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FOREWORD

Apvances IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvaNces IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

Exceptional strides are now being made in radiation chemistry although

growth has been gradual. This long induction period dates back to
the discovery of radioactivity and the development of x-ray tubes. Radium
salts, the first radiation sources, were supplanted in the third and fourth
decades of this century by x-rays. During this period, pioneering sci-
entists such as Fricke, Lind, Mundt, Risse, and their collaborators laid
the foundations of radiation-induced gaseous and aqueous reactions.
From these modest beginnings research in this field gradually gathered
momentum in the fifth decade by the use of Van de Graaff and cyclotron
accelerators and in the sixth through the availability of powerful 8Co
v-ray sources. Finally in the seventh decade the results of basic research
exploded into prominence through the use of electron pulse accelerators.
In this decade, we are reaping the benefits of these new developments by
drawing attention to the applications of radiation chemistry. Since the
1930s the number of active workers in this field has multiplied a hundred-
fold, and research has expanded from a few universities and national
laboratories to research centers the world over.

The early workers established phenomena connected with the quali-
tative, and later with the quantitative changes taking place during irradi-
ation. Products and some intermediate species were identified in gases
and in aqueous solutions, and work progressed in three areas: dosimetry,
radical and ionic yields, and relative rate constants. From these results,
speculations regarding the mechanism of energy loss, of free radical and
ion pair formation and distribution, were mathematically formulated and
tested by the developing specialty of diffusion kinetics.

More recently, assisted by photochemistry, spectroscopy in its varied
forms, chromatography, computers, and applied electronics, radiation
chemistry is assaulting many of the problems associated with the prop-
erties of transient species at an unprecedented rate. Commeonplace, al-
ready, is the study of intermediates lasting only milli- and micro-seconds.
A rapidly developing subdivision is on the horizon—that of nanosecond
and picosecond chemistry. Knowledge of the nature and rates of these
reactions has been of inestimable aid in untangling reaction mechanisms
in chemistry and biology. For example, the discovery of the hydrated
electron and the determination of its rate constants has aided the inter-
pretation of reactions in aqueous media. Recent studies on solvated and
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trapped electrons in liquids and solids assist materially in explaining
phenomena in these media. Similarly, the identification of singlet and
triplet states in the radiolysis of gases and organic liquids provides data
crucial for understanding these complex systems.

The papers reported in these two volumes constitute about two-
thirds of those presented at the Argonne National Laboratory-sponsored
International Conference on Radiation Chemistry, to which 200 promi-
nent scientists and students from 21 countries and 81 universities and
institutes were invited. This conference was in celebration of Argonne
National Laboratory’s participation in a decade of pulse radiolysis. All
phases of radiation chemistry, from the theoretical to the fundamental
changes taking place in complex molecules, were included. A special
session on dosimetry was planned for Dr. Hugo Fricke on August 15, his
76th birthday, to honor him for his many contributions to radiation chem-
istry over the past 40 years. The conference papers are assembled in
these two volumes: one, largely on aqueous solutions, consists of the sur-
vey and original papers given in the aqueous, biological, and dosimetry
sessions; the other, largely organic, deals with similar groups of papers
on gases, liquids, and solids. The broad scope and interest in these papers
reflects the influence and applications of radiation chemistry in most
branches of chemistry today.

Argonne, Il EpwiN J. HART
July 1968
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ESR of Radiation Damage in
Inorganic Solids

M. C. R. SYMONS

The University, Leicester, England

The way in which electron spin resonance can be applied
to the problem of identification of species formed on expo-
sure of inorganic materials to high energy radiation is out-
lined. Recent results for a wide range of inorganic radicals
formed in this way are collated and discussed. Radicals are
classified as o or = depending upon their electronic struc-
ture, and the problem of spin-polarization in =-radicals is
discussed in some depth. Among the more recently discov-
ered radicals mentioned are SH, Sy, Se,”, PH,, CS;", FOO,
ClOO, BH,, CO¢, C,H,, and S;N,*. The structure of a
center originally described as F* formed in beryllium oxide
is discussed in terms of the unit Be,F?. Assignments are
viewed critically, and in some instances alternative identifi-
cations are offered.

The primary aim of this review is to supplement three earlier discus-
sions of the magnetic properties of inorganic radicals (9, 19, 83).

Irradiation of diamagnetic solids commonly results in the formation
of one or more paramagnetic “centers” because the initial act is electron
ejection. If the ejected electron can be trapped in some manner at a
distance from the parent molecule or ion and if the residual cation be-
comes sufficiently modified to prevent hole-migration, then these initially
trapped products, which must necessarily be paramagnetic, can generally
be detected by ESR.

Now that a large number of such centers have been identified, the
study of new centers is often quite straightforward. Apart from electrons
trapped at holes in the solid, such as anion vacancies (for brevity, these
will be referred to simply as “trapped electrons”), the centers are usually
molecular in nature, having properties that are largely those of a small
molecule or ion, with relatively minor perturbations by the environment.

1
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2 RADIATION CHEMISTRY—II

For systems with orbitally degenerate ground states, such as S,™ (see
Some Diatomic Radicals), there is often a large “crystal field” splitting
of the levels. Sometimes there is a minor hyperfine coupling to adjacent
ions; interesting recent examples being the H-center in alkali halides
which consists of Hal,™ units weakly coupled to two flanking halide ions
lying along the molecular axis (1), and 23Na hyperfine coupling in the
spectra of CS,™ (13) and N,™ (48). The ENDOR technique should prove
to be particularly powerful for studying such weak interactions.

However, if the magnetic center is part of a polymeric system such
as the silicates or borates, then its properties may be considerably dis-
torted compared with expectation for the corresponding small molecule.
This field has been recently reviewed (19, 83) and will not be elaborated
here.

The great power of the ESR technique is that the hyperfine- and, to
a less extent, the g-tensors give quite intimate structural detail, leading
to estimates of spin-density in s- and p-orbitals on one or more of the
atoms in the center. It is convenient to classify radicals as ¢ or = (82),
the major distinction being that in the former there is a real contribution
from an atomic s-orbital of at least one of the atoms, this giving rise to
an appreciable isotropic hyperfine coupling if the nucleus involved is
magnetic. For r-radicals there is usually a small residual isotropic
coupling which appears to stem largely from spin-polarization of the
valence electrons, especially those involved in o-bonding (57). This also
gives useful structural information and the magnitude of this coupling
can be an important aid in identification. One way of proceeding will
be outlined later.

It has proved convenient to classify centers other than trapped elec-
trons as monatomic, diatomic, triatomic, tetra-atomic and penta-atomic
(9), these classes being expanded to include more complex species hav-
ing similar basic structures. Thus, the radicals R:NO and (SO;).NO*
were classed with the corresponding simple AB; tetra-atomic radicals.

A selection of the basic radicals discussed at length in References 9,
19, and 83 are given in Table 1. In this review we examine a range of
more recently studied radicals and conclude with a brief discussion of
the mechanisms of damage in the solids under consideration.

Spin Polarization in =-Radicals

Despite the complexity of the theory underlying the appearance of
contact hyperfine coupling in =-radicals, it seems that, for many radicals,
the results are sufficiently simple as to provide a useful guide in identifi-
cation and in structural analysis (57).

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch001

1. symons Radiation Damage 3

Our basic approach is to consider, as with o-radicals, the apparent
spin-density in the highest filled atomic s-orbital of the atom concerned.
It has proved convenient to invoke the UX-value which is related to the
familiar QX-value (65) by dividing by the appropriate AX-value for the
atom (X) concerned and multiplying by 100 to give the value as a
percentage.

These Q- or U-values can be broken down into terms for the polariza-
tion of o-bonding, lone-pair and core electrons, but we find that the
equation

X X
lOOax/Ax=PxU + 2pryx (1)

adequately accommodates a wide range of results for organic and in-
organic radicals (57). Here aX is the experimental isotropic hyperfine
coupling in gauss, AX is the atomic value for the highest filled s-orbital,
px and py are spin-densities on X, the nucleus concerned, and on Y, any
adjacent nucleus having significant spin-density.

Table I. Some of the Simple Radicals Recently Detected and
Studied by ESR Spectroscopy

Atoms and Monatomic Ions H, N, Cl, Ag

Diatomic Radicals OH, N, F,, Cl,", FCI, XeF, KrF

Triatomic Radicals CO,", CS,°, NO,, NO,2, O57, SO,7, SeO,, NF,,
PF,, FOO, CIOO

Tetra-atomic Radicals BH;~, CH,, NHjy', SiH,, CO;7, NO3, NO,2-, CF;,
PO,2-, SO;7, ClO3, SeOj7, AsO,27, HPO,"

Penta-atomic Radicals PF,, SF,*, As(OH),, PO,2", SO,

We find that in cases where px is known unambigously, UX is re-
markably constant, being about 3.9% for all radicals. There is a real
trend to smaller values as the number of o-bonds to X decreases and
values as low as 2.2% have been obtained (see Table II). However,
on going from molecules to atoms there is a dramatic fall to about 0.2%,
and this has been taken to mean that the major contribution comes from
polarization of bonding or lone-pair electrons, thus justifying the use of
Equation 1.

The “adjacent atom” terms, U::x, can also be obtained directly for
a few radicals such as NOj, where the unpaired electron is confined
entirely to an orbital on the oxygen atoms. This term is found to depend
markedly upon the hybridization of the s-orbitals involved, but otherwise
seems to be relatively insensitive to changes in the structure of the radi-
cals studied.
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4 RADIATION CHEMISTRY—II

A
Table II. Values of U2 and Ug, for Selected Atoms and Radicals

A
Species  Nucleus A, (p4) Ug,® U4
Atoms N 14N (1) 0.22
(0] 170 (1) 0.20
F 19F 0.21
P 31p (1) 0.18
Average 0.20 * 0.02
Diatomic NO 14N (0.8) —-2.0 (0.5) 2.2
Radicals N,- 14N (0.5) —-2.0 (0.5) 2.5
Average 2.35
Triatomic NH, 14N (1) 2.3
Radicals 1H (0) —4.7 (1)
NH(SO;)- 4N (1) 24
N(SO;)p?" 1N (1) 2.4
NF, 14N (0.8) -1.0 (0.33) 3.7
1BF (0.1) -04 (0.1) 49
Average (central atom) 2.9
Tetra-atomic  CHj 13C (1) 34
Radicals 1H (0) —4.5 (1)
NH;* 14N (1) 3.6
1H (0) —4.9 (1)
(80;),NO 14N (0.6) -1.0 (0.33) 4.8
170 (0.4) -0.7 (0.2) 4.1
CO;4- 13C (0) -1.0 (0.33)
NO, 14N (0) -1.0 (0.33)
Average (central atom) 3.9
Penta-atomic ~ PO2- 31p (0) -0.7 (0.25)
Radicals

For atoms the hyperfine splitting has been divided bf\l' the number of unpaired electrons.
* The number in parenthesis gives the fractional s-character used for obtaining U*s..

We feel that a sufficient number of results have now been accommo-
dated to permit the application of Equation 1 to the calculation of spin-
densities or to help the task of identifying unknown centers. Some
results are gathered together in Table II.

Some Diatomic Radicals

‘OH and ‘SH. The hydroxyl radical, though well established through
studies of electric-dipole transitions in the gas-phase, has proven most
elusive in the liquid and solid states.

This is because of the strong coupling between the electron spin and
its orbital angular momentum about the molecular axis. For an ESR
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signal to be readily detected in condensed phases an interaction with
the medium is required to quench the angular momentum. Hence, rare-
gas matrices are unsatisfactory, but strongly polar media such as ice or
salt hydrates ought to be suitable, and strong resonance signals are
indeed obtained from these materials after exposure to high energy
radiation.

Interpretation of the resulting spectra has not been an easy task.
For ice this is probably because the spectra of single crystals for most
orientations arise from radicals in many magnetically non-equivalent
sites. These spectra are dominated by an apparently almost isotropic
doublet close to the free-spin g-value and separated by about 40 gauss
(12). However, the earlier discussion of U-values shows that the isotropic
hyperfine coupling to the OH radical proton ought to be about —25 gauss
rather than the +40 gauss suggested. Also, it was hard to understand
why the result should differ so greatly from the value of —27 gauss
obtained for gas-phase radicals (76), and why the purely dipolar coupling
was apparently too small for unit spin-density (81).

Further study (21) has shown that a broad, low-field feature, previ-
ously assigned to other radical species, is really an integral part of the
spectrum. Two full analyses of the single crystal data (22, 36) together
with a re-interpretation of the spectra of various irradiated salt hydrates
along the same lines (53) have revealed many details of the way in which
the hydroxyl radical interacts with the environment, although there re-
main several obscurities (22).

Basically, it seems that one of the four hydrogens surrounding a
given oxygen atom in ice is displaced, with a consequent relaxation of
the oxygen probably towards the remaining three protons. It is the two
hydrogen-bonded protons that are responsible for quenching the orbital
angular momentum and their presence is confirmed by the appearance of
a small triplet splitting on the main lines for certain orientations.

The hyperfine tensor (Table III) is now far closer to that expected,
but the anisotropy is still less than that for gas-phase radicals or that
calculated using simple theory (22). This may be because of a residual
movement or libration and it is hoped that studies at 4.2°K. will shed
further light on this.

It would be interesting to compare these results with those for the
HS radical, and recently spectra have been described which are said to
relate to this radical (52, 55). Hadley et al. (55) irradiated frozen
aqueous hydrogen sulfide with ultraviolet light and obtained a powder
spectrum which was reasonably well fitted by the parameters of Table III.
This analysis was supported by the results from deuterated samples.
Gunning et al. (52) obtained spectra from both H,S and D.S after irra-
diation of the solids, which are quite similar in appearance (Table III).

In Radiation Chemistry; Hart, E.;
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Table III. Magnetic Parameters

g-values
Lattice 2 g g,
OH ice 2.005 = 0.002 2.009 + 0.001 2.06 * 0.01
ice 2.005 * 0.001 2.009 £+ 0.005 2.0585 *+ 0.002
CaSO, - 2H,0 2.0028 2.0028 2.1108
LiSO, - H,O  2.0065 2.0065 2.0667
SH H,S 2.003 2.024 2.061
aqueous H,S (2.000 2.025 2.039)

* Calculated (21) from Radford’s gas phase data (76).

Radical Medium Nucleus

NaCl 170
KCl

(0% KBr
KI
RbCl
Rbl
Nal 33§
KCl

S,” KBr
KI
RbI

Sey” Nal 77Se
KI
Nal 77Se

SSe” 33§
KI 77Se

33g

Table IV. Magnetic Parameters
g-tensor

8xx 8yy 82z
1.9483 1.9436 2.4529
1.9512 1.9551 2.4360
1.9268 1.9314 2.5203
1.9370 1.9420 2.4859
1.9836 1.9846 2.2947
1.9674 1.9695 2.3774

1.9942 2.0178 2.2303
0.9484 0.9500 3.4303
0.8388 0.8434 3.5037
1.6254 1.6369 3.0629
1.2895 1.2968 3.3595

1.8148 1.9042 2.8015
0.7698 0.7824 3.7079

1.9004 1.9575 2.6064

0.9532 0.9681 3.6290

* The data in References 70, 71 and 60 were given in Mc/s. They have not been con-
verted into gauss because of insufficient information.

The presence of a radical having an isotropic hyperfine coupling to a
single proton in the 7 to 10 gauss region and an anisotropic g-tensor seems
to be indicated, but several features of the results, especially on annealing,

are puzzling.

Given that these spectra have been correctly analyzed, it is difficult
to see how they could relate to the SH radical. The g-tensor is close to
that for -OH radicals, but for -SH in HsS one would expect a far larger

In Radiation Chemistry; Hart, E.;
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for OH and (possibly) SH

Hyperfine coupling
constants (gauss)

A, A, A, Ref.
—26 * 4 —44 * 2 0*6 22
—26 £ 3 —43.7*£ 005 =*5%*5 36
—-32.5 —43 *3.3 53, 54
~24 —46 + 53
—42.6 0.3 —42.6 0.3 +5.0 = 0.3 N
—-35.6 —49.6 +5.2 >

7 7 7 52
9.5 9.5 9.5 55

® Calculated (21) from Radford’s gas phase value (76) of Ao = —26.7 = 0.2 and
using the method of McConnell and Strathdee (66).

for 027, S2", Se;”, and SSe”

Hyperfine tensor (Mc/s)*
Axx Ayy Agy Ref.
189.3 0*10 55.1
181.3 0£10 71.1
184.3 0*10 64.2 60
201.6
193.7
1] 14 14
> » 137 2
» ’ 145 * 2
64 =5 ’ 93 3
® b 105+ 5
320 = 10 <30 265 = 10 70,71
70 £ 10 45 * 15 740 = 5
450 = 10 30 145 £ 25
1 1] 1]
120 £ 5 <20 750 = 5
<20 <60 140+ 5

® Results not obtainable from the spectra.

variation in g. Also, it is hard to see why the proton coupling should be
so small. Firstly, it should be strongly anisotropic, since any rotation
capable of averaging the hyperfine anisotropy ought also to average the
g-tensor, but, in fact, three different g-values are rather strongly indicated.
Also, the U-value analysis of a range of radicals (8) strongly supports the
contention that ai,, (H) ought to be in the region of —25 gauss. [Com-
pare CH; (—24 gauss), NH;* (—24 gauss), NH, ( —25 gauss) and OH

In Radiation Chemistry; Hart, E.;
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8 RADIATION CHEMISTRY—II

(—27 gauss)]. The value assigned to PH, of ( —)18 gauss is less (26),
but the spectra were poorly resolved so this is only approximate. The
coupling of *8 gauss for SiH; is indeed very small, but this almost

certainly arises because the radical is pyramidal (see Some Tetra-atomic
Radicals).

It seems far more likely that radicals such as HS, or HS, are respon-
sible for these spectra. Some support for this stems from the fact that
“polymeric” sulfur radicals were identified by their ESR spectra after
annealing under various conditions (52, 55, 77).

Some confusion has arisen because of the result for HS radicals in
the gas-phase. The proton hyperfine coupling of about 5 gauss (67) has
been taken by both groups to be the Fermi contact value, whereas, in
fact, it does not relate directly to the contact term.

027, S27, Sex” and Related Species. Results for these radicals are given
in Table IV. Although S;~ and Se,” could well be important products
of radiation damage of many materials, they were, in fact, formed by
direct doping of alkali halide melts with the vapor of the elements. Their
ESR spectra (70, 71) are of great interest, since the g-values are quite
similar to the values of 4 and 0 which would be expected had there been
no quenching of the orbital angular momentum.

If one uses the standard, highly simplified, procedure for deducing
the total spin-density (9), the values which are obtained are so close to
unity that they lend very strong support not only to the calculated value
of <r3> but also to the basic approach of neglecting overlap effects
(which can be supported on other grounds although many authors con-
tend that overlap ought to be taken into account) and neglecting orbital
expansion or contraction. That the calculated <r3> values are reasonable
can also be gauged by the good agreement with the values obtained from
atomic beam experiments (58).

Some AB ¢-Radicals. In a previous review (19) we showed how the
fluorine hyperfine parameters (17, 23, 43, 44, 47) for various XF~ ¢-radi-
cals (Vg centers) depend upon the electronegativity of the other halogen
atoms (X). Revised values for the parameters (79) have led us to present
the data again (see Figure 1 and Table V). Also included are results
assigned to KrF and XeF, although direct comparison is difficult because
it is not clear what measure of electron-attracting power one needs to use.

It is clear that there is a drift of spin-density away from fluorine as
the electron-attracting power of X falls. This is because of the anti-
bonding nature of the unpaired electron. Also, there is an increase in
the s-character of the X-orbital as the electron-attracting: power of X
falls. This probably arises partly because of a greater direct admixture
of the atomic s-orbital into the o*-level and partly from a greater spin

In Radiation Chemistry; Hart, E.;
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Figure 1. Dependence of the spin-density on fluorine in XF o-radi-
cals as a function of the ionization potential of X

polarization of the nearest filled o-level which will have a relatively large
contribution from the s-orbital of the least electronegative atom.

It is interesting to consider the parameters for a radical (16) thought
to be FO?* in the light of these trends. The data, which are included in
Table V certainly accord, qualitatively, with expectation for this radical.
However, the total spin-density on fluorine is very low indeed, being less
than that in FOO. Because the sign of A | is unknown, there are two
possible sets for the 170 parameters (Table V). If set (i) is taken, then
about 84% of the electron is accounted for, but the p/s ratio of about 60
is far larger than one would predict by comparison with the Vk centers.
Set (ii) gives an acceptable p/s ratio, but the net spin-density is only
58%. It is not possible to predict a value for the spin-density on fluorine
from the curves of Figure 1, but in view of the very small spread of values
recorded there, the very different value for the radical described as FO*
is hard to understand. Possibly, the unit is better pictured as an O ion
strongly perturbed by an adjacent F~. The 1O parameters remain curious,
however, and it may well be that the FO? formulation is oversimplified.

Some Triatomic Radicals

NH;, PH; and SH,". The radical NH; has been studied in a variety
of matrices and pertinent results are summarized in Table VI. The

In Radiation Chemistry; Hart, E.;
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Table V. Magnetic Parameters for

g-tensor
Radical Nucleus Medium g ge gs
Fy 19F KF 2.0020 2.0218 2.0218
Cl,- 35C1 KCl 2.0012 2.0426 2.0426
Br,” 81Br KBr 1.9833 2.169 2.169
I, 127] X1 1.913 2.34 2.34
FCI 19F KCl 2.0018 2.030 2.030
35C]
FBr 19F KCl 1.9891 2.125 2.125
81Br
FI- 19F KCl 1.9363 2.26 2.26
127]
XeF 19F XeF, 1.9740 2.126 2.126
KrF 19F KrF, 2.000 2.068 2.068
ICI- 127] KCl 1.86 2.39 2.39
35C]
FO2- 170 CaF, 2.0016 2.0458 2.0458
19F

®a,, and a, for O and *F positive and ® a,, positive and a, negative.

results for vy-irradiated aqueous ammonia are clearly anomalous, and
relate in our view to the parallel features of the rigidly held radical,
whereas the remainder relate to rotating NH. or have been analyzed to
give the true isotropic data. Unfortunately, the spectra in ice are not
well enough resolved to warrant detailed analysis. Even so, there seems
to be a definite upward trend in the isotropic hyperfine coupling to *N
as the hydrogen-bonding power of the medium is increased.

Changes in a;,, with medium are commonly detected, but arise gen-
erally because of changes in the distribution of the electron in a delocal-
ized molecular orbital. This can hardly be the case for NH,, and we
suggest two possible alternative causes (39). Both relate to the fact that
the upward trend in a,, (N) is towards the value of 18 gauss found
for NH;* in various matrices. Since this represents the limit of very strong
hydrogen bonding to the NH, lone-pair, it is reasonable that weaker
bonding should also increase ay,. It is tempting to assign one third of
the coupling (6 gauss) for NH;* to each N-H bond and hence to interpret
the gradual rise purely in terms of increasing polarization of the lone-pair
electrons. The alternative extreme would be to assign the whole increase
to the change in s—p hybridization of the N-H orbitals as the bond angle
opens from 103° for NH, to 120° for NH;*. This would have no overall

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch001

1. SsYMONs Radiation Damage 11

some Hal,” and Related o-Radicals

Hyperfine tensor (gauss)

BI | Bj. A“O as’ ap‘ Ref.
634 -317 274 0.016 0.586 79

61.2 —30.6 39.9 0.024 0.582 79
288 —144 162 0.019 0.586 79
240 —120 147 0.020 0.563 79
608 —304 198 0.011 0.562 79

73.6 —36.8 52.5 0.032 0.700
582 —291 153 0.009 0.538 79
354 -177 247 0.030 0.720
538 —269 98 0.006 0.498 79
300 —150 261 0.035 0.703
558 —279 388 0.022 0.516 43,79
696 —348 564 0.033 0.644 44,79

74 -37 348 0.048 0.175 50

40 —-20 27 0.016 0.40

56.3 —28.2 48.2 0.03 0.54°

or or or or or
83.0 —41.5 21.5 0.013 0.80° 16
25.8 -12.9 27.9 0.0016 0.026°
or or or or or
45.8 —22.9 7.9 0.0005 0.042°

effect on a;,, (1*N) if polarization of the “lone-pair” remained unchanged
on bonding since the total 2s-electron density remains distributed be-
tween the o-bonds and the lone-pair. If, however, polarization of the
lone-pair is considerably enhanced on bonding, the combined trend could
be as observed. This is reasonable since the outward attenuation of the
lone-pair is expected to increase as  increases.

[To test this, we have studied the effect of a wide range of solvents
upon the N isotropic hyperfine coupling for pyrazine anions and cations
(39). Here the bond-angle is only able to change slightly on protonation
so that changes in a;, must be caused by changes in polarization of the
lone-pair electrons provided the =-electron distribution is unaffected. In
fact, the changes are very small, showing, we feel, that the dominating
effect for NH, is associated with the change in bond angle.]

Recently the radical PH, has been obtained by radiolysis of PHj in
rare-gas matrices, but unfortunately the lines are broad and partially
hidden beneath more intense features assigned to phosphorus atoms.
Thus, the results (26) in Table VI have to be treated with some reserve.

As they stand, the results show that the U-value for 3P (2.2) is
essentially identical with that for 1N in NH;, but that the coupling to
the protons is appreciably reduced.
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Table VI. Magnetic Parameters

14N, 15N, 31P or 33S Hyperfine
Coupling constants (gauss)

Medium By, By, B,, Ao
NH, Argon 10.3
NH; 15.0
aqueous
NH; (5%) 31.0
aqueous
NH; (50% ) 18.0
Argon 10.7
Argon 10.4
Krypton 10.7
Xenon 10.8
KNH,/NH, 16.7
15NH, KNH,SO, 34.9 —16.6 —18.3 18.61
PH, Krypton 80.0
SH,- H,S 60 = 2
KCl

Two groups have recently claimed to have prepared the radical H.S",
which has two electrons more than NH; or PH, (14, 56). One group
prepared their radical by photolysis of alkali halide crystals doped with
HS" ions. At 20°K. only trapped hydrogen atoms were detected, but
after annealing at 110°K. for a few seconds and recooling, spectra assigned
to S and H,S™ were obtained. The results for the latter species, sum-
marized in Table VI, show indeed that one sulfur and two equivalent
protons are present. Since the protons remain magnetically equivalent
for all orientations, the molecule was taken to be linear.

The species prepared by depositing alkali metal atoms and a stream
of H,S gas upon a rotating cold-finger (14) gave a rather poorly resolved
spectrum which was interpreted in terms of the data in Table VI.

In our view, neither of these radicals has the magnetic properties to
be expected for H,S". The only radical bearing any resemblance to this
species that has been unambiguously identified by ESR is PF, (8, 68).
The unpaired electron is bound in a molecular orbital closely related to
the lowest o*-orbital of the tetrahedral molecule, which distorts to reduce
the antibonding character. Hence, there is a large s-character associated
with the central atom. The lowest lying vacant orbital for H,S is probably
also o* in character. Hence, the radical H,S™ is expected to have a very
large isotropic proton hyperfine coupling, the situation being similar to
that envisaged for deeply trapped hydrogen atoms (6) in—e.g., a halide
salt. In fact, HCI" is closely related to H,S", but nevertheless trapped H
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for NHg, PHg, and SHg-

1H Hyperfine Coupling
constants (gauss)
B, Byy B,, Ao 8av Ref.
—23.9 2.00481 20
—24.5 75
—24.5 75
—23.0 3
—24.8 32
—23.9 2.0038 25
—23.95 2.0036
—24.0 2.003
—25.2 24
—4.0 +1.8 +2.3 —274 69
18.0 2.0087 28
7.7%0.3 g,, = 2.0023; 14
g, = 2.0164
-91  +45  +45 = —242 g, = 1.9865; 56
g = 2.2055

atoms have ESR spectra close to that of the gas-phase atoms. We would
not expect to find a major contribution from sulfur 3d orbitals, but if the
electron was primarily a d-electron, the g-value should be less than the
free-spin, whereas in these species there are large positive deviations.

For these and other reasons it seems improbable that H,S™ is a cor-
rect formulation for either of these radicals. Possible alternatives include
H,S®, isoelectronic with PH,, and species such as H,S,", H.S,*, or more
complex polysulfide radicals. The radical H»S* is a possible candidate for
the species in alkali halide crystals (56), which apparently contains only
one sulfur atom, except that some restricted rotational motion would
need to be invoked to explain the equivalence of the two protons. Rota-
tion within the molecular plane would achieve this, and would also
account for the form and magnitude of the anisotropic proton coupling.
The %S tensor is also accommodated reasonably well, as also is the
positive g-shift. However, the very large value for Ag is more difficult
to reconcile with this formulation.

That the species formed by reaction between H.S and alkali metal
atoms could be more complex than originally envisaged (I14) is sup-
ported by the observation of secondary “polymeric” sulfur radicals on
annealing.

CS;", PF,, and Related Species. The former has not yet been de-
tected as a product of irradiation, but has been unambiguously identified
as the initial product in the reaction between alkali metal atoms and
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carbon disulfide. Its magnetic properties, summarized in Table VI, are
quite in accord with expectation for this radical, which is isostructural
with CO,” and NO.. It is noteworthy that the calculated spin-densities
on carbon are almost the same for CO,~ and CS,", whereas because of the
lower electronegativity of sulfur relative to that of oxygen one would
have expected a lower spin-density on carbon in CS;  than in CO;"
However, the p/s ratio for carbon is increased because of the greater
bond angle in CS,~ which offsets this trend. This situation is also found
for AB; radicals, and is discussed later in detail.

The radical PF,, isostructural with the stable NF,, has been made
by electron bombardment of solid SFg containing about 1% of PF; and
has also been detected in y-irradiated NH,PFq (15).

Only the isotropic °F and 3'P hyperfine coupling constants were
obtained and hence it is difficult to draw any firm conclusions about the
structure of this x-radical. The parameters are quite similar to those
for NF, except if one assumes that, as with NF,, the spin-density is almost
100% on the central atom, the U-value for 3P is lower than that for 4N.
This probably means that the bond angle for PF; is less than that for NF..

The radicals S;~ and Se;~, which are isostructural with PF., have
been detected in alkali halides doped with sulfur or selenium, the identi-
fication being based upon the appearance of two different 3S or ""Se
coupling constants (Table VII). Because of sign ambiguity in the tensor,
two sets of data result. However, we favor set (ii) because we expect
the spin-density on the central atom to be less than that on the corre-
sponding oxy-radicals SO, and SeO,".

Table VII. Magnetic Parameters

g-tensor
Radical Matrix Nucleus Exx Zyy -
CS,- CS, 13C 2.0079 1.9661 1.9993
CO," NaHCO, 13C 2.0032 1.9975 2.0014
PF, ND,PF, 31p 100 = 2.0108
19F
NF, Ne 14N 2.0011 2.0079 2.0042
19F
Sq” KCl 33§ 2.0499 2.0319 2.0026
33g 0 o
1]
Sey” KCl Se 2.2205 2.1545 1.9885
11Se° s
13
SO," KCl 33§ 2.0110 2.0071 2.0025
® Gxx + ve.,
b Gxx — Ve.
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The Radicals FOO and ClOO. It has recently been proposed that a
radical containing one chlorine atom, previously thought to be the mo-
noxide, ClIO (4), is more likely to be the peroxide, CIOO (38). The
radical is readily formed on photolysis of chlorine dioxide in vy-irradiated
KCIO, at room temperature and also from rigid solutions of chlorine
dioxide in sulfuric acid at 77°K. However, photolysis of ClO; in a chlo-
rate lattice does not result in the formation of this species. If the radical
is indeed ClOO, this can be understood since chlorate is an extremely
efficient oxygen atom acceptor, which would favor formation of ClO
rather than ClOO. Also, many details of the ESR spectra are readily
accommodated if CIOO is the correct formulation but very hard to
understand if the species is ClO.

The properties of this radical are similar to those of the stable
fluorine analogue, FOO, and they are compared in Table VIII. In general,
the radical ABO will be more stable than BAO when the electronegativity
of A is greater than that of B. Hence, FO, is not detected in solutions
containing FOO, but ClO, is more stable than CIOO. Our results (38)
show that CIOO isomerizes to ClO, in KClO4 at room temperature.

Another example of a peroxy-oxyradical is 03S00", which is formed
on photolysis or radiolysis of potassium persulfate crystals (10). It
seems probable that peroxy radicals of this type, including XOO, OXOO,
0,X00, and 0;X00, ought to be considered as possible species in
radiation-damage studies of oxy-salts.

The Radical Be,F?*. The detection of a widely spaced doublet hav-
ing extra hyperfine splitting for each component in X-irradiated BeO

for CS.", PF,, and Related Radicals

Hyperfine tensor (gauss)
Axx ayy Azz a,’ ap,’ ap,® p/s Ref.
73.1 67.0 121.6 0.077 0560 006 73 13
155.8 150.8 195.1 015 050 008 33 74
a5, = 36 0.01 15
2,0, = 60.5 0.004
49 £ 0.5 0*1.0 0*10 003 094 61
212*+20 -—-169*10 -169=*1.0 0004 0.14
-10 -2 +52 0.013 0.69 37
+1 0 +19 0.007 021
-1 0 +19 0.006 0.23
—48 —-59 +247 0.010 0.74 37
+17 0 +72 0.006 0.16
-17 0 +72 0.004 0.20
-7.1 —-8.6 +52.5 0.013 0.71 37

° outermost atoms.
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Table VIII. Magnetic Parameters for FOO and CIOO

A tensor (**Cl or 1°F) in gauss g-tensor
Radical Medium  a,, ay, agy €11 822 gss  Ref.
CloOO H,SO, ° ° 15.3 e ¢ 20115 38

KClO, (—)53 (+)7.2 (—)14.9 1.9983 2.0017 2.0130 38
FOO Argon ()50 (F)14.0 (£)103 2.0008 2.0022 2.0080 2

¢ These values were not obtained.

powder led to the postulate (73) that an unpaired electron was trapped
in the 3s level of a substitutional fluoride ion. The structure of this center
has been discussed in terms of bonding to neighboring beryllium cations
(19, 83) which led to the idea that the large isotropic coupling to fluorine
involved the 2s-rather than the 3s-orbital. The model postulated involved
an unpaired electron in a o*-orbital between fluoride and one of the
three equivalent beryllium ions adjacent thereto. This orbital closely
resembles that for the unpaired electron in nitrogen centers in diamond
(18, 49), and the electron should have a high density on the beryllium
2s orbital and a low density on fluorine. A rapid fluctuation between the
three beryllium ions would then give the required equivalence.

Many features of this model have been confirmed by a recent study
of fluoride-doped single crystals of beryllium oxide (42). The basic unit
is Be,F?' rather than BeF and hopping then occurs between the three
possible states involving the three beryllium ions. However, the normal
model for such a hopping process was incompatible with the temperature
dependence, and a model involving quantum mechanical coupling be-
tween the three states was devised to account for the behavior (42).

Some Tetra-atomic Radicals

BH;, SiHj, and Related Species. The radical BH;™ has been identi-
fied as one of the products in potassium tetrahydridoborate, after y-irra-
diation at 77°K. (84). The results, given in Table IX, show that the
proton coupling is somewhat lower than that for the isoelectronic radicals
CH,; and NH;", but that the U-value for boron is very close to those for
13C and !*N. There is a steady trend to lower g.. values on going frem
NH;* to BH; (Table IX).

That the proton hyperfine coupling for SiH; radicals was much
smaller (~ =8 gauss) has been known for some time (29) and it was
surmised that this was because the radical could well be pyramidal with
a positive coupling (80). The detection of a large 2°Si hyperfine coupling
has confirmed this postulate (27). This trend from planar CH; to pyrami-
dal SiH; follows the decrease in bond angle on going from NH; to PH:.

In Radiation Chemistry; Hart, E.;
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The Radicals NOs?", CO3%, and Related Species. The radical NO3?",
identified originally in irradiated nitrates and nitrate-doped alkali halides
(33, 59), has now been prepared in nitrate-doped calcite (40). Its
properties are interesting in that its bond angle, as deduced from the N
hyperfine tensor (7) (115°), is almost midway between that for the
planar radical (120°) and the strongly pyramidal isostructural radicals
such as PO3?" (~ 110°).

The detection of CO,* in irradiated calcite (40, 64) enables us to
draw some conclusions regarding the overall factors which control the
degree of bending in these 25-electron radicals. The situation we en-
visage is depicted in Figure 2 in which the difference in electronegativity
between the central and outer atoms is plotted against total spin-density
on the central atom. There is a steady decrease in the p/s ratio on going
from NO,*" (7.8) to CO3* (5.25) and CF; (~ 3) as the spin-density
on the central atom rises.

It seems that there is a greater tendency for the first row radicals to
be planar, possibly for steric reasons, and it is particularly those radicals
with intermediate bond angles that are sensitive to changes in electro-
negativity. The increase in 2s-character on the central atom leads to an
increase in its effective electronegativity and hence to a fall in the spin-
density thereon. The result for the isoelectronic radical CF; has been
included in Figure 2. The p/s ratio for carbon in this radical must be
close to three and so it has the same shape as the second and third row
radicals. We conclude that, when a series of radicals have shapes which
are intermediate between the normal extremes, an increase in the electro-
negativity difference between the outer and central atoms will lead to
an increased bending and to a decrease in the normal growth of the spin-
density on the central atom.

C:N:, S;N;', and Related Species. The radical C,N," is thought to
bear a structural resemblance to the cyanogen molecule, and is related to
the Vg centers in being the simplest hole-center in cyanide salts (78).
It is formed on exposure of alkali metal cyanides or cyanide-doped
halides to <y-radiation and analysis of the ESR spectrum strongly sup-
ports a trans-bent structure.

This is a 19-electron radical and can be contrasted with the radical
N4, a 2l-electron radical, which is thought to have a distorted square-
planar structure, with all the nitrogen atoms equivalent (81). Another
center, with four equivalent sulfur atoms, has recently been described,
although details are not given (37). A square-planar structure again
seems possible and it would be of interest to discover the nature of the
orbital of the unpaired electron. Certainly the factors which determine
the most stable geometry of these tetra-atomic radicals are a matter of
some interest.
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Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



. Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch001

18 RADIATION CHEMISTRY—II

Table IX. Magnetic Parameters

Anisotropic Hyperfine
tensor (gauss)
Radical Matrix Nucleus A, A, A,
BH," KBH, 1B
1H
CH, ggil 185G
Krypton H
NH,* NH,CIO, 14N
1H
SiH, Krypton 295i 46-52
1H

Some 31 Electron Penta-atomic Radicals

Although radicals such as PO,2 or SO, have often been reported,
many aspects of their structure remain obscure. Some time ago it was
suggested that the unpaired electron would be expected to be in a #;
orbital in the undistorted tetrahedral radicals, which is purely non-bond-
ing on oxygen (80). All the species to which this structure has been
assigned have markedly asymmetric g-tensors with near axial symmetry,
but the nature of the distortions which cause this deviation from sym-
metry remain obscure.

Perhaps the most characteristic feature is the small, nearly isotropic
hyperfine coupling to the central atom, which corresponds to a U-value
in the range 0.6 to 0.8. This fits in well with the proposed correlation
between U-values and o-bond hybridization (57), but the results re-
cently assigned to ClO4 do not (72). The species under consideration is
formed by exposure of KClO, crystals to y-rays at 77°K. and is lost
irreversibly on warming to above 100°K. The magnetic properties are
given together with those assigned to PO, and SO, in Table X and it
can be seen that both the total 3s-character and the p/s ratio are larger
than expected. Furthermore, the form of the g-tensor is quite different
from that for the other radicals. Whilst these differences may well be a
consequence of a different form of distortion preferred by ClO,, it
seems possible that the species involved is not the normal ClO,. How-
ever, its identity then poses a problem, since most of the “normal” mono-
chlorine radicals are known. One alternative which bears scrutiny is the
peroxy-radical O,ClIOO. The orbital of the unpaired electron would be
considerably delocalized on to the peroxy-oxygens, but nevertheless the
basic structure should be closely related to that of the ¢-radical ClO; (5).
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Radiation Damage

for BH;", CH3, NHj3*, and SiH;

Ao
(+)24
(—)16.5

(+)41
(—)23.0

(+)19.5
(—)25.9

200-300

-8.1

glv aS!
2.0013 0.033
0.033
2.0026 0.037
0.045
2.0035 0.036
0.051
2.006 0.2
0.016

Ux
3.3

3.7

3.6

19

Ref.

84
84

27, 31,
and 46

30

27

Figure 2. Dependence of the spin-density on A for certain AB,
radicals as a function of the difference in the electronegativities of

A and B A(XB - XA)

One curious feature of the results is the appearance of two rather
similar radicals: it seems that further studies are needed before firm

conclusions about their structure can be drawn.

Another class of radical which seems to be readily formed on radi-
olysis consists of transition-metal XO, analogues such as VO,*>~ and WOj,".
Again, however, the results are not clear-cut. The radical WO, is not
itself detected in irradiated tungstates, but rather a two-tungsten center
is found which could be the WO, -WO,2 (62) analog of the Vi

centers.
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Table X. Magnetic Parameters

g-tensor
Radical Medium Nucleus ex Eyy [
PO,2" Calcite 31p 2.0072 2.0033 2.0122
SO,” K,S,04 338 2.0047 2.0034 2.0142
Clo, KClO, a) 35Cl 2.0024 2.0548 2.0553
b) 35Cl 2.005 2.036 2.038

V0,2~ CaMoO, Y ga» = 2.023

(WO, ~WO,2) CaWO, 183\ 2.0013 2.0064 2.0352

Radicals having rather similar properties (Table X) containing one
vanadium atom are formed on exposure of molybdates doped with
vanadate to y-rays (41). We have also prepared radicals which could
well be NbO?" and MoO,".

The difficulty with the formulation X0,~XO,~ can be understood if
one envisages its formation from the peroxide 0;XO0XO; by adding an
extra electron. While this could possibly be accommodated in the O-O
o*-orbital, it is far more likely to go into one of the =-d metal orbitals,
probably with an equal distribution between the two metal atoms. The
magnetic properties of the two-tungsten center in calcium tungstate do
not accord with either of these formulations, so it may be that the center
is better described as WO, there being a fortuitously rapid electron
transfer between two tungstates having identical environments.

If it is accepted that the vanadium species is indeed VO, then the
way in which the vanadium atom acquires an isotropic hyperfine coupling,
remains obscure. The latter is almost three times larger than would be
predicted from the U-value of PO, but is much smaller than the
“normal” value of about 100 gauss resulting from spin polarization of
inner s-electrons by an unpaired 3d-electron.

Some Conclusions and Aspects of Mechanism

Despite the rapid rise in understanding the factors involved, the
task of interpreting ESR spectra remains formidable in many cases,
especially when only powder spectra are available. In that case, the use
of two frequencies (say X- and Q-band) can be a great help in unravelling
the difference between hyperfine and g-features, as can the use of dif-
ferent isotopes. Extracting the hyperfine and g-tensors from single-crystal
spectra is more satisfactory than the use of powders, and gives, of course,
directions, which cannot be deduced from powders. However, pitfalls
again abound and we strongly recommend the parallel study of powders,
which will give an overall guide to the sort of results to be expected
from the crystal.
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for Some XO,; Radicals

Hyperfine tensor (gauss)
Ag Ayy A, a? a,? Ref.
18.76 20.06 18.61 0.0053 0.004 63
ca 4 ca 4 ca 4 ca 0.004 11
Ao =57 0.034 72
69 71 83 0.044 0.09
Ao =19.5 41
9.5 10.5 9.0 41

Magnetic “centers” are frequently normal “molecules” unless they
are part of a polymeric network, but their characteristic spectra may be
greatly modified by minor interaction with their environment, which
can nevertheless give rise to extra features.

The characteristic magnetic properties of a particular radical may
be so greatly modified by various possible modes of restricted rotation
that, unless this is appreciated, the spectrum may be assigned to a new
radical. The results for the fluorine center in BeO comprise an interesting
variation on this theme.

The task of identification may be aided by the following general
points—
(1) If a given nuclear hyperfine coupling tensor on analysis shows

that there is a large atomic s-character in the orbital, then this atom is
probably a “central” atom in a o-radical.

(2) If the hyperfine coupling clearly indicates p-character (or d-
character) only, then it is either a central or “ligand” atom in a =-radical.
The “ligand” atoms in ¢-radicals may show a large or small percentage
of s-character depending upon the s-contribution to the ¢-orbital and
the dominating mechanism of delocalization. This has been discussed in
detail elsewhere (19).

Attempts to prepare simple electron-deficient species by vy-irradiation
of suitable solids may be frustrated by their tendency to bond, weakly,
or strongly, to neighboring molecules. Thus, our attempts to prepare the
CN radical from cyanide ions have always been frustrated by the forma-
tion of CoN,™ radicals.

Another way in which the spectra of trapped radicals can be greatly
modified is by spin-spin coupling to neighboring radicals. Radical pairs
may be formed in relatively low abundance, in which case weak satellite
lines may be found at high gain, which can be confused with traces of
secondary radicals, or with features from molecules containing low-
abundant isotopes. For example, the features assigned to N,O," in irradi-
ated sodium nitroprusside crystals (34) were in fact a property of pairs
of the highly-abundant “parent” radicals (51).
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Sometimes the mechanism of damage is such that these pairs domi-
nate the spectra, in which case the basic pattern will be that of a triplet-
state radical.

We conclude with a brief survey of some of the mechanistic features
which emerge from these studies. After ejection, electrons will be rapidly
trapped, not necessarily at the deepest traps available, but rather at the
most abundant, which are deep enough to lead to a stationary state for
the electron at the temperature involved. Then the residual “hole” must
be sufficiently immobile to prevent migration and recombination.

The situation can be exemplified by considering our results for
calcite doped with nitrate ions. Exposure to y-rays at 77°K. gives COj3"
and NO; as hole-centers, and CO;3- and NO,2" as electron-excess centers.
The radical NO; readily gains electrons from neighboring carbonate ions
which are relatively “mobile” because of electron-transfer, but which
presumably distort sufficiently at low temperature to act as traps. On
annealing these centers decay, as does the CO5*" center which is stabilized
with respect to electron-transfer by its pyramidal distortion. The NO3*-
center is stable to above 150°K. because there is now no tendency for
electron-transfer and charge-neutrality is achieved. Similarly, phosphate-
doped calcite gives the hole-center on exposure to high energy radiation,
which is again remarkably stable because of charge neutrality (63).

Often these centers are “fixed” or stabilized by chemical reaction
rather than by simple distortion, and if protons are present in hole-centers
it often comprises proton loss to the medium (83). Alternatively, holes
and electrons may re-combine but the resulting excited parent molecule
may decompose before dropping to the ground-state, in which case the
decomposition resembles a photolysis.

The pair-wise trapping of radicals is probably a more common
occurrence than was originally appreciated, though it remains difficult
to predict when it is likely to be sufficiently specific to do more than
broaden ESR lines. That solid-state photolysis might be expected to give
pairs of radicals has long been appreciated, a clear-cut example of this
being the photolysis of potassium persulfate crystals (10). However,
high energy radiation may also give rise to such pair-trapping, the pairs
being either a minor product (51), or occasionally almost the sole radical
product (35). At least in certain cases it seems probable that when this
happens it is the result of normal bond homolysis (35), although mecha-
nisms involving further reactions of initially formed neighboring holes
and electron-excess centers can be envisaged (83).
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Electron-Scavenging Processes in the
Radiolysis of Hydrocarbon Solutions
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The current state of knowledge of electron-scavenging proc-
esses in liquid hydrocarbons is summarized. Interpretation
of data is critically discussed in the light of the possible
complicating factors. The relation

oy — Gii {a[S]}172

G(8) =G +
is found to describe the concentration dependence of elec-
tron scavenging in a number of cases. Using this relation it
is shown that a detailed treatment of the scavenging kinetics
in competitive situations is possible. Secondary reactions
involving negative ions are postulated to explain anomalies
found in the available data. For nitrous oxide solutions the
high nitrogen yields observed can be quantitatively ex-
plained by secondary ionic reactions with the nitrous oxide.

Rldiation chemists have been aware for about 15 years that the presence
of dilute solutes in liquid hydrocarbons can change the course of
radiation chemical reactions by other than the normally expected sec-
ondary radical reactions. For example, Manion and Burton (40) in early
work on the radiolysis of benzene—cyclohexane solutions, drew attention
to the possibility of energy transfer from solvent to solute. Furthermore,
it is known that in hydrocarbon solvents certain solutes are capable of
capturing electrons, thus interfering with the normal ion-recombination
process (14, 20, 65, 72). Though ionic products can be observed readily
in hydrocarbon glasses [e.g., (19, 21)] demonstration of effects which
can be specifically ascribed to electron capture in the liquid state has
been elusive until recently. Reaction of positive ions prior to neutraliza-
tion can play an important role as demonstrated recently by studies on
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the production of HD from NDj solutions (10, 71) and on the formation
of propane from cyclopropane (3).

In one of the first attempts to probe electron scavenging in hydrocar-
bon solutions, Williams and Hamill (72) studied the production of alkyl
radicals from the dissociation of solute alkyl halides and found appre-
ciable yields (G ~ 3) which they attributed largely to dissociative
electron capture by the halide. Although current work indicates that this
interpretation is for the most part correct, significant difficulty exists in
distinguishing between chemistry which results from electron scavenging
and that which results from hydrogen atom attack on the solute. Because
of this and additional difficulties related to other possible modes of
energy transfer, even the yields of hydrogen atoms from the radiolysis of
particular hydrocarbons have been questionable. For example, the hydro-
gen atom yield, G(H), in such a commonly studied material as cyclo-
hexane has been suggested to be anywhere from quite small to about 3.
At the moment, the yield indicated from various experiments seems to
point to a value of about 1.5, but interpretation of available results is
still far from being completely straightforward.

The interest and attention of radiation chemists have recently been
redirected to electron-scavenging processes in liquid hydrocarbons by the
finding of Scholes and Simic (63) that high nitrogen yields [G(Nz) ~
3.8 at 0.1M N,O] are formed in the radiolysis of solutions of nitrous
oxide. The formation of nitrogen from nitrous oxide solutions in the
gaseous and aqueous phases has been shown to result specifically from
electron capture by the nitrous oxide. It seems likely therefore, as sug-
gested by Scholes and Simic, that the observed nitrogen results from the
reaction of electrons with nitrous oxide before recombination occurs
with the positive ion. This conclusion is supported by the finding that
the addition of a second electron scavenger such as CCl, or SFg competes
with the N,O and reduces the nitrogen yield. These observations, to-
gether with the other information reviewed here, leave little doubt at
present that electron scavenging can be of considerable importance and
must be properly considered in studies of-the radiation chemistry of
hydrocarbon solutions. However, as will be seen, the detailed interpre-
tation of results is still not completely satisfactory, and the subject is
currently in an active state of development. It is hoped that this sum-
mary may provide a firmer foundation for considering the possible com-
plicating factors in electron-scavenging studies.

General Considerations

In liquid hydrocarbon radiolysis, analogies are frequently drawn
from gas-phase studies, particularly in regard to ionic processes. We
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begin, therefore, with a general description of the physical differences
existing between the two phases and the ways in which these differences
can affect ion recombination and electron capture. Attention is focused
on processes occurring with low LET radiations since essentially all
experimental studies on electron scavenging have used *Co 7y-rays.

Upon irradiating the gas phase, a uniform distribution of electrons
and positive ions results, and ion yields can be readily determined by
applying an electric field and measuring the saturation ion current. For
most hydrocarbons, the yield of ions, G;, is ca. 4 (42). For liquid hydro-
carbons the yield of ions which ultimately become uniformly distributed
throughout the solutions is found, from conductivity experiments, to be
only ca. 0.1 (1, 15, 16, 30, 62). These ions are frequently referred to as
free ions, and their yield will be designated here as Gy;. Since the primary
excitation processes in radiation chemistry are not considered to depend
to a large extent on the density of the medium, the low yield of these
free ions indicates that only a few percent of the electrons initially
formed ultimately become thermalized at a distance from the positive
ion where they can escape its coulombic force field. The majority of
electrons are recaptured by the parent positive ion (geminate recombi-
nation) at least qualitatively along the lines of the model originally sug-
gested by Samuel and Magee ( 59) although this model has been somewhat
modified in a recent treatment (43) which indicates that there is no ex-
plicit electron energy below which geminate recombination always occurs.
Since the yield of products attributed to electron scavenging is consider-
ably greater than the yield of free ions, it must be assumed that the
majority of electrons which react are those which would otherwise
undergo geminate recombination. For this to occur, the reaction time
must be longer than the 10713 sec. given by the original geminate recom-
bination arguments (which would provide little opportunity for reaction
with solutes) and is probably more of the magnitude of 107! sec. sug-
gested by Burton, Dillon, and Rein (9).

In the one experimental study on electron scavenging carried out
with high LET radiations Burns and Reed (8) have examined the yields
of N; and H, produced from nitrous oxide—cyclohexane solutions by 2
Mev. helium ions (LET ~ 20 e.v./A.). At particular N,O concentrations
they find significantly lower N, yields and smaller decreases in the H,
than observed in the y-ray experiments (at 0.1M N,O G(N;) = 0.6 in
experiments with helium ions vs. 3.8 for those with y-rays; AG(H;) = 0.2
vs. 2.3). Here reaction between the electron and a positive ion other
than its original partner apparently becomes significant, and the electron-
scavenging process cannot compete as efficiently as at low LET’s.

While the nature of the electrons produced in liquids may not differ
significantly from those produced in the gas phase, the chemistry and
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kinetics of reactions involving such electrons may be considerably
changed owing to their much shorter lifetimes. In particular, it is ex-
pected that the ordinary laws of homogeneous kinetics will not apply. As
a corollary, effects which interfere chemically before the occurrence of ion
recombination will be extremely difficult to saturate, and chemical ap-
proaches to the measurement of ion-pair yields will give only lower limits
to these values. In recent years considerable attention has been given to
attempts to obtain, both theoretically and empirically, the expected
kinetic behavior. A considerable portion of the present summary is
devoted to this topic.

Whether the electrons are “free” or not, their ultimate fate in the
absence of an electron scavenger will be recombination with a positive
ion.

e + RH* = RH* (1)

Owing to the close packing of molecules in the liquid phase, the energetics
and mechanism of ion recombination may differ considerably from those
in the gas phase. In the latter case all of the potential energy arising
from the spatial separation of the ions is recovered in the recombination
process as kinetic energy of the colliding ions. The energy released on
recombination is therefore equal to the ionization potential. In the liquid
phase, however, the kinetic energy gained by the electron as it drifts
toward the positive ion is continually dissipated by collision with neutral
molecules. The total energy so dissipated will be approximately equal
to the potential energy of the ion pair when the electron has approached
the positive ion to a distance of one molecular diameter and can no
longer collide with other molecules. This is given in units of electron
volts by 14.4/edy when dy is in angstroms. The recombination energy,
Rg, will therefore be less than the gas-phase ionization potential by this
amount which for e — 2 and dy, = 5 is 1.5 e.v. Since ionization potentials
are of the order of 10 e.v. for hydrocarbons, the recombination energy
will still be considerably greater than bond energies (~4 e.v.), and dis-
sociation of the excited neutral product of Reaction 1 is a possible sub-
sequent step to recombination.

RH* — products (2)

Although both atomic and molecular hydrogen are likely products of
Reaction 2, it is not necessary that hydrogen be formed with unit effi-
ciency. In the gas phase the yield of hydrogen resulting from electron-ion
recombination is considerably less than the ion yield (32, 73). This raises
a question about the validity of an assumption sometimes made: that the
reduction in the hydrogen yield which occurs in the liquid phase as a
result of the addition of an electron scavenger can be taken as a direct
measurement of the number of scavenged electrons.
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When an electron scavenger is present, electrons may be captured
before recombination. Electron capture must initially result in the forma-
tion of a molecular anion with internal energy equal to the sum of the
electron affinity of XY and the kinetic energy of the incident electron.

e” + XY = XY*- (3)

Since the ion XY*" contains sufficient energy for the reverse of Reaction 3
to occur, the electron will eventually be emitted

XY* > XY + e (4)

unless there is some mechanism whereby the excited anion can be sta-
bilized. The lifetime for electron emission can be as short as 107! sec.
(39) for a simple molecule or as long as 10 sec. (35) for a more complex
molecule such as SFg. For permanent electron capture, de-excitation or
reaction of XY*~ must, therefore, occur in a time less than or comparable
with that for emission. Negative-ion formation can be rendered irre-
versible either by collisional deactivation or by dissociation of XY*".

Removal of some of the internal energy of the XY*" jon on collision
with a neutral molecule has been invoked to explain the pressure de-
pendence of the electron capture cross sections of O, (13), NO (22), and
N.O (68) in the gas phase.

XY* + M — XY + M* (5)

In the oxygen system at approximately 50 mm. pressure (collision fre-
quency ~ 10° sec.™) half of the O,* ions are stabilized before emission
can take place (13). In the condensed phase, therefore, deactivation
should compete to the exclusion of electron emission. The much higher
probability of collisional deactivation in liquids may explain why com-
pounds such as CO, and CH;C], for which attachment is very inefficient
in the gas phase, are often effective electron scavengers in liquid systems.
One must be wary, therefore, of using even relative gas-phase electron
attachment coefficients in liquid-phase studies. For molecules with very
small electron affinities (< 0.1 e.v.) the reversibility of Reaction 3 may
have to be considered even after the excitation energy of the negative
ion has been removed by collision.

For certain molecules, such as the alkyl halides, the XY*" jon will
be formed in an excited state above the dissociation asymptote of the ion.
Dissociation will then occur in a time of the order of 1072 sec.

XY* > X+Y (6)

In the gas phase, where the collision frequencies normally encountered
are 10° to 10'° sec.?, dissociation would be expected to be favored over
collisional deactivation. In the liquid phase, however, if the ion XY~ has
energy levels below the dissociation asymptote, stabilization could occur,
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giving the molecular anion before dissociation occurs. Evidence (dis-
cussed later) would suggest that this is the case for methyl chloride in
solution.

The conversion of electrons to negative ions by adding an electron
scavenger profoundly affects solvent decomposition. This has been at-
tributed to a decrease in the energy available for excitation of the neutral
product RH on recombination, which thereby decreases the probability
of its dissociation. Two sources of this reduction are apparent; first, the
recombination energy will be decreased by an amount equal to the elec-
tron affinity involved, and second, the energy released can be taken up
at least in part by the other neutral product.

RH* + XY~ — (RH + XY)* (7)

The yields of hydrogen, cyclohexene, and bicyclohexyl decrease markedly
on adding CO; or SF; to cyclohexane (56, 57), and these decreases can
be qualitatively accounted for in this way. The energy taken up by XY
in Reaction 7 may result in formation of products derived from the solute.

(RH + XY)* > RH+ X + Y (Ta)

For example, when perfluorocyclohexane is used as an electron scavenger
high yields of c-C¢F1;H are observed (58). Since the formation of c-CeF;4
radicals by dissociative electron capture is prohibitively endothermic and
cannot occur directly, c-CgF;;H must result from the formation of c-CeF11
radicals by some process such as Reaction 7a. The possibility discussed
above that molecular anions may be formed in alkyl halide solutions does
not conflict with the large radical yields observed since the radicals could
be formed after recombination.

Factors Complicating the Specificity of Electron Scavenging

In many studies to date, where the solute is expected to have elec-
tron-scavenging properties, specific electron scavenging has frequently
been assumed with little experimental work directed toward this assump-
tion. Optimally, solutes should be used whose reactions with species other
than the electron are known to occur to an insignificant extent or, if such
reactions occur, where sufficient information is available to account for
these reactions. This condition, though apparently obvious, often seems
forgotten. Thus, the yields of nitrogen from nitrous oxide solutions are
used to check theoretical predictions and to measure the electron-scav-
enging ability of second solutes, despite the anomalously high nitrogen
yields from this system. Possible complicating effects caused by the
reactions of positive and negative ions, hydrogen atoms, hydrocarbon
radicals, and electronically excited molecules should all be considered.

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch002

2. WARMAN ET AL. Electron Scavenging Processes 31

Hydrogen Atoms. It is difficult in many cases to distinguish between
chemistry which results from electron capture and that which results
from hydrogen atom attack on the solute. Thus, in the methyl iodide
system (discussed later) methyl radicals appear to be produced by both
Reactions 8 and 9,

e + CH31 g CH3' + I_ (8)
H- + CH,I = CH, + HI (9)

and without some prior knowledge the contributions from each would be
extremely difficult to disentangle.

The olefins, and in particular ethylene where the ethyl radical formed
by hydrogen atom addition

H- + C,H, — C,H;- (10)

can be readily examined (25, 38), suggest themselves as appropriate
reagents for H atoms. The data in Table I show that ethylene does not
appreciably effect the methyl radical yield from either methyl chloride
or bromide solutions or the nitrogen yield from N,O solutions (69).
Similarly tetramethylethylene does not affect the radical yields from
either methyl- or ethyl bromide. These olefins cannot, therefore, be inter-
fering with electron scavenging in these cases. Conversely, product for-
mation from these solutes does not appear to be caused by hydrogen
atom attack. It is, of course, possible that the second solute is consid-
erably more reactive towards hydrogen atoms than is the olefin. This
possibility can be eliminated by noting (Table I) that the presence of the
various electron scavengers produces only a small decrease in the ethyl
radical yield and that this decrease is similar for all the solutes except
methyl iodide. From measurements at lower ethylene concentrations it
is found for the above-mentioned solutes that the fractional reduction in
ethyl radical yield depends solely on the concentration of electron scav-
enger and not upon the ratio of the two solute concentrations—a fact
which indicates that competition of the two solutes for hydrogen atoms
is unimportant. The observed decrease can be reasonably attributed to
a reduction in the yield of hydrogen atoms resulting from changes of the
ion-recombination process.

For methyl iodide—ethylene solutions in cyclohexane the ethyl radi-
cal yields are very low (69), showing that hydrogen atoms react com-
petitively with these solutes (with kg/kjo ~ 5).

Positive Ions. A potential complicating factor, which is difficult to
eliminate, is the reaction of positive ions. Arguments against such
reactions cannot be based simply on a consideration of the relative ioni-
zation potentials of the solvent and solute. Thus, ND; and C,H;OD,
whose ionization potentials are somewhat higher than cyclohexane’s,
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Table I. Product Yields from Cyclohexane Solutions Containing
Ethylene and an Electron Scavenger

G(P)," G(C,H;)s"
Scavenger G(P)c,n, G(C,H;),
N,O 1.02 0.82
SFg — 0.82
CH;Cl 0.97 0.92
CHjBr 1.10 0.64
CH3Br° 1.02 —
C,H;Br° 1.01 —
CHj,l 0.90 0.20
CO, — 0.88

¢ Product yields from solutions 0.1M in each solute relative to solutions containing
only electron scavenger (Ng in the case of N2O solutions, alkyl radicals in the case of
alkyl halides).

® Ethyl radical yield from solutions 0.1M in each solute relative to a solution contain-
ing only ethylene.

°0.1M tetramethylethylene used instead of ethylene in these cases.

react with positive ions via proton transfer (7, 10, 71). An obvious
test of the positive ion-scavenging ability of a solute might be made
by studying the effect of that solute on the yield of HD from ND,
or C;HsOD solutions. However, such a test may be ambiguous since
the presence of an electron scavenger may prevent the formation of
D atoms from ion recombination rather than by a competitive reaction
for positive ions. For cyclopropane solutions the products arising from
positive-ion scavenging are formed before recombination (3), and the
ambiguity discussed above will therefore not be possible. Where compe-
tition for positive ions does not occur, the scavenging efficiency of cyclo-
propane is increased by adding an electron scavenger (3, 54, 55). This
increased efficiency is ascribed to an increase in the ion lifetime owing
to the formation of the less mobile negative ions. The effects of various
electron scavengers on the product yield from cyclopropane—cyclohexane
solutions is illustrated in Table II (55). For N,O, SFe, CH,Cl, CH;Br,
and CCL the concentration required to produce a given increase in prod-
uct yield agrees with estimates of their electron scavenging abilities. This
indicates strongly that positive ions are not reacting with these solutes.
For the alkyl iodides, however, competition for the positive ions does
occur, as shown by a reduction in the product yield.

A specific test has been carried out (69) in the case of methyl chlo-
ride where an attempt to use cyclopropane to compete for a possible
positive-ion contribution to the normally obtained methyl radical yield
shows no effect (Table III). For systems where the electrons have been
converted to negative ions, positive-ion reactions occur with a markedly
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increased efficiency, and it becomes doubly important to consider this
problem.

Hydrocarbon Radicals. Secondary reactions of radicals can com-
plicate the interpretation of electron scavenging experiments. Thus,
methyl radicals produced from the methyl halides will, in the absence of
a radical scavenger, react with the solute to give methane.

CH,- + RH — CH, + R (11)

At the normal dose rates used in radiolysis this abstraction reaction is
not quantitative (37) owing to competing radical-radical reactions, so
that the methane produced is not a true measure of the radical yield. For
example, for methyl chloride solutions the methane observed in the
absence of radical scavengers is only 75% of the methyl radical detected
with iodine. For methyl iodide the methyl iodide is itself a radical
scavenger

R- + CH,I = RI + CH,: (12)

and gives rise to additional methane via a short chain (65) involving
Reactions 11 and 12. A dose-rate dependent methane yield of the order
of 17, which is many times the radical yield found in scavenging experi-
ments, is observed in this case. Fortunately, only very low concentrations
of jodine are usually necessary to completely suppress such secondary
radical reactions (37).

