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PREFACE

By 1959 there were sufficient experimental data to Justify
proposing e mechaniem for the primar& act of photosynthesis. At
that time, Tollin, Sogo and Calvin rcviewed new evidence obtained in
this laboratory (1). They proposed a mechanism by which oxidigz-
ing and reducing entities could be separated in plants. It was
showvn how the chemical oxldatlon end reduction reactions of photo-
synthesis could proceed independently by way of these separated
speclen. The separation itself required electron donors and acceptors.
Thus photoinduced excitdtion may be transferred to chemical potentisl
by way of these ionizing donor and ecceptor molecules.

At this time very little is known about the mechanism of lonized
electron transfer between organic molecules. It was our general pur-
pose 1o examine électron transfer between orgenic- donors and acceptors
in general. We wanted to determine the conditions for which electronic
1onization and electron transfer occur in orgenic systens. Questions
about the mechanism of photosynthesis sﬁimulated us to initiate this
research. We wvere originally motivated too by the results of work
carried out in laboratories at Tokyo'and Oxford.

In 1954 Akematsu, Inolkuchi and Matsunaga at the Unlversity of

Tokyo discovered the parsmagnetism of hydrocarbon-halogen solids (2).

_ These homogeneous solids were prepared -stoichiometrically from poly-

qyclic-aromatic-hy&rocarbons end halogens. Independently at Oxford
in 1954 Ksiner, BiJl and Rose-Innes observed electron spin resonance

in arylemine-quinone solids (3).



Both of these complex organic solids are composed of electron donoré
and scceptors. The fact that paramagnetism was observed may mean that
electron transfer and concomitant unpairing}does'occur in thése donor-
arceptor combinations. The pionecering work aﬁ Tokyo and Oxford paved
the way for the present investigation. Thg present'work ic partly a
continuation of the research begun iﬁ those laboraﬁories.

Specifically the purpose of the present work was to determihe the
conditions. for which unpalred electrons could be produced by excitation
or lonization in dondr-acceptor systems. Previouﬁiy in our own labora-
tory Kearns (4) demonstrated that laminated combimtions of alternating
donor end acceptof solids generally contain unpaired electrons. Our
purpose was to examine the hLomogeneous solids ahd liquid.solutions of
donors and acceptors such as those invesﬁiggted st Tokyo and at Oxford.

Bccﬁuse quinones have been found in plants, we Qecided to 1limit -
the choice of acceptor molecules to guinones. Both arylamines and aro-
matic hydrocarbons have been used as donors. Thesé particular donor-
acceptor combinations have Leen examined both in solids and liquide.

" Regults and their interpretetions are presented first. Experimen-
tal methods are‘described in Chapter V. For conclusions derived
from this work, refer to Chapter VI. Structural formulas for the or-
ganic compounds used, analyses of the experimental methods, and other
details are presented in the appendix.’ |

It .1s hoped that the experiments described in this work illuminate
the-essential‘observable features of charge~-transfer association and |
paramagnetism. No attempt has been made to review the existing theories

of donor-acceptor interaction or electron spin resonance.
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ABSTRACT

VWhen p-xylene was combined with chloranil in h-heptane, charge—
»transfer optical absofption'waé obeervéd.'The magnitude of this
absorption is used to calculate an equilibrium constant for the
formﬁtion‘of a8 dondr-accebtor complef-cohtéining one p-xylene
and one chloranil molecule. When p;xyleﬂé was combined with carbon
tetrabromide and with.carbon tetrachloride in n~heptane, no charge-
transfer absorption was obcexrved.

Reactions of N,N,N',N'-tetramethyl-p-phenylencdiamine (TMPD)
with chloranil (pQCls) have been observed in ethylene dichloride and
aceonitrile. In both solvents adduct formation occurs initielly, as
observed by its charge-trensfer absorption. Iﬁ acetonltrile time- -
dependent electron spin reaonanée (ESR) absorption was observed, and
1t 1s identified with the positive and ﬁegative radical ions of TMPD
and pQCly, respectively. In tﬁis case a completely lonized electron

transfer has occurred.

Chloranil and other quinones were fourd to react with N,N-dimethyl¥

aniline forming & crystal violet salt. The diamugnetic donor-acceptor

complexes end also semiquinone radicals are intermediates which have

been observed. Some physicel measurements of the kinetics of this

reaction are described and correlated. When fluoranil was allowed
to'react with dimethylanilline, the hyperfine splitting by the
filuorine atoms of the fluoranil redical was not resolved. Char-

acverlstics of the ESR absorption'by this radical in dimethylaniline



ere discussed in terms éf an clectron transfer between thé semi-
qﬂinone and quinone, and between the eemiquinone‘and hydroquinone
ion.

Paramagretism has been diacovered in hydrocarbon-quinone solids.
ESR ahsorption is assipgned to 1mperfoctions‘in the so0lid which is
ﬁormally diamagnetic. The preparailon of these solids and some of

~ their phyeicel characteristics are described.
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I. INTRODUCTION

A. A description of donor-acceptor complexes.

The aasociation‘of certain organic molecules in solution generates
& color which 1s present in neither of the individual components. The
color ls produced by excltation of an adduct or corplex which is formed
by the amsbciation of charge-donor molecules with charge-acgeptors.
Molecules which have léﬁ ionization potentials, the charge-donors, |
gencrally do cémbine with‘molecules’which have high electron affinities,
the charge-acceptors. The donor?acgeptor adduct itself is cﬁlofed.
The adduct is called & charge-transfer cqmplexf and its electronic
excitatioﬁ causes chafge-transfer absofption.

Mulliken has shown that & simple bonding schene which approxi-
mates the bond between & donor (D) and an acceptor (A) is

(D:A) =D...A &——3 D' -4,
D:A 1s the complex;AD...A, the no bond part, represents bondinghy
London férces; pt - A", the dative part, represents bohding by ex-
change aha‘ionic forces; Experimental evidencé indiéa£es that usually
the ground state of'the donor-acceftor bond is ﬁostly Just London
attraction; a8 indicated by the ﬁnﬁerlining in fhe bondinglschemc.
Of course, this illustration is a simplification; B;iegleb aﬁd Cze-
xalla (5,6), Booth (7) and HcGlynn (8) have rgcéx tly revieved the
nabure of charge-tran sfer bonding in detail.
‘ ”he corresponding exc1ted state of the complex (D A) may bé ‘

written

K In this thesis, the terms charge-tiransfer complex, donor-acceptor
conplex and polarization complex are used synonomously.



(@A) = D...A <«—> D' -4,
where the bonding is mostly ionic. According to Mulliken's theory, the
singlet-singlet excitation, (D:A) ————> (D:A)* causes charge-transfer
from the donor tothe acceptor molecule witﬁin the aaduct;'rt'is this
charge-tfansfer absorption which gives the cﬁmplex its characteristic
color. |
| Charge-transfer adducts havé dipole moments in the zround state.
This is because the donor‘becomés positive and the acceptdr hegative'
in the complex. Inaeed, the dipole moments have been uged to calculate
the percentage of dative (D+ - A”) character in the bond (8).

The infrared spectra of the complexes frequently are very similar
to supefpositions of the epectra of the individual componentg. In
some solutions measureble differences do occur; these changes of in-
ténsity and frequency are-adequately expleined by the theory of charge-
transfer bonding (9).

VWhen donors and acceptors are corbined in solution, the electrbnic
spectra, the dielectric polarizaﬁion, and the infrafed spectra of
these solutions sare obséfvable puysiéal properties whiﬁh.depend ine-
timately upon adduct formation. Interpretation of these data provides
a deﬁailed insight into the nature of bonding between cherge-donors and
charge-acceptors.

In solution donors and accebtors4may exist in equilibrium with
their adducts, if the adduct is & thefmodynémiéally stablé species.
Equilibrium constants and heats of formation have been determined for

many donor-adceptof complexes. Heats of formmﬁion are usually between

one and 10 keal/mol (5).



There is no & priori reason why charge-transfer complexcs or solids
should be paramagnetic. As & matier of fact, nog one complex has ever
been determined unequivocally to be magnetic itself. However, electron
gpin resonance abgorption bas been observed in & few solids corposed of
donor-type ard acceptor-iype molecules (10,11,12). It has never been
demongtrated whether the wmagnetism 1s due to the donor end acceptor pro-
parties of the individusl 1olscules directly, to & new kind of donor-
ﬁcceptor asgociation, or to douor-aceebwr interaction of the familiar
type which we have bgén discussing here. It is with this probiem that
the present work ls coucernsd.-

B. Hexamethylbengeng-chloranil as an exoaple.

The adduct hexamethylbsngene~chloranil hass been investigated
in & number of laboratories end serves &8 an interesting historisl
axample of donor»aéoaptor ww::iation._ﬂarlegie'b and Czekalla measured
the association constant, K » 9.25 (p%—l)"“ in carbon ‘tetrachloride (13).
The heat of formaticn AH = -5.15 kcal, and the entropy factor, TAS =
-5.8 kcal Foster, Hemaick and Parsons obtained X - 28.9 (—m~g$-)"l in
cyclohexane (14). The charge-treuafa absorption frequancy of this com-
plex is 19,350 ca~! in carbon tetrachleride and 19,800 cm-! in cyclo-
hexsone (13,14).

Brieglsdb and Czekalla (13) ueasured the dipole moment of the
lwxamethylbenzene-chbrmil adduet. The dipole moment, 1.00 D, wan
used to calculate L.y ionic charmeter in the growmd state- (5).

~ Hording end Wallwork (15) determined the cxystal structure of the
one:one salid complex of hexamethylbengzene-chloranil. Hemmethylbenzené
and chlorenil molecules are stacked alternately in colwms. The direction

of bonding along tie stack is perpendicular to the rings vwhich ere nearly

parallel.




Nakambto measured the optical dichroism of this solid (16); Ab-
porption of light polarized perpendicular t6 the aromatic planes was
greater than absorption polarized in the plane. Theifrequency of maxi-
mum_dbsorption was 1ow§r for perpendicularly folarized light than for
41ight polarized in the aromatic plane. '

The infrared spectrum of the solid can be approximated by super-

imposing the individual spectra of the donor and the acceptor (17).

C. The pfesent work.

Our esim has been to characterize the-magnetic species observed in
systems which aleo contain chargé—transfer complexes. In Chapter II ve
first discues new results concérning the charge-transfer assoclation
of some molecules in solution. This is a general investigation from
vhich we progress to the specific observations of paramagnetism..The
trensfer of electrons from N,N,Ii*,N‘-tetremethyl~p-phenylenediamine to
chloranil has been studied and the results are presented at the end
of Chapter II.

The'oxidation-reducgtion reaction of chloranil with N,N-dimethyl-~
aniline has been studied. The free radicals, charge-transfer complexes
and lons present in this reaction are discussed iﬁ Chapter III.

Chapters II and Iii are concerned with the production of para-

‘ magnetic species in solution. The paramagnetism of some solid com-
plexes is the subject of Chapter IV. In that chapter are presented the
ISR absorption and other physical properties of donor-acceptor solids" o

.formed by polycyclic-aromatic-hydrocarbons and tetrahalogenated
'uihones.

Each chapter is reviewed and discussed indépendently, and cdn-

clusions derived from the entire work are presented in Chapter VI



II, INTERACTION QF DCHMORS AND ACCEPTCRS IN LIQUID SGLUTICNS

A. Association of p-xylene

The charge-trunsfer agssoclation of p-xylene wifh chloranil, carbon:
tetrabromlde and carbon tetrachloride in la-heptane solutions has been
studied by optical absorption spectroscopy from 240 mu to 1200 mu.

1. p-xylene-chloranil. If C is the electron acceptor, chloranil,
end X 1ia the dbnor, p-xylene, in n-heptahc, the two arc in equilibrium
with a one:one molecular couplex wiilch 1s observed by its unique

charge~transfer absorption spectrum {(14).

C + X = CX -
(cx)

K B e S
4(0) (x)

If p-xylenc 1s present at & concentration, (X), much higher than

that of chloranil, (C), the association constant K 1s

(cx) .
te) - (€1 ()

(CO) andCxo) are the total concentrations of all specles containing C

and X molecules respectively. If D is the observed optical density of

‘the solutlon, 4 is the length of the absorption cell, end € is the ex-

tinction coefficient of the charge-transfer absorption by the complex,
d(Co) L 1 1

+ .
D
A € . eK(XO)
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When a(co) is plotted as a function of 1/(§§), a straight line
v | o |
results whose intercept and slope may be used to calculate the ex-
tinction coefficient and associmtion constant. This 1s thé familier
: Beneai-ﬁi_.ldébrand relition. |

Because the charge-transfer optical absorption‘ maximum occurred
at the same wavelength as an absorption by unassocimted chloranil, the
calcuiation‘ was made at waveléngths longer than'the abgorption maxi-
mum. The extinction coefficlent at the maximm was detefmined by sub-"
tracting the chlorasnil absorption after the equilibxrium concentration

of chloranil ves determined.

Table 1 and Figure 1 give the ‘'experimental data snd calculated
functilons used to determine the sssociation constant, K = 1.35 mol=t
4 B% at 27°C, |

The sbeorption spectra of chloréni_lhnd of the p-xylene-chloranil
canmleg are illustrgted in Figure 2. xmx o ugo my, €y = 1580‘ molj'lcm*'l
in n.peptaneo Foster ~(:L8) has repqrted a )'max. = 395 mi in carbon;;;m-
chloride. Fbater, et lﬁ‘_‘._l_._o L) repdrt that chloranil end m-xylene have
en association constant in eyclohexune Of 2.9 (ir.él/l)’l (18%.20°C) and
exhibit charge-transfer absérption at 395 mp. The results of the pre-
sent work are in qualitative agreement with the work of Foster, et al.

Vhy the charge-ti'ansfer frequencies should differ by ap much as 25 mu
is uncertain. |

2. _p-xyléne-carbon tetrabromide. A saturated solution of CBry

in p-xylene showed no electronic absorption between 400 mp and 1200 mp.
Below 400 mu both CBrg end p-xylene themselves absorb so that special

methods had to be employed in the search for charge-transfer absorption.



