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stabilizers. Normal operating conditions were employed.
The samples were degassed and sealed, under vacuum in
Pyrex tubes of ce. 5 mm. o.d., with ca. 2 of tetramethyl-
silane (TMS) as internal reference and a 1 mm, capillary
tubc containing degassed benzene as external reference
(ethylene sulfate was dissolved in a CCl,~CHC!; mixture).
Tlie position of the center of each multiplet in the spectra is
reported in parts per million (%=0.01) ou tlie scale in which
internal TMS is at 10 p.p.m., or 400 c.p.s. at 40 Mc.p.s.?
The internal TMS in ethylene sulfite solution is 263.0
c.p.s. removed from the external benzene. No correctious
were applied for differences in bulk magnetic susceptibility
of the sulfites and benzene.

The infrared spectra were recorded in conveutinnal fasl-
ion on a Beckman IR-4 iustrument equipped with sodium
cliloride and cesium bromide optics. The bands common
to the two propylene sulfite isomers were in cin.”l: cg.
2075m, ca. 1460m, 1393m, 1212s, (» §=0), 10571, 909W,
834s, 680m and 382m. The bands which were different
were for isomier i: 1333w. 1110w, 968s, 723m, 466m and
444m; and for isomer ii: 1140w, 1103w, 980m, 952m, 736m,
710w, 505m, 487m and 415m (s = stroug, m = medium.
w = weak intensity). These data are in reasonable agree-
ment with those infrared bands for a propylene sulfite
mixture which have been recorded previously.f

Dipole Moment.—The dielectric constants of dilute solu-
tions of ethylene sulfite in benzene (e) were measured at 25°
over the weight fraction (w) range of 0 to 0.1, using a Wis-
senscliaftlich-Teclinische Werkstatten Dipolemeter. type
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DM 01 operating at a frequency of 2 Mc.p.s. The linear
expression relating e and w, derived by the method of least
squares, was ¢ = 2.25 4+ aw, where @« = 13.96. By con-
ventional methods, the following expressions relating w
with the specific volume (v) and refractive index (n) of
the solutions at 25° were found: v = 1.1445 + BSw, where
B = —0.469 and » = 1.4977 + yw, where y = —0.0304.
Tlhe value 3.74 was calculated for the electric monitent
(u) of ethylene sulfite by substitution of the derived param-
eters «, 8 and v in the equation of Everard, Hill and Sut-
ton34 (M = mol.wt.)

1042 = M (92.0e + 1.58 — 279y + 1.7)
Benzene was of analytical grade redistilled under nitrogen.
Contact of the solutions with the atmosphere was avoided
as far as possible.
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Electrical and Magnetic Properties of Organic Molecular Solids.

III. Violanthrene

and Some Other Donors with the Acceptors o-Chloranil, Iodine and
Tetracyanoethylene!

By Davip R. KEarNS AND MELVIN CALVIN
RECEIVED OcTOBER 31, 1960

A study of tlie electrical and magnetic properties (and how they are affected by illumination) of violanthreuc as a donor

matrix with a variety of acceptor layers is reported.

The principal acceptor most thoroughly studied was o- -chloranil. A

reciprocal study also was made with o-chloranil as an acceptor matrix and phthqlooyanme as donor in a laminated configura-

tion.

Kinetics of photo-induced transients, both in terms of conductivity and inagnetic response. are reported.

All of the

results nay be interpreted iu terms of the transfer of electrons from the donor to the acceptor layer, giving rise to an orbi-
tal and electrostatically determiuned positive and negative ion and radical distribution on either side of tlie interface, respec-

tively.

Introduction

Both the development of our knowledge of the
electrical and magnetic properties of organic
molecular electron donor-acceptor complexes®—*
and the developnient of concepts for the function
of such complexes in biological energy transiorma-
tions, including photosynthesis® and muscle con-
traction,® have prompted a further investigation
of a configuration of molecules more closely re-
sembling the lamellar systems of biology.®® We
report here an investigation of the electrical,

(1) The work described in this paper was sponsored by the U. S.
Atomic Energy Commission,

(2) (a) G. Tollin, D. R, Kearns and M, Calvin, J. Chem. Phys., 32
1013 (1960); (b) D. R. Kearns, G. Tollin and M. Calvin, ¢bid., 82, 1020
(19€.0).

(3) (a) H. Akamatsu., H. Inokuchi and V. Matsunaga, Bull. Chen.
Soc. Japan. 28, 213 (1956): (b) Y. Matsunaga, ibid., 28,475 (1955).
and J. Chem. Phys., 80, 835 (1959).

