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CA ‘va.rl'let':y of organie donor-acceptor complexes,, both solutions =

andléolids » haVe been investigated as possible model systems for. .. 4

© . were made to correlate heat-induced EPR signals with heat-induced

S fmn mmcm,wmmc,, AND OPTICAL PROPEmES

; :J‘,A."_jbphotOSynthetic bﬁocesses. The aim of the study was to obtain

'i infomation concerning charge transport and chm'ge separatlon -
phenomena 1n organic mt:erials. The optical dichroism of crystals .

of coronene-p-chloranil charge—transfer complex was studied.. The

:charge-transrer band was round to be polarized along the needle a.xln C

oI‘ the crystal--that is, algng the line of centers jJoining the
molecules.. Photoinduced electron paramagnetic resonance (EPR) -

signals were obaervéd in the coronene~chloranil complexr Attempts |

o changes in the electrical conductivity of perylene-o-chloranil .

crystalline complex. There appeared to be no simple relationship

,' between the two phenomem.

A search for photoirduced EPR signals in liquid complexea was

- carried out, and a number of systems were fo.md wlth photoslgna.l
“rise times of less than one s_ge‘cond.- The solution most extensively ,.-;_...' L
E studied was p_—éhlora.nil diss‘ol;!‘ed.:in dioxane, In this case the rise " F
time for the EPR photosignal was approxlmtely 30Amsec'. - S8ide reactlons,‘ - T

- '» ‘however, complicated the interpretation of the dﬁta. Thé complex formed R

‘between tetracyanoethylene (TCNE) and tetrahydrofuran (THF) was not so

I reactive when irradiated. Also, the free radi&al p,;;d‘\lm could be o
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readily 1dentified.from 1ts.h§pérfine st?ucﬁure to be TONE negative

" ion radical, The kinetics forlfhe formation of TCNE'negative ion

| .radical'ﬁy light were studled, and a reactibﬁ mochanism was proposed.
The data for the photoinduced'EPR signals were correlated with data
obtained for photoconductivity in the same TCNE~THF system. A klnetic . S
" ‘scheme was developed which appeared to be applicable to both the photow |

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

I T

reversible photoinduced charge separation in a liquid organie system,



- I. DI'I‘RODUCTION M)DEL SYSTETvB FOR PHO'IOSYNHIESIS

."c.-'

" After Calvin's (1) explanation of the biochemical stepe of the

o ' carbon Cycle had been proposed, renewed interest was shown in the
o . blochemical problem of primary quantum eonversion (2)==how 18 solar
' _.energy ‘converted int:o chemlcal potential? 'I‘he approach to the problem .:{‘I’ ,,
involved the study of the movement of electrons within the molecules
RS 'composing the photosynthetic apparatiis in living organisms, This o
approach was 1nfluenced 1n part by Szent-GySrgyi (3), one of the first

e

o to look beneath the levela of cellular and molecular ordering I‘or the

explanation of life proceeseﬁs° Evidence was obtained indicating that, :

e _once an initial charge separation had taken place, the oxidative and
, . _. . the reductive eteps of photosynthesis could proceed 1ndependent1y (). -
Presumably the first step in the charge separation is the excitation

L of an electron by incident radiation, However, the e_)i(act nature of o

L S

the succeeding steps is uneert:ain.

In the past workers have used a twofold approa.ch to the problem

~of charge separation in photosynthesia. Besides the dir.eet approach @’

- of studying actual photosynthesizing systems, a great deal of effort

.- .. on phthalocyanine models for chlorophyll. He dlscovered that the - * T

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

that st:udies of . model systems could provide 1nfomation concerning
ﬁmdamental processes thought to occur in living organisms, | Particular
attention has been given to charge separation and charge transport

| phencmena in organie syetem. In this laboratory Kearns (5,6) studied

©  electron transfer phenomena in organic .eo].tds, with special emphaala

- dark conductivity. of phthalccyanine increased greatly when a thin

J P R X " e I -,
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film of phthalocyanine was doped with a- layer of o-chlomnll. He ‘

o carried out..

cemplexes, also studied ‘solutions.” One of his aims was to find a

‘:‘-'_:“‘solution in whioh a rapidly reversible tmnsf‘er of an electron from

-

proposed that phthalocyanine acted as an electron donor, that o-»chloranil -

acted as an electron acceptor, and that 8 cha.rge transfer took place

‘ -between the two molecules. This result suggested tnat more extensive

' hydrocarbon donor molecules and quinone acceptor molecules should be - . -: '

Eastman (7 ,8) R while continuing work -on charge—transfer solid

: % _va .donor to an acceptor took place. However, because the systems studied
" were very reactive, such an electron transfer could not be demonstratcd
ST unequivocally- to take place. The aim of the present work was to con=

" tinue studies of model systems for 'photosynthesis. In so doing, charge ‘ ., :f o

\, . separation and charge transport phenomena in both solids and uquids

- were investigated. ~In particular, a search for the conditions for the

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

' in solution was contirmed. One solution in which a-reversible charge

. ) " transfer appears to take place, fram EPR and electrical conductivity

data, 18 the complex formed between TCNE and THF.

o, DONOR-ACCEPTOR COMPLEXES: . S

. A, General Introduction - Historical Résumé

'If equimolar quantities of o-chloranil (red) and of perylens (yellow) R y

" are dissolved in hot l,2-dichloroetnane, a black solution results, Upon -

“ eooling, black needles crystallize from the solution.v The spectra of

! both the solution and of the crystals show the absorption peaks of the‘".

" and general. studies oI‘ charge—transrer xoomplexes formed between aromatic PR

. . e
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 the solid by selective sublimation or by zone refining, This evie

prm————

- explained on the basis of the chazge—tmnsfer or donon-acceptor ;

" weak, These properties are characteristic of the class of inter\- .' j.' -

‘

constituent compounds, as well as a broad, structureless band rot

found 1n elther of the components. The original materials may be .

recovered easlly from the solution by column chromatography or from _

~dence indicates that no irreversible chemical changes take place,

| “and that any associatlon betweeh the component compounds must be R

s .'moleculax' conplexes. The oolor of such complexes is currentlLy

- | theary as postulated by Mulliken (9 10,11),

L a systematic classification of organic ccmplexes. The 1927 (15) edition "

© - of the benzenoid component of the complex,

" Intermolecular complexes have been known at least since 1844,

when W!Sh;er (12) reported the preparation of quinrwdmne; a crystale f L
line camplex composed of E_-bénzoquinone and p-benzosemiquinone in .
‘molar proportion of 1:1. In his Lehrbuch of 1866 Kekulé (13) called

“attention to the theoretical problem posed by the colors of complexea. '

While p_-quinone 15 yellow and hydroquinone white, the complex, quine

~ hydrone, 1s metallio green. A gradual accunulation of data for va‘rious'. .

‘ canplexes continued, but 1t was some t;ime before a satisfaotory

explanation of their colors was proposed, In 1921 Pfeiffer (14) attempted

)

v° of hls book rejected several theories then current and suggeated that

.7 in the comlex the qQuinone was somehow bound to the -unsaturated carbona E L

In 1928 Weitz (16) postulated a partially polar bond for complexes,:
‘Benesi and Hildebrand (17) were interested in the problem, and in 1948 )

- carried out extensive studies on the complex forméd between lodine and |
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o o van der Wa.als : forces.- p® 6—) A% 18 the resonance form where an electron :

P

4 &

; benzene. In 19189 Braclanan (18) sug;gested two resonance forma for the

oy complex, one of which was donlzed, - ‘V!ulliken, pdapting Brackman's 1dea,

- in 1952 developed a quantum mechanical theory or charge-tmnst‘er and

applied 1t to the data of Benesl and Hildebrand.- So succeseml was

'4 g mllikenfe explanation of the observed.colors ‘of.donor-accept:or coms"

- . a number of review articles (19,20,21;22) have appeared, swmmrizing (

ot

- plexes, that it stimulated mamr'nev; 1nveetigations.. In recent years

- both the ‘experimental and the theoretical developments in the field..

~ The most ccmprehensive of these 18 Briegleb's Elektronen—Donator-

Acceptor—C(mplexe (23), published forty years af‘ter Pt‘eiffer's original

. classiﬁcation of molecular complexes.

B, Tbe Theory of Mulliken

‘,’5- ‘Malliken presumed that the donor-acceptor conplex may be repre-- ‘

. -‘»_ sented by two resonance forms

- where D.1s the donor molecule and A 13 the a.cceptor molecule,

‘. - i . D XX AHDQ AO ‘ 3. o (IIol)

D’ XY A 1e the resonance form where no charge transfer has t&ken ‘i{ N

o Place, and where the only attractive forces between the molecules are

) has been completely transferred from the donor mo! ecule to the acceptor

molecule. The ground state of the complex is represent;ed by .

Couy T avg +bYy ¢ (IL.2) g = Wave function for the
e T o van der Waals structure _
AR R : . ¥ =.Vave f‘unction for charge- °
L £ S transfer structure
i "Lme!"‘e a » b, a.nd the van- der Waals structure predomimtea. I

\.-'

1

[PPSR P33

‘.
PR R
£

R
-t 2 Tt

- et S sy

. .
L, e tees e,
LTt Tk Taaxd it




"‘Where :," '. R

, Ip = the 1onizatlon potential of the donor molecule L
- 62 | _ ” ! .

e = the charge of the electron

' I'AB = the distance of intemolecular separation

.ni'"_‘ The excited state 1s represented by

%“a“%-b*wl Ly N e

2 ’-wnex-e b>>a, and the charge—transfer state predominates. g

'rhe charge-t:ransf‘er absorption is

wN-—) VE S (IL.4)

: 'The energy of the charge—transi‘er absorption is approxlmtely U

' Chv =By - I - g2 (IL.s) . o
' ) "-.. JeCAR . o : ’ "

- .EA = the electron affinity of the acceptor molecule .

