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, , ·_ · -· .. A ·variety _or organic donor-acceptor canplexes, .. both solutions · 

: · _ and solids, have: been investigated as possible model systems for . 
; • • . . • - IJ 

1 

· . · photosynthetic processes,·. The aim of the study was to obtain 
... 

.. :·~_::.:- 1nfornat1on concerning charge transport and charge separation 

-' 

.... :: . · phenomena in organic materials~.- The optical_dichroism of crystals · · - ;· :· ~tl . . . : . . . ... : .. : .. ·· .. ·"'\. 
... . ' ... ~ ·. 1 .. <: :·._. · .. · ·. of coronene-,2:-chloranil charge-transfer complex was studied.. 'nle · : " : ·· •r·;:' ~ '1 

•. ,' : ..•• "l ·'i 

. • ,I 

'' ·' _charge-transfer band was found to be polarized along the needle axis ' ' ·· ··l 

. or the ·~tal-that is, along the line or centers Joining the . ·. .. · '!' .· :.j '' 
.·. ~ . • .. 

... . .. ... 

. ~ . . . molecules •. Photoimuced electron paramagnetic resonance (EPR) 

:signals were observed in the coronene-chloranil conplex, .· Atteq>ts 
I . 

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

changes in the eiectrical conductivity of perylene-o-chloranil . · 
. -

crystalline canplex. There appeared to be no silq>le relatio~hip 

. between the two phenomena. 
' ,, 

·i· 
' { 

- .. 4 
. J-} 

' ., 
. . .. 

. I . . : l 
• ': . .., ~ .. •' • ,I 

. .. -:: 

0 .. ~ J. '" . . ~ •, ~ ; : . . ~ ·: 
. ; . ~·.. :., : ... A search for photoinduced EPR signals in· liquid coq>lexes was ~ · .. ~ .. 

,. 

l' . 
. . .. 

; . ' 

·r f ,·"'.:·• ',_ ,\ 

carried aut, and a number o.t" syst~s were fa.md ·with photosignal 
. I 

··rise times of less than one s~_cond.. The solution mos~ extensively 

·studied was £-Chloran11 dissolv.ed in dioxane. In this ease the ri8e 

time for the EPR photosignal was approximately 30 msec• Side reactions, 

however, corq>llcated the intell>retation or the data. 'lhe oomplex formed 

. between tetracyanoethYle~e: (TCNE) and' tetrahydro!\tran ('IHF) was not so 

reactive \'ihen ·irradiated. Also, the free radioal p~uced ·could be 
\ ' 
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readily identified from its hyperfine structure to be TCNE negative 
'. 

ion radical. The kinetics for the formation or 'roNE negative ion 

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

The data for the photoinduced EPR signals were carrelated·with data _ 

obtained for photoconductivity in the same TCNt~THF system. A kinetic 

scheme was developed which appeared to be applicable to both the photo

conductivity and the photoinduced EPJ3. The data gave evidence for a 

reversible photoinduced charge separation in a liquid organic systemo 
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. I. . nrrRODUCTION - IDDEL SYSTEMS FOR PHO'roSYmliESIS 
• ~ •. r 

- ·!•· ; \. '~ 

•' -~ 

· · After c~vin•s (1)- explanation or the. biochemi~al steps. or. the·.· 
·.,... 

, . 

~· .~· .. J· 0 
carbon Cycle had been proposed, renewed interest was shown .in the 

0 1J • I 

. . ~- . .· ·l 
biochenical problem of pri.nnry __ quantum aonver_sion ( 2)-how_ is ~o~~ : :. : . . . . :-: .,.,'~ :~ :t 

.... . . . energy· converted illto chemical potential? The· approach to the problem . ·: · /. · · . · ··1· 

· .. ' .•• , .... :::~ngt:oo·:~o::n::t::::::.~::: wia::::.~:-:ea ':':. • /.·.--;;J 
·.:-- ... ·'·.. . .. :·approach was inflllenced ln part by Szent-<iyl!rgyi (3), ~ne. of the first .. 

• - __ ....... ~-:L.' 
:.+ • ···~.,.' 

.. · : · to look beneath the levels or cellular and ll¥)lecular ordering for the .. 
'~ ·:- ·- .<-' ,: . ·. , -. .' ·, explaM.tion of life processes.,· Evidence was obtained 1nd1~at1ng that,·· 

•' 

• • .. ··t-~ . -.. 

once an in1tia~ charge ~~p~tion had taken place, the oxidative aoo 

the reductive steps of photosynthesis could proceed-independently (4). 

Presumably the first' step in'the charge separation is the excitation 

of an electron by incident radiation. ~owever, the exact nature or 
. < . '·· ·.;.~· .., .. ~ 

. _,, . · · . the succeeding st_eps is uncertain" 
r • • , ~ .. •.',·. 

·' l<t, •*" ••••. 

. :· ~ . 
< :' 

' . 

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

or charge separation in photosynthesis. Besides the 41i~eot approach 

: ~ or studying actual ~hotosynthesi~ systems, a great deal. of- effort· 

:.has been expended 1n attempting to understand modelse . It was hoped 

. " . . I that studies or. DDdel systems could provide in.fOI'I.JCition concem1ng ' · 

I . 

. .. 
t'urldaroontal processes thought to OCCUr in ll:v1n8 .org~sms, Particular 

attention has been given to charge separation and charge transPort 

phenanena in organic systems, In. this .laboratory Kearns (5,6) studied 
. , .. 

electron transfer phenomena in organic solids, with special emphasis 

.. ·.e ... : :. . · on phthalocyanine .models for chlorophyll. He discovered that the 

,,·, -_ : · · dark conductivity of phthalocyan1ne increased greatly when a thin 
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. . :· :. film of phthalocyruline was doped: with a ·l:eyer of'; g:-qhloranil. . He 
:._ . "'.:>.:':~t 1!' ~ :,-: • • .... 

. ~· .... 

4 

· .. \ 

.. ... 

I. 

r · .·. : · J)ropos~d that phthalocyanine acted as an electrOn· donor, that 0-chloranil 
. . ' . ~- ,: . - . 

' . 
acted as an electron acceptor, and that ·a ·charge transfer took place · 

between the· two roolecules. ..This. result· auggested that more extensive 
'! • .~.· ' \1 

.. '. . ' ' '. I . . . '·' I . . -·-·. 
· and general. studies or charg~transfer ·xoomplexes .fonned between aranatio · 1 . 

• •• .... • 1" 

. . . . . . .. ;; .... ·. .AJ: ·. , . . . ·. 
· .. hydrocarbon donor 'molecules aiid''quirione· acc~ptor molecules should be 

. ' ... ; 

· .. .. . 
. .. .'\. 

I .. • .. t 
,.. > 1 ;· . . · carried out •. · 

. : 

. ' . 

Eastman. <7 ,8); while: continuing work on charge;..tr~sr~r solid 
L .• ---. . 

., 
'·'i 

t . ~ ~ 

I.·. . •. : ' canplexes, also studied·· solutiOnse. One or his aims was tO find a • • . . . .· ._''": ·~ -~· :~. • • r 
... .!· · .. : ~: ·.'solution 1n whloh a rapidly reversible transfer of an electron from- ... . . ··1.. 

. . . "'~ . ! '. •. '·._ 
. . . : · ·: :, a donOr to an a~ceptor too.k place. · However, becaus~ the systems studied . 

. I 
. . .... 

- .. 
• ,1. 

' .. 

· .· were very reactive, such an electron transfer cculd not be demOnstrated· 

.. . · : ... unequ1 vocally· to take place. The aim of the present work was . to con-

' tinue studies of IOOdcl systems for photosynthesis. In so doi~, charge . '. 

\ .. 

, 
separation and charge transport phenomena 1n both solids and liquids. 

were 1nvest1gate4. · In particular, a search for the conditions for the 
. . 

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

· ·~ solution was continued. One solution in wnich a reverstble charge 

: · transfer appears to take place, fran EPR and electrical conQ.lctivity 

data, is the conplex f~ed between 'reNE. and 'llfF. 

ll • OONOR-ACCEP'IDR COf-1PI.EXES · · . . . , 
A. Oeneral Introduction - Historical Rlsume 

. ,, 

. ' .· 

. ~ . . 
• •• f 

• ·.! 
I 

. l 

'; .' 
'·-

.. : ' . 

.; ~· 

,",'! 
'>·. : .. ' ;, 

. . . . . . j • 

If equimolar quantities of o-chloran11 (red) and ot perylene (yellow) . · . ':.: . ·1··. 

are dissolved in ~t 1,2-dichloX:etha.ne, a bla~k solu~ion results, Upon · .. : . · ... \ · r 

cooling, black needles crystallize from t~~ solution. ~spectra or "· · .:· ... T 
both the solution ani of the crystals show the absorption peaks of the · .J ..,. 

.. . . 'J 

.. : ... 
• \lo 
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. '· 
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5 

'co~stituerit canpounda, as well as a broad,· 'atructureleos band riot 

found in either of the. canponents. The or~~ materials may be 

recovered easily from the solution by column chrornatograpny or from 

the solid by selective aublimation.or by zone refining. This evi

dence indicates ~hat ·no irreversible chemical-changes take place, ·. ·. 

and that any association between the component compounds must be 

. ·. 

weak. These properties are· characteristic of the class of inte:r- .. , 

_molec~lar complexes. The color of such complexes is _currently 

explained ·on the basis of the charge-transfer . or dono:r-acceptor 

theory as postulated by l-blliken {9,10,11). 

., ... 

' ; . . 
Intermolecular complexes have been known at least since 1844, ' 

when \v8hler (12) reported the preparation of quinhydrone, a crystal-.·. 

line complex composed of E.-benzoquinone and E;-benzosem1quinone in 
. ~ \ 

molar proportion of 1:1~ In his Lehrbuch of 1866·Ke~e (13) called 

attention to the theoretical problen posed by the colors or canplex~s. 
I 

' 

I 

While 2,-<1uinone ·is yellow and hydroquinone White, the canplex, quin-; 

hydrone • is metallic green, A grooual accumulation of data tor various 
·:' 

complexes continued, but it was some time before a satisfactory 

explanation of their colora was proposed~ In 1921 Pfeiffer (14) attempted 

a systematic classifi~ation of orE9lllic canplexes. The 1927 (15) edition 
.r._ 
'), \ 

of· his book reJect~ several theories then current ·and suggested that 
. . 

1n the· conplex the quinone was somehow bound to the -unsaturated carbona 
~.! .. 

of the benzenoid .canponent or the complex·. 

In 1928 Weitz (16) postulated a parti8lly polar bond for conplexes, 

Benesi and H1ldebrarxi (17) were interested 1n the problem, and 1n 1948 

carried out extensive studies· on the complex ro~d between ·iodine and . . ' 

~,,. 

' ' • 'i 
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'· . _;) . ,. 
' { 

' ,._. . . ~ . 
benzene.·· In 1949 ar.'ackman (18) suggest~~ two resonance forms ror the 

complex. one or which was .ionized.· Muili~en, :~apt1ng Brackman's idea, 
.. ' 

in 1952. developed a quantum mechanical theory or ~barge-transfer and 
·I 

applied ·it to the da~ of Benes! and Hildebrand.. . So. successful was 

Mulliken' 8 explanation of the observed·. :colors .of donor-:.acceptor c~-· ·. · 

plexes, that it stimulated many ne~ inve'stigations •. In recent years. · . · . ~ 

' . 
·,.a number ·or review articles (19,20,21,22) have appeared, sUJmm"izing 

' . . . . . . . ' 

bOth the experimental and. the theoretical developments 1i1 the field •. 
c 

' ~- -:-:~"" The most canprehensive of these ·is Br1egleb's Elektronen-Donator-
~ • i 

Accepto.!'-Canplexe (23) 1 published fo~y years after ~feiffer's original' 

... 
... 

classification of molecula,r complexes •. 
l .... ~ • ' • 

\ 

s.· The Theory of Mulliken 
· .. 

. .· . 
. : 

MUlliken presumed that the donol'-acceptor conplex_ may .be repre-· . , · .. . " .~ . 
·,' 

. . sented by. two resonance fonns : . 
. . 