(4) See proceedings of conference on *Electronic Conductivity in
Organic Solids," Duke University, Ap:il, 1860; to be publisherl by
Interscience Publishing Co., New York, N. Y., 1861,

(3) (a) Melvin Calvin, Rev. 3od. Phys.. 81, 147 (1950); 81, 157
(1939); (1) W, Arnold and R, K. Clayton, Proc. Natl. Acad, Sci U, S.,
46, 749 (1960).

(1) A. Szent-Gyorgyi, Raliation Research Suppl.. 2, 4 (1950),

photoelectric, magnetic, photomagnetic and spec-
troscopic behavior of a variety of donor-acceptor
systems in the laminated solid arrangement, that
is. a donor layer in contact with an acceptor layer
and a boundary established between them A
fundamental hypothesis underlying this work
and deriving some support from it is: While the
absorption of light in the charge transfer band by
a donor—acceptor molecular comnplex in solution (or
in the gas phase) might very well lead to the
“effective’’ transfer of an electron from one of the
components to the other, energy conversion or
storage cannot be achieved in this way beyond that
comprising an ordinary excited electronic molecu-
lar state. The return to the ground state (by
emission or thermal decay) is too easy and mpld
1f, however, the donor and acceptor components
are each part of a solid and probably ordered array,
charge separation inay occur following the charge
transfer act (resulting from light absorpt1011\ by a
process of electron and/or hole migration with con-
comitant “trapping” in tlie two respective phases.
Thus. the oxidized and reduced sites are not only
long lived but widely separated so that relatively
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Fig. 1.—Schematic diagram of a surface cell used for
most of the electrical measurements., The effective length
of the electrodes in the typical surface cell was 15 cm. with
a 0.02 cm. gap between the two electrodes,

independent chemical or electrical functions may be
performed by them. Some experimental and
theoretical basis for this is adduced in the Discus-
sion.

II. Violanthrene Systems

Conductivity Measurements.—Unless otherwise specified,
all of the conductivity measurements were made using violan-
threne surface cells described earlier?® and shown in Fig. 1.
Pure violanthrene (see Fig. 2) was applied to tlie cell elec-
trodes by vacuum sublimation and the exposed surface of
violanthrene could then be treated with the proper electrou
acceptor (doping agent), A very important aspect of this
type of cell construction is that the doping agent is sepa-
rated from the measuring electrodes by a relatively thick
layer (~5 X 10—* cm.) of violanthrene. The three electron
acceptors used were o-chloranil, iodine and tetracyano-
ethylene. These were usually dissolved in benzene and
then sprayed onto tlie exposed surface of tlie violanthrene
surface cell. Application of iodine or o-chlorauil to the
violanthrene film by sublimation produced essentially
the same clianges in the properties of the violanthrene film
as did the spray technique and therefore the latter method
was used since it allowed greater control over the amount
of material applied to a film.

The violanthrene? used for the preparation of the con-
ductivity cells was purified by vacuum sublimation in a
muffle furnace. The o-~chloranil and tetracyanoethylene
were used as obtained. Resublimed reagent grade iodine
was used without further purification.

In tlie measurements described below, 90 volts was applied
to the sample cell and the cell conductivity was measured
with apparatus described elsewhere.?» Photocurrent was
taken to be the difference between the current passing
through the cell in the dark and the current passing through
the cell during illuniination. The cell could be illuminatec
either through the electrodes, referred to as front face il-
lumination, or at the exposed surface of the violanthreue
(surface away from the electrodes), referred to as back face
illumination (see Fig. 1b).

Dark Conductivity. A. Variation with the Amount of
Electron Acceptor Added.—Various amounts of the three
electron acceptors o-chloranil, iodine and tetracyano-
ethylene were added to different violanthretie surface cells
(each containing 10~* -10—% mole of violanthrene®).

(7) Gift of Jackson Laboratory, Organic Chemicals Department,
E. I. du Pont de Nemours and Co., Wilmington, Del.

