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.' ,'. :, .. ,,:,,;;~;;\;~~;:" . :: .. :..." .~:·~CTIqc~·,~m1ETiC'J 1$: OmCAL PROPERTIES'- ';::'."'~','." : .. \ :',: ';i-

,~'t ,'. :'; , 9F sor~ ~. ORGANIC sy~ . .c >' '. . .;?f~ 
.. ' ' .. '1:-"\ '.' . ;.;: .:; I 

'. .. '. :.' .. ' ." '.' , '-:"'; ~'" "", .. , ~ • .' • \ I" .' 1 
;\~"'" . . 

. , . .' , '. >~ ~1:t;or organio ~on:::tor oanplexes.both 80lUt1a: -,- '/;;;;;~ 
.. , .~:./. am solids. haVe, ,been investigated "'" possible RIldel syst..... for' ----,'.X~l 

".;., __ .:=::t::;::e:~;e=,::be~t::7s:::~ ....••. ;,tl 
't "'; ',' " ','~, • :41' 
.. . .... ' ... :: 'phenomena inorganio materials~. The optical.diohroism of crystals· .. ' . : .: 'lj 

" ,:. ;'.:' " . .... . .' " .. ':':-';;.:\', :2l 
,:.': .. ;:'''>'' '.' .' of ooronene-E.-chloranil oharge-transfer complex was etudied e · The : .. :' ... .... "':".,,.1 
; ",) ...; .charge-transfer band was fcund 'to be polarized along the needle axis' . .1 " " ,I 

"".' '. " •. ' • . ' .: •. ' '\/: :: .• " 1" .•.•.. J~ 
',.' : !. 1 • 

,.... ; .. ~.< ,,-", " ,of the 'crystal-that is, along the 11ne of centers joining the .; 
, "0" 

': ,.... .. . : ~ 

".'.'., :"'>" '0 ':', molecules •. ' Photo1n:luced electron paramagnetic resonance (EPR) 

',' :r" 

, . , 

, 
.:. -" 

..... ,~ 

;': signals were obscrved in the coronene-chloranil conplexe.' Attenpts 
, . 

.: .' were made to correlate heat-induced EPR signals with heat-induced' 
, ~. . ~ 

c~es 1n the eiectrical conductivity of perylene-o-chlOranil .' 
. -

crystalline complex. There appeared to be no s1nple relation~h1p 

between the two phenomena. 
, 

. . ; ,' ........ '- , . ." A search for photoinduced EPR signals in' liquid cOIll>lexes was "~ . 

. carried aut, and a number o.r systems were fa.md With photos1gnal 
" . . ) 

M . 
.' rise times of less than one S~!,cOnd.. The solution mos~ extensively :':, 

l·", .• " 
" .. . . studied was £-Chloram1 diSSOl':i.ed in d1oxane. In this case the riSe 

o· .. l' < .. , 
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, time for the EPR photosi{9'l8.l was approximately 30 msec •. Side reactions, . . ~.; . 
", 

. ' 
.>"" . ,'r : .': 

, " 

. t.,' 
'-. ',~ ... 

• ~ : • • '!'.' • 

~ - : ',' 
. ," . ,.", .... 

I ' •• ' 

" .' 
" 

'however, conp11cated the interpretation or the data. The oomplex formed" 

'between tetracyanoethYlene. (TCNE) and ~ tetrahydro1Uran ('1HF) was not so ' 

reactive when 'irradiated. Also, the free rad10al produced could be 
\ ; ., '( 

. '. ,', 
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read1ly 1dentif1ed from 1ts hyperf1ne structure to be TONE negat1ve 

.1on rad1cal. The kinet1cs for the format1on of 'roNE negat1ve 10n 

. radical 'by light were stud1ed, and a reaction mechanism was proposed. 

The data for the photOinduced EPR s1gnals were corr~lated·w1th data 

obtained. for photoconduct1vity in the samo TCNt~THF system. A kinetic 

scheme was developed wh1ch appeared to be appl10able to both the photo­

oonductivity ·and the photo1nduced EP13. The data gave evidence for a 

reversible photoinduced charge separat10n in a liquid organic systemc 

: 
" , 

., 

.'1 , 

... 

> . 

t 

2 

I 

'. . 

'. 

• 
1 • 

i 
1 

L 

, . 



, . '. r: 
~,~~~,~ '-.~' < ,'~' .. ~ " . f' ..... • t, •• ~ "~' ... 

.. ~ ... --.-'".""' ... 

", 0', • 3 
" 

\ ; " "'C-

" ' 

, . I. ,nlTRODUCTION - MJDEL SYSTEMS foR PHO'roSYlm1ESIS 
• "',! 

After CBlvln's (1)' explanation of the biochemical 'steps ot, the',' 
r, 

carbon cycle had been, proposed, renewed interest was s'hown ,in the , . . ' , 

, .' 

biochemical problem of prtnnry, quantum oonvers1on (2)-how is solar " ._:" >;.~l 

,energy' converted into chem1cal 'potential? The approach to', the problem .' ( . " :. '····'1: 

... ",' involved the study of the tOOvement of electrons within the' molec~es ' " '.':"~,!·,:;'t 
...• '. <,. cOJlilOslng the phot osynthetl 0 apparat6s .in llv1rig orgMl.8ms. This ..... : .. ' •.... ···i<:~::J 
" ,,::. approach was influenced in part by Szent-oy~rgyi (3). ~ne of the first 

; ~ . •. _:: ..... ~ _i../. 
, "'" 

. ,':. 

. - '-~, 
, , 

',;': .. ' 

, , 

'; 'to look beneath the levels of cellular and oolecular ordering for the 

""',, expla11at1on of life processes o Evidence was obtained indicating that" 

once an in1 tial charge ~~paration had taken place, the oxidatl ve an1 
, ' 

the reduct1ve steps of photosynthesis could proceed'independently (4). 

Presumably the fti-st' step in' the oharge separation 1s the excitation 

.. ~ . ~ 
: ."'., '; 

of an electron by incident radiation. ~owever. the exact nature of 

'. '0, 

, " 

. . ;. .~. "'.:. . 

. " ~ 

~',' '0 ," <>', 

. . ~ . \. ',,-' ., .. ' 

the succeeding st~ps is uncertaine 
. " 

In the past .~orkers have used a twofold approach to the problem 
. . 

of charge separation in photosynthesis. Besides the d1i~ect approach 
, . 

:- of studying actual photosynthesizing systems. a great deal or~effort 

. ,has been expended in attempting to understand models. It was hoped 

, • I that studies or. JIDdel systems could provide 1nfor..JCltion conceming 

funda!oontal processes thought to occ\.\r in 11~ .org~!8ms. Particular 

attention has been g1ven to charge separation and charge transPort 

phenanena in organio systems. In. th1slaboratory Kearns (5.6) studied 

electron transfer phenomena in organic SOlids, with special emphasis 

, on phthalocyanine .models for chlorophyll. He discovered that the 

. , dark oonductiv1ty of phthalocyan1ne increased greatly when a thin 
. . .' 

• ! 

, /. 
" ~'. . 

.. ' 

'., "1, 

;,1 

'j' '. ( .I 
) 

, ,">1 
I 

'I' , " ,', ',r 

. '. ,·, .. l 
I 

'I' 
'l . 
. 1 

.1. , 
J 

.. I 
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j 

'.. II' . .' 

'i 
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• ~l 

.,- . 

: 4 

',!. 

. ~ . i " < ,\::' film of Phthal~cYan1ne ~s doped· with a 'lnYer ot o-Qhloran1l~ . He 
.. ' <.'. ft.~'~"ho.lL:!;(1 _.'. >' . . .'. '. . :. ..... ,.' ~. . .. A.... " ... ~". 

, '. ' .... .' . }Jroposed that phthalocyanine acted as an eleotron donor. that o-ohloranil 
4 . .. 

.,' , r ,'. '. ~,': • _ • • ~ 

. ,", ... , .' acted as an 'electron accep·tor. and that·a 'charge transfer took place . ".:.:. 'I ... · 
,'. " '." ',; '; ,\', : \ 

' , 'between the' two nelecules" ,'This result' suggested that more extensive ". :'." . J 
,:., <',:', ... ' , '. . .' ,'. I'· ',j I . " ,,_.'," .. :;. .'<~' .. 
. ',' . " "". . . and general· studies of charg~transfe~ioomplexes .formed between aranatic, / ".; .>.' , 
." :. ,'" <';.' .~.;' ' '.. '. . . .. ' . .: .. ~. \... ". ..~t(l:".. ~\. . . . . . " . . (: . . t 

;; .......... . '. hydrocarbon donor molecules arid qu1none' acceptor molecules should be ." 
,'" ···n.· t. "\ 4 I' 

• ' '. Ii.,' . -' . . :</ , . .' .:',;. carried oot.. . . . . . ;.'.: .::'~.' .:.'J 
. Eastman· (7.8). while:cont1nuing work·on charg&-transfer solid , , .. 

". :., . '":' ., 
: ' .' '~ .. ,;-.. :... ':<' canplexes ~ 'also studied·' solutions e One of his aims was to find a .';" : l' i 
. ,,','" " :f'._· .. ~~ ~'~ .. ~~· ... _,i ", ..... «. 

:: ... \',-:;: ·.'solution 1n \m1oh a rap1dly reversible transfer of an eleotron fioom ."'. ,.:: ... , 1 
'," .• " . '. ,,; .!. j, 

.. :::) .:" :;': \' a donOr to' an acceptor t06.k plaoe. .' However'. becaUs~ the systems studled . ~,' . 
,.~ . ~ . 
' ... :,,''''. ,,'." were very react1ve. such an electron transfer could not be demonstrated' 

.. ., ... 

,. 
I ,., 
j 

;' -- .'; ..... 
' .. 

.' . 

,'. " ; -' ,::' ',". unequivocally· to take pla~e, The aim of the present work was. to oon-
. (, ' .. 

,: ".'" .1,.' ," 

t' . tinue stUdies of lOOdel systems for photosynthesis, In so dolng, charge. ' 
, . 

. , ". ~'" . 
separation and charge transport phenolOOna in both solids and liquids . 

were invest1gate4', " In particular. a search for the cond1tions for the 
. . 

reversible transfer of an electron from a·donor to an acceptor molecule 

. ~'.'1n solution was cont1nued, One 'solut1on in which a.reversj,ble charge 

.' " ',.:' '. transfer apPears to take place, fran EPR and eleotrioal conructlv1ty 
"" ~. . .. { , 

... ~. ~ " 

. " 

. , data. 1s the conplex fonned between 'roNE and 'rnF • " . 
_. or" , 

, : 
{. '. 

,;., ' 

n. OONOR-ACCEP'IDR COr-tPIEXES, 

A. General Introductio~ ~ Historical R'swn~ .. 
. ~.. . 

...... 

. .' 

." '<,:1 
:':~ ~. I' . 

" 1 " " ;' . .. .. 

r. 

. l- ,~ 

,1', . • !, .. , 

. , . 
. .. , 

'If equ1IOOlar quantIt1es of ~~Oran1l (red) and of perylene (yellow) .,:. :/· ... :,~:~1 

are dissolved in hot 1.2-d1chloroethane. a black solution results. Upon', '.' "'J ' 
oooling, blaok needles crystallize from th~ solution", The spectra of 

. both the eolut10n ani of the crystals show the absorptlon peaks of the' 

, 
I 

: .. I 

I', 

!. 

... ' ;' '.' <1' 
.. . :1 

.', , .; . 
:" "'.: 

, ~ 

::: :'·1 
! t 

I 
I 
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. , .. 
i \ '; '( 'I;'~. ~' . . ' ' 

·'·f 

" 

',a:,'," . ~ , 

, -. 
, , 

~. , . 
,- 1 ,. " 

, , 
,> 

" 

" '. 

• '! \ 
" ~ .~. .~. : 

,', 1-' • : . 

,'~ .,' : 

.,'..,. 

.. " . 
~;' ';-

.. '" .. , . , ~ . -'- .' 
. '-. . .. 

, .. 
. . 

. , 

..... 
! ' 

: .. ' , , I 

. '~o~stituerit 'canpounds, as well as a broad,,, 'structureJSss band riot 
" ' 

found in either of the' components. The original materials may be .. ,' 

recovered easily from the solution by oolwnn' chromatography or fran 

the solid by select1 ve sublimation, ,or by zO.ne refining. This evi-... _ 

. 'dence 1ndicates ~hat 'no irreversible chemical changes take place, ',' 

and that any association between the component compounds must be, 
• ,I> . .' , .~ 

>, weak. These properties are' charaoteristio of the class of inter-

5 

/ 

'.\ 

, ' 

", 

\ , 
'·il , 
,I 
\ 

' .. '> ',.! , 
" , .. " d 

molecular conplexes.. The c'olor of such canplexes ls currently • '," . ' "j 

'.: ,:"J '. . . . - , " 

explained 'on the bas1s of the oharge-transfer .or donor-acceptor 

theory as postulated by l<ltll1ken (9.10,11). 

, .' • "j. " ,:' .' ", ',: j 
.',: ~' .. ~,' 'r 

, Intermolecular cornpl~xes have been known at least since 1844, 

when \i8hler (12) reported the preparat10n ot quinhydrone. aorystal-: ~ 

line aanplex composed of E.-benzoquinone and E;-benzosem1qulnone in 
, ~ , 

, molar proportion of 1:1~ In h1s Lehrbuch of 1866' Keku).e (13) called 

attention to the theoretical problen posed by the colora of canplex~8e " " 

While £-Quinone'ls yellow and hydroquinone White, the canplex& quin-; 

hydrone, is metallio greene A Sraclual accumulation of data for variCU8 

canplexes continued, but it was Bome time before a satisfactory 

.' .' ..... , 
" .' I , r 

I , 'I 
i 

. ~,"" ".·1 
, '" .I, 

" 'j 
, '\ 

. ::; i 
' "':1 

• ~' 1 

':, .. ',' , "",>j 

,,>," . 

explanation of their colors was propoaed~In 1921 Pfeiffer' (14) attenpted ' 

a systematic classification of organio complexes, 1he 1927 (15) edition 
,1".-
') ...... 

of h1s book reJect(jd several theories then current 'and suggested that .. 
. '. 

in the' conplex the quinone was somehow bound to the ·unsaturated carbons 
':.c. 

, of the benzenold ,canponent of the canplex.· " 

In 1928 Weitz (16) postulated a part18.11.y polar bond tor couplexes, ; 

Benesi and Hildebrand (17) were interested in the problem. and in 1948 

carried out .extensive studies' on the oanplex torrri'td between . iodine and 
.. .' .. ' 

,'. " 

...... 

. ~> .. >', :.: ..... ~. ,:';'~ . 
j,' 

• I ~ ... 

