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PREFACE 

By 1959 there were sufficient experimental data to justify 
I 

propooing a mechaniom for the primary act of photosynthesio. At 

that time, Tollin, Sogo and Calvin h!Viewed new evidence obtained in 

this laboratory (1). They proposed a mechanism by '\vhich oxidiz-

ing and reducing entities could be separated in plants. It was 

oho~m how the chemical oxidation and reduction reactions of photo-

synthesis could proceed independently by '\vay of these separated 

epec:J.ea. The separation 1 tself required electron donors and acceptors. 

Thus photoinduced excitation may be transferred t.o.chemical potential 

bY way of these ionizing donor and acceptor molecules. 

At this time very little is kilmm about the mechanism of ionized 

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

pose to examine electron transfer bet'\·reen oreanic · donors and acceptors 

in general. We wanted to detennine the conditions for '\vhich electronic 

ionization and electron transfer occur in organic systenta. Questions 

about the mechanism of photosynthesis stimulated us to initiate this 

research. vle ~rere originally motivated too by ·the results of work 

carried out in laboratories at Tokyo and Oxford. 

In 1954 Akamatsu, Inokuchi and Matsunaga at the University of 

Tokyo discovered the paramagnetism of hydrocarbon-halogen solids (2) • 

. These homogeneous solids were· prepared -stoichiometrically from poly­

cyclic-aromatic-hydrocarbons and halogens. Independently at Oxford 

in 1954 Kainer, Bijl and Rose-~111es observed electron spin resonance 

in a17lamine-quinone solido (3). 
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Both of these complex organic solids are composed of electron donora 

and acceptors. The fact that parrunagnetiom was observed may mean tbat 

electron transfer and concomitant unpairing does_occur in these donor­

nr.cevtor combinations. The pioneering work at Tokyo and Oxford paved 

the uay for the presen:t inve~tie;ation. The present work io partly a 

continuation of the research bcc;un in those laboratories. 

Specifically the purpose of the present lrorlt ,,ras to determine the 

conditions-for which unpaired electrons could be produced by excitation 

or ionization in donor-acceptor systems. Previously in our Own labora­

tox~ l~arns (4) demonstrated that laminated combintiono of alternating 

donor onu acceptor solids generally contain unpaired electrons. Our 

purpoae was to examine the homogeneous solids and liquid solutiono of 

donors and acceptors such as those investigated at Tolcyo and at Oxford •. 

Because quinones have been found in plants, lle uecided to limit 

the choice of acceptor molecules to quinones. Both aryl.amineG and aro­

matic hydrocarbons have been used as donors. ~1ese particular donor­

acceptor combinations hav~:: llt:eu examined both in solido nnd. liquido. 

Reoults and their interpretations are presented first. Experimen­

tal mct.hod.s are described in Cllapter V. For conclusions derived 

:rrom this ·uork, refer to Chaptel~ VI. Structural f'o1."''I1Ulas for the or­

ganic compounds used, analyses of the eJ.'J)erimental methods, and other 

det~ilo are presented in ti1e ap~endL~. 

It .is hoped that the experiments described in this work illuminate 

the essential . observable features of charge-transfer associa·i;ion anc;t 

paramagnetism. No attempt, has been made to revietv the existing theories 

of donor-acceptor interaction or electron spin resonance. 

• 



ABSTRACT 

'When p-xylene waa combined with chloranil in n-heptane, charge­

transfer optical absorption was observed. The magnitude of this 

absorption ie used to calculate an equilibrium constant for th.e 

fOrmation of a donor-acceptor complex containing one p-xylene 

and one chloranil molecule. 'Wh.e~ p~xylene was combined with carbon 

tetrabromide and with carbon tetrachloride in n-hcptane, no charge­

transfer absorption t>raa oboerved. 

Reactions of N,N,N',N'-tetramethyl-p-phcnylenediamine (TMPD) 

wi t.h chloranil (pQC14J have been observed in ethylene dichloride and 

acetonitrile • In both ool ven·"s adduct formation occurs initially, as 

observed by its charge-transfer abaorption. In acetonitrile time- · 

dependent electron spin resonance (ESR) absorption was observed, and 

it is identified with the positive and negative radical ions of TNPD 

and p~14 , respectively. In this case a completely ionized electron 

transfer has occurred. 

3 

Chloranil and other qulnones uere fouz:o.d to react ·Hith N,N-dilnethyl­

aniline forming a crystal violet salt. The diamagnetic donor-acceptor 

complexes and also setliquinonc radicals are intermediates ,.,bich have 

been observed. Some physical measurements of the kinetics of this 

react.ion arc deocribed and cor-.celated. When fluorunil l-ffiS alloued 

to react with dimcthylaniline, the hy:perfine splitting by the 

fluorine atoms of the fluoranil radical uas not resolved. Char­

ac·i;eristics of the ESR absorption by this radical in d:Lmethylaniline 
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are discussed in terms of an electron transfer between the semi­

quinone and quinone, and betveen the semiquinone and l1ydroqu1none 

ion• 

Pcttai:ltlGI!Ctism hns been diocovered in hydrocarbon-quinone E\Ol1.ds. 

ESR aboorption is assigned to imperfections in the solid ''hich is 

normally dit\l'!lagnetic • The pre:;;mra·U.on of. theoe oolit1a and some of 

. their phyoical characteriotics nrc described. 

• 
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I. INTRODUCTION 

A· A description of donor-acceptor complexes. 

The association of certain organic molecules in solutim generates 

a color which is present in neither of the individual components. The 

color 1a produced by excitation of an adduct or cooplex which is formed 

by the e.oaociation of charge-donor molecules '\-Tith charGe-acceptors. 

I-1olecules which have lm1 ionization potentialo, the charcc -donors, 

generally do combine 'With molecules 1-rh.ich have hiGh electron ai'finities, 

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

The adduct is called a charge-transfer cqnrple/ and its electronic 

excitation causes charge-transfer absorption. 

f·hl.lliken has shmm that a simple bonding scheme which approxi­

mates the bond bet'\ofeen a donor (D) and an.ecceptor (A) is 

+ -(D:A) = D ••• A <IIIIi.(;.__.->~ D - A • 

D:A is the complex; D ••• A, the no bon~ part, represents bondingby 
+ - . . 

London forces; D - A , the dative part, represents bonding by ex-

change and ionic forces. Experimental evidence indicates that usually 

the ground state of the donor-acceptor bond is mostly just London 

attraction, as indicated by the underlining in the bonding scheme. 

o.r course, this illustration ia a simplification; Briegl.eb and Cze-

l~lla (5 ,6), Booth (7) and McGlynn (8) have recm tly reviewed the 

na·t.ure ot' charge-transfer bonding in d.etail. 
_' * . 

The corresponding excited state of the compl~"{ (D:A) may be 
"-! 

'\orrittcn 

I Ill ·thin thesis, the terms charge-transfer complex, donor-acceptor 
complex end polarization complex are used SYJ.1onomously. 

I 
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* + -(D:A) = D ••• A ~<-->~ D - A t 

where the bonding ia mostly ionic. According to l;lulliken' s theory, the 

* singlet-singlet excitation, (D:A) --~>-~ (D:A) causeo charge-transfer 

from the donor to -the acceptor molecUle w1 thin the t>uuuc 1:.. lt is thio 

charge-transfer absorption lihich gi'ves the COIJPlex i~a characteristic 

color. 

Charge-transfer adducts have dipole moments in tl1e zround state. 

This is because the donor becomes positive and tl1e acceptor negative 

in the complex. :rndeed, tlle dipOJ..f'! mnrnP.nta have been used tQ calculate 

tl1e percentaee of dative (D+- A~) character in the bond (8). 

The inf'rared apectra of the coulplexes frequently are very uimilar 

to superpositions of tlle opectra of the individual coeyonents. In 

some solutions meaovrable differences do occur; these changes of in-

tenai ty and frequency are adequa·tcly explEdned by the theory of charge-

transfer bondins.(9)· 

\-flJen donors and acceptors are combined in rolution, the electronic 

spectra, the dielectric polarization, and the infrared spectra of 

these solutions are observable physical properties wh1ch.depend in-

timately upon adduct formation. Interpretation of' these da·ca provides 

a detailed insight into the nature of bonding between charge-donors and 

~rge-acceptors. 

In solution donors and acceptors may exist in equilibrium ui th 

their aclducts, if the adduct is a thermodynamically stable species. 

Equilibrium constants and heats of formation llave been determined for 

·many donor-acceptor CODIJ?lexes. Heats Of fonn.ntion are usually betueen 

one and 10 kcal/mol (5). 
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There is no .!. priori reason vhy chtarge-transfor cowplexoo or solids 

should be pa~gnot1c. As a matter of fact, noet one complex has ever 

been determined unequ1 VOC&l.ly to be ~tic 1 tseli'. acwevor 1 electron 

spin resonance absorption baa been observed in a few solids coU'(pOsed of 

donor-tYPe ~d acceptor-type malecules (lO,ll,l.2). l't. hae never been 

demOnstrated vhether the Ula~tlsiO ia due to the tlonor and acceptor pro-

pertioa of the 1.nd1Y1dual tnole~ules directly, t:.o & ne-w kind of donor-

acceptor ~eaol!iat.ion, Ol' to do:uor-&cce:v·tor i.Uteraction o:f the :fmnil.inr 

t.ypc vhich w~ have b&~n discuao.ing here. It is Vi th this problem that 

the present wrk is coucerned. · 

B. liexrunetllylbenzep.ca-chloranll a11 an e~le. 

The adduct hexametllylbenzene-chlorauil bas been inveot4,rat.ed 

in a number or la"boratorietl and t3er-v-es as an interesting hi.Stori.a1 

extlll\Pa ot dono.r··G.caepto4' wsuoc.tation • .Briegleb and Czekall& measured . .,. 

mol the &osoc1at1on constant, K "' 9·25 (-y-)-1 1n earbor~ tetrachloride (13). 
•, 

The heat of formation ~ ... -;).15 k~, and the entropy f'actor, TtB .., . . . 
. 1 

.3.8 kcal. Foster, H£1lml11.ck and Parsons obtained K --28.9 <!}>- in 

cyo1ohexane (14). The chara-e-tnwsiG' absorption fre~cy of this com­

plex ia 19,}!)0. cm-1 in carbon tetrachlo:dde EWd 19,0oo cm-1 in cyc1o­

heXalle (l,,l4). 

Br1egleb and Czekalla (15) la&asured the dipole. moment of the 

h.exametllylbenmene-chbl•enil ad.&lot. The dipole moment, l.oo D, 'WaS 

uaed to calculate 4.4~ ionic charaetel' in the ground ntate· (5). 

Harding and Wallwol.·k (l5) dcternlined the CJ7Stal structure of' tbLJ 

one: one solid COJ®leX ~ he.xamet.bylbenzene-chloranil. Hel\81llethylbenzene 

and chl.ore.nil moleculG!s are stacked a1 ternately in columns. The direction 

of bonding along tlle stack is perpendicular to the r~ vh.ich B.re nearlY 

_parallel. 



l'lakamoto measured the opt leal dichroism of thia soi:i.d (16). Ab-

sorption of light polarized perpendicular to ·the aromatic planes was 

.greater than absorption polarized in the plane. The _frequency of maxi­

mum nbsorption was lower for perpendicularly polnrized light than for 

ligllt polarized in the aromatic plane. 

The infrared spectnnn of the solid can be approximated by super­

imPOsing the individual spectra of the donor and the acceptor (l7)• 

C. The present 't-rork. 

8 

Our aim hAs been to characterize the magnetic species observed in 

syr.tem3 ,~hich also contain ch.are;e-~ranafer complexes. In Chapter II we 

first diocusa new resu.lta concerning the charge-transfer association 

of some molecules in solution. This is a general investigation from 

1·rhich ve progress to the OJ?ecific oboervations of pa:ramagnetistll •. The 

tranBfer of electrons from N,N,ue ,N:v-tetramethyJ.-p-phenylenediamine to 

ch:J.oranil haa been stun:l.ed. and t.he results are presented at the end 

The o:xidation-reducS.tion reaction of cb~oron:Ll with N,N-dimethyl-.,. 

aniline has been studied. The free radicals, charge-transfer complexes 

·ana ion~ present in this-reaction are discussed in Chapter III. 

Chapter~ II and III are concerned 1-ri th the production of ps:ra­

reagnetic species in nolution. The paramagnetism of some solid com-

plcxes _is 1;he subject of Chapter IV. In that chapter are presented the 

ESR absorption and other physical properties of donor-acceptor solids 

. formad by polycyclic-aromatic-hydrocarbons and tetrahalogenated 

q'l..tinonee. 

Each chapter is reviewed and discussed independently, and con-

elusions deriYed from the entire 1mrk are presell'ted in Chapter VI. 



.. 

9 

IIq llfrERACTION OF DOUOID MID ACCEPTCl'FS IN LIQtnn GOLtll'IONS 

A. Asaociation of p-X"Jlene 

The. char{;e·tronsfel• association of p-xylenc 'tith chloran111 carbon 

tetrabromide and carbon tetrachloride in ~-heptane solutions has been 

studied by optical absorption spectroscopy from 21~0 IIlJ..L to 1200 Jlll..l• 

l· p-xyl~-~~.:~.h;L.?E~?..g_. Ii' C is the electron acceptor, chloranil, 

end X io the donor, p-xylene, in n-hepta.nc P the t'\TO arc in equilibri~ 

with a one:one molecular coraple:r. vhich is observed by ito unique 

char{;e-t.ronsfer absorption a:pectrura (14) • 

c + x c. ex 
(CX) 

K == ---'-"---

(C) (X) 

If p-:l:ylene io :present at e. concentration, (X), much higher than 

that of chlora11il, (C), the sssociation constant K is 

K - _____ j_cx >-~-----···-·--
( (c

0
) - (ex)] (X ) 

0 

(C0) and(x
0

) are the total concentrations of all species containing C 

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

the solution, d is the length of the absorption cell, and E io the ex-

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

d(C ) 
0 

l 

D E 

l + ___ _ 

EK{X ) 
0 
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When d(Co) is plotted as a tunction of l/(~Yc,) 1 a straight line 
D . . 

results whose intercept and slope may be :11oed to calcUlate the ex• 
\ 

tinction coefficient and association constant. This is the fam1.l.iar 

Benesi-HildCbrand r~1on. 

Because the charge-transfer optical absorption maximum occurred 

at the same 'Wavelength aa an absorption by Ull8ssociated chloranil, the 

calculation 'Was made at vavelengths longer than the abt:~orption maxi· 

mumo The ·eXtinction coofficient at the maximum was determined by sub- · 

tracting the chloranil absorption after the equilibrium concentration 

of chloranU was determined. 