Table II. Effect of Electron Scavengers on Positive Ion
Scavenging by Cyclopropane in Cyclohexane

Scavenger G(Product)*
—_ 0.31
CH,C1 0.55
SFg 0.76
N,O 0.68
CH,Br 0.68
CCl, 0.67
CH,l 0.1

¢ Total 14C product from 0.01M cyclopropane-14C in the presence of 0.01M solute.
G(Product) approaches the limit ~ 0.85 at high electron scavenger concentrations.

Table III. Effect of Cyclopropane on the Methyl Radical Yield from
Methyl Chloride Solutions in Cyclohexane*®

[Cyclopropane] G(CH;,)
0 0.81
0.08 0.80
0.40 0.81

%0.01M CH;3Cl in cyclohexane.
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Reactions of radicals which cannot be interfered with present an-
other possible difficulty. For example the radiolysis of methyl iodide
solutions produces appreciable methane which cannot be scavenged by
iodine despite the fact that the thermal methyl radicals present readily
react with the iodine (20, 65). At 0.1M CH;I a G(CHy) ynscavengeable = 0.6
is observed (65). This could be produced by the abstraction of hydrogen
by hot methyl radicals or, as suggested by Hamill (53) and by Holroyd
(26), more likely by a diffusion-controlled recombination of the products
of Reaction 9.

H- + CH,I — [CH,- + HI] > CH, + I- (13)

Such a mechanism has, of course, no relevance for electron capture and
will therefore affect only the hydrogen atom component of the vield.
This was tested for methyl chloride and methyl bromide (69) where, as
argued above, reactions of hydrogen atoms do not appear to contribute
to the yield. For 0.1M solutions containing 103M I, as scavenger the
methane yields were small (0.03 and 0.05). For deuterium iodide solu-
tions this consideration seems quite important since at high concentra-
tions the observed value of G(HD) is considerably larger than expected
(46, 47). This implies a yield of HD from the DI via some process which
does not involve thermal hydrogen atoms.

Excited Species. One of the processes most difficult to eliminate as
the source of a particular product is the transfer of electronic excitation
energy to a solute molecule. Dissociation of alkyl halides to form alkyl
radicals readily occurs photolytically, and energy transfer might well be
advanced to explain the radiolysis results. However, in recent studies (2)
in these laboratories, it has been found that when 0.1M solutions of
perfluoroazomethane and perfluoroacetone in cyclohexane are irradiated,
neither nitrogen nor carbon monoxide are formed. These products are
formed efficiently on photolysis of these compounds. It might be argued
from this that energy is not available in a form which is transferable to
produce dissociation of the solutes. Holroyd (27) has, however, recently
found appreciable nitrogen yields in the 1470-A. photolysis of N,O solu-
tions in cyclohexane, which he has explained in terms of energy transfer.
He suggested that significant energy transfer also occurs in the radiolysis.
Hentz and Knight (24) and Yoshida and Sato (74) have taken the
opposite tack and argued that localization of energy in scintillator solu-
tions in aliphatic hydrocarbons, which has conventionally been thought
to represent an energy transfer process, actually results from trapping of
the electron by the scintillator molecule. Considerable attention should
be given to the difficult problem of distinguishing between electron
capture and energy transfer.
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Negative Ion-Molecule Reactions. Complications caused by reaction
of negative ions are in a category different from those caused by positive
ions since they must necessarily be secondary to the electron-scavenging
process itself. Two examples of the probable importance of negative-ion
reactions are (1) a reaction with N;O to produce additional nitrogen
from nitrous oxide solutions, and (2) electron transfer from one solute
to a second which complicates competitive studies. Both examples are
discussed at length later. At present there is no definite evidence that
negative ions can undergo ion-molecule reactions with solvent hydro-
carbons.

Concentration Dependence of Electron Scavenging in
Single Solute Systems

Solutes which react with electrons fall into two categories: those for
which a product resulting from electron capture by the solute may be
studied directly—e.g., nitrous oxide where nitrogen can be observed;
and those such as SFg, for which studies must be carried out either by
examining an effect on the decomposition of the solvent or by competition
with a solute of the first category. The first type of study is more attrac-
tive since the involvement of the solute can be measured down to low con-
centrations providing that sufficiently sensitive methods are available. The
number of solutes which have been found to lead to a suitably measurable
product arising specifically from electron scavenging is, however, at pres-
ent somewhat limited. Studies on the formation of benzyl radical from
benzyl chloride (23), hydrogen-containing derivatives from the per-
fluorocycloalkanes (58), and, as indicated above, recent work on the
production of alkyl radicals from alkyl chloride and bromides (69)
indicate these systems to be reasonably promising. In the latter case
studies have been carried out over the concentration range 10™ to 0.5M,
from which certain empirical generalizations concerning the concentration
dependence have been derived (see below).

A large decrease in hydrogen yield is a general effect of electron
scavenging. Where products from the solute cannot be examined and
where other complications can be eliminated this effect can prove useful
in determining the relative solute reactivities. However, since one mea-
sures a difference in hydrogen yields, meaningful measurements are
restricted to relatively high concentrations; hence, studies of this type
cannot be used rigorously to test mechanistic details.

Studies to date on the effects of electron scavengers on the yields of
high molecular weight products of solvent decomposition indicate that
the effect of a given solute is specific to the solute used (56, 57, 58).
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The potential use of these products to examine the reactivities of solutes
does not, therefore, look particularly promising.

Kinetics of Electron Scavenging. If a single characteristic lifetime,
r = 1/k;, could be ascribed to the geminate recombination process

ky
[RH* + ¢] = RH* (14)

it would be expected that the yield of a product, P, formed on electron
capture

e +S—>5—->P (15)

would be determined by simple competition considerations and depend
upon solute concentration according to L.

G,
1 (1)
1+ s

Since, however, the lifetime for geminate recombination depends upon
the thermalization distance, a spectrum of lifetimes reflecting the initial
electron energy spectrum will exist. No single characteristic lifetime
can be assigned to the recombination process, and the dependence of
product yield on solute concentration is not expected to obey Equation
I. The experimentally observed dependence, in fact, deviates consider-
ably from this relationship. This is illustrated in Figure 1 (69) for the
methyl radical yield observed from methyl chloride solutions. The
product yield in the low scavenging efficiency region increases much less
rapidly than with the first power of the concentration, and even at the
highest concentrations there is no indication that saturation has been
reached.

G(P) =

50
- ./././
/./
o] 3
i -
X r
Oosf /
© /
[oX] L1l Lol ool It
1074 1073 1072 107! |

[cHaCI]

Figure 1. Dependence of methyl radical yield from solutions

of methyl chloride in cyclohexane on the solute concentration.

Solid curve given by Equation IV with G,;= 0.09, G,; = 3.9,
and oy = 5.6
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There have been several attempts (7, 17, 18, 31, 60) to derive a
theoretical expression which would describe the solute concentration
dependence of ion scavenging. In each case an assumption is made re-
garding the distribution of ion pair separations. The probability of re-
action with a solute molecule as the electron returns to the parent positive
ion is then considered. At this point the principal problem is to decide
on the appropriate method for integrating this reaction probability. The
functional dependence of the scavenging efficiency upon solute concen-
tration is not given explicitly in the treatments of Freeman et al., Bu-
chanan and Williams, or Sato et al. but can only be obtained by a numeri-
cal integration specific for each case. The approach of Hummel (31) is
more useful because it allows the concentration term to be brought out-
side of the integral determining the probability of reaction between an
ion and the solute. At low concentrations this treatment predicts a de-

pendence of the yield of scavenged ions, G,, on solute concentration,
[S], of the form

G, =Gq + K{k,[S]}1 (I

where K is a constant involving the appropriate integrals over the spatial
parameters and k, is the rate constant for electron capture.

The product yield from positive-ion scavenging studies has been
known for some time to be approximately proportional to the square root
of the solute concentration, and recently it has been found to be well
described by an empirical expression identical in form to Equation II
over the concentration range 10 to 102M (product yields 0.13 to 0.30)
(54)—ie.,

G(P) =Gy + {a[S]}2 (111)

A limiting yield of ~ 0.1 was found at low concentrations in agreement
with the value of G¢ determined by conductivity experiments. The quan-
tity e, in Equation III can be identified with the quantity K2k, from
Hummel’s expression, Equation II, and here it is called the reactivity
since (according to this interpretation) it is proportional to the rate
constant for reaction of electrons with the solute. Because the yield of
ions formed is limited, a deviation from Equation III must necessarily
occur at high scavenger concentrations. Equation III describes the data
reasonably well for electron scavenging by the alkyl halides for concentra-
tions below 103M (with Gy — 0.09). However, for electron scavenging,
since the reaction rate is considerably greater, deviations from Equation
III occur at much lower concentrations than for positive-ion scavenging.

By analogy with the limiting linear concentration dependence pre-
dicted by Equation I for low concentrations, the square-root dependence
of Equation III suggested that an expression of the form of Equation IV
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might describe the electron scavenging results over a wider concentration
range.

G
G(P) =Gy +— "8
L+ 1 (IV)

(@[S}
Here Gy, is the yield of ion pairs which undergo geminate recombination.
Rearrangement to the linear form gives

1 1 1 1
C(P)—Cn Cp | Coa® [SI7 V)

Alkyl Chlorides and Alkyl Bromides. The predicted linearity of a

plot of

1 1 . .
G(P) — Ga * TST2 was tested using the yields of methyl

radicals formed from methyl chloride and methyl bromide and ethyl
radicals from ethyl bromide solutions in cyclohexane (69). Figure 2
shows good linearity in each case. While there is at the moment no
theoretical basis for Equation IV (at least at high concentrations), it
unquestionably describes the data in great detail. Within the error of the
extrapolation (=+0.1) a common intercept is observed for the three
solutes and corresponds to G, — 3.9. Because of the coincidence of the
extrapolated values and the similarity of G, to that predicted for the
electron yield from gas-phase W values it is suggested with some con-
fidence that this represents the total yield of electrons which undergo
geminate recombination. The values of a, obtained from the slopes in
Figure 2 are 15.8, 7.8, and 5.6 for MeBr, EtBr, and MeCl respectively.
Since o, is directly proportional to the rate constant for electron capture,
k., the ratios of the above reactivities are equal to the ratios of the rate
constants—i.e., Kcuspr:kcoasprikcnsa = 1:0.49:0.35. The reciprocals of the
a values are of some interest since they represent the concentration at
which half of the electrons are scavenged (0.063M, 0.129M, and 0.180M
for MeBr, EtBr, and MeCl respectively). The decrease in reactivity in
going from methyl to ethyl bromide is even more dramatic for the chlo-
rides, where preliminary results indicate that ethyl chloride is ca. a factor
of 10 less reactive than methyl chloride (i.e., ac,usc1 ~ 0.6).

Benzyl Chloride. Hagemann and Schwarz (23) in pulse radiolysis
studies have measured the benzyl radical (Bz) yield from solutions of
benzyl chloride in cyclohexane. They find a dependence qualitatively
similar to that given in Figure 1, and their data can be superimposed on
this figure by multiplying the benzyl chloride concentrations by a factor
of 3. Because of the larger scatter involved, extrapolating a plot of
G(Bz)™ vs. [BzCl] /2 is relatively meaningless. However, if one assumes
that the proper extrapolation limit corresponds to the value of Gy ob-
served here, the reactivity of benzyl chloride is found to be ap.c1 = 15.
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The same workers find that N;O depresses the benzyl radical yield, and
from this depression they have concluded that benzyl chloride is more
reactive toward electrons than N;O (for which « ~ 16, see below) by a
factor of ~ 1.6. However, in view of the possible complicating effects
of secondary ionic reactions discussed below the two solutes probably
have more nearly equal reactivities as is also indicated by the above
reactivity estimate.

G(R)-0.09

, 6
[s]7"2

Figure 2. Plot of alkyl radical yields from CH,CIl (®), C,H;Br
(A), and CH¢Br (R) solutions in cyclohexane according to Equation
V. Common intercept corresponds to G,; = 3.9

Perfluorocycloalkanes. Sagert (58) has measured the yields of
CeF11H from solutions of perfluorocyclohexane in cyclohexane over the
concentration range 0.02-0.3M and Fallgatter and Hanrahan (I12) over
the range 1-99% in each solute. At the lower concentrations electron
scavenging by the perfluorocyclohexane seems to be involved in the
formation of at least a major fraction of this product. Sagert’s data can
be reasonably well fitted to Equation IV with (from the G of 2.0 observed
at 0.04M perfluorocyclohexane) acer;, ~ 25. This solute thus appears
to be one of the most reactive of those for which direct information is
available. Extrapolating the highest value observed (3.4 at 0.3M) to
infinite solute concentration (via Equation IV) gives a limit of ~ 4.4.
Within the errors involved this limit is the same as the value of Gy re-
ported for the alkyl halides. The data of Fallgatter and Hanrahan are not
amenable to the above treatment because of the high concentrations used
and the resulting unknown contribution from direct effects.
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Alkyl Yodides. The various studies carried out on the alkyl iodides (20,
65, 72) all point to an important contribution from dissociative electron
capture. The yield of alkyl radicals is large [G(CH;3) = 2.9 at 0.1M
CH;I] (69) and has a dependence similar to that given by Equation IV
with however an extrapolated limit ~ 5. From data on competitive scav-
enging with ethylene (Table I) it can be shown that hydrogen atoms
attack the methyl iodide according to Reaction 9 at a rate about five times
that for addition to ethylene. Taking the rate constant of the latter proc-
ess as 300 times the rate constant for hydrogen abstraction from the
solvent (38, 65), Reaction 9 should occur with a 50% efficiency at 0.007M
and be 95% complete at 0.1M. From the hydrogen atom yield measured
in ethylene-scavenging experiments (25), a contribution to the methyl
radical yield ~ 1.0 is therefore indicated at this concentration. Unfor-
tunately the argument is further complicated by the existence of an
appreciable yield of unscavengeable methane as noted earlier. Adding
this yield of unscavengeable methane (0.6) to that of the observable
methyl radicals (2.9) gives a total of 3.5 which, after subtracting the
hydrogen atom contribution, results in a yield of methyl radicals which
can be attributed to electron scavenging of 2.5 (at 0.1M). Since the
unscavengeable methane has not been measured at other concentrations,
its concentration dependence is unknown. However, the reactivity of
methyl iodide (acu; ~ 13) has been estimated from the decrease pro-
duced in the ethyl radical yield from ethyl bromide solutions (69). This
value gives a calculated yield from Equation IV of 2.2 in approximate
agreement with the net yield of 2.5 given above. From competition
studies the reactivity of ethyl iodide has been estimated to be only
slightly less than that for methyl iodide. Since the electron affinity of the
iodine atom is considerably higher than the C-I bond strength in the
alkyl iodides (by ~ 0.7 e.v.) it is not surprising that dissociative capture
appears to be a relatively efficient process.

One further comment can be made. The hydrogen yield observed
for cyclohexane solutions 0.1M in CH;l is ~ 2.5 (65). This is lower (by
0.8) than the yield observed at similar concentrations of other electron
scavengers (Figure 3). The total G(Hz) + G(CHj) + G(CHy)unscavengeabis
equals 6.0 which can be compared with the slightly lower totals indicated
in Table IV for methyl chloride solutions. Thus, while studies of the
effect of methyl iodide on the positive-ion reactions of cyclopropane
indicate that the methyl iodide does undergo positive-ion reactions, these
reactions do not seem to make more than a relatively minor contribution
(possibly ~ 0.4) to the products under discussion.

Hydrogen Halides. In an initial study of solutions of HI in cyclo-
hexane the hydrogen yield was greater than that from the pure solvent
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G(Hy)
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Figure 3. Dependence of the hydrogen yield on concentration of
electron scavenger: O, CH,Cl; A, SFy; O, CH,Br; A, N,O; and
M, CO,. Concentrations of SFs, CH,Cl, N,O and CO, have been
normalized by factors of a,/acussr (1.2, 0.35, 1.0, and 0.5 respec-
tively) as described in the text. Solid curve is given by Equation VIII

Table IV. Yields of Hydrogen and Methyl Radicals from
Solutions of Methyl Chloride in Cyclohexane

C(H z)o - C(H 2)011;;0;

[CHCIL,M  G(CH,)  GH,) G(CH)
0 — 5.62 —_
0.10 1.70 3.95 0.98
0.30 2.25 3.49 0.95
0.50 2.49 3.14 1.00

by about a G of 1.5 at 0.IM (65). Since the yield should not have
changed if the only effect of the HI was to scavenge hydrogen atoms,
some form of energy localization in the HI was implicated. Isotope
experiments have since been carried out in an attempt to distinguish the
source of the hydrogen. This system is, however, fraught with difficulties
since HI readily exchanges with any acidic hydrogen present. To avoid
this experimental problem, Nash and Hamill carried out the somewhat
novel experiment of irradiating HI in perdeuterocyclohexane (45). At
high concentrations appreciable yields of H, were observed [G(H:) —
2.2 at 0.07M HI] in addition to the HD which was expected. The H.
presumably comes from the scavenging of hydrogen atoms produced
from the solute, and a yield of dissociation of the HI of ~ 2 at 0.1M HI
is implied. The yields of hydrogen from perdeuterocyclohexane are con-
siderably lower than for normal cyclohexane, so that one can only roughly
estimate the reactivity au; ~ 10-20 from the observed yield of H; in this
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system. In studies in these laboratories it was found possible to study
DI solutions if the hydrocarbon samples are carefully dried and the
reaction system is pretreated with DI (46, 47). Work with TI has also
been undertaken and has some advantages at low concentrations. These
studies were carried out in n-hexane so that the system could be examined
at lower temperatures. Since the rate constant for hydrogen-atom scav-
enging by HI is known (48) relative to that for abstraction from the
solvent, one can readily obtain the D atom yield which corresponds to
the observed D;. One can also estimate the decrease in the H, yield
expected from the scavenging of H atoms by the DI and show that an
additional decrease occurs which is similar to that observed for a number
of other solutes not expected to react with H atoms. Two barriers to a
comprehensive interpretation of this system exist. First, some of the
deuterium atoms may abstract hydrogen from the solute in a hot process
and therefore always appear as HD. Second, some further difficulty is
apparent since the total yield of hydrogen increases appreciably (by ~ G
= 1 at 0.05M ), this increase being reflected in the yield of HD + D,
remaining after correcting for the H atom contribution. A simple electron-
capture mechanism does not, therefore, seem to explain the details of the
data, and a contribution from positive-ion reactions may be involved.
Interpreting G(D.) as representing G(S™) gives ap; ~ 16 in n-hexane.
At —78°C,, where the total hydrogen yield is ~ 10%lower, the D, yields,
after correcting for the scavenging efficiency of DI, are similar to the
values observed at room temperature. Hence, the temperature coefficient
for « is very small.

DCI solutions in cyclohexane have recently been studied (44, 52).
Data similar to those from DI solutions have been obtained but can be
more easily interpreted, at least in the low concentration region, since
DCI is a relatively poor hydrogen-atom scavenger. Here too, however,
the total hydrogen yield increases upon adding DCI [as noted earlier
(11, 29)]. Allowing for a contribution of this excess to the HD yield, a
value of apc; ~ 10 can be estimated.

No data have been reported for solutions of DBr alone. However,
one result reported in a study of the competition with NoO (44) indicates
that it too is very reactive towards electrons.

Following the original work of Scholes and Simic, many workers
have studied the production of N; from nitrous oxide solutions. It is now
generally agreed that the results cannot be interpreted solely in terms of
electron capture. Because of this and because of the general interest in
this system, this solute is treated in a separate section after the concen-
tration dependence of secondary ionic reactions is discussed.
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Effect of Solutes on the Hydrogen Yields

The marked decrease in G(H.) found on adding solutes with posi-
tive electron affinities to liquid hydrocarbons was suggested more than
10 years ago (65) to result, at least in part, from electron capture by
these solutes with subsequent interference in the normal ion-recombina-
tion process. Since then this effect has been found to be characteristic of
electron scavenging for a large variety of solutes. Providing that the
electron scavenger does not react with hydrogen atoms, the concentration
dependence of the decrease in G(H:) is qualitatively the same in all cases,
with a maximum AG(H.) ~ 3 being observed [e.g., see Figure 3 (2)].
As for the product yields from electron scavengers, there is no indication
that this effect is saturated even at the highest concentrations used. The
stoichiometry involved may be generally described by the scheme

e+ RH* > RH* > f - H, (16)
e+8S—>8 (17)
S+ RH'— (RH + S)*—> 7 - H, (18)

where f = f* — f” represents the difference in the efficiency of formation
of H, from Reactions 16 and 18. If a measurable product, P, is formed
from the solute with unit efficiency either as a result of Reaction 17 or 18,
f can be determined from

_ G(Hy)o — G(Hy),

f=" (VD

The yields of CH; radicals from CH;3Cl—cyclohexane solutions together
with the corresponding hydrogen yields are shown in Table IV. In the
last column, the quantity [(G(H;), — G(Hz)cusa1)/G(CHz)] is evalu-
ated and is close to unity at all concentrations. If one assumes that no
more than one molecule of H, can be produced by Reaction 16, then f”
must be close to zero. Conversely, the concern expressed earlier, that '
might be considerably smaller than 1, does not seem to be borne out by
experimental observations for cyclohexane.

Combining Equations IV and VI gives for the general case
_ Gyt {as[S]}172
G(Hy)a = G(H), ~ f (Gu + T2t (v
Taking f = 1 and substituting Gy — 0.09, G; = 3.9 and G(H;), = the

observed yield of 5.62 gives, for the specific case of cyclohexane

3.9 {a,[S]}1~2

G(Hg)s =5.53 — I—_T_mm

(VIII)
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Since « is the only unknown in Equation VIII, this expression can be used
to determine, from the decrease in hydrogen yield, the reactivity of the
solute. In Figure 3 the solid line was calculated using Equation VIII and
a value for o, equal to that for CH;Br (i.e., 15.8M™). The concentrations
of the other solutes in the figure have been normalized by a factor
as/ acuzer Which was taken to be, for CH;Cl, SFg, N2O, and CO., respec-
tively, 0.35, 1.2, 1.0, and 0.5. The first is the ratio obtained from CH,
production measurements for the individual solutes, and the second is
that obtained from competition studies (see below and Figure 4). The
values for NoO and CO, were taken to give the best data fit. When the
concentrations are normalized this way, the H, yields for all five solutes
fall on the calculated curve quite well (Figure 3). The conclusion from
this that ax,0 = acu;sr is of particular interest and will be discussed later.

30

(0] o} 0.2
[SFe]

Figure 4. Dependence of methyl radical yield on SF4 concen-

tration for solutions 0.2-, 0.1-, 0.03-, and 0.0IM in CH,Br. Solid

curves are given by Equation X with G, = 0.09, G,; = 3.9,
QCH3Br — 15.8, and agrg — 19.0

The use of H, yields to determine reactivities, while of obvious use
for solutes which give no measurable product, cannot give highly accu-
rate values. At low concentrations the measurements are limited by the
ability to measure yield differences accurately, and at high concentrations
the decrease in G(H.) is so gradual that slight errors in measuring G(H.)
values will be greatly magnified. For cyclohexane the concentration
region most likely to give the least error in a5 is that where the observed
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yield of hydrogen is between 5.0 and 3.5. This corresponds to values of
as[S] of between 0.1 and 2.

Other workers have studied the effect of N,O on the hydrogen yield
(50, 57, 61, 66), and the form of the results in all cases is very similar to
that given in Figure 3. A fair number of other studies have been carried
out where the workers wished to examine the effect of electron scavenging
on hydrogen production. Some authors have attempted to interpret the
results in terms of a simple competition between the solvent and solute
such as is described by Equation I. As implied by the agreement with
Equation VIII indicated here, and as pointed out by Klots, Raef, and
Johnsen (36), significant departures from Equation I exist. SO, was
examined in the early study mentioned above and found to be about one-
fourth as reactive as CH3Br (65). In terms of the present treatment this
gives ago, ~ 4. More recently, substances such as perfluorocyclobutane
(50, 51, 58), perfluorocyclohexane (58), and CO, (2, 44, 56, 60) have
been examined. Interpreting the data on the basis of Equation VIII
gives from these studies ac,rs ~ 16, acer;, ~ 15, and aco, ~ 10.

Competitive Scavenging

For many solutes such as SFg no easily measurable product is formed
on electron capture. A method often used to estimate the reactivity of
such compounds is to study their effect as a second solute on the product
yield, P, from a measurable electron scavenging process.

k

e+S,>P (19)
k

e+8,>0Q (20)

If competition for the electrons occurs solely between Reactions 19 and
20, kg,/ks, can be deduced from the decrease in the yield of P upon
adding S,. Sherman (66) has used this approach to estimate the rate
constants relative to N.O for many solutes from a study of the nitrogen
yield decrease.

Because of the unusual kinetics of electron scavenging, assumptions
are generally made to determine kg,/ks, in this type of study. The most
usual assumption is that the yield of scavenged electrons does not change
when the second solute is added. However, this is clearly not the case.
Hagemann and Schwarz (23) have used a graphical method to take into
account the increase in the yield of scavenged electrons when a second
solute is added. An algebraic approach is obviously more general, and
Equation IV, which describes the results for single solute systems from
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10 to 0.5M, can be used to derive an expression for two solute systems
without any further assumptions. Thus, for the two solutes S; and S, the
total solute effectivity is given by a;[S1] + «2[S2] and from this the total
yield of electrons scavenged by Equation IX.

{@1[S1] t a2[S2]}'72
1+ {al [SI] + a2 [Sz]}1/2 (IX)

This equation is readily tested where products from both S; and S; can
be measured. The total yields of CH; and C,Hs radicals formed from
solutions of methyl bromide 4 ethyl bromide and methyl chloride +
ethyl bromide (69) are shown in the next to the last columns of Tables
V and VI. These totals agree well with the values given in the last
column, calculated using Equation IX and a. values derived from the
single solute systems.

G (total scavenging) = Gy + G, *

If there is no secondary interaction of the solutes, a fraction
a1[S:]
@1[S1] + a2[S:]
S; to form P. The yield of P in the presence of S; will then be given by

_ {aa[S:] + ap[S21}2 W] (X)
G(P)s, = [G" o T [5:] T e [2] }] a5 T wlSa]

From an analogous expression for the yield of product Q in the presence
of S, one can readily obtain the usual equation for the relative yields of
products from two reactants in a competitive situation.

G(P)s,  alSi]
G(Q)s, — walSa] (XD)

From this it should be possible to determine the relative reactivities of
two solutes, where both have measurable products, without knowing the
over-all concentration dependence and even in the presence of interfer-
ence from additional solutes.

of the total electrons scavenged is expected to react with

Table V. Radical Yields from Competitive Studies Between Methyl
and Ethyl Bromides in Cyclohexane

G(C,H;)
[C:H;Br]
G(CH,) G(C.H;) W G(CH,s + C,ng

[CH,Br] [C,H;Br] Obs. Calc. Obs. Calc. [CH,Br] Obs. Calc.

0.099 0.501 0.70 0.81 2.09 2.00 0.59 2.79 2.81
0.102 0.211 123 128 143 131 0.56 2.66 2.59
0.100 0.100 1.55 1.65 0.89 0.81 0.57 2.44 2.46
0.102 0.0290 1.95 2.05 0.36 0.28 0.65 2.31 2.33
0.0097 0.0098 091 0.90 051 045 0.55 1.42 1.35
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Since all parameters required for evaluating these equations are avail-
able for mixed alkyl halide systems from measurements on the individual
solutes, the validity of the equations can be critically tested. The individ-
ual CH;- and C,H;- yields expected from methyl bromide—ethyl bromide
mixtures calculated on this basis are given in Table V. The agreement is
reasonable with however the ethyl yields being slightly greater and the

. . . . G(CoHs)/[CoHsBr]
methyl yields slightly less than predicted. The ratio G(CH,)/[CH,Br]

~ 0.57 is slightly greater than ac,mspr/acusar = 0.49. At this juncture
one could easily assume that the minor discrepancy noted is caused by an
inaccuracy in determining the ratio of the reactivities by intercomparing
the individual absolute «’s from the single solute measurements and that
a value for this ratio of 0.57 would fit the data better. This point and the
data from the methyl chloride—ethyl bromide system will be discussed
later.

The decrease of methyl radical yield on adding SFe to CH3Br—cyclo-
hexane solutions illustrates the use of the above expression where Q cannot
be measured directly. The observed dependence on SFe concentration
is given in Figure 4 for several CH3;Br concentrations. Since acags: is
known from the single solute experiments, the only adjustable parameter
is agre. The curves of Figure 4 were calculated using a value of agrg = 19
and are in excellent agreement with experiment at all CH3;Br concentra-
tions. This gives 1.2 for the reactivity ratio aspe/ecm;a:-

Let us digress to discuss certain problems which arise in handling
data from competitive experiments. Since Gy is small compared with the
total yield of electrons scavenged in the region where competitive studies
are usually carried out, it is convenient here to approximate Equation X by

o falSdt S wlS]
GO =G T F Sl mS] FaalS] D)

where G; is the total ion pair yield (i.e., — Gy + Gz = 4.0 for cyclo-
hexane). Using this expression, the ratio of the yield of P in the absence
of Sy, G(P),, to that in the presence of S; is given by

1
1+
G P o a2 S2 al Sl + [+4 S2 172
o ) S
R IEE

_ @[S:]\?  {a1[S1] + a[S.]1}12 + 1
= <1 + a1[81]> . T {al[sf]}v? (XIIla)
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The limiting cases are for «;[S;] >> 1

G(P)o _ a2[SZ]

G(P)s, (1 + al[sl]) (X
and for «;[S1] == a2[S2] << 1

G(P), _ a2 [S2]\ 172

G(P)g, (1 * 01[31]> XV

The first limiting case corresponds to that where complete electron
scavenging occurs. Assuming that adding a second solute does not change
the total yield of scavenged electrons is tantamount to assuming complete
scavenging. These assumptions are in turn implied where, as commonly
done, the reactivity ratios have been determined from Equation XIV.
Complete scavenging is not, of course, of practical concern since it does
not occur even at the highest concentrations. Values of az/a; determined
from slopes of plots of G(P)./G(P)s, vs. [S2]1/[S1] will therefore be
lower than the true value, the discrepancy increasing with decreasing
solute concentration. This is shown by the results from the CH3Br—SFg
mixed system, where the slopes of G(CHj3),/G(CHjs)srs vs. [SFel/
[CH;3Br] are 0.61, 0.74, 0.85, and 1.00 (instead of the limiting value of
1.2 above) for CH3Br concentrations of 0.01-, 0.03-, 0.1-, and 0.2M
respectively. Because of this, the reactivities relative to N,O given by
Sherman (66), which were obtained at N.O concentrations of 5 X 103M,
will all be low by about a factor of 2.

The second limiting case gives too high a value for as/a;. For com-
petition between two reactive solutes both present at 102M, «;[S;] ~
a2[S2] ~ 0.2, and the second term on the right of Equation XIIIa (which
does not depend strongly on the exact value of a.) is ~ 1.12. For these
conditions Equation XIIIa may be rewritten to give

G(P)o\* _ o, [S4]
<G(P)52> =125+ 125 p [S.] (XVI)
Thus, for equally reactive solutes a plot of (G(P)./G(P)s)? vs. [S11/[S:]
will have at [S;] — 0.01M an apparent slope ~ 1.5 times that given by
Equation XV. Hentz and Knight (24) have performed very interesting
studies of the effect of various electron scavengers on the luminescence
of p-terphenyl (PTP) and 2,5-diphenyl-1,3,4-oxadiazole (PPD) solutions
in cyclohexane. They concluded that light emission occurs upon the
neutralization of charged forms of the scintillator. They obtained relative
reactivities from competitive studies using an expression equivalent to
XV which they derived from the low concentration square-root de-
pendence. Including the term for yield fall-off from this square-root
dependence (as done in Equation XIIIa) will reduce their quoted rela-
tive reactivities by about the factor of 1.5 given above. This can partly
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explain one of the anomalies they noted: that appp/an,o is 2.9 when
measured by the effect of PPD on the N, yield from N.O solutions but
only 1.4 when measured by the effect of N,O on the emission from PPD.
The effect appears doubly, directly in the first case and inversely in the
second, so that a ratio of ~ 2.0 would agree with both observations. Such
a treatment introduces other difficulties into the data—e.g., ethyl bromide
appears to be less reactive than N,O in measurements on N,O solutions,
while it quenches PPD luminescence more efficiently than N,O.

We now return to the data on the methyl chloride—ethyl bromide
system (69) and the first of the problems implicating secondary reactions
of negative ions. In this system the total yield is predicted well by
Equation IX using «s values from the single solute systems. The indi-
vidual methyl and ethyl radical yields, however, deviate considerably
from the calculated values (bracketed values in Table VI) and are well
outside the possible limits of the reactivity values and possible experi-
mental errors. The ethyl radical yields are generally much greater and
the methyl radical yields much less than the calculated values. In particu-
G(C;H;) /G(CHs)
[CzH{,Bl‘] [CH3C1]
greater than the value acu,c1/ac,nssr — 1.40 and vary between the indi-
vidual experiments. The ethyl bromide appears to be more effective and
the methyl chloride less effective than expected, and secondary reactions
of some sort are implied. Since the increase in G(C,H;) is complemented
by a corresponding decrease in G(CHj) and since the total yields are as
they should be, ionic reactions of the type

Cl_ + C2H5Br b C2H5' + Bl‘Cl' (21)

lar, the ratios of the quantity are considerably

can be ruled out. Electron transfer between an initially formed and
stabilized methyl chloride anion appears to be a likely source of the
nonideality in this system

CH3C1- + C2H5Br d CH3C1 + [C2H5Br-] g C2H5' + Br_ (22)

Obviously the possibility of reactions such as 22 occurring presents a
serious problem in determining rate constant ratios from competitive
studies.

To take into account such competitions, a solute interaction term
must be added to Equation X. In general terms this may be described
by the function f( [S,],[S-]) and gives

G*(P)s, = G(P)g, * f([5:11.[S:]) XVII

Here G(P)s, is defined by Equation X, and G*(P)s, is the yield in the
nonideal case. One must now attempt to define the nature of f( [S:],[S:]).
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For the ideal case this will of course be unity. Where electron transfer
can be considered to proceed in one direction—i.e.,

S +S,—>S; + S, (23)

an approximate description can be derived. The capture of electrons can
be assumed to result in the formation of a negative ion—positive ion spatial
distribution similar to the original electron-positive ion distribution. The
lifetime of the majority of negative ions will therefore be governed by
the rate of recombination with the positive ions in much the same way
as that of the electrons and will, if recombination occurs in the track, be
very short. Early pulse radiolysis experiments (34, 64) indicated that
few negative ions escape from the track and that recombination takes
place on a time scale shorter than the time resolution involved in these
experiments (microseconds). Recently, Thomas et al. (67) extended
the time scale for observation of negative ions into the nanosecond region
and found a yield ~ 1 of negative ions from a solution of 0.1M diphenyl
in cyclohexane. These negative ions decay with a period ~ 50 nsec.

Table VI. Radical Yields from Competitive Studies Between Methyl
Chloride and Ethyl Bromide in Cyclohexane
G(C,H,)
[C.H,Br]
G(CH,)
G(CH,) G(C,H;) [CH,CI] G(CH,+ C,H;)

[CH,CI] [C,H;Br] Obs. Calc. Obs. Calc. Obs. Calc. Obs.  Calc.
0.203  0.101  1.00 (1.35) 1.29 (0.95) 26 27 229 230

0.97 1.33

0.102 0104 063 (0.88) 150 (1.26) 2.3 23 213 214
0.63 1.51

0.0485  0.103 034 (0.51) 1.71 (1.51) 24 22 205 202
0.37 1.65

0.0209 0103 0.8 (0.25) 1.68 (1.70) 1.9 20 18 195
0.18 1.75

0201 0202 068 (1.02) 177 (1.43) 26 27 245 245
0.66 1.79

0.103 0202 038 (0.63) 192 (1.72) 26 25 230 235
0.41 1.94

0.103 0491 017 (0.35) 247 (2.31) 3.0 28 264  2.66
0.19 2.47

0.100  0.048 093 (1.17) 1.03 (0.78) 23 23 196 195
0.92 1.03

0.107  0.0103 140 (1.56) 037 (0.22) 2.6 28 177 178
1.39 0.39

0.0098  0.0100 0.38 (0.45) 072 (0.65) 1.9 17 111 110
0.40 0.70
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The concentration dependence for the secondary reactions of nega-
tive ions in the above situation will be to a first approximation of the
same form as that for electron scavenging—i.e.,

G(P)s,

1 (XIX)
{B2[S=]}12
where B; is a constant describing the reactivity of S, toward the negative
ion formed from S,. This yield, which should normally appear as product
P (from S,), is therefore converted to product Q (from S,).

G (secondary reaction of S;7) =
1+

C* (P)g, = G(B)s, — — )
1+ {B2[S21}172
1
=600 (g5 o)

The interaction term is in brackets, and for this case is independent of
[Si]. In the methyl chloride—ethyl bromide system such an independence
is found—e.g., for the four runs at ethyl bromide concentration of 0.1M,
ratios observed for G(P)s,o0s/G(P)szcate (= F([S1],[S2] )exp) are 0.74,
0.76, 0.67, and 0.72. From a ratio of 0.72 at 0.1M C,H;Br, 8 is evaluated
as 1.51 (assuming of course the form of f([S:],[Sz])). From this the
individual yields may be calculated for the other experiments and are
the unbracketed values in Table VI. The available data are well de-
scribed by Equation XX. Using Equation XX and an analogous expres-
sion for G*(Q)s, one can show that where electron transfer occurs from
Sl to Sz

G*(Q)s, _ aalS:] (1 + ag[Sz]) {B:[S:1) 2 (XXI)

G*(P)s,  ai[Si] a1 [S:]
*
Where 8 is not zero, the ratio %%g—ﬁ] is not equal to az/a; and

will depend on several factors including the relative concentrations of
S; and S,. Some of the apparently wild variations of the experimental
values of this ratio in Table VI are completely explained by Equation
XXI. At this point one may recall the slight discrepancy in the respective
values of 049 for ecussr/acu;sr and the somewhat higher values
(~ 0.57) given in Column 7 of Table V. If this difference is real, it can
be accounted for by a value of B¢ us8- ~ 0.02.

The original aim in undertaking this treatment of competitive
kinetics was to simplify the process of obtaining consistent values for rate
constant ratios. The main conclusion reached, however, is that where
the reactivity of a solute cannot be determined from the single solute
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system then the use of competitive methods should be treated with great
caution. Thus, for the SFs—methyl bromide system discussed above the
data can be fitted very well with agpe/acussr = 1.2 if one assumes that
f([SFe],[CH3Br]) is unity. However, they could also be fitted by
assuming a small interaction term. With g = 0.025 f( [CH;3Br],[SFe])
= 0.95 at 0.1M, and best fit is obtained for asge/acussr — 1.1. The
observation that the decreases in hydrogen from these two solutes overlap
when the concentration of SFg is normalized by a factor of 1.2, though
this method is rather insensitive, indicates that the value obtained in the
competitive studies is very nearly correct.

Nitrous Oxide

Among electron scavengers nitrous oxide has received more attention
than any other solute, probably because of its apparently specific electron-
scavenging properties and the comparative ease with which the nitrogen
formed can be measured. Twelve different groups (2, 4, 5, 11, 24, 27, 41,
50, 57, 61, 63, 66) have either made measurements bearing directly on
this system or have used it as a reference point in competition studies.
Most measurements have been made on cyclohexane solutions where,
while agreeing qualitatively as to the form of the concentration de-
pendence, there is an unfortunate lack of agreement as to the exact value
of the N, yield at any particular N,O concentration. Part of the variation
between the different studies undoubtedly arises from inaccurate knowl-
edge of the solute concentration where reaction vessels with relatively
large vapor volumes were used. Most recent workers have attempted to
correct for partition between the liquid and vapor phases by taking into
account the solubility coefficients under the conditions of their experi-
ments. Measurements of G(N;) have been made in these laboratories
(2) on samples contained in cells with only a small vapor volume
(~ 15%), and the values are given in the second column of Table VII.

Despite the large number of investigations there is still considerable
uncertainty as to the over-all mechanism of nitrogen formation. The
difficulty in interpreting the results arises from the fact that the observed
yields of nitrogen are considerably greater than the expected total yield
of electrons [values as high as G(N,) — 6.8 having been obtained for a
0.3M solution in liquid ethane (4)]. Hydrogen atom reactions cannot
contribute significantly to these high yields since N.O and C,H, have little
mutual effect on the C,H; and N, yields, respectively (Table I). This
agrees with the observation of Sato et al. (61) that cyclohexene does not
decrease the yield of N; from cyclohexane-N.O solutions. The increase
caused by N,O in the yield of products owing to positive-ion scavenging
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by cyclopropane (Table II) agrees with its electron-scavenging proper-
ties and argues strongly against the reaction of positive ions with N,O.
Hydrocarbon free radicals can be dismissed as a possible source of N;
by the combined findings of Sagert (57), Asmus et al. (2), and Charlesby
et al. (5). Thus, N,O does not decrease the yields of cyclohexene or
bicyclohexyl from cyclohexane, and in solutions containing both iodine
and N,O the yield of N. is unaffected by the presence of sufficient iodine
to scavenge the radicals, while radical attack of the iodine is increased
rather than decreased.

Table VII. Observed and Calculated Nitrogen Yields from
Nitrous Oxide—Cyclohexane Solutions

Observed Calculated® G(N,)/G(S")

[N.O], mM G(N,) G(S") .
0.80 0.56 0.49 114 113

2.7 0.96 0.78 1.23  1.22

9.5 1.74 1.22 143 135
19.0 2.25 1.52 148 1.44
95.0 3.77 2.29 1.65 1.63
285 4.99 2.78 179 175
475 5.48 2.99 183 1.79

¢ Calculated from Equation IV with G¢i = 0.09, G;1 = 3.9, and ax,0 = 18.
® From Columns 2 and 3.
° Calculated from Equation XXII with 8 = 30.

Figure 3 shows that for cyclohexane-N.O solutions the decrease in
hydrogen yield closely follows that for CH3Br solutions; the reactivities
of these two solutes towards electrons would therefore appear to be
similar. The yield of electrons scavenged by N,O, G(S™), based on
Equation IV with ax,0 taken as equal to that for methyl bromide (i.e.,
16M™) are given in Table VII, Column 3. The experimental values are
considerably higher than those calculated indicating, as now generally
recognized, that more than one N, is formed per electron captured. The
explanations most frequently proposed to explain this involve secondary
reactions of the negative ion formed on electron capture by N;O. The
nature of the ion produced on electron capture is therefore of some
importance. The presently accepted value of 1.67 e.v. for the N-O bond
energy (33) in N,O when taken together with the electron affinity of
the oxygen atom 1.46 e.v. (6) makes the dissociative capture of thermal
electrons by N,O

e+ N,0—> N, + O (24)
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~ 0.2 e.v. endothermic. Electron capture by N,O in the gas phase has
been found to be a pseudo-three-body process (49, 68) indicating the
formation of the molecular anion.

M
e + N,0 = N,O (25)

N.O" is therefore most likely to be the initial negative ion formed in
liquid hydrocarbons. If a minimum electron affinity for N.O of 0.1 e.v.
is assumed, then dissociation of the ion into N, and O™ has an activation
energy of at least 0.3 e.v., and the lifetime with respect to dissociation
must be greater than 107 sec. [A lifetime of 102 to 10 sec. has been
estimated from gas-phase studies (28)]. This minimum lifetime is con-
siderably longer than that for geminate recombination of ion pairs in
liquid hydrocarbons (67). Therefore, in the absence of further reactions,
the negative ion undergoing recombination in nitrous oxide solutions will
be N.O", and nitrogen formation must occur after recombination, pre-
sumably with the formation of only one molecule of nitrogen. For gaseous
N:O-hydrocarbon systems the nitrogen yield has been found to increase
with increasing total pressure (70) in accord with a reaction scheme
involving the following secondary reactions of N,O":

N,O- + N,O — N, + N,O,* (26)

NO + NO- 26a
N202*_ / ( )

\ RH+
M N,O,- — N, + products (26b)

In the liquid phase, secondary reactions of N,O™ would be expected to
proceed exclusively by Reactions 26 and 26b which, where they occur,
will result in the formation of two molecules of nitrogen per electron
captured. Owing to the competition between Reaction 26 and the recom-
bination of N;O~ with positive ions the yield of nitrogen in the liquid
systems should at low concentration approach a limit equal to the yield
of scavenged electrons and at high concentration a limit twice that yield.
This is at least approximately true (Column 4, Table VII). An argument
identical to that used to derive the relationship for electron transfer in
two solute systems can be used here to derive an approximate expression
for the scavenging efficiency of N.O towards N,O" and from this the
nitrogen yield in the intermediate region. The multiplying factor for the
above reaction scheme is then given by

kS 2P {Bxz0[N-O]} 72
G(S) 1+ 1+ {Nﬂ;:ZO[Nzo]}lﬂ (XXII)
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where By.0 is the reactivity of N;O toward N.O™ ions relative to their re-
combination. The values of G(N;)/G(S™) (Table VII, Column 5) were
calculated from Equation XXII taking Bx,0 = 30 and agree well with the
values found. The value of 8 seems close to the limit expected for nega-
tive ion reactions but is within reason for a reactive solute. The agree-
ment observed shows that N, yields from nitrous oxide solutions can be
quantitatively described by assuming a secondary reaction of the N;O"
ion with N,O. It is therefore unnecessary to invoke energy transfer from
excited hydrocarbon molecules, as recently suggested by Holroyd (27),
to explain the results. While a combination of the two explanations
cannot be ruled out, on the basis of energy transfer alone it would be
necessary that the yield of excited molecules be nearer 3 than the value
of 1.2 proposed.

Many workers have studied the competition between N.O and other
solutes and have found many cases where the second solute appears to
have a reactivity comparable with that of N;O. Because of the possible
participation of excited species in nitrogen formation and the possibility
of secondary reactions of the N,O" ion with the second solute, determining
relative solute reactivities by studying the reduction in G(N.) from
nitrous oxide solutions should be treated with considerable caution.
However, the qualitative argument that a considerable decrease
(> 50% ) in G(N;) upon adding a second solute is indicative of electron
capture by that solute should still be valid. Conversely, the lack of an
effect on the nitrogen yield, as for CF,; and CFs (50), probably properly
argues that little or no electron scavenging occurs for these solutes.

Literature Cited

(1) Allen, A. O., Hummel, A., Discussions Faraday Soc. 36, 95 (1963).
(2) Asmus, K.-D., Warman, J. M., Schuler, R. H., to be published.
(3) Au(sloos, )P., Scala, A. A., Lias, S. G., ]. Am. Chem. Soc. 88, 1583, 5701
1966).
(4) Bakale, G., Gillis, H. A, private communication.
(5) Blackburn, R., Charlesby, A., Nature 210, 1036 (1966).
(6) Branscomb, L. M., Burch, D. S., Smith, S. J., Geltman, S., Phys. Rev.
111, 504 (1958).
(7) Buchanan, J. W., Williams, F., J. Chem. Phys. 44, 4377 (1966).
(8) Burns, W. G., Reed, C. R. V., private communication.
(9) Burton, M., Dillon, M., Rein, R., J]. Chem. Phys. 41, 2228 (1964).
(10) Busler, W. R., Martin, D. H., Williams, F., Discussions Faraday Soc. 36.
102 (1963).
11) Dyne, P. J., Can. ]J. Chem. 43, 1080 (1965).
12) Fallgatter, M. B., Hanrahan, R. J., “Abstracts of Papers,” 154th Meeting,
ACS, Sept. 1967.
13) Fessenden, R. W., Warman, J. M., ApvaN, CHEM. SER. 82, 222 (1968).
14) Forrestal, L. J., Hamill, W. H., J]. Am. Chem. Soc. 83, 1535 (1961).
15) Freeman, G. R,, J]. Chem. Phys. 38, 1022 (1963).
16) Freeman, G. R., Fayadh, J. M., J. Chem. Phys. 43, 86 (1965).

P e e S N

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch002

RADIATION CHEMISTRY—II

Freeman, G. R., J. Chem. Phys. 43, 93 (1965).
Ibid., 46, 2822 (1967).
Gallivan, J. B., Hamill, W. H., J. Chem. Phys. 44, 1279 (1966).

) Geissler, P. R., Willard, J. E., J]. Am. Chem. Soc. 84, 4627 (1962).

Guarino, J. P., Hamill, W. H., ]. Am. Chem. Soc. 86, 777 (1964).
Gunton, R. C., Shaw, T. M., Phys. Rev. 140A, 748 (1965).
Hagemann, R. ]., Schwarz, H. A., ]. Phys. Chem. 71, 2694 (1967).
Hentz, R. R., Knight, R. ]., J. Phys. Chem., to be published.

) Holroyd, R. A., J. Phys. Chem. 70, 1341 (1966).

Holroyd, R. A., Klein, G. W., Int. ]. Appl. Rad. Isotopes 15, 633 (1964).

Holroyd, R. A., ApvaN. CHEM. SER. 82, 488 (1968).

Holtslander, W. ]., Freeman, G. R., Can. J. Chem. 45, 1661 (1967).

Horner, P. J., Swallow, A. J., J. Phys. Chem. 65, 953 (1961).

Hu(mmel,) A., Allen, A. O., Watson, Jr., F. H., J. Chem. Phys. 44, 3431
1966).

) Hummel, A., in press.
) Johnson, G. R. A., Warman, J. M., Trans. Faraday Soc. 61, 1709 (1965).

Kaufmann, F., . Chem. Phys. 46, 2449 (1967).

Ke(ene, .')J) P, Land, E. J., Swallow, A. J., ]. Am. Chem. Soc. 87, 5284
1965).

Klots, C. E., ]. Chem. Phys. 46, 1197 (1967).

Klots, C. E., Raef, Y., Johnsen, R. H., ]. Phys. Chem. 68, 2040 (1964).

Kuntz, R. R., Schuler, R. H., J. Phys. Chem. 67, 1004 (1963).

McCrumb, J. L., Schuler, R. H., J. Phys. Chem. 71, 1953 (1967).

McDaniel, E. W., “Collision Phenomena in Ionized Gases,” p. 385, Wiley,

New York, 1964.

Manion, J. B., Burton, M., J. Phys. Chem. 56, 560 (1952).

Me(issneg3 G., Henglein, A., Ber. Bunsenges. physik. Chem. 69, 264
1965).

) Meisels, G. G., ]. Chem. Phys. 41, 51 (1964).

Mozumder, A., Magee, J. L., J. Chem. Phys. 47, 939 (1967).

Munday, C. S., Richards, J. T., Scholes, G., Simic, M., “The Chemistry
of Ionization and Excitation,” G. R. A. Johnson and G. Scholes, eds.,
p. 151, Taylor and Francis, London, 1967.

Nash, J. R., Hamill, W. H., J. Phys. Chem. 66, 1097 (1962).

Perner, D., “The Chemistry of Ionization and Excitation,” G. R. A. John-
son and G. Scholes, eds., p. 168, Taylor and Francis, London, 1967.

Perner, D., Schuler, R. H., to be published.

) Perner, D., Schuler, R. H., J. Phys. Chem. 70, 317 (1966).

Phelps, A. V., private communication.
Rajbenbach, L. A., J. Am. Chem. Soc. 88, 4275 (1966).
Rajbenbach, L. A., Kaldor, U., J]. Chem. Phys. 47, 242 (1967).

) Richards, J. T., Scholes, G., Chem. Commun. 24, 1261 (1967).

Roberts, J., Hamill, W. H., J. Phys. Chem. 67, 2446 (1963).
Rzad, S. J., Schuler, R. H., J. Phys. Chem. 72, 228 (1968).
Rzad, S. J., Schuler, R. H., to be published.

) Sagert, N. H., Can. J. Chem. 46, 336 (1968).
) Sagert, N. H., Blair, A. S., Can. J. Chem. 45, 1351 (1967).

Sagert, N. H., Can. J. Chem., 46, 95 (1968).
Samuel, A. H., Magee, J. L., J. Chem. Phys. 21, 1080 (1953); see Ap-

pendix.

Sato, S., Terao, T., Kono, M., Shida, S., Bull. Chem. Soc. Japan 40, 1818
(1967).

Sato, S., Yugeta, R., Shinsaka, K., Terao, T., Bull. Chem. Soc. Japan 39,
156 (1966).

Schmidt, W. F., Abstracts 3rd International Congress Radiation Research,
Cortina, Italy, June 1966.

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch002

2. WARMAN ET AL. Electron Scavenging Processes 57

(63) Scholes, G., Simic, M., Nature 202, 895 (1964).
(64) Scholes, G., Simic, M., Adams, G. E., Boag, J. W., Michael, B. D., Nature
204, 1187 (1964).
(65) Schuler, R. H., J. Phys. Chem. 61, 1472 (1957).
(66) Sherman, W. V., J. Chem. Soc. A, 599 (1966).
67) Thomas, J. K., Johnson, K., Klippert, T., Lowers, R., to be published.
68) Warman, J. M., Fessenden, R. W., ]. Chem. Phys., in press.
(69) Warman, J. M., Asmus, K.-D., Schuler, R. H., to be published.
(70) Warman, J. M., to be published.
(71) Williams, F., J. Am. Chem. Soc. 86, 3954 (1964).
(72) Williams, Jr., R. R., Hamill, W. H., Radiation Res. 1, 158 (1954).
(73) Woodward, T. W., Back, R. A., Can. J. Chem. 41, 1463 (1963).
(74) Yoshida, T., Sato, S., Bull. Chem. Soc. Japan 40, 2216 (1967).

RECEIVED January 31, 1968. Supported in part by the U. S. Atomic Energy
Commission.

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch003

3

Pulse Radiolysis Studies of Some Reactive
States of Aromatic Molecules in Solution

LEON M. DORFMAN, NORMAN E. SHANK and SHIGEYOSHI ARAI
The Ohio State University, Columbus, Ohio 43210

Reactive states of aromatic molecules in solution may be
observed directly by the pulse radiolysis method. Extensive
investigations of both aromatic molecule ions (particularly
the radical anions) and electronically excited states have
provided new information about not only the radiation
chemical processes but also the general kinetic behavior of
these reactive intermediates. Absolute rate constants have
been determined for many elementary processes such as
energy transfer and electron and proton transfer reactions.

The application of pulse radiolysis to radiation chemistry has con-
tributed significantly to the solution of several central problems in
this field over the past eight years. During this time, this fast reaction
method has also developed as a generalized, versatile technique, of broad
usefulness in many diverse areas of chemical kinetics in both the liquid
and gas phase. One such area, to which this review is directed, concerns
the kinetics of reactive states of aromatic molecules in solution. A good
deal of new and important information has been developed about the
kinetics of the chemical and physical reactions of aromatic molecules in
both their ionic states and electronically excited states.

The study of ionic states of aromatic molecules has dealt largely
with the radical anions of these molecules in polar liquids, and more
recently to a lesser extent with aromatic cations. The study of elec-
tronically excited states has been concerned principally with the triplet
state in both non-polar and polar liquids, and to a lesser extent with the
singlet state. The direct observation of these reactive species has pro-
vided some understanding of fundamental phenomena in radiation chem-
istry such as the extent of charge separation in polar liquids and the
persistence of this charge separation into the chemical stage of events,
the mode of formation and yield of both ionic and electronically excited
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species, energy transfer and charge transfer processes, and so on. It is
convenient, for purposes of this review, to consider separately the reac-
tions of ionic states and the reactions of electronically excited states. It
will be seen, however, that there are overlapping phenomena. In most
of these investigations the identities of the reactive states is based directly
on the optical absorption spectra of the species, which have already been
established by other methods. The identity of the reactive transient is
therefore not a matter of complex speculation for most cases, but is
reliably known at the outset.

Aromatic Molecule Ions

In irradiated polar liquids containing aromatic compounds in solu-
tion, the aromatic radical anions are formed by attachment of solvated
electrons:

€4 T+ Arene = Arene- (1)

The general occurrence of electron solvation in irradiated polar organic
liquids such as the alcohols (1, 29, 32, 33), ethers (10) and amines (13)
has been established in pulse radiolysis studies. The anion formed in
Reaction 1 is identified from the optical absorption spectrum previously
known from studies of alkali metal solutions (9, 14, 15) in which the
anions are relatively stable. Figure 1 shows the spectra of the diphenylide,
anthracenide, and p-terphenylide anions (4) in ethyl alcohol. In general,
the maxima and the shoulders of the observed bands correspond very
closely with previously reported spectra. It is on the basis of this corre-
lation, along with the observation that the solvated electron is the pre-
cursor, that the species are identified as the radical anions. The aromatic
compounds were used in the early pulse radiolysis work as electron scav-
engers in determining the extinction coefficient (29, 32) of the solvated
electron. Most of the investigations of the kinetics of the radical anions
were carried out in the aliphatic alcohols as solvents.

The formation reaction, 1, is very rapid. Absolute rate constants for
electron attachment to four aromatic compounds in ethyl alcohol (4)
are shown in Table I. These rate constants increase in order of increasing
electron affinities of the aromatic molecule, but it should be noted that
such a correlation may be fortuitous. The magnitude of the rate con-
stants is equal to or near that of a diffusion controlled reaction, and a
correlation with molecular size is also seen for this set of reactants.

The decay of the radical anion may occur in several different proc-
esses (3, 4, 7, 8, 32), depending upon the system and the experimental
conditions. At sufficiently high concentration of the radical anion (and
of the corresponding alcohol counter-ion formed in the primary proc-
esses) a rapid combination reaction of the anion with the counter-ion
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Figure 1. Absorption spectra of aromatic anions in ethyl alcohol, formed
by electron attachment in pulse radiolysis. (a) Diphenyl in ethyl alcohol.
The solid curve was obtained during the pulse. The dashed curve was ob-
tained after a delay of 12 usec. and is thought to be the adduct radical
C1sH,;. (b) Anthracene in ethyl alcohol. This band of the anthracenide ion
was observed spectrophotometrically at about 0.2 psec. after the pulse. (c)
p-Terphenylide ion in solutions of p-terphenyl in ethyl alcohol. Spectra are
taken from Reference 4

Table I. Rate Constants for the Formation of Radical Anions by
Electron Attachment in Ethyl Alcohol at 25°C.

Reaction k(M sec.”?)
st diphenyl (4.3 £0.7) X 10°
€so~ T naphthalene (5.4 £ 0.5) X 10°
€s0” T p-terphenyl (7.2 = 0.8) X 10°
€,o~ T naphthacene (10.2 = 0.8) X 109
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may occur, as will be discussed. At very low concentration (< 10°M
for most of the radical anions studied) the ion combination reaction
becomes relatively improbable and the intrinsic lifetime of the radical
anion is determined by other processes. For example, in protonic polar
liquids such as the lower aliphatic alcohols, the natural lifetime of most
of the radical anions studied is determined by a proton transfer reaction
from the alcohol:

Arene” + ROH = AreneH:- + RO~ (2)

Absolute rate constants (4) for this protonation reaction (in units of
M sec.™?) are given in Table II for four aliphatic alcohols. These proto-
nation rate constants show a good correlation (4) with the relative acidity
of the alcohols (18, 26), which is to be expected if the protonation in-
volves the hydroxyl proton, and which may therefore be taken as an
indication of the nature of Reaction 2. It is, however, clear that in chang-
ing the alcohol the solvent as well as the “reactant” is being changed and
that the correlation is therefore not completely straightforward.

Table II. Proton Transfer Rate Constants for the Decay of Radical
Anions in Aliphatic Alcohols at 25°C. The Rate Constant
is in Units of M sec.™!
Diphenyl Anthracene Terphenyl
Methyl Alcohol (6.9 = 1.2) X 10¢ (8.1 £2.0) X 10¢ (4 *1) X 102
Ethyl Alcohol (2.6 = 0.23) X 104 (2.3 = 0.23) X 10¢ (2 * 0.6) X 102

Propyl Alcohol (3.2 £0.3) X 10¢ (2.4 = 0.38) X 10¢ —
Isopropyl Alcohol (5.5 ¥ 1.1) X 103 (3.6 = 0.6) X 103 —

Table III. Protonation Rate Constants for Some Aromatic
Radical Anions in Isopropyl Alcohol at 25°C.

Anion koM™ sec.™)
Naphthalene (4.4 = 0.8) X 10¢
Phenanthrene (2.6 £0.4) X 104
o-Terphenyl (14 = 0.5) X 10¢
m-Terphenyl (1.1 £0.4) X 104
Diphenyl (5.5 £ 1.1) X 103
Anthracene (3.6 £ 0.6) X 103
p-Terphenyl < 102

The protonic character of the alcohols is not the only important
parameter which determines the magnitude of k;. There is a variation of
at least two orders of magnitude in k,, for a given alcohol, for the radical
anions investigated. Table III shows the values of the protonation rate
constants in isopropyl alcohol for seven different aromatic radical anions.
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The reaction of p-terphenylide anion in isopropyl alcohol is too slow to be
reliably measured (because of impurity effects) by this method.

In view of the “low” values for these bimolecular rate constants, the
activation energies (8) for several reactions were determined. For the
anthracenide and diphenylide anions in both methyl alcohol and ethyl
alcohol the activation energies for Reaction 2 are between 2 and 3 kcal./
mole, and hence the pre-exponential factors in the form of the Arrhenius
expression for the rate constants are approximately 3 X 10M™1 sec.™ at
25°C. The activation energies for anthracenide and diphenylide anions
in isopropyl alcohol are approximately 6 kcal./mole, and the pre-exponen-
tial factor approximately 3 X 108M! sec.”. For the naphthalenide anion
in isopropyl alcohol, the activation energy is 3.4 kcal./mole and the pre-
exponential factor 1.3 X 10°M! sec.”. The main reason for the “low”
values of k; is thus not to be found in a high activation energy, but rather
in the low pre-exponential factor. The low pre-exponential factor may
reflect the entropy effect related to the reorientation of the liquid struc-
ture, in polar solvents, around the anion in the formation of the activated
complex prior to the proton transfer. The effect of liquid reorganization
should be greatest, as is the case, for the solvents with the largest dielec-
tric constant. This effect is rather less for isopropyl alcohol for which the
dielectric constant is somewhat lower than for methyl alcohol or ethyl
alcohol. The activation energy for isopropyl alcohol, in accord with its
lower acidity (4), is somewhat higher, as may be seen from the foregoing
values.

As has been mentioned, the radical anion will also undergo a con-
current decay by reaction with the counter-ion at sufficiently high
concentration:

Arene” + ROH,* = AreneH: + ROH (3)

The counter-ion is here represented in the form of the alkyloxonium ion.
Absolute rate constants for Reaction 3 have been determined (4) for the
diphenylide, anthracenide, and p-terphenylide anions in ethyl alcohol.
These are shown in Table IV.

The product of Reaction 3 is apparently the neutral hydrogen adduct
free radical which shows the same absorption band as the product of

Table IV. Rate Constants for the Reaction of Aromatic Radical
Anions with the Counter-Ion in Ethyl Alcohol at 25°C.

Radical Anion ks (M1 sec.™)

Diphenylide (3.3 £ 0.5) X 100
Anthracenide (3.7 £ 0.6) X 1010
p-Terphenylide (1.9 £ 0.3) X 1010
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Reaction 2. The hydrogen adduct free radical formed in Reactions 2 and
3 decays in accord with a second-order rate law (probably the radical-
radical reaction) at concentrations in excess of 10®M, indicating that
hydrogen abstraction from the solvent by the radical is a very slow
process.

An interesting difference in the mechanism of the neutralization step,
which will be discussed later, may be seen in the case of a non-polar,
aprotic solvent such as cyclohexane. In that case the neutralization of
the radical anion leads to a neutral electronically excited state of the
aromatic molecule, an electron having been transferred. In the alcohols,
a proton is transferred, giving a neutral free radical as the product
(Reaction 3).

Finally, the last of the four types of anion reaction under investi-
gation in our laboratory, and the one most extensively studied, is the
transfer of an electron from one radical anion to a different aromatic
compound in solution:

Arene;” + Arene, = Arene; + Arene,” (4)

It is apparent that if a two component solute system is made up in the
alcohols such that k,[Arene;] >> k;[Arene,], then Arene,” would be
formed preferentially in the electron attachment process. The decay of
Arene;” to form Arene,” and the formation of Arene;” could then be
observed simultaneously for those pairs which do not exhibit an extensive
spectral overlap. Concurrent with the decay of Arene;” in the electron
transfer is its decay in the protonation reaction, (Reaction 2). In those
cases for which the equilibrium is not overwhelmingly on the side of the
acceptor anion, the back reaction also occurs. Absolute rate constants
have been determined (3, 7) for 12 donor-acceptor pairs. These
rate constants, among which are two determined as back reaction con-
stants, are shown in Table V. Of these 14 rate constants, seven or
eight appear to be diffusion controlled. Those which have a lower value
exhibit either a small or negative (as for the two back reaction con-
stants) difference in the reduction potential of the donor-acceptor pair.
The data have been applied (3) as a test of the theory of Marcus (21, 22)
for homogeneous electron transfer rates. Self-consistent values are ob-
tained if a reasonable value of about 5 A. is used for the encounter radii
in calculating the reorganization parameter of the theory, and the ex-
pected dependence upon the free energy of activation (calculated from
the reduction potential differences and the dielectric properties of the
liquid) is found. This test of the theory is discussed in another chapter
(3) in this volume.

In a recent report (2), data are given for the electron transfer involv-
ing aromatic ketones such as acetophenone, benzophenone and fluorenone
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as both acceptor molecules and donor anions, in ethyl alcohol and water.
The other molecules of the transferring pairs are nitrous oxide, oxygen,
and acetone. Rate constants range from 10° to 101°M1 sec.™.

Table V. Electron Transfer Rate Constants for Aromatic
Molecules in Isopropyl Alcohol at 25°C."