~ '· . . .. . D··. • e A~ 01 AQ 
. ' .. . . . .l· . 

:: .. · .· ·.-<·where D .·is the donor moleeule and A is the· acceptor moieculeo 
-: ., ~ ' ~ ~ '• 1 ° • ' 1., 'I • • ~ ' , 

I , . 

(II.l) . , 
- .... 

• • • • ' '1 • • :~ 

-', < ;-. . . , .. ·. . D .• • ~ . A is the resonance fonn where no charge transfer haS taken ; . 
;_ "' 

• ! ••• ·• :.· ' • 

place,. and where thE!' only attractive forceB between the molecules are . . 
. :- '. /: ' .~· 

:." .. : :~-.-.~.··van der \vaals/_ .. forces.; Da) ~ AQ 1s _ _.th~ r~sonance form where. an electron 

· has been canpletely transferred rr~·· th~ ·donor rro, ~ule to the acceptor 
-' 

·.-.. 

• •< • • •• , • • '':·. -~ ·• 

' .... 

mo~ecule', The grourxi state or the complex is represented by . 

(II.2) 
· .. lflo • Wave function for the 

van der 't/aals structure 

. ·~;. t I • • ' 

-, ~·· • • • • • •• 0 ! .• 

I . ·. . ~ '~~l •. \vave tunctiot:l for charge- · 
. transfer structure ·' •. . . .~ .. . : ~1..:_ . . 

. . . ·.i: :· . ' . ' 

5: .- · :._ ~, .. · -~,,wJ8rse _a: .. >.>· b, and t~. ~an-·der Waals structure predoridnates. 

'· .. ..... · 
•• - 1 

'·. · ... · .. 
. . ~ . ' ~. . 

... 

\ . 
j. 

,•.' I• ·. 

. i 
. I 

,. 

6 

.· 

.. . . 

i 

J' 

... : ': 

·. . . . :! 

; i! . 

,• 
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\ 
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.. 
\ 

· '!he E:1CCited state is represented by 
~·- .. 

~ • a*~o - b*~l ·~ (II.3) 

where b »a, and the charg~transfer state precian1nates • 

' .. The charge-transfer absorption is 

(II.4} 
. . 

.... , .. 

. .The energy of the charge-transfer absorption is approximately 
I ) ' . 

1_... . hv • EA- 10 - L (II.S} 

, ·- Where 
1 erAB • 

7 

, . 

I 

• I 

. - _._...:,..... 
EA ~ the ~lectron affinity of the acceptor molecule 

.. 

'• • r •,•·. 

·e. 

. 10 • the ionization potential of the donor molecule 

e2 -. 
&.r AB. .. the coulombic 1nte~cti~ term, and 

e • the char~ of the electron 

rAB • the distance of intermolecular separation 

.. . 
. ' 

., .. 

,. ' 
I 

1 . 1 

C. · Canpa£ison~ Between Solution an:l Solid Conplexes l 

In the solid all of the molecules are cooplexed, While 1n solution · ~-

· the _following equilibrium exists between the ca~;>onents and the coaplex 

D +A("~ ~ ... A~ D$ ~ (II.6} 

COMPlEX ., 

_ Crystalline charge... transfer canplexes .. fonn interesting structural ·· · 

analogs to photosynthetic systems. The plants exist as alternating 

layers of carotenoids and chloroph,ylle, similar to qu~none donor arx1 

· hydrocarbon acceptor laminations 1n the Coot>lexes. The nature or 

clarge separation 1n solution is not well understood • 

. . 

. . 

. I 

.. 

.. . 
I 
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· III. CHARGE-TRANSFER PHENOMENA IN SOUDS 

A. Qptical Spectroscop~ 

1. Introduction 
·. 

Optical spectroscopy of charg~transfer crystals was carried out 

8 

to determine the r~lationship between the crystal_structure and the direction 

ot: the cruirge-tranafer transition. In nearly all cases charge-transfer com- / 

plexes crystallize as long needles.· x-ray crysta~lography has established . 
, 

the structure a·s alternating layers of donor and acceptor molecules (24). 

The planes of these· ~yers are oriented at S()!le acute angle to the needle 

or c-axis of the C<lllplex. For example, in the case of quinhydrone (25) 

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

is well established, the dic~ism or the charge-transfer transition is 

sqrrewhat in daubt. Nakarooto (26) was the first to study the dichroism 

of charge-transfar crystals. His original rnicrospectroscopy, done in 

19521 seetred to indicate that the charge-transfer tmnsition lay perperxii

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

and Parkhurst ( 'Zf) . have done reflection spectroscopy of quineydrone and 

have concluded that the charge-transfer tra.n51 tion lies parallel to the 

needle axis of the crystal,. 'Or along the line or centers Joi.nini the 

donor and 'the acceptor planes. 

'ftle charge-tr,ansfer band in chlomnil-co~nene cou;>lex is a broad, 

s~ctureless peak extending from 5000 R to 6500 ~. with a max1num at 

approxinately 6000 R. Figure III-1 illustrates the dichroisn of the 

charge-transfer absorption, The data, which were ·obtained us~ a· micro-
' . 

spectrophot'aneter, showed that the charge-transfer absorption was far 

more intense when the incident light "~ . polarized parallel to the ~edle " 

axis or the~ crystal than when the light was polarized perperrlicular to 

the needle axise The direction of the needle axis corresponds to the 

I • :,. 
' 
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SINGLE CRYSTAL SPECTRIJJ 
CORONENE -p-CHLORANIL 

COMPLEX 

d 0.6 \ 
\ 
\ 

0.4 

0.2 

\ 
\ 
\ 
\ 
\ 

WAVELENGTH 

MUB-2247 

Fig. III-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. l = light polarized 
perpendicular to the needle axis of the crystal. The broad, 
structureless band extending fro~ SOOOA 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. 



: .. 

' ... : .· · .. ·· ., · .. 
' . 

... ._\ • . • . .• • • f . 

. .. . . •.<1:1rection of the line or center~ drawn between the plane of the donor 
.. . . . :, . 

: '· ·.· ·. : · · mlecules and the plane of the acceptor molecules·· .(28) •· Therefore, .the · · 
•. . ' . . . . . . . ~ ' .. . ~. . ., 

' '' 

charg~transfer transition is polarized along the line or centers between 
'•, I 

. ' 

the donors and the.acceptors. 
. . . . . 

. ~ .. 

. • t • 

. ' 

· '- . This is. i.n ·agreement with ~tllllken' s theory ( 29), Which g1 ves the 
. : .· .· .. ·· '·· :. . .. 

' ' ' charge-transfer transition moment as 
.. '·'· 

..... ( . 
.·. 

'I,'-' 
+ + + + 

P • ea*b(ra- rA) + (aa*.-. bb*)e>S(~- rA)~ · , .. ,. (III.l) ·. 
,. _,. 

~ ... 

,. ' 

' ...... , 
'· .. ·:· .. · ·. · Where th~ charge-transfer transition is ... · ... 

I 
! 
I 

. 
'' 

,, 
:··'' 

---~-- ... -· 
::. ,.' . : .. 1I1N a a~o + .btPl .~ ~; r;= a'tPo - b*tPl ' 

' .. 

(III~2) 
; ,f' .• 

and ·a and b are nornallzed so that . -. 
' ' ~ . 

··':· ..... · : · .... 

' I 
·, .. \. 

~- .. .. . 
. . \ · . ·.. · . : (III. :3) · . . · . ,· ; ,,.,, .... 

', .. 0 ••• ,' OA 0 

•:..-· . ) 

! 

I. 
' ·. 1 

•' 
. .;~ ': 

' ! 
where ... · .. 

e • the charge on the electron .• :': 

·. ·rA and' ra are the average positions oft~ electron·in the BorA. 
t 

~ ' 

.I 

'I • Ofbitals, .respectively, . . . 

S •the overla~ int~gral betw~en .Po and lfl;t .• foorJJ1 .. ~ .. 
* denotes the excited state. 

,I • • 

•,, '·: 

'· 

I, 

' ' 

' .. 
-.··.. l • . -

· The_first tenn or Equation (III.l)' represents t}1e transition moment·. ·.. ·· 
= .. 

. along the line· of centers between the moleculese Accord1rig to. Mull1ken8 .• : .... : 

'j '. 
I 
I 

the second term of the .equation is 1n general small, 'lbis results from .. t. 
. the small overlap 1ntegr~l, s, for charge-transfer cOmplexes. . , .. It· 

:. · -::.-·~·;: ·- <·. · ·.. Tha· crystals st~died wer~ grown rran· a solution. of' ooronene and ·· · .:;·· .. .. , ·: · :: · 
·~ ),:·::.·:, ·~·.s:' . . . . . . .. _::. :;··,. .• '·:~:·.::/<,:. ~.:.'~t 
:: <' , ~ >::.: : . .t. chloranll· .in hot .1 1;2-dichloroethan,e~ l'any of .~he sanples were 1;00 .' · · .;· :·.:~)·: :.:.<:·_ .· • ,-;·l .. " 

· '. ·: . :. · .: · · optically dense to be suitable for microspectroscopy. ·However, .certain · · · . · :. . . . .. 

. . . . - ., . or the needles crystallized fran the mixed solution; ~ almost ·exactly ; ' .. :· . . ,: ' :' • _,, 
·.:. ": ~ . I < • • , • . 

1·. 

,.,,. , .. ' 
the density of coronene itself. Also, the crystal structure was very 

. : . ., I . 

·,' 

-,"' ·' I 

:··' 
.'' .. ... : 

.· ... 
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nearly that of coronene. However, ~he crystals had the intense greenish 
. . 

color which is characterist~c or the cooplex. 'lbis indicated that, althOugh 

the crystals were essentially coronene, they had sufficient chlora.nil 

impurities so that the crystals were, in effect, a dilute solution or·the 

canplex 1n a coronene host •. The crystal_structure of coronene (28) is._ 

shown 1n Figure III-2. Figures III-3 a.rxl III-4 give the solid state 
., 

spectra of coronene and of the cont>lex. Figure.~III-5 shows the spectrum . 
or the complex in 1,2-dichl~roe~hane. 

2. Instrumentation .~ 

. . 
The microspectrophotaneter was a prototype instrument designed 

and constructed by the Applied Physics Corporation, rt>nrovia, california, . 
' for use with the cary Model 11 Spectrophotometer. A block diagram otrthe. 

' . 

instNnent is smm 1n Figure III-6. The instrument can be used either 
. . 

as a microscope or as. a recording spectrophotaneter. It is pattemed 

after a device constructed originally by Tsuchida and Kobayashi (30). 

Light from a m1cros~ope lamp is focused by a condensing lens onto the 

sa11ple on a glass slide, from which it passes through an objective lens. 

When ·a mirror is inserted ~t this poi."lt, the beam is deflected ~o an 

eyepiece. 'lbe numerical aperture of the condensif6 lens is 0.56a and 

the total magriincation obtained from the ·lenses· and eyepiece is 300 . 

diameters. Crystals were placed on the slide 8.00 a specinen of suitable . . 
transparency for spectral work was selected visually. When the 'micrO- · . 

scope lamp is turned orr ·and the deflecting udrror moved out of position, 

the instrument can !\motion as a spectrophotom!tter. For this work the 

tungsten lamp normally provided ~th the spectrophotometer \iaB replaced 

~ · with a General Electric 1955 lamp operated at 28 volts1and 150 ~tts. 
The lamp is a small swrce operated at a high temperature. It is 

.. 

/ 

.. 

• i 

I 
{ 
I! 



End View of Molecules 

A 

D 

MU-33740 

Fig. III-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 
crystal lattice and re suited in the formation of a charge
transfer complex. 
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p-Chloranii-Coronene Single Crystal 
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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. III-4. Coronene with polarizer perpendicular to needle 
axis of crystal. 
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PHOTOMULTIPLIERS 

MONOCHROMATOR 

~~:------+--[!]souRCE 

SAM 
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....-coNDENSING LENS 

MIRROR 

M ICROSPECTROPHOTOMETER 
MU-28678 

Fig. III-6. Microspectrophotometer .. 
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/ ·" 
enclosed 1n a quartz sheath and employs a ~sten-iod1ne cycle to reduce 

, depos1 ts on the sheath.. The beam fra,n this source. passes through the 

mnochromator and is then spll t into a reference beam and a sample beam. 