Table l and Figure l give the 'experimental da.ta and calculated 

tunctions used to deter.mine·the association constant, K = 1.35 mol-~ 

t J$% at efc. 
'l'he absorption spectra of chloranU ·and of the p-xylene-chloranil 

canu>lex are illustrated in F'igure 2. ~ a 420 111J.L, e a 1.58o1 mol)"'1cm-1 
· . 11.ax max 1. 

·in n-heptane. Foster .(18) has reported a ). "" 395 JDI.1 in carbon ~ra .. 
• . 1'1laJC' 

~oride. Foster 1 ~ ~· · (14) report that chlore.nil and m-xylene have 

an associat4.on constant in cyclobexwnJ or 2. 9 (~~l/l) -l. (18° -20°C) and 

eXhibit cbarge-tr~sfer absorption at 395 IDl!· The results o:f' the pre-

sent vork are in que.li tat.i ve agreement :vi th the vork of Fo:;ter, ~ ~· 

Why the charge-transfer frequencies should differ by a~ much aa 25 ml-1 

ia uncertain. 

2. p-xylene-carbon tetraol~omide. A aatl.\rated t:olution of CBr4 

in p-;xylene showed no electronic absorption betueen 400 l'lllJ. nnd 1200 IDJ..L• :.t 

Below 4oo ~both CBr4 e.nd p-xylene themselves absorb so that opecial 

methods had to be employed in the sea~ch for charge-transfer absol-ption. 
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Table l 

Calculation ot the association constant of p-xylene-cbloranil 

(C
0

) x 104 . 

3·35 

,.41 

1~.00 

4.02 

5·02 

5·00 

10.0' 

Iritercept x 104 

S1ol;le x 104 

K 

(X ) 
0 

i.26 

0.457 

0.583 

0.:242 

0.328 

0.1001 

0.442 

mol 1 
K = 1.35 t 5(fo (-y- )-

0 0 
Temperature = 27 C ! 2 C 

D 

~ • 460 mf,l 

o.4l4 

0.271 

o.)Jl 

0.181 

0.289 

0.120 

Oe"t!55 

,.60 

1.42 

D 

~ OS 470 ~ 

0.327 

0,215 

0.279 

0.147 

0.229 

0.094 

0.60'2 

6.1 

1~·35 

1.40 

D 

"' • 48o lllJ.& 

0.240 

0.163 

0.207 

0.109 

0.169 

0.069 

o.450 

8.0 

6.44 

1.24 
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Fig .. 1. Charge-transfer absorption at 460 m1-1, 470 ml-1 and 
480 m1-1 by p-xylene-chlor~nil in n-heptane as a function 
of the xylene concentration. 
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Fig. 2. Absorption spectrum inn-heptane ·of p-xylene-chloranil 
using a 2 cin cell. 



The method of Landauer 1 McConnell and Laurey (19) has been w.1ed 

to place an upper limit on the association constant for CBr4 and p-

xylene, if any c~lexing occurs. 

In a solution containing CBr4 , c, and p-xylene, X, there io the 

possibility of forming a complex, ex. As before, ~~e association con­

stant, K, is 

K= 
(CX) 

14 

when the total concentration of species containing X ia much great-

c1· than the concentration of species containing (C ) • 'l'he optical den-

si ty 1 D, measured in cell of· len(!,-th d, is 

D = 
u 

e (X) 
X 

+ E (C) 
c + E1(CX) 

The adduct (£1 ) will be oboerved only if its absorption apectrUlT is 

measurably different f'r0t1 the spectra of the components (e and E ) • · 
X C 

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

(C:X) = 

and 

K (C ) (X } 
0 0 

1 + K(X ) u 

= 
d (X ) (C ) 

. 0 0 

D - dE (X ) - de (C ) 
X 0 C 0 

When the riglJ.·~ hand .t'ullcJ~ion, to b.: called Q, is m']?cl~iLlcntally deter-

mined and plotted as o :t-llllct,ion' of (X ) , t!le olope and intercept. of 
0 

the etraic;ht line may be used to cletermine the association conatan·t, K. 
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Between 300 m~ and 400 ~ the observed optical density, D, vao 

just the eum Of the initial optical densities of the components them­

selvea, D • dE (X ) +dE (C ) (Table 2). a x o c o · 

The denominator of the function 

d(X (C ) 
. Q. 0 0 

D .. d€ (X ) 
X 0 

d€ (C ) 
c 0 

d(X ) (C ) 
0 0 

D- D 
a 

10 no greater than about 0. 01, Q i tseJ,f is Q:?:. 06. Therefore, 

1 
K<-------- In this wavelength region E < 50 1 and 

c -
.06(€1 _€ ) - (X ) 

c 0 

(X
0

) is negligible compareu to reasonable (::.-ueoses for E-1 --v 1000. 

A more detailed study rTas made between 250 mJ.L and 300 InJ.1 where the 

accuracy w:as limited by stray absorption by xylene. Tables j and 4 

show that llithin about 10% the abaoz"Ption 1 D, .bY solutions of both p .. 

~-ylene and CBr4 was just the sum, D , o.f the absorptions by the 
a 

independent components, Dft =de (X ) +de (c ). The large variation: 
,... X 0 C 0 

in the actual differential (-1% to 5~6) is attribute~ to the instrumental 

difficulties of measuring accurately and rapidl.y the optical density in 

thiS highly abaotbing and highly peaked ~eglon. 

In this case Q > .03 e.nd K < ---1
----

- .03 (e1 - E ) - (X ) 
c 0 

For wavelengths bet1-reeu 260 Il1lJ. and 300 m!J.) consldering tho usual 

width of ch.arge-tranr;fer ab~1orpt:! on bands and ·tt::1~:lng € c << € 1 .::::.::: 103
, 

· (mo1)-1 * K 5_ .• 03 1 , 'rhich is the oarll'! l:tmlt asfJigned at hj_gher mwelengtlls. 

* ., .. Bccauce € becomes appreciable between 250 m~ and 300 m~ it may be 
difficultcto estimate a maximum K value. This is especially tzoue 
because the extinction coefficient of' the complex may be the same 
as that of CBr4 , in which case there might be nq clmge in the ob­
served optical density if xylene were added. Addition of p-xylene 
would cause a decrease in ti1e absorption by unassociated CBr4 but 
a proportional increase in absorption by the complex so that the 
optical densi t~· would remain the same. Based upon the extinction 
coefficients reviclved by HcConnell 1 Ham and Platt (20),. betveen 
about 250 InJ.1 and 260mJ,l it Ill8y not be possible to estimate K by 
optical methods. 



Table 2 

Search for p-xylene-CBr4 ComPlex 1D .n-heptane solution between 

300 lUI! and 400 llij.L . 

(X ) • o.1oo mol-l"'1 J (c ) • 3·09 x 10-3 mol·l-1 J 
0 0 

d • 2.0 em 

X(DlS') dl X d£·C D D D • D 
· . XO CO e. a 

310 

}}0 

550 

370 

o.033 

o~oo9 

0.009 

0.007 

Oo347 

0.058 

o.ooa 

0.002 

o.,ao o.?93 

o.o67 o.o58 

0.017 o.oo6 

o.oo9 ·o.ooo 

0.013 

-0.009 

-0.011 

-0.009 

16 
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Table 3 

Search for p-xylene-CBr4 . complex in n-heptane solution 

!Jq>er!Jaent 1. 

~o' 

300 

28o 

272 

262 

Q50 

2}5 

Experiment 3• 

Wavelength dependence 

de C 
c 0 

D a D D·D a 

100 .(D :..Ea.) D . 

0.403 molar p-xylene. 0.0307 molar CBr4 • d • 0.05 mrn 

o.ooo o.oo1 0.001 o.ooo -0.001 O$ 

o.ooo 0.015 o.o15 0.022 0.001 32 

o.oao 0·055 0.135 0.158 0.02; 15 

0.521 0.09'2 o.613 o.667 0.054 8.1 

0.766 0.160 0.926 1.024 0·598 58 

0·311 0.223 0.5;4 0.6;2 0.098 16-

o.o64 0.700 0.764 o.B16 0,()52 . 6.4 

·--
0.087 molar p-xy1enc. 0.00761 molr CBr4. d = 0.5 nnn 

28o _0.1;55 o.o11 o.ll~6 0.160 0.01~- 8.8 

~67 1.eeo 0.026 1.846 1.&:!0. · ... -0.026 -1.·4 

262 lo}l.8 0.035 lo353 1·319 0.026 lo9 

250 0.581 o.o4; o.624 0.666 0.042 6.4 



Table 4 

Search tor p-xylene-CBr4 complex in n-heptane solution 

X 
0 

Concentration dependence 

d4£ X 
X 0 

dEC c 0 
D a D 

EXx>e~iment 21 c
0 

• o.oo·rr molar. d • 0.25 rom 

264 
" ft· 

" 
" 
" 
" 

255 
" 
" 
" 
" II 

n 

262 

" 
" 
" 
" n 
II 

" 
" ·n 
ft 

ft 

ft 

'. 

«x • 32.6 mol-~·1 n~-1 , E ... 81~.1 mo1· 1 -1 nnn"' 1 
c 

o.o796 o.6;1~ 0.163 o.817 o.81l9 
0·07,0 o.6oo II 0.76,!\ 0.76.3 
o.o611~ o.~o'' 

II 0.667 o.664 
0.0492 0.404 " 0·567 0.569 
o.o;98 0·327 II 0.490 o.)~ 
0.0306 o.~;l 

II o.414 0. ,~.,,~ 

6 • 23·3 mo1"' 1 -1 mm-1 , X . @ m 10.9 mo1"" 1 -1 nnn- 1 
c ' 

0.0796 0.1~62 0.212 0.676 0.713 
0.0130 o.1~25 " o.637 o.643 
0.0614 0.)~8 " 0·570 0·578 
o.o1~92 0.286 " o.498 0.503 
0.0,98 0.2)2 'It 

0.1~1~4 o.;:;4y 
0.0306 0.178 II Ooj90 o.4.1o 

c • 0.00761 molar. d = o.o; mm 
0 = 

8 m 32·6 mol-1 -1 ~n- 1 , 
X 

' t!l 9}·0 mol"' 1 ~1 mm· 1 
c 

0.402 o.655 0.035 o.69o o.66o 
o.474 0·11'~ 

II 0.839 0.766 
Oo557 0.909 It 0,91~4 1.216 

'0.642 1.01~8 II 1.083 1o0)9 
0.'1:/ 1·176 " l.t~11 1.213 
o. 1 1.;18 " 1.35} 1·379 

E a 45,2 mol-1-1 mm""1
1 X 

E< ... 69.01 mo1- 1 -l mm- 1 
c 

0.402 .0.998 o.cr-26 1.169 0 ;E'I)l~ 
0.1~74 1.07 " 1.096 0.9')) 
0·557 1.26 " 1.286 1·578 
o.61~2 1.1~5 

,, 
1.1~76 lo j'j2 

0.721 1.6) " 1.656 1·595 
o.8o7 1.8'2.. II . 1.8h6 1.Peo 

18 

D - D 
8 

o.o)2 
o.ooo 

-o.oo3 
o.oo2 
o.o14 
0.020 

0. 03'7 
o.oo6 
o.oo8 
o. oO:l 

·-o.o95 
0.020 

-O.OjO 
-0.073 

0.2'72 
-0. ()',?.I~ 

O.OCY2 
o.CY26 

-O.jl5 
-o.oN~6 
0.(1;!.6 

-O.O'r?.6 
-0.0'26 
-0.026 
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Keeping in mind thnt a weak charge·transfer absorption by the 

complex may pos~ibly be buried in the spectrum of the indivi.dual· com­

ponents and tha·l; there may be absorption ~t higher energies than at· 

240 m~, the results of thase experiments show that cbarge•tranefer 

cbmplexins by C»r4 and p-x,Ylene in n-heptane solution is negligible• 

If charge ·transfer absorption occura at wavelengths E;rcnter thLln 

240,~, the equilibrium constant tor association is estimated as 

1mol)-l. K ~ 0.02 " 1 

3· p-xylene-~~tetrachloride. The results of this :!xperi­

ment a1e the snme as for the p-xylene-CBr4• The results summarized in 

Table 5 have been used to determine an upper limit for asoociation, 

. -1 
K:5.0.:f)l. mol -1 • 

. ~so ion 

The results of this work indicate that association of p-xylene 

and CB:r4 does not occur in n-heptane. This ia in contrast with the 

association of p-xylen~ id t.h bromine which does occur, as is already 

well known. In ilolution CBr4 does not appear to form complex~s with· 

xrlene although 'hromine does. p-Xylene-bromine absorbs optically at 
. . 

,;o6 D'JI.l and the adduct bas a formatioi.l consta11t X = .2.26 (_!11~1 )-1 (21). 

Benzene iteeli', a.a m~ll. aa p-~Jlene, forms a dcnor-·ecceptor 

adduct with bromine. Charge-transfer absorption by the benzene-bromine 

( ) · · mol )-1 adduct occurs at 292 n;t 21 • It has a fo:nua·tion constant K a 1.04 (l . 

T'aese tvo examples ohow what io well knm>'i1 1 that brordne does form 

adducts vith bemzeBe-l.ike donors, in general.. O.n the other hand, we 

havo found that association of CBr4 '-lith p-~lene is very small, if it 

occu...'""B at all. Thus bromine acts as an acceptor much more efi'ecti vely 

than does CBr4 • 
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Table 5 

Barch tor p-xylene-CC14 complex in -n-heptane solution. 

~avelength dependence 

C • 0.00471 molar; X = 0•40'.2 molar; d = 0.05 Jmll 
0 . 0 

~(~) 
100 (D-~) 

d t X c;l @ c Da n· D- D b 
X 0 c 0 a 

28o Oo070 o.ooo 0.070 0·059 .. o.ou -16-~ 

272 0.454 19 Oe454 o .• 4l2 -0.042 - 9·2 

e.6·r 0.909 Q9 Oo909 o.eeo -c..o89 .. 9.8 

e64 Oo7ll 11 0.711 o.632 -0.019 -ll.l 

262 0.672 9'1 o.672 o.6o9 -0.063 - 9·4 

'255 0.490 " 0.490 o.l,l~B -0.042 .... 8.6 

250 0.290 18 Oo29Q · 0.263 -0.027 - 9·3 

240 o.o89 tt o.o89 0.079 -0.010 -11.2 

28o-
~00 0$000 IV o.ooo o.ooo o.ooo o.o 
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Comparison of the acceptor properties of bromine and CBr4 in 11-

q\rl.d solution does not apply evidently to their acceptor properties 

·i~ the solid. The cryota.l.. structure ar the one :one solid complex p-xylene­

CDr4 ,.,as solved by Strieter (22). It is very similar to the structure 

of benzene-bromine, which 'iSS reported by Hasoel and Stromme (23). 

