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Reversible photoihduced electron paramagnetic resonance (EPR)
signals and photoconductivity wére observed when a.sclution of tetra-
cyanoetg§lene (TCNE) in tetrahydrofuran (THF) was irradiated in the

.charye-transfev band of the corolcx formed between these tvwo comoounds.
The eleven-llne hyperflne struc;ure of the LPR spectrum which was
obtained demonstrated the preseﬁce of TCNE negative ion radfeal. Thq
concentration of this radical was found to be directly proportional

_to the square root of the liyht intenszty. Second order decay kineticé
were followed when the llyht was shut off. Both the EPR signal and the
Aphotoconductlvxty rose -initially as the square of the time, The latter
portions of the growth curvas could be fit to the latter portions of a

»hyperbolic tangential growth curve. From these data a reaction mechanism

‘was proposed. The rate law |

o dn/dt + kn2 - uL(l—a 3’) = 0,
where n = the concentration pfvradlcals. t @ the time, k, a, and 8 are
rate constants, and L = the liggt intepsity, described both the photo-
induced EPR and the photocondupﬁivity witﬁin'the limits of experimental
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IN'I‘RODUCTION

Ip 1958 Soﬁb.'Tollin. and Calvinl postulated that.the oxidativ;
and the redud?ive procaesses of photosynthesis could take place at
1sepa?afed sites in plants. These processes ;re pfeceded by'a photo-
induced transfer of an elgctron from a donor site to an:acceptor site.
- During the pgsf few years much efforf has been exﬁended iﬁ determining
the conditions4required f&r gﬁéh an electron transfer betwegs'donors

~-and acceptors in solids.?2 HMore recently Lagercrantz and Yhland3»4ed

o have ﬁsed EPR to demonstrate the photoinducéd transfer of an electron
between donors and.acceptors in solutions. The preseﬁt-work is an
attempt to correlate photoinduced EPR with photoconductivity for a
Qolutioﬁ composed of organic donor and acceptor molecules.

TetrécyanoetﬁyleneT(TCNE), a colorless cyanocarbon, was first-
_ prepared by Cairns, 35_5£;F in 1958, At that time Merrifield énd
Phillips7 repérted that TCNE readily dissolves in many organic solvents
Ato produce intensely colored solutions. The colors were attributed, o
_jafter Mullikeneogblo to the formation'of intermolecular charge;transfer
complexes between the organlc solvent donor molecules and the TCNE |
- acceptor molecules. Aa is 1ndlcated by the spectra in Fig. l, TCHE
forms a charge-transfar complex with tetrahydrofuran (THF). Fig. la
shows the 8pecfrum of TCNE in'ethylene dichloride, with maxima at
2650 x'and 2750 A, The spectrum of TCNE in THF is .shown in rip‘. 1b.
.'Here the two TCNE bands have baen shifted to 2630 R8; and 2710 A,
respectzvely, and a thivd band has appeared at 3000 X This latter
band is characteristic of the charge-transfer complex. Vars, Tripp,

and ?ickettl;.studied the TCNE-THF complex in chloroform solution and

S




3=
found the maximum to occur at 3100 2. 'This shiét is not unexpectéd,
H'as Mulliken's'theopy,preqicts an effect of the dielécffic constantlof
" the solution on the position of the absorption maximum of the coﬁplex.
TbNE negative ion radicals, as detected by LPR, can Se prodbced by
birradiating a sqlutionAofATCNE-THF with a me%cury lamp. This was first

Erepqrted by Ward.12 In this present work, studies of the dependence of

- the EPR sighal level on the Intensity and the wavelength of, the incident

iightlfere carried out. - The reversible photoinduced EPR suggested-that..
'énphotoeonductivity»might'bg se2n as wéll.. This was, in fact, observed.

N N EXPERIMENTAL

Eastmaﬁ Kedak tetrahydrofuran was initially driea with potassium

h&droxide pellets and then traated with lithium aluminum h&dride. This

. sample was refluxed for two hours and then distilled. The first 100 ml
;Jportion'éf the diétillafé was discarded. The portion collected béiled
 at,6S.5° C. Eastman Kodak White Label tetracyanoethylene was used without
.M:fﬁrtheb treatment; All measurements were made on freshiy-prepared sdlution$;~‘

APPARATUS AND PROCEDURE

-

" The EPk‘dafa were obtained using & microwave sﬁectrometer con=
sisting of a:9 gigacycle/second klystron, a reflection cavity, andAa -
| crystal detection unit., The spectrometer magnet, which had been con-.
structed in this_laboratony, had pole pieces G.inches in diaméfev and
' was powered wi{h‘a Varian V2200 magnet power supply. A Varian.usso
© 100 kilocycle/second phaSe.sensitiva field modulation unit was used
for crystal detection. A 60 kilocycle/secoqd automatic frequency con-l
frol unif that had been constructed in this laboratory was used. The

, measurements were made in a Varian V4531 réctangular cavity (Tgupode)
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paring the observed signal with a standard of 5 x 1019 spins of Cr’

.so that the applied pofential could ba varied from 0 to 90 volts. In

‘almoét all cases the applied potential'was less than one volt. A General

with slots for irradiation. The spectrometer was calibrated by com-

+++

" in a@ MgO host. The g-value for the standard was approximately 2.00?3.

