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Reversible photoihduced electron paramagnetic resonance (EPR)
signals and photoconductivity were observed when a solution of tetra-
cyanoetgflene (TCNE) in tetrahydrofuran (THF) was irradiated in the
charge-traqsfep band of the conplcx‘formed between these two compounds,
The eleven-line hyperfine structure of the LPR spectrum which was
obtained demonstrated the preseﬁce of TCNE negative ion radical. The
concentration of this radical was found to be directly proportional

_to the square root of the light intensity. Second order decay kineticé
were followed when the light waé shut off. Both the EPR signal and the
photoconductivity rose -initially as the square of the time. The latter
portions of the growth curves cohld.be fit to the latter portions of a
h}porbolic tangential growth curve. From these data a reaction mechanism
was propoéed. The rate law '

- dn/dt + kn2 - aL(l-e~B%) = 0,
vhere n = the concentration of radicals, t = the time, k, a, and 8 are
rate constants, and L = the ligﬁt intensity, described both the photo-

induced EPR and the photoconductivity within the limits of experimental

accuracy.

’

*National Institutes of Health‘?redoctoral Fellow, 1960-1964,
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INTRODUCTION

In 1858 Sogo, Tollin, and Calvint postulated that the oxidativé
and the reductivs processes of photosynthesis could take place at
sepa?afed sites in plants. These processes afe pfeceded by'a photo-
induced transfer of an electron from a donor site to an acceptor site.
During the past few years much effort has been exﬁended in determining
the conditions required for such an electron transfer betwegh donors
and acceptors in solids.? Hore recently Lagercrantz and thands'“'s
have usad EPR to demonstrate the photoinduced transfer of an electron
between donors and.acceptors in solutions. The present work is an
attempt to correlate photoinduced EPR with photoconductivity for a
solutioﬁ composed of organic donor and acceptor molecules.

Tetracyanoethylene (TCNE), a colorless cyanocarbon.iwas first
prepared by Cairns, 25_55;? in 1558, At that time Merrifield énd
Phillips”’ repérted that TCNE readily dissolves in many organic solvents
to produce intensely colored solutions. The colors were attributed,
 after Mulliken819»10 to the formation of intermolecular charge;transfer
complexaes between the organic solvent donor molecules and the TCNE
- acceptor molecules, As is indicated by the spectra in Fig. 1, TCNE
formz a charge-transfer complex with tetrahydrofuran (THF). Fig. la
shows the spectrum of TCNE in ethylena dichloride, with maxima at
2650 R'andA2750 X. The spectrum of TCNE in THF is shown in Fipg. 1b.
‘Here the two TCNE bands have baen shifted to 2630 R ‘and 2710 ?\,
respectively, and a third band has appearoé at 3000 2. This latter
baﬁd is chafacperistic of the.charge~transfer complex, Vars, Tripp,

and Pickett}! studied the TCNE-THF complex Iin chloroform solution and
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Found the maximum to occur at 3100 A. This shift is not unexpacted,
as Mulliken's'theory praedicts an effect of the dielectric constant.of
the solution on the position of the absorption maximum of the coﬁplex.
TCNE negative ion radicals, as detected by EPR, can be prodﬁced by
irradiating a solution of TCNL-THF with a mefcury lamp. This was first
reported by Ward.12 In this present work, studies of the dependence of
the EPR signal level on the intensity and the wavelength of the incident
light{yere carried out. The reversible photoinduced EPR suggested -that
- photoconductivity might be sezn as well.v This was, in fact, observed.
EXPERIMENTAL

Eastmaﬁ Kodak tetrahydrofuran was initially dried with potassium
hydroxide pellets and then traated with lithium aluminum h&dride. This
sample was refluxed for two hours and then distilled. The first 100 ml
.portion of the distillafé wag 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 AND PROCEDURE

The EPﬁ data were obtained using a microwave spectrometer con-
sisting of a 9 gipacycle/second klystron, a reflection cavity, and a
erystal detection unit., The spectrometer magnet, which had been con-
structed in this laboratory, had pole pileces 6 inches in dlametar and

was powered with.a Varian V2200 magnet power supply. A Varian 4560
100 kilocycle/second phase sentitive field modulation unit was used
for crystal detection. A 60 kilocycle/second automatic frequency con-
trol unit that had been constructed in this laboratory was used. The

measurements were made in a Varian V4531 rectangular cavity (TE/mode)
. . eja
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with slots for irradiation. The spectrometer was calibrated by com-

+ht

paring the observed signal with a standard of 5 x 10*% spins of Cr
in an Mg0 host. The g-value for the standard was approximately 2.0023.