The intermolecular bond distances are, in fact, nerly identical. In 

botJ1 caeca, the bromine atoms are aligned along the six-fold axis of 

. the benzene ring, located ,;.36 .R from the plane. 

If "'e assume there is a re.stion between bond energy and bond die-

te.nce it appears that in the solid, BrQ and CBr4 associate with 

b_enzene-like compounds equally well. However, the similarities of 

the solids P•Xylene-CBr4 and benzene-Bra disappea~ when the s.olids 

are dissolved. 

Because of uncertainties }n the optical .metJ10d of detecting com-

plex formation, it would be wise to investigate CBr4 association in 

solution by other methods and with other donors. Then the general 

validity of'.the conclusions arrived at .here may be tested. 

B· Ionization in.eolutions of' donors and acceptors.! 

So far we 11ave considered only that kind of donor-acceptor inter-

action which reoults 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 paramagnetic. However, radical . ions may be produced if 

the dono~ has a very low ionization potential and. the ac~eptor has 

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

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

We consider here only cases in which electron transftr, not ion 
transfer, produces ionized species. 
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just this k1rid of ioni7:t\tion in a variety ot systems. Before pre11ent• 

1ng our results 1 we will review all of the experimental ev_idence ob­

tained prior to our work wllich shows that ionized electron transfer is 

possible in solutiOns of organic donors and acceptors. 

l· EJCperimental evidence. Kainer and Uberle (24) obnerved the 

optical absorption spectra of the radical ions TlviPD + amd pQCl~~ .. \Vhen 

solid '.rMPD-pc~a4 ltnB diosolvcd in acetonitrile. TMPD is N,N,N' ,N'­

tetramethyl-p-phenylenedianrl.ne,; p~l4 is tetrachloro-p-benzoquinone 

(chloranll). Kainer and Uberle proposed that a cOtzu>lete electron trans­

fer ft'Onl donor to acceptor occurs in these solutions. It, is plausi~le . 

to assume that charge-transfer comple)tes are intermediates in this · 

overall ionization. Ion:1.zation of TMPD-pQCi4 did not occur in cUoxanc and 

benzene lfhich have l<nrer dielectric cons~ts than e.cetoni trile. 

Also electrons may be donated from TMPD to the acceptor tetra• 

cyanoethylene, and ions are produced (5) •. 

The !"ormation of intermediate complexes, radicals and ions have 

·been observed in the reaction of trinitrobenzene (Bll acceptor) with. 

various donors (25,26,27128129)· ESR absorption was observe~ in the 

reaction of trinitrobenzenc with trimethylamine (30). 

The initial reaction of bromine and a,a•·,l3, P' -tetrakis- (4-metlloxy­

phenyl)-etbylene produces a blue paramagnetic solution in ni troeth.ane 1 . 

a brown diamagnetic solution in carbon tetrQ~bloride as observed by 

ESR (31). The effect of dielectric constant on .ionization was again 

demonstrated. Paramagnetism wa observed in the polar nitroethane 



but not in nonpolar carbon. tetrachloride.; 

At this preliminary stage, the chemical literature contains fev 

quantitative studieD of electron transfer between organic molecules in 

solution (as opposed to charge-tranafer)e.Hmtever there is plenty of 

experimental evidence to shov that charge-transfer· complexes, ions, 

and radicals to. appc:s· together in many reactions • The phenomenon of 

ionization has been reviewed. by Brieglcb and C:&elrolla (5) vj. th some 

specific reference to dielectric effects. 

2. N,N,N' ,r}Tetramctbyl-.P-Phenylenediruninc-chlorcmil (TMPD-pQCl4). 

We have somewhat extended the '\-7or!t of Kainer and Uberle (24), who obscr-
. . + -

ved the optical spectra of the radical ions TMPD and p~l.t, in aceto-

ni trUe. 'J.'hey shoved that in sol vents. of M .. gli enough. dielectric con• 

ste.nt an ionized electron transfer from TMPD to :pQCl4 takes place • We 
' 

have qualitatively inveotie;ated the conqitions under lThich this 1oniza-

tion occurs. 

Wa have found tho.t solutions of TMPD and pQCl4- are not a table, 

even in the absence of air. vil1.e11 . equimolar quantities of TMPD and pQCl4 

"'ere dissolved in acetonitrile, t'fo. die tinct x1C3R tibso1--ptions we·re ob­

served (Figure 38). A narrow single line 1 which ~re have assigned to 

the chlorailil semiquinone 1 · \vas superimposed on a set of thirteen trip-

.lets attributed to the TNI?D poai tive ion. The latter he.a been char ... 

scteri!ted by Tuttle · (35) 1 Hausser (36) and others. The narrow pQCl4 .. 

t ·. 803 , SbCls and BFs have' 'been used to accept electrons from aro­
matic hydrocarbons (32,3;). ESR of the aromatic pooitive ions 

.produced have been investigated in some detail (34). These 
inorganic acceptors appear to form sigma ccmplexcs 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 pQC1

4 
in acetonitrile. 

Reaction time: (a) ZS min; (b) 1 hour. . 



+ resonance began decreasing rapidly and the TMPD resonance increased . . 

proportionately as soon as the original solution wa prepared (Fi­

gure .5b). Simul. taneously the optical absorptio~ by the semiquinone 

at 4500 It decayed, and the absorption by the positive radical ion at 

6000 it ~creased. The charge-transfer absorption. at. 9240 .R disappeared 

altogether. 

After these rapid ch.ane;ea vere complete additionalreac.tivity 

wao observed,_ but the product. is unknown. Doth the initi.nl rapid re­

action and the slwer one were not dependent upon the preoence of air. 

The characteristics of thes.e reactiono in acetonitrile are 

summarized in Table 6ab. TMPD, the donor (D), and·pQC141 the acceptor 

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

·it appears that a two-electron transfer may occur~ producing; the di .. 
. = . " . + 

negative quinone ion (A ) and the TMPD positive ion radical (D ). ·The 

· dinegative ion was not observed, however. Intermediate in the reaction 

is the semiquinone 1 A- (Figure 36). After several days 1 :further re­

action produces an U!Utnown product (Xl)• 

In-the nonionizing solvent ethylene dichloride, a charge-
. . . 

transfer co:nu>lex (AD) is formed rapidly. An unknown product (X:z) 

is formed in one hour (Table 6c, d). Uo radical ions uere observed 

iq thia reaction. 

If X1 and Xe are the same product there occur two independent 

reactions oi' T};IJ?D with pQC14 • If this is true 1 one reaction is non:.. 

ionic and ie 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)J 

1 t tt..kes ten days in acetonitrile ( E = 37.5). Ho,veve1·, the ionization 

occw7a rapidly only in acetonitrile. · 
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Table 6 

Reaction Of TMPD . (D) w1 th p-chlore.nU. (A) 

aolvent and Condition Reaction . Time for 
Complete Reaction. 

a -
Acetonitrile ( E 1111 37•!3) A+D ... AD < lmin -t 

air A+ ~D 
&Iii + 

60 min (longer ... A +2D 
reaction not 
studied) 

b 

Acetonitrile A+ D 4-
AD < 1 min ...... 

-+ eo 
+ 2D+ hizh vacuum A+ 2D. A 30, min 

A+D -+ x1 10 daya 

c 

Ethylene dich~oride · 

( e = 10.4) A+ D 
.... 

AD l min ... < 
air A+D 

,.. x2 60 min 

t'f 

Ethylene ·di~~oride A+ D ........ Jill < 5 min A!!:-. 

N~ A+D -~ x~ 60 min 
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In 011other series of eA~eriments the ionization of tetramethyl­

benziuine-cbloranil was oboerved in ethe.nol,.not in carbon tetra­

chloride. Doth l!SR and optical opectra of. the ions were found. AJ,so 

complexes. of acme phenothiazine derivatives were exwnined by FBR and 

optical spectroscopy, but their donor pl'Opcrties oro more. complex. ·, 

Discussion 

We have not discovered any radical ions in aolutiono. of hydrocarboa 

crllinone com.plexes, such as perylene-ch.loranU. The work here and else­

where ohows 1 however, tha.t arylamine donors such ae TlviPD do form 

radicals when combined With quinones. The aryl.amllles used have lower 

ionization potentials which probably arise because of .their nonbonding 

electrons (37). No hydrocarbons with as low ionization potent1a.s have 

been investi~ted. 

· Note that a c4emicaliy stable electronic ionization has yet to 

be clearly established in a donor-acceptor system in solution. At 

leaot two kinds of' rcact;ions occur .be~reen TMPD and pQCio,. As the 

product of one of the1;1e reactions in acetonitrile, the radical ions. 
I 

. haVe been identif'ied by their ESR absorption spectra. An ionized. 

electron tranafer from TMPD to pQCl4 is therefore ·definitely es ta­

blished in this system even though it· is unstable. 
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III. 

. .. . 
FREE RADICALS 1 IONS 1 AND DONOR-ACCEPTOR C()}.!PLEXES IN THE REACTION 1 

--:>~ CRlSTAL · VIOLET 

A- Introduction · 
~. 

An ionized electron transfer from TMPD to pQCJ..i ws · diacussed in 

Chnpter II. We wnted to extend thi; k1n.¢l of work to another donor­

acceptor system. To study the mechanism of this ·.ldnd of electron t:rans­

f e:r we chose the liquid solution of chloranii (p~l,.) in N,N .. dimethyl­

aniline (DMA). Indeed, Eley had shown that under some conditions the 

corilplex solid DMA-pQCl4 was partially paramagnetic (;8). Note, however, 

that· ve have investigated solutions of pQCl4 in liquid DMA rather than 

the solid c~lex. First of all ve wanted to see if the solutions wee 

at'"all paraniae;netic, and then to see if Em ·ionized electron transfer 

from DMA ·to pQC14 could be established as 1 t has been from Tl.fPD to 

. pQCl4· 

There was another inccnti ve to investigate this particula" liquid . 

system. EJ.ey reportec; that Dl~-p,~:l4 solid had a relatively high elec­

tronic conductance, '= 2 x·lo-8 (ohm-cm)-1 • \\'e l!Sve tried to find out 

if electronic conduction occurs in the solutions ao well. 

From the very first it ws. known that the solution of pQ::l4 in 

DMA. wa.s not perhaps an ideal case for the e tudy of' electron transfer. 

One might 1 :f'or example 1 anticipate the presence of complicating side-

reactions l-Thich do not involve electron transfer at all. As a matter · 

of fact, DMA is not itself stable in air, but can be slowly oxidized by 
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. ·~ ' 

air to crystal violet (~9). Buckley, Dunstan and Henbest had already 
. . . 

attempted to observe a reaction between DMA and pQCl4 in dilute solu-

tions (40). They observed no reaction, and·we hoped tut no irreversible 

reactions would occur in the course of our experiments either. 

This turned out not to be the case. \ve now lmow that p~l4 does 

react with D¥1A to form tho familiar crystal violet cation. We have 

studied this reaction in some detail to eee if an electron tranofer 

from DMA to pQCl4 occu:rs e..t s.ny tlme. 

The resul to of this wor)\ a;re correlated ln sections B and. D, inter-

preted in section C: and SUlllillarized in section F. Some rather detailed 

measurements of ESR absorption are discussed in section E. 

B. Results 

1. Product identificat.ion (41). The infrared and visible spect.ra 

(Figure 4) of the isolated compound:: "1ere identical to the spectra 

of crystal violet, a familiar dye. Simultaneous chromatography on 

paper 1 ·both with a mixture of ethyl acetate and butyl alcohol and 

with chlorof'o~ alone as eluents, has confirmed that our reaction 

product is the cation of crystal violet. 

The crystal v:lolet precipitated mainly in the form of' a chlor-

anil hydroquinone l;al t. When the reaction takes place in the presence 

of' air, the product is crystalline end is nearly lO~p crystal violet 

salt. ~1e integral ratio of crystal violet ation to hydroquinone which 

beat fits the analysis is one1one. However, the product contains eome· 

what more crystal violet cation than a one:one ratio predicts. 

Found& ~~ 6;.52J H, 5.87; N, 8.58J Cl, 17.98. 

Calc •. : C1 60.10; H, 5.08; ll, 6.79; C1 1 22.8. 
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Carried out under nitrogen, ·the reaction led to a product vith a glassy 

e,ppearance. 'lhls consisted of about ?;Oj~ crystal violet, the remainder 

being one or more colorless compounds. 
. . 

2. Optic~l absorption. ·Optical absorption spectra of the re• 

acting solution of chloranil and dimetnylaniline are reproduced in 

Figure 5. Ini t:tally, a charge -transfer aboorptiau occurs at 6:;0 t:JJA be- · 

cause of formation of the lTelllmO',m d.imethylaniline-chloranil conu>lex (42). 

The complex then reacted to :flroduce an intennediate which absorbed near 

400 114& and vhichrapidly d.isappearcd when·exposed to the atmosphere. 

'The r.;pectrum of the f'ina.l product, crystal violet, has an abeorption 

peak at 590 ~ {Figure 4) • 

; • Conduct! vi t~. The conductivity of dimethylsnUine was 2 x 10-9 

ohms-1 + 25% (cell constant about l0-1 cm-1 ). When cbloranU was dissolved - . - . . . 

1ri the dimetbylaniline the conduct! vity. was . time dependent and oould · 

always be divided into three periods (Figure 6). An ini·tisl fast 

rise (period one, ten minutes) to about 9 x lo-9ohm- 1 was followed by 
' . 

a slo1rer increase to about 3 x l0-7o}!m-1 • The rate of' this rise de­

Cl-easet'. tmtU a pcr.iod . of very nnw.ll chanGe was refi,Cbed (p~·J'tnd two 1 

one day) • After this period of relat1 vely small change, a gradual in­

crease to 1.5 ~ lo-5 ohm·1 (period three, four days) ws observed, at 

w~ioh time the prOduct salt precipitated from the solution~ 

Thus, there occurred a rnpid increase in condu<:·t1v1ty.by a 

factor of 1oo (period one) followed by a period or li ttJe cmmge 

(pe1"iod t,.1o) and fiDauy a pel-iod of product salt formation (Period 

thre~). 
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Fig. 4. Optical absorption spectrum of the unpui'ified crystalline 
final product in CHC1 3 , 0.13 g/1, cell length, 0.05 em. ; 
It is the same as the spectrum of crystal violet (79). 
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Fig. 5. Optical absorption spectra of the intermediates in the 
reaction of 0.14 molar chloranil with dimethylaniline in 
the absence of air, after 

, 4 hours 
-----------....;.~. 2-1/2 days. 
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Fig. 6. Conductance of the reacting solution of dimethylaniline_ 
initially containing 0.14 molar chloranil. The cell .constant 
was about lO-lcm-1. Circles: D. C.; Squares: A. C. 