Table 1

Calculation of the association constant of p-xylene-chloranil

: D D D
(Co) x 104 | (Xb) A = LGO mp A = 470 mu A= 480 my
335 1.26 0.41h 0.327 0.240
3.41 0.457 - 0.271 0.215 0.163
.00 0.583 0.3 0.279 ‘ 0.207
L.02 0.242 0.181 0.1h47 0.109
5,02 0.328 0.289 0.229 0.169
5,00 0.1001  0.120 0.09%  0.069
10,0 0.k 04755 0.602 0450
Intercept x 10¢ 5.1 | 6.1 8.0
Slope x 10% : 3.60 h.35 6.4l
K 1.52 1.40 1.2%

i
K= 1.3 &5 (o )-

Temperature = 27°C + 2%



x 10* (mol~I1"")

[Co]
D

-12.

=

L L :

5 6 7 8 9 0 I
| -1 »
o= (l=mol™")

o] T

-
-
=

b,

N
un—
D

MU-18241

Fig. 1. Charge-transfer absorption at 460 mu, 470 mu and
480 mu by p-xylene-chloranil in n-heptane as a function
of the xylene concentration.
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—— CHLORANIL -p-XYLENE COMPLEX (178x10™* MOLAR)

os} ——CHLORANIL (2.22 x I0"*MOLAR)
o5t
&
o 04r
2
=
(@]
S o3r
|_
o
(@]
o2f
O.lf
1 1 e 1
350 400 - 450 500
X\ (mp)

MU - 18242

Fig. 2. Absorption spectrum in n-heptane of p-xylene-chloranil
using a 2 cm cell. :
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The method ofALandauer, McConnell ‘and Lawrey'(l9) has been used
to place an upper iimit on the association constant for CBrg and p-
xXylene, if any complexing occurs. '

In & solution containing CBrgs; C; and p-xylene, X, there is the
'poséibility of forming a complex, CX. A; before, the association con-

stant, K, is
(cx)
.[(co) - (cx)] (xo)

when the total concentration | of specles containing X is much greate-

K=

er than the concentration of species containing (c )..The optical den-

sity, D, measured in cell of length d, is
%; = ex(X) +e (C) + eg(CX)

The adduct (€3;) will be observed only if its absorption spectrur is
meéeurably different from the spectra of the components (ex and ec)t‘

Yhen the solution is flooded with xylene the concentration of CX ie

() = K (C,) (x))
1+ K(x,)
and
1+ K(x ) a(x)(e)
(e2 - € ) ) D - ae (X)) - ae (C )

When ihe right hand fuaction, to be called §, is experimcnitally deter-
mined and plotted as a function’ of (Xo), the'siope and intercept of

the straight line may be used to determine the assoclation constant, K.
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Between 300 mp and 400 mu the obseérved optical density, D, was
Just the eun of the initial optical densities of the components them-
selves, D = dex(xo) + dec(co) (Tsble 2).

The denominator of the function

atx, (c,) | Cax) ()

Q@ =
- g€ - g€ ‘ -
D~ d x(xo), d c(co) D Da
is no greater than about 0.01, Q itself is Q 2.06. Therefore,
1 : ' ) .
K< . In this wavelength region €c <50, and

TL06(€y <€) - (%) .
(Xo) is negligible compared to reagsonable guesses for & ~ 1000.
K& < 17 mol™2-1%mm -
K < .Oa(mol)
A more deﬁailed study was made between 250 mu and 300 mp where the
accuraby wns‘iimited by'stray absorption by xylene. Tables 3 and 4
show that within about 10% the absorption, D, by solutions of both p-
xylene and éBr4 was'Just the sum,ADa, of the absorptions by the
independent components, D, = dex(Xo) + dec(Co)‘ The large variation:
in the actual differential (-1% to 58%) is attributed to the instrumental
difficulties of measuring accurately and rapidly the optical density in

this highly absorbing and highly peaked reglon.
1
.03 (e1 - € ) - (X))

In this case Q > .05 and K<

For wavelengths between 260 mu snd 300 mu, considering the usual
width of charge-transfer absorptlion bands and taking € << €1 < 109,

#
K < 0} ( ) 1, vhich is the same limit as slgned al higher viavelengths.

% Because € becomcs apprecisble between 250 mu and 300 mp it wmay be

aifficult®to estimate & maximm K value. This is egpecially true
because the extinction coefficient of the complex may be the same
a8 that of CBry, in which case there might be no clmge in the ob-
served optical density if xylene were added. Addition of p-xylene
would cause a decrease in the absorption by unassociated CBrs butb
& proportional incrcase in absorption by the complex so that the
optical densit; would remain the same. Based upon the extinction
coefficients reviewved by lMcConnell, Ham and Platt (20), between
about 250 mu and 260mp it may not be possible to estimate K by
optical methods.
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, : Table 2
Search for p-xylene-CBr, complex in n-heptane solution between
300 my and 400 mp-

(%) = 0:100 mol-1-33 (C_) = 3.09 x 10-2 mol-1-})

4d = 2.0 enm
: | x(mg) a8 X de C, D, D DD
- 310 0.033 0.347 0.380 0.793 0.013
350 - 0.009 - 0.058 - 0.067 0.058  -0.009
350 0.009 0.008 0.017 0.006  -0.011

370 0.007 . 0.002 0.009 0.000  -0.009



alm)

Table 3

17

Search for p-xylene-CBry complex in n-heptene solution

dexxo

Wavelength dependence

decCo

100 (D - D)
0 ch

Experiwent 1. 0.403 wmolar p-xylene. 0.0307 molar CBrgs 4 = 0.05 mn

20! 0.000  0.001  0.001  0.000  -0.001 0%
300 0.000  0.015  0.015  0.022 0.007 2
280 0,080  0.055 0.1%5  0.158 0.023 15
T2 0.521 0.092 0.613 o'.'667 - 0.054 8.1
262 0.766 0.160 | 0.926 1.024 0.598 58
250 0.311 0.223 0.534 0.632 0.098 16-
235 o.dsu 0,700 0.T64  0.816 0.052 6.l
Experiment 3. 0.087 molar p~xylene. 0,00761 mole CBrg. @ = 0.5 mm
280 . 0.3  0.0.1 0.146 . 0.160 0.0Lk 8.8
267 1.80 .0.026 1.846  1.80- - -d.oaé C-1.b
262 138  0.0% 1.33  1.319 10,026 1.9
£50° 0.624  0.666 - 0.0k2 6.4

.0.581

0.043 '




Table U4
Séarch for p-xylene-CBrgq complex in n-heptane solution

Concentration dependence

X de X de C D D

18

l(mu) o x o co a D -,
Experiment 2 c, = 0.007% molar. 4 =« 0.25 mm
o6L 'Gx = 32.8 mo1--1 nm-t, € = 84,1 mol-tel mm*
" 0.0796 0.65h 0.165  0.817 0.849 0.032
" 0.0730 0.600 " 0.763  0.763 0,000
" 0.061h 0.50 " 0,667 0.664 +0.003
" 0.0492 0.Lok " 0.567  0.569 0.008
" 0.0398 0.327 " 0.4b90  0.50% 0.01k
" 0.0306 0.u51 " 0.1 0.h3h 0.020
255 @x = 23,3 mol-1-1 mm*l, "-c = 10.9 mo_l""-l mm*
" 0.0796 0.h62 0.212 0.676 0.713 0.037
" 0.0730 ‘ 0.425 " 0.657 0.64% 0.006
" 0.061k 0.358 " 0.570  0.578 0.008
" 0.0h92 0.286 o 0.498  0.503% ' 0.00d
" 0.0%398 0.27%2 " 0.hhh 0.349  -0.095
" 0.0306 " 0.178 " 0,390 0.410 0.020
E*perimmt 31 Co'u 0.00761 molar. 4 = 0.05 mm
262 & = 22.6 mol™*-1 mm~1, Gc a 93,0 mol='~l rm-t
" 0.402 0.655 0.035 0.690  0.660  -0.0%0
" 0.47h 0.77h " 0.839 0.766 -0.073
" 0.557 0.909 " 0.944 1.216 0.272
" - 0.642 1.048 " 10085 1.059 -0.02h
" o.ggl 1.176 " 1.211  1.213 0.002
" 0.807 1.518 " 1.35% 1.379 0.026
267 €, = 45.2 mo1-*-1 m”t, € = 69,01 mol-t-1 mn-l
" 0.402 .0.908 0.026 1.169 0,85 -0.315
" 0.h7h 1.07 " 1.096  0.99 -0.0266
" 0.557 1.26 " 1.286 1.578 0.026
" 0.642 1.5 " 1.476 1.%92 -0.026
" 0.721 1.63 " 1.656 1.595 -0.026
" - ~0.026

0.807 1.8 " 1,846 1.820
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Keeping inm mind that a weak charge-transﬁer gbeo:ption by the
complex may possibly be buried in the speétrﬁm of the individual com-
ponents and thni toers may be absorption at highér ene;gies than at-
240 mpu, the results of thase experiments show that charge-transfer A
complexing by CBrg and p-xylehe in n-heptane solﬁtion 18 negligible.
It charge-trapsfer abaorptipn occures at wavelengths greater than
240.mp, the equilibrium constant for aseoclatiou is estimated as
x<ooe( 1)-1,

5o p-¥ylene-carbon tetrachloride. The resnlts of this 4xperi«

ment are the egame as for the p-xylene-CBrg. The results summarized in
Table 5 have been used to determine an upper 11mit for aaaociation,
K< 0.0\ mol 1-J.°

The results of this‘work‘indicate that gssociation of p;iyléné
and CBrs doés‘not ocecur in n-heptane. This is in-contrast wiéh the
association of p-uylenc¢ with bromine which does occur, as ié already
well known. In solution CBrg does not appear to form cogple#eé with
xylene although bromine does. -Xylene-bromine absorbs optically at
306 mp- end the adduct has a formation constant X =.2.26 (m01)°1 (21)

Benzene iteelf, ag well es p-xylene, forms = donor-ecceptor
adduct with bromine. Charge-trensfer absorption by the benzene-bromine
adduot occurs at 292 nig (°1) It has a formatlion constant K = 1.0L (m01 ) R

These two exsuples show vhat is well known, that brorine does form
adducts with bénzeme-like donors, in general. On the other hand, we
| have found tﬁat asgsociation of'CBr4 ﬁith p-Xylene is very small, if 1t

occurs at all. Thus bromine acts as an acceptor much more effectively

than does CBrg.



20

Table 5

‘Baxrch for p-xylene-CCly complex in n-heptane soluticm.

Wavelength dependence

€, = 0.00471 molar; 'xo = 0:402 molar) d =.0.05 mm

| 100 (D-Dg)

*(my) a § xo d eeco D, D l ‘n - Da' , D

280  0.070 0.000  0.070 0.059 -0.011 163

272 . 0.45h " 045k 0412 -0.0k2 - 9.2

267 0.909 - " 0.909 0.820 -C.089 - 9.8

a6k o.m " 0.7141' 0,632 =0.079 -11.1

26 0.67 " 0.672 0.609 -0,063 - 9.4

255 0.490 " 0:490 0.448 -0.042 - 8.6

250 0.290 " 0.290 - 0.263 -0.027 - 9.3

2ho . 0,089 “ c.089 0.079 ;0.010 -11.2

1200 0,000 " - 0.000 0.000 0.000 0.0
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Comparison of the acceptor properties of bromine and CiBryg in 1i-
quid solution does not apply evidently to their acceptbr properties |
‘in the solid. The crystel structure aof the one:one solid complex p-xylene-
'CBrg vas solved by Btrieter (22). It is very eimilar to the structure
‘of benzene-bromine, which vas reported by Hassel and Stromme (23).

The intermolecular bond distances are, in fact, naly identical. In
both cases, the bromine atoms are aligned along the six-fold axié of
_ the benzene ring, located 3.36 & from the plane.

If ve assume there 1s & rektion between bond energy and bond dis-
‘tence 1t appears that in the solid, Bry and CBr, essociate with
benzene-like compounds equally well. However, the éimilafities‘of
the solids pgxyléne-CBr4 and benzéna-Brg diseppear vhen the qplidé
are dissolved. | o ;

Because of uncertainties in thé qptidél,methdd of detecting com-'
plex formation, it would be wise to invésfigate CBrs association in
golution by other methods and with other donorsu Then the genéral
validity of .the conclusions airived‘at here may be tesfed.

; .

So far we have cpnsidered only that kind of donor-acceptor inter-

B. Jonization in.solutions of donors and acceptors.

action which results in the formation of a colored complex. As we
noted earlier, there 1s no evidence that any éf the adducts studied
up to nov are paramagnetic. Hoéever, radical.ions-ﬁay be produced 1f
the donqr‘ﬁas a very low ionization potentiai énd.the acceptor has
& high electron affinity. Thé‘ioné are forﬁea by the transfer of an

electron from the donor to the écceptor. We have tried to produée

f We consider here ohly cases in which electron transfr, not ion’
transfer, produces lonized speciles.
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Just this kind of ionization in a variety of systems. Beforé presente
ing our results, we will review all of the experimental evidence ob-
¢ained prior to our work which shows that ionized electron transfer is
poasible in solutions of organic donores and acceptors.

1. Experimental evidence. Kainer and Uberle (24) observed the

optical absorption spectra of the radical ions Dt and pRC1," when
polid TMPD-pQCl, was dissolved in acetonitrile. TMPD is N,W,N',N'-
tgt:amethyl-p-phenylenediamdne; pqpl4ﬁis tetrachloro-p~benzoquinone
(chloranil). Kainer and Uberle proposed that & complete electron trans-
fer from donor to acceptor occurs in these solutions. It is pleusible
to aspume that charge-transfer complexes are intermediatesin this
overall ionization. Ionization of TMPDprci4 d1d not occur in dioxane end
benzene wﬁich have lover dielectric constants than acetonitrile.

Also electrons may be donated from TMPD t§ the acceptor tetra<
cyanoethylene, and ions are produced (5).