Rate Constant

Donor Radical Anion Acceptor Molecule (M sec.™)
Anthracenide ® pyrene (2.1 £0.9) X 107
9,10-Dimethylanthracenide > pyrene (3.7 £ 1.7) X 107
Diphenylide naphthalene (2.6 = 0.8) X 108
Diphenylide phenanthrene (6 =3) X 108
Pyrenide 9,10-dimethylanthracene (1.3 £0.3) X 10°
Pyrenide anthracene (1.8 £0.3) X 100
m-Terphenylide p-terphenyl (2.3 £ 0.4) X 100
Diphenylide p-terphenyl (3.2 £ 0.7) X 10°
Diphenylide pyrene (5.0 = 1.8) X 10®
Diphenylide anthracene (6.4 = 2.0) X 10°
p-Terphenylide pyrene (3.6 £ 1.1) X 109
p-Terphenylide anthracene (5.5 *+0.9) X 10°
m-Terphenylide pyrene (3.5 £1.2) X 100
o-Terphenylide pyrene (4.0 = 1.8) X 10°

¢ All these data are from References 3 and 7.
® Determined as back reaction constants.

Attempts to observe the aromatic cations in solution have only
recently been made. There is a good deal of evidence (17, 31) of aro-
matic cation formation from work in low temperature glasses where the
ions appear to be stable. Their identification from the spectra alone is,
in most cases, a difficult matter because of the great similarity between
the absorption spectra of the anions and cations. In the glasses, the
identification is based, for the most part, on the premise of electron
attachment to the solvent, generally a chlorinated compound, rather than
to the aromatic solute. Further evidence is provided from scavengey
effects.

Some evidence, in pulse radiolysis, has been obtained (6, 35) for
the formation of the cation of diphenyl, p-terphenyl, anthracene, and
trans-stilbene in dichloroethane and other chlorinated solvents, and for
the p-terphenyl cation in chloroform (6). Some of these cation spectra
are shown in Figure 2. The diphenyl solution shows absorption band at
690 mu and 380 mu. The diphenylide anion bands in the alcohols and
in ethers are at 630 mp and 405 mp, so that the cation bands seem to be
distinguishable. Anthracene in dichloroethane shows a band at 430 mp,
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where the anion in ethyl alcohol does not absorb as well as a band at
730 mp, where the anion does absorb. p-Terphenyl in both dichloroethane
and chloroform shows bands at 960 mu and 420 mg, the former being
quite different from the anion spectrum. All of these transient absorp-
tions are unaffected by oxygen which completely eliminates the anion
bands in ethyl alcohol. Aniline or diphenylamine, on the other hand,
shows a scavenging effect upon these bands, while the anion bands in
ethyl alcohol are unaffected by these amines (6). The lifetimes of these
species in the pure solvent are on the order of a few pusec. and show
complex decay kinetics.

(a)

Density

Optical

0 ] |
400 500 600 700 800 900 1000
Wavelength (mpu)

Figure 2. Absorption spectra of aromatic cations in chlorinated
alkane solvents, formed in pulse radiolysis. (a) Diphenyl in 1,2-di-
chloroethane. The spectrum was obtained 2 psec. after the electron
pulse. (b) p-Terphenyl in 1,2-dichloroethane. The spectrum was ob-
tained 4 usec. after the electron pulse. The band at 420 mu may
contain a small contribution from a long-lived species produced by
the radiolysis. (c) trans-Stilbene in 1,2-dichloroethane, in 1,1,2-tri-
chloroethane, and in 1,1,2,2-tetrachloroethane. Spectrum was ob-
tained 1 psec. after the electron pulse
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Aromatic Electromic States

Some of the early pulse radiolysis investigations were successful in
identifying aromatic triplet states as reactive intermediates in irradiated
systems. For many aromatic molecules, the lowest triplet state is readily
identifiable from the absorption spectrum corresponding to the triplet-
triplet transition. Such spectra had previously been reported in extensive
investigations in organic glasses (23) and in the flash photolysis of liquids
(28). In a few cases the molar extinction coefficients are known (20,
28), although with low accuracy, since the uncertainty is generally +50%
or greater. The first excited singlet state of aromatic molecules may be
identified from the fluorescence emission bands (11).

There are several probable modes of formation of the triplet states
of aromatic molecules in irradiated solutions. They may be formed in
some of the same processes which occur in photoexcitation, such as by
inter-system crossing from the singlet manifold. The triplet may be
formed directly from the ground state singlet by direct electron impact
excitation by low energy electrons in which case electron exchange
excitation may occur. The probability of electron impact with the solute
is not negligible for subexcitation electrons, and this process may play a
significant role,

The primary processes, for the most part, however, involve ionization
and electronic excitation of the solvent S, following which there may be
a variety of reactions leading to the aromatic triplet. As yet, only a few
rate constants have been determined for individual reactions, in contrast
with the less complex case of the aromatic radical anions in polar liquids.
The reactions which may occur are:

S+e=1S+e (5)
S+e=35+e (6)
S+e =8+ 2 (7)

followed by neutralization to form electronically excited states
S*+ e =S* (8)

In addition, electron attachment of slow electrons may occur for certain
solvents:

S+e =5 (9)

The excited solute molecules may then be formed by energy transfer:
1S + Arene = S + !Arene (10)
3§ + Arene =S + 3Arene (11)

where the superscript indicates the multiplicity, and the singlet arene
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designated is the excited singlet. Since intersystem crossing may occur
for both the solvent and the solute, the solvent singlet may be a possible
precursor of the solute triplet:

1§ =3§ (12)
1Arene — 3Arene (13)

As has been pointed out in the first section, electron attachment to the
solute to form the radical anion, as in Reaction 1, may occur readily in
polar solvents. This will occur in non-polar solvents as well, if the con-
centration of the solute is sufficiently high to scavenge the free electron.
The anion may be a precursor of the triplet state, which may be formed
in a neutralization reaction such as:

Arene™ + S* =3Arene + S (14)

where the cation may be the solvent or other species, perhaps the aro-
matic cation. An analogous process could involve the aromatic cation
and the solvent anion. Subexcitation electrons may lead directly to
electronically excited states of the solute:

Arene + ¢,” = Arene* (15)

with either the triplet or excited singlet being formed. Some of these
processes, such as Reaction 8, may not occur homogeneously throughout
the solution, but may involve geminate pairs. Experimental evidence has
been found for several of the foregoing processes.

In 1961, McCollum and Wilson (25) recorded the absorption spectra
of the triplet states of anthracene, phenanthrene, naphthalene, and 9-
acetylanthracene in paraffin oil irradiated with a pulse of electrons. The
yield of anthracene triplet was estimated to be 0.5 molecule/100 e.v.
The decay rate of the triplet in both paraffin oil and benzene was found
to be several times faster than when photo-initiated in these systems.
This is apparently due to the high concentration of radiation-produced
quenchers, such as free radicals, and does not correspond to a single
fundamental decay process of the triplet. In a subsequent study (24)
the yields of both singlet and triplet states of anthracene and naphthalene
in irradiated paraffin oil were measured. The ratio of the yields was com-
pared with the inter-system crossing efficiency in photochemical systems,
and found to be equivalent. From this observation it was concluded that
the aromatic triplet in the irradiated system was formed largely through
inter-system crossing, Reaction 13, and that processes such as Reactions
11, 14, and 15 are not important in their systems. It should be noted,
however, that there is a very large uncertainty in the triplet yield, and
such a precise conclusion may not be warranted.
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An observation of the triplet state of anthracene in benzene (27) is
of special interest in that, in addition to the absorption spectrum of the
triplet, a delayed fluorescence emission from the singlet at 4300 A. was
recorded. The intensity of fluorescence, which was approximately pro-
portional to the square of the triplet concentration at all times, was
attributed to triplet-triplet quenching:

3Anthracene + 3Anthracene — 1Anthracene + Anthracene (16)

The overall decay of the triplet may include some quenching by free
radicals. The yield of anthracene triplet was estimated to be 0.7 mole-
cule/100 e.v.

Absolute rate constants have been determined for aromatic triplet
formation in acetone solutions of several aromatic compounds (5, 30).
The formation curves were observed directly for anthracene and naph-
thalene triplet (5) and for diphenyl triplet. These rate curves were found
to fit a first order rate law, and were interpreted as a bimolecular energy
transfer process from a state of the solvent molecule which is probably
the triplet, that is, by Reaction 11. These rate constants, as well as the
triplet yields, are listed in Table VI. The rate constants for anthracene
and naphthalene triplet formation appear to correspond to diffusion con-
trolled rate constants. Two further points are of interest, which are in
contrast with observations in other systems which will be discussed. In
acetone, most of the yield of aromatic triplet (at concentrations of the
aromatic compound of 5 X 103M or lower) is formed in diffusional
processes such as collisional energy transfer. Any “fast” formation appears

Table VI. Bimolecular Rate Constants and Radiation Chemical Yields
for the Formation of Aromatic Triplets in Acetone at 25°C.

Solute k(M sec.™). G Value (molecules/100 e.v.)
Anthracene (6.2 £0.6) X 100 1.1 £ 0.7
1,2-Benzanthracene —_ 19 % 1.0
Naphthalene (4.5 £0.9) X 10° <3
Diphenyl ~5 X 108 —

to be small or negligible. Furthermore, the radical ion, observed sepa-
rately, exhibits a very different decay rate from that of triplet formation,
so that reactions such as 14 appear to be unimportant in this system. The
half-life of the acetone state which is the precursor of the aromatic triplet
was found to be > 5 psec. If this is indeed the triplet state it is of interest
to compare this value with the published lifetime (16) of 200 usec. for
the acetone triplet in the gas phase.
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Pulse radiolysis of solutions of naphthalene and benzophenone {12)
in various non-polar and polar liquids has shown the following. The
naphthalene triplet was observed in benzene and in cyclohexane, and
was not detected in ether, tetrahydrofuran, or methanol. The benzophe-
none triplet was observed in benzene, but appeared to have a small or
negligible yield in cyclohexane and in tetrahydrofuran.

Some very interesting and important observations of the kinetics of
formation of aromatic triplet states in cyclohexane have been reported
by Hunt and Thomas (19) and more recently by Thomas (34) for naph-
thalene and anthracene in solution. The triplet yield (19), which in-
creases with increasing solute concentration, was found to be as high as
4 molecules/100 e.v. for naphthalene in cyclohexane. The formation
kinetics were observed with nanosecond detection equipment. It was
found that there were two distinct rate processes. Approximately 70%
of the triplet is formed in a “fast” process which is complete within less
than 1 nsec. after the pulse at solute concentrations as low as 103M. This
fast formation cannot therefore be accounted for by homogeneous diffu-
sional reactions of molecular species involving encounter radii of molecu-
lar dimensions. Thus, it would seem that Reaction 10 followed by 13 is
eliminated as the mechanism of fast triplet formation unless the cross
section for Reaction 10 is unusually large. Moreover, direct observation
of the fluorescence indicates that the singlet lifetime is greater than the
half-time for fast triplet formation, so that the aromatic singlet is not the
precursor. Reaction 11 would also appear to be eliminated as the mode
of formation of the fast triplet, as would Reaction 14 which, as will be
seen, seems to account for the “slow” triplet. Reaction 15 would be
complete in a much shorter time than 1 nsec., but would be expected to
account for only a very low yield.

The more recent work (34) seems to indicate that the “slow” triplet,
accounting for the remainder, is formed from the aromatic radical anion,
perhaps in reactions such as 14. This interpretation is consistent with
the observation that the rate of decay of the anion corresponds to the
rate of formation of the triplet, and that both species are eliminated by
adding N,O.

In pure benzene (34), an absorption band with maximum at 520 mp
is observed, which is suggested to be the absorption of the singlet in the
transition 1Bs,—E,,.

Current work in our laboratory (30) in two-component aromatic
solute systems has indicated the feasibility of determining accurate rate
constants for triplet-triplet energy transfer between aromatic donor-
acceptor pairs by methods analogous to those used in our electron transfer
investigations. Similarly, an attempt is being made to determine rate
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constants for singlet-singlet transfer from nanosecond observations of the
fluorescence intensity.
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Thermal Electron Attachment Studies
by the Pulse-Sampling Technique

W. E. WENTWORTH and JOE C. STEELHAMMER
University of Houston, Houston, Tex. 77004

Both dissociative and nondissociative thermal electron at-
tachment processes have been studied utilizing the pulse-
sampling technique. From these studies the following
molecular parameters may be derived: molecular electron
affinities, rate constants for dissociative and nondissociative
thermal electron attachment, electron affinities of radicals,
bond dissociation energies, and activation energies for elec-
tron attachment, detachment, and dissociation. Although
this mode of electron attachment differs from that in electron
swarm and beam studies, the results appear to be in agree-
ment and are quite complementary in elucidating negative
ion formation and reaction.

Over the past six years workers in our laboratory have studied and
measured thermal electron attachment (TEA) to molecules by
pulse sampling (28). This is a simple technique, capable of yielding
precise and unique data—e.g., molecular electron affinities, bond disso-
ciation energies, electron affinities of radicals, kinetic information on
electron attachment at thermal energies and subsequent negative ion
reactiuns, etc. Some of this information cannot be obtained by any other
known method. Electron attachment mechanisms as revealed by this
technique were reviewed recently (22). However, the emphasis was
on analytical applications, particularly the concentration and temperature
dependence of the electron capture detector. The general purpose of
this review is to discuss thoroughly thermal electron attachment mecha-
nisms with particular emphasis on the molecular parameters that can be
obtained from the TEA data associated with each mechanism. The TEA
mechanisms, in addition to the kinetic and molecular parameters, should
be valuable to radiation chemistry involving negative ions in the gas
phase. The kinetic model for the pulse-sampling technique is reviewed
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with all its supporting evidence. In addition an exact mathematical
evaluation of the electron capture coefficient in terms of the rate con-
stants as a function of temperature is presented for each of the proposed
mechanisms. The information obtained from electron beam and swarm
methods is complementary to that from TEA studies, and the importance
of the combined use of both sources in understanding electron attachment
mechanisms is discussed.

Experimental

Thermal electron attachment studies in our laboratory utilize the
so-called electron capture detector which is commonly used as a selective
detector for gas chromatography. Our measurements are also carried out
in conjunction with a gas chromatograph for reasons pointed out later.
The electronic circuitry for the pulse mode of operation is identical to
that originally proposed by Lovelock et al. (14, 15). The electron capture
cell, employing tritium as a radiative 8-source, has been modified slightly
for practical reasons (22); however, the basic electrode geometry is
parallel plate, as first proposed (14, 15).

The pulse-sampling technique was so named since the free electrons
in the cell at any time are sampled by applying a periodic pulse of short
duration and low potential. The free electrons are produced by the
(tritium) B-ray interaction with the argon-moderating gas mixture at ~ 1
atm. The moderating gas removes the excess energy which the electron
possesses shortly after it is produced by ionization. Presumably the
electrons attain a thermal distribution rapidly in a mixture of argon +
10% methane (1) during the relatively long field-free period between
pulses. As the potentially electron-attaching compound leaves the gas
chromatographic column and enters the electron capture cell, a decrease
in the free electron concentration is monitored through the periodic pulse
sampling. From - the concentration dependence of this response (de-
crease) the electron capture coefficient for a compound can be evaluated.

The most commonly used carrier has been the argon + 10% methane
mixture. Pulse widths of 0.3 usec. with a field-free interval of 1000 usec.
are generally used with such a gas mixture (22, 28). These conditions
can be varied by using a variable pulse generator so that rate constants
associated with the production and loss of electrons in the cell can be
evaluated.

To carry out the thermal electron attachment studies in conjunction
with a gas chromatograph, the physical measurements must be made on
a flowing, dynamic system. Under these conditions the precision is sub-
ject to additional variables that must be controlled above those encoun-
tered in a static system. Off-hand one may question whether any advan-
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tages can overcome the many complicating features of a flowing system.
However, upon examining values of electron capture coeflicients for a
variety of compounds, a variation on the order of 10%-107 will be noted.
Hence, measurements on weakly capturing species can be seriously
affected by minute traces of a highly capturing species. For example, if
the impurity had a capture coefficient 10® greater than the compound
being studied, an impurity of 1:10° or 1 p.p.m. would result in a 100%
error. Even 0.1 p.p.m. would cause an error of 10%. This is an extreme
example, but it emphasizes- the importance and value of the gas chro-
matograph. By using capillary columns, small but highly pure samples
can be obtained by gas chromatography. By using a flowing rather than
static system impurities owing to contaminants or failure to degas com-
pletely are minimized since a continuous flow of pure carrier gas is
maintained (12).

Kiietic Model

A general kinetic model has been presented (23) which appears to be
consistent with the data presently accumulated on some 100 compounds.
The electron attachment steps and negative ion dissociation reactions are
as follows:

ky
e + AB = AB- (1)
k.
ki2
e+ AB—A- + B (II)
ks .
— A +B- (V)

[It has been pointed out that the proposed mechanisms are special cases
of the more general mechanism involving an excited negative ion AB".
The more general case can be reduced to the proposed mechanisms under
the conditions of our experiment as shown later.] [The k;» dissociative
mechanism, Reaction II, is considered to be spontaneous in the sense that
the intermediate negative ion formed, AB-, has a short lifetime of the
order of vibration (1072 sec.).] In addition the reaction steps for the
production of electrons and neutralization and radical reaction steps for
e’, AB", and B~ or A" must be included. The conditions under which the
studies are carried out have been described in detail (22, 28). Under
these conditions one may assume steady state of the negative species and
derive the following expression for the response of the electron capture
cell as a function of concentration.
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b~ [e]
[e7]
where [e’] and b are the concentrations of electrons with and without
the capturing species present, respectively; a is the concentration of
the capturing species, and K is the electron capture coefficient. The
electron capture coefficient for the general case involving Reactions I-IV

can be expressed in terms of the rate constants

—_ 1 kl(k2 + kNl + le)
K=t7% [k“ YR TR T Ry T k) (2)

where ky + kg is the sum of pseudo-first-order rate constants for e
neutralization and radical reactions. kx; + kg; are the analogous con-
stants for AB".

The first term in Equation 2 corresponds to the dissociative step,
Reaction II. This mechanism can be considered completely independent
of the second term in Equation 2, or it can be derived from the second
term by letting k; become extremely large. Then k; would become
analogous to ky2. The derivation used is arbitrary. We used k;2 to dif-
ferentiate from the process which involves a stable negative ion inter-
mediate which has a measurable lifetime.

The supporting evidence for the proposed kinetic model should start
with evidence for a thermal or near thermal distribution for the electrons
during the field-free period between pulses. In the original paper which
presented the kinetic model (28) the time required to cool a 10-e.v.
electron to an energy of 10% above the average thermal energy was
estimated as 0.076 psec. This calculation used the fractional energy loss
per collision arising from elastic collisions, yet it is negligible compared
with the reaction time under field-free conditions (on the order of 1000
psec). Furthermore, recent studies, using drift velocity measurements
in methane (1) give a substantial contribution from inelastic collisions,
and the fractional energy loss per collision is some three orders of magni-
tude higher than that from only elastic collisions. With this estimate the
time for electron thermalization would be considerably reduced from the
above 0.076-usec. estimate.

To interpret the electron attachment occurring at thermal energies,
one must be concerned with the effect of the short 0.3-usec., 30-volt pulse.
Both the energy of the electrons during the pulse and the contribution
of the reactions occurring during the pulse to the total reaction must be
considered. From the drift velocity in Ar 4+ 10% methane the average
energy of the electrons has been estimated as slightly above the average
thermal energy (28). For most reactions this small difference is probably
not of great consequence. Furthermore, a comparison of the short pulse
duration of 0.3 psec. with the long pulse periods ~1000 usec. suggests

Ka= (1)
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that the contribution during the pulse would be small. Actually a com-
parison with the time to attain steady-state conditions would be more
valid. This has been done experimentally for a few compounds (28),
and the time was found to be =~500-1000 psec.

The best evidence for assuming thermal energies comes from three
different experimental studies. In the first the electron attachment to
anthracene was measured with varying pulse potentials from 10-80 volts
with no change in response (28). This suggests that the reaction during
the pulse is a negligible contribution, or the electron energy is only
slightly altered during the pulse. The second experiment compared
electron attachment of chlorobenzene with azulene as a function of
voltage and methane concentration (28). Chlorobenzene has a maximum
cross section for electron attachment (~0.86 e.v.), whereas azulene
would be expected to have its maximum at lower energies. A higher
relative response of chlorobenzene to azulene is obtained when shorter
pulse intervals and lower concentrations of methane are used. At long
pulse intervals (~1000 usec.) and high methane concentration (~10% )
the relative responses approach a limiting low value, suggesting that
thermal distribution is attained under these conditions. The third experi-
ment was completed just recently (6). As shown later, for some com-
pounds the pulse-sampling technique can be used to determine the rate
constant for thermal electron attachment. This has been done recently
for SFg and perfluoromethylcyclohexane, for which there are some re-
liable thermal electron attachment rate constants from microwave studies
(16). The agreement between the two studies is remarkably good: our
experimental value for SFg was 2.41 X 107 cc./molecule-sec. compared
with the literature value of 3.1 X 1077 cc./molecule-sec. (16). Errors for
both studies are on the order of 15-25%, so the agreement is well within
the experimental error. As Mahan and Young point out the cross section
for electron attachment to SF, decreases rapidly with increasing electron
energy, and the maximum cross section would be expected at thermal
energies. A large rate constant for electron attachment then suggests
that a distribution of lower energy is attained. Because of the agreement
between our work (6) and that of Mahan and Young (16), the distribu-
tions in both cases are probably thermal.

The greatest support for the actual mechanistic steps rests in the
concentration dependence of the response ( Equation 1) and more impor-
tantly the temperature dependence of the electron capture coefficient.
The temperature dependence of the capture coefficient, as it pertains to
the various mechanisms associated with Reactions I-IV, are discussed
below, and agreement with experiment is strong supporting evidence for
the kinetic model. The interpretation of the temperature dependence in
terms of molecular parameters, such as molecular electron affinities or
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bond dissociation energies, and comparison with other experimental
estimates of these parameters are considered later. Again, agreement
between the experimental estimates of the parameters is strong support
for the kinetic model. The only direct, absolute value that can be com-
pared with the model is the thermal electron attachment rate constant
to SFe and perfluoromethylcyclohexane, which serves to support the
kinetic model and the assumption of a thermal electron distribution.

Thermal Electron Attachment Mechanisms

Many criteria could be used to classify electron attachment mecha-
nisms or processes, especially if one considers the details of the potential
energy curve of the negative molecular ion relative to that for the neutral
molecule. However, we have chosen to classify the attachment mecha-
nisms in the more conventional manner with respect to the actual species
encountered in the reaction steps. Hence, Reactions I-IV are completely
general for our system, and the resulting expression for the capture
coefficient (Equation 2) is likewise general. When certain rate constants
predominate or are zero (no reaction), the expression for K can take on
various forms. Based on these assumptions and the various forms for K,
we have classified the TEA mechanisms into four categories (discussed
later).

In the subsequent discussion we assume that (kx + kr) and (kx1 +
kg1) are temperature independent. Certainly the highly exothermic neu-
tralization reactions are essentially temperature independent. They also
probably predominate in the sum, and there is some experimental evi-
dence to support this (23). If the electron or negative ion-radical reac-
tions are temperature dependent, they are probably too small to con-
tribute to the sum. Only if they were temperature independent would
they contribute significantly, and the sum would then be temperature
independent. Since these sums are assumed to be temperature inde-
pendent, we will designate them by kp — (ky + kx) and ky = (kn1 +
kg1).

The general form for the temperature dependence of the second term
for K is

T-3/2A,¢°Ex*/RT ( Age Es*/RT + k)
T kp(A_ e EVRT + A,eE*/RT + k)

where E,* and A, are the activation energy and frequency factor, respec-
tively. Arrhenius expressions have been assumed for each of the rate
constants with a T-3/2 pre-exponential temperature dependence for k;.
This has been inserted to agree with the equibrium expression for elec-
tron attachment-detachment. Consistent with this equilibrium expression,
In KT32 vs. 1/T is conventionally plotted. The T%?2 term is actually

(3)
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appropriate only when k_; is predominant in the denominator, but for
comparison, In KT%/2 is plotted for all mechanisms. The essential reactions
corresponding to each mechanism are Reactions I-IV (22).

Mechanism I: Stable Negative Ion Formation. When k, = 0 and
kiz =0,

kiky,
kp(k.y + ki)

[Since our statements with respect to the kinetic model are not general,

K= (4)

ks z(m
one should consider e + AB{ = )(AB )° ( ) AB~ where z(m) and
k ’ z. l(m)
z.1(m) represent the rate of stablhzatlon and detachment, respectively.
The “effective” forward rate constant would therefore be k; = k'
(z(m)) and for the reverse k.; — z.,(m) —(—M— If the

z(m) +k1 ) +k-1,
pressure is sufficiently high, z(m) >> k., as the case in the electron

capture cell, then k; — ky’. The k., represented in the kinetic model is
not the same as the autoionization rate measured in recent beam experi-
ments (9) but is modified by the ratio 1(( )) (ie ko — k.o’ z—l((i")—))]

The second term in Equation 2 can acquire three forms depending
upon the relative magnitudes of k.,, ks, and k... If k; is zero or extremely
small, we have the mechanism involving only Reaction I, which results in
the formation of a stable negative ion. Two different temperature de-
pendencies can be observed corresponding to:

High Temperature Low Temperature
k_1>kL>k2:0 kL>k_1>k2:0
_ kik (5) _k
K=%ks =& (8)

According to the principle of microscopic reversibility k;/k.; can
be equated to the equilibrium constant for Reaction I, which in turn can
be expressed in terms of the electron affinity through the statistical ther-
modynamic expression for an ideal gas (24).

k, A

K=E-Tm

¢*EA/RT (7)
The partition function for the negative ion and neutral molecule have
been cancelled except for the statistical weight of 2. Comparing Equation
7 with Equation 3 under these approximations, A = A;/A.; and EA —
—(E.; — E,4). A is a constant which can be evaluated from fundamental
constants and the mass of the electron. As a result of the form of Equation
7, In KT%2 vs. 1/T is plotted, and the positive slope gives the molecular
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electron affinity. If the neutral molecules have a strain which differs
from that for the negative ion, the partition functions would not cancel.
This would be especially true if there were a change in configuration
associated with the electron attachment process. The subsequent error
introduced in calculating the EA assuming cancellation of partition func-
tions is difficult to estimate, but it should not exceed 0.5 kcal.

From Equation 6 the rate of electron attachment at thermal energies,
ki, can be evaluated. kp can be evaluated by measuring the electron
concentration as a function of pulse period (28). Frequently k; is rela-
tively temperature independent, and this type of mechanism is charac-
terized by a larger positive slope at higher temperatures, followed by a
zero or slightly negative slope at lower temperatures. Several examples
of this type of temperature dependence have been published (25, 28)
in which E;* ~ 0.

In some cases where there is a considerable amount of strain in the
molecule which is released upon formation of the negative ion, E;* can
be larger. Figure 1 shows a series of curves with a fixed electron affinity,
but varying E;*, with 2,4,6-trimethylacetophenone as a typical example.

Mechanism II: Dissociative Electron Attachment. The dissociative
mechanism leading directly to A + B~ can be considered from the first
term in Equation 2 where

_ ke

Cky
If the temperature dependence of k;. is taken as the Arrhenius equation,
a simple In K vs. 1/T will be linear with a single negative slope. A In
KT32 vs. 1/T is also linear, and several examples of this type have been
published (23).

An equation analogous to 8 is obtained if ko >> (k.; + k.) and
K = ki/kp. However, this expression for K is identical to Equation 6
where k., was the predominant rate constant and AB~ is formed. To
differentiate between these processes, the k;, term has been adopted for
the dissociative mechanism.

Mechanisms III and IV: Dissociative Attachment Preceded by Nega-
tive Molecular Ion Intermediate. When k, it not zero, the second term
in Equation 2 can take on three possible expressions which could be
observed in different temperature regions where K can have three

(8)

High Temperature  Intermediate Temperature Low Temperature

ky>ko >k k. >k, >k, k> ko >k,
_ 1 ki Ky K K
Tk T T @

expressions. [Consideration of an excited negative ion intermediate in the
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general mechanisms would have similar consequences as described pre-
viously, with the additional consideration of an excited intermediate
prior to dissociation. ]

kLY o

Ln kr3/2

1.0 4 2.0 3.0
1T x 10°, deg.

Figure 1. Temperature dependence for Mechanism I with E * vari-
able; EA = 10.9 kcal., E,* = (1) —1; (2) 0; (3) 1; (4) 3.1; (5) 5 kcal.
Circles represent data for 2,4,6-trimethylacetophenone

The intermediate and low temperature expressions are identical to the
two regions of Mechanism I. The high temperature region is associated
with a negative slope of a In KT?%?2 vs. 1/T plot. Mechanisms III and IV
then take on the appearance of Figure 2, where all three linear regions
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Ln k13/2
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1/T x 107, deg.

Figure 2. Temperature dependence for Mechanisms III and IV.

(E,* — EA) = 4.4 keal.; E,* = 1.4 keal.; EA = (1) 12; (2) 8; (3) 6;

(4) 4; (5) 0 keal. Circles represent data for 3-chloroacetophenone;

solid line through the data for the parameters: E,* = 17.8 kcal., EA
= 13.4 kcal., E,* = 1.4 kcal.

may be observed. In Figure 2 electron affinity is varied, and (E,* — EA)
is held constant and E,* — 0. Deviations from linearity in the transition
between linear regions should be noted. Using data over a temperature
span which appears to be linear could lead to serious errors in the slopes.
The family of curves in Figures 1-3 shows how good the approximations
are that lead to the linear regions and shows the limitations of using only
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the data in the “linear” regions. In some cases the “linear” region is almost
nonexistent.

The specific example given is 3-chloroacetophenone. Figure 3 shows
a series of curves varying E,*, holding EA constant and E,* — 0. Again
the range of linearity should be noted.

Mechanisms III and IV cannot be differentiated kinetically. How-
ever, in Mechanism IV the activation energy (E*) at high temperatures
is equal to the change in internal energy (AE). This is important since

\\* - 1
344 :\\ \\ — — -
N ~ — 2
N ~ ~ \
\\ ~ -
NN 3
04
N
N
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26 4 4
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7
184 / 7
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Figure 3. Temperature dependence for Mechanisms III and IV.
EA=7.7kcal; E;* =0; E,* = (1) 6.4; (2) 8.4; (3) 10.4; (4) 14.4;
(5) 18.4; (6) 22.4 kcal.
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the electron affinity of the radical or the bond dissociation energy can
be determined from E* providing the other quantity is known. Mecha-
nisms III and IV can also be distinguished precisely on the basis of their
potential energy curves. Mechanism IV involves only a single negative
ion potential energy curve, whereas Mechanism III involves two negative
ion potential energy curves leading to two different negative ions upon
dissociation (22).

The various mechanisms are summarized in Figure 4. Representative
two-dimensional potential energy curves are drawn to illustrate the reac-
tion paths along with the typical temperature dependence of the capture
coefficient for that case. The molecular parameters which can be derived
from each mechanism and the relationship with the temperature de-
pendence are given. Classes of compounds which have been investigated
and clearly fit one of these mechanisms are also given.

Ke k) YL LAY,
Ko (kg oKy Ko Ckegrky +k)
z?: )T LowT HIGK T mrﬁmu{r& ,)LOwT
Y k‘ A AL
(koK Ko ko(k.s* k)

5,1
»

T /T 1T

SLOPE =(+) =EA 5LOPE =(-): E*%aE. SLOPE=(-):E*  SLOPE=(+)-EA

AROMATIC HYDROCARBONS
AROMATIC CARBONYLS
-F ,-CHy,~CFy - OCH; -C=N

Cl,Ba, I, ALIPHATICS

Cl,Bn,I AROMATICS
SLOPE + ()= E¥= AE =(Dag -EAR)
R-ACETATE

Figure 4. Representative potential energy curves and temperature dependence
for the various TEA mechanisms

The distinction between Mechanism III and IV is quite clear in
terms of potential energy diagrams. Actually Mechanisms I, II, IV are
very similar since they involve a single negative ion potential energy
curve and differ only in the depth of the curve and the relative energy
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of the dissociative products (bond dissociation energy minus electron
affinity of the radical). As discussed below, an empirical two-dimensional
potential energy curve for the negative molecular ion has been proposed
which should satisfy all three cases equally. On this basis one could
reclassify the mechanisms and include all three into one category. How-
ever, phenomenologically they are distinct in that one leads to dissocia-
tion of the negative molecular ion whereas the other gives a stable
negative ion.

The potential energy curves in Figure 4, being two dimensional, are
approximations or cross sections of the actual multidimensional potential
surface, which is necessary to represent a polyatomic molecule. For some
polyatomics the two-dimensional representation may be satisfactory if the
configurational change from the neutral molecule to the negative ion is
principally the lengthening of a specific bond—e.g., aliphatic halogens.
On the other hand, there are other molecules where this is not a reason-
able approximation—e.g., polynuclear aromatics.

Molecular Electron Affinities

According to Mechanism I the temperature dependence of ki/k.1,
which is observed at higher temperatures, should yield the electron
affinity of the molecule. The three- and four-ring polycyclic aromatic
hydrocarbons were the first compounds investigated by the pulse-sam-
pling technique, and these follow Mechanism I (24, 28). Since then,
several of the five-ring compounds have been investigated (2). In gen-
eral the electron affinities of the polycyclic aromatic hydrocarbons (alter-
nate) compare well with every available estimate of relative or absolute
values of electron affinities—namely, polarographic half-wave reduction
potentials (24), frequency of lowest energy electronic absorption band
(2, 3), are theoretical estimates (2, 3, 24). More recently a good correla-
tion with electron attachment in solution by Chandhuri et al. (5) gives
further support to the interpretation. Some aromatic aldehydes and
ketones have also been reported recently (25). Again a reasonably good
correlation with polarographic half-wave reduction potentials was
observed.

The electron affinities of numerous F, Cl, —CH;, —CF3;, —OCHj3,
—C=N substituted aromatic hydrocarbons and aromatic aldehydes and
ketones have been determined (4). For the most part the TEA occurred
by Mechanism I. However, the chlorine derivatives can dissociate at
higher temperatures according to Mechanism III. The EA can be evalu-
ated from the temperature dependence in the intermediate temperature
region.
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Hiickel calculations of the electron affinities of these substituted
compounds have been carried out. The heteroatom inductive and reso-
nance parameters, h; and k;, have been established for the previously
mentioned substituents, and were determined by a procedure different
from normal. The Hiickel calculations were made on the difference in
electron affinity from the parent compound, and the parameters were
adjusted to agree with the experimental change in electron affinity. In
general, Hiickel calculations have severe limitations; however, when the
calculations are made only on the AEA, the inaccuracy of the Hiickel
estimate of the aromatic framework is minimized. As a result good
agreement was obtained between the Hiickel estimates and the experi-
mental AEA.

Thermal Electron Attachment Rate Constants

According to Mechanism I, the electron capture coefficient in the
low temperature region is given by k;/kp. Since kp can be evaluated by
measuring electron production as a function of time (28), k; can be
evaluated readily, generally with a precision ca. =15% with this tech-
nique. The accuracy or absolute error in k; is difficult to estimate since
it depends on the validity of the kinetic model and a thermal distribution
for. electrons. Hence, the independent determination for the thermal
electron attachment rate constant to SFs and perfluoromethylcyclohexane
(16) is welcome. The agreement for SFg where k; = 241 X 107
cc./molecule-sec. compared with the literature value (16) of 3.1 X 1077
cc./molecule-sec. itself is remarkable, and the data for perfluoromethyl-
cyclohexane where k; — 7.98 X 108 cc./molecule-sec. compare even
more favorably with the literature values (16) of 9.8 X 107 cc./molecule-
sec. This excellent agreement not only gives support to the model but
also justifies using the pulse-sampling technique to obtain thermal electron
attachment rate constants. Of course this would be restricted to mole-
cules which have a relatively large electron affinity so that the approxi-
mation k;, > > k.; will be valid.

The pulse-sampling technique is quite simple both in principle and
practice. The temperature dependence of the rate constant can be
evaluated readily. For the two compounds investigated in detail, per-
fluoromethylcyclohexane had an Arrhenius activation energy of 1.7 keal,,
whereas the value for SFg was 0.9 kcal.

In previous publications (25, 28) data in this low temperature region
have been reported for the polycyclic aromatic hydrocarbons and some
aromatic aldehydes. The k; values can be evaluated from ‘this data at
lower temperatures; however, they are subject to more error than the
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values given previously for SFg and perfluoromethylcyclohexane. If accu-
rate values are desired, it is necessary to determine kp at the same time
under identical experimental conditions. This was not done in the earlier
studies (25, 28) since the primary interest was the electron affinities of
the molecules. This necessitates only precise relative electron capture
coefficients since the electron affinities are determined from the slope of
a In KT%2 ps. 1/T plot.

Electron Attachment to Strained Molecules

A few compounds have been investigated which show an apparent
activation energy for electron attachment to form a stable negative ion
(26). According to the classification in Figure 4 they would fit Mecha-
nism I, except that the slope at low temperatures is negative in contrast
to the generally observed zero slope.

2,4,6-Trimethylacetophenone was synthesized, and the results can be

compared with acetophenone whose EA has been determined precisely

(25). The methyl substituents in the 2,6-positions result in considerable
0}

steric hindrance to the —(lll'-—CHs group, causing the carbonyl group to
rotate out of the plane of the ring. This conclusion is based principally
on the observed shift in carbonyl stretching frequency relative to other
aromatic ketones. To acquire the necessary stability of the negative
molecular ion, the carbonyl group must be planar or nearly planar with
the ring. Therefore, an activation energy associated with this torsional
motion to a near-planar configuration would be expected before electron
attachment could occur. An experimental activation energy of 3.1 kcal./
mole is observed, which appears reasonable in comparison with other
known strain energies. The experimental EA of 2,4,6-trimethylacetophe-
none is considerably larger than that of acetophenone. Considering the
strain in the molecule one might not have anticipated this result. How-
ever, this can be rationalized logically if the strain in the molecule exceeds
that of the negative ion. Thus, the internal energy of the neutral molecule
is increased more than that of the negative ion, and the change in energy,
AE =EA, is increased.

Cyclooctatetraene and azulene have also been investigated, and each
displays a negative slope at lower temperatures. Cyclooctatetraene is
non-planar, whereas its negative ion is thought to be planar (18). This
change in configuration is consistent with our observation of an activation
energy for electron attachment. The structure of the negative ion of
azulene has not been determined; however, the EPR spectra suggest a
change in structure from the neutral molecule (19).
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Dissociative TEA to Aliphatic Halides

The aliphatic halides have been investigated extensively, and the
conclusions from the early work are important (23). A paper on more
recent work will be submitted shortly (27).

Aliphatic halides in general follow Mechanism II (Figure 4) (23).
The temperature dependence shows a single linear region, except for
a few compounds which have low capture coefficients at lower tempera-
tures. In these cases, the capture coeflicient appears to become constant.
No great significance is placed on this result since it is thought to be
simply a breakdown of the basic kinetic model. At these extremely low
capture coefficients the concentration of the capturing species must be
increased to the point where it competes with the 10% methane. At this
point the molecule may enter into other reactions, such as positive ion
formation. This uncertain interpretation is indicated by a question mark
in Figure 4. Only two of the 14 aliphatic halides show this result, and
in all cases In KT3’2 is around 18-20.

The unique result observed for the aliphatic halides is the linear
relationship between the activation energy and the AE, which is equal
to the bond dissociation energy minus the electron affinity of the dis-
sociating halide. Equally amazing is the fact that chloro, bromo, and
iodo compounds seem to fit the same linear relationship. In general one
might expect the activation energy to be lower if the reaction were more
exothermic. However, one would not necessarily expect a unit slope in
such a relationship. The data are plotted in Figure 5.

This simple but unique result suggests that there must be some
correspondingly unique or consistent relationship between the potential
energy function for the negative ion of the aliphatic halides in relation
to the neutral molecule. Since the reaction proceeds along the carbon-
halogen internuclear separation, it was thought that a two dimensional
approximation of the potential energy surface along this coordinate might
be a satisfactory approximation. There are numerous empirical two-
dimensional potential energy functions which have been proposed for
diatomic molecules (21). One of the best known is the Morse potential,
considered to be generally satisfactory for a three-parameter function. It
is of the following form when referenced to the dissociated species as
zero energy.

U(AB) = —2D° ,ge8=re) + D° 5 28r-r) (10)

Other three-parameter functions can be used, and the same relationship
between E* and AE can be derived—e.g., Varshni’s second potential
function, which is a modified Morse potential (21) and Linnett’s mixed
exponential and inverse power of the internuclear distance (12).
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Figure 5. Correlation of E* with AE

The following two-dimensional potential energy function for the”
negative molecular ion is proposed.

U(AB-) = —2kD° g7 + D°, pe28(r-re) — EAg (11)

where the dissociation leads to A + B~. There are many arguments in
favor of Equation 11 (27), but only a few will be mentioned. First, only
a single new parameter, k, is introduced. This is all that should be
necessary to equate to the single parameter, I, of the linear relationship
between E* and AE.

E*=1+ (D°,5 — EAg) (12)

Second, the repulsive term in the negative ion is set equal to that for the
neutral molecule since the repulsion probably arises primarily from the
core electrons and the positive nuclei. The added electrons in the nega-
tive ion should not greatly alter the repulsion. Linnett (12) has shown
that the repulsive term for diatomic positive ions is the same as that for
the neutral molecule. The deviation he observed for three diatomics was
only 6%. Third, the constant, 8, appearing in the exponential term in
the negative ion is set equal to that for the neutral molecule. This is
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also supported by Linnett’s calculations (12). He used a different poten-
tial function; however, his n in the attractive term (e™ ) and the m in
the respulsive term (7™) are approximately equal for the lowest energy
state of the neutral molecule and positive ion.

The activation energy for TEA is interpreted as the intersection of
the negative ion potential energy curve with that of the neutral molecule
above the zero point level of the neutral molecule. Solving Equations
10 and 11 for the intersection, one obtains

* [4D°ABk(1 - k) - EAB]
4D° g (1 — k)2

Equation 13 can be equated readily to Equation 12, from which k can
be expressed in terms of I.

E EAg + (Dap — EAg) (13)

EAg

I— ———
D° 5172

[D°sr — (EAg —1)]2
3(EAg — 1)

Thus, a negative ion potential energy curve has been found (substitution
of Equation 14 into Equation 11), which is consistent with the linear
relationship between E* and AE.

The potential energy curves for the chlorinated methane series are
shown in Figure 6. The intersection must occur at the same magnitude on
such a graph to be consistent with the observed unit slope in Equation 12.
The shallow minimum in the negative ion potential energy curves in-
creases from CH;Cl to CClL,. This bond dissociation energy for the nega-
tive molecular ion can be shown to equal k2D°,5. This shallow minimum
is of no consequence to the electron attachment process since the process
passes through (or near) the intersection of the potential energy curves
which is well above the energy of the products A + B—i.e., the AB"
would have a lifetime only on the order of the vibrational frequency,
and the process can be considered simply dissociative. However, the
shallow minimum would be of consequence in the recombination of R +
CI- giving RCI". This would be important in radiation chemistry, for
example. In a recent article (11) the existence of CH;3;Br™ was necessary
to explain the product from a y-induced reaction of H atoms with CH;Br.
The potential energy curve for CH;Br™ has a shallow minimum similar
to the chloromethanes in Figure 6.

(14)

k=3

Dissociative TEA to Aromatic Chloro and Bromo Derivatives

The linear relationship shown in Figure 5 applies only to aliphatic
halides. Except for iodobenzene, the aromatic halides fall below the
aliphatics—i.e., for the same AE the E* is generally less for an aromatic
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halide in contrast to the aliphatic halides. This has been explained by
postulating an intermediate negative molecular ion for the aromatic
halides (21) and has been confirmed with a unique type of electron
beam measurement, in which the SF;~ peak is monitored in a mixture of
SFe¢ and another compound. New SFg peaks occur at energies above
the usually observed peak near zero energy. This is explained by the
formation of a temporary negative ion state of the compound, followed
by autoionization to give thermal electrons. The thermal electrons are
then scavenged by the SF; to give SFs~. The energy of the new peaks
will then correspond to the vertical electron affinity of the molecule.
Stable negative ion intermediates are postulated for benzene, toluene,
fluorobenzene, o-cholorotoluene, chlorobenzene, bromobenzene, o-bromo-
toluene and o-dichlorobenzene (8).
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Figure 6. Potential energy curves for TEA
for chloromethanes

Potential energy curves for the negative molecular ion have been
described qualitatively to explain the correspondingly lower activation
energy for the aromatic halide (23). This can be put on a more quanti-
tative basis if one assumes the general form of Equation 11 to represent
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the potential energy curve of the stable negative ion intermediate. The
details of this work will be submitted shortly (29). The results of this
study will be summarized at this time, and some representative results
will be given. k can be evaluated from either the EA of the molecule,
the vertical EA (obtainable from electron beam studies), or the activation
energy. Both the EA and the activation energy may be determined from
TEA measurements according to Mechanism III, providing the high and
intermediate temperature regions are observed. The EA of the organic
radical must also be known. k for the dissociative curve leading to the
halide negative ion is calculated from Equation 14.

40

POTENTIAL ENERGY, kcal.

ELECTRON ENERGY, kcal.

ARBITRARY UNITS

B 3.0
INTERNUCLEAR DISTANCE, Angstroms

Figure 7.  Potential energy curves for TEA to chlorobenzene ( ) and

o-chlorotoluene (- —-). Circles represent experimental curve of Cl” cur-

rent as a function of electron energy. Ar= ¢ or ¢CH;. (....) represents
curves with “non-crossing rule” applied

Electron beam studies in addition to swarm methods have been
reported on several aromatic halides (7). These results were used to
calculate the potential energy curves for 10 of them. The results for
chlorobenzene, chlorotoluene, bromobenzene, and bromotoluene are
shown in Figures 7 and 8. The vertical EA was used to calculate k for
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Figure 8. Potential energy curves for TEA to bromobenzene (- ) and

o-bromotoluene (- --). Circles represent experimental curve of Br~ cur-

rent as function of electron energy. Ar = ¢ or ¢CH;. (....) represents
curves with “non-crossing rule” applied

the intermediate stable negative ion potential energy curve. The activa-
tion energy can be calculated from the intersection of the potential
energy curves. Also the expected distribution of the relative electron
capture cross section as a function of electron energy for the vertical
process can be calculated from the probability distribution (harmonic
oscillator approximation) for the zero point vibrational level. Both of
these can be compared with the experimental results. In all cases the
calculated activation energies agreed within 1 kecal./mole with the experi-
mental values. The distributions of relative electron capture cross section
also agree well (Figures 7 and 8). The distribution is drawn to the left
of the potential energy diagram with the requisite electron energy
(abscissa) coincident with the necessary change in the potential energy
for the electron capture process to occur.

One surprising difference between the chloro and bromo derivatives
shown is the position of the activation energy in terms of the intersections
of the potential energy curves. In chlorobenzene and chlorotoluene the
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activation energy corresponds to the intersection of the two negative ion
potential energy curves, in good agreement with the experimental values
of 9.2 * 0.6 and 10.3 = 1.1 kcal./mole, respectively. On the other hand,
the activation energy for bromobenzene and bromotoluene corresponds
to the intersection of the intermediate negative ion potential energy curve
with that of the neutral molecule, again in good agreement with the
experimental values of 59 = 0.3 and 6.3 = 0.3, respectively. On this
basis the molecular negative ion for bromobenzene and o-bromotoluene
should be quite short lived with respect to dissociation.

If the two negative ion potential energy curves have the same sym-
metry, these curves will not cross as shown in Figures 4, 7, and 8. If
this “non-crossing rule” does apply to the two curves, they would split
(Figures 4, 7, and 8). This splitting would not affect the interpretation
of the electron beam experiments, but it may affect the energy considera-
tions and mechanisms shown in Figure 4.

Dissociative TEA to Some Organic Acetates

The TEA to three acetate derivatives have been investigated: acetic
anhydride, benzyl acetate, ethyl acetate (30). In all cases a negative
slope in a In KT%2 vs. 1/T graph was observed at higher temperatures
which we associate with a dissociative step. For the three molecules
included in the study, dissociative TEA leading to the acetate negative
ion would be the most favored thermodynamically. The acetate radical
is reported to have an electron affinity of 3.3 e.v. (20), which should far
exceed the electron affinity of other possible radicals.

For all three molecules at lower temperatures the In KT%2 vs. 1/T
graph deviated from the linear region at higher temperatures. For benzyl
and ethyl acetate the lower temperature data actually showed a positive
slope, suggestive of Mechanism III or IV. Acetic anhydride showed a
deviation from the high temperature linear region, but not a definite
positive slope. Since only one radical is expected to have a significant
electron affinity for these molecules, it is difficult to visualize how more
than one negative molecular ion potential energy curve could be involved.
For example, the electron affinity of the benzyl radical is 20.8 (9) kcal
and that of the ethyl radical 27.2 kcal. (17). From this and the agree-
ment between E* and (D,s — EA,), the TEA process is assumed to
proceed by Mechanism IV.

Since E* is related to (D,g — EA,) — AE in Mechanism IV, the
TEA activation energy can be used to evaluate D,p or EA, providing
the other parameter is known. For the acetates we have estimates of
both D,g and EA,, and the agreement between E* and AE can be
tested. With the experimental E* and D,p the electron affinity was
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calculated and compared with the electron impact estimate (20). The
weighted average from the three compounds was 3.36 =+ 0.05 e.v. which
agrees remarkably well with the electron impact estimate of 3.3 e.v.

N
NN
34 \§\\
\\\
N 1
A\ \\ <
X
AN ,
304 \\ N
AN
W\
261
224
184
144

i i

s L

1.0 2.0 3.0
YT x 103, degt

Figure 9. Temperature dependence for Mechanism IV. (E,*
EA) = 7.82 kcal.; EA = (1) 12; (2) 10; (3) 8; (4) 6; (5) 4; (6 2
(7) 0. Circles represent expenmental data for acetic anhydn

The data for acetic anhydride in the graph of In KT%2 vs. 1/T
does not appear to agree with Mechanism IV. However, upon closer
examination of the general Equation 3, the data are consistent with this
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mechanism. In the previous discussion of the mechanisms three approxi-
mations were made which resulted in distinct linear regions in the graph.
However, under certain conditions these regions unfortunately are not
this distinct. A family of curves was generated using Equation 3 in
conjunction with the proposed empirical negative ion potential energy
curve, Equation 11. The electron affinity of the acetate radical was held
constant, and k was varied to give molecular electron energies ranging
from 0 to 12 kcal. The activation energies E,*, E.,* E.* for each of
these molecular electron affinities were then evaluated from the negative
molecular jon potential energy curve relative to the neutral molecule
potential energy curve. The family of curves is shown in Figure 9. Three
distinct linear regions are observed when the molecular electron affinity
is large and E;* is small. However, as k decreases and the electron
affinity correspondingly decreases, E;* becomes larger, and the region of
positive slope becomes smaller. Furthermore, the positive slope cannot
be used to calculate the molecular electron affinity precisely—e.g., EA =
6 kcal. in Figure 9. The dashed lines of positive slope correspond to the
electron affinity divided by R, the gas constant. Eventually at lower k
values E;* exceeds E,*, and the process converts from Mechanism IV
to Mechanism II. For the curves intermediate to these mechanisms, the
intercept is lower since k_; and k, both contribute to the denominator in
Equation 2. Again, it should be emphasized that Equation 3 should be
used rigorously to represent the electron capture coefficient as a function
of temperature. The approximate expressions which can be derived from
this general equation may be useful in evaluating the molecular parame-
ters; however, caution should be exercised. The approximate expressions
are useful for a qualitative assignment of the mechanism.

The actual experimental data for acetic anhydride are indicated by
circles in Figure 9. The curve for EA — 4.0 kcal. would fit the experi-
mental data if it were displaced along the In KT%2 axis by 0.15 units.
This could be accomplished by adjusting A, in Equation 3.

Summary

The following molecular parameters can be derived from TEA
measurements:

(1) Molecular electron affinity (EA) from Mechanisms I, III, or IV.
Range: 0.8 e.v. > EA > 0.1 e.v. using 3H foil; maximum temp. 225°C.
11l ev. > EA > 0.1 e.v. using %Ni; maximum temp. 400°C.

(2) Rate constant for thermal electron attachment (k; or k;.) from
Mechanism I at low temperatures and high electron affinity; Mechanism
II for dissociative rate constant.

(3) Electron affinity of radicals (EA,) from Mechanism IV if bond
dissociation energy is known.
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(4) Bond dissociation energy (D,g) from Mechanism IV if electron
affinity of the radical is known; also for aliphatic Cl, Br, I compounds
from empirical relationship between E* and AE.

(5) Activation energy for electron attachment (E;*) from Mecha-
nism I, III, or IV.

(6) Activation energy for electron detachment (E.;*) from Mecha-
nism I, III, or IV if E;* and EA can be determined.

(7) Activation energy for dissociation ( Ep*) from Mechanism III
or IV it EA can be determined.
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The Radiolysis of Methane in a
Wide-Range Radiolysis Source

P. S. RUDOLPH

Chemistry Division, Oak Ridge National Laboratory,
Oak Ridge, Tenn. 37830

The radiolysis of methane was studied in a new type of
three-stage wide-range radiolysis source attached to a re-
search mass spectrometer. This source gave direct evidence
of the various ionic and non-ionic reactive primary species,
and by applying an electric field, it gave evidence of their
relative roles in producing stable products. Under experi-
mental conditions that minimized subsequent reactions of
reactive stable products (i.e., flow, low pressure, and local-
ized ionization) it was found that the abundance of the
unsaturated hydrocarbons produced in the radiolysis of
methane was about three times the abundance of the satu-
rated hydrocarbons. Threshold energy curves were deter-
mined which give valuable information as to the precursors
of the various products. G values for the various products
were calculated, and reaction mechanisms are postulated.

The radiolysis of methane has been studied in many laboratories since
methane was first irradiated at Louvain (41) over 40 years ago.
From the beginning, reports on methane radiolysis have been fraught
with disagreement. Mund and Koch (41) observed a slight pressure de-
crease in their e-radiolysis experiment, whereas Lind and Bardwell (27)
in a similar experiment in the same year reported no pressure change.

The current discrepancies in the literature are more profound. They
relate to the final stable products, especially the unsaturated hydrocarbon
products, the radiolytic yields of final products, and the relative impor-
tance of ions and neutral species in the mechanisms leading to final
products.
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There is universal agreement that ionizing radiations produce many
highly reactive primary species, as typified by the following general
notations for CH,.

CH, "—>CH, + e Ionization (1)
CH, "> CH,*+ (4—n)H, * e Dissociative ionization (n < 3) (Ila)
mn—> .CH, + (4 — n)H* % ¢ (IIb)
au—> CH,* + (4 — n)H,* (Ilc)
CH, " -CH, + (4—n)H, Dissociation (n < 3) (111)
CH, *»— CH,* Excitation (Iv)

The hydrogen products, H,, in Reactions II and III may be H, and/or H;
however, in Reactions IIb and IIc H, cannot be negative, and only one
of the hydrogen species is charged.

The subsequent reactions of the primary reactive species are not as
universally agreed upon. Several workers using various sources of radiant
energy [—e.g., vacuum-ultraviolet photons (up to 11.8 e.v.) (28), low
energy electrons (15 to 100 e.v.) (30), and high energy electrons (2 Mev. )
and %Co y-rays (31)], conclude that the radiolysis of methane proceeds
by a free-radical and/or excited-molecule (28) mechanism. Conversely,
others (25, 32) using high energy electrons and x-rays (32) present
evidence that the reaction proceeds via an ion-molecule mechanism. Still
others, using y-rays from fission products (49), “°Co y-rays and ultra-
violet photons (5, 6, 7, 16) and photoionization (48) conclude that both
ions and free-radicals are involved in the radiolytic mechanism of
methane.

The production of unsaturated hydrocarbons as final products in
methane radiolysis. is also controversial. The results of numerous workers
(10, 11, 18, 20, 21, 25, 30, 31, 40, 42, 48, 49), who have reported unsatu-
rated hydrocarbon products from the radiolysis of pure methane, show
no general agreement as to the products or their yields.

The majority of researchers who have irradiated “methane” added
higher hydrocarbons, inorganic radical scavengers, and/or rare gases to
the system to elucidate the mechanism. Thus, they were studying a
mixture of gases and not methane alone. Even those who did not use
additives but used static systems at high pressure (in the atmospheric
range) soon after initiating the radiolysis were studying mixtures, owing
to the buildup of higher hydrocarbons. These procedures led to numer-
ous contradictions in the literature.

Some workers (5, 6, 7, 16, 31, 44, 49) using additives find unsaturated
products. On this basis Johnsen (44) concludes that C.H, is produced
in the radiolysis of pure. CH, by an ion-molecule reaction but that it is
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consumed by H- atom attack and is thus not a final product. He also
states (23, 44) that C,H. is not a product from the radiolysis of methane,
contrary to Hummel's conclusion (20). In a later work Hummel (2I)
again reported C.H, but in lesser quantities than expected from his early
work (20).

We designed a novel three-compartment source (wide-range radioly-
sis source) for our research mass spectrometer, which was first used to
study the radiolysis of methane. The present technique, employing flow,
low pressure, localized ionization, and electric fields appears to be a
straightforward approach to the problem, and we hoped that this tech-
nique would resolve some of the above discrepancies. Our objectives
were to: (a) determine the percent abundance of the various reactive
primary species—ionic and neutral; (b) ascertain the percent abundance
of stable products under conditions that would minimize subsequent
reactions of reactive stable products; (c) calculate G values for these
products; (d) measure the relative contribution of ion-molecule reactions
to the formation of stable products; (e) obtain the threshold energies
and yield curves for such products to assign their precursors; and (f)
postulate, from the above information and pressure studies, a mechanism
for the production of the radiolytic products from methane.

Experimental

The wide-range radiolysis source shown schematically in Figure 1
consisted of three separate stainless steel compartments (A, B, C) in
series, each with its own electron beam (designated hereafter as EB—
e.g., EB-B means electrons beam in Compartment B). The energy and
intensity of each EB emitted from a thoria-iridium filament could be
varied independently by a versatile emission regulator (22) to suit the
particular phase of the problem under study. The EB’s were magnetically
collimated to ensure localized ionization, and their intensities were usually
about 10 pA.

GRID SE%\:ATRON /;FFILAMENTS

B
<

.
.
SAMPLE d ION_BEAM
INLET . TO MASS
- ANALYZER
MOLECULAR T
ELECTRON
TRAP ELECTRON
RAP
A B C
A £x107! Ax107

Figure 1. Schematic of the three-compartment mass spec-
trometer (wide-range radiolysis) source for studying gaseous
systems
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Compartment A contained two electrodes for applying an electric
field during irradiation. Both the polarity on, and field strength between
the electrodes were variable. EB-A was only 1 mm. from Electrode 1,
so that when this electrode was negatively biased, at least 96% of the
positive ions formed in EB-A at a methane pressure of 0.1 torr were
collected (40).

A more detailed sketch of the electric-field radiation cell, Compart-
ment A, is shown in Figure 2. The dual electron-beam section, Compart-
ments B and C, has been described elsewhere (34, 39).

The three-compartment source was attached to the analyzer tube of
a 6-inch radius 60° sector magnetic deflection mass spectrometer. Differ-
ential pumping was used between the source and analyzer regions. The
ion detector was a 14-stage electron multiplier coupled to both a vibrat-
ing-reed electrometer and a pulse counter (38). The electrometer was
connected to a strip-chart. recorder and the counter to a printer. This
arrangement allowed any range of e/m to be scanned or a given peak to
be monitored.

\

ELECTRODE 1{

FILAMENT

ELECTRODE 2

S RO AT S TERTNY

FILAMENT

NEUTRAL
PRODUCTS

ELECTRODE 2

TO DUAL-BEAM SOURCE

Figure 2. Detailed sketch of the electric-field compartment or
radiation cell ( Coml?artment A) of the wide-range radiolysis source.
All dimensions are in millimeters

The pressure in each compartment was determined as previously
described (33) using Ar as a standard. In addition, the pressures in
Compartments B and C were determined by the ionization gage and the
ion-molecule reaction methods (33) using the CH;* ion (25, 46) and the
C.H;* ion (25, 43) from CH,. Results from all three methods agreed
within 10%.

Research grade methane, without further purification, was used
throughout these studies. A mass spectrometric analysis of the methane
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showed that the abundance of the principal impurity, ethane, was less
than 0.015%.

In all experiments, steady-state conditions were established (usually
less than 5 minutes were required) before data were taken. Since the
modus operandi of the wide-range radiolysis source was varied as different
phases of the problem were investigated, the specific experimental tech-
niques will be discussed individually in conjunction with the correspond-
ing results,

Results and Discussion

Percent Abundance of Primary Species. The abundance of primary
ionic species resulting from ionization (Reaction I) and dissociative
ionization (Reaction II) of CH; were determined by standard mass
spectrometric techniques (38, 39). Only EB-C was used at an electron
energy of 100 e.v. and a pressure in Compartment C of 6 X 107 torr.
The results are given in Table I. The mass spectra for positive and nega-
tive ions were calculated from the data in Table I and are compared
with the results of previous workers (3, 4, 36) in Table II. The agree-
ment for positive ions is satisfactory except for very low values of e/m; H’
is considerably lower than reported (3, 4), and H,' is higher than the
API (4) value. We can not explain these discrepancies (39). The other-
wise good agreement leads us to believe that the equipment was working
satisfactorily. It is interesting to note, however, that our values for
positive ions of e/m = 14, except H', are intermediate values. The
agreement between these and previous (36) negative-ion mass spectra
are satisfactory considering the different sources used. However, owing

to their low abundance (Table I), negative ions are not considered
further.

Table I. Percent Abundance of Initial Products Produced by Methane
Irradiation at 6 )X 107 torr with 100 e.v. Electrons

Negative Ions

Positive lons Neutral Species Pri
rimary
Primary Primary Products, %
Ion Products, % Neutral  Products, % Ion (X 107%)
H* 0.47 ‘H 28.2 H- 82
H,* 0.24 941
c* 0.59 -C 0.001 (o 8.4
CH* 1.65 -CH 1.18 CH- 6.6
CH,* 3.29 -CH, 2.35 CH," 2.5
CH;* 17.7 -CH, 14.1 CH;" 0.09
CH,* 21.2
45 55 0.001
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Table II. Mass Spectra for Positive and Negative Ionization
of Methane by 100 e.v. Electrons

Positive Ion Negative Ion
Ion Relative Abundance Ion Relative Abundance

This Study Ref. 3 Ref. 4° This Study® Ref. 36
CH,* 100 100 100
CH;* 83.3 86.7 85.9 CHj- 1.1 0.8
CH,* 15.5 14.0 16.1 CH," 29.8 25.4
CH* 7.80 6.67 8.09 CH- 78.8 85.6
(o 2.78 2.67 2.80 C- 100 100
H,* 1.13 1.33 0.21
H* 2.21 7.33 3.36

270 e.v. electrons.
® For comparison, H- was omitted in this tabulation since it was not reported in Ref.
36.

To determine the abundance of neutral species, methane at 6 X 107
torr was irradiated in Compartment B by EB-B with 100 e.v. electrons.
Positive ions thus formed were collected by applying a negative potential
on the ion repeller, while the neutral species diffused into C. EB-C,
adjusted to an electron energy below the ionization potential of CH,
(i.e., < 13.0 e.v.), ionized neutral species except for H- and H,. For
these species the electron energy of EB-C was raised to about 16 e.v.
Runs were then made with the energy of EB-B approximately zero, all
other conditions being identical. The difference .in intensity of a given
ion was taken to be the intensity of the neutral species produced by the
100 e.v. electrons in B by Reactions II and III. The cross sections for
the production of primary neutral species were reported previously (39).

The results of these studies are given in Table I. The percent of all
primary products is about equal for positive ions and neutral species
(45% and 55%, respectively). Thus, it appears that any mechanism for
producing stable products from the radiolysis of methane must include
positive ions and neutral species.

Percent Abundance of Stable Products. The production and identi-
fication of stable products were accomplished by using Compartments A
and C. Methane was radiolyzed with the intensity of EB-A sufficient to
give about 1% decomposition with 100 e.v. electrons at a pressure of
1072 torr in Compartment A. With Electrode 1 positive, the positive ions
and neutral species produced in EB-A reacted as they diffused through
the methane. We assume that only stable neutral products reached
Compartment C where they were ionized by EB-C and analyzed by
standard mass spectrometric techniques. The products and their percent
abundances are given in Table III.
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Unsaturated hydrocarbons (HC) account for about 25% of total
products compared with 8% for saturated HC (Table III). This result
agrees with Cahill et al. (11), who used a single, very short and very
high intensity pulse of high energy electrons in a static system. All
previous workers found that saturated HC, especially C;Hs, predominate.
However, results obtained in flow systems or where an attempt was made
to remove products by condensation (20, 30, 32, 48) showed appreciably
larger yields of unsaturated HC than results in static systems, although,
still in toto showing the saturated HC yield greater than the unsaturated
HC yield. This situation would imply that unsaturated HC are products
of the radiolysis of CH, but subsequently react with CH,4 or other prod-
ucts to yield saturated HC.

Our apparatus, which was designed to minimize the subsequent
reactions of reactive unsaturated HC by using flow, relatively low pres-
sure (1072 torr), and localized ionization gave results in agreement with
the trends discussed above. On the basis of such evidence, we believe
that any mechanism for the radiolysis of CH; must include reaction steps
leading to unsaturated HC products.