. ' .. '; .~ . 

, " ..... ,-
J' ',' ' .. 



'; .' ...... ' > .. , ;'."~ 
. , i 

, . 
, , 

benzene.'" 'In 1949 Brackman (18) suggest~~ two resonance forms for the ' 

complex. one of which was ~on1zed.' Mulliken, Jldapt1ng Brackman's idea, 
l 

~ , . . 
in 1952 developed a quantum mechanical theory of charge-transfer and ' 

. , .. 
" 

,I 

appUed'it to the data of Benes1 and H11debrand., So successful was ' 
, ' - . 

fvtlll1ken's explanation of the observed',:colors ,of donozo.:.acceptor c~-' 

plexes, that it stimulated manyne~ investigations., In recent years 

:" a number of review articles (19.20,21,2?) have appeared, surmmoizing 
, , 

bOth the 'experimental and, the theoretical developments 1n the field •. 

-:-'--~ The most canp:rehensi ve of these is Br1egleb' s Elektronen-Donator-
" , 

,Acceptor-Canplexe (23), published forty years after ~fe1rrer'8 original" 

class1i'ication of molecular complexes,· 
" I ! , , , . 

B; '!'he Theory of Mulliken 

'" " . . / MUlliken presumed that the dono~acceptor comple~ maybe repre-' 

sentcd by' two resonance fonna :' '. 

D·· .... ~ ~ OfJ AQ 
j , 

~ ~.'.- ," 

(II.l) 
" . 

'. " ,,', Where D.,1~ the donor molecule and A is the, acceptor molecule~ .....- ' 

• :' 0 • ". j • ' t 

, . _,' 0 ' •• ~ 'A is the resonance fom where no chorge transfer has taken ,:;. . 
, ~.',~ .-. ' , , . " 

place, and where th~ only ll.ttractive forces between the molecules are 
:. "...' 

.' ;: '" 'van der \vaal&f:" forces.; De ~ AQ 1s;:,th~ resonance form where' an electron 

'has been canpletely trll.nsferred fr~' the' donor mo'ecule to the acceptor 

molecule', The grourxi state of the complex 1s represented by . 

. '.-, ,' .. ' , ~ . 

. ' .. ~ ," " . 
• ~ I 

;' " 
. , 

... " ~~'. , 
, . 

, "'j:-

(II.2) 

, ... ' 

~O • Wave function for the 
van del' ~laals structure 

lP1 D. \vave t\mctio1'.l for charge- , 1, 

transfer structure 

; -;.' ·,,'W~1e~ .a'; >,.. b. and t~ van 'del' Waals structure pr-edonl1.nates, 
',: f 

- , . ~ '. . 

~ "',' ... . . 
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-_.', . , " 

f' .,.,. '/,;. ' , , . ' 

. ",' ,'.,:.; '!be eJ(cited state 13 represented by . 
• . ..t," ,,;~., ~:"": . ~ ,.' ".'., • 

~ -', ... , 
, . ' ... ' 

: .',1 .• ! ' 

:'.. . :, where 'b »a, and the c~e-:.transfer state preci~nates. 
'. . 

'. . The Charge-transfer absorpt1on 1s 
· ' . 

. " " 
','" ',0 . (II.4) .. 

, '~ .. 

.. ' 

.,' 

. I " .t; 

~ .' 
'"t •• :' 

, ;. ::'."'.';'. EA ,'" the ~lectron arfini ty of the acc:eptor molecule 
'. ,,' .. ~:-:-~. .... . . ,. , 

.•. :, ID ., the ionization potent:1.al of the donor m~eeule 

e2 - ' " t.r AB. a the coulombic interaction term, and. 

.1 . 
" , .. :).. t· , ' ... 

" 

e· the char~ of the electron. 
" 'I 

. " ~ '. 
rAB ". the distance of intermolecular separation 

' .. . ':' 
, t·

c 

. C." Canp¥:iaon~ Between Solution am Solid Conplexes 
\ 

In the soUd all of the molecules are coriplexed, While in ~olution . 

· the .following equ1l1brium ex1sts between the canponents and the 'conplex 

.' ,: 

. '. 
': :' ,',' 

". 

. ~ , Ql Q 
D + A ~ .E ... A ~ 0 ~ 

"V" 
(II.6) 

COMPlEX . 
" 

Crystall1ne charge-transfer complexes. form "interesting structural 

analogs to photosynthet1c systems. The plants exist as alternating 

layers of caroteno1ds and chlorophylls. s1m1lar to quinone donoz- and .. " 

· hydrocarbon acceptor laminatiOns in the cOIll>lexes. The nature of 
" . 

: clarge separation in solution 1s not well understood.. , 
.' ". ,': ..... :,. 

" ," .: .. , 
," . . ~"~; : ' ". . 

, '.' 

'.' •• < 
. . 

") ,~. '.' 
~. ' 

/' . 
.~ '~""" .., '" • • . I . 

I • 

, ,! 

,,', .. 

.' , 

',' . '. 
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.. 
;,' :'.: ',' 

, ,,' 
... '. " 

:', I 

~ ,'. 

I , . 

'. 
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.' , t\ 

.', ,,' 
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. III. CHARGE-TRANSFER PHENOMENA IN SOLIDS 

A. Qetical Spectroscopy 

1. Introduction 

8 

Optical spectroscopy of charg~tran8fer orystals was carried out 

to determ1ne the r~lationsh1p between the orystal,structure and the direotion 

o~ the ctm'rg~tranafer transition. In nearly all oases charge-tra.nsf~r- oom- ! 

plexes crystall1ze a.s iong needles.: X-ray crysta~lography has established 
... 

the structure as alternating layers ot donor and acceptor molecules (24). 

'!he planes of these" ~yers are oriented at sane acute angle to the needle' 

or c-e.xis ot the cOllpiex. For example. in the case of quinhydrone (25) 

the angle is 56 degrees. Although the crystal structure of quinhYdrane 

is well established, the dich:I'01sm of the charge-transfer transition is 

sc;>roowhat in dOubt. Na.k.a.nx>to (26) was the first to study the dichroism 

of charge-transfer crystals. His original m1c!'OspectroscoPY i done in 

1952, seened to indicate that the oharge-transfer transition lay perpendi­

cular to the plaries of the donor and acceptor molecules. Recently Anex. 

and Parkturst (21)~ve done reflection spectroscopy of quinhydrone and 

have concluded that the charge-transfer transition 11es parallel to the 

needle axis of the crystal, 'Or along the line of centers joining the 

donor and 'the acceptor planes. 
..' . 

The charge-transfer band in chloraru.l-col"Onene couplex is a broad, 

s~ctureleas peak extending from 5000 i to 6500 ~, with a maxinum at 

approx1nately 6000 i. Figure III-l illustrates the dichr01sn of the 

charge-transfer absorpt1on. The data, which were obtained using a'micro-
, . 

spectrophotaneter, showed that the charge-transfer absorpt1on was far 

more intense When the inc1dent light 1'18.S polarized parallel to the needle .. 

axis of the: crystal than when the light was polarized perpend1cular to 

the needle axis. The direction of the needle ax1s corresponds to the 

\ 
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SINGLE CRYSTAL SPECTRtiI 
1.2 CORONENE -p-CHLORANIL 

/ \ COMPLEX 
1/ 

\ {I / 
1.0 / 

/ I I I. 
/ \ I \ 

V \l. 
0.8 \ 

\ 
\ 
\ 
\ 0.6 
\ 
\ 
\ 

0.4 \ 
\ 
\ 

0.2 \ 

WAVELENGTH 

MUB-2247 

Fig. IU-1. The dichroism of the charge -transfer transition of a 
coronene -p-chloranil single crystal. II = light polarized 
parallel to-the needle axis of the crystal. 1 = light polarized 
perpendicular to the needle axis of the clystal. Tpe broad, 
structureless band extending from 5000A to 7000A, with a 
maximum at approximately 6000A, is the charge -transfer 
band. The results above indicate that the charge -transfer 
transition is polarized parallel to the needle axis of the 
crystal--that is, parallel to the line of centers joining the 
molecules. 



'.' 10 
-.' .. 

. .. '.;". " 

, . 
, OIl '\ ' ..' • ..' •• ". • 

.. ' " ;direction of the line' of ccnter{3 drawn between the plane of the donor 

t . , ,:'. JlX)lecules and the pl.Rne of the ~cePtor molecules' (28)" Ther~ro~ ,the:' , ." 
. .' - ~," 

'.: '. 
· :' 

. ' . . , 
'. charga.:..transfer transition is polarized along the line of centers between ... 

. ' the donors and the. acceptors. 

. '- : This 1s. 1.n . agreement with flt1l11ken t s theory (29),. which g1 ve~. ~he ./ 

'I 
",- ... 1 

.' , 
........ :.' 

","" 
charge-transfer transition manent as 

.... : . ...... ' ... ' ... 
11 • ea*b(ra - rA) + (ea*. - bb*)e"S(~ - rA)~.. ..' 

. ., .,' 

." 

'. ··(1II.1)·· :.:' '.- ,-

" , 

. ~. 

.: •• ,c" ••• 

" (' L 
\ 

.' .' I , 
.. :.: .... ,. '. :, Where the charge-transfer transition 1s ,', 

I 

· ,', 

:', """. WN tel a~O + bllll ~ ~; r;=alfl/lo - b*1/I1 

arid . a and b are norne.llzed so that 
,I' • 

(III~2) .. . -, 
. . . . 

.', . 

, ... .' ': .. 

a2 + 2abS + b 2 = 1, '\. 
, . .. \ " . 
:." ..... ':. " 

: (II1.3) , 

where 
. I 

'e • the' ch9.rge ~n the electron.,:. 

'.rA and'IB are the average positions .ot t~ eleotrOn'in the B or A. 

o~b1tal5, .respectively, 

S -the overlap integral between 1/10 and tIIl.- fiOtPl: dv . 
• denotes the excited state. 

. The first tenn of Equation (1II~l)' represents the, transition moment' 

along the 11ne' of centers between the molecules" Aocordirig to. Mlll1ken" .. ' 

the second tem of the ,equation is in general smaUe 'nUs results trom 

the small overlap 1ntegr~l, S, for charge-transfer cOmplexes. 
• • ,10 • 

• 'to' . J " , . . '" ','; ,'.' 

.! 

, ;; 

, .. ; . 

"< 1 ..! 
. • .~. J .. ..,~ r ' 
,/'i 

· ) 

., 
~ . 
.' 
I 

j , 
i 

,.', 

· 'I. . " 

.! 

.' " ·1 

I 
. . l 

'. " { 

.. ", 

.:. ' .. .' .. The crystals studied were grown from a solution or ooronene and .....~ , 

'!.~.:~~(\.~. ,:: ·~:·Ch10ran1l.1n hot 1,2-dichlOroethane. flilrlY of the samples were too" .'.' .~:.:',:'" .. : ... .".:.,',.:.,1-
':·'i. .... . I . '.' • ",' .• ".1"!! 

opticallydenae to be suitable for microspectroscopy. 'Uo'tlever, .certain . 
, , \ ~ ',' 

. . 
of the needles c~stall1zed fran the mixed solution ~ almost ,exactly; 

the density of coronene itself. Also. the crystal structur~ was very 
I 

....... 

i' 



,. .. ';" .,,""'-t' • -

r 

'. (:-{ 

. 1:- ~ 

11 , 'Y .' '~t I 

, i 

: \' , ,.' , ' 

nearly that of coronene. ' However,;the crystals had the 1ntense green1sh 
'J , 

, '\ ! 
, " 

color which is cha.racter1st~o of the complex'. 'lhl~ 1nd1oated that, althOugh "", " . ..' 

, , 

,the crystals were essentially 'coronene. they had sufficient ohlora.n1l ' 

impur1ties so that the crystals were. 1n effect.:a dilute solution of 'the 

canplex in a coronenehost.': The crYstal .,structure ~f COrOnene (28) i8,,_, 

", " shown 1n F~e rll-2. ' F1JN.lI'es I'II-3 and III-4 'give 'the soUd :state 

j , 

, "I 
. " 

.~ . ~ .' 
\. '. ;1 .:~. ' 

, ,/'" ",' , 

',':\:' .... ": r :_.'6., •. '. 

,:", ',,' ;;.-", spectra of coronene and of the cOmPlex~, Figu.re:;III-5 shows the spectrum:" ';,>,: ," " . 
,!,'"., :,' " , '~, of the canplex in 1,2-d1chlo,roet!hane. <:- '(:':;~~>~ ::,1'::, 

" ,.--

." ' • \.f 

~: , . " " ' " ',I :, ':', " ';' 
, -, :-- '-,: , ...... 2. Instrumentat10n 

. '., ," " ) . . '. . . .' 

.... ;.," The m1crospectrophotaneterwas a prototype 1nstrument designed " .' ' ,. .. ~ . 

','" and 'constructed by the App11ed Physios Corpora.t1~. ,Mmr~v1a~ 'eallfornla, 
• > ' '.. • • I • • \. '. • . '.': • : '.: • ~ '. " j : ~ \ . 

",' ',for use with the Cary Model 11 Spectropho~Qmetere' A block diagram of.j,the;~'.' 
", '.' ". , .. '. ..'.'.. • ,," • '!.. ..:" 

1ns~ent is Sh011J'l 1n Figure' .III-6. The'instrument can be used e1ther 

as a m1croscopeor as, a recording apectl'ophotaneter.:" It ,15 patterne~ 

" ,'after a'device conatructed 'or1g1Mlly by TSuch1~ and KOb'aYashi (30lo 
.. .: 

Light from a m1croa~ope lamp 1s focused by a condensing lens onto the 

SB.llple ,on a giass slide" from Which 1t passes through an objeotive len8~ 
, , 

When 'a mirror is inserted ~t this point, the beam 1s deflected ~o an 

, , eyep1ece. , Th~' numerical ape~ure of the condens1ng lenS 1s '0.56. and 

the total magri1f1cation obtained from the-lenses' and eyepiece is '300 " 

diameters. Crystals were placed on'the slide a.rx1 .a' spec~n of suitable , , 
; .. I . 

. ,·1 

, , , " 

.~, . 

. . ~ .. ,transparency for spectral. work \'las selected Visually. When the rn1crO- ';' " , 
I 

:.\ 

" ' 'scope l.anp 1s' turned' orf 'and the deflecting m1rror moved out of posit1on,' ,':. ' ,,' , ';1 
.. . , .:': ':'1' ,': ,':. ,,:::~t ~::-::~ed a~:c::::~:::~::~: """,~~.··~.·.d 

.~. {. . 1 . ". . t "1" 
~ .. ' : ' "" . ".' ~ " ~'t 

",;" ,," .~: w1th a General Eleotr1c 1955 lamp operated at 28 volts land 150 ~tts. ". ," "f 
,;. ," J' " 

,; I • 

'f!' 

