
....... : . 

. . ll;· ., 
, I 

f)t . '· 
' ,. ' 

.j 

UCRL 9722 

UNIVERSITY OF 
CALIFORNIA 

CHARGE- TRANSFER ASSOCIATION AND 
PARAMAGNETISM OF SOME ORGANIC SYSTEMS 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



('\ 

' 

Research and Development 

UNIVERSITY Ol!' CAL:j:FORNIA 

Lawrence Radiation Laboratory 
Berkeley, Cali.fornia 

Contract No. W -7405 -eng -48 

UCRL-9722 
UC-4 Chemistry 

TID-4500 (16th Ed.) 

CHARGE-TRANSFER A.SSOCIATION AND PARAMAGNETISM OF 
SOME ORGANIC SYSTEMS 

John Wesley .E;astman 
' )h_~sts 

August 1961 



\-

:~- .. 

Printed in USA. Price $2.25. Available from the 
Office of Technical Services 
U. S. Department of Commerce 
Washington 25, D.C. 

v 

' 



f'"1 

' 

CHAnGE-TRANSFER ASSOCIATION AliD PARAMAGNETISM OF 

SOME ORGANIC SYSTEMS 

Table of Contents 

Preface 

Abstract 

A. A description of donor-acceptor complexes 

D. Hexa.methylbenzene-chloranil as an exa:tAPle 

c. The present work 

II. Interact.iqn of Donors and .Acceptors in Llq_uid Solutions 

B. 

III. 

A. 

Association of p-xylcnc 

l. 

t) ,_. 

3· 

p-Xylene:..chJ.oranil 

p-Xylene-carbon tetrabromide 

p.:.Xylene-carbon tetrachloride 

Discussion 

Ionization in solutions o:f donors and acceptors 

Experimental evidence 

2. :N ,N ,N' ,N' -'l'etramcthyl-p-phcnylenediar.line-
cl1J.orani1 (TMI?D-pQC14 ) · · 

Discussion 

li'ree Radicals, Ions, and Donor-Acceptor Complexes in 
the Reaction: ChJ.oranil + Dimethyle.niline 

----~ Crystal Violet 

Introduction 

Page No 

l 

5 

1 

8 

9 

9 

10 

19 

19 

21 

22 

23 

27 

28 



Page No. 

B· Results 

~. Product identification 29 

2. Qptical ebso1~tion 30 
·~/ 

,. Conductivity ;o 

4. Electron opin rcou.naucc (ESR) ,, 
5· Simultancoun measurements 35 

6. Cormnente ,;6 

c. Interpretation of reoulto 36 

D. '!'be reaction of other quinones diaoolved in 
dimethylanilinc 

1. Chnree-tl~Sfer absorption and reaction 
raooo 39 

2. G-Va'l.ucn 39 

E. Electron spin resonance of ~1e fluoranil 
radical 

l. LinclTlclth and r.oturation 42 

2. Line nhope 48 

:;. Tempera tUl"e dcpem1ence of the concen ... 
tration 51 

F. Surtiillar,y 5~ 

IV. Hydrocarbon-Quinone So.liu!J 

A. Preparation 53 

n. lloruoo~ctic pi·oporties <( 

1. Cr>Jotal Eltructure 55 

' . 2e Inf'rurcu upcc·tra 56 

;;. Chnrcc-trru1oi'c:.:· srJcctra 56 



1 

PREFACE 

By 1959 there were sufficient experimental data to justify 

proposing a mechaniom for the primary act of photosynthesis. At 

that time, Tollin, Sogo and Calvin l<.!Viewcd new evidence obtained in 

this laboratory (1). They proposed a mecllanism by 1vhich· oxidiz-

ing and reducing entities could be separated in plani~a. It was 

shorm how the chemical oxidation and reduction reactions of photo-

synthesis could proceed independently by 1vay of these separated 

apec.: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 tliis time very little is known about the medJ.anism of ionized 

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

pose to examine electron transfer bct·ueen orGBnic donors and acceptors 

1n general. We wanted to detenuine the conditions for ''hich electronic 

ionization and electron transfer occur in organic systems. Questions 

about the mecb.snism of photosynthesis stimulated us to initiate this 

research. He rrere originally motivated too by the results of wrk 

carried out in laboratories at Tol\:yo 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

cycJ.ic-aromatic-hydrocarbons and halogens. Independently at Oxford 

in 1954 Kainer, Bijl and Rose-L1nes observed electron spin resonance 

in a17lamine-quinone solids (3). 
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Both of these complex orc;anic solids are componcd of electron donor:1 

anc1 acceptors. The fact tiiat partmaGDetiom was obnerved roy mean that 

electron transfer and concomitant unpairine docs occur in these donor-

acceptor combinations. The pion2cring 'vork at Toltyo and OY..i'ord paved 

the 1-my for t.he present :lnvcctj.c;ation. The preGcnt "1-TOrk io partly a 

continuation of the research bcc.,-un in those laborator:lcs • . 
SpcciflcaJ.ly the PUl"lJOBe of' the present "'lOrk van to determine the 

conditions f'or which unpaired electrons could be produced by excitation 

or ionization in donor-acceptor systems. PrcviOl.wly in our ovm labora-

tory Kearns (l1.) demonstrated that laminated combintionn of' alternating 

donor and acceptor solido generally conto.in unpaired electrons. Ollr 

purpooe was to examine the homogeneous solids and liquid oolutionn of 

donors and acceptors such an those investigated a·t Tolcyo and at OY .. :rord. 

Bccauce quinones have been fotmd in plants, ve decided to limit 

the choice of' acceptor molecules to quinones. Both arylamincn and aro-

ma.tic hydrocarbons have been uscu as donors. Tllene particular donor-

acceptor combinations have ·been cxamincd both in solidG and liquids. 

Reoults and their interpretations are presented first. Experimen-

tal methods are described in Clln:pter v. For conclusions derived 

rrom thio lTork, ref'er to Chapter VI. Structural forrrrulas f'or the or-

go.nic compounds used, analyses of tb.e experimental methods, and other 

detail::; al~e presented in the ap~·cndi~{. 

It .is hoped that ti:Je e"""Periments described in this work illuminate 

the essential observable featUl·eo of chart;e-transfer associa·~ion and • 
paramae;netism. No atteirr.Pt. has been made to revieu the existing theories 

of donor-acceptor interaction or electron spin resonance. 



ABSTFACT 

'When p-xylene wa combined with chloranil in n-hcptane, charge­

transfer optical absorption was observed. The magnitude of this 

absorption is used to calculate an equilibrium constant for the 

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

and one ch.loranil molecule. W.b.en p-xylene ws combined with carbon 

tetrabromidc and with car·bon tctrach.loride in n-hcptane, no charge­

transfer absorption Has observed. 

Reactions of N1N,U' ,N' -tetramethyl-p-phcnylcncdJ.runine (TI-lPD) 

wit.h cbloranil (pQC14 ) have been observed in ethylene dichloride and 

acctonitrile. In both solven-ts adduct formation occurs initially, aa 

observed by its charge-transfer abaorption. In acetonitrile time­

dependent electron spin resonance (ESR) abso1~tion was observed, and 

it is identified with the positive and negative radical ions of Tl•lPD 

e.nd pQCa4 , respectively. In this case a completely ionized electron 

transfer has occurred. 

3 

Ch.loranil and other CJ.Ulnones 1wre fow.d to reo.ct 1-dth N 7 U-dimethyl­

anilinc forming a crystal violet salt. ~1e diamugnetic donor-acceptor 

complexes and also oeraiquinonc radicals are 5.ntermec1ia.ten which have 

been observed. Some physical measuremEmta of the kinetics of this 

reaction are deocribed. and cOl~.celated. \men fluorunil vms allmmd 

to react with dil1lctbylanilinc, the hyperfine splitting by t.lle 

fluorine atoms of the fluoranil radical i-ms not reso.l ved. Char­

acteristics of the ESR ubno:rption by this radical :tn cUmethylaniline 
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are discussed in terms of nn electron transfer bctwccri tbe semi­

quinone and quinone, and between the oemiquinone and bydroquinone 

iOn• 

Paraoo;:;r.ctism he~ been dioco\.-ered in hyclrocarbon-quinone E~Ol:l.do. 

ESR abcorption ia acsigncd to itnpcrfcctions in the solid '"ll1ch is 

normally dirunagnetic. T)J.c prcpn:ra~~Jon o.f theoc oolido and some oi' 

tbcir phyoical cbsractcristicc nrc described. 

' 
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I. INTRODUCTION 

A. A description of donor-acceptor complexes. 

The association of cerl:.ain organic molecules in solutim generates 

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

color :l.n produced by exci·tation of an adduct or COJ:l.Plex which is formed 

by the aoGociation of charcc-donor molecules vTith charcc-acccptors. 

Holecules which have lmr ionization potcntialo, the charc;e -donors, 

cencrally do combine with molecules '-Tb.ich bav-c hic;h electron affinities, 

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

The adduct is. called a charge -transfer conrple:/ and its electronic 

excitation causes charge-transfer absorption. 

Hu.llHo.en has shown that a simple bonding scheme v;hich ap1)roxi-

mateo the bond between a donor (D) and an acceptor (A) is 

+ -(D :A) = D ••• A ..r;.(;..__.->;tfik> D "':' A • 

D:A is the complex.; D ••• A, the no bond part, represents bondingby 

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

change and ionic forces. E:xpcrimenta.l evidence indicates that usually 

the ground state of the donor-accC})tor bond is mostly just London 

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

Of course, this illustra.t.:lon io a sirrrplificationj Brieg.leb and Cze-

kalla (5,6), Booth (7) and McGlynn (8) have recen-tly reviev1ed the 

nature ot' charge-transfer bonding in detail. 

* The corresponding excited state of the complex (D:A) may be 

In t,hls thesis, the ternm charge-transfer comple:;{ 7 donor-acceptor 
coni];1lex and polarization complex are used synonomously. 
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( )* '~ + -D:A = D ••• A ~<--:>-~ D - A t 

where the bonding is mostly ionic. According to z,lulliken' s theory 1 the 

* singlet-singlet excitation, (D:A) ---:)-.,... (D:A) caust:o charee-transfcr 

from the donor to1he acceptor molecule within the adduct. It is this 

cbarc;c-transfer absorption lihich Gi vcs the co:r;Iplcx i tn charactcriotic 

color. 

Charge-transfer adducts have dipole momcnte in the zround state. 

This ia because the donor becomes positive and the acceptor negative 

in the complex. Indeed, the dipole moments have been used to calculate 

the percentace of dative (D+ -A-) character ln the bond (8). 

The ini'rared spectre. of the com:plexes frequently are very uimilar 

to Duper:posi tiona of t1Jc npectra of the individual cor:1poncnt.s, In 

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

tensity and frequency are adequately expl(dr!cd by the theory of charge-

transfer bonding (9). 

vn1en donora and acceptors are combined in oolution, the elec·tronic 

spectra, the dielectric polarization, and the infrared spectra of 

these solutions are obocrvnble 11hysical properties 1-1hich depend in-

timately UJ?On adduct formation. Interpretation of these da·ta provides 

a detailed insight into tb.c nature of bonding behicen charge-donors and 

charge-acceptors. 

In solution donors and acceptors may exist in equilibrium uith 

their adducts, if the adduct iG a thermodynamically ctablc species. 

Equilibrium constentG and heats of formation have been determined for 

ma..ny donor-acceptor complexes. Heats of fonTJ.(\tion ore usually betueen 

one and 10 kcal/mol (:;) . 

' 
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There 1s no .!. Rrior1 reason why charge-transfer cor.:J,ple;,ccs or solids 

should be pa~gnetic. As a matter ot · :tact, noet one CO.!ll.Pl.eX ·has ever 

been determined unequivoce.l.ly to be magnetic itselt. Itmrewr, electron 

apin reeo.nance absorption bas been obse:i"'red in a few solids cor.1J10Ged of 

donor ... typc a.I1d. aece.Ptor-~ molecules (10111,12). I·~ has newr been 

demonstrated 'W'hether the lllBgnetlsrn ia due to the uonor end e.cceptor pro­

perties of the i.ndi'lfidual lllOla~!ules · directly 1 to a ner~ kinu of donor-

occeptor association, Ol' .to douor-acceptor interaction of the 1'wnil1ar 

type which ve have b~en d1acn.woing ~re. It is . vi th this ,problem thn. t 

the present work is COllce.rned. 

:a. ~:!!hYlbe~eM-chloranll as an e~le. 

1'hc adduct. hexs.metlly1bonzene-chlorau11 lJ.as been inveotit,.rated 

in a n\llllber or laboratories a.nd t1er-v-ea as an interesting hi.storial 

e~le of donorMaco&pto~ aaaociation. Briegleb and Czekalla measured 

the aesoc1a't.1on constant, K ... 9.25 (T)-.l 1n carbor~ tet1-achloride (13). 

·The heat of formation ~u ... -J.l5 kcO..l, and the entropy :f'actor, T.6S ... 

.. ;;.8 kceJ.. Foster, &b.Mick anti Paraona. obtaineJ K .. _ 28.9 ~)-1 

in 

cyolob.exaue (14). The cbara"-tl"lil.lls:f&' absorption :frequt!ncy of this com­

plex is 191 }!)0 cm-1 in carbon tetrach:loo::Lde aud 19,Goo cm-l. in cyclo­

h.eXane (l3,l4) e 

lll'1egl.eb anti Czekalla (13) lilfllaaured the dipole 100ment of the 

h.e.::ca.methylbenmene-dlbl•enil ad.duc:t. ~e dipole moment, 1. 00 D 1 vas 

uaed to calculate 4.4~ ionic ~etel' in the ground otate (5). 

&ruing and Wellwo1•k (15) dl!termined the crystal structure or ~ 

000 :one solid CO!l{PleX or he.xa:IDetbylbenzene -:chl.oranil.' He:as.methylbenzene 

and chlo:ranil mol.ecules are stacked alternately in columna, Tl~ directiau 

of ,bonding along ,tlle _stuck is perpendicular to the r:t.ngs 'WI'.ich ere nearlY 

parallel. 



Nakamoto measured the optlcal dichroism of thia ~.:olid (16). Ab­

sorption of light polarized perpendicular t6 ·the aromatic planes vas 

greater than absorption polarized in the plane. The frequency of moxi­

mum abso1~tion was lower for perpendicularly polarized lie~t than for 

light polarized in the aromatic plane. 

The infrared spectrum of the solid can be approximated by euper­

im;posing the individual npcctra of the donor and t.hc acceptor (17). 

C. The ;present 'tTOrk._ 

8 

Our aim bas been to characterize the ma[7lc·t;ic species observed in 

syr.tem:o~ uhich alr.o contain cbare;e-tranafer complexes. In Cbnpter II w 

firat diocusa new resu.lta concerning the cbarc;c-trnnsfer association 

of come moleCltles :tn eolut:l.on. This in n general investigation from 

lrhich 1re progress to the specific obnervat.ions of pa.:rrunagnetism. Tbe 

transfer of electrons from N,n,ue ,ltv-tet.re.metbyl-p-phenylenediamine to 

ch.loranil r...ao beer• r;turl:t.cd. end t.h0 results ure presented at the end 

or Chapter II-

Tb.e oxic1ation-reduc;·uon reaction of chloronil with N ,N-dimet.hyl .. 

aniline has been s-~~udied. The free radicals, charge-transfer complexes 

and ion~~ _preAent in this reaction are disc·ussed in Chapter III. 