The formation éf intermediate complexes, radicals and ions have
been observed in the reaction of trinitrobenzene (an acceptor) with.
various donors (25,26,27,28,29). ESR absorption was observed in the
reaction of trinitrobenzene with trimeihylamine (30).

| The initial reaction of bromine and q,at,B,p'-tetrakis-(h-methoxy-
phenyl)-ethyiene produces a blue paramagnetic salution in nitroethane,.
a brbwn.diamagnetic solution in carbon tetrschlorlde me observed by
ESR (31). The effect of dielectric constant on ionization was again

demonstrated. Paramagnetism was observed in the polar nitroethane



but not 15 nonpolar carbon'tetrachloride.f

At this preliminar& stase, the chemical literature contalns few
quantitative studies of electron transfer betﬁeen organic molecules in’
solution (as opposed to charge-transfer). However there is plenty of
experimental evidence to show that charge~transfer complexes, ions,
and radicals to appea together in many reactiocns. The phenomenon of
ionization has been reviewed by Briegleb and Cuzekalla (5) with some
gpecific reference to dielectric-effeétsa

2. NJN,N°,LﬁTetramethylﬁp—phenylenediaminc-chloranil (TMPD:PQCl@)'

We have somewhat extended the work of Kainer snd Uberle (24),who obser-
ved the 6p'bical spectra of the redical ions TMPD' end peCle” in aceto-
nitrile. They showed that in solventq of high enough dielectric cone-
gtent an ionized electron transfer from TMPD to prlQ‘takes place: Ve
nave qualitatively investigsted the cpnd_itj:oné under vhich this foniza-
tion occurs. | | |

Ve have found thet solutions of TMPD and pQCle are not stable,
even in the absence of air. When‘eqﬁimolar quentities of TMPD and pQCl,
were digsolved in acetonitrile, two distinct F3R dbsorptions weéé Ob~
served‘(Figure 3a). A narrov single line, which we have assigned to

the chlorenil semiquinone, was superimposed on & set of thirteen trip-

lets attributed to the TMPD positive ion. The latter has been chare

acterized by Tuttle (35), Hausser {36) end others. The narrow pQCls

{ 04, SbCls and BFg have been used to accept electrons from aro-
matic hydrocarbons §32,33). ESR of the aromatic positive ionms
.produced have been investigated in some detail (34}. These
inorganic acceptors appear to form sigma couplexes rather
than pi charge-transfer complexes as intermediates in the
ionization reaction (32).
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- Fig. 3. Derivative of the ESR absorption observed by dissolving
equimolar amounts of TMPD and pQCl, in acetonitrile.
Reaction time: (a) 25 min; (b) 1 hour.



N
O i

resonance began decreasing rapidly and the TMPD+ resonance increased
proportionately as soon as tﬁe Sriginal solution was prepared (Fi-
gure 5b). Simultaneously the optical absorption by the semiqﬁinone
at 4500 & decayed, and the absorption by the positive radical ion at
6000 R increased., The charge-transfer ebsorption at 9240 & disappeared
altogether. |
After these rapid changes were complete additional reactivity
waa‘observed, but the product is unknown. Both the initisl rapid re-
action and the sldﬁer one were not depehdent ﬁpon'théﬁpreménéé of air.
The characteristics of these reactions in acetonitrile are
sumerized in Teble 6sb. TMPD, the donor (D), end paCl,, the acceptér

(A),'immediately form charge-transfer complexes (AD). In acetonitrile

4t appears that & two-clectron transfer may occur, produciu@ the ai-

negative quinone ton (A”) ond the TMPD positive ion radical (D }+ The

" dinegative ion vas not observed, however. Intermediate in the reaction

is the semiquinone, A (Figure ja). After several days, further re-
action produces an unknovm product (X1). »

In the nonionizing solvent ethylene dichloride, & charge-

| transfer complex (AD) 15 formed rapidly. An unknown product (Xg)

is formed in one hour (Table 6¢,d). No radical ions wére obsefved
in this reaction.

Ir X1 gnd X2 afe the same product there occur two independent
reactions of TMPD with pQ014. If this is tfue, ohe.reacﬂion is non-
ionic and is accelerated in donionizing solvents. The other reaction,
rroducing radical iOnB; is acceleiated in ionizing solvents. The non-
lonic reaction occurs in one hour in ethylene dichloride ( €= 10.4);
it tukes ten days'in acetoniﬁrilg (e = 37.5). However, the ionization

occurs rapidly only in acetonitrile.’



Reaction of MWD (D) with p-chlorenil (A)

Toble 6 =
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(e=10.4)
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In another series of experiments the 1onization-6f tetfaﬁetﬁyl-
bénZidine-chléranil vas obéerved in ethanol,.not in éarbon tetra-
chlorlde. Both ESR and optical opecetra of the ions were found. Also
complexes of sone phenotbiazine derivativea were examined by ESR and
optical epectroscopy, but their donor properties arc moro‘complex.',

Discussion

~

We have not discovered any radical ions in solutions of hyﬂrocafboa
quinone complexes, such as peryleng-chloranila The work here and élse-
where shows, however, that arylamine donors such as TMPD do form
radicals when combined with quinones. The arylamines used have lower
1onizatloh potentials which probaebly arise becsuse of their nonbonding
| electrons (37). No hydrocarbons with as lag ionization potentias ha&e
" peen investigated. |

' Note that a chemically stable electronic ionization has yet to
be clearly established 1n a donor-acceptor syntem in solution. At -

1east two kinds of reactions occur between TMPD and pPQCls. As the
product of one of theae reactlona in scetonitrile, the radical 1ons
. have beeg 1dentlfled by their ESR abgorption spectra. An ioniged
electron transfer from TEFD to PCle s therefore definitely esta-

" plished in this system even though it is unstable.
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IIIx.

FREE RADICALS, IONS, AND DONOR-ACCEPTOR COMPLEXES IN THE REACTION
CHLORANIL + DIMETHYLANILINE ., CRYSTAL' VIQLET

A, Introduction

An ionized :eiectron transfer from TMPD to pQCly was Giscussed in
Chapter 1I. We wvanted to cxicnd thi kind of work to another donor-
acceptor system. To study the‘ mechenism of this kind of electron trens-
fer ve chose the 1iqu1d. solution of ch.lora’nii v(pQCJ.,‘;) in N,N-dim‘gtbyl-
aniline‘(DMA). Indeed, Eley had-ahown that under spme conditions the
complex solid DMA-pQCl, wes partially paramagnetic (38). Note, however,
that we have inireétiga‘oed eolutiona of pQCl,; in liquid DMA rather than
the solid complex. First of qll ve wanted to see if the solutions wep
' at all paramagnetic, and then to see 1f gn'ionized’electroix transfer
" from DMA ‘to pRCls could be esteblished as it has been from TMPD to
| pLLge

There was another inéenti‘ve to investigate this particuls 1iquid
pystem. Eley reported that DMA-pQClg 80148 had & relatively high elec-
tronic conductance, &= 2 x'10~® (ohm-cm)-!. We have tried to find out
1f electronic conduction occurs in the solutions ao well.
| From the very first it was.knowh that the solution of pQLly in
DMA was not perhaps en ideal case for the study of electron transfer.
One mig;ht s for example, anticipate the preéence of compllica’cing gide-
~reactions vhich do not involve electron transfer at all. As & matter -

of fact, DMA 15 not itself stable in air, but can be slowly oxidized by
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air to crystal violet (39). Buckley, Dunstan énd Henﬁesidﬁa&'aiféédy
attempted to observe s reaction betveen DMA &nd pQCly in ailute 961u~‘
tions (40). They observed no reaction, and we hoﬁed i no irreversible
reactions would occur in the course of our expgriménts either.

This turned out not to be the case. ﬁe now know that §Q9;4 does
react with DMA to form the familiar crystal violet cation. We have
studied this reaction in some detaill to see if an electfon trﬁncfer
from DMA to'pQCl4 occurs at eny time. |

The results of this work are correlated In secfionv B and D, inter-
preted in section C. and sumarized in section F. Some rather detalled
neasurements of ESR absorption are discussed in section E.

B. Results
1. Product identification (41). The infrared and visible spectre

.(Figure 4) of the isoloted compound: were identical to the spéctra
of crystal violet, a familiar dyé. Simultaneous chromatography on

' paper, both with a mixture of ethyl acetate and butyl alcobol end

. with chiorofbrm alone as eluents, has conflrmed that our reaction .—
product 1s the cation of crystal violet.

The crystal vLolet precipitated mainly in the form of = chlor-
.anil hydroquinone salt. When the reaction takes place in the preaence
of air, the product is crystalline end is nearly ioo% crystal violet
aalt; The integral ratio of erystal violet ation to hydroquinone which
best £its the aga;ysis is one;one. Hovever, thé producf containg some-
what more crystal violet cation than a one:one ratio predicta; |

Found: C, 63.523 H, 5.87; N, 8.58; C1, 17.98.

Cale.: C, 60.10; H, 5.08; N, 6.79; C1, 22.8.
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Carried out under nitrogen; the reaction led to a product with a glassy
appearance. This coneiade of about 30¢ crystal violet, the remainder

being one Or more colorless compounds

2. thical absorptian. 'Optical aﬁsbrpﬁiOn spectfa of thé.reo
actiné solution of chloranil and dimethylaniline are reproduced in
Figure 5« Initjallj, a chargc-tra“sfer absorptian occurs at 650 o b
csuse of formation of the well knowm dimethylaniline-chloranil complex (42).
The complex then reacted to produce an intermediaste which absorbed near
400 my and which rapidly disappeared when exposed to the atmosphere.
'The’spectium of the final product, crystal violet, has an'absorption
pesk at 590 mi (Figure 1), : '

3, Conductivity. The conductivity of dimethylaniline was 2 x 10°°

ohm ~3 +25% (cell constant sbout lO“lcm'l) When chloranil was dissolved
in the dimethylaniline the conductivlby was .time dependent and could
always be divided into three periods (Figure 6). An initial fast’
rise (period one, ten minutes) to about 9 x :LO"E’ohm‘”l was followed by
a slover increase to sbout 3 x 10-Tohm=t. The rate of this rise de-
creased until a period .of very smnll change was reavh@d (pprind two,
one day). After this period of relatively small change, gradual in.
crease to 1.5 x 10-S5omm~! (period three, four days) was observed, at
which time the prdduct salt precipitated from ﬁhe aolution.

| Thus, there occurred & rap¢d increase in canductivity by a
factor of 100 (period ome) followed.by a period of little change

" (pexiod two) and finally‘g period of product salt formation (Period

three).
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Fig. 4. Optical absorption spectrum of the unpurified crystalline
) final product in CHCl,, 0.13 g/1, cell length, 0.05 cm.
It is the same as the spectrum of crystal violet (79).
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Fig. 6. Conductance of the reacting solution of dimethylaniline,
initially containing 0.14 molar chloranil. The cell constant
was about 10-lcm=-1l. Circles: D.C.; Squares: A.C.
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When the conductivity epproached the factor of ibo‘increase and
intermediate constancy (within period two), 1ts,temﬁerature dependence
was measured. A logarlitlmic plot of conductivity'ﬁq‘a function of
reclprocel sbsolute temperature gave a straight line above 2.500, the
melting pbint. Below -30°C, the function cowld be approxiﬁated by &
streight line, but the slope was nmuny times createf then the slope
ébove 2.500} _If cne interprets the albpe as an 6ctivation energy,
evidently.the energy requircrents of conduction aré ruch greater in
the £0l11d than in the solution. | | |

Also, the conductivity of tﬁe solid at 2.5°C vas i/éo that of
the liquid at 2.5%C. Although 1t wes impossible to distinguish between
ionic and 61ectronic conducti&ity, it 1s assumed fhat this decrease
of conduetivity on freeziﬁg is due to the fixing of conducting ions.

4. Electron spin resonance (ESR). A typlcal time dep$ndence'of

ESR is ilstrawd in Flgure 7. Apparently the intermedlate free rddical
15 preceded by other species as is shown by the slow initiel rate’

of fOrmgtion. Eleven measurcments of the reaction kinetiecs by ESR

' showed'tbat the length of tils initial period was very irreproducible.
The reaction proceeded’to completion in a féw hours if the dimethyl-
aniline was exposed to air for a prolonged period (several months)
before chloranil was adéed. Even in the absence of air (0z <0.1% @y
volume) the resction proceeds, but the product is less crystalliné,

On the other hand, the concentration of free radicals dbsérved al-
ways decreamedlon'exposure to air at eny time duriﬁg the course of

the reaction.
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Fig. 7. The reaction in a nitrogen atmosphere of 0.14 molar
chloranil in dimethylaniline. a) Charge-transfer ab-
sorption at 650 mu (using a 0.005 cm _optical cell).
" b) Conductivity (cell constant ~ 10'1cm'1). c) Radical.
concentration by ESR. d) Intermediate absorption at 410 mu.
The abcissas are all time in days. Because of the scale in
Figure 7b, the initial rapid rise in conductivity does not appear.
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- The g-value of the idermediate radical was measufed, g =
2.0056 #+ 0.0002. This sgrees with the value g = 2 0058 determined
for the familisr chloranil semiquinone (43). Below 15 ‘glven addition-
. al evidence which shows that the semiquinone 1s the intermediate
radical(See I1II.D.2.) |
The ESR absorption curve is asymmetric, and it 1s more nearly.
Lorentzian than Gaussian, indicating that the radical is not present
es an ideal dilute solute.
The solutions were centrifuged to see if the radicals were present
in aggregates. The solutions conteined the same radical concentration .
bvefore and after centrifugation. Making the usual assumptions concern-
. ing density ahnd viscosity; the maximum particle diemeter for uncharged
particles left in solution vould be 200 m.

5.'_ Simal taneous measurements. The reaction of DMA and pQCle’

‘was followed simultaneously by three phyéiéal meapurements. The re-
sults are reproduced in Figure T. The charge-transfer absorption by
© the dimethylaniline-chloranil complex decreases - (Figure 7a). The ionie
product is obserbed by its conductivity to increase (Figure Tb), after
& slov initial period. The intermediate radical (Figure Tc¢) and
optically observed species (Figure 74) follow similar delayed kinetics.
The absorption at 410 mu is not yet assigned, but it is not due to
semiquinones.

A second experiment correlating optically observed decay with
. ESR absorption showed that the ESR absorption did not increase until

- after considerable chloranil had reacted.
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6. Comments. Tie meéhanism of the chloranil-dimethylaniline
reaction will yleld abundantly to more exteﬁsivé-research. The ree
sﬁlts should be viewed in light of the fact that:the exact relation-
ship between the presence of air and the reaction yleld end mechanism
19 not established. Also we have no information about the dependence
of thie reactioh on acidity, nor have any byproducté been identified.