Radiolytic Yield of Final Products. The G values (molecules per
100 e.v. absorbed) were determined using both EB-A and EB-C at 100
ewv. The —G(CH,) was obtained from the percent decomposition of

Table III. Products Formed by the Irradiation of Methane (~ 1%
Decomposition) at 1 X 1072 torr with 100 e.v. Electrons

Fraction of Slope of
Product log-log
Produced by Plot of
Positive G Intensity
Percent Ion-Molecule Molecules vs.
Product Abundance Reactions® per 100 e.v. Pressure®
H, 66.3 0.23 6.9 1.0
C,H, 6.53 0.27 0.7 15
C,H, 155 041 1.6 1.4¢
C,Hg 5.50 0.45 0.6 1.6
CsHg 2.19 0.44 0.2 1.3
C,H, 2.09 0.67 0.2 1.3
C,Hg 1.34 0.54 0.1 1.7
C H,, 0.59 0.55 0.06 1.1
CH, (All reactions) —-7.8
CH, (Less positive ion-molecule reactions) -5.5

¢ Remainder of product is produced by other reactions which include electron-mole-
cule, radical-molecule, radical-radical, etc.

® Pressure varied from (0.7 to 4.1) X 1072 torr and 150 e.v. electrons used. Plots of
all products were linear (cf. Ref. c).

° Least-squares value, assuming curvature of C:H, plot is caused by scatter.
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CH,, the number of 100 e.v. electrons absorbed, and the residence time
(35 sec.) of CH4 in Compartment A. The energy absorption was calcu-
lated from the decrease in trap current of EB-A upon introducing the
sample. On the basis of this decrease, we assumed that all secondary and
scattered electrons were absorbed in the gas. This assumption leads to a
maximum value for the energy absorbed. The G values of the products
were calculated relative to the —G(CH,) and a material balance. These
results are given in Table III. In Table IV, these yields are compared with
those previously reported. The present values for —G(CH,) and G(H.)
agree well with the average value of the other investigators. As men-
tioned, the present values are higher for the unsaturated HC and lower
for the saturated HC.

Contribution of Ion-Molecule Reactions to Final Products. The
variation of the abundance of products with polarity on Electrode 1
(other conditions were the same as for stable products) was studied. A
positive potential on Electrode 1 (field positive) enhanced positive ion-
molecule reactions, whereas, a negative potential on Electrode 1 (field
negative) removed the positive ions from the reaction field. Thus, the
difference in intensity of products under these conditions was a measure
of the relative role of opsitive ion-molecule reactions.

To ascertain the optimum electric field strengths, the variation in
abundance of the products was studied as a function of potential. Typical
results for C;H, as a function of the potential on Electrode 1 are shown
in Figure 3. The fall in the curve above 410 volts may be caused by
the decrease of products formed by neutralization of ions in the gas phase

Table IV. G Values for Products

H, C,H, C.H, C,H, C,H, C,H,
6.4 0.13 2.1 0 0.26
5.7 0.05 2.1 0.14
0.038 0.46 1.2 0.089 0.24
5.6 =0.3 =0.3 2.0 0 0.35
14.6 0.37 1.05 1.26 0.20 0.17
5.7 1.2 041
4.7 0 1.9 0.34
5.51 2.18
491 2.15 0.84
6.7 0.1 1.2 <0.1
0.5 0.7 0.7
5.4 0.034 2.0 0.27
This
6.9 0.7 1.6 0.6 0.2 0.2

¢ Converted from M/N using W — 29.4 e.v./ion pair (Ref. 8).
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and/or a decrease in the number of excited states produced by secondary
electrons.

Throughout the remainder of this phase of the study Electrode 1 was
kept at —30 or 410 volts with respect to Electrode 2. Photographs of
two typical scans (for H; and C4H;,) are shown in Figure 4. “Radiation
On” signifies that the potential on EB-A was changed from zero to 100
volts, “Field Negative” and “Field Positive” indicates the potential on
Electrode 1 was —30 and +10 volts, respectively, with respect to
Electrode 2.

The fraction of products produced by positive ion-molecule reactions
was determined from the differences in intensities, and the results are
given in Table III. These are minimum values since they are based on
the assumption that all primary positive ions are collected at —30 volts.
No attempt was made to determine the amount of product resulting from
primary negative ions. The low percent abundance (Table I) suggests
that the contribution from negative ions is small.

Despite the apparent straightforwardness of the present techniques
for determining the contribution of positive ion-molecule reactions, there
is some doubt as to whether the fractions shown in Table III are as
accurate as reported since they are minimum values. Charge neutraliza-
tion of ions at the electrodes may give free radicals which could enhance
certain products. If this is true, this contribution is not nearly as pro-
nounced as the effect of ion-molecule reactions which decrease —G(CH,)
from 7.8 with the field positive to 5.5 with the field negative.

Produced by Methane Radiolysis

C,H, C,H,, —CH, Radiation Ref.
0.19 y 49
0.04 7.6 e(2 Mev.) 25
0.12 0.06 ¢(2.8 Mev.) 18
0.23 e(4 Mev.) 20
Trace Trace Photoionization® 48
0.23 7.5 a(Rn)* 27
0 6.8 a(Rn)*® 19
v (8°Co) 5
7.90 Fission fragments 17
<0.1 . 80 e(2 Mev.), y(%Co) 31
¢(1.6 Mev.), pulsed 11
0.034 8.2 Calculated ® 32
study
0.1 0.06 7.8 e(100 e.v.)
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trode 1 was at a potential of —30 or + 10 volts with re-
spect to Electrode 2
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Threshold Energies for Stable Products. “Threshold energy” is de-
fined as the minimum energy of EB-A needed to produce a given product.
Threshold energies were determined by varying the energy of EB-A
from 0-20 e.v. and monitoring the intensity of the products by standard
mass spectrometric techniques using Compartment C as the ion source.
Owing to the low abundance of products in the 0-10 e.v. range, the values
obtained were uncertain and thus are not reported. Above 17 e.v. the
abundance of products was so large that it was impossible to identify
structure in the yield curves; hence, these data are not reported either.

A summary of the relationship of the threshold energies, or breaks
in the yield curves, of products to the energies of possible precursors,
over the range 10-17 e.v., is given in Table V. Two of the eight experi-
mental yield curves (those for C;H, and C3Hg) are shown in Figure 5.
Since data above 17 e.v. could not be interpreted, the contribution of
such probable precursors as CH* and C* to final products is unknown.
Furthermore, the dissociation of CH, into :CHj and ‘CH, plus ‘H can
occur below 10 e.v. (24), but these radicals formed at or near the disso-
ciation energy of CH, cannot be of major importance owing to the low
abundance of products below 10 e.v.; of course, such radicals formed at
higher energies may contribute significantly to products.

The data in Table V show that C;Hg has CH,*, CHj’, and ‘H as
possible precursors, whereas, C;Hg is probably formed from CH,"*, CH3',
‘H, and CH,'. This agrees with the conclusions of Lampe (25) that
C.Hg and C3;H, are formed simultaneously and not consecutively. Our

Table V. Correlation of Threshold Energies at Which Products are
Observed with the Energies Necessary to Produce Probable
Primary Precursors From Methane Irradiation
Energy (volts) at which Probable Primary
Precursors are Observed

Product CH,* CH, CH;”* CH;* CH,*
H, 12.9 14.2 15.4
C,H, 12.9 15.4
C.H, 12.9 14.2 15.4
C.Hg 12.9 14.4
C;H, 11.8 154
C;Hg 13.7 14.4 15.8
CHg 12.9
C.H,, 12.9 14.2 154
Appearance

Potential

from CH, 11.8° 13.0° 13.6° 14.3° 15.6°

12.7¢ 14.3¢ 15.2¢

* Excitation Potential (Refs. 9, 26).

® Determined by electron impact ( Ref. 35).
° Ref. 13.

¢ Determined by photoionization (Ref. 12).
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data for C;H, and C,H,,, since they have common precursors, are incon-
clusive with regard to Lampe’s (25) further conclusion that these HC
are also formed simultaneously.

INTENSITY (arbitrary)

*
cn,‘/cn4 (11.8)

l"/cn,fl/cn4 (1[3.0) 1

" 12 13 14 15 16 17 18
ENERGY (uncorrected) IN VOLTS

Figure 5. Threshold energy and yield
curves for C,H,; and C,H,. Values in paren-
theses are literature values for the appear-
ance of the respective reactive species from

4

Table V shows CH,** appearing at 13.7 e.v. as a precursor for CsHs.
Since CH, dissociates into -CH + 3H- at 13.6 e.v. (24), these radicals
may also be precursors for C;Hg.

Variation of Intensity of Products with Pressure. The abundance
of the neutral CH; and C.H; radicals, produced by the radiolysis of
methane, was studied using Compartments B and C as discussed earlier,
except that the methane pressure was varied. The results are shown in
Figure 6. The slopes of the logarithmic plots are almost equal to 1 and 2
for -CHj; and - C,Hs, respectively, suggesting first and second order CH,
concentration dependence. This corroborates the conclusion (Table I)
that -CHj is a primary product. The slope of 2 for -C;Hj; is not as con-
clusive over the entire pressure range since the least-squares line (assum-
ing second-order dependence) lies considerably below the standard devi-
ation of the experimental points at the two lowest pressures. The low
count rates at these low pressures make these points less reliable. Never-
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theless, one must consider the possibility that the experimental data are
reliable and that there is a change in mechanism near 102 torr. If this is
true, the order of reaction is less than 2 below this pressure. Above 1072
torr the slope of 2 would indicate a second-order radical-molecule
reaction.
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Figure 6. Abundance of the CH; and

C,H; radicals produced by the radiolysis

of methane with 100 e.v. electrons as a
function of methane pressure

Preliminary experiments, extending the pressure studies to final prod-
ucts, were performed. Methane was radiolyzed in Compartment A by
150 e.v. electrons in a positive field. The sample pressure was varied
from (0.7 to 4.1) X 10 torr, and the intensities of the resulting final
stable products were monitored as usual.

The slopes of the logarithmic plots of these data (intensity vs. pres-
sure) were determined (Table III) and vary from 1.0 for H, to 1.7 for
C.H;. Thus, the slopes give no simple order of reaction for final products
as they do for free radicals and ions. This would indicate that the
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mechanism for the formation of stable products is very complicated and
not simply a series of consecutive reactions.

Reaction Mechanisms for Stable Products. HYDROGEN ForMATION.
Molecular hydrogen may result from the dissociative ionization (Reaction
IT) or dissociation (Reaction III) of CH, as a primary product. At low
pressures (10 torr range) where ion-molecule and radical-molecule
reactions are repressed all H,, appears to be primary. The data in Table I
shows that the summation of H, and H.* equals 9.65% of the primary
products. The summation of other probable fragments—CH,', CH",
2(C"), -CH,, -CH, and 2( -C)—also totals 9.65%.

At higher pressures secondary and higher order reactions must also
be considered as a source of H,. Some well established (1, 25, 43, 45, 46,
47, 48) ion-molecule reactions which yield H, and which are in agree-
ment with probable precursors (Table V) are:

CH;* + CH, = C,H,* + H, (1)
CH,' + CH, = C,H;* + H, + H- (2)
CH' + CH, = C,H," + H, + H- (3)

CH," + CH, = CH," + -CH, (4a)
CH," + e > -CH;* (4b)
-CH,* = CH, + H, (4c)

Non-ionic reactions can also give rise to H, (16, 28, 30, 48). Some
possible reactions are:

H+H +M—>H+M (5)
CH, »»— -CH,* + H, (6)
CH, **— -CH + H, + H: (7)

Reaction 5 is quite probable since 28% of all primary species is H-.
Subsequent reactions of -CH,* also lead to H, (30). Since 66% (Table
III) of the observed stable products is Ha, it must be formed by many
different primary and subsequent reactions, both ionic and non-ionic.
AcCETYLENE ForMATION. About 27% of the C.H, is produced by
ion-molecule reactions (Table III), and the ionic species involved are
CH,* and CH,' (Table V). The predominant ion-molecule reaction of
the parent ion is Reaction 4a. Recent studies (I, 14) show that the sec-
ondary ions—CHj;*, C.H;* and C,H,*—are unreactive toward CH,. How-
ever, CH;' does dissociate in the sequence Reaction 4b + 4c. Thus, a
possible sequence involving CH;* is Reaction 4a followed (48) by

'CH3‘+ 'CH3 i CBHG* (83)
C.Hg* > C,H, + 2 H, (8b)
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Other possible paths involving parent ion are

CH,' + CH, = C,H,* + H, (9a)
C,Hy' + e = C,H,* (9b)
followed by Reaction 8b, and
CH, + CH, = C,H," + 2 H, (10a)
C,H,* + e = C,H,* (10b)
C,H,* = CH, + H, (10c)

A possible mechanism involving CH," is
CH,' + CH, = C,Hy' (11)
followed by Reactions 9b and 8b.

There is general agreement (28, 29, 30, 48) that the non-ionic mecha-
nism for C;H, involves the following steps, with minor variations. Reac-
tion 6 followed by

CH,* + CH, = C,H,* (12)
which dissociates as in Reaction 8b to yield C.Ha.

EtaYLENE ForMATION. The breaks in the threshold energy curve for
C.H, (see Figure 5 and Table V) indicate that C.H, is produced at the
same energies as CH,", CH;', and CH.’, and ion-molecule reactions
account for about 41% of the C,H, (Table III). Ausloos (5), on the
other hand, concludes that C,H, is not formed by an ionic mechanism.
The parent ion, CH,*, can contribute to C;H, by Reactions 4a directly
and the sequence: 4a + 4b + 4c to produce -CH; which reacts by
Reaction 8a followed by

C,Hg* = C,H, + H, (13)

The CH,* ion can also contribute via Reactions 9a, 9b, and 13, as well as
10a and 10b followed by

CH,* + M —C,H, + M (14)

Previous workers (16, 20, 48) have reported ion-molecule reactions
involving CH;". The sequence of reactions (20, 48) is Reaction 1 followed
by

C,H;* + ¢ = -C,Hy* (15a)

-C,H;* = C,H, + H- (15b)
and/or, Reaction 1 followed (16) by

C,Hy" = C,H, + H (15¢)
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Of these workers, only one (16) has reported CH,' as a precursor for
C:H,. A reaction mechanism is

CH," + CH, — C,H,* + H, (16)

followed by Reactions 10b and 14.

Several workers (20, 28, 30) have postulated the free radical “inser-
tion” Reaction 12 followed by 13. Other possible free radical reactions
are Reaction 8a followed by 13, and

.CH, + ‘CH, + M > C,H, + M (17)
as well as
.CH + CH, = -C,H,* (18)

followed by Reaction 15b.

ETHANE ForRMATION. Our results (Table III) indicate that 45% of
the C;H; is produced by ion-molecule reactions. Threshold energy
measurements (Table V) show that the ions involved are CH,* and CH3".
Parent ion can contribute to CoH; by Reactions 4a and 8a followed by

C,Hg* + M > C,Hy + M (19)

and, by the sequence: 9a, 9b, and 19.

Although the major ion-molecule reaction of CHjy with CH, is
Reaction 1, the intermediate complex C;H;* has been reported (1, 14).
Thus, we postulate that C,Hs can be formed, as previously reported
(20), by

CH," + CH, = C,H," (20)
CH," + M > CH;" + M (21a)
C,H," +e—C,H, + H (21b)

The free radicals, -‘CH; and :CH,, formed by various non-ionic
processes can react by Reactions 8a and 19 as well as 12 and 19 to yield
the remaining 55% of the C.Hs.

PropYLENE ForMATION. It has been reported (20) that no CsHg was
observed as a radiolysis product of pure CH,. We, however, observe
about 2.2% of this product, 44% of which is produced by ion-molecule
reactions (Table III). The only precursor ion we observe is CH,*; how-
ever, excited methane molecule is also a precursor (Figure 5 and Table
V).

The most probable ion-molecule mechanism appears to be Reaction
2 followed by

C,H;* + CH, = C;Hg + H* (22)

The most likely paths for the CH,* precursor, representing the same
overall reaction, are
CH,* + CH, = C,H,* + H, (23a)
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C,Hg* + CH, > C,Hg + 2 H, (23b)
and/or

CH,* + CH,»> C,H,* + 2 H, (23¢)

C,H,* + CH, = C,Hg + H, (23d)

In addition to the excited molecule, free radicals can contribute to C;Hg
(20, 30) by

-CH, + C,H, = C;H, (24)

and
'H + C2H2 - 'C2H3 (25a)
'C2H3 + 'CH3 bl C3H6 (25b)

These reactions can account for the low yields of C.H; and C.H, in static
systems; C3Hg would also be depleted under these conditions if it is a
precursor for C,H,, (20).

ProrPANE ForMATION. Previous workers who report mechanisms for
the formation of C3Hy (20, 28, 30, 44) invoke neutral-neutral reactions.
From our results (Table III) these reactions account for only one-third
of the C;Hgs while two-thirds are caused by reactions involving CH,**,
CH;", and CH,' (Table V). Recent work (2, 15, 37, 45, 47) in simple
HC systems has demonstrated that the contribution of excited states of
reactant ions to ion-molecule reactions cannot be neglected. Similar
considerations are true for radical-radical and radical-molecule reactions
(16). We postulate the following ion-molecule reaction involving CH,".

CH,” + CH, » C,H,’ + H, + H- (26a)
C2H5' + 'CH3 - C3H8*$ (26b)
C,Hs" + M = C,H, + M* (26c)

If the above series of reactions produces C;Hg then CH3* can react by
Reactions 26b and 26¢c to give the same product.

The CH.' ion can react by Reaction 2, followed by the following
sequence.

C,H," + CH, = C,Hy" + H, (27a)
C,H,* + CH, = C,H,* (27b)
CH," + ¢ = C,H, + -CH (27¢)

Evidence for Reaction 27a and 27b has been presented previously (1, 14).
Numerous non-ionic reactions leading to C3Hg have been postulated
by others (20, 28, 30, 44).
ButENE ForMATION. Parent ion appears to be the only ionic pre-
cursor for C4H,. Several mechanisms for producing C.H, and C.H,*
from CH,* were given above. These may be combined as:

C,H,* + C,H, = C,Hg* (28a)
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CH* +M—>CH, + M (28b)

BuTtaNe FormaTioN. Threshold energy data (Table V) show that
C4Hy, has the same three ionic precursors as C.Hy and two of the pre-
cursors of C.H;. Hummel (20) has suggested that C;H,, is formed
mainly from C,H,. This information lends credence to the following
mechanisms. Reactions leading to the following reactants have been
discussed above.

C,H,* + C,H, = C,H,o* (29a)

CHyo* + M= CHy + M (29b)
and/or

C,H¢* + C,H, = C,H," (30)

followed by Reaction 29b.

Conclusions

The wide-range radiolysis source gives direct evidence of the relative
role of ion-molecule reactions, initial stable products, the radiolytic yield,
and the ionic precursors of these products by using flow, low pressure,
localized ionization, and electric fields.

Although this study of the radiolysis of methane was exploratory, it
illustrated the usefulness of the wide-range radiolysis source, and our
results contribute to the understanding of the radiolytic process which
has been so controversial. Further development of the apparatus and
techniques are contemplated, and the methane system will be studied
further and in more detail.
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The X-Radiolysis of Perfluorocyclobutane
and Mixtures of Perfluorocyclobutane and
Methane in the Gas Phase

EDGAR HECKEL'’ and ROBERT J. HANRAHAN
University of Florida, Gainesville, Fla. 32601

The x-radiolysis of perfluorocyclobutane in the gas phase
consists of a combination of fragmentation and telomeriza-
tion processes. More than 10 products were noted with
chain lengths from C; to C,,, as well as C,F,, CsF;, C;Fs,
and a white polymer. Even-carbon exceeded odd-carbon
products by two-fold. The radiolysis was not affected by
added N,O, but all heavier fluorocarbon products were
eliminated by added O,. With added CH, no products
having more than five carbon atoms were found. It is postu-
lated that the radiolysis of perfluorocyclobutane proceeds
along three major paths: direct decomposition, giving two
molecules of tetrafluoroethylene; a process giving perfluoro-
cyclobutyl radicals plus fluorine atoms; and a process giving
C; and C; species. The radicals then initiate a short chain
polymerization of tetrafluoroethylene.

Perﬂuorocyclobutane differs from its hydrocarbon analog in many
physical and chemical properties. It is more easily formed and more
stable thermodynamically than cyclobutane (17). The thermal decom-
position of perfluorocyclobutane proceeds by a direct unimolecular proc-
ess to give two molecules of tetrafluoroethylene, although other processes
contribute to some extent (2, 12). Although Doepker and Ausloos have
recently described the radiation chemistry of cyclobutane (3), the per-
fluorocarbon has received only slight attention. Fallgatter and Hanrahan
(5) qualitatively studied the y-radiolysis of liquid F-cyclobutane [F- is

! %esent address: Chemistry Department, East Carolina University, Greenville, N. C.
27834.
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used as an abbreviation for perfluoro] and found F-ethylene, F-cyclopro-
pane, and C;, Cq, and C; perfluorocarbons, as well as fluoroform, which
presumably arose from an impurity. Rajbenbach (19) published a brief
account of the effect of fluorocarbons, including F-cyclobutane, on the
hydrogen yield from hydrocarbons. The mass spectral cracking pattern
of F-cyclobutane has also been published (14).

This paper describes a study of the gas-phase x-radiolysis of pure
perfluorocyclobutane, including the effects of added N,O and O, on the
reaction. Mixtures of methane and F-cyclobutane were also examined
over a broad composition range. The latter experiments were intended
to shed light on the radiolysis mechanism of pure perfluorocyclobutane
as well as to provide information on the radiolytic behavior of gas-phase
fluorocarbon-hydrocarbon mixtures. Related studies on liquid phase
mixtures of cyclohexane and F-cyclohexane are currently in progress in
this laboratory.

Experimental

Sample Preparation and Irradiation. The F-cyclobutane used in
these studies was obtained from Air Products and Chemicals, Inc. and
contained only small amounts of impurities; it was repurified using pre-
parative gas chromatography. The column was 2.5 meters long, 3/8
inches in diameter, packed with silica gel of 60-200 mesh (W. H. Curtin),
and was connected between the storage tank of F-cyclobutane and the
vacuum line. After the column was evacuated to high vacuum over
several hours, the F-cyclobutane was released cautiously from the tank.
At the arrival of the first traces of gas, the pressure in the vacuum line
increased. The first portion of the repurified gas was discarded. The
main fraction of F-cyclobutane did not contain any impurities which
could be detected by gas chromatography.

The methane used was Phillips Research Grade (99.68% ) and
contained ethane, ethylene, propane, nitrogen, and carbon dioxide. Re-
purification was simliar to the method described above. However,
molecular sieve 13 X was used as the stationary phase. The purified
methane contained only nitrogen and much less of the original ethane.

Nickel-plated copper vessels were used in all radiolysis experiments.
The vessels were made from copper tubing, 1.5 inches in diameter. The
bottom was a 1-mm. thick copper sheet which was silver soldered to the
approximately 10-cm. high vessel. A Hoke brass valve with Teflon seat
and phosphorus bronze bellows was attached to the top of the vessel
by a 1/4-inch Swagelock fitting. Each vessel and all parts of the valves
were nickel plated.

The radiation source was a General Electric laboratory model Maxi-
tron 300 x-ray unit. The machine was operated at 300 kv. and 20 ma.
in all experiments. The radiation vessel hung vertically, inverted so that
its bottom was as close as possible to the window of the x-ray tube. Thus,
the vessel partially shielded its valve from the x-ray beam. The bottom
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of the vessel served also as a filter for the weak component in the
x-radiation. All experiments were carried out at 30 == 3°C.

To save time and cost of operating the x-ray machine, we used a
special technique to prepare larger amounts of reaction products for
microcombustion analysis. A 1-liter round-bottomed flask was provided
with two stainless steel electrodes opposite each other and with a Fischer-
Porter Teflon plug needle valve. The vessel was filled with 10 to 50 torr
of gas, and an electrical discharge between the electrodes produced good
yields of the same kind of products obtained by radiolysis. The discharge
was generated by a small Tesla coil of the type used to check the pressure
in a vacuum line. To duplicate the chromatograph patterns characteristic
of the x-ray work, it was necessary to use the lowest setting of the Tesla
coil which would maintain the discharge.

Sample Analysis. Qualitative and quantitative analyses of the radi-
olysis products of perfluorocyclobutane and mixtures of perfluorocyclo-
butane and methane were made using a combination of gas-liquid chro-
matography, mass spectrometry, and microcombustion analysis. These
techniques, described in detail elsewhere (8), are based on the use of a
specially constructed dual column, dual detector gas chromatograph with
a vacuum input manifold. All products except hydrogen fluoride were
analyzed in the “duplex” gas chromatograph. Hydrogen was separated
from methane and traces of air on a 4.4-meter column of molecular sieve
5 A.; detection was by thermal conductivity. All other products were
analyzed using a temperature-programmed unit (2.1°C. per minute, 15
minutes after injection) which had a flame ionization detector; the column
used was silica gel (60-200 mesh).

A special approach was necessary to calibrate the flame ionization
detector for the various radiolysis products (8) since standard samples
of most higher fluorocarbons cannot be obtained. By means of a stream-
splitting valve on the duplex gas chromatograph about half of the column
effluent was diverted into a modified Miller-Winefordner (15) chromato-
graphic-type microcombustion apparatus. Here all organic compounds
are converted to CO; (and H;O, if hydrogen is present). The combustion
products are analyzed with a thermistor detector. This unit was calibrated
on an absolute basis in terms of gram-atoms of carbon per unit chart area
(1 sq. cm. of chart = 1.75 X 107 mole of carbon). After the molecular
formula of each product was found by mass spectrometric analysis, the
number of moles of compound in each chromatograph peak could be
determined, and the sensitivity of the flame ionization detector could be
calculated. A relatively large product yield, produced by several hours
of x-irradiation (or by about 20 minutes of Tesla coil discharge) was
necessary to obtain sufficient signal on the microcombustion unit. Radi-
olysis times of 15 to 150 minutes were used in other experiments.

Hydrogen fluoride was determined by a conventional analytical pro-
cedure. Using basically the qualitative test for fluoride ion as described
by Feigel (7), 5 ml. of a solution containing zirconium chloride, alizarin
sulfonate, and hydrochloric acid were introduced into the irradiation
vessel through its valve. The valve was shut, and after shaking vigor-
ously, an aliquot was placed in a l-cm. borosilicate glass cuvette to
measure the absorbance of the solution at 5200 A. This method is sensi-
tive but not very reliable because the absorbance is time dependent.
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Successful detection of HF as a radiolysis product apparently depends
on using metal radiolysis vessels since no HF could be found in an
experiment using a glass vessel.

Dosimetry. The dose rate from the x-ray source was measured by
using the hydrogen yield (Gu, — 1.3) of the ethylene dosimeter (9).
Using a 104.5-cc. vessel filled with 50 torr ethylene, we found a dose
rate of 4.80 X 10* e.v./gram-hour.

Energy absorption in F-cyclobutane and in methane-F-cyclobutane
mixtures was calculated relative to the ethylene result. Since the vessels
were nickel-plated copper, the radiation effects were mainly caused by
secondary electrons ejected from the vessel walls. Dose rates in the
gases were calculated using the Bragg-Gray principle and Bethe’s formula
for the electronic stopping power S.. (Since the more complicated equa-
tion for electrons and the much simpler one for heavy charged particles
give equivalent results for electrons in the range 50-200 Kev., the latter
was actually used in the calculations.) Therefore, the relative stopping
power per electron in two different materials, designated ¢., is given by

{e= Se1/Se2 (1)
where

S.=In(2M,c282/I) — In(1 — g2) — B2 A(2)

In this expression B is the velocity of the electrons divided by the velocity
of light, and T is the average excitation potential of the material. Equation
2 differs from the complete Bethe equation in that a combination of con-
stant factors multiplying the logarithmic term, which would cancel in
Equation 1, has been omitted. The T of a compound can be calculated
from values of its atomic constituents by the approximate formula:

In(I) =3, [N:iZin (1) 1 /NZ; (3)

where N is the number of atoms of a given kind per formula unit, and
the summation is over the various kinds of elements present (i) (9).
Values of S, are given for methane, ethylene, and F-cyclobutane in
Table I. Values of T were found to be 40.8 e.v. for methane, 51.6 e.v. for
ethylene, and 102.4 e.v. for F-cyclobutane.

For two different gases the ratio of the energy absorbed E (e.v./
gram) is given by
Ey _ NiSa
E; — NS,
where N; and N, are the number of electrons/gram for each gas, and
Se1 and S are the respective values of stopping power per electron.

(To the extent that the Bragg-Gray principle applies, the energy absorp-
tion on a per gram basis is independent of the pressure.)
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Table I shows that electron stopping powers vary moderately over
the energy range appropriate for secondary electrons from a 300 kv.
x-ray set (we use the range 50-200 kv.). However, the ratio of stopping
powers for any pair of gases varies by only about 2% for the energy
range indicated. Accordingly, calculations were made using an average
value of the ratio of S, for each gas to S, for the ethylene dosimeter. On
this basis the measured absorbed dose rate of 4.80 X 10?° e.v./gram-hour
in ethylene corresponded to an absorbed dose rate of 3.73 X 102 e.v./
gram-hour in F-cyclobutane and 5.40 X 10%° e.v./gram-hour in methane.
For mixtures of methane and F-cyclobutane it was assumed that each gas

Table I.  Stopping Power per Electron as a Function
of Secondary Electron Energy

Energy,
Kev. B Methane Ethylene F-cyclobutane
50 0.4128 8.34 8.12 7.42
100 0.5483 8.96 8.70 8.05
200 0.6954 9.55 9.32 8.62

absorbed energy independently in proportion to the mass of that gas
present. The total pressure in these experiments was held constant at
150 torr.

Results

Product Identification. Several experiments were performed at a
relatively high total x-ray dose (ca. 1 X 10! e.v./gram, or about two
hours of irradiation) to identify radiolysis products from pure F-cyclo-
butane. During the chromatographic analysis of each sample, five or six
peaks were collected in U-traps and analyzed with a Bendix mass spec-
trometer. Owing to the small amount of material available, the samples
were allowed to leak directly into the ion source via a needle valve; a
conventional reservoir-gold leak system was not used. The assignments
made for the molecular formulas of the various chromatograph peaks
are listed in Table 1.

Consideration of the peaks eluting before the parent F-cyclobutane,
identification of C,F, and C;Fy was straightforward since each gave a
mass spectrum in good agreement with those tabulated by Majer (14).
Perfluoromethane was not detected. Since its response in the flame
detector was 1/1000 that of other fluorocarbons, it may be present despite
our failure to detect it.

The molecular formula of C;F was definitely established from its
mass spectrum, but there is some uncertainty about its structure. The
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mass spectrum was not identical to that of either F-propylene (14) or
F-cyclopropane (5). The difficulty was probably caused by contamina-
tion of the sample with the parent F-cyclobutane, which eluted immedi-
ately afterwards. The compound is tentatively identified as F-cyclopro-
pane, based on its elution position.

The olefin F-cyclobutene, which would be derived from the parent
compound by loss of F,, definitely is not produced. A standard sample
of F-cyclobutene eluted between the peaks identified as C;F;2 and CoF 4,
where no radiolysis product appeared. Since the parent F-cyclobutane
tailed badly on the silica gel column used, the presence of other possible
C,; fluorocarbons such as n-C,Fg or n-C,F;, could have been masked.

Identification of the higher products through C,o is contingent upon
the peculiarities of fluorocarbon mass spectra, which have been reviewed
by Majer (14). One problem is the fact that saturated fluorocarbons
generally do not give the parent ion. An ion with one fluorine atom less
than the parent usually does occur but is usually only 1 or 2% of the base
peak. As a result, molecular weight verification usually rests on inter-
preting a few small peaks at considerably higher masses than the main
peaks of the spectrum. A doubt often exists as to whether these peaks
might arise from impurities in the sample or from machine background.
On the other hand, perfluoro-olefins usually do show a substantial parent
ion peak, as well as other peaks near the parent mass. Since these features
do not occur in any of our higher radiolysis products, we conclude that
none of them are olefins. Instead, the several C,F,, products are believed
to contain a C; ring, and the compound C;oF;s must contain two rings.
All products above C;F,2 showed a strong m/e 100 peak in their spectrum,
consistent with the presence of a cyclobutane ring (14).

For products listed as C;,, Cy3, and Cy, it appeared that the column
failed to resolve compounds of the same chain length. The mass spectra
indicated that each of these peaks contained a mixture of substances.

Product Yields. Yields of all products from pure F-cyclobutane were
measured as a function of the radiation dose. G values listed in Table II
are taken from the slopes of the resulting graphs. All products below C;.
gave linear plots; the heavier products are probably also linear with dose,
but experimental error was greater for these compounds. At the higher
temperatures and longer elution times necssary for the Ci,, Ci3, and Cyy
products, the peaks became broader, and the chromatograph background
increased. In view of the fact that a white, Teflon-like polymer formed
during radiolysis, higher products were probably formed but were not
detected. The G-values given in Table II correspond to a total consump-
tion rate of F-cyclobutane of 3.0 molecules per 100 e.v. Owing to the
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Table II. Products and Their Yields from X-ray Irradiated
F-cyclobutane at 150 torr

Product G Value

C,F, 0.13
CyFs 0.008
C3F, 0.005
CiFy, 0.065
CeF1z 0.091
C,Fy, 0.077
CeF1e 0.21
CoFys 0.13
CoF20 0.007
CioF20

GLop 0.12
Cis 0.18
Cys 0.17
Ci 0.12

production of polymer, this must be taken as a lower limit of the actual
radiation sensitivity of F-cyclobutane.

Effect of Sample Pressure. The effect of F-cyclobutane pressure was
investigated over 50-300 torr. No change in product G-values was found
—i.e., total product yields increased in direct proportion to the number
of grams of F-cyclobutane irradiated. This implies both that the reactions
involved are not appreciably pressure dependent in the range studied and
also that the Bragg-Gray conditions are adequately met over this range.
(The occurrence of equal but opposite trends from these two causes,
which would cancel, appears unlikely. )

Effects of Added Scavengers. Several additives were used to obtain
more information about the reaction mechanism. Adding 5% nitrous
oxide had no measurable effect on product yields. However, with 5%
added oxygen or ethylene, all products listed in Table II except C.F,
were eliminated, and new but unidentified products were formed. These
results strongly suggest that the final products from pure F-cyclobutane
arise from a free radical sequence.

Methane—F-cyclobutane Mixtures. Studies were performed on vari-
ous mixtures of methane and F-cyclobutane with compositions between
3 and 97% methane. Products were also measured for pure methane.
Results of these experiments are shown in Figures 1 and 2. Products from
pure methane—namely hydrogen, ethane, ethylene, and propane—were
found at all intermediate concentrations, although yields were depressed
below “ideal mixture” lines. The radiolytic behavior of the F-cyclobutane,
however, was drastically modified. All perfluorocarbon products beyond
the parent F-cyclobutane were completely eliminated, even with 3%
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added methane. The fragmentation products—C.F,, C3Fs, and C3Fe—
were enhanced in yield, maximizing between 30 and 50% added methane.
HF was found in substantial amounts. The only other “cross-product”
measured was tentatively identified as CH;—CF=—CF,; its yield maxi-
mized at about 40% methane.

0 0.5 1
MOLE FRACTION OF METHANE

Figure 1. G values of the main products
formed in the radiolysis of ¢-C ,Fe—CH, mix-
tures. O HF; O H,; Q C,H; X C;Hy; @ C,F,

Other products which might be expected were probably masked by
the F-cyclobutane peak. In particular, c-C,F;H may be masked in this
way since it would be anticipated as a product from work on mixtures of
cyclohexane and F-cyclohexane (6). One product peak was in fact ob-
served on the tail of F-cyclobutane, but it was never separated sufficiently
to analyze. Since this product appeared to maximize at high methane
content, it may be ¢-C,F;CH; which also would be expected, at least in
small yields (6).

Discussion

Pure F-cyclobutane. The general aspects of the radiolysis results
are consistent with other studies of perfluorocarbon systems (1, 4, 5, 10,
11, 13, 22). Common features include considerable fragmentation of
both C—C and C—F bonds, yielding diverse products, low yields for
individual products, but a moderate over-all decomposition yield, absence
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of an olefin product derived from the parent by loss of F,, and a mecha-
nism involving free radical precursors for most products.

Several observations suggest that some type of chain polymerization
is involved in the radiolysis of F-cyclobutane, especially since a white
polymeric material was observed on the walls of radiolysis vessels and
since measured G values do not decline appreciably with increasing chain
length. The experiments with added methane suggest that the primary
yield of tetrafluoroethylene may be appreciably greater than the net
yield of 0.13 which is observed from pure F-cyclobutane. Furthermore,
there appears to be a genetic relationship between several of the radioly-
sis products, based on the addition of successive C,F, groupings. Accord-
ingly we suggest a branching primary process followed by a sequence of
competing free radical steps in which radicals may add to F-ethylene or
react with one another. Because of the results obtained with N.O, Oq,
and C.H, scavengers, it is assumed that all secondary processes are of
the free radical type. In the following reaction sequence, F within the
cyclobutane ring designates perfluoro.

Primary Processes

F| —W\—» F + F- (5a)
—AM\— 2CF,=CF, (5b)
—\WA—>  CF,- + CF,~=CF—CF, (5¢)

Chain Propagation

F- + C2F4-’ CzF;' (6)

Cst' + C2F4-’ C4F9' (7)

C/Fy: + CoFy— CgFqa- (8)
etc.

CF; + CoF,— CyF- (9)

CyF; + C,F,— CF;- (10)
etc.
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. CF,—CF,-
F| +CF, — |F o (11)
C,F,- CF,- i
Fl °' +cF, — [F] *° (12)
etc.

Chain Termination

C,F;5+ + CFy-—=C,F, (13)
C,Fs* + CyFy = C;Fy, (14)
L] QF
CF;- + F| = |F * (CeFyy) (15)
C,Fy C/Fy
C,F5 + F — F (CsF16) (16)
CFg: CeF13
CF; + | F —- | F (CyoF2) (17)
* CyF;
CsF'," + F - F (C7F14) (18)
C,F,- CF
GFr + [F] “'~ [F]T ™" (CoFs) (19)
. C,F,- C.F
F + F e F “1rF (C1oF1s) (20)

This reaction scheme gives a reasonable account of the formulas of
the products and suggests structures for many of them. The radical-
radical combination reactions are chosen because they lead to observed
products. Other steps could be written, and presumably all possible
combination steps occur to some extent, depending on the rates of forma-
tion of precursors, on the relative rate constants for the possible reaction
channels disposing of each species, and on the concentration of the second
species involved in each bimolecular step. Additional products are cer-
tainly formed. All major peaks beyond C; were double or triple, and
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intervening peaks too small to measure were seen. Furthermore, products
beyond C;4 must be formed since polymer was observed. Radical-radical
disproportionation steps are omitted from the mechanism because there
is experimental evidence that such processes do not occur in perfluoro-
carbon systems (18).

0.5 1
MOLE FRACTION OF METHANE

Figure 2. G values of the minor products formed
in the radiolysis of c¢-C,Fs—~CH, mixtures.
O C,H,; Q CH,C,F;; O CsF,;; ® C;F,

The postulated primary chemical steps can be examined in the light
of the mass spectroscopic fragmentation pattern of F-cyclobutane (14),
which shows C,F,* as the parent peak (abundance 100 arbitrary units).
A 1-3 split is also favorable; C;F5* has an intensity of 87 units, and CF3’,
25 units. These data are consistent with Steps 5b and 5c. Rupture of a
C—F bond (Reaction 5a) must be more important in the radiolysis mech-
anism than indicated by the low abundance of 0.1 unit for the C,F;* ion
in the mass spectrum. However, this anomaly occurs not only in other
fluorocarbon systems (1, 5, 10, 11, 22) but in most hydrocarbon systems
studied to date. The intensities of CF.* and CF* are also substantial in
the mass spectrum, being 13 and 54 units respectively. These results, and
the fact that CF, has often been found under pyrolytic conditions (2, 12),
suggest the possibility that difluorocarbene plays a role in the mechanism,
perhaps leading to a portion of the odd-carbon products. We have no
evidence on this point, however.

Another process which should be considered is ring opening by
fluorine atom attack (Reaction 21).

F- + |F | —= CF,CF,CF,CF,: (21)

This reaction would not lead to a unique product since n-butyl radicals
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can be produced in other ways (cf. Reaction 7). However, Reaction 21
may be an additional source of these radicals. Reaction 21 is favored
thermodynamically since the C—F bond strength exceeds the C—C bond
strength in fluorocarbons by about 30 kcal./mole (17).

There are interesting parallels between the products obtained in this
study and in the xenon-sensitized photolysis of F-cyclobutane, reported
by Miller and Dacey (16). Products identified included CF,, C,Fg, C3Fs,
CsFs, and c-C3F, as well as considerable amounts of higher molecular
weight fluorocarbons thought to be Cg compounds, but not positively
identified. Although the authors considered a mechanism involving de-
composition of excited F-cyclobutane an give F-ethylene, they discarded
it in favor of a scheme involving abstraction of two fluorine atoms to give
XeF, and excited F-cyclobutene.

The present data are broadly similar to earlier radiolysis results on
liquid F-cyclobutane by Fallgatter and Hanrahan (5), who found C,, Cs,
Cs, Cg, and Cg compounds. Higher products were not detected. Since
the earlier work involved liquid rather than gaseous F-cyclobutane and
since the radiolysis samples studied at that time were known to be slightly
contaminated with hydrogen-containing materials, a detailed comparison
with the present work is not warranted.

Methane—F-cyclobutane Mixtures. The present data on the radiblysis
of methane-F-cyclobutane mixtures can be compared with several earlier
studies. Rajbenbach (19, 20) measured H, yields and competition be-
tween fluorocarbon and N;O as electron scavengers in liquid-phase sys-
tems containing F-cyclobutane (or other fluorocarbons) in n-hexane and
cyclohexane. A marked decrease in the hydrogen yield was demon-
strated and attributed to nondissociative electron capture by the fluoro-
carbon. Fallgatter and Hanrahan (6) studied the full range of liquid
mixtures of cyclohexane and F-cyclohexane from 0-100% fluorocarbon
and measured several product yields as a function of dose. They found a
large yield of c-C¢F1;H (G = 3.5) and an increase in dicyclohexyl at in-
termediate concentrations, as well as confirming the drop in the hydrogen
yield. It was pointed out that production of c-C¢F1;H appears to rule out
nondissociative electron capture as the main explanation of the effect on
the hydrogen yield. Sagert (21) made detailed studies of more dilute
solutions (0.3M or less) of F-cyclobutane, F-cyclohexane, and F-methyl-
cyclohexane in cyclohexane and also noted extensive conversion of C—F
to C—H bonds. He also interpreted this as evidence that processes other
than nondissociative electron capture must be taking place.

Fallgatter and Hanrahan (6) noticed that the radiolysis products
from their fluorocarbon-hydrocarbon mixtures resemble the pure hydro-
carbon results rather than the products from the pure fluorocarbon. A
similar generalization appears to be valid for the present experiments.
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For CH,~c-C/Fs mixtures, H,, C,H,, C,Hq, and C3H; all appear at
intermediate concentrations, although their yields are depressed below
ideal mixture lines, while all fluorocarbon products except C, and C;
compounds are eliminated. However, a more detailed comparison of this
work with the earlier studies shows a major difference in that efficient
hydrogen scavenging at low concentrations of fluorocarbon was not
observed. Whereas 0.2M added c-C,Fs decreased the hydrogen yield
from liquid cyclohexane by 50% according to Rajbenbach (19), it re-
quired about 25 mole % F-cyclobutane to decrease the H, yield from
gaseous methane by the same amount. These contrasting results may be
caused by a larger role for ionic processes in the production of H, from
gaseous methane than from liquid cyclohexane (23).

A'marked regularity was found between the decrease in the hydrogen
yield and the decreases in the yield of hydrocarbon products in the
experiments depicted in Figures 2 and 3. In the absence of complications,
stoichiometry indicates that:

AG(H,) = AG(C,H,) + 2AG(C3Hg) + 2AG(C,H,) (22)

The data given in Table III show that this regularity does occur. This
result casts some doubt on the results of the HF analysis, also indicated
in Figure 1. If protection of methane occurs by a physical process, then
the simultaneous, coupled decrease in the yields of H, and hydrocarbons
can be understood. If the scavenging is chemical and yields HF as a
product, then a fate must be found for the methyl radicals or other species
which are precursors of the missing hydrocarbon yields.

Table III. Decrease of the Yields of Hydrogen, Ethane, Propane, and
Ethylene in Gaseous Mixtures of Methane and F-cyclobutane

CH AG A2G
1
mole fraction  H, C,H, CsH, C.H, ASG(RH)

0.95 1.00 0.65 0.20 0.10 0.95
0.90 1.20 0.85 0.30 0.08 1.23
0.80 145 105 0.40 0.05 1.50
0.70 1.50 1.10 0.45 0.03 1.58
0.60 140 1.05 0.45 0.02 1.52

Most aspects of the radiolysis results are consistent with the interpre-
tation that F-cyclobutane protects methane while methane simultaneously
protects F-cyclobutane, particularly as regards free radical fragmentation.
Molecular fragmentation to give C.F4 clearly persists in the mixtures,
along with some processes of low yield giving C; products. These pro-
tection effects can probably be explained in terms of ionic rather than free
radical processes. As noted above, the radiolysis of methane is usually
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considered to proceed largely along ionic lines. Although we believe that
final products from F-cyclobutane are formed in free radical steps, the
primary physical processes indicated by the wavy arrows in Reactions
5a, 5b, and 5c almost certainly involve ionic species as well.

Acknowledgment

We thank Daniel Billen for use of the Maxitron x-ray unit. This
work was supported by Atomic Energy Commission Contract No. AT-
(40-1)-3106 and by the University of Florida Nuclear Science Program.
This is Document Number ORO-3106-23.

Literature Cited

1)

As]zi\gvés\;v. C., Reed, III, T. M., Mailen, J. C., Radiation Res. 33, 282

Butler, J. N., J. Am. Chem. Soc. 84, 1393 (1962).

Doepker, R. D., Ausloos, P., J. Chem. Phys. 44, 1641 (1966).

Fajer, J., MacKenzie, D. R., Bloch, F. W., ]. Phys. Chem. 70, 935 (1966).

Fallgatter, M. B., Hanrahan, R. J., ]. Phys. Chem. 69, 2059 (1965).

Fallgatter, M. B., Hanrahan, R. J., “Abstracts of Papers,” 154th Meet-
in% ACS, Sept. 1967, V-75.

Feigl, F., “Spot Tests in Inorganic Analysis,” 5th English Ed., pp. 269-
271, Elsevier, New York, 1958.

Heckel, E., Hanrahan, R. J., in preparation.

Hine, G. J., Brownell, G. L., “Radiation Dosimetry,” pp. 625, 627, Aca-
demic Press, New York, 1956.

Kevan, L., Hamlet, P., J. Chem. Phys. 42, 2255 (1965).

Kevan, L., J. Chem. Phys. 44, 683 (1966).

Lifshitz, A., Carroll, H., Bauer, S., J. Chem. Phys. 39, 1661 (1963).

MacKenzie, D. R., Block, F. W., Wiswall, Jr., R. H., ]. Phys. Chem. 69,
2526 (1965).

Maijer, J. R., Advan. Fluorine Chem. 2,55 (1961).

Miller, C. D., Winefordner, J. D., Microchemical ]. 8, 334 (1964).

Miller, G. H., Dacey, J. R., J. Phys. Chem. 69, 1434 (1965).

Patrick, C. R., Advan. Fluorine Chem. 2, 23 (1961).

Pri(tchard), G. O, Miller, G. H., Dacey, J. R., Can. J. Chem. 39, 1968

1961).

) Rajbenbach, L. A., J. Am. Chem. Soc. 88, 4275 (1966).
) Rajbenbach, L. A., Kaldor, U., J]. Chem. Phys. 47, 242 (1967).

Sa]g(ert, N. H, Can. ]J. Chem. 46, 95 (1968).
Sokolowska, A., Kevan, L., J. Phys. Chem. 71, 2220 (1967).

) Spinks, J. W. T., Woods, R. II., “An Introduction to Radiation Chemistry,”
ey

pp. 215-218, 319-322, Wiley, New York, 1964.

RECEIVED January 8, 1968.

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch007

7

Vapor-Phase y-Radiolysis of Benzene,
Toluene, Ethylbenzene, and the Xylenes

K. E. WILZBACH and LOUIS KAPLAN
Argonne National Laboratory, Argonne, Ill. 60439

Benzene, toluene, ethylbenzene, and the three xylenes have
been irradiated in the vapor phase with gamma rays.
Products and yields have been compared with those in
liquid-phase radiolysis. G values for disappearance in the
vapor phase range from 6 to 10, more than five times greater
than in the liquid phase. The principal product in each
case is “polymer.” All of the identified products are also
found in the liquid phase, but relative yields are markedly
different. The high yields of acetylene and some other
products in the vapor phase suggest that ionic processes
are more important here than in the liquid phase.

The stability of aromatic hydrocarbons to radiation has been cited so
frequently in the literature that it has come to be accepted (5, 6)
as a characteristic of aromaticity, a consequence of electron delocaliza-
tion. These conclusions are based on the results of irradiations in the
liquid phase. That they may not apply to the isolated aromatic molecule,
however, is suggested by the few reported studies of the radiolysis of
aromatic hydrocarbons in the vapor phase. Such studies have thus far
been limited to two compounds—benzene (8, 10, 11) and isopropylben-
zene (cumene) (9), and differences in the character of the radiation or
the conditions of irradiation preclude a simple assessment of the effect
of phase on these systems.

To provide further information on this point, we have investigated
the y-radiolysis of benzene, toluene, ethylbenzene, and the xylenes in the
vapor phase and have determined yields of the gaseous products, “poly-
mer,” and some products of intermediate volatility. These results are
compared with those of parallel irradiations of liquid toluene and o-xylene
and with published (2, 12) data for the other hydrocarbons in the liquid
phase.
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Experimental

Chemicals. The o-xylene was an American Petroleum Institute stand-
ard sample, with stateX impurities of 0.005 = 0.004 mole %. Other
hydrocarbons were purified by gas chromatography. Purity was checked
by gas chromatography on three columns of different selectivity: except
for 0.02% p-xylene in the m-xylene, no more than 0.002% of any impurity
was detected. Samples were stored in vacuo.

Irradiation. Samples were irradiated in the Argonne high level
gamma irradiation facility. y-Rays, from spent reactor fuel elements,
ranged in energy from 0.22 to 2.5 Mev., with an average of about 0.75
Mev. The dose rates for various samples varied from 1 X 10* to 4 X 10*
rads per minute. The temperature of the samples was about 30°C.

Dosimetry. The intensity of the flux at the sample site was measured
periodically with a ferrous sulfate dosimeter, using Gpeqm = 15.5.
Energy absorbed in liquid samples was based on this dosimetry and was
corrected for the electron density of the samples. To determine energy
absorbed in the vapor samples, nitrous oxide was irradiated, at compa-
rable electron densities, in the vessel used for the hydrocarbons; the
G value for nitrogen production was taken to be 11.0 (7).

Procedure. For liquid-phase studies, weighed samples (ca. 0.5 ml.)
were irradiated in sealed, evacuated glass tubes (ca. 0.7 ml.). Vapor
samples were irradiated in a 700-ml. glass cylinder. Small weighed sam-
ples (1277 mg.) of hydrocarbon were introduced into the vessel in
sealed thin-walled capillary tubes prior to evacuation and sealing-off.
Irradiated samples were processed on the vacuum line to yield a non-
condensable gas fraction (H, 4+ CH,), a fraction containing the C, to C
hydrocarbons, and a liquid fraction containing the Cq to C;o components.
The weight of “polymer” was taken to be the difference between the
initial weight of hydrocarbon and the sum of the measured weight of
the liquid fraction and the calculated weights of the gaseous fractions.
The residual polymeric material was not investigated further.

Analysis of Products. The three fractions collected from each sample
were analyzed by gas chromatography. The noncondensable fraction,
containing hydrogen and methane, was analyzed on silica gel at room
temperature. The fraction containing C,~C, hydrocarbons was analyzed
at 75°C. on silica gel treated with didecyl phthalate. Aliquots of the
liquid fraction were analyzed on three columns of different selectivity:
Bentone-34—didecyl phthalate; silicone SE-30; and m-polyphenyl ether
(five-ring). Products were identified, and their yields were determined
by comparison of retention volumes and peak areas with values for
known amounts of authentic samples.

The analytical procedure did not permit reliable analyses for Cs to C;
hydrocarbons. C; and C, products are formed from all of the alkyl-
benzenes, especially from ethylbenzene. A few unidentified peaks were
observed in the analyses of the liquid fractions but generally in low yield.

Results

Our results on the y-radiolysis of benzene, toluene, ethylbenzene,
and the xylenes in the vapor phase, and of toluene and o-xylene in the
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liquid phase, are shown in Tables I and II. The results listed are those
of specific experiments; duplicate runs gave product yields which agreed
within 5-10% with those tabulated. The yields of products were closely
proportional to dose over the limited range investigated, 20-100 Mrads.
No systematic study of effects of dose rate and of pressure on yields was
carried out; increasing the pressure of toluene from 7 to 22 torr produced
no significant change. Included in the tables are the results of Burns and
Jones (2) on the ®Co radiolysis of liquid benzene and of Verdin (12)
on the %Co radiolysis of ethylbenzene and m- and p-xylene in the liquid
phase. To the extent that they overlap, our results on liquid o-xylene
agree reasonably well with those of Verdin (I12) as do our results on
liquid toluene with those of Weiss and Collins (14).

Comparison of the results of vapor- and liquid-phase radiolysis shows
that the yields of all products from each hydrocarbon are markedly
greater in the vapor phase. As in the liquid phase, “polymer” is the pre-
dominant product, accounting for 83-96% of the hydrocarbon consumed.
The 100-e.v. yields (G values) of “polymer” increase with alkyl substitu-
tion from 6 for benzene to 8.7 for ethylbenzene; the yield in each case
is about five to six times that observed in the liquid phase.

The gaseous products (hydrogen, methane, and the C, hydrocar-
bons) are formed also with high G values in the vapor-phase radiolyses.
Yields of H, increase markedly with alkyl substitution, from 0.15 for
benzene to about 0.8 for ethylbenzene and p-xylene, paralleling the trend
in the liquid phase but about four times greater in each case. Methane
and ethane yields also increase with alkyl substitution; from the alkyl-
benzenes the yields of methane are 10-20 times greater and those of
ethane are more than 100 times greater in the vapor than in the liquid
phase. Yields of ethylene and acetylene are also much higher in the vapor
phase. Acetylene yields are decreased slightly by alkyl substitution;
ethylene yields are increased markedly by ethyl substitution but only
moderately by methyl substitution.

The liquid products include compounds in which alkyl groups have
been replaced by hydrogen and vice versa. In vapor-phase radiolysis,
G values for replacement of a single alkyl group (e.g., benzene from
toluene and ethylbenzene; toluene from xylenes and ethylbenzene) are
ca. 0.3, about 10 to 20 times those in the liquid phase. Replacement of
two alkyl groups is still an important process in the radiolysis of the
xylene vapors although almost negligible in liquid o-xylene. Replace-
ment of hydrogen by methyl occurs both in the ring and in side chains.
In the vapor phase, the replacement of an aromatic hydrogen is affected
by its position; G values range from 0.007 to 0.06, with the order of
preference being meta > ortho > para. In the liquid phase, the corre-
sponding process is essentially statistical, with a G value of 0.001 per
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hydrogen. In the vapor, side-chain hydrogens are substituted about as
readily as ring hydrogens, with the alpha position favored over the beta
(as judged from ethylbenzene).

Table I. y=Radiolysis of Benzene, Toluene, and Ethylbenzene
in Vapor and Liquid Phase

Vapor Phase Liquid Phase
Ben- Tolu- Ethyl-  Ben- Tolu- Ethyl-

Conditions zene ene  benzene® zene® ene  benzene®
Pressure, torr 26.4 7.5 7.6 liq. liq. liq.
Dose, e.v. gram™ X

1021 8.8 9.1 1.7 8.7
Rate, e.v. gram™!
sec.”l X 10718 6.1 2.3 2.8 2.2

Products Goroduct Goroduct
Hydrogen 0.15 047 0.76 0.039 0.11 0.158
Methane 0.018 0.15 0.51 0.017 0.0259
Ethane 0.004 0.06 0.92 0.0001 0.0057
Ethylene 0.08 0.10 0.40 0.0004 0.0071
Acetylene 0.73 0.64 0.56 0.019 0.007 0.0021
Benzene 0.20 0.38 0.018 0.016
Toluene 0.02 0.34 0.018
Ethylbenzene 0.007 0.07 0.001
0-Xylene 0.02 0.02 0.002 < 0.002
m-Xylene 0.06 0.01 0.002
p-Xylene 0.007 0.001
Propylbenzene 0.003 0.034
i-Propylbenzene 0.11
o-Ethyltoluene 0.002 0.035
m-Ethyltoluene 0.003 0.10
p-Ethyltoluene 0.002 0.012
“Polymer” 6.0 6.3 8.7 094 1.16

¢ Products found also include propane, butanes, butylbenzenes, and diethylbenzenes.
® Data of Burns and {ones (2).
° Data of Verdin (10

.

In radiolysis of xylenes, the products include benzocyclobutene and
the isomeric xylenes. The former is formed from o-xylene in the vapor
phase with a G-value of 0.08, 40 times that in the liquid phase. Its yield
from the other xylenes is much smaller. The G values for isomerization
of the xylenes in the vapor phase are about 0.3. In each case both possible
isomers are formed with significant yields. In the liquid phase, the
isomerization of o-xylene is much more selective; m-xylene is produced
with a G of 0.01; the para isomer could not be detected.
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Table II. y-Radiolysis of 0-, m-, and p-Xylene
in Vapor and Liquid Phase

Xylene Vapor Xylene Liquid
Conditions o- m- p- o- m-* p-*

Pressure, torr 4.7 3.0 2.9 — —_ —_
Dose, e.v. gram™ X

1021 82 84 8.0 8.2
Rate, e.v. gram™

sec.”l X 10710 19 18 17 5.7

Products Goroduct Goroauet

Hydrogen 065 0.65 0.84 0.18 0.184 0.209
Methane 026 0.32 0.33 0.025 0.0142 0.0144
Ethane 039 041 041 0.0002 0.0001
Ethylene 0.16 0.14 0.15 0.0004 0.0002
Acetylene 0.53 0.56 0.59 0.0028 0.0033
Benzene 0.13 0.10 0.15 0.001 <0.05 <0.002
Toluene 0.36 0.21 0.38 0.031 <0.05 0.014
Ethylbenzene 0.028 0.012 0.011 <0.0003
0-Xylene 0.10 0.08 <0.05 <0.002
m-Xylene 0.18 0.26 0.012
p-Xylene 0.07 0.11 <0.0003
Benzocyclobutene 0.08 0.01 0.004 0.002
o-Ethyltoluene 0.13 0.002 0.001 0.0028
m-Ethyltoluene 0.004 0.10 0.004
p-Ethyltoluene 0.001 0.002 0.11
1,2,3-Trimethyl-

benzene 0.065 0.010 0.001 0.0021
1,2,4-Trimethyl-

benzene 0.027 0.018 0.12 0.0028
1,3,5-Trimethyl-

benzene 0.062
“Polymer” 7.2 6.4 6.6 1.44 0.99 1.10

*Verdin (10).

Discussion

The results clearly demonstrate that aromatic hydrocarbons are
markedly less resistant to radiation in the vapor phase than in the liquid;
G values for their disappearance in the vapor phase (6.3 to 10) are, in
fact, not much smaller than those of comparable saturated hydrocarbons.
In aromatic liquids neutralization of the ions produced by radiolysis is
rapid; the excited states, produced either directly or by ion recombination,
degrade mostly to the parent hydrocarbon (6). Those chemical reactions
which excited species, or radicals derived from them, undergo in the
liquid phase should also occur in the vapor and might be enhanced by
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longer lifetimes of excited states and lower probabilities for radical
recombination. In addition, the longer lifetimes of the ions might result
in ionic decompositions and rearrangements and ion-molecule reactions
not observed in the liquid phase. Elucidation of the pathways by which
the various products of vapor phase radiolysis are actually formed is
beyond the scope of this study. It would require, inter alia, information
concerning the composition of the “polymer” and the effects of dose rate,
pressure, and added scavengers on the yields of each product. It may,
however, be worthwhile to consider briefly some features of the vapor-
phase radiolyses.

For toluene and o-xylene, where analyses are directly comparable,
there are no significant products found in the vapor- which are not also
produced in liquid-phase irradiation. Further, all of these products
except ethylene, acetylene, and benzocyclobutene are also formed in
vapor-phase photolyses (17) at 2537 A.; even these exceptions have been
detected in photolyses of o-xylene at shorter wavelengths. Benzocyclo-
butene was found (13) among the products of photolysis at 1600-2100 A.;
this product, as well as acetylene and ethylene, was observed (18) on
irradiation with an unfiltered mercury resonance lamp.

It would appear, therefore, that all of the products identified in the
vapor-phase radiolyses could be formed from excited molecules. Some
products, however, are so much more abundant in vapor-phase radiolysis
than in photolysis or liquid-phase radiolysis as to suggest the likelihood
of additional precursors. In particular, the formation of acetylene, the
isomerization of the xylenes, and the replacement of aromatic hydrogen
by methyl groups are difficult to explain solely in terms of reactions of
excited molecules.

As indicated, acetylene is formed by photolysis of o-xylene at 1849 A.
In contrast to the situation in vapor-phase radiolysis, however, its yield
is small compared with that of other products. The quantum yield for its
formation is not known, but it is probably close to 0.01, reported (3) for
benzene vapor photolyzed at the same wavelength. So small a quantum
yield could not account for the observed G value of 0.5 of acetylene from
o-xylene vapor (or of 0.7 from benzene vapor). A plausible source of
the excess acetylene is the direct decomposition of ions formed in the
radiolysis. [The possibility that more highly excited states than those
investigated thus far might give higher yields of acetylene (and other
products) cannot be excluded.] Decomposition of ions from aromatic
hydrocarbons to acetylene is known to-occur in the mass spectrometer:
A metastable peak at mass 34.7 in the spectrum of benzene (I) corre-
sponds to the reaction CgHg' — C,H,* + CoH,; processes yielding
acetylene from abundant ions in the spectra of toluene and the Cg aro-
matic hydrocarbons are also known (4). Assuming that the pattern of
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ions formed in radiolysis is similar to that in the mass spectrometer (1),
and using a W value of 30 e.v. per ion pair, one can calculate G values
of 1 to 1.5 for production of acetylene from the various aromatic hydro-
carbons—more than enough to account for the observed yields.

The isomerization of o-xylene in liquid-phase radiolysis, as well as
in vapor-phase photolysis either at 2537 A. (17) or in the vacuum ultra-
violet (13), gives a very high ratio of meta to para isomer. The more
nearly statistical distribution of isomers observed in the vapor-phase
radiolysis may again be rationalized in terms of an ionic process. Mass
spectral studies (4) of isotopically labeled p-xylene indicate extensive
randomization of carbon atoms in the abundant CsHy* ion. It is not
known whether such randomization ocurs in the parent ion or whether
randomized ions could revert to xylenes, but the rearomatization of a
randomized species has been demonstrated (19) in the radiolysis of
toluene-7-14C vapor.

The products resulting from replacement of aromatic H by CHj, in
the vapor-phase radiolyses of the alkylbenzenes, show a strong preference
for meta orientation. That these products are derived from radicals is
suggested by our observation that no xylenes are formed when toluene
vapor is radiolyzed in the presence of iodine. The distribution of isomers
does not, however, correspond to the preferential ortho substitution
found (16) in the homolytic methylation of toluene, nor does it resemble
the nearly statistical distribution observed in liquid phase radiolysis or
in vapor-phase photolysis at 2537 A. (17). The process is obviously
complex, and there is little direct evidence on which to base a mecha-
nism. It may, nevertheless, be of interest that the CgHy" ion is observed
(15) in the mass spectrum of toluene at moderate pressures. Neutraliza-
tion of such an ion could lead to radicals and ultimately to aromatic
products. It is also of interest that the “high pressure” mass spectrum
shows (15) abundant formation of dimeric ions, which may well be
involved in the enhanced production of dimer and higher polymeric
products in the vapor phase radiolysis.
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A Pulsed-Radiolysis Study of the Gas-Phase
Reaction of Oxygen Atoms with Benzene
and Related Compounds: Rate Constants

and Transient Spectra

INDER MANI and MYRAN C. SAUER, JR.

Chemistry Division, Argonne National Laboratory, Argonne, Ill.

Pulsed-radiolysis of gas-phase systems containing CO, or
N,O results in the production of oxygen atoms, which are
in the triplet ground state. In the presence of small amounts
of benzene, for example, an optical absorption is found to be
formed after the pulse, with a maximum at 275 mu and a
shoulder in the region of 300 myu. Similar absorption spectra
are found for other compounds. Rate constants for the proc-
ess O(°P) 4+ X — products are, where the compound X is
given in parentheses and the rate constant is in units of 10°
liter mole! sec.?, 0.36 (benzene), 1.4 (toluene), 3.2 (ethyl-
benzene), 6.7 (o-xylene), 7.7 (m-xylene), 4.5 (p-xylene), 3.1
(chlorobenzene), 0.27 (fluorobenzene), and 1.0 (pyridine).
The estimated limits of error are about +25%.

