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FREFACE

By 1959 there were sufficient experimental data to Justify
proposing & mechanism for the primary act of photosynthesis. At
that time, Tollin, Sogo and Calvin reviewed new evidence obtained in
this laboratory (l). They proposed a mechanism by which oxidiz-
ing end reducing entities could be separated in plants. It was
shovn how the chemical oxldatlon and reduction reactions of photo-
gynthesis could proceed independently by way of these separated
gpecies. The separation itsélf required electron donors and acceptors.
Thus photoinduced excitation may be trensferred to chemical potentisl
by way of these ionizing donor end acceptor molecules.

At this time very little is known about the medianism of ilonized

electron transfer between orgenic molecules. It was our general pur-

pose 10 examine electron trensfer between organic donors and acceptors

in general. We wanted to determine the conditions for which electronic
ionization and electron transfer occur in orgenic systems. Questions
about the mechanism of photosynthesis stimulated us to initiate this
research. We were originally motivated too by the results of work
carried out in laboratories at Tokyo and Oxford.

In 1954 Akematsu, Inokuchi and Matsunaga et the University of
Tokyo discovered the persmagnetism of hydrocarbon-halogen solids (2).
These homOgeneous solids were prepared stoichlometrically from poly-
cyclic«aromatic-hydrocarbons and halogens. Independently at Oxford
in 1954 Keiner, Bijl and Rose-Innes observed electron spin resonance

in arylemine-quinone solids (3).
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Both of these complex organic solids are composed of electron donors
and accéptors. The fact that paranagnetlsm was observed may mean that
electron transfer and concomitent unpsiring does occur in these donor-
acceptor corbinations. The ploncering work af Tokyo and‘Oxford paved
the way for the present investigation. The prescnt work is partly a
continuation of the resecarch Pegun iﬁ those isboratories.

Specifically the purpose of the present vork was to determine the
‘conditiona for which unpaired electrons could be produced by excitation
or lonization in donor-acceptor systema. Previously in our own labora-
tory Kearns (4) demonstrated that laminated combinmtlons of alternating
donor and acceptor solids generally contain unpailred electrons. Our
purpose was to examine the.humogeneous solids and liquid solutions of
donors and scceptors such as those investigated al Tokyo and et Oxford.

Becéuse quinones have been Tound in plants, vwe decided to limit
the choice of acceptor molecules to guinones. Both asrylamines and aro-
matic hydrocarbons have been used ss donors. These particular donor-
accepltor combinations have been exemined both in solids and liquids.

Results and their interpretaticns ere presented firet. Experimen-
tal methods are described in Chapter V. For conciusions derived
from this work, refer to Chapter VI. Structural formulas for the or-

‘genic compounds used, analyses of the experimental mcthods, and other
detalls ere presented in the apyendix.

It .1s hoped that the experiments desceribed in this work illuminste
the cssential observable features of charge-transfer association and
paramagnetism. No attempti has been made to review the existing theories'

of donor-acceptor interaction or electron spin resonance.
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ABSTRACT

When p-xylene was combined with chloranil in n-heptane, charge-
trancfer optical sbsorption was observed. The magnitude of this
absbrption is used t0 calculate an equilibrium constant fof the
formation of & donor-acceptor complex contailning one p-xylene
and one chloranil molecule. When'p-xylené was combined with carbon
tetrgbromide and with carbon tetrachloride in n-heptane, no charge-
transier absorption was observed.

Reactions of N,N,N',N'-tetramethyl-p-phenylencdiamine (TMPD)
with chloranil (pQCl4) have been observed in ethylene dichloride and
aceonitrile. In both scolvenits adduct formation occurs initially, as
observed by 1its charge~tronsfer sbsorption. In acetonitrile time-
dependent electron spin resonance (ESR) gbsorption was observed, and
it 1s identified with the positive and negatlve radical ions of TMPD
end pQCly, respectively. In this case a completely lonized electron

transfer has occurred.

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

anliline forming a crystal violet salt. The diamognetic donor-acceptor
complexes and also semiquiﬁone radicals are intermedistes whilch have
been observed. Some physical messurements of the kinetics of this
reaction are described and correlated. When fluorenil was alloved

to react with dimetbylaniline, the hyperfine splitiing by the
fivorine atoms of the fluoranil radical was not resolved. Char-

acteristics of the ESR wbsorption by this radical in dimethylaniline



sre discussed in terms of an clectron transfer between the semi-
quinone snd quinone, and betwecn thé semiquinone and hydroquinone
ion.

Paramagnetienm has boen discovered Jn hydrocarbon-quinone solids.
ESR absorption is assigned to imperfectioﬁs in the s0lid which 1is
ﬁormnlly dlamasnetic. The preparation of these solids and some of

thelr physical characteriatics are described.
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I. INTRODUCTION

A. A description of donor—acceptor complexes.

The asaociation of certain orgenic molecules in solution generates

& color which s present in neither of the individusl components. The

colo? 1ls produced by excitation of an adduct or corplex which is formed
by the association of charge-donor moiecules with charge-acceptbrs;
Molecules which have Jow ionization potentials, the chafge-donors,
genéfally do cormbilne with molecules which have ﬁigh electron affinities,

the charge-acceptors. The donor-acceptor adduct itself is colored.

The adduct is called a charge-transfer complex’ and its electronic

excitation causes charge-transfer ebsorption.
Mulliken has shown that & simple bonding scheme which approxi-
mates the bond between a donor (D) and an ecceptor (A) is

(D:A) = D...A g3 D' -

D:A is the com?lex; D...A, the no bond part, represents bondingly

London forces; D' - A", the Gative part, represents bonding by ex-
change and ionlc forces. Experimentél evidence indicates that usually
the ground state of the donor—acceﬁtor bond is mostly Just London
aﬁtraétion, a3 indlcated by the underlining in the boﬁding scheme.

or course, this illustratlon is -a simplification; Brlcgleb and Cze-

kalla (5,6), Booth (7) and MeGlynn (8) have rccalbly reviewed the

nature of charﬁe-tran sfer bonding in detall.

The corresponding ex01ued state of the cornlez (D: A) may be

written

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



0:8)" = D...A <«— D - A7,
where the bonding 1is mostly jonic. According to Mulliken®s theory, the
singlet-singlet excitation, (D:A) ——3> (D:A)* causes charge-transfer
from the donor tothe scceptor molecule within the adduct. It is this
charge~-transfer absorption vwhich glves the complex its characteristic
color.

Charge-transfer adducts have dipole moments in the ground state.
This is because the donor becomes positive and the acceptor negative
in the complex. Indeed, the dipole moments have been used to calculate
thé percentage of dative (D* - A7) character in the bond (8).

The infrared spectra of the commplexes frequentiy are very similar
io superposi£ions of the spectra of the Individual components. In
gome solutions measurable differenccg do occur; these changes of in-
tensity and frequency are adequately expleluned by the theory of charge-
transfer bonding (9).

When donors and acceptors are coubined in solution, the electronie
gpectra, the dielectric polarization, and the infrared spectra of
these solutlons are observable physical properties which depend in-
timately upon adduct foirmation. Interpretation of these data provides
a detailed insight into the nature of bonding between charge-donors and
charge-aceceptors.

In solution donors and acceptors may exist in equilibrium with
thedir adducts,.if the adduct is a thermodynanmically ctable species.
Equilibrium constants and heaﬁs of formation have been determined for
many donor-accephtor complexes. Heats of formation aré usually between

one and 10 keal/mol (3).
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Thers ias nolg.gripri faason vhy chaorge-transfer complexce or eolids

should be paramagnotic. As & uatter of fact, nog ahe éampleﬁ'has ever

‘been determined unequivocally to be magnetic 1tself. Howsver, electron

_epin resonance sbsorption has been obeerved in a few solids coiposed of

donor-type ard acceptor-typeé molecules (10”11”12) It has never been

demonatratcd wnether the wmagnetiom 1g due to the donor and acceptor pro-

<'pertias of the individual wolscules directly, o & new kind of donor-

acceptor asgoclation, Or to denor-ascceptor intéraction of ﬁhé familiar

" type which we have bgen discussing here. It is with tlds problem that

the present work .1s concerned.

B. Hexamethylbenzena-chloranil s an exsumple.

Tue adduct hexamsthylbenzene-chiloranil Lss been investigated
in & nudber of laboratoriea and serves as an 1nteresting historial
example of donor-accethL associationu Brieglebd and Czekalle measured

the association cmstant, K= 9.25 (—T—) -} in carbon ‘cetmchloride (13).

- The heat of formation &H = ~5.15 keal, and the entrcpy factor, TAS =

-5.8 kcal. Foster, Hamaick and Parsons obmim:.‘l. K - 28.9 7o )"

cyclobexane (14). The charge-transfer ebsorption frequency of this com-

‘plex 18 19,350 cam~t ia carbon tetrachleride and 19,800 cm* in cyclo-

hexane (13,14).

Briegledb and Czekalla (13) weasured the dipole moment of the
hexeme thylbengene~chbrenil adduct..?he dipole moment, 1.00 D, vas
uzed to caleulate b.bhg ionic character in the ground state (5).

Haxding end Wellwork (15) determined the cxystal structure of the
one:omne solid complex of hexomethylbenzene-chloranil. Hexeuethylbenzene

and chlorenil molecules are'stackedﬂélternately in colurms. The direction

of bonding along:the,stack,isrperpendicuiar to the rings which are nearly.

parallel.



Nelauoto measured the optical dichroism of this solid (16). Ab-
sqrption of light polarized perpendicular t¢ the aromatic planes was
greater than absorption polarized in the plene. The frequency of maxi-
mua sbsorption was lower for perpendicularly polarized light thaﬁ for
1ight 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).

Cc. The present wvork.

Our eim has been to characterize the moagnetic specles observed in
systems which also contain chargé~transfer complexes. In Chapter II we
fifut discuss nev results concerning the charge~transfer association
of some molecules in solution. This it a general investigation from
which we progress to the snecific observations of paramagnetism. The
trensfer of electrons from N,N,Ii°,N.°-tetramethyl.-p-phenylenediamine to
chloranil has been studied end the results are presented at the end
of Chaplter II.

The oxidation-reduclition rcaction of chloramil with N,N-dimethyl-
aniline has been studied. The free radicals, charge-transfer complexes
and lous present in this reaction are discussed in Chapter IIX.

Chapters IXI and III ere concerned with the production of para-

' wegnetic speeies in solution. The parsmagnetism of some solid come-
plexes is the subject of Chapter IV. In thet chepter are presented the
ISR absorption and other physical  properties of donor-acceptor solids

- formed by bolycyclic-aromatic-hydrocarbons and tetrahalogenated
quinones. |

Each chapter is reviewed and discussed independently, and con-

clusions derived from the entire work are presewrted in Chapter VI.



IX, INTERACTION QOF DCNORS AND ACCEPTORS IN LIQUID SQLUTIONS

A. Associlation of p-~-xylene

The charge-trunsfer associetion of p-xylene wiﬁh chloranil, carbon
tetrabromlde and carbon tetrachloride in lr-heptane solutions hes been
studied by optical absorption spectroscopy from 240 mu to 1200 mp.

1. p-xylena-chlorenil. If C is the eclectron &ccecptor, chloranil,

end X 18 the donor, p-xylene, in n-heptanc, the two arc in equilibrium
with & one:one molecular complex viniciy 1s observed by its unique

charge~transfer absorption spectrun (1k).

C + ¥ = CX
__(ex)

K & cemmd
) x)

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

that of chlorenil, (C), the asscciation comstant K is

. fex) :
fc,) - (X1 (X))

(Co) andCXo) are the total concentrations of all species containing C

K

and X molecules respectively. If D is the observed optical density of
the solution, & 1s the length of the absorption cell, and € is the ex-

tinction coefficient of tie charge-transfer absorption by the complex,

ac,) 1 , 1
D L]
| € eK(XO)
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When a(co)_ is plotied es a function of 1/ (535 ), a atra;ght line
resultes whose intercept and slope may be used to0 calculate the ex-
tinction coefficient and association constant. Thils is the familiar
Benesi-Hildebrand restion.