(8) The addition of o-chloranil to surface cells of phthalocyanine
varying in thickness between 10~4 and 10~? cm. produced the same
enhancement of conductivity (X 10%). Therefore in this range of
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Fig. 2.—Structural formulas of the compounds studied:
1, tetracene; II, pentacene; III, metal or nietal-free
phthalocyanine; IV, violanthrene: V, decacyclene: VI,
perylenie; VII, o-chlorunil; VIII, tetracyauocetliylene,

Since tlie effect of these electron acceptors on the violan-
threne dark conductivity was qualitatively the same (t.e.,
the shapes of the conductivity vs. ‘‘doping’’ curves were the
same), only the results of the violanthreiie~o-chloranil system
will be presented in detail. The variation of the dark cur-
rent passing through a violanthrene surface cell with the
amount of added o-chloranil is shown in Fig. 3. Quite
similar curves were obtained for the violanthrene-iodine
system and the violanthrene-tetracyanoethyleune system.
It is evideut from this curve that the addition of 3.5 X
10-% mole of o-chloranil canses the dark concluctivity to in-
crease by a factor of 8 X 105 over that of the pure film.
The same amount of iodine was found to produce a 4 X
105 fold increase, while this amount of tetracyanoethiylene
produced only a 4 X 103 fold increase in the dark conduc-
tivity. The variation of the curves witl different electron
acceptors is largely in tlie region at whicli saturation sets in.
When 6 X 10~% mole of o-chloranil was applied to a violan-
threne surface cell. approximately 102 anip. could be
drawn through the cell by the application of 90 v. 1If the
large dark currents observed in this systemnn were die to
ionic conduction, then 10~3 ainp. passing for about two
hours would be sufficient to remove 6 X 107% wole of ions.
The fact that 10~% ainp. may be passcd for days througlh o-
chloranil-doped violanthrene cells without an increase in
the cell resistivity is clear evidence that at least iu this case
the conduction must be electronic rather thau ionic.
Akamatsu, ef al.,% have already performed this experi-
ment with a solid complex of iodine-violanthrene aud have
reached the conclusion that conduction must be electronic

matrix thickness, the acceptor effect is exerted throngh 1he entire thick-
ness of the cell,
(9) D. R.Kearns and M, Calvin, J. Chem. Phys., June, (1961),
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current and unpaired spin concentration with the total R P
amount of o-chloranil added to tlie surface cell liolding e
~10~% mole of violanthrene. N
and not ionic. Our iodine-violanthrene surface cell was
not stable over long periods of time so that the same ex- T
20 ER) 6C sl 3 120

periment was not possible with this syvstem. Akamatsu,
et al.,® report that the substitution reaction of iodine does
not take place with violanthrene so that the instability of
our iodine-violanthrene syvstem is probably due to evapora-
tion of iodine off the violauthrene surface.

Tlie resistance of a violanthrene cell doped with 3 X
103 mole of tetracvanoethylene was not found to increase
after a current 4 X 1075 amp. had passed through the cell
for several days. Again, we conclude that the conduction
must be electronic rather than ionic.

B. Temperature Dependence.—Inokuchi! has found the
temperature dependence for tlie dark current 7, of pure vio-
lanthrene

I = Ioe—2¢/kT, with Ae = 0.85 e.v. (@8]

We found a similar logarithmic temperature dependence of
dark conductivity for the doped violanthrene surface cells
with A¢ = 0.2 e.v. for o-chloranil, 0.25 e.v. for iodine-doped
violanthrene. Akamatsu, et al.,% already have studied the
electrical properties of the violanthrene-iodine system using
a sandwich cell arrangement and found Ae to be 0.07 e.v.
The iodine surface cell is particularly unsuited for a study of
the temperature dependence of the conductivity so it is not
certain that the differences between the activation energies
which we measured and those measured by Akamatsu are
significant, particularly in view of the differences in geom-
etry.

Photoconductivity, A. Variation with the Amount of
Electron Acceptors Added.—The variation of tlie steady
state photoconductivity with the amount of electron ac-
ceptor added was studied and the results for the o-chloranil-
violanthrene system are shown in Fig. 3. Results obtained
with the iodine-violanthrene and tetracyanoethylene-
violanthrene system were again qualitatively the same.
In all three cases it was found that doping enhances the
photocurrent produced by back face illumination more than
that for front face illumination.

Aunother factor of importance was that tlic increases in
both the dark and the photoconductivity occurred rapidly
(~380 sec. or faster) after doping, in all three cases; &5 X
105 mole of either o-chloranil or iodine when added to a
violanthrene surface cell produced about a 105-fold increase
in photocurrent while a similar amount of tetracyano-
ethylene produced only a 103-fold increase in tlie photocur-
rent.

B. Temperature Dependence.—The temperature de-
pendence of the steady state photocurrent was measured
only for the violanthrene-o-chloranil system. It had the
same functional dependence as did the dark current (see
eq. 1) with an activation energy of 0.2 e.v. No data were
taken for the temperature dependence of the photocurrent
in the iodine- or tetracyanoethyvlene-violanthrene systems.