G Interpretation of results

It hes been found fhat charge~transfer complexes form 1mmeéiately
when chloranil is dissolved in dimethyleniline. Very qﬁickly a rise
in solution conductivity'occuré. The reaction proceeds for A fev days
ap observed by the decrease in the charge-transfer optical absorption.
After & time the semiquinoné is observed by ESR. The ESR eventually
decgys'vhile salt formatlon 1s observed by & second rise in conducti-
vity. The product crysﬁal violet cation had been identified.

-.Becauae there 18 no information ebout the oxidized intermediates,
it 1s impossible to suggea£ a definite mechanism, but some generai :
characteristics of the reactién may be discussed. For convenience
wa Aivide the reaction into six periods (Figure 8). Each periéd.in-' )
éludes one, or several, inermediate reactions.' _ h

In the solvgnt dimethylaniline essentially all the chloranil
is complexed (step 1). (The complex formation constant is K = 3.34
(mo1/1)- for the formation of one:one complexes in carbon tetra-
chloride (42)). The reaction has been followed by %the decay of the

optical asbsorption of this charge-transfer complex.
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The ions obsewed by the repid initisl rise in conductivity may

be thé products of the ionized complexA(étep'g).lIf one assumes an

_en?
equivalent-ohm

orgenic radical ioms produced, the ionization conaﬁant K,,10-22 mole/1

equivalent conductance of A = 100 for the hypothetiéal
ié estimated from & measurement of cbnductivity. If this ionization
does occur, the concentration of radicals would be barely detectable
directly by ESR, and we have not observed any. Note, however, that
only 10-7 molar ions are necessary to produce the:sharp initiél
increase in Lonductivity. If the ions are 1mpurit1es in the chloranil,
only lO"a mol ions per mol of chloranil are necessary to cause thic
increase. In view of this consideration, the ionigzation hypothesis _
may be untenable. After this initiel increase the conductivity remains -
fairly éonstant until semiquinone and product salt formations begin.
Opge the initial equilibria have beép established (step 1 end’
perhaps step 2), there follows & period of oxidation'initiation’iﬂ
‘which epporently no olarge concentration of semiquinone is producéd
(step 5). No evidence has been observed for the intermediate suggested
as thé product of step 3. However, 1t 15.5 model'which satisfles the
“criterion that, although quinone has reacted coﬁsiderably, neither
radicals nor lons ere produced in this step. In any case, it is likely
ﬁhﬁt & hydrogen atoﬁs @rangfer‘takes‘part in the limiting reaction.
No electron transfer could be established. | |
During a fourth period radicals are produced in qpantity;After'

the chloranil 1s expended, the éemiqpinones Are reduced further to

the hydroquinones (period 5). At no time in this sequence do any
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product radicals other than semiquinones re_aéf: an observeble concen-
tration. If there are arylemine redicals, they must react quickly
(see D.2. below) _ | | | '_ o '
An increase in conduc tivity occurs during tbe final oxidation
‘periods after which the solid salt is precim.tated (period 6). The
optical'density (aesmg €a 87,000 (mol)~*em~} and conductivity
(seouning A = 50 e ) ha.“vz“been used to estimate a

equivalent-ohm) nol
solubility product epproximately K 108 (22 1,2. |

D. The reaction of other quinones dissolved in dimethylaniline.

B Charge-transfer ebsorption end reaction ratcs. W have

ptudied the reaction of dimetiylaniline (DMA) with fluoranil (pUFs),
bromanil (pQBre), o-chloranil (oQCls) and o-bromwanil (oQBrg) &s
well as chlorenil. The charge-transfer frequencies (Teble 7) may
be talen to be & measure of the efi’e_c'tiye‘ electron affinities of -
the guinpxie;s in the DMA Amedium (see ci;apter vI) (uk4). They are .
~ nearly all the same. Briegleb and Czekslla give 15.4 x 'lloscm‘l‘

as the ebsorption frequency of DMA-plls in carbon tetrachlor-

16e (b2). |
| Orthoquinones reacted with DMA at a rate one bundred times
fapter than the paraquinones. 'The limiting zfeéc:'t.:lon }(FigureAB,
period 3), may be accelersted sterically if, for exainple , & hydrogen
aton trensfer 1s important, as has been suggested in the discussion
~ ebove.. ' |

g ues. The g-valuee of radical in‘aermediates (Table 8)

my be ccmpared with the g-valuea of semiquinones prepared by other
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~‘Table 7

~ Frequency of maximm charge-transfer sbsorption by
' quinones d4ssolved in diméthyianiliﬁe_r

~ Quinone o Frequency X }Q‘a(é;n'l) '

' PQF-@ S 158
pFLs o 1‘56 .
PRErs L 154
oXly 159
oQBre’ ] C 15T



Table 8
Comparisan of g-values

Methad of ‘Preparation

. *
: * _ This Work - Other Work
Semiquinones ‘ - Quinome + — Quinone + Air oxidation Quinone +
of the dimethyleniline sodium iodide of hydrecquinone sodiun icdide . -
quinone’ in dimethyleniline - in acetonitrile in ethanoliz KOH precipitate (45) -
DOF, SR 2.0054 o © 2.0048 + 0.3006 (46)
pCly - - | 2.0056 . 2.0055 2.0058 (43) 2.004% + 0.0008
© 2.00568 '+ D.00002 (47) |
. pQBre . . 2:008 2.008 2.00875 + 0.0002 (47} 2.0063 + 0.0010
0Cla ~ 2.0058 ' |
OQBra : ~ 2.009% S '_ 2.0077 # 0.0008 -

. ® 'Usual‘averag.e deviation of individual measurements from -recoided&alue- is + 0.0002
**-" We have obtained for solid HapQCly, g = 2.0057, demonstrating a systematic error
in these measurements. Add 0.0015 to numbers in this coluun
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methods.* Tihe radicals observed in dimethylaniline have g-values
identical to tﬁe g-vélues indépendeﬂtly dbgerved for.sgmiquinéneo. In
fact, it 4s this comparison‘which we bave used fq identify the radical
-iﬂtermediates as seﬁiquinones.‘ |

E. Electron spin resonance of the fluoranil radical

1. Linewidth and saturation. Previously the semiquinone of pQFa
had been producea in ethanol b& Anderson, Frank end Gutowsky (46). By
~ ESR they obser&ed five hyperfine component lines, each separated by .
four oersteds. We hoped to further 1dent1fy,thé'éémiquinqne of PQFa
in DMA by aléo observing the hyperfine éplittingn Howevef, when pQFs
wae diasolved in DMA (1n air}, only one line, six ocersteds wide, was |
dbserved (Figure 9).

" The observed semiquinone itself ié present inconcentrations 5 x 10-°
te 5 x‘IO'* hoiar» On the oiher‘hapd there are high coucentfatidnm’of
quinone and hydroquinone in the eoluinn;lThe,eolﬁtions were'ini-
tially between about 0.15 and 1.5 mol#r fluoranii. The narrowing of
4+he ESR absorption or céllapsing of hyperfipe'splittihg may be due to
electron trahsﬂr between the éemiquinone and“the qﬁinone, or the di-
negafive hydroqﬁinone ion. The transfer reéption envisioned here
occurs also in solutions of naphthalene negative ion and nephtha-
lene (L8). Venkataraman, Segal and Fraenkei héVe, in fact, suggested
that ESR.linewidths of semiqpinonés in diluie solution maybe caused

by just.such an electron transfer mechanism (L9).

*® In the late stages of reaction, after the semiquinones dis-

' appear, a second radical has been observed in the pQCle and
0QCl, reactions with dimethylaniline. The. latter has g =
2.0049 + 0.0002. The g-value of the secondary radical derived
from pQC14 is 8ls0 less than that of the primary radical. The
g-value vas not measured because absorption of the two radi-
cals overlapped.
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Fig. 9. ESR absorption derivative of‘the‘;é;lical intermediate
' in the reaction of pQF, with DMA. ' At 25°C after.2-1/2
hours at 61°C initially 1.3 M fluoranil. Minimum saturation.
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. Pines and Slichter write, for ﬁarrowed ESR absorption of this
kind, the linevidth W = (S )2 TeF (50). (5 o) is the total
width of the byperfine spiitting observed in dilute solution. 'TeF is
the‘mean‘lifetime of the electrons in a given flﬁdriﬁe environment. - This
relation gives an estimate for the mean time.betwééq electron transfers,
T

eF
may become masked by other broadening effects.

< lx 107® gec. This is & lower limit because greater narrowing

3 elevated temperatures the linewidth is timé dependent. At llOOC
the width changes from 3.8 to 5.2 cersteds ap the oxidation proceeds.
Perhaps the qﬁinoﬁe is reblacéd by hydroquinong in the transfer re-
action as thé DMA oxidétioﬁ proéeedo« That 1o, after the quinone
becémés eihausted, enough hydroquinone bas‘been’foimed to allow an
electron transfer with thé semiquinone to continue. IfAthe enefcy
barrier to transfer is differcant, and the rate of tranofer different,
then the linewidth will depend upon the £imé és Quinone is transfo;med
to l;ydroquinonef o ‘

Above 2500, the linevidth was not dependent upon the incident
microvave power within expefimental error, even thﬁugh the resonance
wes highly saturated. Therefore, the solutlion may be classed as?gn»
homogeneous spin system. Evidently there sre diffefent specles ab-
sorving microwpveAenergy over a epfead of:?equency} These entities
may differ in their nucléar environment. The fluofine hyperfine splitting
may not have coalesced completely. (Incidentally; thévlinewidth of
the flurine mulﬁiplets observéd-by Anderebn.gﬁugif_appeara to be sbout

4 oersteds, or about 2 oersteds broader than the linewidth observed at

42500 in DMA.) The protons of DMA may be responsible for the inhomo-



| genelty of the spin syiem 4f DMA end the semiquinone ére complexcd
in some mapner. | ' | |

Below the freezing.poipt, the linewidfh 15 dgpcndent upon the
degree of naturaﬁion of the resonance'and the spin é&étem nay be
. cléssed a3 homogeneous. In Figure 10 the linewidthfis graphed as a '
function of saturation at -15000. | |

Lineﬁidth measurements as & function of tempgréture are illustrated
in Figure 1l. Below 6°C"the widths are plotted as a function of satura-
tion. Above'that temperature, the time deﬁendencerf the width creates
an ﬁncértainty, as shown. Neglecting these two cbmplicaﬁioﬁq, it ‘
is appurent that the linewldth decreases with‘incréasing tempera-
ture, frOm T+5 cergteds at =150 C .to.about 5.0 oersteds at 150 C.
-Consistent with the 1nterpretation of transfer-narrowing, jhis means
that the transfer rate increases with increaslng temperature. As.
~ the electron tfansfer m;re rapidly at elevated teﬁperature8; the
hyperfine structure: collapses more, and the line becomes more narrow.
There is no discontinuous change of width when the'solution iszfro;‘
zen. The electron transfer may proceed almost equally well in ‘the
gol1d and in the solution. | ' '

Ag -15000, the ESR absorption becomes satufated at very much A
lowér pover levels than 1t does at 25°C; Thus, the spin-lattice
feléxétion time increases as the tempemture of the system is reduced.
Puttine this within the framework of oﬁr model, the electron transfer
‘ which dominates the spin-lattice interaction occurs less freqnently
at reduced temperatures. As the electron transfer occurs less frequently:
the spin-lattice relaxation time 1ncreases, and the spin resopance

saturates more easily.
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Fig." 10. Saturation dependence of the width at -150°C. ESR
absorption by the radical intermediate in the reaction of
pQF4 with. DMA. Saturation parameter, ./ Z . is defined
in Chapter V. A.5. For no saturation, - Zet = 1.
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_ dependence on the saturation parameter ./ Z .. ESR ‘
absorption by the radical intermediate in the react1on of
pQF4 with DMA.
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From the tempenbure dependence of the linewidth (Figuve 11), ve
deduce that line broadening at reduced temperatures results from in-
"crea'eed spreading out of the fluorine hypérfine. ..:s"truct.ure. If tl}ia :
is true, the spin syotem should become more inhomogenecous. In fact
the systen becouwes more homogeneous. The saturation dependence of the
linevwidth 1s greater at reduced temperatures, which contradicts the
bypothesis. On the other band, the linmridth' does not increase vith
‘saturation nearly as mich ag might be expected for a perfectly homo- -
. geneous pysten, | | j ' |

| 2. "Line 'ehag 2. The fact fha‘o the ESR absorption 13 more nearly
Lorentzian then Caussinn is consistent with our interpretation. As
in the cape of pQCly, ESR absorption of the geniguinone of pUF, wvmas
asymetrie (Figure 9)‘ Iu.mgumle the asymetry is illustrated as
o function of'wmmm. The voltage ‘yecorded at the derivative '
raximum y:aé greater on the low field side than on the high fleld side
of the resonance. An approximate abgorpti’on cxirve is sketched ina the
- flgure. The asymuetry decrcases st elevated temperaturce. It may be
due to anisoﬁropy of the g-value as reflected in -t.he hyperfine compon-
ent widthe and observed width (51). As the temperature increases the
solvent flﬁidity increases and the anisotropy 1s averaged which is
obgerved.

Hcmevez?, with regpect to this interpretation, the saturation
dependenée of the asymoetry ép:gears' anomloﬁs . We} puggested that une
vesolved hyperfine components have different Awidths vhich reflect en
_ anisotropic g-value. Then these maltiplets should each saturate differ-

ently and asymmetry of the unresolved eavelope should cimuge on satura-
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Fig. 12, A8ymmefry as a function of temperature. ESR
- absorption by the semiquinone intermediate in the
reaction of pQF4 with DMA., = - 7 . e :
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Asymmetry as a funct1on of saturation, Z " at

-150°C. ESR. absorptlon by the -semiquinone. 1n€ermed1ate
in the reaction of PQF4 with DMA.



" tion (52,53). This is not observed. Within eﬁperimental error the
asyrmetry did not change when the ESR absorption was saturated (Fis

gure 13), The error may be too great to detect the' expected change.

* 3. - Tcmperature dependence of the concentration. In’the frozen
réaction miXture'thé terperature depéndéncé"of ESR did not obey ‘Curie's
lav. The semiquinones are reactive intérmediates, and their steady- -
state concentration may be temperaturc-dependent, even in the frozen

mixture. The spuciea'ure not Jjust trapped radicals.