Because the charge-transfer optical absorption maximum occurred
at the same wavelength as en absorption by unassoclated chloranil, the
calculation was made &t wavelengths longer than the sbsorption maxi-
mu. The extinction coefficlent at the maximm was determined by sub-
tracting the chloranil ebsorption after the equilibrium concentration
of chloranil was detexrmined.

Table 1 ané Figure 1 give the experimental data and calculated
functions used to determine the sssocimtion constent, K = 1.35 mol~t
+ B# 8t 27°C,

The absorption spectra of chloranil and of the p-xylene-chloranil

LB8X

complex are illustrated in Figure 2. A = 420 my, € ax = 1580(m01§10m‘1

in n-heptane. Foster (18) Las reported a Mok = 395 mp in éarbonfEZ;ra-
éhloride. Foster, et al. (14} report that chloranil and m-xylene have
an sssociation constant in cyclohexane of 2.9 {mol/1})"* (18°-20°C) ana
exhiblt charge-transfer abscrption at 395 mu. The results of the pre-
sent vork ere in quelitative sgrecment vith the work of Foster, et al.
Vhy the charge-transfer frequencies should differ by as much as 25 mu
is uncertain.

2. p-xylene-carbon tetrabromide. A saturated solutlion of CBrg

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

methods had td be employed in the search for charge-iransfer absorption.



Teble 1
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Calculation of thé association constant of p-¥ylene-chloranil

: D D D
(€ x10*  (x) A=L6Omu  A=L70m A = 480 my
335 1.26 0.4k 0.327 . 0.240
5.&1» 0.457 0.271 0.21% 0.163 |
4.00 0.583 0.351 0.279 0.207
4.02 0.242 0,181 | 0.147 0.109
5.02 0.328 0.289 0.229 0.169
5.00 0.1001 0.120 0.094 0.069
10.0 0.442 06755 0.602 0.1450
Intercept x 10¢ 5.1 6.1 8.0
Slope x 104 3.60 h.35 6.4
X 1.42 1.40 1.24
K= 135 & 5% £9§3'— )"

Temperature = 27°C + 2%
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[Xo] mol™')

MU-18241

Fig. 1. Charge-transfer absorption at 460 my, 470 myu 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)
os6f ——CHLORANIL (2.22 x I0"*MOLAR)

o4r

OPTICAL DENSITY

MU -18242

Fig. 2. Absorption spectrum in n-heptane of p-xylene-chloranil
using a 2 cm cell.
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The method ofALandaucr, McConnell and lawvrey (19) has been used
to place an upper limit on the association constant for CBrs and p-
xylene, if any complexing occurs.

In & solution containing CBrg, C, and p-xylene, X, there is the
possibility of forming & complex, CX. As before, the association con-

stant, K, 1s
(cx)
[(c,) - ()] (x)

when the total concentration of species containing X 1s much great-

=

er than the concentration of species containing (C ). The optical den-
sity, D, measured in cell of length d, is
g = ex(X) +ec(C) + gg{CX)

The adduct (€;) will be observed only if its abporption spectrur is
meaéurably different from the spectra of the components (ex and ec).

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

() = K () (x)
1+ K(Xo)
and
1+ K(x ) a (x))(c,)
(&2 - € )X i D - de:;(xo) - de (€ )

When the right hand fuaciion, to be called @, 15 expcrimcntally deter-
mined and plotted as a function of (Xo), tae slope and intercept of

the straight line may be used to determine the associlation constant, K.
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Between 300 mp and 400 mp the observed optical density, D, was
Just the sum of the initial optical densities of the components them-
€ e . '
selves, D, = d x(XO) +_d c(co) (Teble 2)

The denominator of the function

g 4G, (C) o Ax) (e)
D~d x(xo) d c(co) DD
is no greater than sbout 0.01, Q itself is Q 2.06. Therefore,
1
K< . In this wavelength region ec <50, and

TL06(E, € ) -
(06(€y -€) - (%)
(Xo) 18 negligible compared to reasonable guesses for ©3 ~s 1000.
Key < 17 mol %-12mm

| K fi ‘Oa(nol)

A more detailed study was mede between 250 mp and 300 mp where the
sccuracy was limited by stray absorption by xylene. Tables 3 and &4
phow thﬁt vithin about 10% the sbsorption, D, by solutions of both p-
xylene and CBrg was Jjust the sum, Da’ of the absorptions by the
independent components, D, = dex(Xo) + dec(Co). The large variation:
in the actusl differentiasl (-1% to 58)) is attributed to the instrumental
difficulties of measuring accurately and rapidly the optical density in

thisg highly absorbing and highly peaked reglon.
1

In this case Q@ > .03 and K <
- 103 (€1 - €) - (X))

For wavelengths between 260 mu and 300 mu, consldering ihe usual

width of charge-transfer absorptien bands and taiilng €c<< €1 < 108,
*
K < 03 ( ) , widch i the same 1limit assigned al higher vavelengths.

* Bocause € hccomcs appreciable between 250 np snd 300 my it may be

difficult®to estimate & maximum K value. This is especially true
because the extinction coefficient of the complex may be the same
as that of CBry, in which case there might be no cimge in the obe
served opticsl density if xylene were added. Addliion of p-xylene
would cause a decrease in the absorption by unassociated CBre but
& proportional increase in absorption by the complex so that the
optical densit;” would remain the same. Based upon the extinctlon
coefficients reviewed by McConnell, Ham and Platt (20), between
about 250 mpu and 260mp it may not be possible to estimate K by
optical methods.



Table 2
Search for p-xylene-CBr, complex in n-heptane solution between
300 my and 400 mp

(2,) = 0,100 mol-1-1} (c) = 3.09 x 10-2 mol~1"1)

d=2.,0 em

Mmp) a8 X decco : Da D D D
310 0.033 0.347 0.380 0.793 0.013
330 - 0.009 0.058 0,067 0.058 ~-0.009
550 0.009 0.008 0.017 0.006 ~0.011

370 0.007 0.002 0.009 0.000 ~0.009

16
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. Teble 3

Search for P-xylene-CBry complex in n-heptane solution '

Wavelength dependence

100 (D - D)
.........r»....ﬁ

e de X dael =~ D, D D - D,

Experinent 1. 0.403 wolar p-xylene. 0.0307 molar CBrgs d = 0.05 mn
30" 0.000 0.001  0.001  0.000 -0.001 0%
300 0.000 0.015  0.015  0.022 0.007 3
280 0.080 0.055 ~ 0.135  0.158 0.023 15
272 0.521  0.092  0.613  0.667 0,054 8a
262 0,766 0.160 0.926 1.024 0,598 58
250 0.%11 0.223 0.534 0.632 0.098 16
235 ~ 0,064 0s700  0.76%  0.816 0.052 6.1

Experiment 3. 0.087 molar p-xylene. 0.00761 molax CBrg. d = 0.5 mm

280
267
262
250

0.135
1.8e0
1.%18
0.581

0.011  0.146

0.026 1.846
0.035  1.355

0.043 " 0.624

0.160
1.820
1.379
0.666

0.0k
0,026
0.026
0.042

8.8
=l
1.9
6.4



Séarch for p-xylene-CBry complex in n-heptane solution

Table 4

Concentration dependeince

18

8o7 1.82

Mmp) X de X _ de C D, D D-D,
- Experiment 2t C = 0.007¢ molar. 4 = 0.29 mm
AN €, = 32.8 mol=}-1 mm"i, € " 8.1 mol~t.) mm~t
" 0.0796 0.65h 0.163 0.817 0.819 0.0%
" 0.0730 0.600 " 0.763  0.763 0.000
" 0.061h 0.504 " 0.667 0.66h -0.003
" 0.0h92 0.hok " 0.567 0.569 0.002
" 0.0398 0.327 " 0.490 = 0.504 0.01k
o 0.0306. V251 " 0.1k 0.h3h 0.020
255 € =233 mol"t-1 wm-t, € = 10,9 mol-t-1 mm-t
" 0.0796 C0.h62 0.212 0.676 0.713 0.037
" 0.0730 0.4y " 0.637  0.643 0.006
" 0.061h 0.358 " 0.570  0.578 0.008
" 0.0h92 0.206 " 0.498  0.50% 0.004
" 0.07%98 0.87%2 " 0.hhh 0.3h9 -0.093
" 0.0%306 0.178 " 0.390 0.410 0.020
Experiment 3: Co w 0.00761 molar. d = 0.05 mm
262 € = 3.6 mol~t-1 mm™?, €, = 93.0 mol=t-1 ym~t
" 0.ho2 0.655% 0.035 0.690  0.660 -0.0%0
" 0.b7h O 0.TTH - 0.83%9  0.766 ~0.073
" 0.557 0.909 " 0,94k  1.216 0.272
" - 0.642 1.048 " 1.083%  1.059 -0 02k
" 0.721 1.176 . " 1.211  1.213 0.002
" 0.807 1.518 " 1.35%  1.379 0.026
267 €, = 45.2 mo1-t-1 m™, € = 69.01 mol~*-1 mn~t
" 0.402 0.508 0.026 1.169  0;%h ~0.315
" 0.4k 1.07 " 1,096  0.995 ~0.0266
" 0.557 ).26 " 1.206  1.578 0.006
" 0.642 145 " 1.h76 1.%92 -0.026
" 0.721 1.6% " 1.606 1.595 -0.026
" 0. " 1.846 1.800 ~0.026

e
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Keeping in mind that 8 weak charge-transﬁer absorption by the
complex may possibly be buried in the spectrum'of the individual come
ponents and that there may be absorption at highér energies than at
240 mp, the results of thase experimehts ghow that charge;transfer
complexing by CBrg and p-xylene in n-heptane solution is negligible.
It charge-trapsfer ghaorption occurs at wavelengths greater than
240 my, the equilibrium constant fér aseociation is estimated as
K< 0.02 (25)-1,

3. p-xylene-carbon tetrachloride. The results of this 2xperi-

ment are the game es for the p-xylenc-CBrg. The results sumarized in
Table 5 have been used to determine an upper limit for association,
K<0." mol™3-1. |

The results of this work indicate that #ssociation of p—xyléné
.‘and CBrg A40¢s not oceur in n-heptene. This is in contrast with the
agsociation of p-xuylene with bromine ﬁhich does occur, as is already
well known. In solution CBrg does not appear to form complexes with
xylene although bromine does. p-Xylene-bromine absorbs optically at
306 mu- end the adduct has a formation constant X = 2.26.@2%£)‘1 (215.

4 Eénzene itself, as well as p-xylene, forms e denor-scceptor
adduct’with bromine. Charge-transfer absorption by the benzene{bromine
adduct occurs at 292 mp (21). It has a formatlion constant K = 1.04 @g%£ )T,

These two exeuples schow what is well known, that bionine does form
adducts with benzeme-like donors, in general. On the other hand, we
have found that association of CBre ﬁith p-ﬁylene is very small, if it
occurs at all. Thus bromine acts as an acceptor much more effectively

than does CBrg.



Saxrch for p-xylene-CCly complex in n-heptane solution.

Table 5

Wavelength dependence

20

t':0 = 0,00471 molar; xo = 0.402 molar, d = 0.05 mn
100 (D-Dy )
() & ; X decC D, D DD D
280 0.070 0.000 0.07C  0.059 -0.011 “16
o72 0454 u 0.454  0.h12 -0.042 - 9.2
267 0.909 ® 0.909 0.80 -~C.08 - 9.8
o6k 0.711 " 0.711' 0.632 -0.079 -11.1
262 0.672 ® C.672 0.609 -0,063 - 9.4
255 0.490 " 0.490  0.4k8 -0.0u2 - 8.6
250 0.290 " 0.290 0.263 -0.027 - 9.3
240 0.089 u ¢.089 0.079 -0.010 1.2
280 -
1200 0,000 " 0.000 0.000 0.000 0.0
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Comparison of the acceptor properties of bromine and Corg in 11~

guid solution does not apply evidently to their acceptor properties

'in the solid. The crystel structure af the one:one solid complex p-xylene-

CBrg vas solved by Btrieter (22). It is very similar to the structure
of benzéne-bromine, vhich vas reported by Hassel and Stromme (23).
The intermolecular bond distances are, in fact, nexly identical. In
both casecs, the bromine atoms are aligned along the six-fold axis of
the benzene ring, located 3.36 & from the plane.