C. Kinetics.—Following illumination, the photocur-
rent decreased to zero and in all three cases the current
decayed exponentially with time. Furthermore, the room
temperature—-tinie constant associated with the pliotocurrent
decay was 63 sec. for o-cliloranil-violanthrene and 60 sec.

(10) H. lnokuchi, Bull. Chem. Soc. Japan, 24, 222 (1951).

TWE N STIONS,

Fig. 4.—Semi-log plots of the time dependence of photo-
conductivity and light induced e.s.r. in violanthrene (~10~5
mole) treated with approximately 3 X 1075 inole of o-
chloranil.

for tetracyanoethylene-violanthrene. Accurate room tem-
perature data were not obtainable with the iodine-violan-
threne system. However, a time constant of 45 sec. was
measured at —40°. Corresponding to this a 44 sec. time
constant was observed for the o-chloranil-violanthrene sys-
tem at —40°. Wlien the temperature of an iodine-violan-
threne cell was lowered to —60°, the photocurrent decay
constant was decreased to 26 sec. In Fig. 4 the photocur-
rent decay data for an o-chloranil-violanthrene surface cell
are shown. A summary of the photocurrent time constants
for the three systems is presented in Table I.

TABLE I

COMPARISON OF PHOTOCURRENT AND PHOTO E.5.R. LOGA-
RITHMIC DEcAY CONSTANTS 7, (N = Noe™U/7)
Violanthrene was the donor molecule used witli one of the
three electron acceptors o-chloranil (0-Q), iodine (I.) or tetra-
cyanoethvlene (TCNE)

7 (seconds}
~—Photocurrent— ~—Photo e.s.r.——

T.°C. 0-Q I, TCNE 0-Q I+ TCNE
+25 63 . 60 68 69 67
—40 44 45

—60 . 26 . . -

—75 o o . 18 18

D. Intensity Dependence.—The steady state photo-
current at various light intensities was measured for a
violanthrene surface cell doped with 6 X 10~% mole of o-
chloranil. An interference filter was used to restrict the
exciting light to the range 4500~5500 A. and neutral density
filters were used to vary the light intensity. As can be
seen from the data presented in Fig. 5, the photocurrent
varied linearly with the light intensity.

Electron Spin Resonance.—Electron spin resonance
measurements were carried out with a previously described
spectrometer!! in which samples could be illuminated while
in the spectrometer cavity. The two types of samples
used for these measurements were prepared as: (a) film
samples: prepared by vacuum sublimation of violanthrene
onto a glass support followed by treatment witlt the desired
electron acceptor; (b) powder samples: prepared by
grinding a mixture of desired composition of violanthrene
and the electron acceptor.

A. Variation of the Unpaired Electron Spin Concentra-
tion with the Amount of Electron. Acceptor Added.—Un-

(11) P. B. Sogo. N. G. Pon and M. Calvin, Proc. Natl. Acad. Sci.,
U. S.. 43, 387 (1947).
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Fig. 5.—Intensity dependence of the steady-state photo-
current and photo-e.s.r. in violanthrene (~10~% mole)
treated with o-chloranil (~10~% mole). In the photocur-
rent measurements, the niaximum light intensity used was
3 X 10% quanta/sec. of red light. The intensity of light
impinging on the sample in the e.s.r. spectrometer was not
measured.

treated violanthrene film samples were found to contain a
measurable number of unpaired electron spins. The con-
centration of these spins increased with the length of time
the sample was exposed to air. Freshly prepared samples
contained less than 0.19, of the concentration of unpaired
spins produced by doping with the weakest of the three
electron acceptors, TCNE. The addition of any one of the
three electron acceptors to a film of freshly sublimed violan-
threne produced a large concentration of unpaired electron
spins which increased when the amount of electron acceptor
was increased. This effect is shown for the o-chloranil—
violanthrene system in Fig. 3 along with the results of the
conductivity measurements on this same system. Similar
results were obtained with the iodine- and the tetracyano-
ethylene~violanthrene systems.

The absolute concentration of unpaired electrons in
powdered samples of violanthrene with approximately 509,
by weight electron acceptor was estimated from the ratio
of the absorption intensity of the complex to that of a DPPH
sample containing 3 X 10!% unpaired electrons. The ratio
of no. unpaired spins/no. of violanthrene molecules was
(see col. 5, Table II): violanthrene-iodine, 0.27; violan-
thre?e—o—chloranil, 0.01; violanthrene-tetracyanoethylene,
0.001.