When the conductivity ep~roachcd the factor ·or 100 increase and 

intermeclintc conGtancy (,-rith.in period tuo), its. temparnture dependence 

was ineaaured. A logari tlmdc plot of conr.ucti vi ty · 8[) n function of 

rec:tproce.1 abr.;olu.te temperature f!JlYe o. s·t.roi&J.t line abo'le 2.5°C, the 

0 
melting point .• BelO\., -30 c, the function <.~ouJ.d be epproximl\tcd by a 

stre.ieht line, 'but the slope ,.,au muny tirrJes greater than the elope, 

o· above 2.5 c. If cne interpreto the alo:pe as nn activation energy, 

evic1ently the energy requireLlenta of conduction are truch greater in 

the aolidthan in. the solution. 
. 0 .. 

Also, ·the conductivity of the solid at 2.5 C \ras 1/20 tlw.t of 

. 0 
the liquid at 2.5 c. Although it was j.mposeible to distinguish between 

ionic and electronic conductivi-ty, "it is e.osumed that this decrease 

of c:ondueti vi ty on free:z:ing is due to the fixing of conduct:tug 1ouo. 

4. Electron apin resonance (ESR). A typical time clep~mdence of 

ESR is 1Jllstra'\id in Figure 7'"• A_pparently the intermediate i'ree radical 

ie preceded by other epecies as is shown by the alow initial ra"te1 

of f'OI'Ill3tion. Eleven measux·0ments of the reaction kinetics by ESR 

showed that the length of this initial period \-TSS very irreproducible. 

The reaction proceeded to completion in a few hours if the dimethyl­

aniline \!las exposed to air for a prolonged period (several months) 

before chloranil was added. Even in the absence of air (Oc <O.l% by 
' 

volume) tl.le ~action proceeds., bu·t; the product is les:J crys talliile. 

On the other hand, the concentration of free x·adicals ooservcd al-

ways decreased on exposure to air at any time during ti1e course of 

the reaction. 
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Fig. 7. The reaction in a nitrogen atmosphere of 0.14 molar 
.chloranil in dimethylaniline. a) Charge-transfer ab..:. 
sorption at 650 m!J (using a 0.005 em optical cell)~ 
b) Conductivity (cell constant Awl 10-lcm-1). c) Radical. 
concentration by ESR. d) Intermediate absorption at 410 m!J. 
The abcissas are all time in days. Because of the scale in 
Figure 7b, the initial rapid rise in conductivity does not appear. 



The g-value of the innrmediate radical \ras.m~aeured 1 g.e 

2.0056 ± 0.0002. This agrees with ~1e value g = 2.0058 determined 

fOr the :familiar cbloranil semiquinone (43). Be+ow is .given addition­

. al evidence which shows that the semiquinone is the intermediate 

radical(See 1II.D.2.) 

The ESR absorption curve is asymmetric 1 and 1 t is more nearly 

Lorentzian than Gaussian, indicating that the radical is not present 

as an ideal dilute solute. 

The solutions were centrifuged to see if the radicals were present 

in aggregates. The solutions contained the same radical concentration. 

before and after centr~tion• Making the usual asaUIJU>tions concern­

ina; density and viscosity~ the n1aximum particle diameter for uncharged 

particles left in solution would be 200 ~· 

5. Simul taneoue measurements. The. reaction of DMA and plq,Cl4' 

, : ,.ras followed simultaneously by three physical meanuromento, The re­

sults are reproduced in Figure 7· ~1e charge-transfer absorption by 

the dimetbylaniline-chloranU complex decreases· (Figure 7a). The ionic 

product is obserbed by ita conductiVity to increase (Figure 7b), after 

a slow initial period. The intermediate radical (Figure 70) and. 

optically observed species (Figure 7a) follow similar delayed kinetics. 

The absorption at 410 m~.is not yet assigned, but it is not due to 

semiquinones. 

A eecond experiment correlating optically observed decay· with 

ESR absorption. shO\fed that the ESR absorption did not increase untll 

after considerable cbloranil had reacted. 

---------

' . 



6. Comments. The mecb.e.nism of the chloranU'!'dimethylaniline 

reaction vill yield abundantly to more extensive research. The re­

sults should be vieved 1n light of the fact that the exact relation· 

ship between the presence of·air and the reaction yield and mechanism 

is not established. Also "re have no information about the dependence 

of this reaction on acidity, nor have any byproducts been identified. 

c. Interpretation of results 

It has been found that charge-transfer complexes form immediately 

vhen ~b.loranU 1e disool ved in dimethylaniline. Vecy quickly a rise 

1n solution conducti v1 ty occurs. The reAction proceeds for a fel-t days 

aa observed by the decrease in.the charge-transfer optical absorption. 

After a time the semiquinone is observed by ESR. 'I'he ESR eventually 

deeays while salt.formation is observed by a second rise in conducti­

v1 ty •. The product crystal violet cation· had been identified. 

Because the~e is no information about the oxidized intennediates, 

it is ~oasible to suggest a definite mechanism, but same general 

characteristics of the reaction may be discussed. For convenience 

wa d1 vide t:Ue 1-eac:tion into six period(\ (FiiSUN 8). Each period in­

cludes one, or several, in'e.rmedie.te reat::tions. 

In the sol vent dimethylaniline essentially all the chlo1~nil 

iS complexed (step 1). (The complex fomation constant is K = :;.;4 

(mol/l)-1 for the formation o:f' one:one complexes in carbon.tetra­

cbloride (42)). The reaction has been follm1ed by the decay of the 

optical absorption of this charge-transfer complex. 
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CR'r'STAL VIOLET CATION 

. (C.H3l~0 . . - (9H~2 ~I + 
. ~C=c:>=N $ 9 0 'I_~ OH-___:.

5
--0XIDIZED . 

. -~ . 
1 

f Cl Cl . INTERMEDIATES + 
~CH3l2N ~ . · . Ks 

PRECIPITATE 

OH 

Cly1yl 
<;:1Vc1 

0• 

. MU-23245 

. . . 
Fig .. 8. Schematic of the. reaction, chloranil + di-

methylaniline ,crystal -v:iol~t. 
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The ions obsewed by the rapid initial rise in conductivity nay 
- . 

be the products of the ionized com,plex (s_tep 2) •. If one assumes an 

equivalent conductance of 1\ "" 100 u1 ~- t bm for the hypothetical · eq en -o 

organic. radical ions produced, the ionization constant Kf\}lo-13 mole/1 

is estimated from a measurement of conductivity. If this ionization 

does occur, the concentration of radicals would be barely detectable 

directly by ESa, and we have not observed any. Note .o however 1 that 

only lo-7 molar ions are necessary to produce the_shar.P initial 

increase in conductivity. If t~e 1ous are impurities in the Chloranil, 

onlY 10-a mol ions per mol of' chloranil are necessary to cause thic 

increase. In view of this consideration, the ionization hypo~1esis 

may be untenable. After this initial increase the conductivity remains 

fairly constant until semiquinone an4 p~oduct salt formations· begin. 

On~ the initial equilib~ia have beEm established (s~ep 1 and. 

perhaps step 2),- there follows a period of oxidation initiation in 

·vhich apparently no olarge concentration of semiquinone is produced 

(step;). No evidence has been observed fQr the-intermediate suggest~d 

as the product of step ~· However, it 1e a model which satieties the 

criterion that, although quinone has reacted considerably, neither 

radicals nor ions are produced in this step. In any case, it is likely 

that a hydrogen ato~ transfer takes part in the limiting reaction. . . ~ . 

No electron transfer could be established. 

During a fourth period radicals are produced in quantity.After 

the chloranil is expended, the semiquinones are reduced further to 

the hydroquinones (period 5) • At no time in this sequence <lo any 
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product radicals other than semiquinone& reach an observable concen­

tration. · It there are ar;ylamine ra,diMls, they must react quickly 

(see ?J~2. below). 

An increase in condu~:tivity occurs. during the final oxidation 
.. 

· perl.ods atter which the· solid salt is prccipi tated (period 6). The 

optical density (assuming 6 a 871000 (rnoi)-1cm-~ and conductivity . -r- . 
(asauming 1\ • 50 crJl ) have been used to estimate a 

· equi vslent-ohm) . . .. molol! 
solubUi ty product approXimately K N ~0 ° (11• 

D. The reaction of other quinones dissolved in dimethxlaniline. 

1. Charge-tranofcr aboorption and reaction rnte:s. W.J have 

studied the reaction of dimctiJ.Ylanlline (DMA) vith fluoranil (pQ.F4 ), 

brom:anU {pQBr4 ), o-chloranil (oQC14 ) and o-bromanil (oQl3r4 ) as 

well as chloranu. The charge-transfer :frequencies (Table 7) rnay 
. . 

be t~n to be a measure or the eff'ec'tive' electron aff'in.:ities of. 

the quinone& in the DMA medium (see Chapter VI) (44). They are 

nearly all the sarne. Briegleb and Czekslla give 15.4 x l03 cm·1 

as the absorption frequency of DMA-pQCl,. 1n carbon tetrachlor­

ide (42). 

Orthoquinones l'eacted with Dl4A. e.t a rate one h'\.Uldred times 

fa~ter than the pamquinones. The limiting reac~tion (Figure 8, 

period ,), may be accelerated eterically if, for example, a hydrogen 

e.tom transfer is ~ortant, as has been suggested in the discussion 

abave •. 

a. §•values. The a-values of radical intermediates (Table 8) 

may be COJ!U?are(i' with the g-values o:r· semiqUinone a prepared by other 



·Table 7 

· Frequency. Of max~ charge-transfer absorption by 

qUinones di~solvcd iD dimethylanilille· 

Quinone 

P<lF• 

pQC4 

P'.tdr4 

.oQCl,. 

oQBr" 

Frequency x l0""3(cm-1) 
- . : . . 

15·:5, 

·1!}.6 

.·15.1 

15·9 

15·7 ! . 

~·0 



Semiquiilones 
of the 
ql!inone· 

pQ.C~ .. 

Q'..tinone + 
dimethylenUine 
in dimethylsnjline 

2.Q05lj. 

2.0056 

2~0085 

2.0058 

2.0094 

Tab~e 8 

. * This York 

Quinone + 
sodium iodide 

· .in acetoni tril.e 

2-0055 

Method or Preparation 

Other Work 

A.ir oxidation. 
of· p,ydroCluinone 
iu ethanolic KOa 

2 .oo48 ! o.·:ioo6 (46) 

2.0058 (4;) 

Quinone+ 
sodium iodide . ~ 
precipitate (45) · 

2.o044 ! o.ooo8 

2-00568 ':t ~0.00002 (47) 

z.oo875 !o.oo~ (47} 2.oo68 + o.oo~o 

2.0077 ± o.oooB ·. 

* Usual average deviation- o:f individual measurements :from ·reco:rded: val.ue iG + 0.0002 

** We ha-re obtained for ro~id NapQC~, g = 2-00571 ckmonstrat:ing a systei:;atic e:·ror 

in these measure:ments. Add O.OOl.5 to numbers· in thl.s colUlllll 

'. 
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* methods. · The radicals observed in dimethylanilinc have g-valuea 
. . 

identical to the g-values independently observed for semiquinoneo. In 

fact, it is this comparison which we have used to identify the radical 

intermediates as semiquinone a. · 

E. Electron spin resonance of the fluoranU radical· 

1. Linmddth and saturation. Previou~ly the semiquinone of pQF4 

bad been produced in ethanol by Anderson, Frank and GutmTsl-cy (46_). By 

ESR they ob~erved five hyperfine component lines,.each separated by. 

f~ur oerst~dsa· We hoped to fUrther identify the semiquinone of pQF4 
. . 

1n DMA by also obF.Iarv~g the hY,perfine epli tting •. However, when pQli' 4 

\ISS dissolved in DMA (in air) I onlJ'" one line I six oersteds wide, was 

obserVed (Figure 9). 

The. observed semiquinone itself is present inconcentrations 5 x lo-5 

tO 5 X 10-'fr molar. On the other hand there are high COncentrations'of 

quinone and hydroquinone in the solution. The solutions "rere ini­

tially·between:about 0.15 and lo5 molar tluoranil. ~1e narz~ing of 

the ESR absorption or collavsing of hyper.ffne splittinG may be due to 

elect~on trans:k between the semiquinone and the quinone, or the di­

nega ti ve hydroquinone ion. The transfer react.ion envisioned here 

occurs also in solutions of naphthalene negative ion and naphtha-. . 
le~e (48). Venkataraman, Segal and Fraenkel b.a\re 1- in fact, suggested 

that ESR. line'W'idths of semiquinone a in dilute solution may b e caused 

by just such an electron transfer mechanism. (49). 

* In the late stages of reaction, after the semiquinones· dis­
appear, a second radical has been observed in the pQCl4 and 
oQC14 reactions with dimethylaniline. The.latter bas g = 
2.0049·+ 0.0002. The g-value of the secondary radical derived 
from pQCl4 is also less than that of the primary· radicaL The 
g·value was not measured be~use absorption of the two ra.di­
cals overlapped. 
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9·. ESR absorption derivative of the radical intermediate 
in the reaction of pOF4 with DMA.. ·.·At ·zsoc after.Z-1/2 
~ours at 610C initia1ly 1.3 M fluoranil. Minimum saturation. 



Pines and Slichter ~rri tc 1 · for narrowed ESR absorption of this 

kinc1 1 the linewidth W ,.. (J m )2 l' cF (50). · (,( c.J.J is the total 

width or the hyperfine Gplitting oboerved in dilute oolution. leF is 

4l.j. 

the mean lif'cti.me of the electrons in a civen fluo1·inc environment. This 

relation gives an estimate for the mean time-between, electron transfern, 

leF · :S 1 x 10-a sec. Tllis is a lm-rcr limit because greater narrowing 

may become -masked by other brOadening effects. 

Af. elevated temperatures the line,ddth is time dependent. At 110°C 

thc·wi(l1;h changes from 3.8 to 5•2 oersteds as the oxidation p~oceeds. 

Perhaps the quinone is replaced by b.ydroquinone ~ the. transfer re­

action as th~ DMA oxid8tion proceedo. Tbat io, arte·r the quinone 

becomes exhausted, enough hydroquinone has been formed to· allow an 

electron transfer with the semiquinone to continue. If.the energy 

barrier to transfer is different, and the rate of transfer different, 

then the linewidth ~Till depend upon the time as quinone ia transformed 

to hydroquinone. 