If we assume there 1s & rektion between bond energy and bond dis-

tance 1t eppears that in the solid, Brg and CBrg sssoclate with

- benzene-like compounds equally well. However; the similarities of

the solilds p-xyléne~CBr4 and benzene-Brz dlseppear when the solids
are dissolved. |

Because of uncertainties in thé qptiéal_méthbd of detecting com-
plex formation, 1t would be wise to investigate CBrg sssociation in
golution by other methods and with other donqra‘ Then the general
valldity of the conclusions afrived ét here may be tested. |

% .

So far we have considered only that kind of domor-ascceptor inter-

B. JIonization in.solutlons of donors and acceptors.

action which results in the formation of a colored complex. As we
noted earlier, there is no evidence that any of the adducts studied
up to now are parsmagnetic. However, radical ions may be produced if

the donor has a very low ionization potential and the acceptor hes

" & high electron affinity. The ions are formed by the transfer of an.

electron from the donor to the acceptor. We have tried to produce

f We conslder here only cases in which electron transfir, not ion
transfer, produces ionized species.



Just this kind of ioni:ation in & variety of systems. Before presente
ing our results, we will review all of the experimental evidence ob=-
tained prior to our work which shows thet ionized electron transfer is

posasible in solutions of organic donors and acceptors.

1. Experimental evidence. Kainer and Uberle (2L) observed the

optical absorption spectra of the radical ions TMPD+ and pQCl,” when
polid TMPD-pQCl4 vas dissolved in acetonitrile. TMPD is N,i,N',N'-
tetramethyl-p-phenylenediomine} pQCle 1s tetrachloro-p-benzoquinone
(ehlorsnil). Kainer and Uberle proposed that é complete electron transe
fer from donor to acceptor occurs in these solutions. It is plausidble
to aapume that charge-~-transfer complexes are intermediatesin thias
ove?all ionizatlion. Jonizatlon of TMPnpr914 did not occur in dioxane and
benzene which have lover dielectric constants thén acetonitrile.

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

The formation of intermediate complexes, radicals and ions have
been observed in the reaction of trinitrobeniene (an accepto:) with
various donors (25,26,27,28,29). ESR absorption was obéervéd.in the
reaction of trinitrobenzene with trimethylamine (30).
| The initial reaction of bromine and a,d',B,ﬂ';tetrakis-(h—methoxy~
phenyl)-ethylene produces a blue paramagnetic sqlution in nitroethane,
a brown dismagnetic solution in carbon tetrschloride &s observed by
ESR (31). The effect of dielectric constant on ionization was agéin

denonstrated. Paramagnetism was observed in the polar nitroethane

>
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but not in nonpolar carbon.tetrachloride.#

At this preliminary stage, the chemical llterature contains few
quantitative studies of electron transfer betﬁeen organic molecules in
solution {as opposed to charge-transfer). However there is plenty of
experimental evidence to ahow that charge~transfer complexes, ions,
and radicals to appex’ together in many reactions. The phencomenon of
ionization has been reviewed by Briegleb and Ciekalla (5) with some
gpecific reference 1o dielectric effects.

2o NJN,N',LﬂTetramethylfp~pheny1enediamine-chloranil (ITPDﬁpQCl4)-

We have somewhat extended the work of Keiner and Uberle (2L),who obser-
ved the 6ptical spectra of the radical ions TMPD+ and pQCls in aceto-
nitrile. They ahoweé that in solvents of high enough dielectric con-
stent an lonized electron transfer from TMPD to pQCle takes place. We
pave qualitatively inveétigated the ccnditioné wnder vhich this ionizae-
tion occurs. |

We have found thet solutions of TMPD and pQCle are not stable,
even in the absence of air. When eqhimolar guantities of TMPD and pQCly
were dissolved in acetonitrile, two distinct ESR ebsorptions were ob-
served (Figure 3a). A narrow single line, which ve have assigned to
tﬁe chloranil eemiquinone, 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 paCls

# 80a, SbCls and BFs have been used to accept electrons from aro-
matic hydrocarbons €32,53). ESR of the aromatic positive ions
produced have been investigated in some detail (34)}. These
inorganic acceptors eppear to form sigma cauplexes 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.
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resonance began decreasing rapidly and the TMPD+ resonance increased
proportionately as soon as the original solution was prepared (Fi-
gure 5b)., Simultaneously the optical absorption by the semiquinone

at 4500 & decayed, and the ebsorption by the positive radical ion at
6000 R incressed. The charge-transfer absorption at 9240 £ disappeared
altogether.

After these rapld changes were complete additional reactivity
vas observed, but the product is unknown. Both the initisl rapid re-
action and the slover one were not dependent upon the presence of air.

The characteristics of these reactions in acetonitrile are
pumarized in Teble Gab. 'IMPD, tle donor (D), and paCle, the acceptor
(A), immediately form charge-trensfer complexes (AD). In acetonitrile
it aPDGa&s that a two~electron transfer msy occur, producing the di-
negative qﬁinone ton (A7) and the TMPD positive ion radical (D+). The
dinegative ion was not{ observed, however. Intermediate in the reaction
is the semiquinone, AT (Figure 3a). After several days, further re-
action produces an unknown product (Xiz).

In the nonionizing solvent ethylene dichloride, a charge-
transfer complex (AD) is formed rapidly. An unknown product (Xa)
is formed in one hour (Table 6¢,d). No radical ions were observed
in this reaction.

If X3 end Xz are the same product there occur two independent
reactions of TMPD with pQCls. If this is true, one reaction ls non-
ionic and is accelerated in nonionizing solvents. The other reaction,
producing radical ions, is accelerated in ionizing solvents. The non-
ionic reaction occurs in one hour in ethylene dichloride ( €= 10.4);
1t tukes ten days in acetonitrile (€ = 37.5). However, the lonization

occurs rapidly only in acetonitvrile.



Reaction of TMPD (D) with p-chlorani). (A)

 Table 6
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8olvent and Condition Reaction Time for
Complete Reaction
8
Acetonitrile (e = 37.5) A+D 5 ap < 1 min
air A+2D a4 A + opt 60 min (lLonger
reaction not
studied)
oA
Acetonitrile A+D 5 ap < 1 uin
high vacuum A+2D 7 AT + 2D 50 min
A+D = X 10 days
e
Ethylene dichloride :
(e=10.4) A+D & AD < 1 min
alr A+D 7 % 60 min
4
Tthylene dichloride A+D 2> AD < 5 min
Nz A+D > X 60 min
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In another series of experiments the ionization of tetfaﬁethyl-
benzidine-chloranil was obderved in ethanol, not in carbon tetra-
chlorice. Both ISR and optical spectra of the ions were found. Also
complexes of come phenothlagine derivatives were gkamined by ESR and
optical spectrbscopy, but their donor properties érc more complex.
DPiscugsion . |

We have not discovered any radical ions in solutlons of hydrocarbom
quinone complexes, such a5 perylene-chloranil. The work here and else-
wvhere shows, however, that erylamine donors such as THMPD do form
radicals when combined with quinones. The arylamines used have lower
1oniz§tion potentials which probably arise beceuse of_their nonbonding
electrons (37). No bydrocarbons with as low lonization potentias have

been investigated.
Note that a chemically stable electronic ionization has yét to
be c¢learly eatéblishsd in s donor~acceptorHeyutem in solution. At
least two kinds of resctions occur between TMPD and pQClg. As the
product of one of these reactions in ecetonitrile, the radicél ions
have been identified by theirbESR sbgorption spectra. An ionized
¢lectron trensfer from TMPD to pQCly is therefore definitely esta-

blished in this system even though it is unstable.
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IIX.

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

A Introduction

An ionized electron transfer from TMPD to pQLli was discussed in
Chapter II. We wvanted to citend tbhks kind 6f vork to asnother donor-
acceptor system. To study the mechanism of this &ind of electron trans-
fer we chose the 1iquid solution of chloranil (pQCls) in N,N-dimethyl-
aniline (DMA). Indeed, Eley had shown that under some conditions the
complex solid DMA-pQCle wes partially paramagnetic (38). Note, however,
that we have investigated solutions of pQClsg in liquid DMA rather than
the solid complex. First of all we wented to see if the solutions wep
st all paramagnetic, and then to see if an ionized electron transfer
from DMA to pQCl, could be egtablished as it hms been from TMFD to
PRLlys

There was another incentive to investigate this particulae liquid
system. Eley reported that DMA-pQCle 50114 hed & relstively high elec-
tronic conductance, &= 2 x 10~2 {ohm-cm}-*. We have tried to find out
if electronic conduetion occurs in the solutions as well.

Fron the very flrst 1t was known thsat the solution of pqClg in
DMA was not perhaps en ideal case for the study of electron transfer.
One night, for example, antilcipate the presence of complicating pide-
reactions vwhich do not involve electron transfer at all. As a matter

of fact, DMA 1s not itself stsble in air, but can be slowly oxidized by
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air to crystal violet (39). Buckley, Dunsten and Henbest hed already
attempted to observe @ reaction betveen DMA and pQCl, in dilute solu-
tiona (40). They observed no reaction, and we hoped tlt no irreversible
reactions would occur in the course of our experiments either.

This turned out not to be the case. We now know that ﬁQCl4 does
react with DMA to form the femiliar crystal violet cation. We have
studied this reaction in come detsil to see if an electron transfer
from DMA to paCly oogurs al any time.

The results of this work are correjated In sections B and D, inter-
preted in section C. end sumnarized in section F. Some rather detailed
measurements of ESR absorption are discussed in section E.

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

(Figure 4) of the isolated compound: were identical to the spectra
of crystal violet, a familiar dye. Simul taneous chromatography on
paper, both with a mixture of ethyl acetate and butyl elcohol and
with chioroform alone as eluents, has confirmed that our reaction
product 1s the catlon of crystal violet.

The erystal #1olet,precipitated mainly in the form of a chlor-
anil hydroquinone salt. When the reaction takes place in the presence
of air, the product is crystalline end is nearly 100% crystal violet
salt. The integral ratio of crystal violet ation to hydroquinone which
best £its the analysis is ong:one. However, the product contains some-
what mdre crystal violet cation than a one:one ratio predicta.

Found: €, 63.52; H, 5.87; N, 8.58; Cc1, 17.98.

Calc.: C, 60.10; H, 5.08; N, 6.79; C1, 22.8.
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Carried out under nitrogen, the rcaction led to a product with a glessy
appearance. This consisted of about 305 crystal violet, the remainder
being one Or more colorless compounds.

2. Optical ebsorption. Optical aebsorption spectra of the re-

scting solution of chloranil and dimethylaniline are reproduced in
Figure 5. Initially, & charge-transfer sbsorption ocecurs at 650‘m% be-
cause of formation of the well knovm dimethylaniline-chloranil complex (42).
The complex then reacted to produce an intermediate vhich absorbed near
400 mu and which rapidly disappeared when exposeajto the atmosphere.
The spectrum of the final product, erystal violet, has an absorption
peak at 590 mu (Figure 4}.
%, Conductivity. The conductivity of dimethyleniline vas 2 x 10-°

ohms  + 25% (cell constant sbout leipm'l)o When chloranil was dissolved
in the dimethylaniline the éonductivity wag time dependent and could -
alweys bevdivided into three periods (Figure 6). An initial fast
rise (period one, ten minutes) to about 9 x ILO“aohn'r“.JL was fbllcwed by
a slover increase to about 3 x 10-Tchm~!. The rate of this rise de-
creased until & period of very smell change was reached (period two,
one dgy). After this period of relatively small change, & gradusl in-
créase 0 1.5 x 10-Sohm-* (period three, four deys) was observed, at
which time the product salt precipltated from the soclution.

