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and'~s.olids, ha;}é; been investigated as possible model systems for- S

e
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. .

.

- of coronene-p_-chloranil charge-transrer complex was studiled.. The
‘- -of the crystal--that is, along the line of centers joining the

" molecules.. Photoinduced electron paramagnetic resonance (EPR) L R £

B . signals were obsex’véd in the coronene-chloranil complex,- Attenpts o

crystalline complex. There appeared to be nd simple relationghip

between the two phenomena.

© . ‘studiled was p-chloranil dissbl\{ed in dioxane. In this case the risg
- time for the EPR phot;osignai was approximately 30 msec, Side reactions ’

- reactlive when irradiated. Also, the free radical préduced ‘could be

L . A ‘var::j.eﬁy of organic donor-acceptor camplexes, both solutions -

: 'photOSynthetic processes, . The aim of the study was t:o obtain

‘however, complicated the interpretation of the data, The complex formed
‘between tetracyanoethylene (TCNE) &nd tetrahydrofuran (THF) was not so -

i
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1nformation concerning charge tra.nsport and oharge separation
* phenomena in organic mterials. The optical dichroism of crystals : !

charge-transfer band was found to be polarized along the needle axis :

4

N

S N

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

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

<

A search for photoinduced EPR signals in uqum complm:ea was o e
carrted out, and a number of systems were found with photosignal - R

rise times of less than one sgcond. The solution most extensively




readlly identified from 1ts'h§perfine stfucﬁure to be TCNE negative
ion radical, The kinetics for'ﬁhe formation of TCNE negative ion
.radical by light were studied, and a reactibnkuachanism was proposed.
The data for the photoinduced'EPR s8ignals were correlated with data
obtained for photoconduetivity in the same.TCNE-THF.Bystem. A klnetic

. scheme was developed which appeéred to be applicable to both the photo-

conductivity and the photolnduced EPR., The data gave evidence for a

reversible photoinduced charge separation in a liquid organic system,
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** I, -INTRODUCTION - MODEL SYSTEMS FOR PHOTOSYNTHESIS ,

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

- ' carbon Cycle had been. proposed, renewed 1nterest was shown in t:he
| biochemical problem of primary quantum oonversion (2)==how 18 solar
.energ,y ‘converted 1nto chemlcal potential? The approach to the problem ;{‘f‘ :
involved the study of the movement. of electrons within the molecules -

’ composing the photosynthetic apparatus in 11v1ng organisms, This

Lo to look beneath the levela of cellular and molecular ondering t'or the

explanation of life processes., Evidence was obta.ined indicating that,,‘ o -

o once an 1nitia1 cha.rge separation had taken place, the oxidative amd

. " Presumably the first step in the charge separation is the excitation

of an electron by incldent ra,diation. However, the'e)'tact nature of R

: the succeeding steps is uncertain : . o . e

In the past ‘g‘:orkers have used a twofold é.pproa.ch to the proolem o

S nor‘ charge separation in photosyntheeia. Beaides the'din".eot: approach

L of studying actual photos&nthe‘sizing systems, a great deal of effort - o .

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

that studies of model systems could provide 1nf‘omation concerning
t‘undamental processes thought to occur in liying .organisms. Pa.rticular
attention has heen glven to charge separation and charge transport

'phencxnena in organio syetems. In this laborator'y Kearns (5,6) atudied
electron transfer phenomena in organic solids, with specia.l emphasis

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

- dark conduotivity' of phthalocyanine increased greatly when a thin

ey v e r e o o e e e

. approach was 1nfluenced in part by Szent-oylfrgyi (3) . one of the f1 ¢ :‘ g

o T ae
e

_. . the reductive steps of phot;osynthesis could proceed independently (4)e ol

. L) s Lot L5 Lo
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'f"‘:"solution in whioh a rapidly reversible transfer of an electron from .

'* . data, 18 the complex formed between TCNE and THF,

A , ' ' -

© £1lm of phthalocyanine was doped: with a- layor of‘ o-ohloranil. He ,
: -»proposed that phthalocyanine acted as an electron donor, that o-chloranll
acted as an electron acceptor, and that -8 ‘charge transfer took place

" between the two molecules. This result suggested that more extensive

and seneral studies of charge—transt‘er xcmplexes formed between arcmatlc ya (O

. \ - l
hydrocarbon donor molecules and quinone acceptor molecules should be -

’ carried out.

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

v canple:xes, also studied ‘solutions,  One of his aims was to find a-

a donor to an acceptor took place. However, because the systems studied

" w were very reactive, such an electron transfer could not be demonstrated

" " unequivocally to take place, The aim of the present work was to con=
tinue studies of model systems for ‘photosynthesis. In so doing, charge ‘ - S

~ separation and charge transport phenomena in both sol_lds and liquids

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

. peversible transfer of an electron from a.donor to an acceptor molecule =
" "in solution was continued. One solution in which a reversible charge

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

. II, DONOR-ACCEPTOR COMPLEXES. ~ . S T

- A. Qeneral Introduction ~ Historical Résume

If equimolar quantlties of o-chloranil (red) and of perylene (yellow)
o are dissolved in hot 1,2-dichloroethane, a black solution results, Upon -
" eooling, black needles crystallize from tne aolution. 'l‘he speotre of
© both the solution and of the crystals show the absorption peaks of the’
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constituent compounds, as well as a broad, structureless band not

found in either of the ccnponents. The original materials may be '
recovered easily from the solgtion by column chromatography or t‘rcm
the solid by selective sublimation .or by zone refining, This evi-

~ dence indicates that no irreversible chemical changes take place,

a.nd that any association between the component compounds must be
" weak, 'I'hese properties are characteristic of the class of inter-
molecular conplexes. The color of such canplexes is cu.rrent]y

explained on the basis of the charge-transfer or donor-acceptor

" theory as postulated by Mulliken (9,10 11),

¥

" Intermolecular compléxes have been known at least Vsince. 1844,
when wanm (12) reported the preparation of quinmdrone,; & cryatale : |
line complex composed of p_-benzoquinone and p-benzosemiquinone in _
molar proportion of 1:1, In his Lehrbuch of 1866 Kelcule.’ (13) called

attention to the theoretical problem posed by the colors of canplexe‘s. _ -

While p-quinone 18 yellow and hydroquinone white, the complex, quine

mrdrene, is metallic green. A gradual accunulation of data for variocus
‘ canplexes continued, but it was ‘some time perore a satisfactory

explanation of their colors was proposed, In 1921 Pfeiffer (14) atten‘xpted‘

. a systematic classification of organic complexes. The 1927 .( 15) edition

* . of the benzenoild camponent of the camplex.,

e
R XY

. -~ of his book rejected several theories then current -and émggested that

in the complex the quinone was somehow bound to the -unsaturated carbons

-

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

~ carried ocut extensive studies on the complex forméd between lodine and

L}
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':benzene. In 19&9 Brackman (18) suggested two resonance forms for the

e complex, one of which was lonized. - Mulliken._sdapting Brackman®s 1dea;

4n 1952.developed a quantum mechanical theory of charge-transfer and
. LT

~ applied 1t to the data of Benesi and Hildebrand,. So successful was

R Mulliken's expLanatlon of the observed ‘colors of donor—acceptor coms"

* plexes, that it stimulated many new 1nvest1°at10ns. In recent years. -

- a nunber of review articles (19,20,21,22) have appeared, summarlzing."”n
~=.'both the experimental and the theoretical developments in the field,.

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

Acceptorchnplexe (23), published forty years arter Pfelffer 8 original

. classification of molecular complexes.

A ﬂ*sented by two resonance forms "
'&jff;where'D.ls the donor molecule and A 1s the acceptor molecule,

”?T'place, and where the only attractive fOrces between the molecules are

B. 'I're Theory of Mulliken

Mulliken presumed that the donor-acceptor ccmplex may be repre- .

. AY

w

Dves Ae>D® 49 .

D ... A is the reSOnance form where no charge transrer haa taken’“

- N [N
e

L :'van der wsals:~force55 p® 6—9&A9 1s the resonance form where an electron -
E ;;has been completely transferred from the donor mo‘ecule to the acceptor
ﬂ, , molecule. The ground state of the complex is represented by .

oy ® Ay +f5@i' © o (IL.2) ¥o = Wave function for the
PR o ~ van der Waals structure
, B - : . ¥1 =.Wave function for charge- °
= :j@{.l 11; - : -.Ai : transfer structure
. jfkwaere a >> b, and the van der Waals structure predominutes. . ’-"‘fttﬂiﬁ

l.

(I1.1) e

S T LR




‘ The excited state 1s represented by

" " Where

f

.&E o a!wo - bi“,l . (II 3) . ..,‘
where b»a, and the charge—transfer state predominates. '

" The charge-transfer absorption 1is

Uy~ VE ' (1I.4) ' Co
' "me-eﬁérgy of the charge-transfef absorption is approximately
hv=Ep =Iy-e2 - (IL5) o S
. : eran . :

EA = the electron affinity of the acceptor molecule .