F. SW'iL,‘;&‘-I"y

JChiofanil 1v§c£s wiih diﬁéthyiéhiiiné'fo yvield élcrystul violét
palt. The diamagnetie dimethylaniline-chldranil chéige:transfer éom-
plexes and paramagnetic semlquinones are two observed intermediates.
A reaction scheme has been proposed whicﬁ_is consistent with the

observations of optical absorption, canductivity and ESR. A hydrogen

- @tom transfer has been invoked in initial rate-determining sequence.

Whatever the initial step may be, a simple transfer of an eléctron
‘from DMA to chi,,, could not be estsblished.’

We have assumed that only one kind of magnetic species is present,
namely, the semiquinone. Five_differenttetraha;OQenated qninénea ﬁere
sllowed to react with DMA. In every reaction the ébserved g-value
agrees well with the known g-values of semiquinones.

The reaction of'DMA with pQFs vas studied extensively by ESR.

The g-vgiue,.temperature'dependence, line Bhape,‘linewidﬁh and
paturation were measured. o
The g-velue shows that the observed species is prqbably the

fluoranil gemiqﬁinone. The semiguinone concentration is temperature.



| dependent. A raﬁid electron transfer among thg ‘semlquinone ,‘,.qu,ingne and
hydroquinone ion is 1likely, as deduced from the linevidth. Evid(enj;‘]‘.y}.
the electron transfer occurs more rapidly a‘t elevated temperatures t'han'
it does at low témperatures. Thus also 1t 18 f&uhd tizat ‘ﬁhé spin-lattice
| relaxation time decreases markedly as the temperature is increased. .

Avove the freezing point, the ESR absorption saturates inhomo-
geneoueljr. Below that temperature, the absorption saturates homo-’
geneously; 'I'he ESR ebsorption is asym’zetric. Withq.n experimental error
the asymmetry is independent of saturation, and 1t decreases some-

what at higher tumperatures.



IV, HYDROCARBON-QUINONE SOLIDS

The .outline of this chapter, which dcals”with aclids,“folloﬁs‘the‘
pattern of Chapter II which desls with liquid solutions. In the first
section we @&pcribe the prepafation of éochsolidldcnqr—acccptor
adducts. Most attention 1s directed to the solid prepared from
perylene and quinones. TheirAchemicalland physical properties are

discuseed -and related to the donor character of perylene and the accep-

_ tor character of the tetrahalogenated quinomes. Finally, once the
. nonme:gnetic properties sre fairly well established, en invcestigatlon

‘by ESR 1s presented.

A. Preparation
When o-chloranil was dissolved with an equivaleht enount of |

perylene in hot ethylenc dichloride (EtClg), -shining black necdlcn
vere prectpitatcd on cooling. Chemical analyses for carbon and chloxv
ine gave results vhich agreed well with the composxtion predicted
for a oneione complex of perylene with o-chloranile ‘

By somewhat more cOmplicated recipes, black needles of the follow-
ing have been prepared: pyrene-o-chloranil (pyrene-oQCls), pyvene-

0GBy, perylene-o0GCly, perylene-oQBry, coronene-oqCl,, &nd the para-

| quihohe comblexes,,peryicne-§QC14 and perylene-p@Bry. In almost all

cases, the colida are one:one combinations‘of'hydrocarbon and quinone.
The ana¢yses of carbon and chlorine were uaed to calculate the actual
ratioc, which are reccrded in Teble 9.

Thcrc_are aeveral vays of recovcring fhc‘componcnts of the complex
solids, as observed by visual inopection. A rapid (flash) sublimation
of the complex in a thermal gradient produces separation. The more

volatileceQBrhand oQCl have been separated from perylene in this vay.



Table 9 . Sh

Composition and concentration of unpaired electrons in some hydrocarbon-
quinone solids. The nolar ratio qpinone/hydrocarbon and the estimated spin
concentration in the solids within 24 hours of preparation

. Conpo- ‘
Complex ‘sition based U?paired
Accep- upon angly- c¢lectrons ‘ . .
o sis of er oTem  Mei: . _ Crystelline
Donor Lor ¢ Cl. or Br PF & Metgodtggnprecipita ADDCALANCe:
S oGCly 1.000 0.9856 107  Eguimolar ratios in hot,
Pyrene . ' ary EtCls - Yes
oQBr, 1.02 1.01 -- Evaporation of eguimolar
ratios in EiClip o
PQCl, - -~ <10% Equimolx ratios in satura-
ted hot.dry EtClp ' : Yes
. y 15 _ - - e
Perylene _ l-Q?ﬁ 1.042 10 Egpimolar ratios in hop CClg Yes
PRPr, == == <10 Equimolar ratios in satura-
o ted hot dry EtClz B Yes
3QCLe  1.038 -- 10*7  Equimolar ratios in satura-
ted hot CHCls . o

1.05  0.990 10%¢  Equimoler ratios in hot CCly * Yes

1.02 . 0.972 10¥®  Previous semple recrystelli-
. ' zed from hot CCl, Yea

1.011 1.012 < 10*° Equimolar ratios in hot dry
EtClm ) Yca

- o@Brs 1.018% 0.980 1016 'Eqpimolar ratios in hot CCl, Yes

1.92 . 1.92 101® - Large excess of oQBrg in
hot EtCla ‘ Yes

1.11  1.07 <10*® 2 parts oQBrs to 1 part pery-
, lene. Saturated hot 25% EtCls,

5% CClg : Yes
1.013 0.982 5x10*°  Ditto, using 10% EtCla Yes
Coronecne oQCls 0.996 - 0.99# 1017 3 parts,oQ01u to 1 part“ . .

coronene in hot dry EtCl2 | N
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Perylene and 0QCl have been separated on a silicic acid column using
ethylene dichloride and petroleum ether as the golvents. Also, chloro-

form leaches oQBr from the peryiene—oQBr4 complex. A

~B. Nonmagnetic properties

1. Crystal structure. Crystal structures have been determined

for many solids composed of donor and acceptor molecules. In all

cases the donors &and acceptors alternse throughout the erystal. As an

example, the structure of hexamethylbenzene-chldranil vas described

in Chepter I.

| Tne~crystal‘structgfeé of polynuclearaaromaﬁic-hydrocarﬁon-
quinone complexes are unknownalWQ have assumed that the donors and
acceptors élternate in the general feshion. Iﬁ the course of the .
present investigation, x-ray patterns haﬁe bean obtained for a

single crystal of perylene-chloranil, proving that the material is

41ndeed crystalline (5L). The symmetry-ié monoclinic¢ or trieclinie,

koving 7 x 17 x 16 & per unit cell. The unit cell contains about .
two donor-acceptor pairs. '

The essential feature of donor-acceptor adduct formation in

solution is charge-transfer. That 1s, the association of donors and

. acceptors depends upon partial dative-bond formation. Although bond-

ing in the solid 1s no 1ohger a pair-wise phénomenon,.we assume that
donor-acceptor charge-trensfer interaction dominates other forces.
Ve have already noted (See iI;B.)Vthat the erystal structure of
a donor-acceptor solid may»have no relation tq the configﬁration of
the éne:one cbmplex vhich occurs in solution. However, the known
aiternating structures of solid complexes are quite 1ﬁkeep1ng with

our knowledge about oneione adducts in solution.



2., Infrared spectra. The infraredispectra of solid perylene com-

plexes with pQCly, PQBry, 0QCl, and oQBre 8re very similar to the super-
imposed spectra‘of the individual componenté;‘There aré slight shifts

in frequency and eoﬁe alterations in intensity vhich'réflect the'ﬁole-
¢ular’éssociation. The characteristic qpinone frequency of'1690 em™?
remsins essentially unchanged. The maximum absorptionv(1690 cm'l) of
complexed quinones occurs 8t frequencies 5 to 10 cm~! lover then the
maxima observed in the unassociated qninones. Evidently no 1ntramole-
cular bonds have been greatly changed during formgtion of the complex.
Kainer &nd Otting (17} observed the same resul£ for thé‘hexamethyl—
benzene~chloranil solid.

Physical appearance of the crystals, their chemical analyses,
recovery of the initial entities, the definition of x~ray photographs:
end infrared spectra, all five dbservations indicate that the crystalo
are homogeneous molecular solids of well-defined constitution and
structure. The association ;e one in which none 6f the original
chemical bonds have been altered. -

3 Chargeefransfer spectra. The perylene-quinone solids do ex-

hibit charge~-transfer opticel absorption, some examples of which we
measured end are recorded in Table 10.'An examplelspectrum is 1llus-
trated in.Figure 14, showing the doublet nature 6f-the absorption.

In Figure 15 the frequencies of ébsorption by . the solid are coﬁpared
to the frequencles observed in solution. There are at leas£‘three'
pOssiBle é#planations ofAthé‘difference between chargé-ﬁransfer
frequencies of one:bne adducts in solution and the freqﬁencies of the -

solids. First, multiple interaction in the solid between arrays of



 Table 10

.Frequencies of maximum charge-transfer abaorption in

some perylene-quinone gsolids a8 observed in KBr

Frequencies x 10”3cm-3

. Acceptor in CHCla : Solid in KBr
' T A B
Pl 15. 13.3 12,3
PQBre 13.1 - 13:05 12.05
oqfle - 12.3 a9y 11.0

0QBrs '11.9"' . 1165  10.7
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Fig. 14. Charge-transfer ébsorption by pefyléne-pQBr4.
a) One:one complexes in CHClj3; b) powdered solid
in »KBI‘4.. ’ co
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Fig. 15. Frequencies of charge-transfer absorption by perylene- ,
' quinone complexes in CHCI13 and in the solid. A and B are
two maxima observed in the solid. Quinones are: (1) pQCly,
(2) pQBry, (3) 0QCly, (4) 0QBry. N o



o

alternating donorg and acceptors 1e different from one:one iderasction
in solutions. Secondly, the configurations in éoiid and solution may
differ. Thirdly, the dielectric constant of the solid is different from
‘that of the solution. '

The optical dichroism is undetermined. (see éhapﬁer I) Powdered
semples were used in the detefminatiou of frequencies réported in
Teble 10. The doublet nature of the maximum might be attributed to
the rendom orientation of anisotropically absorbing pafticleé. Then
again there may be two independent excitations in the solid configura-
tion. In gencral; howevér, the optiecal properties of sclid complexés
are & natural eXtrapolatibn of‘the optical propeities of one:one
compiexeS'in solution.

h} Semiconductivity. Labes,Sehr and Bose (55) have meazsrcd the

conductivity of perylen-chloranil solid. The room temperature éonducti-

vity is 10-Sohm-ten-?t. In general donor-écceptor sollids have higher
conductivity than other organlc materials. The electrical proPefties

of charpe-tiransfer solids have been studied extenaivaly by Eley,
Inokuchi end Willis (%6), Akamatsu, Inokuchi and'Matsunaga (56)
Komaandeur and Hall (57), and Labes, Sehr and Bése (55).

| 5. _Summary. Stoichiometric one:one sollds have been prepered from‘
aromatlc hydrocarbons end quincnea.:The sollds are crystalline. The
component entities may £e<recovered. Intramoleculsr bonding is essen-
f;ally unaltered in the solids. Charge-transfer absorption has been

. éeterﬁined° From these nommagnetic propertiesnﬁe coﬁclude that the

crystals are near-perfect, ordered, homogeneous eolids. of vell-defined

composition and structure.
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C. FElectron spin resonance

1. Introduction. Bijl, Kainer end Rose-Innes have ctudied the

~faramagnetism of arylamine-quinone solids (io); In these systehs
the contentration of wnpaired electrons was found to be temperature
1ndependent. Therefore the authors suggested that trapped in the solid
are free radicals vwhich give rise to the observed ESR ebsorption.
Matsunaga{and McDowvell heave more recently reported that the ESR abe
gsorption by the sélid.complex TMPD-~-pQCla ﬁéy be rééolvad into two |
| component ebsorptions, one by the cation radicél TMPD+, the other by
the anion radical pQCls~ (58).ATﬁese component species were identi-
fled by their characteristic g-values. Exactly how the radicais are
formed and trapped in the 80118 has not been deternined. ﬁoweyer, in
chapter II.B. we have shovn how these two radicai ions are formed
in solution. Because of thelr instability ih solution we ourselveé
14 not investigate the 50114 adduct of TMPD and pQCle.

Matsunaga (58,59} and more recéntly Singer and Kommandeur (11) in-
vestigeted the paremnegmetism of hydrocarbon-halogen solids. The
temperature dependence of the unpalred-spin concentrstion in these

. donor-~acceptor solids was resolved‘into tvo components by Singer and
Kommandeur. At low temperatures the noncentrat@on-vas constant, and
the magnetic species is tenatively presumed 10 be & free radical
trapped in the solid. At high.témperatures, the concentration of un-
palred electrons increased logarithmically aé the reciprocal of the

" absolute temperafure decreaéed. The unpaired elecctrons vere identified

8s charge carriers in a thermally populated electronically conducting

state.
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Ve obgerve that in both of the two solid donor-acceptor complexes
etudied so far free radicals are apparently trapped in the solid. Using
our knowledge about the formation of radicals in aolutions of donors
and acceptor ve may suggest how radicals are formed during precipita-
tion of the solids. To start with the donor must have & lov enough
ionization potential and the acceptor must have a high enough electron
affinity. Once these requirements have been met, the medium must
have a large enough dielectric constant to accommodate the ionic
charge of the radicaief 50 far we have no’experimgntal information
-at all concerning the mechanism.by which free radicals are trapped in
organic eoiids.

It appears that homogeneous donor-acceptor solids are frequently
paramagnetic because of imperfections rather than because of an in-
trinsie propérty of the regular crystal. A trapped free radical is
one kind of imperfection which has been observed. Of course the argu-
ment may be reversed. The absence of 100% paramagnetism in a given
material might be due to fhe presence of diamagnetic imperfections.

The exclted stale observed Ly Kommmndeur and Singer may be
an intrinsic property of the hydrocarbon-halogen solids. H@we&er it is
conceivable that the excitation occurs at the site of an impeffection.
Actually the reproducibillity of the ESR and its e%cellent correlation.
with conductivity measuremcnts.make the hypathesis of an imperfection
gppear less plausible.