We see (Table II) that there is a correlation between num-
ber of unpaired spins produced by an electron acceptor
when it is added to violanthrene and its effect on both the
dark and photoconductivity of the violanthrene.

B. g-Values.—The Mn™*2 ion in MgO exhibits an elec-
tron spiu resonance (e.s.r.) absorption spectrum consisting
of 6 main lines with a splitting of about 84 gauss between
lines. The two-center lines were measured and found to
have g-values of 2.031140 % 0.0001 and 1.98150 == 0.0001,
respectively.!?  Samples of MgO containing Mn *2 supported
in polyethylene film were placed in contact with the organic
samples during the electron spin resonance measturements.
From the position of the center of e.s.r. absorption due to
the organic donor-acceptor system relative to the positions
of the two center lines of the Mn** absorption, it was pos-
sible to calculate the g-value of the unpaired electrons in the
organic systems.

Using this method a g-value of 2.0037 % 0.0002 was ob-
tained for a polycrystalline sample of DPPH, in good agree-
ment with the results of others.*? The results of the g-value

(12) We areindebted to John Eastman for these results on the Mn *+
ESR absorption and for the use of this standard sample prepared ac-
cording to R. O. Lindblom, Thesis, University of California, Berkeley.
1959
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Fig. 6.—Effect of illumination with white light on the
e.s.r. signal in o-chloranil-treated violanthrene. The curve
represents unpaired spin concentration vs. time.

measurements on film and powder samples of the three
violanthrene-acceptor systems are given in column 3 of
Table II.

C. Line Width.—The line width at maximum slope of
the e.s.r. absorption in the three violanthrene-acceptor
systems was calculated by comparison with the splitting
between lines in the Mn ™2 spectrum. The results of meas-
urement on both powder and film samples are shown in
column 4 of Table II.

Photo-electron Spin Resonance.—When a film sample
of violanthrene treated with any one of the three electron
acceptors was illuminated in the electron spin resonance
spectrometer cavity, a reversible change in the unpaired
spin concentration could be observed. In the case of o-
chloranil or tetracyanoethylene treated violanthrene, the
effect of light was to increase the number of unpaired elec-
tron spins; however, in the case of iodine-violanthrene sam-
ples, light decreased the number of unpaired electron spins.
The photo-induced changes in the unpaired spin concentra-
tion in the three systems amounted to several per cent. of
the total unpaired spin concentration in the dark; these
are coflected in column 6 of Table II. This effect is shown
in Fig. 6 for an o-chloranil-treated violanthrene film.

Following illumination, the spin concentration in each of
the three cases returned to its steady-state dark value ex-
ponentially with time, with a room temperature decay
constant of 67-69 sec. At —75° the time constant for
photo spin resonance decay was 18 sec. for both the o-
chloranil- and iodine-violanthrene systems. The photo-
e.s.r. decay data for the three systems are summarized in
columns 6 and 7 in Table II.

The light intensity dependence of the photo-induced un-
paired spin concentration was measured for the o-chloranil—
violanthrene film sample, and the results of these measure-
inents are shown in Fig. 5. As one would expect for a proc-
ess with unimolecular decay kinetics, the photo-induced
unpaired spin concentration varied linearly with the light
intensity.

Spectral Study.—The rather large concentration of
unpaired electron spius found in the o-chloranil- and iodine-
violanthrene systems suggested that the species giving rise
to the unpaired electron spins in these systems might be
detectable by a study of the solid state absorption spectrum
in the visible region. 1In the experiments described below,
films of violanthrene on glass slides were prepared by
sublimation. These filmed slides were then placed in a
Cary model 14 spectrophotometer and absorption spectra
were measured. The absorption spectrum of a violanthrene
film is shown in curve A of Fig. 7a. The slides then were
removed and the exposed surface of the violanthrene film
was then treated with one of three strong electron acceptors:
BF;, o-chloranil or iodine. The BF; was applied by exposing
the violanthrene slide to a BF; atmosphere. The o-chloranil
and iodine were applied by sublimation. When solutions
of the electron acceptors were spraved onto the violanthrene
film, the film was somewhat disrupted and much light was
scattered. After treatment with one of these three com-
pounds, the samples were returned to tlie Cary spectropho-
tometer and absorption spectra were remeasured. A sample
holder was constructed for the spectropliotometer so that
the samples always were held in the same position relative
to the light beam before and after treatments. This elimi-
nated errors which might be caused by the variation of film
thickness at different points of the film. In Fig. 7a, curves
B, C, D, give the difference between the absorption spectra