'nle spectrophotorreter 1e a double beam type, which uses two photonulti- · . ·· 

·pliers to determine the ratio of the intensities of the reference and t~ · 

sanple beam:l. The sanple beam passes fran the rronochranator throUgh one 

' , of a ·set of apertures, such that the field illumi~ted on the microscope 

slide has a diameter of 12, 20, or 80 microns._ . The sanple beam is then 

refleoted.from a front face mirror and focused by the condensing lens 
.. ' 

onto the crystal_on the m1croaco~ slide. An objective lens coll.inBtes 

17 

the sample beam, the int,ensity .of which is measured by one photomultiplier.' · 
\ 

Before the reference beam passes to the second photanultipller for detection, 

its intensity can be matched approxirnatel.y to the 1nt.ensity caning rrom · 

the aperture by using ~ combination of five neutral density screens 

provided with the instrwoont •. 'Ihe 1P28 photonultiplier~ ortgtnally SUP

plied witn the speotrophoto~ter were replaced with HTV-R136 photomulti

pliers (Applied Physics Co~oration,_ Monrovia, ~allfornia), which have a 

high sensitivity at wavelengths in the red. Because reflecting optics 

are used throughout, the microscope is corrpletel.y achromatic. It has 

been possible to obtain solid state spectra over the range from 3500 ~ 

· to 7500 R for a sarrple somewhat larger than 20 microns in diameter. 
' 
I!l each case illustrated, base line corrections have been made and 

the spectrum replotted. Crystals tlhioh appeared reasonably sroooth nnd 

transparent when vie~ through the microscope eyepiece were selected for 

spectroscopic work. The dichroism of the charge-transfer transition was . . 

shown by inserting a polarizer (Polaroid, Type HN38) 1n the sample beam 

and orienting it either parallel or perpendicular to the long needle 

axis or the crystalline conplex. 
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. ,.,., ··• · B. Photoinduced EPR Signals 1n Coronene-g-?hloranil Crystals 

r . Coronene-£-chloranil complex crystallized ~ 1,2-dichloroetha.n~ 

solution showed a snail EPR si(!l1al (approxirrately 1olS spins/gm). ·The 

spin concentration could be increased by irradiating the crystals with 

light from a tungsten source. The concentration of unpaired electrons 

~ncreased as the light intensity was increased--until a maximum level. 

was reached. From that point, .further increases in intensity resulted 

in a decreasing spin concentration. The _spin level decayed slOwly to 

.·- . .--its original value after the light was shut orr., Raiding the tempera

. ' · · · ture to 800 1ncre~ed both the spin concentration in the dark and the . 
' . 

sp~n photosignal. ·Also, the maximum or the signal level vs. light. 
' ' ' \ I 

: . .., - /:. ~ . ~ . . . intensity curve occurred at a lower light intensity at. 80° ~han at, , 

f.:. 

room temperature. 
\ 

A3 is expl.ained 1n the next section, Eastman assumed that ~r-
' ' 

fectio~. either trapped free radicals or lattice defects; are responsible 

for the observed paramagnetism. Heating the crystals produces such impe~ 

fections. The photoinduced EPR may be explained by considering the 

electrons to be excited into an excited state Where they are unpaired, 
: . . . . ' 

Once the maximum number or levels have been singly filled, turther excita

tion results in-the. pairing or electrons' in· the excited state.and a 

.. ·decrease ·in the observed spin concentration. Heating the crystals popu
\ lates the upper levels and decreases the intensity of light at which -. ' 

pairing begins. 
. . 
·c •. Correlation· of Conductivity and EPR for o-ohloranil-perylene - . 

! ••• ,·~ Complex 

1. Introduction 
~ i 

In 1954 Akamatu, Inokuoh.1, and M:l.ts~ (31) E;Lt the university 

·.or Tc>leyo observed parruragnetism in solid conplexes formed. between l'lydroo. 
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. carbons and halogens. Also, in that ~same year Kainer, Bijl, aro . 

Rose-Innes (32) fourxl electron pararragnetio resonanoe s~gnals in aryl

amine-quinone solids. In 1961 Eastman (33) reported the results or 
/ 

extensive studies on the paramagnet~sm of charge-transfer solids formed 

between polycyclic aromatic hydrocarbon electron donors and tetra

halogenated quinone acceptors, He found that it was possible, under 

proper condi tiona, to grow crystals of certain conplexes which were 

actually spin-free. However, paramagrletism could be induced in· the 
' 

crystals by heat!~. Comparing these results w1 th the work of several 

other investigators, Eastman concluded that the paramagnetism observed 

was attributable to in'perfections 1n the crystal latticeo The tenn 

"imperfections" was defined ·,to include either trapped free radicals or 

crystalline defects. 

The heat-induced changes in the EPR signal suggested that changes 

in electrical conductivity might ~sult .from heat treatment as wello 

Crystals of o-chloran1l-perylene canplex were prepared by dissolving •. - . 
'i ' • 

equimolar quanti~ies of the components in boiling 11 2-dichloroethane 

and allowi~ the resulting solution to cool, EPR data showed the room

temperature concentration of unpaired electrons in the freshly prepared 

solid conplex to be c lol6/gm. However, when the conplex was heated at 

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

irreversible increase in the concentrat~on of ~aired electrons. The 

spin conoentrationtoontinued to 1ncre~se as a function or heating time 
., 

until a maxinum level was reached. From that point· there was a gradual 

decrease 1n the concentration of unpaired electrons with further heating. 

Dark cooductivity oeasurerni:mts were made on samples or o-chloran1l and 
. -

perylene, and on the conplex, Sanples of the conplex for bOth con

ductivity aoo EPR measurencnts were prepared and heated sinultaneously 

tor various periods of tine so that changes .in these properties could 

.. 

. '· 
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b~ correiated. Table III ... ± and Figure III-..7 indicate the results.\, . ~. 
,. • , • I • , ' 

0 
*I • , '~ 

.2. Dark· ConductiVity . . · . · · .. : ·, . . · ·· ~' ....- · _: · .. ·, -, -~ ,.., 

[Electrical conductivity measuring techniques for organic·.: ::. ·.~-~ ... ~,-~." , 
' •• ,' • • - j ' • • ~~~7~-~ .. 

materials have been surmarized by Inokuchi ( 34) .l 
Dark conductivity was· measured on samples of the rraterials

that had been pulverized and then pressed into pellets approximately 

.. . I 

... •. 

. ·1.5 em in diameter and 0.1 em thick ... These were prepared by placing the·· 

'·· 
.. • ~ f' -: 

,·' ·, . . ~ 

·· . 
. powdered sample into a die, evacuating to remove moisture, and theri 

-~:--·applying 25-,00D-lb force .for at least 2 minutes. This was equivalent to 
. . 

a pelleting pressure o~ 125,000 psi. The conductivity apparatus was a 
~ . 

. ...- , ·slightly modified version 9~ that described by Kearns (35). The 
\ .... 

samples were placed betw~en two steel cylinders and surrourrled by a · 

glass cyllrrler., Platinum discs in contact with the ends of the steel 

cylinders served as electrodes for connecting the sample into the 

~reasuring circuit. The resistance was determined by usi~ a standarc;l 

lD-ohm resistor which l'tas placed 1n series w1 th the sample and a ·ac 

source of .17 .5 volts. The sanple, cylinde_rs, and ele~trode~ were · 

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

of the sys.tem was controlled by circulating a· methanol-water mixture 

fran a thennostat bath through coils surrounding the clmnb.er.· A COPPer-:. 

constantin thermocouple, fitted into the chamber throUgh a Radiation 

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

tiona. A pressure of approximatelY 100· kg/cm2 was applied to the 
. . . .. 

_., · . :. ··: sample by a lever arm. As the conductivity was greatly changed it 
• ' '.· ;.,, '· . 0 • . • •• : • 

'·. ·,· 
. '-: ... :t 

.· ··.· 
' .. ·; ., : .. 

· ... ·air were present 1n the system. all reasurements were carried out at 

10 nnn pressure.· The high volatility or the rraterials made it m:>re 

difficult to obtain low pressures under conditions of even moderate 

t~rature. 
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SuhstancP. .· 

o-chloranil -., 

perylene i ·: . 
J ••• 

., .. ·~·· ,. , . . 

· . TABLE III-I . ~·. { . 

Activation energies and F.SR meas~ements 

.... · .. 

I 

Activation'energy of 
· conduction, AE, 

(ev) 

2.42'! 5% 

0.55 (O.§~) l.Oo~··· 

. . " .. 

. ' 

Concentration per gram 
of unp~red· electrons 

(at room temperature) 

.. ·. ~ 

'.·. :. -~--

canp~ex (unheated)· . · . . < ·1 X 10l6 

4.~ X 1017 

1.0 X .1018 

·. 3.3 x 1018 

· .. 

·. corrplex (heated, l hr) 
; ..... : 

o';• 

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

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

,c. . : .canplex (heated, l hr) 

. . . .. . :·,~ . . . 

. . ~. : ' . ~ '· . . . 
complex (heated, ·4 hr) 0.25 ·· (0.05! ~5%b) 

' . 

ava1ue for sublimed film: D. c. NorthrOp and o. Simpson, Proo.' Roy •. 
Soc. (London) A234, 124·(1956). · · 

· . . bESR value which m.ay be the AE for a phenomenon unrelated to the 
conductivity. ·· · 

c H. Inokuchi (34) . Thin film measurement 
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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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3· ' calculations -' .. 
,_. . 

; . . . 
The dar'.<: conductivity was· rrea.sured for ·o-chloranil, perylene, 

. -I}' 

. and the corrplex. The resistivity of the sample, p, in otm-cm \'las com-

' . r., putedas 
1 

P w.AJVd. (III,4) 
-•I, 

; . 
, where . ' 

. . . 

· R .-.the measured· resistance (in··ohnis)", · ... · ... 
··.,·.:· .·r··:.::: .: A• the area of the smUple (incm2), · · 

. · .... ··. ,.-,..-;- . ·.. . . 

. .' • :' ·~, : ... ' :, ·;" d G the thickness. or the sample (in em) t 

• I •' 

. ·. 
,•:. 

i . ·: .•··•·. · .. The activation energy of conduction. for these· substances were."deter-.-
. . 

.. ·. · ;: . · ·~ .· . .mined by plotting resistiv~ty, p, vs. · (temperature)-1, · Tlien· 
. . . .. ' ' ·~ 

; . . ·'.: ., .... · ... · AE• 2.303 mk 0%"· AE'• 1.99 X lo-4 (in eV) . . . (III.5)" · 
' . ~ 

. ·where-
:. ~ ' . 

, .. ·· E ·• the actiVation energy ror conduction (in electron volts)• 
' . ., 

, .. ·k • Bo.ltznann's constant .. 8.63 X 1o-5 eV, 
' 

... 
m • the slope or ~he s~log plot. 

, . This calculation was· ba.sed·on the assumption that the activation energy· 
. I . . . . . . . . . . 

~ ' . .. 

,. · .. , 
:. ,· 

A; .. 
. ~ ~ . . 

... 

.· 

· ·for conductionzfollowed the Bolt~ Relation .. :. 

p m ~0e AE/kT or. o ~ ~0e-. AE/kT, (III,6) 

4, Heat Treatment 
• , ' • 0 

' . 
Pellets of the comp~ex· were pressed ~ described previously 

~ then placed 1nt.o sai!P1e tube~. These tubes were evacuated t~ 10-'l 

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

and 0. 025 eJri of the resulting powder was placed into each of f1 ve EPR . 
• 0 • • l . . 

·tubes. These, also,. were _evacuated and then filled with nitrogen, Four · 

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

. ! 
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~ntained·at 85:! 4°~ Samples. were re~oved after one-hour intervals 
. . 