Thue, there occurred & rapid increase in conductiviiy by a
factor of 100 (period cme) followed by & period of little change
(period two) end finally a éériod of product ealt formation (Period

three)u u.
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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-1. Circles: D.C.; Squares: A.C.
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When the conductivity epproached the factor of 100 increase and
intermediate constancy (within period two), its temperature dependence
was measured. A logaritlmic plot of conductivity as a function of
réciprocal sbsolute tempersture gove a siraight line above 2.5°C, the
melting point. Below -3000, the function cowld be approxiﬁated by &
streight line, but the slope was nuny tirmes crcatei than the slope
above 2‘500. _If cne interprets the slope as en activation energy,
evidently the energy requircnents of‘condﬁction are wmuch greater in
the s0lid than in the solution. |

Also, the condﬁctivity of the solid at 2.5°C vas 1/20 that of
the 1iquid at 2.5°C. Although 1t was impossible to distinguish between
ionic and electronie conductivity, it is assumed that this decrease
of conductivity on freezing ls due to the fixing of conducting jons.

4. Electron spin resonance (ESR). A typical time depgndencé of

ESR 1s ilhwtrawd in Figure 7. Apperently the intermediate free radlcal
is preceded by other species ws is shown by the elow initisl rate

of formation. Eleven measurcments of the reaction kinetics by ESR
showed that.the length of tiis initial period was very irreproducible.
The reaction proceeded to completion in a few hours if the dimethyl-
aniline vas eXPoéed to air for a prolonged period (several months)
before chlorenil was added. Even in the ebsence of air (0z <0.1% by
volume) the reaction proceeds, but the product is less crystalliné;

On the other hand, the concentration of free radicals dbhserved al-
weys dec;eaaedvon exposure to air at any time during the courge 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 my (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-valuc of the idermediate radical was measurcd, g =

2.0056 + 0.0002. This sgrees with the value g = 2;0058 determined
for the femiliar chlorenil semiquinone (43). Beldw 1é glven addition-
al evidence which shows that the semiquinone is the intermediate
radicel(See 1II.D.2.) |

The ESR absorption curve is asymmetiric, and it 1s more nearly
Lorentzien than Gaussian, indicating that the radical 1s not present
ag an ideal dilute solute. |

The solutions were centrifuged to see if the radicslslwere.preaent
in aggregates. The solutions contailned the same radical concentration
before and efter centrifugation. Making the usual assumptions concern-
ing density and viscosity, the maximum particle diemeter for uncharged
particles left in solution would be 200 mp.

5.'; Simal taneous measurementa. The reaction of DMA and pQClyg’

“was folloved simultaneously by three phyéical meanurements. The re-
sults are reproduced in Figure 7. The charge-transfer absorption b&
the dimethylaniliné-chloranil compléx decreases'(Figuré 78). The ioniec
product is qbserbed‘by its conductivity to increase (Figure 7b), after
& clow initial period. The intermediate radical (Figure Tc) and
optically observed species (Figure 7d) follow similar delayed kineties.
The sbsorption at 410 mp is not yet assigned, but it is not due to
semiquinones.

A second experiment correlatlng optically obgerved decay with
ESR ebsorption showed that the ESR absorption did not increase until

after considerable chloranll had reacted.



6. Comments. Tie mechanism of the chloranil-dimethylaniline
reaction will yield abundantly to more extensive research. The re-
sults should be vieved in light of the fact that the exact relation-
ehip between the presence of air and the reaction yield and mechanism
is not established. Also we have no information about the dependence
of thie reaction on acidity, nor have any byproducts been identifiecd.

C. Interpretation of results

It bhas been found that charge~transfer complexcs form immediately
vhen chloranil is dissolved in dimethylaniline. Very quickly & rise
in solution conductivity occurs. The reaction proceeds for a fev days
as observed by the decrease in the charge-transfer optical absorption.
After & time the semiquinone is observed by ESR. The ESR eventually
decays while salt formation 1s observed by & second rise in conducti-
vity. The product crysfal violet cation had been identified.

Because there 18 no information sbout the oxidized intermediates,
it 1s impossible to suggest a definite mechanism, but some generai
characteristics of the reaction may be discussed. For convenience
we diviée the resction into six periods (Figure 8). Each period in-
cludes one, or several, inermnedlete resctions. |

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

optical ebsorption of this charge~transfer complex.
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Fig. 8. Schematic of the reaction, chloranil + di-
methylaniline - crystal violet.
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The ions obsewed by the rapid initiel rise in conductivity may

be the products of the ionized complex (step 2).‘If_one assumes an

equivalent conductance of A = 100 uiflgiem_ohm for the hypothetical
orgenic radical ions produced, the ionization constant X.,10~12 mole/1
is estinated from & measurement of conductiviﬁy. If this lonization
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 sherp initial
inceresse in conductivity. If the lons are impurities in the chlorenil,
only 10°® mol.ions per mol of chloranil are necessary o cause this
increase. In view of this consideretion, the loniwation hypothesis
may be untenable. After this initial increase the conductivity remeins
fairly cpnstant until semiquinone and product salt formations begin.

" Opap the initial equilibria have been esteblished (step 1 and
perhaps step 2), there follows & period of oxidation initiation in
which epparently no olarge concentration of semiquinone is produced
(step 3). No evidence has been obser%ed for thé'intérmediate suggested
as the.product of step 3. However, it is s model.which satisfies the
_ eriterion that, elthough quinone has reacted considerably, neither
readicals nor ions ere produced in this step. In eny case, it is likely
that & hydrogen atoms tranéfer takesvpart in the limiting reaction.

No electron trensfer could be established.
During & fourth period radicals are produced in quantity.After
the chloranil is expended, the semiquinones ére reduced furthér to

the hydroquinones (period 5). At no time in this sequence Go any



product radicals otber than semiquinones reaéh en obscrveble concen-
tration. Ii’ there are arylamine radicals, they mist react quickly
(see D.2. below) | '

An increase in conducltlvity occurs during tbe final oxidation
periods aftver vhich the solid salt is precipitated (period 6). The
optical»density (aosuming €= 87,000 (mol)~tcm} and conductivity
(anauming N=50  en® ) ha-v?been used to estimate a

equivalent-ohm) mol
solubility product approximately K ., 107 (--i—-fo

D. The reaction of otlicr quinones dissolved in dimethylaniline.

1. Charge-transfer gbsorption end reaction ratcs. Wo bave

ptudied the reaction of dimetiylsniline (DMA) with fluoremnil (pWFs),
bromanil (pQBrg), o-chloranil (0QCly) end o-bromanil (oQBry) as
well a8 chloranil. The charge-transfer frequencies (Teble 7) may
be taken to be & meassure of the effective electron affinities of
the quinones in the DMA medium (pee Chapter VI) (4h4). They are
nearly all the same. Briegleb and Czekalla give 15.4 x 10%em™2
a8 the sbsorption frequency of DMA-pCCly in carbon tetrachlor-
1de (b2). |

Orthoquinones reacted with DMA at a rate one hundred times
faster than the parsquinones. 'The limiting reaction (Figure 8,
period 3), may be accelerated steﬂcally if, for example, & hydrogen
atom transfer is important, as has been suggested in the discussion
above.. _ |

2 gwaluee . The g-values of radical intermediates (Table 8)

. uey be compared with the g-values of semiquinones prepared by other
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“Tebie T

Frequency of maximum charge-transfer sbsorption by
‘ quinones dissolved in dimethyleniline

Quinone Frequency x 10~%(cm-1)
PFe 15455
PRCle 15.6
prirs - 15 A
04C1e 15.9

0QBry | 5.7



Teole 8

Corparison of g-values

Methad of Preparation

*
_ This Work Other Work
Semiquinones Quinone + Quinone + Air oxidatioca Guinone +
of the dimethyleniline sodium iodide ¢f hydroquinone sedium icdide -
guinone in dimethylaniline in acetonitrile in ethancliec KOH precipitate (45)
pOF4 2.0054 2.0048 + 0.0006 (L6)
pClse 2.0056 2.0055 2.0058 (k3) 2.00L4k + 0.0008
2.00568 + 0.00002 (47)
paBrs 2.0085 2.0085 2.00875 + 0.0002 (47} 2.0063 + 0.0010
oQCly 2.0053
oQGBrs 2.0094 2.0077 + 0.0008

* Usual aversge deviation of individual measurements from recordad value is + 0.00C2

%% Ve have obtained for solid Haplly, g = 2.0057, demomsirating = systexatic error

in these measurements. Add 0.0015 to numbers in _t;:is colum.

™



methods.* Tie radlcals observed in dimethylaniline have g-values
identical to the g-valucs indépendently observed for semiquinénes. In
fact, it is this cbmparison vhich we bave used to identify the radical
‘intermediates as semiquinones.

E. Electron egpin resonance of the fluoranil radical

1. Linewldth end saturation. Previously the scmiquinone of pQFa

had been produced in ethanol by Anderson, Frank snd Gutowsky (4G). By
ESR they cbserved five hyperfine component lines, each separated by
fbur oersteds. We hoped to further identify the scmiquinone of pQFs
in DMA by also observing the hyperfine splitting. However, when pQFa
vas dissolved in DMA (in air), only one line, six oersteds wide, was
observed (Figure 9}.

"~ The observed semiquinone itself is present inconcentrations 5 x 10-5
t0 5 x 10~* molar. On the other hand there are high concentrations of
quinone and hydroquinone in the solution. The solutions were ini-
tially between about 0.1 and 1.5 molér fluorenil. The narrdwing of
the ESR absorption or collepsing of hyperfine splitting may be due to
electron transfr between the semiquinone and the quinone, or the di-
negative hyﬂroqpinohe ion. The transfer reaction envisioned heré'
occurs also iﬁ solutions of naphthalene negative ilon and naphtha-
lene (48). Venkatarsman, Segal and Fraenkel have, in fact, suggested
that ESR linewidths of semiquinones in dilute solution maybe caused

by just such an electron transfer mechanism (4g).

*® In the late stages of reaction, after the semiquinones dis-
appear, a second radical has been observed in the pQCls &nd
0QCle reactions with dimethylaniline. The latter has g =
2.0049 + 0.0002. The g-value of the secondary radical derived
from pQCle is also less than that of the primary radical. The
g-value was not measured because ebsorption of the two radi-
cals overlapped.
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Fig, 9. ESR absorption derivative of the ‘radical.intermedia’te
in the reaction of pQF, with DMA. At 25°C after 2-1/2
hours at 610C initially' 1.3 M fluoranil. Minimum saturation.
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Pines and Slichter write, for narrowed ESR absorption of this
kind, the lincvwidth W = (S )2 TeF (50). (5 @) is the total
width of the hyperfine epiitting observed in dilute solution. ’reF is
the mcan lifetime of the electrons in a given fluorine environmeqt. This
relation gives an estimate for the mean time betwecen electron transfers,

7;5,155 1 x 107® gec. This is & lover limit because greater narrowing
nay become masked by other broadening effects.

Ab clevated temperatures the linewidth is time dependent. At llOOC
the widih changes from 3.8 to 5.2 oersteds as the oxidation proceeds.
Perhaps the qninohe is reﬁlaced by hydroquinoncvin the trancfer re-
‘action as the DMA oxidatioﬂ proceeds. That is, after the quinone
bec0més exhausted, enough hydroguinone bhag been formed to allow an
electron transfer with the semiquinone to continue. If the energy
parrier to transfer is differcnt, and the rate of tranofer different,
then thie linewidth will depend upon the time as quinone is transfo:med
to hydrogquinone.

