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CORRELATIONS. BETWEEN PHOTOilnJUCED EPR MD PHOTOCONDUCTIVITY IH 

TCHE-THF SOLUTION CI-:ARGE-TRANSFER COHPr~EX 

David r. Ilten~·: and Helvin Calvin 

.. Lawrence Radiation Lab'oratory .- Uni ver~i ty of california • 

:Serkclny, ; CJ.li fornia 

December 8, ·1964 

Reversible photoinduced electron paramagnetic resonance (EPR) 

signals and photoconductivity w~ra observed when a solution of tetra-
' 

cyanoethylene (TCNE) in tetrahy~rofuran (THF) was irradiated in the 

. charge-trans fer band of the corrp lex formed between these two compounds. 

The eleven-line hyperfine structure of the LPR spectrum which was 

obtained demonstrated the presenc~ of -TCNE noeative ion radfcal. The 

concentration of this radical was found to be directly proportional 

. to the square root. of the lir.ht. intensity. Second order decay kinetics 

were followed when the light was shut off. Both the EPR siP,nal and the 

photoconductivity rose ·initially a:s the square of the time, The latter 

portions of tho growth curves could be fit to the ~attar portions of a 

hyperbolic tangential growth curve. From these data a reaction mechanism 

was proposed. The rate law 

where n = the concentration of radicals, t m the time, ~. a, and B are 

rate constants, and L = the lig~t intensity, described both the photo­

induced EPR and the photoconductivity wfth.!n the limits of experimental 

accuracy. 
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IN'fRODUCTION 

In 1950 Sogo, .Tollin, and Calvinl post~lated that the oxidative 

and the reductive processes of photosynthesis could take place at 

separated sites in plants. These processes are preceded by a photo­

.induced transfer of an electr<m from a donor slte to an· acceptor site •. 

· During the past few years much eff.ort has been expended in determining 
. . 

the conditions· required for s:nch an electron transfer between donors 

· ·and acceptors in solids. 2 Horo reco.nt ly Lap,ercrantz and Yhland3 .~. 5 

have used EPR to. demonstrate the photoinouced transfer of an electron 

between donors and acceptors in solutions. The present .work is an 

attempt to correlate photoinduced EPR·with photoconductivity for a 

solution composed of organic donor and acceptor molecules. 

Tetracyanoethylene .(TCNE), a colorless cyanocarbon,. was first· 
' . 

. prepared by Cairns, et a1. 6 in 1958. At that time Merrifield and --
Phillips 7 reported that TCI~E readily dissolves in many organic solvents 

to produce intensely colored solutions. The colors were attributed, 

____ after Hulliken 8 • 9 ,10 .to the formation of intermolecular charge-trans fer . 

complexes between the organic solvent donor molecules and fhe TCNE 

acceptor molecules. As is indicated by the spectra in Fig. 1, TCNE 

forms a charge-trans fer complex wi t.h tetrahydrofuran (THF). Fip,. la 

shows the spectrum of TCNE in ethylene dichloride, with maxima at 

2650 R ·and 2750 X. The spectrum of TCNE in THF is shown in Fig·. lb. 

._Here the two TCNE bands, have baen shifted t~ 2630 · X.;·~nd 2710 t 
respectively, and a third band has appeared at 3000 ~. This latter 

band is charac~eristic of the charge-transfer complex. Vars, Tripp, 

and Pickett1~ studied the TCNE-THF..complex in chloroform solution and 
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found the maximum to occur at 3100 ~. This shift is not unexpected, 

as Mulliken's theory,pradicts an effect of the dielectric constant of 

the solution on the position of t~e ab~orption maximum of the complex. 

TCNE negative ion radicals, as detected by EPR, can be produced by 

irradiating a solution of TCNC-THF with a mercury lamp. Thia was first 

· reported by t~ard.12 In this present work • studies of the dependence of 

the EPR signal levol on the intensity and the wavelength o~ the incident 

light were earried out. · The ·reversible photoinduced EPR suggested ·that. 
'· . 

,, photoconductivity might be se·~n as well. This was, ln fact, observed. 