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

conductivity of these s~les were then measured. Th~ te~perature 

dependence of these properties was determined for the sample that had 

beeh heated four hours. 

5. Results 

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

log of resistivity vs. the l:'eciprocal of the temperature gave the 

expected linear relationship over the temperature range investigated 

for. the 2:-chloranil and the perylene, · This was true, also, for the 

conplex up to about 60°, at:'- which temperature there was a deviation,· 

probably indicating the onset of further heat-produced c~s in the 

sample. The data 1n Figure III-7 indicate that although both the spin 

concentration and the conductivity are increased by heat treatment, 

~he ·two phencxnena do not follow the same kinetics. The conductivity 

increased llnearly.~with heating time or 

da/dt .;; k. (Ill.7) 
. ·~ ' 

This, 1l1 turn, mans. that the concentration and the .mobility, \a~~of ·c 

. the c~ge carriers were increasi~ in such a . .f.ashion that 

d(nu)/dt • k. · · (III.8) 

. Also. the activation energy for ~onductivity decreased a factor of 
.. 

· two 1n four hrura of heating. On the other hand, ·t})e spin concentra ... ·· 

tion increased as sane power of the heating time reached a max1nt.un, 

·and decreased, The conductivity increased a factor. of four 1n tour 

hours of heating, "dhile the spin concentration inc~ased several' 

orders of magnitude. The activation energy for co~~t1on was· approXi-

nately five times as great (Fig. III-10) as the activation energy as 
., 
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MU-23501 

. -1 
Fig. III-8. Log resistivity vs (temperature) for a pellet of 

o -chloranil. · 
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Fig. III-9. Log resistivity vs (temperature)-i for pellet of 
perylene, 0.08 em thick, 1.29 em 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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determined by EPR (Fig. III-11). TI1us, t~e attempts to correlate EPR 
. . 

with electrical conductivity did not give a readily apparent, simple 

agreement. 

i 
\ 

.• 

. . 

28 

/ 



-29-

2 

'X.= AMPLITUDE OF COMPLEX 
D AMPLITUDE OF DPPH 

MU-23505 

Fig. III-11. Temperature dependence of ESR for solid complex 
of ~-chloranil and perylene. (DPPH = diphenylpicrylhydrazyl.) 
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IV, SOLt1I'ION CHARGE-TRANSFER COHPIEXES 

A. A General-Search for Photoinduced EPH in Complexes in Solution 

.1. Introduction 

Solution charge-transfer complexes were investigated in hopes 

of observing photoinduced changes in their electrical and their magnetic 

properties. This aspect of the study of model systems for photosy~F. ... ,'i· 

30 

thesis was given impetus by the vtork or I.agercrantz .and Yhlal1d (36J1na), 
• • t . J 

who in 1962 reported having produced EPR photosignals in a solutiont.~t 
ti~~ 

·- ·-- £-Ohloran11 in tetra.hydrofuran (TI!F). They attributed the signals ~t( 
. . -~; 

.f/!1'·'.' 

the unpairing or the electrons involved in the ~ornmtion or a charg~;;.j 
i ) ~~· ~ . . ~ .(' 

transfer canplex between the donor (TlfF) and the acceptor ( chloran11H 
\ :~J:·. ;-~~ 

The signals were approximately 15 gauss wide, had g-values of very ne4rly 
;~~ 

. , 2, and exhibited rise and decay times of less tn~ one second, the in$tru
r' . ' 

mental time constant. If, in fact, ·the photosignal.B were caused by rf.ee 
\ 

electrons excited to the charge-transfer level of the complex, the solu-

tionB might be expected to show very 1nteresti~ electrical properties, j 

such as _photoconductivity. The present investigation, therefore, had a . 

threefold purpose: to study various complexes which might show EPR 

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

of ·the signals, and to correlate the EPR data ~th electrical conductivity 

measurements. 

2, Results 

The results of prelimtnary attempts to observe EPR photos1gnals 

1n a nwnber of' donor-acceptor sya'tems aro sunrnar1;ed in Table IV-I. For 

these investigations solvents were distilled at least once and the solutes . ' 
' l 

were rec~atallized. The EP"R data were obtained uai~ the apectraneter 

described under Section V,B.5a. The samples were first ~ested for dark 

. \ 
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TABLE IV-I . '·, j 

(0,05 ~ solutions of ~c~oranil were prepared ~n th~ following_ s~lvents) 

A. - . ' 
Solvents 

Benzene 

P-Xylene 

Mesitylene 

...... Phen1tol .. 

o-Chlorophenol -
a-Chloronaphthalene 

Pyridine 

Quinoline 

Tetrahydrofura.n 

Thiophene 

£-Dioxane 

Morpho line 

Piperidine 

1,2-Dimethoxyethane 

Nujol ( < 0.05 M) -
Triphenyl Phosphite 

Yell a,., 

. Orange (Yellow) 

Orange (Yellow) 

Red (Orange) 

Orange (ned) 

. Red (Orange) 
' 

·Dark solution 
· ( Precip1 tate) 

Darlt solution 
.(Sane precipitate) 

Yellow 

Orange 

Yellow (Green) 

Reddish-brown 

Reddish-brown 

Yellow. 

Yellow solution 

, ... 
"'~!~·ol!l 

/ 

No dark signal, no light signal 

No dark signal, possible light signal 

No dark signal, small light signal 

· N<? signal · I 

No ~k signal, small light s~l, 
rapid rise .. and decay· tirre ( <L(lO sec)··. 

No dark signal;' no light slSnal 

No dark signal, no light signal 

Very large dark signal, no fine 
structure. No appreciable enhance
rrent in llghti (ca.· 10+.8 spins/ml) 

. 
No dark sl.~nal, fJ!lall .light signal 

· (ca. 1015 spins/ml) 

No signal 

No dark signal, large~ llght signal 
(ca. 1011 sp1ns/ml), Sl0\'1 response 

; enhn.ncement when light turned off 

Small dark signal, factor of 10 
increase in light, enhancement 
when light orr 

No dark signal, snall light signal, 
rapid response 

Ko dark s~l, small light signal, 
rapid response 

No dark signal, errall light signal, 
long lived 

No signal 

'. 
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TAI3I.E IV-I ( C.Qnt,inued) 
.! • 

r B. Other Systems 
I 

•. : ~ 
' ~ ". ' ... 

. ~ .. .· .. -·. ':· 
~ .' 

i. ·. I· 

·, ··.1 i .. 

' i. ! 

" 
' ..... '• 

•l,. 

- · .. 
Compound· 

o-Chlornnil. + Thiophene 
ro.05 !::!> 

• 1.'-

o-Chloranil:t Dlphenyl~ 
ether .<o~os !;!) 

.. 
TCNE~ t · Dippeny.ie~her 
( 0,05 !1) . ' 

.. : 

TCNE + Pyri.d1ne 

. . 

. . 

Color of Solution 

Orange-red 

Re~dish 

Resulta (siwls ca • .15 ga.usa wide) 

t!o d&"'- s:t.gnal, ~mall light signal 
ca, 30 gauss Nide 

No dark sig;1al, small light sigMl 
.~f!-
1' 
~(-: 
~~r 

No <;lark signal~ small ufiHt signal 
·'!-~ . 

j~ . ~ 
Dark brownish soin. Dark aignalJ 9-line hyper'.f'1ne 

st~--tcture f. 

. TCNE ' ( 0.-05 ~) .: •' ·. ·, 

~~ . 

li1 

Dark brownish soln~. Dark signal• 9-line hyper£1ne . 
Pyr1o1ne·(075 M) 
EtCl2 Solvent -

'•.• 

1 . atructu.re 
\ 

~erylene (01001 M) "" · 
hex~fluorobenz~n~ 

Yell01r1-green No dark signal8 &.~11 li&~t ~ignal 

. ,I, 

TCNE~ n tet~acyanoethylene 

,·. ! :. 

~ . ' 
. ! . 

. ,. 
. . 

, I 1 ' : , 
0 

• ;-•: t • .. • •' 

•• ~ •••• ; • ; '. •J ~ .~ 

• ,! I :-; 

:' .· 

·.t. . •' .• 
.. , . . 

.··· .. . . ' 

'· , I 

j 
I 

. I . ,, 
'· 

. ;.: 

.. l. 

·' . . .-{~ 

... · .. 
·,,. ,• . 

·· .. \ ' . 

·- ':..' 

. ! 
J 

. ·f 

·' 

; 
.I 

! . 
I . 
I 

. I ., 
,, 
I'· ··,. I 

' . 
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signals by placing 0.2 ml of t~e rnater1~1 into quartz tubes of ~-mm 

outside diameter. · The tubes were evacuated and then placed into the 

Varian 4531 rectangular cavity of the EPR spectrometer. A General 

Electric AH-6 high pressure m.:)rcury lamp, 10 em awa:y,. ,..,aa focused onto 

the slots of the cavity by means or a pyl'ex lens located 15 em from·-· . . . / 

the cavity. A Corning .o-52 (7380) filter having transmission values 

of 20% at 350 ~, 50% at 360 mu, and• 90% at 400 m~ was inserted between 

. the light source and the saryple. 
' -~-- .. 3. Discussion 

As indicated by the results tabulated in Table IV-I, the 

systems .investigated show1d widely differing spin concentrations, rise 
\ 

tiroos, and decay times. This certainly iridicated that a variety of 

processes were taking place. The cases where the rise tiires and the 

dec~ times were sh~rt may truly result from electronic proces~es, 
I 

althO_ugh, the instrwnental response tiloo was too long for· this to be 

verified in the preliminary studies. The systems with long rise times 

and decay times may involve an ~lectron transfer as an initial process,· 

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

"chemical" process, such as the ·abstraction· or a hydrogen atan fran 

the donor. 

B. The E,-Chloranil-dioxane System 

1. EPR • -
One of the systems studied in more detail was £-Chloran11 

dissolved in E.-dioxane; The dioxane ·was twice d1st1lied and then dried 

by refluxi~ ov~ .. sodium and distil~. The £-Chlomnil was obtained .. 

from K and K Laboratories 1n .Jamaica. N. Y., and was recrystallized 

fran benzene as yellow needles approximately 2 em long., A 0.05 r.t -

' . 
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. solution or a-chloran11 1n E,-clioxonc wan ,prepnred lind. then degassed 

. by 8 freeze-pump-trow cycles._ The sru~)lcs ahO\~ed no EPR signal in the 

dark, However, large sienals were observed when. the solut~ons were 

irradiated. The growth curve for these ·is shown 1{1 ·Figure IV-1. It 

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

instantaneous, but required approximately 1-1/2 min--far too long fo~ 
a simple electron transfer process. The decay was, likewise, a slow~ 

process, and is shown in_Figure IV-2. 

'lhe 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 time. If second order decay ldnetics were followed, 
' 

this would be expected to give a stra,i.gb~ line. There appears to be 

a good deal of departure fran llneari ty. In Figure IV.,.4 the log of 

the photosignal l.s plotted ·against t1rre 1 givl~ a curve that ?an be 

analyzed into two straight lines. This_result seems to indicate the 

existence of two independently decaying pardi'TIClgnetic species, having 

half lives or 0.75 tn1n and 9 min, respectively. · 

The curve shown in Figure IV-5 illustrates a peculiar light 
. ' 

reaction occurring in a solut~on of £.-Chloranil in dioxane which had 

been irradiated _for about 10 rnin. When the light was cut off with. a 

shutter, there was an initial a~all .increase in the signal level, which 

r 

·was followed by a gradual decrease in the 8ignal level. Irradiation of· 

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

lowed by a gradual ·increase. Repeating the cycle showed an even more 

pronounced increase 1n the spin concentration when the light was cut off;· 

The3e facts s_eemed to indicate that at least tl'l6 competing photoinduced· 

processes were taking . place, one produc1~ spins, and the other causing 

., 

.. ' i 
'I 
I 
il . ' 
\ 
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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 -2. Decay of photoinduced EPR signal in 0.05 M solution 
of E_-<::hloranil 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 of the spin 
concentration is plotted against time. 
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Fig. IV -4. Decay of photoinduced EPR signal in solution of 
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 diqxane. The relative 
spin concentration isplotted against the time of irradiation. 
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the iecanbination or the destruction of the species bearing unpaired 
(. 

electrons, / 
The final products in the above reactions have not been determined. 