Photoconductivity Apparatus

A block. diagram of the photoconductivity apparatus is shown in

Fig. 2, The direct current resistance was measured by applying a fixed

- voltage to the sample and sirultaneously measuring the current flow

with a picoammeter (Keithlay Model 410). The voitage supply consisted

A

of a 90-volt direct current cource in series with a variable resistance,
so that the applied potential could be varied from 0 to 90 volts. 1In

almost all cases the applied potential was less than one volt. A General

Radio Type 1809-A vacuum tube velt meter was used for potential measurements,

The 0 to 65% rise-time of the Keithley 410 picoammeter was 0.001 second.
However, the Sanborn Recorder used to record the ammeter output had a

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

_ comparison.,

‘Light Sources

The light source for both the photoconductivity and the photoinduced
EPR was a Westinghouse H33-1-CD 400 watt mercury vapor lamp focused onto
the slots of the EPR cavity or onto fhe conductivity cell by two glass
lenses. The glass case of thé lamp cut off all wavelengths shorter than
3100 ﬁ. The total rated output from 3100 X to 3500 X was 0.54 watts,+ o
This corresponded to 1.6 x 1016 quanta per second, assuming 3300 b
&uanta. From 3500 R to 4500 R the ou%put was 30.2 watts, or, assuming

45000 & quanta, 6 x.10%9 quanta/second. Cut-off filters were used to

determine which wavelengths were producing the photoeffects. The
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intensity of the irradiation was varied by inserting a series of
neutral densify filters batween the light source and the sample. These
were of nominal transmission values of 5%, 25%, and 50%. The filters
were calibrated using a Cary 1l4R recording spectrophotometer aﬁd wera
found to have transmission values of 4.7%, 22%, and 47,5%. It was‘
estimated that 1% of the rated intensity of the lamp reached the sample
in the case of the photoconductivity experiments.‘ Bacause of dif-
ferences in the geomatry, the light Intensity for photoinduced EPR was
approximately a factor of five smaller than that in the case of the
vphotoconductivity. This intensity difference was measured with a
_photodiode.v
RESULTS
The results of these investigations ars prasented In Figs., 3-13.
.The data in Figs.'a-a iﬂdicate 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 time. The final portion of the EPR curve
(notishqwn5:can be fit to the final portion of a hyperbolic tangential
rise curve. The photoconductivity results are given in Figs. 7-13. Again,
the steady-state signal is dependent upon the square root. of the light
intensity, the dgcay is second order, and the rise goas for severél |
minutes as the square of the time, but finally gro?s as the hyperbolic

,tangent of the timae,

~
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DISCUSSIOH
On the basiz of these data, the following reaction machanism was
proposed for the formation of the TCHE negative ion radical:

Because of the large excess of THF, it was assumed that essentially

_all of the TCNE molecules were complexed
D + A <«C : (1a)
The complex is excited to the sxcited singlet state by an incident photon,

T a process which is directly proportional to L, the light intensity

absorbed.

€ty P - | | C ()

The complex in the excited singlet state relaxes to the ground state,

This process proceeds according to a first order rate law, with a rate

constant k,.
k

CS --—2;—& ¢ (plus energy) | : (le)
The excited singlet state goes to the excited triplet state. The first
order rate constant is kj. .

e - — - (1d)
The gxcited triplet stats of the complo#iréturns to the ground state.
The rate constant is k.

L. SOV S (1e)
The triplet state of the complax goes to the ionized combonents of the
complex, ot and‘A;. The rate constant is kg,
\ T K8 3 p? 4 A° (1£)
The ions recombinevto form the complex. Thé second order rate constant
is kG.‘

X ‘ | , ,
D* ¢ A- —m2y o (1)
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An expression for the rate of change of the concentration of the

“TCNE negative lon radicals can be obtainad from equations (1f) and (lg)

dn/dt = kse' = kgn® @
where
el = the concontration of molecules in the triplet excited state,
n = the concentration of TCNE negative ion radicals.