EXPERIMEnTAL 

Eastman Kodak tet:Mhyc~~furan was initially dried with potassium 
. . 

hydroxide pellets and then tr~ated with lithium aluminum hydride. rhis 

· sample was refluxed for two hours and then distilled. The· first 100 ·ml 

.. portion· of the distillate was discarded. The portion collected boiled 

at. 65.5° c • Eastman Kodak White Label ·tetracyanoethylene was used without 
. ·· . . ... :·.. . 

·. further treatment. All measurements were made on freshly-prepared solutions. 

APPARATUS A:m PROCEDURE 
I 

The EPR dat'a were obtained using a microwave spectrometer con-

sisting of a: 9 gigacycle/second klystron, a reflection cavity, and a 

crystal detection unit. The spectrometer magnet, which had been con-

structed in this.laborato:ry, had pole pieces G inches in diameter and 

was powered with a Varian V2200 magnet.power supply. A Varian 4560 

100 kilocycle/second phase se~titive field modulation unit was used 

for crystal detection. A 60 kilocycle/second automatic frequ~ncy con-

trol unit that had been constrUcted in this laboratory was used. The 

measurements were made in a Vnrian V453l rectangular cavity (TE mode) 
C/.:1 
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·with slots for irradiation. The spectrometer wns calibrated by com­

paring tho observed signal with a standard of S x 1ol4 spins of cr+++ 

in an MgO host. The g-valuo for tho standard was approximately 2.0023. 

Photoconductivity Apparatus 

A block.diagram of the photoconductivity apparatus is shown in 

. · Fig._ 2. · The direct current re3istance was m~asux:ed by applying a fixed 
.·.:·· 

·_:·. voltage to the sample and sirr.u~taneously measuring the current flow 

· ,' .. with a picoamrneter (Keithley. Ho<lel·4lO). The voltage supply consisted 

of a. 90-volt direct current ::ource in series with a variable resistance, 

:, ·. so that the applied potential could be varied from 0 to 90 volts. In 

. ) ·.· almost all case.s the applied potential was less than one volt. · A General 

;·Radio Type 1809-A vacuum tube volt meter was used for potential measurements. 

0,- Tho 0 to 65% rise-time of th~ Keithley 410 picpammoter wa~ 0.001 second • 

... However, the Sanborn R&corder used to record the ammeter output had a 

. 0 to 100% rise-time of o. 01 second. The effects observed were long in 

_:._· .. comparison. 

. Light Sources 

The ·light source for both the photoconductivity and the photoinduced 

EPR was a Westinghouse H33-l-CD 1100 watt mercury vapor lamp focused onto 

the slots of the EPR cavity or onto the conductivity cell by t\-'O glnss 

lenses. The glass case of .. the lamp cut off all l'tavolengths shorter than· 

3100 t o ·o 
The total rated ·output from 3100 A to 3500 A was 0.54 watts. 13 · 

This. corresponded to 1.6 x 1ol6 quanta per second, assuminfi 3300 ~ 

quanta. From 3500 ~ to 4500 ~ the output Mas 30.2 watts, ort assuming 

4000 X quanta, 6 x,1o19 quanta/~ccond. Cut-off filters were used to 

determine which wavelengths were producing the photoeffocts. The 

.· 
. . ~ .. . ' 
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intensity of the irradiation was varied by inserting a series of 

neutral density filters between the light source and the sample. 'These 

were of nominal transmission values of 5%, 25%, and SO~. Tho filters 

were calibrated using a Cary l~R recording spectrophotometer and were 

found to have transmission values of 4.7%, 22%~ and 47.5%. It was 

estimated that l\ of the rated intensity of the lamp reached the sample 

in·the case of the photoconductivity experiments. Because of dif-

ferences in the geo~try. the light intensity for photoinduced EPR was 

. approximately a factor of five smaller than that in tho case of the 

photoconductivity. · This intensity difference was measured with a 

· _photodiode. 

RESULTS 

·The results of these investigations are presented: .in Figs. 3-13. 