Above 2500, the linewidth was not dependent upon the incident
microvave power within experimental exror, even though the resonance
was highly saturated. Therefore, the solution may be classed aa??nw
homogeneous spln system. Evidently there sre diffefent specles ab-
soxrving nicrownve energy over a epread of frequency. These entities
may differ in their nuclear enviromment. The fluorine hyperfine splitiing
may not have coalesced completely. (Incidentally, the linewidth of
the flurine multiplets observed by Anderson et al. appears to be abouﬁ

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

2500 in DiA.) The protons of DMA may be responsible for the inhomo-

-
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| geneity of the spin sybem 41f DMA end the semiquinone are complexed
in some mannexr.

Below the freezing poipt, the linewidth 1s dependent upon the
degree of saturation of the resonance and the spin system may be
classed as‘homogeneoua. In Figure 10 the linewldth. is éraphed as 8
function of saturation at -15000.

Linewidih measurements as a function of temperature are 1llustrated
in Figure 11. Below 6°C the widths are plotted as & function of satuxa-
tion. Ab0ve.that temperature, the time dependence of the width creates
an ﬁncertainty, as’showﬁ. Neglecting these two complications, it
is spporent that the linewldth decresses with increasing témpera-
“ure, from 7.5 cersteds at -150°C to about 5.0 oersteds at 150°C.
Conslstent with the Interpretation of trensfer-narroving, this means
that the.transfer rate increases with increasing temperature. As.
the electron tfansfer more rapldly at elevated temperaturéa, the
hyperfine structure collapses more, and the line becomes more narrow.
There is no discontinuous change of width when the solution 1s fro-
zen. The electron transfer may proceed almost equally well 4in the
sblid and in the solution.

At -lSOOC, the ESR absorption becouwes saturated at very much
lover pover levels than 1t does at 2500. Thus, the spin-lattice
relaxation time inéreases as the tempembure of the system 1s reduced.
Putting this within the framework of our medel, the electron transfer
which dominates thé spin-lattlce interaction occurs less frequently |
at reduced temperstures. As the electron transfer occufs less frequently
the spin-lattice relaxation time increaseé, and the cpin resonance

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
PQFy4 with DMA. Saturation parameter, ./ Z t is defined
-in Chapter V. A, 5., For no saturation, - Zet = T
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Fig. 11. Temperature dependence of the width, including the
dependence on the saturation parameter .,/ Z .. ESR
absorption by the radical intermediate in the Teaction of
pPQF4 with DMA,
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From the tempemture dependence of the linewidih (Figure 11), we
deduce that line broadening at reduced temperatures rcsulis from in-
creased spreading out of the fluorine hyperfine .Stluctu}e. If this
is true, the opin system should become more 1nbomoaeneous. In fact
the system becowes more homogeneous. The satwration depeadence of the
linewidth 1s greater at reduced tcmperatures, which contradiets the
hypothesis. On the other hand, the linewldih does not ilncrease with
‘saturation neairly as mach as might be expected for a perfectly hono-
geneous systen.

2. Lline shape. The fact that the ESR absorption 1is more nearly
Lorentzian than Ceussian is consisient with owr interpretation. As
in the case of paCly, ESR sbsorption of the semiguinone of paF, was
asymetric (Figure 9). In Figure 12 the esymmetry is illustrated as
& function of tempemturé- The voltage recorded at the derivative
maximun wvas greater on the low field side than on the high fleld side
of the re¢oonance. An approximate absorption curve is sketched in the
figure. The asymuetry decreases at elevated temperatures. It may be
due to snisotropy of the g»value as reflected in the ‘byperfine conpon-
ent widthe and observed width (51). As the temperature incresses the
solvent fluldity incresses and the aniso’oropyi 1s averaged which l1a
obgerved.

However, with respect to this interpretation, the saturation
dependence of the asymmetyy appears anomalous. We suggested that une
resolved hyperfine conmonénta have different widths which reflect an
anisotropic g-value. Then these multiplets should each sa'bum’ce diffor-

ently and ssymuetry of the unresolved envelope should change on satura-
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Fig. 12, Asymmetry as a function of temperature. ESR
dbsorption by the semiquinone  intermediate in the
reaction of pQF4 with DMA.
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Fig. 13. Asymmetry as a function of saturation, /Z _, at

-150°C. ESR absorption by the semiquinone inférmediate
in the reaction of pQF4 with DMA, ‘



tion (52,53). This is not observed. Within eﬁperimental error the
ésymmetry did not change when the ESR absorption was saturated (¥i-

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

3 chperature dependence of the concentration. In the frozen
reaction mixture the temperature'dependencé of ESR did not obey Curie's
low. The semiquinones sre reactive intermediates, and their steady--
state concentratlion may be tcmperature-dépendent, even 1ln the frozen

mixture. The species arc net just trapped radicals.

Fo Swumry

Cidorantl rvacis with dimuihylunilinﬁ to yield a crystal violet
solt. The dismagnetic dimetnylaniline-chloranii charge-transfer com-
plexes and parsmagnetic semlquinones are two observed intermediates.

A reaction scheme has been proposed which is consistent with the
observations of oﬁtical absorption, conductivity and ESR. A hydrogen
atom transfer has becn invoked in initial rate-determining sequence.
whatever the initiel step may be, a simple transfer of an eléctron
from DMA to pGCls could not be cotablished.

We have mssumed that only one kind of magnetic species is present,
namely, the semiquinone. Five differenttetrabalogenated quinones were
sllowed to react with DMA. In every reaction the obaerved g-value
asprees well with the knowmn g-values of semiquinones.

Tae reaction of DMA with pQFe was studied extensively by ESR.

The g—value,»temperature dependence, line shape, linewidﬁh and
saturation wvere measured.

The g-vealue shows that the observed species is probebly the

fluoranil semiquinone. The semiguinone concentratlion is temperature
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dependent. A rapid electron transfer among the semiquincne, quinone and
hydroquinone ion 1s 1likely, as deduced from the linewidth. Evidently
the electron transfer occurs more rapidly at eleéevated temperatures tlhan
it does at lov temperatures. Thua also 1t i8 found that the spin-lattice
relaxation time decreases markedly as the temperature is increased. |

Avove the freezing point, the ESR absorption saturates inhomo-
geneously. Below that temperature, the absorption saturates homo-
geneously; The ESR absorption is asymmetric. Within experimental error
the asymmetry is ;ndependent of saturastion, and it decreases some-

what at higher tumperatures.



IV, HYDROCARBON-GUINONE SOLIDS

The outline of this chapter, which deals with solids, follows the
pattern of Chapter II which deels with_liquid solutions. In the first
section we @&scribe the preparation of some so0lid dbhor-acceptor
adducts. Most attentlion is directed to the solid prépared froﬁ
perylene and quinones. Their chemical and physical properties are
discussed and related to the donor character of perylene ahd.thc aécep-
tor character of the tetrshalogenated quinones. Finally, once the
nonmegnetle properties sre féirly well estabiishad, en investigation
by ESR 1s presented. | |
A. Preparation

ten o-chloranil was dissolved with an equivaelent amount of
perylene in hot ethylene dichloride (EtCla), shining black needles
vere precipitated on cooling. Chemical éhalyses for carbon and chlor.
ina goave results vhich agreed well with the composition predicted
for a onesone comp;ex of perylene with o-chloranil.

By somewhat more complicated recipes, black needles of the follow-
ing bave been prepared: pyrene-o-chloranil (pyrene-oQCls), pyrene-
oGBry, perylene-oGCly, perylene-oQBry, coronene~oQCly, and the para-
quinone cumylexes; perylene-pQCls and perylene~pdBry. In almost all
cases, the solids are one:one combinations of hydrocarbon and quinone.
The analyses of carbon end chlorine were used to éalculate the actual
ratios, vhich are rééorded.iﬁ Table 9.

Tberc are several ways of“recovering}the components of the complex
golids, a3 observed By visual inspection. A rapid (flash) sublimation
of the complex in a therﬁal gradient produces sepérétion. The more

volatile oQBr .and oQCl have been oeparated from perylene in this way.



Conmosition and concentration of unpaired electrons in some bydrocarbon-
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quinone solids. The nolar ratio quinonc/hydrocarbon and the estimated spin
concentration in the solids within 2k hours of preparation

L Conpo-
Complex ‘wition based Unpaired
Accep- UpCD angly- ¢lecirons ) .
- gis o1 T . . : Crysialline
DONOT - cl &ram Vet - -
Donor -or c Cl or Br ber g Lotuodtggn?rcciplta apocarance”
- oCLy 1.000 0.388 1017 Equimolar ratics in hot,
Pyrene dry EtCla Yes
oBr, 1.02 1l.01 .- Evaporation of cquimolar
ratios in EiCle o
PacCl, - -— < 10%% Eguimolar ratios in satura-
ted hot dry EiClp Yeo
. 15 o P ) -
Perylenc 1.0T2  1.0k2 10 Equimolar ratios in hot CCls  Ycs
PQBry - «- <10  Equimolar ratios in satura-
ted hov dry BiClg Yeo
8001,  1.038  -- 10*7  Equimolar ratios in satura-
-ted hot CHClg o
1.05  0.990  10'®  Equimoler ratios in hot CCly Yes
1.02 0.972 10*5  Previous semple recrystelli-
' zed from hot CCl, Yes
1.011  1.012 < 10*®  Equimolar ratios in hot dry
EtCle Yes
ofBrs 1.018% 0.980  10*®  Eguimoler ratios in hot CCl, Yes
1.92 1.92 101e Large excess of oQBrg in
hot EtCla : Yes
1.11 1.07 <210%° 2 parts oQBrs 0 1 part pery-
lene. Saturated hot 25% EtCls,
T5% CClyg Yes
1.013  0.982 5x10%° Ditto, using 107 EtClp Yes
Coronene 0QCls 0.996  0.934 107 3 parts 0QCl) to 1 part

coronene in hot dry EtCl2
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Perylene and oQCl have been separated on a silicic acid column using
ethylene dichloride and petrocleum ether as the golvents. Also, chloro-
form leaches o@Br from the perylene-oQBrs complex.

B.. HNonmapnetic properﬁies

1. Crystal structure. Crystal structures have been determined

for many solids composed of donor end acceptor molecules. In all
cases the donors and acceptors alterrde throughouﬁ the crystal. As an
exsuple, the structure of hexamethylbenzene-chloranil wes deseribed
in Chaptér 1. |

T.e crystal_structureé of polynuclear-aromaﬁic-hyﬂrocarbon-
quinone complexes are uﬁknown.»We heve assumed thet the donors and
acceptors éltgrnate in the general feshion. In the course of the
present investigation, x-ray patterns have bean obtained for a
single crystal of perylene-chloranil, proving that ihe materia; is

" indeed crystélline (5k4). The.symmetry is monoclinic or triclinic,
baving T x 17 x 16 2 per unit cell. The unit cell contains about
two donor-acceptor pairs. '

The eésential feature of donor-acceptor adduct formation in
solution i1s charge-transfer. That 1e,thé assoclation of donors and
acceptors depends upon partial dative-bond formation. Although bond-
ing in the solid is no 1opger a pair-wise phénomenon, we agsume that
donor-acceptor charge-trensfer interaction dominates other forces.

We have already noted (See II;B.) that the crystal structure of
a donor-acceptor solid may-have no relation tq the gonfigﬁration of
the one:one cdmplex vhich occurs in solution. However, the known
alternating structures of solid complexes are quite 1nkeeping with

our knowledge about one:one adducts in solution.



2, Infrared spectra. The infrared spectra of s0lid perylene com-

plexes with pQCly, pQBry, 0GCl, and oQBry &re very similar to the super-
iméoeed spectra of the individual components. There aré slight shifts

in frequency and some alterations in intensity which reflect the mole-
cular éssociation. The characteristic quinone frequency of 1690 em™?!
remains essentially unchanged. The maximum absorption (1690 cm“l) of
complexed quinones occurs &t frequencies 5 to 10 cm™! lower than the
maxima observed in the unassociated quinones. Evidently no intramole-
cular bonds have been greatly changed during formgtion of the complex.
Kainer and Otting (17) observed the seme resultrfor the hexamethyl-
benzene~chloranil solid.