By assuming the concentration of the singlet species. cs, to be at a
steady\state,
deS/dt = L - (k, + k3) 5 = 0, or
S = L/ (kg + Xg) &
By similar arguments, using”eqﬁations (1d), (le), and (1f), expressions
are obtained for the rate of change of the concentration of the species
in the tvipiet state,

T/ at = kye® - Oy + ke, (3)

e’/ at = ko L/ (ky + kg) = (K + kg)eT (4)
When equation (4) is integrated, an expression is obtained for cT, the

" concentration of the species in the triplet state,

’

T AL o e a = (ky + k5) t

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

{in this case, TCNB'), can be obtained from (1f) and (lg), as in equation (2),
dn/dt = kscT - k6n2 . (6)

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

consider three cases,

Case (1). The light intensity goes to zero. The ¢! goes to zaro, and

. (6) becomes B
dn/dt = '4k6"2’ (7

which is the equation for second order decay.



.

Case (2). The steady state. At the steady sfate, t = tgs and

T . __X3b Lo ~(ky +ks) t ) 8
¢t = (ko + k3)(ku + kg) (T e ss ()

Since t ds large, equation (8) becomes
/

"
kS

. XqL
e X (9)

However, it can be seen from acuation (6) that at the steady state

n? = (ks/kﬁ) c;T or’

N

-

/2
nsé = Ll/2 k3 kS
ST ka)(ku +‘F5N%

Therefore, the steady-state concentration of spins is dépendent upon

the square root of the 1ight’intensity.

Case (3). The rise time.

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

dnsat = _L X3 ks /1 - o =(ky * k5)t| - K, n? (1n)
(kg + K3)(kgy + Kg) \

By letting

o= _Kaks . B2 (ky + ko),
: (ko + kal)(ky + kg) : :

expression (10) bacomes -

dn/dt = o L(L = e BTy - kg n?
or

dn/dt + kg n? - a L(1 - “BY) = o V(n)
Equation (1l1) is a first-order non~linear differential equation which
cannot in general be solved in closed form. It is an examplé of Riccati's
Equation. Cgrtgin Riccati Equazions can be transformed into second-order
linear equ;tions and then solved.l® Sincé equation (1ll) is not sus-

ceptibie to this approach, certain simplifying assumptions are made,
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(1) When the light is first turned on, n = 0, so that equation (1l1)
becomes

dn/dt - a.L(L = e "F%) = o
Thi; can be Integrated to

n=agtteft o
‘For small t, e Pt = 1 - gt + p2t2
or | |

« n=p2¢2&tL-1) ,

. indicating a perabolic rise of the concentration of anaired olectroﬁs
with tinme,
| At large t, .

dn/dt = a L = kg n?

1/2 .
n ® ngg tanh Eg_ L /2 t] »
& .
~ which pradicts a rise of the EPR photosignal as the hyperbolic tangent

‘ of time.

‘

. Assumptions ﬁinvoived in Photoconductivify Calculations.,

The conductivity may -be expressaed as ¢ = peup + neup,

where p and n ara the concentration of the positive and negative charge
carriers respectively, e is tha charge of the elasctron, and [ and up
are the mobilities of the gositive and the negative carriers, The fol-
lowing essumptions are then made:

(1) Each carrier bears unit charge.

(2) The mobility of the charga carriers is indspendent of the concen-

tration of the carriers and i3z cssentlally the same for positive and

negative carriers.
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(3)1The conduétivity is ionic. Tor cach TCNE negative lon radical
formed a TH? positive ion radizal is formed as well.
Because p = n and v Bp » O = Zoeuw .

The mobility, u, is defined as *é? , SO V= aé??ne .

- Calculation of Ionic Velocities from Experimental Data.
From EPR data there are aoproximately 5.75 x 1015 carriexs/cm3,

The conductivity, o, is 2.33 x 10-6 ohm=% cn=l when the applied voltage

" is 0.18 volts/cm.

v = o£72ne' = 5 x 10™° cn/sec .

Calculation of Ionic Velocities Ffrom Stokes' Law.
Py equating the electrostitic attractive force exerted by a field

on a chargad sphere to the retarding force due to the viscosity of the

modium, the relation

eC = 6 mn av is obtained
where

n = the intrinsic viscosity of the medium (THF) = 0.0107 Stokes
at 250 ¢, 10 |

the ionic radius, estimated at 3.20.2

14

a

5 % 10’10 esu, the charge on the electron,

e

the electric field in statwvolts/cm = 300£ .