Before proceeding to the results of the present investigation,

we wish to clarify one point. That.is, use of the term imperfections
- is strictly our invention, and we have used it as an attempt to

generalize the work of others. We ourselves have made no measurements
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| o@ the éystemn which bhave Jjust been reviewed.To c&nsider ﬁhe trapped
radicals as imperfections is a convénient genefalizatibn ﬁﬁich.COntri~
butes no newv knowledge. The point 1s that the solids.aré not completely
regulaf. Solids vhich are formed by tle combination of charge—donors
and charge-accepton;may or may not be 1ntrinaically paramagnetic. In
two casea studled, trapped radicals occur (according to information
available now) and the donor-acceptor solids are imperfect°
The word, 1mperiections, has been used in the vexry mosﬁ general

Bense. We avoid & more speciiic definition now, partly because the
properties of imperfections i:7§izanic materials may be qpite different
from the properties of imperfections in 1norgan1c_materials (60).

In the présent work we have exasmined the ESR ebsorption by some
nev coﬁplexes. We have used aromatilc hydrocarbong a8 donofs,Abut have
"~ used only_fetrahalpgenated quinonés as the acceptors.

2. Results and discussion. . In our vork, ESR ebsorption was ob-

gerved in nearly all hydrocarbon-quinone solidé prepared. ﬁowever,
4qﬁaﬁt1ﬁ&ive measurements have shown that the concentration of uhpaired
spins was very lrreproducible and time dependent (see also 61). The
‘obsérved concentrations of unpaired spins are_caialogued 15 Table 9. With
certaiﬁ recipes it is poscible to}prepafe some complexes free of
detectable ESR. Therefore we conclude that tﬂe hydrocarbon-quinone
cémplex solids are not themselves‘paramagnetic. |

Evidently imperfections are ihe cause of'ESR absorpt1oﬁAin;the
hydroca#bon-guinoue sollds. The imperfections could conceivably be
defects in he crystal siructure or trappedAimpurities sﬁch as free

radicals.




No change in the ESR was observed when 1arge crystals vere finely |
powdered. Thus surface effects seem to be eliminsted as sources of
paramagnetiam once the aolid has been formed.

In aolids initially free of ESR, the concentration of 1mper-
fections in ortho-quinone complexes (0QClg 8nd oQBrg) was increased
several orders of magnitude by heating the complex solld (see also
62). The width and g-value of the ESR absorption vere the same as thOsé
dbserved on cryétallizatiqn. ESR.abson;ion by the'pérépquinone com-~
piexes aid noﬁ increase vhen the solid wos hcdtcd fbr saveral hours
at 125°C. Para;qninones have higher melting points, and in complexes
Vthey may heve less tendency to migrate and introdﬁce imperfections.*

An exemple spectrum is reproduced in Figure 16. The acceptor
nmolecules do'affect the g~-value. Imperfections in perylene-oqCly have
g = 2.00270 (+ 0.00005 reproducibility); g = 2.00348 (+ 0.00010) for
perylene~oGBrg. Linewidths are about % oefsteda. Line shapes are
lﬁymmetriq. The high symmetry of the absorption suggests that the ob-
servéd resonance is not éaused by multliple species. On thié basis ve

3elie§é ﬁhet hydrocarbon positive ions and semiquinones are ﬁot both
} p;eéent independently in the solid. Fof the ESR observed, the g-value
| is probably not- an average, but & characteristic of a single entity.

Relative to solid 1,1-diphenyl-2-picrylhydrazyl (DPPH, [y = Tz =
38 myu sec (63)) the resonance vas very easily saturated. Between 40°C

and -80°C the concentration of unpéired spins in perylene-oQCl, vas

% . Prolonged heating of the oQCly and oQBry complexes produces a
second radical species which has a linewidth about one-fifth
tiek of the first.
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Fig. 16. ESR absorption derivative of the irﬁperfections in perylene-
0QBr4 at 100°C. ' The two peaks at each side are the Mn*'% standard.
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fairly constant, within + 4075, If ome qssmned‘an acti&étioﬁ energy,
E, for production of unpaired spins, then E < 0.05 ev.

An_increése in the ESR sbsorption was obseﬁed when the =solid
perylenc-oGCl, was illuminated at temperstures above.'80°c.' Only
. wavelevngthé greater than T00 my vere effective (see also ‘6’+).  Pro-
pably this photolnduced ESR 18 the result of Leoting, although tho
effect appears to be reversible. |

3. Sumary. ESR sbsorption has been observed in hydrocarbon-
quingnc complexes which are themselves dismagnetic. The unpaired elec-
trons occur as imperfections. Séme characteristics of their ESR
absorption have been deeériﬁed. |

 No detailed @escription of the imperfection 1s possible nov.

For example, among the many possibilities not yeb eliminated, the

’ ) ;!_n@erfection‘s may be fLree radicals trapped ,1n the solid.
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V. EXPERIMENTAL METHODS

A. Electron spin resonance

1. General characteristics. An X-band spectrometer ﬁith trans-

ﬁission cavity and barretter detector was used. It was conatfucted by
P. G. Sogo. The external magnetic field vas modulsted &t 200 cps and
the ESR absorption derivative recorded. Microwave éﬁaorption waé Ob-
sérved by detecting the decrease in barretter resistance. Unbalance
of the berretter bridge at 200 cps wvas amplified éonventionally and
passed to & phase sensitive detector whose dc output was recorded. The
recorded voltage change with paramagnetié sboorption 1s analyzed in
Appendix IL.A.

Frequency of the kKlystron was automaticaliy controlled at the
cavity fesonance. Poésibly the recorded~noi§e wag caused by limitations
in freguency control.

" Two kinds of transmission cavities were used, a cylindrical.TEoll
and 8 rectangular TEjpa. Q-values varied from %000 to 5000 in different‘/
experiments. _

Practical sensitivity of thefspectrometér waé 10** unpaired-

15 radicals of DPPH gave a elgnal-to-noise

‘electron-oersted?. 10
ratio of 10 for repid and undistorted detection.

Two 6;iﬁch diameter magnets were used, botn having geps of 2-1/h
inches. Attempts of high resolution weré probabiy limited by the field
.modulation amplitudes. At practical signal-to-noise fatios, 0.1 oer-
gted is an estimgted limit of resolution.

In & few cases where higher sensitivity was required, a 100 ke

- reflection spectrometer was used. It incorporated a Varian modulation
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end control unit, Model V4560, and had & sensitivity about fifteen
tines better than the above machine.

2. Concentrations of unpaired eleétfon.spins. Singer and Korman-

deur discﬁssed some of the practical prdblems'encbunﬁére& in concen-
£ré£ipn measurements (11). Singer haé also describdd a methéd'for
deterﬁining the concentration of wpaired sﬁiné (65). A ruby vas

Pixed permanentl& on the cavity vall. Oricatation of the ruby was
adjustedréo that its resonence abgorption wag diéplaced'from tﬁe reson-
aucelﬁosifion of the raaioais, and they'Qid nnt’nferlap. The concen-
tration of Cr+++ in the ruby was calibrated with known amounts of
Cuso4f5H20,Mméd4'HéO, and.l;l~diphenyl-2»picrylhydraiyl (pPPII) . Af'any
time the first moments of the ruby end of the radical absorption
defivativeévcould be cbmpared. The main advantage of thils method'is
that it évoids use of organic free radicals which are unstéble.

We attempted to use the Mu'' ion in Mgl es a standard but die-
cerred thgt the resonance was easily saturatled. To svoid saturation
difficulties we.decided to use a free radical standard.ih sbite

of its instability.

| All quantitative calculatiéns of the numBer of ﬁnpgired elec~
trone vere referfed to the DPPH radical. Poirer, Kahler and Benington
measured the oétical extinction of DPPH ét~529 @, €= 37 (g/1)-*cm™*
in chlérqform (66). ‘The highést.e#tinction coefficient ﬁéasured on
samples prepred by uS was 34. The Aldrich Cheﬁical Compaﬁy provided
one sampié (of.several) which,_wﬁen received, had an extinction co-
efficient of 37 (g/l)“icmfl.-This figure decreased with time until

reaching a constant value of 32.3 (g/1)-*eu~! after one year.
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At any time the fraction of DPPH in thF solid vas calculated to
be the ratio of the measired extinction coefficiént to 37. The stan-
dards were prepared by weight and dilution, where the measured weight
vas corrected by this fraction to give the weightvof DPPH.

The optical absorption obeys Beer's Law below 10-3 molar DPPH.
There are numerous reports'concerhihg‘the effect of oxygen and. sol-

'vent on the DPPH ele?tron spin resonance absorption (67,68,69,70).

A TE,0a3 cavity was employed, following the suggestion of Kohlein
and Muller (71).uThe DPPH standard and the sampié vere p§sitiouéd
cach in a separaﬁe maximum of the resonating micr&ﬁave'magnetic field.
Except perhaps for the case of water, it was shownzthat the dielec-
tric constant of the sample did not greatly affect'the;concéntration
neasurement (Figure 17).. Within the experimental error the microwave
field intensity epparently was reduced equally throughout the cavity
by dielectric loss in the semple. At the position of the standard
£he cavity was sandwiched between Helmho;tz coils. The DPPﬁhdbabrp-
tion was discplaced along the field exis by regulating the dc
current passing through thése coils. Thus the DPPH resohance did
not overlap the absorption by the sample. In one sweep of the external

‘field the sample absorption and scandard abuorption were displayed
aeparately (Figure 18).

If the widths of the two absorptions by sample and DPPH were

the same, the amplitudes of the two absorption derivatives were used

to compute the ratio of concentrations.
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a) Geometry. Dielectric loss at the sample was
varied by adding solvents of varying dielectric
constant. o

b) Relative amplitudes at the two positives as a
function of the incident power needed to trans-
mit constant power. 1. No solvent. 2. Dimethyl-
aniline (¢ = 4.91) 3. Acetonitrile (¢ = 37.5)..
4. Water (¢ = 80). 5. Formamide (€ = 110).
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Fig. 18. Typical concentration measurement using TE
‘ cavity with displaced DPPH resonance. Compar-
ing DPPH with imperfections in perylene-oQCl,.
Linewidth of the DPPH absorption is caused by =
inhomogeneities in the external field.




If the widths differed sligﬁily,by less than a factor of two, a
gomevhat more coﬁplicated computation wvas made. Ideally, the integrated
absorption (double integral of the displa&ed defivatiﬁe) should have
been deﬂermined. Because of noise it was 1mpossib1é 1o dgtermine end- -
boiﬁts of the svsorption tzils. The limits of integration on the
yecorded field axis had to be chosen somevhat arbitrarily. Siiabee
ghoved (T72) that the first moment of tne absorption derivativé i1
theoretically proportidﬁsl t0 the integrated absorption. The eimplest
approximation %o the firct mément is the derivatlve anplitude times
tﬁe square of the defivative width, AWZ. For sample and'ﬁPPﬁ
linewidths not much different from cach other, comparicon of the
approximate first moment, AVZ, may be more sccurate than comparison
of the integrated absorptions because of the 1gfluencc of noise on
the latter. Therefore in the case of simile linewidths, the AW vas
,uséd.td compute ﬁhe relativ numbexr of épins in the sample and in
thé standard. . e S

| Fréquently the sample absonption nhad tooAgreat & linewidth to
use eilther of these relatively cimple compﬁtations° Thenzzmplitudes'
’ and‘approximate Tirst mozents were only used Ior. relative concen-
trati§n‘meésurementéf Wliere absolutg'meaéurementé Were_reqhifed, the
exact first‘momentiof the derivativéhhaq.to bé'Qe%erminedd‘The pre-
cisbn of thic methoa wes about 2 26% in the absolute concentration of
unpaired electrons. |

5. ' Temperaturve dependence. Sometimes the sample conteined a

polar ‘solvent. Thereforé, et different temperatures there were differ-
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AeAnt aielectric losses in the microwave cavity. Temperat,\ire dependence
of the recorded voltage was caused not oﬂly by cﬁanges in magnetic
absdrption bui also by changes in dielechric ab.,orption. Theretorc
the use-of an internal s«.anc.ard vas essen.,ia.... The .,tanw.rd DPPH
pbeys Curie's Law in the temperature region invcstigc.ucd and is a
convcnient standard, except Tor its 1nr>tability.‘ The TEios cavity

'- was used to measure the concentration of unpairbc. lectroné as @
function of tenperature. Wh,en linewidtbs were be_mpura'i;urg depcuc}e'n't; .
f£irst woments were obtaipeé as \_-7e11 as poscible. Obucmlsc » the am-
plitudes were compared ,dimctl-y.’ )

Y4, g-values and \-iidths. An MnH in MgO standard wbich could be

dn,spcrsed in a polyethy 'lene gleeve had been designed by Lindblom as
an ‘tisrnal standard (73). Mn " vas introduccd into MgO, the Ma :1-/13,++
ratio being about 1: 5000" ‘I’lus M0 powder was diluteu with poly- '
ethylene and molded iato sleeves which fit anu‘._(,ly aroand the samplie
tuhes. - | |
g-Value ‘méam"remcnts. wers ma'.de'x-rith the aid of thils s’aaxldard. T.}'.:g.
use of a plastic sleeve cnabled one bo kecp ‘the unknown in & fixed
geometry in relation to the ciendard, i.e., the two veie a glass
tube and a;cﬁ:_oncentric plasiic cylinder, respecti\}ely. The MnH slecve
.was caiibréfed by sliding 1t over a proton probe and making simultaneo{m
neas ~'emem.a of the electrdn ‘and proton resonance absorptions. Table 11
gives the result.,, in g-value units, of the dmlibrat101z for the six
hyperfine co-uponents .of the m absorption ét 9.8k Kuc. The value
. wp {oil) . (6)7 462)-2 (7’4-) vas used with the m:.crova\e end mdlo

p

fr «.quwcxes to ca.lculc.te the resonance pooltlon.,. Fragquency peCasure-




Table 11

Standard for g-value determinations. Hypexfine structure -

of Mn' = in }g0 at 9.8l Kume

Absorption Line . Effective g =
(increasing field)

_ — — "
1 2.135h5  + 0.00020
2 2.08216 + 0.00020

3 2:0311k + 0.00009

4 1.98150 + 0,00009

5 1.93321 + 0.00020

6

1.88599 + 0.00020 -

*  m.a.e. t’lOO ppm

¥ M.8.€.
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=
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neats vere made.either wipp e Hevlett-Pagkard frequercy neter X550A
or an HP 5L0A transfer ogcillator and eleétronic counier 524B with
converter. | | | |

The two centrel Mnf* lincs were,swept'through-at the séme Lime
‘a8 the free redical line. The g-values for the free radicsls vewe
determined by interpoiating betiveen {the Mn++ lines. A cheracteristle
reproduction of this swecp is shown in Figure 19.