Cha11ters. II and III are concerned 1-ri th the production of J?!F.!.J'f.!·· 

magnetic species in solution. The paramagnetism of some solid ;:;o.m~~ 

plexes is 1;he subject of Chapter IV. In that chapter are presented the 

F..SR absor_ption and other pbysical·properties of donor-acceptor solids 

f'Ol'"1'!10t1 by polycyclic-a.romatic-byclrocarbons and tetrahalogenatcd 

q1.1inones. 

Each chapter is reviewed and discussed independently, and con­

clusions derived from the entire 'mrk are prcserr...cd in Chapter VI. 

... 

f 



II$ llfrERI\CTION OF DOUORS AliD ACCE?Xo.m IN I.IQUJD. DOLtrriONS 

A. ~iation of p-X'J:lene 

The. charge-tro.nsf'el" ar~oocie.tion of' p-xylenc uith chloranil1 carbon 

tetrabronrlde and carbon tetrachloride in m-heptane oolutions bas been 

studied by optical absorption opectroocopy from 21~0 JI1I.L to 1200 l'Jll.l• 

lc P-?C)':J.ene-chloranil. rr C is the electron acceptor, chJ.oranil 1 

end X is the donor, p-xylene, in n-hepto.nc, the tva arc in cquilibriwn 

w:l. th a one :one molecular complex \ihicil is observed by ito unique 

chare;e-·c:rons:f'er absorption o:pectrur.'l (14) • 

c + x "' ex 
(CX) 

(C) (X) 

I:r p-J:ylenc in prcc~nt E\t e. cOtlccntration, (X), LJuch hi6her than 

that of chlorc.nil, (CL the association constan-t K is 

K = ___ . __ _(_ex>----~--­
( (c

0
) - (ex)] (X

0
) 

(C0 ) and (x
0

) are the total concentrations of' all apeciea containing C 

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

the solution, d is the leng-th of the absorption cell, and e is the ex-

tinction coef'f'icient of tiJe charge-transfer absorption by the complex, 

l 

E 

1 + ___ _ 

EK(X ) 
0 
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is plot·t.ed ae a function or 1/ (r,. ) , a straight line 
"'t>· 

results whose intercept and slope may be used to calculate the ex• 

tinction coefficient and association constant. Ti1ia ia t11e fSmiliar 

Benesi-Hildcbrand re~ition. 

Because the cbArge-t.ransfer optical absor:ption maximum occurred 

at the same wavelength as an absorption by unassociated chloranil, the 

calculation 'Vas made at va.velengtha longer than the ab~orption maxi .. 

mum• 'l'he extinction coefficient at t11e maximum was determined by sub-

tracting the chloranil absorption after the equilibrium concentration 

of chloranil was detem..ined. 

Table l and Figure 1 give the 'experimental data and calculated 

functions used to determine the association constant, K = lo.'55 mol-1 

:t t>~ at 2fc. 
The absorption opectra of chloranU and of the p-Jcylene-chlore.nil 

cODl.Plex are illustrated in :E'igure 2. ). • 420 I!li!1 e = 1,38o( mol\1cm-1 
JJ,ax max 1 

in n-heptane. Foster (10) ha.o reported a ).. = 395 Jlll.1 in carbon ~ra.­max 

chloride. Foster, ~ .!!_· (14) report that chloranil and m-xylene have 

an association constant in cyclohexane of 2.9 (mol/1)-~ (18°-20°C) and 

exhibit charge-transfer abaccytion o.t 395 m~. The results of the :pre-

sent work are in qualitative ue;rccmcnt -iiith 1~hc vorl{. of FoGter, ~ al. 

vn;.y the charge-transfer frequencies should differ by a._a much as 25 IDIJ. 

ia uncertain. 

2. p-xylenc-carbon tetraln~omid•3. A sat1.m:.ted solution of CBr4 

in p-xylene showed no electronic absorption beti;reen 400 l'llj.J. r.nd 1200 Inll• 

Below 400 m~ both Cl3r4 and p-::cylenc themselves nbsorb so that opecial 

methods had to be employed in the sea1•ch for charge:-transfer absorption. 
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Table l 

• Calculation of the association constant of p-~lene-cllloranil 

D D D 

(C
0

) X 104 . (Xo) ). • 460 m~ ). = 470 ~ ). • 48o l!lJ.l 

3<,5 1.26 o.414 0.}27 0.240 

;.41 o.457 0.271 0,21) 0.163 

1~.oo 0.583 o.)J1 0.279 0.207 

1~.02 0.242 0.181 0.147 0.109 

5·02 0._328 0.289 0.229 0.169 

5·00 0.1001 0.120 0.094 0.069 

10.0 0.41~2 0·755 0.602 o.450 

Intercept x 104 5·1 6.1 8.0 

Slo;e x 104 ;.60 1~·35 6.44 

K 1.42 1.40 1.24 

K u 1.,5 :1' 5'fo (m~1 )-
1 

0 . 0 
Temperature = 27 C t 2 C 

,. 
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Fig. l. Charge-transfer absorption at 460 miJ,, 470 miJ, and 
480 miJ. by p-xylene-chloranil in n-heptane as a function 
of the xylene concentration. 

, 
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--CHLORANIL -p-XYLENE COMPLEX ( 1.78 x 10-4 MOLAR) 

0.6 -·-CHLORANIL (2.22 X I0-4 MOLAR) 

0.5 

>-
1- 0.4 (j) 
z 
w 
0 
_J 

0.3 <{ 
(.) 

1-
0... 
0 

02 

0.1 -·-.......... ., ., 
......... -·-350 400 450 500 

>-. (mj.J) 
MU -18242 

Fig. 2. Absorption spectrum inn-heptane of p-xylene-chloranil 
using a 2 em cell. 
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The method of' Landauer 1 l-1cConnell and Laurcy (19) has been uaed 

to place an upper limit on the associat.ion constant for CBr,. and p-

xylene, if any camplexing occ~·a. 

In a solution containing CBr 4 , C, and p-xylene, X 1 there io the 

possibility of fonning a complex, ex. As before, the association con .. 

atant, K, is 

Kn (CX) 

when the total concentration of species containing X is much great .. 

er than the concentration of species containing (C ) . 'l'he optical den-

sity, D, measured in cell of len()-th d, is 

D = e (X) + E (C) + €1(CX) a x c 

The adduct (£1) will be obnervec1 only if its absorption opectrmr is 

measurably different frOt:l the spectra of the components (€ and E ). 
X C 

When the . solution is i'looded with X"Jlene the concentration of CX is 

and. 

(ex) = 

l + K(X ) 
0 

K (C ) (X ) 
0 0 

l + K(X ) 
0 

d (X ) (C ) 
0 0 

(El. - E )K 
c 

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

When the riglJ.·i; hand .function, ·to b~ cr.llcd Q, i<> c:;.;;pcritlcntally deter-

mined and plotted as n function of (X ) 1 tb.c olope and intercept. of 
0 

the strait;ht line may be used to 'letermine the association conatan·t, K. 
' 
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Between 500 m~ and 400 ~ the observed optical density, D, wao 

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

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

'l'he denominator of the function 

Q a d(Xo (Co) 

D • d€ (X ) • d€ (C ) 
X 0 C 0 

D .. D 
a 

is no greater than about 0. 01, q itself is Q.?. 06. Therefore, 

1 
K<-------- In this vavelength region € < 50, and 

c -
.06(€1 -€ ) - (X ) 

c 0 

(X
0

) ia neGligible compa.re;u to reor;ouable (::,-ueoscs for ~::.1 _.J 1000. 

K€1 < 17 mol-2 -12 rmn 

K < .02(n~l )-1 

A more detailed &tudy vlas rnade between 250 l1lJ.l and 300 IllJ! where the 

accuracy vas limited by a tray absorption by xylene. Tables 3 and 4 

allow that vi thin about 10/:. the absorption, D, by solutions of both p .. 

l.oylene and CBr4 wa just the sum, D , of the nbaorpt;ions by the 
a 

independent components, D = de (X ) + de (C ) • The large variation~ 
0 X 0 C 0 

in the actual differential (-1% to 58';S) is attribute<' to the insti"ULlental 

di:f'fioultiea of measuring accurately and rapidly the optical density in 

this highly absorbing nnd highly peaked :.region. 

1 In this case Q > .0.3 and K ~ 
.0,3 (e1 - ~ ) - (X ) e o 

For 't>lra.velengtlH3 betw·een 260 lll!.L and 300 r:l!J.) cons1del'ing th(J urlual 

width of cherge-1;;rannfer nb1:1orpt:!on bauds anu trt}:.ing € << €J. :::.::::;. 10'\ . c 

K :::_ .O:;J (~1 )-1 , vhich ir. the oar_.r. lim:i.t as~1i,w_1ed at hj.gber mwelcngths. -~<· 

* .,. Because € becomes appreciable between 250 ID!J. and 300 m1-1 1 t may be 
dif:f'icultcto estimate a maximum K value. This is especially true 
bccauEJe the extinction coefficient o:f' the complex may be the sar.J.e 
as that of CBr4 , in which case there might be no clmge in the ob­
served optical density if xylene were added. Addition of p-xylcne 
would cause a decrea.Ge in tite absor~ption by unasnociated 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 rcviel<Tcd by l·1cConnell, Ham and Platt (~0), betv1ecn 
about 250 ll1J.L and 260lnJ,.L it may not be possible to estiJnate K by 
optical methods. 



Table 2 

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

300 InJ.L and 400 IJij.l 

(X ) • 0.100 mol-l-1J (C ) • 3·09 X 10-3 mo1·l-1J 
0 0 

d .. 2o0 em 

M~) d.e X d£ c D D D • D . :X 0 c 0 a a 

310 0.0)3 0.,347 o.,ao 0.?93 0.013 

330 0.009 0.0,58 Q.067 0.0,58 -0.009 

350 0.009 o.ooa o.o17 o.oo6 -o.OJ.l 

310 0.007 0.002 0.009 o.ooo -0.009 
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Table 4 

Search for p-xylene-CBr,. complex in n-heptane solution 

Concentration dependence 

dti X 
X 0 

dec 
c 0 

D 
R 

D 

Experiment 2 c c • o.oo·rr molar. d • 0.25 tmn 
0 

264 6x • 32.8 mol-1 -J. null- 1
1 E • 81~.1 mol- 1 -1 mm· 1 

c 
" 0.0796 o.6;'~ 0.163 o.817 o.8'~9 
tt 0.0730 0.600 II 0.76' 0.76' 
" 0.0611~ 0.)04 It 0.667 o.66'~ 

" o.o~-92 o.J.~-o4 " 0.)67 0.569 
" 0.0_598 0. ):,(7 " 0.490 o.;o4 
" 0.0306 0 .~2)1 II 0.411~ 0 .J~.jl+ 

255 E ~ 23.3 mol~ 1 -l n~-1 , ~ m 10.9 mol- 1 -1 nw• 1 
:X c 

II 0.0796 o.l.~-62 0.212 0.676 0.713 
" 0.0730 Q,lJ.2) " o.657 o.6'~3 

" 0.0614 0.))8 II 0.570 0·578 
" O.Oh92 o.2BG II o.4y8 0.)03 
" 0.0398 0.2)2 It o.1~1~4 0.,31~9 

" 0.0,506 0.178 II 0.,390 o.lllO 

Experiment '1 c • 0.00761 molar. d ,. o.o; nnn 
0 -

262 

" 
" 
" 
" n 

" 

267 
n 

" .. 
n 

" 
" 

E .. 
X 

o.402 
o.474 
0·5:.57 
o.6he 
0.721 
o.8o7 

c .,. 
X 

0.402 
0.1~74 
0.5~7 
0.61~2 
0.721 
0.807 

6 -1 *1 32· mol -1 mm , 

o.655 
o. 77'~ 
0.909 
1.01~8 
1·176 
1.j18 

45.2 mol-1 -1 ""l mrn , 

o.go8 
1.07 
}.~26 

1.1~5 
1 ,(j_~· 
., p,, 
.L• U<... 

c 93.0 mo1· 1 ·1 rnm-1 eo 
c 

0.0)5 0.690 o.6()o 
II 0.8,39 0.766 
It 0.911!~ 1.2.16 
fl 1.o83 1o0)9 
It 

1.~~11 1.213 
It 1.353 loj79 

fi: "" 69.01 mo1- 1 -J. rrrrrt- 1 
c 
o.cr26 1.169 o;D:JI~ 

" 1.096 0·99) 
" 1.286 1·578 •• 1.1~76 1·572. 
II 1.656 1·~95 ,, 

1.8h6 1.~o ____ ... ___ 

18 

D - D 
B 

o.oJ;? 
o.ooo 

-o.ooj 
0.002 
o.o14 
0.020 

o.o:H 
o.oo6 
o.ool3 

r.~, 

O.OlN 
-0.09) 
0.0'.?.0 

-0.0)0 
-0.073 
0. (J.'72 

-Q.(}.?.l~ 

O.OCY.2 
o.cr26 

-0.)15 
-o.o~:·G6 
0. CYr!.6 

-0. CY?.6 
-0.0'~6 
~0.026 

~ 
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Keeping in mind that a weak charge-transfer absorption by the 

complex may po.stfbly be buried in the spectrum of' the individual com-

ponenta and that there may b~ absorption ~t higher energies than at 

240 m~, the results of thane e~eriments show that charge-transfer 

camplexins by CBr4 and p-xylene in n-heptane solution is negligible. 

If' charge -transfer abaorption occw·a at liav-elengths granter toon 

240 ~, the equilibrium constant for association is estimated as 

K 1mol)-l. ~ 0.02 \j l 

3· J? ... xylene-~on tetrachloride. The resulto of this ~xperi·· 

ment rue the sn."'le as for the p-xylene-CBr 4 • The resul ta Dummarized in 

Table 5 bave been used to dcte.t~ne an upper limit ~or asoociation, 

K'S..O•l)l. mol-1 -1. 

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

and CDr4 does not occur in n-heptane. This is in contrast with the 

association of p-:xylen(:! \'(lit.h brom:1.ne which does occur, as is already 

well known. In solution CBr4 does not appear to form complexes with 

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

3o6 miJ and the auduct has a formation cons tallt X = 2. 26 (lll~1 ) - 1 (21) • 

Bcnze11e i·tself 1 eo 11ell aa p-:xylene, forms e dcno!'-·ecceptor 

adduct with bromine. Ch.srge-tJ.~ans:far absorption by the benzene-bromine 

ad.duot occurs at 292 llliJ. (21). It has a fo:nne.tion constant K IIRI 1.04 ~~1 r·l. 
These ttvo examples ohow what io well knm.'il, the. t brordne does form 

ad.ducte -wit.h benze:ae-like donors, in general. On the other hand, we 

have found that association of CBr4 ,.,ith p-xylene is very small, if it 

occu.'""B at all. Thus bromine acts as e.n acceptor much mol .. e effectively 

than does CBr4• 
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Table 5 

Barch for p·xylene-CC14 complex in n-heptane solution. 