. Ip = the lonlzation potential of the donor molecule o

@2 . ‘
efqp = the coulombic interactlon term, and

e = the charge of the electron
rag = the distance of intermolecular separation !

Ce chnparisons Between Solution and Solid Conplexes

In the solid all of the molecules are complexed, while in solution L
- the following equilibrium exists between the components and the conplex

DA DA 1?28 (11.6) |
W ' .

~Crystalline charge-transfer complexes.form interesting structural

analogs to photosynthetic systems, The plants exist as alternating
layers of carotenolds and chlorophylls, similar to quinone donor and

" hydrocarbon acceptor laminations in the complexes. The nature of

charge separation in solution 18 not well understood.

- e
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- IIX, CHARGE-TRANSFER PHENOMENA IN SOLIDS

A, Optical Spectroscopy

1. Introduction

| Optical spectroscopy of charge-transfer cr&stals was carried out '
to determine the relationship between the erystal structure and the direction
of the charge-transfer transition. In nearly all cases charge-tfansfei: come ,
| plexes crystallize as long needlés.- X=ray cx'ysta;log!'aphy .has established °
the 8tmcture; as alternating layers of dor_:or and acceptor molecules (24),
The planes of these’layers are orlented at some acute angle to the needle B
or c-axié of the complex. Foi' example, in the case of quinhydrone (25)‘
the angle 1s 56 degrees.- Although the orystal structure of quinhydrone
is well established, the dichrolsm of the charge-transfer transition 1s
somewhat in doubt. Nakamoto (26) was the_r‘-irst to study the dichrolsm
of charge-transfer crystals. His original microspectroscoby, done in ‘
1952, seemed to indicate that the charge-transfer transition lay perpendi~
cular to the planes of the dohor and acceptor molecules, ‘Recently Anex,
and Parkhurst (27) have done reflection spectroscopy of quinhydrone and
have concluded that the charge-transfer transition lies parallel to t-i':e
needle axis of the crystal, or along the line of centers joining the
donor and the acceptor planes. ' k L

The charge-transfer band in chlox‘anil;coronene complex is a bmay:l ,
structureless peak extending from 5000 & to 6500 %, with & maximm at
approximately 6000 R, Figure ITI-1 1llustrates the dichroim of the
chmge—tmnsfer absorption, The data, which were obtained using a'mioro-.'
spectrophotameter, showed that the charge-transfer abso‘;'p;bion was far
more intense when the incident light vfaapolarized paz;allel to the needle *
axis of the’.f crystal than when the light was polarized perpendicular to

‘the needle axis, The direction of the needle axis corresponds to the
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. Ji CORONENE -p-CHLORANIL

SINGLE CRYSTAL SPECTRUM
/T COMPLEX

Fig.

4000

WAVELENGTH R

MUB-2247

I1I1-1. The dichroism of the charge-transfer transition of a
coronene-p-chloranil single crystal. Il = light polarized
parallel to the needle axis of the crystal. = light polarized
perpendicular to the needle axis of the crystal The broad,
structureless band extending from 5000A to 70004, with a
maximum at approximately 60004, 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.
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,_direction of.‘ the line of centers drawn between the plane of the donor | o
" f molecules and the plam of the acceptor molecules (28). Theret‘ore, the ;‘-;
o - ;chan;e-transfer transition is polarized along the line or centers between f"- - ; . :
'the donors and the a.cceptors. | ' o

S L 'I‘nis is 1n agreement with Mulliken 8 theory (29), which gives the K . ;

'charge-transrer transition moment as R N R

u= ea’b(rg - rA) + (aa*_- bb*)e S("B - rA)- B "<=.,.;-W(IIIoi) R ;
Where the charge-transfer transition is e ‘f- e S
e gt . R EI ’

oy avg + DYy > g M - b*wl M) D
.. and ‘& ard L are nornalized 80 that o~ T L L SUREERE

¢

82+ 2405 + b= Lo R (111,13)“ C
e = the charge on the electron, A _ o 4 ‘
“yrA and rg are the avera.ge positions of the eleobz‘on 1n ‘the B or A

| orbitals, respectively, o ‘ ' iR o . %
S = the overlap integral between V’O and 9y = ﬁO“'l dv '
Lo denotes the excited state, e IS - o . ok

Lo~

} " The rirst tenn of Equation (11X, 1) represents the transition moment
along the line of centers between the molecules. According to Mulliken, - o
- the second term of the equation 13 in general small.,' This results from
' ,-'\ ‘the small ove_rlap integra), S, for charge-transfer complexes. .
e The crystals studlied were grown from a solution of coronene and '-?“' .

?;,f“"{chloranil' in hot 1, ~2-dichloroethane. Many of the samples wore too .

: optically dense to be sultable t‘or microspectroscopy. However, certain . o
" , of the needles crystallized from the mixed solution had almost - exaotly | 1

U the densitly of coronene itself, Also, the crystal structure was very

NSO Vi
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nearly that of coronene, However, the orystals had the intense greenish
color which is characteristic of the conple;x. This indicated that, although
the crystais were essentially coronene, they had auffiéient chloranil

' impurities so that the crystals were, in effect, a dilute solution of ‘the
canplex in a ¢omﬁene host. ,\ The cx;ystal structure of coronene (28) is._
shown in Figur;e III-2. Figures III-3 and III-4 'give. the solid state
spectra of coromﬁe and of the complex, Figurg.:III;S shows the spectrurﬁ \

»

of the canplex in 1,2—-dichlo.roet;hane.'

2. Instrumentation : o L
The microspectrophotdneter was a prototype 1n§tnnnent"des'15ned .
and constructed by the Applied Physics COrpora;ion, Monrovia, Callfornia),
for use with the Cary Model 1 Spectrophotometer, A block dlagram otf’}.the:
instrunent lis shown in Figure ;II-G. The instrument can be used either
_asa microscope or as & recording spectrophotameter, It 1s patterned
after a device constmcl:ted origirially by Tsuchlda and Kobayashi (30),
Light from a micrﬁac,_ope lamp is focused by a condensing lens onto the
sample on a glass slide, from which it passes through an objective lens,
When a mirror is inserted at this point, the beam is deflected to an
eyeplece, The numerical aperture of the condensing lens is 0.56, and

the total magnification obtained from the lenses and eyepiece 1s 300
diameters, Crysté.ls were placed on the slide and a epeci’men of suitable
‘transparency for spectral work was selected visually, When the micro-
scope lanp is turned off and the deflecting mirror moved dxt of position,
the instrument can function as a spectrophotometer, ?or this work the
tungsten lamp normally provided. with the spectrophotaqeter was replaced

| with a General Electric 1955 lamp é:peraﬁed at 28 volts and 150 watts,

The lamp is a small source operated at a high temperature, It is

hY

e
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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.

-
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B Pp-Chloranil-Coronene Single Crystal
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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. III-4. Coronene with polarizer perpendicular to needle
axis of crystal.
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Fig. 1III-5. Spectrum of p-chloranil-coronene complex in
1, 2-dichloroethane showing the charge-transfer band.
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PHOTOMULTIPLIERS

*»

REF
SAMPLE]
JOPTIONAL  MIRROR
d - ——JEYE
PIECE
MONOGHROMATOR
~COLLECTOR LENS
E]SOURCE MICROSCOPE SLIDE
NEUTRAL CRYSTALLINE SAMPLE
CREENS; ~CONDENSING LENS
Lt
T TTT7MIRROR
MIRROR

MICROSPECTROPHOTOMETER
MU-28678

Fig. III-6. Microspectrophotometer.
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. al .
enclosed in a quartz sheath and employs a tungsten-iodine cycle to reduce -
deposits on the sheath. The beam fron this source passes through the -
monochromator and is then split into a reference beam and a sample beam.
The spectrophotometer 1s a double beam type, which uses two photomultle:
‘pliers to determine the ratio of the intensities of the reference and the -
sample beams, The sample Leam passes from the monochromator through one
of a set of apertures, such that the fleld 11luminated on the mioroscope.
slide has a diameter of ;2, 20, or 80 microns. .Tﬁe sample beam 1s then
- reflected from a front face mirror and focused by the condensing lens
: onto the‘crystal.on the microscope slide, An objectlve lens collimates ‘
the sample beam, the 1n§ensit¥Aof which 1s measured by one photomultiplier.‘:
Before the reference beau passés to the second photamltiplier for detection,
1t8 intensity can be matched approximately to the intensity coning from - w;
'thé aperture by using any combinatlon of five neutral density screens
provided with the instrunent. .The 1P28 photomultipliers oMginally sup=
plied with the spectrophotometer were replaced with HTV-R136 photomulti-
pliers (Applied Physics Corporation, Monrovia, California), which have a
high sensitivity at wavelengths in the red. Because reflécting optics
bare used throughout, the microscope 1is comp}etely achromatic., It has
been possiblé to obtain solid state speotra over the range from 3500 X i
"o 7500 X for a sample somewhat larger than 20 microns in dlameter.

