concentrations of 
F2 are employed. Neither the A state (123 kcal/mol) 
nor the B state (141 kcal/mol) of CF (Z)0 = 1 1 0  kcal/ 
mol4b) is accessible by combination of thermal, ground- 
state carbon and fluorine atoms. Thus, this mech
anism can be ruled out, even though there is some 
heating of the flow tube at high F2 partial pressures. 
Although CF bands were not reported in Durie’s study 
of F2 flames, they were observed by Skirrow and Wolf- 
hard in the emission from ClF3-supported flames.4* 
The reaction between discharged F2-A r and hydrocar
bons also produces strong CO fourth positive impurity 
bands, extending to the short-wavelength limit of the 
spectrometer.

CF, CF2, and CO fourth positive bands were never 
observed using discharged CF4. Instead, in the region 
1930-2760 A, some 40 bands were generated by reac
tion with many hydrocarbons. Except for a few very 
weak features, all these bands can be assigned to the 
Cameron system, a(3n) X(*S), of CO. This is a
surprising conclusion, since the a(3II) state of CO has a 
lifetime of approximately 10~2 sec and is easily quenched 
by a variety of diamagnetic and paramagnetic collision 
partners.19 However, the fit to the Cameron bands is 
quite good considering the quality of the spectra. 
Further confidence in this assignment is gained from 
the observation that no shifts or splittings of bands are 
observed when CH2D2 is substituted for CH4 as the 
substrate. Since the intensity of the Cameron bands 
is not greatly affected by different methods of purifying 
the reagents, we must conclude that they are mainly 
due to the small amount of oxygen that is liberated by 
wall reactions. The bands are not produced by atomic 
fluorine formed by discharging F2-A r mixtures. Thus,

a reactant unique to the CF4 system must be necessary 
for their appearance. The reaction

O +  CF — > CO* +  F (8)

provides an appealing mechanism for this luminescence 
because of its simplicity and the fact that it can popu
late the a(3n) state, but not the A (1n) state of CO. 
Some 15 kcal of vibrational excitation of the CF would 
be necessary, however, to excite levels up to v' =  5, 
from which emission is observed.

We have thus shown that visible and ultraviolet 
luminescence is quite a common occurrence in systems 
excited by atomic fluorine. In most cases these emis
sions can be produced with both discharged CF4 and 
discharged F2-A r mixtures as the source of fluorine 
atoms, indicating that they are due neither to reactions 
of impurities nor to the very exothermic reactions of 
F2. One can also rule out a mechanism involving en
ergy transfer from excited F2 molecules produced by 
fluorine atom recombination, analogous to the current 
explanation for many of the emissions excited by “ ac
tive”  nitrogen,20 since in the fluorine case this would 
not supply sufficient energy to generate visible light. 
While in several instances, three-body combination of 
the constituent atoms of the emitting molecule seems 
to be a reasonable mechanism for the emission, in other 
cases this can be precluded by thermochemical or ki
netics arguments. Further investigations directed 
toward understanding these interesting phenomena are 
currently underway.
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Vibrational Analyses and Barrier to Internal Rotation of 

1,1-Dichloroethane and l,l-Dichloroethane-e?4

by J. R. Durig,* A. E. Sloan, and J. D. Witt
Department o f Chemistry, University o f South Carolina, Columbia, South Carolina 29208 (Received June 15, 1972)

The infrared spectra of gaseous and solid 1,1-dichloroethane and 1,1-dichloroethane-ch have been recorded 
from 140 to 4000 cm-1. The corresponding Raman spectra of the gases and liquids have also been recorded 
and depolarization values have been measured. All spectra have been interpreted in detail and the 18 normal 
vibrations have been characterized on the basis of the band contours, isotopic shifts, depolarization values, 
and normal coordinate calculations. The internal torsional mode was observed at 196 cm-1 in the infrared 
spectrum of solid CD3CDCI2. The threefold barrier to rotation was calculated to be 4.77 kcal/mol. This 
value is compared to those reported for other chloroethanes.

Introduction
Since bromine and chlorine substitution appears to 

affect the barriers to internal rotation in ethane deriva
tives more than any of the other halogens, it would ap
pear that a comparison of the theoretical and experi
mental barriers of several bromo- or chloro-substituted 
ethanes would provide a rather critical test of both 
empirical and theoretical barrier predictions. Most of 
the accurately determined barriers have been obtained 
by the microwave technique but this method does not 
readily lend itself to the study of multiple bromine or 
chlorine substitution because of the quadrupole split
tings. Recently we reported the methyl torsional fre
quencies of 290 and 304 cm-1 for methylchloroform1 
and methylbromoform,2 respectively, which gave bar
riers of 5.5 and 6.08 kcal/mol. It has been postulated 
in the past that after the initial substitution of fluorine, 
chlorine, or bromine for a hydrogen atom on “ one end” 
of an ethane molecule, that the barrier height to methyl 
rotation would not be drastically affected by substitu
tion of the second and third halogen on the “ same”  end. 
Thus, the recent data for CH3CCI3, CH3CBr3, as well as 
that for CH3CF2C13 indicate that this view may not be 
correct.

There is considerable conflict as to the effect of the 
addition of a second chlorine atom to the “ same” end of 
ethane. A band assigned as the torsional frequency 
was reported at 239 cm-1 in the Raman spectrum of 
the liquid by Daasch, et al.,* but in a more recent 
Raman study by Allen, et al.,5 the 239-cm-1 band could 
not be confirmed. Instead the latter authors report a 
weak band at 222 cm-1. The absence of other bands 
in this region of the Raman spectrum and the complete 
absence of bands below 274 cm-1 in the infrared spec
trum of 2-mm thick liquid films led Allen, et al., to 
tentatively assign the torsional mode to the 222-cm-1 
Raman line. The heat capacity of 1,1-dichloroethane 
has been measured6 and a comparison of the statistical 
and experimental entropy resulted in a barrier height

of 3550 ±  450 cal/mol. It is interesting to note that 
in the heat capacity report the authors state that an 
unpublished infrared spectrum of liquid 1,1-dichloro
ethane showed a weak band at 240 cm-1 which was 
compatible with the thermodynamic barrier. Wulff7 
has calculated a barrier height of 3490 ±  200 cal/mol 
from thermal data on the solid phase.

We recently investigated1 the far-infrared spectrum 
of 1,1-dichloroethane and reported the torsional mode 
at 231 and 232 cm-1 for the vapor and solid, respec
tively. However, we could find no indication of the 
reported Raman bands. About the same time as our 
paper appeared, a neutron inelastic scattering study of 
1,1-dichloroethane was reported by Brier, et al.s These 
authors reported bands at 290 and '~230 cm-1 with the 
higher frequency one being more intense and tentatively 
assigned to the torsional mode for the gas. This value 
did not differ significantly from the 293 ±  10 cm-1 
torsional frequency which Brier9 reported earlier for 
the liquid. Brier, et al., suggested that the ~230 cm“ 1 
might be a hot band transition, v = 2*«—1, of the an- 
harmonic torsion but pointed out that it should only 
be about 12 cm-1 lower than the fundamental. They 
concluded that further work on this molecule is re
quired. Thus, we have investigated the infrared and 
Raman spectrum of the corresponding deuterium corn

ei) J. R. Durig, S. M. Craven, K. K. Lau, and J. Bragin, J. Chem. 
Phys. 54, 479 (1971).
(2) J. R. Durig, S. M. Craven, C. W. Hawley, and J. Bragin, ibid., 
57, 131 (1972).
(3) C. Graner and C. Thomas, ibid., 49, 4160 (1968).
(4) L. W. Daasch, C. Y. Liang, and J. R. Nielson, ibid., 22, 1293 
(1954).
(5) G. Allen, P. N. Brier, and G. Lane, Trans. Faraday Soc., 63, 824 
(1967).
(6) J. M. Li and K. S. Pitzer, J. Amer. Chem. Soc., 78, 1077 (1956).
(7) C. A. Wulff, J. Chem. Phys., 39, 1227 (1963).
(8) P. N. Brier, J. S. Higgins, and R. H. Bradley, M ol. Phys., 21, 
721 (1971).
(9) P. N. Brier, J. M ol. Struct., 6, 23 (1970).
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pound in order to try and remove the discrepancies 
which currently exist for the torsional mode. The 
Raman spectrum of the “ light”  compound in the gas
eous state has not been previously reported nor has 
there been any data reported on the mid-infrared spec
trum of the solid.

Experimental Section
CH3CHCI2 was obtained from Columbia Organic 

Chemicals and purified by vapor-phase chromatog
raphy. CD3CDCI2 was prepared by the addition of 
PCh to acetaldehyde-«^ which was obtained from 
Merck & Co., Inc., of Canada. The resulting product 
was distilled and further purified by vapor-phase chro
matography using a Carbowax column at 60°.

The far-infrared spectra were recorded from 33 to 
350 cm-1 with a Beckman Model IR-11 spectrophotom
eter. The atmospheric water vapor was removed 
from the instrument housing by flushing with dry air. 
The instrument was calibrated by using atmospheric 
water vapor.10 Single beam energy checks were made 
periodically to ensure the energy transmission was at 
least 10-15% at all times. A low-temperature cell 
similar to one described earlier11 was employed to record 
the spectra of solid samples. Modifications have been 
made to allow the circulation of cold nitrogen liquid 
through a hollow brass cold finger. A wedged silicon 
window was used for the solid film support plate. Con
ventional vacuum deposition techniques were used to 
obtain the solid film on the silicon substrate with the 
additional precaution that the samples were allowed to 
sublime slowly onto the silicon plate from the solid 
phase. The silicon substrate was held at —190° during 
deposition. The solid films were then annealed until 
there was no change in the spectrum.

The Raman spectra were recorded on a Cary Model 
82 Raman spectrophotometer12 equipped with an argon 
ion laser source with a frequency of 5145 A for excita
tion. The spectra of gas samples were recorded using 
a multipass gas cell, and the spectra of the liquids were 
obtained with the samples contained in sealed capillary 
tubes.

The mid-infrared spectra were recorded from 4000 to 
350 cm-1 with a Perkin-Elmer Model 620 spectropho
tometer. A low-temperature cell equipped with a Csl 
window was employed to record the spectra of solid 
samples. Again, conventional vacuum techniques 
were used to obtain the solid film on the Csl substrate. 
A 20-cm gas cell with Csl windows was employed to 
record the spectra of the gaseous samples.

Vibrational Assignment
Assuming Cs molecular symmetry, the IS fundamen

tal modes of 1,1-dichloroethane may be divided into 
11a' and 7a" vibrations. The a' vibrations have 
polarized Raman bands, and may have B, C, or B /C  
hybrid contours in the infrared spectrum. The a "

Figure 1 . (A) Raman spectrum of CH3CHCI2 in the gas phase.
(B) Raman spectrum of CD3CDCI2 in the gas phase.

vibrations have depolarized Raman lines and type A 
band contours in the infrared spectrum.

For the calculation of the infrared band contours, 
the moments of inertia for the “ light” molecule were 
assumed to be 219.26, 154.17, and 79.31 amu A2; the 
moments for the “ heavy” molecule were 234.88, 159.80, 
and 97.34 amu A2. The resulting P -R  separations for 
type A, B, and C contours were 15.8, 10.8, and 18.0 
cm-1, respectively, in the “ light” molecule, and 15.2, 
8.7, and 22.8 cm-1, respectively, in the “ heavy” com
pound.

The Raman spectra of the gases are shown in Figure
I. The polarized lines were characterized by strong 
Q branches whereas the depolarized lines were usually 
quite broad with considerably weaker Q branches. 
By using the Raman depolarization measurements 
along with the characteristic infrared band contours, a 
complete vibrational assignment is proposed. The 
frequencies for the observed bands along with the vi
brational assignment are summarized in Tables I and
II, for the light and heavy molecules, respectively.

The infrared spectrum of gaseous CH3CHCI2 shows
(see Figure 2) a type C band at 3015 cm-1 which is par
tially overlapped, with a type A band centered at 2995 
cm-1. The 3015-cm_1 band has a polarized Raman 
counterpart, and it is assigned as the C-H  stretch, v\. 
With deuteration this band shifts to 2168 cm-1. A 
polarized Raman band appearing at 2997 cm-1 in the 
gas phase might be considered to be the counterpart of 
the 2995-cm“ 1 infrared band. However, the 2995-cm“ 1 
band has a type A contour, and, therefore, is unequivo
cally assigned as an a " vibration. Since the polarized 
band at 2997 cm-1 is due to an a' motion, we assign the

(10) R. T. Hall and J. M. Dowling, J. Chem. Pkys., 47, 2454 (1967); 
52, 1161 (1970).
(11) F. G. Baglin, S. F. Bush, and J. R. Durig, ibid.., 47, 2104 (1967).
(12) This instrument was purchased with funds from the National 
Science Foundation through Grant No. GP-28068.
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Table I : Observed Vibrational Frequencies for 1,l-Dichloroethane“

------------ ]d a m a n  Av, c m -1------------ ■- /-------------- In fr a r e d  v, c m ' 1-------------- , C a lc u la te d
G a s L iq u id G a s S o lid v a lu e s A s s ig n m e n t  a n d  a p p r o x im a t e  d e s c r ip tio n s

3017 3009 m ,p 3015 m, C 2999 3025 v i ( a ' ) C-H stretch (97%)
2997 2991 m, p 3001 w 2990 3003 »Va') CH3 antisymmetric stretch (97%)

2990 m, dp 2995 m, A 2980 3004 CH3 antisymmetric stretch (99%)
2947 2936 s, p 2946 m, B 2931 2949 »Va') CH3 symmetric stretch (100%)
2879 2864 w, p 2876 w, B 2864 2Vi =  2896
2749 2740 w 2738 2y6 =  2762
1448 1442 m, dp 1446 m, C 1441 1450 »Va') CH3 antisymmetric deformation (92%)

1435 1450 »»Va") CH3 antisymmetric deformation (92%)
1387 1380 vw, p 1381 m, B/C 1376 1367 -Va') CH3 deformation (100%)
1284 1278 w, p 1280 m, B 1283 1297 »Va') CH symmetric bend (78%), C-C stretch (18%)

1278
1232 1227 vw, dp 1229 s, A 1208 1219 S i " ) CH antisymmetric bend (87%)
1089 1087 w, p 1091 w, ? 1088 1056 »Va') CH3 in-plane rock (60%), C-C stretch (21%)
1067 1055 vw, dp 1058 s, A 1044 1051 CH3 out-of-plane rock (66%), CH bend (13%)
984 979 m, p 982 B 978 970 »Va') C-C stretch (50%), CH3 in-plane rock (22%),

CH symmetric bend (20%)
967 Pl6 +  Pli
707 689 m, dp 704 s, A 680 »»Va") CCh antisymmetric stretch (55%), CC12 twist

(27%), CH3 rock (16%)
652 643 vs, p 650 m, B 641 654 »Va') CCI2 symmetric stretch (71%), CC12 scissor

(14%)
636 ?

405 406 s, p 405 w, B 399 rio(a') CCI2 wag (60%), CCI2 stretch (16%)
319 m, dp 324 317 »»nia") CC12 twist (60%), CCI2 antisymmetric stretch

(40%)
275 276 s, p 280 269 m(a') CCI2 scissor (70%), CC12 stretch (10%)

274 277 »»Va") CH3 torsion (98%)

“ Abbreviations used are as follows: vw = very weak, w = weak, m = medium, s =  strong, vs =  very strong, bd =  broad, p =
polarized, dp = depolarized; A, B, C refer to characteristic band contour types observed in the infrared spectrum of the gas phase.

2997, 2995 cm-1 pair as the approximately degenerate 
antisymmetric CH3 stretches, v2 and vV2. In the heavy 
compound, these vibrations shift to 2253 and 2248 cm-1 
with the higher frequency one being depolarized. 
The symmetric CH3 stretch, v3, is assigned to the 
strong, polarized Raman bands at 2947 and 2128 cm-1 
in the light and heavy molecules, respectively.

The a' component of the antisymmetric CH3 defor
mation, i»4, is assigned to a sharp Q branch in the in
frared spectrum at 1446 cm-1 which shifts to 1047 
cm-1 for the heavy molecule. The a”  component, 
m, is not obvious in the spectrum of the gas, although 
two bands at 1441 and 1435 cm-1 are clearly visible in 
the spectrum of the low-temperature solid. The sym
metric CH3 deformation, v3, is assigned to a weak Q 
branch at 1381 cm-1 (apparently, the center of a B /C  
hybrid contour) which shifts to 1013 cm“ 1 in 1,1-di- 
chloroethane-ch-

Between 1200 and 1300 cm-1, there are two infrared 
bands which are due to the CCH bending vibrations. 
A type B contour centered at 1280 cm-1 on the infrared 
is assigned as v3, the in-plane C-H  bending motion. 
The out-of-plane bend, vu , is assigned to a strong in
frared band of type A contour centered at 1229 cm“ 1. 
Deuteration results in a shift to 964 cm“ 1 for vu- The 
assignment for the in-plane bend is less certain because

of the strong mixing with the symmetric CD3 deforma
tion. However, r6 is tentatively assigned to a polarized 
Raman band near 772 cm-1 in the deuterated molecule.

The in-plane and out-of-plane CH3 rocks, vi and vu, 
are assigned to bands at 1091 and 1058 cm-1, respec
tively. The 1091-cm“ 1 band is featureless in the in
frared, but has a weak polarized Raman counterpart. 
The 1058-cm“ 1 band has a well-defined type A contour 
which is indicative of an a " mode. The type B band 
centered at 982 cm-1 with a polarized Raman counter
part is assigned as v$, the C -C  stretch. Normal co
ordinate calculations reveal a strong mixing of CH3 
rock/C-C stretch in both r7 and v8-

In the heavy compound, a type A band in the infra
red spectrum at 829 cm-1 is assigned as the out-of
plane CH3 rock, vu- Location of the in-plane CH3 
rock is more difficult because of greater mixing of the 
normal modes in the deuterated molecule. However, 
for completeness, the band at 933 cm“ 1 is assigned as 
v7. A weak, polarized Raman band with a strong in
frared counterpart of type B contour at 1150 cm-1 is 
assigned as predominantly the C-C stretching motion 
for the deuterated molecule on the basis of the normal 
coordinate calculations.

The symmetric and antisymmetric CC12 stretches, 
V9 and vu, are assigned to bands at 650 and 704 cm“ 1,
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Table II: Observed Vibrational Frequencies for l,l-Dichloroethane-d4a

,------Raman Ay, cm 1------ < ✓------Infrared v, cm-1—■—, Calculated
Gas Liquid Gas Solid values Assignment and approximate descriptions

2325 VW ?
2311 2298 w, p 2298 2x8
2307
2253 2248 s, dp 2256 m, C 2243 2248 xi2(a ") CD3 antisymmetric stretch (98%)
2248 2242 s, p 2248 m, A 2238 2245 x2(a') CD3 antisymmetric stretch (67%), CD stretch (30%)

2193 1045 + 1149 =  2194
2168 2158 s, p 2165 w, B 2156 2230 xi(a') CD stretch (68%), CD3 antisymmetric stretch (31%)
2128 2118 vs, p 2125 w, B 2116 2124 «'afa') CD3 symmetric stretch (98%)
2105 (shoulder) ?
2081 2072 m ,p 2084 w, B 2078 2x4,13 = 2094
2073
2025 2022 w, p 2020 2x5 =  2028

1380 w, p Vio +  X5 =  1387
1276 w, p 2xi6 =  1284

1150 1150 w, p 1151 s, B 1149 1172 xsia') C-C stretch (70%), CD3 symmetric deformation (23%),
CD bend (20%)

1045 w, dp 1047 m, C 1045 1045, 1045 X4,13(a/, CD3 antisymmetric deformation (92%), CD3 anti
a” ) symmetric deformations (95%)

1013 1015 m, p 1014 m, B 1016 1025 xs(a') CD3 symmetric deformation (67%), CD bend (21%)
957 bd 957 w, dp 964 vs, A 943 1010 xn(a") CD antisymmetric bend (43%), CD3 rock (26%), CC12

stretch (21%)
937 f

933 933 m, p 932 872 xj(a') CD3 in-plane rock (45%), CD bend (21%)
818 bd 829 w, dp 829 m, A 819 797 xI6(a") CD3 out-of-plane rock (32%), CD bend (56%)
772 774 m, p 775 m, B 776 749 xs(a') CD in-plane bend (45%), CD3 rock (21%), C-C stretch

(18%)
649 bd 649 m, dp 650 s? 637 602 «^(a") CC12 antisymmetric stretch (47%), CD3 rock (36%), CC12

twist (10%)
594 601 vs, p 600 m, B 597 595 xa(a') CC12 symmetric stretch (64%), CD3 rock (22%), CCf

scissor (10%)
484 bd 483 vw, p ?
369 372 s, p 368 366 365 xio(a') CC12 wag (59%), CC12 stretch (12%)
358 “ Hot band”
342 “ Hot band”
272 275 m, dp 

(shoulder)
283 292 xn(a") CC12 twist (62%), CC12 stretch (32%)

264 271 s, p 276 267 xn(a') CC12 scissor (71%)
196 198 ris(a") CD3 torsion (98%)

“ Abbreviations used in this table are identical with those in Table I.

respectively. The 704-cm-1 band has a distorted type 
A contour, whereas the 650-cm“ 1 band gives rise to a 
very strong polarized Raman line. These bands are 
shifted to 594 and 650 c n r 1 in the spectrum of the 
heavy molecule. There are three other low lying vi
brational modes expected for the CC12 group; these 
are the CC12 wag (a'), the CC12 twist (a"), and the CC12 
scissor (a')- The two a' modes, no and vn, are readily 
identified from the Raman spectrum as strong bands at 
405 and 275 cm-1, respectively. The twisting motion, 
m, is assigned to a depolarized line of medium intensity 
at 319 cm-1. On deuteration, no shifts to 369 cm-1, 
while m shifts to 264 cm-1. The CC12 twist, vn, is 
assigned to a band at 272 cm-1 which appears as a high- 
frequency shoulder on m for the heavy compound.

With this vibrational assignment along with that 
given for the torsional mode in the next section, the 
Teller-Redlich product rule was found to be satisfied

within 3.5% for the a " symmetry species and 6%  for 
the a' symmetry species. The difference between the 
experimental and calculated values for the a " modes is 
consistent with that expected due to anharmonicity. 
However, the difference for the a' modes is larger than 
expected from this effect and may be due to Fermi reso
nance for which no corrections have been made.

Torsional Mode and Barrier
An inspection of Figure 3B shows a broad, well-de

fined peak at 196 cm“ 1 in the spectrum of solid CD3- 
CDC12. Since the spectrum was taken at such a low 
temperature, it is clear that it is not a difference band. 
Similarly it cannot be ascribed to a lattice mode or a 
two-phonon process because the band did not show the 
expected broadening or frequency shift with tempera
ture that is observed for such modes. Thus, it is con
cluded that this band is the torsional mode since the
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Figure 2. (A) Infrared spectrum of solid CH 3CHCI2. (B) 
Infrared spectrum of gaseous CH3CHCI2. (C) Infrared 
spectrum of solid CD3CDCI2. (D) Infrared 
spectrum of gaseous CD 3CDCI2.

three low-frequency bending modes are confidently as
signed to other bands and no other intramolecular 
fundamental is expected in this frequency range.

From the expected shift factor of 1.414 with deutéra
tion, one predicts the torsional frequency to fall at 277 
cm-1 in the light compound. Unfortunately, this is 
very nearly the frequency for the CC12 scissor which 
gives rise to a relatively strong infrared band (see Fig
ure 3A). However, there is evidence for a shoulder on 
the low-frequency side of this CC12 scissoring mode 
which was measured to be approximately 274 cm-1. 
The obscurity of this shoulder would certainly account 
for the fact that the torsional mode has appeared very 
elusive in previous studies.4'6 This assignment is then 
consistent with the recent inelastic neutron work8 on 
both the liquid and solid in which the torsional mode 
was assigned to a band at 293 ±  15 cm-1. Since the 
neutron study is dependent on the density of states, the 
agreement is quite satisfactory.

This assignment of the torsion leaves unexplained 
the band at 232 cm-1 previously reported in both the 
infrared3 and neutron studies.8 Since this band was 
reported in both the infrared spectrum of the gas and 
low-temperature solid, it cannot be ascribed to a differ
ence tone. Also, it is doubtful that it could have arisen 
from water vapor leaking into the ceil and condensing 
on the cold silicon plate. The most reasonable explana
tion seems to be that it arose from an impurity in the 
sample used in the previous investigations.

3595

Figure 3. (A) Far-infrared spectrum of solid CH3CHCI2.
(B) Far-infrared spectrum of solid CD 3CDCI2.

To calculate the torsional barrier, we have assumed 
a cosine type potential of the form

V(.a) =  y 2V3(l -  cos 3«)

with all terms higher than threefold being considered 
negligible. The barrier was calculated according to 
the procedure outlined by Fateley and Miller.13' The 
periodic barrier calculated for CD8CDC12 was 4.77 
keal/mol for the solid state.

With this new value of 4.77 keal/mol for the barrier 
it is interesting to reconsider the effect of adding chlo
rine atoms to one “ end” of ethane. The addition of 
one chlorine atom raises the barrier in the solid by 1.24 
keal/mol. The addition of a second chlorine atom 
further raises the barrier in the solid by 0.37 keal/mol. 
The addition of a third chlorine atom again raises the 
barrier by about 0.64 kcal/mol. Although not following 
a linear relationship the barriers do seem to follow a 
trend of increasing restriction of the methyl rotation as 
the chlorine atoms are added. If one assumes nearly 
equal intermolecular effects for the three chlorine-con
taining compounds, then it appears that the second 
chlorine has the smallest effect. This trend is different 
from that found for the corresponding fluorides where

(13) W. G. Fateley and F. A. Miller, Spectrochim. Acta, 17, 857 
(1961).
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the addition of the second and third fluorines to one 
end of ethane actually lowers the barrier. However, 
the trend is very similar to the one found for the sub
stitution of a methyl group (see Table III) to one end 
of ethane. It is not possible to compare the bromide 
series since the barrier for the 1,1 -dibromoethane mole
cule has not been reported.

Table III: Torsional Barriers (kcal/mol) for Some Chloro-, 
Fluoro-, and Methyl-Substituted Ethanes

Molecule Gas Solid
Refer

ence

c h 3c h 3 2 .9 2 8 3 . 2 4 a, b
c h 3c h 2ci 3 .7 1 4 . 4 8 c, d
CHsCHCL 4 . 7 7 e
CDsCDCb 4 . 8 4 e
CII3CC13 5 . 1 0 5 . 4 9 f
CD 3CCI3 5 .0 5 5 .4 1 f
CH3CH2F 3 .3 3 9
c h 3c h f 2 3 . 1 8 h
c h 3c f 3 3 .1 3 . 2 9 f
CHsCH2(CH3) 3 . 3 3 3 . 9 6 i, j, k
CHsCH(CH3)2 3 . 9 4 l
CH3C(CH3)3 4 . 3 m

° R. R. Getty and G. E. Leroi, 24th Symposium on Molecular 
Structure and Spectroscopy, Ohio State University, Columbus, 
Ohio, Sept 1969, Paper Q-7. b S. Weiss and G. E. Leroi, J. 
Chem. Phys., 48, 968 (1968). c C. M. Player, private com
munication. d R. H. Schwendeman and G. D. Jacobs, J . Chem. 
Phys., 36, 1245 (1962). «This work. f Reference 1; J. R. 
Durig, M. M. Chen, and Y. S. Li, J. Mol. Struct., in press. 
1 G. Sage and W. Klemperer, J. Chem. Phys., 39, 371 (1963). 
h O. R. Herschbach, J. Chem. Phys., 25, 358 (1966); W. G. 
Fateley and F. A. Miller, Spectrochim. Acta, 17, 857 (1961). 
‘ L. H. Scharpen and V. W. Laurie, Symposium on Molecular 
Structure and Spectroscopy, Ohio State University, Columbus, 
Ohio, June 1965. ’ E. Hirota, C. Matsumura, and Y. Morino,
Bull. Chem. Soc. Jap., 40, 1124 (1967). * P. M. Grant, R. J. 
Pugmire, R. C. Livingston, K. A. Strong, H. L. McMurry, and
R. M. Brugger, J. Chem. Phys., 52, 4424 (1970). 1 J. R. Durig,
S. M. Craver, and J. Bragin, ibid., 53, 3850 (1970). m J. R. 
Durig, S. M. Craven, and J. Bragin, ibid., 52, 2046 (1970).

Recently Abraham and Parry14 calculated the inter
nal rotational barriers for a series of halogenated ethane 
molecules by the summation of all steric and electro
static interactions between nonbonded atoms plus a 
torsional term which was directly related to the in
trinsic barrier to rotation in ethane. For example, 
they calculated barriers of 3.78, 4.56, and 5.89 kcal/ 
mol for 1-chloro-, 1,1-dichloro-, and 1,1,1-trichloro- 
ethane, respectively. These results agree well with the 
latest experimental values of 3.71, 4.5, and 5.1 kcal/mol 
for these respective molecules (See Table III) for the 
vapor state. It would seem that a similar treatment 
for the bromo and methyl series would also provide 
barrier heights in agreement with the experimentally 
determined values.

Normal Coordinate Analysis
As an aid in making the vibrational assignment, a 

normal coordinate analysis of C H 3 C H C I2  and C D 3-  
C D C I2  was undertaken. The calculations were carried 
out by using the Wilson GF matrix method16 with com
puter programs written by Schachtschneider.16 The 
G matrix was calculated using assumed structural pa
rameters.17 Frequencies were given the weight (1/A) 
in the least-squares procedure. Initial force constants 
for the C H 3- C  group were taken from the published 
values of Duncan18 and force constants for the -C H C 12 
group were estimated from the work of Dempster and 
Zerbi.19 Twelve force constants were adjusted to fit 
34 observed frequencies, and the final force field of 18 
constants is shown in Table IV. The calculated and 
observed frequencies for C H 3 C H C I2  and C D 3 C D C I2  
are listed in Tables I and II, with an average error of 
0.82 and 2.37%, respectively.

Table IV : Internal Force Constants for CH3CHCl2a

Force
con CHs-C
stant Group This work group

K t C -H 3 stretch 4 . 8 6  ±  0 . 0 4 4 . 8 6
K r C -C  stretch 4 . 2 8  ±  0 . 2 0 4 . 4 5
Fr CH3 str./CH 3 str. 0 .0 7  ±  0 . 0 3 0 . 0 4
K i CH stretch 4 . 9 9  ±  0 . 0 4

H a ZIICH  bend 0 .5 3  ±  0 .0 1 0 . 5 5

Hß ZH CC bend 0 . 6 4 ±  0 . 0 3 0 . 6 4
F Rß C-C  str./ZH C C  bend 0 . 2 5 " 0 . 3 0

Fß ZH CC bend/ZH C C - 0 . 0 2 ' - - 0 . 0 2
bend

Hy ZCCII bend 0 . 6 4  ±  0 . 0 4

He ZHCC1 bend 0 .6 1  ±  0 .0 1
H ZCCC1 bend 1 .4 6  ±  0 . 1 3
Hs ZC1CC1 bend 1 .0 5  ±  0 . 1 7

Hr CH3 torsione 0 .0 1 6 "

K x C-Cl stretch 2 . 5 0  ±  0 . 1 3

Fx CC1/CC1 stretch 0 .6 7  ±  0 . 1 3

F x 6 CC1 str./ZC C L  bend 0 . 2 5 "
F Rx CC str./CCl str. 0 .4 0 "
Fx$ C C lstr./Z H C C l bend 0 .2 0 "

0 Stretching force constants in millidynes per Angstrom; bend
ing constants in millidyne Angstrom per square radian; stretch- 
bend interaction constants in millidynes per radian. 6 Fixed 
during perturbation cycle. c Torsional coordinate is defined as 
the sum of three trans torsions about the C-C  bond. 14 15 16 17 18 19

(14) R. J. Abraham and K. Parry, J. Chem. Soc. B, 539 (1970).
(15) E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, “Molecular 
Vibrations,” McGraw-Hill, New York, N. Y., 1958.
(16) J. H. Schachtschneider, “Vibrational Analysis of Polyatomic 
Molecules. V and VI,” Tech. Rep. No. 231-64 and 57-65, respec
tively, Shell Development Co., Emeryville, Calif.
(17) Geometry used in CH3CHCI2 calculations: C-H = 1.09 A,
C-Cl = 1.76 A, ZC1-C-C1 = 112°, and ZC-C-C1 = 110°. Tetra
hedral values were assumed for the Z H-C-H and Z C-C-H angles.
(18) J. L. Duncan, Spectrochim. Acta, 20, 1197 (1964).
(19) A. B. Dempster and G. Zerbi, ibid., 39, 1 (1971).

The Journal of Physical Chemistry, Voi. 76, No. 2 4 , 1972



The PED (potential energy distribution) in Tables 
I and II reveals several cases of strong mixing between 
symmetry coordinates, although the exact nature of this 
mixing is somewhat dependent upon the assumed force 
field. In particular, the -CCI2 motions are strongly 
mixed. The resulting force constants show good agree
ment with the results of Duncan18 for the CH3-C  group.

The Crystal Structure of 2,4,6-Trinitroaniline

The C-Cl stretching constant of 2.5 mdyn/A is some
what smaller than the value of 3.2 mdyn/A calculated 
by Dempster and Zerbi19 for CH3CH2C1.
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The crystal structure of 2,4,6-trinitroaniline, C6H4N4O6, has been determined by X-ray diffraction. The 
unit cell is monoclinic (a — 6.137, b = 9.217, c = 15.323 A, |S = 99.67°), space group P2i/c with four mole
cules per cell. The 2-, 4-, and 6-nitro groups are rotated 22.5, 4.0, and 8.5°, respectively, out of the plane of 
the benzene ring. This noncoplanarity and the type of intermolecular hydrogen bonding found in the struc
ture of trinitroaniline are different than in the previously reported structures of diaminotrinitrobenzene and 
triaminotrinitrobenzene.

Introduction
The crystal structure of 2,4,6-trinitroaniline (TNA) 

has been determined by single-crystal X-ray diffrac
tion techniques as part of a study of the molecular con
formations and hydrogen bond networks present in 
nitroaromatic amines. The structure completes the 
set of primary amines of si/m-trinitrobenzene, because 
the structures of l,3-diamino-2,4,6-trinitrobenzene 
(DATB) 1 and 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB)2 have been reported. These two compounds 
crystallize as planar molecules joined by intermolecular 
hydrogen bonds in which an amine group bonds to both 
oxygen atoms of the same nitro group of an adjacent 
molecule.

In contrast, 4-nitroaniline3 and 2,3,4,6-tetranitro- 
aniline (TENA)4 form intermolecular hydrogen bonds 
in which the amine group is bound to oxygen atoms 
from two different molecules.

The cell dimensions and space group of 2,4,6-tri
nitroaniline have been reported as a =  6.02, b = 9.30, 
c = 15.3 A, ¡3 =  99.2° (converted from kX units), 
P2i/c6 and the density a.s 1.762 g /cm 3.6 The values ob
tained in this study agree adequately with these early 
reports.

Experimental Section
Suitable crystals of 2,4,6-trinitroaniline were grown 

from a commercial sample7 by evaporation of an ethyl 
acetate solution. Cell dimensions and reflection inten
sities were determined from the same 0.30 X 0.40 X 
0.49 mm crystal. After preliminary examination by 
Weissenberg and precession methods, this crystal was 
aligned on a Picker FACS-1 computer-controlled auto
matic diffractometer equipped with a lithium fluoride 
monochromator. The following monoclinic cell di
mensions were obtained from a least-squares fit of the 
diffraction angles of 12 strong reflections using 0.70926 
A as the wavelength of Mo Ka radiation: a = 6.137 ±  
0.003, b = 9.217 ±  0.007, c =  15.323 ±  0.007 A, ¡3 =  
99.67 ± 0 .0 2 °. These values give a calculated density

(1) J. R. Holden, Acta Crystallogr., 22, 545 (1967).
(2) H. H. Cady and A. C. Larson, ibid., 18, 485 (1965).
(3) K. N. Trueblood, E. Goldish, and J. Donohue, ibid., 14, 1009 
(1961).
(4) C. Dickinson, J. M. Stewart, and J. R. Holden, ibid., 21, 663 
(1966).
(5) E. Hertel and G. H. Romer, Z. Phys. Chem. Abt. B, 22, 267 
(1933).
(6) F. M. Jaeger, Z. Kristallogr., 40, 113 (1905).
(7) Eastman Organic Chemicals, Rochester, N. Y.
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Table I :  Atomic Parameters (Temperature Factors X 100)

X y Z V  or U ii U ,  2 U  33 U n U n Urn

C (l) 0.5334(06) 0.3091(05) 0.4597(02) 3.67(26) 3.13(27) 2.80(25) 0.25(24) 0.08(20) -0 .3 9 (2 3 )
C(2) 0.3539(07) 0.2111(05) 0.4619 (03) 3.76(27) 3.52(30) 3.39(27) -0 .0 8 (2 3 ) 0.28(23) 0.83(23)
C(3) 0.1776(06) 0.1946(05) 0.3946(03) 3.03(27) 4.19(33) 4.02(29) 0.33(25) 0.28(22) -0 .3 3 (2 7 )
C(4) 0.1744(07) 0.2772(04) 0.3193(03) 3.03(25) 3.40(29) 2.98(27) 0.48(22) -0 .6 3 (2 0 ) -0 .6 8 (2 2 )
C(5) 0.3430(07) 0.3699(05) 0.3089(03) 4.10(26) 3.23(30) 2.70(25) 0.16(24) 0.22(22) -0 .1 6 (2 1 )
C(6) 0.5172(06) 0.3849(05) 0.3776(03) 2.94(24) 3.49(29) 3.21(27) -0 .2 5 (2 2 ) 0.30(21) -0 .6 3 (2 2 )
N (l) 0.7015(06) 0.3251(04) 0.5271(02) 4.67(25) 5.97(34) 3.36(25) -1 .0 9 (2 3 ) -1 .0 0 (2 1 ) 0 .60(22 )
N(2) 0.3515(06) 0.1189(05) 0.5404(03) 3.42(25) 6.59(35) 4.92(28) 0.05(23) 0.86(21) 0 .96(26 )
N(4) -0 .0 1 2 9 (0 6 ) 0.2614(04) 0.2464(03) 3.64(23) 3.97(28) 4.43(24) 0.47(20) -0 .7 5 (2 0 ) - 0 .7 1  (21)
N(6) 0.6908(06) 0.4847(04) 0.3608(03) 4.01(24) 4.54(28) 4.30(23) -0 .3 0 (2 2 ) -0 .1 1  (21) 0 .39(21 )
0(21) 0.4606(05) 0.1561(04) 0.6108(02) 6.93(25) 13.14(39) 3.76(21) -3 .0 8 (2 4 ) -1 .0 4 (1 8 ) 2 .42(23)
0(22) 0.2402(05) 0.0093(04) 0.5305(02) 6.63(25) 6.43(27) 7.01(25) -1 .6 3  (22) 1.06(18) 2 .41(21)
0(41) -0 .1 6 5 6 (0 5 ) 0.1825(04) 0.2583(02) 4.37(20) 6.81(26) 8.11(26) -2 .2 6  (21) -1 .5 7 (1 9 ) 0 .60(22 )
0(42) -0 .0 0 5 7 (0 5 ) 0.3286(04) 0.1782(02) 5.58(21) 7.79(27) 3.77(20) -0 .4 7  (20) -1 .5 8 (1 6 ) 0 .79(20)
0(61) 0.6834(05) 0.5334(04) 0.2876(02) 8.34(27) 7.91(29) 4.76(22) -3 .8 2 (2 2 ) 0.41(19) 1.96(21)
0(62) 0.8408(05) 0.5148(04) 0.4220(02) 5.56(22) 8.83(30) 6.41(22) -3 .4 7  (21) -2 .0 2 (1 9 ) 2.18(22)
H(3) 0.0536(67) 0.1266(46) 0.4029(26) 4.04
H(5) 0.3452(69) 0.4271(48) 0.2548(28) 4.04
H ( l l ) 0.8109(70) 0.3862(50) 0.5139(30) 4.04
H(12) 0.7047(76) 0.2734 (49) 0.5759(30) 4.04

of 1.773 g /cm 3 with four molecules per cell. The mea
sured density is 1.762 g/cm 3.6

Reflection intensities were measured with the diffrac
tometer operating in the w/26 scan mode. Reflections 
from one quadrant of reciprocal space (hkl and hkl) 
were measured out to a sin 0/X value of 0.6. Three 
“ standard” reflections were measured after each 50 
measurements, and reflection intensities were cor
rected for instrument variations on the basis of the sum 
of the counts from the “ standard” reflections. No 
general trend in the “ standard”  counts was evident 
indicating no detectable radiation damage to the crys
tal. Of the 1512 independent reflections measured, 
948 had intensity counts more than two estimated 
standard deviations above measured background and 
were considered “ observed” reflections.

The two sets of periodic absences observed (Z = 
2n +  1 in hOl and k = 2n +  1 in OfcO) indicate that the 
space group is P 2i/c.

The linear absorption coefficient of TNA for Mo Ka 
radiation is 1.74 cm-1. Therefore the transmission 
factors for all reflections from this crystal would fall be
tween 0.93 and 0.96, and no absorption correction was 
applied.

Determination of Structure
After initial data treatment with the application of 

the usual Lorentz and polarization factors, a set of 
quasinormalized structure factors (Karle-Hauptman 
E’s)8 was obtained by means of the computer code 
f a m e . 9 The structure wras then solved by the sym
bolic addition procedure10'11 using a modified version of 
the computer code m a g i c . 9 The correct rough struc
ture was obtained from the “ E map” calculated with 
the set of phases indicated by m a g i c  to be most prob

ably correct. The 15 strongest peaks in this “ E map” 
were readily identified with 15 of the 16 nonhydrogen 
atoms of the molecule. The peak in a logical position 
for the remaining atom (0 (21) in the listed structure) 
was weaker than several spurious peaks. It is perhaps 
significant that this atom has the largest anisotropic 
thermal parameter in the final structure.

The rough structure obtained from the “ E map” gave 
an agreement index (R) of 0.26. Subsequent refine
ment first by isotropic, then by anisotropic full-matrix 
least-squares lowered R to 0.11. The hydrogen atoms 
were then located from a difference Fourier synthesis 
and their positional parameters entered into the final 
cycles of least-squares refinement which lowered R to a 
final value of 0.084. The average shift/error ratio for 
all parameters in the last cycle was 0.01; the maximum 
was 0.08. Including the overall scale factor, the struc
ture is based on 157 parameters; therefore, the over
determination ratio is 6.0 (948/157). The maximum 
value in a final difference Fourier synthesis was 0.37 
electrons/A3.

In all least-squares refinements, the quantity min
imized was w(F0 — Fcy , where w is the weight assigned 
to the reflection. For unobserved reflections, w(Fc — 
Fmin) 2 was included in the sum when the calculated 
structure factor, F0, was greater than Fmin, the struc
ture factor calculated from an intensity two standard 
deviations above measured background. No contri-

(8) H. Hauptman and J. Karle, “Solution to the Phase Problem I. 
The Centrosymmetric Crystal,” ACA Monograph No. 3, Poly
crystal Book Service, Pittsburgh, Pa., 1953.
(9) It. B. K. Dewar, “Use of Computers in the N-Ray Phase Prob
lem,” Ph.D. Thesis, University of Chicago, 1968.
(10) I. L. Karle and J. Karle, Acta Crystallogr., 16, 969 (1963).
(11) W. H. Zachariasen, ibid., 5 , 68 (1952).
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bution was included for unobserved reflections when Fc 
was smaller than Fm¡n. The weight given each reflec
tion was based on the standard deviation of F0, a, esti
mated from counting statistics. The weight was (0.5/ 
o-)2 for most reflections and (0.5/0.35) 2 for a few reflec
tions whose estimated a values were less than 0.35.

The final atomic parameters are given in Table I. 
The numbers in parentheses are the errors in the last 
two digits as estimated from the inverse matrix from 
the last least-squares cycle. The anisotropic tempera
ture factors are of the form

exp[—2-ir2(h2a*2Uu +  fc25*2f722 +
Z2c*2?733 +  2hka*b* cos 7 *£/i2 +

2hla*c* cos P*Ui3 +  2klb*c* cos a*f/23)]

These V M values are on the same scale as the isotropic 
U value assigned to the hydrogen atoms. This value, 
0.0404, is the overall temperature factor estimated for 
the, structure by the “ E scaling”  code, fame.9 A table 
of observed and calculated structure factors is included 
in the microfilm edition of this journal.12

Discussion
Figure 1 is a diagram of the molecule projected onto 

the least-squares plane13 of the six carbon atoms of the 
benzene ring. The equation of this plane is

-3.43a; +  6.77 y +  7.25z = 3.57

where x, y, and z are fractional coordinates in the mono
clinic cell. The root-mean-square distance of these 
atoms from the plane is 0.013 A. The distances of the 
individual atoms of the molecule from the plane are 
given in parentheses in Figure 1.

The estimated standard deviations in the bond dis-
o

tances given in Figure 1 range from 0.004 to 0.006 A for

Table II: Bond Angles (degrees)

C (6 }-C (l)-C (2 ) 113.0 C (2)-N (2)-0 (21) 118.7
C (l)-C (2 )-C (3 ) 124.5 C (2)-N (2)-0 (22) 117.4
C(2)-C (3)-C (4) 117.8 C (4)-N (4)-0 (41) 117.9
C(3)-C (4)-C (5) 122.4 C (4)-N (4)-0 (42) 117.6
C(4)-C (5)-C (6) 118.5 C (6)-N (6)-0 (61) 119.0
C (5 )-C (6 )-C (l) 123.8 C (6)-N (6)-0 (62) 118.8
C (6 )-C (l)-N (l) 123.8 0(21)-N (2 )-0 (22 ) 123.9
C (2 )-C (l)-N (l) 123.2 0(41)-N (4 )-0 (42 ) 124.5
C (l)-C (2 )-N (2 ) 119.8 0(61 )-N  (6)-0 (62) 122.2
C(3)-C (2)-N (2) 115.7
C(3)-C(4)-N (4) 118.7
C(5)-C (4)-N (4) 118.9
C(5)-C (6)-N (6) 115.0
C (l)-C (6)-N (6 ) 121.2
C(2)-C (3)-H (3) 119.4
C(4)-C(3)-H (3) 122.8
C(4)-C(5)-H (5) 123.3
C(6)-C(5)-H (5) 118.2
C (l)-N (l> -H (ll) 113.1
C (l)-N (l)-H (12 ) 119.8
H (ll)-N (l)-H (1 2 ) 126.9

Figure 1. Projection of molecule onto plane of benzene ring.

&
Figure 2. Thermal motion of the molecule.

bonds not involving hydrogen and from 0.043 to 0.046 
A for bonds to hydrogen. Those in the bond angles 
listed in Table II range from 0.32 to 0.42° for angles 
not involving hydrogen and from 2.2 to 2.9° for angles 
involving one hydrogen atom. That of angle H (l l) -N - 
(1)-H(12) is 3.9°. The rotation angles given in Figure 
1 are the dihedral angles between the ring plane and the 
planes of the carbon and oxygen atoms attached to the 
nitrogen atom of each of the nitro groups.