“'AB_ = the coulombic interaction term, and

t

Ccmparisons Between Solution and Solid Complexes

\ In the solid all of.‘ the molecules are complexed, hile in solution B
’, ." thc following equilibrium exists bet:ween the components and the couplex :
. -D+AE2 D...A(—-)D@ A9 (11.6) | '

Crystalline charge-transfer complexes. form interesting structural
- analogs to photosynthetic systems, The plants exist .as a.lte_mating"'

layers of carotenolds and chlorophylls, similar to quinone donor and -

| _ hydrocarbon acceptor laminations in the complexes. The nature of

charge separation in solution is not well understood. 4

< e
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- III, CHARGE-TRANSFER PHENOMENA IN SOLIDS

A. Optical Spectroscopy -
| 1. Introduction

Optical spectroscopy of ¢harge~transfer crystals was carried out '
to determine the relationship between the crystal structure and the direction
of the charge-transfer transition. In nearly all cases charge-transfer com-
i plexes crystallize as long needlés.; X-ray crysta}logbaphy\has established
the atructur;'as alternating layers of donor and acceptor molecules (24),

The planes of these® layers are oriented at some acute angle to tbe needle
or c-axis of the complex. For example, in the case of quinhydrone (25f
the angle 1; 56 degrees; Although the crystal structure of quinhydrone
is well established, the dichroism of the charge-transfer transition 1is
somewhat 1in doubt. Nakamoto (26) was the‘first to study the dichroism
of charge~transfer crystals., His original microspectroscopy, done in
1952, seemed to indicate that the eharge-transfer transition lay perpendie
. culaf'to the planes of the donor and acéeptor molecules, ﬁRecently Anex
and Parkhurst,(275.héve done reflection spectroscopy of quinhydrone and
have concluded that the charge-transfer transition lies parallel to ﬁﬁe
needle axis of the crystal, or along the line of centers Joining the
donor and the acceptor planes, \ ' L
The charge-transfer band in chloranil~coronene complex 1s a broad, :

structureless peak extending from 5000 % to €500 £, with & maximm at |
approximately 6000 R. Figure 1II-l illustrates the dichroimm of the
charge—transfer absorption. The data, which were obtained using a micrOm
spectrophotaneter, showed that the charge-transfer absorption was rar

more intense when the incident light was.polarized parallel to the needle *
axls of theicryatal than when the light was polarized perpendicular to

‘the needle oxis., The direction of the needle axis corresponds to the
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Fig.

SINGLE CRYSTAL SPECTRUM

CORONENE -p-CHLORANIL
COMPLEX

" band.

(R

WAVELENGTH

MUB-2247

The dichroism of the charge-transfe‘r transition of a
Il = light polarized

III-1.
coronene-p-chloranil single crystal.
parallel to the needle axis of the crystal. 1= light polarized
perpendicular to the needle axis of the crystal. The broad,
structureless band extending from 50004 to 7000A, with a
maximum at approximately 60004, is the charge-transfer
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.
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f direction of the line of‘ centers drawn between the plane of‘ the donor

| 'chan;e-transfer transition is polerized alone_, the line ot‘ centers between , T

_ e = the charge on the electron,

orbitals, respectively, ) : N ._ P .
S - the overlap integral between ‘:;0 and "’1 ﬁo‘h dv '
* denotes the excited state, SR L I EE

~along the line-of centers between the moiecules. According to Milliken, .

k i‘i-"’ mlecules and the plam of the acceptor moleculea (28). Theret‘ores the

the donors and the acceptors.

N This 18 in agreement with Mulliken'a theor'y (29), which gives the E

chaxge—transfer transition moment as . s e

u-eMMm-rM+(w*nmﬂe&m~rﬂomg _;;ann;V

L Where the charge-transfer tmnsition - . L e

oy = ayy + DY)~ Vi T Aty - b*wl o m)

. anda and b are normalized so that = T | . ;  T :

:

\
RS

a2+ 2abS +b2= 1, i EETRERTE TR ¢ ¢ ¢ 35 ) RPN

where

!‘A and rg are the average positions of the eleob:‘on in the B or A

. ¢ .

Lo~

" The first tenf; of Equation (III;l)'rebresenta the transition nment'f |

‘the second term of the equation 1s in general small, This results from

. the small overlap integral, S, for charge-transfer complexes.

SR The crystals studled were grown from a solution of eoronene and

i.;-.';,i"\‘t:hloranil‘ in hot 1,-2—dichldroethane. Many of the samples wore £00 - 5
" optically dense to be suitable for micmspectroscomr. “However, certatn -

, of the needles crystallized from the mixed solution ha;i almost -exactly :

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

e~

SRS
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neuﬁ that of coronene.‘ However, the orystals had the Intense greenish - H

‘color which is characteristic of the complexs This 1ndicated that, althouab .
‘ .the crystals were essentially coronene » they had sufficient chloranil |
' j_mpurities 80 that the crystals were, in effect, a dilute solution of the o
complex in a coronene host. _ The orystal structure of coronene (28) is._

" shown in Figure III-2. Figures IT1-3 and III-u give the sol1d state
Aspectra of coronene and of the complex. Figure III-5 shows the spectmm Lol

."'-.'. of the ccnplex in l,2-dichloroethane.

' and constricted by the Applied Physics Corporation, Honrovia, caltfornia,, |
wwmmmmmwmnmmmmmmMmmmmwme

as a microscope or as a recording spectrophotaneter. It 1s pattemed
“after a device constmcted originally by Tsuchlda and Kobayashi (30). .
o Light from a microscppe lamp 1s focused by a conderising lens onto the ‘
! sanple on & glass sid.de,, from which it passes through an objectIVe lens,
When a mirror is inserted st this point, the beam is deflected to an

eyeplece, The rumerical aperture of the condensing lens is 0.56, and - _Y ..
. the total magrilfication obtalned from the lenses and eyepiece is 300 f d' =
. diameters, Ci'yste.ls were placed on the slide and a specimen of sultable ;

' transparency for spectral work was selected visually, When the mierd= . 'v ': A f :

" " ‘scope lamp 1s turned off and the deflecting mirror moved cut of position,

t\mgsten lamp normally provided with the spectrophotometer was replaced
%" with a General Electric 1955 lamp operated at 28 volts and 150 watts,

.. The lamp 1s a small source operated at a high temperature. It i8 - SR

- 2. Instrumentation - o SRR ,r

TR
1

) The microspectrophotoneter was a prototype 1nstmment designed

instrunent’ is shonn in Figure III-6. The instrument can be used either

LA t-..-.,.mv—q- an

LN .
- ! B BT -
ot

the 1nstnment can function as a spectrophotometer. For ‘this work the

N
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End View of Molecules

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 resulted in the formation of a charge-

transfer complex.

J
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Pp-Chloranil-Coronene Single Crystal
No Polarizer
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MUB-1474

Fig. III-3. Optical spectrum of p-chloranil-coronene complex
taken with Cary 11 spectrophotometer with microscope
attachment. (Base line corrections have been made.)
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Fig. 1I1-4. Coronene with polarizerbperpendicular to needle

axis of crystal.
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Fig. III-5. Spectrum of p-chloranil-coronene complex in
1, 2-dichloroethane showing the charge-transfer band.



-16-

PHOTOMULTIPLIERS

REF.
SAMPLE]
',OPTIONAL MIRROR
A1 —3Eve
: PIECE
MONOCHROMATOR J
P-~COLLECTOR LENS
T
DSOURCE MlCROS((jJOPE SLIDE
-~ an
’[\)JE“.srﬁ'AYL é CRYSTALLINE SAMPLE
?QRF%NF; 4 TP+ CONDENSING LENS
|
Tt T MIRROR

MIRROR

MICROSPECTROPHOTOMETER

MU.-28678

Fig. 1II-6. Microspectrophotometer.



.. enclosed in a quartz sheath and employs a tungsten-lodine cycle to reduce

- {l*”fdeposits on' the sheath. The beam fron this source passes through the .~ - “

:];'pliers to determine the ratio of the intensities of the feferenéé and tna"

s its intensity can be matched apprdximately to the Intensity coming from -
. ;;thélaperture by using any combination of five neutra; density screens
"'f provided with the 1n8ttuunnt. . The 1P28 photomultipliers ofiginally Sup=

Al

;x;g_nbnochromator'and is then split into a reference beam and a samplé,beam‘

The spectrophotometer 18 a double beam type, which uses two phqtomulti-'f-?:ﬁgff' ;‘

sample beam3, The sample beam passes from the monochramator through one

of a set of apertures, such that the fleld 11luminated on the microscope
hi~slide has a diameter of 12,-20, or 80xn1crons,;_The sample beam is then S
”Vlreflected'from a front face mirror and focused by the condensing lens

" onto the crystal on the microscope slide.  An objective lens collimates

Before the reference beam passes to the second photamiltiplier for detection, ’

- s

'“i‘“ plied with the spectrpphOtométer were replaced with HTV=R136 photomulti-
E pliers_(Applied Physies qupdration{ Monrovia, California), which have a ,.'g
-(';,k high sensitivity at wavelengths in the red. Because reflécting opties.
| .“:are used throughout, the microscope 1s completely achromatic, It has
"}fji'been possible to obtain solid state speotra over the range from 3500 R
: -f?f  to 7500 X for a sample somewhat larger than 20 microns in dlameter,

In each case 1llustrated, base line corrections have been made and ,'

; j"li the spectrum replotted, . Crystals which appeared reasonably smooth and .
':Q-transparent when viewed through the microscope eyeplece were selected far -
”  wf,;Tspectroscop1c work, The dichéoism of the charge-transfer transition was .
Ff_ffshown by inserting a polarizer (Polarold, Type HN38) 1n the sample'beam‘ 
"ifi'and ofienting it either parallel or perpendicular to theilong néedle

N axis of the crystalline coﬁplex. | |

R

. 3the sémple beam, the inQensigy,of which 18 measured by one photomultiplier.V3y_.,;,d,



.fﬂ3< "Kf';B. Photoinduced EPR Signals in CoroneneeEFChloranil Crystals

Coronenefgrchloranil complex crystallized rrom l,2-dichloroethane"‘

.. solution showed a small GPR signal (approximtely 1015 spins/gm). ‘The

'w:if'spin concentration could be increased by irradiating the crystals with

light from a tungsten source, The concentration of unpaired electrons

-.. dncreased as the light intensity was increased--until a maximnm level

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

"ina deéreasing spin concentration. Thé'spin level decayed slowly to

, "1ts original value after the light was shut off, Ralding the tempera-
~*'*g ture to 80° 1ncreased both the spin concentration in the dark and the
: ;7 " spin photosignal. Also, the maximum of the signal. 1eve1 VS, light

»*iptensity curve occurred at a lower light Intensity at.80° than at

- poom temperature.