, .,',: -" ,<" The lamp 1s' a small source operated at a high temperature. It is 
", ' 

, :',' 

.\ 
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End View of Molecules 

A 

o 

MU-33740 

Fig. 1II-2. The crystal structure of coronene [after Robertson 
(28)]. D and A denote the position of the donor and the 
acceptor molecules, respectively, in the case where 
chloranil has partially displaced coronene in the coronene 
crystaJ lattice and re sulted in the formation of a charge­
transfer complex. 

~I 
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p-Chloronil-Coronene Single Crystal 
No Polarizer 

WAVELENGT H (1) 

MUB-1474 

Fig. III-3. Optical spectrum of p-chloranil-coronene complex 
taken with Cary 11 spectrophotometer with microscope 
attachment. (Base line corrections have been made. ) 
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Fig. IIl-4. Coronene with polarizer perpendicular to needle 
axis of crystal. 
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1, 2 -dichloroethane showing the charge -transfer band. 
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PHOTOMULTIPLIERS 

MONOCHROMATOR 

1r----i---;a!SOURCE 

SAM 

.,oPTIONAL MIRROR 
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MICROSPECTROPHOTOMETER 
MU·28678 

Fig. III-6. MicrospectrophotoITleter. 
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, . 

;1 
.T" . /. . . '. " .< ,,: .. ' 

. ,.': enolosed 'in a. quartz sheath and emplo~s a ~sten-iod1ne oycle to reduoe 

.. '. ',':"i' '.' 'deposits on' the sheath.. The beam fran this source .. passes through ·the . . . ~. , 

.. 
, .' roonoohromtor' and is then split into a reference beam and a sample beam .. 

The speotrophotorreter is a. dou~le beam type, whioh uses two photonulti .. ". ':'.~' , :. ~ ~ 

.), 

,. ," .~ 

",', 

'pliers to determine the ratio of the intensities of the referenoe and t~' :, 
.. 

sample beam3 e The sample beam passes fran the rnonoohranator through one 
• l" \. 

of a 'set of apertures,. such that the field ill~~ted on the mioroscope 
,-. ' .. 

.. slide has a diameter of 12, '20,. or BO microns. : The sarrple beam is then 
. . ~ . 

' ... -reflected ·:f'):tom a front face .mirror and fO.cused by the condensing lens 

.' 'onto the crystal on the m1crosoo~ slide •. An objective lens collimates 
, . 

. . 
. the sample beam, the 1nt,ensity ,of w.h1ch is measured by one photomultiplier. ,. : 

'. 

/ 

'. 

Before the reference beam passes to the second photanultipller for deteot1on, _.' 

... ' 

: 
1ts 1ntens1ty can be nntched approximatelY to the 1nt.ensity caning !"rom . 

. '. the aperture by USing BI'!Y canbination of five neutral. density 8cre~ns 

. - provided with the il16trwoont •. The lP28 photonultlplier~ ortgtnally sup.. 
.,' . 

.,' plied with the spectrophoto~ter were replaced With IfrV-Rl36 photomulti­

pliers (Applied Physics Corporation,. Monrovia. ~al1forn1a), which have a .. 

high sensit1vity at wave~engths 1n the red. Because refl~ct1ng optios ' 

' .. are used throughout~ the mioroscope is cOll'pletely achromatic. It has 
1 

. , ..~ . been poss1ble to obtain solid state speotra' over the range from 3500 i 
, . . . 

'. . ,:,'. to 7500 i for a sanple sanewhat larger than 20 microrm 1n .d1ameter. '. 
i • I 
., ~.; , 

: ... 

'J . 

I~ each case illustrated, base Une oorrections have been nade and 

the spectrum replotted •. Crystals \'1h1ch appeared reasonablY smooth and 

transparent whe~ viewBd through the mioroscope eyepiece were seleoted for 
.... :. I 

. '.' .... ': spectroscop1c work. The dichroism of the charge-transfer trans1t1on was 
• . .~ ~. • I ~ , • 

. .',' "<' .'. shown by 1nsert-1ng a polarizer (PO~id.TYpe HN3B) in the sample beam 
I ': I' .~ .' r,'. • 

'. . ~ . 
".::,'. . .',::. and orienting it e1ther parallel or perpendicular to the' long needle 

. ~ ... r· . , . 

" axie of the crystalline complex. 

... , 

" .. 

;, .. , . 

- ., 

" " . 

. ' ::', ... 

~'. . 

." 

j' 

i, 
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. : '.:~' " l:.:. : 't • . • ~.. .' .' : .' .. ... , , ,.. 
. ; ... / il""f.~ ~';i; .. . ' ·S.Photoinduced EPR Signals in coronene-g:?hloran1l Crystals . . . 

'J ~. .' 
t .. ..... .;:.. • .' Coronene-E.,-chlorardl complex crystalllzed rrom l.2-dichloroethane" 

...' . ..... \ . . 

solution showed a. snaIl EPR sif!11al (approxlrrately 1015 spins/gm). . The 

spin concentration could be lncreased by irradiat1ng the crystals with 

light from a tungsten source. The concentration of unpa1red electrons 

", ~ncreased as the llght intenSity was lncreased--until a maximum level. 
" . , 

" 

was reachede From that pOint, fUrther increases In. lntensity resulted 

in a decreasing spin concentration. The spin level d~cayed slOwly to 

:.: :-,,-": its original value after the llght was shut offe Raioing the tempera-

.', .,; ;: ".' ture to 800 increased' both the spin concentration in the dark and the. 

spin photosignal. 'Also, the maXirm.un of the signal. level vs. llght . 
., I... . '\ 

. ~ ., 

18 

I 

.• '!'. ;':,' " .. ' ' i~tensity curve occurred at a lower light intenSity at. 800 ,tl¥ln at. 
; ", 

,' .. 

" 

. ~ ... 

' .... \ 

, . 

'f , 

room temperature. 
\ 

A3 1s explained 1n the next sectlon~ Eastman assumed that inper-
" \ 

fect1ons, either trapped free rad1cals or lattice defects; are responsible 

for the observed paramagnetism. Heating the orystals produces such imper­

fections. The photoinduced EPR may be expla.1ned by considering the 

electrons to be exclted into an excited state where they are unpaired. 
I .'. . . 

. Once the maximum number of levels have been Singly filled, lurther exclta-

tion results 1nthe, pairing of electrons"ln, the exolted state and a '. 

. ;": .. '.' decrease 'in the observed sp1n concentration. Heating the orystals popu-
: . \ . 

' .. '.~:" i . " lates the upper levels and decreases the intensi~y of Ught at which 

pa1ring beginse . 

. C •. Correlat1on' of Conductlvity and EPR for o-chloran1l..perylene - . 

., ' . Complex 

1. Introduction 
~ .~:-'" .; .. 

I 
In 1954 Akamatu, Inokuch1, and M:1ts~ (31) ~t the tJn1vers1ty.· ... ;:. ',.': 

'. ·.of ~~o Observed paramagnetlsm in solld oomplexes formed. between hydro-
. , 

.lo " ... 

,. '·,1 • 

. '.' '~ . . , 

, . ~ .. 

j 

J 
. ~ . 

, ! .. , 

. i 

i 
. I 
! , 

'j' 

. , 

, . 

. j 

., 
I 



. ' , 
, , ,». >;: ,carbons and halogens. , Also~ 1n that .. same year' ,Kainer, B1Jl, ,and , . 

.'. •.••. • J. 

I ~ • • •. , .' • .. ~, , .'. • • • • • . • 

t,' 1',1-,' ,,' Rose-Innes (32) found electron pararragnet1c, resonanc~',.s*gnals1naryl-, ' 

amine-qu1n~ne' ~Ol1d~.. In i96l Eastman (33) report'ed the resuits ot ' 
, -~ 

, ' " ' '" / 

extensive studies on the paramagnetism of' charge-transfer solids formed " " 
" ) 

'. \. '. 
'0' ( •• ':. '. :. 

between polycyclic aromatic hydrocarbon'electron donors 'and tetra­

halogenated quinone acceptors. He found that' it was 'possible, under, '·','a 

., " 

. \ . ," . ~'. " ..... " 
, , 

proper condttions, to groW 'crystals of certain corrplexes whioh were , 

19 

, .-

. , \. 

,--
•• 't' • '1 .. 

'.. ~ 

,'# " .,i ... . 

:' ... . 
••• 4,.,' 

L~ • 

" " 

/ , ' 

'. _. ~ • • • "'t' 

actually spin-free", However, parwrogri'etism could be induced in' the '. t 

, , . 

.. 
~ ',. ...... 

, ' 

crystals, by heating. 'Comparing these results with the work of several ' , . , ' 
" "f ._ .... --r- ... ~' '. . .. ,' 

. , 
• 11,", 

. . '. ~ . 
:.~ :" - ...... 

, , , , 

, other investigators,' Eastman concluded that the paramagnet1sm observ.ed 

was attribUtable ~o inperfections in the crystal latticeo The tem, ., 

"imperfections'" was defined :\to include either trapped free ~adicals or ' 

crystalline defects. 
" 

~. .' 
" .'. \ 

The, ,heat-induced changeS in the EPR signal suggested that' changes, 
, , 

,~n electrical "oonductivity might r~sult ,from heat treatment as wello 
t_ 

" 

, r", Crystals of o-chloranil-perylene ,'canplex were prepared by dissolving " -. .. . 
4 :' ,:. 

,equ1rnolar quanti~ie-s of the components in boiling l,2-d1ohloroethane " 
. " 

and allowing the resulting solution to cool. Em data showed the roo~ 

tezrperature concentration of unpaired electrons in .the fre'Shly prepared 

solid conplex to be < l016/gm. However, When the conplex was heated ,Elt 

600 for an hour and then cooled to roan temperature, there was a decided 

, , ' irreversible increase in the concentrat~on of Ul!pa1red electrons. 'The' 

.. ' 
': I. : ~. i 

.. " .. o. 
" ' 

'. , 

, '1 
, j 

, I 
, I 

, ':1 

J 
, l 
•.• , • t ~ .. \ " , J 

I 

I , ., I 
.' .' ,~", " " "spin concentration: continued t~ 1ncre~se as a runction o~ heating time ; I ~' , , ' ,:." :1 

, " :':',\-.;_-'" unt1l a max1num level was, reached. From that point; there was a gradual t',,'," ,.',. 

l:" :. ~" ~:·~~'I(:<._·'·:' , . " . ; ,~ .•.. ;.~'~ ~ . t:.' .;;~~ "1;' .~: 

"'.,:-::,<},<~ .. decrease in the :'concentration of unpaired electrons with further, heating., ,":',',. , ; 
~ ... 

" 

. . \, 

.~ .. 

':, .: ,'Dark conductiVity lOO8.surements were made on samples of o-chloranil and, 
'j ~.. • -

......... 
. perylene, and on the complex. Samples of the complex ror both con-

, ductiv1ty and EPR measurenents were prepared and heated simultaneously 

for various periods of tine GO that changes ,in these properties could 

,,' 
" 

, .' 
" , i 

, ! 
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" .. ' 

>.:.,./: be correlated. -Table III ... ! and Figure III ... 7 indicate the result~.\" . , . _ '., 1 
, .. ~. . I.;' ).', t"l 

" ,', 

r'~ , 
'. .' 

. ,'. ' 

" ' . ~ 
• • j 

, ,", 

' .. . .' 'X'" .. ' .' 
.2. Dark Conducti vi ty ' .... ': . ''\'~ :~ :;~',t,·· ~ 'r 
[Electrical conductivity meaauring techniques for Organi~ .:" :~. '. ~~ '. : \ 

I •• :, -', of~··· ~~ .... 

, . materials have been aurmnarized by Inokuchi' (34)01 ','r:' .!\.~; 
" . , . ". [ .... 

Dark conductivity was measured on samples of the rmterials -, :.: 
. I 

.... ,. 
, . that had been pulverized and then pressed into pellets approximately 

1.5 em in diameter and 0.1 cm thiok ... These were prepared by placing the ".'~ . 
" .. 

l 
I, 

powdered Sample into a die, evacuating to renove moisture, and then ., ~'. -
-.'-~--.-,-

applying 25.00o-~b force ,for at least 2 minutes. This was equivalent to 

a pelleting pressure of 125,000 psio The conductivity apparatus was a 
" . . '. 

, ... 
,/ . . sl1:ghtly modified version ~r that described by Kearns (35).... The 

" ~ - .-

" 

',1""" , 

, , . 

. '..t •. ~ .. 
~. ro, / ,.' 

. (,.- ~ 

..... 

samples were plaoed betw~en two steel cylinders and surrourrled by a ' 

glass cylln:1er. Platinum discs in contact with the 'ends of the steel.. '. 

cylinders served as ~lectrodes for connecting the sample into the 

measuring circuit. ·The resistance was determined by using a standard 

ID-ohm resistor which "laS placed in series with the sample and a 'de 

. ~".~' 

source of .17.5 volts.· The sample, cyl1nders$ and ele~trode~ were 

.enclosed in a brass chamber which could be evacuated. The tenperature 

of the system was controlled by circulating a methanol-water mixture 

i'ran a thermostat bath through c011s surrounding the chamb.er.· A copPe~ 

constantin therrrocouple. fltted:into the chamber thrOl.lgh a RB.diation· 

.. ' Laboratory Seal and an epoxy plug. was used for tenpera~ure determ1na-
, • , I • : 

t10ns •. A pressure of approximately 100' kg/cm2 was applied to the 
. . . 

~'< ··~':,.:;.r<: .::.- I", sample by a lever. arm. As the c.:.onduo~1vity was great~~ changed it 
. , ...... :,' .. 

. :'.' / . .-.: .\ .:" air were present in the 5ystem~ all reastirelllents were carried out at 
. " . 

'. ':-:. " .. 10 mm pr~ssure. " ,The high volat1lity of the natenals made it fOOte 

• <, ,d1fficult to obtain low pressures under conditions of even moderate 
'. 

t~rature. 
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" TABLE III-I, ~-: .. 
j • 

Activation 'energies and ESR meas~ements 

:: 

Concentration per gram 
of unp~red electrons 

21 

.,' \. 

. ! .. ~. ~ . 

, Substancp.,' ' 

I 

Activation 'energy of 
, conduction, AE, 

(ev) (at room te!"perature ). / 

, , !?:,"ch1oran11 
" . ;. ." 

pery1ene' ' 0.55 
';,' .' . 

, :,", ... ;;.,,: .... , . canplex (unheated)' " , 
,. 

. '\':' " 

"ooxr.p1ex (heated, 1 hr) 

(conplex (heated, 2 hr) 
',' ,. - '. :' 

I . 
, " 

< ,I 1. 1016 

4.8 X 1017 

1.0 X '1018 

,,'3.3 X 1018 .. ,collp1ex (heated, l hr) 
", ... ; .. 