In each case 1i1ustrated, base line corrections have been made and
the spectrum replotted. Crystéls vhich appeareq reasonably smooth and
transparent when viewed through the microscope eyeplece were selected for
spectroscopic work. The dichfoism of the charge-transfer transition Qas .
shown by inserting a polarizer (Polarold, Type HN38) in the sample beam
- amd orienting it elther parallel or perpendicular to the long needle
axis of the crystalline coﬁplex.

-

—— e ———
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'_B. Photoinduced EPR Signals in Coronenefnghloranil Crystals

Coronene-grchloranil complex crystallized from l,2-dichloroethane

" solution showed a small EPR signal (approximately 1015 spins/gm). The

.5 spin concentratlon could be increased by irradlating the crystals with

light from a tungsten source, The concentration of unpaired electrons

- dncreased as the light intensity was increased--untll a maxinum level
. was reached. From that point, further increases in intensity resulted

' ina decreasing spin concentration. The spin level decayed slowly to

its original value after the light was shut off, Raising the tempera- |

'j'@” ture to 80° increased both the spin concentration in the dark and the
" spin photosignal, ‘Also, the maximum of the signal level vs, light.
- intensity curve occurred at a lower light intensity at_80° than at

room temperature.

A3 1s explained in the next section, Eastman assumed that imper-

18

fections, either trapped free radicals or lattice defects, are responsible'

for the observed paramagnetism. Heating the crystals produces such imper-

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 of levels have been gingly filled, further excita-

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

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

lates the upper levels and deoreases the intensity of light at which
pairing begins, “
C Correlation of Conductivity and EPR for o-chloranil-perylene

Complex " . - : :

1, Introduction .

* In 1954 Axamatu, Inokuchi. and Matsunaga (31) at the University

L of Tbkyo observed paramagnetism in solid complexea formed between hydro—

]
N
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,carb<;ns and halogens. Also, in that ‘sam'e year Kalner, BlJl, and
Roée-Innes (32) found eiectron paramaymetic resonance signals in aryl-
anine-quinone solids. In 1961 Eastman (33) reported the results of
extensive studies on the paramagnetism of chaéme-transfer solid; formed
betweén polycyclic aromatic hydrocarbon electron donors and tetra-
halogenated quinone acceptors, He found that it was possible,' under -
proper condii;ions, to grow crystals of certain conple:;es which were
actually spin-free, However, paramagnetism could be induced in the
'cry.st\:als by heating. Comparing these results with the work of several
other iﬁvestigators » Eastman concluded that the paramagnetism observed
was attributable to inperfections in the crystal lattice., The tem
"'ﬂnperfect.ions" was defined to include either trapped free radlcals or
crystaliine defects,
The heat-induced c¢hanges in the EPR signal suggested that changes
in electrical conductivity might result from heat t:reatment as well,
Crystals of o-chloranil-perylene ccmplex were prepared by dissolving .-
equimolar quantities of the components in boiling 1,2-dichloroethane
and allowing the resulting solution to cool, EPR dé.ta showed the roome
~ temperature concentration of unpalired electrons in the freshly jpx'epared
80lid conplex to be < 1016/gm. However, when the complex was heated at
60° for an hour and then cooled to room temperature, there was a declded
irreversible increase 1n the concentration of unpaired electrons. The
spin concentration/continued to increase as a function of heating time
until a maximum level was reached, From fhat point there was a gradual '
decrease in the concentration of unpaired electrons wit‘:h further heating,
Dark conductivity measurements were made on samples of o-chloranil ad *
perylene, and on t;.he complex, Samples of the complex vt'or both cone-
ductivity and EPR measurencnts were prepared and heated simultanecusly

for various periods of time so that changes in these properties could
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;td{. be correlated, Table 11 and Pigure III+] indlcate the resulte.\%' -

.2. Dark: Conductivity

[Electrical conductivity measuring techniques for organic

) materials have been summarized by Tnokuchi (3“) ] - . |
% l‘ L Dark conductivity was measured on samples of the materiala™
c that had been pulverized and then pressed into pellets approximately

‘,71»5 cn in diameter ard 0,1 cm thick.- These were prepared by placing the

’ vpowdered sample into a die, evacuating to remove moisture, and then RN
"applying 25,000—1b force for at least 2 minutes. This was equivalent to _'i: fff“ f
"'f a pelleting pressure or 125,000 psi, The conductivity apparatus‘was a B
“”.r'slightly modified version of that described by Kearns (35)s The - o
| samples were placed between two steel cylindere and surrounded by a SR 1
glass cylinder, _Platirum discs in contact with the ends of the steel"':; -
cylinders served as electrodes for connecting the sample into the o
'i;measuring circuit. The resistance was determined by using a standard_f ]
" 10-ohm resistor which was placed in series with the sample and a de I j

&ty

source of 17.5 volts. The sample, cylinders, and electrodes were
~enclosed 1n a brass chamber which could be evacuated. The temperature .
" of the system was controlled by circulating a methanol-water mixture

from a thermostat bath through coils surrounding the chamber,- A copper-

Kb " o - P

constantin thermocouple, fitted‘into the chamber through a Radiation
Laboratory Seal and an epoxy plug, was used for temperature determina-
tions. A pressure of approximately 100 kg/cm was applied to the -

;_sample by a lever arm., As t\e conductivity was greatly changed ir

' "wi{air were present 1n the systen, an measuremente were carried out at . .
10 mm pressure. The high volatility of the materials made it more .
difficult to odbtain low rressures under conditions of even moderate B L <7.5

temperature, - : ' . i : - :_ﬁ;: I
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| TABLE ITI-I ..

"Activation energles and ESR measuraments

— 2

: / - .
+ Activation energy of Concentration per gram
conduction, AE, of unpaired electrons

.g;chiorahil L 2.1!2 tog

o

perylene‘; . o '- 0,55 - (0.988') 1,000 I
canplex (unheated) - ‘ L 'j:__ <1X 1016 o
oomplex (heated, 1 hr). - o ‘. “ C y, 8 X 1017

o 'complex (heated. 2 hr) o ‘ . ;: - ' ': ; 10X 1018

. camplex (hested, 3 T S & B 1013

o complex (heated, 4 hr) MO..?.S .. : (0.05 ¥ J.SZb) .

avalue for sublimed i‘iim* D. C. Northrop and O, Simpson, Proc. Roy,:

Soc. (London) A234, 124 -(1956).

- DESR value which may be the AE ror a phenomenon unrelated to the

conductivity,.

S H, Tnokuchi (24) - . Thin f1lm measurement . . ,

~* (at room temperature) -

P

A
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ﬂputed as

., where

?*;,d = the thickness of the sample (in cm),.

k= Boltzmann's constant = 8,63 X 1072 eV,

'1ror conductionkfollowed the Boltzmann Relation .

23 ‘

3 Calculations

¥

. and the conplex. The resistivity of the sample, p, in ohm-~cm was com= '

N S o (IILE)

" R = the measured resistance (in ohms), ;.~?§?

“A'- the area of the sample (in em2),

o Fa.The activation energy of conduction for these’ substances were deter- _~:"
fﬁ;ﬁ ‘mined by plotting resistivity, », V8, (temperature)'lo Then g | o
L 0E = 2,303 mk  or-  AE’= 1,99 xllo-" (inev) -‘(II.I’S)" '

) | ;,jwhere

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

‘.. . A

¢ me the slope of the semilog plot. - |
. Tnis calculatijp was’ based-on the assumption that the activation energy ’ i

~

p = pge AE/KT or o @oe” AE/kT t‘ ) C o (1I1,6)

" U, Heat Tremtment _

PR
k4

. Pellets of the comb}ex;wére bressed aé described previously

- and then placed into samtle tubeéo These tubes were evacuated to 10'” ‘

Tbrr‘pressure and then £illed with:nitrogen. One pellet was pbwdered

~and 0,025 gm of the resulting powder was placed into each of five EPR

v

ftubeé. These, also, were evacuated and then filled with nitrogen. ‘Four -

' EPR and f‘<.7ur conductivity tubes were placed into an oil bath that was

The dark conductivity was’ measured for e—chloranil, perylene,
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maintained- at 857i Lo, Samplés,were removed alter one-hour intervals
and cooled in an ice bath to prevent further-reaétion. The FPR and
conductivity of these sarples were then measured. The temperature
dependence of‘éﬁése properties was determined for the samble that had
been heated four hours, ; ' o
| 56 Resﬁlts

As 1llustrated.in Figures III-8 and III-9, a plot of the
log of resistivity vs. the reciprocal of the temperature gave the
expectéd linear relationship over ﬁhe temperature range investigated
for the o-chloranil 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 further heat-produced changes in the
sample, The data in Figure III-7 indlcate that although both the spin
concentration and the conductivity are increased by heat treatment,

.-

the two phenomena do mot follow the same kinetlcs, The conductivity

~ increased linearly with heating time or

do/at = ko . N ¢ 40 &Y

24

This, in turn, means.that the concentration and'the.mobility, bﬁlo{  *‘.

