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A. Personnel

(1) T. Ffrancon Williams: Professor of Chemistry. Dr. Williams

worked 1/4-time during the 1971-72 academic year and full-time during

the summer of 1972.

% .
(2) Carolyn M. L. Kerr : Postdoctoral Research Associate and

Instructor. Dr. Kerr worked 1/2-~time during the 1971-72 academic year

and left the project May 31, 1972.

(3) Jorge # Wargon: Postdoctoral Research Associate. Dr. Wargon

——T ———

continuied with the * during 1972-72.

%
(4) Yoon Jin Chung : Graduate Rescarch Assistant. Dr. Chung re-

ceived the Ph.D. degree from the University of Tennessee in June, 1972.

His doctoral dissertation is entitled "Esr and Optical Studies of Aliphatic
Radical Anions and Radical-Anion Pairs in Y-Irradiated Crystalline Solids
at Low Temperatures." Dr. Chung left the project June 30, 1972 and is

now a postdoctoral research associate at North Carolina State University,

Raleigh.

(5) Kenji Takahashi: Graduate Research Assistaant. Mr. Takahashi

continued with the project during 1972-72.

(6) Kathleen Webster: Graduate Research Assistant. Mrs. Webster

continued with the project during 1972-72,

*
y+ (7) Alan Campion : Undergraduate Research Assistant on leave from

New College, Sarasota, Fla. 33578, Mr. Campion assisted the project in

a full—-time capacity from September 13, 1971 to March 15, 1972.



Other Personnel (not receiving salary support under this Contract)

*
(1) Jih Tzong Wang : Graduate Student. Mr. Wang has been

supported by a fellowship grant from the Ministry of National Defense,
Republic of China. Dr. Wang received the Ph.D. degree from the University
of Tennessee in August, 1972. His doctoral dissertation is entitled
“"Studies of Hydrogen Atom Abstraction by Methyl Radicals at Low Temper-
atures in Y-Irradiated Crystalline Organic Compounds." Dr. Wang returns
in August, 1972 to Taiwan where he will resume his position in the army

of the Republic of China.

*
(2) Mary Shivar Bonin : Graduate Student. Mrs. Bonin completed

her thesis entitled "Studies of y-Irradiated n~Butyl Bromide in the Solid
State by Optical and Electron Spin Resonance Spectroscopy" and received

the M.S. degree from the University of Tennessee in August, 1972.

x .
Denotes persons who have terminated their association with the

project.
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B. Facilities and Equipment

. The office (Room 230) and the main laboratory faéil;ties (Eooms
231-233 and 236) usgd for this reseérch project are located in Buehler
Hall, the new addition to the Department of Chemistry physicél plant at
the University of Tenneésee, Knoxville, - Both the ESR spectrometer and
the Gammacell-200 cobalt-60 source are now housed .in Room 236. ‘These
fwo pieceé'of equipmént together constitute the most essential tools of
this research project, and the gonsolidatidﬁ of these facilities into
éne area provides a very donvenient experimental setup. The Gammacell
was reloaded during 1971 and the unit was away from Juné 2, 1971 to
October 15, 1971. The drive mechanism at the bottom of the Gammacell was
damaged dufing return transit but this damage was rectified and the
Gammacell was back in operation from November 12, 1971. The unit has
been used continuously since thaF date without any malfunction.

Items of equipment acquired duriﬁg the'past year included the
- following: |

(1) X-Y recorder from Hewlett-Packard, Mbael 7001 AM. Tﬁig‘re—
corder is being used in conjunction with the ESR spectrometer for the
accurate recording of spectra.

(2) Heater-Sensor Probe from Varian Associates, Part No. 907144.

This probe is incorporated in the temperature controller of the variable~ -

temperature accessories for ESR (Varian Associates Model V-4557) and
optical work (Optical Cryostat mentioned in last year'é repbrt ORO-

2968-68) .

[



C. Outline of Progress

During the past year our work has developed along a very broad
front. While the program coﬁtinues to be mainly conéefﬁed with inter—
mediate species produced in'Y—i;radiated organic and?inorganié compounds
at low temperétures, a completely new thrust has been added through
sqccessful ﬁSR studies of radical trapping in the raéiolysis of organic
liqﬁids. Individual projeéf“summaries are given 5elow with appropriate

- references to published work. | &

(1) Structural Studies of Aliphatic Radical Anions and Radical-

Anion Pairs

A paper™ summarizing our studies in this area was presented at
the Nobel Symposium No. 22 and will be published in the Proceedings of
this meeting. ' Considerable evidence has been obtainea that the products
of electron attachment can be found in.three distinct-states as repre-
sented by Egg radical anion, the‘¥adical~anion pair, and the separated
fragments. For examples and a summary of the intefesfing interconversion
reactions between these states, see p 12 of the attached preprint.l
Another publication2 in this areé reports on the interesfing photodynamic
effect which is manifested by reversible lihe broadéning in the esr
spectra of the tert-butyl radicals formed in Y—ifraﬁiated Egi;fbutyl
isothiocyanate. We have also summariced our extensive work on the mono-.

} . .

'; : (] » ” [ (4 3
mer and dimer radical anions of acetonitrile.

(2) Mechanism of Electron Attachment to Molecules

Additional evidence has been obtained for a strong deuterium

isotope effect in the process of electron attachment to acetonitrile



(J. T. Wang, Ph.D. Dissertation, University of‘Tennessée, August 1972).

Experiments were carried out using mixtures of CH,CN and CD,CN in both

3 3
crystal 1 and crystal II. Preli@inary work has also been done on the
comparison of-rgsults from samples %hich had been y-irradiated at 77

and 4°K. These findings suggest that this isotope effect is not sensi-
tive to the change of irradiation temperéture. If this conclusion is
borne out by further work, it would appear to suggest that electron
capture in this system is not a thermal prébess and that the isotope
effect does not originate from zero point enefgy differences. A fémper-
ture-independent isotope effect would séem to indicate a mechanism of

electron capture at epithermal energies similar to that proposed by

Demkov (Phys. Letters, 15, 235 (1965)). According to this mechanism,

a transient negétive ion experiences a competition between autoicniza*A
tion and molecular réarrangément to a stable negative ion, the rate of
the latter process being determined by fhé‘nuélear masses involved_iﬁ
the moleqular reorganization. Further experimeﬁtal work is needed to

evaluate the applicability of thic mechanism to the process of electron.

capture by acetonitrile.

(3) Hydrogen Atom Abstraction Reactions by Methyl Radicals at .

Low Temperatures

Considerable progress has been made during the past year on this

3
topic. On the experimental side, comprehensive studies have been
carried out on four different systems. The results obtained in y~irrad-

, /
iated crystalline methyl isocyanide and in photolyzed methanol glassess



have been written up and accepted for publication. In additiom, studies
of the hydrogeﬁ atom abstraction reaction by methyl radicals in cfystal

I and crystal II of-acetonitrile over a wide rangé.of temperature have
been -completed using both esr and optical methoas (J._T. Wang, Ph.D.
Dissertation, University of Tenﬁessee, X;gust 1972; K. Takahashi, M.S.
Thesis, in preparation). A theoreéical study6 of the reaction has also
been published. Tunneling calculations based on a gaussian potential
_energy Barrier of 10.5 kcal molm1 provide'a‘very satisfactory description
of the abstraction feactions in CHBNC and CH3CN (crystal 1 ;nd crystal II)
between ca. 70 and 120°K. The tunneling effect is very semsitive to the
barrier width and slightly different barrier widths are foﬁnd for these
.reactions. In particular it should be noted that the difference betweep
the resplts for the reaction in crystal I and crystal II of acetonitrile
can be wholly accounted for by a change in the width‘parameter.: This is

—

a most reasonable result considering that the only difference to be
expected is that concerning the geometrical disposition of the reactants
in the two crystalline states, Full details of the experimental and

theoretical results are presented in Wang's dissertation.

Y (4) Electron Spin Resonance Studies of y-Irradiated Phosphorus‘

 and Sulfur Compounds

.7 The radical anions of phosphorus oxychloride7 and sulfuryl chloxr-

Iideg have been identified. The complete account of our work on SOZCI,,T

oo L. 8 . : .
has just appeared in press, and describes results obtained in the cryst-



alline compound and in several organic glasses. The structure of
SOZC127 can best be represented as a radical anion complex of sulfur
dioxide and chlorine, in which the unpaired electron is associated with
the lowest unoccupied orbitals of both molecules, so that there is
appreciable spin density on all five atoms. It is of interest to note
that our recent work has revealed two other clear examples of weakly
bonded radical anion complexes, viz., the dimer radical anioa of
acetonitrile3 and the methyl radical-bromide ion pair (E. D. Sprague

and F., Williams, J. Chem. Phys., 54, 5425 (1971)).

Our studies of Y-irradiated phosphorus compounds have been
extended. Evidence has been obtained for alkyl radical formation by
dissociative electron capture in alkyl phosphate esters.9 Also a variety
of radicals formed at 77°K in y-irradiated compounds containing phosphorus
and chlorine have been identified by their esr spectra. Competitive
scavenging experiments9 using samples doped with methyl bromide have
been used to indicate which of the radicals are formed by electron capture.
Confirmatory studies have been made on solutions in organic glasses which
on Y irradiation yield the products of électron capture. From this work,
it has been found that compounds of formula ClzP(O)X, where X = Cl1,
OC2H5, or C6H5, undergo non-dissociative electron capture to form radical
anions. In contrast to_this, (C2H50)2P(O)Cl yields a mixture of (C2H50)2§0
and ngsoﬁ(O)Cl radicals, the latter being formed by dissociative

electcon capture. Similar studies have also been carried out on phosphite

and pyrophosphite esters and definitive esr evidence has been obtained for




a wide variety of phosphorus—centered radicals. The results of this

work are being prepared for publication.

{5) Electron Spin Resonance Studies of Radical Trapping in the

Radiolysis of Organic Liquids

We have recently applied the technique éf "spin trapping" to the -
radiolysis of organic liquids. The first repoftlo deals with evidence.
for the primary formation of the methoxy radical in ﬁethanol. The
radicals were trapped using 2dmethyl—2-nitfgsopropane and nitroxide
radicals corresponding to the addition of CH_ O+ and °CH OH were clearly

3 2
14

identified by esr spectroscopy from the ~ N and 1H hfs. The dependence

of .the regu}ts.on theAconcéntration of scavenger indicates that CH,0°

is the most ébundant primafy radical produced in the. radiolysis and

that °CH20H is formed by a seccndary reaction involving H atom abstract-
ion ﬁy CH3O' from CHBOH. In the;presence of methyl bromide, additional
esr'liheé.beionging to the spectrum of the methyl tect-butyl nitroxide
-radiéal were identified showing that methyl radical formatiqn had occurred
through.electron scaveﬁging by CH3Br; fhese results clearly demonstrate
the usefulness of the spin trapping method in radiétion chemistry and
further work is now in progress on a variety of organic éompqunds includ-

ing alcohols, ethers, and thiols.

} (6) Pulse Radiolysis Studies

-

A pulse radiolysis study of.succinonitrile in the rotator phasel1
'is in the course of publication. This work was carried qut.in,gollaboration

with Dr. J. A. Ghormley using the pulse radiolysis facilities at the Oak

Ridge National Laboratory.
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(7) Miscellaneous

(a) On the Discovery of H30°
Contrary to the previous report (T. W. Martin and L. L. Swift, J.
Amer. Chem. Soc., 93, 2788 (1971)), no avidence was obtained for H30° and

. A . . 12
DBO' radicals in UV-~irradiated perchloric acids containing ceric ion.

It is suggested that the previously observed spectrum which was assigned
to H30' is that of the CH3' radical, presumably formed by th~ photo-
oxidation of impurities.

(b) Structure of the Hydrated Electron ;

We have recently employed the TNDO method to investigate the
structure of the hydrated electron using a comparison of the experimental
and theoretical spin densities on the hydrogen nuclei as a critcrion of

12 . .
structural validity. This approach stems directly from wur recent

. . 3,8
work on radical anion complexes.”’

-~—(e) Radiation-~Induced Polymerization

The U.S. Patent Office granted a patent14 to the Atomic Energy
Commission based on the extensive work performed in the course of this

contract on radiation-induced ionic polymerization.

D. Publications

The following reprints and preprints for the period under review
}
are appended to this report, and these documents are numbered so as to

correspond with the references made in the preceding outline of progress.
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(l)\)[0R0-2968-76] "ESR Studies of Aliphatic Radical Anions and
Radical-Anion Pairs in y-Irradiated Crystalline Solids" by M. A. Bonin,

Y. J. Chung, E. D. Sprague, K, Takeda, J. T. Wang, and F. Williams,

Proceedings of Nobel Symposium, No. 22,«in press (1972).
'(2) [ORO-2968-73] "Reversible Llne Broadening in the Electron Spin ;

Resonance Spectra of tert-Butyl Radicals in y-Irradiated Crystalllne tert- jh*“é

Butyl Isothiocyanate by Y. J. Chung and F. Williams, J. Phys. Chem., 76,

&

1792 (1972).
(3) [OR0-2968-61] "The Dimer Radical Anion of Acetonitrile" by ?ﬁ%ﬂpuﬁr— i

E. D. Sprague, K. Takeda, and F. Williams, Chem. Phys. Lett., 10, 299 (1971).

(4) [ORO-2968-65] "Hydrogen Atom Abstracticn by Methyl Radicals
in y-Irradiated Crystalline Methyl Isocyanide at 77-125°K" by J. T. Wang 1 r/“j

and F. Williams, J. Amer. Chem. Soc., 94, 2930 (1972).

V//(Sy) [ORO-2968-74] 'Hydrogen Atom Abstraction by Methyl Radicals x%dkpr*¥“{

in Methanol -Glasses at 67-77°K" by A. Campion and F. Williams, J. Amer. Chem.

Soc., 94, in press (1972).

”

(6) [ORO-2968-64] "Quantum Mechanical Tunneling in Hydrogen Atomﬂj,u“”klff

Abstraction from Solid Acetonitrile at 77-87°K" by R. J. Le Roy, E. D.