~:3volength de~ncence 
•' 
"' 

C • o.o047l molar; X = o.4o.2 tlOlar; d = 0.05 mm 
0 0 

100 (D-Pa) 
).(~) d ~ l d t; c D. D D- D b 

X 0 c ~ a a 

28o 0.070 o.ooo 0.070 0·059 .. Q.Oll -16;; 

272 0.1~54 ~ 0.4.54 o.412 -0.042 - 9 .• 2 

26'7 0.909 119 0.909 o.eeo -c.o89 - 9·8 

264 0.711 tt 0-711 o.6~ -0.079 -11.1 

262 o.672 t9 0.6"(2 o.609 -0.063 - :J.4 

255 0.490 " 0.490 0.1!.1~8 -0.042 - <3.6 

250 o.P-90 vv 0.290 0.263 -0.027 - 9·3 

21~0 Oo08g tt ().089 0.079 -o. o:w -11.2 

280-
1200 OeOOO to o.ooo o.ooo o.ooo o.o 
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Comparison of ti1e acceptor properties of bromine and CBr4 in li· 

qUid solution does not apply evidently to their acceptor properties 

in the solid. The crystal structure at' the one:one solid complex p-xylene­

CDr4 1-1ao solved by Strieter (22). It is very s1tlilar to t..'le structure 

of benzcnc .. bromine, which 't;as reported by Hassel and Stromme (23). 

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

both canes, the bromine atoms are aligned along the oix-fold axis of 

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

If ,,,e aosume there is a re.ktion between bond enerro- and bond die-

tance it appears that in the solid, BrQ and CBr4 associate with 

· benzene ... like compounds equally well. However, the aimil!u•ities of 

the solids p-xylene·CB1•4 and benzene ... Br2 disappear when the solids 

are dissolved. 

Because of uncertainties in the optical meti1od of detecting com­

plex formation, it would be vise to investigate CDr4 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 solutions of donors and acceptors.! 

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

action which results in the formation of a colored complex. As we 

no-ted earlier, there is no evidence that any of the adducts studied 

up to now are paramagnetic. Hcnrever, radical ions may be produced if 

the dono;r 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 

t-le consider here only cases in which electron transllr 1 not ion 
transfer, produces ionized species. 
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just this kind of ioni"f:ation in a vnriety of systems. Before preL1ent• 

1ng our resul to 1 'W'G will review all of the experimental evidence ob­

tained prior to our work lYllicll ohowa that ionized electron ·ta-anef'er is 

possible in solutions of organic donors and acceptors. 

1. Ey,perimental evidence. Kainer and Uberle (21~) obcerved the 

+ d .. optical absorption spectra or the radical ions TMPD am pQCl.,, when 

solid Tl1PD-pQP14 '\:ltls diosolvcd in acetonitrile. T14PD is NJN,I~' ,N• .. 

tetramethyl-p·phenylenediomi.nej p~l4 is tetrachloro-p-benzoquinone 

(chloranil). Kainer and Uberle proposed that a cOIIU:Jlete electron trans-

fer from donor to acceptor occurs in these solutions. I·L is plausible 

to assume that charge-transfer corrrpleJtes are interroodiates in this 

overall ionizat,ion. Ion.:1.za'don of Tl-'IPD-pQC14 did not occur in dioxane and 

benzene lthich have lmrer dielectric constants than acetonitrile. 

Also electrons may be donated f'rom TMPD to the acceptor tetra ... 

cyanoethylene, and iona are produced (5). 

The formation oi' intermediate romplexes, radicals and iona have 

'been observed in the reaction of' trinitrobenzene (an acceptor) with 

various donora (25,26,27,28,29). ESR absorption ~me observed in the 

reaction of trini trobenzcnc with trimethylamine (30) • 

The initial reaction of bromine and a,a•,~,P'-tetrrutis-(4-methoxy­

phenyl)-ethylene produces a blue parruuagnetic solution in nitroetbane, 

a brown diamagnetic solution in carbon tetrachloride sa observed by 

ESR (.31). The e.f:fect of dielectric constant on .ionization ws again 

demonotrated. Paramagnetism wa observed in the polar nitroethane 
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but not in nonpolar carbon tetrachloride.; 

At this preliminary stage, the chemical literature containa few 

quantitative studies of electron transfer bet1reen organic molecules in 

solution (aa opposed to charge-transfer) e . llm-tever there is plenty of 

e~erimental evidence to show that charge-transfer complexes, ions, 

and radicals to awes· together in many reactions • The phenomenon of 

' ionization has been reviewed. by Briegleb and C:.:elmlla (5) "Wj;th some 

specific reference to dielectric effects. 

2. N zN, N' ,r,JTetrametbyl-J?-phcnylcnediruninc-cllJ.oranil (THPD-;r({Cl4) · 

We have somewhat extended the vrorlt of Kainer and Uberle (24) ,who obser-

+ -ved the optical spectra of tho radical ions TMPD and P~4 in aceto-

ni trUe. They showed that in sol vents of high enough. dielectric con• 

ste.nt en ionized electron transfer from TMPD to pQCl4 talres place. We 

have que.li tati vely investigated the comli tiona under 1-rhich this ionize-

tion occurs. 

Wa have found that solutions of TMPil and pQCl-4- are not stable, 

even in the absence of air. vlhen equimolar quanti ties of TMPD and. pQCl4 

"'rere diasol ved in acetonitrile, t'Ho din tinct F<.c3R absorptions we-re ob­

served (Figure 3a). A narrow single line, which 'He have assigned to 

the chloranil semiquinone, \raa superimposed on a set of thirteen trip-

lets attributed to the IJ:~'·iPD poai tiYe ion. The latter has been cbar .. 

scterized by Tuttle (35), Hausser (36) and others. T11e narrow pQC14"' 

SOs, SbCls e.nd BFs have. been used to accept electrons from aro­
matic hydrocarbons E32,;:;). ESR of the aromatic positive ions 
prod.uced have been investigated in some detail (34). These 
inorganic acceptors appear to form sigma co.u:plexes rather 
t~mn pi charge-transfer coJlll)lexes as intermediat.eo 1n 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) 25 min; (b) 1 hour. 

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

proport~Lonately as soon as the original solution vas prepared (Fi· 

gure 3b) • Simultaneously the optical absorption by the semiquinone 

at 4500 R decayed 1 and the absorption by the positive radical ion at 

6000 R increased. The charge-trans~er absorption a~ 9240 j disappeared 

Qltogether. 

After these rapid chflne;ea were complete additional reactivity 

vao observed, but the product. is unknown. Both the inltlnl rapid re-

llction and the slower onfl were not depe11dent upon the JH'cseuce of air. 

The characteristics of these rcac-tione in acetonitrile are 

s'Llillltlarized :tn Table 6ab. T.MPD 1 the donor (D), and· pq,Cl4 1 the acceptor 

(A) 1 mnediately form charge-transfer complexes (AD). In acetonitrile 

it appears that a two-electron transfer may occu1·, producing the, di .. 

negative quinone ion (A"') and the TNPD positive ion radical (D+). The 

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

is the semiquinone 1 A- (Figure 3a). After several days 1 further re­

action produces an unknown product (Xl)• 

In the nonionizing solvent ethylene dichloride, a charge­

transfer com,plex (AD) is formed rapidly. An unknowu product (X:t?) 

b formed in one hour (Table 6c,d). No radical ions ltere observed 

iq thia reaction. 

If X1 and X2 are ~ill same product there occur t~o independent 

reactions of TMPD with pQC14 • If this is true, one reaction is non;.. 

ionic and is accelerated in nonionizing solvents. The other reaction, 

producing radical ions, is accelt~rated in ionizing sol-vents. The non­

ionic reaction occurs in one hour in ethylene dichloride ( Ea l0.4)J 

it tt.kes ten days in acetoni·trile (e = 37.5). Hmvever, the ionizat:lon 

occw7s rapidly only in acetonitrile. 
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Tnble 6 

Reaction of THPD (D) with p-chloranU. (A) 

Solvent and Condition Reaction Time for 
Complete Reaction 

a -
Acetonitrile (Eu 37 .. 5) A+D +- .AD < l min .... 

air A+ 2D .... A= + 21)+ 60 min (longer 
reaction not 
studied) 

b 

Acetonttrile A+D 4-
AD < 1 min ~ 

-+ ., 
+ 2D+ hizl_l 'l8CUUltl A+ 2D A 30 rnil:l 

A+D -+ x1 10 daya 

c -
Ethylene dicb.loride: 

( E r:: l,0.4) A+ D -+ 
+- AD < 1 min 

air A+D ... 
Xa 60 ndn 

d. 

E~J:zyl~ne di~hloride A+ D 
_.. 

AD < 5 min '-.:--

N:: A+D ·~ X:.? 60 min 
.... 

n 
"' 
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In another series of experiments the ionization or tetrametbyl­

benzidine-chlor8llil vao obocrved in ethanol, not in carbon tetra­

chJ.oricle. l3oth !tSR and optical apactm of the ions were found. Also 

cOlnplexea of come phenothiazine derivatives were cxo.mined by ESR and 

opt.ical spectroscopy, but their donor properties oro more complex. 

Diocussion 

We have not discovered any radical iona in oolutiona or hydrocarboR 

quinone COTil.Plm·;es, such. as perylcnc-chJ.oranU. The vorl>. here and else­

where ohows, hO'\vever, that arylamine donors ouch an TI~IPD do form 

radicals when combined with quinones. The arylaminen used have lower 

ionization potentials which probably arise because or their nonbond:lng 

electrons (37). No hydrocarbons vi th as low ionization potent:fa.a have 

been investigated. 

Note that a chemically stable electronic ionization has yet to 

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

1eaot two k.inaa of rcact.iono occur be~reen TMPD and pQC~. As the 

product of one of these reactions in acetonitrile, the radical ions 

haVe been identified by their ESR absorption spectra. An ionized 

electron transfer from ~·~D to pQCl4 is therefore definitely esta­

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

FREE RADICALS, IONS 1 AND DOUOR-ACCEP.rOR COMPLEXES IN TliE REACTION 1 

CHLORANn. + DIMETHYLANn.INE :> CR'XSTAL VIOLET 

A. Introduction 

An ionized electron transfer from TMPD to pQCl4, ws discussed in 

Chapter II. We vnnted to C:;{tcnd th:i;; ldnd of work to iEWOther donor­

acceptor system. To study the mechanism of this kind or electron tmns­

f er we chose the liquid solution of chloranil (p~l4) in N,N-dimetll.yl­

e.niline (DMA) • Indeed, Eley had shown that under some conditions the 

cOJJ:tPle:x solid DMA-pQCl,.. was partially paramagnetic (.38). Note, however, 

that we have investigated solutions of pQCl4 in liquid D~~ rather than 

the solid com.plex. First of all ve wanted to see if the solutions wee 

at all paramae;netic 1 and then to see if an ionized electron transfer 

from DMA. to pQCl4 could be €ste.blished as 1 t has been from TMPD to 

pQCl4• 

There was another incentive to investigate this particuJao liquid 

system. Eley reported that DMA-pQCl4 solid he.d a relatively high elec­

tronic conductance, 6= 2 x lo-8 (ohm-cm)-.t. l\'e have tried to rind out 

:lf electronic conduction occurs in the solutions ao well. 

From the very first it was known that the colution of pQCl4 in 

D~~ was not perhaps an ideal case for the study of electron transfer. 

One might, for e.xru.."'Ple 7 anticipate the presence of complicating side­

reactions "\-Thich do not involve electron transfer at all. As a matter 

of :fact, Dl4A is not itself stable in air, but can be slm·rly oxidized by 

• 
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air to crystal violet (.39). Buckley, Dunstan and Henbest had already 

attempted to observe a reaction betveen DMA and pQCl4 in dilute solu­

tions (40). They observed no reaction, and we hoped tll.t no irreversible 

reactions would occur in the course of our experiments either. 

This turned out not. to be the case. l"e now know that pct:l4 does 

react 'With DIVJA to form tho familiar crystal violet cation. We have 

studied this reaction in nome detail to eee if an el~ctron tranofer 

from lJMA to p~(Jl+ occu..rs e.t o .. ny tl.me .. 

The resul tu of this wort\ are cor.:r.:elated ln sect,:l.onu B and D, lnter­

preted in section C. and m.mnnarized in section F. 8ome rather detailed 

measurements of ESR absorption are discussed in section E. 

:a. Results 

1. Product identificai;ion (41). The infrared and visible spectra 

(t'igure 4) of the isolated compound: ¥rere identical to the spectra 

o:f crystal violet, a familiar dye. Simultaneous chromatography on 

paper, both with a mixture of ethyl acetate and butyl alcohol and 

vith chloroform alone as eluents, has confirmed that our reaction 

product is the cation of crystal violet. 

The crystal v:lolet precipi to. ted mainly in ,the form of a chlor­

anil hydroquinone t>al t. \fucn the reaction takes place in the presence 

of air, the product is crystalline and ia nearly lO~k crystal violet 

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

best fits the analysis is one,one. However, ti1e product contains some­

~hat more crystal violet cation than a one:one ratio predicts. 

Found: C, 63.52J H, 5·87J N, 8.58; Cl, 17.98. 

Calc•: C, 60.10; H, 5.08; ll 1 6.79; Cl 1 22.8. 
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Carried out under nitrogen, the reaction led to a product with a glaasy 

appeara.11ce. '!'his conoist.cd of about 30i; crystal violet, the remainder 

being one or more colorlc~o compounds. 

2. Opticf.\1 absor,ptian. Optical absorption spectra of the re• 

acting solution of chlornnil and dimethylaniline are reproduced in 

Figure 5· Initlally, a charge-transfer absorption occurs at 6::,>0 ciA be-

cause of formation of the '1cll lmO'.m dimethylaniline-chloronil COII'IJ?lex (42). 

The complex then reacted to :rroduce BU intcnnediate ulJ.ich absorbed near 

400 ll41 and which rapidly tliGappearcd when exposed to the atmosphere. 

The r.;pectrum of the final pl·oduct, crtato.l violet, has an absorption 

peak at 590 li1JJ (Figure 4). 

3. Conducti vi tl• The conductivity of dimethylaniline was 2 x 10-9 

ohms·l ~ 25~ (cell constant about lO-~cm·1 ). When chloranil was dissolved 

in the dimetbylaniline the conducti vit.y was time dependent and extuld · 

always be divided into three periods (Figure 6). An initial fast 

rise (period one, ten minutes) to about 9 x lo-6oli!n~ 1 liaS followed by 

a slmrer increase to about 3 ~ lo- 7o~:m-1 • T:::e rate of this rise de­

creaseC'. tmtil a period of very omoJ.l change 'W'BB ree.ched (period two, 

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

crease to 1.5 x lo-5 obm-1 (period threeJ four days) was observed, at 

which time the product salt precipitated from the solution. 

Thuc, there occurred a 1~pid increase in conductivity by a 

factor of 100 {period one) followed by a period of li ttJe change 

(pe1"1od t"l-TO) end finally a pcl'"iod of product salt formation (Period 

three). 
• 
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Fig. 4. Optical absorption spectrum of the unpu:dfied 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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When the conduct:t vi ty D.Pl•roachcd tl:J.e factor of 100 increase and 

1ntermecliate conGtancy (tdthin period tm'>), ita temperature c1ependence 

mt.s measured. A loga:ri tlmrlc plot of coni!ucti vi ty ao a ftulction of 

rec:lprocs.J. 13.bt;o1u.te tempe:ca.·t.urc f!llVe a. stroi&lt l:i.ne abo•te 2.5°C, the 

melting point .• Bel01f -30°C, the function ~:~ouJ.d be approximl.\teG. by a 

straight line, but the BlOJ?e vas muny times c;rce.ter than the elope 
. 0 
above 2.5 c .. If one interpreto t.he elope as an nctiva.tion energy, 

evit1ently the energy requir.cL'!enta of conduction are much gl'cntcr in 

the solid than in the solution. 

Also, the conductivity of the solid at 2.5°C vms 1/20 that of 

0 
the liquid at 2.5 c. Although it vas :1.mpossible to distinguish between 

ionic nnd electronic conductivi·ty, it is aasu.med t.b.a.t this decrease 

of conductivity on freezing is due to the fixing of conducting iono. 