- the charge carriers were 1lncreasing in such éixashion that

)
P

Adnw)/dt = ke - | CUIn.e)

. Also,; the actlvation energy for.éonductivity decreased & factor of o

/¢

two in four hours of'heatins.' On the other hand, -the spin concentra- ~

tion Increased as some power of the heating time reached a maxlmum,
-and decreased, The conductivity increased a factor of four in four

hours of heating, while the spin concentration increased several

orders of magnitude. The actlvation energy for conduction was approxie-

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

!
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determined by BPR (Fig. ITI-11)., Thué,the attempts to correlate EPR
with electrlcal cohductivity did not give a readily apparent, simple

_ agreemerit .
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Fig. III-11. Temperature dependence of ESR for solid complex
of o-chloranil and perylene. (DPPH = diphenylpicrylhydrazyl.)
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IV, SOLUTION CHARGE-TRANSFER COMPLEXES

A, .A Qeneral - Search for Photoinduced PR in Complexes in Solution

1. Introduction

7y

Solution charge-transfer complexes were investigated in hopes

of observing photoinduced changes 1n thelr electrical and their magnetic

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

properties, This aspect of the study of model systems for photosyn—r

thesis was given impetus by the work of lagercrantz and Ynland (36, 37,38),

f

Qrchloranil in tetrahydrofuran (THF). They attributed the signals ﬁ@

»d.“

the unpairing of the electrons involved in the formatlon of a change~”

J

transrer canplex between the donor (THF) and the acceptor (chloranilﬁ*

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

;*» v

2, and exhibited rise and decay times of less than one second, the 1nstnu-

mental time constant. If, in fact, the photosignals were caused by free
electrons excited to the charge-transfer level of the camplex, the solu-
tiohs might be expected to show very interesting electrical properties,
such as photoconductivity. The present investigation, therefore, had a .
threefold purpose: - to study various complexes whiéh might show EPR
photosignals, to obtain better measurements of the rise and deéay times
of the signals, and to correléte the EPR ﬁata w;th.electrical conductivity
measurements ., ‘ |
2. Results

The results of preliminury attempts to observe EPR photosignals

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

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

_were recfystallized. fhe EPR data were obtained using the spectrometer

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

TR
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TABLE IV-I . j

! 1

. (0,05 M solutions of p-chloranil were prepared in the following4splvents)

4

A. .
Solvents oo Color_or Solution Reéults (signals ca, 15 gaués wide)
Benzene 7 Yellow No dark signal, no light signél ‘
p=Xylene . o . . Orange (Yellow) No dark signal, possible light Bignal
| Mesitylene : . Orange (Yellow) ;' No dark signal, small light signal
. ...Phenitol Red (Orange) . - No slgnal <
o~Chlorophenol Orange (Red) No dark signal, small light signal,
) R . s rapid rise -and decay’ time (<l/10 sec)
&-éhloronéphthalene * .Red (Orange) No dark signa15 no light signal
Pyridine . _ Dark solution - " No dark signal, no light signal
- ' + (Precipitate) ' :
Qulnoliné . - " Dark solution ‘Véry large dark'signal, no fine
-+ " (Some precipitate) structure. No appreciable enhance-
*  ment in light (ca. 1018 spins/ml)
Tetrahydrofuran  Yellow No dark signal, small light signal
, . : - : (ca. 1015 spins/ml)
Thiophene -~ ' Orange o No signal _ \
p~Dioxane . Yellow (Green)  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
: ‘ increase in light, enhancement
i _ ' when light off
Piperidine " Reddish-brown No dark signal, small light signal,
‘ . rapid response
1,2-Dimethoxyethane . Yellow. No dark signal, small light signal,
. rapld response
NuJol (< 0.05 M) - Yellow solution No dark signal, small light signal,

long lived

‘Triphenyl Phosphite - Orange-red No signal




- (0, 05 M)

" TCNE + Eyhidiné‘

B, Other Systems

Compound

32

TABLT TV-I (Continued)

: o-Chloranll + mhiophene

T0. 05 M)

[N

o-Chloranil t Giphenylol
ether (0 05 H)

TCNE# + Diphenyle*her

'TCNE (0 os v) ' 5'}3

Pyridine (075 M)
EtCl2 oolvent '

Perylene (0 001 M) s

”‘;“Yellow-gfeén
hexaf luorobenzcne Lo

" Color of Solution

Orange~red

Reddli'sh

~ Reddish
. Dark brownish soln.

DarkAbrownisb soln,f

-
\‘

Results (signals ca, 15 gauas wide)

No dask signal, small 1light signal
ca, 30 gauss wide

No dark signal, small light signal
¥;,=

.Vo dark signal small liéht signal

"»

4Dark signal; Q—lihe hyperfine

structure
S(
o
Dark signai; 9—11ne hyper fine-
Etructure :
R

‘No gark signal, small light.§ignal

rd
R I

p

TCNE® = tet acyanoethylene
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signals by placing 0.2 ml of the material into quartz tubes of U-mm
outside dlameter. The tubes wére evacuatéd and then placed into the
Varian 4531 rectangular cavity of the EPR spectrométer. A General
Electric All-6 high pressure mercury lamp, 70 cm away,. was Afocixsed cnto
the slots of".the cavify by means of a pyrex lens located 15 cm from
the cavity. A Corning 0-52 (7380) filter having transmission values

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

the 1ight source and the sample.

—

3. Discussion

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

. systems investigated showed widely differing spin concentratlons, rise
‘ times, and decay times, This certainly indicated that a variety 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

A

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

and decay times may involve an electron transfer as an initlal process,

but this initial electron transfer 1s undoubtedly followed by a

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

the dOnOI‘.
B. The g—Chloranil—dioxane System >
1. EPRR '

One of the systems studied in more detail was p-chloranil

dissolved in g-dibxaneg The dioxane was twice distilled and then dried
by refluxing over, sodium and distilling. The p-chloranil was obtained .

from K and K Laboratories in Jamalea, N, Y,, and was recrystallized

fram benzene as yellow needles approximately 2 cm long. A 0.05 M

33
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‘golution of p~chloranil in p-dicxane wag prepared dnd then degassed

- by 8 freeze-pump-thaw cycles, The saples showed no EPR signal in the

- half lives of 0.75 min énd 9 min, respectively,

dark, !owever, large signals were ob§¢rved‘when.the solutions were
irrddiated. The growth curve for these 1s shown ;ﬁ'Figure Iv-1, It
will be noted that the rise to maximum spin conce;tration was not
instantaneous, but required approximately 1-1/2 %un-far too long fo;
a simple electfon transfer process. The decay was, likewlse, a slow’
process, and is shown in.Figure Iv-2.

The decay curve may be analyzed kinetically és in Pigures IV-3 .
ard IV-l4, In Figure IV;3 the reciprocal. of the spin concentration i1s
plotted against time. Ir second order decay kinetics were followed,
this would be expected to give a Straight line, There appears to be
a good deal of departure from linearity, In Figure IVed the log of
the photosignal 1s plotted against time, givihg a curve that can be
annlyzed into two stralght lines. This result seems to indicate the

exlstence of two 1ndependently decaylng paramugnetic species, having

The curve shown in Figure IV-5 illustrates a peculiar light
reaction occurring in a solution of p-~chloranil in dioxane which had
been irradiated for about 10 min, When the light was cut off with a

shutter, there was an initial small increase in the signal level, which

‘was followed by a gradual decrease in the signal level., Irradiation of -

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

lowed by a gradual increase. Repeating the'cyole showed an even more

‘ pronounced increase in the spin concentration when the light was cut offc

These facts seemed to indicate thdt at least two competing photoinduced

. processes were taking place, one producing spins, and the other causing
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Fig. IV-1. Photoinduced EPR signal in 0.05 M solution of

p-chloranil in dioxane.
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IV-3. Decay of photoinduced EPR signal in solution of
0.05 M p-chloranil in dioxane.
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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the ﬁ%combination.or the destruction of the spécies‘bearing unpaired
electrons, | : : - J/

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 photodimerized, Algo, chloranil (UC) fredﬁenéiéy
acts as a dehydrogenating agent, with the hydroquinone of chloranil as
. one of the final products. Since the burpose of the investigatlion was
to study the nature of electronlec transfer processes, attentlion was
focused on the rapld initlal rise of the sigﬁal, aﬁd the suéceeding
reactions were not aﬁalyzed further,

' 2. Conductivit!(

Irradlation of a solution of chloranil in dioxane resulted in
a steady increase 1n the conductivity of the solution. MNo decrease was
noted when the light was shut off, .Both.theée facts seemed to indlcate
that a chemlical reaction resulting in the formation of ionic species
was - taking place, and not the photéexcitation of an electron,