Pliysical appearance of the crystals, their chemical analyses,
recovery of the initlel entities, the definition of x-ray photographs
and infrared spectra, all five observationé indicate that the crystéla
are homogeneous molecular solids of well-defined constitution and
etructureQ The association is one in which none of the original

chemical bonds have been altered.

3. Charge-transfer spectra. The perylene-quinone solids do ex-
hibit charge~-transfer opticsel absorption, some examples of which we
’ measured and are recorded in Teble 10. An example spectrum is 1llus-
trated in Figure 14, showing the doublet nature of the absorption.
In Figure 15 the frequencies of sbsorption by the solid are compared
to the frequenciles cbserved in solution. The:e are at least three
possible expianations of.the‘difference between charge-transfer
Trequencies of one:one adducts in solution and the freqﬁencies of the

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



Teble 10

Frequencies of maximum charge-transfer sbsorption in

gonme perylene-quinone solids as observed in KBr

Frequencies x 10" %cm~%

Acceptor in CHClg Solid in KBr
X B
PQLle "15.h 13.35 12.3
PQBre 13,1 13.05 12.05
0QCle 2.3 11.95 11.0

OQ,que ll 09 < . ne65 10.7

o7
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Fig. 14. Charge-transfer absorption by perylene-pQBry.
- a) One:one complexes in CHCl3; b) powdered solid
in KBry. ' :
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Fig. 15. Frequencies of charge-transfer absorption by perylene-
quinone complexes in CHCIl3 and in the solid. A and B are
two maxima observed in the solid. Quinones are: (1) pQCly,
(2) pQBry, (3) oQCly, (4) oQBry. ) '



alternating donors end acceptors 1s different from one:one ideraction
in solutions. Secondly, the configuretions in solid and solutlon msy
differ. Thirdly, the dielectric constant of the solid is different fro;
that of the solution.

The optical dichroism is uﬁdetermined. {see Chapter I} Powiered
samples were used in the determination of frequencies reportzd in
Teble 10. The doublet nature of the maximum might be attributed to
the random orilentation of anisotroplcally ebsorbing perticles. Then
again there may be two independent excitations in the solid confipura-
tion. In genersl, however, the opticel properties of solid complexes
are & natural extrapolastion of the optical properties of one:one
compiexes in solution.

4, Semiconductivity. Labes,Sehr and Bose (55) have meaared the

conduetivity of perylen-chloranil solid. The room temperature conducti-
vity is 10-8chn~ten-t. In general donor-acceptor solids have higher
conductivity than other organlc materials. The electrical properties

of charge-transfer solids have been studied extensively by Eley,
Inokuchi end Willis (36), Akematsu, Inokuchi and.Mataunaga (56)
Kommandeur and Hall (57), and Lsbes, Sehr and Bose (5%).

' 5. Suwaeary. Stoichiometric one:one solids have been prepared from
aromstle hydrocerbons and quinones. The sollds are crystalline. The
copponent entities may be recovered. Intramolecular bonding is essen~
ﬁially unaltered in the solids. Charge~transfer absorption has been
determined. From these nommagnetic properties we conciude that the

crystals are near-perfect, ordered, homogencous eolids of well-defined

conposition and structure.
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C. Electron spin resonance

1. Introduction. Bijl, Kainer and Fose-Innes have ctudied the

paramagnetism of arylamine-quinone solide (10)} In these systenms

+he contentration of unpaired electrons was found to be tcmpcfature
independent., Thereforé the authors suggested that trapped in the solid
are free radleals which give rise to the observed ESR abgorption.
Matsnnaga_and.Mchwell have more recently reported that the ESR ab-
sorption by the s0lid complex TMPD-pQCl, may be resolved into two
component ebsorptions; one by the cation radical TMPD+, the other by
the anion radical paCls~ (58). These component species were identi-
fied by the;r characteristic g-values. Exactly how the radicals are
formed and trapped in the goild has not been determined. Hovever, in
chapt~r II.B. we bhave shovn how these twe radical ions are formed

in solution. Because of their instability in solution we ourselves
did not investigate the s0lid adduct of TMPD end pQCly-

Matsunaga (58,59} and more recently Singer and Kommandeur (11) in-
vestigeted the parenermetism of hydrocarbon-halogen z0lids. The
temperature dependence of the unpaired-spin concentreition in these
gonor~acceptor solids was resolved inwo two components by Singer and
Konmandeur. At low temperatures the roncentration wae constent, and
the magnetlc species is tenatively presumed to he s free radical
trepped in the solid. A% high témperatures, the concentration of un-
palred electrons increased logarithmically aé the reciprocal of the
sbhsolute temperature decreased. The unpaired electrons vere identifiled
88 charge carriers in s thermally populated electronically conducting

state.
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Vle obgerve that in both of the two so0lid donor-acceptor complexes
studied so far free radicals are apparently trapped.ih the solid. Using
our knowledge about the formation of radicals in solutions of donors
and acceptor we msy suggest hov redicals are formed during precipita-
tion of the solids. To start with the donor must have & low 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 radicalsf So far we have no”experimental information
at all concerning the mechanism by which free radicals are trapped in
organic solids.

It appears that homogeneous donor-acceptor solids are frequently
paramagnetic because of imperfections rather than because of an in-
trinslec property of the regular crystel. A trapped free redical is
one kind of imperfection which has been observed. Of course the argu~
ment wmay be reversed. The absence of 100% paramagnetism in a glven
material might be due to the presence of diamagnetic imperfections.

The excited stete observed by Kommandeur and Singer msy be
en intrinsie property of the hydrocarbon-halogen solids. However it is
conceivable that the excitation occurs at the site of an imperfection.
Actually the reproducibility of the ESR and its excellent correlation
with copductivity measurements make the bypothesis of an imperfection
gppear less plausible.

Before proceeding to the results of the present investigation,

we wish to ciarify one point. That is, use of the term lmperfections

- i strictly our invention, and we have used it as an attempt to

generalize the work of others. We ourselves have made no measurements



on the systems which have Just been reviewed.To consider‘the trapped
rodicals as imperfections is a convenient generalization which contri-
butes no nev knowledge. The point is that the solids are not cowpletely
regular. Solids vhich ere formed by tie combinatlion of charge-donors
and charge-acceptom may or may not be intrimsically paramegnetic. In-
two cases studled, trapped radicals occur (according to information
available now) and the donor-acceptor solids are imperfect.

The word, lmperfections, has been used in ﬁhe very most general
gengse. We avold a more specific definition now, partly because the
properties of imperfections iﬁ?ﬁiéﬁﬂic materials may be quite different
from the properties of imperfections in inorgenic materials (60).

In the present work we lhiave examined the ESR ebsorption by some
new complexes. We have used aromatic hydrocarbons as donbrs, but have
- used only tetrahalogenated guinones as the acceptors.

2. Results and discussion. In our work, ESR absorption was ob-

served in nearly sall hydrocarbon-quinone solids prepared. However,
quantittive measurements have shown that the concentration of unpaired
gpins was very irreproducible and time dependent (see also 61). The
‘observed concentrations of unpaired spins are catalogued 1# Table 9. With
certaln recipes it is poscible to prepare some complexes free of
detecteble ESR. Therefore we conclude that the hydrocarbon-quinone
complex solids are'not themselves paramagnetic.

Evidently imperfections are the cause of ESR sbsorption in the
hydrocarbon-quinone solids. The imperfections could gonceivably be
defects in'Me crystal structure or trapped impurities such as free

radicals.
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No change in the ESR was observed when large crystals were finely
powdered. Thus surfa;e effects seem to be eliminated as sources of
paranagnetism once the solid has been formed.

In solids 1nitially‘free of ESR, the concentration of imper-
fections in ortlhio-quinone complexes (oQClg &nd 0QBrs) was increased
several orders of magnitude by heating the complex solld (see also
62). The width and g-value of the ESR aebsorption were the seme as thosé
observed on crystallization. ESR absoxtion by the para-quinone com-
plexes did not increase vhen the solid was heated for several hours
at 125°C. Para-quinones Lave higher melting points, and in complexes
they may bave less tendency to migrate and 1ntrodﬁce impérfectiona.*

An exemple spectrum is reproduced in Figure 16. The acceptor
molecules do affect the g-value. Imperfections in perylene-oQCls have
g = 2.00270 (+ 0.00005 reproducibility); g = 2.00348 (+ 0.00010) for
perylene~o(Brys. Linewidths are sbout 5 oersteds. Line shapes are
symmetric. The high symmetry of the asbsorption suggests that the ob-
gserved resonance 1s not caused by mulilple speciles. On this basis we
believé thet hydrocarbon positive ions and semiquinones are not both
present independently in the solid. For the ESR observed, the g-value
is probably not an average, but a characteristic of a single entity.

Relative to solid 1,1-diphenyl-2-picrylhydrazyl (DPPH, Ty = Tp =
38 mp sec (63)) the resonance was very essily saturated. Between 40°C

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

* Prolonged heating of the oQCly and 0QBrs complexes produces a
second radical species vwhich has a linewldth about one~fifth
tlgt of the first.
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Fig. 16. ESR absorption derivative of the irﬁperfections in perylene-
0oQBrg4 at 100°C. The two peaks at each side are the Mntt standard.
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fairly constent, within + 40j,. If one assumed en ectivation energy,
E, for production of wmpaired spins, then E € 0.05 ev.

An incrcase in the ISR absorption was observed when the solid
perylenc-o(Cl,y was 1lluminated at temperatures above 80°¢c. Only
vavelengths greater than 700 mp vere effective (sce also 64). Pro-
bably this photoinduced ESR is the result of heaoting, alﬁhough the
effect #ppears t0 be reversible:

3, Summary. ESR absorption has been observed in hydrocarbon-
quinone complexes which are themselves diamagnetic. The unpaired elec-
trons occur as imperfectlcons. Some characteristics of their ESR
absorption have heen described.

o detniled dQescription of the imperfection is possible novw.
For exemple, arong the many possibilitics not yet eliminated, thc

imperfections may be free radicals trapped in the solid.
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V. EXPERIMENTAL METHODS

A. Electron spin resonance

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

/

mission cavity and barretter detector was used. It was constructed by

P. G. Sogo. The external magnetic field was modulated at 200 cps and
the ISR sbsorption derivative recorded. Microwave ebsorption wes ob-
served by deteéting the decrease in barretter resistance. Unbalsnce

of the barretter bridge at 200 cps vas smplificd conventionally and
passed to a phase senaitive'detector vhose dc output vas recorded. The
recorded voltage change with paramagnetic sbsorption 1s anslyzed in
Appendix II.A. V

Frequency of the klystfon'was automatically controlled at the
cévity resonaﬁce. Possibly the recorded_noiue was caused by limitations
in frequency control.

Two kinds of transmission cavitiez were used,.a cylindrical.TEgll
and & rectangular TEjoa. Q-volues varied from 3000 0 5000 in different
experiments.

Practical sensitivity of the spectrometer was 104 unpaired-
electron-oerated®. 10%5 redicals of DPPH gave a signal-to-noise
ratio of iO fér rapld and wAistorted detection.

Two G-inch diameter magnets were used, both having gaps of 2-1/4
inches. Attempts of high resolution were probably limited by the field
ﬁodulation.amplitudes. At practical signal-to-nolse ratios, 0.1 oer-
sted 1s en estimated limit of resolution.

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

reflection spectrometer was used. It 1ncorpofated e Varisn modulation
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and control unit, Model V4560, and had & sensitivity about fifteen
tines betler than the sbove macihine.