Several possible reactions could have taken place. Chloranil, according 

to Schenck ( 39), can be photod:l.merized, Also, chloranil ( ~0) rre<}~entlY.1' 

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

one. of tlw final products. SD1ce the purpose of the investigation was 

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

focused o~ the rapid initial rise of the signal, and the succeeding 

reactions were not analyzed fUrther. 

2, Corx:luctivity 1 
\ 

Irradiation of a soiution of chloranil in dioxane resulted in 

a_ steady increase in the conductivity of the solution. No decrease was 

noted when the light was shut orr. Both these facts seemed to indicate 

that a chemical reaction resulting in the formation of ionic species 

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

C~ The 111se and the Decay of Past EPR Signals 

1, Introduction 

The preliin:inary investigations . of the preceding sections showed 

that certain charge-transfer systems exhibited I~R photosignals with rise 

~0 

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

valu~s of the· re~pc:mse times, the RC time constai1t of the EPR spectroneter 1 

'I 

· l was· r~·d.uced to 3'6~msec. This, however, resulted in a reduction of the 

I , 
t' 
I 

I 

·signal to noise ratio to 1, approximately. The difficulty was overcane 

by using an averaging te.chnique ( 41), The sample was repeatedly irradiated 
I . 

with a. pulse of light of 200 msec duration, and the pho:osignals resulting 

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

. f. 

l 
I 
l: 
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Average Transients (CAT), ~1nerootron Corp., Pearl River,· N. Y.). The 
. . 

signal increased directly with the number of i~iations '· \'thereas the · 

noise increased only as the nquare root of the nu:nber of irradiations. 

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

ratio was increased from 1 to 10. The duration of the light pulse was 

controlled l'tith a camera shutter. 

2. Results • 

The following systems wer~ studied and showed photoinduced 

.... -- signals: 

T~BIE IV-II 
. i 

\ 

Complex Color Signal ·spee,9_ 

~hloran11-E-d1oxane · Yellow· Fast 

.e,-chlo~l-'lliF· Yellow Fast \ 

,2-Chloranil-thiophene Red Fast 

~chloranil-CCl~ Red Slow 

Solid o-chloranil Red Slo\'t -

All of the .signals had g-values of very nearly 2. They were all 

· approximately 15 gauss wide, showed no hyperfine structUre, and were not 

eynnnetrical. Figures IV-6 t~ough IV-8 show the experimental curves tor 

. · the rioe am the decay times of some of the systems. One of the pr1nci ... 
. . 

pal difficulties 1n analyzing the date was determining when the shutt~r 

was opened. The lD-90% rise time for the shutter was approximately 

· 10 msec. For the first three systems listed above, the naximum spin 

concentration was reached within 100 m3ec. After the stutter WLlS closed, 

111 

I 
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MU-31839 

Fig. IV -6- a. Rise and decay of EPR signal for 0.05 M 
0 p-chloranil in dioxane (top). b. Rise time (expanded 
scale) (bottom). 
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p-Chloronil in THF 
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MU-31840 

Fig. IV -7. a. Rise and decay of EPR signal for 0.05 M 
p-chloranil in tetrahydrofuran (THF). b. Signal OR 
magnetic resonance to show noise. 
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Fig. IV -8. Rise and decay of EPR signal for 0.05 M 
£_-chloranil in thiophene. (Arbitrary units). 
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the· spin concentration decayed .. to zero in. 50 to 150 msec. Th~ 2;-Chloronil-

thiophene system -~bowed· a photoinduced signal,·~hile the ~hloran11-

th1ophene systen did not. . For controls, 2;-Chloranil in CCl4 arrl solid · 

£_-chloranil were also studied. In both cases a slowly growing EPR signal 

was observed,. but no fast. signal was seen. No signal was observed in· any , 

of the solvents alone. The photoinduced EPR signal seemed to result from 

an interaction between o-chlora.n1l and thiophene. A signal did not appear . .. . 

1f either the solvent or the solute alone were irradiated. 
~ 

3. The Kinetics of the Rise and the becay 

An exponential growth can be represented ~lytically by 

A = Ass (1 - c-t(t) (IV.l) 

where 

A • the anplltude of the EPR signal, 

A83 a the amplitude of the EPR signal at the steady state; .. . . 
t 1:1 time, 

I 

T a the time.:· constant·, .the tirre required for A to rise to 

(1 - 1/e) of its maximum value. 

Sf· rearranging Equation (IV .1) and taking logaritllns, 

log (A ,.. Ass) a t/t + log A 

is obtained. 

(IV.2) 

For exponential growth, a plQt of leg (A - Ass> vs~ tine should give ' 

a !Straight line. This 1s the case for E_-chloran1l-dioxane, as is shown 

1n Figure IV-9. The rise is, ;therefore, exponential. ·In Figures IV-10 

to IV-12 the dec~ curves for various sarrples are plotted •. These data ;. 

were obtained as before by adjusting the magnetic field ~o the poipt 

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

45 
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Fig. IV -9. Semilog plot of rise of EPR signal for 0.05 M 
p-chloranil in dioxane. Am x denotes maximum - --
amplitude of signal in Fig. rv -6. Again the units are 
arbitrary. At denotes signal amplitude at time 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 off aft ;-o. 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 turned 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 maximU'Tl value. The 

decay curves are canplicated, and may indicate the preoence- of several 

~nagnetic .species. 

In Figure· IV-13 a corrparison is dravm between the growth curves 

for E:-Ohloranil arrl dioxane Nith and without ·a neutral density filter .. 
.I 

(Bausch and Lomb, ·o.D. 0.9) to reduce the intensity of irradiation to; . , . 
... ~ 

approximately 12.5% of its maximum value •. The difference is amall, ;. 
l' 

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

·-- ----- light intensity. 

4. .Temeerature Effects 

A prelllninary investigation of the temperature dependence of 
' 

the spin concentration sho~ed tt~t at 77° K there was no fast signal • • 

However, a broad, long-lived signal was produced at 77° by irradiation, 

When . the light was slut off, but the temperatUr-e kept at 77°, the signal 

amplitude rana1ned the same, 1\s the sample was wanned, the signal level 

gradually decreased until it vanished entirely at the rrelting point of 

the mixture. 

5. Puriflcation Procedures 

~hloranil was recrystallized repeatedly from benzene after 

the hot solution had been treated Nith Norit. No impurities were de

tectable with. thin-layer chromatography. £-Dioxane was prepared by 
. I 

vapor phase chrollla.togr-aphy (VPC), using an Aerograph, · "Autoprep" 

(vlilkens Instrument and Research, Inc •, \-lalnut Creek~ Calif.) and a 

"Ucon polar" column. The purified dioxane showed no impurities in the 

VPC trace, . Tetrahydrofuran (THF) was repeated·~ d.istilled until only 

a trace or i'llpurity cou.ld be frund by VPC. Again a ".Ucon polar" 

column was used. 
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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. TE'I'IWIYDROFURAN-TETRACYJ\NOETHYLENE COMPlEX. 
. . 
A. The Col!J?lex 

Tetracyanoethylene (TCNE) (42), a colorless cyanooarbon· (Appendix I), 

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

I ' and rhillips (43) reported that TCNE readily dissolves in many organic 

. · solvents to produce ·intensely colored solut1,ons. · The coiors were 

attributed, ·arter Muliiken (9), to the fo~tion o_f intermolecuior. 

charge-transfer complexes between the organic solvent donor molecules 

- --- a.rxi the TCNE acceptor molecules. TCNE forms a charge-transfer complex 

with tetrahydrofuran (THF), as is indicated by the .spectra in Figure 

V-1. -Figure V-la shows th~ spectrum of TCNE 1ri ethylene dichloride, 
\ 

with maxima at 2650 R and 2rso ~. The spectrum of TCNE in THF is sho~ 
. . . 

1n Figure V-lb. ·The two TCNE bands have been shifted to 2630 R and 

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

latter band is characteristic of the charge-transfer canplex. Vars (44) 

studied the TCNE-THF canplex in chloroform solution and frurxi the 

max~ to be at 3100 R. This difference in maxima is. not unexpected,· ' 

. ' . as Mulliken's theory predicts an effect or the dielectric constant . or 

the solution in the absorption rrnxirrum ·of the canplex. 

. 1 

B •. Photoinduced EPR in the TCNE-rr:w Canplex 

1. Introduction 

TCNE negative ion radicals can be produced by irradiating a 

solution or TCNE-THF with a mercury lanp. This was first reported by. 

Ward (45). Th~· pr~sent work was designed to study_the kinetics of the 

_photoreaction _and .the effects of the intensity and ~he frequency of the· ... 

light on the observed EPR signal. The meaSurements were made at room 

temperature, using a sample of 0.2 m1 of a solution of 0.01 M TCNE in. . . -
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Fig. V -1. Optical absorption spectra demonstrating the formation 
of a charge -transfer complex between tetracyanoethylene and 
tetrahydrofuran. a. 2 X 10-5 M TCNE in CC14· b. 2 X 10-5M 
TCNE in THF. c. 0.01 M TCNE in THF. 
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THF. : The sample had been degassed and then sealed in a quartz tube. 
_.. . ' 

//&le initially there was no EPR signal in the d~k, a resonance cruld 
·? . ' 

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

. The 11-line· hyperfine structure is characteristic of the 'l'CNE negative 

ion radical (46)e Nine of the Ltnes, with intensity ratios of. 
'!",; 

· · 1:4:10:16:19:16:10:4:1, Tesult from the hyperfine splitting of the ' 
.... ~r .. 

.4 14N atoms: of the cyanid~ groups. 14N has a nuclear moment of 1. (: ~. 
~:~r ;{ 

The hyperfine splitting is giVen by 2I + 1, ~re I 1s the sum of t~ .. A. 
. ·>"' 
(~· ,., 

.·'7··~ •. .., 

nuclear manenta. The other two lines appear at the extremes of the ~.ij 

. ~. 
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... ~ .. ' . 

·• 1:· ... 
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'· 
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~ 
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spectrum and are caused by the 13c splitting. The g-value··of the. '::4' 
' I . .j'· 

central i1ne is very nearly\ 2.0023, the value' for 'a free electron. r:~ . 
• . . , I 

: When :the light was cut 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. K1net1c Data· 
'i; . ; 

Inserting cut-off filters between the light source and the 

sample showed that the absorption producing the EPR photosignal occurred 

:in the TCNE-THF charge-transfer band, betwe~~ 3ooo X and 4500 ~~ 'I'y~~ioal 
rise and decay curves w:•e ehown in Flgure V-3~ Kinetic analyses of the . . 

data are given in Figures:V-4 thrOugh V-8. Figures ·v-7, and v.:.a show ttie· 

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

square root of the· light intensity. The decay curve indicat~s second 

. order kinetics,. The growth of the EPR photosigMJ. as a function of 

tiroo is shown in Figure V-6. After an initial rise ·as. the square of 

the tine, the signal g.re\'1 as the hyp~rbollo tangent or the time$ 
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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 from the splitting of the 4 14N 
atom.s···o£ the cyanide groups. The additional 2 lines come 
fro~:the 13c splitting. 
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Fig. V -3. Rise and decay curves for the photoinduced EPR 
signal for 0. 01 M TCNE i~ 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 THF vs 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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. 4.5.----------_, 
TCN E in THF 

100 200 300 . 400 
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·Fig. V-7. Growth of the EPR photosignal for 0:01 M TCNE in 
THF. The signal level is plotted against the square of the 
time. 
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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. Analysis of the Data 

It was assumed initially that the reaction involved a sinple 

and reversible transfer of an electron from the donor molecule to the 

acceptor molecule by the action of light. On t~is basis, the rate law 

dn/dt • L·- kn2 

was proposed, 

where 

L • the.rate of the absorption or light energy by the 

solution, i.e., the intensity absorbed (quanta per secorxt) • 

k • a rate constant for second order decay, 

n • tl~ concentration of the paramagnetic species~ 
. ' 

It is assumed that the forward reaction is C + D~ + AQ and that its 

rate is directly proportit?nal to the rate or the absorption of light by 

the solution. A further assumption is made that the decay of the spins 

Occurs by a binx>lecular recanbination process, nf + A0 :;. c. Three phases 

of the reaction are described: Fii•st, the steady state, where the rate 

of formation of radicals by irradiation is exactly equal to the rate of 

the recombination or the ne anc1 A6 species; second, the decay-when the 

light is shUt off; and third, the growth or the signal. 