C. The Rise and the Decay of Fast EPR Signalé

1, Introduction - | ; -

The preliminary 1n§estigations of the‘p;eceding sections showed
that certaln charge-transfer systems exhibited EPR photosignals with rise
and decay times of less than one second, In order to obtain more accurate
values of the reaponse times, the RC time constant of the EPR spectrometer
was peduced to 3U:msec. This, however,'resulted in a reduction of the
signal to nolse ratio to 1, approximately. The difficulty was overcome
by using an averaging Qeqhnique (41), The sample was repeatedly irradiated
~ with a.pulse of light of 200 msec durat;on, and the photosignals resulting

from these multiple irradlations were stored in a computer [Computer of

!
5
[
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Average Transients (CAT), Mnemotron Corp., Pearl River, N, Y.]. The

signal increased directly with‘the runber of irradiations, whereas the ~

noise increased bnly as the square root of the number of irradiations.,

At least 100 passes were made per sample, 80 that the signal to noise

ratio was 1hcreased from I.to 10. The duration of the light pulse‘was

controlled‘wiﬁh a camera shutper.
2. Results

L 4

The followlng systems were studied and showed photoinduced

--—- gignals:

- © TABLE IV-II

Complex .- Color " Signal Speed
p-chloranil-p=-dioxane - Yellow - | Fast
p-chloranil-THF: Yellow Fast '
o-chloranil-thiophene Red ' Fasﬁ o
o-chlorani1-CCly Red Slow
Solid o-chloranil "+ Red | Slow

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

' appfothtely 15 gauss wide, showed no hyperfine structure, and were not
symmetrical, Figures IV-( thr"ov.\gh IV-8 show the experimental curves for
" the rise and the decay times of some of the systems. One of the princi-
pal 'dirf'iculties in analyzing the date was determining when the shutter
was opened. The 10-90% rise time for the shutter was approximately

"10 msec, Tor the first three aystems listed above, the maximum spin'

concentration was reached within 100 msec. After the shutter was closeqd,
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p-Chloranil in
Dioxane

[ R N S | L 1
100 200 300 400 500 600 700 800 900 000

Relative Peck Height
o

A L 1 ol | 1 1 | l |
0 25 50 75 100 125 150 175 200 225 250

Time (milliseconds)

MU.31839

Fig. IV-6. a. Rise and decay of EPR signal for 0.05 M
"p-chloranil in dioxane (top). b. Rise time (expanded
scale) (bottom).
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Fig. IV-7. a. Rise and decay of EPR signal for 0.05 M
p-chloranil in tetrahydrofuran (THF). b. Signal off
magnetic resonance to show noise.
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Fig. IV-8. Rise and decay of EPR signal for 0.05 M
o-chloranil in thiophene. (Arbitrary units).



45

14

v

K

' the spin ;:éhceni:ratii?n decayed. to ze;o in 50 to 150 msec. The _o_-chlompil-’
" thlophene system ‘s.howed’ a p'hotoinduced signal, ﬁhile the p_-chloranil-?
thiophene system did hot. . For controls, o-chloranil in CCl, and solid '

V .g_-chloranil were also studied. in both cases a slowly growing FEPR signal
was dbserved,. but no fast signal was seen. No signal' was observed 1;1any ’
. of the solvents alone; The photolnduced EPR signal sgemed to result f‘r'om
an interact'ion.bétween g—chlémnil and thiophene, A signal did not abpear
i either the solvent or the solute alone were irradiated.

3. The Kinetics of the Rise and the Decgy

~ An exponential growth can be represented analyticall.y by
A= Agg (1 = c~t/T) (IV.1)
where |
A'= the amplitude of the EPR signal,
Agg = the amplitude of the EPR signal at the steady state, .
t = time, ‘ |
t = the time constant, the time required for A f:o rise to
(1 = 1/e) of 1ts maximum value, -
By rearranging Equation (IV,1) and taking 1ogarithns,_

log (A=Agg) =t/v+logA L ()
1s obtained, , ,
For exponential growth, a plat of log (A = Agg) vs, time should give !
a utmlght. line, This 1s the case for E_-chlomnil-diootane, as 1s shown
in Pigure IV-9, The rise is,jtherefore, exponential, * In Figures IV-10
to IV=1l2 the de’ca\y curves for various samples are plotted. These data
_ were obtained as before by adjusting the magnetic fieid to the poix?t

where the derivative of the absorption was at a maximum, then shutting
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Fig. IV-9. Semilog plot of rise of EPR signal for 0.05 M
p-chloranil in dioxane. A, . denotes maximum _
amplitude of signal in Fig. AV-6. Again the units are
arbitrary. A,  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 at t = Plot
of log relative peak height vs time.
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Fig. IV-11. Decay of EPR signal for 0.05 M _E)_-éhloranil 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. '



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

“off the light and observing the decrease in the maximum value. The

decay curveé are camplicated, and may indicate the pregence  of several
paranagnetic specles.

In Figure IV-13 a comparison is drawn between the growth curves
for p-chloranil and dioxane with and without a neutral density filter.
(Bausch and Lomb, 0.D. 0.9) to reduce the intensity of irradiation téf;

A

approximately 12.5% of 1ts maximum value, The difference 1s small, i
. b

- 1ight intensity.

4, Temperature Effects |

A preliminary 1m(espigntion of the. ten;iei'ature dependence of
the spin concentration showed that at 77° K there was no fast signal.,

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

When the light was sihut off, but the temperamr_e kept ‘a’c 77°, the signal

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

gradually decreased until it vanished entirely at the melting point of
the mixture. '

5 Purif‘iéa.tion Procedures

~

p-Chloranil was recrystallized repeatedly from benzene after

the hot solution hud been treated with Norit. WNo impurities were de-

tectable with’ tﬁin-layer chromatography. p-Dioxane was prepared by
vapor phase chromatography (VPC), using an Aerograph = "Autoprep"

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

. "Ucon polar""‘ column, The purlfied dioxane showed no impurities in the

'VEC trace, . Tetrahydrofuran (TiF) was repeatedly distilled until only

a trace of impurity could be found 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.. TETRAHYDROFURAN-TETRACYANOETHYLENE CQMPIEX

A, The Complex
Tetracyancethylene (TCNE) (42), a coldrless cyanocarbon (‘Appendi‘x 1),

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

‘ ,photoreaction and the effects of the 1ntensity and the frequency of the - .’

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

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

\

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

charge-trarisfer complexes between the organic solvent donor molecules

" and the TONE accept:or molecules. TCNE forms & gharge=tranafer complex
‘with tetra}vdrommn (THF), as 1s indicated by the spectra in Figure

V-1, Figure V-la shows the spectrum of TCKE in ethylene dichloride,

with maxima at 2650 R and 2750 R. The spectrum of TONE in THF s shown
in Figure V-lb. ‘The two TCN" bards have been shifted to 2630 § and - .
2710 8, respectively, and a third band has appeared at 3000 £, .This
latter band is chéractepi’stic of the. charge-transfer camplex. Vars (44)
studied the TCNE-THF complex in chloroform solution and found the
maximum to be at 3100 8. This difference in maxima 1s not unexpected,.
as Mulllken's theory pfeqiééa an effect of the dielectric constant of
the solution fin the absorption miximum of the complex.

B. ‘Photoinduced EPR in the TCNE-THI Cunp]_.ex

1]

1, Introduction S

TCNE negative ion radicala can be produced by irradiating a
solution oI‘ TCNE=-THF with a mercury lamp. This was first reported by
ward (115). The. present: work was designed to study f;he kinetics of the

1light on the observed EPR signal. The masurements were made at room

temperature, using a sample of 0,2 ml of a solution of 0,01 M TCNE in

N’
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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 10-2 M TCNE in CCly. b. 2X107°M
TCNE in THF. c. 0.01 M TCNE in THF. _ -



o /;f‘
THF The sample had been degasscd and then sealed 1n a quartz tube,

While initially there was no EPR signal In the dark, a resonance could N

e
L

be produced by light. The spectrum obtalned 1s shown‘in Mgure V-2,
" The 1l-line hyperfine structure is characteristic of the TCNE negative
ion radical'(u6). Nine of the lines, with intensity ratios of.
‘ :"1°u:10-16?1§~16:10-u-1,'result»rroh the hyperfine splitting of the
"_ff "; M Iy atoms of the cyanide groups. 1N has a nuclear moment of 1. %
R i The hyperfine splitting 1s glven by 2I + 1, where I is the sum of tHe ;

———-"7

nuclear monents., The other two lines appear at the extremes of the nié

i (3

spectrum am are caused by the 13C splitting. The g-value of the. .

,
)
w7 ”'.‘E(‘o,‘,.K

:' central 1ine 1s very nearly 2,0023, the value for a free electron. /
" 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 trradtation, “This level was taken as the | -

‘ base line. ' T .

2, Kinetic Data

. 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-transfer band, between 3000 % and 4500 X Tybical
rise and decay curves are shown in Figure V-3, Kinetio analyses of the
data are glven in Pigures V-l through V¥8 Figures VL7 and V-8 show the
dependence of the steady-state 1eve1 of the spin concentration on the

' square root of the light intensity. The decay curve indicates second
order kinetics,. The growth of the EPR photosignai &8s a function of

gi '7¥f L ;i the tine the signal grew as the hyperbolic tangent of the time,

54

1*3F{.?”:-"5 time 1s shown in Figure V-6, After an initlal rise as the square of . |
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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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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 Iog 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 0.04 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.