The data in Figs. 'a-6 indicate that the steady-state EPR ·signal is 

dependent upon.the square root of the light intensity, that the decay 

of the signal is second order. and that the signal grows for several 

minutes as the square of the tlme. The flnal portion of the EPR curve 

. (not, shown} ·can be fit t.o the final portion of a hyperbolic tangential 

rise curve.. The photoconductivity results are given in Fip;s. 7-13. Again, 

the steady-state signal is dependant upon tho· square root. of the light 

intensity, 'the decay is socone ordor, and the rise y.oes for several 

minutes as the squaro of the time, but finally grows as the hyperbolic 

1
tangent of the timo • 

. .. 

. ... 

. : 
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DISCUSSIOH 

On the basis. of these clat.l, the following reaction mochanism was 

proposed for the formation of tho TCNE negative ion radical: 

Because of the large exce sa of THF, it was assumed that assent ially 

__ ._all-of _the . TCNE molecules Wflre complexed 

D + A--.:.tc (la) 

The complex is exCita·d to the oJxcited singlet state by an incident photon, 

'_ .. -··-··:, 
a process which is dipectly pr~portional to L, tho light intensity 

'· 

absorbed. 

c (lb) 

The complex -in the excitod s.~n.~lat state relaxes to the ground state •. 

This process proceeds accordin~ to a first order. rat.o law, with a ra:te 
~· . 

k . 
cS' ---'~· ~) c:· (plus energy) .(lc) 

The excited singlet state goes to the excited .triplet state •. The first 

order rate constant is k 3 • 

cs ~a ~ cT 
" ..... · ... ~ .... ,--·· (ld) 

. : ~ . 
The excited triplet state of the complox-returns to ·the ground state.· 

. . 
"The rate constant is k~. 

cT k4 ~ C (le) 

The triplet state of the · cornpl.~x goes to the ioni~od components of 'the 

complex, o+ and A-. Tho rate constant is ks• 
ks· . 

cT J D~ + A9 (lf) 

The ions recombine to form the.cornplex. The second order rate constant 

is k6• 
k . 

o+ + A- --4 ·C. 

.. ,. 

(lg) 
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An expression for the rate of change of the concentration of the 

····TCNE negative ion ·radicals ca11 be obtained from equations (J.f) a:-ad ·(lg) 
) 

(2) 

where 

cT = the concentration of' molecules in the triplet excited state, 

n = the concentration of TCHE negative ion radicals. 

By assuming the concentration of tho singlet species, cs, to be at a 

steady state, 
' 

dcs/dt = L - (k2 + k 3) cs = o, or 

. cS = L/ ( k
2 

+ · k 
3

) • 

··By .similar ·arguments, using .. equations (ld), (ler, and (lf), expressions 

are obtained for. the ratc·>of change . of the concentration of the species 

in the triplet .state, 
. . 
'dcT/ dt = (3) 

(4) 

When equation (4) is integrated, an expression is ·obtained for cT, the 

concentration o~ the species in the t.riplet state, 

. T 
c • ( 5) . 

An expression for n, the concentration of the negative ion radical species 

(in this case, TC~E-), can be obtained from (lf) and (lg), as in equation (2), 

dn/dt = k c7 k n2 5 - 6 (6) 

In attempting to obtain a solution to equation (6), it is helpful to 

consider threo.cases. 

Case (1) •. · The light intensity ~oes to zoro. The c! goes to zaro, and 

(G) becomes 
(7) 

which is the equation for second order decay. 
,••. 
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Case (2). The steady state. 1\t the steady state, t = tss and 

- e (B) 

Since 1SJs ·large, equation (8) becomes 

(9) 

Hov1aver, it can be seen f::-om C'=':uation (6) that at the steady s"tate · 

or 

.. 
The:rcfore, the steady-state· concentration of spins is dependant upon 

the square root of the light intensity. 

Case (3). The rise time. 