(13) D. J. E. Ingram, "Free Radicals Studied by Electron Spin
Resonance,”” Butterworths Scientific Publications. London, 1958, p.
136.
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Line
width
(gauss)

428
6.7 A

4.28

3.4
6.7
N.m.
5.8

i Treated with 10~% mole of acceptor.
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.00005 N.ni1. N.m. N.m,
.008 I(49%) 69 63
.27 D (29%) 69
L0008 I1(10%) 67 60
.0003 N.m.
.0005 N.m. N.m. N.m,
.012 N.un. N.m. N.m.
.001  N.. N.m. N.m.
.14 N.m. N.m. N.m.
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b S = synimetric line shape, A = asynumetric line shiape.
¥ Treated with 2 X 10~% mole of acceptor.

9

Current (amp.) passing through std. surface cell with 90 v. applied

DCe

10~
5 X 10-3

1.2 X 10~*
8 X 107*
7 X 108
2.5 X 10~*

3 X 10°%

2 X 10°®

6 X 107

¢ D = decrease.

DCe

PCr DCh
10—+ (5 X 108%)
4 X 10—¢
3 X 100 (X 10%)
2 X 10~% (X 4000)
7 X 1078 (X 140)
2 X 10" (X 3)
1.5 X 10* (X 10)
5X 1077 (X 104)
6 X 10T (X 400)

41 = increase.

¢ DC = dark current.

PCyo

i Mole of
PCh

acceptor added

X (6 X 104 2 X 10°%

(X 2.5 X 10%) (X 7 X 108) Subl. layer

(X 400) 10—+

(X 300) 6 X 108
(X 35) + 108
(X 3) 3 X 108
(x 10) + 10t

{X 4 X 10%) 6 X 10°%

(2 X 10%) 108
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N.m.

N.m.
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7
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N.m.
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of tlie pure violanthrene films aud the same films after treat-
ment with BF;, o-chloranil or iodine. Quite clearly, addition
of any of tliese three electron acceptors to a violantlirene filin
produces tlie same new absorption band with a inaximum at
approximately 7200 A.; BF; produces the strougest ahsorp-
tion wlicreas o-cliloranil aud iodine result in smaller but
nearly equivalent changes in tlie violanthreue absorption
spectra.

From tliese spectra we conclude that the addition of any
one of tliese three electron acceptors to violauthrene leads
to the production of a new species which is tlie same in all
tliree cases. Furtliermore, since the electron acceptor
is different in all three cases, the new absorption baud can-
not be attributed to tlie electrou acceptor species or evet to
the formation of a cliarge transfer complex between violan-
tlirene aud the electron acceptor.'* But, ratlier, we 1nust
attribute tlie 11ew absorption band to the formation of a
new violauthrene species wliich is the same regardless of
which electron acceptor is used to produce it.

Tlie question now arises as to the identity of tlie new
violanthrene species. The solid state jonization potential
(Iso1iq) of violanthrene has been measured!® and found to
be approximately 4.8 e.v. and the solid state electron af-
finity (E1ia) of o-chloranil was estimated to be at least
4.6 e.v. On the basis of these values, one would expect
the addition of o-chloranil to violanthrene in the solid state
to lead to tlie trausfer of electrons from violauthrene mole-
cules to o-chloranil molecules and the production of violan-
threne positive ions and o-cliloraunil negative ions., It is
therefore quite likely that the 7200 A. absorption in the
violanthrene—o-chloranil system is due to violanthrene posi-
tive ions; BF; is quite a strong electron acceptor and has
even been used to produce the positive ion of various aro-
matic hydrocarbons in solution.l®a.b It7isfcertainly reason-
able tliat addition of BF; to violanthrene in the solid state
will produce violanthrene positive ions. Ou the basis of
these arguments, we conclude that the violanthrene posi-
tive ion is responsible for the new absorptiontproduced by
addition of iodine to violanthrene.

An examination of the absorption spectra of violanthreite
dissolved in concentrated sulfuric acid provides additional
evidenice that the 7200 A. solid state absorption in the
violanthrene—electron acceptor systems is due to violan-
threlte positive ions. Weijland! has carried out a thorough
study of the sulfuric acid solution spectra of a number
of aromatic hydrocarbons. In the case of anthracene,
tetracene and perylene, it appears that the formation of a
proton adduct runs parallel to the formation of tle hy-
drocarbon positive ion. In the case of perylene and tetra-
cene, however, the proton adduct spectrumn disappears
after a short time.