The production of oxygen atoms by the pulsed-radiolysis of gas-phase
systems containing CO, or N;O has been described (6) and the
reaction with molecular oxygen has been studied. The conclusion was
reached that the oxygen atoms are most likely in the ground state (°P)
when they undergo reaction with the oxygen. In the present work, we
have studied the reactions of oxygen atoms produced in such systems
with various aromatic molecules and have obtained information on the
absolute rate constants of these reactions and on the optical absorption
spectra of the resulting transients.
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Experimental

The experimental details of the preparation of samples, the pulse-
irradiation procedure, and the recording and analysis of data have all
been described (6, 7, 9). Product analysis was done as previously de-
scribed (9), using temperature programmed gas chromatography (25°C.
to 230°C.) and a 2% Versamid-900 on silanized Chromosorb (white,
acid washed, 60—80 mesh) column.

Results and Discussion

Transient Spectra. The spectra are shown in Figures 1, 2, and 3 and
were obtained point by point, as has been previously described (I, 8),

ETHYLBENZENE
IO — ~,
TOLUENE

05 -

RELATIVE ABSORBANCE

A (mu)

Figure 1. Transient absorption spectra resulting from reaction
of oxygen atoms with benzene, toluene, and ethylbenzene
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taking readings every 5 mu. The absorption spectra shown correspond
to a time approximately 20 pusec. after the electron pulse. As will be
discussed in the section on transient decay, the absorption decayed little
over a time of a few milliseconds at wavelengths around the maximum,
but the shoulder at longer wavelengths decayed to a plateau (about 50%
of the maximum O.D.) in a time of less than a millisecond.

Although absorption coefficients could not be determined accurately,
they are estimated to be in the range of 103-10*M™! cm.™ based on what
is known about the concentration of oxygen atoms produced per pulse.
The spectrum for each compound shown in Figures 1-3 is normalized to
1.0 at the maximum.

In the case of benzene, one possible species absorbing in the region
of 275 my is phenol. By measuring the absorption of phenol vapor in
one atm. of air at 24°C. in a Cary spectrophotometer, we found the
absorption coefficient to be 45 X 103M™ cm.? at 275.7 my; however,
the absorption peak at 275.7 was very sharp, the absorption reaching
zero by about 280 mu. We do not know how much the 50 fold increase
in pressure used in the pulsed-radiolysis experiment would affect the
width of the absorption, but it is very unlikely that phenol is the only
absorbing species. In a recent study (10) on the synthesis of benzene
oxide (A) in isooctane solution, this compound was found to have a
maximum absorption at 271 mp, and to be in equilibrium with oxepin (B),
with a maximum at 305 mu.

A 8

The equilibrium is about 2:1 in favor of B at room temp. in isooctane
solution. As will be discussed in the section on transient decay, these
species are possible products of the reaction of oxygen atoms with ben-
zene. In addition, the biradical (C) produced

HCO°
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when triplet ground state oxygen atoms react with benzene may have a
long enough lifetime with respect to conversion to A, B, or phenol to be
responsible for part of the absorption. (It should be noted, however,
that work on the gas-phase reaction of triplet oxygen atoms to olefins (3)
indicates that the lifetime of the biradical must be much shorter than
the approximately 100 usec. lifetime which would be required here. )

(m-XYLENE
10 &
< N

05 —

RELATIVE ABSORBANCE

| ! | 1 L 1 | !
260 280 300 320

A (mu)

Figure 2. Transient absorption spectra resulting from reaction
of oxygen atoms with o-, m-, and p-xylene

In the case of the other compounds studied, the spectra are similar,
as are the decays of the longer wavelength parts of the spectra. However,
we can only surmise that analogous transient species are involved.
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FLUOROBENZENE

05 —

RELATIVE ABSORBANCE

260 280 300 320
A (mu)

Figure 3. Transient absorption spectra resulting from reaction
of oxygen atoms with fluorobenzene and pyridine

Transient Formation. That oxygen atoms in the 3P ground state are
produced when a system of argon and CO. is pulse irradiated has been
previously demonstrated (6). Furthermore, the oxygen atoms were
shown to be formed nearly simultaneously with the microsecond pulse.
When a small amount of benzene (1 to 8 cm.) is added to the system,
optical absorption is found in the region of 275 mg, the spectrum being
shown in Figure 1. This absorption was observed to form with a half
time of about 4 usec. or greater, depending on the benzene pressure. A
typical formation curve is shown in Figure 4. It was found that the first
order rate constant derived from such transient curves was independent
of benzene concentration, as expected, with the following qualifications.
As the benzene concentration was lowered, it was found that high values
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were obtained for the rate constant unless progressively lower intensity
pulses were used. (Of course, the optical density was thereby lowered,
and more amplification had to be used, resulting in greater noise levels.
However, analysis of the curves was possible, several curves being ana-
lyzed at each intensity and the results averaged.) This behavior can
be explained if the formation of the transient by Reaction 1

O + CgHg = CoH,0 (1)

is interfered with by any reaction involving two transient species such as

O + CgHgO — products (2)
0+0—0, (3)
CgHgO + CgHgO — products (4)

Lower pulse intensity makes smaller the probability of Reactions 2, 3,
and 4 occurring during the formation of C¢HsO by Reaction 1.

60 usec

PERCENT
ABSORPTION

Figure 4. Transient formation at 285 my, in system containing 56 atm. Ar,
2 atm. CO,, and 0.09 atm. benzene. The pulse was 80 ma.and 0.4 psec.;
the optical pathlength was 26 cm.

The rate constant obtained for Reaction 1 was 3.6 = 0.7 X 10"M!
sec.”? independent of benzene pressure from 2 to 8 cm. (However, at
1 cm. benzene, low enough pulse intensity could not be used to overcome
the importance of Reactions 2, 3, and 4 relative to 1, and the apparent
rate constant obtained was higher.) Within 20%, the same rate constant
for Reaction 1 was obtained in systems containing 30 to 90 atm. Ar plus

about 2 atm. CO,, 50 aWusfﬁm%(M'aw, and 15 atm. CO.,
ary

1155 16th St., NW.
In MM
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(no Ar). Also, the use of C¢Dg had no effect on k;. (It should be empha-
sized that the rate constants reported here are actually a sum of the rate
constants for all reaction paths by which the oxygen atom reacts with a
given compound. The intermediate C¢HeO formed in Reaction 1, for
example, may represent more than one species. )

As has been discussed previously (6, 7), the oxygen atom which
reacts with benzene is likely to be 3P, and therefore the C¢HgO species
produced in Reaction 1 must be initially the biradical species C. Al-
though we do not know the lifetime of this species, it may be rapidly
converted to species A and/or B, and thereby not contribute directly to
the observed absorption. These species will be further considered in the
section on transient decay.

Similar transient formation curves were obtained when other organic
molecules, listed in Table I, were used instead of benzene. The rate
constants obtained are given in Table I along with that obtained for
benzene. The values for benzene and toluene are in good agreement
with the relative rate constants given by Cvetanovic (3).

Although the estimated error limits are rather large (approximately
25% ), the general trends in reactivity are clear. In the series benzene,
toluene, xylenes, the rate constant for the reaction of oxygen atoms with
the molecule increases by a factor of approximately 20. It is clear that
increasing the number of methyl groups has the effect of increasing the
rate constant, although the differences between the three xylenes may not
be meaningful since the rate constants are the same within the estimated
error. The same order of reactivity (and approximately the same absolute
rate constants) have been observed for the reaction of hydrogen atoms
with these substances (4, 9). The values obtained (9) for the reaction
of hydrogen atoms with benzene and toluene are 0.37 and 1.0 X 108M"!
sec.”), both of which are within the experimental error of the correspond-
ing oxygen atom results in Table I. In the case of xylenes, preliminary
results (4) on the reactions of hydrogen atoms indicate that the rate
constants are about half as great as the corresponding values of Table I.
The rate constant for the reaction of H- with ethylbenzene is likewise
about half that of oxygen atoms with ethylbenzene. Chlorobenzene
shows about the same rate constant for both hydrogen and oxygen atoms,
as does pyridine. Fluorobenzene shows the greatest difference, the hy-
drogen atom reaction being about 2.5 times faster than the oxygen atom
reaction.

Cvetanovic (3) has concluded that the reaction of triplet oxygen
with olefins is electrophilic, and that the reaction of hydrogen atoms is
free radical in nature, the oxygen atom reaction rate constants showing
larger variations with structural changes in the olefins. In view of the
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similarity of the rate constants for hydrogen atom and oxygen atom reac-
tions with the compounds in Table I, the question arises as to whether
the same classifications are reasonable for the reactions with aromatic
compounds.

Table I. Gas Phase Rate Constants for Reactions of Oxygen
Atoms with Organic Compounds

Pressures (atm.) of

Sample Constituents 10* X Rate Constant
Ar CO, Organic liter mole™ sec.™
Toluene 97 2.5 0.032 14 03
Ethylbenzene 51 2 0.011 32 =08
0-Xylene 54 2 0.007 6.7 =16
m-Xylene 54 2 0.009 77 20
p-Xylene 58 2 0.011 45 * 14
Chlorobenzene 58 2 0.012 3.1 *08
Fluorobenzene 55 2 0.09 0.27 £+ 0.06
Pyridine 28,54 2 0.024 1.0 £03
Benzene ¢ 0.36 = 0.07

® Various conditions, see text.

The classification of the hydrogen atom reactions as “free radical”
seems reasonable, as the presence of any of the substituents tested on the
benzene ring has an activating effect, as would seem to be expected (11);
furthermore, the rather small changes in rate constants caused by the
different constituents supports the “free radical,” i.e., homolytic classifica-
tion (11). However, several puzzling aspects of the oxygen atom rate con-
stants in Table I should be pointed out with respect to the question of the
electrophilic nature of the oxygen atom reactions. The increase in reac-
tivity in the series benzene, toluene, xylenes is expected in view of the ex-
pected hyperconjugative effect of the added methyl groups which would
make more electrons “available” to the ring, but on this basis, ethylbenzene
should react more slowly than toluene because of the smaller hypercon-
jugative effect of ethyl compared with methyl. Thus, the data require an
additional electron donating effect, which is stronger for ethyl than methyl.
This is in agreement with work on the formation of =-complexes in solu-
tions of HCI in these aromatic compounds (2), where the conclusion was
reached that the alkyl groups promote the formation of the »-complex with
HCI primarily through their inductive effect, which is expected to be
stronger for ethyl than for methyl. Therefore, in the oxygen atom reac-
tions, the alkyl groups must contribute to the electron density of the aro-
matic nucleus primarily through the inductive effect. The rate constant for
chlorobenzene is also higher than one would expect in view of the ex-
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pected inductive effect of the chlorine atom, which would be expected
to decrease the electron density in the ring. However, recent work (5)
which considers the effect of substituents on the optical absorption spec-
trum of benzene leads to the conclusion that a chlorine atom substituent
contributes electrons to the ring by the mesomeric effect, which quali-
tatively supports our data on chlorobenzene. At the same time, the latter
work finds a very small mesomeric effect for the fluorine atom, which
correlates with the low value for O- 4 fluorobenzene in Table 1.

Therefore, we conclude that the attack of oxygen atoms on the com-
pounds in Table I may be of an electrophilic nature, but that the rather
small differences in comparison with the analogous hydrogen atom reac-
tions leaves some doubt as to the meaning and correctness of this
conclusion.

Decay of Transient Absorption. The optical absorption decayed
significantly over a few milliseconds only at the longer wavelength side
of the maximum absorption—i.e., in the region of 300 mu. (The behavior
of the absorption on appreciably longer time scales was obscured by the
combination of low optical density and fluctuations in lamp intensity.)

|‘— 1200 usec ———'.|

z 0
=9
égz.s
& Q
& 2
< 9.0
.5

Figure 5. Transient decay at 305 my in system containing 56 atm. Ar, 2
atm. CO,, and 0.09 atm. benzene. The pulse was 80 ma.and 0.4 psec.; the
optical pathlength was 26 cm.

A typical oscilloscope trace is shown in Figure 5. (The decay rate did
not change when the argon pressure was varied from 58 to 95 atm., or
when the benzene pressure was changed from 2 to 8 cm.). The absorp-
tion did not decay to zero, but seemed to reach a plateau of about half
of the maximum optical density. Because of “noise” and the difficulty
of establishing the plateau, first and second order tests on such decay
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curves were ambiguous. However, by varying the intensity, and thereby
the concentration of transient, it was found that the decay became faster
with increasing intensity in a manner which indicates that the main path
of decay is by bimolecular interaction between transient species except
at the lowest intensities where a first order decay of the transient perhaps
begins to contribute to the decay. (The first order rate constant is
T 2 X 108 sec.?). The fact that use of deuterated benzene had no
appreciable effect on the decay substantiates the argument that the
decay is mainly bimolecular, since a first order process such as

H

OH

would be expected to be slower with deuterated benzene.
The bimolecular decay of the transient which absorbs at 300 my is
probably not caused by the interaction of two bi-radical species—e.g.,

H o
2 ‘ ~————s products,

because this would leave unexplained the adsorption at lower wave-
lengths which does not decay. However, fortuitous combinations of ab-
sorption spectra can be imagined which would allow the decay to be
ascribed to the bi-radical species (C) being converted to A, B, or phenol.
(This phenomenon of partial decay of the longer wavelength portion of
the spectrum was also observed for the transients formed from the other
organic compounds studied, and the intensity behavior was in general
similar.) It is possible that the decay may be related in some way to a
conversion involving one or more of the isomeric species benzene oxide
(A), oxepin (B), and phenol. The species A and B were found (10)
to be stable in isooctane solution, and to exist in equilibrium with each
other and to have optical absorptions at 271 and 305 mu respectively.
Phenol absorbs in the vapor phase at 275.5 my, as has been mentioned.
Hence, it is tempting to ascribe the decay observed at 305 mu to a
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disappearance of oxepin. However, it is not clear why this would be a
second order decay, and if the oxepin converted to benzene oxide or
phenol, the absorption in the 275 region should increase, which was not
observed. It appears that there is not enough information to permit a
conclusive statement as to which species are responsible for absorptions
in the wavelength regions mentioned.

It should be mentioned that an end-product analysis was carried
out by gas chromatography. The only product detected corresponded
to the retention time of phenol. However, if benzene oxide and oxepin
were present, they may have isomerized to phenol during the process of
collection and passage through the chromatographic column, or the
retention times may have been indistinguishable from that of phenol.
(Authentic samples of oxepin and benzene oxide were not available to
test these points).
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Dipole Effects on Hydrogen Atom Transfer
in Jon-Molecule Reactions

G. G. MEISELS and L. J. LEGER'
University of Houston, Houston, Tex. 77004

Proton and hydrogen atom transfer has been investigated
in the methanol-acetaldehyde system. Combinations of
CH;OH, CD;OH, CH,CHO, CD,CDO, CD;CHO, and
CH;CDO were employed to allow evaluation of the position
from which the transfer occurs, and the ratio plot method
(variation of ionizing voltage near the onset of methanol-ion
formation) was used to distinguish between proton and
hydrogen atom transfer. Proton transfer appears to be
determined chiefly by the energetics of the competitive
processes, while hydrogen atom transfer is favored from the
acetyl and hydroxyl groups by a factor of 3.

In spite of the extensive investigations of ion-molecule reactions by mass

spectrometry (1), relatively little attention has been paid to the par-
ticipation of permanent dipoles in the reaction mechanism. Early work
noted that the cross section for reactions involving methanol and other
species having permanent dipoles appeared to be larger (25) than one
would expect on the basis of simple ion-induced dipole interaction (8).
This observation was confirmed by Moran and Hamill (23) who proposed
a qualitative explanation based on the participation of the permanent
dipole and “lock-in” of the dipole on the ion to account for the larger
cross section. Walton (29) has estimated rate constants but used averaged
quantities throughout, an approach already demonstrated to be inadequate
even for non-polar systems (8). Dugan and Magee subsequently showed
that lock-in was an oversimplification, and these authors calculated com-
plete sets of classical trajectories for the collisions in such a system. This
resulted in complex relationships which were evaluated by numerical
techniques (7). In all cases, the main concern was with the effect of the
permanent dipole on overall cross section for reaction.

? Present address: Manned Spacecraft Center, Houston, Tex.
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The possibility that atom transfer may occur preferentially from the
electronegative group has been recognized for some time (5). Prelimi-
nary work on methylamine suggested that transfer was favored from the
NH, group (13), but this was withdrawn later (17).

Harrison has investigated the ion-molecule reactions in a series of
specifically labeled polar molecules, but no preference for transfer from
the electronegative group was evident, except in such cases where a trans-
fer from the electropositive end of the molecule was endothermic (11).
Sieck et al. (28) have also investigated the ion-molecule reactions of spe-
cifically labeled methanol and found that transfer from the hydroxyl and
the methyl group was equally probable, whether the transferred species
was a hydrogen atom or a hydrogen ion. However, with the exception
of the methanol system, there is no other experimental support for such
a supposition. Lack of specificity might be considered to suggest that the
transfer mechanism does not involve a long-lived complex in which the
reacting entities can assume a minimum energy configuration before
species transfer occurs. Such a mechanism may be indicated in the work
of Henglein (14), Herman and Wolfgang (15), and others.

In attempts to assess the probability of transfer from a particular
group, it is necessary to distinguish between the proton and the hydrogen
atom transfer since the secondary ion formation by transfer of the charged
entity would not necessarily be expected to depend on dipole moment.
Separation of these two types of reactions in a homomolecular system is ex-
perimentally possible only by the use of tandem mass spectrometers (28)
or by double resonance ion cyclotron measurements (2). However, when
mixtures are employed, variations in the ionizing voltage can be used to
change the relative abundance of the reacting ions, making possible the
quantitative determination of the relative probability of the concurrent
ion-molecule reactions leading to the same product (10, 12, 16, 26, 27).
We have employed this method to assess the extent to which the transfer
reactions occur in the methanol-acetaldehyde system.

Experimental

The experiments were performed on a C.E.C. Model 21-103C mass
spectrometer modified by including a mercury battery-powered repeller
circuit and provisions for low ionizing voltage. All experiments were
carried out at a nominal repeller voltage of 2.27 volts as measured on a
J. A. Fluke Model 883 differential voltmeter using electron beam currents
of 30 and 6 wamp., without affecting results. The linearity of the ion
source pressure with the inlet pressure as read on a C.E.C. micromanome-
ter was checked by measuring total ionization (obtained by summing all
peaks at 10 e.v. ionizing voltage) and was within experimental error over
the pressure range used for the ion-molecule reaction studies.
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The method of evaluating the relative contributions of hydrogen
atom and proton transfer depends on measurements at several ionizing
voltages. Therefore, experiments were performed as follows. Mixtures
of the two compounds under investigation were prepared and admitted
into the inlet system at the maximum pressure to be investigated. The
mass spectra were taken at ionizing voltages which had previously been
shown to lead to a variation of a factor of ca. 5 in the relative abundance
of the parent ions of the mixture. Five or six determinations were made
in this manner; thereafter the pressure was reduced, and the mass spec-
trum taken once more at the same nominal ionizing voltages. This pro-
cedure was repeated three or four times, and the pressure in the inlet
system was measured after each expansion using a Trans-sonics, Inc.
Equibar micromanometer. Ionizing voltages could be reproduced within
about *=0.01 e.v.

Ordinary acetaldehyde and methanol were obtained in the purest
commercially available grade (Matheson, Coleman, and Bell). CD;0H,
CD;CH,OH and CD;CDO were obtained from Merck, Sharp, and
Dohme of Canada and had an isotopic purity of approximately 99%. This
was verified by low voltage mass spectrometry. CH;CDO was prepared
as described by Leitch (21). The desired product was obtained with a
yield of only a few percent but of an isotopic purity of better than 90%,
as again checked by low voltage mass spectrometry. Moreover, micro-
wave spectrometry was used to assess isotopic purity of these compounds.

Results

It is qualitatively apparent that reactions of methanol ion will be
enhanced at higher ionizing voltages since the ionization potential of
methanol exceeds that of acetaldehyde by approximately 0.64 e.v. (30).
Unfortunately, quantitative measurements in the range where only acet-
aldehyde ions should be observed is not practical with our equipment
because of lack of sensitivity and the energy spread of the electron beam.
However, earlier investigations by Hutchison and Pobo (16) and Har-
rison et al. (10, 12, 26, 27) have shown that relative cross sections can be
obtained quantitatively on the following basis.

Consider the reactions

CH,CDO* + CH,0H — CH,OHD" + CH,CO (1)
CH,CDO + CH,OH* = CH,OHD"* + CH,CO (2)

where the product CH;OHD* can result by either of two mechanisms
but only if the intermediate complex is heteromolecular. If we designate
the phenomenological cross sections as Q; and Q» and the distance be-
tween the electron beam and the exit slit in the ion source as Z the
following relationships hold for the secondary ion current.

i(CH,OHD)* = ZQ,i(CH,CDO") - [CH;0H] +
ZQ,i(CH;0H") - [CH,CDO] (1)
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Figure 1. Variation of ion current ratios in mixtures of
CH,CDO and CH,OH with reservoir pressure. Voltages are
nominal

Reaction 1 clearly represents deuteron transfer and Reaction 2 deuterium
atom transfer.

The ratio of the secondary ion current to the adjacent methanol
primary ion current is given by

i(CH,CDO")
i(CH,OH")

(11)
Now the ratio of the primary ion currents on the right side is independent
of pressure. The secondary ion current should be directly proportional
to pressure provided that a constant mixture composition is maintained.
Figure 1 demonstrates that the data are consistent with Equation II.
An upward deviation from linearity at higher pressures is expected be-
cause of attenuation of the primary ion beam. Since total pressure corre-
sponds to the sum of the concentrations of the reactants, the initial slopes
of the plots in Figure 1 are

i(CH;OHD") /i(CH,OH") = ZQ, [CH,CDO] + ZQ, [CH,0H]

. . . i(CH3;CDO*
SP=iy/ (’p * Peota) = ZQox(CH3CDO) + ZQ4x (CHaoH)'é((ﬁI%

(111)

where x represents the mole fraction of the component. Maintaining
constant composition but varying the relative amounts of the parent
primary ions by changing ionizing voltage allows one to assess the cross
section for the hydrogen atom transfer from the intercept and that of
the proton transfer from the slope of the appropriate plot of SP against
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the ratio of the primary ion currents. A mole fraction near 0.5 was used
for experimental evaluations to maximize the rate of secondary ion for-
mation from the heteromolecular complex. Typical results are shown in
Figures 2 and 3 and are summarized for the four mixtures in Table I,
indicated errors representing the average deviation from the mean of
three replicate evaluations. While these results are corrected for 3C
and 80 isotope contributions, no allowance is made for incomplete deu-
teration since the experimental error far exceeds any error that could be
introduced by the 2 or 3% isotopic impurity.

0.60

0.20

A[i(CHy CHOD*)/ i(CH, CHO®*) ] 7AP

0.2 0.4 0.6
i(CDg OH*) 7 i(CHz CHO?)

Figure 2. Variation of slopes of plots such as in
Figure 1 with primary ion current ratio. Relative
cross sections for D and D* transfer to acetaldehyde
are evaluated from intercept and slope of this plot

The approach was checked for self-consistency by obtaining relative
cross sections for the reactions of the undeuterated pure components
and their mixtures. Results are summarized in Table II. The slope given
in Table II for mixture G and designated Q.c = 8.3 should be the sum of
the cross sections of the reactions which contribute to it: Qua + Qs —
6.0. The discrepancy is within experimental error. Similarly, Quc 4+ Qup
= 7.8 is within experimental error of Qn = 9.0, while Q;c = 12.4 may
be compared with Qr + Qs + Qup — 14.7 and Qin = 14.6 with Qp +
an + QnD == 14~9

Although this method appears to give reasonably satisfactory and
self-consistent results, there are many complications. The variation of
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ionizing voltage and the change of pressure and hence ion current may
affect space charge, contact potentials, collection efficiencies and other
parameters with a consequent effect on reaction probability and ion
energy. As noted previously, the success of this method and its repro-
ducibility are its best justification (12, 26).

14

a[1(cHyoHD*) /i (CHyoH*) ] /ap

@
.~ oo o 2
(o] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 3. Evaluation of probabilities of hydrogen atom and
hydrogen ion transfer from methyl and acyl groups of acetal-
dehyde to methanol

Curve 1: i,(CH,CDO")/i,(CH;OH").
Curve 2: i,(CD,CHO")/i,(CH;OH").

Other and probably more severe problems are the formation of
fragment ions of low appearance potential and that of long-lived excited
ions. Clearly such fragments as CHO* which undergo proton transfer
reactions with the reactant molecules could seriously alter the results.
We have evaluated appearance potentials with reference to Ar and find
AP(CH;CHO') = 10.25 == 0.1 e.v. in good agreement with the literature
(10.21 e.v.) (31), and AP(CHO") — 13.0 = 0.2 e.v., which may be
compared with 12.5 e.v. obtained by the RPD technique (I18) and ca.
13.0 by the second differential method (6). The participation of CH,CO",
whose appearance potential is approximately 10.5 e.v. (6) to 10.9 e.v.
(19), in ion-molecule reactions is not likely to lead to protium or proton
transfer but probably leads to hydride transfer. To minimize the contri-
bution from such reactions the increase in ionizing voltage was terminated
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when fragment ion currents exceeded 10% of the parent ion current.
The experimental points at the lowest CH;OH*/CH3;CHO" ion current
ratios must therefore be regarded as more reliable. Unfortunately, it is
also in this range that ion currents are reduced significantly so that the
signal-to-noise ratio becomes poorer. We have not found any evidence
for the charge transfer reaction

CH;OH* + CH;CHO — CH;0H + CH;CHO* (3)

which is energetically allowed. This reaction would have been observed
under our conditions if it occurred with a cross section of the order of
that for proton transfer reactions.

Discussion

If one assumes that every collision leads to a long-lived intermediate
complex, one might regard the summary in Table II as a comparison of
the fate of intermediates differing only in energy content. Since the
ionization potential of methanol is higher, there is 0.64 e.v. additional
energy available when the reactant ion is CH;OH'. However, the col-
liding partners will initiate their encounter on different potential energy
surfaces.

Table I. Relative Cross Sections of Specific Hydrogen Atom
and Hydrogen Transfer Reactions Estimated

Mixture

Proton  Hydrogen
Transfer Atom Transfer
Cross Section Ion Current Ratio Q, Q.

(A) CH,CDO + CH,OH CH,OHD‘/CH,OH* 0. =02 0502
(B) CD,CHO + CH,OH CH,OHD‘/CH,OH* 6. £1.  18=%1.

(C) CD,CDO + CDs0H CD,CDOH'/CD,CDO* 4.1 *0.6 3.0 0.1
(D) CH,CHO + CD,0H CH,CHOD'/CH,CHO* 35*1. 0.8 0.3

Table II. Cross Sections of Ion-Molecule Reactions in Undeuterated
Components and Mixtures

Cross Section

Intercept Slope
Mixture Ion Current Ratio Q; Q.
(E) CH,0H CH,OH,"/CH,OH" 12.4
(F) CH;CHO CH,CHOH*/CH;CHO* 11.1
(G) CH;0H + CH;,CHO CH,O0H,'/CH;0H* 12.4 8.3
(H) CH,;0OH + CH;CHO CH,CHOH*'/CH;CHO* 14.6 9.0
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Table III. Reactions of CH;CHO" and Reactions of CH;OH"

Relative Cross
Section AH(kcal. mole™)

(4) CH;CHO* + CH;0H —
CH,OH,* + CH;CO 6. *1. -17.0
(5) CH,CHO* 4+ CH;OH —
CH,OH,* + CH,CHO 0.
(6) CH,CHO* + CH,0H —

—4.0

CH,CHOH' + CH,0 3.0% .1 —4.0 (+13.0)
(7) CH,CHO* + CH,OH —
CH;CHOH" + CH,O0H 08+ .3 —5.0 (+12.0)
50y =98=%15
(8) CH,OH* + CH,CHO —
CH,CHOH* + CH,0 41+ 6  —18.0(—1.0)
(9) CH;OH* + CHZCHO —
CH,CHOH' + CH,0H 35% 1. ~19.0 (—2.0)
(10) CH;OH* + CH,CHO —
CH,OH," + CH,CO 1.8 —32.0
(11) CH;OH* + CH,CHO —
CH,OH,’ + CH,CHO 0.5 -19.0
EQA = 9.9 + 2

There exists more serious objection to any comparison based merely
on the energetics: the impossibility of assigning a critical collision radius
within which orbiting or capture occurs, and thus the probable absence
of any long lived intermediate complex. Therefore, it is preferable to
compare the fates of encounters when reaction is initiated only by acet-
aldehyde ions or solely by methanol ions. Such a regrouping of reactions
is shown in Table III, and the energetics of each process (4, 19) are
included for comparison. The ion CoHsO" can exist in two configurations
(24), CH;CHOH' having the lower energy content. The thermodynamic
values in parentheses are those calculated for CH;CH.O". It is apparent
that the formation of this ion can be excluded from several reactions
on energetic grounds.

If product formation proceeded via an intermediate long-lived ion
whose dissociation were governed by competitive channeling of energy
into the possible dissociation coordinates, one would expect the complex
to fragment at the weakest bond—i.e., in the most thermodynamically
favorable direction. This is clearly not the case. The most exothermic
reaction (17) does not dominate the fate of the complex formed by
collision of methanol ion with acetaldehyde. Similarly, one would expect
Reaction 4 to be favored and Reactions 5, 6, and 7 to occur with about
equal probability.

An alternate approach to analysis of these results may be based on
the separation of hydrogen atom and proton transfer reactions. This
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would indicate that the position from which proton transfer occurs is
determined by the energetics of the dissociation since the more exothermic
Reaction 4 proceeds at the exclusion of 5, and the thermodynamically
nearly equal Reactions 8 and 9 are equally probable. On the other hand,
the hydrogen atom transfer, where one might expect participation of the
permanent dipole in selecting the group from which transfer occurs,
shows a clear preference by a factor of over 3:1 for transfer from the
electronegative end of the neutral species.

Such a separation of hydrogen atom and proton transfer reactions
implies that the two reaction paths are predestined before the collisions.
Although it would be tempting to associate one of these with ion-induced
dipole and the other with ion-permanent dipole long-range forces in the
manner in which maximum cross sections (9, 23) and averaged cross
sections (29) are calculated, this does not represent the physical reality
of the collision process (7) which clearly demonstrates the inseparability
of these contributions. This is further supported by simple considerations
of maximum cross sections based on known polarizabilities and dipole
moments (20, 22). The ion-induced dipole interaction (23) is inde-
pendent of the nature of the reactant ion in this instance since the
disparity of the polarizabilities is exactly balanced by the difference in
masses. The ion-dipole interaction should be 16% larger for reactions
initiated by methanol ions assuming dipole “lock-in.” Our relative cross
section measurements are too uncertain to assess the veracity of a slightly
higher cross section for CH;OH" but suggest (Table III) that the speci-
ficity of the atom transfer from the negative group is independent of
dipole moment and that over-all contribution of the neutral transfer is
actually smaller when the dipole interaction cross section should be
larger. The simple theory of maximum cross sections based on lock-in
of the dipole (9, 23) cannot readily account for these observations.

Another way in which the reaction rates could be determined a priori
would be association of one of the two processes with an intimate col-
lision (complex formation) and the other with a transfer at longer ranges,
perhaps by a stripping mechanism (14, 15). This differs only slightly
from the assignment of critical reaction separations completely devoid
of the assumption of any contribution of long-lived complexes. In view
of the inability to assign a critical capturing radius on theoretical grounds
(7) the last alternate appears to be the most attractive one,

Acknowledgments

We are indebted to the U.S. Atomic Energy Commission for their
support of this research, and to the Manned Spacecraft Center of the
National Aeronautics and Space Administration for permission to use

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch009

162

RADIATION CHEMISTRY—II

their facilities. We thank James Kluetz for providing the analyses by
microwave spectrometry.

Literature Cited

(1)
(2)
(3)

ApvaNn. CHEM. SER. 58 (1966).

Baldeschwieler, J. M., ]. Am. Chem. Soc. 89, 4569 (1967).

Blatt, A. H., ed., “Organic Synthesis,” p. 541, Vol. II, Wiley, New York,
1943.

Cal\éert, J. G., Pitts, J. N., “Photochemistry,” p. 817, Wiley, New York,
1966.

Derwish, G. A. W, Galli, A., Giardini-Guidoni, A., Volpi, G. G., ]. Chem.
Phys. 39, 1599 (1963).

Dorman, F. H., J. Chem. Phys. 42, 65 (1965).

Dugan, J. V., Magee, J. L., ]. Chem. Phys. 47, 3103 (1967).

Gioumousis, G., Stevenson, D. P., J. Chem. Phys. 29, 294 (1958).

Gupta, S. K., Jones, E. G., Harrison, A. G., Myher, J. J., Can. J. Chem.
45, 3107 (1967).

Harrison, A. G., Can. J. Chem. 41, 236 (1963).

Harrison, A. G., Myer, J. J., Thynne, J. C. J. Apvan. CHEM. SER. 38, 150
(1963).

Harrison, A. G., Tait, J. M. S., Can. ]J. Chem. 40, 1986 (1962).

Henchman, M., Ogle, C. H., Discussions Faraday Soc. 39, 63 (1965).

Henglein, A., Apvan. CHEM. SER. 58, 63 (1966).

Herman, Z., Kerstetter, J. D., Rose, T. L., Wolfgang, R., Discussions Fara-
day Soc., in press; J]. Chem. Phys. 46, 2844 (1967).

Hutchison, D., Pobo, L., Proc. Meeting Mass. Spectrometry, 9th, Chicago,
June 1961.

Hyatt, D. J., Dodman, E. A., Henchman, M. J., Apvan. CHEM. SER. 38,
131 (1966).

Konomata, 1., Bull. Chem. Soc. Japan 34, 1864 (1961).

Lampe, F. W., Franklin, J. L., Field, F. H., Prog. Reaction Kinetics 1,
69 (1961).

Landolt, H. H., Bornstein, R., “Zahlenwerte und Funktionen,” p. 515,
6th ed., Vol. I, Part III, Springer Verlag Berlin, 1950.

Leitch, L. C., Can. J. Chem. 33, 400 (1965).

Maryott, A. M., Buckley, F., Natl. Bur. Std. (U.S.) Circ. 537 (1953).

Moran, R. F., Hamill, W. H., ]. Chem. Phys. 39, 1413 (1963).

Munson, M. S. B., Franklin, J. L., ]J. Chem. Phys. 68, 3191 (1964)

Schissler, D. O., Stevenson, D. J., J. Chem. Phys. 24, 926 (1956).

Shannon, T. W., Harrison, A. G., J]. Chem. Phys. 43, 4201 (1965).

Ibid., p. 4206.

Sie(ck, L.) W., Abramson, F. P., Futrell, J. H., J. Chem. Phys. 45, 2859

1966).

) Walton, J. C., J. Phys. Chem. 71, 2763 (1967).

Watanabe, Nakayama, Mottl, J. Quant. Spectry. Radiative Transfer 2,
369 (1962).

RECEIVED January 25, 1968.

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch010

10

ESR Studies of Free Radicals Condensed
from Vapors of Acetone, Ethylene, Methyl
Alcobhol, Ethyl Alcohol, and ferz-Butyl
Alcohol after Irradiation by

1 Mev. He™ Ions

W. A. SEDDON and D. R. SMITH

Research Chemistry Branch, Atomic Energy of Canada, Ltd., Chalk River
Nuclear Laboratories, Chalk River, Ontario, Canada

Paramagnetic species, generated in the vapor phase in a
“crossed-beam” experiment by irradiation with 1 Mev. He'
ions, have been trapped at 77°K. and detected by electron
spin resonance (ESR). This paper describes the results ob-
tained from irradiated methyl-, ethyl-, and tert-butyl alcohol,
acetone, and ethylene. Trapped electrons together with the
radicals -CH;OH, CH,CHOH, and (CH,);C(OH)CH," and
(CH,);C- are formed in methyl-, ethyl-, and tert-butyl alco-
hol respectively. Ethyl radicals are formed from ethylene.
Acetone gives rise to CH,COCH,- and CH, radicals and ap-
pears to form trapped electrons in the deposit. The results
are compared with the radiation chemistry of these systems
in the solid and vapor phase.

Recent studies using a “cross-beam” technique have shown that free

radicals produced in the vapor phase by irradiation with 100 e.v.
electrons (18, 22, 23), 40 Kev. Ar" ions (39), or 1 Mev. He' ions (34),
can be trapped at 77°K. and studied by ESR. Experiments on water
vapor irradiated by 100 e.v. electrons (22), or by 1 Mev. He* ions (34),
showed the formation of trapped electrons, e —a species thought to be
the HO, radical—and provided indirect evidence for hydrogen atoms
(34). Cyclohexane, cyclopentane, and benzene gave the same results
from 1 Mev. He' irradiation (40) as from 40 Kev. Ar* irradiation (39)
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producing cyclohexyl, cyclopentyl, and cyclohexadienyl (CgH;) and
phenyl (CgH;) radicals, respectively. Neither water nor ethyl alcohol
formed trapped electrons from Ar’ irradiation, although earlier results on
the He" irradiation of water (34), and the work on ethyl alcohol reported
below, indicate the formation of trapped electrons with the familiar sam-
ple coloration and ESR signal. However, the possible introduction of
electron scavenging impurities from the Ar* apparatus cannot be excluded
and may explain the difference between the two methods.

In the belief that the above results have shown the usefulness of the
technique for physically demonstrating the identity of paramagnetic
species formed in vapor-phase radiolysis, we decided to study some
additional compounds, from which it seemed probable that evidence for
electrons, hydrogen atoms, or molecular radicals might be obtained.
Since the vapor is condensed about 10 sec. after irradiation, an effort
is made to correlate the observed species with the results of conventional
radiolysis studies.

This paper reports the results from the 1-Mev. He' irradiation of
CH;0H, C.H;0H, (CH;),COH, CH;COCH;, CD;COCD;, and C,H,.
Results of the photolysis of the trapped species are also described.
Although these are of separate interest, they often facilitate identifying
the initially trapped species since the products are structurally related.

Experimental

The experimental technique and associated physical parameters
have been described in detail (34, 39), and only a brief description is
included here. A cut-away illustration of the experimental configuration
is shown in Figure 1. A stream of deaerated vapor admitted through a
nozzle at room temperature is intersected by a well-focused 100-pamp
beam of 1 Mev. helium ions in the evacuated (107 torr) chamber of a
Van de Graaff accelerator. The irradiated vapor flows across a 0.8 cm.
gap and is then condensed at 77°K. on the quartz cold finger of the
Dewar assembly depicted in Figure 1. The resulting deposit is isolated
under vacuum by mating the outer quartz finger with the Dewar by a
double O-ring seal, and the assembly is then transferred to the sample
cavity of a Varian V-4502-04 ESR spectrometer for subsequent analysis.
Microwave power measurements were made with a Hewlett Packard
431C power meter and a 3 dB directional coupler. Unless stated other-
wise all ESR measurements were made at a cavity input power of 8 X
10 watt. Samples can be kept for 8 hours or more allowing subsequent
photolysis experiments to be conducted on the deposit. These have been
done outside the ESR cavity. Post-irradiation photolysis (photobleach-
in%]) of the deposit was accomplished by illuminating with white light or
light of wavelength > 5600 A. (filtered through a Corning glass filter
No. 3480) from a 500-watt tungsten filament lamp. Ultraviolet light of
wavelength 2537 A. was produced with a Mineralight UVS-11 (Ultra-
Violet Products, Inc.) and light of wavelength 2500-4000 A. from a PEK

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch010

10. SEDDON AND SMITH Radicals Condensed from Vapors 165

109 high pressure mercury arc lamp filtered through a Corning glass
filter No. 9863.

Acetone and methanol (A.R. grade) were used without further puri-
fication. tert-Butyl alcohol (BDH) was dried over CaO, distilled under
vacuum into an ice bath, and recrystallized before use. Absolute ethyl
alcohol was dried over CaO and redistilled. Methyl iodide (Baker and
Adamson) was singly distilled. Research grade ethylene (Matheson, Ltd.)
and acetone-D; (99.5% D, Stohler Isotope Chemicals) were used as re-
ceived. Deaerated samples were prepared either in the vapor phase in a
5-liter flask or distilled directly into the irradiation chamber from the pure
liquid stored in a tube.

To
Sample

Figurel. Cut-away view of irradiation chamber

: Needle valve

: O ring seals

: Nozzle

: He* beam aperture

: Vapor aperture

: Outer quartz finger

: Deposit

H and J: Collimating and energy stabilization slits
K: Dewar

L: Target chamber

QEEUQRR

Results

Methyl-, Ethyl-, and tert-Butyl Alcohol. In each case the deposits
were noticeably colored, those from methyl- and ethyl alcohol being red-
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dish and that from tert-butyl alcohol being blue. For methyl- and ethyl
alcohol the color and spectra are very similar to the results of previously
published work on y-irradiated methyl- and ethyl alcohol glasses at 77°K.
(1, 8). As such the spectra are readily assigned to the presence of e, in
addition to the radicals -CH,OH and CH;CHOH, respectively. The
-CH,OH triplet gave an average peak-to-peak hyperfine splitting Ay, —
19.0 = 0.5 G, and the CH;CHOH quintet Ay, = 22.2 += 0.8 G. Photo-
bleaching with visible light removed the red color and associated central
ESR singlet and at the same time increased the intensity of the underlying
triplet or quintet absorption. However, in both cases even after prolonged
photobleaching (30 minutes) a small spike remained superimposed on the
central absorption. Within experimental error (+ 10-20% ) the inte-
grated intensities of the spectra remained the same both before and after
photobleaching. In ethyl alcohol the relative concentrations of e’ to
CH;3;CHOH were estimated from the integrated areas and the low field line
of the radical spectrum giving the ratio 0.2:1.0. The ratio appears similar
in methyl alcohol but is more difficult to estimate since the e, signal over-
laps the low and high field lines of the radical spectrum. Irradiating the
photobleached methyl alcohol spectrum with ultraviolet light (2537 A.)
transforms a fraction of the -CH,OH radicals into formyl radicals, -:CHO
(1, 8, 29), giving the well-recognized doublet, Ay, = 130 G.

Figure 2A shows the ESR spectrum obtained from tert-butyl alcohol.
This spectrum is composed of at least three distinct species. A central sin-

Figure 2. First derivative ESR spectra observed at 77°K. from
irradiated (CH,),COH vapor

A: (CH,)\COH
B: After photobleaching sample in A (equivalent spectrometer gain)
The lines indicate the position of the (CH,),C- radical
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glet with a peak-to-peak line width AH,,, = 10.4 = 0.1 G, is superimposed
on an underlying triplet Ay, ~ 22 G. Six narrow lines, Ag; = 22.9 £+
0.2 G are also clearly defined and superimposed on the triplet and singlet
spectra. The latter lines are the six most intense of a symmetrical 10-line
spectrum, the outer 4 of which can be resolved only at a higher cavity
input power (3.5 mwatt) and higher gain. Photobleaching with visible
light rapidly removed the blue color and at the same time diminished
the intensity of the central singlet absorption (Figure 2B). In addition,
the intensity of the 10-line spectrum increased by about 20%. Within
experimental error the integrated intensities of the spectra before and
after photobleaching were identical.

Acetone. Figure 3A shows the ESR spectrum obtained from
CH;3COCHj;. The deposit was pale grey-yellow. This spectrum consists
predominantly of a triplet, Ay, — 21.2 = 0.2 G, with a sharp singlet,
AH,, 7-8 G, superimposed on the central line. Photobleaching with
visible light or light of wavelength > 5600 A. removes the color of the
deposit, decreases the intensity of the singlet, and increases the intensity
of the underlying triplet (Figure 3B. The integrated areas of the spectra
remained the same before and after photobleaching. At the same time the
additional quartet structure (assigned to CH; radicals Ay, — 23.1 =
0.2 G) poorly resolved in the unbleached sample becomes more evident.
Ultraviolet photolysis of the photobleached sample in Figure 3B with
light of wavelength 2537 A. did not affect the spectrum. However, pho-
tolysis with ultraviolet light of wavelength 2500—4000 A. for about 20
minutes produced the spectrum shown in Figure 3C. This spectrum is
recognized as the original triplet with diminished intensity on which are
superimposed CHj lines of increased intensity. Photolysis of an acetone
blank for a similar period did not produce any ESR signal.

Figure 3D shows the ESR spectrum obtained from irradiated
CH;COCH; vapor in the presence of 10 mole % CH,l. In this case the
deposit was rusty brown. The central singlet peak was reduced relative
to that in the absence of CH;l by about 40%, and the relative intensity
of the triplet spectrum increased by 100%. In addition the relative inten-
sity of the CHj radical spectrum was significantly greater than that in
the absence of CH;I (cf. Figures 3A or B).

Deuterated Acetone (CD3COCD;). Figure 4A shows the ESR spec-
trum obtained from CD;COCD;. The deposit was pale yellow. Photo-
bleaching with visible light removed the color and an associated ESR
absorption giving the seven-line spectrum (Figure 4B), with a hyperfine
splitting Ap, — 3.6 G, superimposed on a broad line. Irradiation with
ultraviolet light (25004000 A.) gave the spectrum shown in Figure 4C.
In addition to a slight improvement in resolution the spectrum differs
from that in Figure 4B in that the septet has become more intense, and
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the broad underlying line has been eliminated. Again within experi-
mental error the integrated intensities of the spectra remained the same
before and after photobleaching.

Ethylene. In this case a 12-line spectrum was observed arising from
the CH;CH,- radical (2, 12), giving Ape — 27.0 = 0.8 G, and Axp =
211 +1.0G.

Discussion

Identifying the Radicals. METHYL- AND ETHYL ALcoHOL. The iden-
tities of the principal species formed from methyl- and ethyl alcohol are
e+, and the radicals -CH,OH and CH;CHOH respectively.

c

L

Figure 3. First derivative ESR spectra ob-
served at 77°K. from irradiated CH,COCH,
vapor

: CH,COCH;

: After photobleaching sample in A; relative
spectrometer gain, 1.46 X A

C: After ultraviolet (2500—4000 A.) photolysis of

.s;tzrrx)le in B; relative spectrometer gain 1.96

D: CH,COCHj; containing 10 mole % CH,l
The lines indicate the position of the CH;- radical

&
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A

Figure 4. First derivative ESR spectra ob-
served at 77°K. from irradiated CD,COCD,
vapor

A: CD.COCD:;

B: After photobleaching of the sample in A; relu-
tive spectrometer gain 1.07 X A

C: After ultraviolet (2500-4000 A.) photolysis of
sam‘gle in B; relative spectrometer gain 0.95
X

The behavior on photobleaching is similar to that of electrons trapped
in normal alcohols after y-irradiation at 77°K. (1, 8, 38). Likewise, the
formation of -CHO radicals from -CH,OH on irradiation with ultra-
violet light leaves no doubt as to the identity of the primary radical (1, 8,
29). The presence of a small spike on the central peak of both radical
spectra after prolonged photobleaching suggests that a small fraction
of alkoxy or peroxy radicals may be present.

tert-ButyL ALcoHoL. The blue color and associated ESR singlet arise
from e7;. Trapped electrons in tert-butyl alcohol have an optical absorp-
tion spectrum with a maximum around > 7000 A. (5) and appear blue,
whereas in methyl- and ethyl alcohol this is shifted toward 5000 A. (I).
The triplet would be expected from the radical (CH3),C(OH)CH:-. The
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value Ay, compares well with that of 21.3 G obtained for this radical in
aqueous solutions of tert-butyl alcohol by Dixon and Norman (10), and
21 =+ 1 G in y-irradiated tert-butyl alcohol at 77°K. (9). The 10-line spec-
trum is assigned to the tert-butyl radical (CH;)C-, and the value of Ay,
agrees with previous values for this radical of 22.5 = 0.8 G (2), and 22.7
G (12).

Trapped electrons are not produced in tert-butyl alcohol by vy-irradi-
ation in the solid phase (7, 9). They are produced and trapped in this
matrix by a special technique of depositing alkali-metal atoms on tert-
butyl alcohol at 77°K. as demonstrated by Bennett et al. (5). The ulti-
mate fate of these trapped electrons was not established since no addi-
tional radical species were observed on photo- or thermal bleaching (6).
In our case tert-butyl radicals are produced on photobleaching the trapped
electrons. Possible reasons for this difference are discussed later.

AcetoNE. The spectra obtained in this study are similar to those
previously reported by Pukhal’skaya et al. (32), in y-irradiated acetone
at 77°K. Again the central superimposed singlet absorption is thought to
be caused by e This singlet disappears on photobleaching to produce a
corresponding amount of the underlying triplet absorption. Pukhal’skaya
et al. (32) also observed such a singlet but did not discuss its identity or
fate on photobleaching. The triplet splitting is attributed to the acetonyl
radical CH;COCH, -, the value of Ay, agreeing well with the corre-
sponding constants for this radical of 20 G in a similar matrix (32) and
19.75 and 20.3 G in acetone solutions (11, 44). This assignment is con-
firmed by the results of ultraviolet photolysis on the deposit. The acetonyl
radical photolyzes with light of wavelength ~ 3000 A. as in Reaction 1,
to give ketene and CHj; radicals (32, 44).

hy
CH,COCH,- — CH,=C=0 + CH,- (1)

The growth of CH; radicals is apparent in Figure 3C.

DEUTERATED ACETONE. In this case the initial spectra, Figure 4A,
can be attributed to the presence of a singlet caused by e and a septet
caused by CD; superimposed on a wide line arising from CD;COCD.-
(the quintet is unresolved). Photobleaching with visible light removes
the e, singlet and enhances the resolution of the CD; septet (Figure 4B),
but the underlying CD3;COCD,- spectrum remains unresolved. Subse-
quent irradiation with 2500-4000-A. light removes the CD3;COCD,*
radical and its underlying spectrum via Reaction 1, leaving only the CD;
radical (Figure 4C). Taking the known ratio of H:D hyperfine splitting
constants as 6.5 (12), and the proton hyperfine splitting Ay, — 23.1 G
for CH; radicals, then the calculated value for Ap, — 3.55 G, in excellent
agreement with the experimental value of 3.6 G for CD;- radicals.
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EtnyLENE. The radical obtained here is the ethyl radical. The
values for Ay, and Au, compare well with values in the literature
(2, 12).

Radiolysis Mechanisms. In the earlier work (34) with water vapor a
number of parameters relevant to understanding the experimental system
were discussed in detail. These are summarized in Table I for H.O and
D;0. Briefly, it can be calculated that given a pressure in the irradiated
vapor stream of ~ 0.05 torr, second- or third-order processes of radical
decay cannot occur in the vapor phase on a time scale < 10™ sec. On
the other hand, ion-molecule reactions with a rate constant k ~ 5 X 10710
cc./molecule-sec. (16), could have reaction half-lives of this order and
may go to completion before condensation at 77°K. However, it is
possible for radical-scavenger reactions to occur in this system. For
example, it was shown that 0.14 mole % CHj;l reacts readily with elec-
trons produced from irradiated water vapor to give CH, radicals (34).
We suggested that this reaction may occur in the transient liquid phase
immediately before solidification at 77°K. Irrespective of the phase where
such a reaction occurs, it can be used for detecting the presence of
electrons.

Table I. Parameters Used
Deposition rate ~ 0.1 gm./15 minutes
Pressure = 0.05 torr

Velocity of molecules
in vapor stream = 5.5 X 10% cm. /sec.

Transit time between
irradiation and deposition = 1.4 X 107 sec.

Ion beam 100 pamp, 1 Mev. He*
_dE/dx 1.6 Kev./ugram/sq. cm.
Dose 3.5 X 10" e.v./gram
Vapor collection efficiency @~ 40%

METHYL-, ETHYL-, AND tert-BuryL ArconoL. Reactions 2 and 3a may
be written for methyl alcohol and are well established in the solid and
vapor phase (8, 19, 33).

CH,0H — CH,;0H* + ¢ (2)
CH,OH* + CH,0H — -CH,0H + CH,OH,* (3a)
The alternative reaction (3b), is expected to produce CH;0- radicals in

approximately equal quantities (19), but we cannot be certain of their
presence in our experiment.

CH;OH* + CH;OH — CH;0' + CH30H,* (3b)
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Further, conversion of alkoxy to hydroxy alkyl radicals is exothermic
(15).

The results of recent mass spectrometric studies by Sieck et al. (37)
support the occurrence of a reaction analogous to Reaction 3a in ethyl
alcohol. This work corrects the earlier suggestion by Ryan et al. (33)
that only the ion CH3CHOH" contributes significantly to the formation of
CH;CH.OH;' in ethyl alcohol at elevated pressures. Myron and Freeman
(30) indicate that Reaction 4 occurs only in the liquid phase radiolysis
of ethyl alcohol.

CH;CH,0H"* + CH3;CH,OH — CH;CH,0H,* + CH;CH,0- (4)

This may be possible in our system during the condensation process.

In tert-butyl alcohol a reaction analogous to Reaction 2 followed by
Reaction 5 is consistent with the formation of (CH;).C(OH)CH,- radi-
cals and trapped electrons.

(CH;),COH* + (CHj;)3;COH — (CH,),C(OH)CH,* + (CH,)3;COH,'
(5)

An alternative process involving fragmentation of the parent positive ion
cannot be excluded. tert-Butyl radicals may be formed by the charge
neutralization process.

(CHj)3COH,* + e« — (CH,3),3C- + H,O (6)

This reaction could also be responsible for the formation of tert-butyl
radicals on photobleaching the trapped electrons. No such effect was
observed by Bennett et al. (6) because Na* is the parent ion in their
experiment. In their system protonated alcohol ions are not formed, and
Reaction 6 is not possible. Apparently in tert-butyl alcohol the electrons on
photobleaching do not react with the parent alcohol contrary to the
behavior observed with alcohols containing an «-hydrogen atom (6, 36).
In y-irradiated tert-butyl alcohol both (CH;),C(OH)CH,- and
(CHg3)3C- are observed (9), and the electrons presumably disappear by
Reaction 6 rather than becoming trapped.

AcetoNE. In acetone the predominant species is the acetonyl radical,
CH;COCH, . Acetone is well known as an electron scavenger in the
radiation chemistry of aqueous solutions (17), and it was thought that
the acetone negative ion, CH;COCHj;", might have been detected. In-
stead a species thought to be trapped electrons was observed, which on
photobleaching gave rise to additional CH;COCH_- radicals. In support
of this we find that adding 10 mole % CHj;I decreases the intensity of the
singlet superimposed on the acetonyl triplet and at the same time pro-
duces additional CH; radicals. This is consistent with Reaction 7, fol-
lowed by Reaction 8 in competition with the trapping process

CH,COCH,; — CH,COCH,* + ¢ (= e7;) (7)
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CH;l + e = CH;- + 1 (8)

In the vapor phase the formation of acetonyl radicals via neutral dissocia-
tion and free radical processes (Reactions 9 and 10), is well established
in both photochemistry (21) and radiation chemistry (3, 41, 42).

CH,COCH,* = CH;COCH," + H- (9)
CH,COCH, + H- = CH;COCH," + H, (10)

In the photolysis of liquid acetone, Reaction 11, also involving an excited
state of acetone, is an important source of acetonyl radicals (44).

CH,COCH,* + CH,COCH, — (CH,),COH + CH,COCH,  (11)

We have no definite evidence for the presence of (CHj),COH radicals
although a weak unidentified absorption, detected at high gain, is present
in the “wings” of the spectrum shown in Figure 3A. Acetonyl radicals
could also be produced by an ion-molecule reaction such as Reaction 12.

CH,COCH,* + CH,COCH; — CH,COCH,- + (CH,COCH,)H* (12)

Shida and Hamill (35) indicate that Reaction 12 does occur in the mass
spectrometer.

Positive ions must be associated with trapped electrons in the deposit
since the negative potential otherwise generated at the cold finger would
give a field strength of about 107 volts/cm. (34). This situation is most
unlikely. Since on photobleaching the total number of paramagnetic
species remains constant, the fate of the electron can be ascribed to either
Reaction 13 or 14.

CH,COCH;' + ¢~ — CH,COCH," + H' (— H,) (13)
(CH;COCH,)H* + ¢~ = CH,COCH, + H, (14)

The vapor-phase radiolysis of acetone is known to yield mainly CO,
CH,, C,H,, C;H,, and H, (3, 41). Methane together with acetonyl radi-
cals results from the reaction of CH; radicals with acetone via Reaction 15.

CH," + CH,COCH, — CH, + CH,;COCH,’ (15)

Some evidence that this can also occur in our system is seen from the
increased yield of acetonyl radicals in the presence of CHsl. This is
consistent with the occurrence of Reaction 8 followed by Reaction 15.
A similar sequence of reactions can be written for deuterated acetone.
In y-irradiated acetone at 77°K. Shida and Hamill (35) observed a
broad optical absorption band assigned to the presence of CH;COCH;"
and CH;COCH; molecular ions. No ESR signal of the anion was de-
tected in their work, and its absence was attributed to extreme dipolar
broadening. The ESR spectrum of the anion is known to be a septet,
AH = 16.1 G (4), whereas the ESR spectrum of y-irradiated acetone at
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77°K. consists of a singlet superimposed on a triplet (1, 32), the triplet
spectrum being assigned to the acetonyl radical. Blandamer et al. (7)
and Nitta et al. (31) also observed a singlet assigned to trapped electrons
in y-irradiated acetone at 77°K.

EtnyLENE. The radiolysis and photolysis of ethylene have been stud-
ied extensively, and again both dissociation and free radical processes
are well established. A review by Meisels (28) and the references
therein discuss the mechanisms in detail. In our experiment the detection
of ethyl radicals clearly indicates the prior formation of H atoms, a major
primary radical in ethylene radiolysis (27).

CH, + H- = C,H;’ (16)

The importance of ion-molecule reactions in ethylene involving the pri-
mary ions C.H,*, C,H;*, and C,H," is now well documented in mass
spectrometry (13, 20, 43), photolysis (14), and radiation chemistry (24,
25, 26, 28). However, electrons were not detected in this work, and
hence their fate was not established.

Conclusions

Our results are consistent with the radiation chemistry data for most
of these systems in the solid phase and with the occurrence of reactions
well established in vapor phase radiolysis. In the alcohols (and to some
extent in acetone) the formation of the principal radical species seems
best explained on the basis of ionization, followed by an ion-molecule
reaction and subsequent trapping of the appropriate radicals in the
frozen matrix at 77°K. As in the case of water (34), electrons can be
stabilized in a non-glassy matrix.

The main value of this method lies in identification of the para-
magnetic species produced in the vapor phase. Less significance should
be attached to the relative yields of e, and/or radicals because of the
large uncertainty in the ratio of the number formed to these actually
trapped in the deposit.
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Collisional Excitation Transfer in the
Gas Phase

TSUTOMU WATANABE'

Radiation Laboratory, University of Notre Dame, Notre Dame, Ind.

The cross sections of processes A* + A - A + A*, A* +
B > A + B*, and A* + B > A 4+ B* + e have been
studied theoretically. The cross sections are sometimes large
(of the order of 10° ~ 10° sq. A. at thermal energies) com-
pared with those of other processes. Some typical examples
of the calculated cross sections are listed, mainly for “opti-
cally allowed” excitations. Calculations for other cases are
mentioned briefly. Relations with gas-phase experiments
(e.g., the pressure effect of excitation transfer, the tempera-
ture effect of spectral line width, etc.) are also discussed.

The importance of electronic excitation transfer processes is sometimes
emphasized in radiation chemistry. In both the condensed and gas
phase this process should be taken into account. The cross sections of
such transfer processes are sometimes extremely large (of the order of
102 ~ 10% sq. A. at thermal energies) compared with gas kinetic cross
sections. The excitation transfer processes can be represented by:

(Case 1: discrete-discrete exact resonant process)

A*+ A—> A+ A (1)
(Case 2: discrete-discrete near-resonant process) and
A*+B—> A+ B* (2)
(Case 3: discrete-continuum process )
A*+B—>A+ B +e (3)

A and B denote atoms, and A* and B* denote their electronically excited
states. The discrete-discrete nonresonant process is excluded from this

! Permanent address: Department of Applied Physics, University of Tokyo, Bunkyo-ku,
Tokyo, Japan,
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discussion because the cross section will be of the same order as gas-
kinetic cross sections or less. The discrete-continuum process is always
possible if the excitation energy of A exceeds the ionization potential
of B.

There are many theoretical and experimental investigations concern-
ing a charge transfer process like A* + B - A 4+ B* (27, 28, 49). On
the other hand, a theoretical investigation of the electronic excitation
transfer problem had already been undertaken by Kallmann, London,
and Rice (24, 32, 57) in the early stages of the development of quantum
mechanics. Nevertheless, the excitation transfer problem has not yet
been actively studied because it is difficult to measure the cross section
directly. For the last few years, theoretical calculations for these processes
have been attempted by several authors. This paper describes recent
studies on the excitation transfer between atoms in gas phase. Most
excitations treated here are optically allowed. The transfer processes
of metastable excitation are briefly mentioned. Relations with some
experiments are also discussed.

Impact Parameter Method

When colliding particles are heavy and their interactions are long
range, the impact parameter method conveniently describes the problem
(9, 10, 32, 57). This method is based on the concept that the motion of
nucleus is described classically and that of electrons is described quantum
mechanically. If the angular momentum of colliding system is larger
than 7, the trajectory of an incident or a scattered particle can be defined.
The impact parameter method will be useful where the total scattering
is determined mainly by these processes.

Like a charge transfer process (A* 4+ B — A + B*), this method is
available for an excitation transfer process. Figure 1 is a schematic of
the trajectory of the nucleus with impact parameter R,. Here, we take
a straight-line trajectory approximation for nuclear motion as in the
charge transfer process (26). The equivalence of the Born approximation
in the quantum mechanical treatment to the straight line trajectory in
the impact parameter treatment has been discussed and verified (3).
The straight-line approximation here is more easily applied than that
for charge transfer process. The trajectory will hardly be affected by the
interaction between neutral particles. The straight-line approximation
is valid if incident kinetic energy is much larger than the potential energy
of an incident particle in interacting region (69). Let us suppose ¥
the total electronic wavefunction of the system (A +A or A + B), and
H a total Hamiltonian. H consists of a time-independent unperturbed
Hamiltonian H, and a time-dependent perturbing one H’(t). ¥ is
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assumed to be expressed in terms of linear combinations of eigenfunctions
of H,, i.e., y4, as

\P=2C,(t)¢,e“"'“/". (4)
i

Here the coefficient C, is a function of time. The function y; satisfies
the equation:
Hyyy= Ey, (5)

which is independent of time, and y; can be expressed by a simple (or
an antisymmetrized, if necessary) product of each atomic orbital as

Y1 = A, P8 OF padB.- (6)

Here we denote A and B as the incident and target atom, respectively
(even for Case 1). By substituting Equation 6 into the Schrodinger
equation of the system [i%(9/9t)¥% — H¥], and with aid of Equation 5

we obtain simultaneous equations for C;(t):
dC,(t)
dt

—EHu (£)Cy(2). (7)

Here H;f(t) is the i-j component of the interaction representation matrix,
ie, < yi|H (t)|y; > exp (—i(E; — Ej)t/h. If we set an initial con-
dition C;(—w) = 1 and Cj(—w) = 0 for i 5= j (time goes from
—oo to ), a transition probability for i — j of a given trajectory (or a
given impact parameter ) is written by

P = |Cj(°°)|2' (8)

A cross section for i — j is given by the integration of P;.,; over impact
parameter R, as

o(i— 1) =2r [P, R.dR, (9)
We introduce a vector C which consists of Ci(t) (i =1,2...). ie,
[ Ci(t) 7]
Cy(t)
c=| - (10)
Ci(t)

and an interaction matrix A whose i — j component is H;/(t)/ifi. Equa-
tion 7 can be rewritten by a single operator-differential equation:

d
= C(1) = AC() (11)
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This time-evolution equation can be solved by iteration. A solution at
= t is given by

o0
C(t)=< 3 B,>c<—<=o) (12)
n=20
where
B,= [ A(t)dy [ A(t)dty.. ... ft‘"-”A(mdt,,
— 0 — 00 -—o0

and B, = 1 (unit matrix). We denote u; unit vector whose components
are u; = 1 for i = j and u; = 0 for i 4 j. The projection of the vector
C(t) to jth component C;(t) can be obtained by the inner product of
[u; - C(t)]. fC(— ) = u, P;,;is written by

P ;= |(u,'C(00))|2. (13)
€ axis
L v (=RoT) 9tom A (velocity ¥)
! - € axis
impact parameter A, R (=PR,)
[ atom B
7 oxis

Figure 1. Schematic of the colliding system and direction

of the coordinates used. Atom B is located at rest at a dis-

tance R, from the incident path, and atom A moves along
the straight line with constant velocity v

S-P Type Interaction

Discrete-Discrete Resonant Process. We consider a case where A,
A*, B, and B* are in S,P,S, and P states or P,S,P, and S states (with
respect to total angular momenta), respectively (47, 67, 68). In this
case the transfer of the excitation occurs by the so-called induced dipole-
dipole interaction. In like-atom case (Case 1), calculations for the proba-
bility and the cross section can be obtained.
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The interaction Hamiltonian H’(t) is a usual interatomic type, and
is written
Z,Zge? Zge? 2 e?
g i % +3 —, (14)
® Top Tay P_>v"uv

H(t) = Zse

where e is electronic charge, Z,, Zg are the nuclear charge of A and B,
in e unit and R, n., r.,, and r,, are distances between A-B, B-x, A-v and
p-v. Here p and v are labeled on electrons, and p and v belong to A
and B, respectively. If R > atomic dimensions, the interaction H’(t)
can be expanded in terms of Legendre polynomials (multipole expan-
sion). In the case of S-P type interactions H’(t) can be reduced to a
dipole-dipole type interaction:

2
H'(t) = %-; {3 (rap - Tpy) — 3 3 74, COS Gaufpy COS By} (15)
% v

where r,,, 7., are a position vector of x from nucleus A and its magni-
tude, and 6,, is an angle between r,, and coaxis AB, and so on. Other
terms except Equation 15 in the Legendre expansion disappear by inte-
grating these terms over angular parts of electron coordinates. Since
Equation 15 depends on time only through R, 6.4, 6:,, and the mutual
angle between r,, and r,,, the time dependence of each matrix element
of A in Equation 11 becomes a simple form. Every matrix element in
Equation 12 can be obtained by numerical multifold integration and by
making matrix products. The probability of Equation 13 can be given
by the solution C( ) of the iteration formula (Equation 12). If we
note < e |Sraulpa > = v, <dpe[Zrorjdn > = un, [val = s lus| =

1
ps (pa — ps = p for Case 1) and R = vt, |v| = v, the transfer proba-

bility and the cross section for i — j is written in terms of v (relative
incident velocity) and of x (the optical transition dipole moment).
The probability of excitation transfer depends on the direction of
initial p-state (from a particular i to all transferred states ). Figure 2
J

illustrates the probability of transfer P;,; vs. impact parameter R, in
the term eu(#iv)1/2 (67). In Figure 2, P;, Py, and P; are the probabilities
for cases where the initial direction of P is along ¢, 4, and { axes respec-
tively (Figure 1). The mean cross section over the initial P-direction
can be obtained by

o=3(ce+ on T or) (16)
where o, =2 f P,R,dR,, s — ¢, 4, or {. The mean cross sections are
universally calculated as

o = 2.267pu2e?/Hiv. (17)
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Omont (53, 54) has made a similar calculation for this process. He has
given a result of o = 2.28ru2e2/#v which is in good agreement with our
results. At thermal velocity the cross section is

c=160u2 /M
where M is the mass number of the atom. Some typical cross sections
at room temperature for the like-atom S-P case are given in Table I.