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

ESR is iJltstratd in Figure l.• Apparently the intermediate f'ree radical 

1a preceded by other epecieo os is shown by the slow initial rate' 

of i'OTlllation. Eleven measur.:.;1nenta of the reaction kinetics by ESR 

showed that the length of u11a initial period was very irreproducible, 

The reaction :proceeded to completion in a f'ew hours if the dimethyl­

aniline \las e:x;posed to air for a prolonged period (several months) 

before chloranil was added. Even in the absence o:f' air (02 <O.l% by 

volume) the r-eaction proceeds., bu·t; the product is less crystalliile. 

On the other hand, ·l:.he concentration of free :radicals d>served al-

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

the reaction. 
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Fig. 7. The reaction in a nitrogen atmosphere of 0.14 molar 
chloranil in dimethylaniline. a) Charge-transfer ab­
sorption at 650 miJ. (using a 0.005 em optical cell). 
b) Conductivity (cell constant /V. lo-lcm-1). c) Radical 
concentration by ESR. d) Intermediate absorption at 410 miJ.. 
The abcissas are all time in days. Because of the scale in 
Figure 7b, the initial rapid rise in conductivity does not appear. 
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· The g-value of the iiil::mccliate radical rms measured, fZ e 

2.0056 :t 0.0002. Thio agrees with the value g = 2.0058 determined 

fOr the familiar chloranil semiquinone (43)· BeloW is given addition­

al evidence which shows that the semiquinone is th~ intermediate 

radical(See lii.D.2.) 

The ESR absorption curve is asymmetric, and it is more nearly 

Lorentzian than Gaussian, indicating that the radical is not present 

aa an ideal dilute solute. 

The solutions vere centrifuged to see if the radicals were preaent 

:1.n aggregates. T'ne solutions contained the same radical concentration 

before and after centrifugation. Making the usual assumptions concern­

ing density and viscosity, the ruax~aum particle diameter for uncharged 

particles left in solution would be 200 m~. 

5. Simul. ta11eous measurements. The reaction of DMA. e.nd p~l4 · 

\ras :f'ollcn-red simultaneously by three physical meanuromenta. The re­

sults are reproduced in Fi&~ 1· T11e charge-transfer absorption by 

the dimethylaniline-chloranil complex decreases (Figure 7a). The ionic 

product is obserbed by ita conduct! vi ty to increase (Figure '7b), atte r 

e. slow initial period. The intermediate radical (Figure 7c) and 

optically observed species (Figure 7d) follow similar deloyed kinetics. 

The absorption at 410 mJ.L is not yet assigned, but it is not due to 

semiquinones. 

A second experiment correlating optically observed decay with 

ESR absorption shmv-ed ·that the ESR absorption did not increase until 

ni'ter considerable chloranil had reacted~ 



6. Connnents. T1ie mechanism of the chloranU-dimethylanUine 

reaction vill yield abundantly to more extensive research. The re­

sults should be viewed in light of the fact that the exact relation­

ship between the presence or air and the reaction yield and mechanism 

is not established. Also 'tTe have no information about the dependence 

of tlrls reaction on acidity, nor 11ave any byproducts been identified • 

. c. Interpretation of results 

It has been found that charge-transfer complexea form immediately 

vhen chloranU is disoolved in dimethylaniline. Very quickly a rise 

in solution conductivity occurs. The reaction proceeds for a fell' days 

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

Mter a time the semiquinone is observed by ESR. Ti1e ESR eventually 

decays while salt ~ormation io observed by a second rise in conducti· 

vity. The product crystal violet cation had been identified. 

De cause there is no inf'orma.tion about the oxid.ized intennediates 1 

it is impossible to suggeot a definite mechanism, "but soma general 

charac·ceristics of the reaction may be discussed. For convenience 

we divide the reaction into six periods (Figure 8) • Each period in­

cludes one, or several, in&.r.nediete rea~tiono. 

In the sol vent dimethylaniline essentially all the chlOl"Bnil 

is COlliJ?lexed (step 1). (The complex formation constant is K'= ;.;4 

(mol/l)-1 for the formation of one:one complexes 1n carbon tetra­

chloride ( 42)) • The reaction has been follm.,ed by t,he decay of the 

optical absorption of this cl1Brgc-transfer complex. I 
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methylaniline crystal violet. 



The ions obsewed by the rapid initial rise in conductivity may 

be the products of the ionized complex {step 2) •. If' one assumes an 

cm2 
equivalent conductance of 1\ a 100 ui 1 t hm for the hypothetical eq va en -o 

orsanic radical ions produced, the ionization constant K~;l0-13 mole/1 

is estimated from a measurement of conductivity. If this ionization 

does occur, the concentration of radicals would be barely detectable 

directly by ESR, and we have not observed any. Note, however, that 

only 10·7 molar ions are necessary to produce the sharp initial 

increase in conductivity. If the ions are impurities in the chloran11 1 

onlY 10-e mol ions per mol of chloranil are necessary to cause this 

increase. In view of this consideration, the ionization hY.Pothesis 

may be untenable. After this initial increase the conductivity remains 

fairly constant until semiquinone and product salt formations be:gin. 

On.~ the initial equilibria have been established (step 1 and 

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

which apparently no olarge concentration of semiquinone is produced 

(step 3). No evidence has been observed for the intermediate suggested 

as the product of step 3· However, it is a model which satisfies the 

criterion that, e.lthouc;h 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 cbloranil is expended, the semiquinone a are reduced further to 

the hydroquinones (period 5) • At no time in this sequence t't.o any 

.,;: 
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product radicals ather than semiquinOnea reach an observable concen-

tration. It there are a.rylamine radicals, they rauat react quickly 

(see D.2. below). 

An increaae in oonduc:tivity occurs during the final oxidation 

periods after which the solid sal. t is precipitated (period 6) • 'l'he 

optical density (assuming 6• 87,000 (rool)-1cm-~ and conductivity 
-r 

(asduming 1\ • 50 crJl ) have been uoed to estimate a 
· equivalent-ohmJ mol.P 

solubUity product 6pp1•oxiruately K AJ 10-0 (-y-J • 

D. 'l'he reaction o:f otllcr quinoncs dissolved in c1imcth=claniline. 

1. Cllargc-trannfcr obnorption and reaction rnte:o. W.J have 

otudied the reaction of dimctizylanUine (Dl1A) with i"luorauil {pq;l!'4 ), 

'bromanil (pQBr4 ) 1 o-cbJ.oranil (oQC14 ) and o-browanil (oQ.Br..,) as 

vell as chloranU. The charge-transfer frequencies (Table 7) may 

be t<l.lten to be a measure o1' the efi'ec·tive electron affinities of 

the quinones iD the DMA medium (see Chapter VI) (44). They are 

nearly all the Sf.\1:00. :Briegleb and Czekalle give 15.4 x l03 cm·1 

as tl'l.C absor,ption frequency of DMA-p~l4 1n carbon tetrachlor-

ide (42). 

OrthoqUinones 1·eacted with D.MA. at a rate one hundred times 

faster than the pamquinones. The limiting reac·t;ion (Figure 8, 

period ,), may be accelerated oterically if, for exam;ple, a hydrogen 

atom transfer is iqlorttmt, as has been suggested in the discussion 

above. 

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

may be C01L{Pared with the g-values of semiquinone a prepared by other 



Tuble 7 

Frequency or maximum CharGe-transfer absorption by 

quinones dissolved in dimCthylaniline 

Quinone 

pQ,'F4 

pQC~ 

p'-.tUr4 

oQca4 

oQBr4 

15·55 

1~5 .6 

15·1 

15·9 

+5·7 

.. 



Semiquinones 
o£ the 
quinone 

p0F4 

pQ.C4 

pQ,Br4 

oQCJ..t 

oQBr4 

Tab~e 8 

Comparison o:r g-values 

* This York 

~~inone + Quinone + 
dimethylenil.ine sodium iodide 
in dimethylani1ine in acetonitx"~e 

2.Q05lj. 

2.0056 

2~0085 

2.0058 

2.0094 

2.0()55 

2.CJ085 

)V!ethad or Preparation 

Other Work 

A:i. r oxida-tion 
cf hydroquinone 
iu ethanolic KOH 

2.0048! o.ooo6 (46) 

2.0058 .(4)) 

Quinone + 
50dium iodide 
:precipitate (45)** 

2 .. 0044 + o.ooo8 

2.00768 ± 0.00002 (47) 

2 .oo8-r.; + o.ooce (47) 2.0068 '! o.oo1o 

2 .0077 :!: 0 .. ooo8 

-J· Usual average deviation of indiVidual messurerr..ents :from 1-ecorded. value is ! 0.0002. 

** \le have obtai:ned for &olid. &~4, g = 2.0057, demonstrating <.1 syste.:-::atic el·ror 

in these measu...""'ee:lentS. Add 0. OOJ.5 to numbers in ~s coJ.1.aan 

~ 



* methods. T11e radicals observed in dimcthylanilinc hnv"C g-vnlues 

identical to the e-valucs independently observed for scniquinonen. In 

fact, it ie this comparison which we have uoed to identify the radical 

intermediates as semiquinones. 

E. Electron spin resonance of the fluoranil radical 

1. Linelddth and saturation. Previously the semiquinone of pQF4 

ll.Sd be~n produced in ethanol by Anderson, Frank and Gutmrslcy (46). By 

ESR they cbsGrvcd five hyperfine component lineo, t.nch separated by 

four oersteds .. We hoped to further identify tho semiquinone of pQF 4 

in DMA by also observing the ~erfine epli tting. I:Iowever 1 when pQJ.i' 4 

was dissolved in Dl.fA (in air) 1 only one line, six oersteds wide, was 

observed (Figure 9) • 

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

to 5 x lo-4 molar. On the other hand there are hi~1 concentrations of 

quinone and hydroquinone in the solution. The solutions ,.;ere ini .. 

tially between , about 0.15 and l o 5 molar fluoranil. The narrow:1.ng of 

the ESR absorption or collapsing of hyperfine splitting may be due to 

electron trru'ls:f?r between the semiquinone and the quinone, or the di .. 

negative hyd.roquinone ion. The transfer reaction envisioned here· 

occurs also in solutions of napl1thalene negative ion and naphtha­

lene (48). Venkataraman, Segal and Fraenkel ha've, in fact, suggested 

tn.at ESR lineYidths of Gemiquinones in dilute solution may b e caused 

by just such an electron transfer mechanism (49). 

* In the late stages of reaction, after the aemiquinoncs dis­
appear, a second radical 118s been observed in the pQCl4 and 
oQC14 reactions Yi th dimethylaniline. The latter bas g = 
2.0049 + 0.0002. The g-value of the secondary radical derived 
from pQCl4 is also lesa than that of the primary· l"Bdical. The 
g-value was not measured because absorption of the two radi­
cals overlapped. 
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9. ESR absorption derivative of the radical intermediate 
in the reaction of pQF 4 with DMA. At 25°C after 2-1/2 
hours at 610C initially 1.3 M fluoranil. Minimum saturation. 
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Pines and Slichter trri tc 1 for narror..-cd ESR absorption of this 

kind, the lincvlidth vl ..c (J w )2 t cF (50). ( ~~- £J.-l is the total 

widtb. or the hy:peri'ine splitting observed in dilute solution. 'YeF is 

tbc mean lii'ctime of the cled;rons in 8 c;ivcn fluo1·inc environ.~..uent. This 

relation gives an estimate for the mean timebetwccn electron transfero, 

1' F < 1 x lo-a sec. Tbis ia 8 lm1cr limit because greater narrow inc e ---.~ 

f'J[J.y become masked by other broadening effects. 

0 
A:; elevated temperatures the linmddth is tir.te dependent. At 110 C 

the Y.Tidijh changes :from ;.8 to 5•2 oersteds as the oxidation proceeds. 

Perhaps the quinone is replaced by hydroquinone in the tro.nofer rc-

action as the DMA oxidation proceeds. Tbat is, after the quinone 

becomes exhausted, enough bydroquinone has been formed to allow an 

electron transfer vi th the semiquinone to continue~ li' the energy 

barrier to transfer is different, and the rate of tl~Ofer different, 

then the J.inewidth tTill depend upon the time as quinone ia transformed 

to hydroquinone. 
. 0 

Above 25 C, tho linewidth trao not dependent upon the il'lcident 

micrOireve :pouer within eXJ.:a rimental error 1 even though the resonance 
an 

·vas highly saturated o Therefore 1 the eo1ut,ion may be classed as/in .. 

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

sorbing nlicrmm\e enere;r over a spread of frequency, These enti tie a 

may differ in their nuclear environment. Tlle fluorine hy:perfine splitting 

may not have coalesced completely. (Incidentally, the line'Y'idth of 

the flurine multipleta observed by Anderson.!!,!~· appears to be about 

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

25 °C in Dl-1A.) The protons of Dl·1A may be responsible for the inhomo-

.. 
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gcncity of the spin oy:tcm 1f D.MA and the semiquinone are complcxe.d· 

1n some manner. 

Below the freezing point, the linmridth is dependent upon the 

degree of saturation of the resonance and the spin Eystem may be 

' classed as homogeneouo. In Figure 10 the line-width is graphed as a 

0 
function of saturation at -150 c. 

Linevddth measurements as a function of temperature ore illustrat~d 

0 in Figure 11. Below 6 C the widths are plotted as a function of satura-

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

an uncertainty, as.shown. Neglecting these two complicationo, it 

is e.pporent that the linewid th decreases vi th increasing tempera­

ture, from 7·5 oers·l•eds at -150°C to about 5.0 oersteds at 150°C. 

Consistent with the interpretation of transfer-narro,dng, this means 

that the transfer rate incrcnoca '-ri th increasing temperature. As .. 

the electron transfer more rapidly at elevated temperatUl·es 1 the 

hy:perfine structure collapseo more, and the line becomeo more nari'O"L-r. 

There is no discontinuous chnnae of width when the solution is fro-

zcn. The electron trunsfer may proceed almost equally vell in the 

solid and in the solution. 

0 
At -150 C, the ESR absorption becomes saturated at very much 

0 
lower pm-:cr levels -than it does at 25 C. Thun, the spin-lattice 

relaxation time increases as the tempcl!ture of the system ia reduced. 

Puttincr this within the framc,-rork of our model1 the electron transfer 

which dominates the spin-lattice interaction occurs less frequently 

at reduced temperatures. As the electron transfer occurs lese fi'(:quently 

the spin-lattice l'Claxat.ion time increases, and the spin resonance 

saturates more easily. 
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Fig. 10. Saturation dependence of the width at -150° C. ESR 
absorption by the radical intermediate in the reaction of 
pQF4 with DMA. Saturation parameter, _j-z tis defined 
in Chapter V. A. 5. For no saturation, Zet = Y. 
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Fig. 11. Temperature dependence of the width, including the 
depende.1lce on the sat.urat~on para~ete~ ~et• E~R 
absorphon by the rad1cal1ntermed1ate 1n the reachon of 
pQF 4 with DMA. 



From the tempe:ature dependence of the linevidth (Fit,'UI'e ll) 1 we 

deduce that line broadening at reduced tem,peraturea 1-tsuJ. ts .from in­

creaoed spreading out of the fluorine hy];lerfil'le st;t"Ucturc. If this 

:t.e true, the spin syntem should become more :l.nhomoe;eneous. In fact 

the syGtel'.il becomes more homogcneoua. The aatUl"8t.ion dependence of the 

lincwi<ltb 1a gre;nter at reduced tcni.Peraturea 1 ''~hich contradicts the 

~>othesia. On the other hond, the linmtidth does not incl·eose trith 

· sat.urat.ion nea:L·ly ao much. as might be e.."C,Pectcd for a per.t'ectly ho:no­

geneoua ayvt~1. 