In our experiments, when the violanthrene was initially
dissolved in concentrated sulfuric acid, the solution had
absorption bands at 6400 and 6600 A. The 6400 A. ab-
sorption disappeared in about one-half hour, and at the
same time the 6600 A. absorption band became more in-
tense (see Fig. 7b). After a period of 8 hours the 6600 A.
absorption also disappeared. Due to the similarity in the
spectral behavior of the violanthrene in concentrated sul-
furic acid with the spectral behavior of other aromatic
hydrocarbons in concentrated sulfuric acid, we are tempted
to ascribe tlie 6400 A. absorption to a proton adduct of
violanthrene and ascribe the 6600 A. peak to the violan-
threne positive ion in sulfurie acid solution.

Jacobs and Holt!® found that the absorption spectrum of
crystalline ethyl chlorophyllide a is shifted by as much
as 870 A. to the red of the acetone solution spectrum of
ethyl chioropliyllide a. If the 6600 A. absorption is due
to violanthrene positive ions in solution, then 7200 A. is
not unreasonable for the absorption band of violanthrene
positive ions immersed in a solid matrix with a high fre-

(14) G. Briegleb and J. Czekalla, Angew. Chem.. 72, 401 (1960).

(15) D. R. Kearns and M. Calvin, J. Chem. Phys.. June, (1861),

(18) (a) W. Ij. Aalsberg, Thesis, Some Aspects of the Formation of
Aromatic Hydrocarbon Positive lons. Amsterdam, 1860; (b) W. 1j.
Aalsberg, G, J. Hoijtink, E. L. Makor and W. P, Weijland, J. Chem.
Soe.. 3055 (1959).

(17) W. P. Weijland, Thesis. Investigations on the Electronic Spec-
tra of Alternant Aromatic Hydrocarbon Positive and Negative Ions,
Amsterdam. 1960.

(18) E. E. Jacohs and A. S. Holt. J. Chem. Phys., 20, 1325 (1952),

V1OLANTHRENE AS A DDoNor MATRIX

2115

. 1 . ab A
z : ] \
z H a
2 i g
5 3 H 1 a8 3fF J
: |
=4 }’r Z(J [ ‘\
S b ] !
g2 Y S
L i ! B % |
<] i s
| H oot \ |
! it L/ l
HE SRR T \
i \ S\ \
ok . DS a s .
%000 £000 10£00 5000 7000 9000
INIRT¥S EE: B

Fig. 7a (left).—A, solid state absorptiou spectrum of pure
violanthrene; B, difference between the solid state absorp-
tion spectrum of violanthrene treated with BF; and that of
pure violantlirene; C, difference between the solid state
absorption spectruni of violanthrene treated with o-cliloranil
aud that of pure violautlirene; D, difference between the
solid state absorption spectrum of violanthrene treated
with iodine and tliat of pure violantlirette.

Fig. 7b (right).—Absorption spectrumi of violanthreue
dissolved in concentrated sulfuric acid for one hour.

quency dielectric constant much larger than that of sulfuric
acid. Tle sulfuric acid solution data do support tlie 11otion
that the 7200 A. absorption baud in the solid violanthrene—
electron acceptor systems is due to tlie violanthreue positive
ions. We will find this information particularly useful
when we try to interpret the solid state electrical and mag-
netic behavior of the violantlirene-electron acceptor systems.

III. Other Donor Matrices Treated with Electron
Acceptors

The results of a detailed study of the electrical
and magnetic properties of films of metal-free
phthalocyanine treated with o-chloranil have al-
ready been presented elsewhere.?® In this section
we shall present the results of a study of some
electrical and magnetic properties of the donors
tetracene, pentacene, decacyclene and perylene
(see Fig. 2) with the three electron acceptors,
o-chloranil, iodine and tetracyanoethylene. Some
results on the iodine- and tetracyanoethylene-
phthalocyanine systems will also be presented in
this section.

Conductivity Measurements. A. Dark Conductivity.—
Surface cells of the donor molecules were coustructed and
treated with one of the three electron acceptors in exactly
the same mauner as described in the section on violanthrene.
The variation of the dark conductivity with the amount of
electron acceptor added was studied for the o-chloranil-,
iodine- and tetracyanoethylene-tetracene systems and for
the o-chloranil-pentacene system. In each case curves
of dark current as a function of amount of electron ac-
ceptor added were qualitatively similar to those obtained
for the violanthrene systems (see Fig. 3). As an arbitrary
index of the effect of an electron acceptor on the dark con-
ductivity of a particular donor, we have used the ratio of
the dark current with 10~% mole of acceptor added to the
cell to the dark current after only 2 X 10~ mole of acceptor
had been added to the cell. (The question of the purity
and conductivity of “undoped’’ material is unresolved.)
These dark current ratios for the various systems studied
are presented in column 10 of Table II. In column 9 of this
table, we have given the current passing through surface
cells of the various donors after they had been treated with
the amount of electron acceptor indicated. Included
in Table II (column 9) are the ratios of the dark currents
obtained in the heavily treated donor surface cells compared
to those of the “pure’’ donor cells.
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Fig. 8.—Spectral response of the steady-state photocurreut
of o-chloranil with 2.5 mole 9, phthalocyanine.