3., Analysis of the Data

It was assumed initlally that the reactionyinvolved a simple ‘
and reversible transfer of an electron from the donor molecule to the
acceptor molecule by the action of light. On this basls, the rate law

dn/dt = L'= kn? : ’ (V.1)”~
was proposed, -
where ‘ : ’

L = the rate of the absorption of light energy by the

solution, %.e., the intensity absorbed (quanta per second),
k = a rate constant for second order decay, .
' ne the concen;ration of the paramagnetic species,

It 1s assumed that the forward reaction is ¢+ D? + A° and that 1ts
rate 1s directly pfoportiqnal 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® + A & ¢, Three phases
ol the reaction are described: First, the steady state, where the rate
of formation of radicals by irradiation 1s exactly equal to the rate of
" the recombination of the D® and A® specles; second, the degay -when the
light is shut off; and third, the growth of the signal.

62

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

(dn/dt)ss = 0, ' , (V.2)
and ' d
Ngg ™ (L/k)llz. ' (v.3)
If, as 1s predicted by (V.3), the concentration of radicals in the steady

state 1s proportional to the square root of the light intensity, a plot .

of log (n = spin concentration) vs. log (L = light intensity absorbed)
ghould give a straight line with a slope of 0.5. The slope 18, in fact,



0.47. Also, a plot of the spin concentration vs., the square root of
the intensity gave a straight line, These results are indicated in
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 off, L = O and
the kinetic equation becomes

an/dt = =2, ' (V.4)

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

n
§Wn2 — jkdt,
no t=0

‘ .
5

1/n=1/n, = kt
or |

/n = kt+ 1/n,.
It should also be noted that ’ ‘..

YV (_n9_> - 1/ny = kr,
5
1/ny = kr, .
v = Vkno, | . v
" where ; = the half=lif'e of the radical, and

no = initlal concentration of ﬁ'ee'radicals.'
As 1s 1llustrated in Figure V-4, a plot of 1/n vs, t gives a stfaight
line with intercept 1/n, and slope of k. A value of 0,015 arbitrary
units was obtained for k from the slope, It is also true for se'cond
order kinetlcs as indicated above, that ny = 1/Krt. For the same decay

Acurve, Ny = 73 and k = 0.014 arbitrary units. . * \



’-"jzi tangent after an initial 1nduction period, where the growth is as the

u.“‘i;}lfl;ﬁ" The ' growth eurve, . The'intégrétion pf expression'(v.l),‘

""f."as 1s 1llustrated below, glves-

nengg tah (OM2 e o (vs)

: The hyperbolic tangent is plotted on the same ax1s as the growth curve

i'for the FPR 1n Figure V-6, The experknental data reach the hyperbolic

j:hsquare of the time. '~ o Lo

e e et T

Cov

d Solution of the kinetic equation:

: .
4

i
:
4
.nv .
g~ =

dn S . L.
T o . © dnés (=2 du
= dt Co K ’
? o lk/L n2 . /
Sk o
Lk du \/——v dt .
1-u f
tanh'l = (Lk)]/2

S us temh(Lk)l/2
n=(k) | /2 ta.nh(Lk)l/z £

n=ng tanh (L2 ¢ v. 5)

'e.',Further anai&sis of the results, Although the rate

:‘equabion (V.1l) agrees with~tﬁe qteady state and with the decay state,

1t does ot agree with the growth curve for the free radical concentraél'ggf‘

: J9ﬂi:steps is proposed: -

‘:<t10n.' The following reaction mechanism 1nvolv1ng several intermediate

-

D"'A"C».-‘.,

- ————— a

(vi6a)

e

et T e e

an/at, = L - kn?- (V.l) et L e

........

T -

S

e bt e e s i o
. [ .-

e e et T -




' (Because of the large excess of THF, 1t was assumed that essential]y Y

.' all of the TCNE molecules were complexed )

¢S, | o (V.60)

"(I"n this step the complex 1s excited to the excited singlet state by .

an incident photon. The reaction is directly proportional to the -
intensity of the light absorbed., ) ,
cS + ¢, ~ . . F (V.6e)

(The excitéd singlet molecule relaxes to the ground state. This

.reaction proceeds according to a first order rate law, with rate cone

?

Stantkzo)
Sa+cf, o (V.6a)

\

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

first order rate constant 1s k3.) _
cTwc, . (V.6e)

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

. The rate constant, d8 kll )

Stant 13 k6.). ‘ .

ccTap® e 8, L (V.6f)

(The triplet state of the complex goes to the 1onized components of
the complex, p® and A0 The rate constent is kS .)

o®+ a8 g, - L

(The lons recombine to form the complex. The second order rate cone

A e P

- If it is assumed phat the 11fe~time of the singlet state of the complex

is 80 short that the concentration.or the singlet species 1s always at

".the expressions

the steady-state concentration, then fram Equations b, ¢, and d the ’ ‘ .

dcS/at = L - (kp + k) oS = 0 | A A



and . .. o
_ S= L/ (k2 + k3) ' - L | (V.8)
can be obtained for the rate of change of the concentration and for.
-the concentration of the singlet species, respectively. It is also
necessary to assume that the concentration of the complex, C, 18 con=
' sﬁant._ This 18 reasonable because only a srall fraction of the complex
_ molecules,are excited at &ny ogg'ﬁime ' ' |
By simiiar argunents from Equations (V,68), (V.oe), and (V,6f),
" expressions can be obtained for- the. rate of change of the concentra-

tion of the_specieé'in the triplet state,

acl/ dt = k3ed - (ky + k) 0T, (V.92)
| de?/ dt = kgl (kp + k3) = (ky + kg)cT, (V.9b)
When expression (V.9b) 1s integrated, |
T : N
f . dOT _ - dt : € e (v. 10&) '
[IGE7 Tk, + K507 = (kj F Kgdet - vl -
o i ; R S '

. . OT N .
= 1 1n [_KL - (ky + k=)eT | - . = €8 . (V.10b)
- mg m u 5 Wyt o »

| . T <
- C
in YL - o (x + k T . m-w(k + k t V.10
ey - 5’°£[ TR TR T
ln/ B LI (ku+k5)c - 1n I ksl ,{"-(ku*ks)t |
(ky + k3) . ' 2+ K3

. (V.10d)
3L ‘ 3T = ksl
Wz-%—@ - (ku + kgle “‘24*—?37 e’(’,"% + k5)t:, (V.10e)

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

the triplet state

k3L - ’
° Tk +3k3)(kq + ks) [1 - e=(hy *+ kg)t].. (V.100)




helpful to consider three cases: ;

PRp—

o whicn is precisely the equation for second order decay which was obtained 'f".7¥fi{

' . species (1n this case, TCVE‘) may be obtalned from (V.6f) and (V.6g),

- dn/dt = Kg eT _ kgn2.

67

An expression for n,‘ the concentration of the" negative ion radical

(vill)

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

- Case (1). The light 1ntensity goes to zero. Then cT goes to zero,;;aj -ﬁfw.L'

and (V.ll) becomes
. dn/dca-ksn«?

earlier as Equation (v.4).
' Case (2). The steady state.

(V.llaj“

At the steady state, t = tgg and

| f-'_cT - [kab/(kz +'k ) (e + k5J [1...; e=(ky + ks)tes] . (V)

 Stnee tea a.s large, (V.11b) becgmes - o

R e k3l Ccp + K3) (ky + k5) ST (Vlle)
" However, it can bé seen from Equation (V.11) that at the stea.cb' state -
‘ ngs = (ks/kg) €T Cvod)
or. . L LY
a Ll/2 [k3 kg/ (ko + k3) (ku + k5)]1/2 8 . Le) .. -

: As before, there is a dependence of the steady-atate concentration ofa

°

.spins upon the square root of the light intensity,



" . an’expression for n, -

~Case (3). The rise time. The rate of increase of the concentra=-

tion of n i1s given by

dn/at = L k3 X5. ' 1l - e"(kll + ks) t -.kg n2, (V.12)

ka k :
' 375 -
By ‘letting e = Tio + 30 (%5 ¥ Kg) Qnd | 8 fku + kS,)'

expression (V,12) becomes, -

dn/at = & L (1 = e~Ft) = k¢ n?

or

o/t b kg - dL (Lo B o . (yad) |

Equation (V.13) is a rirst order non-linear differential equation and
cannot in general be solved. It is a form of Riccati's Equat:ion a7).
. Certain Riccati Equations can be transformed into second order linear
equa}:16;s, which can be solved. However, Equation (V.13) 1s not sus=

ceptible fo this approach, Two other approaches will be .tried:\ making

simplifying assumptions and making iterated a:pprox.‘.rnations (egsp Pic‘a.nd'a‘

ﬂ’ethod).
Sirg)lifjﬁ.ng assumptions. Initially when the light 15 turned on,

n =0, so that (V.13) beco;nes : . -
a1 (1= ) = o, N A 1)
. By integrating (V.1l4) | ' '

. S dn = - 5 a L(1 - e~8%) at,
o .