Sprague, and F, Williams, J. Phys. Chem., 76, 546 (1972).
(7) [OR0-2968-63] "Electron Spin Resonance Spectrum and Structure 5 ﬁPLQ
Y it
W
of the Padlcal Anion of Phosphorus Oxychloride" by C. M. L Kerr and F. K

Wllllams, J. Phys. Chem., 75, 3023 (1971).

(8) [OR0-2968-70] "Electron Spin Resonance, Optical, and Theoret1ca1

Studies of the Radical Anion of Sulfuryl Chloride" by C. M. L. Kerr and F. L“**4$f9

Williams, J. Amer. Chem. Soc., 94, 5212 (1972).

e e e e
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(9)) [0RO-2968-72] "Electron Spin Resonance Evidence for Dissoc-
iative Electron Capture in y-Irradiated Phosphate Esters'" by C. M. L.

Kerr, K. Webster, and F. Williams, J. Phys. Chem., 76, in press (Sept.

28, 1272).

'L// (10)\ [OR0-2968-77] "Electron Spin Resomnance Studies of Radical
Trapping in the Radiolysis of Organic Liquids. I. Evidence for the
Primary Formation of the Methoxy Radical in Methanol" by J. A. Wargon
and F., Williams, submitted for publication. )

(11)) [OR0-2968-~71] "Pulse Radiolysis Study of Succinontrile in the
Rotator Phase'" by A. Campion, J. A. Ghormley, and F. Williams, J. Amer.

G3ol-4
Chem. Soc., 94, ia—p;esas(Sept. 6, 1972).

(12) [OR0-2968-69] "On the Repcrted Discovery of the Hydronium ue
Radical in ESR Studies of UV-Irradiated Perchloric Acid Glasses Contain- ﬂékﬂuurd

ing Ceric Ion" by J. A. Wargon and F. Williams, Chem. Phys. Lett., 13,

579 (1972). —
p/‘(13)‘3[0R0—2968—75] "An Investigation of the Structure of the
Hydrated Electron based on Unpaired Electfon Densities Calculated by the

INDO Method" by C. M. L. Kerr and F., Williams, J. Phys. Chem., 76, in press

(December, 1972).

(14) '"Radiation-Induced JTonic Polymerization Controlled by the f%wﬂyrdeéQ\\

Presence of Lewis Acids or Lewis Bases" by T. F. Williams, U.S. Patent

3,626,369, October 26, 1971.
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In addition to the above list of papers, the following review
chapters have been published. The manuscripts were included in last
year's report [ORO-2968-68].

(15) [OR0-2968-66] "Early Processes in Radiation Chemistry and
the Reactions of Intermediates" by F. Williams, in "The Radiation
Chemistry of Macromolecules,'" Ed. M. Dole, Academic Press, New York,
1972, Chapter 2, pp 7-23.

(16) [ORO--2968~67] "ESR and Optical Studies of Trapped Electrons
in Glasses and Polymers" by R. M. Keyser, K. Tsuji, and F. Williams, in
"The Radiation Chemistry of Macromolecules,'" Ed. M. Dole, Academic Press,

New York, 1972, Chapter 9, pp 145-191.

L. Dissertations and Theses

(1) Ph.D. Dissertation, "ESR and Optical Studies of Aliphatic
Radical AnigPs and Radical~Anion'fairs in Y-Irradiated Crystalline Solids
at Low Temperatures' by Yvon Jin Chung (University of Tennessee, June 1972).

k7" (2) Ph.D. Dissertation, "Studies of Hydrogen Atom Abstraction by
Methyl Radicals at Low Temperatures in Y-Irradiated Crystalline Orgaaic
Compounds' by Jih Tzong Wang (University of Tennessee, August 1972).

(3) M.S. Thesis, '"Studies of y-Irradiated n-Butyl Bromide in the

Solid State by Electron Spin Rescnance and Optical Spectroscopy'" by Mary

by
Shivar Bonin (University of Tennessee, August 1972).
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F. Participation in Meetings

(1) Paper Dé (presented by C.(M. L. kerr) contributed at the
3rd Southeastern Magnéfic Resonance Conference, Oak Ridge, Tennessee,
chdber.20—22, ;971. 'Tﬁe paper was entitled "The Radical Anion of
Sulfur§1 Chloride" by C. M. L. Kerr and F. Williams.

(2) Attghded‘Conference on "Elementary Processes in Radiation

\<Chémistpy" at the University of Notre Dame, Indiana, April 4-7, 1972.
Chairman'ofSe;sioﬁ VIII on "Ionic ProcesseéﬁinfSolids."

XL//(B) Invited speaker.at Nobél Symposidm No. 22’on "ESR A.pplica-—~
‘tions to Polymer Research"qaf SBdergarn} Lidingo, Stockholm, Sweden,
June 20—22, 1972. The paper (No. 10) wés entitled "ESR Studies of
Aliphatic Rédical Anions and RadicalﬁAﬁiéq Paifsain ffl;radiated‘Crysfai;

- line Solids."



Electron Spin Resonance Ev1dence for- Dlssoc1at1ve Elect*o1 Capture in
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Y—Irradiated Phosphate Esters
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Alkyl radicals are formed during Y—irradiation of alkyl.phospﬁgtes at 77°K.

Inqlusion of an electrdn scévenger virtually eliminates this reaction and
a comparabléf;ield of radicals derived from the scavéﬁger is obtained. This
pfoves that alkyl radicals are foxmed‘bnly,by dissociative electron capture

in the pure esters. Possible biological implications are discussed.
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Introduction

s 2t s e i e —
The mechanism of interaction of ionizing radiation with phosphate
esters is of interest as these compounds are closely related to many
important constituents of biological mate,ials. The effect of y-irradiation
on alkyl phosphates has been investigated by product analysis,2 and more .Z
recently by esr examination of the radical intermediates at low tempera-

e
tures. Although various reaction steps have been postulated on the >, |

basis of the informacion obtgined, definitive proof of these is lacking.
Here we present the results of an esr study which demonstrates conclusively
that the alkyl radicals observed in Y-irradiated alkyl phosphates are
formed by dissociative electron capture. This findiné confirms a previous

suggestion along these lines.

Experimental Section

Trimethyl phosphate, triethyl phosphate, dimeéhyl methyl phosphonate,
and dimcthyff;cid pyrophosphate were supplied by Aldrich Chemical Co. and
used without purification. Samples of each compound were prepared both
with and without a quzaatity of a kpown electron scavenger,5 ethyl bromide 5:
being used as the scavenger for the methyl esters and methyl promide for :
the ethyl ester. The alkyl halide concentration was nominally 1 mole % or
grcater., It was found mnecessary to use low ethyl broﬁide concentrations (1-
2 mole’'%) to avoid formation of the 'CzHaBr radical since its spectrum tended

to obscure that of the ethyl radical. All samples formed glasses when quenched

to 77°K. The doped and undoped samples of each compound were irradiated



at this temperature to the same total dose (0.1 to 0.2 Mrad), and their esr
spectra recorded immediately using identical spectrometer conditions. The

esr spectrometer and accessories have been described elsewhere.6

Results and Discussion

P RL AP P P p np AD Pt D TD PP I3 Py Pt Pap P P Py

- In all the methyl esters that were examined, the quartet esr spectrum

CH:: ' , .
of the methyl radical (Aisi = 23 G) was superimposed on a broad triplet

which can be assigned to the_O=7—0-CH2- radical.7 On the other hand,.fhe

somewhat anisotropic twelve-line spectrum obtained in the sample doped

| | CH
with ethyl bromide appeared to be mainly due to the ethyl radical (4; 3 =

27 G, A 2=021 G), indicating that a large fraction of the electrons had

been captured by the ethyl bromide.»QRepresentative spectra obtained'for
trimethyl phosphate are shown in Fiéures 1A and 1B, wifh stick diagrams
indicating the spectral anaiyses_.8 Although the spectra of the two ;adicals
are quite d%fferent,.the positions of the four'lines.in the methyl radical

spectrum lie close to those of lines 3, 5, 8§ and 10 of the ethyl’radiéal

spectrum, thus rendering a relatively small amount of methyl radical difficu’

. to detect in the presence of ethyi. Howev:-r, the methyl radicalyﬁisappeared

ca@idﬁgagt 77°K so that any contribution to'the spgéirum in the doped
sample could be determined by recording the spectrum agéih after the
decay was observed toc b2 complete:in'the spectrﬁm of the pure sample
(Figure 1C). The corresponding spectrum of the doped sample is shown.
in“F;gure 1D. Comparison of Figures 1B and‘lD shows that the intensities

of lines 3 and 10 relative to the adjacent outer lines (which are due



only to tlie ethyl radical) are diminished in Figure 1D. The difference,
however, represents only a smail contributien to the initial spectrum
by methyl radicals, and scaveng.ng is probably better than %07 complete.
Results similar to the above were obtained for the phosphonate and acid
ryrophosphate., 1In the case of the triethyl phosphate, ethyl radicals
were observed in the pure material and methyl in the doped sample. As
thé ethyl radical sigunal was almost unchanged after six days whereas

the methyl had decayed out leaving no trace of eﬁhyl, scavenging by
methyl bromide was judged to.be complete.

Since complete scavenging was observed for triethyl phosphate
containing ~8 mole % of methyl bromide, it is reasonable to assume that
the incomplete scavenging occurring in the methyl esters was due to the
much lower (1-2 mole %) scavenger concentration used in this case. The
fact that the parent alkyl radical is largely but not completely replaced
by radicals derived from the scavenger when the latter is present in low

-
concentration is evidence for competition between the highly efficient

-

ethyl bromi&esa and the methyl esters for the electrons. The observation
of comparable yields of parent alkyl and scavenger alkyl radicals in the

doped and undoped samples further indicates that the parent alkyl radicals
originate from dissociative electron capture by the phosphate esters. The

reaction can be written as followus, where R = CH3 or C2H5:

: 0=P-0-R + e —»0=P-0 + R°



Although it is clear to us that the results reported here provide

dofinitive evidence for the formation of parent alkyl radicals from the
phosphate esters by dissociative electron capture, this interpreta?ioﬁ

has been questioned by one of the Reviewers of this paper. Therefore some
elaboration seems to be necessary. If we assume that the parent alkyl
rad{cals are not formed by dissociative electron capture, then the présence
of an electron scavenger should not affect their initial formation and
these radicals must be removed by a rapid (i.e.. unobservable) secondary
reaction with the scavenger. This would require that methyl radicals (which
decay only slowly in the absénce of scavenger7) react with ethyl bromide
and that ethyl radicals react with methyl bromide. The only reasonable
course of these reactions would involve radical displacement, and since
one.is the reverse of the other, it is difficult to under<tand why both
should proceed ;fficiently. Therefcre, this alternative explanation to
dissociative electron caplure may be dismissed.

The present findings may have some bearing on the mechanism of radiation
damage in bé;iogical nolecules containing phosphate ester linkages. For
example, dissociative electron capture processes similar to those observed
here could bring about main chain scission in polynucleotides. A signifi-
cant feature of this process is that the products are very unlikely to
to recombine. This is in contrast to the case of homolytic fission where
two free radicals are formed adjacent to one another and a repair mechanism
is fea§ib1e. Another aspect of this study which deserves comment is the

possibility that the incorporation of suitable electron scavengers might

be useful in protecting biological material from inactivation by radiation.
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abstraction by methyl radicals at 77°K see (a) E. D. Sprague and F. Williams,

J. Amer. Chem. Soc., 93, 787 (1971); (b) R. J. Le Roy, E. D. Sprague, and
F. Williams, J. Phys. Chem., 76, 546 (1972); (c¢) J.-T. Wang and F.
Williams, J. Amer. Chem. Soc., 24, 0000 (1972); (d) A. Campion and F.
Williams, submitted for publication.

In the powder spactrum of the ethyl rrdical (Figure 1D), the signal
heights of the sharp lines (2, 5, 8, and 11) are enhanced relative to
the heights of the other lines as compared to the intensity ratios
indicated in the stick diagram. This is due to a line-width difference
which arises from anisotropic hyperfine broadening. For a detailed
explanation, seec E. L. Cochran, F. J. Adrian, and V. A. Bower, J.

Chem. Phys., 34, 116" (1961).
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FIGURE CAPTION

Figure 1. Esr spectra of y-irradiated trimethyl phesphate with and
without ethyl bromide. The radiation dose was 0.2 Mrad. All spectra
were recorded at 77°K under the same spectrometer conditions. The
spectra refer to samples as follows:

A. Pure trimethyl phosphate'immediately after y-irradiation.

B. Trimethyl phosphatz containing 1-2 mole % ethyl bromide

immediately after y-irradiatiom.
C. Same sample as 1A six days after irradiationm.

D, Same sample as 1B six days after irradiation.

Y
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Electron Spin Resonance Studies of Radical Trapping in the Radiolysis
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of Organic Liquids. I. Evidence for the Primary Formation of the Metho
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Radical in Methanol1
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f=te

(2]

oe
14

Although the fechnique éf "spin‘trapping"z,(tadical trapping foliowéda
by esr i@entifiéation of a more stable adduct radical) has been employed
successfully in recent years for the study of free rgéiéal interﬁediatés
in chemical reactions,” its'applicatioq’td-fadiation chemistfy seems to
ﬁave-been limited herctofore to the irradiation of éolids5 and aqueous
.'solutions.6 We now wish to report on the utilization of this technique’
to resolve the persistént problem of primary radica;.formation.in the

radiolysis of deaerated liquid methanol.7’8

-

It has  been widely suggested7 that the facile jon-molecule reactions

(1) and (2)/Eontributg to radicalrfprmation in the radiolysis of methanol.

N + | '
CH,OH' + CH,OH - CH,OH," + CH,0 (1)
S + '
CH,QH* + CH,OH > CH,OH_ ' + +CH, OH ' (2)

37 "3 372 27 R
. - 9’10 . 3 ) | ) .
Mass spectroscopic studies™’” ™ show that these reactions occur with about
equal probability in the vapor, but this result may not apply ‘to the liquid
phase where strong hydrogen bonding is present. Accordingly, information

is desirable about the initial distribution of radicals in the liquid.