0 Abo"-e 25 C, tho linef!idth ,.rae not dependent upon the incident 

mic1·m12.ve pom~r within e:x:J.:e rimental error~ even though the resonance 
an 

'ms highly saturatedo Therefore, the solution may be classed as/in .. 

homogeneous spin system. Evidently ·there are different species ab-

sorbing lilicroua\e. energy over a spread of_:frequency• These entities 

may differ in their nuclear environment.- The fluorine hyper~ine epli tting 

may not have coalesced comp~etely. (Incidentally, the linevidth of 

the flurine mu1 tiplets observed· by Anderson .!:! ~ .. appears to be about 

4 oersteds, or about 2 oerateda broader than the line'\oridth observed at 

0 
25 C in D1·1A.) The protons of DMA may be responsible for the inb.omo-
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gencity of the spin s~em if D~ and the semiquinone are comple~e~ 

in some mnner. 

Below the freezing point, the lincwidth is dependent upon the 

deE,;I"ee of saturation or the resonance and the spin cystcm may be 

classed as homogeneoua. In Figure 10 the linevidth.' is graphed as a 
0 

function of saturation at -150 c. 
Line,ddth measurements as a function of temperature nrc illustrat~d 

60 . 
in FigUre u. Below C the widths ore plotted· as a function of satura-

tion. Above that temperature, the time dependence of the width creates 

an uncertainty 1 as· show. Ne(!',lect_ing these two complicationo 1 it 

is e.pporent that the linewidth decreases with increasing tempera­

ture, from 7·5 oersteds at -l50°C to about 5·0 oersteds at l50°C • 

. consistent with the interpretation of transfer-narro,dng, this means 

that the transfer rate increuocs '\d th in(!rcasl.ng ·tcurpel·ature •. As ... 

the electron transfer more rapidly at elevated temperatUl·es, tb.e 

byperfine structure: collapseo more, e.nd the line becomes more narrow. 

There is no diacontinuous·chDnac of width when the solution is-fro-

zen• The- electron transfer may proceed almost equally well in_ the 

solid and in the solution. 
0 . . 

At -150 c, the ESR aboorption becomes saturated at very much 

lower pcn.rer levels than it does at 25°C. Thua, the spin-lattice 

relaxation time.iricreases ae the tempenture of·the system ia reduced. 

Puttinr;r this within the framework of our model, the electron transfer 

which dominates the apin:-lattice interaction occurs leaa frcquen:tly 

at reduced temperatures. As the electron transfer occurs lesa frequently· 

the apin-lattice x·elaxat,ion time increases, ond the spin resonance 

naturatea more easily. 
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Fig.· 10. Saturation de.pendence o.f the width at -150°C. ESR 
absorption by the radical intermediate in the reaction of 
pQF 4 with ,DMA. Saturation parameter, ,.("Z t is defined 
in Chapter V. A 5. For no. satu~ation,. · Zet = Y. 

' 



-47-

{Z 
10.0 0.1 0..... 

' . 
9. 0.2 "" .... ........ 

Ill -o 
\ ~ 0.4 c. 

~ 
CP 8.0 
0 

:t: 
1-
0· 7.0 
i 
.w 
z 
::::i 6.0 

5. 

4.0 

3.0 

-160 -120 -8:) -40 0 40 80 120 160 

TEMPERATURE (°C) 

MU-23129 

Fig_. 11. Temperature dependence of the width, including the 
depende11ce on the saturation parameter ...JZ. t' ESR ·. · 
absorption by the radical intermediate in the ereaction of 
pQF 4 with DMA. 



From the tempezture dependence of the linewidth (Fi~e ll), we 

deduce that. line broadcninB. at reduced temperatures results .from in­

·creased spreading out ot. the fluorine hypert:ine .ritructuro. If this 

ie true, the spin system should become mo" inhomogeneous. In fact 

the system becomes moro homogeneous. '!'he satUl'"St.ion dependence of the 

linewidth is grE;ater at reduced tem,peratures, which contradicts ~ 

by,L>Otllesio. On the other bond, the linEntidth does not increase vith 

· ea"l.~uration nea1•ly as much as might be e."Cpected for ·a perfectly homo..; 

2. ·Line .she.2,!. The fact that the iSR abao1~tion io more nearly 

LorentziaD than Gaussian is consistent With our interpretation • Ar:. 

in thG caoe of pQt!4, ESB absorption of the semiquinone o:r pc,w 4 \onlS 

as~tric (FiG'Ul'e 9). In·Figure l2 the asymmetry is :Ulu<Jtrated as 

0 function ortellU)Craturoo 'l'he VOltage recorded ~t the derivatiVe ' 

maxinrum 'Was greate1• on the low field side· tbrui on the high field side 

ot the resonance. AD approximate absorption curve is sketclwd in the 

· figure. The as~11etry decreaaoa at elevated ten."Q?erat\ll"es. It may be 

due to anisotropy ot the g-value ao reflected in the h_'ype:r:t'ine conwon­

ent widths and observed width (51). As the tem,perature inerea~~es the 

sol~nt fluidity increases and the anisotropy is averaged vhieh ia 

However, \lith respect to this interpretation, th4 saturation 
. . . 

dependence of the asymetry appears anomalous~ We sUggested that un-

resolved hyperf:lne components h$ve different widths vhich ;reflect e.n 
. . 

anisotropic a-value. Then these multiplets should each· saturate differ­

ently· and asymmetry of the \mresol ved envelo;pe should change on sntura• 
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Fig .. 13. Asymm~try as a function of .saturation, ',.jZ. t' at· · 
-150°(:;. ESR. absorption .by the ·Semiq~i11one infermediate 
in the reaction of pQF4 with DMA. 



tion (.52,5,). This is not observed. Wit),lin experimental error the 

aeymmetr;y did not change when the. ESR-'ab·oorption··ws' saturated (Fi.;." , 

gure 13) •· The· error may be too 8reat tO. detect· the: eXpected change. 

51 

3• ·TemperatUre dependence of tb.e· concentration;· Iri .. the frozen 

reaction mixture ~e temperature dependence ··of ESR· did n.·o't obey ·:·Curie's 

law. The scmiquinoneo are reactive intermediates,· and their Eit,;:a'dy- ·· 

a tate concentration may be tezaperatui·e-depcndent, ·even in t.he frozen 

mixture. The Gpocics nrc not JurJt trapped roclicals. 

Ci.llorauil n:acts lTit.ll dimct.hylanilinc to yield a cryotnl violet 
. . 

salt. The diamagnetic dimet.hylanil·ine-chloranil charge-transfer com-

plexes and paramagnetic semiquinonee are two observed 1nte11mediates. 

A reaction scheme has bee11 propoocd which .is consistent vi th the 

observations of optical absorption, conductivity and ESR. A ~drogen 

atom transfer has been invoked in initial rate-determining sequence. 

Whatever the initial step may be, a simple transfer of an electron 

from DMA to pQC4 could not be established. 

We have assumed that only one kind of· magnetic species io present, 

namely, the semiquinone. Five different tetrahalogenat.ed quinones -were 

6\l.loved to react with DMA.. In every reaction the· observed g-value 

e~eo -well with the known g-values of semiquinones. 

The reaction of m.IA. with p~4 \-189 studied extensively by ESR. 

The g-v~lue, temperature depep.dence, lin~ shape, linewidth and 

saturation were measured. 

The g-value shows that the observed species io probably the 

fluoranil semiquinone. The semiquinone concentration is temperature 
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dependent. A rapid electron transfer among the se1111quin.one 1 quinone and 
. . . . . \ ·. ,· ' ·.· .. , · ... 

hydroquinone ion is likely~ as deduced from. the linewid:tJl. Evidently. 

the electron transfer occurs more rapidly at elevated temperatures tlmn 
. . ' 

it does at low temperatures. Thus also it is fOund that the spin-lattice 

relaxation time .decreases markedly as the temperature is increased.· 

Above the treezing ~oint, the' ESR absorption saturates inhomo­

gencouely. Below that terqperature, the absorption saturates homo-.· 

geneously. 'l'b.e FSR absorption is asymmetric. \U ~ experimental error 

the asymmetry is ind~pendent of saturation, and it U.ecreases some­

what at higher tamperaturea. 



. ri • HYDR~OU-QUmONE SOLII'S 

Tho .outline o:f' this c:llapter1 vhich deals"with oolids, .. f'o~lm·rs the 

P.attern of Chapter II ·"'Thich deels 'lith liquid solutions. In the first 
. . 

section we<eecribe the preparation of some solid donor-acceptor 

adducts. lvbet attention is directed to the s~lid prepared from 

perylene and quinones. Their chemical ·and physical properties are 

discussed and related to.the donor character of pecylerie and tho accep-

t.or chal"Scter of the tetmhalogenat.ed quinone a • Finally, once the 

. nonincgnet1.-c properties are fairly well cGtablish(ld1. tm. invcstic;ation 

by ESR is presented. 

A. Preparation 

When o-chloranU lTBS dis sol vcd with an equivalent at1ount of 

perylone in hot etb.flcnc d,ichlorido (EtC12 ) ;··shining black ncedlco' 

ware precipitated on cooling. Chemical e.na11ses fo;r:o carbon e.nd chlor .. 
. . . 

inci gave results lThich a~ed wll vi th the coirrposi.tion predicted 

ror a onetone comp~cx o:f' perylene vith o-chlornnilG 

By somewhat more conu>licated recipes 1 black needleE.J. of the follcnr­

inG have b.een prepared: pyrene-o-chloranU (pyrene-oQC~), pyrone- . 

oQDr4, perylene-oQC4i perylene-oQBr4,. coronene-oQCl.u and the para­

quinone complexes 1 . perylene-pQCl4 and peryl(me-pQ;Br 4. In almost all 

eases 1 the solids are one :one combinations of hydrocarbon and quinone. 

The anaJ.yses of· carbon and chlorine vere used ·to calculate the actual 
' . ' . . . . . . ~ -~ . 

. . . . . .. 

ratios, \rhich ·are recorded. in Table 9· 

There are several ways o:f'..~ecovering .. the.~om,pon~nts of the complex 

sol:!.ds, as observed by visual inspection. A rapid (flash) sublimati9n 

of the complex :in a thermal gradient produces separation:. The more 

volatile .oQllr . .and oQCl have been separated from perylcne in this ,.;ay. 
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Cornposi tion aiid co:ncG:n"tration of unpaired electrons in sorac hyclroc~rbon­
quinone solids. The molar t~atio quinonc/hydrocar'ton anu the estimated cpin 

concentration in the solids uithin 2l~ hours of preparation 

Co:mpo-
·isi tion based Unpaired 

Acce''- upo~ an~ly- electrons 
r GJ.S m:' per gxam Method of prcci:pita- Crystalline 

C Cl or Br t. f\PJ?cm·~nco• Donor tor 
--------------------------------------------~~:~Qt~--------------~~-------

oQCl4 1.000 0.986 10~7 

Pyrene 

PeryJ.ene ,._. 
pQBr.g, 

oQ.Br4 

1.02 

lo07~ 

1.038 

.1.05 

1.02 

1.01 

0·990 

0·972 

< 10~5 

1.011 1.012 < 10~ 

1.013 9·982 5xl015 

E~u~olar ratios in hot, 
~.r EtCl2 

Evaporation of equimolar 
l~atios in EtC~ 

EquimoJa:. l"atios in satura­
ted hot:drY EtC12 

Yes 

no 

Equimolar ratios in hot. CCJ4 Yes 

Equimolar ratios in satura-
ted hot· dry EtC12 Yec 

Equimolar ratios in satura­
ted hot CHCls No 

, Equimo1ar ratios in ho·t. pc14 · Yes 

Previous sample recryetcl.11-
zed from ho·t; CC14 Yes 

Equioolar ratios in hot dry 
EtCl2 Yes 

Equimo1ar ratios in hot CC14 Yes 

Large excess of.oQ;Br4 in 
hot EtC12 Yes 

2. :parts oQBr4 to 1 part pery­
lene. Saturated hot 2>% EtC12 , 

75% CC14 Yes 

-----------------------~---------------------------------------------------
Coronenc oQ.Cl4 0.996 0.9Jl:. 3 parts.oQCl4 to l part 

coronene in hot dry EtC~2 
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Perylene and oQCl have been separated on a silicic acid column using 

etJ1ylene dichloride and petroleum ether· as the S'ol vents. Also 1 . chloro-

form leaches oQBr from the perylene-oQBr4 complex. 

B. Nonmagnetic properties 

1. Crystal structure. Crystal structures have been determined 

for ~ny solids composed of' donor and acceptor molecules. In all 

case'n the donors . and acceptors al ten:Jte thrOughout the crystal. As an 

example .. , the structure of' hexamethylbenzene-chloranil was described 

in Cll.apter I. 

T,.e crystal . structures of polynuclear-aromatic-hydrocarbon­

quinone complexes are unknown. We have assumed that the donors and· 

acceptors alternate in the general fashion. In the. course. of the 

present investigation, x-ray patterns have bean obtained for a 

single .crystal of perylene-chlo1·anil 1 proving that the material is 

indeed crystalline (54). The Dymmetry ·is monoclinic or triclinic, 

l~ving 7 x 17 x 16 X per unit cell. The unit cell contains about . 

two donor-acceptor pairs. 

The essential feature of donor-acceptor adduct fornu:rtion in 

solution is charge-transfer. That i~Jthe association of donors and 

acceptors depends upon partial dative-bond formation. Although bond­

ing in the ·solid is no longer a pair-wise phenomenon, we assume that 

donor-acceptor charge-transfer interaction dominates other forces. 

We have already noted . (See II.B.) that the crystal structure of 

a donor-acceptor solid ~ ~ve no relation to the configuration of' 

the one :one complex which occurs in solution. How~ver 1 the known 

alternating structm-es of solid complexes are quite inkeeping with 

our knowledge about onetone adducts in solution. 

J 



2~ Infrared spectra. The ilifrared ·spectra of solid perylene com­

plexes with pQC1.41 pQBr4 , oQCl4 _and oQ.B~4 are very similar to the auper­

inU?Oeed spectra of the individual components~ ·There are slight shifts 

in frequency and some alterations in intensity vhi.ch reflect the mole­

cular association. The characteristic quinone frequency of 1690 cm-1 

remains essentially unchanged. The maximum absorption (1690 cm-1
) of 

complexed quinonea occurs at frequencies 5 to 10 cm-1 lm•er than the 

maxima observed in the unasaociated quinones. Evidently no intramole­

cular bonds have been greatly changed during formation of the complex. 

l~1ner ~nd Otting (17) observed the same result for the hexamethyl-

benzene-chl.oranil solid. 