T t

ne= |aLt + =8t = agLt + e=8t o .18 ‘
’ "0

~ or
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n= agt +4e"8t - 1 . | (v.15)

B8
is obtained, For small t, the approximation
e8t =1 -~ gt + 82t2 may be mcie.
When tﬁis is substituted into (v. 15), the expreséion ’ -
neoplt + 1 - gt + 822 =1 or n=pt2 + t (aL 1)
is obtained, which predicts a parabo;ic rise of the signal with time,
If in Equétibn (V.16) we assume thé.t: ], = 1~ 0, then (V,16) becomes
n'=p2 : . (V.16a)
For very largé t (V.13) becomes ‘ o
C avat = eL - kg, S (v.17)
which glves the hyperbolic t':axgent rise (see p, 64), o . .
n = ngg tanh (kg/0)V/2 1M2 ¢, . C(Va8)

Picard's Method. Successive integrations of the form

t ‘ '
Y (€) = 5; Clyn(t))? + oL(1= e~8%)] dt. ; Lo :
o: ' '

indicate that the solﬁtion of (V.13) shows an initial rise as aéproxi-
mately the square of time, which 13 then followed by a Cutoff, .

4o  Summary :

The rate e‘quatﬂ\.on |

dn/at + kgn? - oL (1 = e=Pt) = 0 o (V.13)
predidts that the EPR signal should grow initially as the square of the
" time and then, as the steady state is approached, as thg hyperbolic
tangent of the time, Both of these effects were observed experimentally.
 Liltewise, the theory agrees with the observed dependence of the steady-
state spin concentfation on the square root of the light .intensity and
with the second order decay kinetics. In the next section, carrelations
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o ;nremains'in solution‘until reccnbination with TCNES oecurs. It seems

will be drawn between the photoinduced EPR signals and the photocon-
; ductivity results. ‘:.L\

Although tetracyanoethylene negative ion radical was identified o i

'by EPR, no evidence was found for a corresponding positive ion radical.
LI6 has often been the case with EPR studies of organic solutions that
S a negative lon radical could be detected but no positive. ion radical

:] obserVed._ Pew explanations have been ofrered for this phenanenon, In

;'; the case’of4TCNEeTHF.thernnst likely positive ion radical 1s TF®,  The-
" kinetic schéme presented above assumed that THF0 1s formed and that it -

. highly unlikely that the T{F positive fon radicals could combine with |

-; one another, the coulanbic repulsion would be too great. A possible - .
'mechanism to prevent the observation of THF® ion 18 uncértainty or |
exchange broadening. If the hole on a THF? ion were free to migrate

. rapldly fran one THEF molecule to anothet, delocalization of the electron

. would result, and:the THF® signal could be brosdened below the level of
5 ‘detectability, The argument 1 11lustrated in Table V-I, Such a |
mechanisn might be expected to lead to electronic conductivity in the

" solution,

o s g
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e phase-sensitive fleld modulation unit was used for crystal detection, ... L

e f".‘_ﬂ“constmcted in this 1aboratory was also used. The measurements were o i'

. 5'-3’? “ NN I

o 5. Eicperimentai (48,49,50,51), -

| a‘. The electron paramagnetic resonance epectrometer.v The - -

g EPR data were obtained using a microwave spectrometer consisting of a.
L 9 gigacycle/sec klystron, a reflection cavity, and a crystal detection 3 |
:, .unit. The spectrometer magnet, which had been constructed in this o ; _/""_ .
A .‘ la.bora.tory, had pole pieces 6 inches in diameter a.nd was powered with :. ‘
a Varian V2200 magent power supplys °A Varian vusso, 100 kilocycle/sec,

A 60 ld.locycle/sec automatic frequency control (AFC) unit that had been _. AT
, made in a Varian VUS31 rectangular cavity (TF103 model) with slots for

‘ ‘ irradiation. The spectraneter was calibrated by canparing the observed
- signal with a standard of 5 X 1034 spins of Cr+* in an Mg0 host. The ‘.-

g-value for the standard was 2. 0023, o | \

b, The light sources and the opties, The light source was

- a Westinghouse H33-1-CD 400 watt mercury vapor lamp, . focused onto the

,k'slots of the cavity by two glass. lenses. The glass case of the lamp

.- were calibrated using a Cary 14R recording spectrophotameter and were fpund SRS

i cut off all wavelengths shorter than 3100 R The total rated” output (52)

fron 3100 % to- 3500 R was 0.54 watts, This corresponds to 1.6 X 1016

- quanta per second, assuming 3300 }R quanta. Over the region, 3500 RBto |
" 4500 R, the output was 30.2 watts, or, assuning 4000 X’quanta, 6 x 1019 e
quanta/sec, - Cut<off filters ‘were used to determine which wavelengths were
. producing the effect, The intensity of irradiation was varied by inserting -
., a series o.f neutrai density filters betneen the light source and the sample,’ .

" 'i‘hese were of ncminal tmnsmission values of 5%, 25%, .and 50%.( The I:ilters

T to have transmission values of b,7%, 22%, and 147 5%

' the sample,

» It is estimated that 1% of the rated intensity of the lamp reached

. o S (3

— b

.. N
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Materials, Easman Kodak tetralwdrommn was 1n1tia11y

. ;'dried with potassium hydroxide tablets and then treated with lithium .

. ‘aluminum hydride. The sample was refluxed for two hours and then dis-
”MmmmmmmmmmmmwmmmmmmmMmmmq
lportion collected bolled at 65.5°. Eastman Kodak White Label tétra- _
cyanoet;hylene was used without: mrther purification. All measurements . :

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

pinkish tinge appeared 1n the TCNE-'IHF solution, rSa;ubles were prepaz‘ed?

o by the following procedure: 0.2 ml of a solution of 0.01 M TCNE in THF
: were placed into.a quartz tube having an outside diamter of ll m, - 'I‘he .
g ‘sanple was degassed by 5 freezc.&pmrp—tbaw cycles. The minirum pressure ~
-read was 7 X 1070 Torr &t 77° K, at which point the sample tube was |
/“sealed, | ' '
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C. Photoconductivity in TCNE-THF Solution

R "1, Introduction ' | A
| The detection of a rapid photoinduced EPR signal in TONE~THF
solutioh éharge;transfgr complex suggested that photbconductivipy might
be observed as well, Using the apparatus described in Section V.C.S;"i"i ,’
photoconductivity hés been seen-1n a solution of 0,01 M TCNE in THF, . .‘
'”:Once the initial observation had been made, the signal was studled as
a function of the wavelength and the intensity of the incldent light.
&TT‘As in the case of the photoinduced EPR, cut-off filters were used to-
:.show that the absorption causing the phqtoconducfivity took.pléce in
iithe tall of the qharge~trangrer band of the complex. Figure V-9 shows:
 “the phétosignal growth curve, The signal level as a function of light .
‘fintensity is plotted in Figure V-10, Kinetie studies are shown in
Figures V-11 through V-14, Figure V-15 shows the photosignal as'a
. function of the applied voltage. A;l measurements were éade with the .
~ applied ﬁotential less than. 0.4 volts. - In this region the current Qs. '
voltage characteristic was very nearly linear. A general review of photo-

conductivity in sollds has been given by Bube (53). Meief (Suf'has

“reviewed some of the work on solution photoconductivity,

2, Ahalysia of the Results
The specific resistance or resistivity of a liguid 1s the ‘,
resistance in ohms Of & column ‘of the 1iquid one cm long and one em?:in
"cross section, The conductivity is the reciprocal~of the resistivityvj
.and may be exprésse& as ‘ '
- o 71'6 f neyu, + peu,, - - ". , s'l (v.19)
. " where . - -

p = the concentration of the positive charge carriers,

n = the concentration orrthe negative charge carriers,

i .
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Fig. V-9. Growth curve for the photoconductivity of 0.04 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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Fig. V-10. Steady-state photocurrent vs light intensity for
0.01 M TCNE in THF. a. Steady-state photocurrent vs
relative light intensity. b. Steady-state photocurrent vs
the square root of the relative light intensity. The
applied potential was 0.09 volts.
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Fig. V-11. Steady-state photocurrent for 0.01 M TCNE in
THEF vs the log of the relative light intensity. The applied
potential was 0.09 volts. -
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Fig. V-12. Decay of the photocurrent for 0.01 M TCNE in
THF. The reciprocal of the 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 hyperbolic tangent of (photocurrent/
steady-state photocurrent) is plotted agalnst time. The
applied potential was 0.09 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). '




e u the cha;rge on the electron, - '
¥, = the mobili_ty of the negative charge cair';'iers »

up = the mobilii;y of the positive charge carriers,
The mobiliﬁy is dét‘ined as‘ u f- V/E » the ratic; of the veloeity, v, or_‘
the carrier to the applied fleld, . |
: The conductivit;y is, then, the rate of transport of charge carriers
through & unit 's,q{zére of the solution. .