(12) A structure factor table will appear immediately following this 
article in the microfilm edition of this volume of the journal. Single 
copies may be obtained from the Business Operations Office, Books 
and Journals Division, American Chemical Society, 1155 Sixteenth 
St., N.W., Washington, D. C. 20036, by referring to code number 
JPC-72-3597. Remit check or money order for $4.00 for photocopy 
or $2.00 for microfiche.
(13) V. Schomaker, J. Waser, R. E. Marsh, and G. Bergman, Acta 
Crystallogr., 12, 600 (1959).
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Within the accuracy of the determination, the amine 
group and the nitro groups are planar; that is, the 
nitrogen atom is in the plane of the atoms bonded to it.

Figure 214 shows the orientation of the thermal 
ellipsoids of the atoms, as indicated by the anisotropic 
refinement, and illustrates that they have no obvious 
correlation with the molecular conformation.

Perhaps the greatest significance of this crystal 
structure determination of 2,4,6-trinitroaniline (TNA) 
is the knowledge of conformation and hydrogen bonding 
of nitroaromatic amines which can be derived from 
comparison with the structures of l,3-diamino-2,4,6- 
trinitrobenzene (DATB) 1 and 1,3,5-triamino-2,4,6- 
trinitrobenzene (TATB).2 Both of these compounds 
crystallize as planar molecules in spite of the crowding 
inherent to adjacent amine and nitro groups coplanar 
with the benzene ring. The general tendency of nitro 
groups toward coplanarity has been established,15 and 
resonance stabilization has been proposed as the reason 
for this tendency. Furthermore, intramolecular hy
drogen bond formation has been proposed as the mech
anism by which adjacent aromatic amine and nitro 
groups attain coplanarity with the ring.1 The approx
imate coplanarity of the nitro groups of D A T B 1 and 
T A T B 2 and the 6-nitro group of 2,3,4,6-tetranitro- 
aniline (TENA) 4 seem to indicate that this conforma
tion is energetically favored. However, intermolec- 
ular forces also affect molecular conformation, be
cause it is the total energy of the system which is min
imized in crystal formation.

The most striking difference between the confor
mation found for the TNA molecule and those of 
DATB and TATB is the noncoplanarity of the 2-nitro 
group (see Figure 1). This is required by the crystal
lographic packing; that is, by the approach of H(3) and 
0 (22) of the molecule located at ( — x, — y, 1 — z), (see 
Figure 3).

As has been reported for other nitroaromatic com
pounds,16,17 the interior angles of the benzene ring are 
larger than 120° at the carbon atoms carrying nitro 
groups. The exterior bond angles indicate crowding 
between the amine group and the ortho nitro groups. 
Angle C (l)-C (2 )-N (2 ) is 4.1° larger than C (3 )-C (2 )- 
N (2), and C (l) -C (6)-N (6) is 6.1° larger than C (5)-C -
(6) -N (6). These differences are well over ten times 
the estimated standard deviations in the angles. A 
similar in-plane deflection away from the amine group 
was found for the 6-nitro group in TE N A .4 In D A TB ,1 
both the 4- and 6-nitro groups are deflected away from 
their adjacent amine groups.

In TNA, the carbon-carbon bonds on either side of 
the amine group are significantly longer than the other 
bonds in the ring. That is, bonds C (l)-C (2 ) and C (l)~  
C (6) average 1.428 A, which is about ten standard de
viations longer than the average length of the othero
four bonds, 1.375 A. This condition is also found in 
TEN A,4 4-nitroaniline,3 2,6-dichloro-4-nitroaniline,18
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Figure 4. Resonance forms for aromatic amines.

and 2-amino-3-methylbenzoic acid.19 In T A T B ,2 
where all of the ring bonds are adjacent to amine 
groups, they range in length from 1.435 to 1.450 A, 
about 0.04 A longer than the normal value for benzene, 
1.397 A .20 In D A TB,1 only C (l) -C (2) and C (2)-C (3) 
were found to be significantly long; however, this 
structure determination is less accurate than most of 
the others which have been cited.

In the report of the structure of D A TB ,1 the long 
ring bonds were attributed to steric effects of the 
crowded substituents. However, in reports of the 
other structures cited above, they have been attributed 
to electronic effects associated with contributions of 
resonance structures of the type shown in Figure 4. If 
such structures make an important contribution, there 
should be an inverse correlation between the length of 
the ring bonds and the length of the C -N  bond to the 
amine group.

Bond lengths from a number of primary aromatic

(14) C. K. Johnson, ORTEP Report No. ORNL-3794, Oak Ridge 
National Laboratory, Oak Ridge. Tenn., 1965.
(15) J. R. Holden and C. Dickinson, J. Phys. Chem., 73, 1199 
(1969).
(16) A. S. Bailey and C. K. Pront, J  ■ Chem. Soc., 4867 (1965).
(17) O. L. Carter, A. T. McPhail, and G. A. Sim, J. Chem. Soc. A, 
822 (1966).
(18) D. L. Hughes and J. Trotter, ibid., 2181 (1971).
(19) G. M. Brown and R. E. Marsh, Acta Crystallogr., 16, 191 
(1963).
(20) A. Langseth and B. P. Stoicheff, Can. J. Phys., 34, 350 (1956).
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The Crystal Structure of 2,4,6-Trinitroaniline 3601

Table III : Bond Lengths in Primary Aromatic Amines

Compound C , -N t

2,4,6-Tribromoaniline“ 1.426 6
2,5-Dichloroaniline4 1.407 6
4-Chloroanilinec 1.40 6
l,3,5-Triaminobenzene'i 1.411 4

1.392 6
1.391 2

2-Chloro-4-nitroanilinee 1.382 6
2-Amino-3-methylbenzoic acid-7 1.367 1
2,6-Dichloro-4-nitroanilinei 1.358 6
4-Nitroaniline,‘ 1.353 6
2,4,6-Trinitroaniline 1.340 6
l,3-Diamino-2,4,6-trinitrobenzene‘ 1.32 6

1.32 2
2,3,4,6-Tetranitroaniline’ 1.312 6
l,3,5-Triamino-2,4,6-trinitrobenzenet 1.320 6

1.311 2
1.310 4

“ Reference 21. b Reference 22. c Reference 23. d Reference 24. 
3. ’  Reference 1. ’ Reference 4. k Reference 2.

3 k c ,- c , C,-C* Av C-C
1 2 1.365 1.386 1.376
1 2 1.398 1.423 1.411
1 2 1.40 (1.40) 1.40
5 6 1.396 1.389 1.393
1 2 1.407 1.386 1.397
3 4 1.407 1.413 1.410
1 2 1.420 1.394 1.407
2 3 1.415 1.421 1.418
1 2 1.408 1.420 1.414
1 2 1.405 1.412 1.409
1 2 1.430 1.427 1.429
1 2 1.39 1.47 1.43
3 4 1.47 1.39 1.43
1 2 1.428 1.434 1.431
1 2 1.436 1.446 1.441
3 4 1.435 1.450 1.443
5 6 1.435 1.435 1.442

Reference 25. 1 Reference 19. a Reference 18. 4 Reference

AVE. C-C BOND LENGTH

Figure 5. C -N  bond lengths in primary aromatic amines vs. 
the average length of the adjacent C -C  bonds in the ring; 
data from Table III (Angstrom units).

amine crystal structures are assembled in Table III.21-25 
The compounds are listed in order of decreasing C-N 
bond length. The ring positions (i, j, k) refer to the 
compound as named, not always as given in the refer
ence. Note that the average length of the ortho C-C 
bonds tends to increase as the length of the C-N  de
creases as would be expected. The quality of this cor
relation is shown in Figure 5. Also note that aromatic 
amines containing no nitro groups fall at the top of the 
list in Table III (long C-N bonds), ones with para 
nitro groups fall in the middle, and ones with both 
ortho and para nitro groups fall at the bottom (short 
C-N bonds). It would appear that the resonance

structures illustrated in Figure 4 are important only 
when nitro groups are also present. This is probably 
due to the electron-withdrawing properties of the nitro 
group, and the position of 2-amino-3-methylbenzoic 
acid in Table III indicates that the acid group also 
serves this function.

The bond lengths reported for N,AT-dimethyl-4- 
nitroaniline26 and 2,6-dichloro-N,Ar-dimethyl-4- 
nitroaniline,27 present further evidence for resonance 
interaction between amine groups and aromatic rings. 
In the former compound, the dimethylamino group is 
twisted only 7.3° about the C -N  bond out of the aro
matic plane. The C-N  bond is 1.358 ±  0.016 A in 
length and the adjacent C-C bonds average 1.435 A 
(1.410, 1.460). In contrast, in the chlorinated com
pound where the dimethylamino group is twisted 
60.5°, the C-N bond length is 1.41 ±  0.01 A and the 
C-C bond lengths are both 1.39 A (twofold axis). 
That is, rotation of the amine group to a point where it 
can no longer interact strongly with the aromatic 
system apparently results in a longer C-N  bond ac
companied by shorter adjacent C-C bonds. How
ever, a more detailed discussion would require more 
accurate structure determinations.

(21) A. T. Christensen and K. O. Stromme, Acta Cryst., Sect. B, 25, 
657 (1969).
(22) T. Sakurai, M. Sundaralingam, and G. A. Jeffrey, Acta Crystal- 
logr., 16, 354 (1963).
(23) J. H. Palm, ibid., 21, 473 (1966).
(24) F. Iwasaki and Y. Saito, Acta Crystallogr., Sect. B, 26, 251 
(1970).
(25) A. T. MePhail and G. A. Sim, J. Chem. Soc., 227 (1965).
(26) T. C. W. Mak and J. Trotter, Acta Crystallogr., 18, 68 (1965).
(27) Ju. T. Struckov and T. L. Hocjanova, Izv. Sib. Otd. Akad. Nauk 
SSSR, Ser. Khim. Nauk, 11, 1369 (1960); Struct. Rept., 24, 647 
(1960).
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The lengths of the C-C bonds adjacent to the amine 
groups of DATB differ much more from one another 
than those of any of the other compounds listed in 
Table III. This may be caused by steric factors, as 
suggested in the report of this structure,1 or may be 
caused by the concerted electronic effects of the two 
amine groups. Further discussion of the conformation 
of the DATB molecule should be based on a more 
accurate structure determination.

Intermolecular hydrogen bonding seems to be an
important factor in the crystallographic packing of
both DATB and TATB. In the form I polymorph of
DATB (stable below 217°)/ each molecule forms one
link in a hydrogen-bonded chain in which the N (l)
amine group is attached to both oxygen atoms of the
N(4) nitro group of the adjacent molecule. The
nitrogen-oxygen distances in the bonds of this chain
are 2.97 and 2.99 A. The N(3) amine does not take
part in strong hydrogen bonding, whereas in the TATB
crystal, all three amines form double hydrogen bonds
to nitro groups of neighboring molecules.2 Here, the
molecules are bonded into continuous sheets with the°nitrogen-oxygen distances ranging from 2.93 to 3.00 A 
(hydrogen-oxygen, 2.24-2.40 A).

In trinitroaniline, the intermolecular hydrogen 
bonding is quite different, as shown by the broken lines 
in Figure 3. The amine group forms bonds to oxygen 
atoms of two different molecules; 0(42) of the molecule 
at (1 +  x, ]/ 2 — y, y 2 +  z) through H(12), and 0(62) 
of the molecule at (2 — x, 1 — y, 1 — z) through H (ll). 
The nitrogen-oxygen distances in these bonds are 3.03 
and 3.15 A; the hydrogen-oxygen distances are 2.36 
and 2.38 A. The first bond links the molecules into 
singly bonded chains; the second, with its symmetry- 
related mate from 0(62) to the amine group of (2 — x, 
1 — y, 1 — z), doubly cross-links these chains. This 
type of intermolecular hydrogen bonding, in which the 
amine group is attached to two different molecules, is 
also observed in the crystal structures of TENA4 and 
p-nitroaniline.3

A possible explanation for the different packing and 
hydrogen bond networks displayed by the mono-, di-, 
and triaminotrinitrobenaenes lies in the overall van der 
Waals interaction between the molecules as indicated 
by their densities. The last number in each column in 
Table IV is the density of the compound at the left as 
calculated from the unit cell dimensions of its stable 
form at room temperature. Since a hydrogen atom is 
smaller than an amine group, DATB or TNA could re
place TATB in its crystal structure. Likewise, TNA

3602

could replace DATB in its structure. The other 
numbers in Table IV are the densities which these com
pounds would have if they crystallized in the other 
possible structures. The actual density of each com
pound is greater than that calculated for any alternate 
structural arrangement as would be expected. How
ever, the difference in density between DATB in its 
observed structure and DATB in the TATB structure is 
very small, implying that the energy difference for 
DATB in these two crystal structures is quite small. 
This is in agreement with the known polymorphism of 
DATB.

J. R. Holden, C. D ickinson, and C. M. Bock

Table IV : Calculated Density (g/cm s)

/------------ Crystal lattice-
Di- Tri-

Compound Aniline amine amine

2,4,6-Trinitroaniline (TNA) 1.773 1.724 1.712
l,3-Diamino-2,4,6-trinitro- 1.838 1.824

benzene (DATB) 
l,3,5-Triamino-2,4,6-tri- 1.937

nitrobenzene (TATB)

On heating, the room temperature stable polymorph 
of DATB, form I, undergoes a solid-solid transforma
tion at 217° to a high temperature form II which is 
stable to the melting point. When supercooled to 
room temperature, form II gives an X-ray powder 
pattern which is nearly superimposable upon that of 
TATB. Form II DATB is apparently isostructural 
with TATB which would mean that DATB can indeed 
exist in the TATB structure.

Following this reasoning, the fact that TNA crys
tallizes as found, and not in the DATB structure, im
plies that the reduction in the total energy of the system 
associated with an increase in density of 0.049 g /cm 3 
(1.773 — 1.724) more than compensates for the energy 
increase associated with the observed rotation of the 
nitro groups of TNA from the plane of the benzene 
ring.

Acknowledgment. The authors gratefully acknowl
edge the Independent Research Fund, Task IR-44, of 
the Naval Ordnance Laboratory, White Oak, Maryland, 
for financial support of this work, and the Air Force 
Rocket Propulsion Laboratory, Edwards, California, 
for use of their X-ray diffractometer and computing 
facilities.

The Journal of Physical Chemistry, Vol. 76, No. 24, 1972



Adsorbed Carbon-14-Labeled M onolayers 3603

Non-Poisson Distributions Observed during Counting of Certain 

Carbon-14-Labeled Organic (Sub)Monolayers1

by John Lynde Anderson2
Chattanooga, Tennessee 37409 (Received July 12, 1971)

As shown by the index of dispersion statistic s2/m, anomalous narrow statistical distributions have been con
sistently obtained from counts of p radiation emitted by adsorbed, high specific activity carbon-14-labeled 
organic (sub)monolayers (1) when first-order desorptions from metal oxide surfaces occur, (2) when adsorbed 
stearic acid-l-14(7 on certain nongrounded surfaces is counted, and (3) when aluminum foil containing such 
stearic acid-l-14C is charged at a positive potential (e.g., 90 V positive with respect to an adjacent, grounded 
aluminum “window” ) for sequential periods of up to 450 min. The markedly low variances, observed with 
external detectors, were in contrast to “normal” or Poisson-expected values which were invariably obtained 
using the same equipment when the surfaces had either nonadsorbed radiochemicals or nonevaporating radio
chemicals under grounded or negative polarity conditions. Based on a number of individual experiments 
involving several different counting systems and detectors and representing several thousands of degrees of 
freedom, the radioactive decay process observed under these certain conditions is not properly described by the Poisson 
distribution. The inconsistency of this phenomenon with known and generally accepted theories of radio
active decay raises serious questions relative to the generality of the independence of radioactive decay events 
and/or the randomness of emissions.

Introduction
A cornerstone of modern nuclear physics and funda

mental to many uses of radioisotopes, the assumption 
that radioactive decay events within a given species are 
independent of each other was first phrased in 1905 
when von Schweidler projected the thesis that radio
active decay processes are exponential.3 The experi
mental testing of this assumption has invariably in
volved derivation of statistics of detected radioactive 
emissions and/or of times between detected emissions 
followed by comparison of such statistics with those 
expected for random events. The “ proof”  of the 
assumption has thus also involved the often tacit 
hypothesis that the statistical properties of emissions 
are directly and necessarily related to the decay 
process itself, a hypothesis which has proved difficult 
to verify experimentally but which is reasonable and is 
generally accepted.4 [(Is)4 A discussion of some of the 
factors relative to the use of external window detectors 
apropos of the hypothesis. ]

If detected radioactive emissions are random and if 
there are sufficient events for statistical significance, 
then the statistical distribution of the counts (or of the 
recorded times-between-emissions) will be closely 
approximated by the Poisson distribution provided 
also that the events are rare (a low probability that 
any single event will occur) and that a single species of 
isotope is involved (all events have the same proba
bility of occurrence).6 [(2s)4 A discussion of an ex
ception (non-Poisson) which is not applicable in the 
present case. (3s)4 A short discussion of mother- 
daughter deviations from the Poisson. ]

The converse is also true. If, barring artifactuality, 
the distribution of detected emissions is statistically 
not of the same population as the Poisson, one or more 
of the cited conditions must be false.

Detection and counting of the single species carbon-14 
/3 particles involving 1-6 X 103 counts/min arising 
from approximately 3 X 1014 carbon-14 atoms per speci
men appear to limit the hereinafter detailed cases of low 
variance to questions involving only independence and 
randomness, particularly since the several types of 
equipment employed have invariably exhibited ex
pected variances during reference and/or standard 
source counting (index of dispersion s2/m  =~T.000). 
[(4s)4 The remote possibility that carbon-14 might not 
always be a single species isotope is discussed.]

Background
Following the projections by von Schweidler that

(1) Presented in part at the 161st National Meeting of the American 
Chemical Society, Los Angeles, Calif., Mar 29, 1971.
(2) Correspondence should be addressed to the author at Wideview 
Route 4, Chattanooga, Tennessee 37409.
(3) E. von Schweidler, Congres Internationale de Radiologie, Liege, 
1905.
(4) Listings of supplemental notes and material appearing in the 
microfilm edition of this volume of the j ournal are designated through
out the article with “s” notation, together with a brief comment on 
the nature of the supplemental material in brackets. Single copies 
may be obtained from the Business Operations Office, Books and 
Journals Division, American Chemical Society. 1155 Sixteenth St. 
N.W., Washington, D. C. 20036, by referring to the code number 
JPC-72-3603. Remit check or money order for $4.00 for photocopy 
or $2.00 for microfiche.
(5) R. D. Evans, “The Atomic Nucleus,*’ McGraw-Hill, New York, 
N. Y., 1962, Chapters 26-28. The text includes references to a 
number of the prior studies which “verified” the generality of the 
Poisson.

The Journal of Physical Chemistry, Vol. 76, No. 21+, 1972



3604 John Lynde Anderson

natural radioactive decay processes are exponential, 
Rutherford and Geiger tested the distributions of 
observed a particles and found them in good agreement 
with the expectation for random emissions. They 
therefore concluded that the evidence was in accord 
with the projection that the events were independent.6 
Many other workers, e.g., Curtiss, subsequently con
firmed these observations primarily using a emitters.7 
Kovarik similarly reported that j3 emissions also 
appeared to exhibit random behavior.8 As recently 
as 1966, Berkson reported a critical statistical study 
of times between detected a emissions and observed 
no exception to the presumed universality of indepen
dent events. He carefully refrained, however, from 
concluding that his work -proved the randomness con
cept pointing out that the particular statistical tests 
employed might have missed certain deviations from 
randomness.9

In 1924, Kutzner, while studying a emissions from 
polonium, consistently observed low values of a 
variance index (Lexis divergence coefficient) and 
suggested his results were possibly due to nuclear- 
nuclear interactions.10 Even though his findings were 
subsequently duplicated by Curtiss, the thesis was 
advanced by others— and apparently it has become 
firmly held— that the cause of the low values of the 
index was due to the phenomenon of aggregate recoil 
rather than to a lack of independence of the events.11,12 
At this time in view of the present work, the possibility 
that Kutzner did observe a manifestation of non
independence cannot be disregarded.

Despite the Kutzner reports, the independence of 
radioactive decay events and the resultant applicability 
of the Poisson distribution appear to be accepted 
almost universally, and determinations of probabilities 
in a variety of fields involving radioactive decay de
pends on the generality of this assumption. Evans6 
states unequivocally “ Nuclear processes .. . are 
random in ultimate character.”

With the exception of the Kovarik reference,8 a 
major portion of the earlier literature references in
volved studies of a particle decay. Thus, historically, 
the development of the concept of the general validity 
of radioactive decay independence and randomness 
depended in large part on the additional hypothesis 
that all types of decay processes are alike with respect 
to the independence-of-events characteristic. This 
largely unphrased hypothesis does not appear to have 
been seriously tested in the literature at least with 
respect to solid experimental evidence.

Statistical Method
To evaluate experimental data (such as counts 

resulting from radioactive emissions) for conformance 
with the Poisson expectation, a number of statistical 
tests may be used, each one of which tends to examine 
only particular characteristics of the observed dis

tributions and none of which, if conformal with the 
expectation, guarantees that other tests will also be 
conformal. [(5s) 4 The close approximation of exponen
tial behavior during determinations of exponential 
constants does not preclude nuclear interactions. 
(6s) 4 A discussion of the significance of single statistical 
tests.] The ones used in most of the work reported 
earlier were the x 2 goodness-of-fit test which is a com
parison of an observed frequency distribution to a 
theoretic one and the Lexis divergence coefficient cited 
earlier. The x 2 test is primarily an overall or global 
test of the distribution, but, as Berkson has shown, 
the index of dispersion (s2/m) is oftentimes more 
sensitive.13

The index of dispersion statistic (s2/m ) is the ratio of 
the observed variance (s2) to the expectation (to) where 
to is the best estimate of a2 for the Poisson; it has been 
employed in this paper to test the observed distributions 
of counts obtained from radioactive emissions. The 
index is calculated as

s2/ to = J2 (at — to) 2/(D F  X to) (1)
n  — 1

n
TO = Yj a i/ n  (2)

71= 1

where s2 is the variance, to the mean, n the number of 
observations, at the counts per unit time, and DF the 
degrees of freedom. When the mean does not sensibly 
change with time, DF — n — 1. When the “ mean” 
is calculated for each point, as for example in a rapid 
exponential change, DF = n — 2.

Within a statistical set, several values of the index 
may be combined so as to determine an overall value 
of the index and thereby to determine an overall 
probability that the observed variance for a series of 
runs is due to chance alone, as

s 2,/to = [(s2/ to X DF)j +  (s 2/ to X

D F ) , +  . . . ] / (D F ,  +  D F , +  . . . )  (3)

The index is itself variable, a variability about
1.000 which is predictable theoretically as a function of 
the number of degrees of freedom. Standard tables 
showing the distribution are readily available.14

(6) E. Rutherford and H. Geiger, Phil. Mag., 20, 698 (1910).
(7) L. F. Curtiss, J. Rea. Nat. Bur. Stand., Sect. A , 8, 339 (1932).
(8) A. F. Kovarik, Phys. Rev., 13, 272 (1919).
(9) J. Berkson in “Research Papers in Statistics,” F. N. David, 
Ed., Wiley, New York, N. Y., 1966, pp 37-54.
(10) W. Kutzner, Z. Phys., 21, 281 (1924); ibid., 44, 655 (1927).
(11) L. F. Curtiss, J. Res. Nat. Bur. Stand., Sect. A , 4, 595 (1930).
(12) Cf. R. W. Lawson, Nature (London), 114, 121 (1924).
(13) J. Berkson, J. Amer. Statist. Assoc., 33, 526 (1938); ibid., 35, 
362 (1940).
(14) Cf. “Handbook of Tables for Probability and Statistics,” 2nd 
ed, Chemical Rubber Publishing Co., Cleveland, Ohio, pp 295- 
298.
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Monolayers
In this work carbon-14-labeled organic (sub) mono- 

layers adsorbed on activated metal (oxide) surfaces 
have been prepared by the evaporative deposition of 
suitably labeled organic compounds using the technique 
known as Evaporative Rate Analysis (ERA).16 In 
this method chemisorption through functional group- 
surface site interaction is believed to take place at or 
near the retreating interface of an evaporating liquid 
cyclopentane solution containing approximately one 
monolayer equivalent of radiolabeled solute. [(7s) 4 A 
discussion of the number of molecules adsorbed per 
unit surface area. ] The radiation emitted by the mono- 
layers was then analyzed simply by observing the 
emissions using an adjacent “ window” detector.

In particular, low variances of the detected radiation 
have been observed involving two types of monolayers, 
namely (1) desorbing monolayers in which the adsorbed 
species tends to desorb and to be swept out from under 
the detector by means of flowing gaseous nitrogen; 
thus the detected emissions arise almost exclusively 
from the adsorbed species; and (2) nondesorbing mono- 
layers of stearic acid-l-14C under conditions that a 
positive or adventitious charge is permitted to build 
on the surface on which the radiochemical is adsorbed.

In each case of the restricted or narrow statistical 
distributions, the carbon-14 radioisotope was incor
porated either within the adsorbed functional group or 
immediately adjacent to it.

In the case of the desorbing monolayers, the adsorbed 
material is essentially volatile under the conditions of 
test (ambient) and in the absence of adsorption evapo
rates virtually instantaneously. Thus, e.g., 2-ethyl- 
butyric acid-l-14C completely evaporates from non
adsorbent surfaces within a period of ca. 30 sec. Even 
when adsorbed on aluminum, it tends to desorb 
spontaneously. The observed radiation thus decreases 
with time as the molecules evaporate and as they are 
swept out from under the detector by the metered 
stream of nitrogen gas always employed. [(8s)4 A 
discussion of the effect of the changing “ mean” en
countered in desorptions. ]

Monolayer desorption phenomena are normally best 
described by simple first-order kinetics—that is, log 
y vs. t plots are straight lines over extended periods. 
In the desorptions so far observed, no other method of 
data analysis—e.g., linear-linear, log-log, Elovich, 
etc.— permits such general and extended straight line 
analysis from run to run or within runs. As a result, 
the changing values of y are derived from the equations

V =  Voe~k‘ (4a)

or in In form

In y =  In y0 — kt (4b)

by least-squares fitting of the In a4 values, and eq 1

therefore involves a series of y t values rather than m 
calculated as a constant mean.

In a sense this type of desorption is thus somewhat 
similar, insofar as activity reaching the detector is 
concerned, to the decay process of a much shorter 
half-life radioisotope. For the desorptions described, 
the apparent half-lives vary downward from approxi
mately 18 hr.

The calculation of the statistical distribution about 
each linear regression may be made on the basis of the 
real numbers (as in eq 1) or on the basis of In or log 
values or in combination. In converting from real 
numbers into log values for log y vs. t plots and least- 
squares fitting, weighting is recommended primarily 
when orders of magnitude differences of y are en
countered. With relatively small changes (10-20%) 
as are encountered herein, the differences are of no 
appreciable significance with respect to the derived 
“ best” line and weighting has not been used herein. 
[(9s)4 If any derived line is not the best possible line 
to describe the actual process, the derived variance 
statistic must be higher than would otherwise obtain.]

Experimental Section
Counting Systems. Three counting systems based on 

completely independent design were employed in this 
work also involving four differing detector models.

System I (used primarily in the desorption experi
ments) is a commercially available solid state counting 
and control system marketed under the trade name 
MESERAN Model 720.16 The total system comprises 
an electronic and control section with provision for 
accurately regulating the flow of gaseous nitrogen over 
the test surface and between the surface and the de
tector face, a thin end-window GM detector assembly 
which also provides for control of the evaporative 
environment and for reproducible positioning and 
maintenance of the test surfaces during counting, and a 
precision dispenser for depositing preformulated test 
solution (radiochemical and low-boiling cyclopentane 
solvent) onto the test surface. [(10s)4 A description 
of the counting mechanism. ]

The primary thin end-window GM tubes (diameter
2.9 cm, 1.4-2.0 mg/cm2 grounded mica window, halogen 
quench) were those of Amperex Model 18526. An 
additional 0.0038 nm (0.15 mil) Mylar shield was pro
vided to reduce system background arising from ad
sorption of vapor phase labeled molecules; the Mylar 
protected window was positioned 0.5 to 0.8 cm above 
the test surface in each case—in the “ standard source” 
counting and in the low variance examples. No 
anticoincidence circuit was used. The shape of the

(15) Cf. J. L. Anderson, R. A. Baker, and J. F. Forbes, J. Colloid 
Interface Sci., 31, 372 (1969).
(16) The MESERAN Model 720 systems are produced and sold by 
AMETEK/Technieal Products, a Division of AMETEK, Inc. Cf. 
J. L. Anderson, D. E. Root, Jr., and G. Greene, J. Paint Technol., 
40, 320 (1968).
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GM pulse appeared identical for both “ normal” and 
narrow distributions. Overall counting efficiencies of
4-7%  (including backscatter) of the emitted radiation 
obtained.

Several different units of this system were employed, 
and the four referees who carried out desorptions 
independently also used these systems.

The timing circuit utilizes a Cramer cyclic cam 
timer equipped with micro switches which were me
chanically adjusted to provide the necessary on-off 
gates for the count totals. Each timer is based on a 
60-Hz synchronous motor.

Not available commercially, System II is an inte
grated circuit advanced prototype of the MESERAN 
systems equipped with automatic data printout. It 
employs a timing circuit based on 60 Hz in which all 
switching is carried out electronically. It expressed 
all detected counts observed with an Amperex 18536 
thin end-window GM tube whose experimentally 
determined resolution time was less than 100 ¿¿sec. The 
detector-surface mechanical equipment was identical 
with that of System I.

System III is a Nuclear Date Model 1100 1024 
multichannel analyzer which was used in the multiscale 
mode and was equipped with automatic data printout.17 
Count rates were maintained at a level low enough so 
that no observable loss was apparent. The timing 
circuit consisted of an external clock based on a crystal 
oscillator. The mechanical detector-surface setup 
approximated that used in the earlier experiments but 
was not identical due to a lack of the same equipment at 
time of confirmation. Two detectors were employed: 
a Tracerlab thin end-window organic quench GM tube 
of less than 100-,usec resolution time (experimentally 
determined) and an anthracene crystal-photomultiplier 
tube assembly which was operated in the dark and 
which in one experiment had the Mylar shield removed. 
These detectors are designated in Table III as N D/GM  
and N D /A , respectively.

Substrates. The aluminum foil employed in this 
study was kindly supplied by Kaiser Aluminum and 
Chemical Corp., and consisted of two rolls of “ smooth” 
3003 aluminum foil of approximately 0.076 mm (3 mil) 
thickness which reportedly had triglyceride rolling oil 
residues left on the surfaces and which was in a “ hard” 
or nonannealed condition. Approximately 10 X 10 cm 
sections of the foil were removed and heated over 
thermostatically controlled, horizontally positioned 
cylindrical heaters (10 cm diameter) at 320° for at 
least 20 min to remove the rolling oil residues and to 
“ activate” the surfaces. The sections were draped 
over the heater with their parallel, horizontal edges 
weighted to ensure intimate contact of the central 
portion with the heater surface. Only the top side 
(exposed to the laboratory atmosphere) was used for 
monolayer adsorptions. Following heating each speci
men was removed, permitted to cool for a few seconds

to ambient, and then positioned on a vacuum-activated 
(from below) hold-down stage so that the now dead-soft 
foil formed a slight concavity into which the test solu
tion was deposited. For the desorptions measure
ments, the specimens were then used in the hold-down 
stage following deposition and evaporation of low- 
boiling solvent cyclopentane by positioning the GM 
detector and initiating the counting sequence (which 
also started the gaseous nitrogen flow— ca. 600 ml/min). 
For the nondesorbing stearic acid-l-14!?, each specimen 
was copiously rinsed with cyclopentane and/or trifluoro- 
trichloroethane following evaporation of the deposition 
solvent. Then the portion of the specimen con
taining the monolayer (ca. 1.5 X 1.5 cm) was cut out 
and positioned for counting.

The glass substrates (Table V) were prepared by 
sectioning the roughened portion of glass microscope 
slides, cleaning in hot sulfuric acid-dichromate (sample 
2) or in hot sulfuric acid-nitric acid (sample 3) followed 
by copious rinsing with deionized water and drying in 
the atmosphere for 30 min.

The boehmite surface (Table IV) was prepared by 
immersing a specimen of the 3003 aluminum in boiling 
distilled water for 3 min followed by momentary 
drying at 168°. Then the surface was positioned and 
examined on the hold-down stage as above.

The nickel surface was prepared by heating a 
0.125-mm section of nickel foil (kindly supplied by 
the General Electric Co.) in the same manner as was 
used for the aluminum surface (c/. T able IV ).

The chromous oxide on steel surface (Table IV), 
kindly supplied by Kaiser Steel Co., was heated over a 
Bunsen burner for ca. 30 sec and cooled, and the 
surface away from the flame was employed for the 
desorption experiment.

Radiochemical Test Solutions. The 2-ethylbutyric 
acid-l-14C, the A,A-dimethyl-A’-n-decylamine-l-I4C, 
and the 2-cyclohexylethanol-l-14C were custom syn
thesized by Mallinckrodt/Nuclear and had, at time of 
receipt, no detected impurities, either radio or chemical. 
Each was dissolved upon receipt in a large volume of 
cyclopentane, having been dissolved in a smaller volume 
of the same solvent immediately following synthesis. 
At least double-distilled from an all-glass column 
(no greased joints), the cyclopentane had less than 0.5% 
volatile impurity by gc and nonvolatile residue of 
less than 1 part in 30 million by ERA.

The specific activities of the three above-mentioned 
radiochemicals were 60 mCi/mM (1 position essentially 
carrier-free 14C) since they were synthesized without 
dilution from barium carbonate of similar activity. 
The overall rationale for using such high specific 
radiochemicals was based on the overall counting 
efficiencies involving thin end-window GM detectors.

(17) Located at the Special Training Division of Oak Ridge Associ
ated Universities, Oak Ridge, Tenn.
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Thus with approximately 5% efficiencies, ethylbutyric 
acid monolayers of 6 X 1014 molecules/cm2 (roughness 
factor of ca. 2) emit sufficient ¡3 particles to give 8,000-
10,000 cpm. Thus with coverages of 0.6 to 0.7 cm2, 
5000-6000 cpm are customary.

The lower specific activity ethylbutyric acid-l-uC 
was obtained by diluting the previously prepared test 
solutions with appropriate concentrations of cold 
ethylbutyric acid (Aldrich) in similarly purified 
cyclopentane.

The stearic acid-l-14C was obtained in benzene 
solution from Chicago-Nuclear Corp. and had a 
specific activity of 48+  mCi/milf; following evapo
ration of the benzene, it was diluted in cyclopentane 
for the initial experiments but in cyclohexane for those 
confirmatory ones carried out at ORAU. (Note: 
The wettability of the stearic acid-l-14C-cyclopentane 
solution was considerably less than that of the corre
sponding cyclohexane one. Thus no assurance that a 
similarly deposited monolayer at time of confirmation 
is available.)

Monolayer Preparation. The monolayers of radio
active organic compounds were prepared simply by 
permitting the radioactive test solutions (e.g., 20 /d of 
ethylbutyric acid-l-14C-cyclopentane solution of ca.
1 part of radiochemical to 105 parts of solvent) to 
evaporate into the atmosphere following deposition 
of the liquid onto the suitably positioned heat-acti
vated foil (or other) surfaces.

When less than 60 mCi/mM specific activity radio
material was employed, increased area coverages in
volving greater volumes of test solutions were used so 
that the number of retained molecules having carbon-14 
incorporated in them would approximate those of high 
specific activity, the total number of retained molecules 
on a particular surface being a function of the area 
occupied by each molecule.

Counting and Statistical Procedures. The summaries 
as listed in the several tables include all the desorptions 
and nondesorbing experiments known to the author 
and in which statistical distributions have been cal
culated and in which the particular characteristics 
(such as the 42+  data point log y vs. t straight line 
condition in the desorptions) apply. In all the work so 
far carried out and reported herein, no data point 
(counts per unit time) has ever been eliminated from a 
statistical set regardless of the extent of the anomaly 
of any particular point.

In the cases of the desorptions, counting was in
variably initiated by positioning the detector as soon 
as the solvent visibly disappeared by evaporation. In 
the cases of the nondesorbing stearic acid monolayers, 
an initial period of 50 min was routinely used to permit 
equilibration of conditions prior to the start of the 
counting sequences.

In the desorptions, end points of the log y vs. t 
straight lines were routinely first estimated by plotting

log y vs. t values on a greatly expanded scale {e.g., 
0.01000/5 cm on the log y axis) followed by sighting 
and placing of transparent straight edges to approxi
mate the end points and intercepts. Such sightings 
were then routinely re-analyzed by at least one other 
person to reduce the possibility of adverse judgmental 
selectivity in such allocations. Secondly, the points 
within each line grouping were least-squares fitted by 
standard computer programs and the overall index by 
eq 3 computed so as to include the adjacent lines as 
well. In cases where the intercepts and/or end points 
were not completely obvious, one or two points at each 
end of the major line were then added to and sub
tracted from the adjacent lines and the statistics recal
culated so that a minimal overall index was obtained. 
Then the first line of at least 42+  data points based on 
the minimum index criterion was used in the analysis. 
In general, reduced distributions in the lengthy lines 
(42+) were quite obvious as were the lines; intercepts 
were normally apparent to within one data point. 
[(11s)4 The observed desorptions varied considerably 
in log y vs. t patterns from run to run. Illustrations 
are shown. ]

In many cases the desorptions were continued beyond 
the limits cited in Table III. However the statistical 
summary includes only the first 42+  period lines so that 
the percentage of the monolayer involved would be rel
atively consistent.

While every effort was made to arrive at the proper 
and best line in each desorption by concensus of opinion 
as well as by computer-based analysis, ultimately the 
author takes the final responsibility in each case. Such 
decisions thus represent, to a degree, a judgment factor.

In the nondesorbing experiments, most of the in
cidental charge and deliberate charge runs were halted 
after approximately 8 hr although in two much longer 
times were observed. However to ensure that the 
summary included only relatively homogeneous condi
tions, an arbitrary limit ca. the first 500 data points in 
each case has been used. In those shorter runs listed, 
the runs were interrupted at the end points listed.

Results
“ Standard Source”  Counting. As a criterion of “ nor

mal”  equipment performance and using the very same 
experimental setup in each case as was used later to ob
serve the statistical abnormalities, the three equipment 
systems were each qualified with respect to the statisti
cal index of dispersion (s2/m ) using so-called “ standard 
sources”  and/or adsorbed stearic acid-l-14C on grounded 
aluminum surfaces. [(12s)4 A description of the New 
England Nuclear Corp. “ standard sources.” ] As 
shown in Table I not only did the overall statistical 
index approximate 1.000 with each system but also the 
variance of the statistic itself was that expected. It is 
apparent from even a casual inspection of the derived 
statistics that the values vary above and below 1.000.
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Table II (whose values were taken from ref 14 cited 
above) illustrates the theoretically expected probabil
ities for these two degrees of freedom (49 and 53) and 
also the marked tendency to approach a very limited 
variance as the number of degrees of freedom increases.

Table I

System

Degrees of 
freedom 

(DF)
Index
(si/m) Sources

A. “  Standard Source” Counting
I 1063 1.030 Stearic acid, NENC

II 2546 0.990 Stearic acid, NENC
III“ 741 0.985 Stearic acid

B. “ Standard Source’ ’ Distributions of s2/m
1. System I: NENC Source ; DF = 536

1.243 1.434 1.056 0.727 1.208 1.415 1.154 1.422
1.022 0.831 1.126 0.893 1.129 1.010 0.890 1.216
0.730 1.024 0.965 1.137 1.122 0.781 0.854 1.210

Mean =  3733 s2/m = 1.067

2. System II: Stearic Acid on Aluminum (Grounded)
DF =  49'

1.411 0.969 0.916 1.136 0.944 1.052 0.843
1.049 1.030 0.984 1.306 0.685 0.998 0.835

Mean =  5399 ¡Vm  =  1.011

“ Including both GM and anthracene-PMT detectors. b Based 
on eight 54-period groups of each of three 200-data period sets 
and involving three different units of System I. '  Based on 14 
sequential groups of 50-data periods each during 700 min of 
counting employing System II.

Table II: Expected Variability of the Index of Dispersion“

Degrees ✓------------- —Probability (P), % - --------------,
of freedom 0.1 1.0 2.5 97.5 99.0 99.9

49 0 .4 8 9 4 0 .5 9 0 6 0 .6 4 4 0 1 .4 3 3 1 1 .5 2 9 0 1 .7 4 1 8
53 0 .5 0 5 0 0 .6 0 4 1 0 .6 5 6 2 1 .4 1 5 1 1 .5 0 6 5 1 .7 0 8 9

100 0 .6 1 9 2 0 .7 0 0 7 0 .7 4 2 2 1 .2 9 5 6 1 .3 5 8 1 1 .4 9 4 5
1000 0 .8 6 7 5 0 .8 9 8 9 0 .9 1 4 3 1 .0 8 9 5 1 .1 0 7 0 1 .1 4 4 0
3000 0 .9 2 2 1 0 .9 4 0 9 0 .9 5 0 0 1 .0 5 1 3 1 .0 6 1 1 1 .0 8 1 7

“ Data taken from ref 14, pp 297, 298.

Desorptions. Table III lists the values of the vari
ance index obtained from the desorptions involving 
(sub)monolayers of 2-ethylbutyric acid-l-uC and en
compassing all the desorptions so far examined having 
at least a 4 2 +  data point log y vs. t straight line. Only 
the statistics of the first such line in each desorption 
are listed although only in a very few such cases was a 
second such lengthy line observed within the first 150 
data points. The statistics are listed with increasing 
values of the slope, k, of the log y vs. t line. There ap
pears to be no general relationship of statistical index 
with slope except for the possibility that at the higher

values (k greater than 0.00200) the index may approach 
a more normal index.

In none of the 22 desorptions was an index as high as
1.000 observed. (Note: Of a total of 33 desorptions 
so far observed and analyzed, 11 did not have a line of 
at least 42+  data points in length.)

As noted, the referee-run desorptions are listed by 
the names of the referees. The desorptions employing 
less than 60 mCi/mM specific activity radiomaterial 
are noted and do not appear to have as low a statisti
cal index as the others; more work needs to be carried 
out before definitive conclusions can be drawn in this 
regard.

Table IV lists the results obtained from three other 
“ desorptions”  involving other substrates and/or radio
chemicals. These data seem to indicate that the phe
nomenon of narrow statistical distributions is general 
for a variety of surfaces and monolayers. No data are 
available to the author involving these or other ma
terials than those listed. [(13s)4 Table I (S) includes 
all the data points obtained for four of the desorptions 
which are illustrative of the patterns of desorption.]

Nondesorbing Monolayers. Adsorbed monolayers of 
stearic acid-l-14C on heat-activated aluminum foil 
(grounded) have been shown to emit radiation which 
follows very closely to Poisson expectations (c/. Table 
I). On the other hand, nongrounded substrates having 
adsorbed monolayers of stearic acid-l-14C exhibit re
stricted or narrow distributions as are shown in Table
V. The identical sample that was described in Table 
IB and also listed as sample la in Table V was further 
counted using System II after placing the sample on a 
piece of polyethylene film and thereby effectively iso
lating it electrically from ground, as listed in sample 
lb. The generation of charge was presumably due 
both to the continuous flow of extremely dry nitrogen 
gas over the surface during counting as well as the net 
emission of ¡3 particles. The ground on the adjacent 
end-window of the GM tube was that provided by the 
metallic flash with which all such tubes are constructed. 
The observed mean was essentially that observed in the 
grounded configuration recognizing that differences in 
geometry presumably occurred as a result of a small 
change in positioning of the sample relative to the de
tector.

The same sample was then recounted a second time 
for 500 min except in this case an additional electrically 
grounded aluminum foil absorber (ca. 0.0125 mm thick) 
was placed between the monolayer emitter and the de
tector window; the mean detected count decreased ap
proximately 60% which is that expected for the ab
sorber. In both cases of nongrounding, the s2/m  sta
tistic was considerably low over the first 500 min of 
counting, and in each case during a 300-min sequence 
(of the 500) the statistic was markedly lower. The 
similarities are striking.

Samples 2 and 3 of Table V consisted of stearic acid-
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Table III : Values of Variance Index for Desorptions

Sample Limits
Length,

min
Av

AC/min
Means 
Va, yw

k in log y - 
log ya —  kt

Index
s2/m

Sok 58-147 90 4.5 6797, 6389 0.00030 0.444
1421 34-97 64 3.7 5282, 5047 0.00031 0.695
0814 1-74 74 4.5 5427, 5095 0.00037 0.796
5119 37-89 53 5.1 5850, 5580 0.00039 0.766
0750“ 19-64 46 1.8 1656,' 1574 0.00048 0.860
0999“ 20-97 78 4.9 4442, 4068 0.00049 0.817
0997“ 15-58 44 5.6 4960, 4715 0.00050 0.701
0617 46-107 62 5.9 4511, 4146 0.00059 0.732
N D /A1 61-122 62 7.5 4690, 4225 0.00064 0.786
0861“ 24-65 42 9.1 6035, 5652 0.00068 0.642
Miranda 7-64 58 8.1 3848, 3381 0.00097 0.915
0734 23-96 74 10.4 4667, 3895 0.00106 0.870
0732 51-118 68 10.5 4730, 4019 0.00108 0.659
0454 1-65 65 11.7 5096, 4335 0.00108 0.638
N D /G M 1 1-52 52 14.4 4910, 4163 0.00137 0.457
0299 23-74 52 14.6 4863, 4102 0.00142 0.466
N D /A 26 9-102 94 9.2 3240, 2380 0.00151 0.722
Jennings 34-83 50 10.1 2451, 1947 0.00200 0.624
Pietras 26-70 45 5.0 1042, 817 0.00234 0.658
1429“ 40-96 57 14.1 3026, 2222 0.00236 0.972
N D /G M 2 55-108 54 11.6 2165, 1533 0.00278 0.766
0453“ 9-60 52 34.6 3248-1451 0.00673 0.819

For 1292 degrees of freedom, overall s2/m =  0.717

“ Low specific activity runs (co. 6 .7 -7 .5  mCi/mM ). 6 30-sec accumulations; when 9,10; 11,12; etc., were summed and the index 
recalculated on the basis of 47-min periods, si/m =  0.709. c Nitrogen gas saturated with respect to water vapor.

Table IV : Other Substrate Desorptions

Surface Adsorbate s2/m Remarks

(1) Boehmite on 3003 A1 
(AlOOH)

/3-Cyclohexylethanol-l-I4C 0.644 (N  = 47) 200 30-sec accumulations (data points); 
six slopes: three more-or-less hori
zontal ones—separated by muchmore 
rapid ones— had low index values; the 
lowest is shown

(2) Nickel (oxide) M-V-Dimethyl-V-n-decyl-
amine-l-14C

0.666 (N  = 48) The cited low index was for a slope 
positioned between two others of 
1.000 (V  =  39) and 1.049 (N  = 43); 
total N  =  149

(3) Chromous oxide on 
mild steel (“ tin- 
free steel” )

2-Ethylbutyrie acid-l-l4C 0.515 (N  = 32) First “ lengthy”  log y vs. t straight line

1 -UC as monolayers on freshly cleaned glass surfaces 
which had been placed on polyethylene film (2) and on 
cast sulfur (3) to electrically isolate from the environ
ment. In keeping with the observations of Perkins 
and MacDonald, 170 min was required before the 
“ mean”  settled down to a constant value in (2) and 
30 min in (3) .18 [(14s)4 A short description of the ob
servations.] In both cases the variance about the 
initial regressions (varying means) appeared low but 
was not calculated.