Previous studies’ ’” have provided abundant evidence for the participation



of the hﬁdroxymethyl radical in the rzdiation chemistry of liquid and
solid methanol, but it has been recognized7 that this radical could

also be produced by other processes including the secondary reaction (3)

_ CH,0°* + CH,OH - CH_OH + *CH,O0H . (3)

3 3 3 2

from a methoxy radical précursor. However, definitive proof of methoxy
raéical formation has been lacking although its intermediacy was inferred
from the analysis of reaction products derived from the radiolysis of
benzene-nethanol mixtures,11 and more recently from the pulse radiolysis
detection of an oxidizing species.

In this work we have used 2-methyl-2-nitrosopropane ((CH,),C-N=0, I)

3)3

4
** to produce nitroxide radicals according to reaction (4).

as a radical trap

Re + (CIL,) ,C-N=0 > P\N-O' (%)

’ (CH3)3G//,

The esr-hyperfiﬁe structure of these nitroxides is generally characteristic
-

of the trapggd radical and identification is straightforward, as described

below. Figure 1 shows esr spectra recorded after Y irradiation of

solutions containing different concentrations of I in methanol at -78°.

The upper spectrum obtained at the higher scavenger concentration (10-1'E

based on conplete dissociation of the aimerl3) consists almost exclusively
14

of a "N triplet of 1:3:3:1 quartets indicating hfs from three equivalent

hydrogens in the Lrapped'radical. Assiznment of these lines to the methoxy

. CH30,
terkt--butyl nitroxide ( :)N—~O' » II) f~1llows from the magnitude of
(ciiz) 3C

the nitrogen splitting which is charactoeristic of alkoxy radical addition’



tolI,éb and from ﬁhe’élose:correspondénéé of the hyperfiﬁe.cénstants

Q.éy =_2975 Giand;g? = 1.6 G to the Qaiﬁeé of 29.4 ana'l.A G reﬁorted3§

. 'for the similér‘nitroxide radical produced by methoxy radical addifion'to
'Zéméthylmz—nitrosoQutan-B-one. The 1owér'spectrumfin figureyl correé—
’ fonding tolthe smaller scavenger céncent;atidﬁ'of lsz y;shéws that the

lines from II arec now accompanied by amsther prominent set of components

(;AN triplet of 1:2:1 triplets) which are readily identified as belonging

- | HOE2C.__
to the hydroxymethyl tert-butyl nitroxide ( //,N%—0°, 17I), the
' . | (CH3) 3C
values of the hyperfine constants, a = 14.5 G and a" = 4.1 G, being in

- good agreement with those previously reportéd for this radical.4b’14

Comparison of the two spectra shows that lines from III are barely dis-

. - '
cernible in the upper ‘spectrum.

Parallel results were obtained from experiments with CH30D and

CD,0D at -78°. As expected, the esr spectra of the nitroxides produced

-

- from CHBOD:were virtually identical to those described from CHBOH. In
the case of’CD3OD the spectra were again easily analyzed since the simple
triplets from thé aﬁti?ipated ﬁitroxides corresponding to IT and III can
be readily distinguished by virtﬁe of the large difference in the 14N
splittings;

The esr spectra were always recorded at -80° immediately aftﬁr Y
irradiation of'the’samples at -78° for 1d.min (dose = 0.07 Mrad). The
signal due to II decreased very slowly at this temperature vwhereas the

signal from IIT remained constant, ruling out the possibility of inter-

conversion between these two isomeric nitroxide radicals. At higher



temperatures the'deéay of II was espédially marked,-and'when the entire
experiments were carried out at 25° only the spectrum of III was observed
irrespective of the scavenger concengratioh. The thermal instability

.- of alkoxy nitroxides has been noted préﬁiodsly.ls Consequently, no

conclusions can be drawn about the radiolysis mechanism from radical trap-.

ing experiments carried.out with T above -80°.
The concentration dependence of the esr results at -80° strongly
indicates that the hydroxymethyl radical arises almost entirely from the

seéondary reaction (3) in competition with the scavenging of methoxy

radicals by reaction {4). A similar competition was previpdsly suggésted12

" to explain the high concentration (10'-'1 M) of iodide ion necessary for
complete séévénging of the oxidizing species, presumed to be the methoxy
radical,.iﬁ methanol~tadiolysis, |
Evidently the.methoxy_radical is the most ab;ndant primary radical
produced iﬁ;the radiolysis of liquid methanol; In order to probe the

mechanism of jts formation, further experiments were carried out using

10"1 M solutions of I containing a high concentration (1-5 mol percent) of

methyl bromide, an excellent electron scavenger.16 ~The esr results showed
that the formation of II was unaffected by the presence of the methyl
bromide, while additional lines belonging to the spectrum of methyl tert-—

. - .-.-CH3
.4
butyl nitroxide3°’*b ‘::>FP~O°, IV) were easily identified.
(Ci3)sC
The appearance of IV in this system is diagnostic of methyl radical for-
mation through electron scavenging by the methyi bromide:,l6 and therefore

thesc results shov that the methoxy radical does not originate from

me



eléctron attachment or ion fecombination processeé. It folloﬁg thgt

the present work is entirely consistent witﬁ the formation of the ﬁethoxf'
tadical by reaction-{1) and that relative t; the gas phase results, reaction
(2) is much less important than reaction (1). ‘éoﬁséquently, it would

appear that the hydrogen'bonding in the liquid phase facilitates tﬁe
sélective transfer of the hydroxyl hydrogen in the primary ion—molecule:
reaction.

Tﬁese results illustrate the potential usefulnéss of the spin trapping -
technique as applied to the radiolysis of organic liquids wﬁefe more than
one type of radical is commonly pr:oduced.'17 Mentiop'should also be made
of the fact that no nitroxide radicals originated from a radiation-induced
decomposition of I, in contrast to the photolysis at.certain wa’velengths.2c
Finally, the high seﬁsitivity of the technique méans that results can be

obtained at relatively low radiation doses (<0.1 Mrad),‘thereby avoiding

the risk of‘zbmplications resulting from the buildup of radiolysis products.
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Figure Caption

Figure 1. Esr firstfderiv;tive spectra of methanol sélutions of
2-methyl-2-nitrosopropane recorded-at —-80° after Yy irradiation for 10 min
(dose, 0.07 Mrad) at -78°. The upper and lower spectra refer to concen-
tfations of 10-1 and lOuz‘y, respectively. 1In addition to the coriponents
indicated by the stick diagram (see text), the upper spectrum shows a
triplet (éy = ca. 16.2 G) of very weak lines; these lines were also
observed before Y irradiation and belong to di tert-butyl nitroxide formed

during preparation of the sample,
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A Pulse Radiolysis Study of Succinonitrile in the Rotator Phasel’2

. "
Alan Campion,3a John A. Ghormley,3 and Ffrancon Williams3c
ContriBution from the Chemistry Division, Oak Ridee National Laboratory,

Oak Ridge, Tennessee 37830, and the Department of Chemistry, The Unlver51tv _
of Tennesseo Knoxville, Tennessee 37916. Recelved

éPEEE%SE‘ .A transient absérppionﬂspectrum (»51/2 = 0.23 ﬂsec) has beeﬁ»
detected in tbé pulse fadiolysis of.shccinonitrile, a plastic crystal at

room temperature, ihis absorption.is not producgd in the presenée of 1 mole'
% tetracyanoethylene (TCNE) and the spectrum of TCNE® is oEserved instead.
The value oﬁ'Amax'(450 om) for the transient corresponds to the absorption
maxima observed in the low temperature spectfa'of monomér radical gnibns from
acetonitrile and adiponitrile. On the basis of‘these results, thé'transient
spectrum ismg§signed_to a monomer radical anién of succinonitrile.although
the possibility of a dimer species similar to that observed at low temperature
cannot be excluded. AThe first order decay of the radical anion is attriﬁuted.

to the unimolecular dissociation to 'CHZCHZCV and CN . In addition to the

radical anion, a long-lived species is produced which absorbs most strongly

in the ultraviolet.

-



_In the pulse radiolysis of organic 1iquids; studies 6f1transient
ioﬁs by optiéal absorption spectfoscopy have been largely restricted 1o
solvated glectrons and to ions produced by reactions with sﬁitablé.cﬁarge
scavpngers.4 The detection of thése ions is facilitated by a'g-smax product

which frequently exceeds 1 x 104, where G is the 100 eV yieid of species

with lifetimes exceeding the resolution time of the equipment and €hax is

the extinction coefficient in gfl cm"1 at the abéorption'maximum (Xmax)'
fwo pulse radioiysis studies of acetonitrile svlutions containing aromatic
hydrocafbons such as bipheny'l5 and anthracene6 have been reporéed in which
transient absorption spectra were readily observed and identified as
Bélonging to the radical anion and triﬁlet state éf the solute. For pure
acetonitrile, however, there is only a brief report5 of a short-lived trans-
ient (21/2 < 5 usec) with a Qery weak absorption at 660 nm which was
tentatively attributed to a solvated electron. Even this observation is
in doubt because in a later study of the pulse radiolysis of oxygepffree
acetonitrilé‘/,’6 no absorption could be detected between 280 and 800 nmn despite
high'sensitivity and a resolution time of 100 nsec.

By contrast, esr and optical studies of y-irradiated acetonitrile
in the solid state at low temperature have definitely sbpwn that the dimer
and monomer radical anions of acetonitrile are produced and stabilizeq
in Crystal I and Crystal‘ii; respt:ac:t:i.vely."7 The optical absorption
specgr&whof the dimer radical anion in a polycrystalline sample has two

8,9

bands with Amax at 510 nm and 310 nm® whereas the corresponding spectrum

of the monomer radical anion has only one clearly defined band with Amax
b . .
at 430 nm.” ¥in similar low-temperature irradiation studies, the dimer



10

radical anion of succironitrile was identified in both crystalline phases.
Its powder esr spectrum is identical to that of the acetonitrile dimer
. . 11 . . . 10
radical anion  ~ and Amax for the optical absorption is located at 540 nm.
Succinonitrile differs from other simple organic cyanides in having
a relatively high mp (331°K). Also, the solid phase above 233°K (Crystal
I) is a transparent plastic crystal in which the rotational motion of the
., 12 7
individual molecules is more characterisiic of a liquid than of a solid.
. . . 13 .
It was thought that the physical properties of this plastic crystal = which
are intermediate between those of a liquid and a solid might favor the
detection by pulse radiolysis of a succinonitrile radical anion (or solvated
electron) at room tempcrature. This finding would be of particular interest
in view of the close rescmblance between the y-irradiation results for
acetonitrile and succinonitrile at low temperature, and the absence of
any significant information about the reactions of electrons with alkyl
. . . 14
cyanides in the liquid phase.

—’/-

Experimental Section
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Waterials and Preparation of Samples. Succinonitrile (Matheson
Coleman and Bell) was distilled at reduced pressure and stored under
vacuum in brecakscals. The material vas either redistilled in vacuo or
transferred manually into the sample cell, and subsequently degassed before
the cell was sealed. The pulse radiclysis results were the same regardless
of the methodaof sanple preparation. Tetracyanoethyleﬁa (CCNE), obtained

as a Yhite Label grade from Eastman Organic Chemicals, was uscd as received.

Samples of succinonitrile containing a weighed amount of TCNE (~1 mole %)



were prepared by placing both compounds in a cell after which the mixture

. was degassed by several cool-pump-melt cycles. The resulting solid solution

was quite transparent, suggesting thatAﬁhe TCNE was uniformly incorporated.
Irradiation Cells. The Suprésil cells ﬁsed in this inﬁestigation

Pop A It Pt PP Py P P s g oy Ay oy oy gy

were the same as those which have been employed‘in this laboratory for
low-temperature optical studies.9 The flat portion of the cell COntaining
the sample is rectaugular (1.2 cm width x 1.5 cm height) with a path length

of 0.1 cm, and is fused to the quartz section of an 8 mm quartz-to-pyrex

graded seal.

;i
?

Pulse Radiolysis. The irradiation cell, mounted on an aluminum

plate, was inserted into the sample holder of the apparatus.15’16

Al.2
cn aperture in the plate accommodates the four passes of the analytic?l
light which are collinear with the electron beaﬁ, thereby giving a total
" optical path length of 0.4 cm. A high pressure Hg-Xe are (Hanovia Model
901B--1) was/g§ed as the source of analytical light. This lamp was pulsed
to an inteﬁsity approximately fifty times that cbtainable in dc operation
to minjmize the correctisn for emission from the Suprasil cell éﬁring
the first usec after the pulse. The 1amp'was not pulsed in ekperiments
which did not require ﬁsec time resolutioﬁ.' To miniﬁiée the photolyfic
effects of the analytical light, a Corning C.S. 0-51 filter;.which-ddes
not transmit below 400 nm, was placed between éhe lamp and the sample.

In sﬁu&ying the decay of TCNET, Corning filters C.S, 3~73 and C,S. 1-56

were used to transmit a narrow band centered at 440 nm.



*

_Through the use of the McPherson Model 216 polychromator and a double
slit mechanism, it was possible to monitor the absorpiion at two wavelengths
simultaneously. For 3 mm slits and‘a grating with 1200 lineslmm,“the
bandwidth of the light beam reaching the photomultipliers is 2 mm.

'Thé calculation of the dose teceived_bj the sample was bascd on
measurements of the energy absorbed in a thin aluminum calorimeter placed
at.the sémplé‘position.16 After correcting for the depth-dose effenﬂlG .
and the estimated ratio (1.20 * 0.10) of the mass stopping powers of
édccinonitrile and aluminum,17 the average dose per pulse vas calculated to
be 9.0 x 1018 ev g-l (1.44 x 10S rad). The dose per pulse has been shown

to be reproducible within 5% from pulse to pulse.