'I 
, \' .. 

:' ", 

conp1ex (heated, 4 hr) 0.25 ",: (0.05 :!: :J.5%b) , . , 

_. • t 

\,-

.' " 

aValue for sublimed film: D. C. Northrop and O. Simpson, Proc.\ Roy., 
Soo. (London) A234, 124' (1956). ' . 

. \ . ;~ ~R value which may be the AE for a phenomenon unrelated to the 
conduot1 vi ty • ' 

' . .,' 

c H. Inokuch1 (34) , Thin f1lm measurement 

r .' ~. 
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\ . ~. 

,\ , , 

. "-. 

. : 
, \ r • 

".' , -,. ' ,.' 
.' - " .~-.~.. . 

, 
\ ' 

, I ., 
" ' 

, , ' 

.' . . --~. . 



40 

E 
~ 30 
(f) 
z 
§ 
t) 
W 
-.J 
W 

a 
~ 20 

~ 
Z 
::J 

10XIOI? 

o ---

• I 
I 
I 
/ 

o 

/ 
/ 

2 

-22-

o-j '\ 

/ 
I • 

\ 
\ 

• 

5.33xI0-10 

I 

E 
(J 

4.00xIO-IO "'j 
E 

.£: 
o 

\ >-
o ~ 

'UNPAIRED ~ 
ELECTRONS/qm t; 

266x10-10 ::J . a 

1.33x10-10 

z 
o 
t) 

HEATING TIME (hours) 
MU -23504 

Fig. III-7. Comparison of changes in conductivity and number 
of unpaired electrons per g (for o-chloranil-perylene as a 
function of heating time. ) -
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.l • 3~" Calculations ,.. " , " 

, " 

; 
, . ~, , ',' ,',; The dar.<: 'conductivity· was' measured for ··6-chloranil. perylene, 

'. 'I'., ' .... 

. ' ... " and the corrplex. The resistivity of the sample, P, in ohn-cm \'las com-

putedas 
1 

p -,ARId (II1.4) . 

r· . i where 

.. -,". 
~ " . - . , . . .R .. ·the measured' resistance (in' ohrris r, 

, .. : ... ; .... :~;. ,,'.: ' A II the area of the sarltple (in cm2), '. 
" ~, ... ' ... ..:. ... ~:-- ',' . 

, " 

• I •• . 

f .,' 

'.: 

'; ',' .' '.' " 

.... 

d .. the thickness of the sample (1n em). 

The activation energy of conduct1on for these'substanoes were'dete~ 

. mined by plotting resist1 v~ty, P, vs. (temperature )-1, Then' 

llE- 2.303 ml{ 0]:"' AE'c 1.99 X lC,-4 (in eV) (111.5)' . 

. where 

,~E'" theactivat1on'energy for cOnduct1o~ (in electron volts)~ . . 
.k IS Boltznmmts constant .. 8.63 X '10-5 eV, 

m ... the slope of the sem1log plot. 
.. ' 

23 

. '. 
.. 

This calculation was' based .on the a13surnpt1on that the activat10n energy . , I . 

" 

. " 
',' " 

. ·for COnductiOn(follOWed the Bolt~ Relation ,: 

p III poe AEIkT or <1 ~ ~oe-, llEIkT. . (III.6) 

4. Heat Treatment 
'. ' 

• f ." 
> ' 

Pellets of the complex· were pressed ~ describedprev10usly . . . 

~ then placed int.o samPle tubes. These tubes were evacuated to 10-4' 

Torr pressure and then filled with nitrogen. One pellet was powdered 

and 0.025 eJIl of the restU. t1ng powder was placed into each of five EPR. .. 
··tubes. These, also,· were . evacuated and then filled' with n1trogen. 'Four' 

EPR and four conductivity tubes were placed into an oil bath that was 
• 'I

r 

\, 

.. 

' . 

'.' 
" .. ' 

.L' 



, '~, ; 

, 'i' 

.,. 
" 

. maintained' at 85 ~! 40 ~ Sa."llples. were removed after one-hour 1ntervals 
, , 

and cooled in an ice bath to prevent further react10n. The F.PR and 

conductivity of these sa~les were then measured. The ta~perature 
, ~, 

dependence of thesepropertles was determined for the sample that ,had 

been heated four hours. 

5. Results 

As illustrated.in Figures I!I~8 and 111-9, a plot of the 

log of resistivity va. the reciprocal of the temperature gave the 

expected 11near relationship over the temperature range 1nvestigated 

for the o-chloranil and the perylene, ' This was true, also, for the 
," -. 

conplex up to about 600
, a~ ... which temperature there was a deviation,' 

probably lndicating the onset of further heat-produced c~s 1n the 

sample. The data in Fie,"Ure 111-7 indicate that although both the spin 

concentration and the conductivity are increased by heat treatment, 

~hetwo phenomena do not follow the sa~e kinetics. ~le conductivity 

1noreased l1nearly~'w1th heating time or 

do/dt a; k. (III.7) 
, .~ , 

,This, 1n turn, means that the conoentration and the,mobility, "~~;Of" 

the c~ge carriers were increasi~ in such arashion that 
,I" 

d(n\.l)/dt • k. . (III.S) . 

. Also. the activat10n energy for,'ciOnductiv1ty decreased a factor of ;,. 

, two1n four houra of heating. On the other hand ,tl)e sp1n concentra.... .' 

tion increased as sane power of the heating ~1me r'~ached a max1nlim, 

. 'and decreased. The conduct1vity 1ncreased a factor. of fC?ur in four 

hours of heating, ~1I1h11e the spin concentration inc~ased several' 

orders of magnitude. The activation energy for CO~Ct1on was' approx1-, 
-

nately five times as great (Fig. III-10) as the activation energy as 

24 
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Fig. III-8. Log resistivity vs (temperature) for a pellet of 

o -chloranil. 
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Fig. 1II-9. Log resistivity vs (temperature)-1 for pellet of 
perylene, 0.08 ern thick, 1.29 ern in diameter. 
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Fig. III-10. Log resistivity as ,a function of temperature for 
heated and unheated complexes of ~-chloranil and perylene. 
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I:,.' determned by EPR(Flg., III-ll),. Thus,' tl:le atte~t81 to correlate EPR 

wlthelectrlcal,coriductlV1tyd1d not given readily apparent, simple 
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agreement. 
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1.. = AMPLITUDE OF COMPLEX 
D AMPLITUDE OF DPPH 

I~--~----~----~----~----~--------~ 3.0 3.5 4.0 4.5 

..1 x 103 
T 

5.5 6.0 6.5 

MU-23505 

Fig. III -11. Temperature dependence of ESR for solid complex 
of ~-chloranil and perylene. (DPPH = diphenylpicrylhydrazy1.) 
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IV. SOLUI'ION Cf;1ARoE-THANSFER COHPLEXES 
;I 

A. A Oe6eral, Search for Photoinduced EPH in'Complexes in Solutiol1 
"/ 

:1. Introduction 

Solutionchurge-transfer complexes were 1~vestigatedin hopes 

of observing photoinduoed changes in their electrical 'and their magnetic 

. properties. This aspect of the, study of model systems for photosyn-t~, 
f 'j 

30 

thesis wa.sg1ven impetus by the v/ork of Lagercrantz 'and Yh1ru1d ()6,a1B8), 
• , f ,'~ 

who in 196~ reported having produced EPR photo signals in a solut1ont~f 
, . , L~~~ 

, ,-- --~ E,-chloran1l in tetrahydrofuran (TIfF). They attr1buted the signals ti~f: . . ~" .' ;~<'. 

, ' 

,theunpairing of the electrons involved in the t;onnat1on of a charg~"':4 
. - :. \. ~,1~ 

h, 

transfer canplex between the donor (THF) and the acceptor (chloranil"J 
. I ~ \ . ,\.:1:' :. :r "5

l 

The signals were approximately IS gauss ,wide, had g-values of very n~~ly 
" jf 

'\ 2, and exhibited rise and decay t1Jres of less than one second, the inseru-
f.< ' 
r)' I 

mental time constant~,If, 1n fact, 'the photosignals were caused by tree , 

electrons exaited to the c~ee-transfer level of the complex, the solu­

tions rndght be expected to show very interesting electrical prOperties, 

/ 

such as ,photoconductlvit'y. 'l'he present 1nvest1gat1on. therefore, had a : i 

threefold purpose: ' to study var10us complexes which might show EPR 

photos1gnals, to obtain better measurements of the rise and decay times 

of the si~ls. and to correlate the EPR data with electrical conductivity 
, , 

rneasuren~nt8 • 
, { 

2. Results 

The reSUlts of prellnrl.nary attempts to observe EPR photos1gnals 

in a nwnber of donor-acceptor systems are 8Unmar1~ed 1n Table IV-I. For 

these investigations solvents were dist1lled at least once and the 5olut~s 

were recr;.rstal11zed. The' EPR data Vlere obtained uBl~ the spectrometer 

descr1bed umer Section V,B. Sa. The sarrples were first tested for dark 
. . I . 

, .' 

! , 
, 
I 

\ .. 

/ 
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\' \ I ,'._' \ " ", ': ' '." " . ," 
, . 

j "": , ,'TABLE IV-I '< }. ; . 
i 

.. ('0"051'1 solutions ofli-c~oranil were prePB:I'ed in th~ following, s?lvents) 

A. -
Solvents 

Benzene 

p..Xylene 

Yesi ty lene 

.... . -Pheni tol " 

o-Chlorophenol -

, '( , 

, . 

.C&-Chloronaphthalene 

Pyridine 

Quinoline 

Tetrahydrofuran 

Thiophene 

£-D1oxane 

Morpholine 

Piperidine 

l,2-D1methoxyethane 

'Nujol « 0.05 M) -
Triphenyl Phosphite 

, .~ 

," "j,. • 

• !!::;j~! 

Color of ,Solution ~eSults (siWals ega. 12 gaus.s w1de2 

, Yella.-l 

. Orange (Yellow) 

Orange (Yellow) 

Red (Orange) . 

Orange (Red) 

,Red (Orange) , 

, -Dark solution 
, . (Precipl tate) 

,-

Dark solution 
,(Sane preCipitate) 

Yellow 

Orange 

Yellow, (Green) 

Reddish-brown 

Reddish-brown 

Yellow solut1on 

Orange-red 

./ 

No dark Signal, no l~ht signal 

No dark signal, possible light signal 

. No darl<: s1gnal, small light signal 

. No signal - J 

No ~k signal, small light s~l, 
rapid rise 'am decay' tine «1.(10 sec)--. 

No dark signal; no light signal 

No dark s~al. no light s~al 

Very large dark signal. no !"1ne 
structure. No appreciable enhance­
trent in light- (ca'- 101.8 sp1ns/rol) 

. 
No darl< s1.~nal. small.11ght signal 

, (ca .. 1015 spins/ml) 

No s1gnal 

. No dark signal. large~ llght signal 
, (ca. 1017 spins/ml). Slo\</ response 
I enhancement when light turned off 

Small dark Signal, factor of 10 
1ncrease in light. enhancement 
when light off 

No dark signal. small light signal. 
rapid response 

Ko dark signal, small light s1gnal, 
rapid response 

No dark aignal. armll light signal j 
long lived 

No signal 

,. 
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TAI3ill IV-I (C,c;>nt1nued) 

r B. Other Systems 
/ 

'I, i , 

Corpound Color of Solut1on 
.. \ ; , 

o-Chlornnil + Thiophene Orange-red 
rO.05 11) 

. I:. 
". . 

o-Chloranil tD1phenyl-
ether (0.05 r·f) '.. . 

. -
TCNE- +'01phenyiether Reddish 
(0.05 Ii) . 

TCNE + Pyridine Dark brownish 501n. 

'TCNE '(0.05 r,n .. 
Pyridine (075 Mi· 
EtC12 Solvent -

. " Dark brownish BOln. 

." 'f 

Pe~lene .(0.001 !1,) 1-
hexafluorobenz~ne 

TCNE~ ft tet~acyanoethylene 

, , 

I " 

• ,I .' 

. I \ 
j' 

.I 

. j': 

I 
\ 

, 

• \ 0 

,\ 

Resulta (signals ca, 15 gaUSS wide) 

No da..~ s!gnal ,l small light signal 
ca, 30 gauss N1de 

No dark sil!1la1" small light signal 

.~f 

No dark s1gna1~ small light signal. 
f' 
~~. ,. 
il 

Dark signal, 9-~1ne hyper'r1ne 
str-.lcture 1·. 

~; 
~I' 

Dark signal. 9-1ine t®erf1ne. 
structure 

No dark eignal~ anall l1~~t ~lgnal 
.f ' 

-

i 
, , 

. ! 

! 
I 

" ' 



.. :." c 

, " '. ., 33 
'";:~!I.~~.'~' ~; . . :':.',' ....... i . '/i":' :,.. ' .. "." . ,'. '. '. , ' • .' , . ' " • 

. , ,;"":.,.'·,,s1gria.ls .by .placing 0.2 ml of ·the material into quartz tubes of 4-mm . 
'" .' ~ , ,~ . . , . ' , '" . ....,.. . " " . . 

• ~.;" J' . \. .,..; , . " . ' , • 

. ' r: . . ' '. ,." ,outside d1ameter •. · .. The tubes were evacuated ~ ·then placed into. the 
• , • , '" .~ ..... : '.1" ' , l' f • , , " " 0 

\ .. '.. '. ': .::'," Varian 4531 rectangular cavity of the EPR spect~ter. A General, 
. , 

the slots of the cavity by means of a PY1.eX l~ns located 15 cm froni~' 
...... 

" 
'j 

" " , 

: . <. " : . the cavity. A Corning 0-52 (1380) filter having transm1ssio~ values 
< .... , .' 

..... "'::. ". :of 20% at 350 ~, 50% at 360 ~, . and· 90% at 400 in" was inserted between' .'. 
"," , ',:' " . 

: .. 

'. . .'. :.: ,;'. the light source and the ·5~lTple .. 
.... '., .. , . . . 

"I-'--~ '. , 3. D,1scussion 

.. .',' 

. /. : 

'"" ' 

. , 

As 1nd1cated by the ~.~ults tabulated .in Table IV-I, the 

systems.investigated showEfd widely' differing spin. concentrations, . ris'e 
" 

t1rres, and decay times. Th1s certainly indicated that a variety of 

process~5 were taking place. ~ cases where the rise times and the 

decay times were short may truly result from electronic proces~es, ' 
. ;" ' 

. I 

altno,ugl:l ,the instrumental response time was too long for' this to be '. 
verified in the prel1m1nary studies. The systens with long r1se"'t1mes ' 

and deCay times may involve an e,lectron transfer as . an· in! t1al process e.:, 

but this in1tial electron transfer is undoubtedly follO\~ by a 

"chemical" process, such as the abstraction'of a hydrogen atan fran 

the donor •. 