Photoconductivity Apparatus

A block.diagram of the photchnducfivity apparatus is shown in

- - Fige. 2. The direct current resistance was measured by applying a fixed
‘fuyoltage to the sample and simultaneously measuring the current flow

¥ with a picoammeter (Keithlay Model #10). The voltage supply consisted

N

~of a 90-volt direct current source in series with a variable resistance,

" Radio Type 1809-A vacuum tube volt meter was used for potential measurements. | |

"} The 0 to 65% rise~time of the Keithley 410 picoammeter was 0.001 second.

‘ ' . o -]
3100 X. The total rated output from 3100 A to 3500 A was 0.54 watts,

5:However, the Sanborn Recorder used to record the ammeter output had a
”[o to 100% rise-time of 0,01 second. The effects observed were long in

‘" comparison.

;Liéht Sources

The -light source for both the photoconductivity and the photoinduced

EPR waé‘a Westinghouse 1i33-1-CD 400 watt mercury vapor lamp focused onto

the slots of the EPR cavity or onto the conductivity cell by two glass

lenses. The glass case of the lamp cut off all wavoiengths shorter than
: A . 13-

016

This. corresponded to 1.6 x 1 quanta per second, assuming 3300 R

quanta, From 3500 R to 4500 X the ou%put‘was 30.2 watts, or, assuming

4000 R quanta, 6 x-1 quanta/second. Cut-off filters were used to

determine which wavelengths were producing the photoeffacts. The

(R
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iﬂtensity of the irradiation was Qaried by insertiné a series of
ﬂeutral densiéy filters between the light source and thé sample."Theée
V were.of nominal transmission values of 5%, 25%, and 50%. The filters
were calibrated using a Cary 1%R recording spectrophotometer aﬂd were
" found to have transmission values of 4.7%, 22%, and 47.5%. It Qas'
estimated that 1% of the rated intensity of the lamp reached the sample
in the case of the photoconductivity experiments.. Bacause of Aif-.
ferences in the geomatry, the light intensity for photoinduced EPR was
_approximately a factor of five smaller than that in the case of the
*.photoconductivity.~ This intensity difference was measured with a
'_phofodiode..
RESULTS
" - The re#ults of these investigations are presented:ianigs. 3-13.

A'The data in Figs.;3-6 iﬁdicate that the steady-state EPR signal is
f{depqndent.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 flnal porfion of the EPR curve
,(not,shqwnizcan be fit to the final portioﬁ of a hypérbolic tangential
rise curva. .The photoconductivity résults are given'iﬁ Figs. 7-13. Agaih.
-the.steady-étaye sigﬁal is dependent upon the square root.of the light |
intenéity,'the décay is second order, and the rise goes for severgl |
minutes as the‘square of the_time, but finally groés as the hyperbolic .

,tangent of the timae,

ca e e mm—m s oeem 0 wmss eesa s ey w P R L I e e T TIEe —
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DISCUSSION
On the basis of these data, the following reaction mechanism was

proposed for the formation of the TCNE negative ion radical:

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

,”//;all’bf':he‘TCNE molecules were complexed

D + A =¢ : S (1a)

. The complex is exdite@ to the axcited singlet state by an incident photon,

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

absorbed,

c .._E-a‘cs E o ‘ - (1b)

'The complex in the excitad singlet state relaxes to the ground state.

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

constant kg

cS[._.Ez__, ¢"  (plus energy) S (le)

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

_ order rate constant is ka.

S —Ka ot o L ad)

ey

" The excited triplet state of the compqu-returns'to'the ground state.

"The rate constant is ke

el .-52—4, c ; ' ‘ - (1e)

The triplet state of the complax goes to the ionized cqmbonents of the
complex, p* and.A;. The rate constant is kge

‘ T .-y U ‘ o an
The fons recombine to form the.complex.A'Thé second deer.rgte constant
is kG‘. )  - N |

D* ¥ Am—2pC (1g)
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An expression for the rate of change of the concentration of the

“\?CNE negafivé ion'radicalé can be obtained from eq&afibns (LF) and (1g)
dn/dt = kge' - kgn? | @

where

-

cT = the concontration of molecules in the triplet excited state,

n = the concentration of TCNE negative ion radicals.