Physical appearance of the crystals, their chemical analyses, 

recovery of the initial entities, the definition of x-ray photocraphs· 

and infrared_apectra; till five. observations indicate that the qrystalo 

are homogeneous molecular solids of well:-defined constitution and 

structure. 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-

hibi t charge-transfer optical absorption, some examples of lthich lTe 

measured and are recorded in Table 10. An example. spectrum is illus­

trated in Figure 14, showing the doublet nature of the absorption. 

In Figure 15 the frequencies of absorption by the solid are compared 

to the frequencies observed in solution. There are at least three· 
. . . 

. . . 

possible explanations of the· difference between charge-transfer 

frequencies of one:one adducts in· solution and the frequencies of the 

solids. First, multiple interaction in the solid between arrays of 
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Table 10 

. Frequencies ot maximum ·cbarge .. trarist,er absorption 1n 
... 

some per.ylene-quinone solids as observed in KBr 

,, 
Frequencies x l0-3 cm·1 

Jteceptor in. ·CHCla Solid in KBr 
---e-+.,.....,...... .•. . .... .- +' .. I B 

'. . pQCl. l}o4 l,.,, . '12., 
p~r.e l'ol 13.05 12·05 

oQCl-4 12·3 11·95 : lloO 

oQ;Br4 llo9 . u.65 10·7 

. ";' 
'' 
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Fig. 14. Charge-transfer absorption by perylene-pQBr4. 
a) One:one complexes in CHC13 ; b) powdered solid 
in KBr4 .. 
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Fig._ 15. Fr~quen~ies of charge-tra,nsfer. absorption by perylene- 1 

quinone complexes in CHCl3 and inthe solid. A and B are 
two maxima .ob~erved in the solid. Quinones a:re: (1) :gQCl4~ 
(2) pQB·r 4~ (3) oQCl4, (4)' oQBr 4· 



alternating donors and acceptors is different f:f<)Jll one: one irleraction 
. . : . \ 

1n solutions. Secondly, the configuratiOns in solid and solution may 

differ. Thirdly, the dielectric constant of the solid ·is different from 

.that of tbe solution. 

The optical dichroism is undetemined. (see Chapter I) Powdered 

ae.mples were used in ·the determination of f1•equencies repo~d in 

Table 10. The doublet nature of the maximum might ~e attributed to 

the randOm orientation of anisotropically absorbing particles. Then 

again there may be two independent excitations in the solid configura-

tlon • In general; hove·ver, the ·optical properties o:t solj_d CO:rt1J.l1P.xea 

are a natural extrapolation of the optical properties of one:one 

complexes·in solutio~. 

4. Semiconductivity. Labea 1Sehr ruid Bose (55) have meaared the 

conductivity of perylen•chloranil solid. The roa~ temperature conducti­

v-ity ia l0-8 obm-1 cm- 1 • In general donor-acceptor solids have higher 

conductivity than other organic materials. The electrical properties 

of charge-trausfer solids have ·been studied extensively by Eley, 

Inoku.ch~ ~nd Willis (}8) 1 .Akamatsu, Inokucb.i and Matsunuga (56), 

Kornmandeur and HSll (57), and Labes, Sehr and Bose (55) • 

5· Summary. Stoichiometric one :one solids have been prepared from 

aromatic hydrocarbons and quinones . The solido are crystalline. The 

component entities may b\J recov-ered. Intramolecular bonding is essen­

tially unaltered in the solids. Cuarge-transfer absorption has been 

detenrlned. Froo these noamagnetic properties we conclude that the 

crystals are near-perfect, ordered, homo~neous solid3 of well-defined 

COlllposition and structure. 
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C. Electron spin resonance 

1. Introduction. Bijl, Kainer.and Rose·Innea·nave studied the 

. paramagnE!tism of aryl.amine-quinonc solido (lo). In· these system~s 

the concentration of unpaired electrons ,.ias foUnd to be tempera turc 

independent. Therefore the autbors sugGested that trapped in the colid 

are free radicals which give rise to the observed ESR abaorption. 

Matsunaga and McDouell have more recently reported thot t.b.e ESR ab.-

sorption by the solid complex TMPD-pQCl4 may be :resolved into ~~o 
. + 

component absorptions, one by th~ cation radical ~~ , the other by 

the anion radical pQCl4 .. (58). These component species were identi-

fied by their characteristic g-val.ues. Exactly how the radicals are 

fonned and trapped in the solid. has not been deten:rlned. Hmrever 1 in 

chapt"!r II.B. we have sholm how these two radical ions are funned 

1n solution. Because of their instability in solution we ourselves 

did not investigate the solid adduct of TMPD and pQCl4 • 

Matsunaea. (58,59) and more recently Singer and Kommandeur. (ll) in­

vestigated the param.e.gnetism of hydrocarbon-halogen solida.·The 

temperature dependence of the unpaired-spin concentration in these 

. donor-acceptor solids "'Sa resolved in·i;o t\-ro com:Ponenta by Singer and 

Kommandeur. At lOW' temp~ratures the r~oncentrat:ton vas constant, and 

the magnetic species is t.euatfvely prel1:nlJ1led to be a free radical 

trappec1 in the ~olid. At high temperatures, the concentration of un­

paired electrons increased logarithmically as the reciprocal· of the 

· absolute temperature decreased. The unpaired electrons l7ere identified 

as charge carriers in a thermally populated electronically conducting 

state. 
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We observe that 1n both of the two solid donor-acceptor complexes 

studied so far free radicals are apparently trapped in the solid. Using 

our knm1ledge about the formation of radicals in solutions of donors 

and acceptor we may suggest how radicals are formed·during precipita­

tion of the solids. To start with the donor must have a low enougb. 

ionization potential and ti1e acceptor must have a hi@1 enough electron 

affinity. Once these requirements have been met, the medium must 

have a large enough dielectric constant to acconnnodate the ionic 

charge of the radicals. So far 'lie l1ave no·· experimental information 
'• ~· .. 

. at all concern~g the mechanism by which free radicals are trapped in 

orgnnic solids. 

It appears that homogeneous donor-acceptor solids are frequently 

paramagnetic because of imperfections rather than because of an in-

trinsic property of the regular cryotal. A trapped free radical is 

one kind of ilrrperfection which has been observed. Of course the argu-

ment may be reversed. The absence of 100% paramagnetism in a given 

material might be due to the presence of diamagnetic imperfections. 

The ext:lted stat~ olH:H:!I'VE!U uy KuUJI!JailUE!UI' tlllU SiiJgel· may be 

an intrinsic property of the hydrocarbon-halogen Golids. Hmrever it is 

conceivable that the excitation occurs at the eite of an imperfection. 

Actually the reproducibility of the ESR and its excellent correlation 

lfith conductivity measurements make the hypot..,.esis of an imperfection 

appea~ less plausible. 

Before proceeding to the results of the present investigation, 

we wish to clarify one point. That is 1 use of the term imperfections 

is strictly our invention, ond \ore have used it as an attempt to 

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



on the oyotema which have Just been re~ewed.To consider the trapped 

radicnls as imperfections is a convenient generalization "'hich contri-

butes no ne,., knowledge. The point is that the solids are not completely 

regular. Solids ,.,hich are formed by tl:e combination of charge-donors 

and charge-acceptom may or may not be intrinaicnlly paramagnetic. In 

two .cases studied, trapped radicals occur (according to information 

available now) and the donor-acceptor solids are imperfect. 

The word, imperi'ectiona, has been used in the very most general 

sense. We avoid a more specific. definition naw, partly because the 
these 

properties of imperfections in/organic materials may be quite different 

from the properties of in:g;>er.fections in inorganic materials (60). 

In the present work we have examined the ESR absorption by some 

ncrr complexes. We have used aromatic hydrocarbons as donors, but have 

used only.tetrahal~genated quinones as the acceptors. 

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

served in nearly all hydrocarbon-quinone solids prepared. However, 

quant11Etive measurements have ehmm that the concent1•ation of unpaired 

spins 'vas very irreproducible and time dependent (see also 61). The 

·observed concentrations of unpaired spins are catalogued in Table 9· With 

certain recipes it is pooGible to prepare some complexes free of 

detectable ESR. Therefore we conclude that the h;v:drocarbon-quinone 

cOmPlex solids are not themselves paramagnetic. 

Evidently imperfections· are the cause of ESR ·absorption in the 

hydrocarbon-quinone solids. The imperfections could conceivably be 

defects in 1he crystal structure or trapped impurities such as free 

radicals. 
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No chsnge in the ESR vas observed when la:rse crystals were finely 

powdered. Thus surface effects seem to be eliminated as sources of 

paramagnetism once the solid has been formed. 

In solids initially tree of ESR1 the concentration of imper­

fections 1n ortho-quinone complexes (oQC14 and oQBr4 ) vas increased 

sever~ orders of magnitude by heating the complex solid (see also 

62) • The width and g-valuc of the ESR absorption were the same aa those 

obse:r.ved on crystallizati~n. ESR abso:qtion by the para .. quinone com-

plexea dicl no·& inc1·ease '\<rhen the solid we heated for several hours 

at 125°C. Para-quinones have higher melting points 1 and in complexes 

* ti1ey may have less tendency to migrate and introduce imperfections. 

An example spectrum is reproduced in Figure 16. The acceptor 

molecules do affect the e;-value. Imperfections in perylene-oQC14 have 

g a 2.00270 (! 0.00005 reproducibility); g = 2.oo)48 <± 0.00010) for 

perylene-oQDr4 • Linewidths are about 5 oersteds. Line shapes are 

symmetric. The high symmetry of the absorption suggests that the ob-

served resonance is not caused by multiple species. On this basis we 

believe tl~t hydrocarbon positive ions and eemiquinones 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, T1 = T2 a 

38 m~ sec (6')) the resonance \ras very easily saturated. ne~1een 4o0 c ... 
0 

and -80 C the concentration of unpaired spins in perylene-oQC14 '\>Tas 

* Prolonged heating of the oQC14 and oQBr4 co~lexes produces a 
second rad.ical species \-Thich has a linevidth about one-fifth 
tnt of the first. 
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Fig. 16. ESR absorption derivative of the imperfections in perylene­
oQBr4 at 1.00°C. · The two peal<,s at each side are the Mn++ standard . 
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:fairly constant, vithin :t J~Q9j. If' one a.ssumed e.n activation energy, 

E, for production Of unpaired apin3 1 then E ~ 0.05 ev. 

An increase in the ESR absorption vas oboerved vben tl1e solid 

·aoo perylenc-OQC1.4 tv"BS illuminated at temperatures above C. Only 

vavelengths greater than 700 niJ! \Tcre effective (see aloo 61+) • Pro­

bably this photoinduced. ESR is the result of l:iec.ting1 nl though th~ . 

effect appears to be reversible. 

3. Summary. ESR absorption has been obse:r\rcd in hydrocarbon-
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quinon~J com:ple:'lft>~· .whir.h R:re thenmel vee diamagnetic. The Ul'l,Paired elec-

trons .occur as imperfections. Some characteristico of tlleir ESR 

absorption have been described. 

No detailed description of the imperfection is possible nm~. 

For exainple, among the many J?OBsibilities not. ye·t. eliminated, the 

.. ~mpertections may be .. :erce radicaJs trapped ,in tr.e solid. 



V. EXPERD.IENTAL METHO:OO 

A. Electron spin resonance 

1. General characteristics. An X-band spectrometer \dth trans­

mission cavity and ba1Tetter detector was used. It was constructed by 

P. G. Sogo. The external magnetic .field was moduJ.ated at 200 cpa and 

the ESR absorption derivative recorded. l~crowave absorption was ob­

served by detecting the dec1~ase in barrette~ resistance. Unbalance 

of the barretter )>ridge at 200 cps ~raa amplified conv~ntionally and 

passed to a phase sensitive detector whose de output ~ms recorded. The 

recorded voltage change with paramagnetic absorption is analyzed in 

Appendix II .A. 

Frequency of the klystron was automatically controlled at the 

cavity reson&Qce. Possibly the recorded noioe was caused by limitations 

1n frequency control. 

· Two kinds of transmission cavities were used, a cylindrical 'ni011 

and a rectangular TE1.os· Q-values varied from 3000 to 5000 in different 

experiments. 

Practical sensi ti vi ty of the. spectrometer \-las 1014 unpaired­

.electron-oersted2. 1015 radicals of Dl?Pil (!llVe a signal-to-noise 

rat.io of 10 for rapid and Ull"listorted detection. 

Two 6-inch diameter magnets were used, both having gaps of 2-l/4 

inches. At. tempts of high resolution were probably limited by the field 

.moduJ.ation amplitudes. At, practical signal-to-noise ratios, 0.1 oer­

sted is en estimated limit of resolution. 

In a few cases where higher sensitivity vas required, a 100 kc 

. reflection spectrometer was used. It incorporated a ·Varian mociulation 
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and control tmi t, Model Vl~:560, and had a senoi ti 'Vi ty about fif'teen 

time a better than the e.bove machine. 

2. Concentrations of unpaired electron spins. Sinecr and Kol;mJEm-

deur discussed some of -the practical probi.elils cncountercll in concen-

tration measurements (11). Singer has also deocribcd a method for 

determining the concentration of \.Ulpaired cpills (65). A ruby \ias 

fiXed permanently on the co vi ty \tall. Oricntutiun of the ruby wao 

adjusted so t.hat its resonance absorption \-ros di:splaced from the reson-

auce pol:li tion of the ra.t1io~ls 1 and they did not. overlap. The concen­

+++ 
tration of Cr in the ruby was calibrated 'nth known amounts of 

CuSC4 •5Ha0, r.ms04 'H..20, and 1,1-diphenyl-2-picrylhydrazyl (DPPII). At any 

time the first moments of the ruby and of the radical absorption 

derivatives could be conrgared. 'I'he main advant::;.ge of this method is 

that it avoids uoe of organic fl•ee radicals wh:tch arc unstable. 

++ We attempted.to usc the Mn ion in MgO as a standard but dia-

covel.-ed that the reson::mce· was easily satm·ated. To avoid saturation 

di:fficuJ. ties ,.,e decided to usc a fr·ee radical standard in spite 

of its instability. 

All quantitative calculations of the mnnber o:f unpaired elec-

trona were referred to the DPPII radical. Poirer, KahJ.e1· and Benington 

measured the optical e~~tinction of DPPII at. 529 ~' E:: 37 (g/1) -.lcm-1 

in chloroform (66). The highest extinction coefficient measured on 

samples prc].l!'ed by us lTa.G )4. The Aldrich Chemical Coeyany provided 

one SaillJ?le (o:f' seve1'81.) l7hich, lthen received, had an extinction co­

efficient of 37 (g/1)-1cm~ 1 • This figure decreased ,.;-lth time until 

reaching a constant value of 32.3 (g/l)-1 cm-1 after one year. 