P g O g

Initial egperiments revealed an'absdrpéion in the 350-600 nm region
after the pulse. Examiﬁation of.the oscillograms showed that the absorption
waé composéﬁf;f two components, a transient absorption with a ﬁsec lifetime
and a much longer-lived absorption wﬁich persisteé for at least 5 min and
wiil henceforth be referred to as the permanent absorption. In addition,
~ by pulsing. the Febetron with no zmnalytical light, it was found that the
qscilloscoPe trace was further complicated by_light.emissiéﬁ of éé, i ﬁsec
duration. This emission was also observeé from an empty irradiation
cell indicating that it originates from the Suprasil windows tﬁrough

LS

which the electron beam penetrates.
Figure 1 shows a typical oscillogram with the monochromator set at-
400 nm. The upper trace is the composite signal and the lower trace is

the emission signal recorded in the subsequent pulse on the-same transmission
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scale. The net absorpticn signal was obtained by subtraction. In order tos

correct for the peormanent absorption, it was assunad that this ﬂiéﬁal

reached its maximum value at the ssme time {0.2 psec) as that of the

traﬁsiant signal, and then remained constant. ‘The validicy of this assupption

was verified in subsequent experiments on s0iid solutions of TORE in

succinonitcile, as will be discussed later. Accovdiogly, the absorbance wf.
the transient was evaluated as the differonce betéaﬁn tho net and scrranont

absorbances.

A Siance repetitive pulsing of the same sampliec lod 2o ﬁ:ﬂﬁﬁkﬁﬁ,dﬁtr&mgﬁ
in the signal inteasity of the transient, thy specktrum was derived by tho
sﬂmyltumﬁuns rocording of the absovplion signals ab two wevelongihs, #ﬂﬁ
of uhdch was Eiéad at 475 wn Lo sorve o8 & roference, and the othor wag
varied from pulse to pulse to covor the venge Irom 350 te 350 mea. A typical
oscillogram obtained by wsing this technique is shown fn Pigure 2. The
traces Ataggfﬁ refer to the absorption and omission, rvespectively, at
475 nin, and the traces € and D ave the corvesponding zipnals ot 500 s,

It is cvident that thoe transicnt species o compleiely ﬁ@xﬁ@§~wiﬁhﬁﬁ 0.2 psoe
after the beginning of the pulse, éﬁﬂ optical donsitics wore wessured

after this time. By taking the ratio of the optical Jdensitles #ﬁ he ﬁnﬂiﬁﬁﬁiﬁg
wavelength and 475 nm from coach oscillogram, the spoctrum of gﬁa Lransicnd

vas obyaincd at 0.2 ps&c and normulizad to the optical density aé 475

nﬁ iﬁ ;he ﬁi?éa pulse. This spoctrum is shoun in Figure 3 and xmax in

in the region of 450 nu. The,g;emax product is 8.2 x 1&3 (malecilﬁ@ eV}



ﬁvéﬁencn that the fransiont spectrum results from only onc species
is provided by the &cﬂﬁy kinetlics. Excellent first-crder plots uzre
obtained ot 21l wavelongths betveen 330 and 550 oo, ﬂﬁasnt§ﬁantﬁ wore
wmada st intervols of 25 sm. The Pirst-order vate danstanﬂs'wera;infgocﬂ
P .

asprecoant and gave an aversge value of 3.0 2 0.5 x 107 sec © over this

range. 1 was alse clapvly domonsirzeted that the decay of the transient

gpacins procecds by 2 thormal and wot a photochemicel reaction, for raduaing

the Intansicy of the dncident ﬂnélytiaﬁl Light by axgaaﬁbf of 2.5 did oot
alter the Tivst-orday rate constpal.

In a3 attompt o osteblich the satuvree of the tgansiéhﬁ specics,
erpoyfecats weee cavviod out with solutions of TOHE which f£s kunowa to be
At wasollont clociven scavenger. The ponochromator was sob at 3550 ma
sthere TOBEY duas wot abzorh but uhers the tyansient species shows a
significont shsorpiion {Figere 3). A cospocison of ghe‘raﬁulﬁs fbx pnte
ﬁueaiﬁﬁﬂiﬁggga and & Eﬁ%ﬂ solution (Fﬁgﬁtﬁ.ﬁ)?ﬁﬁﬁwﬁ that the prescncs of |
the TUHE éigmiﬁaﬁﬁs the transiont &ug hag no offset on the'a@?eamaacé of
the poreancat ﬂaﬁﬁgﬁﬁiﬁﬂ; It 3= from this onperincnt, vhere 2o transient

ix obsoyved, that the gar@auaﬂa ahﬁ@gpti@ﬁ sigael iﬁ seen £o grew in

during the first 0.2 psee after the gnlﬂe and to main&ain a coastant

wvalue for the subseguent 2 psce. This Justifies the previeus assuwsption 0

zhet the porsanent absorption remaine unchonged during the decey of the
trongient In pure succinonitrile.
The fdentification of TCRE® iw the above exp@timeag p}evaa to ba a

L]

© yelatively sieple task. A stroug Jong-lived shoorphbion belew 500 na wes
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detected on the oscilloscope‘and ca. 1 wmin after the pulse, the sample
was ;emovad from the apparatus and plunged into liquid nitrogen. The
optical spactrum recorded at 77°K, vhere there was no decay, is shovm in
Figure 5, and the positions of the well-resolved peaks correébond to those
reported ®1? for TCNET . In the light of this result, a detailed
examination of the decay of TCNE® at room temperatuée.was madé by following
_the abgorption peak at 438 nm. Although some decay occurred in the msec
" yegion, wost of the absorption disappeared according to first crde£
kinetics \éit:h £, f2 " 9.3 min.

As indicaited by the oscilloscope traces {(cf. Figuresfl and 4), the
tapidlyfiﬂduced permanchrt absorption in succinonitrile is more intense
at shortey wavelengths. This abanrptian,iﬁcrﬁaﬁes only slightly on standing
at rooam tompevrature for several min aftoey the pulse, and its uv spectrum
recorded with a conventional spectrophotometer exhibitsna sharp rise to
shorter wavﬁigngths with 2 well-defined shoulder at 245 nm. A similar
feature is"%%marvad at 265 vm in the spoctrum of y~irradiated succinonitrile
Crystal I1 after ph#ﬁablaa@hing at 7’;Km

Piscussion

As 2 rxesult of the TCHE cexperiments, it bas been clearly established
that the transient specics in succinonitrile originates by électxop,capture.

Its abzorption spactxumlikma s 450 ma) differs from that of the dimer

®
radical anionﬁihm&x = 560 wm) produced at low tamyaraturalo but is romavkably

v

similar to the spectra of the wonomer radical anions of acatéuitrilog

¥

and adiponitxileza for which Amaw is between 430 and 440 nm. On the basis



-of thig correlatioﬁ, and in view of the suggestion21 that 2 solvate&
electrop in acetonitrile would have an absorption peak in the near’
infrared, the transient spectrum is aésigned to a succinonifrile
monomer radical anion, although the.choice between the monoméf and
dimer radical anion cannot be made with absolute certainty owing to'£ﬁe
broad nature of the abéorption bands. Since the monomer is likely‘
to be the precursor of the dimer, it is possible that thz conditions
favoring the formétion of the dimer may not exist at room temperatire.
In this connection, the rotatiénal ﬁotion characteristic of'succinonitrile
at room temperature13a'cou1d prevent the precise glignment éf the ;yanide
- groups required for dimer fqrmatipn.7 |

The shoré lifetime (21/2 = 0;23 ﬁsec) of thé transien? sgecies is 
most likely to be determined either by ionic recombination or by dissociation.
The other ﬁossibility that the species}disappears By reaction with‘neighbgring
molecules igw;he lattice is considered imprébaéle in Qiew of the well-known
stability gzwmany radical aniens in aprotic me&ia.lﬁa Since the decay of
TCNE* occurs on a wmuch longer timescale than that of the transient, this
would appear to exclude jonic recombination as a mechanism for the disappear-—
énce of the transient. Hence, the most reasonable path is suggested to be &

simple dissociation of tho monomer radical anion Lo give CN~ and *CH,CH,CN.

22
This is consislent with the instability of isostructural molecules such as
HCN® 22 and GH3é023 at elevated temperatures. Confirmation of the dissoéiation

reaction by direct observation of the 'CH2CH2CN would have been dcsiraﬁie

but was prgvanod by the intense pernanan absorption in the ulLr¢v;oleL.‘



10

' The formation of fhe permanent absorber is unaffected by the incorp-
oration of TCNE so 4t can be safely assumed that it doe:s not arise from a
reaction involving electrons liberateé in the ionization'process. its
.opticai spectrum showing a high intensity in the uv and a long tail in
the visible regfion is indicative of a highly conjugated sttucgure, as
would be produced by tﬁe polymerization of MCEN groups. From the fact
.that the yield oif the tran&ieﬁt species diminished on repeated pulsing, it

is conceivable that the permanent absorber acts as a competitive electron

scavenger.,

3

1 ¢ 18

Based on the value of € = 7.1 x 10 mul for TCNE* at 435 nm,

.b-l‘.‘
G(TCNE*) is 4.0 which demonstrates very efficient trapping of electrons.
Unfortunately,'an estimate of the G value for the transiemt radical anion

cannot be made since there has.been no independent determination of €
3

ax
for species of this type. However, thé'g'emax product of 8.2 x 19

(molec/100 ,EY) ,I;f'l cm-]' in this pulse radiolysis sl:m’l;fv is comparable to
the range%of valves (4 x 103 -1 x 10(')93’10 obtained for mounomer and
dimer radical anions of nitriles at 77°K, implying that clectron capturc
is as efficient in shccinonitrile at room tomperaturce as it is at low
éempcraturé, although the thermal stability of the jon is much less in
the former case. As a concluding remark, the failure to obsérvc radical
anions in the pulse radiolysis of purc liiniﬁ acctonitrileﬁ could porhaps
be étéributcdttn the greater instability of these ions at clevated

temperatures, particularly in the absence of an ordered lattice.

1]
i
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Y CAPTIONS TO FIGURES

Figure 1. Oscillogram showing the absorption in pure succinonitri;é,at
400 nm. The upper trace is the composite absorption signal, and the lower

trace shows the emission from the sample cell,

L
-

'Eigﬁr& 2. Ozcillogram shoving absorption and enission at 475 nm (traces A

zid B) amd 500 nm (traces € and D).,

T
3

Figure 3. Optical spoctrum of the transient radical anion produced by pulse 0
radiolysis of seccinonitrile at voom temperature. Optical densities were

measured 2t 0.7 psec after the beginniog of éﬁn pulse.,

Figare 4. Osciliogsvems showing absorpiion and emission at 550 ww. The traces
in the upﬁéﬁﬁﬁhmﬂcaﬁaph are fov pove succinonitrile and those in the Jower

photograph ave for succinonitrile doped with 1 mole % totracyancethylene.

&

<

Figure 5. Optical sbsorptien speciven of the tenxaeyaﬁéaﬁhylang radical enion
in polycrystalliae succinpnitsile at 77°K. The rndie?i’aniaa vas proéugéﬂ
Wy pulge radielysis of puesinoniteile cﬁﬂtéining 1 wole Z tmtraﬁyanaethylﬁne'i o

at yoow Eosporebure and then stabilized at 77°K.
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1. Introduction

In this study che INDO method3 has been employed to investiéate
the .structure of the hydrated electron using a comparison of the experi-
menta.. and theoretical spin densities on the hydrogen nuclel as a criterion
of structural validity. This approach is used in preference to tlLe
conventional one of minimizing the encrzy of the system with respect to
geometrical para@%ters for two réasons. First, the spin density distribution
for a paramagnetic species is generally very sensitive to the molecular
structure, and the INDO method has been shown to yield isotropic hyperfine
coupling constants in good agreement with experiment for 2 wide variety of
both 0 and 7 radicals whose geometries can be reasonably well defined.3c
The agreement is generally better for hydrogen than for second row elements.
Secondly, the INDO method is not always reliable for predicting equilibrium
geometries based on energy minimizeztion. This is hardly surprising since
the parameteérization was intended to yield charge densities and spin
densities rather than propéerties dependent on the molecular energies.4

The use of a completely molecular description instead of the familiar
cavity or polaron models5 of the hydrated elcctron stems from recent work
in this laboratory on electron excess centers in acetonitrile6 and sulfuryl
chloric’e.7 In acetonitrile, y~irradiation yields either the monomer or
dimer radical anion depending upon the c.-ystalline phase. The monomer

radical anion is a typical O0-radical with appreciable spin density ia che

2s orbital of the nitrile carbon due to the bending of the molecule. On



the other hand, the spin density distribution in tbe dimer radical anion
indicates the unpaired electron is associated with two equivalent and esseat-
ially linear molecules, with most of the spin density in the p orbitals

on nitrogen. According to a simple MO description, the dimer radical anion
can be considered as a radical anion complex in which the unpaired electron
occupies a supramolecular bonding orbital derived from the antibonding orbitals
vf two separate moleculas. The radical anion of sulfuryl chloride can be
described similarly, and in this case the molecular orbitals involved are
essentially the lowest antibonding orbitals of adjacent sulfur dioxide and
chlorine molecules.

In certain respects, the properties of the dimer radical anion of
acetonitrile resemble those of trapped electrons in glasses. In particular,
the esr signals of both these species saturate readily with microwave power
and the optical absorption spectra are characteristicélly broad. These
similarities” suggest that in the case of trapped or solvated electrons, the
excess electron may be confined to the orbitals of two or more solvent
molecules rather than to an interstitial cavity. According, the hydrated
electron can be formally representéd as (H20)§ .

The esr spectium of the trapped electron in aqueous solids is generally
a broad singlet but hyperfine structure has been resolved in two instancas.s’g
Both in crystalline ice co-deposited with alkali meta158 and, more recently,
in a Y-irradiated alkaline glass,9 the spectrum was shown to consist of
an odd multiplet with a splitting of approximately 5 G. From these results,

it has been suggestcd that the trapped electron interacts with either



four8 or six9 protons. 1ln any event, the existence of resolved hyperfine
features certainly points to a well-defined molecular structure for

(HZO)E rather than to a disordered gage of water molecules surrounding

a trapped electron. A lineshape analysislo on the unresolved spectrum also
indicates that the hyperfine interaction is limited to a relatively small
number (8t2) of protons. If eight protous can be considered an upper
limit, the observed hfs of 5 G as compared to the value of ca. 500 G for
the isolated H* atom indicates a spin density of ca. 1% and hence a total
for the complex of 8% or less. The aim of the present work has been to
seek structures of (HZO)E for which the calculated spin density distribution
approximates most closely to this experimental result.

2. Calculations

The INDO method employs a valence orbital basis set which in this
cas2 consists of the'ls orbitals on hydrogen and 2s and 2p orbitals on
oxygen. The calculations yie’d the spin density distribution of the excess
electron over the valence shell orbitals of the wat::r molecules in the
complex.