Figure 1 is a scatter diagram of counts obtained using 
System II in the same configuration (with the alumi
num absorber in place) as described above in which the 
identical monolayer on aluminum (Table V, samples

la -lc ) was positioned on polyethylene film and was at
tached by a thin silver wire (crimped along one side of 
the specimen) to an external battery pair (two 45-V 
dry cells in series) and held for 436 min at 90 V +  (the 
first 20 min of which were used for equilibration and 
counts for which have not been included in the figure 
or in the statistical summary), then at 90 V — for 580 
min and then at 90 V +  for a final 60 min. The 
changes in polarity were accomplished externally with
out altering the surface-detector relationship. The 
marked change in the statistical index as a function of 
the applied potential from 0.846 (90 V + )  to 1.088

(18) H. J. Perkins and M. D. MacDonald, Science, 138, 1259 (1962).
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Figure 1. Scatter diagram.

Table V : Effect of Adventitious Surface Charge 
Involving Stearic Acid-14C Monolayers

Number
Sam- of data
pie Mean points s2/m Remarks

la 5399 700 1.011 Aluminum surface, grounded
lb 5164 500 0.893 Sample la  on polyethylene

300 0.793 A 300 data point sequence of
sample lb

lc 1865 500 0.871 Same as sample lb ; A1 ab-
sorber

300 0.818 A 300 data point sequence of
sample lc

2 4080 530 0.862 Glass surface, on polyethylene
3 2326 230 0.854 Glass surface, on cast sulfur

(90 "V —) and to 0.595 (90 V + )  are indicated on the 
diagram together with the 60-min statistics just prior 
to and just following each change in polarity.

The initial mean at 90 V +  was 1713 over 416 peri
ods, followed by 1728 at 90 V —, and then by 1707 at 
90 V + .  In the absence of an artifact, the change in 
mean from 1713 to 1728 and back to 1707 is statistically 
extremely unlikely. The standard deviation of the 
mean for Poisson distributions is defined as

Thus, assuming the mean during the negative charge 
(90 V - )  is “ normal,”  av =  (1728)vV(580)I/! =  1.73. 
The mean during the 90 V +  conditions is therefore 
more than nine standard deviations lower than was ob
served at 90 V —. The extent of this shift is, statisti
cally, even more remarkable than that of the shift of 
the index of dispersion, but since the detected emissions 
are particles, the mean shift is more difficultly sep
arated from the artifactual possibility. No data were 
observed at zero voltage.

A similar experiment was carried out using the N D /A  
System III (ORAU) in which the initial 90 V +  index

was 0.929 (400 min) and the second 90 V +  index was 
0.911 (350 min). The change from 90 V +  to 90 V — 
was not as dramatic as is shown in Figure 1 since the 
“ normal” index at 90 V — (450 min) was somewhat less 
than 1.000, i.e., 0.962. The means changed just as 
dramatically— from 12,885 to 12,994 and back to 
12,828 (<r =  5.4). The similarity of the initial increase 
and then larger decrease is, percentagewise, striking. 
[( 15s)4 Figures 2 (S) and 3 (S) are histograms of the 
(at — m) distributions for the two cases. A marked 
skewness at +  voltage is apparent.]

Table VI lists the statistics (s2/m) showing the effect 
of positive charge and of incidental charge buildup 
(believed to be positive in each case) and the total or 
overall variance index for the group as a whole. To 
keep the conditions of counting as uniform as possible, 
only the first series for each run is included. An over
all index for a number of runs at 90 V — is also listed 
for comparison purposes. * 10

Table VI: Effect of Adventitious or Positive Charge

Number of
of periods Charge s2/m Remarks

1-416 90 V + 0.846 See Figure 2 (scatter dia
gram)

1-450 90 V + 0.912
1-350 160 V + 0.877
1-400 90 V + 0.929 N D /A  system
1-500 +  ! 0.893 See Table V, sample lb
1-500 +  ! 0.871 See Table V, sample lc
1-530 +  ! 0.862 See Table V, sample 2
1-230 +  ! 0.8.54 See Table V, sample 3

Overall s2/m 0.881 DF =  3339 ( + )
s2/m 0.989 DF = 2914 ( -  )

Assuming the absence of all artifactuality, the over
all probabilities that the two examples (desorptions and 
positive charge buildup) are of the same population as 
that of the Poisson expectation are less than 10-12 and
10-8, respectively.
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Discussion
“ Standard Source" Counting. As listed in Table I, 

the “ standard sources” always appear to exhibit the 
expected Poisson distributions when counted in bulk 
(the NENC benzoic acid-7-14C reference sources) or 
when held grounded or at negative potential. Not 
only are the overall values of the index those which are 
expected, but the variability of the statistical index of 
dispersion is also quite similar to that shown in the 
theoretic probability tables (Table II).

The “ normal”  or expected statistical behavior of the 
several “ standard sources”  is believed to be an excellent 
test of the proper operation of the equipment used for 
counting at least with respect to the particular statis
tical test employed; such a criterion has been adopted.

Monolayer Desorptions. The ultimate validity of the 
log y vs. t straight lines with respect to the assumption 
of first-order behavior—and to the end points of the 
straight lines in each case— obviously determines the 
variance statistics from such lines. As mentioned 
above, many other models were examined including 
log-log, Elovich, and even linear-linear ones. With 
the variety of desorptive patterns (c/. 11s),4 only the 
log y vs. t consistently yielded lengthy (e.g., 42+  data 
point) straight line constructions in a substantial ma
jority of the cases (two-thirds). When the limit is re
duced to 35+  data points, more than 90% of the de
sorptions possess such lines. The assumption of first- 
order behavior in each case is certainly strengthened by 
the lengths of the lines and even by the “ too good”  fit 
of the data points. The straight line patterns illus
trated cannot be improved by the other types of con
structions; to use one and only one method for data 
analysis, the overall generality of the first-order process 
was thus assumed.

With an average length of straight line of 60 data 
points, the assumption of the first-order model certainly 
is not unreasonable. Adding or subtracting a point or 
two from the ends of any lines does not materially alter 
the value of the overall index. While the values given 
in Table III comprise 70% of the total data points, in 
no case does the major line comprise fewer than 50% 
of the points listed. [(16s)4 A discussion of some of 
the other factors influencing desorptive behavior.]

Since it early became apparent that the restricted 
statistical distributions (low values of s2/m ) constituted 
an unexplained phenomenon at considerable variance 
with accepted theories of radioactive decay, four 
scientists (see acknowledgments) in other parts of the 
United States were asked to perform similar desorptive 
measurements using the same type of equipment (Sys
tem I) and using similar radiochemical and foil as those 
employed earlier by the author. These referees ob
served desorptions which were just as restricted and low 
as those seen earlier. Since the referees did not have 
the benefit of the cylindrical, thermostatically con
trolled heaters, flame or oven heating was substituted

to drive off the prior adsorbents and to prepare the 
surfaces.

Nondesorbing Monolayers. The several studies in
volving monolayers of stearic acid-l-14C on surfaces 
held at electrical potentials above ground (positive 
charge) illustrate a marked alteration of the statistical 
behavior caused by a single environmental parameter 
although in no single case did the anomalous statistical 
variance approach the extremely low level found in the 
desorptions.

In many respects the use of the nondesorbing species 
has significant advantages over the necessarily dynamic 
conditions of the desorbing monolayers. The identical 
sample was used time and again in observing the con
dition of low variance whereas no single specimen was 
used more than once in the desorption experiments.

Though insufficient statistical evidence is available 
for definitive assessment, the characteristic low variance 
did not appear to exist.at 1.4 V + ,  at 30 V + ,  or even 
at 800 V + .  Whether the phenomenon of non-Poisson 
character is a function of certain more or less specific 
voltages— and perhaps of the precise geometry em
ployed, a factor which might affect the electrical force 
field— is as yet unknown.

In only two cases was the experimental setup of such 
a nature to permit direct comparison of the means 
during the 90 V + /9 0  V — conditions and, in both 
cases, the means and the statistical index changed sig
nificantly. While the change in the means might have 
been due to simply pushing the /? particles into or out 
of the subtended cone, the possibility that the variance 
ratio was also affected by the same more or less trivial 
effect appears most improbable. Obviously if such an 
effect can be observed employing other than /3 emitters, 
the question of the triviality of the mean shift can be 
largely resolved at the same time.

There is no obvious or even known reason why the 
mean and the index of dispersion should vary simply as 
a result of the applied potential.

Potential Errors. A number of potential errors such 
as equipment related errors, possible double pulsing of 
the GM tubes, resolution time errors, potential back 
scatter errors, and even a possible correlation between 
decay and desorption have been considered and ana
lyzed; they are discussed in detail in the appended or 
supplemental notes. None appears to be causal in any 
degree with respect to the anomalous values of the in
dex of dispersion. [(17s) A discussion of possible er
rors and a discussion of the effect of possible judgmen
tal selectivity.]

General. The necessary and sufficient assumption 
on which the applicability of the Poisson distribution 
depends— that radioactive decay events are indepen
dent of each other— does not require that the events 
are necessarily independent of the environment. As 
has been pointed out by Kandel, a body of evidence 
now exists that, at least for so-called /c-capture radio
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activity or radioactivity which involves internal con
version processes, significant differences in half-lives 
of "T c  and 7Be have been observed as a function of 
chemical composition.19 No hint of an exception to 
the generality of the Poisson distribution was made in 
the cited references although conceivably such a phe
nomenon might exist unrecognized.

One may well postulate that the effect of environ
ment could be of at least two quite different types:
(1) an effect in which the rate of decay changes but 
which does not involve cooperation or mutuality of the 
decaying nuclei, and (2) an effect which does involve, 
or at least permits, such cooperation or mutuality.

The cited references in footnote 19 are presumably 
examples of type 1 while the abnormal statistics cited 
herein— in the absence of artifactuality— appear to be 
manifestations of type 2.

Throughout this work, opinions of a large number of 
independent scientists encompassing many and diverse 
disciplines have been sought to criticize the work and 
to comment on it. Listed in the acknowledgments, 
these men have generously given of their time and have 
suggested many of the avenues of verification employed. 
Where suggested experiments have been performed, the 
results have invariably confirmed and extended the 
phenomenon of non-Poisson character. At this writing, 
the author is unaware of any substantive arguments, 
other than disbelief, which are germane to the experi
ments, the statistics, or even the more-or-less obvious 
implications.

Conclusions. Assuming the absence of artifactuality, 
at least under the two cited conditions of measurement— 
the desorbing monolayers and the (positively) charged 
monolayer-surface systems, the ¡3 emissions detected by 
external counters positioned adjacent to the adsorbed car
bon-1 j-labeled monolayers are not properly described 
by the Poisson distribution. The further pronounced 
change in the means, as a result of change in the polarity 
of the applied surface potential alone, probably indepen
dently substantiates the inapplicability of the Poisson.

Unanswered Questions. (1) What possible mech
anisms are operating to cause the restricted statistical 
distributions and the changes in means? (la) Are 
there unsuspected nuclear-nuclear interactions? (lb) 
Does the surface charge couple, or permit coupling of, 
such interactions? (2) Is it possible that radiation fol
lowing emission is so altered in random behavior that 
the distribution is altered? (2a) If so, are the decay 
events themselves independent of the emissions at least 
insofar as the statistics of emissions are concerned? (3)

In some manner is the backscatter effect responsible for 
the anomaly? (4) Are the factors causing narrow or 
low distributions different in the case of desorbing 
monolayers and the case of nongrounded surfaces?
(5) Does the orientation of the molecules at the inter
face relate to the effect? (5a) If so, are the nuclei also 
oriented? (5b) If the nuclei are oriented with respect 
to the surface, are they also oriented with respect to 
each other? (5c) If nuclei are oriented with respect to 
each other, can they cooperate in the decay process?
(6) Does the rate of decay change more than inciden
tally from mutuality in the decay process?
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In detailed calculations within the framework of transition state theory it is shown that in the addition of 
methyl or trifluoromethyl radicals to ethylene, as in the previously reported S(3P) +  ethylene system, the 
main single contributing factor to secondary a-H/D isotope effects is, contrary to earlier notions, not the re
hybridization of the carbon atoms but the creation of new normal modes during the reaction. Although cal
culations thus far have been carried out only for three systems, the effect is clearly independent of the nature 
of the reagents and in general it may be stated that at least one of the newly created vibrations will be iso- 
topically sensitive and generate a secondary «-H/D kinetic isotope effect larger in magnitude than that gen
erated by the rehybridization of the carbon atoms.

The secondary «-deuterium isotope effect in addi
tion reactions involving olefins has been attributed1-6 
to changes in vibrational frequencies accompanying 
the partial rehybridization of the reactant carbon atom 
during passage from the reactant to the transition 
state. The earlier attempts by Seltzer1 and by Szware, 
et al.,3 to reproduce theoretically the experimental 
values of this isotope effect were based on the intuitive 
extension and generalization of Streitwieser’s original 
postulate6 in which the main cause of secondary «- 
isotope effect is the frequency increase in one of the 
out of plane C-H  vibrations on the central carbon atom 
during transition from the sp2 to the sp3 configuration.

The experimentally obtained values of fcD/fcH for 
the secondary a-dueterium isotope effect in addition 
reactions to olefinic double bonds lie between 1.07-1.14 
indicating an inverse isotope effect.

In an earlier theoretical study from this laboratory7 
on the secondary «-deuterium isotope effect in the 
addition reaction of S(3P) atoms with ethylene an 
important factor contributing to isotope effect was 
uncovered, the significance of which has been com
pletely overlooked before. It was found that, con
trary to currently accepted notions, the main single 
source of isotope effect in this reaction is not the rela
tively small change in the force constants of the reac
tant accompanying the rehybridization of the central 
carbon atom but the creation of new, isotopieally sen
sitive vibrations in the activated complex by the for
mation of the new bond, corresponding to a relatively 
large change in the force field by introducing additional 
force constants.

Furthermore, relying on a model for the transition 
state that was derived on the basis of molecular orbital 
theory it was possible from a comparison of the com
puted and measured values of the isotope effect to

conclude that the transition state lies about half way 
between reactant and product in terms of geometrical 
changes.

On the other hand Szware, et al.,3 on the generally 
accepted premises that the cause of the secondary a- 
isotope effect is the rehybridization of the olefinic car
bon atom concluded from the small value of the mea
sured isotope effect in the addition of CH3 and CF3 
radicals to olefinic double bonds that the bond between 
the radical and the carbon atom is relatively long, con
sequently the extent of the rehybridization is small 
and the reaction center retains its planar structure in 
the transition state. Similar considerations led Van 
Sickle, et al.,* to analogous conclusions regarding the 
Diels-Alder reaction between cyclopentadiene and 
maleic anhydride.

In order to assess the generality of the isotope effect 
caused by the creation of new vibrations in addition 
reactions and to examine the structure of the activated 
complex we have performed model calculations for 
the reactions CH2CH2 +  X  ^  • CH2CH2X  and CD2CD2 
+  X  —*■ • CD2CD2X, where X  is a group or atom with 
mass of 15 (C H3) , 32 (S), and 69 (C F3) .
Results

The isotopic rate ratio kH/kD was calculated by the

(1) S. Seltzer, J. Am er. Chem. Soc., 83, 1861 (1961).
(2) M. Takahasi and R. J. Cvetanovic, Can. J. Chem., 40, 1037 
(1962).
(3) M. Feld, A. P. Stefani, and M. Szware, J. Am er. Chem. Soc., 
84, 4451 (1962).
(4) D. E. Van Sickle and J. O. Rodin, ibid., 86, 3091 (1964).
(5) W. A. Pryor, R. W. Henderson, R. A. Patsiga, and N. Carroll, 
ibid., 88, 1199 (1966).
(6) A. Streitwieser, Jr., R. H. Jagow, R. C. Fahey, and S. J. Suzuki, 
ibid., 80, 2326 (1958).
(7) O. P. Strausz, I. Safarik, W. B. O’Callaghan, and H. E. Gunning, 
ibid., 94, 1828 (1972).
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equation derived from transition state theory8'9

1—exp(—uu) 
1 — exp(—u2i)

l-exp(-M*i,) 
1—exp(—m+2.)

exp Z  C“ i,_ u2,)/2

exp Z  (k\ - « +*)/2

where the dagger signifies the transition state, and the 
numbers 1 and 2 refer to the light and heavy molecules, 
respectively. I ’s are the principal moments of inertia, 
M ’s the molecular masses, m = hcui/kT and w, is a 
normal vibrational frequency.

Equation 1 has usually been abbreviated as a product 
of three factors

k H/ k D = (MMI) (EXC) (ZPE)

where MMI, EXC, and ZPE represent the contributions 
from the translational and rotational energies, vibra
tional energies, and the zero point energies, respec
tively.

The configurations of the models used for the ac
tivated complex are shown in Figure 1. In model A, 
the planar ethylene structure is completely preserved; 
the C -C -X  angle is 100° and the C -C -X  plane is per
pendicular to the plane of the ethylene. This model 
represents a situation where formation of the C -X  bond 
in the activated complex causes only negligible devia
tion from the ethylene structure and approximates 
that suggested by Szwarc, Van Sickle, and coworkers. 
In model B the progress of the formation of the C -X  
bond causes a partial rehybridization of the C atom, 
accompanied by structural changes in the activated 
complex; the distance of the C-C double bond is 
increased compared to that of model A, and the two 
C-H  bonds on the C atom are bent by 10° from the C2IF1 
plane. In this model we assumed that the formation 
of the new bond is accompanied by a gradual progres
sion of the geometry from initial to final state.

Values of the three factors in equation 1 were com
puted individually for the two models and three masses 
15, 32, and 69 of the attacking radicals.

The data for the M M I factor are given in Table I. 
It is seen that the values are larger than unity and they 
are affected but little by the model chosen or the mass 
of the attacking radical.

For the calculation of the values of the EXC and 
ZPE factors the normal vibrational frequencies of the 
activated complex are needed, therefore we have per

Figure 1. Illustration of geometries for the two models of the 
activated complex.

Table I : Values of the MMI Factor Calculated for the
Two Models of the Activated Complex

M x — 15 M x = 32 M x — 69
Model A 1.434“ 1.466“ 1.426“
Model B 1.4236 1 .455d 1.4176

“ C -X  = 2.0 A. 6 C -X  = 1.7 A. ‘  C -X  = 2.1 A. C -X
1.8 A.

formed normal coordinate analyses on our models. 
The computer program used for the numerical calcula
tions has been described elsewhere.7'9 The C -X  
stretching mode was taken as the reaction coordinate 
by setting the C -X  stretching force constant equal to 
zero, as is usual in model calculations when the po
tential surface for the reaction is not known.9 As
sumption of some negative value for this force con
stant would have no bearing on the result since the 
imaginary frequencies would be insensitive to deute
rium substitution.

In model A, we used the force constants reported 
in the literature for the ethylene molecule,10 and for 
the H -C -X  and C -C -X  bending force constant 0.1 
and 0.2 mdyn A, respectively. In stable molecules, 
the bending force constants for H -C -C  and H -C -S  
are about 0.6 mdyn A, and those for C -C -C  and C -C -S 
about 0.9-1.1 mdyn A; therefore, the H -C -X  and 
C -C -X  force constants in model A were assumed to 
be small in order to indicate a very weak bond be-

(8) J. Bigeleisen and M. Wolfsberg, Advan. Chem. Phys., 1, 15 
(1958).
(9) M. Wolfsberg and M. J. Stern, Pure A ppl. Chem., 8, 225, 325 
(1964).
(10) B. N. Cyvin and S. J. Cyvin, Acta Chem. Scand., 17, 1831 
(1963).
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tween C and X  and consequently a negligible pertur
bation of the configuration of the C atom.

In model B some of the force constants were altered 
in accordance with the structural changes. For the 
longer C-C bond the force constant was lowered from
10.8 to 8.0 mdyn/A, and because of the stronger C -X  
bond, the force constants for the C -C -X  and H -C -X  
bending motions were increased from 0.2 to 0.4 mdyn A 
and from 0.1 to 0.2 mdyn A, respectively. Recent quan
tum chemical calculations11 have indicated a decrease 
in the rotational barrier for the terminal methylene group 
in the activated complex and we accordingly lowered 
the torsional force constant in model B from 0.54 to
0.34 mdyn A.

The mass of X  was taken to be 15 in both models, 
thus representing a structureless methyl group. Var
iation of the mass of X  from 15 to 32 and 69 resulted in 
negligible small changes of the frequencies used in 
the calculation of the isotope effect.

The normal vibrational frequencies obtained from 
these calculations, with the corresponding values of 
the EXC and ZPE factors at 400° K, are collected in 
Table II for model A and in Table III for model B, 
respectively. For comparison, related frequencies of 
the ethylene molecule are also listed.

Table II: Values of the EXC and ZPE Factors Calculated
for Model A of the Activated Complex

---------Vibration, cm 1------
H Ha

\  /  H X II
C=C \  1 /

/  \  
H H

/ ~ \  
H H EXC ZPE

(EXC) X 
(ZPE)

c - c 1623 1625 1.000 0.999 0.999
stretch

c h 2 1342 1349 1.000 0.997 0.997
deform 1443 1444 1.000 1.000 1 .000

c h 2 1236 1236 1.000 1.000 1 .000
rock 810 811 1.000 1 .000 1.000

c h 2 943 9.56 1.002 0.986 0.988
wag 949 974 1.003 0.972 0.974

c h 2 1027 1046 1.004 0.993 0.996
twist 267 0.836 0.858 0.717

n(EX C)(ZPE ) = 0.685

a From ref 9.

The four normal modes assigned to the C-H  stretch
ing frequencies were assumed to remain unchanged in 
the activated complex and are not included in Tables 
II-IV. Similarly, the normal mode assigned to the 
C -C -X  bend, because of its negligible sensitivity to 
the deuterium substitution, is left out.

Table IV gives the potential energy distribution of 
the normal modes among the internal coordinates in

Table III: Values of the EXC and ZPE Factors Calculated 
for Model B of the Activated Complex

-------- Vibration, cm 1---------n
H Ha

\  /  H H
C=C \ __/

/  \ /  l\ (EXC) x
H H H X H EXC ZPE (ZPE)

C-C 1623 1544 0.999 1.010 1.010
stretch

c h 2 1342 1375 1.001 0.981 0.982
deform 1443 1448 1.000 0.995 0.995

c h 2 1236 1240 1.000 1.002 1.002
rock 810 810 1.000 1.000 1.000

c h 2 943 980 1.001 0.969 0.970
wag 949 1036 1.005 0.949 0.954

c h 2 1027 944 0.995 1.080 1.074
twist 380 0.874 0.788 0.689

n (EXC) (ZPE) =  0.677

“ From ref 9.

the ethylene molecule and in model A of the activated 
complex. It was calculated by the expression12

La 2Fjj - J - -100 
V

where L is the eigenvector matrix, F is the force field 
matrix, and \t is the eigenvalue for normal mode i. 
Table IV illustrates the fractional contributions of 
the diagonal terms of the force field to the normal modes 
and clearly shows the extent of the participation of 
the HCX bending coordinates in the different normal 
modes.

Discussion
In eq 1 the magnitude of the isotope effect is deter

mined by the product of the three individual factors, 
MMI, EXC, and ZPE.

It is evident from Table I that the values of the 
M M I factor are always greater than one and contribute 
toward a direct isotope effect regardless of the C -X  
bond distance or the mass of X . This follow's from 
the fact that addition reactions in general are accom
panied by an increase in the moments of inertia and 
this increase is always smaller for the deuterated than 
protiated molecule.

Inspection of Table II reveals that when no changes 
of the ethylene force constants are assumed in the 
transition from reagent to activated complex, that is 
when the reaction center preserves its original planar

(11) O. P. Strausz, H. E. Gunning, A. S. Denes, and I. G. Csizmadia, 
J. Amer. Chem. Soc., in press; O. P. Strausz, R. K. Gosavi, A. S. 
Denes, and I. G. Csizmadia, Theor. Chim. Acta, 26, 376 (1972).
(12) E. B. Wilson, J. C. Decius, and P. C. Cross. “Molecular Vibra
tions,” McGraw Hill, New York, N. Y., 1955.
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Table IV : Potential Energy Distribution of the Diagonal Elements of the F Matrix in the Ethylene Molecule and
in the Activated Complex (Model A)“

h * -c i - h < H fi- C 2- H 6
ou t o f  out of

N orm al
m odes

C ^ C 2
stretch

H 3-C 1-C2
bend

H ^ -C ^ C 2
bend

H 5-C 2-C1
bend

H 6-C 2-C *
bend

H 6 -C 2 -X
bend

H 6 -C 2 -X
bend

H3-CH-H4 HS-C^-H* 
torsion  torsion

plane
bend

plane
bend

c - c
stretch

94
(94)

1.5
(1.5)

1.5
( 1 5 )

1.5
(1.5)

1.5
(1.5)

c h 2
deform

5.2
(6)

23.7
(24.2)

23.7
(24.2)

23.7
(23.2)

23.7
(23.2)

c h 2
deform

25
(24)

25
(24)

25
(26)

25
(26)

CH2
rock

25
(27)

25
(27)

25
(23)

25
(23)

c h 2
rock

25
(25)

25
(25)

25
(24.5)

25
(24.5) (0.5) (0.5)

c h 2
wag (2) (2)

50
(59)

50
(37)

c h 2
wag (2) (2) (6) (6)

44
(35)

44
(49)

c h 2
twist (15) (15)

50
(35)

50
(35)

c h 2
twist (30) (30) (20) (20)

a Values are given in per cent. Bracketed figures refer to the activated complex (model A).

structure, the frequencies related to the frequencies of 
the reactant ethylene molecule are hardly changed. 
However, the mere presence of X  in the activated, com
plex with only a very weak bond to the carbon atom 
creates a new, highly isotope-sensitive vibrational 
degree of freedom, the frequency of which determines 
the value of the product of the EXC and ZPE factors. 
Furthermore, it is apparent from Table IV, that the 
new normal mode contains a significant contribution 
from the CH2 torsion coordinates in addition to that 
of the H -C -X  bending coordinates, therefore its fre
quency must be significantly high even in the case of 
only a very weak C -X  bond and correspondingly low 
H -C -X  force constant.

It should also be noted that a change in the mass 
of the reagent radical (X) between 15 and 69 has no 
discernible effect on the computed values of the isotopic 
rate ratio.

Model A with the described force field provides an 
inverse isotope effect ko/kn =  1.02. In view of the 
large difference from the experimental values, 1.07- 
1.14, it is unlikely that, as was proposed in the litera
ture,3 only a negligible deviation of the transition state 
configuration from that of the reactant could generate 
an inverse isotope effect with the experimentally ob
tained magnitude.

Wolfsberg and Stern9 attributed the secondary iso
tope effect to force constant changes in the reactant

when going over to the transition state. Our results 
illustrate that the creation of new vibrational degrees 
of freedom or the introduction of new force constants 
in the force field of the activated complex in the process 
of addition can generate an isotope effect even in the 
case when the force constants of the reactant are kept 
unchanged.

Table III illustrates the effect of altering the struc
ture and the force field of the activated complex. As 
X  approaches the C atom, the higher H -C -X  bending 
force constant will increase some of the normal fre
quencies to different extents.

It is seen from Table III that the frequencies of the 
activated complex related to the out of plane wagging 
vibrations of the ethylene molecule somewhat increased, 
but contrary to Streitwieser’s explanation,6 this change 
alone cannot account for the observed inverse isotope 
effect. The magnitude of the isotope effect is prin
cipally determined again by the newly created twisting 
vibration in the activated complex.

Model B with the described force field provides an 
inverse isotope effect, kv/kn =  1.04. If the effect of 
lowering the torsional force constant in the ethylene 
molecule is neglected, then ko/kn =  1.12. This gives 
an indication of the importance of the effect caused 
by the reduction of the rotational barrier of the terminal 
methylene group in the activated complex.

The value ko/kn =  1.12 calculated with model B
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without considering the reduction of the rotational 
barrier reproduces the experimentally obtained iso
tope effect. However, lowering of the torsional force 
constant in the ethylene molecule generates a direct 
isotope effect and decreases the calculated value for 
kD/kji. In this case the experimental isotope effect 
can only be approached by further increase of the 
H -C -X  and C -C -X  bending force constants.

The results obtained with model B show that the 
reproduction of the experimental value of /cd / / ch  re
quires H -C -X  bending force constant in the activated 
complex, about half as large as those in stable mole
cules. Although no physical theory exists at present 
which would relate the formation of a new bond to 
the accompanying changes in geometry and force 
constants of the reacting system, a gradual, probably 
linear, progression from initial to final state can be 
assumed. Therefore the relatively large values for 
the H -C -X  bending force constant in the activated 
state implies a stronger link between C and X  and 
consequently a significant deviation from the planar 
ethylene structure.

It should be noted that the related normal modes 
of the ethylene molecule and the activated complex, as 
it is apparent from Table IV, are not always identical. 
However, the formal resolution of the isotope effect 
according to individual frequencies shows clearly the 
profound influence of the change in the vibrational 
degrees of freedom on the isotope effect.

It can be concluded from our calculations that the 
isotope effect in addition reactions involving olefinic 
bonds is the result of several factors acting in opposite 
directions: the moment of inertia increases, therefore 
the factor MMI is always larger than unity, and the 
ZPE, owing to the increase in the force field by the 
creation of the new twisting vibration, always decreases. 
The values of the factor representing vibrational ex
citation are affected little by isotopic substitution. 
Consequently the product of the three factors giving 
kn/k-R, eq 1, will always lie close to unity by coincidence,

but it would be conceptually incorrect to relate this 
fact to the structure of the transition state without a 
detailed analysis.

Furthermore the present calculations clearly reveal 
that, contrary to the currently generally accepted 
notion, the main single source of secondary «-isotope 
effects in addition reactions involving olefinic bonds is 
the large increase in the force field caused by the crea
tion of new, isotopically sensitive normal mode in the 
course of the reaction and not the relatively small force 
constant change which accompanies the rehybridization 
of the central carbon atom. This rule applies for all re
active systems irrespective of the mass or nature of the 
attacking reagent and whether the reaction is a simple 
addition or a true cycloaddition. Naturally it follows 
that all previous interpretations of secondary «-deute
rium isotope effects in addition reactions must be reas
sessed.

In the previous study on the S(3P) +  C2H4 system 
the appropriate calculations could be carried out be
cause of the availability of a satisfactory model for 
the transition state from the combination of accumu
lated experimental data and detailed ab initio molec
ular orbital calculations.

At present there is no satisfactory physical model 
for interrelating force constant changes, and as their 
variations can be combined in many different ways 
to yield the same final results, agreement between 
calculated and experimental values generally cannot 
be considered as proof of a particular activated com
plex. Therefore, in lieu of additional information about 
the structure of the activated complex it would be 
pointless to calculate the numerical values of force 
constants of the activated complexes. Nonetheless, 
our results illuminate the problem of the origin of 
secondary isotope effect within the framework of tran
sition state theory.
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Interpretations of conductance, potentiometric, and spectrophotometric behavior of weak acids and bases in 
nonaqueous solvents have been made in terms of complex equilibria. A theoretical model was used which 
assumed possible existence of some or all of the following species: HA, H+, A- , AHA- , HAH+, (HA)2, A(HA)2- , 
H(HA)2+, (HA)a, A(HA)3~, and H(HA)3+. The effects of the various equilibrium combinations on the shape 
of —log A vs. —log C, E vs. —log C, and —log [A- ] vs. —log C plots are illustrated. Explanations in terms of 
appropriate equilibrium systems are given for slopes obtained from theoretical conductance, potentiometric, 
and photometric plots. Theoretical data from these models are compared with experimental conductance, 
potentiometric, and photometric data from the literature.

Introduction
Within the past 20 years many studies of acid-base 

equilibria in nonaqueous solvents have been under
taken.1-12 These studies have involved both amphi- 
protic and aprotic solvents and generally have utilized 
conductance,3’8 potentiometric,10’12 or spectrophoto
metric2’11 methods of measurement and have been done 
in both buffered and unbuffered solutions. Kolthoff 
has demonstrated that trace acidic or basic impurities 
can have a marked effect on acid-base equilibria in di
polar aprotic solvents.12 Hence, acid-base equilibrium 
studies at low concentrations (<10-3 M) in dipolar 
aprotic solvents may necessitate the use of an appro
priate buffer system.11’12 However, some successful 
acid-base equilibrium studies in these solvents have 
been accomplished without the aid of a buffer system. 
For example, Kolthoff, Bruckenstein, and Chantooni 
reported that picric acid exists in the form of (HPi)2Pi-  
at concentrations above 0.10 M  in acetonitrile. At 
these concentrations the effect of an acidic or basic im
purity in the solvent would probably be small. Also, 
Muney and Coetzee successfully studied the conduc
tance behavior of bases in unbuffered acetonitrile, AN, 
solutions.3 They gave special attention to purifying 
their solvent in such a manner as to minimize any acidic 
impurities.

The effect of trace acidic or basic impurities are not 
as pronounced in amphiprotic solvents such as glacial 
acetic acid,1 ethylenediamine,10 or tetramethylguani- 
dine,13 and measurements in an unbuffered system of 
highly purified solvent are usually possible. In amphi
protic solvents of moderate or low dielectric constant 
the phenomena of ion pairing has been well estab
lished.1’10 In dipolar aprotic solvents instances of 
association beyond ion pairing have been observed.2-6'12 
Evidence of this behavior also has been found by po
tentiometric and conductometric titrations.6'7'14 In 
cases where the degree of dissociation is small, the theo
retical treatments of Fuoss, Onsager, and Kraus play 
only a minor role in describing the equilibrium behav
ior.15-17

The purpose of this study was to develop models 
based on a generalized multiple equilibrium scheme 
which would yield qualitative and semiquantitative 
information as to the types and extent of the equilibria 
occurring. Thus, the bounds are defined within which 
experimental data for acids and bases in nonaqueous 
media must lie for a particular equilibrium scheme to 
be valid. It must be emphasized that the following 
models are intended for pure solvents only. A study 
presently is being conducted in order to determine the 
effect of various impurities on the equilibrium processes. 
The need for several experimental techniques to pro
vide unique explanations for some of the observed be
havior will become apparent. Also illustrated is the 
possibility of error in postulating a set of equilibria in
volving two or more parameters and then varying these 
to fit the data. Good agreement between data and

(1) I. M. Kolthoff and S. Bruckenstein, J. Amer. Chem. Soc., 78, 
1 (1956).
(2) I. M. Kolthoff, S. Bruckenstein, and M. K. Chantooni, ibid., 83, 
3927 (1961).
(3) W. S. Muney and J. F. Coetzee, J. Phys. Chem., 66, 89 (1962).
(4) J. A. Rutgers and M. DeSmet, Trans. Faraday Soc., 48, 639 
(1952).
(5) J. F. Coetzee and R. J. Bertozzi, Anal. Chem., 43, 961 (1971).
(6) I. M. Kolthoff and M. K. Chantooni, J. Amer. Chem. Soc., 85, 
426 (1963).
(7) I. M. Kolthoff and M. K. Chantooni, J. Phys. Chem., 70, 856 
(1966).
(8) C. M. French and I. G. Roe, Trans. Faraday Soc., 49, 314 (1953).
(9) J. F. Coetzee and R. J. Bertozzi, Anal. Chem., 41, 860 (1969).
(10) S. Bruckenstein and L. M. Mukherjee, J. Phys. Chem., 66, 2228 
(1962).
(11) I. M. Kolthoff, M. K. Chantooni, and S. Bhowmik, Anal. Chem., 
39, 315 (1967).
(12) I. M. Kolthoff and M. K. Chantooni, J. Amer. Chem. Soc., 87, 
4428 (1965).
(13) J. A. Caruso and A. I. Popov, J. Phys. Chem., 72, 918 (1968).
(14) S. L. Culp and J. A. Caruso, Anal. Chem., 41, 1329 (1969).
(15) R. M. Fuoss and C. A. Kraus, J. Am er. Chem. Soc., 55, 476 
(1933).
(16) R. M. Fuoss and L. Onsager, Proc. Nat. Acad. Sci. U. S., 41, 
274, 1010 (1955).
(17) R. M. Fuoss and L. Onsager, J. Phys. Chem., 61, 668 (1957).
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theoretical explanations is possible while the theory 
may be inherently incorrect.

Theory and Discussion
It may be shown that a simple dissociation of HA 

H + +  A -  will give a constant slope of —0.5 when —log 
A is plotted vs. —log C if the degree of ionic dissociation 
is not large. If ion-molecule conjugation is involved 
in the dissociation, 2HA H+ +  AHA- , the predicted 
slope is 0 or there is no dependence of conductance on 
concentration. Of special interest are conductance 
data which give slopes considerably more negative than 
— 0.50. French and Roe attempted to explain these 
slopes on the basis of eq 1 and 2 where ion solvation is 
assumed but not indicated.8

HA H+ +  A -  (1)
A "  +  HA ^  AHA-  (2)

Both paths of dissociation were assumed to make a sub
stantial contribution to the overall dissociation. How
ever, the application of this model to explain slopes 
appreciably more negative than —0.50 requires that 
the conductance of H+ plus AHA-  be negligible with 
respect to the conductance of H+ plus A - .

Slopes more negative than —0.50 also have been at
tributed to impurities in the solvent.18 Muney and 
Coetzee3 showed that dimer formation before dissocia
tion would give a —log A vs. —log C plot with a slope 
of —0.75. Since most conductance data are taken 
over ranges of 3 to 4 orders of magnitude in concentra
tion, the manner of dissociation dominant at one con
centration may be relatively unimportant at a different 
concentration. Therefore, in many cases the interpre
tation of conductance data cannot be made in terms of 
a single mode of dissociation.

In order to derive conductance data from the con
centrations of the various charged species predicted by 
the equilibrium model, some physical properties of the 
solvent such as the dielectric constant must be known. 
Kohlrausch's law is assumed to apply and the limiting 
ionic conductance of higher order species is assumed to 
be a fraction of the limiting ionic conductance of the 
simple ions as given by Harned and Owen.19 The ac
tivity coefficients of neutral species are assumed to be 
unity while those of charged species are calculated by 
the Debye-Hiickel limiting law.20 With the model 
presented, the extended Debye-Hiickel equation could 
be used if a constant ionic radius is assumed. How
ever, this refinement is unnecessary since all of the ac
tivity coefficients as calculated in this investigation are 
greater than 0.90. For illustrative purposes these cal
culations are based on a “ typical” solvent with a di
electric constant of 40 although other values could be 
used. The limiting ionic equivalent conductances of 
both the simple anion and cation arbitrarily are as
signed values of 80. These solution properties are not 
unlike those of many electrolytes in acetonitrile. The

Theoretical M odels for Acid-B ase Equilibria

shape of the —log A vs. —log C plot is primarily a func
tion of the equilibria present and is relatively inde
pendent of the physical properties of the system.

The equilibria given in eq 3-11 are used to represent 
the major reactions possible in the “ typical” solvent 
having the properties given above. The various equi
librium constants are represented in eq 12- 20.

HA H+ +  A -  (3)

A -  +  HA Zt-H AHA-  (4)

H+ +  HA HAH+ (5)

2HA (HA), (6)

A -  +  ( H A ) , ^  A (H A ),- (7)

H+ +  (HA), H(HA)2+ (8)

3HA ^  (HA), (9)

A "  +  (HA), ̂  A (H A ),- (10)

H+ +  (HA), H(HA)3+ (11)

K, = [H + ][A -]/2/[H A ] (12)

K 2 = [A H A -]/([A -][H A ]) (13)

K 3 =  [HAH+]/([H+][HA]) (14)

K< =  [(HA)2]/[H A ]2 (15)

K b = [A (H A ),-]/([A -][(H A ),]) (16)

Ae = [H(H A),+]/([H +][(H A),]) (17)

A 7 = [(HA)3J/[HA]3 (18)

Ks = [A (H A ),-]/([A -][(H A ),]) (19)

A 9 = [H(H A),+]/([H +][(H A),]) (20)

The equilibrium constant expressions as well as the 
electroneutrality and mass balance equations are 
treated appropriately and solved for the concentration 
of each of the particular species.21 This information 
is then used to calculate a theoretical conductance 
ultimately leading to a log A vs. log C curve.

This set of proposed equilibria includes all dissocia
tion mechanisms involving species up to the order of 
the most complex species assumed to exist (A(HA)3-  
and H(HA),+). Any other dissociation mechanism 
can be expressed in terms of the equilibria given in eq
3-11. Some typical examples are given in eq 21-23.

(18) A. D’Aprano and R. M. Fuoss, J . Phys. Chem., 73, 223 (1969).
(19) H. S. Harned and B. B. Owen, “The Physical Chemistry of Elec
trolytic Solutions,” 2nd ed, Reinhold, New York, N. Y., 1950, p 195.
(20) H. A. Laitenen, “Chemical Analysis,” McGraw-Hill, New York, 
N. Y., 1960, p 11.
(21) The mathematical derivations as well as additional conductance, 
potentiometric, and photometric plots with appropriate discussion 
will appear following these pages in the microfilm edition of this 
volume of1 the journal. Single copies may be obtained from the 
Business Operations Office, Books and Journals Division, American 
Chemical Society, 1155 Sixteenth St., N.W., Washington, D. C. 
20036. Remit check or money order for $4.00 for photocopy or 
$2.00 for microfiche, referring to code number JPC-72-3618.
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2HA H+ +  A H A - eq 3 +  4 (21)

(HA), H+ +  A H A - eq 1 +  2 -  4 (22)

3HA ^  H+ +  A (H A ),- eq 1 +  4 +  5 (23)

An analogous set of eq 3-11 exists for bases. Any man
ner of dissociation can be emphasized by a suitable 
choice of the magnitude of the equilibrium constants, 
i .e ., if an equilibrium constant is set to zero then this 
particular equilibrium is eliminated from the scheme.

The effect of ion pairing to form complex polymeric 
ions such as are shown in eq 24 can be included without 
major alteration of the above treatment.21

H+ +  A H A - H +AH A- (24)

The simplest type of dissociation is given by assigning 
K x a finite value and K 2 through K$ values of 0. This 
manner of dissociation is given by eq 3. Figure 1 
shows a family of curves obtained by varying the value 
of Ki from 10~12 to 10~6. These curves are nearly lin
ear and have slopes of approximately —0.50. This 
case is approached by all theoretical equilibria as the 
concentration approaches 0. Deviations from linearity 
are due to the lower activity coefficients at high con
centrations and the changing degree of dissociation, a, 
at low concentrations. This is most evident for the 
curve in which K\ has a value of 10-6. The approxi
mate slopes by calculation are —0.48 and —0.32 at 
concentrations of 0.316 and 3.16 X 10~6, respectively. 
It should be noted that the slope approaches a limit of 
0 as the concentration approaches 0, since a does not 
remain small with respect to unity as infinite dilution 
is approached.

3620

Figure 1. Conductance for ionization of HA. The 
equilibrium is HA <=± H + +  A - : A, Ki =  10-12; B, Ki = 
10- “ ; C; Kl = 10 —8• Dj Kl = 10-6.

N. G. Sellers, P. M. P Eller, and J. A. Caruso

- l o g  C

Figure 2. Conductance for ionization of HA involving 
autoassociation. The equilibria are HA H + +  A " and A~
+  HA <=± A H A ": A, K { = lO“ 10, K t =  500; B, Ki = 10"10,
K 2 =  200; C, Ki = 10-i°, K 2 =  50; D, AT = lO“ '», K 2 =  10.

For a singly charged species to associate with a neu
tral molecule as in eq 4, K 2 must be greater than 0. 
Figure 2 illustrates the variation in the shape of the 
curve with K 2 for a constant value of K\. At low con
centrations only the simple dissociation, eq 3, occurs. 
The slope varies from approximately 0 to —0.50 as 
shown in Figure 2. This type of behavior is typical of 
a singly charged species associating with an uncharged 
ion-pair or molecule. It makes no difference whether 
the charged species are anionic or cationic. For this 
model there is little effect on the conductance curves 
shown in Figure 2 by extensively changing the relation
ship between the limiting ionic conductivities.21 If 
both the anion and the cation conjugate with a neutral 
species, a maximum occurs. This behavior is obtained 
by making K h K 2, and K% greater than 0.21 The qual
itative effect of conjugation of ionic and neutral species 
on the shape of the curve is to continuously make the 
slope more positive as K 2 and K 3 are increased until it 
reaches a value of +0.50 at higher concentrations.21

Dimerization, in addition to simple ionization, can 
account for slopes more negative than —0.50. The 
theoretical slope of —0.75 is approached at higher con
centrations. At lower concentrations dimer formation 
becomes less important depending upon the magnitudes 
of K x and Ki. A family of curves is presented in Fig
ure 3 with Ki set equal to 10- 10 and iv4 given values 
from 0 to 10s. These curves show that the stronger 
the tendency to form dimers (higher Ki) the lower is 
the equivalent conductance at any given concentration. 
The formation of trimer species and simple dissociation 
gives a slope of —0.833 at high concentrations. By 
allowing the formation of higher order polymers, 
(HA)„, in addition to simple ionization, the slope ap-
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Table I

Major equilibrium Slope Intercept

H A f i H + +  A -  
2HA <=± H + +  A H A - 
3HA HAH+ +  A H A - 
(HA)2 <=>2H + +  2A - 
(HA)2 F i H + +  A H A -

3(HA)2 <=» 2H + +  2A(HA)2-

5(HA)2 2H(HA)2+ +  2A(HA)2-

- 7 »
o

+7»
-74
-7 «

-7 4

+  74

— ' A  log A , A o 2h a

— 7» log 4A’i.K2Ao2h+aha-
— 7s log 7/iiA217Ao2HAH+AHA “
-A ilogK A^^lAo+A]
— 7s log[(21filiL2/-A4)Ao2H+AEA-]

■ 74 log 

-74 log 7 “ — K^KsKf
L\ 32 32

;2/A 4̂

:H+A(HA)2

AoH(HA)2+A(HA)2
- ]

- l o g  C

Figure 3. Conductance for ionization of HA and dimerization 
of neutral species. The equilibria are HA f i H + +  A -  and 
2HA (HA)2: A, K, =  10 -“ , K , = 10s; B, Ki = 10“ “ ,
K, = 10«; C, Ki = 10“ , K t =  103; D, Ki =  1 0 -“ , K t =
104; E, Ki = 1 0 -“ , K t =  103; F, Ki =  10"“ , K t = 102.

proaches a limiting value of —1.00. However, the 
transition to the simple ion pair may occur at moderate 
concentrations (10~3 to lO-4 M), and unless the forma
tion constant, K n, is greater than 104, the effect of these 
species on the shape of the curve is insignificant.

The formation of charged conjugates involving dimers 
parallels the effects exhibited by the conductance 
curves cited above for simple conjugation. Singular 
conjugation tends to increase the slope to —0.25 as a 
limit at high concentrations and conjugation with both 
charged species gives a limiting slope of +0.25.21 
These types of conjugation are important at concentra
tions above 10~2 M.