1.0r

Bler

[@)
3]
T

Transfer probability

00

Impact parameter A, (in erAfv)

Figure 2. Relations between transition probabilities and impact

parameter R, for A* + A = A + A* (S-P type interaction). P, Py,

and P; are the transfer probabilities where the initial P-state angular
momenta have the direction §, v, and ¢

One difficulty in performing the calculations comes from the fact
that Equations 7 and 11 with degenerate angular momentum states
have two sets of three P states. Furssow and Wlassow (24) assumed
that the initial state is always in a definite component state of P, whereas
the final states are in three P states. The assumption will be valid when
P;.; (R,) < 1/2 in Equation 8. Further, these authors considered that
inside the critical impact parameter R,, defined by R;,; (R.) = 1/2,
P, is always 1/2 because of the oscillation between zero and unity.
They obtained the shift in the line shape of the spectrum. According to
their scheme, Halstein et al. (27) estimated the excitation transfer cross
section as (4/4/3)we?u2/Hv. We can simplify the problem by making
some assumptions with respect to the direction of P-state during collision
(fixed and rotating P-state approximation). With these approximation,
the cross sections are (2/3)n2u%e2/Kv and 2x2u2e?/Hiv, respectively (47).
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Table 1.

Atom*
H (1)
He (4)
Li (7)

Be (9)
Ne (20)

Na (23)

Mg (24)
Al (27)

Ar (40)
K (39)
Cs (133)

Ba (137; 11%)
(138; 72% )

RADIATION CHEMISTRY—II

Cross Sections of Excitation Transfer between
Identical Atoms in Thermal Energy

Ground and
Excited States
(transition)

1S-2P
-3P
11S-21p
-31P
225-22p
-32P
215-21p
2p8 1§,
—2p3(2Py /) 3s'Py
328,/9-3%Py 5
-32B,
318-31P
32P, /o428 /2
32P3/2—4253/2
3p6 lsa
-3p" (2P1/2)4SIP1
4281/2—4281/2
2P3 /2
6281 /2—62P 1/2
61S,~-61P,

Hg (200; 23.13% ) 61S,-61P,

(202; 29.80% )

” Mass number (M) in parentheses.

Cross Section

of Excitation
Transfer
(sq. A.)

7.80 X 102
1.26 X 102
4,98 X 102
1.54 X 102
1.9 X 10¢
1.1 X 102
1.98 X 10¢
1.1 X 10¢

14 X 10¢
2.9 X 104
3.766 X 10*
4.0 X 103

2.6 X 102

2.6 X 103
5.2 X 103
5.2 X 10¢
2.10 X 105
2.10 X 105
4.785 X 10
4.809 X 104

Lower
Critical
Pressure
P,at 0°C.
(mm. Hg)

5.9 X 102
2.1 X 102
1.8 X 101
6.7 X 102

3.6

2.7 X 101
1.3 X 101
1.6 X 1072
1.3 X 102

6.5 X 101

Higher

Critical

Pressure
P, at 0°C.
(mm. Hg)

1.3 X 108
2.0 X 10
2.5 X 103
1.5 X 10¢
1.0 X 10
2.2 X 10¢
1.0 X 10
2.7 X 10

1.6 X 10
5.6
3.8
1.1 X 10

6.9 X 103
9.9 X 10
7.6 X 10
2.3 X 10
2.9 X 101

2.7 X 10

Discrete-Discrete Near-Resonant Process. We assume the commu-
tative relation between the matrices A(t) and B(t), as [A(t), B(¢)] =0

t

where [ ] means the commutator bracket and B(t) = f A(t)adr.

—

This assumption is acceptable for the near-resonant case (18, 19, 46, 47).
Together with this assumption we assume that the direction of P-state
points to the other atom throughout collision (the rotating atom approxi-
mation). The rotating atom approximation has been employed and dis-
cussed by Bates et al. (6, 7, 8) in some collision problems. In our excita-
tion transfer problem this approximation would also be available.
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Judging from the calculation of the coupled equation (without the
rotating atom approximation) in the resonant case and the discrete-
continuum case, the error from the rotating atom approximation would
not change the order of the magnitude (67, 68, 70). With these approxi-
mations, the process can be described in terms of the resonance defect
[e = (E; — E;)/#] and the transition matrix dipole moments of A and
B pa and pp. By Nakamura’s calculation (50), the transfer probability
is written as

Py, 1(R,, v) = sin*{4a*BK; (aR,) /aR,} (19)

where « = /v, B = papse?/v and K;(x) is the first-order modified
Bessel function. The cross section for the excitation transfer is given by

ai» (V) =%ﬂwx sin(4a2ﬁ)l—<}gdx (20)

If we consider the case H(1s) + D*(2p) —» H*(2p) + D(1s) the
resonance defect (v) is 22.4 cm.™!, The results are illustrated in Figure 3
as a function of the incident velocity v. This kind of theoretical work
together with the exact resonant case had already appeared by 1930 (24,
32, 57). Bates (11) and Rosen and Zener (59) also investigated the
near-resonant type problem. The work by Vainshtein et al. (65) can be
applicable to the process.

Generally, one of the characteristic features of Case 1 is a monotonic
dependence on the incident velocity (v) as mentioned later. For instance,

104

T rrrrrr

o}

T T T TTTrT
=

Cross section (in wa?)

102 I ] |

1
5 10 15 20 25
Incident relative velocity (in 107a.u.)

Figure 3. Relation between cross section and incident relation velocity
(I): H*(2p) + H(1s) — H(1s) + H*(2p)
(I1): D*(2p) + H(1s) — D(1s) + H*(2p)
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the cross section of S-P case is proportional to v1. However, in the near-
resonant case the dependence of the transfer cross section is not a
monotonic function of v and should have a maximum. The maximum of
the cross section occurs at about v — w/2ra where a has a dimension of
length and is of the order of interaction range. In the incident velocity
energy range higher than /2ra, the property of near-resonant process
disappears and approaches that of a resonant process. If the resonant
defect o is larger than 200 cm.? (1.02 X 1073 a.u.), the transfer cross
section will be fairly small compared with that of the S-P resonant case.

Discrete-Continuum Process. For Case 3, the basic operator-differ-
ential equation (Equation 11) involves continuum states. A(t) will be
a continuously infinite row-column matrix. If excitation of A is optically
allowed, the matrix components corresponding to discrete-continuum
components of A(¢) are predominant—i.e., A(t) can be regarded as

A(t) = [73‘7 ﬁ] (21)

0
where upper and left halves correspond to discrete states, opposite halves
to continuum states, and k is a wave vector of an ejected electron. Using
Equation 21 and with some approximation, Equation 11 can be simplified.
Equation 11:

d

rr C=A(t)C (11)
with the initial condition C(—w) = C, is equivalent to a integral
equation:

c=c,+ f' A(t)Cdt. (22)
-— o0
If we substitute Equation 22 into Equation 11, we obtain
d t
£ c=Ac,+A ACdt. (23)
dt —

We divide C into two sub-vectors which represent continuum and dis-
crete components, respectively:

Ae)-[50 )

Our initial state of the system is discrete. The continuum component C,

is zero, i.e.,
0
C,= [G] . (25)
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Then, using Equation 25 the discrete component of AC, — 0. Equation

23 has a form of
i Cc(t) — E_:Aluci
dt [C,,(t)] - [‘ 0 ] (26)

t zAk‘(t)Aﬂ('(t)‘ 0 Cc(t')
* 0 | | |
o | An(DAwi(¥)dk

which can be separated into two parts. For Cg:

g—Cd(t) =f' K(t,t)Cqy(¥) . (27)
1 —o0
Here, K(t,t’) is a matrix whose i-j component is expressed by

Ky(6) = f A() Ay () dk. (28)
The transfer probability P;,; can be obtained by
Piay=1— [Cq(e0) 2.
If the matrix K(¢,t’) in Equation 28 can be reduced to a simple form as
j‘r’wK(t,t’) C(t') = J(t) C(t), Equation 27 can be solved easily by

iteration (Equation 12).

Two approximations can be used to simplify the matrix K(¢t’).
Mori and Fujita (44, 45, 46) assumed the commutative relationship be-
tween A(t) and B(t) as for the near-resonant process, and gave a formula
for the error which would arise from the commutative assumption.
Katsuura and Watanabe (33, 70) did not make such assumption but
assumed that the transition dipole moment of B — B* + ¢ depends little
on the energies of an ejected electron. In both approximations, the
dependence of J(t¢) on interatomic distance becomes o« R™*" if the inter-
atomic Hamiltonian H’« R™. This property predicts the velocity de-
pendence of the cross section (discussed later). In Mori-Fujita calcula-
tion, the rotating atom approximation was used. In Watanabe-Katsuura’s
(W-K) paper (70) the solution without rotating atom approximation
was obtained. Figure 4 shows the relation between the transfer proba-
bility P;,,; for A* + B - A + B* + e and impact parameter R,, by
W-K calculation. Taking the integration over R,, the transfer cross sec-
tions for Case 3 can be obtained. For the direction of angular momen-
tum P, an approximation method can be used. This method gives upper
and lower bounds of the cross section, obtainable from Equation 11
(70). Smirnov and Firsov also calculated for the same process using
a similar but slightly different method (60, 61), taking the P-direction
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o

Transfer Probability A
[3,])

o

10 20 30 40
Impact parometer Ao (in (7 pZu2 e*/ av)*)

Figure 4. Relation between transition probabilities and
impact parameter R, for A* + B—> A + B* + e (S-P type
interaction). P;, P, and P, are the same as in Figure 2

Table II. Various Formulas of Cross Sections for
Ionization by Excited Atoms

Cross Section X

Investigator (na’np’et /Bof/5 Reference
Katsuura 18.14 33
Smirnov-Firsov 13.29 61
Smirnov-Firsov 13.8 60
Mori-Fujita 15.04 44, 45
Watanabe-Katsuura 13.88 70

Table III. Rate Constants and Cross Sections for Ionization by

Collision with Excited Atoms
(A*+B—>A+B +e)

Atom and  Ionization Ionization

Molecule Rate Cross
to Be Constant Section
Excited Atom and Transition Ionized k(109 cc./ ou(sq. A.,
(A* > A) (B) sec., 300°K.) 300°K.)
He (2!P — 115) (584 A.) Ar 091-0.98  78-84
He (21P — 11S) (584 A.) Kr 0.96-0.99  84-86
He(21P — 11S) (584 A.) Xe 0.86-0.90 75-80
He (2P — 11S) (584 A.) CH, 0.95-0.96 76-77
Ne[2p?(2P,,,)3s1P; — 2p®1S,] (736 A.) Ar 0.52-0.58 85-95
Ne[2P5(2P, ;) 3s1P, = 2p81S,] (736 A.)  Kr 0.59-0.63  106-113
Ne[2p3(2P, 5)3s'P; = 2p01S,] (736 A.)  Xe 0.58-0.65  109-121
Ne[2p3(2P,,,) 3s1P; — 2p81S,] (736 A.) CH, 0.70 94
Hg (6P, — 61S,) (1849 A.) Li 1.07 124
Hg(61P, — 61S,) (1849 A.) Na 0.14 28
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effect into consideration. The results by several authors are tabu-
lated in Table II. At present, the W-K calculation seems most rigor-
ous. Table II shows that the cross section can be written by a factor
(pa®uset/hv)?/> regardless of the method used. Further, the error from
simplifications on the P-direction is about 25% at most for Case 3, with
S-P type interaction. Some typical cross sections calculated from the
coupled equation are tabulated in Table III. The cross sections of Case 3
are sometimes large compared with gas kinetic dimensions.

Cases Other than S-P Type Interaction

Velocity Dependence of the Cross Section. For S-P type interaction,
the excitation transfer cross section was proportional to v! for Case 1, and
to v™?/5 for Case 3. For Case 2 the velocity dependence was not as simple.
Here the ratio of the angular frequency of the resonant defect [v =
(E: — E;/%)] to the relative incident velocity (v)—i.e « = /v is the
most important parameter. If the ratio is small compared with the
reciprocal of the interaction range a!, the transfer will approach that of
Case 1 (exact resonance). The cross section will decrease monotonically
with v at higher velocities. If « = a’, the cross section will be fairly
small compared with that of exact resonance. Further, in the limit of
v — 0, the cross section would be zero, and would increase with v at low
velocity region. Then, it will reach a maximum in between these regions
for Case 2. This feature will hold for all inter-multipole types of inter-
action including the S-P type. However, the detailed and quantitative
discussion on the velocity dependence for Case 2 is not this simple. On
the other hand, the velocity dependence of the cross section for the
resonance type excitation transfer (Cases 1 and 3) can be discussed more
straightforwardly, not only for the S-P interaction case but also for other
interaction cases (48, 69).

If we can confine the problem to a two-level case—i.e., one initial
and one final state—the velocity dependence of the excitation transfer
cross section can easily be obtained. If the interaction has the form
C - R™, o(i— f) can be expressed as

) _ 9  [C f(n)]e,
a(i—=f)=1}nx (1 + n—_—2> [g _O—] (29)

where f(n) is a numerical constant. This was obtained by Massey and
Mohr (39) using semiclassical (with respect to nuclear motion, WKB])
method. For Case 3, an extension of above result is possible. Equation 28
after integrating over k shows that K(¢,t') is proportional to R?* K(t,t’)
and is most significant when ¢ — #’. When C, has one component, the prob-
lem is identical to one with a R2” potential in Equation 29. If there is
more than one channel of excitation transfer (not a two-level problem),
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the velocity dependence can be obtained by the dimension analysis
technique (69). If A in Equation 11 or K in Equation 27 can be factored
out by (e*M,2% - R, ™) or [e2M,2(dMg?/dE)x, X R,2], we can derive
the same velocity dependence of the cross section. Here M,* and
(dMg?/dE)y, are the square of multipole moment of A — A* and that
of B — B* + e with energy interval dE at wave number k,, respectively.
The cross sections are expressed as

2M 2\ 2/(n-1)
o(i=f) =K, (e IZ‘ ) for Case 1 (30)
where
K, = 4n °°|<C(oo)|F(a °°)IC(—w)>l2a-(n+l)/(n-l)da
AT n=1Jo ? ?
and
2/(2n-1)
o(i—>f) =Kg {%Mﬁ' (%)ko} o for Case 3 (31)
where
4 0 ome 1y (one
Ko =gpy [0 11 = [<Ca()[G(b, )| Co(—e0) >[£]brienian-ly

(32)

Here F(a, «» ) and G(b, « ) are matrices which give the solution vector
C(o) and C4(0) as C(w) = F(a, ©) * C(—x) and Cd(x) =
G(a, o )Cy( — 0 ). The parameters a and b are dimensionless and given
by a = (Ree?/fiv) X (Ma2/R,") and b = («xR,/#v)(e?/Ry*) X
M,2(dMg?/dE), It is interesting to see the difference of the velocity
dependences for these processes. When the final state is discrete, the
velocity dependence is v2/»~1 and when the final state is continuous,
the dependence is v2/@#-D_ If the final state has finite line width, the
exponent of the dependence will be between —-2/(n—1) and -2/(2n-1).
The change from n to 2n in the exponent depends on the line width of
the final state.

The temperature dependencies of the thermal cross sections (ow,)
and the reaction constants (k) can be obtained by taking the Boltzmann
average of these over velocities. These are

o = 2r71/2T [_;. —(n— 1)—1] K, (e2M g2 /#i)2/ (-1
X (M*/szT)l/(n-l) (33)

k=2712T[2 — (n— 1)71] - K, (€2M,2/K)2/(n-D)
X (M?®/2kgT)-1/2+(1/(n-1] (34)
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for Case 1, and
om = 271727 [_‘;‘_ —(2n— 1)—1] Kg[(e*r/%) - M2 - (dMg2/dE),,]2/@n-D

X (M*/2kgT)-1/(2n-D (35)

k=2+120[2 — (2n — 1) 1] Kg[(etx/E) M 2(dMg2/dE),,]?/ 2" 1
X (M*/2kgT ) 1/2+[1/C2n- 1) (36)

for Case 3. Here kg is Boltzmann constant, and M* is the reduced mass
of the incident partners.

Bates et al. (12) obtained the velocity dependence of o(i — f) for
Case 3 from the viewpoint of a simple classical collision theory as:

o(i—=f) ="’<C(I\’,;;22))%((n22)) - Py, (37)

where M* is the reduced mass and where P; - fw is the probability of
ionization when the colliding particles are in interaction region. The
factor Pify is considered independent of velocity. The velocity depen-
dence in Equation 37 is different from that predicted from Equation 29,
equating n — 2n. This discrepancy comes from the difference in the
physical picture. Equation 37 is valid for a case where the ionization
cross section is small, whereas Equation 31 is for a case where the cross
section is comparatively large. The processes of Equation 37 will occur
within a narrow region. Nevertheless, there remain some points of con-
troversy on this discrepancy of the velocity dependence.

Collisions with Metastable Excited Atoms and PSS Method. When
an excitation in Case 1 is metastable or optically forbidden, the interaction
between A and B is not long range. A question of the validity of the
impact parameter method arises. The interaction can not be expanded
by Legendre polynomials. Buckingham and Dargarno (4) and Mat-
suzawa and Nakamura (40) calculated the transfer cross section for
metastable excitation transfer processes. The perturbed stationary state
method (PSS method) can be used for this problem rather than the
impact parameter method (IP method). The PSS method is based on
the concept that the motion of nucleus is treated in quantum mechanical
way, the wavefunction of the total system can be divided into one of
nuclear motion and one of electronic motion, and the electronic wave-
function is determined by the electronic Hamiltonian for a “fixed” nuclear
configuration at every moment of nuclear motion during collision. The
PSS method has been used for He* + He — He + He* by Buckingham
and Dalgarno (4). In Matsuzawa-Nakamura’s paper (40), the two (IP
and PSS) methods were compared for the process H*(2s) + H(1ls) —»
H(1s) 4+ H*(2s). The results for hydrogen are illustrated in Figure 5.
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Figure 5. Cross sections for metastable excitation transfer process
H*(2s) + H(ls) = H(1s) + H*(2s) vs. incident energy

QO: Calculated by PSS method
X: Calculated by IP method

The data show that the impact parameter calculation agrees with that of
PSS above the energy region of 1.0 e.v. Inaccuracy in IP calculation
arises mainly from the straight-line trajectory approximation (see Figure
1). The cross section from PSS calculation is greatly influenced by the
small hill of the adiabatic potential of AB at about 5-a.u. internuclear
separation. The IP calculation would be markedly improved if we take
a distorted trajectory affected by interatomic interaction. The calculation
with the PSS method shows that the transfer cross section for an optically
forbidden excitation can become large (of the order of 10 sq. A.) com-
pared with geometrical cross section. The PSS method was applied also
to H*(2p) + H(1s) -» H(1s) + H*(2p) by Nakamura and Matsuzawa
(51). In this process the interaction is long range. The results are in
excellent agreement with that of IP method (with straight-line trajectory).
Thus, the IP method with straight-line trajectory was proved to be useful
for long-range interactions, as expected.

Processes like A* 4+ B — A*" 4 B have also been investigated (18,
19, 23, 37, 38, 62, 63). Although they may be important in some gas-phase
experiments, we would like to exclude them from this discussion because
they are not the excitation transfer type. If the potential crossing occurs
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in the case of nonresonant process, the problem will be different. The
cross section for the transfer will be significant at the crossing point (13).
Besides the famous Landau-Zener formula (36, 71), Stuckelberg (64)
extended the theory for the potential crossing problem. This can be used
for Case 2.

The PSS method was also used for He* (1s2s, 35) + He*(1s2s, 2S)
— He(1s% 1S) 4+ He'(1s) 4 e by von Roos (58). The cross section was
estimated to be 102 sq. A. at 293°K. and is much smaller compared
with experimental data (56). Besides the above, Ferguson (22) and
Bates et al. (12) investigated similar process by simple collision theory.
The processes include metastable excitation as well as the S-P case. Their
procedures are similar. According to Bates et al., the rate coefficient for
the ionization is expressed as

kpszpikc (38)

where f,, is the fraction of the close collision from which any state of
the continuum can be reached without Wigner’s spin conservation rule
being violated, where P; is the probability of ionization occurring in one
of these close collisions, and .where k. is the rate coefficient for close
collisions. The rate coefficient k, is obtained from the classical orbital
theory (25). The probability P; is obtained from the ionization rate
which is determined by the initial-final matrix element of interelectronic
Coulomb interaction. They estimated k,’s for the processes: H*(2s — p)
+ H*(2s — p) > H(1s) + H* + e and He* (1s2s, 3S) + He*(1s2s, 3S)
— He(1s% 1S) + He'(1ls) + e. The cross section can be obtained by
dividing k, by the mean velocity. The estimated values for the cross sec-
tion are 1.8 X 10? sq. A. for the H case and 1.1 X 10?2 sq. A. for the He
case. The interatomic potential in calculating k. was considered to be the
dipole-dipole type ( « R3) for the H case and the van der Waals type
(< R®) for He case. This is in agreement with the experimental value of
0.9 ~ 1.2 X 10% sq. A. at 300 ~ 520°K. They also discussed P; for the
process of Penning ionization like He* (1s2s, 3S) + Ar(1S) — He(1s? 1S)
+ Ar* + e and compared their results with Ferguson’s (22). The order
of cross section for these processes is considered about 10 sq. A. at
300°K. experimentally (14, 16, 30, 34, 63). The theoretical cross section
(kp/ <velocity> ) is about 100 ~ 200 sq. A. by Bates et al. and 40 sq. A.
by Ferguson. The P/s for these processes are about 0.05 ~ 0.3.
Relation with Experiments. The resonant type excitation transfer
has been investigated since about 1930 (24, 57). Attempts were made
mainly to interpret the line profile of the spectrum. Now the theory
of the resonant optical-allowed type transfers are well established and
have been tested experimentally in several cases. On the contrary, near
resonant and discrete-continuum theory have not been as well established.
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They still include some controversy. Direct measurement is difficult
except for metastable excitation. We can find many experimental works
on the metastable excitation transfer processes (15, 28, 55, 56). There
are, however, only a few theoretical attempts done on these processes
because of the difficulty of the problem. In lighter-atom case, the dis-
crimination of an optically allowed state from a forbidden state is strict
but, in heavier-atom cases, such as Hg, this becomes obscure because of
l-s coupling. Thus, the S-P type transfer theory will be available for
a metastable excitation transfer of heavier atom.

In gas-phase experiments which contain excited atoms, the pressure
range of the gas can be classified into three regions from the viewpoint
of excitation transfer. At low pressure, each atom behaves as if it were
isolated. Atom excitation can not be transferred to other atoms within
the lifetime of the excitation. At the intermediate pressure region, atom
excitation can transfer to another atom within its lifetime. In this region,
the pressure is, however, considered to be low enough so that the mean
interatomic distance is not smaller than the mean radius of excitation
transfer (ow)V/2. The highest pressure region is defined as that where
the mean interatomic distance is smaller than (o )1/2. We shall call these
pressure regions independent excitation region, excitation transfer region,
and collective excitation region. In the collective excitation region, the
excitation of an isolated atom is not a good eigenstate. Here, we note P,
and P; the higher and lower critical pressures of the excitation transfer
region. P, and P, can be expressed in terms of the excitation transfer
cross section oy, That is,

Py =kgT (oen) 32 (39)
Py = kgT (kr,)? (40)

where 7, is the lifetime of the excitation. For Case 1 with S-P type inter-
action, the relationships between P, and P, and the transition dipole
moment (u) of A - A* are shown in Figure 6. Some typical P, and P,
at room temperature are shown in Table I. The excitation transfer will
play a role even in a comparatively low pressure region.

The excitation transfer of an atom with like atoms (Case 1) can
affect the spectrum. If either an upper or a lower state is connected to
the ground state by optically allowed transitions and these excited atoms
are surrounded by ground state like-atoms, the Lorentzian spectrum
half-line width (w) of the transition is expressed in terms of k (1, 5) as

27N .
(ﬂ—'l) K f[<C (co)|1—'F(a,co)|C(— 0)>], a1/ 1’dc(141)

where N is the density of perturbes, and av means that over all the initial
states. Experiments on He** —» He* + hv and on Ne** — Ne* + hv
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(35, 66) shows that the observed data are in excellent agreement with
calculations by Omont and Watanabe (53, 54, 68, 69) for Case 1. Equa-
tion 41 shows that w is proportional to k, and its temperature effect
will be the same as k of Equation 34.
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't A, x=2000R
£, A=3000A
10" R . . —
1072 107! 1 10

Square of transition dipole moment #2(in 7a?)

Figure 6. Higher (P,) and lower (P,) critical

pressures of excitation transfer process A* + A

— A + A*. M = mass number of atom A; A =
wavelength of transition A — A*

The line width w is proportional to <C( e )|1 - F(a, «)|C(-»)>
and o(i—> f) is proportional to | <C( e )|F(a, o )|C(—» )>[*. Generally
speaking, w cannot be obtained from ¢(i — f) or vice-versa in the strict
sense. If the matrix A in Equation 11 has only off-diagonal components,
<C(®)|l - F(a, ©)|C(-)> becomes real. The integrations in
Equations 30 and 41 are mainly determined by a small value of a because
of the weighting factor a"®*1/®-1_ In other words, the transfer proba-
bilities P;,: and <C( )|l — F(a, )|C(-)> are determined by
larger R, because of weighting factor R,. In this sense a kind of “mean”
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cross section o can be connected to w as w = 2Nov as a crude approxima-
tion. Equation 41 rewritten as
e*f

=K
w 8mc2y

(in cm.™1) (42)

where f is the oscillator strength and v is the wavenumber of the resonance
transition. K is a universal constant and can be calculated from collision
theory. Several authors have estimated K with impact theory, with the
following results: Byron and Foley (17), 1.33; Watanabe (69, 70), 1.44;
Ali and Griem (1, 2), 1.41, Omont (53, 54), 1.45. Omont (54) has
recently discussed the various forms of theory. Omont and Watanabe’s
calculations are essentially the same and seem the most rigorous. The
latter performed the calculation over a wider range of impact parameters.

With magnetic resonance of excited gas-phase atoms one can also
measure the cross section of excitation transfer (20, 21, 41, 42, 52, 53).
Using a gas-laser technique, particular direction of [a particular m(azi-
muthal) state of] the angular momentum of atoms can be pumped under
a static magnetic field with a polarized resonance radiation. If the excita-
tion transfers to other atoms, this pumping efficiency will decrease. From
this decrease one can measure the excitation transfer cross section. The
Zeeman splitting of the levels is proportional to the strength of the
magnetic field. If one observes the excitation transfer cross section as a
function of magnetic field strength, these data will give information on
the resonance defect (») dependence of the excitation transfer for the
near-resonant case (Case 2).

Of course, Case 3 together with Cases 1 and 2, is an important process
in W-value measurements of gaseous materials (16, 31). However, these
measurements are indirect, and the data do not correspond directly to
each primary process. At present the experimental data are too scant to
explain in detail each process which results in electron and ion produc-
tion. Case 3 may also be important in magneto-hydrodynamic power
generation experiments (61).
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Primary Processes in the Radiolysis
of Gaseous Ammonia

G. R. A. JOHNSON and M. SIMIC

Laboratory of Radiation Chemistry, School of Chemistry, The University,
Newcastle upon Tyne, 1, England

The H atom and molecular H, yields from irradiated NH,
gas, measured by organic scavengers are Gy = 7.2 = 0.5
and Gy, — 0.8 = 0.2. The depression of the H, yield from
the system NH, 4 C;H, (1.5 mole% ) by the electron scav-
enger SF,, AG(H;) — 3.9 = 0.6, corresponds closely to
Guue = 38, calculated from W(NH,). The total G(H,)
and AG(H,) in this system are temperature independent
(20° to 200°C.). The N, yield from NH; + CsH;s (> 3%)
+ N;O (1.5%), G(N,) = 38 = 0.2, is equal to G-, sug-
gesting that in this system N, is formed only as a result of
electron capture by N;O. The formation of HD from NH,
+ D, occurs by a chain reaction both at 20° and 120°C.
G(HD) depends on temperature and on D, concentration.

Several previous studies of the radiolysis of gaseous ammonia have
shown that nitrogen and hydrogen are the only products formed in
significant amounts under static conditions (I, 3, 14, 28), and certain
evidence suggests that these products are formed by the reactions of the
free radicals NH, and H, whose production is the main consequence of
the primary ionization and excitation processes (21, 22). Until recently,
however, no attempt has been made to determine the total yields of the
free radicals, the separate contributions of the various primary processes
to these yields, and the mechanism by which the free radicals react to
give the products.

The initial aim of this work was to determine the total primary yield
of H atoms and the extent to which ion neutralization processes contribute
to the formation of this species. The mechanism of the radiation-induced
decomposition of NH; is discussed in the light of the results obtained.
A preliminary account of part of this work has been published (10).
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Experimental

The gases used (NHj; Matheson, pure grade; C3Hg and C;H,,
Phillips, research grade; SFg, 1.C.I., 99.95%; N,O, British Oxygen Gases,
medical grade) were condensed at 77°K. and distilled. Irradiations were
carried out in borosilicate glass vessels (~ 400 ml.) fitted with breakseals.
Before filling, the vessels were baked in air at 500°C. for at least 6 hours
and pumped to < 107 torr. Gases were introduced by condensing the
required quantity into the vessel at 77°K. The technique used for the
water vapor experiments has been described (11). During irradiation
(%°Co y-rays) the vessels were maintained at the required temperature
(= 2°C.) either by heating in an oven or cooling in a deep-freeze cabinet.

The dose rate was measured by the N.O dosimeter assuming G(N;)
= 10.0 (13). The energy absorbed in each component of the gas mixtures
was calculated from the energy absorbed in N,O using the ratio of
stopping powers per molecule given by Meisels (20). The dose rate was
approximately 10'3 e.v./ml. sec. in NHj; at 760 torr, 20°C.

Gases present after irradiation, which were noncondensable at 77°K.,
were transferred to a gas buret by a one-stage diffusion pump and a
Toepler pump. After PVT measurement, the gas composition was deter-
mined mass spectrometrically.

Results

Pure Ammonia. The yields of hydrogen and nitrogen from pure
ammonia over the temperature range —20° to 200°C. are given in
Figure 1. At all temperatures, the ratio G(Hz)/G(N2) = 3 is that ex-
pected if these are the sole products. The maximum yield of hydrazine,
therefore, corresponds to the experimental uncertainty in determining
G(H:) and G(N;) and is estimated to be G(N;H,) < 0.4. The product
yields at 41°C., measured at different NH; pressures, were unchanged
over the NH; density range 3.5 X 10 to 2.1 X 10 gm./cc.

Effects of Scavengers. Except as otherwise stated, the G values
quoted refer to the events in the NH; fraction of the mixtures. Appropri-
ate corrections are made to allow for the dose absorbed by the scavenger
fraction assuming the measured yield of a product, X, to be given by
G(X) = fo G(X)2° + f» G(X)»°, where f, and f, are the fractions of
energy absorbed by the ammonia and the scavenger, and G(X).° and
G(X)° are the yields at f, = 0 and f, = 0, respectively.

ProPaNE. In the presence of C;Hg, G(Hz) = 8.0 = 0.3 and is inde-
pendent of the C3;Hg concentration between 1.5 and 6.0 mole % and of
temperature between —20° and 200°C. (Figure 2). Over most of the
temperature range, G(N;) is significantly smaller than the yield from
pure NHj, but the actual value is uncertain. We have frequently found
small quantities of N, comparable with the amounts obtained in these
experiments, to be apparently produced by radiolysis of gaseous systems
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(o] 100 200 300 400
TEMPERATURE (°C)

Figure 1. Hydrogen and nitrogen yields from the radiolysis of am-
monia. Dependence on temperature. O, hydrogen. [, nitrogen.
Filled points are data of Jones and Sworski (14)
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Figure 2. Hydrogen and nitrogen yields from the radiolysis of NHy + C,H,
(1.5 mole % ). Dependence on temperature. O, hydrogen. 0O, nitrogen.
Filled points are with SF, (0.2 mole %) present
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under conditions where the formation of N, as a product can be ex-
cluded. The origin of the N, is uncertain, but possibly it is desorbed from
the vessel walls during irradiation. Hence, the values given for G(N)
from NHj; irradiated in the presence of organic scavengers should be
regarded as upper limits. At —22°C., G(H;) and G(N:) depend on the
CsHj; concentration (Figure 3).

8 T T T

[C,H,] (mole %)

Figure 3. Dependence of G(N,) and G(H,) on
C;H; concentration at —22°C. O, hydrogen. O,
nitrogen

PROPANE + SuLFUR HExaFLUORIDE. The H; yield from NH; + C;Hg
is decreased to G(H;) — 4.1 = 0.3 by SFs (0.1 mole % ), and this value
is independent of temperature ( —22° to 200°C.) (Figure 2). G(N;) is
approximately the same as in the absence of SF,, except at —22°C.
where a slightly higher value, G(N;) — 1.6, is observed.

PropENE, BENZENE. Experiments with C3Hg (1.5 mole % ) or CeHg
(3 mole % ) gave G(H;) = 0.8 = 0.2 and G(N.) < 0.3 (20°C.).

DeutertuM. The yields of Hy, HD, and N, from NH; + D, mixtures
at 20° and 120°C. are given in Table I. G(N.) is independent of D,
concentration within experimental uncertainty. G(HD) increases mark-
edly with increasing D, concentration, the effect being more pronounced
at the higher temperature.
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Table I. Yields from the Radiolysis® of NH; + D
Temperature, D, Concentration,
°C. mole % G(HD) G(H,) G(N,)
20 0 — 5.7 1.9
0.38 34 8.3 2.1
0.70 4.5 5.7 1.6
1.43 7.8 5.1 14
2.65 12.7 4.7 1.9
4.70 17.2 3.4 1.5
120 0.33 6.6 13.6 2.8
0.65 11.8 11.8 3.6
4.00 41.3 8.9 39
* Conditions: Pxa, = 760 torr. Dose rate = 1013 e.v./ml. sec.
T O T I
15 O -
10~ g

] 1 | |
0 0.2 0.4 0.6 0.8 1.0

Fraction of dose absorbed by N,O

Figure 4. Hydrogen and nitrogen yields from the radiolysis of
NH; + N,O mixtures. O, hydrogen. O, nitrogen

Nitrous OxmpE. The yields of N, and H, from NH; 4 N,O mixtures,
given as a function of the energy fraction absorbed in the NHj; in Figure
4, show a marked dependence on the composition of the mixture, and the
simple mixture law is not obeyed. The dependence of G(H:) and G(N2)
from NH; + N,O (1.5 and 3.8 mole % ) on C3Hjg concentration is shown
in Figure 5.
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Figure 5. Hydrogen and nitrogen yields from NH; + N;O. Dependence
on C;Hy concentration. O, hydrogen. [0, nitrogen. Open points, N,O
= 1.5 mole %. Closed points, N,O = 3.0 mole %

WATER VaPOR 4+ AMMONIA. Yields of Hs and N, from H,O and NH,
mixtures were measured as a function of NH; concentration and tem-
perature. Figure 6 shows the dependence of G(H:) and G(N:) on
temperature for NH; — 3 mole %. The yields at 150°C. were inde-
pendent of NH; concentration between 0.5 and 3.0 mole %.

Discussion

Primary Processes. Detailed discussions of the primary events in
irradiated NH; have been given recently (14, 19), and it is necessary
here only to summarize the relevant information. Mass spectrometric
data suggest that the main ionization processes will be Reactions 1 and 2.

NH, —*»—> NH,* + ¢ (1)
NH, —*#—> NH,* + H + ¢ (2)

The ion abundance ratio determined by mass spectrometry NH,"/NHy*
~ 0.4 (21, 22), but the relative importance of Reactions 1 and 2 under
radiolytic conditions is not known. The ion-molecule Reactions 3, 4,
and 5

NH,* + NH, = NH,* + NH, (3)
NH,' + NH, = NH;* + NH, (4)
NH,* + NH; = NH,* + NH (5)
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occur with rate constants greater than 10"'M™ sec.” (7, 8) and, at the
NH, pressures and the dose rates considered here, are rapid compared
with ion neutralization. When neutralization occurs, therefore, only the
ammonium jon is present, and there is evidence that this will be in a
clustered form, NH,* nNH; (where n = 4) (9). The extent of negative
ion formation in pure NH, is negligible (21, 22), so that ion neutraliza-
tion involves only recombination of ammonium ions and electrons.

o} | |
100 200 300 400 500

TEMPERATURE (°C)

Figure 6. Hydrogen and nitrogen yields from the radiolysis of
H,O + NH, (3 mole % ). Dependence on temperature. O, hy-
drogen. O, nitrogen

Photochemical studies indicate that the Reaction 6, 7, and 8 can
result from electronic excitation.

NH, —**—> NH, + H (8)
NH; —**—> NH + H, (7)
NH; —#*—> NH + 2H (8)

Reaction 7 contributes less than 4% to the photolytic decomposition at
1849 A. and about 14% at 1236 A. (18). The formation of NH at A <
1600 A. has been demonstrated by flash photolysis (2). There is no
direct evidence for the postulated intermediates in the radiolysis except
for the NH radical, which has been detected by pulsed radiolysis experi-
ments (19).
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NH; + C;Hg. In pure NH; the free radicals, H and NH,, can
participate in a variety of reactions (discussed below). C,Hs scavenges
H atoms by Reaction 9,

H + C,H, = H, + C,H, (9)
and also may be expected to react with NH, according to Reaction 10,
NH, 4 CgHg = NH, + C.H; (10)

these reactions competing with the alternative reactions of H and NH..
Since G(H;) is independent of C3Hg concentration between 1.5 and 6.0
mole %, it is concluded that a CsHg concentration of 1.5 mole % is
sufficient to scavenge all of the H atoms at 20°C. and above. At —20°C.,
a concentration above 6.6 mole % appears necessary to scavenge all the
H atoms.

The possibility that C3Hg can interfere with ionic reactions can be
excluded since the reactions of the NH,* ion with C3;Hj, either by charge
transfer (Reaction 11) or proton transfer (Reaction 12) are energetically
unfavorable

NH,* + C;H; = NH, + H + C;H,, AH=69ey. (11)
NH4¢ + C3H8 g NH3 + Cng‘ AH =5.0 e.v. (12)

(AH is calculated from proton affinities of NH; (9.3 e.v.) and C3Hg (4.3
e.v.) and ionization potentials of H (13.6 e.v.) and C3H; (11.2 e.v.)).

When all H atoms are scavenged by C;Hs, G(H;) = 8.0 = 0.3 =
Gu + Gu,—i.e., the sum of the H atom yield (Gx) and the molecular
yield (Ggy,) in this system.

G(N2) is markedly lowered by C;Hjs, suggesting that NH, radicals,
which react to give N; as one of the products in pure NHj, are removed,
presumably by Reaction 10. The results indicate that, at 20°C. and above,
NH, reacts exclusively by Reaction 10 when the C3Hg concentration
exceeds 1.5 mole %, whereas at —22°C. concentrations of C3Hs higher
than this are required to remove the NH, radicals (Figure 5). NH radi-
cals, which are formed in minor amounts, may rot react readily with
C;H; although they apparently do react rapidly with CsHg (19), and
the small yield of N, found with C3Hjy present could possibly include some
contribution from NH radicals.

NH; + Cz;Hg. C;Hg is an efficient scavenger for H atoms and the
H, yield in this system can be equated with the molecular yield Gy,
= 0.8 = 0.2. This value is close to that recently reported in two inde-
pendent studies using C.H, and C3H, as scavengers (14, 23).

NH,; + CsHyz + SFe. The reaction of thermal electrons with SFg
is extremely rapid, with a rate constant of 1.8 X 10*M sec.™ reported
(17) for Reaction 13.
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M)

e + SFg = SFy (13)
The value of SFg as an efficient electron scavenger, which reacts only
slowly if at all with free radicals, has been demonstrated (6, 11, 12). In
the radiolysis of water vapor (11) neutralization of the hydronium ion
(H30") by electrons gives one H atom per ion, whereas neutralization
by SF¢™ ions does not give any H atoms. The effect of SFg in NH; can be
interpreted in a similar fashion Thus, the depression of G(H:) by SFe,
AG(H;) = 3.9 = 0.6, corresponds closely to the yield of NH," ions
Gxry = 3.8, calculated from W(NH;) — 26.5 e.v. per ion pair (20).
AG(H;) is independent of temperature (Figure 2), which suggests that
the yield of H, from NH,* 4 electron recombination is independent of
temperature, and there seems to be no evidence to support the hypothesis
(1) that the extent of clustering of the NH,* ion, varying with tempera-
ture, influences the hydrogen yield.

NH; + C;Hg + N20. The effect of NoO (1.5 mole % ) on the yield
of Hj in this system is similar to that of SFg and again can be interpreted
in terms of a change in the ion neutralization process from reaction of
the NH,' ion with electrons to its reaction with negative ions. The re-
sidual yield G(Hz) = 5.0 = 0.5 is, however, somewhat greater than
that observed with SFg.

For water vapor, the formation of N, when C3Hg and N,O are
present as scavengers has been attributed (11) to Reaction 14,

e +N,O—> N, + O (14)
and since G(N;) from this system is approximately equal to the electron
yield, it was concluded that the O ion reacts with water (Reaction 15).
0" + H,0 = OH- + OH (15)
This reaction was assumed to compete favorably with Reaction 16,
O +N,0—=N, + Oy (16)

which has been postulated to account for the N, yields from hydrocarbon
+ N2O mixtures (12, 31).

The N, yield from NH; + N,O (1.5 mole % ) decreases with in-
creasing C;H; concentration from G(N;) = 10, in the absence of C;Hs,
to G(N;) — 3.8 = 0.2 at a C3Hjg concentration greater than 3 mole %
(Figure 5). It is possible that the high N, yields in the absence of C;Hg
are caused by the reaction of NH, radicals with N,O according to Re-
action 17 (cf., Ref. 5):

NH, + N,0 = NH,O + N, (17)
The results with NH; 4+ N,O (Figure 4) indicate that a chain reaction
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leading to N, can occur; however, a more detailed study is required
before a detailed mechanism can be given for this process. The effect of
C;3Hj; can be attributed to competition between Reactions 10 and 17, and
at sufficiently high concentrations of C3Hjg, the constant G(N.) — 3.8 =
0.2 suggests that under these conditions N; is formed only by the reaction
of electrons with N,O and that Reaction 16 does not occur in this system.
The proton transfer Reaction 18:

O+ NH, = NH,” + OH (18)

which is analogous to Reaction 15 is improbable on energetic grounds,
and it is suggested (27) that Reaction 18 may be unfavorable in this sys-
tem because of clustering of the O~ ion by NH; molecules.

Decomposition of Pure NH;. In the presence of C;Hj the total yield
of H,, and the contribution of NH,* ion neutralization, are independent
of temperature; it seems reasonable to suppose that, in the unscavenged
system also, the primary decomposition yield is independent of tempera-
ture. However, this system is complicated since the free radicals can
react to give the products or combine to give NHj, a variety of inter-
radical reactions being possible. It is difficult, therefore, to deduce the
primary yields from the measured product yields. In the photolysis of
NH; (A = 1849 A.), primary decomposition gives H and NH,, and it
might be expected that the reactions which occur will be similar to those
in the radiolysis. In static photolysis (16) there is only a low stationary
concentration of N;H,, but in a flow system much higher yields of this
intermediate are observed since rapid removal from the reaction zone
prevents decomposition by secondary reactions. Recent flow studies (15)
have similarly shown that N,H, is an important intermediate in the
radiolysis.

The photolysis results have been interpreted (16) in terms of Re-
actions 19 to 24:

H + NH, + M = NH; + M (19)
H+H+M —H+M (20)
NH, + NH, — N,H, (21)
NoH, +H —N,H, +H, (22)
N,H, +H —N,+2H, (23)
9N, H, — 2NH; + N, (24)

It is of interest to compare the dependence of NH; decomposition
we found with that reported by Jones and Sworski (14), who used 1.0-
Mev. electron irradiation with dose rates greater by a factor of about 10%
than those we used. The results are given in Figure 1. In both cases the
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yield increases with temperature, ultimately reaching a plateau corre-
sponding to G(Hp) = 15. There is, however, a significant difference
between the two sets of results, both in the temperature range over which
the increase is observed and the temperature at which the plateau is
reached. Jones and Sworski attribute the temperature effect to a compe-
tition between Reaction 25

H + NH, = H, + NH, (25)

and Reactions 19 and 20, the former reaction predominating as the
temperature is increased because of its higher activation energy. How-
ever, the activation energy of Reaction 25 is in the region 10-15 kcal./
mole (24, 25), and since the activation energies of the radical combination
Reactions 19 and 20 are negligible compared with this, the observed
temperature effect is not consistent with this mechanism.

It is possible, on the other hand, to interpret the temperature effect
in terms of a mechanism similar to that suggested (16) for the photolytic
decomposition of NH,. Thus, the dependence of the yield on temperature
may be attributed to the competition between Reactions 19 and 22. In
this case, if the direct molecular formation of H, is neglected, the H,
yield is given by Equation I.

G(Hp)max/G(H,)T =1 + kg [NHy] /kzo [NoH,] (1)

G(H:)T is the yield at temperature T, G(Hz)™=x is the yield at the
plateau of the yield-temperature curve, and [NH;] and [NgH,] are the
stationary state concentrations during radiolysis. Assuming that the tem-
perature effect arises from the difference between the activation energies
of Reactions 19 and 22, AE — E,, — E,, the Arrhenius equation gives
Equation II:

log(G(H,)max/G(H,)T) = AE/2.303 RT + A[NH,] /[N.H,] (I1)

where A is the ratio of the pre-exponential factors of Reactions 19 and 22.
The concentration ratio [NH;]/[N.H,] might be expected to depend on
temperature; however, the plot of log (G(Hz)™*x/G(H;)T) against 1/T
(Figure 7), which includes our data and these of Sworski and Jones, is
linear, suggesting that [NH.]/[N.H,] does in fact remain approximately
constant over the temperature range used, for a given NH; pressure and
dose rate. There is reasonable agreement between the values of AE =
2100 = 200 and 1700 = 100 cal./mole obtained from the two sets of
data. Furthermore, these values are consistent with the suggested com-
petition between radical combination reactions, with activation energies
close to zero, and Reaction 22, whose activation energy of 2000 cal./mole
has been measured (24). The difference between the intercepts at 1/T
= 0 in Figure 7 is understandable since the dose rates in the two investi-
gations were different, and different pressures were employed. These
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parameters would be expected to affect the stationary state ratio [NH.]/
[N:H,].

The mechanism proposed here to explain the temperature effect im-
plies that Reaction 25 does not play a part in the radiolysis over the
temperature range studied.
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Figure 7. Arrhenius plot for hzdro?en formation from the radiolysis of NH.
Open points from present work, filled points from Jones and Sworski (14)

NH; + D.. Experiments with D as scavenger were carried out in
the hope of using the exchange Reaction 26

H+D,—>HD+D (26)

to determine Gy. However, the yield of HD depends on the D, concen-
tration up to the highest concentrations used, and the values attained
(Table I) indicate that HD is formed by a chain reaction. Possible
propagation steps are Reactions 26 and 27,

D + NH; = NH,D + H (27)

where the dependence of G(HD) on D, concentration is caused by
competition between Reaction 26 and other reactions of H atoms, includ-
ing Reactions 19, 20, 22, and 23. Increased temperatures should favor
Reaction 26 (E.; — 7300 cal./mole (25)). Increased dose rates favor
the combination reactions compared with Reaction 26 at a given D.
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concentration. This could account for the different yields of HD ob-
tained by Jones and Sworski (14). Using a dose rate approximately 10
times ours, they observed only a small increase in G(HD) with D, con-
centration at 23°C. (from 0.67 at 1.6 mole % to 5.6 at 14.3 mole % D)
and concluded that a chain reaction did not occur under these conditions,
although a chain reaction was observed at 200°C.

In view of our results, we are doubtful whether any meaningful
conclusions about the primary yields can be drawn from the measure-
ments of the exchange yield in this system.

Primary Yields in NH; and in NH; + C3;Hjs. The yields from pure
NH; show that the decomposition yield at the high temperature plateau
of the yield-temperature plot (Figure 1) is at least G(—NH;) —
2G(Ng)max — 10. On the other hand, the experiments with C3Hs as
scavenger indicate G(—NH;) = Gy + Gu, = G(H;) = 8.0 = 04.
This discrepancy suggests that C3Hy reacts with or prevents the forma-
tion of an intermediate, which in pure NH; contributes to the decompo-
sition. The possibility that an excited state of NH; is formed, which
dissociates in pure NH; but is deactivated by C3;Hsg, cannot be excluded.
However, this seems improbable since it implies that the postulated
excited state is quenched by 4 X 10*M C;Hjz but not by 4 X 102M NH,.

It is possible that neutralization of NH,' ions by electrons may not
lead directly to H atoms according to Reaction 28,

NH, + e —NH; + H (28)
but that NH, radicals may be formed (Reaction 29).
NH,* + ¢-— NH, (29)

The existence of NH, has been suggested previously on the basis of mass
spectrometric evidence and theoretical considerations (21, 22). The two
neutralization Reactions 28 and 29 may not be distinguishable with C;Hs
as scavenger since both Reaction 9 and Reaction 30

NH, + C;Hg — H, + C;H; + NH;,4 (30)

would result in the formation of one molecule of H; per ion. However,
in pure NHj it is possible that interaction of NH, with other free radicals
in the system might result in an extra decomposition of NHs, over that
observed in the presence of C3Hg, up to a maximum corresponding to
Gyuy = 3.8

Some evidence for a decomposition of NH; resulting from NH,*
neutralization has been obtained from experiments with water vapor +
NH; mixtures (Figure 6). Radiolysis of water vapor results in the forma-
tion of H atoms by Reactions 31 to 34 (cf. Ref. 11)

H,0 —**—> H,0* = H + OH (31)
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H,0 —*»—> H,0" + ¢ (32)
H,0* + H,0 = H,0* + OH (33)
H,0' + e = H + H,0 (34)
In the presence of NH,, the proton-transfer Reaction 35
H,0* + NH, = H,0 + NH,* (35)

can occur so that, as in the case of pure NHj, it is the NH,* ion which
undergoes neutralization. In this system, decomposition of NH, can
conceivably result from attack by H atoms (Reaction 25), by OH radicals
(Reaction 36)

OH + NH, = H,0 + NH, (36)

or from the neutralization of NH,*. The results with pure NH; discussed
above show that Reaction 25 does not occur, at least at temperatures up
to 200°C., and it can therefore be excluded, at these temperatures, in
the H,O + NH; system. The decomposition yield in H,O at 120°C,,
G(—NH;) = 2 G(N:) = 3.4 = 0.4 is independent of the concentration
of NH; between 0.5 and 3.0 mole %. This appears to exclude Reaction
36 as being responsible since for 0.5 mole % of NH; to scavenge all the
OH radicals, the specific rate of Reaction 36 would have to be greater
than that of Reaction 9, which is highly improbable. It is possible, how-
ever, that decomposition is initiated by neutralization (Reaction 28)
followed by reactions of NH, to give N;. The value of G(N.) agrees
with this interpretation since it is equal to 3 G (NH,*) =4 G (e”) ~ 15.
The higher yields from H.O + NH; at temperatures above 400°C. are
possibly caused by Reaction 36, and the results indicate the activation
energy of this reaction to be ca. 15 kcal./mole.
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ESR Study of Free Radicals Produced in the
Gas Phase by Low Energy Electrons

Energy Effect on the Production of NH, in NH,

R. MARX and G. MAUCLAIRE

Laboratoire de Physico-Chimie des Rayonnements, Faculté des Sciences,
91 Orsay, France

An apparatus allowing the ESR study of free radicals pro-
duced by electron bombardment of gases is described. The
energy of the electrons can be varied from 5 to a few hun-
dred e.v. The free radicals are trapped on a cold finger.
For ammonia, between 8 and 30 e.v., there are at least three
different processes responsible for producing "NH, radicals.
Two of them, which have nearly the same threshold energies
as NH;* and NH," ions (10.4 and 15.7 e.v.) are ion-molecule
reactions. The third, appearing near 18 e.v. is thought to be
caused by the decomposition of a highly excited state of
NH, molecules. The production of 'NH,; below the first
ionization potential of NH; cannot be excluded.

Primary processes in radiation chemistry are largely caused by sec-
ondary electrons whose energies are less than 100 e.v. This is why
direct study of the transient species produced by low energy electrons is
so important for understanding the results of radiation chemistry. Most
investigations have been carried out by mass spectrometry techniques
(e.g., by Derwish et al. (3) and Melton (9) for NH;) and a few by
optical spectroscopy (6). Mass spectrometry gives much information
about ions and some of their reactions and neutral species (radicals) but
in an indirect way.

Since ESR spectrometry provides a direct method to study free radi-
cals, it may also give some interesting information (7, 10). We report
here some results concerning radicals formed when gaseous ammonia is
bombarded with electrons of energy ranging from 5 to 100 e.v. Ammonia
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was chosen for the first investigation of this kind because there are many
results available on ionization, photoionization, and radiation chemistry
of this compound. Moreover, it is a simple compound from an experi-
mental point of view—i.e., it produces only a small amount of insulating
deposit on the electrodes, it is easy to condense at liquid nitrogen tem-
perature, and it can give only a small number of free radical types.

Experimental

Apparatus. The experimental apparatus, an ion source coupled to
an ESR spectrometer, has been described (7). However, with our first
ion source we could not obtain enough electrons of energy lower than
15 e.v., and we could not operate at high pressure because pyrolysis of
products on the hot filament gave spurious spectra and corroded the
filament.

The apparatus used in this work is shown in Figure 1. The stainless
steel ion source is divided in two parts, each of which is pumped by
separate diffusion pumps (limiting vacuum 10® mm. Hg). The electron
gun contains the filament, 4 (tungsten ribbon 0.4 mm. wide 0.05 mm.
thick), and two stainless steel electrodes, 5 and 6. The interaction
chamber contains usually only the collector, 8, but some other electrodes
may be added—a retarding grid to measure the energy spread of the
electron beam and two parallel plates to extract the positive ions. The
two compartments are separated by Electrode 7 with a 10-mm. long
rectangular channel to give a pressure drop between the two parts of
the source. The same voltage, V, which determines the energy of the
electrons is applied to Electrodes 7 and 8 and to the walls of the reaction
chamber. Electrode 8 is isolated from the end plate of the ion source and
connected to the power supply through a microammeter to measure the
ir}lltenii)ty of the electron beam after its passage through the reaction
chamber.

One end of the filament is connected to Electrode 5. The accelerating
voltage on Electrode 6 is maintained lower than V. Under these condi-
tions, the energy spread of the electron beam is large with a half-width
of about 2 e.v.

Since the axis of the ion source is parallel to the axis of the electro-
magnet of the ESR spectrometer, 12, the electrons are collimated in such
a way that, after passing through the channel, the intensity of the electron
beam is still high even at low energies. For example, for a 5-e.v. electron
beam, with very clean electrodes, we obtain currents as high as 50 pamp.
If there is an insulating deposit on Electrode 7, the intensity is consid-
erably decreased.

Owing to the pressure drop between the two compartments the
intensity remains almost constant when the pressure in the reaction
chamber is raised to 103 or 102 mm. Hg.

The gaseous samples are introduced through a pin hole, 9, (¢ =
0.4 mm.). The flow rate is regulated by a valve between the exit hole
and a reservoir containing the compound. The reservoir must be kept at
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_J
Figure 1. The ion source
(1) Cold finger to trap (9) Exit hole for gas
free r Is sample
(2) ESR cavity (cylindri-  (10) To valve and gas
cal Hoy, reservoir
(3) Quartz tube (11) To pressure gage

(4) Filament of electron (12) Pole pieces of electro-

gun magnet
(5, 6, 7, 8) Stainless steel
electrodes
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a suitable temperature to keep the pressure on the valve below 1 atm.
Under these conditions we do not have a molecular beam, and the pres-
sure measured in 11 may be considered uniform throughout the whole
reaction chamber.

After crossing the electron beam, the gas flow, which contains both
the reaction products and the unreacted molecules, is condensed on a
cold finger, 1, located in the cavity of the ESR spectrometer, 2. The
temperature of the cold finger may be varied to 77°K. The ratio of the
pressures in the two compartments of the ion source is approximately 30,
so that the amount of pyrolysis products trapped on the cold finger is
very low.

Conditions. NHj3 gas is introduced into the source from a reservoir
kept at —40°C. In most of these experiments the pressure in the ion
source was 3 X 102 torr (10 molecules/cc.). The pumping rate is
5 liters/sec. when the cold finger is filled with liquid nitrogen, the
flowing rate being 6 X 10'" molecules/sec., and the transit time of mole-
cules between the interaction zone and the cold finger =~ 2 X 1073 sec.

During the electron bombardment the strength of the magnetic field
was only 300 oe., sufficient to obtain a well-focused electron beam. The
very slow secondary electrons: produced in the reaction chamber may
diffuse across the magnetic field, but they are in low concentration (=
1/1000 of the electron current ), and their effects can be neglected.

Since the reaction chamber is surrounded by an equipotential sur-
face, we may assume that there is no electric field acting on the ions
produced by electron impact. Therefore, those ions have only the kinetic
energy of the molecules, and they may diffuse across the magnetic field
at much higher rates than the electrons. However, the component of
their velocity perpendicular to the magnetic field is less than the velocity

parallel to the field by a factor where o is the cyclotron fre-

1
1+ (wr)?
quency of the ions in the magnetic field, and r is the time between
collisions.

Consequently, the relative efficiency of ion reactions in the volume
of the chamber and of neutralization on the walls depends not only on
pressure and reaction cross sections but also on magnetic field strength.

Electron bombardment was carried out for 30 min. at energies below
14 e.v. and for 15 min. at higher energies. When the pressure is less than
=102 mm. Hg, the amount of trapped radicals is proportional to the
duration of the experiment as long as it is shorter than 60 min.

The intensity of the electron beam, measured on Electrode 8 in the
absence of gas (P =~ 10® mm. Hg) was fixed at 50 pamp. for all energies
used. Below the threshold energy for radical production, this intensity
remains practically constant when ammonia is admitted in the ion source.
At higher energies its value depends, of course, on the reactions involving
ions and electrons which occur in the source.
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Results

ESR Spectrum. At all energies between 5 and 100 e.v. we observe
only the spectrum of ‘NH, radical (Figure 2A). The shape of this spec-
trum corresponds to the calculated shape for "NH; radicals rigidly held
in a polycrystalline matrix of parent molecules (8) (“quenched "NH,”).
Some experiments at lower pressure (10* mm. Hg) gave a slightly dif-
ferent spectrum (Figure 2B); besides the lines owing to quenched ‘NH;
there are some additional lines which may arise from rapidly reorientating
‘'NH,. The difference between the two kinds of ‘NH, radicals was at-
tributed to differences in the crystalline structure of the matrix around
the trapping sites (8).

100

106

Figure 2. ESR spectra of ‘NH, radicals trapped on
the cold finger

(A) Quenched ‘NH. obtained at 3 X 10~ mm. Hg
(B) Rotating + quenched ‘NH, obtained at 3 X 10~ mm. Hg

In our case the difference may arise between trapping sites inside
the solid deposit (quenched ‘NH.) and trapping sites near the surface
(rotating ‘NH,). For the same deposit time, the ratio of rotating over
quenched 'NH,; increases when pressure decreases since the volume of
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deposit decreases with pressure while its surface remains approximately
constant. H atoms which may be produced in our experiments cannot be
trapped at 77°K. in an ammonia matrix.

Radical Production as a Function of Electron Energy. Figure 3
shows the number of trapped ‘NH. radicals as a function of the energy
of the incident electrons up to 50 e.v. The intensity of the beam, ammonia
pressure, and the deposit time were the same in all the experiments.
Only a small fraction of electrons collides, so that the chance that an
electron makes two collisions is negligible even for electrons of 50 e.v.

N

[ 10 20 20 ) v

Figure 3. Number of radicals (logarithmic scale, arbitrary unit) vs. mean
energy of the electron beam

The step-like shape of this curve indicates that different processes
for ‘"NH. production occur at definite electron energies. The first step
appears between 8 and 11 e.v., the second between 13 and 15 e.v., and a
third sharp step near 18 e.v. There is a maximum near 20 e.v., and be-
tween 23 and 50 e.v. we have practically no change in "NH. concentration.

The energy distribution of the electron beam is too high to give a
good determination of the threshold energy for the different steps. Fur-
ther, V is the voltage measured between the cathode (filament) and the
two end plates. The true energy of the electrons may be slightly different
and depends on the interelectrodes contact potentials.

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch013

218 RADIATION CHEMISTRY—II

Nevertheless, the three steps in Figure 3 are fairly well reproducible
even for different values of the magnetic field strength, but the amount
of trapped radicals for a given energy of the electron-beam varies in
large proportions with the magnetic field. Hence, the radical concentra-
tions are given in arbitrary units. For example, with a magnetic field of
300 oe, the amount of radicals trapped in 30 min. is about 5 X 103 for 25
e.v. electrons and 2 X 103 (corresponding to a signal-to-noise ratio of
~ 3) for 8 e.v. electrons. Hence, for the moment we must consider these
results only as qualitative.

Discussion

Processes Occurring at Energies Lower than 18 e.v. Much work
has been done on the ionization potential of ammonia (see Table I, Ref.
4). The first ionization potential as determined by electron impact ex-
periments (5) is 10.4 e.v.

NH; + ¢ = NH,* + 2¢ (1)

The second ionization process appearing at about 15 e.v. is thought
to be caused by the ionization of a strongly bonding orbital of NH;z (4).
Therefore, NH;* produced by electrons of energy higher than 15 e.v.
must produce fragment ions easily. The mechanism of fragmentation
occurring near 15 e.v. has been established recently by Brehm and Putt-
kamer (2) who investigated simultaneously the NH;* and NH," ions
formed and the photoelectrons ejected by 21.2 e.v. photons acting on NHj.

Between 15.02 and 15.73 e.v. they observed NH;* ions only, while
above 15.73 e.v., NH3* and NH;' ions are produced

NH3 + hv - NI'I:’¢ + e (2)

NH, + hy— NH,' + H+ e (3)

Taking account the fact that the energy of our electron beam is not

as well defined as theirs was, there is good correlation between the ap-

pearance potential of NH;* and NH,* and the two first steps of our curve

(Figure 3). The production of ‘NH. by electrons of energy up to

=17 e.v. may therefore be interpreted as being caused by the two ion-
molecule reactions (3, 9) below

NH,' + NH; = ‘NH, + NH,* (4)

NH,* + NH, = 'NH, + NH;' (5)

Neutralization of NH,* on the wall of the reaction chamber may also

give NH. (9) by:
NH," + e — 'NH, + H, (8)
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If we take:
o4 = 55.1018 5q. cm.
o5 ="70.10718 5q. cm.

for the cross sections of Reactions 4 and 5 (3, 9), and if we evaluate the
diffusion rate of the ions under our experimental conditions of pressure
and magnetic field strength, it is easy to show that more than 90% of the
ions collide effectively, giving ‘NH, before they are neutralized on the
electrodes or walls of the reaction chamber.

On the contrary, it is difficult to compare the efficiency of ‘NH.
production at different energies with the ionization cross sections for
the primary ions NH;* and NH,". In the literature one finds ionization
cross sections for 21.2 e.v. photons (2, 4) and for 100 e.v. electrons (9),
but none of these data are directly applicable to our experimental
procedure.

However, at least for two values of the magnetic field, the ratio
['NH:]16ev./['NHz]12ev. (about 6 for 700 oe. and 9 for 300 oe.) is close
to the ratio of ejected photoelectrons and ions produced by 21.2 e.v.
photons (2, 4).