62 

a. The steady state. When the steady state has been reached, 

(dn/dt)SS • 0, (V.2) 

and • 

rlss • (Vk)l/2 • (V.3) 

If, as is predicted by (V.3), the concentration or radicals 1n the steady 

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

of log (n • spin concentration) vs. log (L • light intensity absorbed) 

shOuld give a straight line with a slope of 0.5. The slope is, in fact, 

'. 



r 

o.47. Also, a plot of_ the spin concentration vs. the square root or 

the intensity gave a straight line. These results are indicated 1n 

Figures ·v-4 and V-5 and show. that "the steady-state spin concentration 

1s dependent upon the square root of the light intensity, 

b. Decay curve. When the light is shut orr, L • 0 and 

the kinetic equation becomes 

dn/dt a -1m2, (V,4) 

The integrated form of expression (V.4) is then 

n t· 

rdn/n2.- ft. 
n0 tc:ao 

' 
l/n -·ll"o • kt' 

or 

l/n· • kt + l/n0 • 

It shoUld also be noted that 

]/(~)- l/"o a kT, 

llno Cl kt', 

t' • 1/lmo, 

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

no • in1ti~l concentration of free radicals. 

As is illustrated 1n Figure V-4, a plot or 1/n vs, t gives a straight 

line with intercept 1/no and 'slope of k. A value or o.o15 arbitrary 

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

order kinetics as irdicated above' tha.t no II llk1• For the same decay 

curve, "o • 73 and ·k a 0.014 arbitrary units. 

\ 
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' • j ·.. • • • • • :, • • • • ~ ' 

· · :. ; .. ·. :; , · ·:. :·· .. <. c{ .. 'The' growth curve •. The ·~ntegration ~r expression. (V.l), 
.... : .. · .. · .. · .. ~ . . ·.· 

· · -r · · .. -- -.. -·as is. illustrated ·below;· gives · 
.... ·'·" #!">i · •.• 

. .·>,. 

' , 
' ··~ ·~ 

_.i 

• 1 

~. _, · ·-· · "•· ... · n • nsa tanh (Lk)l/2· t; · · - (V.5) 

:·,. 
The hyperbolic tangent.is plotted on· the same axis as'the growth curve . . . 

·for. the EPR in. ·FigUre V-6. .The c~er:Lraental data r~ach the hyperbo1lc 
. • . I . . . ' . 

. ·.; tangent' after an initial induction period, where the ~owth is as the . ,·· . . . 
.· .. 

. . . ~ . . ~quare of the time·. . . . 
.,·, ~ . ·. 

' ' 
., 

' • "c ~ ' ' 
d •. ~elution _?,_f the kiry~ttc _ %1U_at_ion: 

- ' 

. . -~ 

I • • ,\ 

. . . ~. ' . . . 
. . ' .~ . 

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

. ' : . qn 
· ·.- i!adt -., . L-kl'l 

·.' .. 
dn 

.'I 
\ 
\ 

J 

Let ' ,.-

u•Jfn· 

~
. 

du a - dn L ... 

. • . ·,. . . { 2 • dt ,. - ' . . 
· , · · ... · .. : : _ -. . .. , :._. · . :. · · . ' · 1 t\ n _ · . 

( ... 'j,', .' 7 -

. Jfl · dn£a 1 du 
k 

·f 

. ,. 

. •' . ·'. . .' . . frfd~ .• dt orJ' ~-u-2 • vLk;d: 
-· 1 2 ;. ~·;.u · :. . -u .. ~ 

. o - 0 . 0 . 
• ~ ,'»· ' • • , 

,:_.I,·."-·. '' •'. 
tanh-1 U ra . ... · . . . 

~ . :' 'I 
' .. '·. :. '· 

U _a . tanh(Lk)J(2 t . _ 

. .. n • Ml/~ Wnh(Lk)l/2 t' 1 .... 

. ·. ·. n a n tanh (Lk)l/2. t (V .5)' ._ · . 
.: . ; , . as . _. . . .- ..• · . 

... 
: ' •.. . :.-

.. 
.. .. 

e. Ru-ther ana\Ysis of the results. Although the rate 

equation (V.l) agrees with the steady state.and with the decay-state, 

'/ 

., . ·. 

'J, ' 

.. 

-·· j 

·j 
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r 
._ .(' 
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it does not agree with the growth .curve for the free radical concentra- .. . ::.:.: l 
~-'. ·. '' .. :,. ~· "~"" ' . 

'"", II '•" 

.. \. :· :·. : tion •. The following reaction mechanism involving several intermediate 
. . - . 

~ \ .. · ·-.· ·: :: · :; steps is proposed: · 
. . ·~· .. , .. 

. ··~. . 
' 

D +A+ C,. , . I ... 
i.f . .,. (V.6a) 

.. · . ._ 
' . ::. 

., ... 
• • ·, '• I'•" 

. , . 
. . 

. · ... : 
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(Because.of the large excess or THF, it was assumed that es~entially 
. '· 

·. all of the TCNE moiecules were. complexed.) 
' . 

c•r?; (V .6b) 

(In this step the corrplex is excited to the excited si~let state by 

an incident photon. The reaction is directly. proportional to the ---

intensity or the light absorbed.) 
~ . c.:> .. c, (V.6c) 

. . 
(The excited ·singlet molecule relaxes to the ground state. This 

··. -- -·--- .reaction proceeds according to a first order rate law, with rate con-

I 
\ 

.. · 
(V.&1) 

·· (The excited singlet state goes to the excited triplet state. The 
·. 

first oroer rate constant is k3• ) 

cT • c, . · (V.6e) 

(The triplet excited state of the complex relaxes to the ·gro..uxl state. 

The rate constant~ia k4.) 

(V.6f) 

(The triplet state of the complex. goes to the ionized o~onents or 

the ccxnplex, DfJ and A0 • The rate constant is ks•) 
' 

n' + Ae + c · 1 
. ' . (V .6g) 

(The ions recombine to form the c~lex. The second order rate con-
) 

· . stant is k6, ) • .. -
If it is assumed that the life-time of the singlet ·state of the canplex 

is s~ shOrt that the concentration of the . singl~~. species is always at 

the steady-state concentration, then fran F4uations b, o, and d the 

·. the expressions 

dcS/dt • ~- (k2 +·~3 >.as • ·o (V. 7) . 
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,,P .. I 

.,. 

and 
,•"' . 

·cs a ·t/ (k2 + _k3) (V.8) 
l . 

· · c~ be obtained for the rcrte of· change of the .co~cEmtration and 'for . 
. the concentration of the .singlet species, respectively. It is also 

necessary to assume t~t the. concentration of the complex, .C, is co~ 
' . 

atant •. 'nlis is reasona.Qle bec~~e only a sr.nll · fraction of the canplex 
• . .• j,.l., ::, • • •. 

Il'l9lecule;:s .are excited at any o~~· time. · 

By s1m1iar llrb~nts from Equations (V. 6d) ~ (V. 6e), and (V. 6f), 

expressions can be.obtained for· the. rate of change of the concentra

tion of the species ·in the triplet state, 

dcT/ dt = ~c.3 - (k4 + ks) oT, 
I 

(V.9a) 

(V.9b) 

Ylhen expression (V.9b) is integrated, 

\ 
· doT .. 

tkjt7tk2 + R3 >~ - (k4 + k5>cT • {V.lOa~. 
rt ..... ~· ..... ... 
J. ~~~ . 

0 

cT 

ln I k3L - (k4 + k5)cT J · .. ~ u·,..~ . (V.lOb) 
(k2 + k3) . . ' ' 

. . 0 ' ' 
. cT . 

(k~ + ksl•Tf{ . a--<1<1! + kslt, 
.. 0 

• ·kL 3 

(V.lOc) 

(V.lOe) 

an expression is obtained for cT, the concentration of the species in 

the triplet state 

cT • k3L 
tK2 + k3)(k4 + ks) 

(V.lOf) 
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An expression· for n,: the conc~ntration.pf the·negative ion radical· 

'species (ill this. ca.S~, TCNi-)"rray be obtained~ (V.6f) and (V.6g), .. 

dn/dt a·ks c~ .- k6n2. (V.ll) 

In attempting to obtain a solution of Equation (V.ll), it is 

· · , helpful to consider . three cases: · 

67 
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" .• "!.,". 

~ ' . . 

.. / 

. . .· . . . ..... case (l). The .light intensity goes to zero. Then c! ~es to zero, ::. :·· . ·.' .:· ... 

and (V.ll) becomes ·· 
., 

. ·..:... 

.... · .. 
(V.lla) 

. ,' ... ~.---· 
: ,- · • . . .. which ·is precisely the equation .f6r second order decay which was obtained · 

• • I' 

'' .•' 

.. '• 

.·· .. 

:. . . .~. . 
., . 

. . ·:~ ', 

.. : .. 
' . . •, •' ' .. · 

. ~ ~ . ' 

. . . ~-. 

': ,·. 

e .. ·.·.· 
. ~ ' 

;· ... 

earlier as Equation (V.~). 

Case (2).· The steady, stat~. At the ste~y atate, t ~·tas and. 
. \ 

cT o [~~/{k2 + k3) (1<4 +J<sJ [1- e~(k4 + k5)t~sJ, (V.llb) 

Sillc~. 1 t 5s ... 1s ~e,. _.(V .llb) becanes 
•. . 

:, . c~ • k3L/(k2 + k3) (1<4 + ks). 

However, it can be seen frOm Equation (V.ll) 

nss • (kslk6) aT 

or 

.. , 
(V.llc~ 

that. at .the steady atate 

(V.lld) 

.. ,. 

(V.lle) . · . ·.· 

As before~ the~ is a dependence of the stea(jy-state conc~ntration of· 
. spills upon the _square root of the light intensity: .. 

.. 

·' j 
) 

t .'. :' 
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Case (3). ·The rise time. The rate,.or increase or the concentra

tion or n is given"by 

dn/dt a L kJ k5. l- e-(k4 + k5) t -.k6 n2. (V.l2) 
(k2 ~- 1<3) (k4 + ks' . 

k3 ks . 
By ~-ett116 Q • "fk2 +. k3r("k4 + ks) nnd B • (k4 + k5~' 

expression (V .12) becomes ! · · 

• 
dntdt • <J L (1 - e-~t) - k6 n

2 
,, . 

. _- or 

(V.l3). 
. . ' . . 

Equation (V .• l3) is a f1rst.order non-linear differential equation and 
. I . 

;\ 
cannot 1n general be solved. It is a ronn of Riocati •a Equation (47). 

Certain R1ccati Equations can be transfonned into second order linear 
.,./ . 

equations, which can be solved. However, Equation (V.l3) is not sus-. . 
/ • I • • \ 

ceptible to this approach. 'lWo other approaches . will ~e .tried: making 

simplifYing assumptions. and making iterated approximations (e.g., Picard's 
, . 
.,. . 

. . Hethod). 

Sif!Elifying aasymetions. Initially When the light is turned on, 

n • o, so that (V.l3) bec~es. . . 1 . 

dn/dt - ~ L (l ~ e-Bt) • o. 
By integrating (V.l4) 

· · n . t · 
·• .• ( dn • · ( ~ L( l - e-Bt) dt, 
1: .)o Jo 
an ·expression for .n,· 

n • [a Lt 

~ t 

+ e;st] 
. . 0 

or 

• aBLt + e-St 
a 

.· 

... · 

. . 

(V •. lll) 
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n • aBt + te-at - 1 
8 

is obtained. For small t, the approximation 

e-at • 1 • at + e2t2 may be made. 
. . . 