" Precision g-value measurements have been discusscd by Bleis,
Browvn and Maling (7). Ve have been interested in a rapid and easy
measurements which 1s suitsble for snslyticel purposes st the fre-

quency df calibration. A préciéion of t.0;0602 vas usuel. There ere
low intensity'satellitellines of Mn** vhien absorb in the free radical
reoonance positions. Thgrefore, it is necessary to lkeep the mtanﬁard.
small compered to the ﬁumber of unpaired electrons in ths pample. Yo
corrections were made for dévigtions of ‘the microwave frequency from
9.84h4 Kme.
Yidtho weré also determined.bf thise intefpolatidn proceduré.

The width of a line was calculatcd from the uicrovave frequency snd
. 4he position of derivativé maxima between the Mn++ 1inés.

| Tt vas convenient to calibrate fhe Mn++ in Mg0 sleeve es an
‘epproximote concentration standard es well as g;value standard. In
cne sveep, the first moment of both standad and unknowm cguld be
compared. The difficultiee of this metinod have teen mantioned. g-
'-Valué'maasﬁrcments; wid;hé énd.app;oximéte.é5ncen§rdtibn estimates

vere made in one sweep of the spectrum. Concentration neesurenents
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Fig. 19. ESR absoiption produced by vigorously mixing v
perylene solid with oQBr, solid at 25°C. Typical

' determination of a g-value, g = 2.0032, and comparison
_with other known g-values at 9.6 Kmc.
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made in this vay vee reproducible to + 20p for IO14 radlcals.'Absolute
| measuremcnts were good perhaps with/an order of magnitude B

5+ Baturation. The degrece of power saturation was determined
for most of the observations of microwavé absorption. The recorded
‘total slgmal vas obtained aé a function of tﬁe power incident the
cavity from 0.5 mv to 250 nw. TheAdegree of saturétion was computed
from the deviation of this fuhction from linearity at the.péwer level
empiéyed; o

Thelthebretical relatidnships between bower; saturation factor Z end
~ width for a homogepeoun gystemAhaving Lorentzian liﬁeshape are reproduced
in Apﬁendix II.B. Fof slmplicity wé have used a phcnomepological de-
finitlon of the saturation factor 2, viiich is the theoretical Z only
under ceridain cohditions. Zea is‘the experimenta; saturét;on factoyr
detém;tned at the amplitude maxina of the recorded derivative. In-

cluding linewidth changes, Zet 1s the total saturation factor.

A
ca mr
and ao
1/2 o AWR
et — ,
2.5

where A is the.maximu@ amplitude of the derivative of ESR bsorptions
W is the width between derivative maximaj and P, ie the incident micro-

viave. pover. @t low Po, Z_a l-and A = maPo° Thuslat low power the
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the amplifude increases linearly with pover, the_slop§-being m, .
LiLewisc for m, . Most meaaurements vere made with about 20Amw inci-
dent to the cavity reaonator, 8 mv incident to the barretter detector.

Incrowave pover transmitted through the avity was determined
:directly by the barretter detector. If the bias voltage of theA
parrctter bridge was measured when the bfidge was balanced, the
microvave powef at the barretter could be calculated. Tﬁa pover at
other points In the wavegulde wes determihed.eimilarly. The absolute
pover vas detérmined only at the beginning and énd of 21X saturation

measurements. Direct reading variable attenuaﬁors (Hewlett-Packard
3&2A) were sufficiently accurate to méasure the power once the ab-

solute determination had been made.

B. Other physical measurements

The optical sbsorption spectra were obtained with & Cary Model
1hM recofding qpectrophotoﬁeter. Ceiis of lengths between 10 ém.and
0.005 em were'uséd.

A Beclman IR7.was used to obtain the infrared spectra. The in-
struméht'waé used with eutomatic conditions at 200 cm™/min sveep.

Dc conductance measurements were made with a Vibrating reed

"electrometer (Applied Physics Cérp. Model 31) wbich recorded the'
voliage drop across a standard résistof in series with_the;conduc-
tance cell. Ac measurements wvere madé at 60 cpé with an Ihdhstrial
Instyuments, Inc. Conductivity Bridge Model RC 16. The cell Bupplied
by Industrial Instruments vas a pipette type with shiny platinum ‘

electrodes having a cell constant about 0.1 cm™t.



C. Chcmical techniques

Chemical 0perétionsAweré doné ihjthe atnosphere, in a Gry box ané in
vacuun. The dry box was swept with nitrogen evaporating from a liquid
nitrogen reservoir. It contained less than 1 ppm iupurity. The sweep
rate was such that the box was swept cbmpletely‘about'once every hour.

Quinones were recr&stallized from carbon tetrachloride. Dimethyl -

eniline and other gsolvers were purified sccording to ngel (73)

and WelsSberger (76) Tetramethylphenylenediamine and the hydrocarbons
. were vacuum sublimed at temperatures up to 200 C Analyses of some
gtarting materiels follow. Perylene: ‘Found, ¢ = 94.89, H = h.85,
formils, C = 95.20, H = %.80. ‘o-Chloranile Found, C = 29.03, Cl =

5T, 32: formula, C= 99 30, C1 = 57. 7o. -
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VI, CONCLUSION

A, Redicals 1n eolutlon

Vhether or not an electron will be transferred from one orgaﬁlc
molccule to enother in solution is primarily determincd by tne ioniza-
tiqn~pocen tial of the donor nolecule and the electron alflnlty of
‘tbe acceécor.* o accuraue electron afflnlt es of qulnonns are avail-
‘able nov.. waever, since bho ionlzaulon potentials of arylamlnpo and
:ﬂYdTOCarOOH” are known (qule 12A), the results nay be aiscu sed in
_ Lerﬁg of these donor moleculcs which vere used. For byample, chlor-
anii (p0CL.) hasbeen alloved to react in solution with N,N,N',N'-
tetranethyl-p-phenylenediamine (TMPD), with N,N-diméthylaﬁilihe (DMA),
and with perylene. The resulls in each of these three systems arw
now rev;cwcd and their ”clau¢onsh1pu discuceed.

For the first time we have observed by ESR the hyperfine étruc-
ture of the TMPD positive ion in tﬁe presence of a transient chlor-
anil semiquinone. This 1s positive evidence that a completely ionized
electron transfer from TMPD to p€Cl, does occur in acetonitrile to
produce free radicals. |

Free-radicals’were also obsgrved when_pQCl; was dissolved in
DMA . even though the ionization potential of'DMA is about 0.7 ev
sreater than that of THMPD. However; a simple eleciron transfer is not
observed. In fhis case the radical semiquinone of chloranil is an un-

steble intermediate in the réaction of pQCl, with DMA, whose produch

¥ = The effects of ionic solvation, ion-pair formation and the ten-
dency to form covalent bonds are arbitrarily assumed to be the
same . for all compounds under investigation.
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Ionization potentials (77)

M,H,N',N*~tetramethyl -p-phenylenediamine 6.6 ev
Perylene ‘ : . 7115
- N,H-dimethyleniline . 7.3

. %
Reldiive electiron affinities

Iodine 1.8 ev
Chloranil - 2.72
-Bromanil.' ' 2,76
‘0-Chloranil . 2.87
o-Bromenil L2.91

Dieleciric conotants (76,78)

€ 1/e x 102
N,N-dimethyleniline h.?l 20.4
Lihylene dichloride 10.36 = 9.65
Nitrobenzene .82 . 2.87
Acetonitrile 37.5 o ' 2.66

The value for iodine 3&21”8 ev, was taken from the work of
Ferguson end Matsen (9). The other velues were estimeted
assuming & linear function for the charge—trahdfer frequency,

Vo = C = EA’ Tor a given donor, in this case perylene,

Vert Ver

C is a constant. Exactly, & more complex function holds in
which case the electron affinities estimated for quinones

are somevral lowver, relbive to iodine, then the valucs reported

here (5). Note also that the effecis of polarizebiiity on Vor

lere been neglected.
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rystal vioict. The kinetles of the reaction may be explained if
N .

it is soswied thet a Lydrogen atom transfer is the limiting step in the

veaction, raticr thazn an eleciron trensfer. The semiquinone is pro-

E_‘c;haps The ionizafcion potential Q_J? DA is not low enough for en
cilcctron to transfer from IHA to puCle, &3 it did in the reaction of
THPD with phCls. Ve have used a donor having an ionization poteniial
nearcyr that of TMED, hoping that again we woul'&zvobsem-e an electron
transier. Perylene has an ionizatioﬁ potential Befxreeu those of THPD
and DMA, but still over 0.5 ev greater than UMPD. Howewver, no ESR
absorpyiion was obscerved when perylene-pQCl,g was discolved >in nit.fo-
benzene. With pQCly o8 the accepior, it appears that 6.0 ev, the
icnizsvion potential of TMPD, may be near an u_i)per. limet Tox which

ionized electron transfer can be observed in solu‘a:.on.

l_

Ve bave atiempted to procduce ionization by usiag other quinones

which are stronger accepiors than pilly. oone approximate electron

afsinities of the tetrahelosenated quinone° uscd are woulated in

Tabie 128. Still no ESR avsorpiion was observed when perylene-oflla
was dissolved in nitroveazene. When oGlly was allowed to rea c; with
DA the rate of reaction was much greater than the reaction rave of

le with »QCla. However, in DA i cre is not much difference be-
tween ihe electron affinities of these tvwo acéeptors. The difference
in rate has tentatively been assigned to a steric factor. The reaction

of TPD with ciCl. vas so fast that no quantitative measurements vere

«

nade.

The kind of reaction irliickx will occur bétween & (&onor and an

acceptor quinone is ob\n.oa.,ly deternined by what kind -of donor mole-
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cule is used. An electron will be transferred dircctly from dono;
tovacccptof‘only whcn éhe ionization potcptia; of tne donor is suffi-
ciently lov. Although the kind of reaction depéndo upoo ﬁhe dooor,
”tne rates of these reaccion: aspend upon the Ainc of tecrahalogenated
guinone used. It has notv been establisued wuether thc diffcrencc in
the raies 15 e result of snmall differences in electron affir¢cy,
less then 0.2 ev, or is the result of steric factors._

The ‘dielectric constant, €, of the medium Wés a controlling factor
in tLe trunsfer of an electroa fxyom THPD to pQCl4 In addltlon to the
potcntlal for complete electron transtr, the medium mst be able to
acccwmodate the jonic charge of tne radicals for the transfer to
occur in prcference t0 other reactions. The transfer from TMPD to
pQC14 occurred in acetonitrile,€ = 37.5, not in ethylene dichloride,
€ = 10.36. |

DMA has‘a low dielectric constant (Taﬁie iﬁC) an&nwe'tried )
iﬁduce on‘electron'transfer t0 pQCle by adding solvenis‘of highef
polarity to the'DMA. 'it ﬁas found, hovever, that addition of oolvents
) ﬁhe DMA solution of pGLls changed the charactefictics of this react-
ing system. In genéral the.a&dition'of solvcntc4destroyed.the observed
ESR é.bc-oz’mion; | N o
o Als0, noO elecuron tlanuler from pcrylene to 0QCl, vas observed
in solutlon by ESR, even in nitropenzene. The dlelecﬁric constant of
;nitrOBenzene'is' = 24.82, which is similar tO'tho d;electric conctant
of acetonitrile in which clectron tfansfer-has been observed from
TPD to‘pqci4.. bdf course there may‘bc some épecific local solvent
Zcoor&ination wﬁich invalidates comparison of thc macfoscopic dielectric

constants of acetoniirile, and nitrobenzene
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In solut *on we hg..\. studled two reactlon.s .m uhich both donor-
acceptor couxplexc.; and free radicals are oo.,cmed An c*ccbron trans-
irom TiPD to 90014, occurs in ace uomnri.l . pcgm@, also ox idi

D}-iA. hqwaver ’ onJ.y in the first' ‘ ase does t’xe clectiron eprc‘..r ":,o.
tfans:ﬁ‘ef 'L_rcctlj from r,n.ﬁc donor 1o uhe accma*or.‘ |

In toe react* on of qn:.nones m.th D‘4A thc oc.n_quinonc:. v*.:c1.n
identified by their g,-valucs. \Je Janted ar’d.;tioml =Vidcncc that the
o’osem"ed. ram.cm.s vere c.m_.quinows. The fluorenil sen.iquinon«. nor-
mEu...Lj lms an LSR e.b.,om jion spcctrum cons stin i" :merfme
co’n;poncnts O"Ofewmtion of .,hie hyper::ine rplitting in the rcaction of
»J,uorpnil with DI\.A \oula havn elded considcrably in identifying tLe
-ngermvdle te radical How'wvc*“, in bre prcscnce of a hic,h concentration
of i‘luoranil ) which wero the r'ondi tions of the ex_pcvimen ¢, the fluorine
byperfine nat‘cern wvas not rcsol~rec.. Appurcn'clj the semiqulﬁones
exist in a complcx envi”onmcnt in vhich rapid ;.:lectron transfcr anong

quinone, semquinone and hydroqpinone ion 1s 1ikelj.

B. Im)eri‘ecmong in sol.Lds

ESR abs orption vas (..‘..)CO"CI'Cd in 11~'c.rocarbon;-quinone. 501id con-
Viplexes.' The paramaﬁneti g could nct be correlated vith any other
v;roncrr,ies of the solids vhich we determined, ana it 1a am.te irrepro-

Lc*b_\,. Ap‘oa:\ently the obso ervcd ESR is cauqed bJ' an imperfection
in tbc rmr'era.l sense; tlvat is; the aonor-acceptor sf._)lidu are not them-
selves paremagnetic. '
" There ure .«renerai cheracteris: :ics in th¢> E‘”R a‘ocowpt on by the
pes-)_.\,ne.qvlnonﬂ solids vhich w11l be used o qss;,rg;n & nmore specific

structure to the imperifection in the futurc.