As 1s explained 1n the next section, Eastman assumed that imper-

18 .

"fections, elther trapped free radicals or lattice defects, are responsible‘

~ for the observed paramagnetism. Heating the orystals produces such imper-

' fections. The photoinduced EPR may be explained by considering the

o elgctrons to be excited into an excited state where they are unpaired,

" Once the maxirmum number of lévels have been singly filled, further exélta- fQ

tion results in the pairing of electrons in. the excited state and a -

% - . decrease in the observed spin concentration. Heating the crystals popu-

’";.1ates the upper levels and deoreasés the intehsipy of light at which
pairing begins, ' | .

C Correlation of Conductivity and EPR for o-chloranil—penylene

Complex | _ g .

1, Introduction

" In 1954 Akamatu, Inokuchi, and Matsunaga (31) at the University -

| “?‘1of Tbkyo observed paramagnetism in solid complexes formed between hydro-

¢
)

~
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O
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N g
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carbons and halogens. , Also, 1n that sa.me year- Kainer, BiJl, and . "

. Rose-Innes (32) found electron paramgnetic resonance: si@als in a.ryl-
amine—quinone solids, In 196). Eastman (33) reported the results of

extensive studies on the pa.ramagnetism of’ char@e-transrer solids formed

- between polycyclic aromatic hydrocarbon electron donors and tetra- |

ha10genated quinone acccptors. He found that it was possible, under

: prOper conditions, to g;row crystals of certain conplexes which were
o actually spin-free.' However, paraxregnetiem could be induced in'the
crystals by heating. ‘Comparing these results with the work of several ; ’

- other investigators, Eastman concluded that the parama'@etism obser\{ed‘ §

' was attributable to 1xrperfections in the crystal lattice, The tem

AR nmperfections" was defined to include either trapped free radleals or

o crystalline defects.

The neat-induced changes in the EPR signal suggested that changes .

| in electrical oonductivity might result from heat treatment as well,

Crystals of o-chloranil-perylene ccnplex were prepared by dissolving
equirmler quantities of the components in boiling l,2—dichloroethane

and allowing the resulting solution to cool, EPR data showed the roome N

| solid complex to be < 1016/zm. However, when the complex was heated at

" © . temperature concentration of unpaired electrons in the freshly prepared o

60° for an hour and then cooled to room temperature, there was a decided -

.. irreversible increase in the concentration of unpaired electrons, -The

spin concentration/continued to increase as a I‘unction of heating time

PR "_
I\ R

until a maxixmm level was- reached. From that point’ there was a g'adual

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

B

Dark conductivity nnasuremnts were made on samples or o-chloranil and -

_ perylene, and on the complex. Samples of the complex g‘or both cone.

o ductivity and EPR measurements were prepared and heated- similtaneocusly

- for various periocds of time 50 that changes in these properties could

o~ PRI

. . K : .
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}i’:-' be correlated. Table III-I and Figure III--'[ indicate the results.\

:materials ha.ve been summarized by Tnokuchl (313) ] -

A

2 Dark Condue tivity

[Electrical conductivity measuring techniques ror organic

Dark conductivity was measured on samples of the materials .

e f. that had been pulverized and then pressed into pellets approximately

Ls 5 cm 1n diameter and 0.1 em thick.- These were prepared by placing the

applying 25,000—1b force for at least 2 minutes. 'I'his was equivalent to e
) ‘a pelleting pressure of 125,000 psi. The conductivity apparatus was a
“ . “slightly modified version of that described by Kea.rns (35). .

samples were placed between two steel cylinders and surrounded by a
p_;laas cylinder, Platinum dises in contact with the ends of the steel .

cylinders served as electrodes for connecting the sample into the

- ,' measuring c¢ircuit, The resistance was determined by usin’g 8 standard -
| . 10-ohm resistor which was placed in series with the sample and a dec

source of 17.5 volts. The sample, cylinders, and electrodee were

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

" of the system was controlled by circulating a methanol-water mi.xture

from a thermostat bath through coils surrounding the chamber. A copperw
constantin thermocouple, fitted"f.into the chamber through a Radiation: ‘

Laboratory Seal and an epoxy plug, was (used for temperature detennine-

tions. A pressure of epproximately 100 kg/cm2 was-applied to the
o \_sample by a lever, arm. As the conductivity was matly changed 1r
air were present in the system, all masurements were carried out at L
> - .10 mm pressure, The high volatility of the naterlals made it more
B .. difficult to obtain low pressures under conditions of even moderate

temperature.

~ powdered sample into a dle, evacuating to remove moisture, and then } Lo

. ‘:’f. 5

PPN AR JFEPUR )
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* TABLE III-I...

i -
N

"Activation energles and ESR measurements

s {

R Lo -+ Activation energy of Concentration per gram
A conduction, AE, of unpaired electrons - .
Substance = . ' (ev) '  {at room temperature) = - -/

; g—chiorahii E L ‘i':"'..?.l{z tsg
perylene ; , . ‘VO.SS N (0.983) 21...00c " _
. ccmplex (unheated) B o . © T "<.-1 X1
" complex (heated, 1 hr)‘_: L exael
wcomplex (heated, 2 hr)“ - ""'.‘:« : ’",I . .:, 1.0 x 108 B
| complex (heated, 3 hr)"_ ‘ ) '- - ;{3.3 X 101‘8i _
" complex (heated, 4 hr) l‘_o‘.A25 .. : (0.65 * 157°) .‘ B |

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

* PESR value which may be the AE for a phenomenon unrelated to the °
conductivity,

- 8. H. Inokuchi (34) - Thin f1lm measurement - . ,

td
-
-
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",'[. ',. . .
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.E
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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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'puted aa

- .k = Boltzmann's constant = 8.63 X 1072 eV,

/
" .for conduct.ionkrollowed the Boltzmann Relation |

e 3';' Céléulat:ions SR

N : ' !

The dark conductivity was’ measured for o-chloranil, perylene,

('

- and the cor'plex. The resistivity of the sample, p, in ohn~cm was com=

o nere -

R the measured resistance (in oms), - .
k Y>A n the area of the sarﬁple.(in om?),
4 the thickness of the sample (1n cm),.

-~ .mined by plotting resistivity, o, vs. (temperature)"‘l. Then ) N
C8E = 2,303mk  or-  AE'= 1,99 X 10~% (inev) (IIL.5)
) v;where-

"E = the activation energy for conduction (in electron volts), v

* . ) N s’ .

% m= the slope of the semilog plot.

~

o =pge ST op ‘oéc;oe'AE/kT. . (UIL.6)

4, Heat Treatment .

Dty
]

. Pellets of the comp;lex vere bressed a3 described ‘previously

and then placed into sa‘mble tubeé. These tubes were evacuated to 104" \

Torr pressure and then filled with .nitrogen'. One pellet was pbwdered

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

0 '.Wd | : ﬂ A : . (III;K)

- - The activation energy of conduction for these substances were deten- N

g 'This calculation was based -on the assumption that the activation energy :

- and 0.025 gm of the resulting powder was placed 1hto each of five EPR .

-

“tubes., These, also, were evacuated and then filled with nitrogen. Four -

v



' '.T;'maintained at 85 + uo ; Samplés were removed after one-hour intervals

and cooled in an 1ce bath to prevent further reaction. The EPR and

:.conductivity of thesn samples were then measured, The temperature

dependence of these properties was determined for the sample that had

been heated four hours,
5. Results

 As 1llustrated.in Figures I1I-8 and III-9, a plot of the

‘log of resistivity vs, the reciprocal of the temperature gave the

- expected linear relationship over the temperature range investigated

for_the o-chloranll and the perylene, This was true, also, for the

complex up to about 60°, at, which temperature there was a deviation,
probably indicating the onset of fufther heat-produced changes 1n the
sample, The data in Figure III-7 indicate that although both the spin
concentration and the conductivity are 1noreased by heat treatment, |

the two phencmena do not follow the same kinetlics, The conductivity .

 increased linearly with heating time or -

24

‘This, in turn, means that the concentration and the mobility, hjuof . -

“the charge carriers were lncreasing in such a fashion that .

)
o

dnw)/at = ke - (L)

afAlso; the activation energy for tonductivity decreased & factor of .

" two in four hours of_heating.’ On the other hand, the spin concentra= -

tion increased as some power of the heating time reached a maxlmuim,

' and decreased, The condictivity increased a factor of four in four

- hours of heating, while the spin concentration increased several

~orders of magnitude. The activation energy for conduction was approxie-

St .

nately five times as great (Fig. III-10) as the activation energy as
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Fig. III-8. Log resistivity vs (’cernperature)_1 for a pellet of
o-chloranil..
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. Fig. III-10. Log resistivity as a function of temperature for
: heated and unheated complexes of o-chloranil and perylene.
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vdetermined by EPR (Fig, III-ll).; Thus, the attempts to correlate EPR

“with electrical conductivity did not give a readily apparent, simple
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Fig. II1-11. Temperature dependence of ESR for solid complex
of o-chloranil and perylene. (DPPH = diphenylpicrylhydrazyl.)
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v, SOLUTION CHARGE—TRANoFER COHPLEXES

A. A General Search for Photoinduced PR 1n Complexes in Solution

. Introduction

PO

Solution charge-transfer conplexes were 3nvestigated 1n hopes

: of observing photoinduced changes in their electrical and their magnetic

. properties, This aspect of the study of model syatems for photosyn—f

. .the unpairing of the electrons involved in the formation of a changé—

thesis was given impetus by the work of Lagercrantz and Yhland (36, 37,38),
f

who in 1962 reported having produced EPR photosignals in a solution: df

‘ Qrchloranil in tetrahydrofuran (THF). They attributed the signals to

»‘d(

1.4

transfer conplex between the donor (THF) and the acceptor (chloranilﬁ?

\I “.