2. Line s1w.2,e. The fact ·that the EflR abSOl-:Ption ia more ne:llrly 

Lorentzian then Gaussian is consistent vith Ot.tr inter,pretat.1on. A;;, 

in the case of pQ.C4, EOR absorption of the semiqUinone o:r pCJ'4 ~ms 

asyraruetric (Fi&'Ul"fl 9). In Fie,rure l2 the asymmetry is :Ulustzuted as 

a fUnction of tempex-ature. 'rb.e voltage recorded at the derivative 

maxim'Wil ws greate1• on the low field oide than on the high i'ield side 

of tb.e resonance. J.:n apprmrimate absorption curve is sketched in the 

fiGUre. The asyw11etry decrcaooo nt elevated terr(l?crnturcs. It may he 

duo to anisotropy of the g .. vaJ.ue ns reflected in the · h~'lPO:rfin(: coJ~Oll­

ent widths and observed v.idth (51). As tile temperature 1ncrea~~es ·the 

sol vent tlu:Ldi ty increase a e.nd the anisotropy is avern~?;ed ·uhich it;s 

obuerved. 

However, 1>1ith respect to this interpretation, the snturatio11 

de:pemdence of the asynnnetry appears anomalous. We suggested ·that un­

resolved hyperfine com,ponento have different widths "Which reflect e.n 

anisotropic s-value. Then these multiplets should each sercura.te differ­

ently end asymmet1-y of the unresolved envelope should chango en satura-

.. 
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Fig. 12. Asymmetry as a function of temperature. ESR 
absorption by the semiquinone· intermediate in the 
reaction of pQF4 with DMA. 
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Fig. 13. Asymmetry as a function of saturation, ,.,(Z t' at 
-150°C. ESR absorption by the semiq~inone intermediate 
in the reaction of pQF4 with DMA. 



tion (.52,5;). ThiB is not observed. Within experimental error the 

aaymmetr;y did not change 'When the ESR absorption llBD saturated (J?i• 

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

51 

;. Temperature dependence ot the concentration. In the frozen 

reaction mixture the temperature dependence of ESR did not obey Curie's 

1nw. ~1e scmiquinoneo arc reactive intermediatea, and their st~ady­

etate concentration may be tcrapersturc-depcndcnt, even in ·che frozen 

mixture. The r,pecica arc not junt trnppet1 radicals. 

CiJJ..oraJJil l't;acts lJit:J d.l.J,,, t.liyluuilinc to yield tl cryot.ul violet 

salt. The diamagnetic dimet,bylaniline-chlorWlil charge-transfer com­

plexe.a and paro.magnetic seilliquinonee are two observed intermediates. 

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

observations of optical absorption, conductivity and ESR. A hydrogen 

atom transfer haa been involted in initial rate-determining seq\tcmce. 

Whtrtever the initial otcp may be, a simple transfer of an electron 

from DMA to pQC4 could not be established. 

We have assumed that only one kind o:f' IJ'l!:i,gnetic species is present 1 

namely, the semiquinone. F'i ve different tetrahalogenat.ed quinone a uere 

allowecl to react with DMA. In every reaction the observed g-value 

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

T~1e reaction o:f' DlvfA with pQ14 '\otas studied extensively by ESR. 

The g-v.alue, temperature dependence, line shape, line-width and 

saturation were measured. 

The c;-value shows tbat the observed species io probably the 

fluoranil semiquinone. The semiquinone concentration is temperature 



dependent. A rapid electron transfer among the samiquinvne, quinone and 

bydroquinone ion is ltltely, as deduced tram the linewidth. Evidently 

the electron transfer occurs more rapidly at ele-v-ated tcrqpere.turea than 

it does at low temperatures. Thus also it is found tl1Bt the spin-lattice 

relaxation tir11e decreases markedly as the tem;perature ie increased. 

Above the freezing point, the ESR absorption saturates inhomo­

gencously. Below that temperature, the absorption saturates homo­

geneously. The ESR absorption is asymmetric. tU thin experimental error 

th .. e as~etry is ind~pendent of saturation, and it decreases some­

what at higher t<-.:I@craturea. 
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. IV. In'DROCARilOU-QUINONE SOLIIXJ 

The outline of this chapter 1 1-lhich deals with oolido, follmm the 

pattern of Chapter II .'\orhich dcels uith liquid ~olutiono. In the fil·st 

section weehscribe the preparation of some solid donor-acceptor 

adducts. H:;,st attention is directed to the solid prepared from 

perylcne and quinone a. Their chemical. and physical properties are 

di(tcussed and related to the donor character of perylcne and tho accep­

tor cllo.racter of the. tetrahaloc;cnatcd quinonco. Finally, once tho 

nonmt.c:;netic propert:f.es are falrly well cGtablishcd 1 an invcr:;tie:;ation 

by ESR is presented. 

A. Preparation 

When o-chloranU liaS disnol vcd ui th an equivalent amount of 

perylcne in hot ethylene dicluoride (EtCl2 ); shining black needles 

WE!l"'' prec.ipi tated on cooling. Chemical analyses for carbon a.nd chlor .. 

ina gave results 1-rhich agreed 1-rell with the compooi tion predicted 

ror a one:one complex of perylene vith o-chloronilQ 

By somewhat more conu>licated recipes, black neecUes of the follo•t­

ing have 'been prepared: pyrene-o-cluoranil (pyrene-oQC~), pyrene­

oQl3r4, }?erylene-oQCl.u pe.rylcn~·oQ;Br..,, coronene-oQCl4 1 and the para­

quinone complexes, perylene-pQCJ.4 and perylene-pQBr4 • In almost all 

cases, the solids are one:one combinations of hydrocarbon and quinoneo 

The rumlysea of carbon and cbl.orine vere used to calcul.a te the actual 

ratios, vhich ·are recorded in Table 9· 

There are several vays of recovering.the con:rponents of the. complex 

sol:l.ds; as obaerved by visual inspection. A rapid (flash) subl:imation 

o:r the complex .in a thermal gradient produces separation. Tho more 

volatile oQBr and :oQCl have been oepa.roted from perylcne in this ·way. 



Table 9 

Compos:L·don ai1d cc:ncz-u.t:ration of unpaired electrons in COlac hydrocarbon­
quL."1onc solj_ds. The L1o1m:• ratio qu:tnonc/hyc:lrocar1on and the estimated cpin 

conccntrction in the colidr: ui"~hin 21~ hom1 s of preparation 

Compo-
's:J -~:lon based l]1.1paired 

upm?- a~g,ly- clectroils 
G~S O:i: Cryo tzll inc c Cl or Br pel· gram Hetllod of prccipi ta-

--------------·---------------------------------____kiQ!l_____ _____________ ~~~~~~~?c_r_.l_'<_n_n_c_c· 

Com.plc:' 

Accep­
Donor tor 

1.000 o.;:86 
Pyrene 

oQ,Br4 1.02 1.01 

pQC14 < 10~5 

PcryJ.enc 1.072 1. o1~2 10~5 

pQ,Br4 < 10~5 

6QCl4 1.038 10l.7 

1.05 0·990 10~6 

1.02 0·972 1015 

1.011 1.012 < 10:15 

oQ.Br4 l.018° 0.98o 10~6 

1·92 1.92 10~6 

1.11 1.07 < 10~5 

1.013 0.982 5xlOW -
Coronenc oQ.Cl4 0.996 0.9911, 1017 

Eq,ui1~1olcr ration in hot, 
m:r EtCl;;: 

Ev-nporo.:<;ion of cquimolar 
r:atios in EtCl2 

EquimoJa1 ratios in satura-
ted hot. dry EtC12 

Equimolar ratios in hot CC14 

Equimo1ar ratios in saturn-
ted hotd:ry EtCl2 

Equimolar ratios in oatura-
·Led hot CHCls 

J~quirno1ar ratios in ho·~ CCl4 

Previous snnrple recrystulli-
zed :from hot CC14 

Equimo1ar 1·atios in hot dry 
E.tCl2 

Ec.tuinlo1ar ratios in hot CCl4 

Large excess of 0Q,B1·4 in 
hot. EtCl2 

2 parts oQBr4 to l part pcry-
lene. Saturated hot 2>% EtC12 , 

75'}[• CCl4 

Ditto, using 10?; Et.C12 

3 parts oQC14 to 1 part 
coronene in hot dry EtC1

2 

Yes 

Ho 

Yea 

Yes 

Yec 

No 

Yes 

Yes 

Yen 

Yeo 

Yes 

Yes 

Yes 

p:O. 
1V 
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Per,ylene .and oQCl.have been separated on a silicic acid column using 

etJcy'lene dichloride and petroleum ether· as the s'ol vents e ~so, chloro­

form leaches oQBr from the perylene·oQBr• complex. 

B. Nonmagnetic properties 

1. Crystal structure. Crystal structures have been determined 

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

cases the donors and acceptors alternte throughout the crystal. As an 

example, the structure of hexamethylbenzene-chloranil was described 

in Chapter 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-cbl0l·an11, proving that the material is 

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

l~~vine 7 x 17 x 16 .R per unit cell. The unit cell contains about 

two donor-acceptor pairs. 

The essential feature of donor-acceptor adduct formation in 

solution is charge-transfer. That isJthe 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 force~. 

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

a donor-acceptor solid may have no relation to the configuration of 

the one :one complex which occurs in solution. However, the known 

alternating structures of solid complexes are quite inkeeping with 

our knowledge about one:one adducts in solution. 



2. Infrared spectra. The infrared spectra of solid perylcne com­

plexes with pQC14 , pQ,Br4 , oQC14 and oQBr4 are very uimilar to tho super­

imPosed spectra of the individual components. There are slight shifts 

in frequency and some alterations in intensity vhich reflect the mole­

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

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

complexed quinones occurs at frequencies 5 to 10 cm-1 l01<Tcr than the 

maxima observed in the unasoociated quinones .. Evidently no intramole­

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

Kainer and Otting (17) observed the same result for the hcxamethyl­

benzene-chloranil eolid. 

Physical appearance of the crystals, their chemical analyses, 

recovery of the initial entities, the definition of x-ray pho-tocrnphs 

and infrared spectra, all five observations indicate that the cryetalo 

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 cx­

hibi t charge-transfer optical absorption, some examples of '\lhich '-vc 

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

trated in Figure 141 showing tlle 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 

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

Frequencies of maximum charge .. transfer absorption in 

some perylene-quinone solids as observed 1n KBr 

Frequencies x l0-3 cm-1 
Accepter in CHCls Solid in KDr 

B 
pQC4 1}.4 130:55 12., 
pQBr.f. l3ol 13.05 12.05 

oQPl4 12., llo95 11.0 

oQBr" 11~9 llo65 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. Frequencies of charge-transfer absorption by perylene­
quinone complexes in CHCl3 and in the solid. A and B are 
two maxima observed in the solid. Quinones are: (1) pQCl4; 
(2) pQBr 4• (3) oQCl4, (4) oQBr 4 . 



alternating donors and acceptors is different fr.~ one:one irlEraction 

in eolutiona. Secondly, the configurations in solid and solution may 

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

that of tbe solution. 

Tl"£e optical dichroism is undetemined. (see Chapter I) Pwuered 

osmples \rere used in the determination of fl'equenciea report~d in 

Table 10. The doublet natw:·e of the maximum might be attributed to 

Ute random orientation of nniootropically absorbing particles. Then 

again tltcre may be two independent excitations in the solid conficura­

tion. In general, however, the optical propertieo of solid. complexes 

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

complexes in solution. 

4 • Semiconducti vi t.;y:- Labea 1 Sehr ru:id Bose (55) have mcaar~:::d t.he 

conduct! vi ty o:f' perylen-chloranil solid. The room temperature conduc·ci­

v-it.y is 10-8 obm-1 cm- 1 • In general donor-acceptor solido have higher 

conductiYity than other organic materials. The electrical properties 

of char6e-transfer solids have been studied extensively by Eley, 

Inokuchi and Willis (,38), Almmatsu, Inokuchi and MatBUllt.tga (56), 

Ko1mnandeur and Hall (57), and tabes, Sehr and Bose (55). 

5. SUllmlary. Stoichiometric one :one solids have been prepared from 

aromatic hydrocarbons and quinonea. The solido are crystalline. The 

component entities may b-J recovered6 Intramolecular bondlne; is essen­

tially unal te1·ed in the solids. Charge-transfer absorption has been 

dete1'"1Ilined. Fron these nonmagnet.ic'proper-cica we conclude that the 

crystals are near-perfect, ordered, homogencouB r,oU<13 of vrell-def'ined 

composition and structure. 

• 

... 
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C. Electron spin resonance 

1. Introduction. Bijl 1 Kainer and Rose•Innen have ctudied the 

paramacnetism of arylrunine-quinonc solic1c (10). !n thcr;e systems 

the concentration of unpaired electrons \Tas found to be t~.:~mp-:!ratm·c 

independent. Therefore the autbora sugc;ested that tra:pped in the E>Olid 

1;1,re free radicals which give rise to the observed ESR abaorption. 

Hats1maca and McDal·tell have more recently reported that t~Je ESR e.b-

sorption by the so11d co:c1plex T~1PD-pQ.C14 may be .resolved into t,·ro 

+ C0111l?Onent absorptions, one by the cation radical TMPD , the other 'by 

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

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

fonned e.nd trapped in the solid has not been deten"'lined. HO'\·rever, in 

cb.ept"!r II.B. ,.,.e have cho'lm how theoc two radical :l.ons are fonncd 

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

did not investigate the nol:l.d adduct of TMPD and pQC14 • 

~~tsuna0a (58,59) and more recently Singer and Kommandeur (ll) in-

vestigeted the parerJe.[.·;netism of hydroce.rbon-halogen ::;ol:ldG. T'ne 

temperat.ure dependence of the unpairec.-spin conccntre.t.ion in these 

donor-acceptor solids vas resolved in·co two conr.r~onents 1?y Singer and 

Kon!lllancleur. At low temperatures t.he .r:onccntration wao con31~ant, and 

the magnetic species is ten3t:tvely presumed to be a fref': rndicru. 

trnppec1 in the solid, At; hi(j.1. tel"TTJeratures, the concentration of un-

pairecl electrons increased logaritbinically as the reci:procal of the 

absolute temperature decreased. The unpaired clectrona 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 ao far free radicals are apparently trapped in the solid. Using 

our kncntledge about the formation of radicals in solutions of donors 

and acceptor ;re may su&;est how radicals are formed during precipita­

tion of the solids. To start with the donor must have a lmt enougll 

ionization potential and the acceptor must have a high enoughelectron 

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

have a large enough dielectric constant to accommodate the ionic 

charge of the radicals. So far "'ie have no·· experimental informs tion 

at all concerning t.he mecl.lanism by which free radicals are trapped in 

organic solids. 

It appears that homogeneous donor-acceptor solido are frequently 

paramagnetic because of imperfections rather than because of an in­

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

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

ment may be reversed. n1c absence of 100% paramagnetism in a given 

material might be due to the presence of diamagnetic imperfections. 

The excited state observed by· I~nndeur and Singer may be 

an intrinsic property of the llydrocarbon-halogen solids. Hovevel4 1 t is 

conceivable that the excitation occurs at the oite of an ~erfection. 