B. The ll-Chloran1l-d1oxane System . ) 

1. EPR • -
One of' the systems studied 1n more detail was E;-Chloran11 

dissolved in ~oxane; The dioxane . was twice dist1lied and then dried .' . 

by rerluxi~ ov~., sod1um and distilllng. The £-Chloranll was obtained ... 

frOt'll K and K Laboratoriea in ,Jamaica, N. Y •. , and was reorystallized 

. fran benzene as yellow needles approximately 2 em long.: A 0.05 t! 
; 

i . 

i 

., , 

, ,~., 

,',' ( .. 

.,' . 
. ' 

'" 
" . 
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. 80lutlonof E,-chloranll in E:-dioxanc \'-laO, prepared and· then degassed 

. by 8 freeze-pump-thaw eye leo " The samples ahowed no EPR signal in the 

dark. However, large signals wereobse!Vedwhen. the solut~on3 were 

irro.diat ed • The growth curve for these 'ls shown ~i( Figure IV-l. It 

-.. -:-

". I. 

will be noted that the rise to maximum spin concentration was not 
-i 

instantaneous, but required approximately 1~1I2 min--far too long for 

a simple electron transfer process. The decay was, likewise. a slow l 

prooess, and 1s shown in.Figure IV-2. 

'l'he decay curve may -be analyzed kinetically as in Figures IV-3 

and IV-4. In Figure IV-3 the reciprocal. of .the spin concentration is . . 
plotted against t1me ll If second order decay Idneticswere followed, 

" this would be expected to give a stra.:1::ght line. There appears to be 

a good deal of departure fran linearity. In Figure IV.,.l1 the log of 

the photoslgnal l8 plotted 'against time, givi"ne; a ourve that ~an be 

analyzed into two straight lines. This result seems to indicate the 

exit3tence of two independently uecaying parc:iIOOgnetic species, having 

half l1vcsof 0.75 tn1n and 9 min, respectively ... 

The curve shown in F~re IV-5 illustrates a pecul~ light 

reaction occurring in a SOlut~on of ~-ch~oran1l in dioxane whioh had 
. . 

been irradiated for about 10 min. When the light. was cut off with a 

shutte~, there.was an 1nitial &~all .increase in the signal level. which 

'was followed by a gradual decrease in the- signal level. Irradiation of· .' 

the sample once more resulted in a rapid decrease in signal level, fol-
\ 

lowed by a gradualinc.rease. Repeating the cyole showed an even more 

.. -;. pronounced increase in' the spin concentration when the light was cut i off I' . 

- . 

These facts B.ecmed to indicate that at least t\'ro competing photOinduced 

processes were taking. place. one produci~ spins, and the other causing 

• r 
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Fig. IV -1. Photoinduced EPR signal in 0.05 M solution of 
E,-chloranil in dioxane. -
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Fig. IV -3. Decay of photoinduced EPR signal in solution of 
. 0.05 M P -chloranil in dioxane. The reciprocal bf the spin 

concentration is plotted against time. 
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0.05 M p-chloranil in dioxane. The log of the relative 
spin concentration is plotted against time. 
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Fig. IV -5. Effects of irradiation on the EPR spin concentration 
of a solution of 0.05 M p-chloranil in dioxane. The relative 
spin concentration isplotted against the ti:me of irradiation. 
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the r:ecanbination or the destruction of the specie's bearing' unpaired 

electrons, " 

,The final produots in the above reac'tions have not been determined. 

Several possible reaotlonf3 could have taken place. Chloran!l, according 

to Schenck (39), can be photodlmerized. Also, chloranil (40) freCt~entiy'! 

acts as a dehydrogenating agent, with the", hydroquinone of chloranil as 
, 

one of the final products. Since the purpose of the investigation was , 

to study the nature of electronic transfer processes, attention was 
.... --- .. . 

I, ' 

focused on the rapid initial rise of the signal, and the succeeding 

reactions were not analyzed fUrther. 

" 2 e Conclucti vi ty I 

\ 

Irradiation of a solution of chloranil in dioxane resulted in 

a,steady increase in the conductivity of the solution. No decrease was 

noted when the light was shut off. Both these facts seemed to +nd1cate 

that a chemical reaction resulting in the formation of ionic apecies 

was'taking place, and not the photoexcitation of an electron. ' 

C" The Ilise and the Decay of Fast EPR Signals 

1. Introduction 
j; 
.... 

, The prel1.rninary investigations of the preceding sections showed' 

that certain charge-transfer systems eXhibited gPR photosignals with rise 

and decay times of less than one second. In order to obtain more accurate 

values of the 'response times, the HC time constwlt of the r:.PR spectroneter 
..' . , 

was' r~'duced to 3'6~msece '1'his, however, resulted in a reduction of the 
( 

'51gnal to noise ratio to 1, approximately. The difficulty was overccrrte 

by using an averaging teclmique (41). The sample was repeatedly irradiated , , 

w1th a,pulse of light of 200 msec duration, and the Pho~oslgna1s resulting 

from these aultiple irradiations were stored in a canputer (Computer of 

40 

" 

r' 

, , 
" 



r 

.. 

I 

, .' 

Ave~e Transients (CAT), ~1neroc>tron Corp., Pearl River" N. Y.]. The 
, , 

signal. increased directly with the rumber of iITadiations i, ~1hereas the 

noise increased onlY as the square root of the nu~ber of irradiations, 

At least 100 passes were made per sample, so that the s1gnal to noise, 

ratio t'las increased from 1 to 10., The duration of the light pulse was 

controlled t'/ith a camera shutter. 

2. Results ,-
The following systems were. stUdied and showed photoinduced 

: . 
. ~. --- signals: 

" 

T~BIE IV-II . 
" 

'I . \ 

Complex ' ' Color : S~nal 'Seeed 

~hloran1l-E-dioxane ' Yellow' , Fast 

.e.-chlorart:il-THF' Yellow Fast \ 

~ 

2;-chloranil-thiophene Red Fast 
-' 

~chloran1l-CC14 Red _, Slow 

SoUd o-chloranil Red Slo\,1 -
I. 

All of the .signals had g-values of very nearly 2. They \'1ere all 

, approx1tmtely 15 gauss wide, shOt'led no hyperfine structUre, and were not 

synnnetrlcal. Figures IV-6 ttU-ough IV-8 shOw the exper1mental curves tor 

the rioe and the decay times of some of the:: systems. One of the princ!-. 

pal diffIculties in analYzing the date was determining when the shutter 

was opened. The lo-90~ rise time for the shutter was approxi~tely 

. 10 msec. For the first three systel'll3 listed above, the r.ax1mum spin 

concentration was reacl~d within 100 m3cc.. After the shutter was olosed, 

41 

i ' 

/ 

, i 
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Fig. IV -6. a. Rise and decay of EPR signal for 0.05 M 
p-chloranil in dioxane (top). b. Rise time (expanded 
scale) (bottom). 
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Fig. IV -7. a. Rise and decay of EPR signal for 0.05 M 
p-chloranil in tetrahydrofuran (THF). h. Signal off 
magnetic re sonance to show noise. 
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Fig. IV -8. Rise and decay of EPR signal for 0.05 M 
o-chloranil in thiophene. (Arbitrary units). 
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I 
t-:');.~'>~:';~<\::~'~ \J,~'~~~,.;·,;::t: > >:~: . "', ::. ,., , ",':, ." .' . '" I ...... .' . 

'·:;'1,.:·.::,·, .. ,·.: .. ,:.',:;: .... tlie'sp1ncoricent~tlon 'decayed.to zero :in. 50 to 150 msec. ~1,e ,2:-Chloranil-
': .'" " ,~'''~''., .:' ".~. :~: I, :,'.: .", ': ••••. • • • .' ". • 

, . 

.. 

, :.,.' ~', ',": ,thiophene system ~hO\'led a photolnduced slgna1, while the E,-Ch1oranil-
',:' ' .. 

;.;':-.:: ':.:.: ; ',::~ thiophene ayste11 dld not •. For controls, 2,-Ohloranil ln CC14 arrl solld 
. i,'·. II' • . . 

.... ·:;.r ":'.,' .'.2,-chloranll were also studied. ~n both cases a slowly growing EPR s~ 

, , . 

... 'J:' 

'. was observed,. but no fast. signal was seen. No signal was observed ln' any' / 
. . . 

'. of the solvents alone •.. The photolnduce(i' EPRs1gnal seemed to result fl:tom 
.' ~ " . . . 

an interaction between ~ch1oran11 and thiophene. A slgnal did not appear '. - . . 

if either the solvent or the solute alone ~lere irradiated. 
. ~--- . ~ 

3. The Kll1Ctics of the Rise and the·rDecay 

An exponential gr"o\'lth can be represented :uialyt1cally by. 

A = Ass (1 - e-t(t) (IV. 1) 

where 
'. 

A III the anpl1tude of the EPR signal, 

~S3 a the ~np11tude of the EPR s1gnal at the steady state; .. 
. .' 

. t == time, 
~" 

. I 

T a the time.;~ con..CJtant·, .the tirre required for A to rise to 

(1 - lie) of its maximum value. 

B}" rcarr~1ng Equat10n .(IV.l) and taking logar1tllns, 

log (A - Ass) D tIt + log A 

. 1s obtained. 
. . 

". For exponential growth, a plqt of leg (A - Ass) V8', tine 8h~ld g1ve .' ,. \ 
. . , 

a straight line~. This 1s the case for E.-ChlOran1l~ioxane. as 1s shottri 

'. in Figure IV-9 •. The rise is.~therefore, exponential •• In Figures IV-10 

to IV-12 the dea~ curves for various sanples are plotted •.. These data ;, 

were obtained as before by adjust1ng the magnetic field ~o the pol?t 

where the derivative of the absorption was at a max1num, then shutting 

. . 
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p-Chloranil in Dioxane 

60 
Time (m ill iseconds) 

MU-31843 

\ 
\ 

Fig. IV -9. SeITlilog plot of rise of EPR signal for 0.05 M 
p-chloranil in dioxane. AITl x denotes ITlaxiITlum - /-
aITlplitude of signal in Fig. lV -6. Again the units are 
arbitrary ... At denotes signal aITlplitude at tiITle t, after 
light has been turned off. 
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. Fig. IV -10. Decay of EPR signal for 0.05 M p-chloranil 
in dioxane. The light was turned offaCI ;-0. Plot 
of log relative peak height vs time. 
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Fig. IV-11. Decay of EPR signal for 0.05 M p-'chloranil in 
THF. The light was turned off at t = 0-. Plot of log 
relative peak height vs time. 
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Fig. IV -12. Decay of EPR signal for 0.05 M o-chloranil in 
'thiophene. The light was turne<;l off at T =-0. Plot of 

log relative peak height vs time. 
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, off the light and observing the decrease in the rnax:imun value. The 

9,ecay curves are canplicated, and may indicC).te the' preaence' of several 

~nagnetlcspecies. 

In Figure IV-13 a corrpnrlson is dravm, between the, gro~h curves 

for E.-ohloran1l a.rrl dioxane ,,,ith and without 'a neutral density fllter-, 

50 

. '~ I 

, ' 

(Bausch and Lo~t 'O.D. 0.9) to reduce the intensity of irradiation t~,; 
, ~ 

approximately 12.5,% of its maximum value. ' The difference is small, ~I 
w 

although a longer rise time rrny be indicated for the case of the lower 

.-' ,---" light intensitYe 

4. ,Temeerature Effects 

A preliminary in~e5tigation of the temperature dependence of 
, 

. \ 

the spin concentration showed that at 77° K there was no fast ~1gnale 

However, a broad" long-lived signal was produced at 17° by irradiation. 

When ,the light was sbut off, but the temperat~e kept at 77°, the signal 

amplitude remained the same. A8 the sample was warmed, the signal level 

gradually decreased until it vanished entirely at the melting point of 

the mixture. 

5. Pur1fication l>rocedures 

. ~hloranil was recrystallized repeatedly from benzene after 

the hot solut1on had been treated \,,1th Norit. No impurities were de­

tectable with' thin-layer chromatograpby. .2:""Dioxane was prepnred by , 

vapor phase chromatogroaphy (VPC), using an Aerograph.· "Autoprep" 

('v11lkens Instrwnent and Research,. Inc., \</alnut Cree,k! calif e) and a 

"Ucon polai'''colurnn. The purified dioxane showed no impurities in the 

vpe- trace. , Tetrahydrofuran (TIn") was repeated'~ d.istilled until only 

a trace of' 1rnpur1 ty could be found by VPC. 

column was used. 

Again a '~,Ucon polar" 
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MU-31842 

Fig. IV -13. a. Rise of EPR.photosignal for 0.05 M p-chloranil 
in dioxane. b. Same. except light is attenuated to 12.5% of 
its intensity in (a) by means of a neutral density filter. 
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.. . . :v t. TETIWlYDROFURAN-TIirRACYANOETHYLENE Co.MPIF.JC. 

r A. The Conplex 
. . 

Tetracyanoethylene (TCNE) (42) J a colorless oyanooarbon· (Appendix I) , 

was first prepared by Cairns, ~ ~ in .1958. At that time Merrifield 

• ' and Phillips .(43) reported that TCNE readily dissolves in many organio 

, solvents to produoe ·intensely colored solutions. ' The colors were 
, . I 

a.ttribUted~ -after Mlliiken (9), to the fo~tion of :1nternolecuinr '. 

charge-transfer corrplexes between the organic solvent donor rrolecules 

._. --- arrl the TCNE ac~ePtor molecule·s.· TCNE forms a oharge-transfer complex 

. with tetrahydrofuran (THF) J as 1s indicated by the. speotra in Figure 

V-I. ~Figure V-In shows th<r spectrum of TCNE iIi ethylene d1chlor1de~ 
\ 

with maxima at 2650 R and 2750 R. The spectrum of TCNE in THF 1s sho~ 
. " 

in Figure V-lb .. 'The twoTCNE bams have been shifted to 2630 Rand . 

\ 

2710 R, respec~1 vely , and a third· band has appeared at 3000 R. \ This 

latter band is charaoteristio of the oharge-transfer oanplex. Vars (44) 

studied the TCNE-THF oanplex in chloroform solution and frund the 

maximum to be at 3100 R •. This difference in maJC1ma is. not unexpected,· .. 

• :. i . as Mulliken's theory prediots an effect of the dieleotr10 constant. of 
.. -

I' 
I 

. . 

the solution in the absorption maxirnumofthe complex. 