2. Concentrations of unpalred clectron spins. Singer and Korman-

deﬁr discussed some of the practical problems encountered in concen-
tration ﬁeasurements (11). Singer has also Qescribcd a nethod for
deteriaining the concentration of unpaired spins (63). A ruby vag

fixed permanently on.the cevity wall. Oricntation of the ruby was
aa,jﬁs’r,ed 30 that its resonance absorption was displaced from the reson-
ance position of the radichls, and they did not overlap. The concen-
tration of Cr+++ in the ruby was callbrated with known amounis of

CuS04 *5H20 MoSO04 °Hp0, and 1,l-diphenyl-2-plcrylhydrezyl (DPPH). A4 any
4ime the first moments of the ruby and of the radical sbgorption
derivatives could be compared. The main advantzge of this method is
that it avoids use of organic free radicals which are ueiable.

We attempted to use the Mu' o ion in MgO as & standard but dis-
covered that the resonance was easily seturated. Tc avold saturation
difficulties we decided to usé 8 free radical stancdard in spite
of itﬁ instability.

All quantitative calculetions of the nuber of unpaired elec-
trons were referred to the DPPH radical. Peirer, Kahler and Benington
measured the optiecal extinetion of DPPH at 529 ﬁy,’ez 37 (p;/l)"lcm"l
in chleroform (66). The highcst extinction coefficient ucasured on
samples prered by us was 34%. The Aldirich Chemical Company provided
one sarple {of several) which, when received, hiad an extinction co-
efficient of 37 (g/i)‘lcm‘le This figure»decrcased with time unvtil

reaching a constant value of 32.3 (g/l)“lcm”l after one year.
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At any time the fraction of DPPH in the solid wvas calculated to
be the ratio of the meaa;red extinetion coefficiént to0 37. The stan-
dards were prepared by weight and dilution, where the mcasured weight
was corrected by this fraction to give the weight of DPPII.

The optical absorption obeys Beer's Law below 10'? molar DPPIH.

" There are numerous reports concerning the effect of oxygen and sol~
vent on the DPPH eleétron spin resonance absorption (67,68,69,70).

A TE;0a cavity was cmployed, following the suggestion of Kohlein
and Muller (71). The DPPH standard and the sampié vere positionéd
cach in a Bcparate maximum of the resonating microvave nagnetic field.
Except perhaps for the case of water, it was shown that the dielec-
tric constant of the sample did not greatly afféct the concentration
neasurement (Figure 17). Within tbe experimental error the microwave
field intensity apparently was reduced equally throughout the cavity
by dielectric loss in the sample. AU the position of the standard
the cavity was sandwiched between Helmboltz coild. The DPPN. absorp-
tion was displaced élong the field axié by regulating the de
current passing through these coils. Thus the DFPH resonance did
not overlap the absorption by the sarmple. In one sweep of the external
field the sample absorption and standard ebsorption were displayed
separately (Figure 18).

If the widths of the two absorptions by sample and DFPH vwere
the same, the amplitudes of the two sbsorption derivatives were used

+0 coxpute the ratio of conéentrationa.
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Fig. 17. Dielectric loss of TE103 cavity.

a) Geometry. Dielectric loss at the sample was
varied by adding solvents of varying dielectric
constant.

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 TE103
cavity with displaced DPPH resonance. Compar-
ing DPPH with imperfections in perylene-oQC14.
Linewidth of the DPPH absorption is caused by
inhomogeneities in the external field.



If the widths differed slighily,by less ithan a factor of tvo, a
somevhat more complicated computation waé mﬁde. Iceally, the integrated
absorption (double integral of the displayed derivative) should have
beeﬂ determined. Because of noise it was impossible to determine end-
points of the sbsorption tails. The limits of integration on the
yecorded field axis had to be chosen somevhat arbitrerily. Silsbee
ghoved (72) that the first moment of the absorption derivative vems
theoretlically proportional to the integrated sbsorption. The simplest
approximation %o the first moment is the derivative muplitude times
the square of the derivative width, AWZ. For sample and DPPH
linewidths not much diffcrent from each other, comparicon of the
gpproximate first mement, AV¥, may be more sccurate then compsrison
of the integrated ebsorptions btecouse of the influence of noise on
+he latter. Therefore in the cage of simile linewidths, the AW® wes
used to compute ﬁhe relativ number of épins in the sapple and in
the standard.

requently the cample sbcorption hed too great 8 linewidth to
use elther of these relatively cimple computations. Then amplitudes
and approximate first momenits were only used for relative concen-
tration measurements. wWherce avsolute measurements were requlied, the
exact first moment of the derivetive had to be determined. The pre-
clson of tluds method weg about # 204 in the absolute concentration of
unpaired electrons.

5 Temperature dependence. Sometimes the sample contained a

polar solvent. Therefore, et different temperatures there were differ-
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ent diclectric losses in the microwave cavity. Temperatﬁre decpendence
of the xrecorded voltage wvas éaused nov 6ﬂly_by,cﬁanges in mpagnetic
absorpvion but also by changes in dielectric absbrptionf Theretore
 the uSe:of an_ internal stan&ard vas eésential. The standard DPPH
obeys Curie’s Law in the témperature region investigatcd and is a
convenlent standard, except for its instability. The Thios cavity
was used to measure the concentration of unpaired elcctroné &8s q
function of temperature. When linewldtbs were temperature dependent,
£irst moments were obtained as vwell as poscible. Otherwise, the am-
plitudes were compred directly. |

4. g-values end vidtis. An Ma't in MgO standard which could be

dispersed in a polyethylene sleeve had been designed by Lindhlom as
oy - 4 . o B o

sn inkrpal standard (73). Ma  was introduced into Mg0, the Ma  :Mg
retio being about 1:5000. This Mg0 powder was diluted with poly-
ethylene and wolded into sleeves which £it snugly around the sample
tubes .

g-Value meagurements werc made with the aid of thils standard. The
use of e plastic sleeve cnabled one bo keep the waknown in a Fixed
geometry in relation to the standard, i.e., the two were a glass
, s e ™ m LI
tube and a concentric plasiic cylinder, respectively. The Ma  slecve
was calibrated by sliding 1t over a protoa probe and making simultaneous
neasurenents of the electreon and proton resonance absorptions. Tuble 11
glves the results, in g-value units; of the calivration for the six

e . + 'S ac T . 2 2 8’! Ha -
hycerfine components of the Ma  absorption at 9.84L Kue. The value
pp {0il) = (657.462)"r (74) was used with the microvave and radio -

ucneies to calculate the resonance positions. Freguency neasurc-
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Table 11
Standard for g-value determinations. Hypesrfinc sturucture

++ N
of Mo  in IigO at 9.644 Xme

Apsorpiion Line Effective g
{increasing field) :

. . *
1 2.136h5  + 0.00020
2 2.00216 + 0.00020

e

3 2.03114% + 0.00009
4 1.93130 + 0.00003
5 1.93%21 + 0.00020
6 1.88599 + 0.00020

*  m.a.e. + 100 ppm

#%  m.a.e. + 45 ppm



nents vere mode either with e Howlett-Pochard frequerncy meter KHS0A
‘or an HP “LOA transfer oscillator and elsctronic counter 524B wiih
converter.

T H’ 3 . - ] 3 R N

The two central Mo lincs wvere swept through at the seaws Gime
as the free radical line. The pg-values for the free radicsls wers

- SH .
determined by interpolating botween the Mn  lines. & cheractenioile
reproduction of thls swecp is showm in Firure 19.

Preclselon g-value nmeasurements have been discuzsed b, Bleis,
2rovm and Maling (47). Ve lave been interested in & ropid and cesy
measurement which 1s suitable for analyticed purposes at the fro-
quency of calibration. A precision of + 0.0002 was usuel. There nre

++ ' i
low intensity sotellite lines of Man  which absorb in the free radical
reosonance positions. Therefore, it is necessary to lkeep the sbandard
smoll compered to the muwber of wnpaired electrons in ths sauple. o
corrections were made for deviations of the microvave frequency fron
9.84% Knme.

Vidtho were nlso delermined by. this interpolation procedure.
The width of a line was celcwdated from the microwvave frequeney snd

. s . 4
the position of derivative maxime between the Ma  lincs.
of - - . . ++ '

T4 vas convenient 10 calivrate the Mn  in MgO slceve 2s an
spproximate concentration stendard &s well as g-value standard. In
cne eowcep, the first moment of both standed and uplmom cculd be
compared. The difficulties of thi method have been maantioncd. (-
Volue meacurements, widths and epprovimete eoncentration cstimotes

wers made in one swesp of the speetrum. Concentration meesurcicats
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Fig. 19. ESR absorption produced by vigorously mixing
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 way wee reproducible to + 205 for 10'* radicals. Absolute
measurexﬁents were good perheps witl*/jérrl: order of mamitude.

‘5. Baturation. The degree of pdwer saturation vas detennined
for mogt of the observatlions of mlcrowave absorption. The recorded
'total sigmal vas obtained as a function of the power incldent the
cavity from 0.5 mv to 250 mw. The degree of saturation was conputed
from the deviation of this function from linearity at the pover level
empioyed. |

The 'bheoretical relationships between pdwer, saturatioh factor Z and
width for & homogeneous gystem bhaving Lorentzian lineghape are reproduced
in Appendix II.B. For simplicity we have used_ & phenomenological de-
finition of the saturation factor Ze s vhich 48 the theoretical Z only
wnder certain conditions. Zea is the experimental _sa-bumtion factor
determined at the amplitude mxima of the recorded derivative. In-

cluding linewidth chenges, Ze % 1s the total saturation factor.

e A
ea ST
and a o
1/2 . o
et —
n.Ps

where A is the maximum amplitude of the derivative of ESR absorptiorn:
W is the width between derivative naxinai and PO ie the incid.enf. nicrc-

wvave pover. At low PO 52 =1-and A = maPoe Thus &t low power the
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the amplitude increases linearly with power, the slope; being m_ .
Likewise for mt. Most measuremncnts were vma‘de with about 20 mw inci-
dent o the cavity resonator, 8 mv incident to the barretier detector.

Microwave power transmitted through the @ity was determined
directly by the barretter detector. If the bias voltage of the
barretter bridge was measured when the bridge was balanced, the
nicrovave power at the barretter could be calculated. Tie power at
other points In the wavegulde was deternined similariy. The absolute
pover was determined only et the beginning and end of all saturation
measurenments. Direct reading varieble sttenuators (Hewlett-Packard
3EQA) were sufficiently accurate to measure tﬁe power once the abe-
solute determination had been made.

B. Other physical nmeasurerents

The optical absorption specira were obtained with a Cary lModel
1kM recording spectrophotonmeter. Cells of lengths between 10 cm end
0.005 em were used.

A -Béckman IRT vas used to obtain the infrared spectra. The in-
strument was used with eutomatic conditions at 200 cm""/min BWeep.

Dc conductance measurements were made with a vibrating reed
electrometer (Applied Physics Cérp. Model 31) vhich recorded the
voltage drop across a standard resistor _in series with the conduc-
tance cell. Ac measurements were madé at 60 cps with an Industriél
Instruments, Ine. Conductivity Bridge Model RC 16. The cell supplied
by Industrial Instruments was a pipette type with shiny platinum

electrodes having a cell constant about 0.1 cm t.
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C. Chenlcal techniques

Chemical operations were done in the atuosphuere, 1n a dry box and
vacuunl. The dry box was sucpt with nitrogen eveporating from a liquid
nitrogen reservoir. It contuoined less than 1 ppm iupurity. The sweop
rate wvas such that the box was swept coupletely gbous once eveYy hour.

(uinones were recrystallized from carbon tefrachloride. Dimcthyl-
gniline and other solvens vwere purified according to Vogel (75)
and Veissberger (76). Tetramethylphenylenediamine and the hydrocarbons
yere vacuun sublimed at temperatures up to 20000. Analyses of some
storting materials follow. Perylene: qund, C = 9k.83, H= 4.05;
formula, C = 95.20, H = 4.80. o-Chloranil: Found, C = 29.03, Cl =

57.32; formla, C = £9.30, C1 = 57.70.