The signals were approximately 15 gauss ‘wide, had g-values of very néarly

.1 2, and exhibited rise and decay times of less than one second the 1nstru~
. fo

mental time constant. .If, in fact, ‘the photosignals were caused by free
electrons excited to the change—transfer level of the complex, the solue

tioos might be expected to show very interesting electrical properties,

'.fsuch as photoconductivity. The present investigation, therefore, had a .

' ”ffthreefold purposet - to study various complexes which might show EPR

'photosignals, to obtain better measurements of the rise and deoay times

o_,in a number of donor-acceptor systems are summarized in Table IV-I, For

of the signals, and to correlate the EPR data w;th'electrical conductivity
meaouremnta ¢ ‘A | | |

2, Results A

The fesults_or preliminafy attempts to observe EPR photosignals

i

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

_were recfystallized. fhe’EPR data were obtained using the spectrometer

" described under Seotioh V,B.5a. The samples were first tested for dark




R

'uif (0 05 M solutions of grchloranil were prepared in the following solvents)

A :

TABLE IV-I _;;‘;l. R P

- f

#

NUJOl (‘ 0.05 ﬂ)

. Triphenyl Phosphite -

10range—red

Solvents - Color of.Solution Results (signals ca, 15 gauss wide)
Benzene ' Yellow No dark signal, no light signal
p-Xylene . Orange (Yellow) No dark signal, possible light Qignal
| Mesitylene | Oranige (Yellow) No dark signal, small light signal
...Phenitol . Red (Orange) . No signal -
o~Chlorophenol ‘Orange (Red) No dark signal, small light signal, Ca
. . U rapid rise and decay time (<l/10 sec)
_a~Chloronaphthalene ~  Red (Orange) No dark signal, no light signal -
Pyridine . Dark solution " No dark signal, no light signal
' - (Precipitate) : R o
Quinoline " Dark solution ' Very large dark signal, no fine
.(Some precipitate) structure. No appreciable enhance-
| " ment in light (ca, 1018 spinsﬁnl)
Tetrahydrofuran Yellow : No dark siﬁnal, snall light signal .
. T | © (ca. 1015 spins/ml)
Thiophene Orange . . ~ No signal , )
p-Dioxane Yellow (Oreen) . No dark signal, large light signal
. (ca, 1017 spins/ml)., Slow response
' ‘ . enhancement when light turned off
Morpholine - Reddish-brown . Small dark signal, factor of 10
' : v increase in light, enhancement
‘ / A when light off
~ Piperidine " Reddish-brown No dark signal, small light signal,
' ' . rapid response v
1,2«-Dimethoxyethane . Yellow. » . No dark signal, small 1ight signal,

raplid response

Yellow solution No dark signal, small light sigmal,

long lived

No signal



B, Other Syéteﬁé

Compound ‘

TABLE IV-I (Continued)

" Color of Solution

Results (signals ca, 15 gnuss wide)

: o~Chloran11 + mhiophene
) .

o—Chloranil t Diphenyl—
ether (0 05 M) '

, TCNE# + Diphenyle*her
(0,051

" TCNE + Pyhidihe'

TCNE (0 05 V)
Pyridine (0.5 ﬂ
Et012 3olvent

Perylene (0 001 M) +
hexafluorobenz¢ne

Orange-red

Reddlsh

Reddish

Dark brownish soln.

' Dark brownish soln, -

|

- Yellow-green

No daw Bignal, emall light signal
ca, 30 gauss wide

No dark signal, small light signal

T2
TR

Y

o

N dark signal, small 11ght signal

Dark signal; 9-line hyper 1ne

structure i
B

Dark signal; 9—11ne hyperfine
structure

No dark signal, small light Signal

TCNE#* = tetéacyanosthylene
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':signals by placing 0 2 ml of the material 1nto qua.rtz tubes of len
‘:outside diameter. The tubes were evacuated and then placed into. the |

. Varian 14531 rectangular cavity of the EPR spectrometer. A General .

" Electrie AII-6 }r!.gh pressure mercury lamp, 70 cm away, was focused onto
{the 3lots of the cavity by means of a p;yrex lens located 15 cm from ,‘ “

the cavity. A Corning 0-52 (7380) filter having transmission values s
_of 20% at 350 mu, 50% at 360 mu, and: 90,» at 400 my was 1nserted between S

.the light source and the sarrple.

C 3. Dlsc.ussion

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

Lo syatems investigated showed widely" differing spin concentrations, - rise

~ times, and decay times. This certainly indicated that a varlety of

| processes were taking place. The cases where the rise times and the

.. decay times were short may truly result from electronic processes,’

| although the instrumental response time was too long for this to be

‘n

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

- and decay times may involve an electron transfer as ‘an. initial process,:

but this initial electron transfer is undoubtedly followed by a

"chemical™ process, such as the abstraction of a hydrogen atom from

_ the donor. ;

B. Thwﬁ-Chloranil-dioxane System }' C

1. EPR - ‘ N 4
One of the systems studied in more detail was p_—chlomnil s

dissolved in g-dioxane, The dloxane was twice distilled and then dr'ied ‘

. by refluxing over, sodium and distilling, The g_-chlomnil was obtained ;’

. from K and K Laboratories- in Jamalca, N, Y,, and was recrystallized

¢ from benzene as yellow needles approximately 2 cm long.: A 0.05 M



- by 8 freeze-pumpnthaw cycleu. ‘The samples showed no EPR signal in the - L

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

- 1nstantaneous, but required approximately 1-1/2 min-far too long fob

- this would be expected to glve a Stfa;ght line, There appears to be
~ the photosignal 1s plotted against time, giving a curve that can be

exlstence or two 1ndependent1y decaying paranagnetic specles, having
-~ half lives of 0.75 min and 9 min, respectively, = ‘

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

‘analyzed into two straight lines. This result seems to 1ndicate the

.‘34

-golution of Erchloranil in p-dicxane was prepared and- then dcgasued - |

dark, However, large signals were-observed.when the solutions were

irradiated. The growth curve for these 1s shown 1ﬂ Flgure IV-1, It o

a slmple electron transfer process. The decay was, likewlse, a slow
process, and 18 shown in Figure IV-2.
The decay curve may.be analyzed kinetlcally as in Figures IV-3 i

and IV-li, éIn Figure IV-3 the reciprocal. of the spin concentration 1is

plotted agalnst time, If second order decay kihetica’were followed,

a good deal of departure from linearity. In Figure IV~4 the log of

The curve shown in Figure IV-5 1llustrates a pecullar light

reaction occurring 1n a solution of p-chloranil in dioxane which had ;

shutter, there was an 1nitial small 1ncrease in the signal leval, which

"was followed by a gradual decrease in the. signal level. Irradiation of :

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

lowed by a gradual 1ncrease. Repeating the cycle showed an even more o

pronounced increase in the spiln concentration when the light was cut' off:

These fdcts seemed to indicate thdt at least twb competing photoinduced

o processes were taking place, one producing ‘spins, and the other causing §

TN .

o pn et ot e e mqat v T [T
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Fig. IV-1. Photoinduced EPR signal in 0.05 M solution of

p-chloranil in dioxane.
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Fig. IV-2. Decay of phot01nduced EPR s1gnal in 0.05 M solution

of p-chloranil in dioxane.
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Fig. IV-3. Decay of photoinduced EPR signal in solution of
0.05 M p-chloranil in dioxane. The reciprocal of the spin
concentration is plotted against time. '



-38-

10
Q
5
3 1x107!
z .
a a o Experimental
wn \ points
';j Residual curve
2°2
E 2 \ ~0.75min.
o IO
o \n T
o .
S \
Ix 10-3L | ] J | J |
3 6 9 12 15 I8
TIME (min)

MU-29472

Fig. IV-4. bDecair 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 dioxane. The relative
-spin concentration is plotted against the time of irradiation.
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the‘gécombination‘or the.destrucﬁion of tpe spéciés'bearing‘unpaired.

_ electrons, - | . : : -"//‘,
,The final products in the above reactions have not béen determined.'

Several possible reactions could have taken place, Chloranil, according

to Schenck (39), can be photodimerized, Algo, chloranil (Mb) fredﬁenéiiy
"acts as a dehydrogenating agent, with the_hydroquinone of chloraﬁil as
l one of thé final products. Since the burposé of the investigatlion was

to study the nature of electronlc transfer processes, attention was o é

focused on the rapld inltial rise of the signal, and the suéceeding

reactions were not analyzed further,

t'2. Conductivityj

. Irradiation of a solution of chloranil in dioxane resulted in
a steady increase in the conductiv*ty of the solution. No decrease was
noted when the light was shut off, .Both.thebe facts seemed to indicate
that é chemlcal reaction resulting in the formation of ionic speciles
was - taking place, and not the photoexcitation of an electron,

C. The Rise and the Decay of Fast EPR Signals

1. Introduction - ‘ ; N

" The preliminary 1nvestigations of the'preceding sections showed
'tﬁat certain charge-transfer systems gxhibited PR photosignals with rise
and decay times of less thah one second, In order to obtain more éccurate
Qalues of the'reqﬁbnse times, the RC time constant of the Efﬁ spectrometer 3
was reduced to 3'0':mseco This, however, resulted in a reduction of the
signal to noise ratio to 1, approximdtely. The difficulty was overcome
i by using an aVeraging Qeghnique (41), The sample was repeatedly irradiated
.- with a.pulse of light of 200 msec dﬁrat;on,_and the pho,osignals resulting
from thése multiplé irradiations were storéd_in a computer [Computer of
!

i e

. '.
| [
)
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AVerage 'I‘ransients (CAT), Mnemotron COrp. , Pearl River, N, Y.J. .The
siznal 1ncreased dir'ectly with the number of irradiations s vhereas the ~
nolse Increased only_ as the square root of‘ the number of irradiations.
At least 100 passes were made per sample, 80 that the slgnal to noise.
ratio was increased from 1 to 10.. The duration of the light p_ulse' was
 controlled ‘wi‘tﬁ a camera shutter, | | R
- 2. Results

..