B •. Photoinduced EPR 1n the TCNE-rr:·W COOWlex 

1. Introduction 

TCNEnegativeion radicals can be produced by 1rradiating a 

solution of TCNE-THF with a mercury Ianp. ThIs was first reported by· 

Ward (~5). The· pr~sent work was designed to study.the kinetics of the 

.photoreaction and .the effeots of the Int'ensity and the frequenoy of the· .• 

light on the observedEPR signal. The meaSurements were made at room 

temperature, using a sample of 0.2 ml of a solution of 0.01 M TCNE in· 
'. . -

I. 
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Fig. V -1. Optical ab sorption spectra demonstrating the formation 
of a charge -transfer complex between tetracyanoethylene and 
tetrahydrofuran. a. 2 X 10- 5 M TCNE in CCl4 . b. 2 X 10- 5 M 
TCNE in THF. c. 0.01 M TCNE in THF. 
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THF ~ The sample had been degassed and t~en sea.led in a quartz tube. 
/ 

//While initially there was no EPR signal in the dark, a resonance ocu1d 
>' 

be produced by light. The spectrum obtained is shown in Figure V-2 • 

. The ll-line hyperfine structure is characteristio of the TCNE negative 

ion radical (46) & Nine of the D.nes, with intensity ratios of, 
" 

<";v 

1:4:10:16:19:16:10:4:1, Tesult from the hYPerfine splitting of the : 

It 14N atoms of the CYan1d~ groups. 14N has a nuclear moment of 1. ~~. ~ 
W' 

The hyperfine sp11tting is given by 2I + 1, ~re I is the sum of t~.;:;, 
""( . .' 

--: .. -J «' ~ 

nuolear monents. The other two lines appear at the extremes. of the ,~j 

. , .. 
.' ", 1 

I 
, ; 

.. . i ' 

, .. 

spectrum and are caused by the 13C splitting. The g-value"of the '::'4 
, ' \, ,:1" 

central line is very nearly'. 2.0023, the value for .0. free electron. (; . 
, , I 

: . When :the light was out off with a shutter, the signal reverted almost. 

to the zero level. A 'small residual signal persisted and remained , 
constant throughout further irradiation. This level was taken as the ~ 

base line. , . 

2. Kinetio Data' 

Inserting cu.t-off filters bet\'leen the light source and the 

sample showed that the absorption producing the EPR photosignal occurred 

:in the TCNE-THF charge-transfer band, betwe~~ 3000 R and 4500 ~~Ty~;ical 
rise and decay c~e3 at'e shown in FIgure V-3. Kinetic analyses· of the 

data are given in Figures :'V-~ through v-8. Figures' V-7· and V':'8 show the' 

dependence of the steady-state level of the spin concentration on the 

square root of the' light intensity. TI1e decay curve indicates second 

order kinetics.· The growth of the EPR photos1gnal as a function of 

tim is shown in Figure V-6. After an initial rise 8,S the square of 

the tine, the signal e':.I'e\'1 as the hyp~rbol1o tangent of the time" 
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~( -------22 GAUSS-----------4) 

MU -33640 

Fig. V -2. EPR spectrum of TCNE negative ion radical obtained 
by irradiating a solution of 0.01 M TCNE in THF. Nine of 
the 1,1 hyperfine lines result frornthe splitting of the 4 14N 
atoms' of the cyanide groups. The additional 2 line s corne 
fronl~the 13C splitting. 
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Fig. V -3. Rise and decay curves for the photoinduced EPR 
signal for 0.01 M TCNE in THF. 
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Fig. V -4. A linear plot of the steady-state value of the EPR 
photosignal for 0.01 M TCNE in THFvs the relative light 
intensity. -
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Fig. V -5. The steady-state value of EPR photosignal for a 
. solution of 0.01 M TCNE in THF as a function of the light 
intensity. The log of the steady-state signal is plotted 
against the log of the light intensity. 
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Fig. V -6. Growth curve for EPR photosignal for 0.01 M TCNE 
in THF. The hyperbolic tangent of 0.092 t is plotted on the 
same axis. 
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Growth of the EPR photosignal for 0.01 M TCNE in 
The signal level is plotted against the square of the 
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Fig. V -8. Decay of the EPR photosignal for 0.01 M TCNE in 
THF. a. Linear plot of EPR photosignal vs time. b. The 
reciprocal of the EPR photosignal vs time. The linear 
relation for (b) indicates that second order decay kinetics 
are followed. 
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, , 3.' Analrsis of the, 'nata 

" 

• ~.'{ ,. ',4 '"I~~.e''' J.~ . j '. 

,r 

, ,:It was assilired in1tially that the reaotion involved a simple 
. , . : ' 

" : and reverslbletransfer of an eleotron rrom the donor' molecule to the 

acceptor moleoule by the action of light. On th1s baSiS, the rate law . 
. . . ,", ' 

dn/dt III ,L '_ kn2 

','" was proposed, , : .. 

L· the ,rate of the absorpt1on of ,light energy by the 

.. ' .~ ....... ---;-. . solution, i.e., the intens1ty absorbed (quanta per seoom), 

.~ k .'a rate oonstant for secon~ 'order decay, 

n II the conoentrat1on of the paramagnetic species~ 
: ' t, • 

, , , ' '",'" It"1s assumed that th~ fOI'\mrd react10n is C .. D~ + AQ and that its 

rate 1s d1rectly proportional to the rate of the absorption of light by 

the' solut1on. A further assumption 1s made that the decay of tpe spins 

Occurs by a bimolecular recanbinat10n process, D~ + AQ ~'C~ Three phases 

or the reaction are described: Fir'st, the steady state. where the rate 

of formation of radicals by irrad1ation is exaotly equal to the rate of:. 

the rcoombinatio'n' of the' De and A,e species; second. the, deoay~when the 

light is shUt off, and third, the growth of the s:1gnal. 
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a. The steady state. When the steady state has' been reached. ' , 'j 

........ 

(dn/dt)ss 1:1 0,,' (V.2) , 

and . ~ 

(V.3) 

It, as is predicted by (V.3). the,con~entrat1on of ~ca1s in the steady 

state is proportional to the square root of ,the light intens1ty, a plot 

of log (n D spin concentration) vs. log {L II liSht 1ntensity absorbed) 

, shOUld give a straight line \dth a slope, of, 0.5. The slope is. in faot, 
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0.47. Also, a plot of the spin concentration va. the Square root of 

the1ntens1ty gave a straight line. These results are indicated in 

Figures -v-4 m:x1 V-5 and show'that the steady-state spin ooncentration 

is dependent,upon the square root of the light intensity. 
--

b. Decay curve. When the light is shut off J L • 0 and 

the kinetic equation becomes 

dn/dt a _1m2, 

The integrated form of expression (V.4) 1s then 

n t' r dn/n
2 

• - fJ<dt. 
no t=o 

, 

1/n - '1/"0 a kt\ 

or 

1/n' • kt + 1/no' 

It shalld also be noted that 

1/(~) -1/"0 · kT. 

1/110 CI kT, 

. T • l/kno, 

where T • the half-life of the radical, and 
] 

no • in1t1~1 concentration of free radicals. 

(V.II) 

As is 111ustrated in Figure V-4, a plot of 1/n va. t gives a straight 

,,-- " ' line with 1ntercept 1/ne and 'slope of k. A value of 0.015 arb1trary 

units was obtained for k from the slope. It 1s also true for second 

order kinet1cs as 1l~1cated above, tha.t no • lIkl' For the same decay 

curve, Ilo .. 73 am ,k a 0.014 arb1trary units, 

, 
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, '.' cl !!,16 growth curve. , The' 1ntegret1on of expression, (V .1). 

as 15, illustrated 'below, gives 

n .. l1sa tanh (I.k) 1/2' t .. . (V.5) 

The hyperbolic tangent ,is plotted on' the same axis as the growth curve 
" 

for the EPR in ,Figure V-G. .The experiluental data r~ach the hyperbollc 
I 

tangent' after an in1tial induction period. where the growth is as the 

square of the titre,. , . 
d., Solution of the kinetic equation: 

dn/dt a L - kn2 , (V.l) Let 

u .. J~I n 

on , r,..kI12 .. dt 
i 
'. du .. 0~ 'dn 

dn 
L • dt 

dn,~a - du - ~I 
lfi9n~ 
. fT! ' , 'Vf'.J{ du 

--... 2 .... - • dt ,l-u ' 

-
• L4 . jt . 

du . ' orJI~_ 2 ,a ~ dt 
l~u 

o 0 

tanh-l U" (Lk)1I2 t 

u ~ tanh{Lk)1I2 t 

,k 

n .(~) l/~ tanh(Lk)l/2 t 

n" nss t~ (Lk)1I2 t (V.5) 

, 

: 

\ 
'I 

e. Further analYsis of the results. Althcugh the rate 

equation (V.l) ~ees with the steady state,and with the decay state, 

it does r~t agree with the growth curve for the tree radical concentra­

tion. The following reaction mechanism involving several intermediate .. 

, steps is proposed: ' 
.,..' 

D + A + C, , , (V.6a) 

1 
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. \ . , 

1-. • • .' J. • • ~, •• I • . '.' ". " 

,.' ,: .... ,,:.;.:,;: . :.' .·(Beoause. of .the.large exoess of THF', it was assUmed that ess.Emtialiy 
_, or", 

',' : ':'. '. " .. '., all of the TeNE moiecules were' complexed.) 
. ·...r· . 'r " 

• -" '. . C .. c? , .. 
0': ..... , .. , .. ~ _ '. \ 

;\." .... : .: 

:: " 
.,' -,I 

.,'." . (In this step the oorrplex '1s exoited to the excited singlet state by 

an in01dent photon.' The .reaotion is directli proportional to the '--' . \ .. 
'.0 '. 

.' 
. . intensity of the light absorbed.) . . ~ . ;:: 

'.\ . 
;. . (V.OO) 

• i· • '.~: . :/f ' 
:'t"! ,.... '.. 

',. " . ' .. ,. (The excited 's1~let' molecule relaxes to the grourxl state. This 
" - .. , .... 

. ;. .; 

" ,.->- -~.-- .react1on proceeds acoording to a first order rate law, with rate con-' 
'," :. ,'.' 

, \ . (V. 6<1) 
. I , 

'. .. ' : (The excited singlet state' goes to. the exci~ed triplet state. The . '.' 
,. I' .', " 

' .. first. ortier rate o.onstant 1s ~.) 

CT .. C, (V.6e) 
'. " " , 

(The tr1plet excited state of the complex relaxes to the·grOund state • . ~ ." ... 
The rate constant~18 k4.)· 

'. cT .. ' De + Ae, 

' .. 

(V~6f) 

(The tr1plet state of the comple~ goes to the ionized c~onents of 

.' 

the cornplex, D$ and· AQ. The rate constant 1s ks.) 
I 

De + Ae .. c .' \ . , . 

.' 

. (V.6g) 

".: ..... (The 10ns reoombine to form the complex. The second oJ;"der rate con- . 

;. . . .. ,. .'. stant is k6'). 
~' .. :- "J- . ... 

':.,; .. 
. .. 

.. 

j 

, '. :' ~>' 

.~ . 
", ~. 0< 

.. , 

If it is assuned that the li!'e-t1me of the singlet "state of the canplex . 

is .so short that the. conoentration of the singlet, species is always at . . .' '- :. ~ . . 

", . : ~'.:", .. , 
-t!-. 

the steady-state' concentrat1on, then fran Equat~ons b. 0, and d the 

, . the expressiOns 

(V.7) 

I 
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, " ~'~,'" ,'" 

r , 

. \.t·. -'1 " 
'." . t.'··, . 

':" ' , , 'OS a 'y c'k2 +' ~3):, ' 
i . ,. , ".. " 

(V.8) 
I • .' • 

, .... 1 " " . • '. ' '. • ". I . 

, " can,be obtained'for the ~te of change of the ,ooncentration and,for, 
, f' . 

" .:'. '. '.. " '. . " ." . . . " 

,the concentration of the ,s,irlglet species,; respeotively., It is also ' 

. ' 

, " .' ';. 

',' 

.; '. . , , . ~ 

" necessary to assume, t~t the: concentration of the complex, ,C, is con;. 
. r.. ; , • • • 

, ,,: stant. Th1s 1s reasonaqle bec~~e only a snnll' fraction of the canplex 
• / 1 ' • , : ~f~::/: ' ' . . '. . '. ':. ..: . ' : " 

niplecule~' ..are, exoited at EirrJ one t11re. ' 
',' . 

, , 

By similar 8rb~nta from Equations (V .6<1'> ~ , (V. 6e), and (V. 6f) , 

, ", ,-- -~, ,expressions can' be ,obtained 'for the, rate of c~e' of the ooncentra-

" 

.;, 

,::~,'tion ,of ~he species '1n the ,triplet state; , 

," , ' 'dcTI dt a k)C,S - (kij + K5) oT" 
, I 

\ 

. , 

, " 

.'. " 

., . : .. ,") 

(V.9a) 

, t 

, doT / dt CII ,k3V (k2. + k3) - (k'l ": .. k5),~,r. •. (V.9b) 

'. ' 
'f 

" 

, v1hen expression (V •. 9b) is integrated, 
i • 

\ 
, T ' .' "-
, do·, .( 

,-_.( 1 ) 
,'" - k4 + kS . 

. 
J.n I k3L ' 

, "', '(k~ +',k3) .. ' 
",.t,· 

• 

• rt.~~,"" ; ... '~"":' ""\''''.' (v.IO~), , 
J. ' ,;:~ , , , " ' . 

o ".'" 
',,: . 

. > 

(V.IOo) 

(V.lOe) 

, an expression is obt~'~ed ~or c T , 'the concentration ~r the BP~le~ in 

'the triplet state 

(V. lOt) 

I 
\ , 
~ 

';,' 
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, ' 

t."" ' 
An express10n for n,.'the eonc~ntration,pf the 'negative lon radical 

" ~ ~ 

:' I, 'spec1es (in th1S' Ca5~, TCNE--)' nay be obtained rrom (v.6f) and (V.6g) t 

, dn/dt Dk5 eT _ kGn2 • (V.ll) 

'. ~ . I~ attempting to obtain a solution of Equat10n (V.ll), it 1s . " 

", helpful to eo~sider,three cases: 

. '.' ", . case (1). The 'light 1ntensity goes to zero. Then c! ~es to ze~, :' 

,d.- and (V.ll) becomes ' 
. ~ "', 

, 2 dn/dt ,1$_ ~ n , 

, . 
(V.lla) 

"',' .. ~.--- , . 
which 1s precisely the equation for second order decay which was obtained " 

.. ",' 

.. ' ; 

."' , 

,~ .. ' 

earl1er as Equation (V.~). 