E
From this expression a value for thé ionic velocity, v = 6.5 x 10=3
en/sec is calculated,

It has been assumed in th: above arguments that the THF positive
ion fadical was formed. HoweQur, it was not detected by EPR., The

absence of a THFY spin signal ay be explained by an argument presented
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by Fastman.1® It should be ncted that there is a large cxcess of THF
neutral mclecules over THF positive fon radlcals, #nd that holes ave
free to migrate from THEY to THF neutral species. A hole migration
throughout the solution would be expected to lead to a broadening of
the EPR signal so that it would bécomc undetectable. Other similar
cases of the observation of only a single radical -have been reported;l7
The temperature dependence of the conductivity could give corroborating

evidence for a hole migration process. Vere the conductivity purely

[¢]

ionic, its change with change in temperaﬁure éhohld be approximataly
123 the change of the viscosity of the medium with changing temﬁerature.
If a hole migration procaés.with a relafively high energy barrier is
possible;va change in conductivity with a cHange in temﬁer&ture graater
than the chaﬁge in vigccSity i8 to be expected.
| SUMMARY

Evidence for the reversible photoinduced transfer of an electron
from a THF donor mélecule to a TCHL acceptor has been obtained from
: One of, )
photo~EPR and photoconductiviry measnraments, /the radlcals formed was
identified from the h&perf;ne splitting éf the EPR signal to be TCHNE
negative ion radical. <Calculations of the lonic velocities from EPR
and conductivity data gave a reasonable agreement with values obtained ,
from calculations based on Stokas'! Law. The THF positive ion radical
was not detected by EPR. A possible oprAnation for this Is that the
signal was broadened bfﬁéxchange 80 that 1t becamewﬁndetectable.

’
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Firure l. Optical Absorption Spectra demonstrating the formation of a
charge~transfer complex between tetracyanoethylene and tetrahydrofuran,
a. 2 x 1075 M TCHE in CCl,. b. 2 x 107> M TCNE in THF, c. 0.01 ¥ TCNE

in THF.

~ Figure 2. Photocbnductivitg apparatus. a. Block diagram of the .measuring
device. b, Conductivity ceai (1netal shielding is not shown).

Figure 3. A linear plot of the steady-state value éf the EPR photosignal
for 0.01 M TCNE in THF varsus the rclative light intensity.

Figure 4, The steady-State value.of EPR photosignal for a solution of
0.01 ¥ TCNE in THF as a function of the light intensity. The log of the
steady-state signal is plotted against the log of the light intensity.
Figure 5. Decay of the EPR photosignal for 0.01 M TCNL in'TﬁF. a, Linear
plot of EPR photosigﬁal versus time. b. The reciprocal of the EPR photo-
signal versus time. The linear relation for b indicated thaé second

order decay kinetics are followed.

Figure 6. Growth of the EPR photosignal for 0.0l 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 M
TCNE in THF. a. Stea&y-statq photocurrent versus relative light intensity.
‘b. Steady~state photocurrent versus the square root of the felative light

intensity. The apélied potentiel was 0.09 volts.

Figure 8, Steady-state photocurrent for 0,01 M TCNE in THF versus the

log of the relative light intensity. The applied potential was 0.03 volts.
Figure 9., Decay of the photocurfent for 0,01 ﬁ_TCNE in THF. The reciprocal
of the photocufrent is plotted sgainst the time of decay. 0;69 volts 1s the

applied potential.
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Figure 10. Decay of the photocurrent for 0.0l M TCNE in THF., The

log of the photocurrent is plotted against the time of decay. First
order decay is not followed.

Figure 1l1. Growth curve for the photoconductivity of 0.0l ¥ TCNE

in THF. (Signal level)/(Steady-state signal level) is plotted aﬁainét
time. The black dots indicate the hyperbolic tangént of 0.12%t.: The
applied potential was 0.09 volts,

Figure 12. The growth of the photocurrent for 0.01 ¥ TCNE in THF,

The inverse hyperbolic tangent of (photocurrant/steady-state photo-
current) is plotted against time. The applied potential was 0;09 volts.
Figure 13. Maximum photocurrent for 0.0l ¥ TCNE in THF as a function

of the applied voltaée. .
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