The followling systems Awere, studied and showed photoinduced

| .—— signals:
i © TABLE IV-IT = |
; ,
Complex .- - - -+ Color . Signal Speed
p-chloranil-p-dioxane - Yellow: . Fast
+ p=chloranil-THF Yellow , Fast h
~ o=chloranil-thiophene Red " Fast .
o-chlorant1-CCly, . Red . . Slow
' Solid owchloranil -~ -~ Red '» - Slow

 Al1 of the signals had g-values oI‘ very nearly 2. They were ali
a a.pproximately 15 gauss wide, showed no lmyperfine structure, and were not
~ symmetrical, Figures IV=0 through IV-8 show the experimental curves rox_~
" the rise and the decay times of some of the systems, One of the princim
- pal ‘difficulties in analyzinz the date was determlining when the shutter
was opened. The 10-90%' rise time for the shutter was approximat;el&
10 msec, TFor the first three systems listed above, the maximum spinl

concentration was reached within 100 mgsec, After the shutter was closed,
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p-Chloranil in
Dioxane '

| N (SN DU R N | I
100 200 300 400 ©00 600 70 800 900 00O

Relative Peak Height
(o]

] 0 { i I ] i ] ] J
(¢] 25 50 7 100 125 150 175 200 225 250

Time (milliseconds)

MmU-31839

Fig. IV-6. a. Rise and deéay of EPR signal for 0.05 M
p-chloranil in dioxane (top). b. Rise time (expanded
scale) (bottom).
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p-Chloranil in THF
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Fig. IV-7. a. Rise and decay of EPR signal for 0.05 M

p-chloranil in tetrahydrofuran (THF). b. Signal off
magnetic resonance to show noise.
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o-Chloranil +
Thiophene
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Fig. IV-8. Rise and decay of EPR signal for 0.05 M
o-chloranil in thiophene. (Arbitrary units).



where . -

.13 obtained. . o
. For exponential growth, a plot of log (A - Ass) vs. time shOuld give -

-‘o-chloranil were also studied. In both cases a slowly grdwing PR signal

/

L e T . : .
N ; . P . o ; . Lo L © . '(_

-the spin concentration decayed to zero in 50 to 150 msec. Tﬁe o-chlorapil-
’;vthiophene system showed a photoinduced sig;nal, while the gochloranil- 4
thiophene systemn 414 not. . For controls, o-chloranil in CCly and solid

' was observed,. but no fast signal was seen, No signal' was obsgrved i;any "
“of ﬁhg solvénté aj:one;_ The photoinduced EP:R ‘'signal seemed to result from
an mtefactzlion.bétween' o;chlémnil and tﬁiophene. A signal did not aﬁpear
'?if either the solvent or the solute alone were irradiated. '

3. The Kinetles of‘ the Rise and the Dec ay

© - An exponen'cial gr'owth can be represented analytically by
A= AS._,, (1-ec t/f) - (V)

- "Alw the amplitude of the EPR sig,nal,‘ |
_‘?\53 = the amplitude of _the( EPR signal at the steéd’y state, . .
ot s time, ,' | . R .
.. t = the time;' cofmta.nt:, ,the.:. time requif'ed for A fo rise to
(1 - 1/e) of 1ts maximum value, o L

By rearranging Fquation (IV,1) and taking logaritims,
log (A=Ag) =t/t+loghA - o (2)

kd

a atmi,ght line, This is the case for E—chlora.nil-dioxane, as 1s shown

" in Figure IV-9, The rise 1s,§therefore, exponential, * In F'igures IV-10

to IV-12 the decay curves for various samples are plotted. These data

were obtained as before by adjusting the magnetilc fieid to the poipt

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

ks
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40} Rise Time
p-Chloranil in Dioxane
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MU-31843

Fig. IV-9. Semilog plot of rise of EPR signal for 0.05 M
p-chloranil in dioxane. denotes maximum
amplitude of signal in F1g iy Again the units are
arbitrary. - At denotes signal amplitude at time t, after -
light has been turned off.
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5o} Decay Curve
40 ' - p-Chloranil in Dioxane .
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*Fig. IV-10. Decay of EPR signal for 0.05 M p-chloranil
in dioxane. The light was turned off at t = Plot -
of log relative peak height vs time.
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Decay Curve |
p-Chloranil in THF

n
(@]
1

(&)
T

-Relative Peak Height
o
—

lllllllllll\l
0 20 40 60 80 100 120

Time (milliseconds)

MU-31845

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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30k Decay Curve
o-Chloranil in
oo} Thiophene
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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.



" off the light and observing the dccrease in the maximun value. The

decay curves are complicated and may 1nd1cate the _presence: of several

'paranagnetic spccies.

‘In Fibure IV-l3 a conparison is drawn. between the. growth curves
for Qrohloranil and dioxane with and without a neutral density filter
(Bausch and Lomb, 0. D. 0. 9) to reduce the 1ntensity of irradiation to

' approximately 12, 5% of 1ts maximum value. . The difference is small, ;

vwalthough a longer rise tima may be indicated for the case of the luwér

“'light intensity.

u. Terperature Effects

A preliminary invcstigntion of the temperature dependence of

“the spin concentration showed that at 77° X there was no fast signal.

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

When the light was shut off, but the temperature kept at 77°, the signal

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

gradually deéreaseQ until it vanished éntirely at the melting point of
the mixture. :
Se Purifidation Procedures

~

- p=Chloranil was recrystallized repeatedly from benzene after

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

tectable with thin-layer chromatography. p-Dioxane was prepared by
vapor phase chromatography (VPC), using an Aerograph “A&toprep"

(Wilkens Instrument and Research,.Inc,, Walnut Creek, Calif,) and a

~ "Yeon polar" column, The purified dioxane showed no impurities in the

VPC'trace., Tbtrahydrofuran (THI) was repeatedly distilled until only

a trace of 1mpurity could be found by VPC. Again a "Ucon polar"

 column was used.

50
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pP-Chloranil in
Dioxane '

EPR Peak Height
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| | ] | i L | ! 1
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MU.31842

Fig. IV-13. a. Rise of EPR photosignal for 0.05 _1\4 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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A. The Cog_rglex
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-Tetmcyanoethylene (TCNE) (42), a colorless oyanocarbon (,Appendix 1),

" was first prepared by Cairns, et al. in 1958, At that time Merrifield

" solvents to produce intensely colored solutions, ' The colors were

. and Phillips (43) reported that TCNE readily dissolves in many organic

attributed, after Milliken (9), to the formation of intermolecular .

charge-trarisfer corrplexes between the organic solvent donor molecules

| and the TCNE acceptor molecules. TCNE forms a charge-transfer complex '

‘with tetrahydrommn (THF), as 1is indicated by the spectra in Figure

V-1, ‘Figure V-la shows the spectrum of TCNE 1n ethvlene dichloride,

with maxima at 2650 R and 2750 R The spectrum of TCNE in THF is shown
in Flgure Valb. ‘The two 'I'CN“ bands have been ahifted to 2630 R ana
2710 R, respectively, and a third band has appeared at 3000 R. . This

- latter band is characteriStic of the charge-transfer complex. Vars (uu)

studied the TCNE~THF complex in chlorofonn solution and found the
maximum to be at 3100 f. This difference in maxima 1s not unexpected,
as Mulliken's theory pred* cts an effect of the dielect;ric econstant of

the solution lin the absorption mixlimum of the complex.

B. 'Photoirxiuced EPR in the TCNE~THI Complex '

]

1, Introduction - ,

TCNE negative ion ra.dicals can be produced by irradiating a

-solution of TCNE-THF with a mercury 1amp. This was first reported by . .

" Ward (115). 'I'he present work was designed to study i:he kinetics of the

| ',photoreact.ion and the effects of the intensity and the frequency of the. -

. .1ight on the obserVed EPR signal, The measurements were made at room

L temperature, using a samp;e of 0.2 ml of a solution of 0.01 M TCNE in - .

Ne?
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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 107> M TCNE in CCly. b. 2X 107°M
TCNE in THF. c¢. 0.01 M TCNE in THF. , T
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N .
Ve ' :
- THF, The sample had been degassed and then sealed ln a quartz tube,
R _While initially there was no EPR signal in the dark, a resonance oculd |
’ be produced by light. The spectrum obtained is shown in Mgure V-2,

The ll~line hyperfine structure 1s characteristic of the TCNE negative

ion radical (46). Nine of the lines, with intensity ratlos of e

e
Té

1°M210°16;19'16310'H'1,'resultvfrom the hyperfine splitting of the ;7

Ee

N luN atoms. of the cyanide groups., 14N has a nuclear moment of 1.

~.',J.*-

‘}. -«',

47

i(n.

The hyperfine splitting is glven by 2I + 1, where I1s the sum of th
'E"”djnuclear mcnents. The other two lines appear at the extremes of the j

spectrum and are caused by the 13c splitting, The g-value of the . zg ‘

..r‘ ) .
e EL4T

_ central line is very nearly 2.0023, the value for a free electron. /ﬁ .
*" When the light wes cut off with a shutter, the signal reverted almost
to the zero level. A small residual signal persisted and remained ;
constant throughcdt further irradiation. This level was taken as theV% ‘
.~base line. S |

2, Kinetic pata

' Inserting cdt-off filters between the light source and the

' sample showed that the absorption producing the EPR photosignal occurred
:in the TCNE-THF charge-transrer band, between 3000 % and 4500 X Tyﬁical
.rise and decay curves are shown in Figure V-3, Kinetlc analyses of the

data are given in Pigures Veli through V-8, Figures V-T.and V-8 show the
- dependence of the Bteady-state level of the spin concentration on the
L 'f f.square root of the light intensity, The decay curve indicates second
. }order Kinetics,. The grewth.of the EPR photosignal ES-a function of
-{ ‘f'-.'-'_;tine is shown in Figure VL6. After an initial rise as the.square of ,‘

the time the signal grew as the hyperbolio tangent of the time,
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N

-22 GAUSS
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EPR PHOTOSIGNAL (Arh)

MU.33640

Fig. V-2. EPR spectrum of TCNE negative ion radical obtained
by irradiating a solution of 0.04 M TCNE in THF. Nine of
the 11 hyperfine lines result from the splitting of the 4 14N
atoms” of the cyanide groups. The additional 2 lines come
from the 13C splitting.
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Fig. V-3. Rise and decay curves for the photoinduced EPR
signal for 0.01 M TCNE in THF.
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. TCNE in THF

EPR PHOTOSIGNAL (LIGHT -DARK)
(Arb.)