Application of these types of results to a particular 
solvent can be used to make a qualitative and semi- 
quantitative analysis of experimental conductance 
data. It is advantageous to plot data in the form of 
— log C vs. —log A first and then speculate as to which 
equilibria are involved from the shape of the curves. 
This technique is more flexible than assuming two or at 
most three specific equilibria and then forcing the theo
retical model to fit the data by the proper choice of the 
magnitude of the required equilibrium constants. The 
information sought from the curve is the presence or 
absence of a maximum and inflection point and linear 
regions of one or more slopes. The slopes of the linear 
portions of the curve indicate the possible equilibria 
which are occurring in thar region. The intercept of a 
linear portion of the curve or its extrapolation is used 
to estimate the overall equilibrium constants for the 
particular equilibria predominant in this region. A 
few typical cases are shown in Table I. An indepen
dent value of the limiting equivalent conductance for 
the species of interest is necessary for calculating the 
appropriate K  from the intercept.

Select literature data for the conductance of acids 
and bases were evaluated in terms of the proposed 
model. When necessary, experimental data were taken 
from graphs instead of tables. Figure 4 shows plotted 
data for two bases studied by Muney and Coetzee.3 
The solid curve is that predicted by the theoretical 
model using the appropriate values for the equilibrium 
constants. It is not necessary to use only a portion of 
the curve for the evaluation as was done originally for 
dimethylguanidine. Good agreement is evident for 
the entire range of experimental data by using the equi
librium models proposed by Coetzee. It is of interest 
to note the change in slope toward a more positive value 
in the —log A vs. —log C plot for dimethylguanidine at 
higher concentrations. This change could possibly be 
explained by allowing formation of cationic or anionic 
conjugate species such as B2BH + at high concentra
tions. Data for hydrochloric and sulfuric acid taken 
from Kolthoff and coworkers2 also were evaluated in 
terms of the proposed model.21

Potentiometric measurements in solutions of acids
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Figure 4. Conductance of bases in acetonitrile taken from the 
literature. Points are experimental and lines are 
theoretical: A, 1,1-dimethylguanidine B +  SH <=± B H + +
S~, 2B (B)2, (Eli, +  B H + (B)2BH + ;
1,3-diphenylguanidine B +  SH B H + +  S - ,
BH+ +  B B H B +.

and bases depend on the application of the Nernst 
equation to the potential of an electrode reversible to 
hydrogen-containing ions. The dependence of such 
an indicator electrode upon solute concentration is 
given by E  = Ek° +  (RT/F) In aH, where the symbols 
have their usual meanings (Ek° contains all standard 
potentials, junction potentials, and reference electrode 
potentials). The factors of interest in potentiometric 
studies are the ionic equilibria involved and the degree 
of selectivity of the indicator electrode toward solvated 
hydrogen ion. While it is believed that the hydrogen 
electrode measures the “ escaping tendency’ ’ of a proton 
or responds to the solvated proton, included here are 
theoretical responses to solvated polymeric hydrogen 
ion containing species including HAH+, H(HA)2+, 
H(HA),+ . . . H (HA)„+.21a

It can be shown that the slopes of the potentiometric 
plots (E vs. —log C) depend on the equilibria involved.21 
Some evidence of large potentiometric slopes has been 
reported9 in nonaqueous solvents and two intersecting 
slopes also have been seen.10'13 As will be seen below, 
theoretical consideration of complex cations such as 
H (H A)re+ where n =  1,2,. . ., can alter potentiometric 
plots considerably compared to those in which only 
solvated protons are assumed to influence the indicator 
electrode.

The same equilibria as discussed above also apply 
here. It should be noted that the following Figures 
were plotted using (RT/F) In aH+ as the ordinate, E. 
This means that Ekb arbitrarily has been assigned a

N. G. Sellers, P. M. P. Eller, and J. A. Caruso

Figure 5. Potentiometry for ionization of HA involving 
autoassociation. The equilibria are HA <=̂ H + +  A -  and 
A - + H A f * A H A ": A, K l =  lO“ 30, K , = 500, K 3 through 
K 9 = 0; B, Ki =  10-10, Ki — 200, K 3 through Ks = 0;
C, Ki =  10“ 10, K 2 =  50, K 3 through K ,  =  0; D, Ki =  1 0 -“ ,
K 2 =  10, K , through K s =  0.

value of 0.00. The only effect this value has on the 
curves is to shift their vertical position. It does not 
alter the slopes which are diagnostic as to the type of 
equilibria. The potentiometric behavior of an acid, 
HA, dissociating according to eq 1 yields linear plots 
with slopes of —0.30 for values of the dissociation con
stant, Ki, ranging from 10~6 to lO-12.

Simple dissociation in combination with conjugation 
of the anion with the undissociated acid, as given by 
eq 1 and 2, causes the slopes of the potentiometric 
curves to change from —0.030 at low concentrations 
to —0.059 at high concentrations. These curves are 
shown in Figure 5. This behavior was observed by 
Bruckenstein and Mukherjee while studying the equi
librium behavior of phenols in ethylenediamine.10

The family of curves shown in Figure 5 also can be 
used to represent simple dissociation and conjugation 
with the proton, (HA H + +  A -  and H+ +  HA <=* 
H AH +) if the indicator electrode responds to HAH+ as 
well as H+. This similar behavior can be predicted 
by considering the electroneutrality equations, [H + ] 
= [A- ] +  [AH A-] and [A- ] = [H + ] +  [HAH+] for 
each case in combination with eq 12, 13, and 14.

If both anion and cation conjugate with the neutral 
species and the electrode responds to both H+ and

(21a) Note Added in Proof. It is not suggested that these species 
are either highly likely or unlikely in nonaqueous solvents, only that 
they should be considered possibilities as part of a general equilibrium 
scheme. It will be shown that the formation of HAH + may provide 
an alternate explanation for certain literature data.
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Figure 6. Potentiometry of hydrogen ion containing species.
K,  =  1 0 - “ , K 2 =  Kg =  0 ,  K t  =  1 0 5 , =  X 6 =  2 0 0 ,  K,  =

Kg = Ks =  0. aH refers to the activity of (---------- ) the sum
of H+ and H (HA)2+, (--------- ) H + only,
and ( .......... ) H (H A)2 + only.

HAH +, the slopes of the potentiometric plots approach
— 0.089 at high concentrations.21 Bruckenstein and 
Mukherjee noted this behavior for 3-methyl-4-phenyl- 
azophenol in ethylenediamine. They postulated the 
formation of HA2-  and (HA)2A -  at high concentra
tions. Slopes of —0.089 are obtained only if (HA)2A -  
is formed in the manner shown by eq 25.

3HA H+ +  (HA)2A - (25)

For the concentration range investigated, 10- 1-10 -3 
M, the assumptions of both cationic and anionic con
jugation mechanisms with response to both H+ and 
HAH + may be a plausible alternate explanation of the 
observed slopes. For an acid, HA, of the type repre
sented by 3-methyl-4-phenylazophenol, the formation 
of a species of the HAH + type seems reasonable.

An analogous case, involving the H(HA)2+ species 
(instead of HAH+), is shown in Figure 6. A potentio
metric slope of —0.068 is seen in concentrated solutions, 
with a decrease to —0.015 V in dilute solutions. If 
H(HA)3+ is formed, potentiometric slopes as large as
— 0.104 V are seen in concentrated solution.21 The 
conductance curves for these equilibria show minima in 
A at high concentrations and limiting slopes, d log A / 
d log C, of —0.75 at low' concentrations similar in shape 
to the curves shown in Figure 3 of the microfilm edition 
of this paper.21

The pairing of neutral species to form dimers in addi
tion to simple dissociation as well as conjugation of an 
anion, cation, or both with the ion pair (or molecule) 
also have been studied.21

In suitable solute-solvent systems, photometric 
methods can be used to determine the concentrations 
of the various species present. Beer’s law, A t =

b 2 i„ i neiC {) relates the concentration of these species to 
the measured absorbance22 where A t is the absorbance, 
b the light path, C  the concentration of the absorbing 
species, and e the molar absorptivity.

This relationship allows for the absorbance, at a par
ticular wavelength, of all species present. If conjuga
tion occurs, species such as AHA- , A(HA)2- , or 
A(HA)3~ may exist in addition to the simple anion, A - . 
Photometric data have been analyzed on the basis of 
identical spectral properties of A -  and higher order 
conjugates such as AHA-  or A(HA)2- . It also may be 
possible that these species have different molar ab- 
sorptivities and spectral properties. In either case the 
sum of the anionic species 2 i=0m[A(H A)j-] may be de
termined spectrophotometrically.

Photometric data can be displayed conveniently by 
plotting — log 2 i=o"[A(HA)j-] vs. — log C. The manner 
of dissociation of the solute then can be determined 
from the shape of these curves. It may be shown that 
data from an acid which undergoes simple dissociation 
as given by eq 1 will plot as a straight line with a slope 
of 0.5. In this case, [H + ] = [A- ]. From eq 12, [A- ] 
can be expressed in terms of the equilibrium constant, 
Ki, and the undissociated acid HA as shown in eq 26.

[A- ] =  ( l //) (A i[H A ])1A (26)

For small degrees of dissociation, [HA] may be approx
imated by C  and the activity coefficient by unity. 
Taking logarithims of eq 26 and substituting the above 
approximation gives eq 27.

log [A- ] = V , log C  +  V, log Ki (27)

This relationship shows that a lot of —log [A- ] vs. 
— log C  for an acid which undergoes simple dissociation 
will be linear with a slope of 0.5. If anion conjugation 
with the uncharged acid occurs, it can be shown that the 
predicted slope is 1. This slope also is obtained if the 
acid dissociates completely.

The simple dissociation according to eq 1 produces 
only the unconjugated anionic species, A - . For values 
of the dissociation constant, Ki, ranging from 10-6 to 
10-12, the relationship between —log [A- ] and —log C  
is linear with a slope of 0.5.21 At low concentrations and 
increased values of K h however, the slope increases and 
is approaching +1.0. This curvature is due to the 
degree of dissociation becoming appreciable as infinite 
dilution is approached.

Slopes of 1.0 are exhibited if the anion conjugates 
with the neutral species. This behavior is the same as 
that predicted for acids which dissociate completely. 
However, as the concentration decreases, conjugation 
becomes less and the slopes approach 0.50 w'hich indi
cates simple dissociation of a weak acid. This change 
of slope with concentration is shown in Figure 7. It

(22) H. A. Strobel, “Chemical Instrumentation,” Addison-Wesley, 
New York, N. Y., 1962, pp 152, 154.
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Figure 7. Photometry for ionization of HA involving 
autoassociation. The equilibria are HA H + +  A "  and 
A “  +  HA A H A -: A, K l = lO” 10, K t =  500, K 3 through 
K ,  = 0; B, Ki = 1 0 -“ , Kt =  200, K , through K ,  = 0; C,
Ki = 10 —10, Kt =  50, K 3 through K t =  0; D, Ki = 10—10,
Kt = 10, Kz through Kg = 0.

should be noted that the shapes of the curves in Figure 
7 are the same if only hydrogen ion conjugation occurs 
instead of anion conjugation. It is necessary to know 
the concentrations of the individual species of anion, 
A -  and AHA", in order to determine which type of 
conjugation is occurring. It can be shown that if 
strong anion conjugation occurs (large Ko), the con
centration of the simple anion, A - , remains constant 
with respect toC.

Equal conjugation of anion and cation to the neutral 
acid, HA, causes an initial slope of 1.50. As the con
centration decreases, the degree of conjugation de
creases and simple dissociation becomes the major 
reaction. If conjugation forms one complex species 
over the other, the slopes at high concentrations will lie 
between 1.0 and 1.50.21

Dimerization and simple dissociation produce slopes 
of 0.25. As the concentration decreases, the contribu
tion of the dimeric species becomes less and simple 
dissociation is predominant. Conjugation of either 
cation, anion, or both with the dimer increases the 
slope at higher concentrations. A maximum slope of 
1.25 occurs for an equivalent amount of cation and 
anion conjugation. This effect is shown in Figure 8.

The graphs plotted as —log S3=,07I[A(HA)i-'] vs. 
— log C are directly related to the potentiometric plots 
of (RT/F) In S3=0n aH(HA)+ vs. —log C. These 
curves are related through the Nernst equation and the 
condition of electroneutrality. Thus, the potentio
metric slopes are negative multiples of 0.0591 times 
the photometric slopes.21 Therefore, additional in
formation can be obtained from photometry only with 
respect to providing a means for evaluation of an 
Ek° for a selected system unless the various anionic

N. G. Sellers, P. M. P. Eller, and J. A. Caruso

Figure 8. Photometry for ionization of HA, dimerization of 
neutral species, and autoassociation of charged species with 
dimer. The equilibria are HA ^ H + +  A ", 2HA (HA)i,
A - + (HA), <=> A (H A )r , and H + +  (HA), H (H A),+ : A,
Ki = o 1 = 10“, Ki = 100, Kt = 0; B, Ki = 1 0 -“ ,
Ki = 106, Ki = 200, Kt = 0; C, Ki = 1 0 -“ , K i = 10«,
K b = 500, Kt = 0; D, Ki II O 1 =  10«, Kt = 500,
K 6 = 10 ; E, Ki = 1 0 -“ , Ki = 106, Kt = 500, K t ■■= 50; F,
Kt = 1 0 -“ , Ki = 106, K 5 = 500, Kt =■ 200; G, Ki II o -10>
K t = 10«, Kt = 500, Kt = 500.

Figure 9. Photometric data from literature of picric acid in 
acetonitrile. Points are experimental and lines are theoretical: 
reactions, HA H + +  A - , 2HA <=* (HA);,
A -  +  (HA), <=± A (HA),- .

species can be distinguished. If the various anionic 
species have identical absorbing characteristics, it is 
impossible to differentiate between cationic or anionic 
conjugation. Experimental photometric data were 
taken from Kolthoff, et al.,2 and are presented in Fig
ure 9. In this case the x and y axes are —log C and 
— log 23=0” [(HPi)3P i-], respectively. An excellent fit
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is obtained by assigning K, =  10~9, =  10~2, and
K 5 = 104. This model agrees with their postulation 
that the species Pi(HPi)2~ exists at concentrations 
higher than 0.1 M. Also, the slopes of their curves

agree with those of the theoretical model presented in 
Figure 8. It was not possible to obtain an adequate 
fit of the data by ignoring the formation of Pi(HPi)2~ 
and by assuming the formation of Pi(HPi~).

Kinetics of Adsorption of Mineral Acids on Alumina

Lj. Jacimovic,* J. Stevovic, and S. Veljkovic
Institute Boris Kidrich, Beograd, Yugoslavia (.Received M ay 8, 1972)

Rates of adsorption of H6Te06 and H3PO4 on alumina were examined in varying pH conditions at 25° with the 
purpose of estimating the nature and the extent of reactions of anions with -A1(0H)2(H20)3 sites. The experi
mental data were interpreted in terms of a multistage reaction, dominated by dissociative processes on the 
alumina. Two dissociation constants were introduced in a reaction model, based on the reaction of surface 
ions with anions in solutions. The reaction was found to be of one-third order in relation to acids, suggesting 
loose surface complexes having free orientation of anions.

The adsorption of mineral acids on alumina is gen
erally described in terms of the equivalent exchange of 
aqueous electrolytes with OH-  and H+ ions at the 
surface.1,2 Recently, it was shown that the equilib
rium distribution of these ions, at the solid-solution 
interface, is dependent on the concentration of H + 
ions in the solution.3 The occurrence of a charged 
(± )  or neutral surface has been attributed to the for
mation of metal-aquo complexes of the type

H +A -  B + O H -
[-A1(H20 )20H ]+ — [-A1(H20 ) ( 0H) 2]° 7 '  "

(pH < 7 .0 ) (pH > 7.0 )
[-A1(H20 )(0 H )0 ] -  +  h 2o

The accompanying ions, A -  and B+, may stay as 
counterions outside the primary hydration shell of the 
surface. In some cases, A -  can replace OH-  inside 
the complex, while B+ can react with the negatively 
charged complex. The final result is analogous to the 
ion exchange of these ions.

Existing data on the adsorption of acids do not take 
into consideration above double-layer characteristics 
of alumina. Kinetics of adsorption of electrolytes 
were not studied in details at low pHs, while some ther
modynamic studies at high pHs support the above 
scheme.3 It is, therefore, necessary to evaluate general 
kinetics of adsorption of acids in varying pH and con
centration conditions.

In the present study, we have investigated these 
phenomena by using H6T e06 and H3P 04. Their dis
sociation constants allow for a systematic study of the 
adsorption in a wide region of pH values. Available 
data show that their kinetics of adsorption were poorly

defined, being inconsistent with standard ion exchange 
kinetics.4'6 Our studies are aimed at the evaluation 
of an adequate kinetic expression which should describe 
the influence of surface equilibria (at the alumina) on 
the rate of adsorption. Our results fit a kinetic scheme 
which confirms that influence.

Experimental Section
Materials. The adsorbent used was aluminium 

oxide, Merck, Code No. 1078, particle size 100-200 
mesh. After washing with double distilled water, 
the oxide was dried for 24 hr at 140°. When necessary, 
the oxide was treated with 2.7 X 10-1 M  HC1 for 20 
hr at 25°. After removal of acid, samples were washed 
with distilled water until the reaction was neutral and 
were dried as above.

In some experiments, oxide Code No. 1097, Brock- 
mann type, was used.

X-Ray analysis showed that the oxide was mainly 
amorphous. According to data given by the manu
facturer, oxides No. 1078 and 1097 belong to the group 
“ for column chromatography,” which contains % and 
7 aluminas, produced mainly from Hydrargillite. 
Many geometric irregularities of oxide particles were

(1) F. Umland, Z. Elektrochem. Ber. Bunsenges. Phys. Chem., 60, 
711 (1956).
(2) K. C. Williams, J. L. Daniel, W. J. Thomson, and R. I. Kaplan, 
J. Phys. Chem., 69, 250 (1965).
(3) S. M. Ahmed, ibid., 73, 3546 (1969).
(4) S. Takahashi, E. Shikata and H. Amano, J. Nucl. Sci. Technol.,
7 (3), 130 (1970).
(5) P. R. Sinha and A. K. Choudhury, J. Indian Chem. Soc., 31, 
311 (1954).
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Figure 1. Particles of Al2Oa No. 1078 X  40 (Reichert 
binocular microscope).

revealed by microscopic examinations, as shown in 
Figure 1. The bulk material could be easily ground 
to very fine powder, indicating that the microstructure 
of the original gel is preserved inside the particles. 
It is probable that many channels between smaller 
aglomerates facilitate the penetration of liquids into 
the particles. Then most kinetics studies could be 
based on a homogeneous reaction model (used in case 
of reactions occurring in ion exchange resins) .6 Singu
lar actions of some specific surface sites are thus masked 
by the behavior of bulk material.

Both types of alumina, No. 1078 and 1097, had sur
face areas, as measured by N2 adsorption (BET, sorp- 
tometer, Perkin-Elmer-Shell), in the range 95-115 m2/g.

pHs of 10% suspensions in H20  were found to be 4.1 
(No. 1078) and 9.2 (No. 1097). According to data 
supplied by the manufacturer there are 0.2%  Cl“  and 
0.1% SO,2“  in No. 1078, and 0.1% Cl“  and 0.1%
SO,2- in No. 1097. The sodium content was deter
mined; samples No. 1078 and 1097 were first analyzed 
at the end of the standardization by H20 , the deter
mination of sodium being done by radioactivation 
analysis. Sample No. 1078 has 0.07% Na, while No. 
1097 has 0.4% Na. The treatment of the samples by
2.7 X  10“ 1 M  HC1 decreases the content of sodium in 
No. 1097 to 0.15%; sample No. 1078 is practically 
unaffected (0.06% Na). Other impurities were deter
mined spectroscopically: Fe (<20 ppm); Si (<20 
ppm); Cu, Ca, Ni, Mn, Mg, Zn, Ge, Be, and K (<10 
ppm).

The dissolution of A120 3 by mineral acids at low pHs 
was estimated by the complexometric titration of Al3+ 
ions with EDTA at pH 4.1 (the buffer was 1 M  acetic 
acid plus 1 M  ammonium acetate) ?  All reagents were 
of the pure analytical grade.

In most experiments acids marked by radioactive 
indicators were used.

32P tracer (Institute Boris Kidric) as H3PO, was 
used, diluted by carrier H3P 04.

Radioactive H6Te06 was obtained by the oxidation

of Te02 (BDH), previously irradiated in the RA re
actor in Vinca. After 9 months of cooling, Te02 was 
dissolved in 3.5 M  HN03 at a temperature close to the 
boiling point. KMnO, (1 M) addition, followed by 
H20 2, completed the oxidation. H6Te06 crystals were 
further purified by recrystallization from HNO 3 solu
tions.8

Adsorption Procedure. Adsorption measurements 
were carried out in aqueous solutions of acids, 1 g of 
A120 3 plus 10 ml of solution. Concentrations of acids 
and pHs of solutions were varied according to re
quirements of experiments, but the temperature was 
kept at 25° in all experiments. Dry alumina was added 
to acids. The suspension was constantly agitated 
during the equilibration. The equilibration time was 
2 hr, except in some tests aimed at the control of the 
solubility of A120 3. Adsorption yields were determined 
by the difference in radioactivity of the solutions be
fore and after the equilibration with A120 3.9 Use of 
radioactive isotopes enables direct estimates of acid 
distribution. Moreover, the appropriate dosage of 
the radioactivity assures an easy control of both, small 
and large adsorption yields of acids.

Measurements of the radioactivity of Te isotopes was 
done by the use of a single channel 7 scintillation 
spectrometer, while a <3 scintillation counter was em
ployed for 32P. The standard error in all measure
ments was 1%.

A controlling series of spectrophotometric measure
ments was performed, based on absorption of phos- 
phomolybdate complexes, as well as dilute ammoniacal 
solutions of H6Te06.10 These results were in satis
factory agreement with the radioactivity measurements.

Investigations of pH effects on the adsorption were 
performed in presence of either NaOH (1 M) or H N 03 
(1 M), avoiding standard buffer solutions because of 
possible secondary adsorption of these ions. pH values 
at the end of the equilibration were used.

Results and Discussion
Rates of Adsorption. Rates of adsorption were 

studied in solutions ranging from 1.2 X 10~3 to 1.2 X 
10_1 M. The equilibration times for H6TeOe were 
below 2 hr, while they could not be precisely defined 
for H3PO.i, because of its chemical attack on alumina. 
Data on the dissolution of alumina in H3PO, are given 
in Table I. Therefore, all calculations which were 
based upon equilibrium values were related to H6T e06. 
Two-hour values for H3PO, were used as a rough ap
proximation in calculations of adsorption isotherms,

(6) M. Ishida and C. Y. Wen, AIC hE  J., 14,311 (1968).
(7) E. Wanninen and A. Ringbom, Anal. Chim. Acta, 12, 308 (1955).
(8) L. F. Andrieth, Inorg. Syn., 3, 143 (1950).
(9) Lj. Jacimovi6, S. Veljkovi6, and N. Ajdacic, Radiochim. Acta, 
12, 49 (1969).
(10) F. Snell and C. Snell, “Colorimetric Methods of Analysis,” 
Vol. II, Van Nostrand, New York, N. Y., 1955, p 683.
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Table I :  Kinetic Data for Adsorption of H6T e0 6 and H 3P O 4 on A120 3 (No. 1078 and 1097) at 25°

Y mi 10“ 1 mmol/ Yco,a 10-1 mmol/ k' , sec-1 — %Al2Oa
Reacting system g of AI2O3 g of AI2O3 ¿(50%), sec [&(sec-1/ 8)]8 dissolved

H6T e0 6 (1078)*'
1.2 X 10- 3-3.5 X 10“ 2 M 1.61 35 1.0 X 10- 2
1.04 X 10“ 1 M 2 . 0 2 38 0.92 X 10“ 2
1.04 X 10“ 1 M  +  ALOs pre 1 . 6 6 1 1 0 2.6  X lO“ 3

treated by HC1 
1.04 X 10- 1  M  +  AI2O3 satu 0.41

rated by 1.1 X 10 ~l M  H 3PO4

(1097)
1.2 X 10~3-3.5 X 10~ 2 M 2 . 2 0 32 1.05 X 10' 2

H3PO4 (1078)c
11 X 10_8-4.0 X 10- 2  M 3.86 — 10 0 < 0.35
1.1 X 10- 1 M 3.33d 160 0.90

(1097)
1.2 X 10_3-3.8 X 10-"-M 4.25 — 10 0 < 0.42

HC1 (1078)
2.8 X lO” 1 M 1.35

“ Two hours. b pH 4.0. c pH = 2.20. d Y „  = 5.8 after 20 hr equilibration.

Figure 2. Linear Langmuir plots, H 6T e0 6 +  AI2O3, T =  25°: 
O, (1078); and V, (1097).

limited to lower concentrations of acids. Then, the 
error in data for H3P 04 was between 5-10%, while 
above 1.0 X 10_1 M  it was 15%, the adsorption being 
found to continue even after 20 hr.

Linear Langmuir plots were constructed for both 
acids whose concentration was below 5 X 10-2 M. 
The slope of the relation C/Y vs. C gives 1 /F m, where 
Ym is the monomolecular layer of adsorbed acid, Y is 
equilibrium value of adsorbed acid, C is equilibrium 
concentration of residual acid in solution. Plots are 
are given in Figures 2 and 3. Adsorption of H6T e06 
on alumina No. 1097 is included in Figure 2 for com
parison purposes. Fm for H3P 04 is twice the value

Figure 3. Linear Langmuir plot, H 3P O 4 +  A120 3 

(1078), T =  25°.

for H6Te06, but it was found later that this is due to 
different pHs of solutions.

Although the applicability of the Langmuir equa
tion is limited to lower concentrations, the above data 
serve as an indication of the reversibility and the 
statistical distribution of processes on fixed sites on 
alumina.1’2

At concentrations above 5 X 10-2 M, the adsorption 
is sufficiently complex to impose deviations from linear
ity in above plots. Most data were found to obey a 
Freundlich isotherm of the type F = kClln, with n =  3 
for HeTeCb and n «  2.76 for H3P 04. Because of these 
complexities, we have limited our kinetic studies to 
systems whose concentration was between 3 X 10~2 
and 1.1 X 10' 1 M.
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min

Figure 4. Adsorption rate of H6T e06 (3.5 X 10-2 M )  on 
A120 3, T =  25°: •, (1078); (O) (1097); V, (1078) 
pretreated by HC1.

Figure 5. Adsorption rate of H3P 04 (4.0 X 10~2 M)  and 
NH4H2P 0 4 (4.0 X 10 -2 M )  on A120 3 (1097).

Regarding rates of adsorption, our data show no 
clear trend. Fast initial reactions were observed with 
both acids. Some typical plots are shown in Figures 
4 and 5. For H6T e06 on A120 3 No. 1078 and on AI2O3 
No. 1097, amounts adsorbed within first 5 min were 
found to be 76 and 85% of the corresponding equi
librium values. With H3P 0 4 and both aluminas 65- 
70% of an estimated adsorption plateau were obtained. 
Because of errors mentioned above, all data on initial 
rates should be given in mmoles of adsorbed acid, 
without references to t„. Such a presentation will be 
done in further sections, while a general kinetic analysis 
will be based on data for H6Te06.

The above data could not be fitted to ion exchange 
kinetics, neither grain nor solution diffusion controlled.11 
Most data for H6Te06 were fitted with a fair accuracy 
to an exponential law which has already been applied

Lj. Jaóimovic, J. Stevovió, and S. Veljkovic

Figure 6. Application of eq 1 to the adsorption of H6T e0 6 on 
A120 3: •, 3.5 X 10 -2 and 1.04 X 10“ 1 M  (1078); O, 3.5 X 
10“ 2 M  (1097); V, 1.04 X  lO“ 1 M  (1078) pretreated by HC1.

to the adsorption of H20  vapor on A120 3.12 This ex
pression was generally used to describe the diffusion- 
controlled precipitation of a new phase in heteroge
neous systems13

1 — F — exp (—ktlln) (1)

F =  Y/Y„ (F „ =  the adsorption yield after 2 hr). 
The best fit was found for 1/n = y 3, as shown in Figure
6. Here, the new phase may be considered as an en
samble of small particles (or domains) having the 
shapes of spheres, rods, or plates. The kinetic law 
exponent n was found to vary with the growth habit 
of particles.14 1/n  =  3/ 2, 4A> and 5/ 2 for above 
mentioned shapes. 1/n  «  x/ 2 if complete edgewise 
impingement of thin plates takes place at an early 
stage of their precipitation.13 In many instances the 
kinetics of impurity precipitation on dislocations was 
found to be well represented by eq 1, where 1/n  = y 2, 
2/ 3, etc.16,16 The same applies to the annealing of 
vacancies on dislocations.16 A general equation of the 
same form was used to describe kinetics of adsorption 
of C 02 and NH3 on glass17 and of H2 and 0 2 on plat-

(11) C. B. Amphlett, “Inorganic Ion Exchangers,” Elsevier, Amster
dam, 1964.
(12) T. Papyjczak, Zesz. Nauk Politech. Lodz., Chem., 19, 58 (1969).
(13) D. Turnbull, “Solid State Physics,” Vol. 3, Academic Press, 
New York, N. Y., 1956, p 256.
(14) C. Wert and C. Zener, J. Appl. Phys., 21,5 (1950).
(15) S. Harper, Phys. Rev., 83, 709 (1951).
(16) R. Balluffi and D. Seidman, Phil. M ag., 17, 843 (1968).
(17) E. B. Maxted and C. H. Moon, J. Chem. Soc., 1542 (1936).
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inum.18 However, these data could be better rep
resented by the Elovich equation; Y =  (2.3/a) log 
(1 +  aat), where a and a are constants. Since this 
equation is best understood in the light of a constant 
site generation and decay in the course of adsorption,19 
the validity of both equations is justified. In fact, data 
for HeTeCh in this work could also fit the Elovich 
equation. We prefer the use of eq 1 in order to demon
strate the extensive rearrangement of surface layers 
in presence of aqueous solutions.

Kinetic parameters for the adsorption of H6Te06 on 
samples No. 1078 and 1097 are given in Table I.

Hydrated Alumina. Data in Figures 4 and 6 and in 
Table I illustrate the fast adsorption of H6Te06 on 
alumina. A decrease in the rate of adsorption of 
H6Te06 was found on samples with preadsorbed H3PO4 
( « 2  X 10~4m ol/gof AI2O3) and HC1 (traces). H3P 04 
may block a great part of the surface being readily 
adsorbed on alumina. HC1 is less reactive. Data 
in Table I demonstrate the corresponding reduction 
of adsorption yields. Beside these competitive effects, 
these acids impose further alterations of surface layers 
by dissolving more than 1%  A120 3 (equivalent to 2 X 
10"~4 g-ions of Al3+/g  of A120 3). In case of a reversed 
procedure, they may desorb completely preadsorbed 
H6Te06 (~ 2  X 10~4 mol/g of A120 3). Similar effects 
were noticed in earlier works.1'4 The site density 
remains the same in all above processes, suggesting 
that an equilibrium distribution of reacting Al-hy- 
droxy (or aquo) complexes is established prior to any 
surface reaction. Kinetics of adsorption of acids 
should, therefore, reflect some basic traits of that 
equilibration.

The comparison of rates of equilibration of alumina 
in H20  (as shown by pH changes of 10% suspensions 
in water) and rates of adsorption of HeTeCh is pre
sented in Figure 7. At least, the initial rates appear 
to be determined by similar kinetics.

The hydration of alumina by excess water is a com
plex process, which is influenced by the initial state of 
dry oxide.20'21 A great deal of the rearrangements of 
surface hydroxyls and molecular water may take 
place. The transition of -y-Al20 3 to Boehmite was 
suggested by de Boer,22 while Kipling and Peakall23 
postulate the formation of a Gibbsite-like surface. 
Peri20 takes care of the extensive mobility of surface 
ions, the transfer of protons, the formation of hydrogen 
bonds, the crowding of water molecules on some crystal 
faces, and of processes on surface defects. Obviously, 
most of these processes belong to mentioned groups of 
reactions, whose kinetics were found to obey eq 1.

The hydration of our samples was done partly in the 
course of their standardization (c/. Experimental Sec
tion). The amount of residual water was determined 
by drying samples for 20 hr at 400°. (Although great 
errors might be induced by drying in air,20 this procedure 
gives rather useful informations). Weight losses of

min

Figure 7. Rates of equilibration of A120 3 in H20  (•, X ) and of 
adsorption of H6T e06 (3.5 X  10~2 M )  on A120 3; •, (1097); O, 
(1097); X , (1078); V, (1078).

samples No. 1078 and 1097 were 3.4 and 3.7%, respec
tively. The surface coverage, based on the surface 
area equal to 100 m2/g , should correspond to 12 mole
cules of H2O/100 A2. Part of that is bound in the 
form of hydroxyls, while other part is held as mo
lecular water. In the presence of aqueous solutions, 
these layers may be rearranged easily.20 The final 
structure, in form of aquo complexes, described in 
ref 3, is highly probable. It is in fact, similar to a 
Gibbsite-like surface.

In view of above changes, the validity of eq 1 is 
justified. The exponent l/n «  V* should reflect 
present fast processes, as well as an easy coalescence 
of hydrated regions. That may be due to multilayer 
deposits of H20  (slow penetration through solids being 
less probable) .20,23 Internal hydrogen bonding and 
specific packings (ice-like and liquid water-like struc
tures) in these deposits might impose some limits to 
the site density for adsorption of acids; 1-2 sites/ 100 
A 2 (based on data from Table I and a surface area, 
S =  100 m2/g  of A120 3). The reaction stoichiometry 
should therefore take care of geometric factors rather 
than chemical equivalencies. Equation 1 has served 
well to that purpose. However, its general nature, 
analogous to Elovich equation, requires further in
vestigations in order to get details on the mechanism 
of adsorption of acids on alumina.

(18) E. B. Maxted and N. J. Hassid, Trans. Faraday Soc., 29, 698 
(1933).
(19) H. A. Taylor and N. Thon, J. Amer. Chem. Soc., 74, 4169 
(1952).
(20) J. B. Peri, J. Phys. Chem., 69, 211, 220 (1965).
(21) R. L. Venable, W. H. Wade, and N. Hackerman, ibid., 69, 317 
(1965).
(22) J. H. de Boer, Angew. Chem., 64, 563 (1952).
(23) J. J. Kipling and D. B. Peakall, J. Chem. Soc., 834 (1957).
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Figure 8. Adsorption yield (2 hr) of 1.1 X 10-1 M  H3P 04 on 
Al2Os (1078) vs. pH of final suspensions.

Interpretation of Rate Processes
The available evidence suggests that the distribu

tion of aquo complexes on alumina should depend on 
the concentration of protons.3 In view of that most 
surface reactions including the adsorption of electro
lytes should depend on pH.

We did a series of measurements of reaction rates in 
the pH range from 1.0 to 11.0. Care was taken to 
avoid large pH and concentration oscillations in the 
course of the work. Therefore, 1.1 X 10-1 M  H3P 04 
was used, while the concentration of less reactive 
H6T e06 solutions was kept at 3.5 X 10-2 M  (compara
tive solutions of 1.04 X 10“ 1 M  were also used). pHs 
of these solutions were 1.6 and 4.1 (and 3.9). Ad
justment of pH to higher or lower values was made by 
adding small quantities (0.2-1 ml) of 1 M  NaOH and 
1 M  H N 03 to initial solutions. pHs of mixtures of 
adjusted solutions and A120 3 were determined at the 
end of adsorption with the aim of correlating all rate 
data to a single representative pH value. The varia
tions of pHs in the course of adsorption were in general 
less than 15-20%, the greatest changes occurring in 
solutions of acids alone, especially in H3P 04. How
ever, the use of a more concentrated acid was avoided 
because of possible acceleration of chemical reaction 
with alumina. A detailed study of these phenomena 
in the system A120 3-H 3P04 will be presented elsewhere.24

Illustrations of pH influence on the adsorption 
rate of acids, based upon 2-hr yields and representative 
pHs, are given in Figures 8 and 9. Adsorption yields 
are given in mmole per gram A120 3 in order to avoid 
errors in relative yields (notably in H3P 04 solutions). 
Analogous curves were found for 5-min yields and same 
pHs.

It is evident that both acids behave in the same way, 
their maximum adsorption being practically the same, 
*  4 X  10_1 mmole/gram of alumina (1 X 10-1 M  
initial solutions of acids). Furthermore, both acids

4 -

W
1 - */s

------------ 1-------------1________ i________ i________ i________ u
2 4 6 8 10 12

pH

Figure 9. Adsorption yield (2 hr) of 1.1 X 10 M  H6T e06 on 
A120 3 (1078) vs. pH of final suspensions: •, 3.5 X 10-2 M;
O, 1.04 X 10-> M.

are fully dissociated to monovalent ions at pHs of 
maxima; 4.2 for H3P 04 and 8.5 for H6Te06. This may 
be checked by calculating the concentration of each 
ion according to the relation

(A -) = [ I W (H + )  +  A ah](AH) (2)

AfHaPop = 7.52 X 10-3 M  and A(H6Teo6) = 6.82 X 
10 ~7 M  at 25°.25 Such a behavior is consistent with the 
anion exchange of weak acids.11

It is therefore easy to explain enhanced adsorption 
of both acids on Na-rich Brockmann alumina (sample 
No. 1097) shown in Figures 2-5. Its alkalinity suffices 
to shift the pH of suspensions toward higher values, 
where higher adsorption yields could be measured.

Nevertheless, most data fit eq 1 better than standard 
equations of ion exchange kinetics. We may there
fore suspect the final products of adsorption to be 
rather complex. In fact, an (A~)'/s dependence of 
reaction rates was determined. That is easily checked 
by comparison of data for 3.5 X 10~2 and 1.04 X 10_1 
M  H6Te06 in Figure 9. Calculations on that basis 
were simplified by taking maximum adsorption yields 
at pH 4.2 and 8.5 to be equal to 100%, all other yields 
being expressed as per cent values. However, some 
deviations were found below pH ~ 4 .0  for H6Te06.

According to ref 3 an alumina surface should be 
neutral at higher pHs, while positively charged aquo 
complexes are formed at pH ~4.0. Our results may be 
due to this difference. Since our surfaces bear great 
similarities to Al(OH)3, they may be analyzed in the 
light of dissociation processes of this hydroxide. Al- 
(OH)3 begins to dissociate at pH 8.0 to Al(OH)2+ 
and OH- , the dissociation constant being K\ = 1.29 X

(24) Z. Todorovic, to be submitted for publication.
(25) “Gmelins Handbuch der Anorganischen Chemie,” System 
No. 11, Verlag Chemie, Berlin, 1940, p 299.
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Figure 10. Application of eq 3 to the adsorption of 1.1 X 10-1 
M  H3P 0 4 and 3.5 X 10“ 2 M  H6T e06 on A120 3 (1078). VT and 
Fo = AF/5 min, V0 at pH maximum. •, calculated values;
O, experimental values.

10-5 M .26 The second dissociation step, to Al(OH)2+ 
and OH- , takes place at pH 5.5 (with A n  =  3.68 X 
10-e Af.26 Hydrated forms correspond to conjugate 
acids of these ions, A1(H20 )(0 H )2+ and A1(H20 )2- 
(OH)2+, their dissociation constants being K ' = 10-14/  
Aiand A "  =  10-14/A n , respectively.

At the surface of alumina one OH group of Al(OH)3 
is substituted by a lattice bond to the A1 atom. How
ever, the remaining two OH groups could undergo the 
same changes as those described above. Then, re
actions at high and low pHs should be influenced by 
the dissociation constants of hydrated ions A ' and A " .  
According to our data and to the above discussion, 
the transition should take place in the pH range 4.0-5.5.

A final rate expression may be suggested

VT = kTSei{K' (or A " )(A ~ )1/j (3)

where Fr represents the reaction rate (in mmole per 
gram oxide, per 5 min or per 2 hr), and Sett the con
centration of reacting Al-OH complex in a hydrated 
form whose dissociation is specified by A ' and A ” .

The applicability of eq 3 was demonstrated by using
5-min values. A plot of Fr/F 0 vs. pH for both acids 
was constructed, F0 being the reaction rate at the maxi
mum, as seen in Figure 10.

The agreement of calculated and experimental 
values is satisfactory, even for H6Te06, below pH 4.0. 
The use of A ' and A "  is justified. We may therefore 
assume that surface reactions of Al-OH complexes 
and aqueous electrolytes depend primarily upon surface 
equilibria between aquo complexes, and also upon the 
protonization of hydrated oxide.

To specify more closely the conditions under which 
the adsorption of acids takes place, we recall that the 
steady-state concentration of active sites could be

given by the relation27 Ns = N0b(A~)/(j +  b(A - )), 
where N 0 is the maximum possible number of sites, 
and b and j  are constants, that is, numerically equiva
lent to a fractional order (A - ) 1/m(rn > 1 ) . If the rate 
of spontaneous interaction with adsorbed A -  is k^Ns 
(kd is included above iny), the initial rate of reaction 
is of the same fractional order, as is the case of eq 3, 
where l/m = l/ 3. N0 is proportional to SenK' (or 
A  " ). If we assume Sea to correspond to the amount of 
H20  necessary to form a monomolecular layer, then 
we take the coverage of 7 molecules of H2O/100 A 2,20 or
1.1 X 10-3 mol of H20/gram  of oxide (1 H20 /14  A 2), 
whose surface is 100 m2/g . This value is somewhat less 
than those based on dimensions of surface O-  ionso
(0~/6.74 A2).20 For a two-dimensional hexagonal 
configuration of closely packed layer, suggested by 
Emmett and Brunauer,28 the above coverage gives 
1 mol of H20  per 9 X 108 cm2. In view of variations 
of surface packings, the conversion of a number of 
cm2 to number of moles which cover them should be 
based on a conversion factor ~  108. All constant values 
in eq 3 could be represented by a new constant k+ — 
Ayl08A '(A " ) .  In aqueous suspensions, multilayer 
deposits of water are formed on A120 3 and they impose 
a geometric concept of the reaction order. Simple 
geometric considerations of the surface-to-volume 
distribution of active water allows for the relationship 
Sen ~  (Ceff)2̂ .58 Since 10% suspensions of alumina 
were used in this work, true molar density of surface 
aquo complexes should be 1.1 X 10- 1ibT.

By introducing measured changes of (A - ) in eq 3, 
Fo = 1.77 X 10-2 M  per 5 min and (A0~) =  3.5 X 
10-2 M  H6Te06, the following result is obtained: k+ 
~  10-3 sec-1, kT «  10-2 sec-1. Calculations of k' 
(k from eq l ),3 based on Figure 6, give the same order 
of magnitude, k ~  10-2 sec-1, as seen in Table I.

Chemical Effects
Data in Table I illustrate the solubility of A120 3 in 

acids. The choice of working conditions in the study 
of reaction rates was carefully made in order to avoid 
great solubility errors; for instance, the mixture of 1 M  
H N 03 plus 1 X 10-1 M  H6Te06 (pH 1.0) dissolved 
0.5% A120 3 within 2 hr. Solutions whose pH was above
2.5 were inactive. Combinations of H N 03 and H3P 04 
were more reactive; at pH 1.0, 1.12% A120 3 was dis
solved, and at pH 1.60 in pure 1.1 X 10-1 M  H3P 0 4 
0.9% was dissolved. Above pH 2.8 the dissolution 
was less than 0.4%. After 5 min, only one-third or 
less of above values was detected.

The validity of eq 3 was therefore demonstrated by 
using 5-min data, as shown in Figure 10.

(26) V. A. Nazarenko and E. M. Nevskaia, Zh. Neorg. Khim., 14, 
3215 (1969).
(27) K. H. Lin, Ind. Eng. Chem., 60, No. 5, 61 ; No. 7, 56 (1968).
(28) P. H. Emmett and S. Brunauer, J. Amer. Chem. Soc., 59, 1533 
(1937).
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Although the choice of working conditions secures 
reliable kinetic conclusions, any work at low pHs 
should be avoided, and under extreme conditions the 
kinetic data were unusable. For instance, washing of 
AUO3 five times with 2.8 X 10“ 1 M  HC1 (2 hr each) 
reduced H6TeC>6 adsorption at pH 8.5 to such an ex
tent that the rate curve could not be constructed. 
Five-minutes values were higher than the rest of the 
curve, while the error in measurements surpassed 20%. 
The adsorption yield was less than 25% of the original 
values. The same reduction of adsorption yields was 
found when alumina was previously equilibrated with 
1 X 10- 1 M  H3P 04.

Conclusion
Equations 1 and 3 describe reaction kinetics of 

adsorption of electrolytes on alumina. They are 
equally applicable to all the compounds studied: H3- 
PO4, H6Te06, and their monovalent sodium salts. 
Reaction rates are influenced by ionic equilibria in 
the solution and at the surface of alumina, and hence 
on dissociation constants of acids and on dissociation 
constants of aquo complexes on the alumina surface: 
K(H ip o , ) ,  ^ ( H , T e o e) ,  K ', and K " . It is therefore 
possible that ion exchange takes place in the course of 
adsorption. Measured rates suggest a different reac
tion mechanism, which is dominated by the solvation 
of the oxide surface. The alumina trihydrate surface 
reacts readily with protons giving two types of charged 
species, the transition point being in the pH range 4.0-
5.5. These species could react with monovalent anions 
according to a 1:1 stoichiometry. The establishment 
of the steady-state conditions should impose a frac
tional reaction order with respect to concentration of 
anions, while additional modifications are due to geo
metric parameters of the surface layers. This model 
is consistent with basic principles of the homogeneous 
model of reactions (gas-solid, liquid-solid) in a spher
ical particle.6 A schematic presentation of reaction 
steps should be as follows.

-0 -A 1 -0 -A 1 -0  +  4H2Oaq = 2 (-A1 (H20) (OH) 2) aq

3632

(-A 1(H20 ) (OH)2)aq +  H+ = (-A1 (H20 ) 2OH) aq+

(-A 1 (H20 ) 2OH) aq + +  X -  =  (-A l(H 20 )20 H )X aq

The polarization of hydrated alumina, suggested ear
lier to take place in acid media,3 was shown to be an 
important reaction step in the kinetics of acid adsorp
tion.

The distribution of anions in between surface hy
droxyls is described by Data in Table I
give Yco ~  2-4 X  10~4 mol of acid/'gram of A120 3. 
In fully hydrated monolayer, C eff(H!0) =  1-1 X  10-3 
mol/gram of A120 3. Obviously, a 1:3 relation is the 
best approximate. Since polyhydroxy complexes with 
A1 atoms could be formed, the stoichiometry related 
to A1 should be different. A similar relation to surface 
hydroxyls was found for phosphate anions adsorbed 
on other metal oxides (zirconium, thorium, cerium).29 
On account of this an effective area of 40 A 2 per phos
phate molecule was suggested.29 The radius of theo
phosphate molecule is 2.74 A, while the radius of crys
talline A1 hydrates is near to 3.2 A .80 The adsorption 
of H3PO4 (and H6TeOe) on alumina should be there
fore described in terms of a heterogeneous reaction, 
instead of exchange of anions and surface OH groups. 
The incompatibility of dimensions is even greater 
when related to OH groups, their surface being less 
than 10 A2.30 According to ref 29 the mentioned dis
tribution of anions in surface layers is the indication 
of a relatively free rotation of sorbed species. If the 
chemical interaction is small in relation to the adsorp
tion (e.ff., with H6Te06) adsorbed anions participate 
in the formation of double layers on the surface of 
alumina.3 Our kinetic calculations support these sug
gestions.
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The surface of a porous glass is characterized by KC1 concentration cell membrane potentials interpreted by 
a Donnan-Planck model that includes the dissociation constant of fixed-ionic sites. The best fit is obtained 
with a two-site model with fixed-on concentration of T1 = 0.017 and !T2 = 0.177 m with dissociation constants 
Ki — 3.9 X 10-3 and K2 = 5.0 X 10-7. These surface concentrations of acidic sites correspond quite closely 
to the bulk concentration of A I 2O 3 and B 2O 3 , respectively.