Below the first ionization potential, "NH, radical production has been
proposed and attributed to a dissociative electron attachment occurring
near 3.9 e.v. (9).

NH; + e — 'NH, + H- (7)

Moreover, Lassettre (11) shows a sharp excitation peak at 6.38 e.v.
for 300 e.v. electrons. In our experiments we have been unable to observe
any radical produced below 8 e.v., but this may be caused by the low
cross section of the processes occurring in this region and by the limiting
sensitivity of our spectrometer.

The long tail of our curve below the first ionization potential (be-
tween 8 and 10.4 e.v.) may be caused by different processes: (a) the
energy spread of the electron beam, allowing Reactions 1 and 4, or (b)
decomposition processes like Reaction 7 or more probably:

NH; +e—> (NHg)* + e —> NH, + H+ e (8)

Processes Occurring at Energies Higher than 18 e.v. Besides the
processes just described, others must occur near 18 e.v. The increase in
radical production is important indeed and is accompanied by an emission
of blue light.

With our experimental device it has not been possible yet to analyze
the light emitted; this could be done in the apparatus used by Horani
for H,O (6). However, we think that at these energies the decomposition
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of a highly excited state of NH; becomes important. We tentatively
propose
NH; + e = (NH,)** + e — 'NH, + H* + ¢ (9)

The blue light emission could be caused then by excited hydrogen atoms.

A process of the same kind has been observed by Beyer and Welge
(1) who studied the photodecomposition of NHj in the region 843-743 A.
(15-18 e.v.).

Moreover, in the excitation spectrum of NH; by 300 e.v. electrons
(11) there is a peak at 17.36 e.v. The energetics of Reaction 9 show that
it may occur above 17.6 e.v.:

Dy.g+IP(H) =41+ 135=176e.v.

This corresponds fairly well to the 18-e.v. threshold energy of our experi-
ments. Furthermore a mechanism like Reaction 9 would have a first-order
dependence on pressure and be independent of the magnetic field
strength.

We made some preliminary experiments on the pressure dependence
of '"NH; production. At 25 e.v. it was nearly first order while at 16 e.v.
it was closer to second order. We cannot say anything about magnetic
field dependence. To explain the increase in radical yield observed at
higher magnetic field (700 oe. ), it is necessary to perform more elaborate
calculations on the magnetic field dependence of the ion-molecule reac-
tions (4 and 5).

Conclusion

Between 8 and 30 e.v. there are at least three different processes
responsible for producing ‘NH. radicals by electron impact on NH;
molecules. Two of them are ion-molecule reactions, the primary ions
being NH;* and NH,*. Another process occurring near 18 e.v. is probably
the decomposition of a highly excited neutral state of NH;.

Further experiments to determine more precisely the threshold energy
for the different processes, the origin of the light emission observed above
18 e.v., and the influence of magnetic field strength are planned for the
near future. We intend also to study the ions in the reaction chamber by
a cyclotron resonance mass spectrometry technique.
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The Study of Electron Decay in Pulse-
Irradiated Gases by a Microwave Technique

RICHARD W. FESSENDEN and JOHN M. WARMAN

Radiation Research Laboratories, Mellon Institute, Carnegie-Mellon University,
Pittsburgh, Pa. 15213

A microwave technique for measuring the decay of elec-
trons in pulse irradiated gases is described. The technique
involves the measurement of the change in resonant fre-
quency of a microwave cavity caused by a change in the
complex conductivity within the cavity when electrons are
present. Single pulses of 3 Mev. electrons from a Van de
Graaff accelerator are used to ionize the gas. Electron
densities as low as 10” cm.”® (total dose ~ 0.3 rad at 10
torr) can be measured accurately. In the absence of diffu-
sion the method can be used to study electron loss by elec-
tron capture or electron-ion recombination for pressures as
low as 1 torr and as high as at least 200 torr. The potential
of the technique is illustrated by results obtained with pulse-
irradiated air.

he presence in the gas phase of electrons within a microwave cavity

is indicated by a shift of the cavity resonance frequency from that in
the absence of electrons. This shift, Af, is related to the concentration of
electrons according to Equation A (2, 3):

Af A e N,

[ (4)

where f is the resonant frequency, in the absence of electrons, in cycles/
sec. (Hz), N, is the mean number density of electrons in cm., e is the
charge of the electron in e.s.u., m is the mass of the electron in gram, v.
is the collision frequency of electrons with neutral gas molecules and A
is a constant determined by the geometry of the cavity and the spatial
distribution of the electrons within it (A = 1 for a uniform distribution
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within the cavity). For the relationship between electron concentration
and complex conductivity see Ref. 6; for the relationship between the

complex conductivity in a microwave cavity and the resonant frequency
see Ref. 9.

The first use of this technique, to observe the decay of electrons in
an ionized gas, was made by Biondi and Brown in 1949 (1). Since that
time the technique has been used by several workers to determine elec-
tron attachment and electron-ion recombination rate constants, diffusion
coefficients and electron collision frequencies. Sources of plasmas have
included microwave discharges (2), photoionization (7), and particle
accelerators (11). The first of these sources has two main disadvantages:
(1) interference in the detecting circuitry is caused by the high power
microwave pulse required to produce the discharge, and (2) the high
ratio of excited to ionic species initially formed can result in considerable
ionization after the pulse. Photoionization requires the presence in the
system of a substance having a suitably low ionization potential and high
photoionization cross section, and ideally a low electron capture cross
section. The formation of ions in a gas by a high energy (> 1 Mev.)
electron beam has none of the above disadvantages and has several
important advantages. Among these are the possibility of producing a
uniform concentration of electrons throughout the cavity, continuous
variation of pulse width and beam current over several orders of magni-
tude and the possibility of absolute calibration of the technique via
chemical dosimetry.

The availability of pulsed particle accelerators in radiation labora-
tories and the interest of radiation chemists in the chemistry of the
electron would indicate this technique to be of considerable use in this
field. The purpose of the present paper is therefore to detail the experi-
mental procedure involved and to illustrate the potential of the technique.

Experimental

As shown by Equation A measurement of electron concentration
reduces to measurement of changes in the resonant frequency of a micro-
wave cavity. The early approaches involved a point-by-point method (2)
of following the decay of concentration and hence were slow and subject
to error. In more recent work (7) the detection cavity formed part of a
frequency discriminator thereby providing an output proportional to
cavity frequency. The technique used in the work reported here is an
obvious extension of this approach.

The frequency used is in the X-band region (3 cm., 9500 MHz) because
of the convenient size of the components and their ready availability.
A block diagram of the apparatus is shown in Figure 1 (its similarity to
an ESR spectrometer will be noted). The klystron signal after passing
through an isolator is sampled to provide a reference bias signal of
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adjustable phase for the balanced mixer. The microwave power travels
to the sample cavity through an attenuator and magic tee; the arm of the
“tee” opposed to the cavity is terminated. The signal from the fourth
arm of the “tee” goes to the balanced mixer. In operation the phase
shifter is adjusted so that the reference signal and power reflected by the
cavity at its resonant frequency are in quadrature. The difference between
the two crystal detector outputs is of the same form as that of a frequency
discriminator. This output after amplification is applied to the klystron
reflector supply swhich can be viewed as just an amplifier) to electroni-
cally tune the klystron and to hold its frequency at the center of the
cavity resonance. For very high gain of the feedback loop, the output
voltage to the oscilloscope per MHz of frequency deviation depends only
upon the gain of the klystron power supply and the MHz/volt factor of
the klystron. In our arrangement the klystron reflector supply can be
viewed as a flat amplifier from d.c. to several MHz. The loop gain of
the feedback circuit was around 20 under the usual conditions (micro-
wave power in the cavity of ~ 50 uwatts). The response time was found
to be less than 0.5 usec. as measured by injecting a chopped microwave
signal into the normally terminated arm of the magic tee. The width of
the cavity response curve (loaded Q — 5000) probably is the limiting
factor in this response time. No special efforts have been made to reduce
the noise level since sufficient signal is usually available at small radiation
doses. The detectors used are standard 1N23E diodes and give a noise
level corresponding to ~ 5 kHz change in the cavity frequency.

20db %
Coupler

Klystron hl Isolator } { II-%—II \—@
Magic
Tee
Klystron
Reflector
Supply
Balanced
Mixer
’ )

|

To Scope

Figure 1.  Block diagram of apparatus used to detect elec-

trons in the gas phase. Symbols for fixed and variable re-

sistance indicate respectively a termination and variable

attenuator and the letter ¢h indicates an adjustable phase
shifter
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T

4.36cm
To Vacuum T
C il
1|I
To Vacuum 4.29cm
JIL “
3.68cm
li _l_

Figure 2. Two microwave cavity configurations
which have been used in these experiments. Upper:
rectangular TE, , , mode in standard X-band wave-
guide; lower: cylindrical, radially symmetric TE, , ,
mode. Both use a Mylar film and stopcock grease for
a vacuum seal and the upper has an additional
‘O”-ring seal. Irradiation is from above in both cases

The use of feedback to provide frequency control of the klystron
has the obvious advantage that the usable range of frequency deviation
is much larger. Also the real component of electron conductivity en-
countered at high pressures (and which changes the cavity Q) can have
an effect only on the error signal (~ 5% ) in the feedback loop rather
than upon the whole signal as in the case of no feedback.

Two cavity arrangements which have been used are shown in Figure
2. The rectangular TE; o, mode has given results indicating that dif-
fusion to the walls is important below 10 torr pressure for electron life-
times of 100 usec. The radially symmetric mode TE,,, is used in the
second configuration to provide the longest possible distances for diffu-
sion. This also has the advantage that there is no microwave electric
field at the walls thereby reducing the effect of those electrons close to
the walls (which would have the shortest diffusion lifetime).
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The gas is ionized by a single pulse of 2.8 Mev. electrons from a
Van de Graaff accelerator. The cavity is sufficiently far removed from
the beam exit port to ensure uniform irradiation within the cavity (tested
for using blue cellophane). The beam enters the cavity through an 0.018
inch (0.46 mm.) stainless steel window, maximum attenuation 0.8 Mev.
Gas pressures were measured with a mercury manometer (20-760 torr)
or a Dubrovin gauge (1-20 torr) on a vacuum line connected to the
waveguide by a metal to glass seal, Figure 2. The air used was analyzed
mass spectrometrically and contained 21.2% O,. Drying, by passing the
gas through an elongated semi-immersed spiral trap at —72°C., did not
change the results.

Since the decay process in the present experiments is pseudo-first
order, absolute calibration of the electron concentration was not neces-
sary. However, an indication of the sensitivity of the technique is of
interest and can be obtained using Equation A. Thus, the noise level of
5 kHz mentioned above corresponds to an electron concentration of
~ 10° cm.™. The electron concentration immediately after the pulse
(2 psec., ~ 10 wA) in Figure 3 (upper) is ~ 5 X 107 cm.™,

Results and Discussion

The decrease of electron concentration, N, in air following a 2 psec.
pulse of irradiation was studied as a function of pressure, from 4.0 to 80
torr. The results obtained at 6.0 and 36 torr, using the rectangular cavity,
are shown in Figure 3. Using the rectangular cavity deviation from a
purely exponential decay was found below 10 torr indicating a contribu-
tion to the decay from diffusion to the cavity walls. Single points, taken
from the continuous decay curves, when plotted as log N, vs. time after
pulse were linear, for at least four half-lives, at all pressures using the
cylindrical cavity. The pseudo-first order process involved is presumably
electron attachment to oxygen, Reaction la

keff
e+ 0, > O, (1a)
as suggested previously in other studies of electron loss mechanisms in
oxygen and oxygen-nitrogen mixtures (4, 5, 12). The half-life of elec-
trons, 1,2, determined from plots of log N, vs. time is related to the rate
constant for Reaction la,

0693
T2 koffNOz

where N, is the concentration of oxygen in molecules cm.™. The initial
step in the electron capture process must be the formation of the O, ion
with excess vibrational energy equal to the sum of the electron affinity of
0. and the kinetic energy of the incident electron,
ky
e+ 0, 0,* (1b)
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The reverse reaction, (2), can then occur and permanent electron attach-
ment is not attained unless part, at least, of the excess energy of the ion
is removed.

(2)

4 6mm Air
] 50u sec/div

Electron Concentration
T

36mm Air
S5u sec/div

Figure 3. Oscilloscope traces of the electron decay

in pulse-irradiated air at pressures of 6.0 and 36

torr. Electron concentration in arbitrary units. Time
scale refers to heavy vertical divisions

It was first suggested by Bloch and Bradbury (3) that stabilization could
be accomplished by collisional deactivation,

ks
0, + M — 0, + M* (3)

If the concentration of O.*" is small compared with the electron concen-
tration then, from the above reactions, the electron decay is described by
the expression.
- L . 8 (B)
&=k :
k3N M

where Ny, N, and N,,, are the concentrations of neutral molecules, elec-
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trons and oxygen respectively. The effective two body rate constant is
then

14+ ke ©

k3N

At low pressures (C) approximates to

— k1k3
eff — k2

and electron capture is effectively a three body reaction

k Ny (D)

e+ 0, +M—0y (4)

of rate constant kiks/k. cm.® sec.”’. A plot of r1/2Po, (~ 1/kete) vs. 1/Payr
is shown in Figure 4 for air pressures from 14 to 80 torr. The linearity of
this plot is in accord with the expected pseudo-three body nature of
electron capture by oxygen as has been found by other workers (4, 5, 8,
10, 12). The three body rate constant derived from the slope of the line
in Figure 4 is 0.65 X 10 cm.®/sec. The relative efficiencies of O. and
N, as third bodies in Reaction 4 have been determined to be O./N. =
(8, 12). Using this value and the known composition of the air sample
(21.2% O,) the three body rate constant for electron capture in oxygen
alone is calculated to be 2.6 X 103° cm.%/sec. This value is in good
agreement with previous values of 2.1 X 1073 (12) and 2.0 X 107 (8)
obtained by microwave and drift tube methods respectively.

In terms of the above discussion the intercept in Figure 4 corresponds
to a limiting (infinite pressure) two body rate constant, k;, of 4 X 1072
cm.? sec.”’. This value is considerably lower than the minimum values for
k; which can be estimated from several other studies [2.5 X 107 (13),
4 %X 1011 (5),7 X 101 (8, 10)]. Because of this inconsistency the value
of k; determined from the present results should be considered to be in
doubt. Experiments are presently being carried out to clarify this point.

Conclusion

The advantages of the use of an electron accelerator for production
of ionization in studies of electron reactions is evident from the preceding
example. Preliminary experiments with N»O and with N,O in propane
show that electron capture by N,O occurs in a way which also depends
on the total pressure and so is apparently also a three-body process. The
success of these experiments at pressures as high as 200 torr illustrates
the relevance to radiation chemistry as compared with other methods such
as mass spectrometry which only operate at much lower pressures.
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Figure 4. Dependence of the product of the electron half-life

and the oxygen pressure (proportional to the reciprocal of the

effective two body rate constant, see text) on the reciprocal air
pressure

The sensitivity of the method is extremely high so that no problems
with build-up of products of the radiolysis are likely. Conversely, how-
ever, problems with impurities will be serious. The radiolytic method
allows the possibility of pre-irradiation as a partial cure.

This method is being extended to detailed studies of electron capture
by N:O and other compounds. Several other applications of importance
to radiation chemistry are immediately apparent such as studies of ion

recombination and the dependence of its rate on the nature of the positive
ion.
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Effect of Oxygen on the Radiolysis
of Gaseous Carbon Dioxide

A. R. ANDERSON and J. V. F. BEST

Chemistry Division, Atomic Energy Research Establishment, Harwell,
Berkshire, England

Measurements are described of the effects of added O,, CO,
and SF; on the proton irradiation of gaseous CO, and on
the radiation-induced exchange of “C between “CO and
CO,. The oxidation of CO is enhanced by adding small con-
centrations of O, but is inhibited at higher concentrations
of O, by increased dose rate and on adding SF;. The data
are interpreted on the basis of two principal oxidizing species
—the CO; radical and- the negative ion O,, which is in
equilibrium with ions of higher molecular weight such as
CO,". Both the species, CO, and O, participate in the
radiolysis of pure CO,, but its apparent radiation stability is
attributed primarily to oxidation of CO by the O, ion.

The apparent stability of gaseous carbon dioxide under ionizing radia-
tion, in contrast to its photolytic decomposition, has been ascribed to
the efficient reoxidation of the product carbon monoxide. Although the
exact nature of the oxidation process has not been elucidated, various
mechanisms have been postulated involving the species ozone (16),
carbon suboxides (14), the COj; radical (1), and the jons O, and Oy’
(8, 9). The work of Dominey et al. (9, 10) on the radiation-induced
isotope exchange reaction between *CO and CO; showed the importance
of a species (probably ionic) derived from molecular oxygen, and that
added oxygen enhanced the yield of CO, from the oxidation of *CO.
These observations and general conclusions were confirmed in later work
on the y-radiolysis of liquid CO, (6) and on the proton radiolysis of
gaseous CO, at high dose rates (2). However, Anbar and Perlstein (1)
also studied the effect of added oxygen on the yields of various radiation-
induced isotopic exchange reactions in mixtures of CO, and CO, and
they have queried the importance of molecular oxygen in controlling the
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radiation-induced oxidation of CO in gaseous CO,. A careful examination
(4) of their data has shown that their conclusions are equivocal, and in
the present work, which extends our previous studies on the proton radi-
olysis of CO, (2), we have attempted inter alia to reconcile the appar-
ently conflicting data on the effect of O, on the radiation-induced isotopic
exchange reactions. We have also studied the effects of an electron
scavenger, SFg, and of changes in the ratio of CO and O, concentrations
on both the *CO/CO; exchange reaction and on the radiolysis of CO,.

To understand fully the inferences drawn from the data, it is perhaps
necessary to point out the general significance of the yields obtained with
gas mixtures involving *CO. The philosophy underlying studies of the
radiation-induced exchange reaction is that measurements of the oxidation
of 1#CO can be related to the primary decomposition processes in irradi-
ated CO,. Even though the concentrations of added CO are generally
low, they are often in excess of the steady-state concentrations for the
radiolysis of pure CO,, and hence experimental data must be used care-
fully in making deductions about the radiolysis of CO,. However, by
varying the concentrations of additives—viz. #CO, O, SFs—it is possible
to draw conclusions about the nature of the species which can oxidize CO
and which may be relevant to understanding the details of the processes
which account for the radiation stability of gaseous COs.

Experimental

The irradiation techniques, gas purification methods, and analytical
procedures have been described (2, 3). Borosilicate glass cells with mica
windows and all-silica cells were used at a gas pressure of about 300 mm.
at ambient temperatures. The energy of the incident protons was about
1.5 Mev. which was reduced to about 1.2 Mev. on passage through the
cell window (3—4 mg./sq. cm.). Dose rates were varied from 2 X 10'®
to 2 X 108 e.v. cc.”? sec.™? at STP.,

A mercury-free system was used for filling the irradiation cells.
Carbon dioxide from cylinders (Distillers Company Ltd.) was purified
by passage over copper oxide at 800°C. to oxidize hydrogen and hydro-
carbons, followed by passage over activated copper at 170°C. to remove
oxygen, and finally over silica gel previously dried at 200°C. in vacuo.
The purified gas, which contained 1-2 p.p.m. oxygen and < 0.5 p.p.m.
water vapor, was used directly in the once-through gas flow experiments
or stored in 8-liter vessels for use in the static gas runs. 4C-labeled
carbon monoxide (Radiochemical Centre, Amersham) was mixed with
carbon dioxide in a 1-liter bulb to achieve the desired concentration.
Oxygen was dried over molecular sieve (Linde 5A) before use.

In the gas-flow experiments, carbon dioxide from the purification
line was allowed to flow through the irradiation cell and condensed in a
large cold trap cooled in liquid nitrogen; the noncondensible gases (oxy-
gen and carbon monoxide) were removed continuously by a Toepler
pump and transferred to the sample loop of a gas chromatograph, where
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carbon monoxide and oxygen were determined. For the static gas experi-
ments the irradiated carbon dioxide was condensed, and the noncon-
densible gases were removed as above. To determine the extent of 14C
exchange, the efluent gas from the gas chromatograph was passed
through a low volume gas scintillation counter which measured the
activity in each peak as it was eluted from the chromatograph.

For ozone determinations, the irradiated gas was pumped through
a trap containing 10 ml. of KI reagent; the absorption of the I3~ peak
was subsequently measured on a Hilger Uvispek at 3500A., using a value
of 25 X 10* for the extinction coefficient of I;". In the flowing gas
experiments the efficiency of this bubble trap was improved by filling
with small glass balls which prevented splashing over of the reagent. Tests
with a second trap showed that > 95% of the ozone was collected in
one trap even at gas flow rates of 500 cc. per min.

SFe [Kingsley and Keep (London)] was purified by three distilla-
tions at liquid nitrogen temperature and could be analyzed quantitatively
as a peak on the gas chromatogram with a retention time slightly greater
than that for CO, on a SiO.—gel column.

Results

Steady-State Values in the Presence of Added O, and CO. It has
been shown previously (2) that the steady-state values of O, and CO
obtained on irradiating pure CO, at high dose rates (3 X 10'°-1.3 X 10'®
e.v. cc.”! sec.”?) are approximately proportional to (dose rate)’2. When
either CO or O, was added initially to the CO,, the steady-state levels
were changed, and for small additions of CO the steady-state values of
oxygen [O.]s were approximately proportional to [CO].!. However,
where increasing amounts of O, were added to pure CO., the resulting
[CO]. level increased, and ozone was detected. Figure 1 shows the
steady-state levels (expressed as percentage or parts per million by
volume) at 20°C. for two dose rates, with [CO],s passing through a
minimum corresponding to the values obtained in pure CO. (2). At
oxygen concentrations > 2000 p.p.m. (0.2% ) significant amounts of ozone
were detected, and the steady-state concentrations of both CO and ozone
became independent of dose rate at slightly higher oxygen concentrations.
In this region of oxygen concentration the steady-state concentration of
ozone was approximately equal to [0.]/50 at either dose rate, but the
ratio [0.]/[COJ]. increased progressively with increasing O.
concentration.

Radiolysis of CO, in the Presence of SFs. On adding SFg to CO,,
the production of CO and O, was linear with dose up to concentrations
at least four times greater than the steady-state values obtained on irra-
diating initially pure CO,. In the presence of SF, there was no indication
of any deviation from linearity of CO and O, production at doses three
times higher than those required to attain steady-state conditions in pure
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CO,. Over the range of dose rate from 2 X 10 to 2 X 10 e.v. cc.?
sec.? constant yields of CO and O, were obtained in the presence of 1%
SFg, but with 0.05% SFg there was a slight effect of dose rate on yields
(Table I).
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Figure 1. Steady-state concentrations of CO, O,, and O, in irradiated CO,

ﬁ %? } Dose rate = 7 X 10" e.v. cc.”* sec.™
9 8? } Dose rate = 7 X 10" e.v. cc.”’ sec.™
Table I. Yields of CO and O, from Mixtures of CO. and SF;
Dose Rate, [SF,],
e.v. cc.”! sec.™! % G(CO) G(0,)
2 X 1016 0.05 0.94 0.42
1.0 0.94 0.42
7 X 1017 0.05 1.24 0.56
1.0 0.93 0.42
2 X 1018 0.05 1.38 0.61
1.0 0.94 041

Radiation-Induced *CO/CO. Exchange Reaction. Yields of the ex-
change reaction, which are a measure of the radiolytic oxidation of the
added CO, are expressed as G(CO.) and calculated as described
elsewhere (2). Where concentrations of CO and/or O, are changing
significantly during the measurements of “C exchange, the quoted values
for G(#CO;) are calculated from the tangent to the plot of log (1-F)
using the measured CO concentration at the relevant dose. This method
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gives “instantaneous” values of G(*CO.) and fulfills the requirement
that the expression used to calculate exchange values (2) is only appli-
cable where there is no over-all change in the gas composition.

Measurements in the Absence of Added O,. We have reported (2)
a value of G(*CO,) = 4.6 for the exchange reaction which is increased
by adding O., in agreement with data for ®Co vy-irradiations (9, 10).
To establish firmly the limiting value in the absence of added O., we have
carried out further measurements with different concentrations of 14CO
and have investigated the effect of adding SFs. The results obtained at
a dose rate of ~ 2 X 106 e.v. cc.”? sec.”? are shown in Table II. No O,
accumulates during any of these irradiations, and there is no change in
the concentrations of CO.

Table II. Yields of 14CO, at Various Concentrations of CO

Dose Rate = 2 X 1018 e.v. cc.™? sec.™?

[cO], % G(14CO,)(* 0.3)
0.27 4.61
1.2 4.62
2.8 4.72
3.85 4.2
5 4.8
5 (+ 1% SFg) 5.0
Mean 4.66

The values of G(14CO,) are calculated from the energy absorbed in
the CO, alone and are corrected for the contribution arising from the
radiolysis of CO on the basis of G(-CO) = 8 (3).

Measurements in the Presence of Added O,. In a series of measure-
ments with 1% CO at a dose rate of ~ 2 X 10 e.v. cc.”? sec.”? the
addition of O, at first enhanced the yield of 1*CO,, but at higher concen-
trations (> 3 [0O.]. in pure CO;) the yield decreased to reach values
lower than those in the absence of added O, (Figure 2). The significance
of the measured yield at the highest concentration of O: used (20% ) is
uncertain since a significant fraction of the energy is absorbed directly
by O.. The corresponding yields for CO disappearance showed a com-
plementary trend to the values of G(14CO;)—e.g., at the minimum of
the curve the net yield of CO (Figure 2) is G(CO) = —4.4, which
together with the initial yield of 4.7 leads to a gross yield G(CO) = —9.1,
in close agreement with the oxidation yield, G(14#CO;) = 9.4. At low
concentrations of O, the values of 2G(0O,) are probably more reliable
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than the measurements of G(CO) and should equal the latter if the
simple stoichiometry represented by Reaction 1 is obeyed.

2C0O, = 2CO + O, (1)

At high concentrations of O, (2-3% ) the yield of *CO. increases
with increasing concentration of CO (Table III).

G VALUE
1 1 1 1 1
N A ® O
3 &6 &8 &8 3
9/o OF REACTION
« +0,~03

o

(03] ppm

Figure 2. Yields of #CO, and CO from irradiation of *CO /CO, mixtures
in the presence of O,. Dose rate = 2 X 10'¢ e.v. cc.”? sec.”!; [CO] = 1%

G(*CO:.)

Based on total energy absorption
G(CO)

O 2G(0.)

Minimum yields in | @ 0.5-3% CO .

the presence of SFs § X 1% CO (at dose rate =7 X 10" e.v. cc.” sec.™)

---- Calculated curve (see text).

Table III.  Yields of 1“CO. at High Concentrations of O

[co], [O.], [SEq],
% % % G(4CO,)*
1.0 2.0 — 3.8
3.0 2.2 — 5.7
8.3 2.7 — 6.9
1.25 2.0 45 4.9
1.35 2.6 0.6 4.4

¢ Based on total energy absorption.
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Figure 3. Yields of *CO, and CO from irradiation of CO;/O,/
14CO mixtures as a function of CO concentration

Dose rate — 2 X 10" e.v. cc.” sec., 500 p.p.m. O:

V G(*CO:
X (2;(0( O:) )

‘To investigate further the competition between CO and O. for some
oxidizing species, we have irradiated mixtures in which the O, concen-
tration was constant and that of CO was varied. The most complete set
of data was obtained at an O. concentration of ~ 500 p.p.m., correspond-
ing to the maximum value for G(1*CO.) in Figure 2. Under these condi-
tions little reaction was observed at concentrations of CO < 80 p.p.m.,,
but at the higher concentrations the yield of #CO, rose to a maximum,
G(CO;) ~ 11 at CO concentrations > 3% (Figure 3). The corre-
sponding values of G(CO) or 2G(0,) decreased with increasing CO con-
centration to a limiting value of approximately —5.5 to —6, which, to-
gether with the initial yield of G(CO) = 4.7, corresponds closely to the
oxidation yield. With a higher concentration of O, (~ 2000 p.p.m.) a
similar trend in yields was observed.

Similar measurements in the presence of 1000 p.p.m. O, at a dose
rate about 30 times greater (~6 X 107 e.v. cc.? sec.”?) also gave an
increase in the yield of #CO. with increasing concentration of CO, but
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in this case the yield approached an upper limit of G(**CO.) ~ 8
(Figure 3).

Measurements of *CO/CO; Exchange in the Presence of O, and SFg.
Adding SFg at the lower dose rate (~2 X 10 e.v. cc.? sec.?) led
to a maximum decrease in G(14CO.) of ~ 6 at ~ 0.1% SF,, as shown
in Table IV. The data at high SFg concentration (ionization potential —
19.3 e.v. (28)) are somewhat uncertain owing to the significant amount
of energy absorbed directly by the high molecular weight molecule, SF,
and the possibility of energy transfer to CO, or O..

Table IV. Effect of SF; on Yields of CO.
Dose Rate 2 X 1018 e.v, cc.™? sec.™?

[cO], [O,],  [SF],
% %

% G(+CO,)" —AG(14CO,)
3 0.05 — 11 —
3 0.05 0.02 6.0 5.0
3 0.05 0.04 5.6 5.4
3 0.05 0.10 48 6.2
3 0.05 2 (5.8) (5.2)
3 0.05 6.5 (5.3) (5.7)
0.1 0.05 — 5.2 —
0.1 0.05 0.7 3.0 2.2
05 0.2 — 72 —
0.5 0.2 0.05 44 2.8

¢ Based on total energy absorption.

At relatively low O, concentrations (Table IV, Lines 3 and 4) the maxi-
mum decrease in G(*CQO,) is obtained when the ratio [SF¢]/[0.] < 2,
but at the high O, concentration of ~ 2% (Table III) the same ratio of
SFg to O, concentrations does not decrease the yield of #CO..

The marked effect of SFg on the *CO/CO. exchange reaction is
clearly shown in Figure 2, where data at two different dose rates show
that the minimum yield of *CO- in the presence of SF; is independent
of O, concentration over a wide range and is equal to the value in the
absence of added O..

Yields of Ozone from Mixtures of CO. and O,. Steady-state con-
centrations of ozone obtained in the presence of added O. are given in
Figure 1, and we have also measured the initial yield of ozone in CO./0O.
mixtures in a gas flow system. At a dose rate of ~ 7 X 10% e.v. cc.™ sec.™
and a high gas flow rate (0.6-0.9 volume changes per sec.) yields calcu-
lated from the energy absorbed in the CO, fraction were G(0O3;) = 4.48
and 4.92 for 5 and 10% concentrations of O. in CO,. Some ozone will
arise from the energy absorbed by the O, fraction of the gas, and pub-
lished values (18, 22) for G(O3) in pure O range from 1-12. If a value
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G(O;) = 6 is assumed for pure O., the above yields can be corrected
for the different O, concentrations and become 4.30 and 4.43 at 5 and
10% O, respectively; there is probably no significant difference between
these two values.

Discussion

General Conclusions. The mmain conclusion we draw from these data
is that there are two principal species which participate in the radiolytic
oxidation of CO in irradiated CO,. They are an electrically neutral
species (probably CO3), derived from electronically excited states of
CO,, and a negatively charged ion (probably O,"). We also infer that
the charge neutralization reactions in irradiated CO, are nondissociative
at gas pressures > 300 mm. Hg. The oxidation of CO by the negative ion
is inhibited by increasing dose rate and at high concentrations of O..
Oxidation of CO by the electrically neutral species, however, is not sig-
nificantly affected by changes in dose rate or by the presence of O; when
the ratio of concentrations [0,;]/[CO] < 1. Our observations on the
effect of O, on the ¥CO/CO; exchange reaction also largely explains the
apparent anomaly between the data of Dominey et al. (9, 10), and of
Anbar and Perstein (1) since the latter workers always used gas mixtures
containing about 1% of O, where the oxidation yields are similar to or
lower than those in the absence of added O,. We shall now justify these
conclusions by a detailed discussion of the significant experimental data,
summarized below.

Important Results. The significant experimental data which must be
incorporated into an over-all reaction mechanism are as follows:

(a) Adding 1% SFg to CO; leads to the production of CO and O,
with initial yields G(CO) ~ 0.9 and G(0O;) ~ 0.4, in contrast to the
situation with pure CO, where steady-state concentrations of CO and O,
are established at lower doses.

(b) In the presence of SFg, the yield of 1#CO, from the oxidation
of 1*CO is not affected markedly by tﬁe presence of O, (Tables II, III,
IV, Figure 2).

(¢) With mixtures of CO, and O, in the absence of CO the initial
yield of ozone is G(O;) =~ 4.4.

(d) On adding O, to mixtures of 1*CO and CO, the yield of 1*CO,
f2iljst increases with increasing O, concentration, then decreases (Figure

(e) Adding SFg has no effect on the yield of 1#CO, from *CO/CO,
mixtures in the absence of O, (Table II), decreases G(4CO;) to a mini-
mum of ~ 4.8 at the concentration of O, (0.05% ) which gives the peak
value in Figure 2, but has little effect at a concentration of O, ~ 2%
(Table III).

(f) The maximum yield of 1#CO, from irradiation of CO,/*CO/O.
mixtures decreases with increasing dose rate (Figure 3).
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Steady-State Data. The steady-state data in Figure 1 show that the
species which oxidizes CO, thus leading initially to a decrease in [CO].,
with increasing concentration of O,, can also react with O, to give a
product which cannot oxidize CO rapidly. If this were not true, the
steady-state concentration of CO would simply decrease to zero with
increasing concentration of O,. The competitive reaction between CO
and O for the oxidizing species at high O. concentrations seems to depend
only on the relative concentrations of CO and O, since their measured
steady-state concentrations and that of O; are independent of dose rate
at Op concentrations < 0.5%.

Effect of SF; on the Radiolysis of CO,. The above steady-state data
give no indication of the number of oxidizing species involved, and the
first evidence for the participation of more than one species is. provided
by the results obtained on adding SFe to pure CO,. As an electron
scavenger, SFg could affect the steady-state concentrations in one of two
ways. If the charge neutralization reaction involving CO," is dissociative
(Reaction 2), participation of SFe™ ions could lead to a nondissociative
reaction (Reaction 3) since the energy released on charge neutralization
will be reduced owing to the electron affinity of SF.

CO,* + ¢ = CO,* = CO + O (2)
CO," + SFy- = CO, + SF, (3)

The result of this process, however, would be simply a reduction in
the rate of production of CO and O from the primary ions (without
affecting the species produced directly from electronically excited mole-
cules) and a consequent reduction in the measured steady-state concen-
trations of CO and O,. Since the experimental data show exactly the
opposite behavior, we conclude tentatively that SFs must be interfering
with the production of a negative ion which can oxidize CO efficiently.
Moreover, since the measured values[G(CO) ~ 0.9 and G(O.) ~ 0.4]
in the presence of SFg are significantly lower than the initial values
[G(CO) = 45 = 0.5 and G(0O;) — 2.2 = 0.2] measured in other ways
(4), some species other than the negative ion must be capable of oxidizing
CO under these conditions with a yield, G(-CO) ~ 3.5.

Ozone Yields in Mixtures of CO, and O.. It can be inferred from
the above discussion on the effect of SF that the charge neutralization
of CO;" in pure CO; is nondissociative, possibly caused by the participa-
tion of other negative ions and/or the formation of ion clusters, e.g.,
CO,*(CO;), The data on ozone yields from the gas flow experiments
support this inference of nondissociative charge neutralization. We argue
that the limiting yield of ozone at high gas flow rates, G(O;) ~ 4.4 is
equal to the yield of an electrically neutral oxidizing species formed solely
from the dissociation of electronically excited CO. molecules.
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The yield of ozone agrees with the yield of *CO, from *CO/CO,
mixtures in the absence of O,, G(14CO,) = 4.7 (Table II), and if this
latter yield is caused solely by the reaction of an electrically neutral
oxidizing species, as we argue more fully later, then the species could arise
from two sources—uviz., dissociation of excited CO, molecules (Reaction
4) and dissociative charge neutralization of CO,* ions (Reaction 2). Thus,
the over-all yield [G(*CO;) = 4.7] would be derived from the sum of
the following processes (Reactions 2 and 4), since W(CO;) = 32.7 —
342 ev. (17, 21, 30).

CO;* +e = CO,*>CO+0 G=3 (2)
CO, —*4»—> CO,*—>CO+0 G=17 (4)

In mixtures of CO. and O, however, the principal positive ion par-
ticipating in the charge neutralization reaction is O," owing to the rapid
ion-molecule Reaction 5 for which ks — 1070 cc. molecule sec.® (25).

CO," + 0, = CO, + Oy (5)

The major negative ion will be of the form CO, as shown by Phelps et al.
(24, 27); if we postulate that the charge neutralization reaction in the
presence of O, is nondissociative—e.g., Reaction 6—then G(O;) would
be 1.7 since only the contribution arising from Reaction 4 remains.

0," + CO,~— 20, + CO, (8)

On the other hand, if we postulate that the charge neutralization reac-
tion is dissociative (Reaction 7), although this seems highly improbable,
then the yield of O; will be G(03) = 1.7 4+ 2 X 3 = 7.7. Neither of
these postulates fit the observed yield.

0,* + CO,~— 20 + 0, + CO, (7

Examination of the possible reactions of the ions with O, also sug-
gests that in mixtures of CO, and O, no Oz will be formed by these
processes. It is known that excited O, ions can react with O. to form
Os, but the reaction is significant only when the O," ions are ~ 5 e.v.
above the ground state (13). Since charge transfer Reaction 5 will pro-
duce O,’ ions only 1.7 e.v. above the ground state (owing to the difference
in ionization potentials, CO, = 13.79 e.v.,, O = 12.08 e.v.), it is a
reasonable conclusion that O3 will not be produced by reaction of these
ions. There is no evidence for the formation of O; from reactions of CO;~
ions (24), and we return to this point in discussing the effect of high
concentrations of O- on the yield of 1CO,.

Fehsenfeld et al. (11) observed a series of negative ion reactions
(Reactions 8-10) which could lead to a reduction in the yield of O,
but these processes are unlikely to be important here since at very low
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concentration of O; the most likely reaction of O, is with CO, (24, 27),
and the O atoms will act preferentially with the high concentrations of
02 or COg.

0, 4+ 0, 05 + O, (8)
Oy + CO, = CO,4” + O, (9)
CO; + 0 = 0, + CO, (10)

Thus, we conclude that in mixtures of CO, and O- neither negative
nor positive ions participate in the formation of O; and that the maximum
observed yield, G(O3) ~ 4.4, is caused solely by the reaction of elec-
trically neutral species, derived principally from electronically excited
states of CO,.

Yields and Reactions of the Electrically Neutral Oxidizing Species.
The interpretation of the above data suggests that an electrically neutral
oxidizing species, with a yield of G = 4.5 = 0.2, is formed from electron-
ically excited CO, molecules produced directly from the absorption of
radiation. This view is further confirmed by the effect of SFg on the ex-
change reaction between 1*CO and COs.. In the presence of SFg and 1-3%
CO we obtain a yield G(14CO,) ~ 4.7 which is largely independent of the
concentration of O, from zero to 2% (Figure 2). Measurements of the
reactions of O atoms and O. (19) show that SFg simply acts as an efficient
third body and does not react with O atoms. Also we have not observed
any experimentally significant changes in SF; concentrations before and
after irradiation showing that it is acting catalytically. Thus, it seems
clear that in irradiated CO., SF} is acting simply as an electron scavenger,
and the minimum yields of #CO. which we obtain in its presence are
caused by the reaction of an electrically neutral species. Since this species
can still oxidize CO when the ratio of concentrations [0.]/[CO] ~ 2
(Table III), it cannot be identified as the O(3P) atom for previous esti-
mates (4, 9) based on rate constants for reaction of O(3P) have shown
that Reaction 11 will eliminate Reaction 12 at low [0.]/[CO].

O(%P) + 0, + M > 0; + M (11)
O(3P) + CO = CO, (12)

These estimates are based on rate constants for Reaction 12 measured at
low pressures, but it has been pointed out (4) that they must be viewed
cautiously since the order of Reaction 12 (and its rate constant) may
increase at the higher gas pressures used in radiolysis studies.

The possible nature of this electrically neutral species has been con-
sidered exhaustively by Anbar and Perlstein (1), who identify it as the
CO; radical. We support this view but recognize that in the absence of
measurements over a range of pressures, our kinetic data could also be
explained by reactions of long-lived excited CO» molecules.
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We suggest that the observations on irradiated CO. with only SFg
added are entirely consistent with the postulate that the sole chemical
reactions occurring are similar to those in the ultraviolet photolysis of
CO., leading to a buildup of CO and O, (and O3?) which is linear with
dose.

Reactions and Nature of the Negative Ion Oxidizing Species. Evi-
dence for the participation of a negative ion oxidizing species is shown
clearly by the effect of SF; on the steady-state concentrations of CO and
O. from pure CO., and by its effect in reducing the enhanced yields of
14CO, from mixtures of *CO and CO; in the presence of O, (Table IV).
This effect suggests that the increase in yields of *CO, on adding O.
arises from electron capture by O. (Reaction 13) followed by oxidation
reactions such as 14 and 15.

e+0,+M—>0, +M (13)
0, + CO— CO, + O (14)
O +CO—CO, + ¢ (15)

These reactions are plausible since Reaction 14 is exothermic by 23
kecal./mole and k;s — 8 X 1071° cc. molecule® sec.? (24). However,
Ferguson and Fehsenfeld (12) have recently found that Reaction’14 is
unlikely since k;; < 1072 cc. molecule? sec.™, so that arguments based
on the exothermicity of the reaction are inadequate. A more plausible
sequence may involve the ion CO3—e.g., Reactions 16 and 17.

CO + 0,” = COy- (16)
CO + CO; = 2CO, + ¢ (17)
Reactions 15 and 17 could also occur in the absence of O, owing to the
occurrence of the dissociative attachment process, Reaction 18, but since

this reaction is at least 3.8 e.v. endothermic, it is unlikely to make a sig-
nificant contribution to the radiation chemistry of COs,.

CO, +e—>CO + O (18)

Explanations based on participation of the ion O.™ are complicated
further by the data of Phelps et al. (24, 27), which show that in mixtures
of CO: and O, the stable negative ion is CO,~ which has an energy of
dissociation into O, and CO; of 0.8 e.v. (27). It is difficult to decide
(24) whether COy is formed from O, (Reaction 19) or in a three-body
collision (Reaction 20), but values for.the effective rate constants are
k1s(CO;z) = 9 X 1073 cm.® molecule? sec.? and kjp(02) = 2 X 1072°
cm.® molecule sec. (24)

0,"+ CO, + M — CO, + M (19)
e+ 0, + CO, = CO,~ (20)
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Moruzzi and Phelps (24) also observed that at source pressures
above 3 mm. the CO;4 current decreased, so unfortunately it is not possible
to use their data to decide unequivocally which negative ion species will
predominate at the pressure of our measurements (~ 300 mm.). It seems
clear, however, that there will be an equilibrium between O,", COy", and
possibly higher molecular weight ions which may depend inter alia on the
concentration of O, since kig(Oz2) > ki9(CO2).

Since k;3 is in the range 10%°-102° cm.® molecule™ sec.” (26) and
k2 = 4 X 107 cc. molecule? sec.? (29), it can be shown that at a dose
rate of 2 X 10 e.v. cc.? sec.? and gas pressure of 300 mm., electron
capture by O, will predominate over charge recombination of CO," and
electrons when the concentration of O; > 500 p.p.m. The line in Figure 2
is calculated for k;3 = 3 X 1073° cm.® molecule™ sec.”’. Thus, electron
capture by O, followed by oxidation of CO by either O,” or CO4 could
account for the increased yields of 1#CO. observed in the presence of O,
(Figure 2).

The subsequent decrease in G(1*CO,) at higher concentrations of
O, cannot be accounted for by charge exchange Reaction 21 since this
will not affect the concentration of O, but it could possibly be explained
by competition between reactions such as 22 and 23.

0, +0,— 0, + 0, (21)
CO,” + CO — CO, + COy (22)
CO, + 0, > COy + Oy (23)

However, there is no indication of a reaction such as 23 from the work
of Moruzzi and Phelps (24), and we have not found any high yields of
ozone in the relevant mixtures of CO,, CO, and O,. With 5% O, and 1%
CO where G(1*CO;) is reduced by about 6 below the maximum value
at 0.05% O. (Figure 2), the maximum yield of ozone was 1.1 2 G(Oj3)
< 2; this yield can be accounted for by competition between O, and CO
for the CO; radical. These observations lead us to suggest that the sub-
sequent reduction in yields of #CO. with increasing concentration of O,
may result from a change in the complex equilibria involving electrons,
O,, CO,, and the negative ions. At relatively low concentrations of O.
(see Figure 2) the principal negative ion (say O.") can oxidize CO to
COq., but as the concentration of O, is increased, the oxidizing ion is
converted to another ion or ions—e.g., through Reaction 20 which is a
three-body process involving electrons which cannot oxidize CO or react
with O. to form Os;. The ultimate fate of the nonoxidizing ion will be
charge neutralization without the formation of O atoms or COs radicals.

The decrease in the maximum yield of “CO. with increasing dose
rate (Figure 3) is attributed to competition between charge neutraliza-
tion reactions (e.g., Reaction 6) and oxidation of CO by the negative ion
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species, or to competition between formation of O,” and charge neutrali-
zation of CO,* or O,".

SF can interfere with all these processes involving negative ions of
O, and CO,-O; by capturing electrons. The electron affinity of SF,
34 =+ 5 keal. (20) is higher than that for O, 0.4 e.v,, i.e., 9.2 kecal. (26),
or than the effective electron affinity of CO,, 1.2 e.v., i.e., 27.6 keal. (27).
It is difficult to compare the rate constants for reactions such as 13-17
with the appropriate value for electron attachment to SF; since a number
of measurements (5, 7, 15, 23) have given values for k(SF¢ + e — SF¢7)
which vary from 2.9 X 103 cc. molecule® sec.? (15) to 3.1 X 107 cc.
molecule? sec.”? (23). Thus, it is possible only to conclude that inde-
pendent evidence does not invalidate the above mechanism, but it cannot
be justified further at present than on the basis that it provides the most
plausible way to explain our extensive data obtained over a wide range
of conditions.

Relevance to the Radiation Stability of Gaseous CO,. Two oxidizing
species are necessary to explain the apparent radiation stability of gaseous
CO, owing to rapid oxidation of the product CO. One of these is prob-
ably the CO; radical, as suggested by Anbar and Perlstein (1), and the
other is a negative ion which we tentatively identify as O,", as suggested
by Dainton (8). When the effect of this negative oxidizing ion is removed,
as shown by adding SF to CO,, no approach to steady-state gas concen-
trations is observed, but a continuous production of CO and O, is ob-
tained, as in ultraviolet photolysis. This situation probably represents
reactions of the COj radical alone, which reactions appear to be inade-
quate to explain the radiation stability of CO,, even though the ratio of
the rates of reaction of CO; with CO and O is apparently much higher
than the corresponding ratio for reactions of O(3P). Moreover, if COjy
is the exclusive oxidizing species, it is extremely difficult to reconcile the
marked experimental differences between the photolysis and radiolysis
of gaseous CO, (4).

The important additional reaction in determining the apparent radia-
tion stability of CO. is rapid oxidation of CO by a negative ion species
(say O."). This reaction becomes important once a small concentration
of molecular O, has accumulated in irradiated CO,, and it is the addition
of this process to reactions involving the COj; radical which accounts for
the difference between the radiolysis and ultraviolet photolysis of gaseous
CO,.
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Yields of the Reducing Species in the Vapor-
Phase Radiolysis of Isopropyl Alcohol and
Water-Isopropyl Alcohol Mixtures

R. S. DIXON and M. G. BAILEY

Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment,
Pinawa, Manitoba

In the vy-radiolysis of water-isopropyl alcohol mixtures in
the vapor phase, the total yields of hydrogen, methane, and
carbon monoxide are linear over the whole concentration
range, in the presence and absence of electron scavengers.
The majority of the hydrogen produced from energy ab-
sorption by both water and isopropyl alcohol is formed by
H-atom abstraction from isopropyl alcohol. Part of the
H-atom yield is formed by electron-positive ion neutraliza-
tion and part by processes not involving electrons. As far as
the formation of H atoms is concerned, both electron-positive
ion and ion-ion neutralizations appear to be independent
of the composition of the positive ion cluster. A yield of
molecular hydrogen is also present in both water and iso-
propyl alcohol.

There is now substantial agreement that at atmospheric pressure and
at temperatures within the range 110° to 140°C., the hydrogen yield
from H,0 or D,O irradiated in the presence of an organic additive has
a value G ~ 8 (5, 6, 12, 18). The use of specific scavengers has shown
the major precursors of the hydrogen yield to be the electron and the
hydrogen atom (7, 11, 12, 18). A value G(N.) = g(e) = 3.0 = 0.3
was found in water vapor containing nitrous oxide (7, 11) which is in
reasonable agreement with the value expected from the W-value of 30 e.v.
in water vapor (8, 30). (Experimental yields are written as G(X) and
“primary” yields as g(X) molecules per 100 e.v. energy absorbed.) The
value for g(e) may be compared with the reduction in hydrogen yield
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Raterican Chemical Soclety

kibrary
1155 16th St., N.W.
in ehington, 0,C,, 20098

Advances in Chemistry; American Chemical ’Societ,y: Washl ngton, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch016

248 RADIATION CHEMISTRY—II

additive (7, 12, 18). This reduction represents the number of H atoms
arising from electron-positive ion neutralization and the possibility that
the number of H atoms could differ with different additives, or that
products other than H atoms may be formed during neutralization, is
apparent in previous studies (3, 12).

Recent mass spectrometric studies have shown that clustered ions
may play an important role in the radiation chemistry of water vapor and
other gases (19, 20). In pure water vapor, the neutralization reaction
which produces H atoms is probably of the form

e + H,0*(H,0), = H + (n + 1)H;0

where H;0'(H;0), represents the clustered or hydrated hydronium ion.
However, in water vapor containing a polar additive such as methanol,
the ion cluster will contain both water and methanol molecules, and the
numbers of each in the cluster will depend on the concentrations of water
and methanol in the mixture (20). The effects which the composition
of the clustered ion will have on the neutralization reaction are not known
and we have, therefore, chosen to study the water-isopropyl alcohol
system over the whole concentration range, in the presence and absence
of electron scavengers. We have also studied the effects of some hydrogen
atom scavengers by competitive methods, to obtain information about the
total and individual yields of the various hydrogen precursors in pure
water and pure isopropyl alcohol vapors. The formation of other gaseous
products has been discussed briefly in terms of ionic and non-ionic
reactions.

Experimental

Materials. Water: ordinary distilled water was redistilled in an all-
quartz bidistillation apparatus, first from alkaline permanganate and then
alone. Nitrous oxide and sulfur hexafluoride (Matheson research
grade), carbon tetrachloride (Fisher certified), ethylene and propylene
(Phillips research grade) and perfluoromethylcyclohexane (Aldrich
Chemical Co.) were used as supplied. Isopropyl alcohol (Baker Instra-
Analysed) was quoted as 99.94% pure and contained 0.02% water. In
most of the experiments it was used as supplied. The gas chromatogram
showed a small impurity peak with the same retention time as ethyl
alcohol, but a positive identification was not made. Several experiments
with pure isopropyl alcohol were made, after it had been refluxed over
dinitrophenylhydrazine and barium oxide for 24 hours each and then
distilled, retaining the middle fraction. These gave the same yields of
the gaseous products measured as did the unpurified isopropyl alcohol.

Technique. The irradiation vessels were ~ 250 cc. cylindrical boro-
silicate glass cells equipped with a thermocouple well and break-seal.
Before filling, the vessels were heated in air at 500°C. for 16 hours, cooled,

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch016

16. DIXON AND BAILEY Reducing Species 249

and evacuated to 10 torr at room temperature. The weighed water-
isopropyl alcohol sample was deaerated by several freeze-pump-thaw
cycles and distilled into the irradiation vessel immersed in liquid nitrogen.
Additives were introduced by condensing a gas sample o? known PVT
into the vessel. The vessel and contents were finally evacuated to 1078
torr at 77°K. before sealing off.

The vessel was mounted in a furnace kept at 125 + 2°C. during
irradiation, the temperature being constant to +1°C. over the whole
vessel. The total pressure during irradiation was generally ~ 700 torr.
Irradiations were carried out in triplicate using %Co 7y-rays from a
Gammacell 220 (Atomic Energy of Canada Limited). After irradiation,
the gases not condensible at 77°K. were measured volumetrically and the
composition determined by gas chromatography.

Dosimetry. The dose rate of 2.0 X 10® e.v. grams™ min.! in water
vapor was based on the yield of hydrogen from ethylene, using G(H,) =
1.31 (23). Using this dosimetry, the yield of nitrogen from 700 torr N,O
irradiated in the same experimental set-up at room temperature was
G(N;) = 10.0 = 0.3. The relative dose rate was checked periodically
with the Fricke dosimeter. The energy absorbed by each component in
a mixture was calculated, assuming it to be directly proportional to the
electron density of that component.

Results

The number of molecules of product X formed per 100 e.v. energy
absorbed by water, isopropyl alcohol, and the total mixture are designated
G(X)w, G(X), and G(X),, respectively. The respective fractions of the
energy absorbed are represented by fy — Ew/E. and f, = E,/E,, where
E,, E;, and E, are the energies absorbed by water, isopropyl alcohol and
the total mixture. The yields obtained by extrapolating to f, — 0 and
fw = 0 are designated G(X)«° and G(X),°, respectively.

Water-Isopropyl Alcohol Mixtures. The plots of G(H.)., G(CHy)s,
and G(CO), against f. and f, for water-isopropyl alcohol mixtures are
shown in Figures 1 and 2. The plots are all linear with composition,
though G(CH,), has possibly a small positive deviation at higher values
of f,. Extrapolation to f, — 0 gives G(Hz)° = 8.1 = 0.2, G(CH,)+«°
= 0 and G(CO),° = 0. Extrapolation to f, = 0 gives G(H:),° = 8.9
=+ 0.2, G(CH4)p° = 5.4 = 0.3 and G(CO),° = 0.5 = 0.1. Experiments
using total pressures between 300-700 torr showed an increase of about
0.5 G units in G(H,) with decreasing pressure. In pure isopropyl alcohol,
the yields showed no dose effect within the range 2.0 X 10 to 1.2 X 10%°
ev.gl

Water-Isopropyl Alcohol 4 Additives. SULFUR HEXAFLUORIDE. The
effect of SFs on the hydrogen, methane, and carbon monoxide yields
from water-isopropyl alcohol mixtures is shown in Figures 1 and 2.
Extrapolation to f, = 0 gives G(H.)«° = 5.5 = 0.3, G(CH;).° = 0
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and G(CO),,° = 0. Extrapolation to f» = 0 gives G(H.),° = 5.4 = 0.3,
G(CH,),° = 6.5 = 0.5 and G(CO),° = 0.5 = 0.1. Runs at f,, — 0 and
f« = 0.42 showed that SFg concentration within the range of 0.1 to 5
mole % had no effect on G(H:), Figure 2 shows possibly a slight in-
crease in G(CH,), with increasing SFg concentration.

[ J
[ ] LJ [}

8 L4 4
6 o 4
— 8 a o Ho g g O

g & A3
= A= ——— A- - o
G (Hy), a7
7
4 | // ,
4
A
2 r 4
[o] 1 1 1 I
(o] Q2 0.4 o 06 0.8 10
1.0 0.8 0.6 fw 0.4 0.2 0.0

Figure 1. Radiolysis of water-isopropyl alcohol vapor mixtures at 125°C. in
the presence and absence of electron scavengers. Dependence of G(H,); on the
fraction of dose absorbed by water (£,,) and isopropyl alcohol (t,)

@ No additive

V With 1% SF,
O With 1% C.Fy
A With 1% CCl,

PERFLUOROMETHYLCYCLOHEXANE. The effect of C;F,; is similar to
that of SFg with G(H.)«° = 5.5 = 0.3, G(CH,),° = 0, G(H,),° =
54 = 03 and G(CH,),° — 6.0 = 0.5 (Figures 1 and 2). Carbon
monoxide was not measured.

CarBON TETRACHLORIDE. The effect of 1 mole % CCl, is similar to
that of SFg and C;Fy, except for G(H,). at lower values of f, (Figures
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land 2). Values of G(CHy)° = 0, G(H;),° = 5.4 = 0.3 and G(CH,4),,°
= 5.8 = 03 are estimated. G(H;). begins to fall off rapidly below f, —
0.5, making the estimation of G(H,),° difficult. Carbon monoxide was
not measured.

00 02 04 . 06 08 0

10 0.8 06 f 04 02 0.0

Figure 2. Radiolysis of water-isopropyl alcohol vapor mixtures at 125°C.

in the presence and absence of electron scavengers. Dependence of G(CH,),

and G(CO), on the fraction of dose absorbed by water (f,,) and isopropyl
alcohol (f,)

CH, yields @ No additive
With 1% C.F,,
With 1% CCI,
With 0.1% SF:
With 1% SF,
With 5% SF;
No additive

CO yields
With 1% SF,

@80 q> X0

The effect of CCl, concentration on G(H:) from water vapor con-
taining 1 mole % isopropyl alcohol is shown in Figure 3, G(H.). falls
rapidly from 8.1 at zero CCly concentration to 4.75 at 0.13 mole % CCl,,
then more slowly to 1.5 at 7.7 mole % CCl. A few runs with
H,0—C;H;OH—CC, containing 1 mole % SF, gave values of G(H:)
which fall on the same curve as those in the absence of SF.
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Figure 3. Effect of carbon tetrachloride concentration on the hydrogen yields
from pure isopropyl alcohol (Curve A) and from water containing 1 mole %
isopropyl alcohol (Curve B)

Curve A—G(H:), [ No SF:

W With 1% SFs
Curve B—G(H.)» O No SF,

@® With 1% SF,

PropYLENE. Values of G(H,), from water vapor containing various
concentrations of isopropyl alcohol and propylene are shown in Table I.

Isopropyl Alcohol 4 Additives. CARBON TETRACHLORIDE. The effect
of CCl, in pure isopropyl alcohol is shown in Figure 3. G(H.), falls
steeply from 8.9 at zero CCl, to 5.2 at 0.11 mole % CCl,, then slowly to
4.7 at 10 mole % CCl,. Again the presence of 1 mole % SFq gave values
of G(H.) which fall on the same line as those in the absence of SF.

PropYLENE. The effect of propylene concentration on G(H,), from
isopropyl alcohol, both in the presence and absence of 1 mole % SFs,
is shown in Figure 4. In the absence of SFs, G(H.), falls smoothly from
8.9 at zero propylene to 3.5 at 9.4 mole % propylene. In the presence
of 1% SFe, G(H.), falls from 5.4 at zero propylene to 2.9 at 4.8 mole %
propylene. G(CH,), was unaffected by propylene concentration up to
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1 mole % but decreased by about 20% between 1-10 mole % propylene,
both in the presence and absence of SF.

In all samples containing propylene, corrections for H, production
from the propylene were made using G(Hz:)propyiene = 1.2 (4).

Table I. Hydrogen Yields from Water Vapor Containing
Isopropyl Alcohol and Propylene®

C,H,OH (Mole %) C,H,(Mole %) G(H,),

0.90 341 0.44
0.93 1.05 0.55
8.83 0.67 1.70
4.02 0.14 2.19
8.87 0.17 3.02

® Pressure ~ 700 torr and temperature 125°C.

1
4 6

ok
oF
o

MOLE % CsHg

Figure 4. Effect o{ propylene concentration on the hydrogen yield from iso-
propyl alcohol vapor in the presence and absence of SF, at 125°C.

O No SFs
O With 1% SF,
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Discussion

Hydrogen Yields from Water-Isopropyl Alcohol Mixtures. Figure 1
shows that both water and isopropyl alcohol contribute to the total
hydrogen yield, and the linear dependence of G(H,), on the fraction of
energy absorbed by each component may be expressed by the relationship

G(H2)t =wa(H2)w° + fpc;(H:2)p°

where G(H:)° = 8.1 = 0.2 and G(H:),° = 8.9 = 0.2 are the values
at f, = 0 and f\ = 0, respectively. We will now consider the formation
of hydrogen in water, isopropyl alcohol, and mixtures of the two, in terms
of the probable ionic and non-ionic reactions occurring.

Pure water vapor is decomposed little by ionizing radiation (2, 15).
On addition of an alcohol, however, G(H:)w increases rapidly and
reaches a limiting value of ~ 8 at less than 1 mole % alcohol (5, 12).
In water vapor, H atoms are generally considered to be formed via
Reactions 1 to 5.

H,0—**—> H,0", ¢", H,0* (1)
H,0* + H,0 — H,0* + OH (2)
H,0* + xH,0 = H,0° (H,0), (3)
e+ Hy0*(H,0), = H + (x + 1)H,0 (4)
H,0* — H + OH (5)

where Reaction 3 represents the clustering or solvation of the hydronium
ion by water molecules. At the limiting value of G(H;)w, all H atoms
formed via Reactions 1, 2, 3, 4, and 5 abstract from the alcohol giving
hydrogen. In the present system the minimum isopropyl alcohol con-
centration was 2 mole %, and since isopropyl alcohol has a weak « car-
bon-hydrogen bond, this will be sufficient to capture all available H
atoms. In the present work, therefore, G(H:).° represents the number
of H atoms arising from all precursors plus the molecular hydrogen yield
in water vapor.

In pure isopropyl alcohol, the major neutralization reaction produc-
ing H atoms will probably be

e + CyH,OH,*(C;H,0H), > H + (y + 1)C,H,OH (6)

which is analogous to Reaction 4 in water vapor. (For convenience the
isopropyl alcohol molecule will be written simply as C;H,OH and simi-
larly for radicals and ions formed from isopropyl alcohol.) Although we
have not made a detailed product analysis in pure isopropyl alcohol, it may
be useful to speculate on the possible ion-molecule reactions occurring.
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In pure isopropyl alcohol vapor, the mass spectrum using 50 e.v.
electrons (16) shows a number of positive ions, the most abundant of
which are: CH;CHOH' (554% ), C.H;' (6.3%), CH;CO* (59%),
COH" (4.5%), CsHs* (42% ), C;H,* (3.6% ), CHy* (3.6% ), C3Hs'
(3.3% ), CH,OH" (2.9% ), (CH3),COH' (2.1% ), and C3;Hs" (1.4% ).
These ions, therefore, are likely to be produced in gamma-radiolysis,
though not necessarily in the same proportions as in the mass spectrome-
ter. Many of these ions are protonated forms of stable molecules or
radicals and may be expected to transfer a proton under favorable con-
ditions. The proton affinity of isopropyl alcohol is not known, but in
view of the relative inductive effects in methanol, ethyl alcohol, and
isopropyl alcohol, it is probably greater than that of ethyl alcohol viz.
193 =+ 9 keals./mole (28). From the heats of formation of the appropri-
ate ions (14), with the above assumption regarding the proton affinity of
isopropyl alcohol, it can be shown that proton transfer from CH;,CHOH",
C2H3+, COH‘, C3H5*, C:{H'{*, CH20H+, and (CHa)chH" to isopropyl
alcohol is exothermic.

From an energetic point of view, therefore, and considering the
large excess of isopropyl alcohol, proton transfer to isopropyl alcohol is
not unreasonable. This would leave CsH;OH,* as the major positive ion.
However, Wilmenius and Lindholm (29) have pointed out that proton
transfer in ethyl alcohol may be followed by the further dissociation of
C:H;OH,’, and this is supported by the results of Sieck and Johnsen
in the radiolysis of ethyl alcohol vapor (25). They find that in some
cases, proton transfer to ethyl alcohol leads to dissociation and formation
of H;O* but since this can react further with ethyl alcohol by proton
transfer, the major ion present is still C;H;OH,'. In view of this we
cannot discount the further dissociation of CsH;OH,* following proton
transfer, but if reactions similar to those in ethyl alcohol vapor occur,
this will not necessarily affect the overall formation of Cs;H,OH'.
Hydride ion transfer may also cccur—e.g., with CHj*

CH;* + C;H,0OH — CH, + C;H,OH" (7)

and this would probably be followed by proton transfer from C;HgOH*
to isopropyl alcohol.

It therefore seems likely that C3H;OH," will be the major positive
ion remaining in pure isopropyl alcohol after ion-molecule reactions,
though it will be of the clustered form C;H,OH,'(C;H,OH);, and that
neutralization will proceed via Reaction 6. The mercury photosensitized
decomposition of isopropyl alcohol shows a high quantum yield of H
atoms (21) and a yield of H atoms from dissociation of excited isopropyl
alcohol molecules might also be expected in the radiolysis. Hence, as for
water vapor, the yield of H atoms from pure isopropyl alcohol will have
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both ions and excited molecules as precursors, and the total hydrogen
yield will be the sum of the total H atom yield from all precursors plus
the molecular hydrogen yield.

In water-isopropyl alcohol mixtures, the ion-molecule reactions oc-
curring will be even more complicated. The reaction

H,0* + C;H,0H — H,0 + CyH,0H," (8)

is probably exothermic by at least 10 kcals./mole, and this would indicate
CsH,OH," to be the major positive ion undergoing neutralization in
water-isopropyl alcohol mixtures. However, Kebarle (20) found that
a-particle irradiation of water-methanol vapor mixtures under conditions
where ion-molecule reactions occurred gave predominantly ion clusters
of the type H'(H,0),(CH;OH),. Here x and y vary according to the
concentrations of water and methanol in the mixture and the size of the
cluster, methanol being taken up preferentially in clusters with x + y < 9.
These findings imply that the proton is not bound more strongly to one
molecule or the other, and since the same situation probably applies in
water-isopropyl alcohol mixtures, the dominant positive ion which under-
goes neutralization will be H*(H,0) .(C;H,OH),.

e + H*(H,0),(C;H,0H), = H + xH,0 + yC,H,0H (9)

Here x and y will depend on the concentrations of H,O and C3H;OH in
the mixture, withx = 0 atfy = Oand y = O at f, = 0.