Case (2).' The steady, state. At the steacIY atate, t ... taa and 

..•. .. ··cT D ["3 L/(k2 + k3) :1<4 + ksJ [1- e-(k4 .. k5)tS.]' (V.llb) 

Since" t ss', 13 ~ge, :(V.llb) bec<lI1es 

, , c~ a k3L/(k2 + k3) (k4 + kS). 
, , 

(V.llc~ 

However, 1t can be seen frOm Equation (V.ll) that'at ,the steady Btate 

(V.lld) 

or ..,' 

(V.lle) , 

, As before~ the~ is a dependence of the steady-state concentration of 

, spins upon the ,square root of the llght intens1 ty ~ , 

• 

, '.' . ;, 

',' , 
• j 

I 

, ,I 
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I 

: .. ":':':', "!II.;. ;' Case (3). The rise time. The, rate"of increase of the concentra-

r 

., ., 

t10n of n'ls given'by 

(V.12) 

, ': ", " 'k3 k5 
: B~ ,~ett.1ng (l ~'( k2 +, 1<3) (k4 + kSr and 

.... ~-. , 

, ' ;" expressIon (V .12) becomes t' ",: '" " 
, . . -.. 

" ";, 

• 'j _. 
• , • I 

;,' '" dn;dt. (l L (1 - e-ftt ) ,~ k6 n2 ,,:',' :' 
I ..... 
,'J, " 

, , 
J" ~ 

• ( 't ., • ,I f .. 

• '\. ; I :.", :,' ." 
" ' , , 

" . ./ 

. ' . "" ... '.,' . 
," ... , ,dnldt + 'k6' n2 ~ (l\ L (1,~, e-Bt) a o. : ' (V.13). ' 

',' 

", '>:Equatlon (V.13) 1s ,a ~1rst,ord~'I-'no~l.1nea.r'diffe~~mt1alequatlon and 
, ' " ' . , '\ ' , .' . , " 

, :; cannot in general be SOlved. It 1s a form of Riccnt1's Equation (47). 

", ' Certain Riccati EQuat10ns can be transfonned into second order linear 
/ 

" equa tlons, which can be soi ved. However. Equat10n (V .13) is not sus-,"' . . 
, . .,11 ". I • ...., '. ' 

, ;' cept1ble to th1s approach. Two other approaChes, will b.e ,tr1ed: making 

'68 
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I, 

, , 

! ' 

" ,""j 

" ',:'1 

i , 
I , 

, ~ 
I' 

simplifY1ng assumptions, and making iterated approximat1ons (e.g., P1card's I 

, ~ ( . \, 

'. "\. 

. ' .' .. 

,I 

" 

, , ' 

S1rrpllf>:ing aasymPtions., Init1ally when the light is turned. on, 

n • 0, so that (V.13) becomes, ' 
,1 '" .' 1'1 . 

, ' dn/dt - 01. L (1 :. e-Bt ) iii O. 
\' , (V.,lll) 

: ,,' .. :: . 

;:By lntegrat1ng (V.14) 
, 

" ': n ,t " 
'f '_ S" dn .. ' f (l'L(l - e-at) dt,' 

.. 11 0 ,Jo . . , .' '. 

, . 
" '. -',.:.' , 

an 'express1on for ,n,' , ' , " 

~ t '. ' 

n- [Q Lt + e-at ] 
,. (lBLt 

a ' ' , 

.' " 

... -at, ':'_ ,1/0 .................... --'e __ . " J.> 

a 
'0 

" ' 

.. 

, 
. ,~ 

J, • 
I 

. 'I. 

! 
\ ,,. 
I 

.1 
; 
r 
1 ,. 

"f ' 
", ":" 'II' 

" .' , I 



r 

n. aat + le·st -1 
8 . 

is obtained. For small t. the approximation 

e-at a 1 . -.Bt . + B2t 2 may be rrade. ' 
, . 

When this is subst1tuted 1nto (V.1S),. the expression 

(V.15) 

n .. aBLt··+ 1 - at + a2t 2 - 1 or 'n IS Bt2 + t (oL - 1) 

1s obtained. Which pred1cts a parabo~1c r1se of the s~l with t~e. 
. . 

If 1n Equation (V.16) we assume that aI6 - 1"'" 0, then (V.16) becanes 

(V.l6a) 

For very large t (V .J.3) becofres . 
, :0-

. .' 'dn/dt: lIS aL' -" k6~2, 
\ 

which gives thehyperpol1c tangent rise (see p. 64). 
. 1/2 

n III flas tanh (~/a)1/2 L t. (V.la) 

P1card's r1ethod. Success1ve 1ntegrat10ns of the. 'fom , 
. t' # 

Yn+l (t) • S 0 r~Yn(t»2 .+ oL(l-'- e-~t)l dt .• 

1nd1cate' that the solution of (V.13) shows· an init1al rise as approxi-

mately the' 'square of t1.'!le, \m1ch 1s then 1'0110\'100 by '8, cutoff. , 
. .' 

4. SuJ!!!!U7 

'!be rate equat10n 

dn/dt + k6ri2 - oiL (1 - e-fot ):. 0 (V.l3) 

pr~1dts that the EPR signal ~~OU1d grow 1n! t1ally as the' s~ '01' the 

. time and then, as the steady state is approached, as the hyperbolic 
. .' . . ~ . 

tangent of· the time. Both of these 'effects were observed experimentally'. 
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, . .. 
Likewise, the theory agrees with the observed dependence of the steady-

. state spin concentrat10n on the square root of the light.1ntens1ty and 

with the second order dec~ kinetics. In the next sect1on, correlations . 
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, J 

, ';"/ ',. 

. , 

wlil be drawn between the photoinduced: Ef~ ~1gnal.s and the photoco~ 

ductivityresults.· ',' ':~ . 
. . 

Although tetracyanoethylene negative 10n radical was identified 
.' . 

by EPR» no eVidence .was ,found for a corresponding posi ti ve ion radical. . . 

It has often been the 'case with'EPR studies o{organic ,solutions thlit· 

a negative io~ radical could be detected, but n~ positive.lon radical 

; observed. '.Few e.'(planations haye been offered for .this phenanenon. In' 

.... the case of· TCt~THF . the ~st lik~ly positive, ion radical is THF~. The· 
'. - . . . . 

; ... - -'kinetio schelre presented above assumed .that 'llwi is fonned and that it . 

.• :. remains in solution' untll recanblnatlon with TCNE6 occurs. It seems . , 

.' hlE91l.y unlikely that. the 'llIF. positive ion radicals could combine with' . . .. . . . 
'. 

.. ' one another; the -coulanbi? repulsion would be too great.. A possible 

mechanism to prevent t~~ observat1on ofTHF~ ion 1s unc~rta1nty or 

exchange broadening. If the hole. on a ~ 10n were free to migrate' 

, . rapidly fran one THF molecule to another. delocallzatlon '_of the electron 
. . 
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, . would result,. and;·the ~ signal cO'J.ld be broBdened bela,.., the level of ' . 

' .. 

- -' 

,-

0, 

. '.~ 

-, 

detectability.' The argument is 1llustrated in 'rable V-I.. Such a 

mechanism might be eXpected to lead to electronic conductivity in the 

solution, . . 
.\ . 
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TABIE'V-I 

K1net1~ Sc~e Show1ng Fonnat1on of ~ Ions 

~, 

-H- * * 
hv 

THF Complex' 'IHF 

-t-- " 
, 

41-' ' 

-1;- t' I 

~ : 
\ 

'lHF THF C 

I 

..... 

-1-: 
~",'+r-* T' 

THF TeNEe niF9 
+ 

THF 

\' • 

~ 

,. 

-+ 
-H- +- -»-

THF Corrp1ex THF 
in S1nglet 

Excited 
'State 

-,-r- -

* -t- -* ~ 

~ THF THF 

'IlIFf) 

" .4 

~ cont1nues to m1grate 

through the solut1on. Recom­

binat10n of THp$ .;. TCNE6 + 

C + THF + TCNE occurs when 

~ has migrated to a 're~ 

site. 

.. 
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5 •. EXperime~tal (48,49,50,51)". 
, I 

..: 
:1 

"a. The electron ,paramagnetic resonance spectrometer.. The" 

EPR' data' were obtained using a microwave spectrometer consisting of ° a , 
~: . 

, .,' '.' ' , " 9 gigacycle/sec kl.ys~ro9, a l"enection cavity, and a crystal detection 

,.".! ".';,' un! t. The spectrometer magnet,' which had been oonstructed, in this 

labQratory, had pole pieces 6 inches in diarqeter, 'artdwas powered with 
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a· Varian V2200 negent power supply. ~ A Varian V4560, 100 kilocycle/sec, ,_,',.: " ';; 
.• ; :., I ! f., 

phase-sensitive field modulation unit was used foI" crystal detection. "', 
, .. . , ..... _p ... -;- , . . .. 
'; ", . ',. 

, "!J.I , 
A 60 kilocycle/sec, autQmatic' frequency control (AFe) un1~ that had been 

\" ,:' '",' " 'constructed in this laboratory was also used. The measurements were 

" ' 

,0. 0" ' ° " i 
. ':; ,,~ :, made i~ a Varian V453l rec~angular cavity (TE103 model) with slots f~r 

irradiation. The spectraneter was calibrated by canpa.ring the observed 

,,:' ,s1gnal 'with a standard of 5 X 1014 sp1ns 'of Cr+++ in 'an ~ ho~~. The 

g-value for the starxlard was 2.0023 .. 

" b. The light sources and the optics. ~e light source ,was 

a WestinghOuse H33-1-cD 400 wat~ mercury vapor lamP. ,focused onto'the 
.';:: .' 

slots of the ca~ty by two glass,.lenses. The glass case of the lamp 

,"" . 

, . ' 

cut off all ~avelengths shorter than 3100 'R. The total rated'output (52) 

~ 3100 ~ to '3500 ~ was 0.54 watts. This CorreSPO~8 to 1.6 ·x 1016 

quanta per second, assuming 3300 R quanta. Over the region, 3500 ~ to 
, , 

11500 ~, the output was 30.2 watts, or, assuming 4000 R>quanta, 6 X 1019 .,~ 
'. ,t· ... 

. co-' .. 

quanta/se~." CUt-ofr filters were used to detennine, which wavelengths were 

producing the effect. The intenSity of irradiation was varied by inserting 
. 

a series of neutral density filters between the light source, and the sa.n;;>le • 

. 'lhese were of nanina1 tI"'dIlSm1.asion values of 5%, 25%. and 50%. The filters 

.. 

\" 
, I' 

'r 
.. 

" ' , 
i 
! 

, i· , 
,I 

! , 
,', 
I' 

. 
·i. 

· ! 
, ' .1' 

, ! 

· 1 

\" ./IT. 

I 

were calibrated using a Cary 14R recording spectrophotaneter and we~ found ,,:~, 
, . 

to have transmission values of 11.7%, 22%, and 117.5%& 
, •• 1 

, . , 

, It is estimated that 1% of the rated intensity of the lamp reached 
, . . ~ ~ 

, , .. 
the sarrple. . ',:. 
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'''''~'''" '~": I ':;"<i"<,:~,I,,'.,' " ., ',:'::-,'::. c. "Jvt\teria1s. Eastman KOdak tetrahydrofuran was initially 
" " 

I ''':;'::-.',;: ':' "dried with potassium hydroxide tablets and'then treat'ed' 'with lithium " 
r ',_ .1. • • 

, . ,',: " > ' : ,a1~num~1de •. The sample was renuxed for two hours and thEm d1s-
", t\. '.1 . ) .~, . . . .~. . . 

;>, t111ed. The f1I-st 100 ml port1on of the d1st111ate was discarded. The . 

~ ,~ . . 

, .' portion oollected bo1led at 65.50 • Eastman Kodak White Label, tetra-. __ _ 

" ' .. cyanoethylene 'was used \'l1thout further pur1fication. All measurements 

were made on freshly prepared sanples. After several days a faint 
" 

pinldsh tinge appeared in the TCNE-THF solution. ·Sanples were preparoo 

:',' " ; : ..... ,,~, by thefollow1ng' procedure: 0.2 ml of a solution of 0.01 11 ~ in THF' 
~ .. . 

-:' '~ , " 
.' 

,I"~ 

" , 

,'or .• 

.•.• ·c , 

. ' 

:.were placed Into.a quartz 'tube having an outside diruii!ter of 11 mn. "The, 
. ' 

sample was degassed by, 5 freeze-pU!J1)-thaw cycles. . The rn1n1num pressure ' 

read was 7 X 10-6 Torr at 7;..,0 K. 'at which point the sample tube was 

sealed. 
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.f 
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• 
.', 

~ ' .. 
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" ' 
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,,' c. rhotoconductivity in TCNE-~{F Solution 

, , 

',1. Introduction '. " 

., ..... 
;: . The detection of a rapid photoinduoed EPR signal 1n TCNE-THF 

.:; , solution charge-transfer complex suggested that photoconductiv1ty might 

be observed as,weU. Using the apparatus described in Section V.e.5, 

photoconductiv1ty has been seen·in a solution of 0.01 ~ TCNE in THF. 
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, , Once the initial 'observation had been 'inade, the signal was studied as, 
" 

. . :" ".:- . a function of the wavelength and the intensity of the incident light • 

. , . As in the case of the photoinduced EPR, cut-off filters were used to' 
" 

• show that the a~sorption causfug the photoconductivity took place in 

, " 'the tall' of the charge-transfer band of the canplex. Figure V-9 shows' 
I . 
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, the photos1gnal growth curve, The signal level as a function of light, ' 

,intensity 1s plotted in Fib"UI"e V-lO.Kinetic studies are shown in 

Figures V-ll throW")1 V-14. Figure V-l5 shows the photosignal. as -.. a , 

function of the applied voltage. All measursnents were made with the, 

applied potential less than,o.4 volts, . In this region the current VB. 
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conductivity in solids has been given ,by Bube (53). Meler (54), has 

"reviewed sone of the work on solutiOn photoconductlv1ty. . ", ' , . " ! 