When this is substituted into (V.l5), the expression 

(V.l5) 

n • aBLt· + 1 - Bt +. s2t 2 - 1 or n • st2 + t (aL - 1) 

is obtained• which predicts a parabo~~c rise of the signal with t~e. 

If in Equation (V.l6) we assume that otL- 1 AJ o, then (V.l6) beccmes 

·. (V.l6a) 
. . 

For very large t (V .J.3) becorres · 
. ~ 

.dri/dt a at. • k6~2, (V,17) 
' 

which gives the hyperoolic ~ent rise (see p, 64), 

n • llss tanh (~ia)l/2 Ll/2 t. (V.l8) 

Picard's f1ethod, SUccessive integrations of the ·ronn 
t . 

Yn+l (t) • so ((yn(t) )2 . + uL(l·'- e-Bt)J dt. 

, 

indicate· that the solution of (V.l3) shows an initial rise as approx1-

mately the square of ti.'lle, which is then follO\'Ied by ·a cutoff. ~ 

4. Suf~!JBij£ 
,. 

The rate. equation 

drv'dt + k6ri2 - dL (l - e-fot) • 0 (V,l3) 

pr~idts that the EPR signa.l shOuld grow initially as the· square -of the 

· time and then, as the steady state is approached, as the hyperbolic 
• • < • 

tangent or the time. Both or these "effects were observed experimentally· • 

L1!~ew1se, the theory agrees with the observed dependence or the steady

state spin concentration on the square root of the l1ght.1ntens1ty and 

with the second order decey kinetics. In the next section, correlations 
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·. 

wiil be drawn-between the photoinduced'Ef.~ signals and the photocon-
, 

ductivit.Y renults.· ·,I ·.~ 

a negative ion radical could be detected, but no positive-ion radical 

. observed •. Few e."<planations have been offered for _this phenanenon. In 

· ·. the case. or .TC!~THF .. the ~st 11k~l.y positive.ion radical is THF$. The· 
'• . . 

: ... - ~· kinetic scheme presented above assumed that nwe is fonned and that it ' 

·. remains 1n oolution. until recanbination with TCNE6 occurs. It seems 

. h1fY1ly unlikely that the .~-IF. positive ion radicals could combine with ·. 
'. 

· one another; the ·coulanbic repulsion would be too great. A possible · . . 

mechanism to prevent the observation of THF~ ion is unc~rtainty or 

exchange broadening._ If the hole. on a~ ion were free to migrate· · 
. 

. rap~dly from one THF molecule to another• delocalization ·or the electron 
' . . 

. would result •. and;the THF' signal could be broadened bela"' the l~vel of . 

·, 

detectability. The argument is illustrated 1n Table V-~. Such a 

mechanism might be eXpected to lead to electronic conductivity in the 

solution, 

• . ' 

~, J • 

. · ... 
A-• •• ': .. i 

_ .. · .·. · . 

. ·· .. 

' .. 
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TABLE· V-I·( ... 
.,. 

r· .. 
. ; .. Kinetic Scheme Showing Fonnation or ~ Ions 

. ·'·' . . 

THF Complex· THF 

~ r • • • 
' .. 
. ~· .. . , .... . ' ... . ' 

1 .. · < 
I.·., 
I • . 
I ,. 

- t·- .. - .; .. ;/ ·-·. ·,.• .' ... , ... ··.: .. -··· ....... ·:*': ::+- 1: tl . 
. . i , 'IHF ~ :. cT . . THF . 

... •' 
. ~~-. 

., ' 
f .. . ' 

,,. . /. ., 

... 
·' . ., . ,. ' .. 

~ .. ~ . . '· '. . ·• . 

•• 1 

-' 

---l-111":.,' 

'· 

. . ... - .. 
: I \' f • .' 

' . • 

•• t •. 

. ~ .· 
.. ; ;-. 

....... ., 

. " ··:. 

t,, 

. •' 
, .. 

.·-+. 
+- :- ·* THF COJTPlex 

1n Singlet 
Exci~ed 
'St.ate 

THF 

·~ 
. < 

.. · 
,I -. -t-- .. 

~··*···-t- -H-· 
WF . TCNE6 . THF 

:/ '' 

., . 

' 
I' 

.• 

•• >4·, 

THF1 .cont1nues to migrate 

t~ the solution. Recom

bination or THF' + TCNE6 + 

C + THF + TCNE occurs when 

'I'HF' has migrated to a TC~ ,,, 

. site. 
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5. ·. EXperime~tal (48,49,50,51),: 
' ) 

. 4. ,_,.. i:.~.,·:·~~. ::~ t} 
.· ·• :·; . 

,• 

f."' : ': ·~_. .... -:; '! '. :·· 

: ···~ ' 

'' ,. 'I. 

'; . EPR data' were obtained using a microwave spectrometer consisting or' a . .,. ··. . . . ~ ' } 

' .. ~ . . 
~- . 

9 gigacycle/sec klys~r.o9, a ~eflection cavity, and a crystal detection 

un1 t. The spectrometer nagnet ,· which had been constructed. 1n this 
. . 

laboratory, had pole pieces 6 inches 1n di~ter. :and .was powered with ·" . 
. ' . . . ·.. . · .. . _,. 

/ .·.· . 

't• 
l 

l 

~ . ~ .. 

. : ,; 
·.a. Varian V2.200 rregent ·power supply. "A Varian V4560, 100 kilocycle/sec,· .... '·.; 

~. •. . - : .~ .· .... : ... ~ 
., : >: phase-sensitive field modulation unit was used for. crystal detection. '.'r" .• : · ...•. 

· . ; ,: . · ·.··:-.:~:: ·:~~,--. A pO. kilocycle/sec. autQmatic ·frequency control (AFC) un1~ that had bee~ ·: . · ·. :~. ·~.: ·.·~v ... 1· 
.... · ·"·.' :.· ·.· . . :·. ·. constructed 1n .this laboratory was also used. The mcas~ents \'lere . ' ~· ... 'j..: 

. .·· .. ·. . . . . i • . 
. . , · :·; ... : : .. : mde i~ a Varian V4531 rec~angular cavity (TE103 m~el) with slots f~r · 

' . ~. ' ' . . . . 

. ·., · irradiation. The spectraneter was calibrated by can paring the observed . · · ::.-

· ·:· .... signal .with a standard or 5 X 1014 spins of cr+++ 1n an ~'-rO hos~. The ' . · · 
.'• 

g-value for the standard was 2.0023. 
,. 

; . . b. The light sources and the optics. 'J!le llght source .was 

a WestirghOuse H33-l-cD 400 wat~ mercury vapor lanp, . focused onto. the ·', 

slots or the cavity by two glass. lenses. The glass case or the lamp . . . . 

out orr all ~avelengths shorter than 3100 ·R. The total rated' output (52) 

from 3100 ~ to 3500 R was 0.54 watts. This oorrespo~s to 1.6 .X 1ol6 

·quanta per second, assuming 3300 R quanta., OVer the region. 3500 ~ to 
: .. ~ . 

.. : · ·· .. : :: : .. 4500 ~. the output was 30.2 watts, or, assuming 4000 ~·quanta, 6 X 1Ql9 ::J ...• 
•• .., . • ·: . .~._ :. • : • . :. J .J '·.• . . . 

quanta/seQ.·· Cut-orr filters were used to determine. which wavelengths were 
, ••• ' ,,•, _.,1 

producing the effect, The intensity or irradiation was varied by inserting 
•. -

a series of neutral density filters between the light source. and the san;>le.-

: .. · .'.Ibese were of naninal tl"'dnsmission values of 5%, 25%, and 50%. The filters ... 

. I' 

. I 

l . 

. :· ., 
: i 

' .·r 

'j· 

l 
"~ ' 

' 'j: 
. . : l 

were calibrated using a Cary 14R recording spectrophOtaneter and we~ fpund. · · · ·-~ 
-', . 

.J.·, ··' . . 
" ; ': '. .. .. . '. . to have transmission values or 4. 7% J 22% J and 47. 5%0 

· •• ·:: ... ,;t 

. . . 
· It is estimated that 1% or the rated intensity or the lamp reached . . 

the sanple. 
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. :··'!. ,, . \ ; . c. . Materials. Eastman Kodak tetrahydrot\tran was 1n1 tially 
' .... 

' ··;·< .... ·.'·.dried with potassium hydroxide tablets and .. then treat·ed· with lithium.-' ~ . . . . .. . . . . . . . . . . . . . 
. . . : . al~num hydride. The sample was refluxed for two hours and then dis-

'·. 1 .. · ' 

·. \~'.tilled.. The f:trst 100 ml portion of the distillate was dlacarded. The 
•:. 

portion. collected boiled at 65.5°. Eaatrmn Kodak White Label. tetra-. __ 

•' . cyanoethylene ·was us.ed without further purification. All measurement~ 

.,, . 

· were made· on freshly prepared aarrples. After severe.! days a faint 

pinld.sh tinge appeared 1n the TCNE-'IHF solution. ·Sanples were prepared 
·:·· . 

: -~·· ~.by the .following· procedure: 0.2 ml of a solution of 0.01 M TCNE 1n THF' 
. -

. ·;.'~ ... ··:_.were placed into.a quartz tube having an outs.ide.d1arrcter of 4 mn. -~The· 

.. 

. 1' - ; . 
J .••. .. . 

. \ ·. 

: . 

. ' 

... 
' 

sanple was degassed by. 5 freeze-punp-thaw cycles. The m1ninum pressure · 

· read wa·a 7 X lo-6 Torr at 7·7~ K, at which point the sample tube was 

· sealed, 

. ·~ . . ' . 

.. .. 

. .. 
' .. 

• 

... .. 
. . 
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' ' c. Photoconductivity 1n TCNE-'lliF Solution 

·. 1. Introduction 

The detection of a rapid photoinduced EPR signal 1n ~ 

solution charge-transf~r complex suggested that photoconductivity ndght 

be observed as.well. Using the apparatus described in Section v.c.s, 
photoconductivity has been seen· in a solution or .0.01 ~ ~ in THP. , 

Once the initial ·observation had been ina.de, the signal was studied as. 

a fUnction of the wavelength and the intensity of the incident light. 

As 1n the case of the photoinduced EPR, cut-off filters were used to· 

74 

. show that the a~sorption causing the photoconductivity took place in 

·the tail· of the charge-transfer band of the ccmplex. Figure V-9 shows · 
I • . 

· the photosignal growth curve. The signal level as a .function or light 

intensity is plotted in Fib"Ul"e V-10. -Kinetic studies are shown 1n 

Figures V-11 thr0ur')1 V-14. Figure V-15 shows the photosignal as' a. 

function of the applied voltage. All measurements were made with the 

applied potential less than. 0.4 volts. In this region the current vs. 

voltage characteristic was very nearly linear. A general review of photO:. 

conductivity 1n solids has been given py Bube (53). Meier (54) has 

' . 

I 

~ 
t. 

.,, ' ' 

,. r.· 

' ... ·, 

., 
' ! 

I . 

. ' ~ 

· reviewed sone of the work on solutiOn photoconductivity. 
· ..... --- _,___;...,.' : ' 

2. Analysis oft the Results 

~ specific resistance or resistivity of a liquid is the 

resistanoe··in ohns of a column 'or the liquid one em long and one cm2:; 1n 

cross section~ 1he conductivity is t~e reciprocal of the resistivity 

and may be expressed as 

.. , 
'where: ... 

- . 
p • the concentration of the positive char&e carriers, .. · 

n • the concentration of the negative charge carriers, · 
' . ' 

(V.l9) 

...... 

. I 

' 

I 
. - ! 