By assﬁming the concentration of the singlet species; cs. to be at a
steady\state, . _
| deS/dt = L ~ (k, + k3) ¢S = 0, or
| | © oS e L/ (k, *ky) .

.‘By.similér'arguments, using;gqgations (1d), (le), and (1f), expressions

i are obtained for.the‘rateobf change of the concentration of the species
.i in‘the tviﬁlet.atate, | .

‘aeTs at = xge® - ke, (@

dcT/ at s ky L/ (ky + k) = (Ky + kgdeT - (4)
When equation (4) is integrated, an expression is'obtéined for cT, the

 5 concentration of the species in the triplet state, .
s

(l - a ri(ku + ks).t . '(5):

Xkql

T 2
(k2 + kS)(kl# + k53

c

~ An expression for n, the concentration of the negafive ion radical species

* (in this case, TéNE'), can be obtained from (1f) and (1g), as in equation (2),
dn/dt = kge' - kgn? . | (6)

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

. consider three cases.

‘ - Case (1). The 1ight intensity goes to zero. The ¢! goes to zero, and

(G) becomes , :

which is the equation for second order decay.
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Case (2). The steady state. At the steady state, t = tg; and

T o __X3L . -(k.-fk)f) (8)
c hy + %5 ke 7 1) (;. é' 4 5) tss (8)

Since t s large, equation (3) hecomes
4

. T ; kaL . . ‘
c (k2 + ka)(Pu + y ) . A . (9)

Howaver, it cag ‘be seen from equatlon (6) that at the steady state -

n? =~(k5/k6) el o or’

' v . 1/2
Ngs ='Ll/2 k1 k%
T T IOy 7 %)

Therefore, the steady-state concentratlon oF spins is depandent upon

‘Athe squarc root of the light intensity.

Case (3). The rise time.

"The rate of increase of the concentration of n is glven by

“dnsdt = L K3 ks | /; - e (kg + kst o . kg n2 (10)
' (ko + k3)(kq + k—S_) ' -\ - ‘ .

By sletting

. ka k ' ' S
o=z 3 ~5 B = (ky + k) ..
W, + k)i 7 Kg) " Yo

exnrnssion (10) bacomes o
e dn/dt zal(l-e “Ft) - kg n?
or » .

L dfdtekgn?-aLl-eB) = 0 Q1
'Equétiop (il) is a first-order non-linear differential equation which
~ cannot in general be solved in closed fopm. It is an exampl;'of Ricecatl's
Equation. Certain Riccati Equations can be transformed'in;o second~order
linear equqtious and then solve3.1¢ Sin&é equation fll) is not sus~

cegtibie to this approach, ceftain simplifying assumptions are made.
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(1) whén thé light is first turned on, n = 0, so that equation (11)
" becomas
dn/dt - a:L(l ~-e 'B?) = 0 .
Thi; cah be integrated to
n=alt+te =Bt o
' For small t, e =Bt = 1~ gt + g2
or ‘ )
« n=8t2+etal-1) ,
. indicating a paraboliq rise of the concentrétion af ;npaireé cléctioﬁs
with time. |
3 At large t,: »
- dn/dt = a L = kg n?
nez ‘nas tanh (}_(_5_) 1/2 L 1/2 ‘t] ’
. which pradicfs a rise of :he EPR photosi;nal as’ the hyparbolic‘tangent

.H'of time,

: Assumptioﬁs E&nvoived in Photoconductiviéy Calculations,

The conductivity may -be expressed as o = pe%:p + neny,

where p and n are the concentration of the positiva and negative charée
carriers regpect&vely. e is fha charge of the elactron, and u, and up
are the mobilities of the p@sitive and the nagative c&rriars. The fol=-
lowing zssumptions are then made: |
(1) Eacﬁ carrier bears unit charge.

(2) The mobility of the chargs carriers is independent of the concen~-

_:tration of the carriers and i3 essentlally the same for positive and

' negativa carriefsp
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(3)tfhe cpnduétivity is ionic. For each TCNE negative ion radical
formed a THF positive ion radizal is formed as well,
'BecaHSe P = n and Mg V Hp » O = 2neu . o
-,Ihe.ﬁqbé;ity,fﬁ! is def?ned as : vé? , SOV = cfy2né .

L

: éai;Qiéfi;d'éf Ionic Velocities from Experimental Déta.

| From.EPR.data there are anproximately 5.75 x 1015 carriers/cm3,

i The conduétivity, c, 13‘2,33 x'lO‘s'ohm;l el wheg the applied voltage
;?1510;18:volts/cm. " |

v = of/2ne’ = 5 x 10°5 em/sac

:'Caiculation.ﬁf Ionic.Velociyie;'from Stokes' Law.