Actually the reproducibility of tbe ESR and its excellent correlation 

"1-Ti th conductivity measurements make the hyPothesis of an imperfect.ion 

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, and '\-Te have used it as an attempt to 

generalize the work of others. We ourselves hav-e made no measurements 



on the cyotcmo vhich have just been reviewed.To consider the trapped 

ro.dicula as imperfections io a convenient generalization l-rhich contri-

butes no ne,., knowledge. The point ia that the solids arc not completely 

regular •. Solids uhich are formed by tl::e conibination of charge-donors 

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

tvo cases studied, trapped radicals occur (according to information 

available now) and the donor-acceptol' solids are imperfect. 

The word, imperfections, has been used in the very moBt general 

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

propert.iea of im;per.f'ectious in/organic materials may be quite different 

from the properties of imperfections in inorganic materials (60). 

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

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

used only tetrahalogenated quinones as the acceptors. 

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

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

quantiiltive measurements ho.ve shoi'm that the concentration of unpaired 

spina v1as very irreproducible and time dependent (see also 61). The 

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

certain recipes it is poscible to prepare oome complexes free of 

detectable ESR. Therefore ve conclude tha·t; the hydrocarbon-quinone 

complex oolids are not themselves paramagnetic. 

Evidently imperfections are the cause of ESR absorption in the 

hydrocarbon-quinone solids. The imperfections could conceiv-ably be 

defects in 1he crystal structure or trapped impurities such a.s free 

1·adicals. 
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No cl~e in the ESR vas observed when large crystals were finely 

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

paramagnetism once the solid has been formed. 

In solids initially free of ESR1 the concentration of imper­

fections in ortho-quinone complexes {oQC14 and oQBr4 ) 'ma increased 

several orders of magnitude by heating the complex solid (see also 

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

observed on crystallization. ESR absoi,ttion by the para-quinone com-

plexes did not increase uhen the solid was heated for several hours 

at 125°c. Para-quinones have higher melting points, and in complexes 

* tl1ey may have leas tendency to migrate and introduce in~erfectiono. 

An example spectrum is reproduced in Figure 16. The acceptor 

molecules do affect the g-value. Imperfections in perylene-oQCl4 have 

g a 2.00270 <t 0.0000) reproducibility); g = 2.oo;48 (! 0.00010) for 

perylene-oC'.£I)r4 • Line,ddths nrc 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 

believ~ that hydrocarbon positive ions and aemiquinones 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 a T2 ... 

;8 m~ sec {6;)) the resonance \rae very easily saturated. Betlreen 4o0 c 

0 and -80 C the concentration of 1.mpaired spins in perylene-oQC14 \Tas 

* Prolonged heating of the oQCl4 and oQBr4 COITQJleAes produces a 
second radical species '\-rhich has a linmddth about one-fifth 
tltt of the first. 
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Fig. 16. ESR absorption derivative of the imperfections in perylene­
oQBr4 at 100°C. The two peaks at each side are the Mn++ standard. 



:fairly constant 1 vi thin :!" hO)~. Ii' one assumed en activation energy, 

E, ~or production of unpaired apin3 1 then E S 0.05 ev. 

An increase in ti1e ESR nbaorption vas oboerved when tl1e solid 

pcry1eric"oQCl4 1vas illumtnntcd at temperatures above 8o0 c. Only 

\ravelenrrths greater than 700 mp. ''ere effective (ace alGO 6l-1-). Pro­

bably this photoinduced ESR is the result of heo.tine;, nl though th~ 

effect appears to be reversible. 

:; • Summary. ESR absorption has been observed in hydrocarbon-

66 

quinone complexes which are themselves diamagnetic. The unpaired elec­

trons occur as imperfections. Some characteristico of their ESR 

absorption have been described. 

rro detailed description of the imperfection ia poooiblc nov. 

For example, ar.1ong tbe many possibilities not yet eliminated, tbc 

:tnwerfections mny be ·J~rcc radicals trapped in the solid. 
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V. EXPERD·:IEUTAL METHOIX3 

A. Electron spin resonance 

1. General cb.ara.cteria tics • An X-band spectrometer 'd th trans­

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

P. G. Sogo. The external litalJ,llctic field vtaa modulated at 200 cpa and 

the ESR absorption derivative recorded. l~crownve abso1~tion was ob­

served by detecting the decrease in barretter resistance. Unbalance 

of the barretter bridge at 200 cps '\vas amplified conventionally and 

passed to a phase sensitive detector whose de out-put 'Has recorded. The 

recorded voltage change with paramagnetic absorption is analyzed in 

Appendix II .A. 

Frequency of the lU.ystron was automatically controlled at the 

cavity resonance. Possibly the recorded .noioe was caused by limitations 

1n frequency control. 

Two kinds of transmission cavities were used, a cylindrical Tl:lo.u 

and a rectangular 'l'E103• Q-values varied from 3000 to 5000 in different 

experiments • 

Practical sensitivity of the spectrometer '"as 1014 llllpaired­

electron-oerated2. 1015 radicals of D.PPH gave a sisnal-to-noise 

rat.io of 10 for rapid and unA..istorted detection. 

Two 6-inch diameter magnets were used, both having gaps o:f 2-l/4 

inche&. Attempts of high resolution were probably limited by the field 

modulation e.mplitudea. At practical signal-to-noise ratioa, 0.1 oer­

sted is en cs·titnated limit of' reoolution. 

In a few cases where l:ligh.er sensitivity '\-laS required, a 100 kc 

reflection spectrometer vros used. It incorporated a ·Varian modulation 
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and control tmi t, fudel Vl~560 1 and had a senoi ti 'Vi ty about fifteen 

t:lmeo better than the e.bove macilinc. 

2. Concentrations of unpaired electron cpins. Sinccr Wld K01~11Jlnn-

" dcur diacussed some of the practical problem encountered in concen-

tration measurements (11). Singer haEJ also dezcribcd a method for 

dete.rrJining the concentration of unpaired opins {65). A ruby \iUS 

fixed permanently on the cnvi ty \roll. Orientation of the ruby ;;as 

adjusted so that its resomlJ.J.Ce a.baorption l«lO displt1.ccd :from the reson-

auce pooition of the rac1icl,1G, and they did not overlap. The concen-· 

+++ 
tration of Cr in the ruby 1:as calibrated \lith kncnm amounts of 

CuS(4 •5II2 0,HnS04 '1!.20, a:nd l,l··diphenyl-2-picrylhydro.zyl (DPPH). At any 

time the first moments of the ruby and of the radical absorption 

dcri vati ves could be cor;r.Ps.rcd. 'I'he mait1 advant::;.ge o:f this method is 

that 1 t avoids urJe of organic free radicals wh:tc~l arc Ul:H.ltable. 

i~e attempted to u:;:e ·i;hc Jill!++ ion in r.JgO as a r::;tanda.rd but dio-

covered that the resonance was ea.3ily saturated. 'l'o avoid saturation 

dii'ficu.J:t.ies 1.-1e decided -'w usc a fre<? radical standard ill spite 

of its inst;ability. 

All quantitative calculations of the number of Ullpaired elec-

trona were referred to the DPPII radical. Pcire:L", KalD.el~ and Benington 

mcaourcd the optical extinction of' DPPII at 529 lnJii-,/E= 37 (g/J.)-l.cm- 1 

in chloroform (66). The highest extinction coefficient measured on 

:;nnples prc:;_Fed by us lma 54. The Ald:L"ich Che111ical Caapany provided 

one sa;..rrplc (of' several) 1Thi,:h, lvhzn received, had an extinction co-

efficient of 37 {g/1)-~cm-1 • This fie;uxe decreased \-Tlth time until 

reaching a constant value of >2·3 (g/l)-1cm-~ a~ter one year. 



At any time the fraction of DPPH in the solid ,;as calculated to 

be the ratio of the mearured extinction coefficient to 37· The stan­

dards vcre prepared by '•eight and dilution, where the measured weight 

was cor1·ected by this fraction to give the weiglrt of DPPII. 

The optical absorption obeys Beer's Lart bclov 10-3 molar DPPII. 

There are numerous reports concerning the effect of oxygen and sol­

vent on the DPPH electron opin resonance absorption (671 68,69,70). 

A TE103 cavity was employed, follm-ting the Eluc;cestion of Kohlcin 

and Muller (71). The DPPH standard and the sample uerc positioned 

each in a separate maximum of the resonating micrm·~vc macnetic field. 

Except perhaps for the caGe of water, it was shmm that the clielcc­

tric conotant of the sample did not greatly affect the concentration 

measurement (Figure 17). Within the experimental error the micro,;ave 

field intensity apparently was reduced equally throughout the cavity 

by dielectric loss in the sample. At theposition of the st.andard 

the cavity vas sandwiched bet1reen Helmholtz coils. The DPP:N, absorp­

tion vas 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 sweep of the external 

· field the sanu;>le absocytion and standard absorption \<rore displayed 

separately {Figure 18). 

If the Widths of the. two absorptions by sample and DPPH vere 

the same, the amplitudes of the t'v-o absorption derivatives vere used 

to compute the ratio of 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. l. 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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Fig. 18. Typical concentration measurement using TE
103 cavity with displaced DPPH resonance. Compar­

ing DPPH with imperfections in perylene-oQC1
4

. 
Linewidth of the DPPH absorption is caused by 
inhomogeneities in the external field. 
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Ii' ·the widths diff'el"'Cd 6light.ly 1 by less ·than a factor of 1.\-lO, e. 

some,·rhat more cor:rplicated computation ~-rae nnde. lcleally, the integrated 

absorption (double integral of the displayed derhutive) should have 

been determined. Be:cause of noise it 1ms impossible to determine end­

points Of the a1.>aOl'Ption tails • The limits of integJ."a tion on the 

recorded field axia bad to be chosen somewhat arbitrarily. Silabee 

ohmrecl (72) that t11e first momen1~ of t:1e absorption derivative 'HflD 

theoretically proportional to the integrated absorption. The simplest 

appro:':imat:b n -t.:.o the first moment is the derivative CXIPlitude times 

the eq~:are of the derivative width, AH2 • For nample and DPPII 

lincwid·~hs not rrruch d.iffcrent from cnch other, COlUJ?arir.:on of the 

appro:xima:ce fir~Jt moment, Alt12
, may be more accurate than comparison 

of the integrated abzm:ptionn 'becc.use of the influence of noise on 

the latter. Tl:J.ereforc ill the caoc of sinrl.la:' linc\Tid.ths , the AH2 'Ills 
' 

used to conwute the relathc nu..mer of spins in the srua;ple and in 

the standard. 

Frequently the sample ebcocytion had too great a line\oridth to 

usc either of t.hesc rcla~civcly cimplc computations. Then amplitudes 

and ap:proximu.te first lilOille.nts were only used i'or relative concen-

tration measurements. -~·ihere absolute· raeasureL'lentu were required, the 

e=~ct f'.irst moment of tl~e c1erive.tive had to be determinec1. The pre­

cison of this method ,ms about t 2.0~ in t.he absolute conccutration of 

unpaittecl electron a. 

3· Temperatu~ce depend~e Sometimes the 0811q)le contained a 

polar solvent. Therefore, e.t different tempcra·t;m·es ·t.here uere differ-
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ent dielectric losses in the micrawa~~ cavity. Temperature dependence 

of the recorded voltage vas caused not only by changes in magnetic 

absorption but also by changes in dielec-tric ab::>orptiou. Therei'orc 

. the use· of an. inte1-nal ntsndard -was essential. The standard DPPH 

obeys Curie's Law in '.;l•e temperature region in"'v--cotigatcd and is a 

convenient standard, except for ita instability. The Tlho:J cavity 

vms used to measure the concentration of unpaired electrons as a 

first moments were obtained as \rell as possible. Ot:bclidse, the o.m-

plitudcs were CC>111]l.red directly. 

4. g-'l.ralucs end vridths • .An Mn ++ in l-1g0 standard i·rhich could be 

d.ispel~sed .in a polyethylene Gleeve had been dcsif9.1ed by Lin0.1:-lom us 

. ++ ++ +t 
an int:rnal standard (73). Hn vras introduced into NgO, the 1'-:ln. :!~ 

rat.io being about 1:500C', Tbis HgO J?mrdor ims diluted H1th poly .. 

ethylene and molded i:u:to slee-ves vrhicb. fit snugly around "tlle srunl_)le 

usc of e. plastic sleeve enabled one . -co keep the unlmown in a fi~:e<1 

gcomztr-.:r in relntion to the r:to.ntlard, i.e., tb.c two 1-TE:r.e a gJ.ass 

tube and a concentric plaGtic cylinder, respectively. Ti.tc Mn++ oJ.cc:ve 

vas calibrated by sliding it over a p:roto:n probe ru1d m..."'ld.ng aimul taneou::> 

mcaHu1'ements of the electron and proton resonance a·bsOl"'Ptions. Tuble 11 · 

gi 'tcs the resul tn, i~ g-valuc units 1 o'f the culi"o:ration for the six 

hy.Qcr:finc components of the lm ++absorption at:. 9.8ltJ~ Kulc. The value 

:fl'CCJ.UCt'lcics to calculate the resonance positions. Frs'.).ucncy LlCB.3'..lre-



Table 11 

Standard i'or g-value deterlllinations. ~el"i'inc s"ttuctUl·c 

++ 
of l·ln in l·jgO at 9. G44 Kruc 

Aosorption 1inl! 
(increasing field) 

EffectiYe G 

* 1 2 .1;)4!~~ t 0.00020 

2.0&216 i 0.00020 

** 2 .o.Jnh ... 0.00009 -
4 1.9£31;50 + 6.00009 

1·93521 + o.o.Jozo 

6 1.88:)99 ± 0.00020 

m.a.e. ± 100 ppm 

** 
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ments 'ierc mude oi ther ·wit.h e. HclTlett-Pccl~ard freq,uc:r!cy n!etc:r X) :;oA 

'or on IlP )hOA. tran~fcr occillator and electronic courriJex· 52I~B u.t L.h 

converter. 

os the free radical line. The c;-vnlues fo!' the free rotHc~;lD lvCl''=: 

uetcrmincd by interpolstinc; bcti·T•3~n the Hn ++ lincc. P. chc:J·nc.te;:.:.w::.ic 

reproduction of tb.ie Si·recp i~ shmm in FiGure 19. 

Precision g-vo.lue meosureruent~ have been r11DCt1.:::ncc1 b,;· DJ.oir:. :· 

,3ro1m ond H'lling {1~7). vle llave been interestN~ in a. rnpid and co.~y 

mca.ouremcnt': \Thich is Auito.blo for ane.lytico.l purpofleo e.t tl1e frc-

qucncy of calibration. A precision of ± 0.000'2 '\-tas unuel. There are 

++ low intcnoity satellite lines of Hn '.;hich nbsorb :l.n the fre3 reClicul 

reoona11ce positions. ThGrefore, it is ne(~eaaary to l~eep the ntam1nru 

~mttll com:pnrcd to tl'le number of UlrJlSi:r.ed electrono 1.n th:; oanpJ.e. llo 

correc·t.iona were made for acviations of the microYmw. frequency from 

vTiuthn ,.rere nlco dete:r.min€t1 by thir. intjer_polotion rroccClurc. 

the position of c1erivati vc mnxime. between the Hn ++ lines . 
. ++ 

It '\-:as conv'.mient to co.J. :l'brate tht::'! Mn in l·~zo sleeve es an 

on<! s;;ee:p, tl~e first moment of _both otandrd and un.l:no-:m coul-3 be 

Value r:1::.o.crurcments, viC.ths and a:r:p:rc::d;nete concentration cst,5.mv.tes 
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19. ESR absorption produced by vigorously m1xmg 
perylene solid with oQBr 4 solid at 25°C. Typical 
determination of a g-value, g = 2.0032, and comparison 
with other known g-values at 9.6 Kmc. 
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made in this way vae reproducible to t 20~ for 101.4 radicals. Aboolutc 

. Jill 
measurements were good perlmps witwan order of macnitude . 