Despite the changing composition of this positive ion cluster with
changes in fw and f,, G(H,). is linear with isopropyl alcohol concentration
both in the presence and absence of electron scavengers (Figure 1). Thus,
there is no evidence that the composition of the positive ion affects either
the conversion of electrons to H atoms via Reaction 9, or ion-ion neutrali-
zation in the presence of electron scavengers. This, however, is not
completely unambiguous, particularly in view of the numerical similari-
ties between G(H;).° and G(H:),° in the presence and absence of
electron scavengers.

Hydrogen Yields in the Presence of Electron Scavengers. The total
hydrogen yield also behaves linearly in the presence of certain additives
(Figure 1). Both sulfur hexafluoride and carbon tetrachloride have
been found to capture electrons in water vapor containing methanol
(12). Perfluorocyclocarbons have also been used as electron scavengers
and are known to reduce hydrogen yields from liquid hydrocarbons (24).
In the presence of these additives, therefore, electron-positive ion neu-
tralization will be replaced completely by ion-ion neutralization, assum-
ing that sufficient additive is present to capture all electrons. Most of
the results in Figure 1 were carried out at 1 mole % additive, but experi-
ments with SFg in the concentration range 0.1 to 5.0 mole % showed
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no effect of concentration on G(H,),. Since essentially the same effect
was found with all three additives, it may be concluded that complete
electron capture takes place. Hence, the reduction in hydrogen yields
AG(H;)w° and AG(H;),° will represent the yields of H atoms caused
by electron-positive ion neutralization in water and isopropyl alcohol
vapors, respectively, unless ion-ion neutralization results in the formation
of H atoms.

In alkane gases, neither ion-ion neutralization in the gas phase (17)
nor at the walls of the vessel on application of an electric field (31)
produce H atoms. Similarly in D,O-propane mixtures (18), Johnson and
Simic have shown that neutralization of D3O by negative ions formed
from N,O and SFg does not result in D atom formation. In our system
SFe, C;F14 and CCL have essentially the same effect on G(H:) over the
whole H,O-C3;H;OH concentration range. If ion-ion recombination re-
sulted in H atom production, then the negative ions from all these addi-
tives would have to produce H atoms to the same extent, which is unlikely.
It, therefore, seems likely that ion-ion neutralization does not lead to H
atoms in our system, irrespective of the composition of the positive ion
cluster. Thus, AG(H:)«° and AG(H;),°, the reductions in hydrogen
yield in water and isopropyl alcohol, respectively, on addition of electron
scavengers, represent the number of H atoms arising from electron-
positive ion neutralization in water and isopropyl alcohol vapors.

The reductions in hydrogen yield for all three electron scavengers
are in close agreement and lead to values of g(H)«* = 2.6 = 0.5 and
g(H)pe = 3.5 = 0.5, where these represent the number of H atoms which
have the electron as a precursor in water and isopropyl alcohol vapors,
respectively. The value 2.6 = 0.5 in water vapor is essentially the same
as that found in D,O (18) and may be compared with the expected
value of 3.3 from the W-value of 30 e.v. (8, 30). The value 3.5 = 0.5 in
isopropyl alcohol suggests that the energy required to produce an jon-pair
in isopropyl alcohol is about 28 e.v., assuming that all electrons are con-
verted to H atoms in pure isopropyl alcohol vapor.

In the presence of carbon tetrachloride, G(H:). begins to fall rapidly
at values of f, lower than 0.5. This is caused by reaction with H atoms
in competition with their abstraction reaction from isopropyl alcohol.
However, the values of G(H;), at high values of f, indicate that the
reduction in hydrogen yield owing to electron capture by CCL is similar
to those in the presence of SFg and C;F,;. Any possibility that the effect
of these additives is owing to reaction with H atoms may be excluded.
SFg reacts much too slowly with H atoms (13) to compete with isopropyl
alcohol at the concentrations used, and since C;Fy; has the same effect
as SF, it too must react too slowly with H atoms to compete with their
abstraction reaction from isopropyl alcohol.
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The hydrogen which remains in the presence of electron scavengers
represents the sum of the “residual” H atoms plus the molecular hydrogen
yield, designated g(H) and g(H.), respectively. The results show g(H)+«
+ g(Hy)w — 5.5 *+ 03 and g(H), + g(H), — 5.4 = 0.3.

Competition Kinetic Analysis. PROPYLENE. Propylene is known to
add H atoms rapidly giving the isopropyl radical

H + C,H, — C;H, (10)

The simple alkenes have negative electron affinities and therefore will
not capture electrons. At the pressure of water vapor used, Reaction 2
is fast enough to preclude other reactions of H.O* (22). Charge or proton
transfer to propylene may also be excluded on energetic grounds. The
effect of propylene on G(H:),, from water vapor containing small amounts
of isopropyl alcohol will therefore be owing to the capture of H atoms
in competition with their abstraction reaction from isopropyl alcohol

H + C,H,;0H — H, + C;H,OH (11)

This simple competition for H atoms leads to the following relationship
for the measured hydrogen yield G(Hz)w:

4 g(H)ye +g(H)y
1+ k1o [CsHag]
k1, [C3H,0H]

G(H2)w = g(H2)w

Hence, the reduction in hydrogen yield, AG, on addition of propylene
may be expressed by the equation

1 1 (14 ku [CaH.,OH]>

AG g(H) e+ g(H)y \ k10 [C3Hq]
where AG = g(H:)w + g(H)w* + g(H)w — G(H2)w =81 — G(Hz)..
The plot of 1/AG vs. [C3H;0H]/[CsHg] from the results in Table I is
shown in Figure 5. The plot is a good straight line in agreement with
the above scheme, and from it the values g(H)«¢ + g(H)w = 7.6 and
kio/k11 = 90 are obtained. The value g(H)w® + g(H)w = 7.6 is lower
than G(H.), in the absence of propylene. This shows that a small yield
of hydrogen is present in water vapor, g(H.)w = 0.5 %= 0.2 which does
not arise from H atom precursors. This is in good agreement with the
molecular yield found by non-competitive methods (I, 32). Hence, the
number of H atoms arising from processes not involving the electron,
g(H)s = 5.0 = 05.

The effect of propylene concentration on G(H:), from pure iso-
propyl alcohol (Figure 4) will also be owing to capture of H atoms. The

(12)

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch016

16. DIXON AND BAILEY Reducing Species 259

kinetic relationship will be analogous to that in water containing iso-
propyl alcohol viz.

1 1 (-, kul[C.H,0H] )
— = 1+ 13
AC ~ gy g\ 1 T Th[CoHy] (13)
where AG = 89 — G(H.),.
4 20
I
Y
410
0-0 1 1 1 1 1 1 L 0.0
) 2 a 6
[CH,0H]x 10" OR  [C4H,0H]
[CsHel [CCla]

Figure 5. H atom competition plots in water vag)or containing isopropyl
alcohol + propylene (Curve A) o(r isopropyl alcohol + carbon tetrachloride
Curve B)

O H.0 + C.H.OH + C;H; plotted according to Equation 12
O H.0 + C:H,OH + CCl, plotted according to Equation 17 (no SFs)
@ With 1% SF;

The plot of 1/AG vs. [C3H,OH]/[CsHg] is shown in Figure 6.
From the slope and intercept, values of g(H),¢ + g(H), = 7.2 and
kio/k11 = 40 are deduced. Since G(H.), — 8.9 in pure isopropyl alcohol
in the absence of propylene, these results show the presence of a sub-
stantial molecular hydrogen yield, g(H.), = 1.7 = 0.2 which does not
arise from H atom precursors. Hence, the number of H atoms arising
from processes not involving electrons, g(H), = 3.7 = 0.5 in pure iso-
propyl alcohol.
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Figure 6. H atom competition plots for isopropyl alcohol-propylene
system with and without SF

@ According to Equation 13 (no SF)
O According to Equation 14 (with 1% SFs)

In isopropyl alcohol containing 1 mole % SFg, the H atoms arising
from electron-positive ion combination will be completely suppressed.
Propylene will therefore suppress the hydrogen yield by capturing the
residual H atoms in competition with isopropyl alcohol. Since G(Hz),
= 5.4 in the presence of SF at zero propylene, the competition will be
governed by the relationship

1 1 ky; [C3H,OH]

a6 = g, (1 ety ) e
where AG = g(H.), + g(H), — G(H:), = 54 — G(H.),. The plot
of 1/AG vs. [C3H,OH]/[C3Hg] is also shown in Figure 6 and gives
values of g(H), = 3.7 and kjo/k;; = 35. By subtraction, the molecular
hydrogen yield g(H.), — 1.7. These results are in excellent agreement
with those in the absence of SFg and show that SF; does not interfere
with H atom reactions or with molecular hydrogen production.
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The three values of the rate constant ratio found above in water and
isopropyl alcohol vapor give an average value kjo/ki; = 60 = 30.

CARrBON TETRACHLORIDE. The rapid decrease in G(H:), upon adding
0.13 mole % CCl, to water vapor containing 1 mole % isopropyl alcohol,
followed by a slower fall-off as the CCl, concentration increases, is
indicative of more than one precursor of hydrogen reacting with CCl,.
These may be identified as the electron and H atom, in view of their
known reaction with CCl, in the vapor phase (11, 26)

e + CCl, > CCl, + CI (15)
H + CCl, = HCI + CCl, (16)

and the analogous effect in water vapor containing methanol (12). Our
experiments also show that, in the presence of sufficient SFg to capture all
electrons, values of G(H. ). fall on the same curve as those in the absence
of SFe. This shows that, in the absence of SFg, carbon tetrachloride
captures all available electrons at all concentrations studied. Since the
consumption of CCl; owing to electron capture is small at the CCl,
concentrations used, the reduction in hydrogen yield may be expressed
in a form similar to those with added propylene viz.

1 1 k;,[C3H,0H]

26 = gy (1 hetcdul ) an
where AG — g(H:)w + g(H)w — G(H)w = 5.5 — G(Hz)w. The plot
of 1/AG vs. [C3H;OH]/[CCl,] is shown in Figure 5 and gives g(H)w
= 4.9 and ky;1/kis = 1.2. By subtraction the molecular yield in water
vapor g(Hz)w = 0.6. Since the molecular yield persists at high CCl,
concentrations, this is further evidence that it does not have either ther-
mal electrons or H atoms as precursors.

The effect of CCl; on G(H.), from pure isopropyl alcohol (Figure
3) is as predicted from these results. The rapid decrease in G(H;), on
addition of only 0.11 mole % CCl; is because of efficient electron capture
and the slower fall-off at higher CCl, concentrations is the result of H
atom scavenging. Again the addition of 1 mole % SFg has no effect on
G(H_), at any particular CCl, concentration, showing that, in the absence
of SFg, all available electrons are captured by CCL at all concentrations
studied.

Thus, the use of appropriate additives which react with specific
intermediates allows us to estimate the yields of the various hydrogen
precursors in water and isopropyl alcohol vapors. These yields are sum-
marized in Table II.

Formation of Methane and Carbon Monoxide. Ionization of iso-
propyl alcohol using 50 e.v. electrons leads to the formation of CHj
(55.4% ), CH3* (3.6% ), and CH, (6.3% ) in the mass spectrometer (16).
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Table II. Yields of the Hydrogen Precursors in Water and
Isopropyl Alcohol Vapors

H,0 C,H,OH

g(He 2605 3505
g(H) 5005 37=*05
g(H) 0502 1702

¢ Pressure ~ 700 torr and temperature 125°C.

Assuming that a similar effect occurs in y-radiolysis, that all methyl radi-
cals abstract from isopropyl alcohol

CH, + C;H,0H — CH, + C;H,0OH (18)
and that CH,' undergoes the hydride transfer reaction
CH,' + C,H,0H — CH, + C,H,OH" (7)

then the primary ionization and secondary decomposition of primary
fragments could result in methane formation with G ~ 2.3. Calculations
of G values by quantitative correlations of this type are not strictly
justified but, qualitatively, they indicate that a major fraction of the
methane yield is probably produced by the above reactions. The lack of
a dose effect indicates that methane formation is not affected by secondary
reactions of the radiolysis products at the doses used. Since little CH,
is likely to be produced via ion-molecule reactions of the remaining pri-
mary and secondary ions, part of the methane yield probably arises via
decomposition of excited isopropyl alcohol molecules.

Since much of the methane yield appears to be produced via methyl
radicals, the yield should be affected by propylene concentration. We
found little effect below 1 mole % propylene but the yield fell by ~ 20%
as the propylene concentration increased to 10 mole %, both in the
presence and absence of SFg. These results, however, do not indicate
how much methane is formed from CH; precursors and how much by
“molecular” processes. The effect of propylene is being studied further
in an attempt to obtain this information. The electron scavengers appear
to increase the methane yield slightly. Since they do not decrease the
yield, this probably means that electron-positive ion neutralization does
not produce methane. The reason for the increase in G(CH,) is not
clear but it could occur if ion-ion neutralization produced methane, or
if some physical interaction caused a transfer of energy from the addi-
tives to isopropyl alcohol. The slight increase in CH, yield with SF;
concentration tends to favor the latter assumption.

In the mass spectrum, about 4.5% of the ions produced are COH*
(16). As discussed earlier, proton transfer from COH* to isopropyl alco-
hol is likely and if the same situation applies to y-radiolysis, this could
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lead to a small yield of carbon monoxide. Up to 5 mole % SFs had no
noticeable effect on G(CO) showing that little or none is produced by
electron-positive ion or ion-ion neutralization. Up to 60 mole % propylene
had no effect on the CO yield. As with methane, part of the yield of
carbon monoxide is probably produced from decomposition of excited
isopropyl alcohol molecules.

Molecular Hydrogen Formation. In the mass spectrum of isopropyl
alcohol vapor with 50 e.v. electrons, about 18% of the total ionization
leads to molecular hydrogen as a product (16). Assuming a similar
cracking pattern in vy-radiolysis, this would account for G ~ 0.7 in pure
isopropyl alcohol. Again, this figure may not strictly apply to the radioly-
sis, but it appears that about half the molecular yield probably arises
from decomposition of excited isopropyl alcohol molecules. Production
of molecular hydrogen via

0
/\
C;H,OH—**—> H, + H,C—C—CH, (19)
H

has been postulated in the radiolysis of the liquid (27). If this proceeds
via decomposition of excited isopropyl alcohol molecules, it might be
expected to occur more favorably in the vapor phase.

Our results give no positive evidence for either of the two possible
modes of formation of molecular hydrogen in water vapor viz. decompo-
sition of an excited molecule

H,0* = H, + O (20)

or via the hydride ion
e+ H,O—> H + OH (21)
H- + H,0 — H, + OH- (22)

However, our value for g(H)y¢ is somewhat lower than that predicted
from the W-value of 30 e.v. in water vapor (8, 30) and is in good agree-
ment with G(N.) from water vapor containing N,O, after correcting to
the same dosimetry (7, 11). This may be indicative of some electrons
reacting via other processes such as Reaction 21. Since the appearance
potential of H™ from H,0 is ~ 5 e.v. (9), the electron scavengers would
not be expected to compete with Reaction 21 in view of their known
cross-sections for electron capture in this energy range and the high
concentration of water (see Ref. 11).

Conclusions

Hydrogen, methane, and carbon monoxide yields in the vapor phase
radiolysis of water-isopropyl alcohol mixtures at 125°C. are linear over
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the whole concentration range. From the effects of electron scavengers
on the hydrogen yields, we estimate the number of H atoms resulting
from electron-positive ion neutralization, g(H)¢, to be 2.6 = 0.5 and 3.5
=+ 0.5 in water and isopropyl alcohol, respectively. Both electron-positive
ion and ion-ion neutralizations appear to be independent of the compo-
sition of the positive ion cluster. The effects of carbon tetrachloride and
propylene give values for the number of H atoms which do not have the
electron as a precursor, g(H) = 5.0 = 0.5 and 3.7 = 0.5 in water and
isopropyl alcohol, respectively. Molecular hydrogen yields are also
formed with g(H,;) — 0.5 = 0.2 in water and 1.7 = 0.2 in isopropyl
alcohol. The rates of reaction of H atoms with carbon tetrachloride,
isopropyl alcohol, and propylene were found to be in the approximate
ratio 1:1:60.
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Properties and Reactions of Electrons in
Y-Irradiated and Photoionized Organic
Glasses

MICHAEL A. BONIN, JACOB LIN, KOZO TSUJI, and
FFRANCON WILLIAMS

University of Tennessee, Knoxville, Tenn. 37916

The ways in which the radiation-induced generation and
stability of trapped electrons in hydrocarbon glasses are
affected by the presence of polar additives have been studied
by ESR and optical techniques. Adding 5 mole % triethyl-
amine (TEA) enhances the radiation chemical yields; G(e”)
is increased from 0.30 to 0.98 for methylcyclohexane, from
0.69 to 1.08 for 3-methylpentane, but only from 0.89 to 0.96
for 3-methylhexane. At higher TEA concentrations, the yield
is reduced by incipient crystallinity effects. The presence
of a polar substance retards thermal decay of the trapped
electron after irradiation. Acetonitrile in methyltetrahydro-
furan glass undergoes efficient dissociative electron capture
to give methyl radicals on photobleaching after vy-irradia-
tion. This reaction may involve resonance capture of the
optically excited electron.

There is now a considerable literature on the subject of localized elec-

trons in liquids and rigid glasses. It is natural that polar solvents
have claimed the most attention, partly because both chemical and radia-
tion techniques can be used to generate the solvent-trapped electron in
many of these systems and also because of the appreciable stability of
the solvated electron in several polar media. Only recently has the
trapped electron (e”) been positively identified in nonpolar materials
such as the saturated hydrocarbons, and here the observations have been
confined to matrix-isolation studies with vy-irradiated and photoionized
glasses (8, 9, 13, 14, 19, 22, 23, 24). Several fundamental questions are
posed by these newer findings, and in view of the present theoretical
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state of the subject (11, 17), it is necessary to seek clarification by further
experiments.

First, we describe studies on the generation and thermal stability of
trapped electrons in hydrocarbon glasses, and show how the results are
modified by the presence of polar molecules in the matrix. It will be
useful to analyze these findings to obtain evidence for or against the
specific role of polar molecules in the process of electron trapping be-
cause there is much theoretical interest focused on this question. Another
problem on which this research should throw some light concerns the
mechanism of thermal decay for the trapped electron. A process of
positive charge transfer has been suggested by some authors (7, 9), so
it is necessary to distinguish between the contributions caused by hole
and electron mobility in the dark. In considering this subject, we expand
upon the results presented previously (12).

Secondly, we discuss the chemical reactivity of the excited state of
the electron e* produced by optical excitation of (e”). To avoid con-
fusion, we shall describe this species as the excited electron in contrast
to the mobile electron, and this latter term will be used to describe (e”)
when it undergoes what is essentially translational motion through the
matrix. It is also necessary to introduce the concept of a delocalized elec-
tron, which may be defined as belonging to the ionized state of a molecule
before the electron either becomes trapped as (e”) or is captured by an
electron scavenger. The system which has been studied, and which will
be discussed in connection with these ideas, consists of acetonitrile in a
2-methyltetrahydrofuran glass. Its behavior does not fit the conventional
description of an electron scavenger in a rigid matrix, and this provides
the opportunity to learn something new about electronic processes in
radiation and photochemistry.

Experimental

Materials. Tetrahydro-2-methylfuran (MTHF), 2-methylbutane
(isopentane), triethylamine (TEA), and N,N,N’,N’-tetramethyl-p-phen-
ylenediamine dihydrochloride (TMPD) were obtained from Eastman
Organic Chemicals. Trimethylamine (99.0% ) was obtained from Mathe-
son, and 3-methylpentane (3-MP, chromatoquality) from Matheson,
Coleman, and Bell. Acetonitrile (Baker Analyzed Reagent) was supplied
by the J. T. Baker Co. Samples of acetonitrile-d; were obtained from
E. Merck, AG (Darmstadt) and from Stohler Isotope Chemicals.

Preparation of Samples. All materials available in the form of bulk
liquids were pretreated according to accepted purification techniques
and then distilled before use. These methods and the sample preparation
techniques have been described (14). Acetonitrile was dried in vacuo
over magnesium sulfate. Optical cells were made from extruded quartz
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tubing of square or rectangular cross section. The samples for the ESR
work were prepared in Spectrosil or Suprasil tubes about 4 mm., o. d.

Radiation Sources. Cobalt-60 y-ray sources provided dose rates of
14 X 10 and 2.9 X 10" e.v. gram™ min.? as determined by Fricke
dosimetry. The source of ultraviolet radiation was a high pressure mer-
cury arc lamp (General Electric Co. A-H6 or B-H6), and the output was
passed through a Corning 9863 filter and a quartz optical cell (1 cm.)
filled with a saturated aqueous solution of nickel sulfate. This filtration
system gives a suitable passband in the 320-n.m. region corresponding to
the absorption maximum for TMPD. The samples were generally irradi-
ated at 77°K., but in some experiments it was desirable to obtain lower
irradiation temperatures (ca. 71°K.) by using the cryogenic coolin
technique (16), which involves bubbling helium gas through the liqui
nitrogen. The vy-irradiations were carried out in the dark, and care was
taken to prevent sample exposure to stray (unfiltered) light during ultra-
violet irradiation.

Optical Measurements. The methods of Hamill et al. (8, 9, 18) were
employed without any significant modification. Spectra were recorded
against air as a reference. The near infrared spectrum of the trapped
electron was then plotted as the difference between the two spectra
obtained before and after bleaching the sample with an intense source
of irifrared light (A > 1000 n.m.). Other details will be given with the
results.

ESR Measurements. Our equipment and the experimental arrange-
ments have been described (14). Photoionization studies were carried
out by irradiating the sample with ultraviolet light in the cavity. The
spectra were usually obtained at low microwave power (0.01 mwatts)
such that the trapped electron signal was not saturated. For 3-MP and
mixtures containing low concentrations of TEA in 3-MP, the y-irradiated
samples had to be maintained below 77°K. as described betore to pre-
vent thermal decay of the ESR signal (14). Also, the decay of photo-
ionized samples after irradiation could be completely arrested at 71°K.
At the higher amine concentrations, the ESR signal was much more stable
at 77°K., and the measurements were made routinely at this temperature.
Almost all the kinetic measurements of thermal decay were made at 77°K.
All manipulations involving transfer, etc., of samples were carried out in
the dark. The arrangements for subsequent optical bleaching of the
v- and ultraviolet-irradiated samples are described below.

Results

Hydrocarbon-Amine Glasses. Optical studies on irradiated glasses
consisting of binary mixtures of 3-MP and TEA were first made by
Gallivan and Hamill (8, 9). This system is suitable for studying the
effect of polarity on the trapped electron because the optical and bleach-
ing characteristics of (¢”) are remarkably similar over the entire compo-
sition range. Thus, Amax is located at 1600 n.m., and (e) is readily
bleached by infrared light (A > 1000 n.m.) in these mixtures. This
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constancy in the properties and behavior of (e”) does not apply to some
other nonpolar-polar mixtures, such as 3-MP and MTHF (9).

The results of our optical measurements on y-irradiated samples are
illustrated in Figure 1, where two effects are immediately apparent. First,

T T
10} R
2 H——
-———
>
;
— 05 .
£
8
0o L v
o 40 80 120

Time (min)

Figure 1. Optical densities at 1600
n.m. of 3-methylpentane-triethylamine
glasses after v irradiation at 77°K. All
values normalized to 1-cm. path length
and dose of 1.4 X 108 e.v. gram™ for
each mixture. For pure 3-MP, the dose
was 2.8 X 108 ¢.v. gram™ and the path
length 1 cm.; for pure TEA, the dose
was 7.0 X 10'¢ e,v. gram™! and the path
length 0.23 cm.
Symbols: &, pure 3-MP; @, 2 mole %
TEA; O, 5 mole % TEA; X, 25 mole
% TEA; R, 50 mole % TEA; O, pure
TEA. Dose rate, 1.4 X 10'¢ e.v. gram™
min.”!

the postirradiation thermal decay of (e”) at 77°K. becomes progressively
slower as the concentration of TEA in the mixture is increased; secondly,
the optical density of (e”) extrapolated to zero time after irradiation in-

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0082.ch017

17. BONIN ET AL. Organic Glasses 273

creases remarkably with TEA concentration for dilute solutions of TEA
in 3-MP; however, at higher TEA concentration the optical density of
(e7) declines, and the value obtained for pure TEA is actually somewhat
lower than for 3-MP alone. The second effect was described by Gallivan
and Hamill (9).

Much the same behavioral pattern emerges from the ESR results
shown in Figure 2, except for the notable difference that the signal decay
rates at 77°K. are faster than those observed in the corresponding optical
experiments. The reason for this apparent difference in the absolute
decay rates as measured by optical and ESR methods for samples of the
same composition is not completely understood at this time, and the prob-
lem has been discussed elsewhere (14) in connection with 3-MP. It is un-
likely that the effect is caused simply by temperature differences between
the optical and ESR Dewars. It should be added that results such as
those shown in Figure 2 do not permit accurate extrapolations to be
made for the initial yield when the decay is rapid, as is the case for the
dilute range of TEA concentrations. Obviously, plots of signal intensity,
measured at some arbitrary time after the irradiation, vs. composition,
give a false indication of the true yields under these conditions of fast
decay, and this comment applies particularly to some data we obtained
earlier for the 3-MP-trimethylamine system (24) under similar circum-
stances. To counter the effect of fast decay in the dilute TEA systems at
77°K., y-irradiation and the subsequent ESR measurements were made
at 71°K., where there was almost no thermal decay of the signal.

pure TEA
3MP-TEA 0.69 mole %
3MP-TEA 181 mole %
3MP-TEA 48 mole %
3MP-TEA 24 mole %
pure 3MP

Y
Q

Signal Intensity
)]
o

4 ¢ 0O 0 9 0

n
o

o A A L 1 A 1 L ' 1
O 10 20 30 40 50 60 70 80 90
Time (min)
3MP-TEA

Figure 2. ESR signal intensity of (e) vs. time after irradiation at

77°K. for 3-methy?pentane—triethylamine mixtures y-irradiated for

10 minutes at a dose rate of 2.9 X 10" e.v. gram™! min.”l. Intensity
scale normalized to an initial value of 100 for pure TEA
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In Figure 3, the ESR determinations of G(e”) are plotted against
composition. The numerical values are based on a comparison with
G(e’) = 2.6 for MTHF as the standard (4, 18, 21). These results ob-
tained under conditions where there was no thermal decay clearly show
that the yield is definitely enhanced at low amine concentrations. For
comparison, the optical densities are also given; these data are corrected
for the relatively small amount of postirradiation decay (Figure 1) which
occurred under the experimental conditions, and the numerical values
have been normalized so that the optical density for pure 3-MP actually
corresponds to the G(e~) value based on the molar extinction coefficient
e(e’) = 3 X 10* M! cm.? (8). Therefore, if this value of ¢(e”) were
also to apply for the binary mixtures, the normalized optical densities
would in fact represent the optical G(e”) values. As it is, we see that
there is a good qualitative correlation between the ESR and optical
results. As mentioned before, similar plots of optical data were obtained
by Gallivan and Hamill (8, 9), and the only slight disagreement between
this work and their results concerns the value obtained for TEA. This
discrepancy may be the result of crystallinity effects which will be
mentioned later.

An enhancement in the yield of (e) by adding a polar substance
(TEA or MTHF) was a general effect for several hydrocarbon glasses
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Figure 3. e”) vs. mole % triethylamine in 3-methylpentane
Symbols: O, by ESR spectroscopy; 0O, optical densities normal-
ized to the G value for 3-MP (see text)
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even where there was no significant thermal decay of (e”) at 77°K.
A summary of the pertinent yields is given in Table I. Hence, these
results provide further evidence that this “polarity effect” is not simply
a consequence of arresting a thermal decay of some electron population
which disappears too rapidly to be measurable in the hydrocarbon alone.
An interesting fact is that the magnitude of this polarity effect varies
from one hydrocarbon to another; the largest increase is observed for
methylcyclohexane where the yield for the pure hydrocarbon is low,
whereas the effect is much smaller for 3-methylhexane, which has the
highest value of G(e”) for any pure hydrocarbon glass examined in our
studies (14).

Table I. G Values (100 e.v. yields) of Trapped Electrons in
«y-Irradiated Organic Glasses at 77°K.

ESR*® Optical®

Glass G(e) G(e)
3-MP (3-methylpentane) 0.69° 0.65¢
5% TEA (triethylamine) in 3-MP 1.08° 1.38
3-Mp* 0.59°

TEA 0.63 0.58°
TEA* 0.54

MTHF (methyltetrahydrofuran) 2.6" 2.6
MCH (methylcyclohexane) 0.38 0.30°
5% TMA (trimethylamine) in MCH 0.88

5% TEA in MCH 0.98
7% MTHF in MCH 1.33

3-MHX (3-methylhexane) 0.87 0.89
3-MHX"* 0.54

5% TEA in 3-MHX 0.95 0.96
3-MHP (3-methylheptane) 0.68 0.58°
5% TEA in 3-MHP 0.81 0.62

¢ Reproducibility of ESR data is + 10%.

® Optical determinations are all based on e(e”) = 3 X 104M-1 cm.™! at Amax (8), ex-
cept for MTHF (4, 18).

¢ At 71°K. by helium bubbling (see text).

¢ Extrapolated for decay at 77° K

°In cells of =~ 2 mm. path lengt

" Value taken as a standard for the ESR determinations (21).

? Sample (1 ml.) from Chemical Samples Co., Columbus, Ohio.

* Polycrystalline in part (opaque).

Among the factors which influence the yield of trapped electrons,
any partial crystallinity in the glassy sample appears to exert a significant
effect. Some compounds such as methylcyclohexane and TEA crystallize
readily, and in these cases, clear glasses for optical work could be ob-
tained only by shock cooling in thin cells (path length =~ 2 mm.). In
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larger cells, a clear glass would often be formed initially only to “crack”
on further standing, rendering the sample unsuitable for optical work.
On occasion, a 3-MP glass cooled in an ESR tube from 77° to 71°K.
underwent partial crystallization and became opaque, and the yield on
subsequent y-irradiation was invariably smaller, although the decay rate
was actually less than that for a glassy sample where measured at the
same temperature. A lower G(e”) yield was also observed for semi-
crystalline TEA compared with that obtained for a glassy sample (Table
I), according to the ESR method. A similar result was obtained by
Tsujikawa et al. (25). One related observation on TEA was made fortui-
tously during optical studies. A clear glass was formed in a 3.1-mm. cell
and y-irradiated to a total dose of 7 X 108 e.v. gram™; after an optical
density of 0.40 had been measured at 1600 n.m., the sample crystallized
spontaneously on standing in the optical Dewar, and the corresponding
optical density was then reduced to 0.32. This final value was obtained
by difference after bleaching, whereas the initial value before crystalliza-
tion was obtained by subtraction of the spectrum of the blank unirradi-
ated sample. Since the optical density of the crystallized material would
presumably have been considerably less than 0.32 in the absence of
scattering by the crystals, it appears as if the process of crystallization
causes some of the trapped electrons to disappear.

At least some of the above effects observed in the vy-irradiation
studies have their counterparts in the photoionization work. A particu-
larly striking demonstration is provided by the effect of added amine on
the photolysis of TMPD in isopentane. No trapped electron can be
observed in this hydrocarbon matrix alone either after y-irradiation or
even during the steady state of TMPD photoionization at 77°K. On the
other hand, when 7% TEA was present in the matrix, the ESR signal of
(e”) could be detected during photoionization (Figure 4), although the
decay of the signal after ultraviolet irradiation was extremely rapid
(t1/2 = 5 sec.). Isopentane is a very soft glass with a viscosity at 77°K.
close to 10° poise (15), and it is remarkable that the presence of the
amine stabilizes (e”) sufficiently to permit direct observation. In the
more rigid 3-MP glass which has a viscosity approaching 10*? poise (15),
the effect of added amine was not so marked on the strong steady-state
ESR signal of (e”) set up during photoionization. This photodynamic
equilibrium (10, 13) is not affected by thermal decay under these condi-
tions. However, the rate of thermal decay after photoionization was
profoundly affected by the composition of the matrix as shown in Figure
5, and obviously the effect of amine is quite similar to that observed
after y-irradiation, as revealed in Figures 1 and 2.

Effects resulting from partial crystallinity in the specimen were again
comparable with the findings in the y-ray work. Thus, the signal intensity
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in the steady state was reduced, and the subsequent thermal decay rate
was slower for semicrystalline TEA than for a glassy sample examined
under the same photoionization conditions.

ST M AN AN AN s AN AN A ASALAPANPAPN \ i S A\ g
20 SEC
—_—

Figure 4. Photograph of recorder trace showing decay of ESR signal after

ultraviolet irradiation at 77°K. of isopentane glass containing 7 mole % TEA

and 0.02 mole % TMPD. The experimental technique used to obtain the trace
has been described in Ref. 14
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Figure 5. Growth and decay of ESR signal at 77°K. caused

by (e”) induced by ultraviolet irradiation of 3-MP (A) and

3-MP-5 mole % trimethylamine (O), each containing 0.02

mole % TMPD. Arrows represent the time when the ultra-
violet light was turned off

Methyltetrahydrofuran—Acetonitrile (MTHF—CH;3;CN) Glasses. The
effects of y-radiation and the subsequent photochemical changes have
been investigated primarily by ESR spectroscopy. Most of the results
relate to the y-irradiation of clear glasses containing up to 25 mole %
CH;CN in MTHF. The samples were irradiated in the dark at 77°K.
and then optically bleached inside the ESR cavity. The light from a
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1-kwatt tungsten lamp was focused by a lens arrangement and passed
through filters. In the majority of studies, either Corning filter No. 4305
(passband 340-600 n.m.) or No. 2030 (A > 600 n.m.) was used. In addi-
tion to the y-irradiation studies, some complementary photoionization ex-
periments are reported.

A typical experiment is illustrated by the ESR spectra in Figure 6.
Spectrum A, taken immediately after y-irradiation, shows a prominent
singlet caused by the trapped electron and an underlying seven-line
spectrum which has been attributed to the paramagnetic species formed

H—
A
G=200
20
GAUSS
—
B
G=250
T
C
6=200

Figure 6. ESR spectra for sample containing
20 mole % acetonitrile in methyltetrahydro-
furan after y-irradiation for 28 minutes at a
dose rate of 2.9 X 10" e.v. gram™! min.",
Sample at 77°K. during and after irradiation.
A: After gamma irradiation. B: Immediately
after bleaching with 1 kwatt W lamp using
Corning filter No. 2030. Arrow represents time
when lamp was turned on. Scan rate was 100
gauss per minute, response time 0.3 sec. C:
Spectrum 27 minutes after start of photobleach-
ing. Microwave power is 0.01 mwatt in each
case
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from MTHF (21). The relative intensity of the singlet was reduced com-
pared with the spectrum obtained from the irradiation of pure MTHF,
but otherwise there was no recognizable difference between the two
spectra. However, when the sample was bleached with visible or red
light, the quartet spectrum of the methyl radical appeared very clearly,
as shown in Spectrum B. After the methyl radicals had been allowed to
decay out thermally at 77°K., only the underlying spectrum of the MTHF
radical remained (Spectrum C). These experiments were repeated for a
range of samples containing up to 40 mole % acetonitrile. Above 25
mole % CH3CN, the shock-cooled samples were occasionally poly-
crystalline, but only glassy samples were used for irradiation studies.

[ T T T T T T T T T T T
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Figure 7. Decay of ESR signal of (e’) at 77°K. during photobleach-
ing with l-kwatt W lamp using Corning filter No. 2030 (» >640
n.m.). Symbols: +, Photoionized methyltetrahydrofuran containing 0.02
mole % TMPD. X, y-Irradiated methyltetrahydrofuran, dose 8.9 X 10'¢
e.v. gram™. O, y-Irradiated methyltetrahydrofuran containing 10 mole %
acetonitrile, dose 8.9 X 10'¢ e.v. gram™. Intensity scale represents the per-
centage OZ the original signal in each case. Magnitudes of original signal
were in the ratio +, 1.0; X, 2.4; and O, 1.0. Individual curves obtained
in a manner [cf. (14)] similar to Figure 4; points used to normalize the
curves

Kinetic studies were carried out to obtain further information about
the nature of the bleaching reaction. The decay of the trapped electron
singlet under standard bleaching conditions became more rapid as the
concentration of CH;CN was increased in the y-irradiated sample until
at 10 mole % CH;3CN, t;,, was reduced to 0.03 of the value obtained for
pure MTHF. Two of the decay curves given in Figure 7 further illustrate
this point. At CH3CN concentrations greater than 5 mole %, both the
decrease in the electron singlet and the appearance of the methyl radical
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Figure 8. Second-order plots showing reciprocal of signal intensity caused

by methyl radicals vs. time after start of photobleaching following y-irradi-

ation at 77°K. to a dose of 8.9 X 10'% e.v. gram™!. Composition in mole %

CH,CN in MTHF: O, 6; @, 10; X, 15.1; A, 19.9; A, 35.7; O, 40.1. In-

tensity scale (in arbitrary units) refers to ESR measurements uncorrected

for variation in spectrometer sénsitivity in order of increasing CH;CN con-
centration: 1,0.91,0.91,0.91,1.11, 1.67

spectrum occurred rapidly and simultaneously under our experimental
conditions. The subsequent thermal decay of the methyl radicals fitted
second-order kinetics (Figure 8), and this decay was unaffected by
continued irradiation with the light used for photobleaching. This result
was demonstrated in cases where the methyl radicals were formed almost
instantaneously in the photobleaching reaction. For a glass containing
2 mole % CH3CN in MTHF, the bleachingof the ESR signal caused by
the trapped electron was only slightly faster than in pure MTHF, and
there was enough time in this case to follow the decay of (e”) as well as
the growth of the CH;- signal through a maximum. The results are
presented in Figure 9, and the time dependence of the CH;- intensity is
characteristic of an intermediate in consecutive reactions.

At 10 mole % CH3CN in MTHF, the y-irradiated samples showed
virtually no difference either in the rate of production or in the total
“initial” intensity of the CHj- radicals generated as a result of changing
the wavelength of the bleaching light from the visible (340-600 n.m.) to
the red (A > 600 n.m.) end of the spectrum. A 1-kwatt tungsten lamp
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served as the source in each case. In a blank experiment, there was no
CHj;- radical production on illuminating a typical sample (15 mole %
CH;CN) which had not been preirradiated in the y-ray source.

Intensity

0 I 1 1 1
o 100 200

Time (sec)

Figure 9. ESR signal intensities of methyl

radicals, O, and (e), @, vs. time during

photobleaching of glass at 77°K. contain-

ing 2.1 mole % CH,CN in MTHF pre-

viously y-irradiated to a dose of 8.9 X 10'8

e.v. gram™'. Intensity scale proportional
to the concentration for each species

The concentration dependence of the results is shown in Figure 10.
The intensity of the electron singlet measured before bleaching declines
with increasing CH;CN concentration in the glass until a shallow mini-
mum is reached at about 25 mole %. Actually, it is questionable whether
the singlet spectrum at high CH;CN concentration is in fact the same
species as (e7) in the dilute solutions because the microwave saturation
behavior was not completely identical in the two cases. Therefore, some
reservation must be used in considering these results at high (> 25 mole
% ) CH4CN concentration. The “initial” methyl radical intensities pro-
duced on bleaching were computed from the extrapolated values of the
second-order kinetic plots (Figure 8). Signal intensities have been
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plotted on the same scale in Figure 10 by assuming that the proportion-
ality constant K in the intensity expression KW2H is the same for the
(e") singlet as for each of the lines in the methyl quartet. In the above
expression, W is the line-width and H is the height or peak-to-peak
amplitude of the signal. The total CH;- intensity was obtained by
adding the contributions from the four lines.

T jﬁ v I T I T T l‘ll a
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Figure 10. ESR signal intensities of initial (e”), O, and photoinduced

methyl radicals, A, produced in y-irradiated CH,CN-MTHF mixtures

(dose 8.9 X 108 e¢.v, gram™) at 77°K. Intensity scale proportional to

concentration for each species. Intensity of methyl radicals produced

from y-irradiation at 77°K. of pure (polycrystalline) CH,CN (dose 8.9 X

10'8 e.v. gram™ ) before W, and aftfir O, photobleaching under the same
conditions

Also included in Figure 10 are the results for CHy- production from
a +y-irradiated sample of pure (polycrystalline) CH;CN before and after
bleaching. The plateau value of the CH;- intensity reached in Figure 9
falls reasonably close to the broken line used in Figure 10 to represent
the CH;- radical intensity attained in dilute CH3;CN solutions.

Independent evidence for the decrease in (e”) yield with added
CH;CN was obtained by a parallel optical experiment. For 6 mole %
CH;CN in MTHF, the optical density at Amas for (e7) was reduced to
26% of the value obtained for pure MTHF. This should be compared
with a reduction to 42% in the ESR singlet intensity at this concentration
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(Figure 10). If the minimum value reached in the ESR intensity curve
of (e7) at high CH3CN concentration can be regarded as a measure of
some other paramagnetic species, this would help to explain the quanti-
tative difference between these ESR and optical results.

In contrast to the results obtained by the optical bleaching of vy-
irradiated samples, thermal bleaching of two samples containing 2.1 and
6 mole % did not produce any CHj: radicals during the warmup. In
each case the electron singlet decayed out completely at about 95°K.,
and the radical spectrum disappeared at 97°K.

Competitive experiments were carried out with tert-butyl bromide,
a known electron scavenger (3, 20). The presence of 1.4 mole %
(CH3)3CBr in a mixture of 15 mole % CH3;CN in MTHF prevented the
production of the singlet by 7y-irradiation, and the 10-line spectrum of
the (CHj3)3C- radical was clearly visible at medium power (0.4 mwatt).
Spectrum A, at low power (0.01 mwatt) immediately after irradiation,
is shown in Figure 11, and while only eight of the 10 lines caused by
(CH3)3C- can be seen in this case, this spectrum shows clearly that
there is no evidence for a strong center line corresponding to (e).
However, when this sample was bleached with visible light (340-600
n.m.), there was a small but significant increase in the intensity of the
four center lines (Spectrum B) indicating the formation of some CHj-

H—
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B

Figure 11. ESR spectra of y-irradiated sample
containing 1.4 mole % (CH,); CBr and 15 mole
% CH,CN in MTHF (dose 8.9 X 10'¢ e.v. gram™).
A: after y-irradiation. B: after photobleaching with
1-kwatt W lamp using Corning Filter No. 2030
(A >640 n.m.). Vertical line (left) represents point
at which the lamp was turned on. Scan rate 100
gauss per minute. +y-Irradiation and subsequent
ESR measurements at 77°K. Microwave power
0.01 mwatt
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radicals under these conditions. This contribution decayed out on stand-
ing in the dark at 77°K., and the spectrum reverted to the one obtained
before illumination (A). It was estimated that the CH;- radical pro-
duction in this experiment was only 10% of the yield obtained in a corre-
sponding experiment without tert-butyl bromide.

When we used glasses containing 6 and 20 mole % CDiCN in
MTHEF, there was no CD;- production on bleaching a y-irradiated sample
under any of the conditions which applied successfully for CH;CN.
Despite this nonappearance of CD;-, the y-induced singlet disappeared
readily on bleaching in a manner similar to that already described for
the CH3;CN mixtures. We have also observed considerable differences in
the postirradiation behavior of vy-irradiated CH3CN (1) and CD,;CN in
the crystalline state; this will be taken up in a separate report.

A number of photoionization experiments were also performed. As
shown by the ESR spectrum in Figure 12, methyl radicals were produced
during the photoionization of TMPD in a CH3CN-MTHEF glass, and no
trapped electron was observed, in contrast to the result obtained with
pure MTHF (12). Therefore, the presence of the CH;CN in the matrix
causes the electron to react and form CHj- radicals in the steady-state
photoionization. This conclusion was confirmed by another experiment
in which 1.6 mole % tert-butyl bromide was added to 15 mole % CH3;CN
in MTHF containing TMPD. Photoionization of this glass produced
only the recognizable 10-line spectrum of (CHj)3;C- radicals, as expected
for electron capture by the halide. It appears, therefore, as though the
tert-butyl bromide competes efficiently with the acetonitrile for the elec-
trons under these conditions.

Again the behavior of a 15-mole % CD;CN glass did not follow
that of CH3CN. A weak signal which might be caused by a trapped
electron was observed in the CD;CN-MTHF matrix during photoioni-
zation, and CD;- radicals were not identified in this case, although a
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Figure 12. ESR spectrum during pho-

toionization of sample containing 15

mole % CH,CN and 0.02 mole %
TMPD in MTHF at 77°K.
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more complex ESR spectrum was produced. Blank experiments without
TMPD were always carried out to verify that the observed effects in the
various systems were genuinely associated with photoionization.

Finally, we wish to draw attention to the comparison in Figure 7
between the optical bleaching rates of (e”) in y-irradiated MTHF and
in the photoionized MTHF-TMPD system under the same conditions,
using red light (A > 600 n.m.). The decay rate is slightly greater for the
v-irradiated MTHF, but this difference is minor compared with the much
faster decay which is observed when more than 5 mole % CH,CN is
present in the matrix of the y-irradiated sample.

Discussion

Polarity and Crystallinity Effects. Our work shows that the presence
of polar molecules (amines) in a nonpolar hydrocarbon matrix can cause
two distinct effects concerning trapped electrons. First, thermal decay
in a soft matrix is retarded by polar additives. This was observed re-
peatedly for both y-irradiated and photoionized systems and therefore
does not seem to be related to the nature of the cation in the system.
The argument for this point of view has been presented previously (12),
and the more detailed results of this paper are in full agreement Wwith
that interpretation. Thus, the effect is logically interpreted as being
caused by a decrease in (thermal) electron mobility when polar mole-
cules are embedded in the matrix. In naive terms, one might say that
once the electron diffuses (after it has become trapped) to the site of
the polar molecule, it is less constrained to move under thermal motion
because of the strong charge-dipole interaction. The effect could also
be compared in some ways with the familiar asymmetric drag of an ion
atmosphere on the motion of ions in solution, except that the “ion atmos-
phere” in the present case consists of dipolar species which may not be
able to move as freely as the electron in diffusive motion. Our concept of
the “mobile” electron under thermal activation is essentially that of an
electron moving between adjacent traps or cavities (6) so that its mean
free path is extremely short, and it spends virtually all its time in the
solvated or trapped condition. This idea is fundamentally different from
the notion (5) that the electron can be thermally excited into a conduc-
tion band and “hops” relatively large distances between traps. If this
were the mechanism, it would require that the amines furnish deeper
traps. Yet it is clear that in the TEA-3-MP system, both the optical
absorption (Amsx constant at 1600 n.m.) and the bleaching behavior (with
infrared light) of the solvated electron are unaffected by adding amine.

The second effect is the enhancement of G(e”) by adding amine to
a hydrocarbon matrix. This was first observed by Gallivan and Hamill
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(9), and the effect has been confirmed in similar systems by the present
study. The former authors attributed this increase in yield to the stabiliz-
ing effect of positive charge transfer, and in another communication
(24), two of us speculated that proton transfer might also be an impor-
tant factor in permitting the electron to be detected more easily by ESR
in y-irradiated 3-MP when amine is present. In the light of subsequent
experiments (12, 13) by the TMPD photoionization technique, the sug-
gestion must be withdrawn. This has forced us to re-examine the entire
problem. The enhancement effect could well be caused by positive
charge (or proton) transfer as Gallivan and Hamill (8, 9) suggest if the
positive charge transfer is visualized as taking place very rapidly
(< 103 sec.) from the ionized state of the original molecule before the
electron-hole pair recombines. For reasons already given, we do not feel
that a mechanism of positive charge transfer is generally applicable to
explain slow thermal decay in the amine systems once the electron is
already trapped; hence, we restrict the meaning of positive charge trans-
fer to the possibility of a very fast process occurring “instantaneously”
during ionization.

Another possibility which could explain the enhancement effect is
that the electron is trapped preferentially at the site of a polar molecule.
Since the electron in a delocalized Rydberg state of the preionized mole-
cule is presumably best represented by a wavefunction, a probability dis-
tribution will determine its effective range of interaction with the environ-
ment, and in turn this will dictate its eventual fate. Among the general
possibilities are capture by an electron scavenger, solvation, or recombina-
tion with the positive hole. According to this idea, competition between
the two latter events could be determined by the presence of suitably
oriented polar molecules (2) as well as by the number of pre-existing cavi-
ties in the glass. Returning to the experimental facts, it is difficult to under-
stand why small amounts of added amine should increase the number
density of pre-existing physical traps. If this were the responsible factor,
it would be hard to explain why mixtures of hydrocarbons behave dif-
ferently, and give yield-composition plots which are concave (negative
deviations) rather than convex (positive deviations) to the composition
axis (14).

It is also necessary to explain the decrease in the yield of (e”) at
the high amine concentrations in the glass. We believe that this effect
occurs because of increasing order in the glass. For example, it is much
easier to make a crystalline sample of pure TEA than 3-MP at 77°K.
Therefore, according to this view, the “crystallinity effect” outweighs the
“polarity effect” at high TEA concentrations, and the yield of (&) is
thereby reduced. Whatever the complete explanation, it is difficult to
escape the conclusion that the degree of structural organization in the
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glassy state (6, 14, 25) is of particular importance, and that this consid-
cration can modify other effects of a more specific molecular nature.

Reactivity of Electrons. Electron capture by additives during 7y-ir-
radiation is well established (18, 20). This process occurs efficiently even
in rigid glasses such as MTHF, where the trapped electron formed in
the absence of additive is thermally stable. Therefore, the electron-
capture process cannot occur through the intermediacy of trapped elec-
trons. Rather, the electrons must be captured directly from the delocal-
ized state of the preionized molecule, and the process is electronic and
comparatively unaffected by thermal motions. Therefore, the physical
mechanism is entirely different from the diffusive reactions of hydrated
and solvated electrons in liquids, although the chemical products may
sometimes be similar.

In this study we have observed a different type of electron-capture
process. Here, the electron does not react chemically with acetonitrile
in an MTHF glass during 7y-irradiation, although we do not rule out the
possibility that some kind of weak physical association takes place. How-
ever, when the trapped electron is optically excited after gamma irradia-
tion, a reaction does take place efficiently with the formation of methyl
radicals. This can be represented as follows:

() thy—>e™*

e™* + CH,CN = CH;* + CN-
The experimental evidence in support of this interpretation is overwhelm-
ing. First, the optical excitation causes the trapped electron to disappear
more rapidly when CH;CN is present in the matrix, and methyl radicals
are produced simultaneously. Secondly, the removal of the trapped elec-
tron by using a conventional electron scavenger (tert-butyl bromide),
acting through dissociative capture during 7y-irradiation, greatly reduces
the subsequent effect of the optical bleaching. Third, methyl radicals are
produced during the photoionization of TMPD in an MTHF-CH3;CN
matrix, and the stationary-state concentration of trapped electrons is
negligible compared with that obtained in the control experiment without
CH;CN. In the case of photoionization, the electrons are being con-
tinuously excited out of their traps during irradiation, and the rapid
reaction with acetonitrile prevents the accumulation of the (e”) concen-
tration corresponding to that obtained in the simple photodynamic
equilibrium (13) indicated below.

h/’

TMPD [ | hv

\ TMPD* + ¢*

TMPD* + (")
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Finally, the presence of a competitive electron scavenger during photo-
ionization prevents the appearance of methyl radicals.

The distinction we have drawn between the delocalized state of the
electron in the preionized molecule and in the excited state produced by
optical excitation of (e”) may be considered a matter of taste although
the behavioral difference is real enough. One could argue, for instance,
that the reason the electron does not react with CH;CN during vy-irradia-
tion is because the latter is a poor electron scavenger with a small thermal
capture cross section, but that under optical excitation the electron is
excited and re-trapped many times so that the cumulative probability
for reaction is increased. It must be admitted that the experimental re-
sults do not distinguish adequately between these suggestions, although
there is one piece of evidence which supports our first proposition. In the
experiment with tert-butyl bromide and acetonitrile in the MTHF matrix
(Figure 11), methyl radicals are formed in preference to tert-butyl radi-
cals on bleaching, although the effect of y-radiation alone clearly favored
electron capture by the tert-butyl bromide. This observation is difficult
to reconcile with any theory which does not distinguish between the
state (energy) of the electron in the two cases. It may well be that we
are in fact observing a resonance capture process with CH;CN on optical
bleaching since it appears that the reaction does not proceed during
vy-irradiation when only thermal electron capture is generally considered
to occur.

The failure to observe methyl radicals during the warmup of CH;CN-
MTHEF glasses after gamma irradiation is a further indication that “mo-
bile” electrons released by thermal activation may behave differently
from “excited” electrons produced by photobleaching. It is imperative
that such differences in the chemical reactivity of electrons should be
recognized and further explored.

At the higher concentrations of CH;CN in MTHEF, the results are’
less easy to interpret. There is a seeming lack of parity between the
initial concentration of “trapped electrons” and the methyl radicals pro-
duced on subsequent bleaching (Figure 10). In the polycrystalline
CH,CN, recent work has shown that an ESR signal attributable to the
trapped electron can be observed after vy-irradiation, and methyl radicals
are produced both during vy-irradiation and on subsequent optical bleach-
ing. Ayscough et al. (1) studied this system, and we have confirmed
some of their general findings. We have also extended the investigation
to cover polycrystalline CD3CN. In this case the behavior is substantially
different from CH3;CN and will be described elsewhere.

A puzzling feature of the present work is the failure of CD3CN to
produce CD;- radicals on optical bleaching of y-irradiated glassy systems
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under conditions similar to those which apply for CH;CN. It is difficult
to see why small differences in zero-point energies should affect the
course of these bleaching reactions. Further work is needed on various
cyanides to determine the generality of dissociative electron capture in
these compounds.
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Ionic Processes in )-Irradiated 3-MP Glass

I. KOSA SOMOGYI and J. BALOG
Central Research Institute for Physics, P.O.B. 49, Budapest 114, Hungary

Studies of the electrical conductivity as a function of tem-
perature on gamma-irradiated 3-methylpentane glass are
reported. During irradiation steady-state currents of 1.7 X
108 and 5.7 X 107" amp. have been measured at 290° and
77°K., respectively. The temperature dependence of the
conductivity curves during warming reveals three popula-
tions of charge carriers which can be freed from traps to the
conduction band at 77°, 85°-185° and 200°K. The two
thermoluminescence intensity peaks observed at 100° and
163°K. confirm charge migration in these temperature
ranges, but no intensity peak appears at 77°K.

In recent years the investigation of ionic processes has become one of
the main efforts in radiation chemistry. The existence of the “blue
electrons” predicted by Platzman’s theory (17) has been confirmed in
different irradiated materials, and their properties and reactions have
been extensively studied. This progress in our knowledge about the
radiation-induced ionic processes arises mainly from the use of pulse
radiolysis, flash photolysis, and matrix isolation techniques.

Despite the fact that one of the most characteristic properties of
hydrated and solvated electrons is their electric charge, surprisingly few
investigations have covered the conductivity of the current induced by
the migration of these charges. This applies particularly to simple organic
solids, including organic glasses, though the latter are extensively used
for the optical identification of ions formed by irradiation.

This is probably caused partly by the fact that no satisfactory theory
is available for interpreting the data obtainable from current measure-
ments during and after irradiation, partly by the experimental difficulties
involved in using sensitive electrometers and high resistance measuring
cells required for the measurements.

The electric current induced in organic liquids by irradiation was
studied by Freeman (7, 8, 9), Hummel and Allen (12, 13), and Gibaud
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(11), who measured steady-state current at low applied field. Under
these conditions most of the charge carriers recombine before reaching
the electrodes, and the measured “free electron” yields are much lower
than those obtained by other methods.

Conductivity measurements on irradiated solids (2, 4, 5) revealed
the similarity of the mechanisms of photo- and radiation-induced con-
ductivity and indicated the importance of the role of traps and recombi-
nation centers which may exist at positions of disorder in the liquid or
solid structure. Radiation-produced impurities can also act as traps.

Only a few conductivity measurements on organic glasses have been
reported. Albrecht et al. (14, 15) studied the photoconductance of
3-methylpentane (3-MP) while Viseall and Willard (18) determined
the conductivity of the same compound after vy-irradiation. In an earlier
paper (16) we reported the observations on the conductivity of irradiated
2-methyltetrahydrofuran. The presence of trapped electrons and ions
that can be freed by illumination or thermally can be inferred from the
current increase caused by their movements. The temperature depend-
ence of the conductivity in these glasses suggested the occurrence of
structural changes and indicated the existence of traps with different
depths.

This paper reports measurements of the electrical conductivity and
the thermoluminescence of vy-irradiated 3-MP.

Experimental

3-MP was purified by stirring with concentrated H,SO;, followed by
several passages through 1.50 meters of freshly activated silica gel, then
fractional distillation from P»Os. The end product was stored in evacuated
ampoules provided with breakseals.

Diphenyl was distilled at 102 torr, repeatedly recrystallized from
high purity ethyl alcohol, and sublimated in high vacuum.

A lead borosilicate cell of about 5 cc. capacity was used. The leads
from the two plane-parallel 1-sq. cm. Pt electrodes were coated with
glass. The electrode spacing was 1 mm. The dimensions of the cell are
shown in Figure 1. Long leadouts were used to reduce as much as
possible the conductivity caused by vapor condensation on the wires
since the protective effect of the hydrophobic silicone coating proved
insufficient at the temperatures used. The background current of the
evacuated empty cell was measured as less than 102 to 107! amp. and
that of the unirradiated sample as less than 1072 amp. at 5 X 10°
volts/cm. From about 200°K. up the blank current through the empty
cell gradually increased, in some cases up to 1071° amp. at 500 volts. The
measured values were corrected for the blank currents. To eliminate the
probable changes in resistivity owing to irradiation, the cell was heated
to 300°C. in an oven after each measuring cycle (blank with empty cell,
unirradiated sample; irradiated sample, blank with irradiated empty cell ).
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Figure 1. Conductivity cell with
sidearm for 3-MP. Dimensions in
mm.

The purified 3-MP was distilled into the cell from the sidearm
(Figure 1) which was subsequently sealed off, and the system was
evacuated by the usual pumping-thawing-freezing technique to a pres-
sure of 107® torr.

The samples were irradiated in a ®Co gamma source at a dose rate
of 0.9 X 10" e.v./ml min. The electrical conductivity of the samples
was measured either during or after irradiation. In the latter case the
conductivity (or the optical) measurements were begun about 1 minute
after termination of the irradiation. The samples were protected from
the incidence of light when transported from irradiation to measurement.

The circuit consisted of a stabilized voltage supply, KFKI type
P-13-1RK, and the conductivity cell that was connected with the elec-
trometer in series. The lower limit of the SEA type 6-ATCC-5 electrome-
ter sensitivity was 1073 amp. The variations in the output current were
displayed on a Graphispot, type GR4VAD recorder. The sample was
warmed by two different methods, both essentially spontaneous. The
sample was either exposed to the surrounding air or left to warm slowly
inside of the metal block that was cooled to liquid nitrogen temperature
before the measurement. The sample temperature was measured by
recording the thermo e.m.f. vs. time of an iron constantan thermocouple
put in the middle of the opened sample. The temperature was measured
to a *=5° accuracy.

During the connection of the samples to the electrometer charge loss
to grounding was unavoidable. Thus, the current peaks appearing at
77°K. had to be ignored in interpreting the measured data.
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For optical measurements, either a Unicam Sp-700 recording spec-
trophotometer with low temperature cell holder, or spectrofluorimeter
displaying the whole emission spectrum with 1l-second repetition fre-
quency was used.

Results

The temperature dependence of the current in a nonirradiated 3-MP
sample measured at an applied field of 3 X 10* volts/cm. is shown in
Figure 2. Before the increase in slope at about 200°K. in some cases a
“negative” (opposite to the direction of the field) current peak is observ-
able. A definite, broad peak that, however, does not exceed 5 X 1072
amp. also appears in the temperature range 90°-140°K.

Temperature (°K.)
76.9 90.9 LI 142.8 200

B H A
TN N A

, //\

log i (amp.) and log Q (coulombs)

e

103
T

Figure 2. Current vs. sample temperature before irradiation (A) and after
irradiation (B) with a dose of 1.6 X 10'® e.v./gram

After irradiation, the current vs. temperature curve changes consid-
erably (Figure 2). The current surges accompanying the connection of
the cell to the measuring circuit indicate the availability of free charges
at 77°K. The decay of currents at 77°K. was studied and described by
Viseall et al. (18).
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The main difference in the temperature dependence after irradiation
from that before irradiation is the current peak in the range from 85° to
185°K. with a maximum at 110°K. After this peak the current decreases
to its blank value and rises again at about 200°K. as for the nonirradiated
sample. At higher doses the position of this peak shifts to somewhat
higher temperatures and is preceded by a “negative” peak of increasing
magnitude as the dose increases.

‘ T
|

|
V

Light Intensity (arbitrary units)

| i
90 110 130 150 170 190
Temperature (°K.)

Figure 3. Radiothermoluminescence curves as a function of tem-
perature

To observe the possible effects of molecular movements and struc-
tural changes on the resistivity of the sample, thermoluminescence
measurements were performed which are known to be very sensitive to
these changes (I, 3). Figure 3 shows the thermoluminescence curve for
3-MP containing 10*M diphenyl. Two peaks appear—one at about
100°K., the other at 163°K. The spectral distribution of the emitted
light (Figure 4) that remains unchanged during the heating period and
the decay of the emission show that diphenyl phosphorescence takes
place.

On bleaching the irradiated sample with the light from a tungsten
lamp, the second current peak between 85° and 180°K. becomes appre-
ciably lower (Figure 5) but does not disappear completely.

Steady-state current values obtained during irradiation in the source
are summarized in Table I. Separate measurements show that these values
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contain a contribution from the ionization of the surrounding air which,
however, does not induce any appreciable error. The steady-state current
was recorded during the spontaneous warming of the sample while in
the gamma source. The value of the current changes smoothly from
that measured at 77°K. to that obtained at room temperature; thus it
does not follow the behavior pattern of the conductivity after irradiation.

Light Intensity (arbitrary units)

//

300 400 500 600
Wavelength (nm)

Figure 4. Luminescence spectrum of gamma-irradiated
3-MP glass containing 10*M diphenyl

There were no detectable changes in the absorption spectra of 3-MP
after an absorbed dose of 3 X 10" e.v./gram. A sample with a dose of
4 X 10% e.v./gram showed two small peaks, at 322 and 555 my, but the
peak in the near infrared (10) was not detected in our samples even at
this high dose.

Discussion

The thermoluminescence curve suggests that two different kinds of
charges are migrating while the sample is left to warm, provided the light
emission is caused mainly by the recombination of charged particles.
Earlier conductivity data (6) obtained on irradiated frozen hydrocarbons
as well as the results of ESR and optical measurements indicate that the
first entities freed from traps in the temperature range 77°-115°K. with
small volume expansion are electrons, while the second peak above
200°K. is caused by ions needing more space for their migration.
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Temperature (°K.)
76.9 90.9 Il 142.8 200
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Figure 5. Current vs. temperature curves for gagmma-irradi-

ated sample; dose = 10'¢ e.v./ml. (Curve A). Curve B,

taken under the same conditions plus 10 minutes bleaching

at 77°K. with the unfiltered light of a 100 watt tungsten
mp

Table I. Steady-State Currents in Irradiated 3-MP at.
Different Temperatures®

Temperature, °K. Current, amp.
290 1.74 X 108
1.68 X 108
320 2.00 X 108

77 5.72 X 10710

5.72 X 10710

5.95 X 1010

" Dose rate = 0.9 X 1017 e.v./ml. min. Voltage = 300 volts. The values of the current
at the same temperature were measured on the same sample that was cooled down sev-
eral times to 77°K. after warming to room temperature.
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There seems to be good agreement between the above picture and
the temperature profile of the current. Accordingly, the first row of
trapped electrons seems to be liberated at 85°K., ignoring, of course the
electrons causing current surges at 77°K. The current caused by the
movements of the released electrons has a maximum at about 115°K.,
then decreases to the value of the dark current to which it becomes
equal at 185°K. This means that the freed electrons can be raised to
the conduction band by rearranging the glass structure needing only a
very small activation energy.

The summing of the charges under the electron peak permits one
to evaluate the “virtual” electron yield G(e) if the absorbed dose is
known. The “virtual” value may be substantially different from the true
radiation-chemical yield since a major fraction of the free electrons is
lost by recombination during their migration and thus does not con-
tribute to the current. The electron peak of a sample irradiated at 77°K.
by a dose of 1.6 to 10° e.v./gram was caused by the passage of 6.5 X 10
coulomb charges—i.e., the virtual G(e) = 2.5 X 107 electrons/100 e.v.
Thus, the number of charges so small that 1 in 10¢ of the molecules in
the monolayer adjacent to the electrodes would be able to produce them
if they had any charge.

Conductivity measurements on solids after irradiation do not seem
to yield sufficient information for evaluating the raciation chemical elec-
tron yield since the number of the radiation-produced charge carriers
cannot be determined by this method alone. The conductivity data are,
however, useful for identifying these charge carriers, and they permit
determination of the temperature range at which the charge carriers
react and the rate constants of their reactions. The temperature behavior
of the conductivity can be related to the structural changes expected to
occur.

Investigation must be continued for a better understanding of the
mechanism of the radiation-induced electronic movements.
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