Bond orders betwecen two atoms werc calculated as the sum of all off-
diagonal elements involving the atoms in the charge density matrix. While
the numerical values obtained have no absolute significance, comparison of
bond orders in a closed shell species and in .he negatively charged open

shell species wih the same geometry can be used to determine the bonca-

breaking or bond-forming effect resulting from the addition of an electron.



3. Results

The results of calculations on the wonomer, Hzof, are presented
first. For this species, the OH bond length was varied from 0.02 to 0.19
mm in increments of 0.01 nm, and the HOH angle from 60° to 180° in incrcments
of 10°. The corresponding values for the neutral molecule are 0.096 nm
and 105°.11 Positive spin density is always obtained in the s orbitals
of both hydrogen and oxygen. There is also considerable spin density in
the oxygen P, and py orbitals, but none in the P, orbital (see Figure 1 (a)).
The spin densities in the P and py orbitals are alvays of opposite sign,
and increase monotonically with the bond length. The positive spin density
is associated with the py orbital for OH distances of 0.08 - 0.14 nm and
for HOH angles of 60-90°, and with the p, orbital for all other geometriecs.
The total spin density on hydrogen, pﬁ, vhere this quantity is defined

generally for multimeric species as

- g = I logl

all H
varies both with bond angle and boad length as shown in Figure 2. Foxr
the shorter bond lengths, minima occur in the curves For aneles of 100 to
110°, but there is no corresponding optimum bond length, pg increasing
regularly as the JH distance is increased. The 0-H b;nd order decreases

steadily with incrcasing bond length, and for bond lengths up to 0.14 nm,

it has a value which is about 0.7 times thar of the neutral molecule



with the same geometry. For higher bond lengths, the bond ovders for
H207 and nzo are both small. These factocs and cthe high negative
spin densities observed fn the oxygen p orbltals suggest that the large

values of p? and their variation with bond length reflect a progressive

|
breakdown in the OH bonding.

The large pg found for H207 definitely excludes this as the structure
of the hydrated electron. However, by analogy with acetonitrile where
there are profound differences between the spin density distributions and
structures of moncmer and dimer radical anion, this does not rule out the

possibility that suitable combinations of H_O molecules could yield values

2
of pg in closer accord with experiment. Based on this, our approach has
invelved the determinaticon of pg for multimeric species (Hzo)g . Since
the values of pz for the monomer are extremely large, we have invesiigated
various geometrical éfrangeacnts of molecules in (HZO)E complexes to
determine which configurations lead to a decrease in pg .

Calculations have been dose on a variety of different dimeric
structures. The first set of structures are chown in Figure 1, (b)-(f).
The distinguishing feature of these is that the oxygen p orbitals are
aligned so that a strong overlap is possible. It has been shown previously7
that an excess electron can be effectively shared betwcen two molecules
through positive overlap of antibonding orbitals from the separate
molecules. An additional consideration in the present case is that bonding

between the H?O molecules through the oxygen p orbitals might redistribute

the spin density in favor of these orbitals, thereby decreasing pg .



For any particular structurec, equivalent 320 geometries were always
employed. The OH bond length, the HOH angle, and d, the distance'aparn
of the oxygen atons, were varied independently over the ranges 0.29 - 0.12
m, 90 - 135°, and 0.16 - 0.24 nm, respectively. The results showad that
in structure (b}, there appeared to be no delocalization and the distrib-
0+ monomer and a neutral H,0 molecule

2 2

for all configurations; in all the other structures, the unpaired electrom

tution was essentially that of the H

was shared equally between the two molecules., For structures (c) and

(d), there was no reduction in pg whereas a reduction was found for
structures (e) and (£f), this being larger in the case of the former for

all configurations. A number of structures intermediate between (e)

and (f) were generated by allowing the hydrogen atoms of the upper molecule
to range over .the surface of a hemisphere, as shown in Figure 1(e). For
all of thesec, pg was found to be greater than the valuc for structure (e),
suggesting that parallel alignment of the p orbitals is a contributing
factor in reducing pﬁ .

The calculations were extended to trimer and tetramer for model (e).
Although there were some irregularities, in general pg decreased monoton-
ically in going from monomer to tetraaner and the largest decreases were
observed for UH bond lengths of 0.11 ~ 0.12 nm, an HOH angle of 105°, and
4= 0.18 - 0.20 nm. Thé results are summarized in Table I. For these
geometries, the spin dersity on oxygen is largely in the P, orbital with

small negative contributions in the Pz.and pz orbitals, as shown in



Table IX. It can also be secn from the data given in this Table that
the overall distribution of the spin density in an individual molecule
is not greatly altered between monomer and tetramer.

The models discussed above are somewhat unrealistic. Since the
microstructure of an aqueous solid is controlled by hydrogen bonding,
models in which molecules are linked by hydrogen bonding should also be
censidered. Although other configurations have been observed., hydrogen
bonded systems generally involve linear or nearly linear O————- 0
units. A simple dimer incornorating this feature is shown in Figure
3(a), the 0————— H—0 l<ne making an approximately tetrahedral angle
with the O-H bonds of molecule g. Calculations were performed for the
same range of bond lengths and bond angles as previously and oxygen-
oxygen distances of 0.24 to 0.30 nm (the corresponding distance in ice
is 0.276 nmll). In all these cases, the unpaired ele;tron was effectively
localized on one molecule. Small rotations (up to 30°) of molccule g
about the three coordinate axes (see Figure 1(a)) hardly affected the
delocalization or the valuec of pT

H’.

from a hydrogen-boided fragment are unfavorahle.

indicating that structures derived

Further calculations were then carried out for an OH bond length
of 0.11 nm, an HOH bond angle of 105°, an oxygen-oxygen distance of
0.27 nm, and coafigurations such that the position of molecule 1 and

the linearity of the Q0——--—- E—0 unit wcre r.otained and the hydrogen



atoms of molecule 2 were rotated over the surface of a sphere. Over
a small range of configurations, both delocalization and a decrease in

H

T
of DH

DT were observed. Once the configuration yielding the minimum value

had been determined, pE was mininized with resnpect to the bond
length, hond angle, and oxygen-uxygen distance, these parameters being
varied over the ranges 0.09 to G.12 mm, 90 to 135°, and 0.23 to 0,35 nm,
respectively. The lowest value of pﬁ was found for the configuration

shown in Figure 3 (b) with an OH bond length of 0.12 nm, a bond angle

of 105°, and an oxygen-oxygen distance of 0.31 nm. The spin density
distriputions for this structure and for the moromer with the same molecular
geometry are shown in Table III. A further limited uwwumber of calculatioms
were performed with the above mnrlecular geometry, but varying the orient-
ations oi both molecules and the distance between them. Spin densities
close to the values obtained for the dimer in Figure .3(b) were found for
dimers symmetrical about the oxygen-oxygen axis and with hydrogen~hydrogen
distances of 0.08 to 0.09 nm. Slightly higher spin densities were obtained
for symmetrical dimers containing linear O—-}---—=- H—0 units. The
minimum values of pg found for these structures are listed (Table I1II) with
the associated structural parameters and spin densities.

Yrom the data given in Table ITI, it can be scen that the distribution
is substantially diff{erent for monomer and dimer, in contrast to the resuits
obtained for wedel (¢). There is a marked shift of both spin donsity and
charge density from hydrogen to oxygen in the dimer relative to the monomer.
A farther point to note is that the spin densities in 211 orbitals of thé

dimers in Table III arc zero or positive.
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The proximity of the central hydrogen atoms appears to be an
important feature of these structures. Low values of pg were only
observed for hydrogen-hydrogen distances in the range 0.07 - 0.10 nm,
and.these were associated with bond orders between the hydrogen atoms of
0.5 -~ 0.7. The bond orders in the corresponding neutral molecule dimer
are almost a factor of two less than this, énd the values for isocolated
hydrogen molecules are 1.0.

4. Discussion

In this paper we have examined the possibilities for determining
the structure of the hydrated electron by comparison of theoretical and
expgrimental unpaired electron densities. Although the investigations
of the various structures are not exhaustive, they are reasonably detailed
and lead to two genergl conclusions. Firstly, dimers with certain config-
urations can yield values of pﬁ substantially less than that for the
monomer Wi?h,the same molecular geometry. Secondly, for a dimer structure
which was shown to yield a reduced pg, then further reducfion was obtained
by increasing the number of molecules in the complex.

It is interesting that the optimum dimer'model on the basis of
spin densiﬁies is structurally similar to others proposed on other grounds.
The dimer structure'suggested by Raff and.Pohl12 consists essentially of
an H2+ fragment perturbéd by two OH ionms. A degree of bonding is thus
implied between the central hydrogens. This model yields a value for the

optical excitation energy in good agreement with experiment. Webster and



11

his co—worker513 mave investigated a similar model, viz. a planar dimer
containing a linear O—H--~—- H—0 unit, using two different molecular
orbital methods. In both cases, structures corresponding to the minimum
energy give excitation energies close to the experimental value. However,
the »redicted hydrogen-hydrogen separations (0.12 nm for the INDO and 0.15
mm for the extended Huckel method) are somewhat larger than the range
(0.07-0.10 nm) found in the present work.

While the dimer shown in Figurc 3(b) clearly does not represcnt the
complete structure of the hydrated electron, it has several favorable
features which suggest that the complete structure may incorporate units
of this type. Moreover, if a larger even number of molecules, i.e. four
or six, is used, symmetrical structures can be constructed which contain
8-10 a

four or more equivalent protons as required by the esr results, nd

calculations are currently in progress for these systems.

—
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FIGURE CAPTIONS

Figure 1. Models used in INDO calculations on the structure of the
hydrated electron: (a) monomer shown with the coordinate axis system
which defines the dic-ections of the oxygen p orbitals for all models

in this Figvre and in Figure 3; (b) -(f) represent various dimer models
incorporatjng aligned oxygen p orbitals of the individual molecules,

Figure 2. Variation of pﬁ for H,0* with the HOH angle for various OH

2

bond lengths. Bond lengths are given in nm.

Figure 3. fa) A dimer mndel for the hydrated electiron incorporating
hydrogen bonding; (b) dimer m~del found to give lowest value of p;.

This nedel is planar with an OH bond length of 0.12 mm, an HOH angle of
105°, an oxygen-oxygen distance of 0.31 rm, and a distance between central

hydrogens of 0.072 nom.
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P AP N0 Pt g

OH ' HOH 0-0

pg (tetramer)
bond length angle distance pH T
, pH (monomer)
nm degrees nm monomer dimer trimer tetramer
- 0.11 105 0.18 0.644 0.533 0.480 0.443 0.69
0.11 105 0.20 0.644 0.537 0.519 0.448 0.70
0.12 105 0.18 0.706 0.537 0.463 0.383 0.54

®These geometries yielded minimum values of pﬁ for the tetramer.