' I. •. l 
: ' ·, 

' 
~ .. f" 
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• Tanh l0.12 t) --......--.... o Growth Curve "' (/) d . .?-1.~ -......__... 
:I: 
z 
~ 

TC N E in TH F 1-

TIME (sec) 

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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.4·---------------
TCNE in THF 

400 20.0 Relative I (o) 

10 8.0 6.0 4.0 2.0 VRelotive I (b)' 

MU.J3648 

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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TCNE in THF 

' ' ' ' . ' ' ' ' ' 

MU-33649 

Fig. V -11. Steady-state photocurrent for 0.01 M TCNE in 
· THF vs the log of the relative light intensit~ The applied 

potential was 0.09 volts . 
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3~------------------------~ 
TCNE in THF 

0~-~2--·4--6~~8--1·0~12~1·4--1~6~18~ 

TIME (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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4 6 8 10 12 14 16 18 20 

TIME (sec) 

MU-33651 

Fig. V -13. Decay of the photocurrent for 0.01 M TCNE in 
THF. The log of the photocurrent is plottedagainst the 
time of decay. First order decay is not followed. -
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2r-----------------~~~--------~ 
TCNE in THF 

2 4 6 8 10 12 . 14 16 18 20 22 24 26 

TIME (sec) 
MU-33652 

Fig. V -14. The growth of the photocurrent for. 0.01 M TCNE 
in THF. The inverse hyperbolic tangent of (photocurremt/ 
steady-state photocurrent) is plotted against time. The 
applied potential was 0.09 volts .. 
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UGHT SOURCE ~ ~ SHIELD 

J ~ OJ;.t. .. i x-- ___ -l-l-r 1 CELL ...... 
LENS t LENS li 

PHOTOCONDUCTIVITY 
APPARATUS 

TUNGSTEN LEAD 

QUARTZ CONDUCTIVITY CELL. 

MU -33653 

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 a the charge on the electron, 
'I 

}.In a the nx>biU:ty of the negative charge carriers, 

Pp • the mobility of th~ positive charge carriers, 
' . ' 

The roobility is defined as P .• vie, the ratio or the velocity, v, of 

the carrier to the applied field, • 

The conductivity is, then, the rate of transport or charge carriers 
' . 

through a unit ~quare of the solution, . 

In explaining the data obtained, several assumptions were madet 

(1) Each carrier bears unit charge. 

( 2) .The mob ill ty of the charge carriers is irxlependent or the 

concentration of carriers,·'- This implies that the conductivity should 

be directly proportional to the concentration of charge carriers, 

(3) The conductivity is ionic and for each TCNE negative ion pro

duced, a 'IHF positive ion is produced as well. 
; 

3. Calculation of Ionic Velocities from E:tper1mental nata • 

One fonn .of Ohm's Law is 

J • the current density (~a/an2), , 

a • the conductivity (ohll:il cm-1), 

e • the electric field stre~h (volts/em) • > 

The current density is also given by 

.where 

vn-• the velocity of the n~tive charge carrier,· 

vp • the velocity of the positive charge carrier,_ 

(V.20) 

(V,2l) 
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• 

. . .. Assume that n • p and that Vn "' vp• 

Then, 
''· 

! . 

(V.22) 

Fran the .EPR data, the concentration of negative ions, n, is found to .. 
·~ ' • • 0 

be 2.5 X lol5;cm3. Bearing in m1rxl that the light intensity waa a ·· ---

factor of 5 lower for the EPR than for the conductivity, and that the 
I 

concentration goes as the square root.of the light intensity, the con-

centration of negative carriers is approxtmately ·5.75 X 1015 for the 

case of the conductivity. This result neglects 'the differences 1n the 

geometry of the cells for the two measurements. 

Using Equation (V.22) .and n • 5.75 X 1015 carriers/cm3, g • 0,18 
' 

volts/em, nro a • 2.33 X 1Cr6 ohn-1 cm-1, the results 

v • 5 X lo-5 em/sec or ~ • 2.7 X lo-4 cm2/volt sec. 

4. calculation of the Ionic Velocities fran StokeS.' Law 

By equating the electrostatic attractive force exerted by a· 

field on a charged aphere to the retarding force due to the viscosity 

of the roodiwn, we obtain 

where 

eE • 6nn a v, 

rt • the intrinsic viscosity or THF • 0.0107 Stokes (55,56) at 

25° c, 
• 

a • the ionic radius of the carrier, estimated at 3.20 X, 
e • 6 X 1o-lO. esu, the charge on the electron, 

v ·• the ionic velocity, and 

E • the electric field in statvolts/cm • 300~. 

(V,23) 
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:· Subs~1tut1ng the ·above values into Equa.t1~:m (V.23), we obtain 

r 

.. . . 
; .. ":t··.·'l·r •• : 

... -

.. ··· 

or 
t- ~ • ' .,:._ 

''·. 

lJ:: .• 3·3 X l<r-4 czu2/volt sec.· 
., .. ' 

5. · Experimental Technique 

The photoconduct1 vi ty apparatus is d1agramned 1n Figure V-8 •. · ' · 
I 

. The direct Current resistance \>tas ~asured by applying a fixed_ voltage · 

·. to the sample and simultaneously rreasuring the current now by ~mans 

of a picoammeter. The voltOge supply consisted of a 9D-volt direct 

current source in series with a variable resistance, so that the 

applied potential could be. varied from 0 to 90 volts. In almost all 

oases the applied potential was less than one volt, In this region · · ·. 

the current-voltage, characteristic was linear (Fig. V•l6). A General 

· Radio Type 1809-A vacuum tube voltmeter was used for potential measure-. , 
:r r'~" 

menta. The picoamneter was a Keithley Model 410. The 0 ttf::~3~· rise 

time for the 1&-7 amp scale was 0.003: .. sec, However, the Sanborn 
. . 

Recorder used in conjunction with the picoammeter had a 0 to 100% rise 

time of 0.01 sec." All effects observed occurred 1n times longer than 

these instrumental limitations~ The light source was a Westinghouse 

. H33-l-cD 40o-watt mercury lamp that had been silvered except for a 

small ~J1on. Two glass lenses were used to focus the lamp onto-the 

conductivity cell. They effecti~ely cut orr wavelengths shorter than 
. . 
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:. 3100 R. The cell itself Was made entirely ·or qUartz •. The electrodes · ·. :-r: ·. · 
. ... \ \ t 

l ~. • .. • ~ . r· . • 

. ·_: .. : ·: ·were platinum discs one em in radius and 1/2 om apart.· The electrodes·.,,,:_;· .. ~ ~- · 
• • '',. •• • I ·;~t'-r"!lLH .·· . \ . ~ .'' ; 

were masked to keep the light from hitting them directly,· although the 

entire region between the plates was irradiated. 
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.4 .6 .8 10 

POTENTIAL APPLIED (volts) 

MU.33654 

Fig. V -16. Maximu~ photocurrent for 0.01 M TCNE in THF 
as a function of the applied voltage . 



6. Materials 

Eastman Kodak .TCNE was, used. Eastman rlhite Label THF was 

treated with solid KOH and then distilled trom lithium alurrdnum hydride, 

as in the case or the EPR sa.rrples. The THF alone showed no conductivity 
. . 

changes w~en irradiated. The electrodes were cleaned with dilute sulfuric 

acid, ethar'lol, and distilled wo.t~. If the electrodes were not cleaned 

for several days, a back potential developed. 'nle light intensity was 

co:npared ~th· the light intensity for the EPR studies l:>Y using a photo

.. -·-- diode.· A factor of 5 decrease in intensity was observed for the EPR 

.J. 

conpared to the conduct! vi ty. ·. 
. . 

D. A SummarY of EPR and Photoconductivity Results for the 

TCNE-THF System 

Photoinduced electron paramagnetic resonance signals have been.· 

observed in a soluti~n of 0.01 ~ TCNE in. THF. Photoconductivity has . 

been seen as well. The effective absorption for both phenomena occurs 

in the charge-transfer band of the complex ( 3100 ~ to 4500 R>. '!be 

steady-state level for both the EPR and the photoconductivity is dependent 

upon the square root of the light 1n~ensity. Both effects showed Becond 

.order decay kinetics. The grO\Ifth curves for both phenomena can be 
' 

. explained by the rate equation 

dn/dt + k5n2 - aL(l - e-Bt) • 0, (V.l3) 

where • 
. . 

a, B, and k6 are constants, · 

L • a constant proportional to the light 1ntens1 ty, 

n • the concentration of TCNE, 
• 

which predicts a square law initial rise, followed.by a hyperbolic 

tangential rise. The equation also explains· the steady ~tate and the 

decay behavior, 

.. , 
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The hfperf1ne splitting.o~ the EPR spectrum shows the TCNE negative 

: ;.-':·:~-~····:'·:':i: . :··iOn .radical .to be present. ·This same species ar1d the· THF positive ion 
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radical are. assurred to be responsible for the photocooouctivity. The 

ionic velocities as calculated from St~kes' Law and from the conductivity . 

measurements ~ee within approximately 20%. The differences 1n the 

geometry of the conductivity cell and·the EPR tube made,direct compari-. 

~: ·. · ··' · .... · .. ·sons of the intensities of the two systems difficult. 
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SUMHARY 

·This work consists- of studies of the movement of electrons .within 

and between organic molecules. It was motivated by the 1nteres~ which 

is n6w being shown in relating electronic motion in molecules to funda

mental life processes. Complexea formed between molecules capable of 

donating and accepting 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 Wonnation concerning charge separation and (:harge trans-

port phenomena in ore~ic systems. 

First, the dichroism ~f the optical absorption of· solid complexes 
.. 

was studied. The charge-transfer absorption in the cryst~ne COII'Plex 

r' formed between coronene and ~chloran11 was found to maximize whe~ the 

s·clil"lrl;ing light was p_olarized parallel to the needle of the crys~al. 

When the light. was polarized perpendicular to the needie axis, the 

·.absorption in the'-charge-transfer region was essentially zero. These 

results indicated that the transition moment for the charge-transfer: 

absorption was polarized parallel to the needle axis of the crystal.._· 

that is, along the llne of centers Joining the molecules. Both photo

induced and thermally-induced electron JParamagnetio-·resonance (EPR) 

. signals have been observed :in the coronene-chloran11 co!ll>lex. These 

signals were explained by assuming that .heat arxi light introduced 

paramagnetic 1mperfec~ions i~ the Qry~~·· Attempts were made to 

correlate thermaliy-induced EPR signals with thermally~induced co~ 

.. ductivity changes 1n perylen~hloranil solid conplex. No simple 

relationship between the two phenomena was found. 

A general search was made for photoinduced EPR signals in liquid 

' ' 
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canplexes • 

.. -. 

.. - . 
Several systems were found wh~ch showed EPR photosignals 

with rise times and decay times of the order or rnillisecorxis. One or 

the systens, £-Chloranil dissolved 1n dioxane, was studied 1in detail •. 

The system, however, shOi'led various side reactions Which made the ~ntel'

pretation or the data difficult. Since the free radical observed shoWed 

no hyperfine structure, the radical could not be identified from the 

· EPR signal. ·'" 

- '!he TCNEi-'lliF canplex was relatively more stable, showed longer 
'l. 

89 

_.:..,.--
rise arid decay times, and the photoinduced paramagnetic species wa8 

., .. . ' 

' ' . 

.• _;·:·-

·positively identified by the hyperfine splitting of the EPR spectrum 

to be TCNE negative ion radical. It was a relatively long-lived 

species, having a half-life of approximately 20 sec. Photoconductivity · 

was seen· 1n the TCNE-THF conplex as well •. The kinetics for the photo-

. conductiVity agreed well with the kinetics for the EPR. 'Ibis was because 

the TCNE negative ion radical served the dual function of an ion and a 

radical ·and could be detected either by its paramagnetism or by the tact 

that it contributed to the conductivity of the solution. A kinetic rate· 

law was proposed Which satisfactorily-fit both the photoinduced FJPR and 

the photoconductivity data. 
. . 

The~e resul~s seemed to indicate that the syst~ 'l'CNE dissolved 
'· 

· · in THF, is, in fact, a oystem where the reversible transfer of an 
I 

electron from an organic electron-donor molecule to an organic electron 

acceptor rolecule in solution can be produced by tight. Such a photO..:. .. 

-induced electron transfe~ may well be or importance in biological systems. -
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TABLE OF MATERIALS 
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implied, with respect to the accuracy, completeness, 
or usefulness of the informati~n contained in this 
report, or that the use of arty information, appa
ratus, method, or process disclosed in this report 
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or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 
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