Introduction
The study of glass surfaces is complicated by the in

stability and heterogeneous nature of an amorphous 
solid which can be contaminated by trace species. Be
cause of its extremely high surface area, the use of a 
porous borosilicate glass minimizes some of the prob
lems due to trace contamination and may offer a rea
sonable model surface for the borosilicate glass in gen
eral laboratory use.

This report describes the determination of the disso
ciation constants for Brpnsted acid groups on a boro
silicate porous glass surface from membrane potentials 
of a KC1 concentration cell with varying pH. The 
theoretical model is based on a Donnan-Planck ion 
distribution concept applied to an ion exchanger con
sidered as a quasihomogeneous phase in which one 
ionic species (the fixed ionic groups) is immobile. This 
model was first successfully applied to membranes by 
Teorell1'2 and Meyer.3 It has been critically discussed 
by Teorell,4 Helfferich,6 and Spiegler.6 The basic con
cept of the Teorell-Meyer theory has been confirmed 
by many experimental results.5,6

Previous approaches to the study of the acid groups 
found on porous glass have involved aqueous titra
tion,7 infrared techniques,8-17 and emf measure
ments.18,19

The aqueous titration method used by Altug and 
Hair7 suffers from the fact that silica is attacked by 
alkali, and, therefore, the nature of the surface may be 
modified during the titration.20 In addition, this 
approach may not have sufficient sensitivity to detect 
small concentrations of polybasic surface sites.

Hair and Hertl17 used an infrared method to cal
culate the dissociation constants of well-defined surface 
hydroxyl groups on porous mixed-oxide systems. 
Their method would not apply to Brpnsted acid sites 
produced by tetrahedrally coordinated aluminum or 
boron.21,22

Other infrared studies have examined the nature of 
active sites on porous glass.8-16 There is general agree
ment that in addition to silanol groups there are sur

face B-OH groups12-14 and surface sites demonstrating 
Lewis acidity which have been assigned to trigonally 
coordinated boron.9,11-14

The previous emf studies of porous glass membranes 
have shown the applicability of the Teorell-Meyer 
model but have ignored the weak electrolyte character 
of the surface acid sites.18,19 The present study in
cludes the dissociation constant and the hydrogen ion 
activity in the bulk and interfacial region to gain addi
tional information about the nature of these acid sites. 
In addition, it is demonstrated that the Teorell model 
may be extended to include the more general case of 
fixed ionic groups having finite dissociation constants.23

(1) T. Teorell, Proc. Soc. Exptl. Biol. M ed., 33, 282 (1935).
(2) T. Teorell, Z. Elektrochem., 55, 460 (1951).
(3) K. H. Meyer and J. F. Sievers, Helv. Chim. Acta, 19, 649 (1936).
(4) T. Teorell, Progr. Biophys. M ol. Biol., 3, 305 (1953).
(5) F. Helfferich, “ Ion Exchange,” McGraw-Hill, New York, N. Y., 
1962.
(6) K. S. Spiegler and M. R. Wyllie in “Physical Techniques in 
Biological Research,” Vol. 2, G. Oster and A. W. Pollister, Ed., 
Academic Press, New York, N. Y., 1956, p 301.
(7) I. Altug and M. L. Hair, J. Phys. Chew.., 71, 4260 (1967).
(8) A. N. Sidorov, Zh. Fiz. Khim ., 30, 995 (1956).
(9) M. Folman and D. J. C. Yates, Proc. Roy. Soc., Ser. A, 246, 32 
(1958).
(10) L. H. Little, H. E. Klauser, and C. H. Amberg, Can. J . Chew., 
39, 42 (1961).
(11) N. W. Cant and L. H. Little, Can. J. Chew., 42, 802 (1964).
(12) I. D. Chapman and M. L. Hair, Trans. Faraday Soc., 61, 1507
(1965) .
(13) M. L. Hair and I. D. Chapman, J. Amer. Ceram. Soc., 49, 651
(1966) .
(14) M. J. D. Low, N. Ramasubramanian, and V. V. Subba Rao, 
J. Phys. Chem., 71, 1726 (1967).
(15) M. J. D. Low and N. Ramasubramanian, J. Phys. Chew., 71, 
3077 (1967).
(16) N. W. Cant and L. H. Little, Can. J. Chem., 46, 1873 (1968).
(17) M. L. Hair and W. Hertl, J. Phys. Chem., 74, 91 (1970).
(18) I. Altug and M. L. Hair, ibid., 72, 599 (1968).
(19) L. S. Hersh, ibid., 72, 2195 (1968).
(20) K. C. Bryant, J. Chem. Soc., 3017 (1952).
(21) J. J. Fripiat, A. Leonard, and J. B. Uytterhoeven, J. Phys. 
Chem., 69, 3274 (1965).
(22) K. H. Bourne, F. R. Cannings, and R. C. Pitkethly, ibid., 74, 
2197 (1970).
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Experimental Section
Porous Glass Disks. Alkali borosilicate glass was 

made into 39 mm diameter, 0.65 mm thick disks for 
phase separation and acid-leaching treatment. The 
glass was heated for 3 hr at 580° and then cooled at 
80°/hr. After being soaked for 15 min in a 10% 
NH4HF2 solution and rinsed with distilled water, the 
disks were leached and washed at 95° for 24 hr each in
1.0 A  and 0.1 A  H N 03 and 48 hr in 0.05 M  KC1, re
spectively. The disks were then heated in air at 800° 
for 2.6 hr. A final wash was given in 6 A  HC1 at 95° 
for 5.5 hr. The disks were then washed in doubly dis
tilled water until brought to a steady pH of 5.7.

A BET N2 adsorption analysis of the porous glass 
gave the surface area as 175 m2/g  with a pore volume of 
0.35 cm3/g. The pore volume distribution, as deter
mined by the Kelvin equation, had a very sharp peak at 
a radius of 27 A. The same glass had a measured com
position of (%  by wt) 95.5 Si02, 3.6 B20 3, 0.46 A120 3, 
0.28 K20 , and 0.23% Zr02 (Table III).

Membrane Potentials. The cell used is shown in 
Figure 1. Three electrodes were inserted into the so
lution on each side. These were (1) Corning mono
valent cation electrode (Cat. No. 476220), (2) Corning 
pH electrode (Cat. No. 476022), and (3) Fisher calomel 
reference electrode, saturated KC1 (Cat. No. 13-639-57). 
The reference electrodes were carefully chosen for ex
tremely low KC1 leak and low noise in dilute solutions. 
They were left in the measuring mode at all times. 
The cation and pH electrodes were used to check the 
level of K+ and H+ before and after the emf difference 
between the two calomel electrodes was determined. 
The membrane potential was taken as the difference 
between the readings of the calomel electrodes ob
served for the case when identical KC1 solutions were in 
both cells 1 and 2 and when the concentrations A 2+/  
K i+ = 2. Differences in the liquid junction potential 
at the calomel electrodes were neglected. Tempera
ture was maintained at 23.5 ±  0.3°. The voltages of 
the cation and pH electrodes were measured with a 
Corning Model 12 research pH meter and a Leeds & 
Northrup 11-in. recorder. The calomel electrode’s 
voltage difference was measured with a Keithley 150B 
microvoltmeter and Keithley 370 recorder.

The porous glass membranes were equilibrated over
night in the more concentrated KC1 solution at pH 
values of 3.0, 4.0, and 5.7 ±  0.05. This was repeated if 
a change in pH was observed. All the solutions were 
allowed to equilibrate with C 02 in the atmosphere. 
Doubly distilled water was used to make up all solu
tions and washes.

The measurement of Em as a function of KC1 con
centration and pH was performed using two different 
methods. In one, the pH was held constant, and the 
KC1 concentration was both increased and decreased. 
In the other approach, the KC1 concentration was 
constant, and pH values of 3.0, 4.0, and 5.7 were em-

Figure 1. Side and top view of emf cell: 1, Lucite; 2, porous
glass membrane; C, tightening nut; 4, Teflon-covered 
magnetic stirrers.

ployed. There was negligible hysteresis in either case 
of varying KC1 concentration or pH. Each voltage 
measurement reported at a particular pH and KC1 
ratio is an average of measurements made with six 
different glass membranes. The standard deviation 
for each membrane and the pooled standard deviation 
was about ±0.3 mV.

Theory
A porous glass membrane is an open skeletal silicate 

framework containing the ions dissolved in water as the 
internal electrolyte. We are assuming that aside from 
tortuosity factors, the pores are large enough that the 
internal electrolyte can be considered similar to the 
bulk solution. From this we imply that the activity 
coefficients and the mobility ratios are the same in the 
bulk and membrane phases.

The derivation and basic assumptions have been pre
sented by Teorell.2,4 His model consists of the appli
cation of the Nernst-Planck equation together with 
Planck’s concept of a constrained diffusion layer. We 
have further introduced the more general condition of 
finite dissociation constants for the fixed-ionic sites.23

For KC1 concentration cell membrane potentials at 
varying pH we have the electroneutrality conditions in 
the solution and membrane phase

K+  +  H+ = C l- (1)

and

H+ +  K+  = £ A ( +  c i -  (2)

respectively, where X t represents the concentration of 
fixed dissociated sites of species i. The OH-  has been 
omitted since the ratio C D /O H -  is at all times >  105. 
The requirement of Donnan equilibrium implies

(23) H. P. Gregor, J. Belle, and R. A. Marcus, J . Amer. Chem. Soc., 
77, 2713 (1955).
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H+ K + Cl~

As previously stated, the various activity coefficients 
are assumed to be the same in the bulk and membrane 
phases. The bar indicates the membrane phase.

The fundamental difference between this model and 
the Teorell model is that finite dissociation constants 
for the charged sites are assumed, therefore

and q and k are related by the equation

= 2 C2+ +  (1 +  g )X 2 
2Ci+ +  (1 fi- q )X  i

The third equation needed to complete the solution 
relates £ and k

U2£ -  Ui _  Cs+£ -  Ci+ In k -  In £
Vt -  fi£ ~~ Ct~ -  Ci- £ In k +  In £

Ki =
H + -X t

HXi
. . where(4)

0  =  Ci+Ui +  C2+U2 +  . . .
where the ratio of activity coefficients is assumed con
stant.

Each different species of site has its own K. We 
furthermore have the condition that the sum of the 
dissociated sites and the associated sites must be equal 
to the total number of sites of that type

Tt = X t +  HXt (5)

The meaning of T, the fixed-ion concentration, has 
been discussed by Helfferich5 and Spiegler.6 In this 
case, the quasihomogeneous membrane phase consists 
of the surface concentration of acid sites considered as 
homogeneously distributed throughout the aqueous so
lution contained in the membrane pores.

With a knowledge of K +, Cl~, and H +, the T/s and 
the K /s  eq 1-5 are sufficient to determine all the un
knowns at the boundary. Unfortunately the equa
tions are nonlinear. Combining eq 4 and 5 we obtain

X i =
KjTj

H+ +  Ki (6)

and

V =  C r V :  +  C2~V2 +  . . .

Here Ci is the concentration of anions or cations at the 
fth interface. L\ and Vk are the bulk solution mo
bilities of the /cth cation and anion, respectively. A , 
is the concentration of dissociated fixed ionic sites at 
the fth interface. The solution of these three equations 
in three unknowns must again be done numerically.

The Donnan potential is, of course, known when the 
concentrations at the interfaces are kn own. If

_ K+
r ~ K  +

then the Donnan or boundary potential is

RT r2E b =  —  In -

and the total membrane potential is

Em =  E b fi- Er>

Inserting (3) and (6) into (2) results in the following 
equation

H+ +
K+H+

H+
KjTj

^ H +  +  K t fi ez-
H+
H+ (7)

Using Newton-Rapheson techniques this may be 
solved for H+, and all other concentrations at the 
boundary follow immediately. For a single species of 
site, eq 7 becomes an ordinary cubic which may be 
solved analytically. In the limit of large K t, this re
duces to the result of Teorell.4

These results establish the concentration at the inter
faces, and a knowledge of these concentrations and the 
ion mobility ratios enables the calculation of the diffu
sion potential through the Planck diffusion theory. 
Following Teorell’s notation,4 the diffusion potential 
Ed is

f i r ,
Eb -  —  In £

where £ may be determined by the equation 

In £ =  q In k

With a given set of solutions, pH ’s and membrane 
potentials the TVs and K t’s can be determined by as
suming a set of T’a and K t’s, calculating the membrane 
potentials at the given solutions and pH ’s and com
paring the results with the measured potentials. The 
residual sum of squares

S =  X)(-®meas _  Ecai„d)2

is then minimized.

Results
The experimental values of the average Em are 

plotted in Figure 2 vs. log 1 /K2+ at pH values of 3.0, 
4.0, and 5.7. The solid lines are theoretical values 
of Em calculated from a two-site model with fixed-ion 
concentrations of T\ =  0.017 m and T2 =  0.177 m and 
with dissociation constants K\ =  3.9 X 10~3 and K 2 = 
5.0 X HD7. The data were also fitted to two addi
tional models: a single site, completely dissociated, 
and a single site, finite dissociation constant.

The two simpler models gave distinctly poorer fits to 
the data. This is summarized in Table I. The in
clusion of finite dissociation constant in the single site
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Figure 2. Two acid site model; Ti =  1.7 X 10 2 m, Ki =  
3.9 X  IO"3, T i  =  1.77 X IO"1 m ,K t  =  5 X IO"7.

model did, however, greatly improve the fit over the 
customary Teorell model. Statistically the prob
ability is greater than 0.9999 that the two-site model is 
a better representation of the actual phenomena than 
the single-site model.

Table I : Analysis of Variance of the Three Models

Total Residual
sum of sum of

Model squares squares

One site, completely 760.4 248.9
dissociated

One site, finite dissocia- 760.4 32.7
tion constant

Two site, finite dissocia- 760.4 4.4
tion constants

This is borne out in a predictive test of the model as 
shown in Figure 3. Here we have plotted experimental 
values of Em obtained with NaCl at pH 5.7 and 25°. 
The three curves represent calculated values of Em ob
tained from the various models using constants derived 
from the KC1 data only. The only change made was 
to convert the mobility of potassium in the equation 
for the diffusion potential into that of sodium. The 
value 5.19 X lO“ 4 cm2/sec V was used for the mobility 
of Na+. The best fit is obviously that of the two-site 
model, and the agreement over three orders of mag
nitude of concentration is good support for both the 
model and the values of K  and T determined from KC1 
solutions.

Due to the nonlinearity of the model, it is difficult to 
place confidence bands on the estimates of K  and T; 
however, the variables were not highly correlated and 
the results could be considered wrell defined to approx
imately 10%.

In Table II we present calculated values of the pH in 
the membrane phase at various bulk KC1 concentra
tions and pH at 25°. These calculated interfacial 
pH’s may be used to approximate the hydrogen ion

Figure 3. Calculated vs. experimental values of membrane 
potentials for NaCl concentration cell at pH 5.7 and 23.5°:
------ , one site, complete dissociation;---------- , one site, finite
dissociation; ---------- , two sites, finite dissociation.

concentration at a glass-aqueous solution interface 
{e.g., Corning Code 7740 borosilicate glass) under con
ditions of similar ionic strength. The Donnan equilib
rium conditions at the interface that determine the pH 
depend on ionic activity and do not depend on ionic 
mobilities.

Table I I : Calculated pH in the Membrane Phase as a 
Function of Bulk KC1 Concentration and pH at 23.5°

K t * , ------Solution pH------------------N
M 3.0 4.0 5.7

0.002 2.47 3.14 4.67
0.004 2.60 3.38 4.91
0.008 2.73 3.61 5.12
0.0125 2.81 3.73 5.24
0.025 2.89 3.85 5.40
0.032 2.91 3.88 5.45
0.050 2.94 3.92 5.52
0.10 2.97 3.96 5.60
0.20 2.99 3.98 5.65

Discussion
Altug and Hair18 have performed a similar study 

using a porous glass of slightly different composition. 
Their results may be directly compared with ours. 
They applied Teorell’s extended fixed-charge theory, 
but they neglected two aspects of our approach: (1)
the effect of H + on both the boundary and internal po
tential and (2) a dissociation constant for the fixed- 
charge groups.

By omitting these factors, Altug and Hair18 could 
not explicitly rationalize some of the data, e.g., a de
pendence of T  on the pH of the bulk solution. For the 
case of KC1 solutions at pH 5.0 and 5.7, they obtained 
“ best-fit”  values of T of 0.04 and 0.06 M, respectively.
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Using our two-site model we calculate values of disso
ciated fixed sites of 0.025 and 0.052 M  for our porous 
glass at the corresponding pH’s. A large discrepancy 
between observed and calculated values was also ob
served by Altug and Hair for HC1 concentration cells. 
This difference— the observed values vrere always 
lower than the calculated— increased with increasing 
H+. This lowering of Em which results largely from 
the effect of H + on the dissociated fixed site is predicted 
by our model.

In an earlier study, Altug and Hair7 examined the 
alkali cation uptake of the same glass used in their emf 
work. Their titration data indicated that the K + up
take from KC1 solutions at pH 5.0 and 8.5 is about 4 X 
10-3 and 1 X 10-1 mequiv/g, respectively. At pH 5, 
their uptake value converts into 0.045 m for exchanged 
fixed sites, which is in fair agreement with our cal
culated value of 0.025 m for 2X t using the two-site 
model. However, their value at pH 8.5 is equivalent 
to 1.1 m  of dissociated sites. Our two-site model pre
dicts a maximum concentration of about 0.2 m .

Altug and Hair7 also used the cation uptake values to 
calculate a dissociation constant for the fixed site. 
Using a method derived by Helfferich,6 they obtained a 
value of 1.6 to of fixed sites with a A  of 1.6 X 10-6 at 
25°. Their K  is about 30 times the value we calculated 
for Kn (5 X  10-7, 0.177 to). It is easy to explain why 
Altug and Hair missed the more acidic site (type 1). 
The cation uptake of 1.7 X 10-2 to of fixed sites 
amounts to about 6 X 10-3 mequiv/g which is below 
the range of their data.7

A greater discrepancy results from the combined 
effect of Altug and Hair’s cation uptake value of 1.6 to 
and a A  of 1.6 X 10-6 to. . Using the latter values, we 
calculate 0.22 to of dissociated sites at pH 5. Our 
model yields a value of 0.025 to, an order of magnitude 
less. In addition, their predicted value of 0.22 to at 
pH 5 is inconsistent with their own cation uptake at 
this same pH. A conversion of 0.22 to yields a cal
culated cation uptake value of 1.94 X 10~2 mequiv/g 
which is at odds with their observed values of 4 X 10-3 
mequiv/g at pH 5.18

This internal inconsistency of Altug and Hair’s 
titration data could be rationalized by the effect that 
alkaline solutions have on the structure of silica mate
rials. The anomalously high values of fixed-site con
centration and A  may have been caused by the break- 
dowm of the silica network caused by the lengthy con
tact of their porous glass with solutions whose pH 
ranged about 7-9.

We now turn our attention to the chemical nature of 
the fixed-acid sites on porous glass. If the effective 
area of a surface silica site24 is 12.5 A2, the fraction of 
sites corresponding to our two-site model is about 0.3 
and 2% for the concentrations 1.7 X 10-2 and 0.177 to, 
respectively (Table III). Of course, the emf data are 
not sufficient to identify the chemical nature of the

acid sites. The similarity between the emf-derived 
acid site concentrations and the bulk concentrations of 
any oxide may be fortuitous.13 However, assuming no 
extremely large concentration gradients, such that the 
surface concentration of either A120 3 or Zr02 is an order 
of magnitude greater than their bulk concentration, the 
weaker acid site (type 2) should correspond to boron.

Table III : Chemical Composition of the Porous Glass 
Membrane and Surface Site Concentrations

O xide M o l %
%  of

surface sites

Si02 96.3
B2O3 3.13 2 . 1  type 2
AI2O3 0.27 0.26 type 1
k 2o 0.179
ZrO-2 0.113

There are other experimental data that imply that 
the stronger acid sites on porous glass (type 1) are pri
marily a result of the presence of alumina. Recent 
spectroscopic studies with boric oxide-silica systems 
have shown that surface boron atoms are not catalyti- 
cally active sites for olefin reactions16 reported pre
viously with porous glass.10 Earlier work indicated 
that a surface leached porous glass which affected the 
A120 3 and Zr02 contents, but not the B20 3, showed less 
ability to polymerize and isomerize hydrocarbons.10 
Furthermore, there is no evidence of the presence of 
adsorbed NH4+11,18’14'16 or pyridinium ion25 resulting 
from the gas phase adsorption of ammonia and pyr
idine on porous glass, as is the case for similar adsorp
tion on silica-alumina.16'22'26 The reaction on silica- 
alumina is presumably between Br0nsted acid sites and 
the above bases, and is shown by

surface — H +  > N surface-  •—HN+—

Summary
The surface of borosilicate porous glass is believed to 

be polybasic in the Br0nsted acid sense. In addition to 
the weakly acidic silanol and boronol sites there are low 
concentrations of at least two additional Br0nsted acid 
sites whose A ’s have been estimated by the present 
report to be about 3.9 X 10-3 and 5 X 10-7. These 
more strongly acidic sites are believed to result from 
the presence of aluminum and boron on the surface of 
porous glass.

(24) R. K. lier, ‘ Colloid Chemistry of Silica and Silicates,” Cornell 
University Press, Ithaca, N. Y., 1955, pp 242-248.
(25) M. L. Hair, “ Infrared Spectroscopy in Surface Chemistry,” 
Marcel Dekker, New York, N. Y., 1967, p 118.
(26) J. E. Mapes and R. P. Eischens, J. Phys. Chem., 58, 1059 
(1954).
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Ion distribution between polybase-collodion membranes and aqueous salt solutions was measured and could 
be described by an effective charge density, following the association model for polyelectrolyte solutions. The 
osmotic factor, <pPJ derived from these measurements is close, but not equal, to that measured in the correspond
ing polybase solutions. The effective charge density resulting from the equilibrium measurements was intro
duced into the equation for salt rejection, derived previously for the TMS model. Satisfactory agreement with 
measured rejections was found.

Introduction
In a previous publication,1 salt rejection was cal

culated for membranes described by the simple Teorell, 
Meyer, and Sievers (TMS) model. These model cal
culations predicted the influence of flow rate, mem
brane, and electrolyte parameters on salt rejection. 
Some of the conclusions of the model calculations were 
tested in polybase-collodion membranes and qualita
tive agreement between experiments and model cal
culations was obtained.2

The aim of the present work is the establishment of a 
quantitative correlation between coion uptake and salt 
rejection. For this purpose, the simple TMS model 
had to be modified to take into account the electro
static interaction between the charged matrix and the 
counterions.

Models
The basic assumption of the TMS model is the homo

geneous distribution of fixed charges and of ions 
throughout the membrane volume. The model as
sumes also the ideality of the interstitial solution and, 
consequently, ideal Donnan distribution of salt between 
membrane and external solutions.

In fact, it was shown long ago that the distribution 
of ions around polyionic chains in solutions is not 
homogeneous, but may be represented by a diffuse 
double layer. Correspondingly, in charged mem
branes, the ion distribution in pores is far from being 
homogeneous; counterion concentration is larger along

the pore walls and solution passing in a region removed 
from the wall will find itself in a weaker electrical field 
than that caused by the original charge density.

The association model developed in the course of the 
study of polyelectrolyte solutions3'4 offers a simple and 
convenient way to describe the thermodynamic be
havior of polyelectrolyte solutions. Instead of repre
senting the ion distribution around the polyions by a 
continuous function of distance, the association model 
assumes a step function; up to a certain distance from 
the polyion all the counterions are “ bound”  or “ im
mobilized;” from that distance all are “ free.”  In other 
words, only a certain fraction of counterions is available 
to participate in the Donnan equilibrium.

In the original association model proposed by Wall, 
et al.,3 it was assumed that the fraction of free coun
terions is identical, whether determined by equilibrium 
or by transport measurements. It was found, how
ever,4 that although transport phenomena may be 
interpreted by the association model, the fraction of 
free counterions is not identical with that determined 
by equilibrium measurements. In the following, we 
will use the original association model for an estimate of

(1) E. Hoffer and 0. Kedem, Desalination, 2, 25 (1967).
(2) E. Hoffer and O. Kedem, ibid., 5, 167 (1968).
(3) J. R. Huizenga, P. F. Gregor, and F. T. Wall, J. Am er. Chem. 
Soc., 72,2636, 4228 (1950).
(4) A. Katchalsky, Z. Alexandrowicz, and O. Kedem in “Chemical 
Physics of Ionic Solutions,” B. E. Conway and R. G. Barradas, Ed., 
Wiley, New York, N. Y., 1966.
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the polyelectrolyte effect, although the process of hyper
filtration is a typical transport process. We will as
sume, as in the TMS model, that the interstitial solu
tion is an ideal one, but the counterion concentration is 
given by the “ free”  counterions.

The Donnan equilibrium between solution and mem
brane, at the interface is then given by

ci c2 X  -|- cs c3
— ------------------------------ ------ Cs2 (.1)

0W 0W 4>-w

where c2 is the coion concentration per cubic centimeter 
of membrane phase, identified with the salt concentra
tion cs, ci is the concentration of free counterion per 
cubic centimeter, X  is the effective charge density, and 
ca is the salt concentration in the external solution. 
Here, as in the treatment of polyelectrolyte solutions, 
it was assumed that the activity coefficient of the co
ions is unity.

Equation 1 may be written in terms of the coion dis
tribution coefficient between external and intersticial 
solutions, K, defined by

cs<K-

(X/ (cs<t>w) +  K )K  =  1 (2)

Hence, the experimental determination of the coion 
distribution coefficient gives also the effective charge 
density or free counterion concentration.

Experimental Section
Polyamine-collodion membranes have been pre

pared by cross-linking polylysine in a collodion mem
brane. The collodion membrane was cast from a 3% 
collodion solution in 50% ether, 48% ethanol, and 2% 
water. This solution was spread on a glass plate with 
a casting knife of 1.2-mm thickness, and the collodion 
membrane was formed after immersion of the glass 
plate in water. Adsorption of polylysine (PL-HBr, 
mol wt 6900, purchased from Miles Yeda Chemicals) in 
the collodion membrane is achieved by keeping the 
membrane for 5 days in a 5% polylysine solution. 
The polymer solution contained 1 M  sodium chloride 
buffered to pH 8.6. The polymer was mechanically 
fixed in the collodion support by air drying the mem
brane for 30 min. Then, the cross-linking of the 
polymer in the membrane was carried out by immersing 
the membrane in a pH 8.6 buffer solution which con
tained 0.5 ml of a 25% glutaraldehyde solution. After 
30 min, the membrane was rinsed and hyperfiltration 
experiments were started. If the flow rate was larger 
than 0.04 cm/min at 200 psi, additional air-drying of 
the membrane was allowed (15-30 min).

For the determination of sodium or chloride concen
tration in the membrane, the membranes were equili
brated with solutions of sodium chloride containing trace 
amounts of 22Na. After equilibration, the membrane

was blotted with filter paper and washed under shaking 
with 3 vol of another, more concentrated electrolyte so
lution. These volumes are combined and samples of 
22Na are counted, together with samples of the original 
solution, in a Packard Auto Gamma Counter. In the 
same samples, chloride was analyzed with the Aminco 
Cotlove Automatic Titrator. The amount of liquid in 
the membrane was determined from the difference in 
weight between the blotted membrane and the dried 
one.

Hyperfiltration experiments were performed in a 
stainless steel cell with a nitrogen cylinder as pressure 
sources. Stirring of the feed was provided by a mag
netic stirrer placed at a small distance above the mem-

Table I : Electrolyte Distribution Coefficients and Rejection 
in a Polylysine-Collodion Membrane (PL-174)“

C oncn of 
equ ilib ra ting  

solu tion
Coion concn, 

equiv/1 . X 103 K ' R j R (exptl)

0.005 1.08 0.22 66 77.8
0.0098 2.36 0.24 61.5 63.2
0.023 9.3 0.40 39.3 42.9
0.048 27.7 0.57 21.2 22.9
0.095 77.5 0.81 11 13.4

“ Water content of the membrane 45%; rejection measured at 
0.02 cm/min at 200 psi. b See eq 6.

Table II : Electrolyte Distribution Coefficients and Rejection 
in a Polylysine-Collodion Membrane (PL 175)“

C oncn of 
equ ilib ra ting  

so lu tion
Coion concn, 

equiv/1 . X 103 K ' Ra>b R (exptl)

0.0048 0.85 0.18 71.3 71.5
0.0098 2.36 0.24 61.3 59
0.023 10.2 0.43 35.6 39.3
0.048 29.8 0.62 18.4 21.3
0.095 70.7 0.74 10.3 10.3

“ Water content of the membrane 44.4%; rejection measured 
at 0.02 cm/min at 200 psi. b See eq 6.

Table III : Electrolyte Distribution Coefficients and Rejection 
in a Polylysine-Collodion Membrane (PL 72)“

C oncn of
equ ilib ra ting

solution
Coion concn, 

equiv/1 . X 10® K' R j R (exptl)

0.005 1.02 0.20 67 69
0.0074 1.89 0.25 60 63
0.0096 2.47 0.26 59 59.2
0.024 11.4 0.46 33 37.7
0.049 34.7 0.70 12 19

“ Water content of the membrane 48% ; rejection measured 
at 0.03 cm/min at 200 psi. b See eq 6.
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Table IV : The “ osmotic coefficient” <t>v in Membranes 174 and 175 at Various External Concentrations

Concentration of

-------------------Me

Counterions

unbrane PL-collodion 174- 
Free counterion 

concn from (2) and
equilibrating concn, equiv/1. coion measurements,

solution X 10* equiv/1. X 103

0.005 372 22.1
0.01 372 38.6
0.0225 392 5.13
0.048 405 60.1
0.1 448 38.5

------------------- Membrane PL-collodion 175-
Free counterion 

concn from (2) and 
Counterion concn, coion measurements,

4>p equiv/1. X 103 equiv/1. X 103 *£p

0.059 366 25.7 0.07
0.108 375 37.8 0.1
0.13 395 42.5 0.107
0.146 391 45 0.115
0.086 449 57 0.127

brane. Samples of feed and produce were taken simul
taneously and were analyzed for chloride ions.

Results and Discussion
The effectiveness of hyperfiltration is described by 

the salt rejection, R, defined as6

where cs' and ca"  are the salt concentrations in feed and 
product solutions, respectively. At stationary hyper
filtration the concentration of the product is given by 
the ratio between salt flow and volume flow

The calculation of salt rejection for membranes rep
resented by the TMS model, showed that at high flow 
rates the concentration profile of the salt in the mem
brane flattens in the vicinity of the feed boundary. 
Then, the whole process is governed by the salt exclu
sion at feed boundary, and the rejection may be ex
pressed as a function of the membrane charge density 
and the relative mobilities of the ions. A considera
tion of the Donnan equilibrium at the feed interface 
and the maintenance of electroneutrality during hyper
filtration led to a simple expression for the salt rejec
tion at high flow rates R al

Æ. = 1 -
Cp (f) w

cs' T  t\X
(5 )

where fi =  Ui/ (U\ +  m2) , Wi and u2 are the mobilities of 
the counterion and coion, respectively, and thus 6 is 
the transport number in free solution.

Regarding X  as the effective charge density, eq 2 and 
5 give the relation between salt rejection and the mea
sured equilibrium distribution of the coion, at the ex
ternal concentration cs'

R„ =  1 -  K '
_J.____

kK'* +  h
(6)

where i2 =  1 — 6.
As is clear from the derivation, the validity of eq 6 is 

limited to the simple association model, in which a

single effective charge density is used to describe both 
equilibrium and transport properties.

Three polylysine membranes were equilibrated with 
a number of sodium chloride solutions and coion con
centration was determined in each membrane, at each 
external concentration. The measured values of the 
coion concentration, as well as the distribution coeffi
cient and R computed from (6) are given in Tables 1, 
II, and III. Salt rejection was determined in hyper
filtration experiments with feeds of the same concen
tration as the equilibrating solutions. Since there is no 
flow' rate dependence of salt rejection in these experi
ments, one may identify the measured rejection with 
Ra. The results given in the last column of Tables I, 
II, and III showr fair agreement with the rejections com
puted from equilibrium data. Thus, from relatively 
simple models one may predict the hyperfiltration be
havior of charged membranes.

In the association model, the osmotic coefficient <£p is 
regarded as the ratio between the free counterions and 
the total concentration of counterions. <pp was deter
mined experimentally in polylysine-salt solutions by 
Daniel and Alexandrowicz and was found to vary be
tween 0.16 and 0.19 for a large range of salt and poly
electrolyte concentrations.6 Inbar and Miller7 found 
the value </)p = 0.14 for polvlysine solutions.

The concentration of counterions was determined in 
the two polylysine membranes represented in Tables I 
and II. The ratio between these values and those com
puted from the coion concentrations and the Donnan 
equation is equivalent to an osmotic coefficient <f>p for the 
cross-linked polyelectrolyte in the membrane. The </>p 
values of the two membranes are given in Table IV for 
each external concentration. One sees that the values 
are close but not equal to those found for the poly
electrolyte solutions.6’7 Also, the 4>p values deter
mined in the membranes are concentration dependent. 
A possible explanation for this behavior is the clus
tering of the polylysine chains adsorbed on the col
lodion strands.

(5) J. S. Johnson, L. Dresner, and K. A. Kraus in “ Principles of 
Desalination,” K. S. Spiegler, Ed., Academic Press, New York, N. Y., 
1966.
(6) E. Daniel and Z. Alexandrowicz, Biopolymers, 1,473 (1963).
(7) I. R. Miller and L. Inbar, ibid., 7, 619 (1969).
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Clustering could affect both ion distribution and ion 
transport. Model calculations were recently carried 
out by Simons and Kedem8 for an array of rectangular 
pores in an ion-exchange medium, not assuming homo
geneous ion distribution. From these calculations it 
appears that the distribution coefficient is quite sensi
tive to pore size, at given average charge density, but 
the relation between salt rejection and salt distribu
tion is only slightly influenced. It is thus possible

2-Dimethylaminoethanethiol Hydrochloride

that in practice the correlation given in eq 6 is valid in 
systems for which not all the assumptions of the TMS 
model are justified.
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filtration membranes (OSW Contract No. 14-01-0001- 
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(8) R. Simons and 0. Kedem, to be published.
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Oxidation Kinetics of 2-Dimethylaminoethanethiol Hydrochloride 

by Ferricyanide Ion in Acid Medium

by R. K. Chohan, B. P. Sinha, and R. C. Kapoor*
Department o f Chemistry, University o f Jodhpur, Jodhpur, Rajasthan, Iruiia (.Received A pril 24, 1972)

The oxidation kinetics of 2-dimethylaminoethanethiol hydrochloride in aqueous hydrochloric acid medium 
have been described. The stoichiometry is found to be 1:1 and the substrate is shown to be oxidized to the 
corresponding disulfide. The order is unity both in ferricyanide and thiol hydrochloride. The rate decreases 
on increasing the initial concentration of ferricyanide and hydrogen ion concentration. Addition of ferro- 
cyanide, disulfide, and neutral salt produces no change in rate. A tentative reaction scheme is suggested.

Introduction
In a recent publication1 the oxidation kinetics of 2- 

mercaptoethyl amine hydrochloride by the ferricyanide 
ion in aqueous hydrochloric acid medium were de
scribed. Besides, this oxidant has also been used 
earlier for oxidation of a number of other thiols.2-6 
The present investigations stems from an extention of 
the work being carried out in this laboratory on fer
ricyanide oxidation of compounds containing a sulfhydryl 
group. There is a marked divergence in the oxidation 
scheme of the two thiol hydrochlorides largely due to 
the role of ferrocyanide.

Experimental Section
The sample of 2-dimethylaminoethanethiol hydro

chloride (assay 98%) was from Evans Chemetics Inc.,
U.S.A. An approximate solution of this compound 
was first prepared in air-free double-distilled water. 
This was subsequently standardized with a standard 
solution of iodine in presence of hydrochloric acid.7 A 
standard solution of potassium ferricyanide (E. Merck 
reagent grade) was prepared by direct weighing. A 
fresh solution was prepared for each run. 2,2'-Dimeth- 
ylaminodiethyl disulfide dihydrochloride (i.e., the di
sulfide of the present thiol hydrochloride) was obtained

by oxidizing the latter with dimethyl sulfoxide.8 The 
indicator solution of 3,3'-dimethylnaphthidinedisul- 
fonic acid (B.D.H., L.R.) was prepared in dilute am
monia solution. All other chemicals used were of 
analytical grade.

The kinetics of the reaction were followed by esti
mating the product ferrocyanide volumetrically with 
the aid of a standard solution of zinc sulfate as done 
earlier.9 The overall reaction is

3Zn2+ +  2K4[Fe(CN)6] K2Zn3[Fe(CN)6]2 +  6K+

(1) R. C. Kapcor, R. K. Chohan, and B. P. Sinha, J. Phys. Chem., 
75, 2036 (1971).
(2) O. P. Kachhwaha, B. P. Sinha, and R. C. Kapoor, Indian J. 
Chem., 8, 806 (1970).
(3) R. C. Kapoor, O. P. Kachhwaha, and B. P. Sinha, J. Phys. Chem., 
73, 1627 (1969).
(4) I. M. Kolthoff, P. J. Meehan, M. S. Tsao, and Q. W. Choi, ibid., 
66, 1233 (1962).
(5) E. J. Meehan, I. M. Kolthoff, and H. Kakinchi, ibid., 66, 1238 
(1962).
(6) J. J. Bohning and K. Weiss, J. Amer. Chem. Soc., 82, 4724 
(1960).
(7) H. Kramer, J. Ass. Offic. Agr. Chem., 35, 285 (1952).
(8) W. W. Epstein and F. W. Sweat, Chem. Rev., 67, 247 (1967).
(9) A. I. Vogel, “Quantitative Inorganic Analysis,” Longmans, 
Green and Co., New York, N. Y., 1962, p 402.
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Figure 1. Absorption spectra of (a)
2-dimethylaminoethanethiol hydrochloride (1 X 10“ 2 M), (b) 
2,2'-dimethylaminodiethyl disulfide dihydrochloride (1.0 X 
10~2 M), and (c) the disulfide produced in the reaction mixture.

The absorption spectra of 2-dimethylaminoethane- 
thiol hydrochloride and its disulfide were recorded using 
a Hilger Uvispeck spectrophotometer Model H 700-8 
fitted with a thermostatic arrangement.

Polymerization Test. Vincyl cyanide and the acidi
fied thiol were kept in a conical flask and the vessel was 
flushed with nitrogen for about 15 min. Potassium 
ferricyanide solution which had been previously flushed 
with nitrogen was then added and the nitrogen was 
again bubbled through the mixture. Each experiment 
was accompanied by a blank control. The reaction 
greatly catalyzed the polymerization of vinyl cyanide 
and a thick polymer was obtained in each case.

Stoichiometry. Here again, both analytical and 
polarographic methods10 were employed to determine 
the stoichiometry. The latter method helped not only 
in the estimation but also the characterization of one 
of the final products of oxidation, viz., the disulfide. 
The spectrophotometric studies also led to a similar 
conclusion, i.e., the reaction leads to the formation of 
disulfide as the sole oxidation product of thiol hydro
chloride. This is demonstrated by Figure 1, where 
absorption spectra of thiol hydrochloride, the disulfide, 
and that of a reaction mixture, which had been allowed 
sufficient time, are recorded. All these methods led 
to one and the same finding regarding the stoichiometry 
being 1:1. The overall reaction is therefore

2RSH +  2Fe(CN)63-

RSSR +  2Fe(CN)64-  +  2H+

R. K . C h o h a n , B. P. S in h a , a n d  R. C. K a p o o r  

Results
Order of Reaction. A number of runs having equi

molar concentration of ferricyanide and thiol hydro
chloride were made in hydrochloric acid and sodium 
chloride buffer. A plot of [1 /(a — x) ] vs. time (where 
a denotes the initial concentration of the two reactants 
and x is the decrease in their concentration at time t) 
gave a straight line for nearly 70% of the reaction. 
The second-order velocity coefficients in all these runs 
were calculated by using the modified equation

(k — P)\_(a — x2) (a — x,)_

obtained on solving the differential equation Ax/At = 
k2(a — x) 2 between limits t\, t2 and x\, x2. The results 
of a typical run are presented in Table I. A good 
agreement was found between the bimolecular rate co
efficients calculated from the above formula and the 
ones obtained graphically. It may be mentioned here 
that the above equation was used because of the diffi
culty in exact experimental estimation of ferrocyanide 
formed at the commencement of the reaction. A stan
dard rate constant is

*• -  “ 8 x  10-  ( ¡ n n F - )

where numerator in parentheses denotes the volume of 
reaction mixture withdrawn for estimation and de
nominator signifies the concentration as required by 
factor v/s for conversion of an arbitrary second-order 
rate constant (fc0bsd) into the standard second-order 
rate constant (ks). Hence A:s = 1.74 ±  0.04 ilf-1 min'-1 
and ka (graphically) = 1.73 ±  0.04 M ~l min-1. All 
rate constant recorded hereafter are standard rate con
stant unless otherwise mentioned. Runs were also 
made at constant ionic strength by changing the initial 
concentration of ferricyanide in one series of experi
ments and thiol hydrochloride in the other. In all 
such variations, plots of log [(6 — x)/(a — x)] against 
time gave a straight line (where a is initial concentra
tion of thiol hydrochloride and h that of ferricyanide). 
For variations in the initial concentration of ferricy
anide, these plots are shown in Figure 2. The second- 
order rate coefficients for all such variations as calcu
lated from the slopes (ks =  (2 X 303) / ( b  — a) X slope 
X v/s) are recorded in Table II.

The variations in the magnitude of second-order rate 
coefficients is due to the effect of initial concentration 
of ferricyanide as the other substrates concentration 
wields no such influence. The ionic strength was kept 
constant throughout with the help of sodium chloride.

The order in ferricyanide ion was also confirmed by 
isolating it in a number of runs by keeping the concen
tration of thiol hydrochloride in 10-20-fold excess over

(10) O. P. Kachhwaha, B. P. Sinha, and R. C. Kapoor, Proc. Symp. 
Electrode Processes, 1966, 84 (1969).
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Table 1°

Volume of
0.02 M Volume of

Volume of ferrocyanide 0.02 M

Time, 0.005 M  ZnS04 produced ferricyanide
min required, ml ( x ) , ml left, ml &obsd X 101

5 4.7 0.783 4.21
10 7.95 1.32 3.67 7.00
15 10.45 1.74 3.25 6.97
20 12.4 2.06 2.93 6.91
25 14.1 2.35 2.65 7.01
30 15.4 2.56 2.43 6.94
35 16.6 2.76 2.23 7.01
40 17.55 5.92 2.07 7.00

Av = 6.98 X IO“ 3

“ [K3Fe(CN)6] = 2.0 X IO-2 M,  [HS(CH2)2N(CH3)2-HC1] = 
2.0 X 10~2 M, [HC1] = 5.0 X IO-2 M, [KC1] = 11.0 X 10~2 M, 
I  =  0.3 M, temperature 35°.

Table II“

[ K i F e ( C N ) i ]  X I O *  M [ R S H ]  X 1 0 2  M ki, min 1

2.0 2.0 2.18
1.0 1.0 2.03
3 .0 3.0 2.55
2.0 2.5 2.21
2.0 3.0 2.19
2.0 3.5 2.39
2.5 2.0 1.72
3.0 2.0 1.31
3.5 2.0 1.14
4.0 2.0 0.98

“ [HC1] =  5.0 X 10 2 M, I  =  0.3 M, temperature 35°.

the former. The reactions showed a pseudo-first-order 
kinetics in ferricyanide. These constants are recorded 
in Table III. When the pseudo-first-order rate co
efficients are divided by the concentration of thiol hy
drochloride the quotients are found to be practically 
constant which incidentally confirms the first-order 
kinetics in the substrate. The total order of the reac
tion was further verified by an application of Vant 
Hoff’s differential method. Initial rates were measured 
corresponding to the different initial concentrations C

Table III«

[HS(CH,)2N- 
(CHiL-HCl] X 102 m

Pseudo-first-order 
constant, fei X 102 min-1 ki/c

10.0 1.40 14.0
15.0 2.07 13.8
20.0 2.84 14.2
25.0 3.56 14.1
30.0 4.31 14.3

“ [K3Fe(CN)6] = 1.0 X IO“ 2 M, [HC1] = 2.0 M, I  =
temperature 35°.
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Figure 2. Second-order plot of four different; runs 
(temperature 35°, [thiol hydrochloride] =  2.0 X  10~2 M, 
[HC1] =  5.0 X 10~2 M, [K3Fe(CN )6] =  (a) 2.5 X 10~2 M ;  
(b) 3.0 X 10 -2 M, (c) 3.5 X 10~2 M, (d)
4.0 X 10~2 M, I  =  0.3 M.

Figure 3. Relationship between initial rate and corresponding 
different initial concentrations of reactants (temperature 35°, 
[HC1] =  5.0 X 10~2 M, I  =  0.3 M).

of the two reactants. A plot of log (dz/di) against log 
C (where C denotes the concentration of both ferricy
anide and thiol hydrochloride) gave a straight line with 
a slope equal to 1.8-2 (Figure 3).

As remarked earlier, the rate of oxidation is also de
pendent on the initial concentration of ferricyanide. 
The increase in the initial concentration produced re
tardation in rate. This is further demonstrated by the 
results shown in Table IV, but no simple relationship 
could be observed between the two. On the contrary, 
the variation of initial concentration of thiol hydro
chloride produced no effect when all other parameters 
were kept constant (Table II and also on the basis of 
practically constant values of pseudo-first-order rate 
coefficient when variation of thiol hydrochloride in 
isolation is followed). The rate was found to be highly 
dependent on hydrogen ion concentration. The effect 
was studied in the presence of different concentration
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Figure 4. Dependence of the rate on hydrogen ion 
concentration (temperature 35°, [K3Fe(CN)8] =  2.0 X 10~2 M, 
[thiol hydrochloride] =  2.0 X  10-2 M, I  = 0.3 M).

R. K. Chohan, B. P. Sinha, and R. C. K apoor

Figure 5. Dependence of the rate on dielectric constant 
(temperature 35°, [K3Fe(CN)8) =  2.0 X 10-2 M,  [thiol 
hydrochloride] =  2.0 X 10~2 M. [HC1] =
5.0 X  10- J M, I  =  0.3 M).

of hydrochloric acid. The ionic strength was main
tained constant in the usual manner. An inverse linear 
relationship between the rate and [H+] was found to 
exist as shown in Figure 4.

Table TV“

[K3Fe(CN)6] X 10! M

Pseudo-first-order rate constant, 
k i  X 102 min -i

20.0
15.0
10.0
8.0

2.34
2.40
2.64
2.95

“ [HS(CH2)2N(CH3)2-HC1] = 2.0 X 10~2 M, [HC1] = 2.0 M, 
I  =  2.4 M, temperature 35°.