Table I1: Comparison of Spin Density Distributions for Monomers and Model (e) Tetramers with the Same Molecular

~~~~~~~~ Geometry?
OH HOH 0-0
bond angle distance b o > 5 .
- e < bie Z
length Species pH po po pOY po
nm degrees nm
0.11 105 ——— monomerc 0.322 0.107 0.377 0.000 -0.128
0.11 105 0.18 tetcamerS (1.4) 0.015 0.015  0.055 =-0.003 =0.005
{(2.3) 0.096 0.055 0.203 -0.00S -0.033
total 0.222 0.140 0.516 -0.022 ~0.076
0.11 105 0.18 tetramerd (1,4) 0.012 0.010 0.050 -0.001 -0.004
(2,3 0.101 0.052 0.207 -0.003 ~-0.036
total 0.226 0,124 CG.514 -0.008 -0.089
0.12 105 —— monomer" 0.352 0.085  0.397 0.000 -0.183
0.12 105 0.20 tetramer® (1,4) 0.003 0.607  0.064 -0.001 -0.001
(2,3) 0.093 0.040 0.246 -0.004 -0.044
total 0.192 0.094 0.620 -0.010 ~0.080
b \

. [ ] » [ T -
8 These geometries yielded minimum values ¢f pf for the tetramers. ~Refers to only one hydrogen nucleus. Ia all
molecules the hydrogens are equiwalent. ~“The monomer is comnsidered to be in the xz plane as are the individual
molecules of the tetramer (see Figure 1). %The molecules in the tetramer are equivalent in pairs.
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0-0 H~-H
a . distance distance < 0 > > 7
i y . “- .4 i Z
Species DH pH po po poy pO pH
nm mm outer inner
monomer — S— 0.352  0.352  0.085 0.397 ~~0.185 0.000 0.704
dimer 0.31 0.072 0.012  0.105  0.045 0.021  0.360 0.000y o,
(as in Fig. 3(b)) 0.013  0.079  0.040 0.07L  0.256 '0.000° °*°
symmetrical dimer’®  0.31- 0.079 0.012  0.092  0.043 0.043  0.310 0.000 0.208 -
linear dimer’’S 0.33 10.090 0.018  0.091  0.041 0.064  0.287 0.000 0.217

%The molecular geometry is the same for all these species (OH bond distance = 0,12 nm, HOH angle = 105°).
'bThe molecules are equivalent. The total spin density associated with any type of orbital is-thus twice the
- quoted value, Cpianar configuration as in Fig. 3(b) except that the molecules have both been rotated until

z . . é . .
the center hydrogens are symmetrically placed with respect to the oxygen-oxygen axis. Planar configuration

as in Fig."3(b) except that molecule 2 has been rotated until both inner hydrogens are linear with the oxygens.

\
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Hydrogen Atom Abstraction by Methyl Radicals in Methanol Glasses at 67—77°K1

!

%
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Abstract: It has been shown by esr studies that the thermal decay of CH3'
radicals in a methanol-d glass at 77°K proceeds with the concomitant
formation of the °CH20D radical. The reaction obeys first-order kinetics

over 75 percent of its course and there is reasonably good agreement

between the rate constants as determined from CH,°® decay and <CH,OD

3 2
growth. At 77°K, the rates of H-atom abstraction by CH, * from CH,OD
and CHBOH are comparaﬁle but the rate of CH3° decay in CD30D is slower

by at least a thousandfold. This primary deuterium isotope effect

confirms that abstraction occurs almost exclusively from the hydrogens

of the methyl group. The apparent activation energy of 0.9 kcal mol—l

for the abstraction reaction in the glassy state at 67-77°K is much

lower than the value of 8.2%0.2 kcal mol-l previously reported for
essentially the same vyeaction in the gas phase above 376°K. These findings
are remarkably similar to those reported for H~atom abstraction by CH3°
radicals from erctonitrile and methyl isoéyanidc, and are consistent with

the proposal that these reactions proceed mainly by gquantum-mechanical

tunneling at low temperatures. Wnen CH3° radicals are produced by the



I and /ﬁ% TMPD (N,N,N”,N”"~tetramethyl-p-phenylenediamine)-CH,Cl

photolysis of CH 3

3
with uv light in methanol, the contribution of hot radical processes to the

abstraction reaction appears to be negligibly small in comparison with the

rate of the thermal reaction.

Recent work in this laboratory has provided definitive evidence
for hydrogen atom abstraction by thermal methyl radicals in crystalline
acetonitrile3 and methyl isocyanide4 at 77°K and higher temperatures.
These reactions iu the solid state are characterized by appar<nr activa-
tion energies (ca. 1.4 kcal mol—~1 at 77°K3) which are much lower than the
value of 10.0 kcal molm1 obtained for the corresponding reaction of methyl
radi;als with acétonitrile above 373°K in the gas phase.5 However, it has
been shown that tbese unusually low activation energies are consistent
with a very large contribution from quantum mechanical tunneling at low
temperatures,

—

In contrast to the above findings, the importance of hydrogen atom
abstraction as a process responsible for the decay of alkyl radicals in
glassy matrices at low temperatures has not been clearly established.
Although abstraction reactions have been postulated in some systems,7’8
no evidence for product radical formation hgs been obtaired despite
extensive kinetic studies9 of alkyl radical decay in organic glasses,
and this latter work9 has led to the conclusion that abstraction by thermal
radicals is unlikely to be significart at temperatures as low as 77°K.

To obtain unequivocal evidence for hydrogen atom abstraction, it is

necessary to establish a kinetic coincidence between the decay of the



reactant radicals and the formation of the product radicals. In principle,
esr studies provide an ideal method for observing such a reaction, but
there are serious practical difficulties when these studies are attempted
in the solid state. Althouvgh the esr spectra of the reactant radicals

are frequently well resolved in the case of simple alkyl radicals s.ich as
methyl and ethyl, the resulting product radicals would be expected

to have broad ill-defined spectra in many ~f the glassy matrices usually
employed. This basic difficulty has been overcome in the present investi-
gation bylusing methanol-d as the glassy matrix since the esr spectrum

of the °CH20D radical shows two fairly sharp lines which do not overlap

significantly with the quartet spectrum of the CH,°* radicals.

3
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Materials and Preparation of Samples. Methanol (Fisher Certified
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A.C.S. grade) was dried in vacuo over powcered barium oxide, degassed, and
distilled i&E; breakseals for storage. Metharol-d (CHBOD) was supplied
by Diaprep Inc. and by E. Merck AG., Darmstadt. Methanol-gﬁ (CD3OD) was
obtained from Stohler Isotope Chemicals and E. Merck AG. Both of these
deuterium-containing compounds were guaranteed by their manufacturers to
be not less than 997 deuterated in the labeled positions. These materials
were degassed and distilled into breakseals before usc. Methyl chloride

(The Matheson Co. Inc.) was used as received. Methyl iodide (Fisher

Certified A.C.S. grade) was degasscd, dried over magnesium sulfate, and



then distilled into breakseals which were stored in the dark. N,N,N;N”-
tetramethyl-p~phenylenediamine (TMPD) was received as the dihydrochloride
from Eastman Organic Chemicals (White Label grade). The free base was
released by adding excess alkali to an aqueous solution cf the salt. The
solid TMPD was filtered and sublimed prior to use.

Samples of methanol, CH3C1, and TMPD were prepared as follows:
a methanolic solution of TMPD was syringed into an esr tube which was
then connected to the vacuum line with a ground glass joint. The methanol
was distilled off leaving ‘r  the TMPD in the esr tube. Methyl chloride
was admitted into the wvacu. from a cylinder and the required amount
condensed in a graduated tube. The needed amount of the appropriate
isotspic methanol was “hen added by distillation from the breakseal storage
ampoule, This mixture was subsequently distilled into the esr tube
which was then sealed under vacuum. The standard concentrations used in

this work were 0.2 mole #Z TMPD and 2 mole % CH3C1. On quenching the

—

sample to 77°K, a transparent glass was readily formed. The methanol
samples containing 2 mole 7 CH3I as the only solute were prepared in a
similar fashion.

g}gggggg}gg Irradiation. Irradiations were carried out in the cavity
of the esr spectrometer with light from a B-H6 high-pressure mercury arc
lamp. The lamp was mounted in an Oriel Optics Corp. C-60-53 Universal

Lamp Housing equipped with a 2 inch condenser lens (uv~grade fused silica)

and a spherical rear-mirror refilector. A water filter reduced the intensity



of the unwanted ir radiation and a Pyrex (Corning 0-53) glass4filter
eliminated most of the 1igh£ below 290 mm. A secondary lens (fused silica)
was used to focus the beam on the irradiation slots of the cavity. Exposure
times could be controlled and rebrodUCed fairly accurately through the use
of a shutter. |

Esr Measuremgnts. The esr spectrometer (Varian Model V-4502)

. . . 10
and associated equipment have been described.

Measurements were made
with the,samfies in a liquid nitrogen dewar which had an unsilvefed
tail section extending through the sensitive region of tﬁe cavity.
Temperatures lower than 77.3°K were obtained by bubbling dry helium
gas through the liquid nitrogén}l and a constant temperature of 67+1°K
couid easily be maintained. During the experiments involving this
'techﬁique, the temperature was monitored continuously with a copper-
constantan thermocouple placed in the esr dewar‘next to the sample tube,
The thermocouple leads were connected to the Digitec Tﬁermocouple
Thermometerfzaﬁited Systems Corp. Model 564) which had been calibrated
at.77.3°KJ' |

Standard esr tubes of 2 or 3 mm i.d. made out of Spectrosil or
Supraéil quartz were employed, the smaller size beiﬁg especially convenient
for use in the 67°K experiments. For long term experiments eﬁtailing
storage at 77°K for several days, it was necessary to use a different

design of sample tube12 which could accommodate an internal standard so

that relative measurements were independent of day-to-day fluctuations



in instrument sensitivity. The tubes designedl2 for this purpose were
constructed from ca. 2 mm and 5 mm o.d. Suprasil tubing. The capillary
was inserted into the larger tube and sealed to it at both ends. This
provides an annular space to contain the sample material while the standard
may be placed inside the capillary. Ultramarine (Reckitts Blue) in chalk
was used as the standard in this work because its resomnance occurs at

much lower field than that of the methyl radical and there is negligiblie

overlap between the spectra of sample and standard.

Results

Two methods13 were employed to generate methyl radicals in the
various methanol-glasses: the first depends on the photoionization of
TMPD and subsequent dissociative electron capture by methyl chloride,
and the second involves the photodissociation of methyl jodide. Both
of these tec?giques allowed the rapid in situ generation of CH3- radicals
within the spectromecter cavity, an important requirement in view of the
fast decay at the temperatures of interest. Although CH3° ralicals
are also formed efficiently by Y~irradiation of glasses containing methyl
halides,9 this method was found to be much less useful for the present
purpose due to the significant decay which occurred during y-irradiation
and transfer, even when the sample temperature was reduced to 67°K.

Most of the kinetic work to be described here vas carried out with CH_0D

3

rather than CH3OH because the prominent low-field and center lines in

the triplet spectrum of °CH20D are considerably sharper than the corres-



ponding lines from -CH20H14 which are broadened by hyperfiné interaction
with the hydroxyl proton.

| Recordings of esr spectfa.taken from a typical kinetic experiment
are presented in Figure 1. Comparison of Spectrum A with Specérum B
shows that the decay of the CH3° quartet signal is accompanied by the
appearance of new spectral features. These are more clearly reveale& i
as the éharp'lines in the residual Spectrum C whicﬁ can bé defiﬁitely
‘assigned to 'CHZOD.14 Since these lines are not preéent in Spectrum .
2OD grows in during the

decay of the CH3' quartet. However, this conclusion rests on the assumption

A, it can be inferred that the spectrum of *CH

that the prominent lines of the 'CH29D spectrum afe not oBscuredlby the
more‘intense lines of the CH3° guartet in the 5riginal spectrum. To Yerify
fhig point, an experiment was carried out in which the sample was re-
irradiated briefly after the lines from 'CHZOD)became clearly recognizable
in the sbegE;a récorded after the first photolysis. The results in Figure
2 show fhat:the sudden:large,increase in the intensity of the CH,* quartet

3

has very little effect on the signal heights of the two sharp lines assigned

" to °CH20D and, as expected, the subsequent decay of CH,°* leads to a further

3
growth'of *CH,0D. Thus, it can be confidently asserted that the appearance
of 'CHZOD during the thermal decay of CH3' is real and. not an experimental
artifact.

‘The thermal reaction was followed by repetitive scanning at 1 min

intervals. Kinetic measurements were made using lines 1 and 3 (from low



field) of the CH,* quartet and the two sharp components of the °CH20D

3

spectrum. For the analysis of several kinetic runs, a computer program_was

used to subtract out the contribution of the CH3' radical spectrum from

the composite spectrum. The original CH,* spectrum was employed for this

3
purpose after normalization to the observed intensity. This procedure
did not yield signal heights for °CH20D significantly different from those

obtained by direct measurement, providing fqrther confirmation that there

is negligiblé overlap between the perﬁinenf components in the spectré

of these twd species. Accordingly, the actual signal héights were téken

as proportional to the radical concentrations. it would have been valuable
3° decay and 'CHZOD

growth but accurate estimates were precluded by the overall anisotropy

to obtain the stoichiometric relationship between CH
of the °CH20D spectrum.
The decay of CH,* radicals in CH3OD is described fairly wellhby

first-order kinetics over the firsf 75 percent of the reaction. Actually,
— : 3

for a typicél set of data derived from a single kinetic run, the fit to |
standard"first—order and seégnd—orderhplots was about equally good. ﬁowever,
. the first—~order rate constant was found to be independent of the initial

CH3° rédical concentration when this was varied by aﬂfactor of four, and
this,ériterion led to the adoption of first-order kinetics for.the.reactiqn.
In the later stages of CH3° decay, the concentratioﬁ declined at a slower
rate than that represented by an extension of the firs}erder_plot.' Previous

15,16

workers have also observed deviations from linear first-order plots

for the decay of alkyl'radicals in organic glésses.

. .\
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As indicated by the parallel plots in Figure 3 and by the comparison
of data in Table I, there is satisfactory agreement between the rate

constants calculated independently from CH3‘ decay and *CH,OD formation.

2
Foriéhe system (TMPD—CHBCl_CHSODj which has been studied most thoroughly,
the'agreement is particularly good and well within the reproducibility
(iéO percent) of these data. This demonstration of kinetic coincidence
clearly establishes the abstraction reaction in the CH3

Reference to Table I shows that similar kinetic results were obtained

0D glass.

when the methyl radicals were generated by.the photolysis of CHBI in

CHBOD. Incidentaliy, it was noticed that the increase .n the 'CHZOD sighal
height relative to the initial CHBf signal was less aiter CHSI‘éhotolysis
than after TMPD—bH3Cl photolysis, suggesting that the °CH20D components

are éelectively broadened in the CH3I system.

The temperature dependence of the abstraction rate constant (Table

I) corresponds to an apparent activation energy of ca. 0.9 kcal mol--l

-~

betweep'67.and 77°K.‘ In view of this very small température coefficient;