5• Saturation. The degree of pcnver saturation lms dctel',nined 

for moGt of the observations of microwave absorption. The recorded 

total signal ltas obtained as a fuuction of the pm·rer incident the 

cavity fz•om 0.5 Im-1 to 250 :row. The degree of saturation 'ms computed 

from tJ:1e deviation of this function from linearity at the pcmcr l~·vel 

The theoretical relationships bet\veen power, ~1aturation factor Z and 

wic.1tll for e. homogeneous system having Loren·~zian linesllape are reproduced 

in Appendix II.B. For simplicity we have used e. phcnoiJcnological de-

i'inition of t.he saturation factor Ze" lThich is the theoretical z only 

under certain condi tiona • Z is the experimental saturation i'~tctol~ ea 

determined at the amplitude rua:xima of the recorded dcriv't\tive. In-

eluding linewidth changeo 1 Z
6

t is the total saturation factor. 

and 

A 
mP 

a o 

Z l/2 
a AtF 

~t -~-

mtPo ' 

vhere A is the maxinrum amplitude of the de:r.ivative of FSR absorption; 

W is the width between derivative maxima.; and P is the incident micro~ 
0 

:uave potrer. At low P
0

, Z = 1· and A = m P • Thus at lmr power the 
a o 



the amplitude increases linearly with power, the slope being m • a 

Likewise for mt. l·bst measurements -were made with about 20 mw inci­

dent to the cavity resonator, 8 nn·r incident to the barretter detector. 

Nicrm.rovc povter transmi ttcd through the m;i ty \ras determined 

directly by the ba.rretter detector. I:f' the bias vol tago of the 

barrctter bridge was measured when the bridge \TaG balanced 1 the 

micrmrave power at tre barretter could be calculated. Tlt:! po;..rer at 

other points in the wave&-u1de wao deteroined similarly. The absolute 

pover 1.;as determined only a.t the beginning and end of all o.nturation 

measurements. Direct rcading variable attenuators {Hevilett-Paclmrd 

:;e,eA) were sufficiently accurate to measure the pm:er once the ab-

solute determination had been made. 

13. Ocher ph.yoical meaou:rcr.lCnts 

•.fue optical absorption spectra vere obtained with a Cary Nodel 

l!;.M recol~ding apectrophotomet,cr. Cells of' lengths bet"t-7een 10 em r:md 

0.005 em were used. 

A Deckman m7 was used to obtain the infrared spectra. The in­

strument 1-ms used \-lith automatic conditions at 200 c:m-1 /min sueep. 

De conductance measurements were.made with a vibrating reed 

electrometer {Applied Physics Corp. Nodel 31) '\rhich recorded the 

voltage drop across a standard resistor in series with the conduc-

ta.nce cell. Ac measurements were made at 60 cps l-Tith an Industrial 

Ins·cruments, Inc. Conductivity Dridge Model RC 16. The cell supplied 

by Inaustrial Instruments was a pipette type vith shiny platinum 

electrodes having a cell constant about 0.1 em-~. 



c. Chcnica.l technique:. 

Cllciuical opcrationo t.-c;rc done in the. at~JJOSl?iH..:rc.:, in a d1·y bo:;: n~1cl :U1 

nitrogen rcocrvoir. I-t, contuincd lc::w t.ha.u l Pf'T:l i;;I?Ui'lty. The C.iiCCJ? 

Quinones were rccr'Jntallizcd from carbon tetrnchJ.ori<1c. Dimct1iyl-

·o.nilinc and othe:r. sol vcrl:u \i"Cre purified accordinG to VoGel ( 7.:3) 

nnd Heiccbcrccr (76). Tctrruucthylphcnylenedimninc and the hydroccrbono 

0 
·were vacuum sublimed e.t temperatures up to 200 C. Al1o.ly<..;cs of some 

st,o.rting materials follmr. Perylene: Found, C = 94. oJ 1 II = 4. 85; 

formula., C cs 95.20, H"" 4.8o. o-Chlore.nil: FO\Uld, C = 29.0.3, Cl "" 

57·32i formula, C = ~9 • .30, Cl = 57·70· 



VI. CONCLUSION 

A. Radicals in solution 

1·1hetller or not an electron idll be tran sferrcd f'ro:m one orc;nnic 

l.:lolcculc "'co anothe:(' in solution is primarily determined by tbc ionizo.-

tion potential of the donor r<lolcculc and the elcc:tron a.i'fini ty of 

* Jche acceptor. Ho accurate electron affinities of quinoncs are avail-

able nOir. Hmrevcr, GL'"lce the ionization :potentials of urylonincs nnd 

h:yd:roccrbons arc lm01T.\l (Table 12A), tb.c rcsul ts may be discussed in 

to<n-:;lS of t.hcse dm1or molecules uhich '·rere used. For example, chlor-

anil (pQC1 .. 1 ) hasbcen allOiJed to react in solution vitb. N,N,N' ,N'-

·tctrrunztbyl-p-:phenylenecliam:tne (TMPD) 1 t;ith N,N-dlmetl1y1aniline (DHA) 1 

ond iii·i;h J?erylene. The rcsul ts in each of these t11ree systems a1-c 

nOi.i' ::·8vimred and their relationGl:lipf:; cUscuceed. 

For tbe first; tiiue iic ho.ve observed by ESR the hypcrfinc struc-

ture of ·the Ti>:tPD positive ion in the presence of a transient chlor-

anll ocmig_uinonc. T.t1is is }.JOGitivc evidence that a cOniJ?letely ionj.zed. 

cJ.ectron transfer from THPD to J?C:.Cl.-:. does occUl· in acetonitrile to 

produce frce radicals. 

F'ree radicals "<<ere also obse:-cved .,,;hen IJQC14 1mn dissolved in 

Dfii,CI. even though the ionization :potential of DM.A. is about. 0. 7 ev 

grco:i.:.cr tban that of THPD. Ho-.rever, a sir.;·:ple electron transfer is not 

observc.d. In -'chis case "che radical semiquinone of' c1.Jloranil is an un-

stable intermediate in ·the ree.ction of p~l4 wi-'Gh DHA, vhooe product~ 

* The ei'f'ect.s of ionic solvation, ion-pair fonuation <;md the ten­
c~ency to i:'Ol"'ill covc:.lcnt bonds arc a.rbit:c~arily asstuned to be tl:.e 
sane i:'o::L· all co1;rpounds under investigation. 



~e.bla l2 

A. Ionizv;~ion potentials ( 77) 

H11l,N',N'-tetr3Jllcthyl-:P-Plienylencdiamine 6.6 ev 

n J li -di.":lcthylan11inc 

* B. Ik:J.:ti ve electron af:fini tieG 

Io:l.:!.ne 1.8 ev 

ChJ.oran!l 2.r72 

Bl'omoni.:J.. 2.76 

o-Chloranil 2.8"{ 

o-Bromv.nil 2.91 

c. l:ielcctric constants ('76, 7a) 

* 

N:H-dimethy1snilj_ne 

E~~hylenc di chlor:tG.e 

U:lt,rooenzene 

AcetonitriJ.e 

E 

4.91 

10.;6 

2.66 

The -~aJ..ue for iodine EA 2= 1.8 ev, vas taken f.rom the work of 

Fcr(;l.lGOn a.'1c1 Natsen (9). The other wlues \Wre estimated 

oc.ouming e. linear fu.11ction :r:or the charge-trn'nfli'er frequency 1 

v CT. v C'I' = C ll:ll EA. For a given donor 1 in tlrl.s case pcrylcne, 

C is a cons taut. Exa.ct.ly, a more complex functiou holda in 

which case th9 electron affinities estimated for quinones 

nrc sm;~cu::-!at lrnrcr, rcJctive to iodine, ·then the valuc:.s reported 

here (5). note o.J..sc "clu:rt ·::he eff<.;cts of ;polar:tzebi..!..ity on vCT 

lr:e been nceJ.e~teu. 



ir. c:r;ystnl v-.i..olct. ~~1c k:Lnctics of the reaction n:.:.y l1c c::Q)laincd if' 

'l'be ::>cr.uquillcflc i::: rro-

t.'.!.).d D?li\., but still over 0.5 ev c;rcatcr thau THPD. IImmvcr ,· no r:;~R 

bCD.!::~CllC • 
.. 

~.). t...) (.:v·, ·i;,J:c 

l7c 

c.orac a:p:pro:~.Lwa tc electron 

alloucd ·;,;o rccct 111 th 

in :rete :J.o.G ~~cnta.tivcly occn ascignccl t,o a s~teric :fact.o.r·. T~·1e rc::-:.ction 

'l'llc l:ind o:f reaction 1.rhich 11ill oc•.:!m~ bet;uecll u (lo:uor ancl an 



cule is u~ed • .An electron i1""ill be transferred di.rcctly from donor 
' ' ' 

·co acceptor only vhen .. che ioniz1:rtion potential of ti1e donor is suffi-

ciently lo-w·. Although tl1e kind of reaction depends upon the donor, 

t!J.e :~:-a·tcG of these rcac·i;ion'l <l•;;pend upon ·the kind ·of tetrahalogenated 

quinone U<jed. · It has not 'be.:;n eGtablisl:..ed ivhether the difference in 

the rates is a result of small differences in electron• affinity, 

1czs t.lwn 0.2 ev, or is the result of s·reric fact.ort:l. 

Tl1e dielectric constt.l1t, €, of the medium i-iaG a controlling factor 

in the tronsfer of an electron from THPD to pQ.Cl4. In o.d.dl. tion to the 

po·ccntial for complete elec~~ron transflr, the medium mus·t be able to 

accCr.mJ.oda'l:;e the ionic cb.ro·t:;o o:r the radicals :!:'or the transfer to 

occur 1...'1. prefel'ence to other reactions. The transfer from TNPD to 

p(~Cl4 occurred in acetoni·trile, E: "" '57 ·5, not in ethylene dichloride, 

m.l'A 1-w.s a low dielect:~.'"ic constant (T&ble l2C) and ve tried to 

induce sn elec·tron ~Gransfer to :pQC14 by adding sol vents o:f higher 

polarity -to the Dl1IA. It vas found_, however, that addition o:t solvents 

to the DlO:iA solution of p(:Cl4 cb.anged the characteristics of' this react-

:tng sys-tem. In general the addition of solvents destroyed the observed 

:&.SR absorr.rtiou. 

t~eo, no electron tranc~er from perylene to oQC~ was observed 

in solution by ESR, even in nitrob.enzene. The dielec·~ric constant of' 

nitrobenzene is = ,54.82, vrhich is similar to ·the dielect:ric constant 

of' a.cetoi1itrile in 11hicl:;. electron transfer bas been obserircd f:..~om 

or course there may be some specific local solvent 

coor<1inatio:1 '\-Thich inva1ida·teo co:rrrparison of the :macroscopic dielectric 

constru1ts of acetonitrile, and nitrobenzene 



In oolution ":;c hcvc n tudicd tt-ro reactions in \lhich both donor-

accci,Y!ior COUl.Plexcs and free rac1icals are o1Gc:i."" .. -ed. An clcc·l:iron trans­

i'Cl' from 'l'HPD to pQC14 occurs in acetonitrile. pQ£ .. ::14 al:.Jo o:;;:idizcs 

D}jP.. HQ\.;cvor, only in tll~ first case docs the clect;ron e.ppcor "',:,o 

tl'€m~:f'cr d~.l'ectly fron1 tb.C; c.l.oc:lOl~ "'.:.o the ecce::ptor. 

In the 1·eact~.on of qyinones 'iri tll DHA, t:~e ocl':l:!.quinoncz -• .-~re 

identified by their g-valucs. He tranted adc1:i. tiorol evidence tha·~ the 

ol)zerved. l'i3.<.1icals ·Here eemig_uinones. The :f'l'..lorenil ocn::iquinon~ nor-

I.Jally has e.u ESH e.bsO:&.J?tion opcctrum con:;iotint; of five .hj'JtCti'ine 

coDJ;i?oncnts. O'o~c::·vation or t~io hyperfine ~plitting in the reaction of 

tluorenil \Tith D.VA \m1.lld hove aided conoi<.lerably in identifyinG tl:.e 

intc:::modiete ro.dicaJ.. Ho1:evc::·, in the presence of a hif,l1 concentrL-\tion 

o:f fluori:mil, "1·7hich '\fE:l'e the eonditions o:f the c:=1_1crimcnt1 the fluorine 

l:,ype:r'f'inc :pattern "ms no·c rcsoJ."'!eCl. Apparently the scmiqt'linones · 

c;,dct in o COlliJ?le:c environment in 't;'l1ich ro.:pid electron t:ransfc r among 

quinone, Gen.ctquinonc and bydroC)_uinone ion is likely. 

D. liJ!)C:tfections in solid£ 

ESR abso:rption l.uc G.ioco·:crcd in h;rc'lroco.rbon-quinone soJid COJ.l­

plc::,~s. !J.."i.te :pars.t.."tC\[.nctico could not be correl!ltcd 'iith tmy other 

:properties Oi' the solids 1rhi.el!. lte dc"'ccrminea., and it is quite irrepro­

rJ't~ciblc. .LiJJ:~ereutly the obocrvcd ESR is caused by an imperfoct,ion 

ln tl'ie general sense; that is; ~:,he donor-acceptor r-olido are not them-

Tbere 8.re ceneral clmrnctcris-t:!.cs in the E.SR t1'ocorpt.lon by the 

re::y:.ene-quinone solic\.s '\·thich uill b~; Ut;Cd to acBic;t1 ft more specii'ic 

Gt::-uct;urc ·co tl!e in:perfection in the f'uturc. 



c. D:Lsc'\:'.G:Jion. 

Tl.t0 ~ositive r>:.-rmlt3 obtained b;, this :resea:;:ch l:c.vc bcc:a related 

<lu:i.noncs. 't-ie point out ·i:;ha-t in 11cue of the caues u-t.u<.licd vere the 

otmo::-ucccptor coll!l'lcxcs or soliuc; tnet;.sel ves intrinsically pard­

ll1H&nct:i.c. P.atll.~r the c1ono:r o.u(! acceptor :;properties of the organic 

mnterir:tln rccult in tr.vo ouoel-rations. One observo;C.ion is ·U:J.at t.}lc 

o01'1orn uo ae.socia .. ::.e li'ith the e.cccptoru to form uicmwQletic edducts. 

ScconllJ.y, -1.-d.~~se c·'onors un(; acc~ptors frequently re:act to :f'or-Jll pru:-a­

l..'lC.GJ.lGtic SJ:?(:cien, that .io: radicc.lls and itlper:f't:ctions. L1dGe<i the.se 

cbse:L"'mtions r:.my be relat.N1 if ·i;hc donor-acceptor cOllT'J?J.~xes are 

1'rCC1.':1"ZOl'S Of the O::,:;.n6tic ~liCCiC6 • 
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.APPENDIX II. 

A. 

The recorded voltage change with ESR absorption, as a function 

o:f tile· micro•;a ve frequeucy, ID 1 is f::N r. 

where G is a numerical factor including the barretter constant and 

instrumental gain; i\_ is the :filling factor,; ~0 is the unloaded 

quality factor without magneti.c absorption; P is the p011er :l.ncident 
0 

the cavity) H is the amplitude of magnetic field 1!lodulation; and X" 
s 

is the absorptive magnetic susceptibility. 