The rate of reaction remained uninfluenced by ionic 
strength, though some specific ion effect appeared 
likely. The values of second-order rate coefficients 
were found to be 2.17 ±  0.07 for NaCl and 1.61 ±  0.20 
for KC1 at reactant concentrations 2.0 X 10~2 M, 
[HC1] =  5.0 X 10-2 M  at 35° while the ionic strength 
was varied from 0.2 to 0.6 M . Likewise addition of the 
disulfide and ferrocyanide produced no effect which 
shows that the reaction products are not involved in 
any reversible step of the likely reaction scheme. The 
latter observation is unlike that in 2-mercaptoethyl- 
amine hydrochloride where an antocatalysis due to 
ferrocyanide (loc. cit.) was observed.

Runs were also made in the presence of potassium 
cyanide. The addition showed no effect up to a con
centration of 10.0 X 10 ~3 M  beyond which an increase 
in the rate was observed as shown in Table V. The 
effect of dielectric constant (D ) variation was also in
vestigated. Twice distilled ethanol was used for the 
purpose. A plot of log fc2 against 1/Z> gave a straight 
line (Figure 5).

Table V“

Second-order Second-order
rate constant, rate constant,

[KCN] X 1(F M k i ,  M ~ l  min-1 [KCN] X 10> M k z ,  M ~ l  min-1

0.0 2.19 10.0 2.03
4.0 2.04 20.0 2.52
7.0 2.04 30.0 3.14

“ [K3Fe(CN)6] =  2.0 X 10“ 2 M,  [HS(CH2)2N(CH3)2-HC1] = 
2.0 X 10-2 M, [HC1] = 5.0 X 10-2 M, I  =  0.3 M, temperature 
35°.

Runs were also made at different temperatures 
ranging between 30 and 50° and at intervals of 5°. 
Obedience to the Arrhenius equation was observed both 
in aqueous and water-ethanol media. Various ther
modynamic parameters determined with the aid of 
usual expressions are recorded in Table VI.

Table VI

D A H L  kcal mol-1 AS’X  eu Aff*, kcal mol :

73.1 23.9 ±  0.5 11.2 ±  1.1 20.6 ± 0.6
62.4 21.1 ±  0.5 8.5 ±  1.1 20.8 ±

CDo

Discussion
As remarked earlier, the reaction under considera

tion is different from the oxidation of a somewhat sim
ilar thiol hydrochloride, namely, 2-mercaptoethylamine 
hydrochloride, by the same oxidant, as this shows no 
autocatalytic effect due to ferrocyanide. It is, there
fore, natural to assume that the mechanisms in the two 
cases are not identical. However, it can be assumed 
that the present thiol hydrochloride will also exist 
mostly in the ionized form in aqueous medium with its 
cationic part as HS-(CH2)2N(CHs)2H+, i.e., +RSH,
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and not ~S(CH2)2N(CH3)2H +, i.e., +RS- , due to the 
strongly acidic medium employed in the present study 
which precluded the ionization of the weak -SH group. 
Since disulfide is the sole final product of oxidation, un
doubtedly the sulfhydryl group (-SH) provides the 
site of attack. For the sake of convenience, the above 
species is referred later as +RSH (where +R represents 
the remaining part of the cation). A simple reaction 
scheme of type A may explain the simple second-order 
kinetics but, admittedly, would fail to account for some 
observations such as the effect of initial concentration 
of ferricyanide, cyanide ion effect, etc.

(A) Fe(CN)63_ +  +RSH - 5 »

HFe(CN)63-  +  +RS- (1) 

+RS- +  - S R + ^ l  +RSSR+ (2)

which gives

— d[Fe(CN)63-]/d£ =  fc[Fe(CN)63-][RSH ] (3)

where k is the experimentally determined second-order 
rate constant.

In order to explain the decrease in rate observed on 
increasing the initial concentration of ferricyanide it 
may be assumed that this behavior may be due to for
mation of a relatively less reactive 1:1 complexes 
{Fe(CN)5 SR +}3~ (reduction in the effective concen
tration of ferricyanide due to formation of this com
plex). The complex of the type shown will have tran
sient existence. It would combine with the cyanide 
ion to give rise to the products. The rate of this reac
tion would be very slow as it is governed by two factors: 
first very low concentration of this complex and second 
slow electron transfer from sulfur to iron. It has been 
shown that an electron-withdrawing group adjacent to 
the sulfur atom (R + in the present case) decreases the 
rate of oxidation.11

(B) {Fe(CN)5(SR+)}3-  +  CN~

Fe(CN)64~ +  +RS- (4) 

+RS- +  -SR+ +RSSR+

This reaction mechanism is similar to one described by 
Kolthoff4 and Stewart.12 Such a step, if existent, 
would be able to explain the observed acceleration in 
rate at a large concentration of potassium cyanide. 
The formation of a complex of the type assumed above 
also finds some support from the observed values of 
AS * which are found to be moderately large and posi
tive. The value of equal to +11.2 ±  1.1 can be 
possibly interpreted as a consequence of greater internal 
freedom in the transition state compared with the rela
tively inflexible reactants. This is due to solvent 
participation, electrostatic interactions, molecular 
structure, and the nature of the reaction. Simple 
electron transfer reactions for the formation of free

radicals and subsequent dimerization of free radicals to 
give rise to product generally exhibit moderately large 
negative values of entropy of activation.13’14 A reac
tion involving the electron transfer for the formation of 
free radicals via intermediate complex formation will 
include terms both for electron transfer and for the 
lengthening of the bond between the metal and the lig
and for the calculation of activation parameters.16 
The system involving stronger metal-sulfur bond may 
give an overall positive value of AS *. This suggests 
that both the reaction mechanisms A and B are equally 
responsible for the observations. However entropy 
criterion has to be exercised with caution and preferably 
in conjugation with other factors.

In the reaction under consideration an inverse linear 
relationship between the rate and [H + ] has been ob
served, whereas by and large, this relationship has been 
found to be complex16 in such oxidations. In Scheme 
A such a relationship can be explained if the dissocia
tion step of the sulfhydryl group in the thiol hydro
chloride molecule is also included. This, however, 
appears unlikely in the acidic medium under considera
tion. In fact, it is difficult to state with any amount of 
certainty the extent of involvement of proton vis-a-vis 
ferricyanide and ferrocyanide ion, and a simple rela
tionship is probably more of an accidental nature.

Ferricyanic acid is a strong acid, but ferrocyanic acid 
is strong only for the first two protons. According to 
Nekrasov and Zotov,17 below pH 4 only a negligible 
fraction of iron(II) is present as Fe(CN)64~ and mainly 
HFe(CN)63-  or H2Fe(CN)62-  will exist.

The plot of In k against the reciprocal of the dielectric 
constant is a straight line with a negative slope. This 
is in agreement with Brpnsted-Christiansen-Scatchard 
equation and indicates the presence of similarly charged 
reactants.18 This indicates that the rate of decomposi
tion of the complex (eq 4) is due to the reaction between 
anionic complex and cyanide anion. Variation of the 
thermodynamic parameters, like energy of activation 
with dielectric constant, is in agreement with the equa
tion relating dielectric constant and activation energy.18

The participation of free radicals in the reaction is 
demonstrated by the initiation of polymerization of 
vinyl cyanide by such a system. Kolthoff and Mee-

(11) D. A. House, Chem. Rev., 62, 185 (1962).
(12) R. Stewart, “Oxidation Mechanism,” W. A. Benjamin, New 
York, N. Y„ 1961, p 85-86.
(13) Y. D. Gomwalk and A. McAuley, J. Chem. Soc. A. 3, 2948 
(1968).
(14) C. Walling, “Free Radicals in Solution,” Wiley, New York, 
N. Y., 1957, p 38.
(15) J. Hill and A. McAuley, J. Chem. Soc. A, 3, 2405 (1968).
(16) M. Kharasch, “Organic Sulfur Compounds,” Vol. I, Pergamon 
Press, London, 1961, p 99.
(17) B. A. Nekrasov and G. V. Zotov, Zh. Prikl. Khim . {Leningrad), 
14, 264 (1941).
(18) E. S. Amis, “Kinetics of Chemical Change in Solution,” Mac
millan, New York, N. Y., 1949, p 180.
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han19 have stated that polymerization of olefins occur 
during ferricyanide-thiol reactions. Similarly Tur
ney20 has also shown that radicals are produced during 
oxidation of mercaptans.
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The oxygen reduction reaction can be treated as a catalytic regenerative process; in alkaline solution, oxygen 
is initially reduced to give hydrogen peroxide, 0 2 +  H20  +  2e = H02~ +  OH- , which is then catalytically 
decomposed, 2H02-  = 0 2 +  20H- , yielding oxygen for recycling. In the present analysis of this system, 
expressions have been derived predicting a higher open circuit voltage and exchange current density for an 
oxygen electrode incorporating the regeneration step, over that with no regeneration; both increases are 
mathematically related to the rate constant for hydrogen peroxide decomposition in the regeneration step. 
These effects have been studied using graphite]cobalt-iron oxide electrodes as model systems for oxygen 
reduction by catalytic regeneration. On graphite, the 0 2-H 02 ~ reaction proceeds reversibly, while cobalt- 
iron oxides are good hydrogen peroxide catalysts possessing negligible oxygen reduction activity. Porous 
hydrophobic graphite|oxide electrodes were characterized in terms of diffusion-free pseudoexchange current 
density parameters. Incorporation of cobalt-iron oxides of known hydrogen peroxide decomposition activity 
into graphite electrodes produced increases in both open circuit voltage and pseudoexchange current density 
(¿0*) in agreement with theoretical predictions. Furthermore, the theory also indicated that only limited 
performance improvements are possible with oxygen electrodes operating solely according to the regenerative 
route. The maximum possible enhancement for graphite [cobalt-iron oxide electrodes is a doubling of i’o*, 
and the improvement in performance from an oxide of given hydrogen peroxide decomposition activity falls 
off with increasing i0*.

I. Introduction
The electrochemical reduction of oxygen in alkaline 

solution should ideally proceed according to the equa
tion

0 2 +  2H20  +  4e = 4 0 H - (1)

at a standard reduction potential of 0.401 V .1 On 
most materials, however, reaction 1 is slow and irre
versible at room temperature. This causes perfor
mance limitations in power sources such as fuel cells 
and metal-air batteries, in which oxygen reduction is 
the cathodic reaction.2

A considerable research effort has been directed at 
developing an oxygen electrode at which reaction 1 
might occur more efficiently, thereby yielding accept
ably high-current densities at potentials close to the

theoretical. A suitable electrode must be structure 
optimized, so that the three-phase reaction 1 can pro
ceed with minimal mass-transport restrictions; the 
electrode must also incorporate electrocatalysts to in
crease the rate of the electrochemical reaction. Hith
erto, the most promising results have been obtained for 
electrocatalysts such as platinum black and silver, but 
even with these costly materials, the electrode potential 
at practical current densities falls well below' the re
versible value for reaction 1.

One approach to the oxygen electrode problem is 
based on the fact that, for many electrocatalysts, ox
ygen reduction occurs initially by a two-electron pro-

(1) W. H. Latimer, “Oxidation Potentials,” 2nd ed, Prentice-Hall, 
Englewood Cliffs, N. J., 1952.
(2) W. Vielstich, "Fuel Cells,” Wiley, 1970, pp 119, 327, 468.
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cess.3 This produces hydrogen peroxide (H20 2), pres
ent in alkaline solution as the perhydroxyl ion, H 02~.

0 2 +  H20  +  2e = H 02-  +  O H - (2)

Reaction 2 occurs rapidly, but its standard reduction 
potential, —0.076 V ,1 lies very much below the corre
sponding potential for reaction 1. However, the H 02~ 
may be chemically decomposed at the electrocatalyst 
surface

2H02-  = 0 2 +  2 0 H - (3)

If the product oxygen is completely recycled via reac
tion 2, then the overall stoichiometry of (2) and (3) 
approaches that of the four-electron process (1). 
Moreover, the Nernst equation for reaction 2 at 25°, 
requires

E = —0.076 +  0.0296 log
[02][H20]

[H02-][O H -] (4 )

where E  is the electrode potential vs. a standard hydro
gen electrode (SHE), and the square brackets represent 
activities. Assuming unit activities for 0 2, H20, and 
OH- , then if [H02~] <  1, E  rises above —0.076 V vs. 
SHE. A low value for [H02_ ] would result if the elec
trocatalyst were markedly active in H20 2 decomposi
tion. In particular, if H 02_ could be maintained at 
concentrations as low as 10-16 M, E would then be equal 
to 0.4 V, the standard reduction potential for reaction 
l .4

Hence, by setting up an oxygen electrode system 
based primarily on fast reactions 2 and 3, it might in 
principle be possible to approximate to the overall 
stoichiometry and high potential of (1), without its 
intrinsic sluggishness.6 An important restriction would 
be the exclusion of any further chemical or electro
chemical reactions. Thus, on platinum black and 
silver electrocatalysts, both reactions 2 and 3 proceed 
rapidly, yet reversible potentials are not attained. On 
such materials, however, many other reactions can 
simultaneously occur during oxygen reduction. These 
may either be largely irreversible, as in the case of fur
ther electrochemical reduction of H 02-  6

H 02-  +  H20  +  2e = 3 0 H - (5)

or involve species with lowr standard reduction poten
tials,7 for instance, the Pt(OH)2|Pt couple (0.15 V ).1 
In both cases the working electrode potential will be 
below 0.401 V vs. SHE.

From the viewpoint of electrode kinetics, an oxygen 
electrode operating solely according to reactions 2 and 
3 could be described in terms of an electrochemical re
action with a coupled heterogeneous regenerative 
(catalytic) reaction.8 In the literature, however, there 
is little quantitative work available on such an oxygen 
electrode system. Conventional oxygen electrodes 
are empirically optimized, with a complex and ill-de
fined electrocatalyst composition on which many reac

tions can occur simultaneously. Although the impor
tance of an electrocatalyst also being a good H20 2 de
composition catalyst is frequently stressed,9'10 there 
has been no quantitative approach to correlate the 
catalyst activity toward H20 2 with the overall electrode 
performance.

In the present paper, the properties of a composite 
electrocatalyst system, operating essentially via reac
tions 2 and 3 alone, are described. A mathematical 
correlation is developed relating electrochemical per
formance to H20 2 decomposition activity, and is veri
fied experimentally. The correlation is finally used to 
evaluate the H20 2 decomposition route as a means of 
achieving reversible oxygen electrode behavior.

2. Theory
McIntyre,8 following earlier work by Delahay and co

workers11'12 and Koutecky,13 has considered the kinetics 
of an electrochemical reaction such as (2), coupled with 
a regenerative heterogeneous catalytic process such as
(3), occurring on or close to an electrode surface. An 
extended form of his analysis, applicable to the case in 
which reaction 3 is first order with respect to H 02~, is 
presented here.

In schematic form the overall electrode process may 
be represented as follows.

Ae ”1“ ^6 __ Be (6)
k - E

k c

rBc — ■> Ac +  other products (7)

Thus, equation 6 represents the electrochemical slow 
step, in which the oxidant A is electroreduced to the 
reductant B with the passage of n electrons. Sub
scripts E refer to an electrochemical process, with /ce 
and fc_E the formal heterogeneous electrochemical rate 
constants for the forward and backward reactions, re
spectively. Equation 7 represents the coupled hetero
geneous chemical regeneration reaction, in which the 
product B from the electrochemical reaction is decom
posed, regenerating A, which is recycled in eq 6. In

(3) W. G. Berl, Trans. Electrochem. Soc., 83, 253 (1943).
(4) A. B. Hart and G. J. Womack, “Fuel Cells: Theory and Applica
tion,” Chapman and Hall, London, 1967, p 73.
(5) J. R. Goldstein and A. C. C. Tseung, Nature {London), 222, 869 
(1969).
(6) K. J. Vetter, “Electrochemical Kinetics,” Academic Press, New 
York, N. Y., 1967, p 639.
(7) T. P. Hoar, Proc. Roy. Soc., Ser. A , 142, 628 (1933).
(8) J. D. E. McIntyre, J. Phys. Chem., 71, 1196 (1967).
(9) H. M. Cota, J. Katan, M. Chin, and F. J. Schoenweis, Nature 
{London), 203, 1281 (1964).
(10) K. V. Kordesch in “Handbook of Fuel Cell Technology,” 
C. Berger, Ed., Prentice-Hall, Englewood Cliffs, N. J., 1968, p 361.
(11) P. Delahay and G. L. Stiehl, J. Amer. Chem. Soc., 74, 3500
(1952) .
(12) P. Delahay, C. C. Mattax, and T. B. Berzins, ibid., 76, 5319 
(1954).
(13) J. Koutecky, Colled. Czech. Chem. Commun., 18, 311, 611
(1953) .
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eq 7, subscripts c are used to refer to a chemical step, 
and the heterogeneous rate constant kc is defined ac
cording to the formation rate of Ac

d[A„] =  —1 djBo] = 
d t r di (8)

where t is time, r is the stoichiometric ratio, moles of 
Bc/moles of Ac, of reaction 7, and s is the reaction 
order with respect to Bc. The flux of A, J A) is the net 
gain of A from both electrochemical and chemical 
sources

J k =  ~ f ] =  -A *  [A] +  *_e[B] +  h[BY  (9) di

[A] and [B] are the solution concentrations of A and 
B, respectively, close to the electrode surface; the E 
and c subscripts in these terms need no longer be 
specified. Similarly, JB, the flux of B, is the net gain 
of B.

= d[B] 
di A*[A] -  fc_E[B ] -  r*JB]s (10)

A +  |r/(r — 6)}ne — >

(1 — 9){r/(r — 0)}B +  other products (16)

Hence, for a diffusional flux Ja, the cathodic current 
density is given by

i/nF =  — { r/(r -  0 ) } /A (17)

From eq 9

i/nF = { r/(r -  0)}{fcE[A] -  fc_E[B] -  h [B ]s} (18)

or, neglecting the back electrochemical reaction

i/nF = {r /(r  -  <9)}{/cE[A] -  fcc[B]s} (19)

In McIntyre’s analysis, predictions were made as to 
the limiting current densities associated with infinitely 
fast regeneration rates. The present analysis, however, 
considers the contribution of the regeneration step to 
the overall electrode current density i. An electrode 
system represented by eq 6 and 7, should, in the ab
sence of diffusion control, obey a Tafel relationship

2.3RT t , , x
Va = ----- “  } log t -  log jo (20)

anb
Equations 9 and 10 give, on summing the fluxes of A 
and B, the equation

</A +  < / B T ( r — l)fcc[B]s =  0 (11)

The cathodic current density i is given by

i/nF = fcE [A] — fc_E[B] (12)

Using eq 9 and 10 to eliminate A from eq 12

i/nF = - J A +  kc[B]s = JB +  rfcc[B]s (13)

Equations 11 and 13 constitute the general boundary 
conditions for this system.

McIntyre defined 0, the regeneration rate fraction, 
as that fraction of the electrolysis product BE which is 
consumed in the regenerative cycle after each occurrence 
of the electrolysis reaction. 6 is accordingly a mea
sure of the regenerative efficiency of the coupled cat
alytic process, and may be defined by the fraction

flux of B from chemical decomposition 
flux of B produced electrochemically

(14)

Whereupon

rkc [B]s 
i/nF (15)

and (1 — 6) is the fraction of the electrolysis product 
which escapes into the solution by mass transport, 
thereby avoiding the regeneration process. By con
sidering each mole of A supplied to the electrode surface 
by either mass transport or regeneration, and summing- 
all products over the course of the reaction as a geo
metric series, McIntyre showed the overall electrode 
reaction to be

with i)a, the activation polarization; R, the gas con
stant; T, the absolute temperature; a, the transfer co
efficient; F, the Faraday; and j 0> the exchange current 
density for the system. In the case of a negligibly slow 
regeneration reaction (kc = 0 in eq 7), j 0 falls to a lower 
value to, the exchange current density for the slow elec
tron transfer reaction 6 alone.

Now, substituting eq 20 into eq 15 with the condition 
Va =  0, gives

rfcc[B]a
jo/nF

(21)

But, from the stoichiometry of 16

[B] = fA](l -  0){r/(r -  0)}

0 =  rfcc[A]*(l -  dY\r/{r -  9) }* 
jo/nF

(22)

(23)

or, on rearranging

= {0/(1 -  0)*}{(r -  6)/r\ sj 0 
rnF[ A]s

(24)

Expression 24 gives kc, the rate constant for the re
generation step, in terms of jo, the exchange current 
density for the system, 0, the regeneration rate fraction, 
and [A], the oxidant concentration in the electrode 
vicinity. This expression may be greatly simplified, 
particularly in its application to experimental results, 
by employing an independent expression for 0. Thus, 
the increase in exchange current density from i0, when 
there is no regeneration, to jo, when the regeneration 
step is effective, must arise entirely from the product A 
recycled via eq 7. Inspection of eq 14 and 15, de
fining 0, should yield an expression for 0 in terms of i0
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and j 0. The difference term (j0 — i0) represents the 
flux of A arising from the regeneration step; since each 
mole of A arises from r moles of B. the numerator in 
eq 14 may be written r(j0 — i0). Proportionally, the 
denominator is given by j 0l whereupon

The two expressions, (24) and (25), relate mathe
matically the three parameters to, jo, and fcc governing 
the electrode kinetics of the regenerative system. 
Furthermore, the boundary conditions for the regen
erative effect are satisfied. For example, with no or 
ineffective catalysis, t0 =  jo and 6 =  0 (eq 25). Sub
stitution of 6 =  0 in eq 24 gives fcc =  0 as required. 
The case of ideal catalysis, 0 = 1 ,  may be demonstrated 
for a regeneration reaction which is first order with re
spect to B (s =  1), and in which the stoichiometric 
ratio, r in eq 8, is 2. Substitution of 6 =  1 and r =  2 
in eq 25 gives j 0 =  2i0, while, with the added condition 
s =  1, eq 24 gives kc =  »  . Both these results are con
ditions for ideal catalysis.8

3. Oxygen Electrode System
In order to subject the theory of Section 2 to experi

mental analysis, it was necessary to set up a model ox
ygen electrode system functioning essentially via reac
tions 2 and 3 above. A two-component electrocatalyst 
system, with reaction 2 alone occurring on one com
ponent and reaction 3 alone occurring on the other, 
seemed most convenient for study, since kinetic effects 
corresponding to either process could easily be sepa
rated, and the relative contribution of the regeneration 
step to the overall process directly controlled.

Fundamental oxygen electrode investigations are 
normally carried out with the test material in solid 
form, since this permits a simple kinetic treatment. 
The dual electrocatalyst system, however, implied an 
intimate mixture of components, thereby closely re
sembling a supported catalyst system. In addition 
a basic prerequisite for the model system, that reac
tions 2 and 3 be rapid (Section 1), could only be 
achieved using high surface area materials. The solid 
electrode approach, involving low surface area test 
specimens of homogeneous composition, was thus pre
cluded from these studies, and a method of evaluating 
high surface electrocatalysts as fine powder mixtures 
was adopted.

Electrocatalyst powders may be fabricated as porous 
electrodes and their performance assessed from current- 
voltage curves under controlled conditions. These 
curves may be expressed as tf-i plots, where rj is the 
polarization from the observed electrode open circuit 
voltage (ocv), and i is the electrode current density 
(current per unit geometric surface area). Generally, 
r/ is subdivided into activation (rça), mass transfer (ijm), 
and ohmic (t?r) components. While and ijr are

largely structure and electrolyte dependent, the r;a com
ponent is a measure of the intrinsic activity of the elec
trocatalyst for accelerating the electrode reaction. 
Consequently, to assess this intrinsic activity, mass 
transfer and ohmic effects must be corrected for in an 
electrode polarization curve. This ideally leaves a 
purely activation-controlled r\̂ -i plot, from which 
fundamental electrochemical parameters (such as the 
exchange current density for the reaction) may be ob
tained.

With solid planar electrodes, it is relatively easy to 
establish pure activation dependence; a notable ex
ample is the use of such electrodes in a rotating disk 
configuration, where the mass transfer effects are ac
curately known. With porous systems, however, the 
electrode processes are regulated by a number of vari
ables, such as the electrochemically active surface area, 
the electrode pore structure, and the aggregate size of 
the electrocatalyst. The equations governing the 
diffusion of electroactive species in such systems are 
most complex, and the elimination, particularly of 7jm, 
from the rj-i plots is at best empirical.

However, Tantram and Tseung,14 in a study of oxy
gen reduction on high surface area graphite in alkaline 
solution, showed that diffusion effects in porous elec
trodes could be greatly minimized by close control of 
the electrode structure. In their investigation, porous 
hydrophobic graphite electrodes were shown to exhibit 
reproducible performance characteristics, and mass 
transfer effects only became significant at very high 
current densities. The graphite employed was revers
ible with respect to the H 02-  formation reaction,3 yet 
was rather inert as an FI20 2 decomposition catalyst.16 
Neither was any participation from other electrochem
ical processes, such as reaction 5, envisaged. By in
corporating H20 2 catalysts in such graphite-based 
porous electrodes, it might be possible to obtain rela
tively diffusion-free oxygen reduction characteristics.

The selection of a suitable H20 2 decomposition cat
alyst posed a considerable problem, since the most ac
tive catalysts for reaction 3, silver, platinum black, 
and palladium,16 also catalyze other electrochemical 
processes such as reaction 2, thereby excluding them 
from this study (Section 1). A catalyst for reaction 3 
of similar high activity, but otherwise electrochem
ically inert, was required. However, Cota, Katan, 
Chin, and Schoenweis9 had reported that cobalt-iron 
spinel oxides were among the most active H20 2 decom
position catalysts in alkaline solution. These oxides 
bear the general formula Co^Fes-^Oi, where x, the com
position variable, can take values between 0 and 3. 
By using the hydroxide coprecipitation technique of 
Saito, Sugihara, and Sato,16 cobalt-iron oxides could

(14) A. D. S. Tantram and A. C. C. Tseung, Nature (London), 221, 
167 (1969).
(15) W. C. Schumb, C. N. Satterfield, and R. N. Wentworth, 
“Hydrogen Peroxide,” Reinhold, New York, N. Y., 1955.
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be prepared in high surface area form over the entire 
composition range of the system. The resulting pow
ders, particularly within the composition range 1 <  x <
3, exhibited activities for reaction 3 comparable to 
platinum black, when tested under controlled condi
tions.17

The cobalt-iron oxides exhibited properties well 
suited to the present study. The activity toward 
H20 2 was high and readily adjusted by variation in x. 
There was no apparent catalyst degradation even on 
prolonged exposure to H20 2, and the oxides were highly 
insoluble in alkaline solution by virtue of their prepara
tion technique. Corrosion resistance at oxygen reduc
tion potentials might well prove favorable. The oxides, 
in addition, possessed poor electrical conductivity, sev
eral orders of magnitude below that of the graphite, as 
shown by powder compression measurements under 
controlled conditions. The likelihood of the oxides 
supporting any electrochemical processes comparable 
to reaction 2 on the graphite was thus small. Finally, 
the microstructural characteristics of the oxide powders 
were suitably different from those of the graphite, the 
graphite powder being considerably finer than the 
oxides. The electrode structure from graphite-oxide 
mechanical mixtures would hence be overwhelmingly 
determined by the fine graphite, at least in the presence 
of small additions of oxide.

4. Experimental Section
4-1- Preparation and Pretreatment of the Oxygen 

Electrode Components. A series of cobalt-iron oxides 
was prepared by the hydroxide coprecipitation tech
nique, with x values of 0, 0.6, 1.0, 1.5, 2.0, 2.4, and 3.0 
so as to cover the complete composition range of the 
spinel system. The preparation and characterization 
of these oxides are described elsewhere.17 The graphite 
employed14 was B. P. Acheson graphite, Type L.4. 
This was pretreated (800°, 3 hr, 0 2-free N2) so as to 
remove surface impurities, and stored in a C 02-free 
atmosphere.

4-2 Activity of Materials Toward H-iOi. The ac
tivity of the graphite and oxides for H20 2 decomposi
tion was evaluated gasometrically using the technique 
of Cota, et aid'17 Since the kinetic results on decom
position activity were to be applied to the electrochem
ical situation of oxygen reduction, the catalysts were 
pretreated (300°, 1 hr, 0 2-free N2) so as to approximate 
to the electrode fabrication conditions, and in addition, 
stabilizer-free H20 2 was employed for the kinetic runs.

Catalyst samples (50 mg) were injected into a reac
tion mixture consisting of 5 A" KOH (50 ml, made up 
from Analar grade pellets, Hopkin and Williams, Ltd.) 
and 5 ml of 1.0 (±0.01) M  H20 2 (Laporte stabilizer- 
free 85% H20 2 diluted appropriately, and standardized 
before runs).17 The reaction was conducted at 25 ±  
0.1° and atmospheric pressure, and the rate of oxygen 
evolution monitored over the complete reaction period.

The rate constant and reaction order were evaluated, 
and the dependence of the rate constant on the catalyst 
mass investigated. All runs were corrected for self
decomposition of H20 2.

4-3 Electrode Fabrication. The electrode fabrica
tion technique was a modification of that employed by 
Tantram and Tseung.14 Weighed quantities of elec
trocatalyst powder(s) and aqueous Teflon dispersion 
(Fluon GP1, I.C.I., Ltd.) were slurried in methanol 
and ultrasonically dispersed for a 5-min period. The 
dispersion was transferred by painting onto a nickel 
gauze and after drying at 70° the electrodes were cured 
(300°, 1 hr, 0 2-free N2). Electrocatalyst loadings were 
calculated from the gauze weight before and after fabri
cation, assuming that the components of the electro- 
catalyst-Teflon dispersion were transferred to the gauze 
in the same ratio as in the original mix.

Electrodes were fabricated from graphite alone, for 
each oxide, and for graphite-oxide mixtures corre
sponding to each oxide composition, thereby covering 
the complete composition range of the spinel system. 
The electrodes were fabricated so as to exhibit the fol
lowing compositions: graphite electrodes, 10 (±0 .3 ) 
mg cm-2 graphite, graphite to Teflon ratio =  3:1; 
oxide electrodes, 10 (±0 .3 ) mg cm-2 oxide, oxide to 
Teflon ratio =  3:1; graphite| oxide electrodes, 10 
(±0 .3 ) mg cm-2 graphite, 10 (±0 .3 ) mg cm-2 oxide, 
graphite to Teflon ratio =  3:1.

The loadings and Teflon content were chosen to pro
vide optimum hydrophobic properties and performance 
reproducibility, and to minimize in-series electrode 
variations. Electrodes were also fabricated from 
graphite-inert filler oxide mixtures, in order to estab
lish that the electrode performance was overwhelmingly 
graphite dependent. The oxide filler was ferric oxide 
prepared by hydroxide coprecipitation; this was as 
inert toward H20 2 as the graphite, yet possessed similar 
microstructural characteristics to the oxides.

4-4 Electrode Testing. The electrodes, mounted 
at the end of nickel foil, and of known geometrical sur
face area (ca. 1 cm2) were tested for oxygen reduction 
in 5 N  KOH at 25° using the floating cell technique.14 
In the cell, a gold foil counter electrode was used, and 
the reference electrode was a dynamic hydrogen elec
trode (DH E),18 calibrated against a standard mer
cury ¡mercuric oxide electrode. The electrolyte was 
freshly prepared from KOH pellets and deionized, dis
tilled water, and the working electrode compartment 
was swept with oxygen gas at about 1 atm, supplied 
from a cylinder without further purification.

Electrode ocvs vs. DHE under oxygen were measured 
using a high-impedance (20 Mohm) digital voltmeter

(16) T. Sato, M. Sugihara, and M. Saito, Rev. Elec. Commun. Lab., 
11, 26 (1963).
(17) J. R. Goldstein and A. C. C. Tseung, submitted for publica
tion.
(18) J. Giner, J. Electrochem. Soc., Ill, 376 (1964).
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Table I : Observed and Calculated Open Circuit Potentials for Graphite and 
Graphite | Cobalt-Iron Oxide Oxygen Reduction Electrodes“

Value of X in
Observed 

ocv vs. SHE
Electrode C o x F e o -x O t  for (25“ ),

system added oxide mV (± 5 )

Graphite alone 100
Graphite ¡cobalt- 0 160

iron oxides 0.6 165
1.0 175
1.5 190
2.0 190
2.4 200
3.0 170

First-order rate 
constant for H 2O2 

decomposition 
per unit mass 

catalyst k f , m at
Calculated

steady-state Calculated
25° (± 5 % ), HO2 -  concn, ocv vs. SHE (25°)

sec-1 g -1 mol mV (± 10)

6.7 X 10~6 3 . 7  x  1 0 - 7 80
0.0087 3.1 X 10-9 140
0.0308 8.1 X 10-“ 160
0.117 2.1 X 10-“ 180
0.0927 2.7 X 10-“ 175
0.175 1.4 X 10-“ 180
0.243 1 . 0  x  1 0 - “ 185
0.0899 2.8 X 10-“ 175

“ For data on electrode fabrication and test conditions see Section 4.

Table II: Tabulation of ¿0*, jo*, 6, k ¡,m, and Tafel Slope Parameters (25°)

Value of x Tafel slope
Mean pseudo
exchange cur- Regeneration

Electrochemical
parameter

First-order 
rate constant 

for H 2 O2 

decomposition 
per unit

in Co*Fe3_a;04 (± 5 % ) , mV rent density rate fraction 1 (7 -  9) [ 1 *-("*' mass catalyst
Electrode for added per current jo* (± 5 % ), 2(;o* — io*) ki,m (=t5%),

system oxide density decade mA cm -2 jo* mA cm -2 sec-1 g -1

Graphite alone 2 2 0 1.08 (¿0*) 0 0 Negligible
Graphite | cobalt- 0 2 2 0 as i o * 0 0 0.0087

iron oxides 0 .6 225 1.42 0 .4 7 9 0 .9 9 5 0.0308
1 . 0 240 1.70 0.729 2.91 0.117
1 . 5 225 1.60 0.650 1.25 0.0927
2 . 0 240 1.87 0.845 5.89 0.175
2 . 4 240 1.84 0.826 5.13 0.243
3 . 0 235 1.72 0.744 1.83 0.0899

(DVM, Solartron LM 1620). Steady-state polariza
tion curves for oxygen reduction were then obtained 
using a potentiostat (Wenking 68TS10), and the curves 
were corrected for ohmic drop using the interrupter 
technique.19 Corrosion scans were also carried out. 
with the working electrode and electrolyte equilibrated 
with 0 2-free N2.

5 . Results
5.1. Activity of Catalysts Toward f î 20 2. The H20 2 

decomposition reaction on Acheson graphite, and on 
cobalt-iron oxides prepared by hydroxide coprecipita
tion, was found to be first order with respect to H20 2 
in alkaline solution.17 First-order kinetics were also 
reported by Parravano for H20 2 decomposition by 
sintered cobalt-iron oxides,20 and were explained in 
terms of a rate-determining surface reaction (topo- 
chemical control) involving reactant-substrate orienta
tions. The first-order kinetics plot for H20 2 decom
position by CoFe20 4 at 25° is shown in Figure 1, while 
the rate constant per unit mass catalyst kf,m at 25° for 
each of the materials tested is included in Tables I and

II. ki,m was found to be directly proportional to the 
catalyst mass, at least in the range 5-100 mg, and, as 
expected for first-order kinetics, was independent of 
the intial H20 2 concentration. The fcf,m values were 
subject to experimental error amounting to ± 5 % .

5.2. Electrode Testing. 5.2.1. Oxygen Reduction 
on Graphite and Graphite\Cobalt-lron Oxide Electrodes. 
After preliminary cathodic-anodic cycling to remove 
surface-adsorbed impurities and to achieve optimum 
wetting characteristics for the hydrophobic structures, 
reproducible performance levels were achieved for oxy
gen reduction on graphite and graphite| cobalt-iron 
oxide electrodes. Electrodes were least susceptible to 
irreversible effects, such as flooding by the electrolyte 
or hysteresis on cathodic-anodic cycling, when sub
jected to low-current density drains (<200 mA cm-2). 
The dynamic hydrogen reference electrode (DHE), in 
5 N  KOH at 25°, maintained a steady potential of

(19) K. R. Williams, “An Introduction to Fuel Cells,” Elsevier, 
Amsterdam, 1966, pp 39 and 57.
(20) G. Parravano, Proc. Int. Congr. Catal., J+th, 1968, 1, 157 (1970).
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Figure 1. First-order kinetics plot for H20 2 decomposition by 
CoFe20 4 at 25°.

Figure 2. Resistance-free V -i  plot for oxygen reduction at a 
graphite|CoFe204  electrode in 5 A  KOH at 25°.

— 960 (± 2 ) mV with respect to a standard Hg|HgO 
electrode. Since the Hg|HgO electrode is itself 98 mV 
positive to SHE at 25°1 all potential measurements vs. 
DHE were decreased by 862 mV for expression vs. SHE.

The observed oxygen reduction ocvs for the various 
systems, expressed on the SHE scale, are included in 
Table I. Each ocv listed is derived from the mean of 
several separate ocv determinations vs. DHE; the gen
eral irreproducibility at this purification level yielded 
an error margin of ± 5  mV. Polarization characteris
tics were initially expressed as resistance-corrected 
V -i  curves, with V, the electrode potential vs. SHE, 
and i the electrode current density (normalized to unit 
geometric surface area). Figure 2 shows the resistance- 
free V -i curve for a graphite|CoFe204 electrode at low- 
current density drain, while Figure 3, also resistance- 
free, indicates the high-current density capabilities of 
a standard graphite electrode. These results are 
typical of the graphite and graphite) cobalt-iron oxide 
systems investigated; Figure 3 is especially significant 
in that there is no evidence of a diffusion-limited pla
teau for current densities approaching 2 A cm-2.

The oxygen reduction characteristics of the electrodes 
were quantitatively assessed from resistance-free ??-log 
i plots, with 7] the overpotential from the observed ocv. 
These plots were linear for graphite and graphite| oxide 
electrodes in the range y >  50 mV and 5 <  i <  100 mA 
cm-2. A representative plot for the graphite|CoFe204

J. R. Goldstein and A. C. C. T seung

Figure 3. Resistance-free V -i  plot for oxygen reduction at an 
Acheson graphite electrode in 5 A  KOH at 25°.

Figure 4. Tafel plot for graphite|CoFe204 electrode for oxygen 
reduction in 5 A  KOH at 25°.

system is shown in Figure 4. The electrodes thus 
obeyed a Tafel relationship (Section 2), but the slope 
and exchange current density (pseudoexchange current 
density) derived from 77—log i plots would be character
istic of porous electrodes. In Table II the Tafel slopes 
and pseudoexchange current densities for the various 
electrode systems are presented, the experimental error 
for each parameter being ± 5 % . Each value in the 
table is the mean of several determinations with suc
cessively fabricated electrodes.

5.2.2. Oxygen Reduction on Cobalt-Iron Oxide Elec
trodes. Cobalt-iron oxides tested alone exhibited con
siderable inertness for oxygen reduction. Thus at 
—400 mV vs. SHE, the cathode current densities ob
served for the various compositions were in the range 
0.1-0.5 mA cm-2, nearly three orders of magnitude 
below the corresponding values in the presence of 
graphite. The oxide ocvs under oxygen were unstable 
and irreproducible, 150 (±25) mV vs. SHE, in sharp 
contrast to the behavior of the oxides in the presence 
of graphite, when ocv fluctuations decreased to ± 5  mV.

5.2.3. Corrosion Scans. The cobalt-iron oxide elec
trodes, when scanned under 0 2-free N2, gave negligible 
corrosion currents, and similar ocvs to those under oxy
gen. Graphite electrodes, after preliminary cathodic- 
anodic cycling to remove adsorbed oxygen, performed 
similarly.
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6. Analysis of Results
The experimental work had established the suit

ability of the graphite| cobalt-iron oxide system for the 
present study in terms of (i) relative inertness of 
graphite for reaction 3; (ii) high activity of cobalt- 
iron oxides for reaction 3; (iii) corrosion resistance and 
electrochemical inertness of cobalt-iron oxides alone 
during oxygen reduction; and (iv) fabrication of elec
trodes with controlled quantities of graphite and oxides, 
showing reproducible performance for oxygen reduc
tion. It was now possible to show that reaction 2 pro
ceeds reversibly on the graphite, and to assess quanti
tatively the response of the graphite-oxide system to 
the regeneration step, in terms of the theory of Sec
tion 2.

6.1. Observed Ocvs. In Table I, the ocvs vs. SHE 
developed by the various systems are listed, together 
with the first-order rate constant per unit mass cat
alyst, kf,m, forH 20 2 decomposition at 25°. There is a 
broad correlation between the ocv value for a given 
electrode and the activity for H20 2 decomposition of 
the oxide it contains. Thus the higher the value of 
Af,m the higher is the ocv vs. SHE. This suggested 
that the ocvs were governed according to eq 2 by the 
steady-state concentration of H 02“  maintained by the 
catalyst at the electrode surface.

Accordingly, the H 02“  steady-state concentration 
maintained by each catalyst was calculated, and used 
to predict the ocv from the Nernst eq 4. Consider the 
case of a typical graphite|CoFe20 4 electrode. The 
DVM has an impedance of 20 Mohm in the 2-V range 
used for measurements vs. DHE. During an ocv mea
surement of about 1 V, the electrode current density is 
hence 5 X 10“ 8 A cm“ 2, corresponding to an H 02“  
production rate (eq 2) of 2.5 X 10“ 13 mol H 02_ sec“ 1 
cm-2 for the two-electron process. At the steady state 
the rate of formation of H 02“  from this source may be 
equated with the rate of destruction of H 02“  from the 
CoFe20 4 contained in the electrode (the decomposition 
from the graphite is negligible compared with this). 
For 10 mg of CoFe20 4 in the electrode, and with = 
0.117 sec“ 1 g “ 1, the steady-state H 02“  concentration 
is 2.15 X 10” 10 M. In the Nernst eq 4, [02] =  1, and 
[OH“ ] =  8 for 5 N  KOH at 25°.21 Moreover

partial vapor pressure 5 N  KOH at 25°-LI2O — ; -----------------------------------------------
partial vapor pressure water at 25°

which is 0.58.22 Using [H02“ ] = 2.15 X 10“ 10 M  
gives E =  180 mV vs. SHE in eq 4. This is in reason
able agreement with the observed value of 175 mV vs. 
SHE.

Errors in predicted ocvs are likely to be large, due to 
uncertainty in the Nernst equation parameters, par
ticularly [H02- ]. Thus, a variation of ± 1 0 %  in 
[H02_ ] produces a shift of ±20 mV in the ocv. The 
H 02“  value is largely dependant on k{,m, itself subject

to experimental error of ± 5 % . Moreover, there is 
some doubt concerning the application of the full kt,m 
values to the electrochemical situation, due to Teflon 
screening of catalyst particles and escape of H 02“ . 
However, these factors should not affect the relative 
order of ocv values in similarly fabricated electrodes. 
Table II lists the predicted ocvs vs. SHE for the several 
electrode systems. There is fair agreement with ob
served ocvs within the stated error limits, providing 
confirmation of the reversibility of reaction 2 on Ache- 
son graphite, and justifying the Nernst equation rea
soning of Section 1.

The quantitative treatment implies that the observed 
ocv is a function of the DVM  impedance, and the 
amount of H20 2 decomposition catalyst present in the 
electrode. With a higher impedance value, slightly 
higher ocvs are to be expected; however, the contribu
tion of impurity depolarizing processes might then be
come more significant. Similarly, the use of a greater 
mass of H20 2 decomposition catalyst should yield 
lower [H02_ ] values, giving higher ocvs. In addition, 
for a typical graphite| oxide electrode, it is possible to 
calculate the necessary fcf,m value of the oxide compo
nent, such that the reversible potential for reaction 1 
(0.4 V vs. SHE) might be achieved by depression of 
[H 02_ ] in reaction 2.

Considering such an electrode, fabricated and tested 
as for the electrodes in Table II, a value for [H 02“ ] of 
6 X 10“ 18 M  gives E =  0.4 in eq 4; this w ôuld require 
fcf,m = 4 X  10s sec-1 g “ 1 for the oxide at 25°. How
ever, the most active cobalt-iron oxide tested, Co2.4- 
Fe0.6O4, has only fcf,m =  0.243 sec-1 g “ 1. Conse
quently, several orders of magnitude increase in cata
lyst activities are required to achieve ocvs close to the 
reversible potential for reaction 1, if the only reaction 
path is via eq 2 and 3.

6.2 Electrode Performance Characteristics. As dis
cussed in Section 3, the elimination of ohmic and mass 
transfer effects from electrode polarization curves is an 
important step towrard obtaining fundamental electro
chemical parameters for an electrode system. How
ever, a reliable estimation of mass transfer effects is 
often impossible for porous electrodes. The present 
studies with hydrophobic graphite-based systems were 
rather exceptional, in that no evidence of diffusion- 
limited plateaux was observed for current densities up 
to 2 A cm“ 2 (Figure 3). Since mass transfer effects 
may be neglected provided i <  0.1%, where % is the 
limiting current density of an electrode system,19 it 
could be assumed that the resistance free V -i  curves 
were largely diffusion free, at least for current densities 
below 200 mA cm-2.

Throughout this range the electrode behavior was

(21) R. A. Robinson and H. A. Stokes, Trans. Faraday Soc., 45, 
612 (1949).
(22) “ International Critical Tables,” Vol. 3, E. W. Washburn, Ed., 
McGraw-Hill, New York, N. Y., 1928, p 373.
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most reproducible and ohmic corrections small and 
most reliable. Moreover, the corresponding 77—log i  
plots had their region of best linearity within this range. 
Consequently, Tafel slope and pseudoexchange current 
density parameters (Table II) derived from such plots 
would be representative of pure activation control in 
the porous systems.

Austin23 has considered the equations governing 
Tafel behavior in porous electrodes. In the absence 
of ohmic effects, for a system in which concentration 
gradients outside the electrode may be neglected, a 
Tafel relationship may be developed for a simple pore, 
thin-film model. The model assumes that linear 
diffusion occurs along pores whose diameter is negligible 
compared with their length, and that the electrochem
ical reaction is confined to a thin film. At low current 
densities, the ? relationship is given by

Vb. =  — ¿r (log i -  log jo*} (26)

This differs from the usual Tafel form (eq 20), in that 
a pseudoexchange current density term j o * ,  character
istic of the porous electrode system, replaces the usual 
exchange current density term j 0, characteristic of 
solid electrodes. In addition, the Tafel slope (coeffi
cient of the log i  term) for porous systems has twice its 
normal value. The doubled Tafel slope is caused by 
depletion of reactant in the electrode interior, by 
ohmic effects within the electrode pores, or by a com
bination of both effects.23

The observed Tafel slopes in Table II fall in the 
range 220-240 mV per current density decade. If the 
doubled Tafel slope relationship (26) holds for the 
Teflon-bonded electrodes, the true Tafel slope on 
Acheson graphite is 110-120 mV. This is in good 
agreement with the Tafel slope result (110 mV) found 
by Yeager, Krouse, and Rao24 for oxygen reduction on 
smooth graphite in alkaline solution. In eq 26 a Tafel 
slope of 240 mV results by setting a =  0.5 (its usual 
value) and n =  1. This implies that in all graphite- 
based electrodes, there is one rate-determining step in
volving a single electron transfer,23'26 irrespective of 
H2O2 decomposition catalyst additions.