it should be possible tc extend the kinetic measurements to even lower
. temperatures in future work with additional cryogenic facilities.

| Additional studies with CHBOH and CD30D glassés provide evidence
for a spécific deu;erium isgtopg_effect, élthough ine measurements in
CHBOH are subject to a greater uncerfainty becéuse the 'CHZOH épectral

components are not as well resolved, the rate constants for the abstract-

ion reactions in the CH,OH and CH4OD glasses (Table I) are comparable.
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In coﬁtrast, the decay of CH3° in CD30D was found to be sloWeg'than.in
CH30H or CHBOD by more than three orders of magnitude under corresponding
conditions. This large deuterium isotope effect is consistent with the
previous demonstration that ébstfaction occurs from fhe h&drogéns éf the
methyl group.

In view of the many observations in the literature regarding the
prévélence of hot radical reactions in photolytic processes,l7 an invésﬁ—
igation of tﬁis possibility ia the éresént systems seemed to be desirable.
Since a hot radical reaction would be expected to show liftle selectivity
between H and D atom abstraction,'the photolysis (with Pyrex filter) of
TMPD-CHBCl and of CHBI was studied in CDBOD.' In each case, photolysis
for 10 min (as compared to 5 sec employed in the CH_,OH and CH_OD studies)

3 3

produced a high concéntration of CH3° radicals but failed to result
in the growth of a signal attributable to either °CDZOP or Déo; thé

" latter being a possible photolysis prd&uct of 'CDZOD. Even when the
P

photolysis of CH3I was-carried out with unfiltered uv-light having
B ’ ) ° .
considerable intensity at 2500 A, only CH3° and a much smaller yield of

3

matrix) were observed and there was no significant production of -radicals

CD3° radicals‘(the latter were produced by the photolysis of the CD,0D

resulting from deuterium atom abstraction.

In an cffort to observe deuterium atom abstraction by thermal_CHB’.

radicals from CDQOD at highér temperatures than those used in the precéding |

iy

studies with CH3OH and CH3QD, the Cﬁ3OD matrix was warmed to ca. 108°K
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at which point the CH3° radicals decayed out very rapidly without the

observation of any product radical.

Discussion

P P Pp D s s P2 Pt s S

This work provides what appears to be the first convincing demon-
stration of a thermal H-atom abstraction reaction in a glass at low temperature.
The primary evideﬁce consists of the ﬁﬁéﬁbiguous identification of the
product radiéal together with the goqd agreement between the rate constants

as determined from CH,* decay and 'CHZOD (or 'CHZOH) growth. Supporting

3

evidence is provided by a comparison of the decay rates in CH,OH, CH,OD,

3 3
and CD30D which establishes that abstraction occurs almost exclusively
from the methyl hydrogens and shows the expected large primary deuterium

isotdpe effect.

In the absence of information about the stoichiometry of the reaction,

the kinetic results obtained here do not exclude other paths of CHB' decay
. h/" . .
in parallel with abstraction. The pgfibility of a competition between .5//

abstraction and recombination processes should therefore be considered,

especially since a similar reaction scheme has been definitely established

'3’1?’18 For‘the TMPD—CHBCl systems

investigated here, the recombination reactions could in principle involve

in the crystalline acetonitrile systems.

both -a reaction between two CH3' radicals as well as geminate recombination

of the CH3' radical with the chloride ion. Iandeed, the latter reaction

9,16

has been'postulated to account for the deéay_of CHB' radicals which
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were similarly generated in hydrocarbon and 2-methyltetrahydrofuran glasses)

but no supporting esr evidence was obtained.13’15’16

If a significanc fraction of the CH_* decay in CH,OH and CH,OD were

3 3
to occur by combination of two separated CH3' radicals, diffusion would be
involved. However, the extremely slow decay of CH3° radicals in CDBOD as
compared to that in CHBOH and CH3OD would then correspond tec a solsent

isotope effect of wmore than 103. This is entirely unreasonable considering
that no isotope effect is observed for CHSOD, and consequently it is tiought
that the combination reaction is unlikely to contribute to CHB. decay in
this system. Turning to the possibility of the geminate recombination
process, no evidence was obtained in the present work for a recombination
product, although esr spectra attributable to weakly interacting methyl
radical- nalide ion pairs have been observed in a crystalline mat1§~.19

The apparcnt activation energy of ca. 0.9 keal mol-1 for the H-atom
aberactioniifaction by CH3° from CHBOD in solid methanol at 67-77°K is
very much lower than the value of 8.2%0.2 kecal mol'_1 reperted for essentially
the same reaction (CH3° with CH3OH) at 376-492°K in the gas phase.20 Cal-
culation of the Arrhenius pre-exponential factor from the low temperature
data gives a value of 1.1 sec“l which is much lower than the vibration
frequency of ca. 9 x 1013 scac:--1 assumed in some recent ca]culations6 for
a non-tumneling reaction. The general similarity of these results to those
for the corresnonding abstraction reaction from acetonitrile is striking

and suggests a common explanation for the anomolously low activation energy

and pre—exponential factor in the low temperature region. Quantum mechanical

)



tunneling has been proposed to account for this behavior,6 and the
present results lend further credence to this hypothesis. On the other
hénd, if the correct explanation for .the low activation energies were to
reside in "cage effects" by which the potential energy‘surfaceé become
modified for reactions in the solid state, it might be expected that such’
effects would be very sensitive to the difference between crystélline and
glaséy solids. From the results for acgtonitrile and methanol considered
.here, this does not appear to be the case. However, a more definitive

test of the importance of "

cage effects" would result from a comparison
of results for the same reaction in a crystalline and glassy matrix. Further
work is planned on the methanol system with this idea in mind.
This work demonstrates that hydrogen atom abstraction can occur by
a thermal reaction aﬁ low temperatures on a timescale which is short

compared to the irradiation times commonly employed in many photochemical

and radiation chemical experiments with solid matrices. Hence, under

—

thgse conditions, caution should be exercised in attributing all the

trapped intermediates present after photolysis cr radiolysis at low
teﬁperatures tQ‘the results of ﬁfimary processes and hot radical reactions.
Also, since the present results in CD30D provide no ;vidgnce for abstraction
by hdf radical reactionsvin the photolysis of CHBI and,TMPDécﬁBCl in

: L. ' 1
methanol, it would seem that the importance of such processesg’ / may be

critically dependent on the nature of the matrix.



14

Acknowledgment. We thank Dr. C. M. L. Kerr for computational help

Pl A P A Pra Al Pt A AD P P P b s

and useful discussions during the course of this work.

-



15

REFERENCES
(1) This research was supported by the U.S. Atomic Energy Commission
' under Contract No. AT-(40-1)-2968, and this is AEC Document
No. ORO-2968-74.

(2) ' Undergraduate on leave from New College, Sarasota, Fl. 33578.

(3) E. D. Sprague and F. Williams, J. Amer. Chem. Soc., 93, 787 (1971).
(4). J.—T; Wang and F. Williams, ibid., in press.

(5) M. H. J. WlJnen, J. Chen. Phys s 22, 1074 (1954)

(6) R. J. Le Roy, E D. Sprague, and F. Williams, J. Phys. Chem., 76
546 (1972). | :

(7) H. S. Judeikis and S. Siegel, J. Chem. Phys., 43, 3625 (1965).

(8) C. U. Morgan, J. Amer. Chem. Soc., 91, 1599 (1969).

(9) J. E. Willard in "Fundamental Processes in Radiation Chemisfry,"
P. Ausloos; Ed., Interscience-Wiley, New York, N.Y., 1968,'p 599.

(10) J. Lin, K. Tsuji, and F. Williams, J. Amer. Chem. Soc. , 90 2766
‘ (1968) . )

~ e

. (11) F W. Lytle and J. T. Stoner, Science, 148, 1721 (1965).

(12) E. D. Sprague, Ph.D. Dlssertatlon, ‘The University of Tbnnessee, 1971.

(13) R. F. C. Claridge and J. E. Willard, J. Amer. Chem. Soc., 87, 4992
(1965) . ~ | |

(14) P. J. Sulllvan and W. S. Koski, ibid., 85, 384 (1965);

' (15) M. Shirom and J. E. Willgid, J. Phys. Chem., 72; 1702,(1968)~

(16) W. G. French and J. E. Willard, 1b1d., 72 4604 (1068)

- (17) C, D. Bass and G. C. Pimentel, J. fmer. Chem. Soc., 83, 3754 (1961).

(1.8) K;kTakeda and F. Williams, J. Phys. Chenm., 74, 4007 (1970).

(19) E. D. Sprague and F. Williams, J. Chem. Phys., 54, 5425 (1971).

‘(ZG) A. F. Trotman-Dickenson and E. W. R. Steacie, ibid., 19, 329 (1951).



16

Table I. Experimental Rate Constants for Hydrogen Atom Abstraction

by Methyl Radicals from Methanol-h and Methanol-d in the
Glassy State

Temperature Source of Glass No. Rate Constant®
CH3° Radicals of
Runs b o
°K E
m:[n_1
77 TMPD—CH3Cl CH30H 2 0.14 0.20
77 THPD~CH,C1 GH, 0D od  0.19(0.200% 0.21¢0.23)%
77 CHSI CH30D 2 0.20 0.30
67 TM?D—CH3C1 CH30D 4 0.07 0.10

2Based on first-order plot of measurcmcnts over the first 75 percent of
reaction. 2From decay of linec 3 of CH3* quartet. <From growth of *CH,0D
or *CH20H center line. -The standard deviation for the rate constants
obtained in this group of runs is 20 percent of the mean value, <Value in
parentheses determined from decay of line 1 of Cli3* quartet. =Valce in

parentheses determined from growth of low~-field line from 'CHZOD.
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CAPTIONS TO FIGURES

Figure 1. Esr spectra of TMPD—CH3C1—CH3OD system at 77°K recorded
immediately after 5 sec photolysis (A), after 6 min (B), and after 90
min (C). Spectrum C was recorded at a gain of 2.5 times that used to

record the other two spectra.

Figure 2. Esr spectra of TMPD—CH3leCH3OD system at 77°K recorded under
the same conditions (A) 9 min after an initial photolysis for 5 sec, (B)
1 min later and immediately after a second photolysis for 10 sec, and

(C) 3 min after the second photolysis.

Figure 3. First—order kinetic plots derived from measurements on esr

spectra after photolysis of TMPD-CHBCl-CHBOD at 77°K:  (0), CH, decay;
(), CHZOD growth; the corresponding At values represent the signal
o

heights for the iow-field outer line of the CH3° quartet and the center

line of the °CH20D spectrum recorded at the same gain.
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INTRODUCTION

It is well knéwn that many organic molecules possessing low-
lying orbitals form radical anions by electron attachment, and that
several of these radical anioﬁs can initiate vinyl éolymerization.
However, there have been relatively few ESR studies of simple ali-
phatic radiéal anions, présﬁmably because these species are generaily
too unstable to be observed unde; conventional experimental conditiomns
in the liquid state. To some extent, this limitation set by the
intrinsic chemical stabiiity can be overcome by solid stafe studies at
low temperatures, and this paper summarizes récent ﬁSR work in this

laboratory dealing with the identification and reactions of aliphatic

Present address: WMax-Planck-Institut fur Kohlenforschung, Mulheim,
West Germany

+ Present address: TFuji Photo Film Co. Ltd., Research Laboratories,
Tokyo, Saitama, Japan 351 ’



radical anions in Y-irradiated crystalline sclids. Ipcidental

to this research, evidence has been obtained for weakly interacting
radical-anion pairs formed by the dissociation of certain radical
anions. 'Another aspect of‘this work which has received particular
attention but will not be discussed here conéerns the unexﬁected
occurrence of hydrogen atom abstraction reacfions by methyl radicals
at 77°K (Sprague & Williams, 1971la). Detailed kinetic sﬁudies on

a number of different systems (Wang & Williams, 1972) prbvide étrong
evidénce for a large contribution from quantum mechanical tunneling in

such reactions at low temperatures (LeRoy, Sprague & Williams, 1972).

RESULTS AND DISCUSSION
Only ; brief survey of the main findings will be given here, and#

many historical and experimental details are of necessity omitted.

Since the results are highly characteristic for each compound and even |

for the Barticular crystalline state in which it is y-irradiated, each

systemn is discussed separately.

Acetonitrile Crystal I

AL A AY AP LAY TN Pp PRI NI PSP PEPS NI PITNITI Ny ™o
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The photobleachable colour center produced by Y-irradiation of
the metastabilized high-temperature phase of acetonitrile at 77°K has
been identified as the dimeriradical anﬁon (Sprague, Takeda & Williams,

1971). All the ESR studies on the structure of the radical anions of



acetonitrile have been carried out with deuterated compounds since
the corresponding ESR specfra in CHBCN aré virtually unobservable
because of proton hyperfine broadening and overlapﬁing signals from
other radicals. Representative ESR spectra fraﬁ aligned crystals
of CD3C14N and CD313C14N are presented in Figure 1 and show hyper-
fine interaction of the unpaired electron ﬁiph pairs of magnetically
equivalent nuclei derived from two acetonitrile molecules.' These
results together with those for CD3015N and 130D3014N establish |
that the dimer radical anion possesses a center of éymmetry, as
provided by an antiparallel pla;ement of molecules.

The experimental spin densities derived from the principal
vélues of the.hyperfine tensors (Takeda, 1971) show that the unpaired

electron resides mainly in a single 2p orbital on each nitrogen atom

(ZpN = 0.68) and the remaining fraction is accounted for by the spin

densities on the methyl carbon (ZpCCD3 = 0.13) and on the cyanide
e .
carbon (chcN = (0.27). Recent INDO calculations (Kerr{ unpublished

work) based on the structure shown in Figure 1 are in good agreement
with these results and confirm the previous assiénment (Sprague,
Takeda & ﬁilliams, 1971) of the nitrogen spin den;ity to the in-plamne
A2p.orbitals between the molecules.

Evidence which establishes the anionic nature of the species
comes from the results of photobleaching and electron scavenging
experiﬁehts. The puréle colour and the ESR spectrum of the diﬁer

. species in CD3CN are removed on bleaching with red or white light



(Bonin, Tsuji & Williams, 1968), and the only product cobservable

by ESR is the CDS' radical. Additional experimerts with CHBCN and
13CD3CN have verified that photodisociation gives the corresponding
methyl radicals, so that the overall process can be represented by

the equation,

- hy, . . - -
(CD,CN), > CDg* + CN  + CD,CN

It is remarkable that this photobleaching reaction is thermally

reversible, and the dimer radical anion recovers completely in CD3CN.

The reaction occurs slowly on standing at 87°K (t % 12 min) but

1/2

takes place within a few minutes at 100°K (t1/2 "% 1 min). On the

other hand, the recovery of the dimer radical anion in CH3CN is much

less complete, particularly below 100°K, and some of the methyl radicals
decay irreversibly. This difference between the reactions in CD,CN and

3
-
CH3CN is due to the intervention of a competitive process of hydrogen

atom abstraction by the methyl radical from a ncighborirg CH3CN molecule
(Takeda & Williams, 1vY70), a reaction which exhibits a very large
primary deuterium isotope effect (Sprague & Williams, 1971). The
kinetics of these reactions have been studied extensively (Bonin, 1969;
Sprague, 1971; Wang, 1972).

Definite confirmation that the dimer species is an anion rather

than a cation is supplied by the results obtained using CD.CN doped with

3

methyl halides as competitive eiectron scavengers (Sprague & Williams, ‘

1971b). In mixtures containing 10 mole % of CH_,Cl orx CHBBr, dimer radical