= By équating the electrostatic attractive force exerted by a field
on a chargad sphere to the retarding force due to the.Viscosity of the
 medium, the relation ‘

eC = 6 wn av is obta;ned

. where

n = the intrinsic viscosity of the medium (THF) = 0;010? Stokes
at 25° C,15 |

the ionic radiug, estimated at 3.20.2

.4

e:= 6 x 10710 esu, the charge on the electron,

E = the electric field in statvolts/cn = 30024 :

From this expression a value for the ionic velocity, v = 6.5 x. 10=5

cm/sec is calculated.

It has been assumed in the above arguments that the THF positive
ion radical was formed. Howevar, it was not detected by EPR. The

' absence:of a THFt spin signal-may be explained by an argument presented

\




-11l-
by Eastman.1®6 It should be neted that there is a large excess of THF

neutral molecules over THT pocitive fon radicals, and that holes are

free to migrate from THF* 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 become undetectahble, Other similar

~_cases of the observation of only a single radical have been reported. ¥’
The femperat&re dependence of the‘conductivity cogld give corroborating
" evidence for a hole migration process., UYera the conductivity purely
ionic, its change with change in temperaﬁﬁpa éhoﬁld be approrimately
:gs the change of the viscosi;yjof’the medium with changing temﬁeraturef
'If a hole migration proceés.wifh a relafively‘high energy barrier is
‘péssible;,a change in conductivity with a cﬂange in teméer&turé greater

than the .change in viscasity is to be expected.

SUMMARY
Evidence for the reversible photoinduced transfer of an electron
from a THF donor moleacule to a TCHE acceptor has been obtained from
. One of,

photo~E”R and photoconductivity measuraments. /the radicaksrormed was

identified from the hyperfine splitting of the_EPR signal to bé TCNE

. negative ion radical. <Calculations of the lonic velocities from EPR

.and conductivity data gave a reasonable agreement with values obtained ,

from calculationa based on Stokes' Law. The THF positive ion radical
was not detected by EPR. A pussible explanation for th;s is that the

signal was broadened by exchange o that it became undetectable.
, .
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Figure 1. Optical Absorption Spectra demonstratiﬁg the formation of a
charge-trans fer complex between tetracyanoetﬁylene and tetrahydrofuran.

a. 2 x 10=5 ¥ TCNE in CCly. b. 2 x 107> M TCNE in THF. ¢. 0.01 ¥ TCNE

in THF,.

_Figure 2. Photoconductivity apparatus. d. Block diagram of the .measuring o

device. b, Conductivity'céli (netal shielding is not shown).

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

for 0.01 M TCNE in THF varsus the relative light lnteﬁsity.

' Fipure 4. The steady-state value of EPR photosignal for a solution of

0.01 M TCNE in THF as a function of the light intensity. The log of the

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

Figure 5. Decay of the LPR photosignal for 0.01 M TCNE in.TﬁF. a. Linean.

plot of EPR'photosigﬁal versus time. b. The reciprocal of the EPR phéto-

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

order decay kinetics are followed.

';.Figure 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 M

" TCHE in THF. a. Steady-state photocurrent versus relative light intensity.
b. Steady~-state photocurrent versus the.sqﬁare root of the relative 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 0.09 volts.

Figure 9. Decay of the photocurfent for 0.01 M TCNE in THF. The reciprocal
of the photocurrent is plotted sgainst the time of decay. '0;69 volts is the

épplied potential.
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»Figure‘lo. ‘becay of the pBotocurrenf for~0.01 ﬁ.TCNE in THF, The
log of the photocurrent is plotted against the time of decay..-First
lorder decay is not followed. |
TFigure ll.s4Growth curve for the photoconductivity of 0.01 M TCHNE
‘iﬁ THE. (Signal level)/(Steady-state signal level)”is plofted aéainét?t
 time. The blgck dots inéicate the hyperbolic tangént of 0.12t.: The
~ applied potentiél was 0.09 volts. . |
Piguré 12.A’Thé growth of the phétocurrent fov'o.bl M TCNE in THF,
;’The inverse hyperbolic tangéﬁt of (ph§fpcurrant/steady-state photo-
_:current)'ié plotted against time. The abplied potentiél was 0;69 volts..
'fﬁ‘Figurells."Maximum phofocurient for 0.0l M TCNE in TuF as a fﬁnctioﬁ'

. of the apﬁliéd voltaée._ v
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< This report was prepared as an account of Government

3 : sponsored work. Neither the United States, nor the Com-
~ . - - . .
4 mission, nor any person acting on behalf of the Commission:
A. Makes any warranty or representation, expressed or

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

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

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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