Table II also lists the ftf,m values for H20 2 decomposi
tion by the electrode components, together with the 
pseudoexchange current densities for the various sys
tems. A key feature of the results is that the lowest 
pseudoexchange current densities are shown for elec
trodes containing graphite alone. As cobalt-iron ox
ides with successively greater activity for H20 2 decom
position are incorporated into the graphite electrodes, 
the pseudoexchange current density steadily increases.

It is now possible to employ the theoretical analysis 
of Section 2. The porous electrodes obey the modified 
Tafel eq 26, so real exchange current densities in Sec
tion 2 may be replaced by the corresponding pseudo
exchange current densities. The pseudoexchange cur
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rent density on graphite alone is hence referred to as 
io*', in the presence of appreciable regeneration this 
increases to a higher value, jo * . For cobalt-iron oxides 
involved in H20 2 decomposition, the reaction order 
with respect to H 02~ (s) is unity (Section 4.2), while 
the stoichiometric ratio (r) for the regeneration step is 
2 (eq 3). In addition, the rate constant for H20 2 de
composition, k c, can be replaced by measured first- 
order fcf.m values, and n, defined by eq 6, is unity for 
eq 2.23'26 Equation 24 may be rewritten as

k{ ,m
{<?/(! -  fl)}{(2 -  6)/2)jo*

2F[A]
(27)

where 6, the regeneration rate fraction, from eq 25 is 
given by

e  = (28)

In Table II the io *  and j 0*  values are used to calculate 
values for d corresponding to each electrode system. 
The 6 values are employed to evaluate the electrochem
ical parameter

1
e  (2 -  
-  e \  2 j

Jo (29)

for each system, and in Figure 5, the calculated values 
for expression (29) are plotted vs. kf,m, thereby testing 
the validity of eq 27.

Figure 5 is subject to an error margin dependent on 
the individual variation in the fcf,m, io * , and j o *  param
eters. Although kinetic measurements determined 
fcf.m to within ± 5 % , a maximum accuracy of ±10%

OJ

<

CD

Figure 5. Plot of the electrochemical parameter ¡0 /(1  — 0)j 
{(2 — 8)/2}j0* for oxygen reduction at Acheson graphite| 
cobalt-iron oxide electrodes vs. kf,m, the first-order rate 
constant per unit mass catalyst for H 2O2 decomposition by 
the oxide, at 25°.

(23) L. G. Austin, ref 10, pp 63, 184.
(24) E. Yeager, P. Krouse, and K. V. Rao, Electrochim. Acta, 9, 
1057 (1964).
(25) R. Cornelissen and L. Gierst, J. Electroanal. Chem., 3, 219 
(1962).
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was adopted for the electrochemical situation. This 
would allow for Teflon screening of catalyst surfaces in 
the various electrode compositions, and compensate for 
departures from the required catalyst loading levels. 
A ± 5 %  error in pseudoexchange current densities 
arises mainly from extrapolation errors on ij log i  plots, 
from variations in properties of successively fabricated 
electrodes (particularly the ocv value), and from in
accuracy in measuring the electrode geometric surface 
area. The error margin of ± 5 %  is remarkably small 
for exchange current measurements, and partly reflects 
the high reversibility of reaction 2 on the high surface 
area graphite. Thus, observed pseudoexchange cur
rent densities are several orders of magnitude above real 
exchange current densities measured for oxygen reduc
tion at solid electrodes.

Figure 5 is accordingly constructed allowing ±10%  
variation in h , m and ± 5 %  in i 0 *  and j 0 * .  The error 
limits resulting are large because 6 is proportional to a 
small difference between two large quantities, and ex
pression 29 contains a 62 term. However, the experi
mental points fall within the stated error limits, pro
viding strong evidence for the validity of eq 27. The 
graphite| cobalt-iron oxide system thus obeys the pre
dictions of Section 2. Support is also given to the 
viewpoint that the Tafel regions for the graphite-based 
electrodes are effectively under pure activation control, 
and that the electrochemical parameters in Table II 
are uniformly affected by the Teflon loading and elec
trode structure.

The slope in Figure 5, by analogy to eq 27, is related 
to [A], the oxygen concentration at the electrode sur
face, and possesses the value 1.2 X 10-5 g mol cm-2. 
This quantity cannot be given an absolute physical 
significance, since it is dependent on other unknown 
factors, such as the fraction of catalyst mass actually 
involved in H20 2 decomposition or the electrochemically 
active specific surface area of the graphite. The slope 
is presumably a characteristic of the Acheson graphite- 
based electrodes.

The present analysis allows predictions to be made 
as to the feasibility of achieving high efficiency oxygen 
electrode performance by the use of the regenerative 
path. The oxide additions to Acheson graphite pro
duced changes in i 0 *  ranging from a negligible increase 
(composition x =  0, the least active H20 2 catalyst in 
the series) to a 70% increase (composition x = 2.4, the 
most active catalyst). Thus, the practical limit for 
the system (100% increase in i 0 * ,  from Section 2) has 
almost been achieved with present catalysts, and high 
efficiency has not been achieved for oxygen reduction.

If a different carbon base were employed for the 
electrodes, possessing a much higher i *  value than 
Acheson graphite, the intrinsic performance level in the 
absence of H20 2 decomposition catalysts would be 
greatly improved. In principle it would then be pos
sible to improve this new i a *  still further by incorpo

rating cobalt-iron oxides. Consider a carbon base 
with i 0 *  = 10 mA cm-2 showing an order of magnitude 
increase over i a *  for Acheson graphite. If it is further 
assumed that the electrochemically active specific sur
face area of the carbon is similar to that of Acheson 
graphite, such that the [A] term remains unchanged 
at its value of 1.2 X 10“ 6 g mol cm-2, then the addition 
of 10 mg of oxide of composition x =  2.4 (fcf,m =  0.243 
sec-1 g_1) would now only produce an increase in i 0 *  of 
20% (from eq 27 and 28 by successive approximation). 
This is considerably below the 70% increase obtained 
for the Acheson graphite system with ia* = 1 mA cm“ 2, 
yet this oxide possesses the highest activity for H20 2 
decomposition.

The analysis implies that high-performance oxygen 
electrodes cannot be achieved using the regenerative 
route alone. Thus, with a graphite or carbon base 
possessing an acceptably high-pseudo-exchange cur
rent density i 0 *  for oxygen reduction, any added cat
alyst would require a rate constant for H20 2 decomposi
tion appreciably greater than can be obtained with 
presently available materials, in order to significantly 
increase z’o*.

7. Conclusions
The Acheson graphite|cobalt-iron oxide system has 

been shown to be a suitable model for the investigation 
of oxygen reduction solely by the H 02~ formation reac
tion 2, and the regeneration reaction 3. Teflon-bonded 
hydrophobic electrodes, fabricated from graphite- 
oxide mechanical mixtures, may be characterized re- 
producibly in terms of a pseudoexchange current den
sity parameter obtained from Tafel plots. These plots 
are essentially activation controlled and possess a 
doubled Tafel slope from that observed with solid 
graphite electrodes. The oxide additions to the graph
ite electrodes produce an increase in both ocv and the 
pseudoexchange current density (f0*) of the graphite 
electrode alone; these effects may be correlated with 
k f . m ,  the rate constant per unit mass for H20 2 decom
position by the oxide.

However, only limited improvements in oxygen 
electrode efficiency are possible with presently avail
able catalysts using the regenerative route alone. 
The maximum possible effect in graphite] oxide elec
trodes is a doubling of ia*, and the effect for an oxide of 
given fcf ,m falls off with increasing i a * .  Conventional 
carbon or graphite-based oxygen electrodes, catalyzed 
with platinum or silver, and exhibiting much higher 
performance levels than the uncatalyzed systems, pre
sumably rely on nonregenerative oxygen reduction 
routes for their high efficiency.

Further work is required to test the applicability of 
the mathematical analysis to other systems. Of par
ticular interest are carbon-based regenerative systems 
in which the carbon has an appreciably different i a *  

from Acheson graphite. It is possible to use a similar
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approach to investigate oxygen reduction in acid solu
tion. A suitable system for study is the carbon-iron 
phthalocyanine system, which closely resembles the 
graphite| cobalt-iron oxide system in its mode of oxygen 
reduction.26
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Dissolution of Copper in Weakly Acidic Solutions
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The dissolution of copper in weakly acidic perchlorate solutions was measured over a range of pH (4.0-5.5), 
Poi (0.05-1.0 bar), and cupric ion concentrations (1 X  10-4-1 6  X  10-4 M )  at constant ionic strength (0.05 
M ).  The method used allowed several measurements to be made under pseudo-zero-order conditions on a 
single piece of copper in situ. The order dependence on (H +) and P o2 was found to be 1.0 and 0.25, respec
tively. Increasing the temperature from 16.9 to 45.0° increased the rate by a factor of 6.2. Addition of 
C l-  and B r-  ions enhanced the dissolution rate while added F - , NO3- , SO42-, and Zn2+ had a negligible effect. 
These results are discussed in terms of a solid-state mechanism involving the formation, transport, and destruc
tion of cation vacancies and positive holes.

Introduction
Numerous publications have appeared dealing with 

the corrosion of copper under a wide variety of condi
tions.1-16 However, few authors studied dissolution 
under conditions allied to natural water systems.6'16,17 
The reaction mechanism was not fully elucidated under 
acidic conditions1,17 and is even less well understood in 
solutions containing low concentrations of complexing 
ions. The present work seeks to improve the under
standing of the dissolution reaction in weakly acidic 
media (pH range 4.0-5.5).

The oxide films, formed initially on copper single 
crystals in water, were shown to consist of cuprous 
oxide18-20 even though thermodynamic considerations 
indicated cupric oxide was the stable phase.21 At room 
temperature, these films grew more rapidly in water 
than in air.18 It seemed likely, therefore, that cuprous 
oxide would be an intermediate in the dissolution of 
copper in the present study.

It is often difficult to control all the variables for a 
heterogeneous reaction, to a suitable level of precision. 
In the present work a technique was used which al
lowed the precise control of reaction variables (e.g., 
Po., pH, (Cu2+), and ionic strength) and minimized the 
problem of reproducing characteristic metal surfaces. 
Further, as relative rate measurements are sufficient 
for a mechanistic study, no great importance was at
tached to the variation of rate with surface preparation.

Experimental Section
The samples of copper used in the present investiga

tion were of Analar copper foil for which an emission 
spectrographic analysis is given.

(1) B. C. Y. Lu and W. F. Graydon, Can. J. Chem., 32, 153 (1954).
(2) J. R. Weeks and G. R. Hill, J. Electrochem. Soc., 103, 203 (1956).
(3) R. P. Russel and A. White, Ind. Eng. Chem., 19, 116 (1927).
(4) G. H. Damon and R. C. Cross, ibid., 28, 231 (1936).
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(17) Z. Zembura and W. Glodzinska, Rocz. Chem., 40, 911 (1966).
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Copper
Lead

99.99+% 
<1 ppm Cadmium <5 ppm

Bismuth <5 ppm Beryllium <1 ppm
Antimony <5 ppm Tellurium <10 ppm
Arsenic <20 ppm Cobalt <2  ppm
Manganese <0 .2  ppm Iron 10 ppm
Tin <1 ppm Nickel 1 ppm
Zinc <5 ppm Silver 5 ppm

Aluminum 5 ppm

Strips of copper foil (usually 15 cm X 3 cm) were 
corroded by a magnetically stirred solution in a cylin
drical water-jacketed vessel. One such vessel was 
fitted with a Teflon lid with holes for introducing the 
ancillary apparatus and for sample withdrawal. The 
copper samples were shaped to fit the vessel, and the 
metal in close contact with the glass was coated with 
paraffin wax. Another vessel (and lid) was of all glass 
construction with the copper supported on a glass stand 
to allow free access of the solution to both surfaces of 
the sample.

The water bath temperature was maintained to 
±0.02° at 25° and to about ±0.04° at 45°. The 
thermometers were calibrated against NPL certi
fied mercury-in-glass standards. The stirred thermo- 
stated cell solution attained a temperature within 0.01° 
of that of the water bath in about 20 min at 25°. The 
0 2-N 2 mixtures, used to vary Pot, were analyzed to 
about ± 1 %  of their oxygen content with a commercial 
oxygen meter by comparison with laboratory standards 
of similar composition.

Because of the difficulty of reproducing surface con
ditions several measurements were made using the 
same surface. A series of rate measurements was 
often made and finally the rate was remeasured under 
the initial (or similar) conditions without handling the 
surface. A comparison of the rates measured under 
the initial (or similar) conditions indicated whether the 
nature of the substrate changed during the measure
ment series.

For a reaction proceeding according to the overall 
equation

Cu +  2H+ +  y*0* — > Cu2+ +  H20  (1)
the dissolution may be followed by a number of meth
ods. Here the rate of removal of H+ was measured. 
Experimental conditions were chosen to keep P o2, 
(Cu2+), and (H+) constant in any given run. The 
Po, was maintained by bubbling 0 2 or 0 2-N 2 mixtures 
through the solution. To maintain the other two 
variables invariant the solution containing cupric ions 
was titrated to constant pH with an acid solution of the 
same equivalent concentration as that of the cupric 
ions (see eq 1) using an automatic pH titrator (Radiom
eter TT1C). Rate measurements were therefore made 
under pseudo-zero-order conditions. In addition, the 
ionic strength was kept constant (usually 0.05 M) using 
sodium perchlorate.

The dissolution rate is defined by the equation

d(Cu2+) m dv
dt 2A di

where to =  the concentration of acid added, A =  the 
area of copper exposed, and dv/dt =  the rate of acid 
addition.

To investigate any extraneous effects of paraffin wax, 
the dissolution rate was measured (at controlled pH, 
(Cu2+), and P o2) before and after coating half of each 
plane surface with paraffin wax. These results (Table 
I) show that the presence of paraffin wax was without 
significant effect.

Table I :  Effect of Paraffin Wax on the Dissolution Rate“

lO 'tR ,  
mol min-1

cm-2 Comment

1.22 No paraffin wax
1.18 Half total surface coated

with wax

« (Cu2+) =  2.27 X 10 -“ M ;  pH =  5.5; air.

Immediately before a series of measurements the 
copper surface was cleaned in an organic solvent (e.g 
diethyl ether or ethanol) and then usually etched in 
1:1 N  hydrochloric acid solution. At the end of a run, 
the copper was washed in distilled water, dried with 
tissue, and stored. This sample was then used subse
quently without removing the oxide layer (see Table 
II).

Table I I : Series of Dissolution Rates with 
the Same Copper Sample“

10
mol min-1

cm " 2 Comment

8.85 Same copper sample used
8.56 for successive measure
9.16 ments over a period of
8.68 days
9.24

“ (Cu2+) =  7.5 X 10~6 M;  pH =  5.5; air.

The linear response of the glass electrode was estab
lished using four standard buffers.22 Stability checks 
before and after each run usually agreed to within 0.01 
pH. The identification of pH values with pH(S)22 
should be reliable to about ±0.05 pH and the relative 
accuracy of the pH measurements would be much 
better than this (±0.02 pH).

(22) R. G. Bates, “Determination of pH,’’ Wiley, New York, N. Y., 
1964.
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Figure 1. Rate of dissolution of copper.

adding agar to the solution at two pH values are re
corded. No effect was apparent. The results in Ta
ble II also indicate the reproducibility attained with 
this system.

Table III : Dissolution Rate in the Presence of Agara

mol min-1
pH cm-2 Comment

5.24 1.17 Agar junction only
5.24 1.16 Agar added
4.53 2.69 Agar junction only
4.53 2.63 Agar added

<* (Cu2+) = 2.27 X 10- 4 M;  air.

A number of factors determined the time over which 
a particular run was followed in order to achieve a suit
able level of precision. These included the pH, the 
concentration of titrating acid, the precision with which 
the volume of added acid was known, and errors due to 
instability of the glass electrode assembly. With the 
HC104 solutions used, the correction for the proportion 
of the titer required to maintain the pH constant due 
to the volume increase was minor. (Generally less 
than 1% and never more than 10%.) It was shown 
that it was necessary to bubble and stir the solution for 
20-30 min to remove the small amount of carbon di
oxide introduced simultaneously with the copper sam
ple. The initial portions of the titer-time plots were 
rejected for this reason, the linear portions being gen
erally followed for about 1 hr (Figure 1). During the 
runs periodic checks by atomic absorption spectro
photometry (to an accuracy of about ± 2 % )  showed 
that the cupric ion concentration remained constant.

The cupric perchlorate solution prepared from Analar 
cupric oxide and Analar perchloric acid was analyzed 
both gravimetrically23a and by atomic absorption spec
trophotometry. The perchloric acid stock solution 
prepared from Analar material was standardized against 
Borax.23b Other chemicals used were of analytical 
reagent grade.

Experiments using hydrochloric acid solutions (0.01- 
0.0001 M) confirmed the equivalence of cupric ion for
mation (measured by atomic absorption) and acid con
sumption indicated by eq 1.

The marked acceleration of the dissolution reac
tion7'10'24 by chloride ions prevented the use of either a 
“ combination glass electrode”  or an agar-saturated 
potassium chloride230 salt bridge. (If used under the 
present solution conditions (Cl- ) «  10-3 M after about 
60 min.) Therefore, a salt bridge of sodium perchlo
rate supported on agar was used. The effect of agar 
on the dissolution rate was investigated. Successive 
rates obtained under similar conditions with a single 
piece of copper are summarized in Table II while in 
Table III experiments showing the effect of deliberately

Results
Effect of Stirring. The magnitude of the change in 

dissolution rate on altering the stirring speed may pro
vide information on the nature of the reaction.1'26 In 
this work most measurements were made with the 
highest stirring speed conducive to long-term stability 
of the system. When this stirring rate was doubled, 
the dissolution rate was increased by about 10%.

Effect of Light. In one experiment (pH = 5.5, 
(Cu2+) =  7.5 X 10~s M) the dissolution rate was mea
sured both with normal lighting and with light ex
cluded using blackened aluminum foil. No measurable 
change in rate wa§ detected, and this effect was not 
investigated further.

Effect of Cwpric Ion Concentration. The effect of 
cupric ion concentration was investigated at the pH 
values 4.52, 5.31, and 5.50. After determining the 
initial rate, successive rates were measured after addi
tions of (Cu2+) (7 = 0.05 M  at correct pH). Figure 2 
shows these results in terms of an equation of the type 
R = k(Cu2+)re. The values of n show no trend with 
pH.

Some attempts were made to measure equilibrium 
cupric ion concentrations in the system. When the 
copper sample was allowed to corrode with the titrator 
disconnected, there was an initial increase in the pH 
which passed through a maximum {e.g., pH 5.87, 
(Cu2+) =  4.3 X 10-4 M) and finally decreased. Si
multaneous with this decrease, loosely adhering mate
rial was deposited on the “ copper” surface. This pH 
oscillation would not be expected for reactions ap
proaching “ equilibrium” in homogeneous media. At 
the maximum pFI the product (Cu2+)(OH - )2 exceeds 
that for cupric oxide21 (but not for Cu(OH)2) indicating

(23) A. I. Vogel, “Quantitative Inorganic Analysis,” 3rd ed, Long
mans, Green and Co., London, 1961: (a) p 498; (b) p 238; (c)
p 912.
(24) T. Hurlen, Acta Chem. Scand., 15, 1231 (1961).
(25) C. V. King, Trans. N . Y. Acad. Sci., 10, 262 (1948).
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Figure 2. Effect of cupric ion concentration on the rate of 
dissolution of copper at different pH values.

the deposited material to be CuO. The “ stationary 
state”  conditions (pH 5.55, (Cu2+) = 4.3 X 10-3 M) 
are consistent with this suggestion. This conclusion 
was further supported by some work of Kruger19 who 
corroded copper samples in distilled water and noticed 
that the cuprous oxide finally became covered with 
cupric oxide. Hence we are concerned with the sys
tem Cu-Cu20 -C u 0 -C u 2+ which is in an oxygenated 
environment and, therefore, not in true equilibrium.

The standard free energy change for the reaction26

y 2C u 2o  +  2 H +  +  y 4o 2 ^  C u 2+ +  h 2o  (2)

is —23.7 kcal mol-1 giving an equilibrium constant of 
1017'4 bar_I/l at 25°. Calculations utilizing the 
experimental pH and (Cu2+) indicated P 0, values for 
the solution phase as low as 10 ~40 bar which was 
clearly not so. The significance of this low P 0, value 
is seen by considering the equilibria between the 
phases

c u  +  y 4o 2 ^  y 2c u 2o  (3)

y  2C u 2o  +  y 4o 2 c u o  (4 )

CuO +  2H+ Cu2+ +  H20  (5)

The sum of (4) and (5), i.e., (2) describes the equi
librium between cuprous oxide and an aqueous solution 
containing cupric ions where P o, is that existing at the 
Cu20-CuO interface. The Po2 value for the Cu20 -  
CuO stability boundary is about 10~37-6 bar.27 Values 
calculated from stationary state experiments deviate 
from this probably as a result of the nonstoichiometric 
nature of the cuprous oxide, an incomplete coverage of 
the Cu20  by a CuO film, and the system not being at 
equilibrium.

At the stationary state there would be a slow growth 
of the cuprous and cupric oxide layers with a corre
sponding utilization of oxygen. Once the cuprous 
oxide was covered with a layer of cupric oxide no change 
in pH would be expected.

In view of the interest in the corrosion of copper in 
natural waters it is useful to consider the possible role

Figure 3. Effect of cupric ion concentration or. the rate of 
dissolution of copper at pH 5.50 with different amounts of 
cupric oxide deposited on the surface (see text).

of cupric oxide in this process. Copper is usually 
passivated when coated with an impervious layer of 
corrosion product.28 There are instances when this 
does not happen21 and the presence of cupric oxide may 
be relevant. Some related data are now given. After 
determining the curve in Figure 2 for pH 5.50 (curve a 
in Figure 3) the sample was allowed to corrode with the 
pH titrator disconnected, until a stationary state was 
attained. As indicated above, material is deposited 
on the sample surface. Curves b, c, and d of Figure 3 
show the rate dependence on (Cu2+) after successive 
increments of material had been deposited from solu
tion. The increase in rate at zero (Cu2+) for curves 
a-d might be the result of increased surface area, the 
deposited material being rather loosely adherent.19 
The increased sensitivity of the rate to increasing 
(Cu2+) for a-d may indicate how corrosion is rapidly 
stifled when growth of mixed oxide film has occurred 
under certain conditions.

Effect of Oxygen. The rate dependence on P0, was 
determined at different (Cu2+) and pH values and in 
the presence of chloride (Table IV). P o, was varied 
using 0 2-N 2 mixtures and without removing the copper 
sample a series of measurements at constant pH, 
(Cu2+), I, and stirring conditions but at different P 0. 
values was made. To ascertain whether the copper 
surface had changed during the series a redetermina
tion of the dissolution rate under the initial conditions 
of P q, was made. A typical plot of log R (mol roin^1 
cm-2) vs. log P o, (bar) is shown in Figure 4 while Table 
IV records the range of conditions for which the oxygen 
dependence was measured. The slopes of these plots 
are approximately 0.25.

(26) Nat. Bur. Stand. (U . S.), Circ. 500 (1952).
(27) R. M. Garrels and C. L. Christ, “Solutions, Minerals, and 
Equilibria,” Harper and Row, New York, N. Y., 1965, p 155.
(28) L. Giuliani, A. Tamba, and C. Modena, Corros. Sci., 11, 485 
(1971).
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Figure 5. Effect of pH on the dissolution of copper.

Table IV. Range of Conditions for Which the Rate 
Dependence on Oxygen Concentration Was Determined

10«(Cu*+), 10KC1-),
Slope of 
order

M M pH plot

2.22 5.51 0.24
4.93 5.32 0.26

17.1 100 5.58 0.27
17.1 4.33 0.25

Effect of pH. The effect of pH on the dissolution re
action was studied over the range 4.0-5.5 at varying 
(Cu2+) and in the presence of chloride (Table V). Fol
lowing additions of HC104 solution a series of rate mea
surements was made at constant P 0a (Cu2+), and I  
but at varying pH. To check whether the surface had 
altered during the series, the rate was occasionally re
measured after the pH had been increased by the addi
tion of carbonate-free Ba(OH)2 solution. A sample 
plot of log R (mol min-1 c m '2) vs. pH is shown in Fig
ure 5. The dependence on pH (Table V) appears to 
vary with cupric ion concentration and only at the 
higher concentrations29 used was the dependence typical 
of a simple linear relationship of the type R =  fc(H+) 
giving

log R =  log k — pH

Effect of Added Ions. The effects produced by the 
addition of fluoride, chloride, bromide, sulfate, nitrate, 
or zinc ions on the dissolution rate are plotted in Figure 
6 as R/Rs where Rs was the rate without added ions 
present. After measuring Ra (usually at pH 5.5, (Cu2+) 
= 2.3 X 10-4 M) successive rate measurements were 
made with additions of C 02-free solutions (at correct

Table V : Range of Conditions for Which the Rate 
Dependence on pH Was Determined“

Slope of
10*(CU2+), lOffCl-), order

M M plot pH range

17.0 -1 .0 7 4.0-4.9
17.0 -1 .0 7 4.4-4.8
17.0 -1 .0 7 4.5-5.2
11.4 10.0 -1 .0 2 4.1-5.3
if. 4 50.0 -1 .0 5 4.5-5.3
2.22 -0 .7 7 4.5-5.5
2.27 -0 .6 6 4.4-5.5
1.48 -0 .5 4 4.5-5.5
0.75 -0 .6 8 4.6-5.5

° Air was the aerating gas.

pH, (Cu2+), and ionic strength) of the various ions. 
The anions were added as their sodium or potassium 
salts and the zinc ions as zinc sulfate. Chloride and 
bromide ions which complex strongly with cuprous 
ions,30a greatly enhanced the dissolution rate, while the 
ions Zn2+, F~, S042-, and N 03~ had no appreciable 
effect. Robertson, et al.? similarly observed a positive 
catalytic effect for chloride additions and a minor effect 
for sulfate additions at pH 6.

Figure 6. Catalytic effect of added ions on the rate of 
dissolution of copper.

(29) Although the results in Table V appear self-consistent it is 
apparent from Figure 2 that under certain conditions one may 
obtain a much lower dependence on pH at relatively high cupric ion 
concentrations.
(30) (a) L. G. Sillen, Chem. Soc., Spec. Publ.t No. 17, (1964); (b) 
“International Critical Tables,” Vol. Ill, McGraw-Hill, New York, 
N. Y., 1928, p 257.
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Figure 7. Dissolution rate of copper as a function of 
reciprocal temperature.

Effect of Temperature. The data showing the effect 
of temperature (16.9-45.0°) on the dissolution rate 
(Figure 7) were obtained as follows. After the rate was 
measured at 25° the temperature was raised to 45° and 
the rate remeasured. The other points were obtained 
after cooling the bath by various amounts. The glass 
electrode assembly was calibrated before and after 
the run at each temperature and a minor correction has 
been made for the change in oxygen solubility with 
temperature3011 in terms of the dependence given in 
Table IV. As the measurements at 25° indicated that 
the sample surface may have altered during the tempera
ture cycling, the activation energy cannot be accurate. 
The value obtained was in the range 12 ±  3 kcal mol-1.

Discussion
The rate of dissolution of metals and compounds in 

aqueous reagents has been discussed in terms of a diffu
sion layer theory.26 The elementary model describes 
the formation of an extremely thin layer of saturated 
solution at the solid surface, the rate being determined 
by diffusion from this layer. The corresponding model 
for the dissolution of copper covered with cuprous oxide 
would be

>/2Cu20  +  H + ^ T  Cu+ +  y 2H20  (6)

Cu+surface ^  Cu'hjulk 0  )

c u +  +  h + +  y 4o 2 ^  c u 2+ +  y 2H 2o  (8)

Equation 6 describes the reaction occurring at the 
Cu20 -H 20  interface while (8) describes the overall 
reaction in the bulk solution. If (7) is the slow step, 
reactions 6 and 8 must be rapid. Yet if (8) is rapid, the 
cuprous ions will be oxidized before they move from 
the surface. The rate dependence on P 0, eliminates (6) 
as the rate-determining step, suggesting that the oxida
tion of Cu+ may be slow. This is considered later.

On the other hand, control by solution diffusion of 
0 2, H+, or Cu2+ was untenable in view of the observed

rate dependence on P 0„ (H +), (Cu2+), (Cl- ), and (Br- ). 
This conclusion was supported by the relatively minor 
effect of increased stirring, although such evidence 
must be treated with caution. While the dependence 
of a diffusion-controlled reaction generally weakens with 
more violent agitation, this is not necessarily synon
ymous with a transition into a region of kinetic control. 
In fact, lack of a stirring effect was shown to occur in the 
diffusional range,31 due to a slipping effect with the 
stirrer failing to carry the liquid along with it at the 
higher rotational rates. Therefore, additional informa
tion must be available to enable a distinction between a 
chemical reaction and a solution diffusion process to be 
made unequivocally. We conclude that the dissolution 
is not controlled by a simple diffusion process in solu
tion. A solid-state mechanism is now proposed.

The oxidation of a metal in a gaseous environment has 
been described in terms of reactions at the metal-oxide 
and oxide-gas interfaces and the transport of material 
through the oxide film.32 The slowest of these steps 
will control film growth. In an aqueous environment 
film growth is opposed by dissolution and for films of 
constant thickness we expect the rate of oxide growth 
to equal the rate of dissolution. In the present investi
gation, when steady-state rates were observed (pseudo
zero-order conditions) we consider the film thickness to 
be constant. The oxidation and dissolution of copper 
will now be considered in terms of the production of 
cation vacancies and positive holes at the Cu20 -H 20  
interface, their migration across the oxide film with 
their consequent destruction at the Cu-Cu20  interface.

The following reactions may take place at the Cu20 -  
H20  interface.

(i) The transfer of a cuprous ion to the aqueous 
phase33

Cucu ----- C u +aq +  V - Cu (9 )

(ii) The oxidation of cuprous ions in oxygenated 
aqueous solution at the surface for which the overall 
reaction is described by (8).

(iii) The formation of a “ positive hole”  in the Cu20  
structure by a cupric ion occupying a cation vacancy.

Cu2+aq +  V - Cu —  p + (10)

In these equations Cucu represents a curpous ion on a 
normal site of Cu20  with an apparent charge of zero; 
V - cu is a cuprous ion vacancy with an apparent charge 
of — 1; p + is a cupric ion ( a cuprous ion with an electron 
removed, a “ positive hole” ) with an apparent charge of 
+  1. Whereas a positive hole may migrate by electron 
transfer3411

(31) D. A. Frank-Kamenetskii, “Diffusion and Heat Exchange in 
Chemical Kinetics,” translated by N. Thon, Princeton University 
Press, Princeton, N. J., 1955, p 66.
(32) T. B. Grimley, “Chemistry of the Solid State,” W. E. Garner, 
Ed., Butterworths, London, 1955, Chapter 14.
(33) R. F. North and M. J. Pryor, Corros. Sci., 10, 297 (1970).
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C u e  p + — *■ p +Cucu

the movement of vacancies is by migration of cuprous 
ions into a vacant structural site.84“

At the Cu-Cu20  interface the defects are removed 
by an overall reaction of the type

Cu +  p + +  V-cu ^—  2Cucu (11)

The sum of 2 X (8), 2 X (9), (10), and (11) gives 
the familiar eq 1, describing the overall process, viz.

Cu T  2H+ +  V2C2 — Cu2+aq -(- H2O

(a) It does not appear possible to explain the rate 
dependence on (H+), (Cu2+aq), and Po2 in terms of
(9) being rate determining and this suggestion is not 
considered further.

(b) The mechanism for the oxidation of the cuprous 
ion in aqueous solution (8) has not been resolved. Fol
lowing Nord36 we consider the following steps

Cu+ +  0 2 Cu02+ (12)

Cu02+ +  H+ ^  Cu2+aq +  H 02 (13)

H 02 +  3H+ +  3Cu+ — *■ products (14)

Nord regarded (13) to be rate determining giving

R =  M  C u 0 2+ )(H + ) =  kuK  12 (C u +) (H  +) (0 2)

This fails to account for the rate dependence on Po,. 
Similarly (12) is rejected as the slow step. The simple 
steps of (14) are unknown and will not be considered. 
Henceforth the oxidation of cuprous ion in aqueous 
solution is considered to be rapid compared with the 
dissolution process.

(c) If (10) is rate determining then

R =  M  C u 2+aq)(V-cu) (15)

which upon substitution using (8) and (9) gives

R =  ^ oA8N9(02)°-26(H+) (16)

This equation correctly describes the observed depen
dence on P 0l and (H+) (Tables IV and V) and predicts 
a zero-order dependence on (Cu2+aq) (c/. Figure 2).

(d) For control by a slow diffusion process across 
the oxide layer the reactions at the two interfaces may 
be regarded as rapid. At the stationary state the dis
tribution of cation vacancies and positive holes within 
the bulk oxide will be equal.32 Hence the rates of 
production of cation vacancies and positive holes will 
also be equal and their formation36 is derived from (9),
(10)  , and (11) as

2Cucu +  2H+ +  V2O2 _—
C u 2+aq +  p + +  V - Cu +  H 20  (17)

Thus

Ktt =  ( p + ) ( V -c u)(C u 2+aq)/(02)»-6(H + )2 (18)

An essential requirement is the maintenance of elec

trical neutrality in both the solid and aqueous phases 
so that (p+) =  (V~cu). This is strictly true only in 
the bulk phases and not in the space charge regions in 
the vicinity of each interface.32 Hence

(V -C u) =  A 170-6(O2)0-26( H + ) /( C u 2+aq)°-6 (19)

To maintain electrical neutrality, cation vacancies and 
positive holes migrate at equal rates across the bulk 
oxide and, for a process governed by the diffusion of 
these, vacancy migration is considered to be the slow 
step.34b This will take place under an electrochemical 
potential gradient due to the concentration gradient of 
V-cu across the film and to the electric field in the 
film. In simple terms

R = fcm(V~Cu)

where km is a function describing charged particle 
migration in an electric field.340 Utilizing (19)

R =  O2)0-26( H + ) /( C u 2+a,)°-6 (20)

This rate equation also correctly describes the observed 
dependence on Po, and (H+) (Tables IV and V) and 
predicts an order of —0.5 with respect to (C u 2+aq).

(e) Suppose a reaction at the Cu-Cu20  interface is 
rate controlling. The slow step might be the dif
fusion of copper atoms on to a vacant structural site39

Cu +  V~cu — ► Cu°Cu (21)

followed by a rapid transfer of electrons

p+ +  Cu°cu — *■ 2CuCu

where Cu°cu is a copper atom on a normal site with an 
apparent charge of — 1. In this case

R =  kn(V~cu)

where (V~cu) will be described by eq 19, the production 
and transport of cation vacancies being rapid. Thus

R =  fc2iA„°-5(O2)0-26( H + ) /( C u 2+aq)°-6 (22)

(34) O. Kubaschewski and B. E. Hopkins, “Oxidation of Metals 
and Alloys,” Butterworths, London, 1962: (a) p 22; (b) p 82; (c) 
Chapter 2.
(35) H. Nord, Acta Chem. Scand., 9, 430 (1955).
(36) An alternative set of rapid interfacial equilibria37 for the forma
tion of positive holes and vacancies may be written as follows

O2 4H+ -f- 4Cucu —  4p+ -f- 2H20  

p + Cu2+ +  V-cu 

Cu +  p + -(- V - cu -5—  2Cucu
From these, the equations describing the overall rapid equilibrium 
at the CU-H2O interface and the overall reaction may be found identi
cal with (17) and (1), respectively. These reactions suggest an 
alternative path for the formation of positive holes and vacancies, 
though the dissolution of cuprous oxide in aqueous media is known 
to be rapid.38
(37) P. C. A. Bailey and G. A. Wright, private communication.
(38) W. Feitknecht and P. Schindler, Pure A ppl. Chem., 6, 130 
(1963).
(39) T. B. Grimley and B. M. W. Trapnell, Proc. Roy. Soc., Ser. A, 
234, 405 (1956).
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This formulation satisfies the Po2 and (H+) dependence 
found experimentally (Tables IV and V) and predicts 
an order of —0.5 with respect to (Cu2+aq).

A distinction between (10), (21), and cation vacancy 
migration (all of which predict the observed rate de
pendence on P 0l and (H+)) as the rate-determining 
step cannot be made in terms of the measured rate 
dependence on (Cu2+) (see Figure 2). The signifi
cance of the order dependence (—0.2) as compared 
with —0.5 ((21) or vacancy migration rate determin
ing) and zero ((10) rate determining) is not clear. 
However, the energy of activation provides additional 
information. In the present work this was 12 kcal 
mol-1. From high-temperature oxidation experiments 
using radioactive copper, Moore and Selikson40 calcu
lated the activation energy for the self-diffusion of Cu 
in Cu20  to be 36.1 kcal mol-1. The activation energy 
for the self-diffusion process represents the sum of the 
activation energies for the formation and diffusion of 
cation vacancies.41 Thus, using the enthalpy of forma
tion derived by O’Keeffe and Moore42 (21.7 kcal mol-1), 
the enthalpy of migration is calculated as 14.4 kcal 
mol-1. This compares well with that obtained in the 
present work (12 kcal mol-1). However, in a recent 
publication,43 the enthalpy for the self-diffusion has 
been found to be 24.0 kcal mol-1. Further, some of 
the earlier data40 was indicated to be of inferior 
quality. In view of the large discrepancy between the 
enthalpies reported for self-diffusion, it cannot be con
cluded without reservation that the slow step in the 
current study is a cation vacancy migration.

As noted earlier, added Cl-  and Br-  ions enhance the 
rate with Br-  having the greater effect (Figure 6). In 
contrast, added F - , S042-, and NO3-  ions have a neg
ligible effect. This behavior parallels the ability of 
these ions to complex with cuprous ions in aqueous 
solution.29 However, let us consider eomplexing reac
tions of the type

Cu+aq +  rzCl-aq ^  CuCB"-lJ - aq (23)

Incorporating this type of eomplexing in equations 
corresponding to (9) and (8), we find that the sum of 
these with (10) is identical with (12), demonstrating 
that the dependence of the rates on P o, and H+ would 
be unchanged (Table IV and V) but also that there 
would be no catalysis by chloride.

On the other hand, the effect of chloride has been 
described in terms of the substitution of Cl for O in the 
crystal lattice.33 This substitution would create a 
charge imbalance leading to the formation of cation 
vacancies to maintain electrical neutrality, i.e.

Oo ^  0 2-ttq +  Vo2+

0 2-aq +  2H+ ^  H20  

Cl-  +  V02+ ^  Clci 

Cucu Cu+aq +  V - Cu 

Cu+aq +  h + +  y 4o 2 ^  Cu2+aq +  y 2H2o

where O0 represents an oxygen ion on a normal lattice 
site with an apparent charge of zero; Clci is a chloride 
ion occupying a normal lattice site with an apparent 
charge of + 1 , Vo2+ is an anion vacancy with an ap
parent charge of +2 .

The overall equation satisfying electroneutrality 
requirements in both the aqueous and solid phases is

CUCu +  Oo +  3H+ +  Cl~aq +  l/iOi ^----
Cu2+aq +  3/ 2H20  +  V - cu +  Clci (26)

giving

(V- cu) =  K 26(H+)3(Cl- aq)(0 2)°-2V(Cu2+aq)

On this basis, the observed rate dependence on (H+) is 
not satisfactorily explained. Furthermore, increased 
substitution of oxygen ions of the lattice by bromide 
ions to account for the increased effect of the latter 
would not be expected from simple ion size considera
tions. Thus while some substitution may take place, 
it does not appear to be the dominant mechanism. In 
addition, the negligible effect of added fluoride ions 
(Figure 6) would indicate only minor substitution in the 
structure. Neither suggestion for the catalytic effect of 
chloride fits the data well.

It is worth noting that the substitution model de
scribing the effect of (H+) on the corrosion of alumi
nium44 also does not appear to apply in the present case.

To summarize, each solid-state model predicts the 
same dependence on P o. and (H+) and the data showing 
the rate dependence on (Cu2+) does not clarify the situa
tion. Hence the conclusion that the slow step is a 
slow cation vacancy migration rests on the available 
evidence concerning the enthalpy of migration.
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Raman spectra of aqueous solutions of sodium and magnesium sulfates were measured but failed to reveal any 
evidence of ion pairing. However, sulfate solutions with HC1 added did exhibit relatively strong bands due 
to HS04- . Evidence for MgS04 and NaS04~ ion pairs has been obtained by the addition of sodium and mag
nesium salts to the latter solution; both cations compete with hydrogen ions for the S042-. This is clearly 
demonstrated in the Raman spectra by a decrease in intensity of the band assigned to HS04-  at 1053 cm-1 
and an increase in intensity of the band assigned to S042- at 982 cm“ 1 in the solutions with sodium or mag
nesium added.

Introduction
Considerable attention has been given to the use of 

ion association models to interpret the physical-chem
ical characteristics of electrolytic solutions.1-'3 This 
work considers the ion pairing of sulfate ions with so
dium and magnesium ions. The tendency of mag
nesium and sulfate ions to form ion pairs has been ex
amined extensively using conductometric,4 potentio- 
metric,4-7 solubility,8 and ultrasonic relaxation9-10 
techniques. The consistency of these studies supports 
the ion association model for magnesium and sulfate. 
The case for sodium ion pairing with sulfate is not as 
clearly established as that for magnesium. In some 
studies Na2S04 has been assumed to be a completely 
dissociated electrolyte,6'11,12 whereas others have con
sidered the formation of NaS04-  ion pairs.13-15 It 
has been subsequently shown that Harned’s rule be
havior of activity coefficients in multicomponent solu
tions does not preclude an ion association model for 
the ionic interactions.15-17

The effects of various cations on the Raman spectra 
of nitrates, sulfates, and perchlorates have been in
vestigated by Hester and Plane.18 Only In3+ produced 
new bands in the spectrum of the S042- ion; all other 
cations studied, including Na+ and Mg2+, gave ap
proximately the same spectra. In this work we ex
tend the observations of Hester and Plane to lower 
ionic strengths and to multicomponent sulfate solu
tions.

Recently, Irish and Chen examined the Raman spec
tra of various solutions containing HS04-  and S042-.19-21 
They found that the integrated intensity of the S042- 
band at 981 cm-1 is proportional to the S042- molarity 
and that the integrated intensity of the HS04-  band at 
1053 cm-1 is proportional to the HS04-  molarity. 
They further showed that the ratio of these bands is a

qualitative measure of the extent of dissociation of
h s o 4- .

In the present investigation Raman spectra of multi- 
component aqueous solutions of HC1, NaCl, Na2S04, 
and MgCl2 in the range 0.3-1.3 ionic strength have been 
examined in terms of an ion-pairing model. We have 
assumed that the chlorides of H +, Na+, and M g2+ are 
completely dissociated. Even though this assumption 
is contrary to some interpretations,22-24 it is consistent

(1) C. W. Davies, “ Ion Association,” Butterworths, Washington, 
D. C., 1962.
(2) G. H. Nancollas, “Interactions in Electrolyte Solutions,” 
Elsevier, Amsterdam, 1966.
(3) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 
Butterworths, London, 2nd revised ed, 1965.
(4) H. W. Jones and C. B. Monk, Trans. Faraday Soc., 48, 929 
(1952).
(5) V. S. K. Nair and G. H. Nancollas, J. Chem. Soc., 3706 (1958).
(6) J. M. T. M. Gieskes, Z. Phys. Chem. (Frankfurt am M ain), 50, 
78 (1966).
(7) D. R. Kester and R. M. Pytkowicz, Limnol. Oceanogr., 13, 670
(1968) .
(8) W. L. Marshall, J. Phys. Chem., 73, 3584 (1967).
(9) M. Eigen and K. Tamm, Z. Elektrochem., 66, 107 (1962).
(10) G. Atkinson and S. Pétrucci, J. Phys. Chem., 70, 3122 (1966).
(11) R. D. Lanier, ibid., 69, 3992 (1965).
(12) J. N. Butler, P. T. Hsu, and J. C. Synnott, ibid., 71, 910 (1967).
(13) E. C. Righellato and C. W. Davies, Trans. Faraday Soc., 26, 
592 (1930).
(14) J. M. Austin and A. D. Mair, J. Phys. Chem., 66, 519 (1962).
(15) R. M. Pytkowicz and D. R. Kester, Amer. J. Sci., 267, 217
(1969) .
(16) J. N. Butler and R. Huston, J. Phys. Chem., 74, 2976 (1970).
(17) J. N. Butler and R. Huston, Anal. Chem., 42, 1308 (1970).
(18) R. E. Hester, R. A. Plane, and G. E. Walrafen, J. Chem. Phys., 
38, 249 (1963); R. E. Hester and R. A. Plane, Inorg. Chem., 3, 769 
(1964).
(19) D. E. Irish and H. Chen, J. Phys. Chem., 74, 3796 (1970).
(20) H. Chen and D. E. Irish, ibid., 75, 2672 (1971).
(21) H. Chen and D. E. Irish, ibid., 75, 2681 (1971).
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Table I : Observed Frequencies (cm *) and Assignments of the Bands in the Raman Spectra of the Sulfate Solutions

0.1 M  Na2S04- 0.1 M  Na2S04- 0.1 M  NajSOi-
Assignments 0.1 M  Na2S04 1.0 M  NaCl 0 . 1  M  MgCl2 0.1 M  HC1

S042-, V3

HS04~, S03 sym stretch
■~1110 w, b ~1110 w, b ■—'1110 w, b

1053 m
S (V ", Vl
HS04", S-OH stretch

982 vs 982 vs 982 vs 982 vs 
~895 w, b

SO42-, V4

HSO4- , SO3 sym bend
~620 w, b ~615 w, b ~610 w, b

~595 w, b
S042-, vi
HS04", S-OH wag

448 w 448 w 446 w 445 w 
410 w

with many of the present concepts of electrolytic solu
tions. 13.'5,25-28 The success 0f fhe following analysis 
supports the adequacy of this assumption.

Experimental Section
All solutions were prepared from J. T. Baker reagent 

grade chemicals. The NaCl and Na2SC>4 were dried at 
125° and 0.5 atm pressure for 2 hr prior to weighing. 
The HC1 was added by weight from a 37.5% aqueous 
solution. Magnesium was added as MgCl2-6H20.

Raman spectra -were recorded at 24 ±  1° using a
Spex Industries Model 1401 double monochromator
with photon counting detection and a C.R.L. Model • °52A argon ion laser emitting at 4880 A as the excitation 
source. Spectra were measured of samples contained 
in Pyrex capillary tubes with an inner diameter of 1.2 
mm, and duplicate spectra were measured of samples 
contained in a vertically mounted, quartz liquid cell 
with an inner diameter of 8 mm. During the experi
ments in which relative integrated intensities of bands 
of different samples were measured, the integrated in
tensity of the 1625-cm"1 band of water (r2) was mea
sured for each sample. It was found that the intensity 
of this band remained the same from one sample to the 
next, if care was taken in exchanging samples. The 
spectra of the samples to be compared wrere measured 
consecutively, and the spectrum of each sample was 
measured a minimum of five times.