100 5 = 25 0
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MU.33642

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 0.04 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 0.092t is plotted on the
same axis.
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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 mmsm of the Data.

. Cpette : . i,
SET ! N

”';m?ﬂ,mff‘_; 35;‘ It was assumed initially that the reaction 1nvolved a simple

" and reversible transfer of an electron from the donor molecule to the
‘.acceptor molecule by the action of 1ight. On this basis, the rate law.
| dn/dtuL 2 (vay~ -
was pr0posed o B B

where T ( o ’
L = the rate of the absorpﬁiéh of light energy by the |
solutioﬁ, i.e., the intensity absorbed (quanta per. 8econd),
‘ k = a rate constant for second order decay, _ ' |
. ’t'- n = the concentration of “the paramagnetic specles, .
| ' It'1s assumed that the forward reaction 18 ¢ » D? + A% and that 1its
lrate is directly proportiqnal to the rate of the absorption of light by ‘
" the solution. A further assumption is made that the decay of the spins
occurs by a bimolecular recombination process, D? + A9 3'C, Three phases

- of the reaction are described: First, the steady state, where the rate

the recombination of the D® and A® specles; second, the decay ‘when the - -
light 1s shut off' and third, the growth of the signal

R - o (dn/dt)ss = 0, . , L (v.z)
: Co wa | . . i ‘
If, as is predicbed by (V.3), the. concentration of radicala in 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)

62

of fonnatibn of radicals by 1rradiafion is exactly equal to the rate of :. .

a. The steady state, When the steady state has- been reached,_‘.f

~should gilve & straight line with a slope of.o.é. The 8lope 1s,Ain fact,  ;;19



It should also be noted that . ) ' ‘.

" 0.47. Also, a blot of the spin concentration vs. the square root of

the intensity gave a straight line. These resuits are indlcated in
Figures V=i and V-5 and show that the steady-state spin concentration
is dependent upon the sguare root of the light intensity. |

b. Decay curve, When the light is shut off, L = 0 and
the kine'cic eduatio;l becom:s |

an/dt = —m?, : (V.1)

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

n
gdn/nz - jkdt,
. no t=0

/n - 1/n, - kt"
or -

I/n = kt + 1/n,,

=
/n, = kr, 4 . _
-1 = Vkng, ’ . -

l’(ﬂ'&) = l/ng = ke,

" where ; = the half-life of the radical, and

no = initial concentration of free radicals,
As 1s illustrated in Figure V-l, a plot of 1/n vs, t gives a straight

line with intercept 1/n, and slope of k. A value of 0,015 arbitrary

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

order kinetics as indicated above, that n, = 1/k3. For the same decay

curve, Ny ® 73 and -k = 0.014 arbitrary unita.
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- The growth curve. . The'integration pf expression (V.1),

as is 111ustrated below, glves | _
| n = ngg tanh (L2 ¢, S S (V.5)
The hyperbolic tangent is plotted on the same axis as the growth curve
~ for the FPR 1n-Figure V-6, The experhnental data reach the hyperbolic ,
tangent after an initial 1nduction period, where the growth is as the
square of the time, . . ‘

d . Solution of the kinetic equations

an/at = L - 2. (V.1) Let

| ~

]
r*lx]

=

. . ° ) i .

o = A = E
f',-% -dt N du “’L dn
dn '

T .. dns= ﬁ”i’ du
¢ 1l an ’ . . | ' \ v
Y Y & _ t. '
Ik d o '
——— = dt or wSL m \/Lk dt
1=uc’ S 1;u2
o]

tanh-l u= (m<)1/2

u= t;anh(Lk)lf2
na= k 12 'canh(mc)l/2
ne ng panh ()2t (v.5)

>

e. Further analysis of the results. Although the rate

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

1t does rot agree with the growth curve for the free radical concentra-
: tion.- The following reaction mechanism involving several intermediate f
-'steps is proposed: -

o

D+A-C,

(V.6a)

< ——————— o Lrimnnn e

.
R

PUrAP Y




(Because of the ],a,rge excess or 'I‘HF, it was assumed that essential],y

R 1 an Or the mJF m1ecu1e8 Were Complexed )

c»cs'__" e R (v.sb)

(In this step the complex is excited to the excited ainglet state by

" an incident photon. ‘The reaction is direc’c]y proportional to the -

’ :1ntensity of the 1ight absorbed.)

e

W e, s

U stant kpe)

Swc, L | " (V.6c)

(The excited singlet molecule rela.xes to the e;mund state, This

‘redction proceeds acooming to a first order rate law, with rate con-’

¢

Sodf T e

AY

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

';} first order rate constant 1s 53 o)

.  (The triplet excited state of the complex relaxes to the- gmmd state.

. . The rate constant, 1s k;_‘.)

ﬁ+q.;, L (Vabe)

T ap® e 8, - L (V.6f)
(The triplet state of the complex goes to the ionized components of
the complex, p® ana- AO The rate constant is k5 o)

i

De_“'Ae"C,"‘ | '.‘3 - (V.6g)

" (The lons recombine to form the complex. The second order rate con- .

i-"},stantisRG.).' '

I it is assumed that the life-time of the singlet state of the complex _
| 3 7" is .80 short that the concentration of the singlet species is always at

-~ the steady—state concentration, then t‘ran Equations b, ¢, and d the

" " the expressions

acS/at = 1L - (k2 + k3) o - o S an
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1, necessary to assume. that the concentration of the ccnplex, Cy is con=- -

'“7fstant. This is reasonable because only a small fraction of the complex

'~ tion of the species in the triplet state,’

T B 7 | .=- kb,
5 ln /m s (kq-*- k5)°;;§{ .. (_kz‘ + kS)t.’; N (V.lOc).v

ﬁthe concentration of the singlet species, respeotively. It is also

mplecules.are excited at any one time,

" expressions can be obtained for the rate of change ‘of the econcentra-

the triplet state

e ok
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| P LT N S RS

S el ledky 0w 3
’ can be obtained for the rate of change of the concentration and for k

.»—“-:. ...‘«x, « ema

e e Rt s it <

By similar argunents from Equations (V.6d), (V.6e), and (V.6f),

PR L S

e/ at = k3c, - (ky + k5) o T | _' (V.92) = R

deT/at = k3I/ (kg + k3) - (ky + ks)c'? BN
When expression (V.9b) is 1ntegrated, . .ﬂ s ‘,»-: ‘1" _ ":; SR
eT m N éi.,..,;;h;W,wwf )

e (- ' 1.~ dOT . o . dt ._,!A w -ﬂ,(v.iofa), .
L [k3f./(k2+k3)]-(kq+k5)cT ) o0

.
o !

= f T .G T P )cT i @yl (VL10D)

dT 9

e

GO L e

e Fome Moo e 37 s

s koI, . - &,

.;1h 3 -(ku+k5)c - 1n} Kol ’ﬂ-(kui-k)t .
/(kz *l3) . - | (Ez "7335 g |
| T SUwae

I A kel B
- (k, + ke)e™ = ‘=(ky *+ ks)t, (V,10e) . -3

.(;5431;;7_, ( BT ?FE§¢'E§T ( Q 5) ’ ,( 10e) R

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

k3l '
o = 6+ 500 7 &)

nshs e ey e e

1 - e=(ky + kg)tl.. (v.10£)
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An expression for n,' the concentration of the negative 1on radical

'“ 1‘;i:spec1es (1n this case, TCVE‘) my be obtained rrom (V.6f) and (V.Gg),

Canv/dt = kg T - kgn?. - (V.11)
In aﬁtempting to obtain a solution of Equation (V,11), 1t 1is

" :he1pful to conslder three cases: “ L S o ;} g:

- Case (1), The light 1ntensity goes to zero. Then cT goes to zero,li B

" *ﬂj'and (V.11) becomes ‘ -

dn/dt @« kg n2, . o B (V.11a)

’which is precisely the equation for second order decay which was obtained |

earlier as Equation (V.i). >-, ~ 7: : SR L

‘Case (2). The steady, state. At the steady state, t = tgg and

' ‘?TV., [k3L/(?{2 + k3) '(ku + kSJ [1-; e (ky *;kfj)tés] °,. (V.llb)

*

. Since ts; 13 large, (V. 11b) becanes o N Ny .
_ el = k3L/(k2 + k3) (ky + kg)e : . (V.llc) o
' However, 1t can bé seen from Equation (V,1l) that at the steady state
, = (ks/k6) cT . :‘“- '> Cvaw)
or : ‘ | | ) ‘ : ;
= 12 (k3 k/ iz + k3) (i + k5)31/2 (ale)

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

. Spins upon the square root of the light 1ntensitytA ’



LN

tf[?_By letting °'. (kz +. k3) (ku + k5)

:?f expression (V 12) becomes. R

: or'.

anva + k5 n - oL (1 "ﬁt) =0 (v.13)

o .o
¢ I

Case (3). The fise'time._ The. rate, of increase of the concentra=

tion of nis given by

dn/dt a L' k3 k5. e=(Kl4 + kg) t ;-k6 n?, (V.12)
. (k2 + k3) (ky + kS - . o . .

k ks ' ‘. . ,' . . : } ’ : . _ .
and g= (ky + kS?’. T

X

dn/dtuuL(l-e pt) -k6n C

'-ff?Equation (V;13) is a first cwder non-linear differential equation and

':g cannot in general be solved. It 1s a form of Riccati's Equation (h?).

 }-Certa1n Riccati Equations can be transronned into second order linear

4

“.equations, which can be solved. However, Equation (V.1l3) is not sus-

. ceptible to this approach. Two other approdches.will'pe.triedf' making

+ - simplifying assunptiqns.and making iterated épproiimaﬁions (e.gs, Picard's

1 Hethod),

Simplifying assumptions. Initially when the 1ight 13 turned on,

e 0, so that (V.13) begomes D ?, e
. dn/dt - & L (1 - e—ﬂt) = 0. : .l. 1: - '?V ) . ' ". (Volu)

By 1ntegrating (v.1u)

S dn = 5 a L(lv- e~8t) _dt,'.'.