Jmte



VI. CONCLUSION

A, Radicals in solution

-t

Thetier or not an clectron will be transferred from one orgonic
molecule 1o another in solut;on is primarily determined by the idniza~
tion potential of the donor molecule and the electron affinity of
% .

the acceptor. Ho accurate electron affinities of quinones are avail-
avble now. However, since the lonization potentials of arylaﬁines and
hydrocarbons are kmowa (Table 12A), the results may be dlscussed in
verms of these donor molecules which were uséd. For exarple, chior—
anii (pQCl.) basbeen allowed 40 react in solutioﬁ with N,N,N*,N'-
tetranethyl-p-phenylencdiamine (TMPD), with N,N-dimethylaniline (DMA),
and with perylene. The resulits in each of these three systems aw
nov reviewed and their relationships discuseed.

Tor the Tirst time we have observed by ESR the hyperfine struc-
wure of the TMPD positive ion in tﬁe presence of a transient chlor~i

anil semicguinone. This i1s positive evidence that & completely ionized

Lo

clectron transfer from THMPD to p(Cl, does occur in aceionitrile to
produce free radicals.

Free radicéls were also observed when pQflg was dissolved in
DHA  even though the ilonization poééntial of DMA 1s about 0.7 ev
sreater than that of TWPD. However, a simple electron transfer is not
obgerved. In this case the radical semiquinone of chiloranil is an un-

stable intermediate in the reaction of peCl, with DVA, whose produch

O e
* The elfects of lonic sclivation, ion-pair formation and the ten-

dency Lo form covalent bonds are arbitrarily assumed o be the
same for all coppounds wder investigation.
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Teblevla

A. Jonization potentials (77)
H,H,N',N‘-tetrameihyl—p‘phenylenediamine 6.6 ev
Perylene 7;15A
1, H-dinmethyleniline .V‘Lﬁ

B. Reldive electron affinities* |
Iodine ' 1.8 ev
Chloranil 2.72
Bromanil 2.76
‘o-Ciloranil 2.87
o-Bromenil - 2.91

C. Ideleciric constants (76,78) .

€ ‘ 1/e % 107
I, H-dine thylaniline L.91 204
Eihylene dichlorice 10.36 9.65
Hitrovenzene - 3h.8e 2.07
Acetonitrile 37.5 - 2.66
* The value for iodine EAZl;E’» ev, was taken from the w‘ork of

Ferguson end Matsen (9). The other velues were estimated
ascuming & linear function for the charge-trahsfer frequency,
crt Vop = C m EA' TFor a given donor, in this case rcerylene,

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

ere somevhat lover, rekiive to iodine, then the valucs reported
here (3). Note alsc thet the effceis of pelerizebiiily on Yop

e been négleqted‘



82

is crystal violet. The kinetics of the reac«,iorz ray ve explained if
it is asowweed thav a Lhydrogen atom wra n:f‘cr is the limiting step in the

oy sraete e can bty % - o oy 03] iy R Sy Tt 3
reacvion, ratiicr than an electron transfer. The scomdguincae iz pro-

:cr:“l)., e icnization poteatinl of THA is nod, low cncugh for en

)

5o transior from A to piCleg, as it ¢id in tihe reaction of

vith piClys. Ve have uced a doior paving an ionization potentvial

nearcy that of TMED, hoping that arfain we would obsexrve an elecirdon

>
cronsder. Porylene has an lonization potential between those of THE
and DHA, but still over 0.5 ev greater than TEPD. I[bvwover, no ISR

chommelon was obooerved when perylene-pOCle wasz dissoived io nitro-

2
i

penrenc. With pGlls £ the acceptor, it appears that 5.0 ov, the

soicn potential of TIFD, moy be near an upper liwat voxr waoleh

can be oObserved in soluwioii.

sted Lo proCuce ionizotion by usiag othor quincnes

which are stronger acteptors than pillg. Sone approximate electron

wated quinones used are tebulated in

no ESR gosorpiicn wog cboerved wuhien perylene-otils

was discolved in nitrobenzene. When olille wun allowsd O reaey with
25 the et e of reaction was much. {;?CL‘.’C"I than the reacticon rate of
e is not muen giifercnce be~

PR T UL TN ¥ o's T e
TR vl ulfla.  Howover,

tween the electron affinitiecs of lhese two aceepuors. e difference
in rate afetenta atis vely bcen assigned 1o a steric factor. The rezciion

o A7 TIOT

of T cabs verc

50 Tacst that no guantitative nmcus

2
e AT At
1ol e

The kind of reaction which will occur between & donor end an

'<,\ ‘V»'\-. 3 Jn =3 - r 7 R - -y wrl SOTE P vy - - ‘.
aecustsr quinone is obviously determined Dy vhat iind -of Cconor mole-
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cule is used. An electron will be transferred dgrcctlyvfxoq donor

to acceplor oﬁly vhen the ionizatlon potential ofAtbe donor is suffi-
clently loﬁ. Although tae kind.of reaction depends upon the donor, -
ﬁhe xﬁtes bf these feactiona &zpend ﬁpon the Xind of tetrahélogenated
gulnone ﬁsed. Tt hes not been established whether tbﬁ diffcrenée in
the raies is & result of small differences in electron affinity,

1ess “uen 0.2 ev, or is the result of steric factors.

The dielectric comstant, ¢, of the mediun was a controlling factor
in the trunefer of an electron from TMPD to pQCl4. .In oddition to ‘the
poﬁeﬁtial for écﬁplete electron transfr, the médium mst be able to
accermodate the ionic charge of the radicals for the trausfcr td
occur in préferenéevto otirer reactions. The transfer from TMPD to
PQCLls occurred in écetoniﬁrile,e = 37.5, not in ethylene Qichlor;de,‘
€ = iOoBG. . |

DMA has & low dielectric constant (Tsble 12C) and we triéd o)
induce an electron trahsfer 1o pQCl. DY adding solvents 6f highef
polarity to the DiA. It wes found, however, that addition of solvents
to the DMA solution of piLls changed the charactefisticé of this react=
Ving'system. In‘general the addition of solvents destroyed the o¢bserved
ESR absorpﬁion.

Aleo, no electron trancier from perylene to ogfly was oﬁserved
in solution by ESR, even in nitrobenzene. The dieleciric constant of
niﬁ"ob¢nzeﬁe is = 34.82, which is similér tO'thé dielectric éonstant
of acetonitrile in which gleétron transfer bas been observed from
P to pQC14.V'-Gf course there may be some specific locazl solvent
vbbcf&ination wﬂich ihﬁalidates comparison of the macroscoplc dielectric

constants of acetonitrile, and nitrobenzene



™ sclution we have studied two reacﬁlons in vhich both donor-

accepior cdmple %es and free radicals are ous ed. An clcctron trans-

~ from 'TIPD to pall, occurs in accuonuril . DYLly also oxidizes
DA However, only in the first case does the electron eppesr %
transfer directly from the donor Lo the accentor.

In the reaction of quinones with DMA, the ocﬁiquinoncs wele
identified by their g-values. We wanted aad;iﬁional evidénce‘tlm‘t the
ohserved radicals were gemiguinones. The :E‘luoranii serquinone nor-
mally bhas en ISR ebsoipiion spechrunm consisting of five hypexrfine
coqpor\cn ts. O“o sexvetion of © '\memine eplitting in the reaction of
fiuvorenil with DMA would have elded comsiderably in ildentifying the
intermediete radical. Hewever, In 'thé presence of a high concentration
of fluoranil, which were the conditlons of the experiment, the fluorine
Lyperfine patiern vas not resolved. Appere ":.lyb the semigquinones’
exist in a complex environment in vhich repld electron transfcr among
quinone, gsemiquinone and hydrogquinone ion is 1?1}.:0.1:}.

B. Imerfections in solids

ESR absorption vas c‘wcovcrcd in bydrocarbon-quinone solid coi-
plexes. The paramagnetlswm could nct be correlated with eny othei‘
properties of the solids which we determined and 1t 1s quite irrepro-A
ducible. Apperently the ooucrvcd ISR is caused by an imperfccition
in the genersal sensej that is, the donor-acceptor solidu are not theme-
selves paranagnetic. 4

There sre general lel“LCbC Lics in tpc EER aboorptlon by the
perylene~guinone solids which will be used o assisn & more specific

styructure to tie imperfection in the fut



Toae nositive ..;';'5’.;.1"(-:3 obtained by this recearch Lave been releated
to the charge-donor yroperties of arouatic hydrocaﬁbms ond acyl-
giaines and 4o e chargec-acecpitory properties crl tetrehielogenated
<1u:inoxles. Ve point out thwt in none of the caces siudicd were the
gonor-peceptor complexes OY 0L ids' themseives intrinsically para-
pesnetics Raﬁ:.er the donor end acceptor properivies of the organie
materiols regult in twe observations. One 'obsez‘va'ﬁion is 'i;‘aat whe
donors Go associalte with the acceptors to forz dismagnetic adducts.
Secondly, tiese Conore ant acceéptors freguently react to form para-
megnetic specieg, that is; radicals end imperfections. Indee}d these
cbse:mfé‘!:ions ey be related if the donoi*-acceptor complexes are

precvizova of the negnetic species.
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‘
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APPENDIX II.

The recorded voltage change with ESR absorption, as a function

of the microwave Irequency, w, is AN%.

¥, OGP, o
(e

whexe G is a numerical factor including the barretter constant and
instrumental gain; i 1is the filling factor; Quo is ﬁhe unloaded
quality faétor without magnetic absorption; Po 1s the éower incident
the cavityy H_ 1s the emplitude of magnetic field modulation; and X"
is the absorptive magnetic susceptibility.

B NOng}zS (S + l). r g(w - wo)

& o= We x|

> !} +1/k &g%;;_, B Tigle - o) 1

where glw - wo) 15 the shape factor and the other familiar constante
ere defined in Appendix III.
B.
The recorded voltage of Appendix II.A may be written for a
Lorentzian lineshape factor as a function of fregquency.
Ay 20N T2° o (@ - )

r ° ] -2
T (2 - (- )02 + 1/ (—%9) BT Te |

C is an instrument constant. The maxima of the recorded dexivaiives are,
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X 9CN _To2
+AV) = ° P zj/é
- r’/max _ o
8 \BﬂT
whexe
7 1

—

=2
r— ] ' 2 .
b+ k%ﬁ) B 2T, T |
i)
The width of thils Lorenvzian line between derivative maxina is

5 ,-1/2

\j—? T2

The following working equation was used 1o calculate the micro-

wave magnetic field maxima in the TBjos cavity:

P .
1% = 1.6 x 10° ° @ -
Vv
where Hy® is cerstrd®, maximum of the total linear

polarized field,
P, is milliwatts power incident the cavity,
T is the cavilty transmission coefficient,
Q, is the loadeé quality factor,
3

YV is the cavity volume in cn™,

v is the microwave frequency in c¢ps.



| APPENDTY, IIT

Tie Gaussian system of units has been used in discussions of
molecular properties. The mognetic ficld and induction have been
assumed equal. Magnetic qﬁantities are expressed in oersteds.

When making the transition from measured quantities to molecular
interpretatioﬁs; é'mixed system>of units was used. Measurements
were wade in mzs units; interpretations were made in gaussim units.
The working equations relating experiment to theory contain both
mis and gaugsian units, with the correct numerical conversion

factors.
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DEFINTITIONS AND NUMERICAL VALUES

Planck constant E h=2xk  6.62491 x 10727 erg-sec
Bobr magncton - 5! : _ 0.927%2 x 10-2° erg-gauss-*
Hegnetic moment of ihe N - a

proton in units of the Hp(°13‘) - (657.462)72

Bohy magneton i B.

Spectroscopilic splitiing
factor &8

Spectroscopic. splitiing

factor of a free eleciron g | 2.00229
Effective electron spin 8
Absolute temperature T ‘degreeé

. Concentration of unpaired ,

electrons per gram ' No gram”
Frequency v sycles-see~?
Frequency ® radiang-sect
Total explitude cf the

microvave magnetic flelid Hy oersted
External de magnetic field B,  ocersted
Modvlation amplitude

of the external field H, oerated
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