In explaining the data obtalned, several assumptions were madet

(1) Each carrier bears unit charge. ' |

(2) The mobilicy of the charge carriers 1s independent of the
concentration of carriers,. This implles that the conductivity shoulgi
be directly proportional to the concentration of charge carriers,

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

duced, a THF positive lon is produced as well,
' 3. Calculation of Ionic Velocitles from Fxperimental Data - |

One form of Ohm's Law 1s
Cy=of »_ . (V.20)
wt;ere ‘
J = the current -density (amps/cm?),
o = the conductivity (ohnrt cm~1),
€ = the electric field strength (volts/cm),
The current density 1is also given by . )
j = nevy, + pevp, (V.21)
where
. Vp~= the velocity of the negative charge carrier, -
Vp = the velocity of the positive charge ca.r"rier.



AAssune that n = p and that v, ~

Vp.
Then, =~  , - . ' - . BEE
v-%% - ) | . (v.22)

From the EPR data, the concentration of negative 1ons, n, 15 fbund to .

be 2.5 X 1015/cn3, Bearing in mind that the 11ght mtensity was a -

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

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

centration of negative carriers is abproximately.5.75 X 1035 for the

" case of the conductivity. This result neglécts'thé differences 1n’the

geometry of the cells for the two measﬁréments.' , |
Using Bquation (v.22) and n = 5,75 X 1015 carriers/em3, € = 0,18

' volts/cm, and o = 2. 33 X 1076 oprr-1 em~l, the results

v=5%X10"5 ecm/sec or u = 2,7 X 10~ em2/volt sec,

4, Calculation of the Ioniec Velocities from 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 medium, we obtaln
eE = 6mn a v, ‘ (V,23)

'wma@ ) .
n = the int?insic viscosity of THF = 0.010? Stokes (55,56) at

25° ¢, | | ’
a = the lonic radius of éhe carrier, estimted at 3,20 X,
e = 6X 10~10 esu, the charge on the electron, '
v = the lonic yelocity, and

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




o Subégituting the-above values into Equation (V.23), we obtain

. 6xl0 S o g- '___,"y_;'
© . (300) 6m(0.01)(3.20 X 10-0) 3.2n(300) &°*

V”g'g;m’s.‘jxllﬂ;5cn‘/8ec, S E
Cor - o

) u = 3 3X 10~4 cmz/volt sece

'5. Experimental Technique
'I‘he photoconductivity apparatus 15 diagranmed in Figure V-8.

84

The direct current resistance was measured by applying a fixed voltage -

" to the sample -and simultaneously measuringz the current flow by means
‘ ot‘ a8 plcoammeter, The voltage supply consisted of a 90-volt direct

current source in serles with a varlable resistance, so that} the

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

7" cases the applied potential was less than one Volt. In this region

" the current-voltage characterlstic was linear (Fig. V<16), A General '

“Radlo Type 1809-A vacuum tube voltmeter was used for potential measuree : .k

- ments. The picoamneter was a Keithley Model 410, The 0 t663% rise .
. time for the 10~7 amp scale was 0.00).sec. However, the Sanborn

Recorder used in conjunction wit;h ‘the picoammeter m& a 0 to 1004 rige -

time of 0.0l sec. All effects observed ocourred in times longer than

. these insmnnentfal limitations, The light source was a Westinghouse

. H33~1~CD 400-watt mercury lanp that had been silvered except for a

small rezion. Two glass lenses were used to focus the lamp onto.the

| “conductivity cell. They ei‘fectiye]& ‘cut" off wavelengths shorter than -
| - 3100 Re The cell itself was made eﬁtirely of quertz. . The electrodes
“were platinum discs one cm in radius and 1/2 om apart, ' 'I'he electrodes
| ';A'were masked to keep t;he light I‘rom hitting them directly, although the

. entire region between the plates was irradiated.

1
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Fig. V-16. Maximum photocurrent for 0.01 M TCNE in THF
as a function of the applied voltage. T
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6. Materials

r.

Eastman Kodek -TCNE was, used, Eastman White Label THF was

86

treated with 80114 KOH and then distilled from 1ithium aluminum hydride,

. a8 in the case of the EPR samples. The THI alone showed no conductivity
- changes when irradiated, The electrodes were cleaned with dilute sulfuric
- acld, ethanol, and distilled water, If the eléctrodes were not cleanedh

" for several days, a back potential developed, 'The light intensity was

compared with-the light intensity for the EPR studlies by using a photo-

diode, A factor of 5 decrease in intensity was observed for the EPR

. compared to the conductivity.

. D, -A'Summary of EPR and Photoconductiﬁity Results for the

TCNE-THI" System

Photolinduced electron paramagnetic resonance signals have been’

. observed in a solution of 0,01 M TCNE in' THF., Photoconductivity has

‘been seen as well. The effective absorption for both pﬁenomena occurs .

in the charge-transfer band of the complex (3100 f to 4500 ), The
steady-state level for both the EPR and the photoconductivity is dependent

upon the square root of the light Intensity. Both effects showed second

order decay kinetics, The growth curves for both phenomena can be

.explained by the rate equation

dn/dt # kgn? = oL(1 - e75t) = 0,  (V.13) , -
where ’ .
a, 8, and kg are constants, = - ‘

L = a constant proportional to the light intensity,

/

n = the concentration of TCNE, " ‘ '. . .,.

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

" tangential rise. The equation also explains the steady‘state'and the

~ decay behavior,

e e e




: - radical are. assumed to be responsible for the photoconductivity. The
»‘ , ionic velocities as calculated fronm Stokes' Law and fram the conductivity

-

'rhe hyperfine splitting of the EPR spectx'um shows the TCNE negative

. B 1°n radical to be present. 'I'his same species and the THF positive ion

measurements agree within approximately 20%. The differences in the )
_geametry of the conductivity cell and- the EPR tube made direct campari- . Sl

- ‘ sons of the intensities of the two systems dirficult.
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' donating and accepting electrons were studied as models for blological

88

e SUMMARY

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

and between organic molecules. It was motivated by the interest which

1s now being shown in relating electronic motion in molecules to funda-
mental life processes. Complexes formed between molecules capable of

. _ !
systems, Photoinduced and thermally-induced changes in the electrical,
magnetic, and optical properties of these complexes, both solutlons and

' sollds, gave information concerning charge separation and ¢harge trans. .

port phenomena in organic systems,

First, the dichroism of the optical absorption of' solid complexes
was studled. The charge—t;ahsfer absorption in the crystalline complex
formed between coronene and p-chloranil was found to maximize when the
scaﬁning 11gh€ was polarized parallel to the needle of the crystal,

When the light was polarized perpendicular to the needle axis, the

- absorption in the:charge-transfer region was essentlally zero, These

results indicated that the transition moment for the charge-transfer:
absorption was polarized parallel to the needle axis of the crystalew :
that 1s, along the line of centérs Joining the molecules, Both photo-
induced and'thermally;induced electron paramagnetio. resonance (EPR) '

. 81gnals have been observed in the coronene-chloranil complex., These

slgnals were explained by assuming that heat and light introduced

" “paramagnetic imperfections in the crygtglé. Attempts were made to

' correlate thermally-induced EPR signals with thermally-induced con-

.. ductivity changes in perylene-o-chloranil solid complex. No simple .

relationship between the two phenomena was found, L -

A ggneral search was made for photoinduced EPR signals in liquid

s
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canplexes, Several syséems Wére found which showed EPR bhotosignals
with rise times and decay times of the order of milliseconds. One of

: the systens, grchloranil dissolved in dioxane, was studied An detail. n

QU

" The system, however, showed various side reactions which made the 1nter~
pretation Qf the data difficult. Since the free radical observed shoied
no hyperfine structure, the radical could not be identified from the

* EPR signal, ' .
The TCNE;THF canplex was relatively more stable, showed longer

/

rise and decay times, and the photoinduced paramagnetic species was

. if,'positively l1dentified by the hyperfine splitting of the EPR_spectrum

to be TCNE negative lon radical. It was a rel&tively long-;ived

- species, having a half-life of approximately 20 sec, Photoeonductivity -

. was seen-in the TCNE-THF complex as well. The kinetics for the photo-

onductivity agreed well with the kineties for the EPR, This was because

the TCNE negative ion radical served the dual function of an ion and a

* the photoconductivity data.

radical and could be detected either by its paramagnetism or by the fact
that 1t contrihbuted to the conductivity of the solution., A kinetic rate-

law was proposed which satisfactorily fit both the ﬁhotoinduced EPR and

These results seemed to indlcate that the system TCNE dissolved

- in THF, is, in fact, a system where the reversible transfer of'an

, :
~ electron from an organic electron donor molecule to an organic electron

acceptor molecule in solution can be produced by'light.' Such a photo4; _
induced electron tfansfep may well be of importance in Biological systems,

.
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