. an’expression for n, .- e T CL

.. op

ne |alt + e-Bt aglt + e=8t- o 178 . : .
T B . _ 2 .
' o Sl SR
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1

n=oagt +ge™t -1 . (v.15)

8
is obtained. Fdr small t, the approximatioh
eBt =1 - gt + p22 may be mede.
When tﬁis 1s substituted into (V.lSj, the expression ‘ —
n= aBLt"+ 1 - 8t + 82t2 «1l or n= Bﬁz + ¢t (oL = 1)
is obtained, which predicts a parabolic rise of the signal with time,
If in Equation (V 16) we assume that<XL -1~ 0, then (V.16) becomes
n'= 652, . _ S o (V.16a)
For very large ¥ (V.13) becones o
- an/it = nL - an? . B " | ﬂV.i7)
which gives the hyperbolic tangent rise (see Pe 6&), I .'.
n = ngg tanh (ks/a)l/z Y2y - S (vag)

" Picard's Method, Successive integrations of the form

. t ) . .
Ve () = S (n(t)? + oL(1-= e=8%)) dt
. o ( l ’ .
* indlcate that the solution of (V,13) shows an initial rise as approxi-

mately the square of time, which 15 then followed by a cutoff, . -

-

4  Summary j.
The rate équat;on
dn/dt + ksn"? - oL (1 = ePty=0 = ,' ' (v.13)
Sredicts that the EPR signal should grow initially as the square of the
"tine and then, as the steady state 1s approached, as the hyperbolic
tangent of the time, Both of these effects were observed experimentally,
" Likewlse, the theory agrees with the observed dependence of the steadye
_state spin concentfation on the square root of the light .intensity and
with the second order decay kinetics. In the next section, correlations



" solution,

will be drawn between the photoinduced EPR signa.ls a.nd the photocon-

| Iductivity results. oy ' N o

| ' Althouoh tetrecyanoethylene neg;ative 1on radical was 1dentified

. ‘b,/ EPR no evidence was found I‘or a cor'responding positive ion radical..
| It has oftsen been the case with FPR studies of organic solutions that

e a neg;ative ion radical could be detected but no positive. 1on radieal

:'I;' obsex'ved. - Few explanations haVe been ofrered for thls phenamenon., In

. the case of TCNETHF the most likely positive fon radical is THF®, e

" xdnetie scheme presented above assumed that THF® 1s formed and that 1t -

,+ remains in solution until recambination with TCNES occuzjs. It seems

L ) 'high;ly unii}cely tha.tv.'the 'mF positive ilon fadicals could combine with -

: one andther; the ‘eoulcmbie repulsion would be too great. A possible '

"' mechanism to prevent the observation of THF? ion 1s uncértainty or

exchange broadening. If the hole on a THF? ion were free to migrate

0

.

. rapidly fran one THF molecule to another, delocalizatlion of the electron E

. would result, and:the THF® signal could be broddened below the level of .. -

" ‘detectability, The argament 1s illustrated in Table V=I, Such &
mechanism might be expected to lead to electronic conductivity in the

eeeee




TABLE: V=1 .

Kinetic Scheme Showing Formation of TCNE= Ions

, ‘ L ¥ :
T & ™y v Ty ¥ Ty
- THF Complex  THF THR Complex  THF
. . in Singlet
Excited
State
5 | L o Al 4
™y 3 L > [+ Y T
THF ¢t R THF  TCNE®  THF
’ e
o ;o ] THF® continues to migrate
— 41 41 {
: ¥ T v T through the solution.
. ™ ToE?  mrFd )
+ ' bination of THF® + TCNED -
THF

C + THF + TCNE occurs when
THF® has migrated to a TCNE®

site, -

Recom=
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5 Experimental (ll8 ll9,50 51) T ,

The electron paramagpetic resonance spectrometer. 'rhe co

- ' EPR data were obtained using a microwave spectrometer consisting of a

o nnit, The spectrometer magnet, which had been constructed in this ,

" 4500 R, the output was 30.2 watts, or, assuning 4000 X»quanta. 6 X 1019

9 gigacycle/sec klystron, a reflection cavity, and a crystal detection -

“ laboratory, had pole pieces 6 inches in diameter and was powered with

)

S a Varian V2200 magent power supplys *A Varian Vi )60, 100 kilocycle/sec, ST '

: phase-sensitive fleld modulation unit was used for crystal detectlon, . . . A

A 60 kilocyele/sec autematic’ frequency control (AFC) unit that had been _‘

) ', "'constructed in this laboratory was also used, 'I'ne meaeurements were s

o made in a Varian V4531 rectangular cavity (TE) o3 model) with slots fQI‘ 3

':‘m'adiation. The spectmmeter was calibrated by ccmparing the observed

signal with a standard of 5 X 0% spins of crt* in an g0 host. The
\‘g-value for the standard was 2,0023, . | _ N

" b. The light sources and the opties. 'Ifhe light source was

" a Westinghouse H33-1-CD 400 watt mercury vapor lamp, focused onto the
.s,.lot:s of the cavity by two glasse.lenses. The glass case of the lamp
v‘ cut off ail v'vavelengthe shorter than 3100 {. The totalv rated output (5‘2)
- from 3100 R to 3500 & was 0.54 watts. This correspords to 1.6 X 1016
- quanta per secom; assuning 3300 R quanta. Over the region, 3500 R to

a0

quanta/sec, - Cut-off i‘iltera were used to determine which wavelengths were ‘
 producing the effect, The intensity of irradiation was varted by inserting

' a series o_r neutral density filters between the light source. and the sample, '
’.'I.hese were of nominal tmnemiesion values of 5%, 25%, ‘and 507.A The filters

-~ were calibrated using a Cary lllR recording epectrophotaneter and were I‘ound

to have transmission values of h,74, 223, and ll? 5%.
| It 1s estimated that 17 of the rated intensity of the lamp reached

the sample,

g e o
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" cyanoetmlene was used.without further purification., All measurements

Materials. Easunan Koda.k tetramdromran was 1n1tia11y

.‘f'dried with potassium hydroxide tablets and then treated with lithium .
‘alum‘inmn twdride. . The sample was refluxed for two hours and then dis- |

. tilled, The first 100 ml portion of the distillate was discarded. The_

'porcion oollected boiled at 65.5°. Eastman Kodak White Label tetram.

were made' on freshly prepared samples, After several days a faint

o ’ pinkish tinge appeared 1n the TCNE~-THF solution. o'Sa.x‘m'les were prepar'ed!

. were placed into . a quartz tube having an outside diameter of ll m, - - The . f’ -l

..by the following procedure: 0,2 ml of & solution of 0.0 M TONE in THF -

~ sample was degassed by § ﬁeeze—purrp—tnaw cycles. . The mininum pressure -
read was 7 X 10-6 Torr at 77° K, at which point the sample tube was
"-- Sealed. . |

-
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e { .: show that the absorption causing the photoconductivity took place in

\ - éolutioh charge-transfer complex suggested that photbconductivity might

o ,'bé observed as_well. Using the dpparatus described in Sectilon .V.C.S,M_ ',"

T - As in the case of the photolinduced EPR, cut-off filters were used to-

e Photoconductivity in TONE-THE Solution

B Introduction :

" The detectlon of a rapid photoinduced EPR signal in TCNE~THF

Once the initial observation had been "made, the signal was s'tudied as

", a function of the wavalength and the intensity of the incident light., .

““the tall of the charge-transfer band of the complex, Figure V-9 shows’

~ * the photosignal growth curve. The signal level as a functlon of light -

R intensity is plotted in Figure V~10. Kinetle studies are shown in

. Figures V=11 through V-1lU, Figure V-;S shows the photosignal as-a |
. function of the applied voltage. A}l measurements were mde with the

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

" resﬁ.stanc@.i in o}ms of a column of the liquid one cm long and one om?; in .
" cross section. The conductivity is the reciprocal of t:he resistivity
and may be expressed as’

. i 4
"~ whete - -

voltage characteristic was very nearly linear. A general review of phot,o¥

conductivity in sollds has been given by Buba (53). Meief (54) has

' reviewed some of the work on solution photoconductivity. o . :

2 Analysis of the Results

The speciric resistance or resistivity of & 1ligquid 1s the

p = the concentration of the positive’ charge carbiers, .

n = the concentration of the negative charge carriers, -

- | o = neun + peup, T N : K (V.19)_' o :

" photoconductivity has been seen in a solution of 0.01 M TCNE in THF, ST )

o et e o s b et 2y
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Fig. V-9. Growth curve for the photoconductivity of 0.01 M
TCNE in THF. (Signal level)/(Steady-state signal level)
is plotted against time. The black dots indicate the
hyperbolic tangent of 0.12t. The applied potential was
0.09 volts.
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MU-33648

Fig. V-10. Steady-state photocurrent vs light intensity for
0.010 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

PHOTOCURRENT MAXIMUM (uamps)

ol | | ] |
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MU-33649

Fig. V-11. Steady-state photocurrent for 0.01 M TCNE in
“ THEF vs the log of the relative light 1nten51ty The applied
potential was 0.09 volts.
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TCNE in THF
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MU-33650

Fig. V-12. Decay of the photocurrent for 0.04 M TCNE in
THF. The reciprocal ofthe photocurrent is plotted
against the time of decay; 0.09 volts is the applied
potential.
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Fig. V-13. Decay of the photocurrent for 0.01 M TCNE in
THF. The log of the photocurrent is plotted against the
time of decay. First order decay is not followed.
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Fig. V-14. The growth of the photocurrent for 0.01 M TCNE
in THF. The inverse hyperbohc tangent of (photocurrent/

steady- state photocurrent) is plotted agalnst time.

applied potential was O 09 volts.
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Fig. V-15. Photoconductivity apparatus. a. Block diagram of
the measuring device. b. Conductivity cell (metal shielding
is not shown).
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"eathe charge on the electron, SO o
B = the mobility of the negative charge carriers,,
' 3 ,‘ ¥p = the mobility of the positive charge’ carriersr o
'I‘he mobility is defined as u = V/E » the ratio of t.he velocity, v, of ‘
the carrier to the applied fleld, . '
The conductivity 18 » then, the rate of trandport’ of 'charge corriers
through a unit square of the solu'cion. . _ A
In explaining the data obtained several assumptions were madex ' .
(1) Each carrier bears unit charge. S ‘ | _
. (2) The mobility of the charge carrlers is indepeodent of the
concentration of carriers.’ 'I‘his implies that the conductivity should

. \ _be directly proportional to the concentration of charge carriers,

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

duced, a THF positive lon 1s produced as well,

.