anioﬁ formation is presented and scavenging is complete as evidenced

" by the absence of colour and the lack of any photobleaching effect on
the ESR spectrum of the sample after'Y—irrédiation. Unexpectedly,

the product of the scavenging reaction is of intrinsic interest. For
the CH3Br/CD3CN mixture, the'upper spectrum presented in Figﬁre 2A can
be analyzed into two separate quartets of quartets as indicated'by the

stick diagram, and these can be assigned to CH_,* radicals interacting

3.
wi.th bromide ions (79Br- and SlBr- are present in almost equal abundance).
When the sample was pulse annealed, the spectrum changed to that of the
familiar quartet due to free CH3° radicals (see Figuré 2A) showing that
dissociation of the methyl radical-bromide ion pairs had occurred. As
wéll as furniéhing e&idence that the paramagnetic dimer species in CD_CN

3

results from electron attachment, this experiment provides spectroscopic

3

splitting in the spectrum of the unannealed sample is about 90% of the
L~ :

proof of dissociative electron capture by CH_Br. Since the proton

value for the free CHB' radical, it seems more appropriate to describe
the original species as a methyl radical-bromide ion pair thaﬁ a methyl
bromide radical anicn.

The incorporation of methyl isocyanide into’acetonitrile crystal 1
also resulted in efficien; elgctron scavenging by the solute during
Y-irradiation, and at sufficiently high concentration of scavenger
(10 mole % CH3NC in CD3CN); the dimer radical anion of acetonitrile was
~ not prbduced. In this case CH3° radicals were produced directly during
Y-irradiation so they must have originated from dissociative electron

capture by CH_NC (Wang, 1972). Although the reactioﬁ products are

3



presumably identical fo those @nethyi radical and cyanide ion)
produced on photodissociation of the aéetonitrile dimer radiéal_
anion, no evidence was obtained for the géneration of a photo-
bleachable radical anion in a subsequent thefmal recombination
reaction. The loss of CH3' radicals by competitiveAhydrogén atom
abstraction from CHBNC (Wang and Williams, 1972) should be relétively
unimportant in a largely deuterated matrix, so the failure to observe
recombinatioﬁ can probably Be attributed to the inverted position of
the cyanide ion in the acetonitriie lattice.

ésggggigsi}g EEZEEEE EE. The lower crystalline phase of ace-
tonitrile is prepared by slow cooling of the sample through a phase
éransition (?utnam,'MbEachern & Kilpatrick, 1965) at 215°K, about
12° below the melting point. On Yy-irradiation of this phase at
77°K, the monomer radical anion is produced (Takeda & Williams,
1969). The identification is based 1argel§ on ESR studies of

- 14 13 14

Y-irradiated CDBC N and CD3 C” N. Although it is extremely

difficult to grow single (aligned) crystals of this lower phase, this

was achieved in some instances and particdlarly well resolved spectra
were obtained in the case of CD313C14N

A photobleachable triplet spectrum (Figure 1) is produced in

4
CDBCI*N indicating that the unpaired electron interacts with only one

14N nucleus, This is verified by the single crystal spectrum from

1314

CD3 C” N which is seen to ccnsist of a doublet of triplets with a



large 130 splitting. The principal values of the 13C(CN) ﬁyperfine
tensor in gauss are [71.7, 59.6, 53.0] from which the spin densities

in the 2s and in-plane 2p orbitals of the éyanide carbon are calcu-
“lated to be 0.06 and 0.19, respectively. These values give a p/s
hybridization ratio of 3.51 and by a well known formula (Atkins &
Symons, 1967) this leads to a calculated CCN angle of 130°. This
result corresponds closely to the HCN angle of 131° in the isostructural
molecule HCN' (Adrian et al., 1969). The structure of the acetonitrile
‘monomer radical is indicated in Figure 1 and it should be noted that
the total spin density on the carbon in the cyanide group (pgN'= 0.32)
is slightly larger than that on nitrogen (pﬁ = 0.29). This is expected
in view of the electronegativity difference between carbon and nitrogen
which should concentrate the charge distribution in.the antibonding
orbital more in favour of the carbon of the cyanide group. Another
point of interest is the presence of substaﬁtial spin density on the

P
carbon of the methyl group (pgD3 = 0.31). The large isotropic 130
splittiﬁg of v 88 gauss from this carbon suggests that in the contri-
buting structure CD3' CNﬁ, the configuration at the methyl carbon atom
is tetrahedral rather than planar.
The photobleaching and.thermal recovery reactions of the

acetonitrile monomer radical anion are strikingly similar to those

already described for the dimer species in Crystal I, thereby providing

strong confirmation of the radical anion assignment. Recovery of the



monomer radical anion from the methyl radical produced on photo-

dissociation proceeds to completion in CD,CN as before, but the

3
reaction rate for monomer recovery in Crystal II is about a factor
of ten slower than that for dimer reéovery.in Crystal I at the
same temperature although the activation energies have very nearly
the same value (4.5 + 0.5 kcal mole—l) within experimental error.
In the case of CH3CN the recovery reaction competes with hydrogen
atom abstraction by methyl radicals, again paralleling the results
in Crystal I.
Adiponitrile. Monomer and dimer radical anions of NC(CD2)4CN
.have also been identified by ESR. The monomer radical anien is formed
by Y-irradiation at 77°K of the crystalline phase produced directly
from the melt whereas the dimer is produced on irradiation of the phase
prepared by crystallization from ths glass at low temperature. Excellent

L
single crystals of the former phase were grown and enabled the deter-

mination of the principal values for the 14N hyperfine tensor of the
monomer radical anion (Takeda, 1971). These values in gauss are [21,0,0]
which hardly differ from the corresponding resulté for HCNT-(Adrian et al.,
1969). Only powder spectra could be obtained from the other crystﬁlline
phase but the parallel features of a quintet ESR spectrum are clearly

| (laN) = 17.2 gauss which is almost identical to that

displayed with AI
found for the dimer radical anion in acetonitrile Crystal I. Both monomer
and dimer radical anjons are photobleached but only the monomer shous

appreciable thermal recovery.



Succinonitrile. In contrast to the results for acetonitrile

and adiponitrile, the dimer radical anion is formed in both crystalline
phases of succinonitrile. Identification is based in each case on the
powder ESR spectrum of s.ucc:i.nonit:r:‘.le--'_cl4

corresponding spectra of the dimer radical anions of acetonitrile,

which closely resembles the

propionitrile, and adiponitrile. The formétion of the CHZCHZCN
radical is obgserved in both crystal phases of succ1non1tr11e-h4 after
photobleaching but it is remarkable that thermal recovery to the dimer
radical anion proceeds only in Crystal II (Campion & Williams, 1971).
Similar results were obtained with succ:Lnonltrlle--d4 Presumably the
radical produced on photobleaching in Crystal I relaxes to a position
in the lattice which prevénts the regeneration of the dimer radical
anion.

ésgz%ggigfi%g. The ESR spectra of y-~irradiated acrylonitrile
differ according to the naiure of the crystalline phase (Chung, Takeda
& Williams, 1970). A photobleachable triplet spectrum was observed
in the .low-temperature phase and has been tentatively assigned to the
monomer radical anion. Only the spectrum of the CH3éHCN radical could
be identified in quenched samples of the high-temperature phase.

ngs-ggszl I§gszgggte. The ESR spectrum 6f crystalline lert-
butyl isocyanate after y-irradiation (Figure 3A) shows the well fesolved

lines of the tert-butyl radical spectrum with a hfs of 22.0 gauss and

three central components with a hfs of 4.8 gauss., The latter structure
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is selectively removed by photobleaching with visible light and this
change is accompanied by a considerable increase in the intens;ty of
the terf—butyl radical spectrum, as shown in the lower spectrum of
Figure 3A. By analogy to the studies on nitriles, the photobleachable
Specieé with the tfiplet spectrum can be assigned Eo the radical anion
of.tert-butyl isocyanaée. Further evidence fof this assignment comes
ffrom experiments using samples doped with tert-butyl iodide, an effec-
- tive electron scavenger. As shown in Figure 2B, a rather complicated
ESR spectrum is obtained after such mixtures are y-irradiated at

77°K, and there is no photobleaching effect, suggesting that electron
scavenging has occurred. On rapid'annealing at higher temperatures,
theAspectrum gradually changes to that of the tert-butyl radical.
Although the originai spectrum of the doped sample is not easily
analyzed, it can be interpreted reasonably well és the spectrum of
tert—butyl*fadical—ibdide ion pairs formed when teét—bu;yl iodide
.undergoég/électron capture. The thermal dissociation of these radical-~

anion pairs parallels the results (Figure 2A) for the methyl radical-

bromide ion pairs in ace;onitri%e Crystal I;

tert-Butyl Isothiocyanate. 4s shown in the upper spectrum of
Figure 3B, the ESR spectrum of y--irradiated terf-butyl isothiocyana£§ |
‘is compesed of both a broad singlet feature and the multiplet spectrum

of the tert-butyl radical. This particular spectrum was recorded while

" the sample was exposed to red light and the lines of the tert-butyl radical
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mulfiplet are mitch sharper tlian in the spectrum recorded with the
sample in the dark, although the singlet feature was unaffected. This
effect of line sharpening by red light was. found to be completély
reversible. On illuminating the sample with unfiltered tuﬁgsten light,
the singlet spectrum was'photobleaCued irreversibly and there was

a large increase in the intensity of the tert-butyl radical spectrum,
-as shown in the middle spectrum of Figure 3B recorded during this
exposure to visible light. When the lamp was furned off, the lines

of the tert-butyl radical spectrum broadened. Again these lines could
be sharpened by illumination with red 1ight and the relative increase
in signal height was similar to that ob#erved before photobleaching.
Further experiments showed that light in the near-infrared region

(A > 1250 nm) was responsible for the phdtodynamic effect on the tert-
butyl radical spectrum in this uystgm'(Chung & Williams, 1972).

Oﬁ the basis of the photobleaching reaction, the singlet spectrum
is assigned to the radical anion. Since the reversible line broadening
is observed for the tert-butyl radicéls produced by photodissociation of
the radical anion as well as those formed directly by y-irradiation,
this suggesis that the broadeniné is due to the interaction of the tert-
butyl radical with the thiocyanate anion., Moreover, a strong'resemblance
to the alkyl radical-halide ijon pairs is indicated by comparison with
the spectrum of the methyl radical-chloride ion pair which consists of

the familiar quartet spectrum of the methyl radical broadened by hyperfine
coupling with the chloride ion (Sprague, 1971). Altiough the exact nature
of the magretic resonance interaction responsible for line broadening in

the tert-butyl radical-thiocyanate anion pair is not directly evident,



12

the reversible photodynamic behavior can probably be attributed to
motional effects which lead to an overall reduction in the'g

-~

anisotropy (Chung & Williams, 1972).

SUMMARY

This paper has been concernedlwith the identification and
reactions of radical anions and radical-anion pairs derived by electron
attachment to simple organic molecules; The cﬁemisﬁry observed in‘thesé_
systems can be conveniently summarized by the'following set of basic
processes, where R is an alkyl group and X is either a halogen (Cl, Br, I)
or a pseudo-halogen (CN, NC, NCO, NCS). The analogous feaqtiong‘involvihg

dimer radical anions_(Rsz can also be accommodated by this scheme.
Process 3 .. Example

R + X (la) CH.NC (in CD3CN)

A >

Ele:tron Attachment RX + e T—> [R* -—- X ] (1b) CH Eﬁ (in CDSCN)

N 3

RX" (1c)  CH,CN
,'/—. ' . ,‘, 1
.l//Z?Rf + X (2a)  (CH4) 4CNCO
Photodissociation RX® + hv o S
D -
TUIR® -—- K] (2b)  (CH,),CNCS
Thermal Dissociation [Re¢ -—- X ] ‘é%> R + X (3a) (CH3)3CI (in CH3)3CNCO)
Thermal Recovery Re + X §H§ RX" (4) CH. CN

3



13

A few gencralizations can be made about the scope of these
reacticns. Electron.attéchment to alkyl haiides is generally found
to be dissociative giving rise to either sépafated fragments as in
(1a) or to a radical-anion pair as in (1b). On the other hand,
electron attachment to molecules possessing T electron systems is
predominaqtly non-~dissociative, as .in (lc), although CHBNC consti-
tutes an exception to this trend. The interconversions of the
different paramagnetic species as represented by reactions (2a), (2p),
(3a), and (4) are of particular interest. Both the radical anion RX®
and the radical-anion pair [R* ——— X ] can be regarded as inter-
mediate stages in the overall process of dissociative electron
aftachment. However, if the dissociation of the radical anion is an
endothermic process, the fragmenfs produced by photodissociation in (2a)

can recombine thermally in (4) to regenerate the radical anion. This

type of behavior is exemplified by the nitrile systems.

-

-

There is a certain arbitrariness about defining a radical-anion
pair in crystalline solids according to the observation of a magnetic
resonance interaction between the nominally paramagnetic and diamagnetic
fragments. At present it is impossible to state whether the radical-
anion pair represents a true minimum in the potential energy curve or
‘merely reflects constraiﬂts igposed by éﬁe cfystalline lattice.

éﬁkﬂ?ﬂ}fﬂ%@fﬁfﬁ‘ This research was supported by the U. S. Atomic

Energy Commission and this is document No. OR0-2968-76. Thanks are due

to Dr. C. M. L. Kerr for helpful discussions.
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LEGENDS TO FIGURES

Figure 1. ESR spectra and spin denéity distributions for dimer (left

side) and monomer (right side) radical anions of acetonitrile. The

3014N and CD313014N,

respectively. The dimer and monomer radical anions were produced in

upper and lower spectra were obtained using CD

Crystal I and Crystal 1I, respectively, of acetonitrile by Y-irradiation

at 77°K in the dark.

Figure 2. (A) ESR spectra of Y«irradiated{5 mole % CHBBr in CDBCN

at 88°K. The upper spectrum was recorded before annealing. The middle
aﬁd lower spectra were recorded after the.sample had been warmed to 175°K
for a few seconds. For comparison, the upper and middle spectra were
recorded at the same gain whereas the lower sbectrum was recorded at:

half the modulation amplitude and one-tenth the gain. (B) ESR’spectra‘
of Y-irréggéted ca. 10 mole 7 tert~butyl iodide in tert-~butyl isocyanate
at 77°K. The upper spectrum was recorded before annealing and fhe
middle spectrum was recorded at the same gain setting after 1 min at

150°K. The lower spectrum was recorded at a reduced gain (X 1/3)

after prolonged annealing at ca. 150°K.

Figure 3. (A) ESR second-derivative spectra of y~irradiated tert-butyl
isocyanate at 77°K. The upper and lower spectra were recorded at the

same gain settings before and after photobleaching with unfiltered
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tungsten light. (B) ESR spectra of y-irradiated crystalline tert-butyl
isothiocyanate at 77°K. The upper spectrum was reccrded during exposure
of the sample to red light (Corning Filter No. 2030) and the middle
spectrum during subsequent exposure to unfiltered tungsten light. The
lower spectrum was recorded subsequently with the sample in the dark.

These last two spectra were recorded at a reduced gain (X 0.8).
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