Results and Discussion
The Raman spectrum of a 0.1 M  Na2S04 solution in 

the 800-1200-cm-1 region is shown in Figure 1. There 
is a very strong band at 982 cm-1 assigned as m, the 
symmetric S04 stretching mode, and a weak, broad 
band at -—'1110 cm-1 assigned as r3, the antisymmetric 
S04 stretching mode.29 Two other very weak, broad 
bands are observed at lower frequencies. All of the 
observed frequencies and assignments are listed in 
Table I.

To test the feasibility of using Raman spectroscopy 
to detect sodium and magnesium ion pairs with sulfate, 
spectra of three additional solutions were recorded. 
In the first solution excess sodium was added to the 
0.1 M  Na2S04 solution by the addition of NaCl (making 
the solution 1.0 M  in NaCl). It tvas assumed that the

Figure 1. Top, Raman spectrum of 0.1 M Na2S04 solution 
between 800 and 1200 cm "1 (a, sensitivity increased by 3X ). 
Bottom, Raman spectrum of 0.1 M  Na2SO4-0.1 M  HC1 
solution. Spectral slit widths <10 cm "1.

NaCl completely dissociated and that any changes in 
the spectrum were due to the formation of NaS04~ ion

(22) R. M. Fuoss and K. L. Hsia, Proc. Nat. Acad. Sci. U. S., 57, 
1550 (1967).
(23) A. B. Gancy and S. B. Brummer, J. Phys. Chem., 73, 2429 
(1969).
(24) F. J. Millero, ibid., 74, 356 (1970).
(25) L. G. Sillen and A. E. Martell, Chem. Soc., Spec. Publ., No. 17, 
272 (1964).
(26) H. C. Helgeson, Amer. J. Sci., 267, 729 (1969).
(27) R. E. Creekmore and C. N. Reilley, J. Phys. Chem., 73, 1563 
(1969).
(28) R. H. Stokes, Trans. Faraday Soc., 41, 642 (1945).
(29) K. Nakamoto, “Infrared Spectra of Inorganic and Coordina
tion Compounds,” Wiley, New York, N. Y., 1963.
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Table II : Composition of the Sulfate Solutions at 25°

Solu
tion Composition S04*~

a 0.1 M  Na2S04, 0.1 M HC1 0.0340
b 0.1 ltfNa2S04, 0.1 M HC1, 0.0194

c
0.7 M NaCl

0.1 M  Na2S04, 0.1 M  HC1, 0.0198
0.2 M  MgCl2

-Molarity of sulfate species-----------
NaSOi" MgSOi HSOi-

Ionic
strength

0 .0 1 3 9 0 .0 5 2 1 0 .2 6 8
0 .0 3 8 8 0 .0 4 1 7 0 .9 3 9

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

pairs. The spectrum was exactly the same as the one 
obtained for 0.1 M  NaS04. Magnesium was added in 
the second solution by adding MgCl2-6H20  (0.1 M) to 
the 0.1 M  Na2S04. Again it was assumed that MgCl2 
completely dissociated and that any changes were due 
to the formation of MgS04 ion pairs. As before there 
were no changes in the spectrum. The third solution 
contained 0.1 M  Na2S04 and 0.1 M  HC1. In this case 
it was assumed that HC1 completely dissociated and 
that changes in the spectrum were due to the formation 
of HS04- . There were definite changes in the spec
trum.

The Raman spectrum of the 0.1 M  Na2SO4-0.1 M  
HC1 solution is also shown in Figure 1. Two new 
bands appear in the spectrum at ~895 and 1053 cm-1. 
Previously, these two bands have been assigned to 
HS04- ;30 the former band is assigned as the S-OH 
stretching mode and the latter as the S03 symmetric 
stretching mode. In addition, two other very weak 
bands are observed at lower frequencies; these are 
listed in Table I along with the observed frequencies 
and assignments for all of the solutions.

Within experimental limits Raman spectra of the 
solutions with excess Na+ and Mg2+ were the same as 
those obtained by Hester and Plane.18 Hester and 
Plane interpreted their data as indicating that metal 
sulfate complexes are solvent separated, except in the 
case of indium. Since it is well established that 
MgS04 ion pairs exist in solution,4-10 be believe that 
an outer-sphere or solvent-separated interpretation is 
correct and that this type of ion pairing does not affect 
the Raman spectrum of S042-. In the case of the 
NaS04~ ion pair there is no direct evidence for its ex
istence ; therefore, either it does not exist or it is solvent 
separated in the same way as the M gS04 ion pair, and 
hence it is not detected in the Raman spectrum.

To determine if the formation of NaS04~ and 
M gS04 ion pairs can be detected indirectly by com
peting with HS04- , we have recorded the Raman spec
trum of three additional solutions. The compositions 
and predicted molarities of the sulfate species in these 
solutions are listed in Table II. The calculated mo
larities of sulfate species in Table II are based on values 
for the concentration equilibrium constants K  * m so 4 =  
[MS04]/([M ][S 0 4]), where M is Na+, Mg2+, or H+ 
and the brackets represent concentrations of the en

closed species. The K * m so 4 varies with ionic strength, 
and it was necessary to calculate the ionic strength by 
iteration to account for the effect of the ion pairs on it.

Potentiometric techniques were used to determine 
-K*Naso.15 and A *Mgsoi31 at various ionic strengths. 
The results were

K *NaS04 = 2.73 -  2.58m +  2.28M2

and

log K  *MgSO< —> 2. 32 -  2.84[ V m/(1  +  V m)1

These empirical expressions are valid only over the 
range 0.2 <  m <  1-0. The ionic strength dependence 
of K *h s o < at 25° was determined in conjunction with 
this study. The emf response of a combination glass 
pH electrode with a ceramic frit junction reference 
electrode (Corning No. 476051) was determined in a 
0.100 M  HC1 solution which was titrated to m — 1-0 
with NaCl. These results provided a calibration of 
emf relative to [H + ] which accounted for the effects of 
ionic strength on the activity coefficient of H + and on 
the liquid junction potential of the reference electrode 
in HCl-NaCl solutions. A second titration was per
formed in which NaCl was added to a 0.100 M  HC1- 
0.100 M  Na2S04 to cover the range 0.26 <  m <  1-12. 
The values of [H+] and [HS04- ] =  0.100 — [H+] were 
obtained from the electrode response in the second titra
tion, and the relationship was derived from the cali
bration measurements. The previously determined 
K *Naso, was used with these results to calculate 
[S04z~]. A least-squares polynomial regression of 
seven values of K *Hso< provided the following relation
ship for 0.26 <  m <  1.12

K *hso, =  34.8 -  13.1m +  9.2M2 +  4.2ms +  3.5m4

Since we have already shown that neither Mg nor 
Na affect the Raman spectrum of S042-, we can assume 
that S042-, MgS04, and NaS04~ (if it does exist) all 
contribute to the 982-cm-1 band of S042-. Therefore, 
it is possible to predict the changes in intensities of the 
982-cm-1 band and the HS04-  band at 1053 cm-1. 
The S042- band in the spectrum of solution c should

(30) R. J. Gillespie and E. A. Robinson, Can. J. Chem., 40, 644 
(1962).
(31) D. R. Kester, Ph.D. Thesis, Oregon State University, Corvallis 
(1969).
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Figure 2. Raman spectra of sulfate solutions: a, 0.1 M 
Na2S04-0.1 M HC1; b, 0.1 M Na2SO4-0.1 M  HC1-0.7 M NaCl; 
c, 0.1 M  Na2S04-0.1 M  HC1-0.2 M  MgCl2. The ban at 
1053 cm-1 is due to HS04-  and the band at 982 cm-1 
is due to S042-, NaS04- , and MgS04. Spectral slit 
width <10 cm-1.

be 1.26 times as intense as the same band in solution a, 
whereas the HS04~ band should be 0.76 as intense. 
For solution b the S042~ band should be 1.22 times as 
intense as the band in the solution a, whereas the 
HS04~ band should be 0.80 as intense.

The Raman spectra of the three solutions are shown 
in Figure 2. It is seen that both Na and Mg decrease 
the intensity of the HS04~ band (1053 cm-1) and in
crease the intensity of the S042~ band (982 cm-1). 
The observed ratios of the HS04-  and S042- bands are 
compared with the predicted values in Table III. The 
plus and minus values for the predicted ratios repre
sent the effects on the calculation of varying A *Naso4

Table III: Predicted“ and Observed6 Ratios for the
S042- Band and the HS04-  Band

Observed Observed
ratio for ratio for

Predicted SOi2" Predicted HSO4-
Solu ratio for (982-cm-1 ratio for (1053-cm-i
tion so4*- band) HS04- band)

b/a 1.22 ±  0.01 1.15 =fc 0.03 0.80 ±  0.01 0.73 db 0.05
c/a 1.26 ±  0.01 1.26 ±  0.01 0.76 ±  0.01 0.60 ±  0.05

“ Predicted from the molarities in Table II assuming that
S042-, NaS04- , and MgS04 all contribute to the 982-cm-1
band of S042-. 6 Integrated intensities of the bands.

by ± 2 % , K *Mgso. by ± 5 % , and K *H8ot by ± 2 % ; 
these percentages reflect the precision within which 
each constant has been determined. The uncertainties 
listed for the observed ratios represent the variability 
in repetitive Raman spectra. The ratios for c/a  are 
close to the predicted values, i.e., 1.26 for S042~ com
pared to the predicted value of 1.26 and 0.60 for HS04~ 
as compared to the predicted value of 0.76. These 
observations confirm the fact that MgS04 ion pairs 
exist in solution and that they can compete with 
HS04~. The fact that the intensities of the bands in 
the spectrum of solution b also change in accord with 
the predicted values is a strong indication that NaS04~ 
ion pairs also exist in solution and that they too can 
compete with HS04- .

Our interpretation of the effects of sodium and mag
nesium ions on the Raman spectra of the HS04~- 
S042~ system provides a possible explanation for the 
“ salt effects”  discussed by Chen and Irish.21 At salt 
(e.g., NaCl) concentrations > 1  M  they found that the 
formation of sulfate from bisulfate is depressed by the 
salt. They further state that in dilute salt solutions 
there is an indication that the concentration of sulfate 
is enhanced by the salt. This is exactly what we ob
served at salt concentrations <1 M. Chen and Irish 
note that for dilute solutions the degree of dissociation 
of HS04~ is directly proportional to the ionic strength 
but that the magnitude varies with the type of cation 
present in the solution. Our results are analogous, 
i.e., the ratios of the 982-cm-1 band to the 1053-cm-1 
band as well as the ionic strengths are greater for both 
solutions b and c in comparison to solution a. How
ever, for solution c the ratio is greater than that of b, 
whereas the ionic strength is less than that of b. This 
is in agreement with the predicted order of the ratios 
using the ion-pair model.

Conclusion

Raman spectra of sulfate ions in aqueous solutions 
of sodium and magnesium salts do not reveal the pres
ence of NaS04-  or M gS04 ion pairs directly. These 
species are most likely solvent separated which, in the 
case of MgS04 ion pairs, is suggested by the interpreta
tions of ultrasonic relaxation measurements.3

In aqueous solutions containing H S04~ as well as 
S042-, the Raman spectra indicate that the following 
competing equilibria occur

SO,2“  +  H+ H S04-

S042- -j- Na-*- 4  ̂ NaS04~

SCV- +  M g2+ MgS04

The presence of Na+ or Mg2+ competes with H+ for 
S042- diminishing the intensity of the H S04-  band and 
increasing the intensity of the (S042- +  NaS04-  +  
MgS04) band.
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Quenching of the Excited States of Benzene and 

Substituted Benzenes by Olefins

by G. Das Gupta and D. Phillips*

Department of Chemistry, The University, Southampton S 0 9  SN H , England, (Received March 16, 1972)

The quenching of the excited singlet state of benzene and substituted benzenes in the vapor phase by various 
olefins has been investigated, and rate constant data have been tabulated. The possible role of a charge- 
transfer quenching mechanism is discussed. Quenching of 3Bi„ benzene by the olefins, probably through an 
energy transfer mechanism, was also investigated, and rate parameters were determined.

Introduction

The quenching of the excited singlet state of ben
zene (1B2u) by various mono- and conjugated and non- 
conjugated olefins1 and other 7r-bonded molecules2 has 
been studied recently by monitoring fluorescence yields. 
The interaction between the excited state of the aro
matic and the olefin can lead to adduct formation,3 and 
selection rules,4 based on orbital symmetry considera
tions, have been proposed for such interactions. The 
quenching of the excited triplet state of the aromatic 
(3Biu) by but-2-ene has been studied directly5 and re
sults in excellent agreement with those from competitive 
quenching experiments in winch either biacetyl6 or 
but-2-ene7,8 was used as a reference compound were 
obtained. The triplet quenching almost certainly 
arises in all cases from triplet energy transfer from the 
aromatic to the additive. The mechanism of singlet 
quenching can be, how'ever, different in the case of 
different additives. In the case of ketones,2 CS2,2 etc., 
the singlet state of the additive lies lower than that of 
the aromatic and thus an electronic energy transfer 
mechanism is probably responsible for quenching. 
For monoolefins howrever, electronic energy transfer is 
an endothermic process, and thus would have to occur 
to a twisted “ nonvertical”  state of the olefin. In the 
case of conjugated diolefins singlet energy levels are 
more nearly degenerate, and thus the energy transfer 
process would be expected to be more efficient than in 
the case of monoolefins and nonconjugated diolefins. 
Although measured quenching rate constants for singlet 
quenching by the various molecules studied to date fit 
the above pattern, the role of chemical interactions

must also be considered. Thus it has been proposed 
that the “ aliowedness”  of the cycloaddition reaction of 
ground state buta-1,3-diene and ethylene to ben
zene can also explain the relative quenching efficiencies 
for these two molecules.4 It is of interest to note that 
if charge-transfer interaction between the benzene- 
olefin collision complex can occur, the cycloaddition 
reactions become much more allowed.4 It seemed of 
interest therefore to study the quenching interactions 
between the excited singlet state of benzenes and olefins 
containing substituent groups which might enhance 
such charge-transfer interactions.

Experimental Section
The experimental system wTas similar to that de

scribed in earlier reports,9,10 and details will not be 
given here.

(1J A. Morikawa and R . J. Cvetanovic, J. Chem. Phys., 49, 1214
(1968) .
(2) E. K. C. Lee, M. W. Schmidt, R. G. Shortridge, Jr., and G. A. 
Haninger, Jr., J. Phys. Chem., 73, 1805 (1969).
(3) A. Morikawa, S. Brownstein, and T. J. Cvetanovic, J. Amer. 
Chem. Soc., 92, 1471 (1970).
(4) D. Bryce-Smith, Chem. Commun., 806 (1969).
(5) H. E. Tlunziker and H. R. Wendt, Chem. Phys. Lett., 12, 180 
(1971).
(6) G. A. Haninger, Jr., and E. K. C. Lee, J. Phys. Chem., 73, 1815
(1969) .
(7) A. Morikawa and R. J. Cvetanovic, Can. J. Chem., 46, 1813 
(1967).
(8) M. W. Schmidt and E. K. C. Lee, J. Amer. Chem. Soc., 92, 3579
(1970) .
(9) K . Al-Ani and D. Phillips, J. Phys. Chem., 74, 4046 (1970).
(10) D. Gray, K . Al-Ani, and D. Phillips, J. Chem. Soc. A , 905
(1971) .
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Materials. Allene. We wish to thank Dr. M. C. 
Flowers of this department for his gift of a sample of 
highly purified allene.

Details of the other materials have been given in 
earlier reports.9'11 Care was taken to ensure that di
olefins were not present in any of the quenching gases 
which might lead to spurious results. In all cases the 
level of impurity was such that the observed quenching 
could be attributed only to the additive itself and not 
impurity levels.

Results and Discussion
It has been found that at a pressure of 15 Torr of 

benzene vibrational relaxation is incomplete, and the 
addition of saturated hydrocarbon molecules causes 
reduction in the fluorescence quantum yield of this 
pressure of benzene excited at 235.7 nm.1 In the liquid 
phase, the fluorescence quantum yield is only 0.06,12 
and this reduction compared to the gas phase value is 
attributable to some nonradiative decay process which 
is effected by collisions with the environment of the 
excited molecule, possibly via vibrational effects. In 
the present experiment, therefore, it is possible that 
vibrational relaxation-redistribution plays a part in the 
singlet quenching by some of the olefins used. How
ever, it must be stated that addition of up to 100 Torr 
of CF4 caused no discernible decrease in the fluorescence 
quantum yield of 20 Torr of benzene excited at 254 
nm. This result is unexpected if vibrational relaxation 
were playing a significant role in the present case. 
Morikawa and Cvetanovic have shown that the rate 
constant for apparent quenching of 15 Torr of benzene 
excited at 254 nm is of the order of 10s 1. mol-1 sec-1,1 
and thus mechanisms other than vibrational relaxation 
can only be considered where quenching rate constants 
significantly in excess of this value are obtained. It 
has been demonstrated13-15 that thermal equilibration 
produces a wide distribution of emitting levels of the 
excited state. There is no apparent reason to suppose 
that different vibrational levels, which have different 
fluorescence decay times,16 will be quenched with equal 
efficiency by added molecules. The quenching pa
rameters quoted here thus represent average values for 
the vibrational distribution produces by Boltzmann 
relaxation at 25°, but as such are directly comparable 
to those obtained by other workers under similar cir
cumstances.1,2 The average fluorescence decay time 
and fluorescence quantum yield of this distribution of 
vibrational levels have been given as 77 ± 3  nsec17 and 
0.18,18 respectively, leading to an average value for the 
radiative lifetime ( t r )  of 428 ± 1 7  nsec.

The quenching of the excited singlet (1B2u) and 
triplet (EBlu) can be represented by the simple kinetic 
scheme

A +  hv — *■ IAe (1)

'At. — >- A +  hvi (2)

Quenching of the Excited States of Benzene 3669

'Ac-— ► 3Ae (3)

'Ae — > A ,X (4)
‘Ac +  O - —>■ quenching (5)

3Ae — > A (6)

3Ae +  B — >  A +  3B (7)

3Ae +  O - —*■ quenching (8)

where A = benzene, B = biacetyl, O = olefin, super-

Figure 1. Plots of the reciprocal of the quantum yield of 
fluorescence 1) against pressure of added olefin; benzene 
pressure 20 Torr, temp 2 3 ° , exciting wavelength 253 .7  nm: •, 
CH2= C = C H 2; C, CH2=C H F ; ©, C1HC=CC1H; O,
CF3CF=CFCF3 ; 3 , CH2= C F 2; ©, C1HC=CC1H.

(11) P. A. Hackett and D. Phillips, J . Chem. Soc., Faraday Trans. 1, 
68, 335 (1972).
(12) J. B. Birks, “Photophysics of Aromatic Molecules,” Wiley- 
Interscience, New York, N. Y., 1970.
(13) H. F. Kemper and M. Stockburger, J. Chem. Phys., 53, 268 
(1970).
(14) C. S. Parameter and M. W. Schuyler, ibid., 52, 5366 (1970).
(15) J. M. Blondeau and M. Stockburger, Ber. Bunsenges. Phys. 
Chem., 75, 450 (1971).
(16) K. G. Spears and S. A. Rice, J. Chem. Phys., 55, 5561 (1971).
(17) M. Nishikawa and P. K. Ludwig, ibid., 52, 107 (1970).
(18) W. A. Noyes, Jr., W. A. Mulac, and D. A. Harter, ibid., 44, 
2100 (1966).
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Table I : Quenching of 'B2u Benzene Vapor by Olefins; Exciting Wavelength 253.7 nm

h X 10-«,“ <T* X 10«,6
Ionization
potential,« Refer

Additive 1. mol-1 sec”1 cm2 eV ence

CH2=CHF 1.75 ±  0.1 1.9 ± 0 .1 10.41 d
CH2=CHCH3 2.35 (0)' 2.6(0)« 9.77 /
c f 3c f = c f c f 3 2.35 ±  0.1 3.7 ±  0.15 11.24 d
CH2=CF2 2.5 ±  0.2 3.9 ±  0.4 10.31 d
c h 3c h = c h c h 3 3.45 (0.75)« 4.0 (0.9)« 9.30 f
Trimethylethylene 4.3 (1.5)« 5 .2 (1 .9)« 8.81 f
1,4-Pentadiene 4.7 (1.86)« 5.7 (2.3)« f
Tetramethylethylene 5.2 6.9 8.41 f
1,5-Hexadiene 5.5 7.3 f
1,2-Butadiene 6.1 6.9 9.32 f
CH 2=C=CH 2 7.7 ±  0.7 8.3 ±  0.8 10.32 d
ircms-ClHC=CHCl 7.6 ±  0.7 10.5 ±  1 9.86 d
cfs-ClHC=CHCl 10.4 ±  0.9 14 ±  1.5 9.65 d
CH2=CHCH=CH2 55.8(52.0)« 63 (58)» 8.99 f
CHü=C H C H =C H 2 57 66 8.99 9
Isoprene 95 (92)« 116 8.97 f
trans-1,3-Pen tadiene 137 167 9
cfs-1,3-Pen tadiene 140 (136)» 173 (168)* 8.64 f
ct‘s-1,3-Pen tadiene 149 184 8.64 9

“ Results based upon a radiative lifetime for benzene vapor of 428 nsec. b Cross section v2 obtained from equation a-2 = kb(SirkT / 
« Averaged data from R. P. Blaunstein and L. O. Christophorou, Radiat. Res. Rev., 3, 69 (1971). d This work. • Figure in 

parentheses is that estimated to be due to electronic quenching alone. First figure includes effects of vibrational relaxation. 1 Refer
ence 1. 5 Reference 2.

scripts refer to multiplicity, subscript e refers to the 
equilibrium vibrational distribution assumed to be 
reached prior to another process occurring. The na
ture of the quenching steps 5 and 8 will be discussed 
later.

The mechanism predicts the usual Stern-Volmer re
lationship that

<ï>f~ I =  1 +  faro +  kiTo +  fc6To[0] (I)

where to =  fa~l =  428 ±  17 nsec. Thus plots of 
i f “ 1 against olefin concentration are expected to yield 
straight lines of slope far0. Actual plots are shown in 
Figure 1, and rate constants fa and corresponding 
quenching cross sections for the various olefins studied 
here are given in Table I together with comparable 
data for other olefins obtained previously.

If the fate of the triplet biacetyl is accounted for by 
reactions 9 and 10, the complete expression for the 
quantum yield of sensitized phosphorescence from bi
acetyl is given by eq II. Under the conditions of the

3B B +  hv p (9)

3B B (10)
__________ fa__________
( f a  +  /c 3 +  f a  +  f a [ 0 ] )

k'j [B ] /c9
(ke +  &7[B] +  .fc8[0]) (kg +  kio) (II)

experiments carried out here fc7[B] »  fa. For olefins 
which do not significantly quench the singlet state of

benzene at the pressures used in the biacetyl-sensitized 
emission experiments the expression for the reciprocal 
of $ s reduces to

where 4>i8(! =  fa/(fa +  fa +  fa).
Thus from the ratio of slope to intercept of plots in

Figure 2. Plots of the reciprocal of the quantum yield of 
phosphorescence from 0.375 Torr of biacetyl sensitized by 20 
Torr of benzene (4>s_1) at 253.7 nm and 23° as a function of 
added olefin pressure. Symbols as for Figure 1.
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Table II: Quenching Parameters for !Biu Benzene by Olefins 
in Competition with Biacetyl; Benzene Pressure 20 Torr, 
Biacetyl Pressure 0.375 Torr, Exciting Wavelength 253.7 
nm, Temp 25°

Quencher
ka X 10-»,“ 

1. mol-1 sec-1
<r X 101«,6 

cm2
Refer
ence

CH2=CH2 2.0 0.2 C
CHü=CHF 1.3 ±  0.1 0.15 ±  0.01 d
CH2=CF2 0.07 ±  0.005 0.01 ±  0.001 d
cts-C1HC=CHC1 65 ±  5 9 ±  0.7 d
inwis-ClHC=CHCl 65 ±  5 9 ±  0.7 d
CH3CH=CHCH3 8.91 1.01 c
c h 3c h = c h c h 3 8.95 ±  0.33 1.02 e
c f3c f= c f c f3 17 ±  1 2.7 ±  0.15 d
CH2=C=CH2 1.8 0.18 d
c h 2= c= c h 2 2.5 0.25 f
CH2=CHCH=CH2 187.2 21.7 c

° Computed from best straight lines of plots in Figures 2 and 
3, and using rate constant k, =  3.43 X 10101. mol-1 sec-1 [C. S. 
Parmenter and B. L. Ring, J. Chem. Phys., 46, 1998 (1967)]. 
6 Derived from the equation v2 =  kt(8*kT/?)“*/*. c Reference 
6. “ This work. * Direct measurement of Hunziker and
Wendt.6 1 Reference 8.

Figure 3. Plots of 4>f/4>a against pressure of added olefin. 
Conditions as for Figure 2, symbols as in Figure 1.

Figure 2 of i s -1 against [0], the ratio ka/k7[B] can be 
obtained. is known to be 3.43 X 10101. mol“'1 sec“ 1,18 
[B] is known, and thus ka can be evaluated. Table II 
gives values of ka with corresponding quenching cross 
sections.

Figure 4. Stern-Volmer plots of the ratio of the fluorescence 
quantum yield of substituted benzenes in the absence of additive 
(4>o) to the fluorescence quantum yield at any pressure of 
additive (4>f) as a function of added buta-1,3-diene and 
but-2-ene: •, 1,2-difluorobenzene; Ö, 1,3-difluorobenzene; ©, 
1,4-difluorobenzene; O, l,4-bis(trifluoromethyl)benzene; ©, 
l-fluoro-2-(trifluoromethyl)benzene; 9,
l-fluoro-3-(trifluoromethyl)benzene; ---------- , buta-1,3-diene
additive;------ , cfs-but-2-ene additive. Aromatic pressure
= 2 Torr, exciting wavelength 266 nm.

Where the olefin also quenches the singlet state effi
ciently, plots of $ f /$ 8 against [0] allow estimation of 
the rate constant for the triplet quenching. Thus

, k2 {kc, +  fcio)
*»/*■ = r  x  — k—/C3 /v 9

1 + kslo r
M B ],

(IV)

These plots are shown in Figure 3, and values of ka 
given as before in Table II.

Nature of Reaction 5. Excluding vibrational relaxa
tion the possible mechanisms by which the singlet state 
of benzene may be quenched include (a) electronic en
ergy transfer, (b) charge-transfer complex formation,
(c) chemical reaction, and (d) enhancement of Sr-*-Ti 
intersystem crossing. In the case of the olefins used 
here, energy transfer to the olefin from benzene 
would be an endothermic process and can thus be ruled 
out. Studies with high pressures of methyl halides and 
more heavily fluoro- and chloro-substituted alkanes 
have not revealed any evidence of enhancement of

(19) C. S. Parmenter and B. L. Ring, J. Chem. Phys., 46, 1998 
(1967).

The Journal of Physical Chemistry, Vol. 76, No. 24, 1972



3672 G. Das Gupta and D. Phillips

Table III: Quenching of the Excited Singlet States of Substituted Benzenes 
by cis-But-2-ene and Butar-1,3-diene, Vapor Phase

Aromatic
molecule

C H

è - *

Quencher“

Exciting
wavelength,

nm

Quenching rate 
constant X 1010, 
1. mol“ 1 sec"1

Quenching cross 
section X 10 " 16, 

cm2
Refer
ence

BD 254 0.57 0.66 b

B 254 0.035 (0.008) 0.04 (0.009) c

BD 254 1.54 1.87 b

BD 266 2.23 3.2 d
B 266 0.066 0.085 d

BD 266 5.57 7.4 e
B 266 0.93 1.22 e

BD 266 2.68 ±  0.15 3.4 ±  0.17 /
B 266 0.28 ±  0.02 0.35 ±  0.03 f

BD 266 2.97 ±  0.15 3.75 ±  0.19 f
B 266 0.77 ±  0.3 0.97 ±  0.4 f

BD 266 3.6 ±  0.3 4.6 ±  0.5 f
B 266 0.58 ±  0.03 0.73 ±  0.04 f

BD 266 10.67 14.7 g
B 266 2.45 3.4 ±  0.3 9

BD 266 10.8 14.9 f
B 266 2.8 ±  0.2 3.7 ±  0.3 f

BD 266 0.9 1.3 h

BD 266 1.16 1.15 h

BD 266 2.98 3.83 h

BD 266 6.9 ±  0.3 9.4 ±  0.5 f
B 266 0.7 ±  0.1 0.9 ±  0.1 f

BD 266 5.6 ±  0.3 8.3 ±  0.5 f
B 266 1.25 dh 0.1 1.6 ±  0.1 f

° BD = buta-1,3-diene, B = cis-buL2-ene. 6 Reference 20. c Reference 1; values in parentheses are those corrected for vibra
tional relaxation effects; value quoted here was recalculated using fluorescence decay time of 77 nsec. d K. Al-Ani and D. Phillips, 
J. Phys. Chem., 75, 3662 (1971). * D. Gray and D. Phillips, J. Chem. Phys., 55, 5753 (1971). Values have been normalized to mea
sured fluorescence decay time. f This work. Quoted values are those derived from the slopes of Figure 4, using the relationship 4>o/0  =  
1 -f &qtQ. Fluorescence decay times for the difiuorobenzenes were taken from G. M. Breuer and E. K. C. Lee, Chem. Phys. Lett., 
14, 404 (1972), and for the CFS compounds from G. M. Breuer, P. A. Hackett, D. Phillips, and M. G. Rockley, J. Chem. Soc., Faraday 
Trans. 2, 68, 1995 (1972). « D. Gray and D. Phillips, J. Chem. Phys., in press. Values normalized to measured fluorescence decay 
time. h K. Al-Ani and D. Phillips, J. Phys., Chem. in press.

Sr-*-Ti intersystem crossing,20 and thus (d) may also 
be discounted as a possibility.

Cvetanovic and Morikawa have considered the pos
sibility of the quenching of *B2u benzene by conjugated 
olefins as being initially due to the reversible formation 
of a charge-transfer complex in which the excited sin
glet state of the aromatic molecule acts as an electron 
acceptor1

B* +  0  * > [B5+------ 0 {~] —->■ quenching (11)

The Journal of Physical Chemistry, Vol. 76, No. 24, 1972

If this mechanism were operative, the quenching effi
ciencies of various olefins should correlate approxi
mately with the ionization potential of the olefin. 
Data in Table I show that such a correlation may exist 
although only for efficient quenchers. Again assuming 
such a mechanism, the quenching efficiency for a single 
donor and a series of acceptors should correlate with

(20) G. Das Gupta and D. Phillips, J. Chem. Soc., Faraday Trans. 2,
68, 2003 (1972).
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the electron affinity of the acceptor. Such data are of 
course not available for excited electronic states, but it 
has been shown21 that for ground state fluorobenzenes, 
the electron affinity increases by approximately 0.4 
eV per fluorine substituent. Assuming the same to 
hold true for excited states of these compounds, increase 
in fluorine substitution should lead to enhanced 
quenching. The effect would be expected to be even 
more pronounced for substitution of CFS groups into 
the benzene ring for which the estimated increase in 
electron affinity per substituent group is approximately 
1 eV.22 Figure 4 shows the Stern-Yolmer plots for the 
quenching of the excited singlet states of a series of 
mono- and disubstituted benzenes by but-2-ene and 
buta-1,3-diene, and quenching parameters are given in 
Table III. It is evident that monofluoro substitution 
in benzene, toluene, and (trifluoromethyl)benzene does 
apparently enhance the efficiency of quenching of the 
aromatic molecule by the olefins, and it is also evident 
that CF3 substitution has a similar but much more 
dramatic effect, lending support to the proposed mech
anism.

Reaction 8. As far as can be ascertained electronic 
energy transfer from 3Biu benzene to all olefins studied 
here (with the exception of 1,1-difluoroethylene) is an 
exothermic process, and it thus seems likely that this 
mechanism is predominantly responsible for the ob
served quenching of triplet benzene in these experi
ments. In no case was the phosphorescence of biacetyl 
excited directly at 404.7 nm quenched by the addition 
of the olefins, and thus in the case of benzene-biacetyl

mixtures quenching is a directly attributable to quench
ing of an excited state of benzene.

Perfluorobut-2-ene and cis- and ¿rans-dichloroethyl- 
ene are seen to be efficient quenchers of triplet benzene, 
indicating low-lying triplet olefin energy levels. The 
fact that cis- and ¿rans-dichloroethylene quench with 
the same rate, whereas slightly different rates are ob
served for singlet quenching, is indicative that different 
mechanisms pertain for singlet and triplet quenching. 
Vinyl fluoride and allene are less efficient triplet 
quenchers and 1,1-difluoroethylene is very inefficient, 
indicating perhaps that in this case electronic energy 
transfer would be an endothermic process. The re
sults for allene support the contention that in the ben- 
zene-senstitized photolysis of this type of olefin,23 triplet 
energy transfer rather than singlet sensitization is the 
mechanism, although it has recently been reported that 
in solution allene may undergo photoaddition to the 
excited singlet state of benzene by a nonconcerted 
process.24
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(21) W. T. Naff and C. P. Cooper, J. Chem. Phys., 49, 2787 (1968).
(22) M. Godfrey, private communication.
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C O M M U N I C A T I O N S  T O  T H E  E D I T O R

Ultraviolet Absorption Spectra o f  

Polyphosphate Solutions

Sir: Although the uv absorption spectra of pyrophos
phate and orthophosphate have been given1 no detail is 
given of polyphosphate absorption bands. The shoul
der on the ir-7T* peak reported here for trimethyl phos
phate and pyrophosphate has not previously been dem
onstrated. The effect of solvents on the n-n-* absorp
tion bands in the uv is to give the well-known “ blue 
shift.”  The effect is well documented for organic 
molecules,2'3 nitrates, and nitrites4 but no n -7r* transi
tion is given in the literature for ortho and polyphos
phate anions. Although the peak in the region of

45,000 cm-1 reported here is a suspected n -7r* transition 
no definite blue shift with change of solvent has been 
established.

The trimethyl phosphate was British Drug House 
technical reagent grade soluble in three solvents, dis
tilled water, spectroscopically pure ethanol, and n- 
hexane. Sodium metaphosphate was prepared by 
heating AR quality NaH2P04 in a clean platinum dish in

(1) R. P. Buck, S. Singadya, and L. B. Rogus, Anal. Chem.. 26, 1240 
(1954).
(2) J. N. Murrell, “The Theory of the Electronic Spectra of Organic 
Molecules,” Methuen, London, 1963.
(3) J. W. Sidman, Chem. Rev., 58, 689 (1958).
(4) S. J. Strickler and M. Kasha, “Molecular Orbitals in Chemistry, 
Physics, and Biology,” P. O. Lowdin and B. Pullman, Ed., Academic 
Press, New York, N. Y., 1964.
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a muffle furnace at 950° for 8 hr. Five sodium phos
phates with varying composition were prepared by 
heating the metaphosphate with calculated weights of 
AR Na2C 03 to give glasses with Na^O^Os ratios of 
1.1:1; 1.2:1; 1.3:1; 1.4:1; 1.5:1. The chain lengths 
of these glasses were determined by pH titration6 and 
the chain lengths are recorded in Table I, together with 
the x -x  uv absorption peak. Potassium metaphos
phate and related phosphates were prepared in a similar 
manner by using AR KH2P 0 4 and AR K2C 03 as above.

Table I : Variation of Absorption Peak Wavenumber, 
Wavelength, and Molar Absorptivity with Composition 
and Chain Length for a Series of Sodium Phosphates

Molar Chain Wave- Wave-
ratio length, numbers, length, Molar

Na2Û : P2O5 n cm -1 nm absorptivity

1:1 57.1 49,380 202.5 1.400 X 103
1.1:1 17.70 49,660 201.4 1.278 X 103
1.2:1 9.79 49,800 201.0 1.204 X 103
1.3:1 7.23 49,960 200.2 3.742 X 102
1.4:1 5.20 50,900 196.5 1.516 X 102
1.5:1 2.01 51,680 193.5 6.304 X 101

All spectra were recorded on an Optica CF4 and 
SP800 spectrophotometers at room temperature in 
matched 1-cm quartz absorption cells. The effect of 
solvents on the suspected n-7r* peak near 45,000 cm -1 
is shown in Table II and Figure 1 for trimethyl phos
phate. The intensity of the band near 45,500 cm-1 is 
much less than that near 50,000 cm-1 and the 45,500 
cm -1 band may be due to an n -x* transition. The 
peak is found in all spectra we have measured.

The variation in the x -x*  peak near 50,000 cm- ’ 
with decreasing chain length for 5 X 10~4 polyphos
phate solution is shown in Table I and Figure 2. A 
similar trend in the absorption spectrum of solutions of 
potassium phosphates is shown in Table III. As the 
number of phosphorus atoms in the chain decreases, so 
the x -x *  peak decreases in wavelength. The decrease 
of phosphate chain length of potassium phosphates with 
increasing metal oxide content is a well-established 
effect being shown by Westman and coworkers6a by 
paper chromatographic studies of K20  P20 5 solutions 
and by Williams, et al.,6b from both infrared studies of

Figure 1. Spectrum of (a) trimethyl phosphate in ethanol, 
(b) pure trimethyl phosphate, and (c) trimethyl 
phosphate in n-hexane.

solids and glasses and by surface tension studies60 of 
molten potassium phosphates. Similar trends in the 
position of a x -x *  transition have been shown by Murel 
(see ref 2, chapter 5) for conjugated phenyl and car
boxyl groups, for polyene acids, and for a-co dimethyl 
polyenes. For conjugated organic molecules both free 
electron theory and simple MO theory predict that the 
numerical value of the wavelength of the first absorption

(5) (a) J. R. Van Wazer, “Phosphorus and its Compounds,” Vol. 
1, Interscience, New York, N. Y., 1958, p 419 ff.; (b) ibid., p 717 ff
(6) (a) A. E. R. Westman and P. A. Gartaganis, J. Am er. Ceram
Soc., 40, 293 (1957); (b) D. J. Williams, B. T. Bradbury, and W. R 
Maddocks, J. Soc. Glass Tech., 43, 337 (1959); (c) B. T. Bradbury
and W. R. Maddocks, ibid., 43, 325 (1959).

Table II: Variation of Absorption Peak Wavenumber, Wavelength, and Molar Absorbtivity with Solvent for 
Trimethyl Phosphate

Wavenumbers, Wavelength, Molar Wavenumbers, Wavelength, Molar
Solvent cm -1 nm absorptivity cm -1 nm absorptivity

Distilled H20 51,000 196.1 2.56 X 10-> 45,500 219.8 7.5 X 10 -2
Spectroscopically pure ethanol 50,500 198.0 3.04 X 10“ 1 45,500 219.8 8.0 X IO '2
n-Hexane 50,000 200 1.25 X IO '1 45,500 219.8 7.5 X 10~2
Nonsolvated (CH3)3P04 50,500 198.0 45,500 219.8
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peak is proportional to the number of carbon atoms in 
the chain of the molecule. With increasing chain length 
of the molecule the first absorption peak tends to a 
limited value and theoretically this limit can be calcu-

On the Alleged Resolution o f an 

Infrared Band o f HDO

Publication costs assisted by Université Laval

Figure 2. Uv absorption spectra of polyphosphate solutions.

Table III: Variation of Absorption Peak, Wavenumber, 
and Wavelength for a Series of Potassium Phosphates

Mole ratio of
potassium 
phosphate 
K 2O : P2O6

Wavenumbers,
cm-1

Wavelength
nm

1 :1 5 1 ,3 0 0 195
1 .1 :1 5 1 ,6 7 9 1 9 3 .5
1 .2 :1 5 1 ,8 0 0 193
1 .3 :1 5 1 ,8 1 3 193
1 .4 :1 5 2 ,1 0 0 192

1 .5 :1 5 2 ,2 1 9 1 9 1 .5

lated by allowing for an alteration in bond length along 
the conjugated chain of the molecule. It is likely that 
similar theoretical interpretations can be used to explain 
the shift in t—it* absorption peak with chain length in 
polyphosphates. Detailed calculations are being per
formed in these laboratories.* 7

(7) L. J. Stanley, personnal communication.

Chemistry Department M. Bennoson
University of Bradford D. J. Williams*
Bradford 7, England

Received March 20, 1972

Sir: In a recent communication, Bonner1 reports 
measurements of the near-infrared spectrum of dilute 
(5%) solutions of H20  in D20  in which he has observed 
two adjacent bands with opposite temperature behavior. 
He interprets them as resolved components of the same 
combination band due to hydrogen-bonded and non- 
bonded HDO molecules. He claims this to be the first 
instance of a single band resolved into such components. 
However, his results and interpretation are at variance 
with those of a recent study,2 which he does not quote.

The two bands in question, at 2030 nm (4935 cm-1) 
and 1905 nm (5250 cm-1), have already been described 
by Luck and Ditter (their Figure 10) who found their 
intensity to be rather insensitive to temperature over 
the range from 0 to 80°. In contrast, Bonner observes 
a large temperature effect over a narrower range. Thus, 
his weak band at 5250 cm-1 increases nearly tenfold 
from 25 to 70° while that at 4935 cm-1 decreases by 
roughly 40%. Since Bonner’s conclusions are based 
mainly on this temperature effect, the discrepancy with 
the previous authors raises serious doubt about his in
terpretation.

Following Bayly, et al.,3 he assigns the main band at 
4935 cm-1 to the combination of O-H stretching (at 
3410 cm-1) and bending modes (at 1460 cm-1) of the 
hybrid molecule HOD. Now, this assignment had first 
been suggested on the assumption that the assignment of 
the corresponding (?) vapor band (at 5089 cm-1) 4 was 
correct. However, assignment to the overtone of the 
O -D stretching (at 5363.6 cm-1 in the vapor) gives a 
more realistic frequency shift on condensation, and like
wise, a more reasonable anharmonicity (2 X 2500 cm-1) 
for the liquid bands. As for the weaker band at 5250 
cm-1, Bonner simply mentions that the corresponding 
combination (y2 +  vz) =  5332 cm-1 in the vapor state6 
shows the right frequency shift upon condensation. 
That conclusion is unfounded because the vapor band 
belongs in fact to the H20  molecule, not to HDO.6

(1) O. D. Bonner, J. Phys. Chem., 76, 1228 (1972).
(2) W. A. P. Luck and W. Ditter, Z. Naturforsch., 24b, 482 (1969).
(3) J. G. Bayly, V. B. Kartha, and W. H. Stevens, Infrared Phys., 
3,311 (1963).
(4) W. S. Benedict, N. Gaylar, and K. Plyler, J. Chem. Phys., 24, 
1139 (1956).
(5) G. Herzberg, “Infrared and Raman Spectra of Polyatomic Mole
cules,” Van Nostrand, Princeton, N. J., 1959.
(6) The confusion here arises from the erroneous nomenclature
adopted by infrared spect.roscopists for the fundamental modes of the 
hybrid HDO molecule: namely, n for the O-D stretching, n for the
bending, and n  for the O-H stretching. Since the fundamentals of 
HDO are all of the same species, they should normally be numbered in 
the order of their decreasing frequency, but this also would be con
fusing in relation to the fundamentals of H2O and DiO. It is prefer
able to identify them simply as ro-H, ro-D, and duoD-
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The combination ( vo- t> +  Shod) for the free hybrid 
molecule should have a frequency near 5050 cm-1, 
judging from the sum of the fundamentals (3680 +  1402 
cm-1)-6

In conclusion, it must be stressed that the said pair of 
HDO bands coincides precisely with a fairly strong com
bination band of the major component, D2O (at about 
5080 cm-1)- The extinction thickness of that band has 
been estimated3 at 1 mm. Under such conditions ac
curate measurements become almost impossible.

Department of Chemistry Paul A. Giguère
Université Laval 
Québec, Canada

Received July 26, 1972

Concerning the Direct Effect in the Radiolysis 

of 0.4 M  Sulfuric Acid

Publication costs assisted by the French Atom ic Energy Commission

Sir: Matthews, Mahlman, and Sworski1 have recently 
studied the 60Co y  radiolysis of CeIV in aqueous solu
tions containing CeIV, Ce111, HCOOH, and various con
centrations of sulfuric acid. Kinetic analysis of their 
results led the authors to conclude that the radical 
S04-  was formed by direct action upon sulfuric acid. 
The yield of S04~ radicals formed in this way, though 
small, was significant even for 0.4 M  solutions: Gsot- 
=  0.20.

In the course of work on the pulse radiolysis of vana
dium (IV) and (V)2 in aqueous solutions containing 
sulfuric acid, we have studied the absorption spectra of 
deaerated 0.4 M  solutions of sulfuric acid, free from 
other solutes, subjected to a 12-nsec pulse of 1.8-MeV 
electrons produced by a modified Febetron 707.3 Un
der these conditions, we observed a transient species 
which was present less than 10 nsec after the end of the 
pulse and which had the absorption spectrum shown 
in Figure 1. The spectrum corresponds to that at
tributed4-7 to the radical-ion S04-  formed under other 
experimental conditions, and we believe the transient 
species we observe to be S04~ (or HS04). Under our 
conditions, this cannot be formed by the reaction OH 
+  HS04-  — H20  +  S04 since the rate constant of 
this reaction (3.4 X 106 M ~x sec-1),8 is too low for it to 
contribute significantly, and we believe the radical

350 400 450 500 550
Wavelength (njn)

Figure 1. Spectrum of transient in 0.4 M  H2S04 5 nsec after 
a 12-nsec 96-krad electron pulse (l =  2.5 cm).

S04-  to be produced by direct action upon sulfuric 
acid, as suggested by Matthews, Mahlman, and 
Sworski.

The absorbed dose was determined from the amount 
of ferricyanide formed 100 nsec after the pulse in a 
neutral 0.1 M  ferrocyanide solution containing nitrous 
oxide (e44onm = 600 M -1 cm-1 ;9 Goh +  Ge =  5.510) 
and gave Ge =  182 ±  30 at 450 nm for the ion-radical 
S04- . If e45o = 1000 M -1 cm-1, as determined by the 
radiolysis of sulfuric acid,5'6 we find Gso.- to be 0.18 ±  
0.03 in good agreement with the value already cited.1

The effect of sulfuric acid concentration upon the 
yield of transient and the decay kinetics of the transient 
will be the subject of a subsequent article.

(1) R. W. Matthews, H. A. Mahlman, and T. J. Sworski, J . Phys. 
Chem., 76, 1265 (1972).
(2) L. Gilles, B. Lesigne, C. Ferradini, and J. Pucheault, to be pub
lished.
(3) B. Lesigne and R. Sauneuf, to be published.
(4) L. Dogliotti and E. Hayon, J. Phys. Chem.., 71, 2511 (1967).
(5) E. Heckel, A. Henglein, and G. Beck, Ber. Bunsenges. Phys. 
Chem., 70,149 (1966).
(6) A. K. Pikaev and C. 1. Zolotarevskii, Ize. Akad. Nauk SSSR, 188 
(1967).
(7) D. M. Brown and F. R. Dainton, Trans. Faraday. Soc., 62, 1139 
(1966).
(8) C. Ferradini, “Actions Chimiques et Biologiques des radiations,” 
M. Haissinsky Editeur, Xe série, Masson, Paris, 1966.
(9) S. R. Cohen and R. A. Plane, J. Phys. Chem., 61, 1096 (1957).
(10) E. D. Black and E. Hayon, ibid., 74, 3199 (1970).
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