2. AnalysiS of, the Results 
.-.---~ -~"".: -j 

.... 
~ specif1c resistance or res1st1vity of a liqu1d is the 

resistano~"'1n oms of a column 'Of the liquid, one cm long and one cm2:;1ri 

'cross sect10n~ fhe oonductivi~y is the reciprocal of the res1stivity 
" 

", and may be expressed as 
... :,< • 

(V.19) , 
" , 

, ", \~here ',:' . , 
~ , 

P III the concentration of the positive o~e oarriere, :' ." ~. , 

n am the concentration of the negatlve charge oarriers. 
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• Tanh (0.12 t) 
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TC N E in TH F I-

MU-33647 

Fig. V-9. Growth curve for the photoconductivity of 0.01 M 
TCNE in THF. (Signallevel)/(Steady-state signallevcl) 
is plotted against time. The black dots indicate the 
hyperbolic tangent of 0.12 t. The applied potential was 
0.09 volts. 
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Fig. V -10. Steady-state photocurrent vs light intensity for 
0.01 M TCNE in THF. a. Steady-state photocurrent vs 
relative light intensity. b. Steady-state photocurrent vs 
the square root of the relative light intensity. The 
applied potential was 0.09 volts. 
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Fig. V -11. Steady- state photocurrent for 0.01 M TCNE in 
THF vs the log of the relative light intensity-:- The applied 
potential was 0.09 volts. . 
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Ol~~--~--~~--~--~------~ 2 4 6 8 10 12 14 16 18 

TIM E (sec) 

MU.33650 

Fig. V-12. Decay of the photocurrent for 0.01 M TCNE in 
THF. The reciprocal of the photocurrent isplotted 
against the time of decay; 0.09 volts is the applied 
potential. 
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.9 TCNE 
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Fig. V -13. Decay of the photocurrent for 0.01 M TCNE in 
THF. The log of the photocurrent is plotted against the 
time of decay. First order decay is not followed. 
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Fig. V -14. The growth of the photocurrent for 0.01 M TCNE 
in THF. The inverse hyperbolic tangent of (photocurrent/ 
steady-state photocurrent) is plotted against time. The 
applied potential was 0.09 volts. 
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I!; ... 
UGHT SOURCE a ~ SHIELD 

J ~ oJ,J. .. 1 x-- --- -I-/-r \ CELL 
.... _ .. 

LENS X LENS II: 

PHOTOC ON DUCTIVITY 
APPARATUS 

11~(---6cm---""1 

TUNGSTEN LEAD 

QUARTZ CONDUCTIVITY CELL 

MU·336S3 

Fig. V -15. Photoconductivity apparatus. a. Block diagram of 
the measuring device. b. Conductivity cell {metal shielding 
is not shown}. 
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e ~ the" charge on the electron, ,'(', 
~ ", 

~n a the mobi~ty, of the negative charge carriers, 

,~p a the mobility of th~ positive charge'carriers. 
.' . .' 

,'~e mob1lity 1s deflned as \1,.- v/e" the ratio of the velocity, v, of 

the carr1er to the applied field, ,. 

, 'rhe conductivity 1s. then, the rate of transport of charge carriers 
, ,. 

through a unit ~quate of the solution., ' 

- --- In explaining the data obtained, several assumptions were madel 

(l) Each carrier bears unit charge. ' ' 

(2) ,The mobility of the charge carriers is independent of the 

concentration of carriers.:'" This impl1es that the conductiv1ty should' 

be directly proport10nal to the concentrat10n of charge carriers. 

(3) The. conductivity is ionic and for eaoh TCNE negat1ve ion pro-

duoed, a THF positive ion is produced as well. , 

3. Calculation of Ionic Velocities .t'rom E:tper1mental Data' 

One fom .of Ohm's La.wis 

, \Omere 

j IS 'ae, 

) .. the current density (~o!cm2), 

a .'the conductivity'{Ohmi1 cm-1), 

e • the electric, 'field strength (volts/en). > 

The current density is also given by , 

,where 

j .. nevn, + pevp, 

Vn"l1 the velocity of the negative charge carrier,' 

,vp .. the velOCity of the positive charge carrier., 

{V. 20) 

(V.21) 
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,." ". Assuroo that nap and that Vn '" vp. 

'" 

Then, L -
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I. :, " 1 

(V.22) 

Fran the,EPR data, the concentration of negative ions, n, i8 found to , 
,-' \". . 

be 2.5 X 101S/em3• Bearing in m1nd that the light 1ntens1ty was a "--. 

factor of 5 lower for the EPR than for the conductivity, and that the 
\ 

concentration goes as the square root. of the light intensity, the con-

centrat10n of negat1ve carriers is approximately '5.75 X 1015 for the 

case of the conductivity. This result neglects 'the differences in the 

geOtretry of the cells for the two measurements •. 

Using Equation (V.22) ,and n • 5.75 X 1015 carriers/cm3, e a 0.18 
\ 

volts/em, am f1 a 2.33 X 1(j"6 onn-1 cm-l , the results ' 

v • 5 X l(j"5 cm/sec or p. 2.7 X l(j"4 cm2/volt sec. 

4. calculat10n of the Ionic Velocities fran StokOO' Law 

3y equating the electrostatic attractive foroe exerted by a' 

field on a charged sphere to the retarding force due to the viscosity 

of the roodiuIn. we Obtain 

where 

eE .. 6,,,'1 a v, 

~ • the intrinsic viscosity of THF • 0.0107 Stokes (55.56) at 

25° C, .. 
a a the ionic radius of the carrier, estimated at 3.20 ~, 

e a 6 X 10-10, esu, the charge on the electron. 

v ·a the ion1c velocity, and 

E • the electr1c field in statvolts/cm • 300~. 
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"'I~W':"~:"', -: .. Substituting the' above values "irlto Equation (V. 23) .' 'we obtain ' 
• .t. :""4~~'l\o,\t • ';.' '.' , • .•.. ~'. . 1-., ' ',"' 

" .. 1 " 

" " ',' J, 

, .' 

.. . .,., 

\". ;. 

" . 

,.' ., .. 

,', .:, 

,")' 

~ .. 

or 

V a 'e· ' .. 6.5 X'lcr5 em/sec, 
3.2n (300) 

'"' , ." 

", .. :' .. 
p::"1:11 3.3 X 10-4 cm2/volt eecc>' 

'5. Experimental Technique 

.. 

! " 

'.' " 
',: 

... -.... ~- The photoconductivity apparatus is diagranrned in Figure V-B • 
f 

The direc,t Current resistance 'fTaS measured by applying a fixed voltage , . 

. to the sample and simultaneously treasuring the current now by !mans . 
of a picoarnmeter. The volttlge supply consisted of a 9O-volt direct 

current source in series with a variable resistance, so that the 

applied potential could be. varied from 0 to 90 volts. In awst all 

cases the applled potential was less than one volt, Xn this region···., . 

the current-voltage; characteristic was linear (Fig. V-16). A General 

, Radio Type 1809-A vacuum tube voltmeter was used for potential measure- . , 
. ' :... 

. . ;:;ll;,/. : 
ments. The picoamneter was a Keithley Model 410& The 0 to'-:"63~ rise 

t1me for the 1&-7 amp scale was O.OOl:, sec. However, the Sanborn 
" , 

Recorder used in conjunct1on ldththe picoanmeter md a o ,to 100% rise 

time of 0.01 sec. All effects observed occurred in times longer than 

" . these ~trumental llm1 tations ~ The light source was a Westinghouse 

, ' ',H33-l-cD 40o-watt mercury lamp that had been silvered exoept for a ., , 

small l"e".9.on. Two glass lenses were used to focus the 1a.np onto, the 

conductivity cell. They erfecti~p.ly.cut orf wavel~ngths shorter than 
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" 3100 R. The cell .itself was made e~t1rely 'of q~tz. "The eleotrodes .. \ \ ," " 

;:. ':. ", . ': . were platinum discs one em in radius and 1/2 om apart.: The etectrodes "'\1'::-: I •. ': '" . 
~,-:' ••• " < ~ 'J .. '. • .J{t~~it,( :~. ' _ 

...• - were masked to ke~ the llght !'rom hitting them d1rectl,y~; althOugll the ". ... ~ : .... I 
entire region between the plates was irradiated. , , . , ' 
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Fig. V-16. Maximum photocurrent for 0.01 M TCNE in THF 
as a function of the applied voltage. 
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6. Materials, 

Eastman Kodak ,TCNE was, uaedo Eastman rlh1te Label THF was', 

treated with solid KOH and then distilled rrom lithium alUttdnum ~dride, 

as in the ease'of the EPR samples. The THP alone,sh~~ed no conduct1vity 

changes w~en irradiated. The electrodes were cleaned with dilute sulfuric 

,,'acid. ethanol, and distilled water. If the 'electrodes were not cleaned 

for several days~ a back potential developed. The light intensity was 

COl'npared with· the l1ght intensity for the EPR stud1es ~Y using a photo-
' .. '. 
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d10de 0' A factor of 5 decrease in intensity was observed for the EPR ". I " 

, . ,',,' : ':,:" compared to the conduct1 vi ty • :' 
, , 

, D. A SUIIJrYE.rY of EPR and Photoconduct1vity Results' for the 

TCNE-THF System 

Photoinduced electron paramagnetio resonanoe signals have been; 

,: observed in a aoluti?n of 0.01 ~ TCNE 1n'THF. Photooonduct1vity has , 

,been seen as well. The effect1ve absorpt10n for both phen~ena occurs " 

in the charge-transfer band of the complex (3100 ~ to 4500 R). '!be 

steady-state level for both the EPR and the photooonduct1vity 1s dependent 

,upon the square root of the l1ght intens1 ty • Both effects showed second . .... 

,order decay kinetics. The gr'O\'lthcurves for both phenomena can be 
\ 

- ,explained by the rate equat10n 
. , 

dn/dt + k6n2 - oL(l - e-at ) , 1m 0', (V.13) 

where • 
, . 

oJ a, and k6 are constants, . 
, , 

L ~ a constant proport1onal to the light 1nt ens 1 ty 11 

n a the concentrat1on of TCNE, 

,Which predicts a square law 1n1t1al'r1se, followed ,by a hyperbol1o 

tangential rise. The equation also explains' the steady ~tate and the 

decay behavior. 
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The nyperfine splitting o~ the EPR spectrum shows the TCNE negative 

, .~ /''''!''''~' iOn radical to be present. This same spec1es arid the'THF pos1tive ion 

.. 

, ~, 

rad1cal are assurreci to be respons1ble for the photocooouct1v1ty. The 

ionic veloc1t1es as calculated from Stokes' Law and from the conduct1v1ty 

measurements agree within approx1mately 20%. The differences in the 
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l 

geanetry of the conduct1vity cell and'the EPR tube trade ,direct ccmpar1-. ,.' 

sons of the intens1ties of the two systems difficult. 
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,This work consists,of studies of the movement of electl'Ons,;w1thin' " 

~. , '" 

, and between organic molecules. It was mot1vated by the, interes~ which', ' 
"; . ., ~ . 
", ,: 

, is' nOw being shown in relat1ng electronic rrotion in molecules to tunda-, 

mental life processes. Complexeo formed be~ween molecules capable of 

'donating and accePt1~ electrons were studied as models for biological " " 

',.-.- ~. 

" I -

systems. Photoinduced and thermally-induced changes in the electrical, 

magnetic, and optical properties of these complexes, both solutions and ' 

solids, gave information concerning charge separation and charge trans- ", 

, port phenomena in orl:;.'<lnic systems • 

" " First, the dichroism ,of the optical absorption of solid complexes " 

,i 

! '. . . . 

was studied. The charge-transfer absorption in the crysta;tline' complex 
'/ ' ' 

" !'ormed between coronene and E,-chloran1l was found to maximize when the 

scanning light was polarized parallel to the ,needle of the crystal. 

When the light. was polarized perpendicular to the needie 'axis, the 

absorption in the:,charge-transfer region was essential;ty zero., These 

results indicated that the trans~tion moment for the charge-transferl,' 

absorption was polar1zed parallel to the needle axis of the crystal~'" '. 

, ~t is, along the line of centers joining'the molecules. Both photo-

induced and thermally~induced electron waramagnet1o-'resonance (EPR) , 

" signals have been observed in the ooronene-chloranil complex. These 

, / ': signals were explained by assuming that heat and light 1ntroduced 

paramagnetic imperfect10ns i,n the Qry!3~S. Attempts were made to 

correlate thermally-induced EPR signals with therrnally~induced co~ 

duct1vity changes in perylene-o-chloranil solid conplex. No simple - , 

relationship between the'two phenomena was found. • . ~ ... ' ':"., ~ .• '0, 

A general search was made for photoinduced EPR signals in liquid 

" 
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.' canplexes. Several systems were found wI1ich showed EPR photosignals 
~ , ; 

,,;' r .,' ,-I , ,with rise times and decay times of the order of millisecooo'5. ' One of 
" .' \.., '.~ ,l 

:.' ,.:.:~'. ':) ::; the: systens, £-chloran11 dissolved in dioxane, was studied)in detall. 
'" . ~ '., . , ~ ::. ,: .~ " ' 

" 

,.' '; 'the system, however, ShOi'led various side reactions Which made the 1,ntel'-
.. . . ,~~ "', '. , 

\ "''''" ... ~:, ,: , ,~ ", .. 
, ' ... ' .. '_.' pretation of the da.ta difficult. Since thc' free radical observed shOWed . ' 

, t ~" , , 

~, , ;. 'no hypertine structure, the radical could not be identified from the 
,,,: , . . " .-. .~ 

, , . . ' ~ , , 

.' ", ',";, 'EPR ignal , ',,'. " , '" s • : ',' , .. ' ~.', .. , ,; .' .' . 
. ' .'';' .. '" " The TCNE-'lliF canplex was rela.tively more stable, showed longer 

.--.!.-
, '. /' ' 'rise arid decay times, and the photOinduced paramagnetic species waS 

, , -

, '. 
'. "' ",;,' . to be TCNE negative ion radicale It was a relatively long-lived 

'. 
'. \ ~ .~,. ' .. ' ...., 

.' 'r 

.' ~~ ..... , 

species, having a half-life of approximately 20 sec. Photoconductiv1ty" 

, . 'was seen' in the ,TCNE-THF cotrplex as well., The kinetics for the photo-

:',.' ,,', conductiV1ty agreed ~ell with the kinetic:'} for the EPR. 'Ibis was because 

., .. , .~ 

.. 

,', ' . 
. the TCNE negative ion rad1cal served the dual function of 'an ion and a 

" , 

radical 'and could be detected e1ther by its paramagnetism or by the fact 

that it contributed to the conductivity of the solution. A kinetic rate' 

law was proposed which satisfactorily'fit both the photo1nduced FJPR and 

the photoconductivity data. 
, .' 

The~e resul~s seemed to 1nd1cate that the SY8t~ TeNE dissolved 
" 

in THF, 1s. in fact, a ays tern where the reversible transfer of an 
, ,. ( 

electron from an organ1c electron 'donor molecule to an organic electron 

".' acceptor roolecule iri solution can be produced by tight. ' . Such a Phot~~: . 
. 

~.; ~,~.' ~:,,: .. :. induced electron transfer nay well be of 1npartance 1n biological systems.·, 
.' :"., • ...., " ;..... ' • • ~ ., t • 
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" TABLE OF MATERIALS 

DONOR ACCEPTOR 
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CI CI 
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0 c,¢o 
CI CI 

CI 

o-chloranil 
Perylene 

Tetrahydrofuran Tetracyanoethylene 
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