Toe ;)ositive zpulits obtained b this rescarch have been related
"~ to the chorge-donor rreoperiies of arocuatic h;rcirocaf‘;mns end aryl-
erines and o ve cZ:arge-accc;ator propexiies ofA *;e’u1’a&m10g;enated
q_uinones. Ve point -out thai in ncne of me cages situdicd were the
gonor-veceptor compléxe:s or soilds t'hems'eives ~in"cr;?.nsicall;y yara-
megn_e‘tic. P.ati'x.ez; ‘.,ne donoxr eond acgeptor properties o *.,nc organic
materinis result in two observations. One observation i__s what the
donors do sssociete with the acceptors to form dioumegnetic adducts.
Secondly, Uiese conors and acceptors freguently react to fora pm‘a;
ma@etic apecies, that is, radicals end irperfections. Indeed these
obselﬂiétions ey be relaiced if ihe donor-acceétor compl.exes aré

precvrsora of the mognetic species.
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APPENDIX II.

The recorded voltage chenge with ESR ebsorption, as & function

of the:microwave frequency, w, is AVr‘.

AV =Gﬂ%oos—;‘—§if-. -

where G is a numerical factor including the barreﬁter constant and
1nstrumental gain; n 1s the filling factor; Qu 1s the unloaded
q_uality factor without magnetic absorption; P is. the pover Iincident

the cavity, Hs is the’amplitude of magnetic field modulation; and x"

~is the a.bsorptive magnetic susceptibility.

o NEFEE +Y) [. s(wA - o )
3'. = e (l)o ® : - | N
> l}*l/ ht“;’.‘)’ ,ngng(w - wo) L

vhere g(w = -mo) 1s the shape factor and the other famiiiar constants

are.fiefined in Appendix III.
B. |

The recordedj. voltae;e of Appendix II.A may be’ writt'en for a
Loren‘bzian lineghape factoxr as a function of frequency..

acn'r2 ’ (w-w)

4AV = 2
r xT [}L - (w -w )‘?CI.‘;;2 + 1/L ( ) H?.TJ.TZJ

C is an instrument constant. The max:lma of the recorded derivatives are,



91

9CN _T.%
o . 3/2
= P :
AV ) o P2
8 3xT -
where
1

7 = . — B
E + l-Ll-'r ‘;%B-)z leTng_ -
o h :

The width_of tols Lorenizian line between derivative maxima is

2 g
- QFET Tz~ '

c.
The following working equation was used to calculate the micro-

wave magnetic field maxima in the TEjos cavity:

A P
B2 = 1.6 x 10° 2 1 -mq
v o
where. .  H? is oerstrd®, maximm of the total linear

polafized field,
P, is milliwatts pover incident the cavity,
T is the cavity transmission coefficlent, n
Q, is the iOaded quality factor,
-V is the cavify volume in cms;, |

" v 15 the microwave frequency in cps.




)

- APPENDTY III™

The Caussian system of units has been uesed in discuﬁsions of
‘molecular properties. The megretic ficld end induction have been
assumed equal. Magnetic.éuanfities areuexpressed in oersteds.

Vhen making the transition from measured quantities to molecularA
intexpre‘.tations; a -xixixed system' of un:fté was used. Méésurements
were madg in m%s units; interpretations were made in gaussim units.
The working equaﬁj.rms: rélating experiment to theory 'con.-min both
mis and gaugsian units, with the correct numerical conversion

factors.



93

*
DEFINITIONS AND NUMERICAL VALUES

Planck constant h=2nk  6.62u91 x 10727 erg-sec
) " pokr magneton . - S ©.0.92732 X 10-2° erg-gauss~t
Wenetic momeﬁt of the o ., ' ~.'>‘ i
. N . : (o] R . . 24 -

proton in units of the ( ol ul) : - (657.462)72
Bohx magneton S\ 8 : - . .
Spectroscopic splitiing -

gaetor g

"gpcctroscoplc splitting v - L : '
factor of a free-electron. . g - . - - 2.00229
Effective electron spin 8 ' i
Abgolute temperature : T ' o  ff degfees~

" Concentration of unpaired. . _ .
electrons per gram ‘ N, ; gram -1
Frequency | 4 ' yulus -3Ee™
Frcquﬂncy oy ' radians-sec -1
TOU&l amplitude cf the _ L
mlcrowave magne*ic flead Hy - oersted
Exucrna¢ de magnetic field ‘Ho L ‘:=.oersted

-~ Modulat*on,amplitude - o : N
of the external field Hy oersted

"Qpin-Tattice relaxation ‘
time - Ty ' ~ sec
Sp1n~pha"e coherencc time b sec
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) ' J.W.M. uulv’ond, Ann. Pnyaics, 1 365 (1959) -

D.J.E. Ingramn, opectroscoyy at Radio and Microvave Frccuencieq)
-But Lerworths Scientific Fublications, London (1955).

8. Liebcs, Jr. end P. Franken, Phys. Rev. 116, 633 (¢9>u)




12.

13.

lu‘

15.

i8.

17.

l&.

G. Tollin, P. B. Bogd and M. Calvin, in Protopericdics and

~ folaved Phonomons in Plants and Animals, publishsd by Armsrican
U Assuciation for the Advabeemont of Beience, Washington, D.C.

(1)5)), p.- 47. Alzo, 3. Tollin, P.B. 8oz0 md . Calvin,
- B.X. Aced. S:l. 1_, 310 (1358)

H. Aszemateu, H. Inokuchi . and Y. Matsunaga, Eature, 113, 168 (195%)
B. Kainer, D. BiJl and A. C. Roso-Inues, Haturvies &1, 313 (19sh).
D. R. Kearns, Tbesis, Univercity of Caiifornia, Berkeley (1980).
University of Califorala Rmdiation Laboratory Report UCRL-1LZ0,
June, 1380. Algo, D. R. Kearns, G. Tollin, and M. Calvin, J.
Chem. Pays. 32, 102 (1960)

G. Briegler and J. Csexallsn, Angw czm., 1_, bOl (19@0)
(CRE Translantion 85k. - ’

¢. Briegieb and J. Cazekalls, 4. Elekirochem. 39, s (19}5)
D. Bouth, Bclence Pro.gmma, 48, bys (1980).

§. P. McGlynn, Chem. Rev. 58, 1113 (158).

" B. E. Fergucon ond F. A. Matsen, J. Am. Cham. Soc. 82, 3268

(1980).

D, BPijL, H. Kalner and A. C. Rohe-Tnmm, J. Chen. Ph‘ya. 30,
7685 (1359). : .

L. 8. 8luger acd J. Kommadeur, J. Chem. Phye 34, 133 (wm)

D. B. Chozuut, M. Foster, W. D. Faill:.pes, J. cm Phys. 3b,
s8k (1961).

G. Bx-xetg.eb and J. Czemm, Z. Elektrocham. 58, 2349 (195&)

R. Fomtar, D. Ll. Ramick mxd B. K. Pm'sona, J. Chsm Soc.

’ 22 » 555

mmg amd. 5. c wanwx-x Acta Cryst. 8, T87 (1y¥55).
K. Fammoto, J. Am. cxm. Bos. L 1739 (1958).
m. Kaz,inax' and W Otting, Chezwm. - Bor. 'dfa 1981 (3.955)

R. Z}’osmr, Ei’amm, uu, 337 (1958).



19.

D. M. G. Lawrey and. H. McConnell, J. An. Chem. Soe. Tk, 6175
(1v52). Also, J. Landarer and H. McConnell, J. Am. Ciaen. Soc.
7%, 1221 (1952). .

H. MCCO'mE‘ll Je S Ham and J. Rc Pjﬂtt’ Jo Chem' Phygu 2-1. &6

(1953).

R. M. Keefer axd L. J. Andrews, J. Am. Chem. Soc. 72, 4677 (1950).

F. Strieter, University of California Radiation Labvoratory Report
UCRL-3208, 1)60.

0. ‘Hassel and z{. 0. Stromme, Acta Chem. Scand. 12, llu6 (1958)

H. Keiner and A. Uberle, Chen. Ber. 88, 1147 (1955).

: ,R- E- Miller md WQ F K. Wyn!‘e-JOneﬁ, Jo Chemo BOC. 1942., 2375.

R. Foete.r, J. Chem. 6oc 1359, 3508.

G. Briegleb, w. Liptay and M. C:mtner, Zelt. Ph;{all:. Chem. 26,

55 (1960).

E. M. Buck, W. Bloenhoff and L. J. Oostcrhoof, Tetrahearon Letters,
92, 5 (1960).

J. Veiss, J. Chem. Socs 1ph2, 2U5. - _
R. E. Miller and W. F. K. Wynne-Jones, Nature, 186, 1h9:(1960).

H. M. Bueck, J. H. Lupinskl and L. J. Oosterhoof‘ Mol. Plfws.
136 (1959).

W. IJ. Aalbersheryg, G. J. Holjtink, E. L. Mackor and W. P.
”"ijla.nd J. Chem. Soc. 1959, 3055.

H. Kainer and K. H. Kauaser, Chem. Ber. 86, l;s3 (1953)

. E. de Boer end . I. Weiseman, J. Am. Chem. Soc. 80 Lshg (1958).

P. R. Tuttle, Jr., J. Chem. Phys. 30, 3% (1959)

K. H. Hausser, Arch. bcl Geneva 12, 195 (1)5))
H. Tsubomura, J. Am. Chem, 80¢. 82, 40 (1960).

D. D. Eley, H. Inokuchi end M. R. Willis, Disc. Faraday Soc.,
nrj )—:h : . : . e

D. Kruger and F. Oberlies, Chem. Ber., 77, 664 and 1711 (1gkl).

—



ho.

L3,

1.
58.
22,

g0.

-96=

D. Buckley, S. Dunstan and H. B. dendbest, J. Chem. Soc. 1957, 4300.

G. Zngelsma and J. ¥. Fastwan in University of California Radiation
La‘uoratory Report, UCRL-9519, Jan. 31, 1951, p. &7.

- g. Bmegleo end J. Czekalla, 2. Elekirochem.’ 58, 2L9 (1954).

J‘, E. Wertz and J. L. Vivo, J. Chem. Phys. 23, 2kl (1955).
R. Foster, Tetrahedron, 10, 96 (1980).
H. Kainer, D. B1jl aad A. C. Rose-Innes, Nature, 178, 1462 (1956).

D. ;:I. Anderson, 'P. H. rrank end H. S. Guuows.:y, J. Chem. Phys.,
32, 195 (1960). ‘

M. S. Blois, f. W. Browa and J. E. Maling, B. L. Report No. 11,
Stanford University (1950). '

s. I. Welssmr.m, Z. Elektrochen. 6h, b7 (1960).

B. Venkataramen, B. G. Sexzel and G. K. Fraenkel, J. Chean. Phys.
39, 1068 (1453).

D. Pines and C. P. Slichter, Phays. Rev. 100, 101k (1955).
B. M. McConnell, J. Chem. Phys. 25, 709 (1958).
M. J. Stephen and G. K. Fraenkel, J. Chem. Phys. 32, 1435 (1980).

L2d

" H. Schreurs, G. E. Blomgren and G. XK. Fraenkel, J. Chem. Phys.

'J-
32, 1861 (19€0).

Q. Jolnson, unpublished investigation.

.. M. M. Laves, R. Sehr and M. Bose, J. Chem. Phys. 33, 868 (1960).

'H. Akamtsu, H. Inckuchi and Y. Metsunaga, Bull..Chem. Soc.

Japan, 29, 213 (1938).
J. Komgandeur and F. R. Hall, J. Chem. Fhys. 34, 129 (1961).

Y. Matsunage and C. A. MeDowell, Nature, 183, 916 (150).

Y. Matsunaga, J. Chem. Phys. 30, 855 (1953).
F. Beitz ia Imperfectioans in Hearly Perfect Crystals, W. Shockley,
et al., editors, John Wiley and Sons, Inc., Hew York 1352, p. 3.

J. W. Eastman and M. Calvin in University of Califcrnia Radiation
Laboratory feport UCRL-);»I, (1559), p. kO.



62.

63.

Gh.

65.

66.

67,
88,

69.

70,

TLl.

72,

13-

)=

J. W. Eactman and M. Calvin in University of California
Radiation Laboratory Report UCRL=-3652 1961.

D. E. Kaplan and M. E. Browne, Phys. Rev. Letters 2, Lsh (1959).

J. W. Eastmen and . Celvin in University of California Radia-

tion Laberatory Report UCRL-94C3 (1380), p. bl.

L. 5. Singer, J. Appl. Pays. 30, 1463 (1953).

R. H. Polrer, E. J. Kahler, and F. Beninzton, J. Org. Chem.
17, 1437 (1952).

J. E. Beanett and B. J. H. Morgaa, Nature, 182, 193 (1958).

N. S. Garif'yznov and B. M. Rozyrev, Dokl. Aked. Neuk. SS5S3IR,
118, 738 (1953). .

'J. J. Lothe and G. Ela, Acta Chem. Scand. 12, 1535 (1353).

A. B. Arbuzov, F. G. Velitova, N. S. Garif 'yenov- and B. M.
Kozyrev, Proc. Acad. Sci. USSR (Eng. Trans.) 126, 389 (1959).

V. K8hnlein and A. Miller, Symposium on Free Radicals in
Biolosical Hwstemu, Stanford Biophysics Laboratory, itarch 1960,

R. H. Silsbee, Phys. Rev. 103, 1675 (1956).

R. 0. Lindblem, Thesis, University of Celiforniam, Berikeley,
1959. University of California ledlation Laboratory Report
UCRL-G910. -

S. Liebes, Jr., and P. Franken, Phys. Rev. 116, 633 (1959).

A. I. Vogel, A Textbooi of Practical Organic Chemistry, Longmans,
Green and Co., London (1958), p. 573.

A. Weissberger, Technlque of Cr.ranic Chemistry, Vol. VII,
Orzenic Solvents, Interscilspce Publishers, Inc., Kew Yori, N.Y.

(1955).

G. Briesleb and J. Czekalla, Z. Hlektrochem. 63, 6 (1959).

A. A. Margott end E. R. Smith, Teble of Dielectric Constents
of Pure Liguids, Kat. Fus. Stand. Ciccular 514, August 10, 1351.

J. C. Turgeon end V. K. LaMer, J. Am. Chem. Soc. T4, 5399 (1952)
and refersnces therein. :




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