At e.ny time the fraction of DPPII in the solid llas calculated to 

be the ratio of the mearured extinction coefficient to 37· The stan-

dardo vere prepared by· l>eigb.t and dilution, where the measured weight 

was corrected by this fractio~ to give the wei@1t o~ DPPH. 

The optical absorptfon obeys Beer's Law belo11 lo-3 molar DPPH. 

There are numerous reports concerning the effect of oxygen· and .sol-

vent on the DPPH electron spin resonance absorption (67,68,69170). 

A TE1 o3 cavity was employed, following ~1e ougcestion of Kohlein 

and Huller (71). The DPPII standard and the sampl~ \rere positioned 
. . 

each in a separate maximum of the resonating micrm·~ve magnetic field. 

Except perhaps for the case of water, it was shown that the dielec­

tric constant of the sample did not greatly affect the·concentration 

measurement (Figure 17).. Within the experimental error the micro•rave 

field intensity.apparently was reduced equally throughout the cavity 

by dielectric loss in the sample. At the· position of the otandard 

the cavity was sandwiched betl-reen Helmholtz coila. The DPP~ .. absorp-. . 

tion lras displaced along the field axis by regulating the de 

current passing through these coils. Thus the DPPH resonance did 

not overlap the absorption by the sample. In one mreep of the external 

· field the sample absorption and standard absor:P,tion we~ displayed· 

separately (Figure 18). · 

If the. widths of the. tvo absorptions by sample and DPPH were 

the same, the amplitudes of the ·t,vo absorption derivatives were used 

to compute the ratioof concentrations. 
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Fig. 17. Dielectric loss of TE 103 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. (e: = 4.91) 3. Acetonitrile (e: = 37.5). 

4. Water (e: = 80). 5. Formamide (e: = 110). 
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18 .. Typi.c:a1 ~oncentration measurement using TE103 cav1ty Wlth d1splaced DPPH resonance. Compar- . 
i~g. DPPH with impe,rfections in perylene-oQC1 4 . 
Lfnewidth of the DPPH·· abs'orption is caused by 
i~omogeneities in the external field. 
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If tho vidt.ha di:ffel-ed sligl1tly1by less t.han a factor of tl.;o, a 

some,·rhat more complicated comptitrition was n:nde. Ideally 1 the integrated 

absorption (double integral of the displayed derivative) should have 

been determined. BE:: cause of noise 1 t 1me 1m.Possible to determine end- · 

points of the· a~ao1ption tails. The limits of intc6l~tion on· the 
recorded field 8Xia had to be chosen somm·rhat arbitrarily~ Si.lsbee 

aho1-red (72) that the first moment of tile absorption derivative "rno 

~1coreticnlly p~ortional to the integrated ab~ol~tion. The ei~lo~t 

app;z:o:d.mat:!o n .f,;o the firct n:om.snt is tlle der1.VA.t.ive ru~litude timee 

the square of the derivative width, AH2 • For na.mple and DPPI! 

linewid·ths not much different from each other, comparicon of the 

approximate .first moment, Av12
, ma.y be more accurate than comparison 

of the integrated abso~ptions bec~use of the influe~ce of noise on 

·the latter. Therefore in the· caoc of simila' l:.tncuidths 1 the A~ \laG 

used. to cOill:putc the relati\C nu..'1lbe1· of spins in the sample and in 

the s ta.Tldard. 

Frequently the Sfll.IQ>le ebso!l)tion had too great a linelridth to 

use either or these relat.ivcly c:imple computatiOl'lS. Then amplituues · 

and approximate first t1om.ents wel·e only used for. relatiYe concen-

tration measureme~ts. ·\,1iere a.bsolut~· measurements \-lere requir·ed, t.he 

e:{8ct first. moment~ of the clerive.ti~ haQ. to be Q.eterniinecl. ·The pre-
• . • J • I • 

c,ison of this method "'<Te.s about t 20~ in the absolute conce11tration of 

unpai~a electrons. 

,;. · TE:mperatw.~e dependence. Sometimes the oample contained a 

polar ;E:olvent. Therefore, at different temperatures there uere differ-. . 
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ent dielectric losses in the microwave cavity. TemperatQre dependence 

of the recorded voltage was caused not only by _changes 1n maGnetic 

absorption but. also by changes in dielect.ric absorption. ~·herei'orc . . . 

the use· of an internal standard was essential. The standard DPPH 

. obeys CUl4 ie' s Law in the temperature region in,--c::;tigctcd· nnd is a 

convenient standnrd
1 

except for ita instability •. The 'I'E103 cavity 

vras us~d to measure the concentration of unpaired electrons as a 

function o:t' temperature. r1J.1.en line-widths we1·e temp0l-~-i:.-w:e de:LJcu&e:nt, 

first moments were ootained as ~rell as possible. Otwridse, the am-

pJ.itudes were cO!Tll)!red _directly. · 

.4. 
. . . ++ 

g-'.1-alues and vridths. An Mn in 1-<IgO standard 1·Thich could be 

·dispersed in a polyethylene sleeve had been d,e3igned by Lindblom as 

an ·inarnal standard (7;)". 1-.m ++ vras introduced into Ng01 the 1'<11.1++ :1'13 ++ 

ratio being about 1 :5000·~ This 1-igO. powder '\YaS diluted 1vlth poly­

ethylene and molded iuto sleeves '\olhich f'i t snugly around the· sample 

tuneo. 

g.-Value meai:n:remcnto ~·re:ce made '\·Titll the aid of ·this standard. The 

use of a plastic sleeve enabled one· ~t;o ·keep the unlm<Yim in a· fi:»e<l 

·geometr·.f in relation to the GJ~andard, i.e • 1 the· tvro ,.rere a eJ-ass· 
. ·++ . 

tube and a . concentric plastic cylinder, respectively. Ti:te Mn aleeve 

vas calibrated by sliding it over a proton probe and rilaldug simultaneous 

meaHm-etnents of the electron and proton resonance absorptions. Tuble· ll 

gi V0S. the results 
1 

i:l g-val,UC units J Of the . CUli'iJratiOl1 for the Si~C 
++ h.yPerf'ine components .of the _Mn a.'baor,ption at 9. 844 Kruc. The. value 

J-I.P (oil) "? (657 .1~62)-1 (74) '\-'tlS used with the micrmtave anu radio 

13 :frequencies· to calculate tb.c resonance posi tioris. Frequency Llee.sure-



Table 11 

Standard t'or ·· g-value detenainationa. Bwel"'fillc -stttic"turo 
·, 

of 1vin * in l·li;O at 9 • 04.4 I<Dic 

.Absorption Lii1e 
(increasing field) 

Effective g ·_. 

l 

f.J .... 

4 

5 

6 

** 

. * 2.1341~~ :!" o.qo02o, 

2.0&~16 7 o~ooozv 
. ** 

2' ~ 0 ;5111+ ± . 0 ~ 00009 

1. 98150 :t ·o·. oooo'9 

lo93321 ± 0.09020 

1.88599 ± 0.00~20 

m.a.e. ! 100 ppm 

1~.s.e .• :!' 4) ppm· 

74 



ments 'rere mo.de . c1 ther ·w1 th e. Hevlet'.;-Pacl~rd freq,ue!!cy rueter X5 .:;iOA 

or an BP .5l~OA transfer oqcillator Bnd elc.ctronic courrter 52l~B lrl Lh 

converter. 

·as t.."1e free radical line. The g-vnlue~ for the free ra(tic~.ls 've1·e 

determined by interpolating bctireen the Hn ++ line~;_, P. chr..ro:.:.t~J::'Lotic 

reproduction of this sweep is sh.mm in Fie_i.1re J.9. 

Precision g-value r!ieesurements have been rlioc;u.::~ncc1 by Blcir;, 

Bro1m and Haling (1~7). We have been interested. in e. rapid and cozy 

meaeurement<: which is sui table fpr Bne.lytical purposes e.t the fre­

quency of calibration. A prec~sion of ±,. 0. 0002 'ltls urmel. There are 
. ++ 

low intensity satellite.linea of ~m which absorb in the free radical 

reoonance pooitions. ~refore, it is neceBsary to keep the r.tandDrd 

small compared to the number of Uli]?Sired elcc-t,rOna in th~ E!Rl!Q)le. Uo 

corrections were made for deviations of·the microwave frequency from 

9.844 :Kine. 

vlidth.o ,.,rcre nlBO determined bj th.io interpolation JiTOCedure, 

The "'Tidth of a J.ine vras ccJ.cuJ.~\tcd from the t'licro,,-ove freq,ucnc~r 1.1nd 
++ . 

the .POsition of c1erivati ·.re Jr:.ll}ti!T'...a bctveen the l,m lines. 
. ++ 

It '\-:a a conv(;nient to cal tbrs-te the l1n in l·~gO ale eve as an 

· f1Pl1rOximnte concentration ete.:>1c:ard aa lrell ~s g-velue t>tan1ard. In 

cue s•.ree:p, ths first moment of both etandrd and unlmcr.m could bt 

com:?nred. The .(iifficult.:t!.?c. of th:is me~'uod haYe been U'.~ntioncd. g-

Value mQ.OCi.trcments, ·Widt):l...s !lnd e.p:prcxime.te . con.centrotion estimo.tcs 

·ucre made in one s'-reep Of the spcctrt.im. Concentr~.tiO!l r:1eesuremc.~t:1 
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19; ESR absorption produced by vigorously mixing 
perylene solid with oQBr4 solid at 25°C. Typic~! 
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 vae reproducible to t 20·~ for 10~4 radicals. Absolute 

measurements verc good perhaps ~ith!k~ order ~f ~cnitude. 
5• Saturation. The degree of J;>O'..rer saturation \ms determined 

for moat of the observations of microwave absorption. The recorded 

total signal "ms obtained aa a function of the POl·Tel· incident the 

cavity fz·om 0.5 nno~ ·to 250 mw. The degree of saturation uas computed 

from the deviation of this fWlction from linearity at the po\Tcr level 

enu>loyed. 

The theoreticaJ. relationships bet1.;een power, saturation factor z and 

wic.1tll for a homogeneoua system having Lorentzian linesllape are reproduced 

in Appendix II.B. For simplicity "'e have used a phcnoocnological de-

finition of the saturation factor Ze 1 \Thich is the theoretical _z only 

under certain conditions. Z is the experimental saturation factOl· ea . .. . 

determined at the amplitude ma:xima of tlie recorded derivative. In-

eluding linewidth cb.angefl, Zet is the total sa-turation factor. 

and 

)/2 z = ea 

Z l/2 a 
et 

A 
mP a o 

' 

'\-There A 1~ t?e maxinrum ampli!-~de of tht:! derivative of F.SR absorption; 

W is the width between derivative ma~cima~ and P ifl the incident micro-. . . . . 0 

Thus at low pcn..rer the . . 



the amplitude increases linearly with power, the slope. being rna· 

Likcvrise for mt. J..tost _measurements were made ~ith about 2_0 mw inci­

dent to the cavity resonator, 8 nn-1 incident to the barretter detector. 

Nicrowave pmrer transinitted ·through the m:ity vao determined 

·directly by the barretter detector. I:r the bias vol tago of the· 

barretter bridge vas measured 'When the bridge vas .b~anced, the 

microunve power at tte barretter could be calculated. Tln pm·rer at 

other points in the vavec"Uide wao determined similarly. The absolute 

po1rer ·m1s determined only at the beginning and end of' all saturation· 

measurements~ Direct reading variable attenuators (Hevrlett-Pacl~rd 

~) were sufficiently accurate to measure the povrer once tJ.1.e ab­

solute determination had been made. 

D. O'vher physical rneai3urenents 

':eh.e optical absorption ·spectra were obtained vi th e. Cary Nodel 

1!~N recording spectrophotometer. Ceils of lengths betl-Teen 10 em e.nd 

0.005 em were used. 

A Deckman nw '-18S used. to obtain the infrared spectra. The in­

strument 1-1aa used ,.;ith automatic conditions at 200 cim.-1 /min Slleep. 

De conductance measurements uere· made with a Vibrating reed 

· electrometer (Applied Physics Corp. Hodel 31) uhich recorded the. 

voltage drop across a standard resistor in series with. the conduc-

tance cell. Ac measurements were made at 60 cps vith an Industrial 

Instruments., Inc. Conductivity Bridge Nodel RC 16. The cell supplied 

by Industrial Instrtiments was a pipette type with shiny platinum 

-1 electrodes having a cell constant about 0.1 em • 
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C. Chemical technique::> . 

Chemical operations \lerc <lone iil the atmO~l?here, · in a dry bo:< and :1n 

vacuum. The dry box '\-ras ~mcpt vith nitrogen evaporatinG from a liquid 

nitrogen reservoir. It contained less than l p:pm in.I:purity. The 6'1-iccp 

rate 'ms such that the box \las svept com,Pletely a-oout. once every hour. 

Quinones vere recrystallized from carbon tetrachloride. Dimethyl-

aniline and other solverl:il \iere purified according to Vor;el (75) · 

and l-Ieicsberger (76). Tetra.mcthylphenylenedianiine and the b.ydrocarbomJ 
. . 0 

vere vacuum sublimed at temperatures up to 200 C. Anol.yses ·or some 

starting materiaJ.s follmr. · Perylene: Found, C = 94.89, H "" 4.85J 

formula, c IS 95·20, H • 4.8o. o-Chloranlll Found, c a 29.03, Cl c 
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VI. CONCLUSION 
' .. 

A. Radicals in solution 

1.J11.ether or not an electron idll be tren sf erred from one organic 

molecule :to another in solution is primarily deterinined by the ioniza-

tion po"tenJcial of the donor molecule and the elec:tron affinity of ' . . .· 

* t;b.e acceptor~ :No acc~rate electron affinities of quinones are avail-

.able nou .. Hpuever,_ Gince the ionization :potentials of e.rylamines and 

.hydrocarbons are knom.'l (Table l2A), the results may be discussed in 
'· . . . ' . . 

term::; of these donor molecules lThicb \Tere used. For example, chlor-
. . ~ . 

anil (pQC4) hasbeen aJ.lm;ed to react in solution 'With N,N,N' ,N'·-· 

tctra.methyl-p-:phenylenecliam:t.ne (Tl1PD) 1 "lith N;N-diJ:nethylanili~e (DNA) 1 

and "'·rit.h perylene. The results in each of these three systems are 

noi·l ::"3Viei·red and their relationship!:; discussed. 