N0g
2~s(s + 1) 

-------- (1)0 

3kT 

r- g(m - (1) ) 

n! o 

~~ + 1/4 ~-~ 
f) 

vrhere g(ID - w
0

) is the shape factor and the other familiar constants 

are de:fined in Appendix III. 

B. 

The recorded voltage of Appendix II.A may be written for a 

Lorentzian lineshape factor as a function of frequency. 

AV = r 

2CN 'I' 3 
0 2 p 

0 

l 

90 

C is an instrument constant. The maxima o:f the recorded derivatives are, 



+( AV ) x = - r ma 

"\·There 

z ... 1 

The width of this Loren-l;zia.n line bet\·Teen derivative maxima is 

2 

c. 

-1/2 z 
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The following working equation was used to calculate the micro-

'rave magnetic f'ield maxima in the TE~os cavity: 

vv 
(1 - T)\ 

H~2 is oerstrd2
, maximum of the total linear 

polarized field, 

P
0 

is milliwatts power incident the cavity, 

T is th<'! cavity transmission coefficient, 

~ is the loaded quality factor, 

V is th.e cavity -volume :tn cm3 , 

v is the microwave frequency in cps. 
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.APPEND!Y. !!! 

T!je Gaussian system of units has been used in discussions of 

molecular properties. The ~gnctic field and induction have been 

asswued equal. ~~gnetic quantities are eXpressed in oersteds. 

1·lllen making the transition from measured quantities to molecular 

interpretations, a mixed system of units was used. Measurements 

w:;re raade in m~s units; .interpretations were made in e;aussin uni to. 

The 1-rorl-cing equations relatiug experiment to theory contain both 

znl~;s and gauscian units, with the correct numerical conversion 

factors. 
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DEFINITIONS Aim NUMERICAL VALUES 

Planck constant 6.62491 x lo-27 erg-sec 

Bohr magncton 

ids.[;llctic moment ot the 
proton in uni to of the 
Bohr rnagnc'ton 

Spectroscopic cplittin7, 
i'ttctor 

Spectroscopic splitting 
factor of a free electron 

~P(oil~-) 
!3 

Effective electron spin S 

Absolu-~e temperature 

Concentration of unpaired 
electrons per gram 

F:requency 

Freq_uency 

Total a~litude of the 
microwave magnetic field 

External de magnetic field 

!.tOd'\.llation amplitude 
of the external field 

Spin-lattice relaxation 
tirae 

Spin-phace coherence tm.e 

T 

v 

0.92732 x 10-2° erg-gauss-~ 

2.00229 

· degrec~s 

gram-l. 

;:yclea-sec-~ 

radians-sec-1 

oersted 

oersted 

oersted 

sec 

sec 

~- Nuraerical values ob-~ined :from the following rei'ercnces: 

J.H.M. Du14~~d, Ann. Physics, 1' 365 (1959). 

D.J".E. Inr,rru:1, SpectroscopY: a.t Radio an:1 Micro\Ta.ve Fre~~~ncie~ 
nut,terworths Scientific I'ublica tions, LOndon .. {1955) ." 

S. Lit::b(;s, Jr. and P. Franken, ?hys. Rev. 1161 633 (1959). 



l. Q. TollJ.n.., P. lt. Oo!J\> tW4 U. Calvin, 1u Pho·to~or1odiR Gwl 
~latM1 l?honcmna 1n Plants Qn(1 An~a, puhllaha by ~1can 
Assoc:.at;;.o:u ror tlla /..dveo.c~~t. ot Science, Wash1n5ton, D.C. 
(1959) I P· 4'(. Alco, a. Toll1n, P.B. Sogo cmd u. Calvin, 
Aun. N.Y. Aced. S~l. ~ )l.O (1!158). 

2. ll. ~~su1 H. Invttuc:h.i and Y. Mats~, Ibture, !1lt 168 (1.954) 

3· a. Ka.i.n~r, P. BiJ~ emd A. C. Rosa-In.ues, Ua'tu1'Vioa ~ Jl) {}954). 

4. D. a . .!C~.., ~r.r:aoo~s, Univ~rcdty of Ca.;.if'ornia, .Beriiel.ay (19$0). 
Urdv$r~1t,t ot cl.i.\li.fornia ~tion Ia.boratory Report UCRL-9lro, 
,J-WJ.e1 l_iSJ. .AJ.ao, .D. a. lCeorna, G. 'l'oll1n, c.u:Kl bf. Calv1n1 J. 
c hem. .P4.Y~. Jb 10~ ( l:-)$0) • 

j. G. Brie~eb and J. Cse~, Angev. Chela., ].!, 40J. (1}00). 
U:RL Trfm8l.at..:..on 6:)4. 

o. 1}. Brie~eo and J. l!zc~~. '/.. EleAt"t.roChem. l2, lb4 (1955)· 

·7. D. ~tb..., Sc!.ctnce Proges~, ~ 4j5 (.1.930). 

8. S. P. ~~Glynn, cn.ew.. Rev. ~ lll3 (1~5(3). 

)}. E. E. Jt'I$Zl'~oon ~'ld F. A • .t~:ltsen, J. Am. Choza. Soc. ~ )268 
{1900). 

10. D. BiJl, H. Kol.1ner cwd A. C. &>~:;0-Inn..:s, J. Cbelu. Phya. J2.., 
785 (1959). 

ll. L. S. ~:tng•;r and J. Y..o~~ldeu.r, J. Clltllm. ?llye. J!, 133 (1961). 

12. D. D. Ch~GUut, i!. Fo~t.cr, W. D. P'llillip$, J. Cheym. ~. J!, 
W4 (1~61). 

14. fi. D'ootel·, D • .U. Ikrmaiclt oo.d B. Ii. P'.lU"60nll, J. Chom. Soc. 
!2).§.; 55 5 • 

15. T. '!. R!~Y'd.1n,b t:.!l.ii S. C. l:l&ll\rork, Acta Cr"'ftlt• ~ 7ff/ (lY55}. 

1s. K. &;;lb;~:.::l:i!:.J>to, J. Ar:l. Cnzo. soc. J2t, 1739 {l~5a). 

17. Ill. 1\o.,inor o..n'i t.J". Ottill.d, Chr:rJ. E~l'". ~ l5;l2l {1955). 

18. R. Voatcr, t"~t~, ldl, 337 (l95U). 
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(1)52). Also, J. L'lnd.a.ner &ld H. HcConnell, J. Am. Ci'lerll. Sol!. 
7h, 1221 (1952). 

20. H. lkCom;e11, J. s. H001 and J. R. Plntt, J. Chern. Ph;yf.l. ~ 66 
(1953). 

22. 

2). 

24. 

26. 

2B. 

30. 

31· 

32. 

33· 

35· 

F. Stl·ie'wr, Unive1•a1ty of California Radiation La1)ora.tory R(:po1•t 
UCIU.-d)06, 1960. 

0. HaF-s~l and K. o. Strumme, Acta Chem. Scaildc g., 1146 (1958). 
' ' 

H. J.<ah1er and A. 01)er1e, Chem. Ber. Q§_, 1147 (1955). 

R. E. t4i.ller and W* F. K. Wynne..Jonee, J. Chem. Soc. ~12,2., 2375• 

R. F.:.1ater, J. Che.-n. Soc. 1959, . 350d. 

G. Brie2;leb, W. Llptay aud t4. Ca.rrtn:er, Zeit. Ph;ysl!t .• Chem. ~ 
55 (1960). 

tt. M. Buck, \v. Bloenhof'f nnd L. J. Oosterhoof, 'l'etrs.hedron Letters, 
;;., 5 (1960). 

J. \oleiss, J. Chern. Soc. 19!~2, 245. -
R. ··E. I·Uller and w. F. K. li;rnne-Junes, Nature, ];.§Q..· 149 (1960). 

H.· r-1. Bu•:!it, J. H. Lu;p.ina,•1 and L. J. Oosterhoor, Mol. P.hya. ~ 
196 (l95d). 

\v. I,j. Aalheraber,:,, G. J. H•:Jl,jtinl<, E. L. t-taclo;or and w. p. 
h'c1Jland., J, Ch.::m. Soc. ~ 3055. 

R. I(,'liner and K. H. Hau.coer, Chem. 13~:u•. §,§_, 1563 (1;;)53). 

E. de Boer and s. I. Weissman, J. Ara. Chcm. Soc. !J.Q, l4.549 (1)58). 

T. P.. Tuttle, Jr., .J. Chern. Phys. J2_.. 331 (1959). 

36. I\. H. Hausser, Arch. Sc1. Oeneva. g 195 (195;)). 

J{. H. Tcu:Jomura, J. Am. Ch~m. Soc. §g, 40 (1960). 

3d. D. D. Eh:;)r, U. Ino!tuchi and r.s • .R. Hillis, Disc. FE>..ra.d.ay Soc., 
19'"9 ... ~~ .• 
~"" 



G·. .E~~,.~:f.:.!lGrn.~ a:1d J o 

L~borato~y· Rep0rt, 

-9G-

\i. Eas·<-;7!'1 ln Uni vel"si ty of California. .Radiation 
ucm .. -9:)19.1 Ja."l. 31, 19s1, p. 47. 

4. 2 '"' - ' 1 ·· ' J C · 11 ry '''le· ~ h 53.·~'·.,) (l':.·l 51') • • u • .t$r4e.~ eo a.:.1a. • z.eK.r:.. .... a, ""'. ~ r:.\.roc em. ~ ._."'<;; 7 ....,. 

43. J. E. w~rtz and J. L. Vivo, J. Chem. Ph~~. ~ 2441 (1955)· 

45. li. Kc1.iner, D. Bijl Uild. A. C. Ho;;e-Im:.es, Hat.~.u·e, l"{o, 1462 (1956). 

l~C. D. r:f.. J:~i.cle.::•soL), P. H. F.1.•a..'1k o.nd H. S. GutowGky, J. Cbe;n. Phys., 
~ 196 (l9GO). 

4'(. H. s. Bl..;-is, E. 1~. lkm,'n and J. E. ~~kl.lin,3, B. _L. lk·:port Ilo. 11, 
St.unford Universl ty (1960) • 

43. s. I. \vel.sr;msn., z. Elektroclv~:n. ~ l1-7 (1960). · 

49. B. Ver;,:-.i:i~,;to.r:..i.::.:.,;?::a, B. G. Se.::;al a.n.d G·fo J(. Fra.e11kel, J. Cl1em. l?hys. 
~ 1006 (l:J5)). 

50. D. Pines and. C. J?. blicht,er, Pl.w:;>. Rev. 1.00, 1014 (1955). 

51. H. M. ~1-::Cow~,;.;ll, J. Cht?'m .• Phys. 2, 709 (1::)56). 

52. 

51 !J-. 

~~~t 
i:.Jl• J. S tc~:plJ .. ~ n and G. 

B. ... 
'-J'• 

Chem. Phys. Jb 1435 (1960}. 

Q,. Johnson, unpubli!:Jh\:.'Cl i::vesti.::;at.ion. 

55· M. ~i. Labes, H. Seb.r and 14. B(}se, J. Ch..:;m. Phys • .J.i, 868 (1960). 

56. H. Ai::.~.mtsu, ii. Inokuchi !St...'"ld Y. r~tsuna,sa., Bu.ll. Chem. Soc. 
Japan> §t, ~l3 (19)6). 

60. F. Seitz 1~1 ].r_?perfe(!tions in Iiectrly P2rf.ee:t Cr;ystals, h. Bh:;d;:ley, 
et. al., E;d.itors, John \>Jiley s..nd t)cms, Inc., New Yc11.\r. 1952, p. 3· 

61. ,J. ~Rj. E58"ti~lH::~ U..."!d. 

l..raJJoi-c~ tc.J.~:,· 1.:~~~ p·-ll~t 
:·,1. Calvin lr! Uu:tver~i ty of' California Rudintlon 
U::;i).L-;:r:;.!{.l, (1953) _, p. Lo. 



,_, 

-)'{-

62. J. \-1. Ea:::t:mc .... "l and. i·1. Calvin in Uuivc-rcity of California 
f~diation Laboratory Report L~i~-JG52, 1961. 

63. D. E. Kaplan. and H. E. Bro'W!le, Phys. R·~v. Letters g, 45J~ (1959). 

Gl•. J. \-J. East;;:f' ..... 'l end H. Cc1vin 1n University of' California. Radia­
tion Labcra:ory Report UCHL-91!-Cd ( 1)60); p. 41. 

65. 

66. 

67. 

63. 

69. 

70. 

71. 

72. 

73· 

L. s. Sin.jcr, J. Appl. Pi:;.ys. ~ 1463 (1?59}. 

R. II. Polrer, E. J. Kahl.r~r, and F. Benin;;ton, J. Or.;. Chem. 
17, 11~37 (1952). 

N. s. Garif'yzmov and B. H. Rozyrev, DorU... Alr.ad. NtmJc. SSSR, 
uo, 73ft (195d). 

J. J. Lothe tu'id G. Ela, Aeta Chem. ~.Jcand. 10 1535 (195o) • 

A. E. Arbuzov, F. G. Velitova., r~. S. Gerif';yc.nov nnd B. H. 
Kozyrev, Proc. Acad.. Sci. U~)t.;R (&15. Trans.) 12G, 3d9 (1959)• 

·v-!. K.Bb.nleirl Ct~:d A~ ~,.lUJ.ler, ~~"itlJJCSi~u .._-,n ii"':r.·.:~e Rt?.cli_ct·i!;~ 
Bi.O.l•;;,;J-Ct!\1 ~j:;(!.> tc;m:: ,, ot.D.n:ford. l.Uophye.icn Ltl.bora:tory, l:~;!.t'Ch 1960. 

R. n. Silsbe0, Pr1ys. lk:v. 1:)3, 1675 (1956) .. 

.R. 0. Lin:lblcn:, 'Ihe:sls, Univ·ersity ol:"" Ce.lJ.fornia, Berlteley, 
1959. University of Cal1fornla. Hf<.diatlon Ll?J.hora.tcry H<~port 
UCP.L....:.':l910. 

A. I. V00;0l, A Text.bc··.J:~ of: P.l.•ctcti•::c:.l Or;~nlc Chemistry, Lou;:.;ma.na, 
Greena.n.<lCo., l.Qn~ior:. (1:J5G), :p. 513· .. 

76. A. Heissber,:;r,O'.·L~, ~;~1iQU'3 of Or.;ftrliC Ch~l!Llst:r;z, Vol. VII, 
O:::· .. ~::.ulic ::.Oolv·e;;.t,s, Il:lt,::::t·Gch:nce Pub1h~hers, Inc., Ne\.r Yorl~, N.Y. 
(1)55). 

Tf. G. Brie .. .;;1eb a.'1d J. Cze~:.n.lla, Z. Blektrochem. §.1, 6 (1J59). 

73. A. JL. ~bl .. ;:;ott end. E. H. f,mith, TahJ.e of' Dielectric Constants 
of P..u-e Liquids, Nc.t. Bus. St.."l.nd. Ciraular 514, Au;.;.rust 10, 1951. 

79· J. c. 'Iur.,;eon and v. ~c. Lnl·~·~r, J. Am. Chem. Soc. ~ 591.39 {1952) 
m1d refer•~rl~f:.~s tb.r-~:rein .• 



-. 

"' 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
6r for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

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