The rate of increase of the concentration of n is given by 

(~ - • -(k• • ks )1 ~ k6 n2 · dn/ dt = ~L_k·3~k~s--:--:~:-­
(k2 + k 3 )(k4 + k5 ) 

By·...-le.tting 

{'e. :a 

expression· (10) becomes .. 
·~ 

.. ·- dn/dt = a L(l ,;;. e -Bt) - k6 n2 

or 

B = (k4 + Jc
5

) , 

(10) 

(ll) 

E~uation (11) is a first-order non-linear differential equation which 

cannot in general be solved in closed form. It is an example ·of Riccati's 

Equation. Certain Riccati Equations can be transformed into second-order 

linear- equations and then solved.l'P Since equation (11) is· not sus-
. 

ceptib1e to this approach, cert~in simplifying assu~ptions·are.made. 
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(l) When the light is first turned on, n = o, so that equation (ll) · 

·becomes 

dn/dt -. a~L(l- e -Bt) = o • 

This can be integrated to 

n a aS t + e ·8t l 

For small t, e -at = l · .. St + e2t2 

or 

t 

·. · indicating a parabolic rise of the concentration of unpaired olectrons 

with tir.te. · 

· At large t , . 

dn/dt =. a L - k5 n2 

n • n99 tanh rr~) 112 
L l/2 t] 

predicts a .rise of the EPR photosignal 

, 
which as·the hyperbolic tangent 

of tirne. 

. ' . 

Assumptions !.involved in Photoconductivity Calculations. 

The conductiVity may ··be. expressed as a .a pe1Jp + nelJn • 

where p and n are the. concentration of the positive a~d neg·ative charge 

carriers respectively, e is tha charge of the electron, O...'ld un and 1Jp 

are the mobilities of the positive and the negntive carrinr~. The fol-

lowing &ssumptions are then mado: 

(l) Each carrier boars unit chnrge. 

(2) The mobility of the ch.'lrga ca:r:>k•lers is indepencent of the conceu· 

·tration of the carr!~rs and is essentially the same for positive and 

negative carriers •. 
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·' . (3):The conductivity is ionic. For each TCNE negative ion radical 

fomcd a THF positive ion rnci~al is formed as well. 

:!3ecause p = n und ~n "' lJp , a = 2neu ,, 

. 1'he. mobility,· lJ, is defined as. vl ' 
so v = a{/'Zne • . " . -:. . . ' . : 

· .... . . . ... .;: 
Calculation· of Ionic Velocitie3 from Experimental Data. 

From EPR data there are anproximately 5,75 x iolS carriersicm3. 

The conductivity, a, is 2.33 x lo-6 ·ohm-1 Ct:l-1 when the applied voltage 

'· :is O.lS· volts/em. 

v = a[/2~e · = 5 x 10~5 em/sec ·• 

· Caiculi:ttion of Ionic .Veloci tie:; ·from Stokes' Law. 

:ny equating the electrost~tic attractive force exerted by a field 

on a chargodsphcre to the retardine force. due to the viscosity of the 
-, 

medium, the relation 

ei: = 6 nn av is obtained 

where 

n = the intrinsic visr:osity of tho medium C,THF) = 0.0107 Stokes 

. at 25° C, 15 

.a= the ionic radius,- estimaterl at 3.20.~ 

e·- 6 x lo-10 esu, the charge rm the electron, 

E = the electric field in stat•tolts/crn = 300 t . 
From this expression a value fo~ the ionic velocity, v = 6. 5 x. lo-s 

cm/sec is. calculated. 

It has been assumed in th·~ nbove arguments that the THF positi~e 

ion radical was formed. Howew,.r, it was not detected by EPR. The 

absence .of a Ti~r+ .spin signal· J:tay ~e explained by ~n argument presented 
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by Eastman.l6 It should be nctcd that there is a large excess of THF 

neutral molecules over THF po~ i ti ve ion radicals 1 and that holes are 

. free to migrate from 'i'Hr·:- to 1'Hf neutral npacica. A hole migration 

th~oughout the solution would be expected to lead to a broadening of 

the EPR signal so that it would become undetectable. Other similar 

cases_ of the observation of only a sin~le radical·have been reported.l"/ 

' . The temperature dependence of the ~onductivity could give corroborating 

.avid~:m~e ·.for a hol.a ;oigration process. Hera the conductivity purely 

ionic, its change with change in temper.:.t.ure should be appl,oximately 
··:::>-

as th~ change of th~ viscosity of the medium with changing temperature. 