- 3. Caleulation of Ionic Velocitles from E‘xperimental Data

One foxm of Ohm's Law is

~

yeeg _ a0

. -vddere
‘ J = the current “density' (ampfs/cmz) ’
@ = the conductivity (ohml cm -,
5 = the electric field strength (volts/cn). ‘.

The ourrent; density is also given by . —‘ o
je nevy, + pevp, | — (v.21)
where . " h '

Va2 the velocity of the negative charge carrier, -
’~vp'= the velocity of the positive c¢harge cax'ifier.
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 Assune that n = p and that ¥, ~ v

.
t
.

Pt
Then, ' ) ,’. . ) . ) I ’ ‘ L
vege S e

From the EPR data, the concentration of negative 1ons, n, is fbund to .
be 2.5 X 10%7/cn3, Bearing in mind that the light intensity vas a -
factor of 5 lower for the EPR than for the conductivity, and that the

concentration goes as the square root of the light intensity, the con=

centration of negative carriers is approximately 5,75 X 1015 for the

" case of the conductivity., This result neglects the differences in the

geometry of the cells for the two measurements.

Using Bquation (v.22) and n = 5,75 X 1015 carriers/em3, € = 0.18

volts/cm, and ¢ = 2,33 X 1076 otm=1 e -1, the results

veS§X 105 cm/sec or u = 2.7 X 10‘“ cm /volt 8ecC,

i, Calculation of the Ionie Velocities fram Stokesd' lLaw .

By equating the electrostatic attractive force exerted by a*

" fleld on a charged sphere to the retarding force due to the viscosity

of the medium, we obtain
eE = 6mma v, ' (V.23)

where

n= tﬁe 1nt?1nsic ;iscoslty of THF = 0.010? Stokes (55,56) at
- a°c, | | ’

8 = the lonic radius of the carrier, estimated at 3.20 %,

e = 6% 1020 esu, the charge on the electron,

v = the ionic yelocity, and

E = the electric field in statvolts/cm = 300f,.



w7 Substituting thé‘a'»bdve.yalues into Equetion (V.23), we obtatn - . Tw

O ey qel0 T g S D R N U P
5 (300) 61:(0 01)(3.20 X 10—0) 3.2n(300) & . IR R 1
v §T§%T§567.a 6.5 X110'5 em/sec, -M:_;f ’. | . é;
o u & 3 3X 10‘" cnz/volt 8300 .
L , 5. B@mmwmmlﬁmmﬁmm' c ' ' .:‘f‘~'¢: in;t?;;
’ gfi;;; i}fl_;' The photoconductivity apparatus 1s diagramned in Figure V-8, ”“ - ; :>EL?
‘f The éirect current resistance was measured by applying a.fixed~voltageA‘~ i :'P
f ;5:to the sample -and simultaneously measuring the current flow by means A?
S ¢  "of a plcoanmeter. The voltage supply consisted of a 90-volt direct é
- current source in sgerles with a variable resistance, so that.the _ ?
: u~ﬁ' applied‘potential could be varied from 0 to 90 volts. In almost all a ._45 .~§_
.7 - cases the applied poténtial was less than one volt: In this reglon "_'J ' ‘}
o the current-voltage characteristic was linear (Fig.‘vblé). A General | ‘ .
'  'Radio Type 1809-A vacuum tube volbneter was used for potential measure= ;4;
. ments. The picoamneter was a Keithley Model 410, The 0 to“63% rise |
- time for the 10~7 amp scale was' 0.00L. sec. However, the Sanborn
Recorder used in conjunction with'thé‘picéammeter'ha& a 0 to 100%'r18e - o
~ time of 0,01 sec. All effects observed occurred in times longer than . "{%
g 3; these instrumenﬁal limitaﬁiohsz The light source was a Westinghouse »]ii
'lﬂ33~l-CD 400-watt mercury lamp that had been silvered except for a ,‘§
| small region, Two glass lenses were used to focus the lamp onto.the 5f§;
~conductivity cell, They effectively cut off wavelengths shorter than - ) '
: f*'3100 R. The cell 1tself was made entirely of quartz. The electrodes ?;\ f;i,f B
l‘:if:were platinum discs one cm in radius and /2 om apart.‘ The electrodes wu jvﬂ: »
" were masked to keep the Light from hitting them directly, although the . ol

.. entire region between the plates was irradiated. !
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Fig. V-16. Maximum photocurrent for 0.01 M TCNE in THF
as a function of the applied voltage. -



- acld, ethanol, and distilled water, If the‘electrodes were not cleaned%

.

-.explained by the rate equation .

p changes when 1rrad1ated. The electrodes were cleaned witn_diluée sulfuric -

‘86
6. Materials . B

 Eastman Kodek ‘TCNE was, used, FEastman White Label THF was’

. treated with solid KOH and then distilled from 1ithium elumimm hydride,
. 88 in the case of the EPR samples. The THI alone showed no conductivity

/

- for several days, a back potentlal developed. ‘The light intensity was
compared withlthe 1light intensity for the EPR studies by using a photo- e
_;-diode.' A factor of 5 decrease in intensity was observed for the EPR

. ~?"Tl'i'compa.red to the conductivity.,

. D. A Surmary of EPR and Photoconductivity Results for the .

TCNE-THEF System

Photoinduced electron paramagnetic resonance signals have been; .

' observed in a solution of 0,01 M TCNE in THF. Photoconductivity has
‘beén seen as well, The effective absorption for both pﬁenomenn ocecurs ..

- in the charge-transfer band of the complex (3100 8 to 4500 ), The

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

. -upon the square root of the light intensity. Boﬁh effects showed second

order decay kinetics. The growth ' curves for both phenomena can be

dn/dt + kgn® = oL(1 = Bty a0, (v.13) -

where - .

a, B, and kg are constants,
L = a constant proportional to the light intensity,

n = the concentration of TCNE, I i TR

A . . which predicts a square 1aw initial rise, fbllowed by a hyperbolio

tangential rise. The equation also explains the steady state and the R

+' decay behavior,

P .
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'rhe r\vperrine splitting of the EPR epectrum shows the TCNE negatiw:

: ion radical to be present. This same species and the THF positive ion
: radical are assumed to be responsible for the photoconductivity., The

1onic velocities as calculated from Stokes' Law and from the conductivity

measurements agree within approximately 20%. The differences in the

' geanetry of the conductivity cell and the EPR tube made direct comparie

- sons of‘ the intensities of the two systems difficult,

87



- This work consists- of studies of the movement of electrons. within E

f:‘f and between organic molecules. It was motivated by the 1nterest which’

s now being shown in relating electronic motion in molecules to funda—
: mental life processes, Complexes formed between molecules capable of -.“:'
' .* donating and accepting electrons were studied as models for biologioal
B f systems. Photoinduced and thermally<induced changes in the electrical, V;x

PP

magnetlc, and cptical properties of these complexes, both solutions and - ,.’iff"q

"lJf sollds, gave information concernlng charge separation and ¢harge trans-
1. port phenomena in organic systems, L .. ) fg;};,ikxf‘:;{
} v o First the dichroism of the optical absorption of solid complexes | |
i'e-wes studied. The charge-transfer absorption in the crystalline complex
;bfbrormed between coronene and.grchloranil was found to maximize when the -i-i f‘ﬂiy‘%
"‘ scanning 1ight was polarized parallel to the needle of the crystal., Lk
When the light was polarized perpendicular to the needie'axis, the L | . tq' -
'yv‘:absorption in the:charge-transfer region was essentially zero, These ) | ‘
 results indlcated that the transition moment for the charge—transfer?e'; - il7m€
. absorption was polarized parallel to the needle axis of the crysta1+-“-: o
l".‘jthat 18, along the line of centers Joining the molecules.' Both photoQ ,'1>"" .}uﬁ
 induced and thermally-induced electron paramagnetis resomance (EPR) .« i
. signals have been observed in the.coronene-chloranil complex, 'These,~l-;1 »k,l:-g
signals were explained by assuming that heat and 1ight 1ntroduced o
' paramagnetio 1mperfections in the crystals. Attempts were made to
~ correlate thermally—induced EPR signals with thermally-induced con—.
. ductivity changes in perylene-o-chloranil solid complex. No simple "",{:5_*?”
relationship between the two phenomena was found. 2t "ii :'j,,;;f‘%gi ’

A general search was made for photoinduced EPR signals in liquid -

! . : ' . I : e
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cornplexes. Several aystems'were found which showed EPR photosignals

' r '.' with rise times and decay times of the order of milliseconds. . One of

: R the systems, p_—chloranil dissolved in dioxane, was studied Jin detail. o

The system, however s showed various side reactions which made the 1ntev-

‘no hyperfine stmcture, the radical could not be 1dent1r1¢>d n:-om the ’
EPR signal.. o - ..
'I‘he TCNE-'IHF complex was relatively more atable ’ showed longer

P

rise and decay times, and the photoinduced paramagxctic species was
positively 1dentif1ed by the therfine splitting of the EPR spectrum -
-to be TCNE negative ion radicalo It was a relatively 10ng-11ved
. .' . specles, having a half-life of approximately 20 sec, Photoconductivity
X :»‘ ‘was seen in the TCNE-THF complex as well., The kinetics for the photo-
: conductivity agreed well with the kinetics for the EPR. This was because
the TCNE negative ion radical served the dual ﬁmction of an ion and a |
radical and could be detected either by 1ts paramagnetism or by the fact o
B that 1t contributed to the conductivity of the solution., A kinetic rate-
" law was proposed which satisfactorily £it both the photoinduced EPR and
‘ the photoconduetivity data, ‘ , . ‘_
: Tneae results seemed to indicate that the system TCNE dissolved
. 4n THF, 1is, in .fact » & system where the reversible transfer of' an

: ,‘ electron from an organic electiron donor molecule to an organic electron :

acceptor molecule in solution can be produced by 115ht. Such a photo-

S

T T

e pretation of the data difficult. oirce thc free radical observed showed '; o

. induced electron tmnsfer may well be of irrpcrtance 1n biological systems. -_.
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o This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
.mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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