For tbe first; time 1·m have observed by ESR the hyperfine struc-

-cure of the T:NiPD posit.i ve ion in ~he presence of a transient chlor-

anti semiquinone. T.!1is :I.s positive evidence that a complet.ely ionized 

electron transfer· from THPD to pC.;,C14 does occur iri acetonitrile to 

produce free radicals. 

Free ·radicals -.;ere also obsc:n--ved 1-rb.en pQC14 i·ms dissolved in 

DMA ev-en though the ionization potential of DMA is about 0.7 ev 

greater tban that of TMPD. Hmmver, a siDple electron transfer is not 

observe.d. In this case the radical semiquinone of chloranil is an un-

stable intermediate in the reaction of pc;.xa4 \11th DMA, 1-rhooe product~ 

* The effects of ionic solvation, ion-pair fo1~ation and the ten­
G.ency to form cov~lent bonds arc arbit1-arily assumed to be the 
same for all c~~ounds tu1der investigation. 
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A. Ioni~ntion potentials (77) 

1:11 ll,N' ,N' -tet"rrunethyl-p-phcnylenediamine 6.6 ev 

Pcrylene 

N,N-di6ethylanilin~ 

Iodine 1.8 ev 

Chloran!l 2-72 

. Bl'Omanll. 2.76 

o•Chl.oranil 2.8~{ 

o-Bronm.nil . 2.91 

c. Dielectric COllOtrmtG (76,7~) 

* 

lT .H-dimetJ.lvlanilj.ne , .. . 

E~~hylene dichloride 

Nit,robenzene 

Acetonitrile 

e 

4.91 

10.;6 

1/e x 1cr 
20.4 

9·65 

2.66 

The value for iodine r:A~l.8 ev, was taken f.rom the lvork of 

:Ferguson and. Matsen (9). The other values l-rere estimated 

assuming e linear f~~ction tor the charge-transfer frequency, 

veT' vCT = C ~EA. For a given donor., 1n tl~a case pe~Jlene, 

C is a com; tant.. Exactly, a more complex function holds in 

which case t~ electron effinities estimated for quinones 

are someul:.:.at. lmrer, re.J£tive to iodine, then tb.e valuc=s reported 

here (5.). note oJ.so that ·;.he eff<;:cts of J?Olar:i.zebility on vCT 

ll?/e been neglected. 



is c1--ystal violet. ~he kinetics of the reaction. I"N:'•Y be e:c:plained if 

it is ,,ss1.L'"ir2d t.he:G a llydrocen atom trruwfer is the linut;ing step in the 

Fcrhar;;:; the ionization potential or DHl\ is not 101·1 cnoue;h .for en 

clc·:.: t:ron "Go ·crt.:....•,:f'cr f'ro3 I:r-11\ to pQCJ.4 , as . it did .in the .reaction of 

T£:.!PD 1:-..i.th pC::Cl4 • ~ie have m;cc.1 a douor h_e:v-lng an iouizui;ion potential 

-. 
-~rnnsfer. Pcrylcno has an ionization potential betucq1 those of THPD 

<:~.:nc1 DHA., bu.t still o·•lt2:1.: 0.5 ev greater t.iian ~'HPD. 1Im1evcr, no ESR 

ab:.>or.;:_)"i;ion >U\s observed when perylene-pQCl4 1-ros d.iacolvcu iu ni·tro-

benzene. 1-liU::. pQCl4 ~s the accep-tor, i·t appears that 6. ~:_; cv, ·~he 

ionizcc.l electron transfer con be observed in solu~cion. 

tie hqve attempted to produce io;.1iz~rt·ion by UGi:ng other quinones 

1-rhich arc stron,ser acccp.tol~o than pQ.Cl4 • Sor.1e apprb:dmate electron 

Table leB. Still no ESR ~.-ocorpt.ioa i·.'O.S observed 1-f.l:i.en perylcne-oQC14 

m.'!A t.hc rate of' reaction >-ras IiiUCh arec:tcr than the reaction re.""e of' 

t"t·Tccn the electron a:ffini ties of thcr:;c tim· acceptors~ Tile: difference 

in :rate has. tenta.ti vely been assigned t.o a st.eric f'ac-'cor. Tb.e reaction 

of' TUPD o:dt.h cQ.Cl4 1·ras so fast t.hat no quantitative ,p:~ea.oure1:1ents .\Ten. 

The l:ind of' reaction "\rliich \Till occm; betvecn a itonor and an 

acce?t.or quinone is obv-ioucly <1cternlined by 1·rhut kind ·of <loner :mole-
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' 
cule is u~cd. An electron 1-lil.l be transferred d¥cctly_ from donor 

to acceptor only lrhen .. "he ionization :pote_ntial. of the donor is suffi­

ciently lov. Although the kind of reaction depends upon the donor, 

tlle l<lt.ea of these reactions Q.,;pend upon the ~cl ·of tetrahaloge~ated 

·quinone \Wed. It has not been establisl:.ed '1.-<het.her the dif.fcrence in 

the ra-tes is a result of sroall differences in electron affinity, 

1ess than 0 .2 ev, or is the result of steric fac·eors. 

The dielectric conste.nt, e, of ·the medium was a controllin~ factor 

in the. ·t;r~msfer of an electron from TI;:IPD to :pQCJ..a.. In add:l tion to the 

potential i'or complete electron tran~r, the medium lliUSt ·be able to 

accommodate the ionic charge OX the radicals ibr the transfer to 

occur in prei"el·ence to other reactions. The tranG:fer from TMPD to 

pQC4 occurred in acetonit.rile, e = ""j7. 5, not in ethylene dichloride 1 

Dl-:11\ has a low dielectl"ic constant (Table 12C) and ve tried tO 

induce an· electron transfer to pQC~ by adding solvents of higher . . . 

polarity to t..'le Di,IA. ·It vas foundJ however, that addition of solvents 

to tlle DI-1A solution of pC:;.:C.l4 changed the characteristics of this react-

ing system. In general the addition of solven-~s destr~yed the observed 

Also, no electron transfer from perylene to oQC.l4 .was observed 

in solution by ESR, even in ru.trogenzene. The dielec·'-ric constant of 

.· nitrob~nzene ·is = ,)4.82, which is si.mi.lar to the dielectric constant 

of a·cetoll:t.trile in vhicb. electron transfer has been observed from 

Of course there may be some specific local sol vent 

coor<.lination vhich invalida-tes co~arison o:f the macroscopic dielectric 

constants of acetonitrile, and nitrobenzene 
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In c.olution vc h<lVC studied t\-ro reactions in vhich both donor-
:' · .... ; : · . . :. 

acce:pt.or complexes and free rauicals are obGel"Yed. P.n electron trans-

f'el' from '£HPD to pQC14 occurs in acetonitrile • pQ:!~4 also OAidizcs 

m!P.. H~·iCV(!l", only in tlle first case docs the c.lc.c·~ron e.ppec.r "'.:.o 

In the react~.on o:f q1.linones 1.?-th DHA, t.'I-J.e ocrn:!.qu.inonc.;:; -.,.-~1-e 

icknt:ifted by t..~cir g-vaJ,ucs .• t-le ~rented adcli. tionol evidence that. the 

observed. l"a<.lic:~ls 1-!ere semiqUinonea. The fluoren:U scn::iquinone noi'-

IJE\lly has on ESU abso:<'l,)tion spectrum conzioting of five h;;'J?Cl"'i':l.ne 

com;ponents. O'o~e:~rot1o~ of .t~io hyper:f'i:Je _~plitting in the reaction of 

:t'luoranil '\-Ti th Dl'A '\o"Ol.:lld he.ve aided consi<.1erably in identifying the 
; .. 

iirce.'!:1'l!ediete radical. Ho·Ke·vcr 1 in the presence of a high co:Jcentration 
. ~ . 

of fluoranil, vhich ,.,ere the conditions of the experimen-t, the fluorine . . 

hyPe:t"fine p.att.ern -vao not resolved. App~rel:;ltly the Gemiquinonr-:s 

exist in a COli\J?lex environment in "'o:'i1ich rapid electron transfer amon~ 

quinone, oemiquinone and hydrOCJ.Uinone ion is likely. 

B. Il!l}.)Cti'ections in solidc 

ESR absorption 1-:as diocov-crcd in h;;-c1rocorbon-quinone solid COil-

ple~:es. The :paramae,netism could not be correlated ui th any other 

properties of the solids uhich. vie determined, and it is quite irrepro-

aucible. Apperently the obccrved ESR is cous€d by an :tmpcrfcct.ion 

in tl;e general sens2; that is 1 the donor-acceptor solido are not them-

selves parru:1agnetic. 

There ~re general cb.ernctcristics in the E:SR nbcorpt.lon by tl1e 

' 
pe1-y:.ene-quinone solids ·uhich lrill b.{; used to acsisn ~ more specific 

s tr1.1cturc t.o tl!e imperfection in the f'uturc • 
· .. ,.;' 



C • Dis C!:>.r;o :ion. 

Tnc !)ositive r>::J3H1 t3 obtained 'b:, .. this res<::al·cb. l::::n•<;. been related 

to th,; chv.rcc-do:aor :;;•rcvcrtie;;; oi' a:c01:1atic hydl.·o~aroona '.nd a:.:.~,t1-

erainoJ anC.. to t.~c cbar:::;c-scccvtor l>!"O:Pe~i:.ieo of ~Ctl'all!!logcnutcd 

quinoncs. 't-J~ point ·out that in neue of the caGes utu<licd vel·e the 

ci.ono:.::--uccc:ptOl: cou_,;..1E::xcs or soli<lG t:Ueu;.sel "\res intrinsically pera-

1naz,nctic. ::'.ather the clono:r emu acceptor :properties o-r tiic organic 

materiuln re&ult in ... CWO o1Joer;-ations. Oue obsel.·vatlon is ·wat the 

uonorn do associa-'::.e vith the ac~eptoru to form dicutaGIJ.etic ac!ducts. 

Secon.:W.y, t.ltese conors an~ acc~ptors frequently r(:act to :forJll para­

magnetic specien, that is: radicals and ~r.fections. L1dee~ th~se 

cbsel""rations r:m.y be l'ela·_t.Nl ii' the donor-acceptor compJ.~xes are 
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APPENDIX II. 

A. 

The recorded voltage change with ESR absorpt~on, as a function 

of' the·. microwave frequency I m, is fl.V • . r 

where G is a numerical factor including the barretter constant and 

instrumental gain; l\. is the filling .f'actorJ ~0 ··is the unloaded 
. . . . . ''. ' ,"; .. ; .· .. 

quality factor vi thout magnetic. absor;Ption; P is the powe~ 1,ncident . . . 0 . . . 

the cavity) H is the amplitude of' magnetic field.~odulation, and x" 
$ . 'J 

is the absorptive magnetic susceptibility • 
. ~ ~ ; . . ~ 

:-.;11" . 
oi)o = g(m - c» ) ' · · l 

"'o " 1 ,<: i(4 Er{ , H,aT~gc"' - "'o>, -' 

where g{m • m
0

) is the shape factor and the other familiar constants 

are defined in Appendix III. 

B. .; ·. · ... _·' .. 

The recorded voltage o! Appendix II.A may be· 'Wl'itten for a 

Lorentz ian linef!hape ·factor a a a function of' frequency •. 

l:J.V = r 

2CN T23 
0 p 

0 

90 

C is an instrument ·constant. The maxima Of' the recorded deriYatives are, 



91 

+( AV ) = - r max 

\·There 
1 z = 

T'.ae width of this Loren·iizian line bet\·reen derivative maxima is 

w ~-
2 

._[3 T2·· 

c. 
Til,e fol~owing working equation was used to calculate the micro• 

·uave mai!;netic field maxima in the 'mios cavity': 

where. 

(1 -. T)~ 

H~2 is oerstrd2 , maximum of the total linear 

polarized field, 

P 
0 

is milli'Waltts ·power incident the cavity,· 

T is the cavity transmission coefficient, 

~ is the loaded quality fa~tor, 

V is the carl ty ~volume :1.n cm3~ . 

v is the microwave frequency in cps. 
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APPENDDC !!!··· .. 

Tlle Gaussian system of: units has been used in discussions of: 

·molecular properties. The ~gnetic field and induction have been 

assmned equal. ~~gnetic quantities are expressed in oersteds. 

'1-fuen making the transition from measured quantities to molecular 
-· 

interpretations, a mixed system of: units was used• Neasurements 

were made in IMs unita; interpretations were made in gaussin units. 

The working equnt;i.om:: relatine; experiment to theory contain both 

mlts arld e,raussian units, with the correct numerical conversion 

factors. 
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* DEFINXTIONS Aim IWMERICAL VALUES 

Plancl~ constant h .. 2ttll 6.62491 ~ 10-27 erg-sec 

.... 
· · . Ilohr. magneton · 

lf18[;netic momcn~ oi the 
proton' in units of the 
Bohr :magneton . . . 

Spe.ctroscopic spli ttin-;-; 
):'actor 

··spectroscopic ·splitting ··, 
factbr o:f a free. elec:brOn . 

Effective electron spin 

Absolute temPerature 

· ·Concentrati()n of. unpaired. 
electrons per gram 

Frequency 

Frequency 

Total en:r_plitude of the . 
microwave magnetic field 

( 

External de magnetic field 

-- Modtuatior:i. ampl:t tude · 
of the external field 

· Spin-lattice relaxation 
time 

" 

Spin-phase coherence tiro.e 

t3 . 0~92732 x 10..2° erg-gauas-l. 

· ~ (oil) p . )' 
f3 

·,, 

g 

.- g 2.00229 

s 
T degrees 

No 

v 

(.l) radians-sec- 1 

. ..... -~ 
Hl.. oersted· 

Ho oersted 

Hs oersted 

Tl. sec 

T2 sec 

* Nurnel~ica1 values obtaine6. from the folloWing references: 

J.\v.M. DuMond, Ann. Physics,]_, 365 (1959). 

n.J .E. Ingram, Spectroscopy at fuidio an::l l.U.crova.ve Frc~~encie!!; 
-~utterworths Scientific Fub1i~ations, London (1955}., 

S. Licbes, Jr. and P. Franken, ?hys. Rev. 116, 633 (1959). 
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l.. G~ Toll1n, P. ~. Do~ ~ M. Calvi..n, 1n Phf;)·t;cper1o4i.Gli!l im4 
mla~ PnoDO~ 1.n Plants QIW.. Ani.mla, publlshili by Amiiii'ican 
A.uuuc:.at~un !or too Advm<!~t. llt S01e.nc41, ldas~n, D.C. 
(1959) I P· 4'(. Also, a. Tollin, P.B. Sogo cmd N. Cal.Yin, 
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