If a hole migration process. w;i.th a relativ~ly .high energy barrier is 

possible •. a change in conductivity with a change in temperature greater 

than the .change in viscosity :i.s to be exs>ected. 

SUN MARY 

Evidence for the reversible photoinduced transfer ·of an electron 

from a THF donor molecule to a TCNE acceptor has been obtained from 
. . o~·~ . 
photo-EPR and photOt!()nt'lnc'tivhy 1'1'1~13S1~~-""~I'lts. /the radicalS fo_rmad ·uas 

identified fl."'m the ~yperfine splittinr~ of! t~!e. EPR signal to be TCNE 

negative ion radical. Calcul<itions of tho ionic velocities from EPR 

. and conductivity data gave a 1.-easonable agreement with values, obtained . 

frorn calculations based on Stoka:J' Law. 'l'he THF positive ion radical 

was not detected by EPR. A possible cxplann.tion for this is that the 

. ·--... 

sien<ll \-las broadene<i. by·:~x~hange ao that it became undetectable • 
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Fir.;ure 1. Optical Absorption Sr>ectra demonstratirig the formation of a 

charge-transfer complex between tetracyanoethyleno and tetr~hydrofuran. 

a. 2 x 10-S ~ TCNE in CC14 • 

in THF. 

b. 2 x 10-5 M TCNE in THF. · c. 0.01 H TCNE -

Photoconductivitv. apparatus. a. Block diagram of the .measuring l... . 
b. Conductivity cQ.ll (netal shielding is not shown). device. 

Figure 3. A linear plot of .the steady-state value of the EPR photosignal 

for 0.01 M TCNE in THF versus the relative light intensity. -. . 

Fip;ure 4. The steady-btate value of EPR photosignal for a solution of 

0.01 ,!1 T~NE in THF as a functiot~ of the light intensity. The loR. of the 

steady-state signal is plotted aeainst the· log of the light intensity. 

Fir.;ure s'. Decay of .. the EPR photosignal for 0. Ol _!! TCNE in. T~!F. a. Linear 

plot of EPR photosignal versus time. b. The reciproca·l of t~e EPR photo­

signal versus time. The linear relation for b indicated that second 

order decay kinetics are followed. 

Fip,ure 6. Growth of the EPR photosignal for 0.01 M TCNE in THF. The 

signal level is plotted against the square of the time. 

.· 

· Figure 7. Steady-state photocurrent versus. light intensity for 0.01 H .... 
TCUE in THF. a. Steady-state photocurrent versus relative light intensity. 

b. Steady-state photocurrent versus the.square root of the relative light 

intensity. The applied potential was.o.o9 volts. 

Fip.:ure o. Steady-state photocurrent for 0.01 M TCNE in THF versus the 

log of the relative light intensity. The applied potential was 0.09 volts. 

Figura 9. Pecay of the photocurrent for 0.01! TCNE in THF. The ·reciprocal 

of the photocurrent is plotted against the time of decay. 0.09 volt$ is tha 

applied potential. 

), . 
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Figure 10. Decay of tho photocurrcnt 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. 

Figure 11. .· Growth curve for the photoconductivity of 0.01 11 TCNE 
. . 

in THF. (.Signal level )/(Steady-state signal level) is plotted against~· 

time • The black dots indicate the. hyperbolic tangent of 0 .l2t ~ ·;. The 

applied potential was 0.09 volts. 

Figure 12 •. The growtH of the photocurrent for 0.01 M TCNE in THF. 
. \ 

The inverse hyperbolic tangent of (phot.ocul"rent/steady-state photo­

·current)· is plotted.against tiMe. The applied potential was 0.09 volts. 

• · FiP>url3 13. · Haximum photocurrant for 0 .• 01 M TCNE in THF as a function 

of the applied voltage •. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com-
mlSSlOn, nor any person a.cting 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
missio~, 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 informaiion pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