B. Photoconductivity.—The variation of the photo-
conductivity with the amount of electron acceptor was
studied for the o-chloranil-, iodine- and tetracyanoethylene-
tetracene system as well as for the o-chloranil-pentacene
system. Again, with each of these systems, the variation
of the photocurrent with the amount of electron acceptor
added was entirely similar to the results obtained with the
three violanthrene systems (see Fig. 3). As an index of the
effect of an electron acceptor on the photoconductivity,
we have used the ratio of photocurrent obtained from a
cell treated with 10~% mole of acceptor per cell compared
with the photocurrents obtained from a cell treated with
2 X 10~% mole of electron acceptor. These data appear in
column 11 of Table II. The photocurrent passing through
a standard surface cell (sce Fig. 1) treated with the amount
of electron acceptor indicated, and with 90 volts applied
to the cell, is given in column 9 of Table II.

Neither the temperature dependence of the photocon-
ductivity nor the kinetics of the photocurrent decay were
studied for the tetracene or pentacele systems.

Electron Spin Resonance. A. g-Value, Line Width and
Unpaired Electron Spin Concentration.—Both film and
powder samples of the donor—acceptor complexes were used
for the electron spin resonance studies. The g-value and
line width of the electron spin resonance and the concentra-
tion of unpaired electrons were measured for most of the
possible donor-acceptor combinations using the three
electron acceptors, o-chloranil, iodine and tetracyano-
ethvlene with the five electron donors metal-free phthalo-
cyvanine, tetracene, pentacene, decacyclene and perylene.

The methods used to measure g-values and line widths
are described in the violanthrene section, and tlie results
of these measurements appear in columns 3 and 4, respec-
tively, of Table II. Unpaired electron spin concentrations
in powdered samples of the various donor-acceptor com-
plexes containing approximately 509 by weight acceptor
were estimated by comparison of tlie intensity of e.s.r.
absorption of the complexes with that of a DPPH sample
containing 3 X 10' unpaired electrons. The results of
these measurements appear in column § of Table IT where
the number of unpaired electrous per donor molectle
present is given.

B. Photo-electron Spin Resonance.—The effect of light
on the unpaired electron spin concentration in lamellar
samples of metal-free phthalocyanine treated with o-
chloranil has been studied previously.? Light was found
to reversibly decrease the unpaired electron spin coucentra-
tion; the return of the spin concentration to its steady state
dark value after the light was turned off followed unimolecu-
lar kinetics. The room temperature-time constant as-
sociated with this decay was ~#85 seconds. At —100° it
was 36 seconds. Tlie effect of liglit on the uupaired elec-
tron spin concentration in film samples of metal-free plitlial-
ocyanine treated with ioditle or tetracyanoethylene has now
been measured, and again it was found that light reversibly
decreases the unpaired electron spin concentration in both
cases. Tlie photo-e.s.r. in the plithalocyanine-tetracyano-
ethylene system followed unimolecular kinetics with a room
remperature time constant of ~60 sec.

The effect of light on the unpaired electron spin corcen-
tration in o-chloranil- and iodine-tetracene systems was
also measured. The unpaired spin concentration was
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increased by light when o-chloranil was the acceptor, but
decreased when iodine was the acceptor.

The effect of light on the unpaired electron spin concen-
tration in the various systems studied is indicated in column
6 of Table II along with the percentage change in the un-
paired electron spin concentration as a result of illumination.
The room temperature photo-e.s.r. time constants for a
few of the systeins are given in column 7 of Table II.

0-Chloranil Matrix: The Effect of Added
Electron Donor

Iv.

In the following series of experiments, the roles
of the donor and acceptor layers were reversed,
in that surface cells of the electron acceptor, o-
chloranil, were constructed and then treated with
the electron donor, phthalocyanine. The addition
of phthalocyanine was achieved by first covering
the back surface of an o-chloranil surface cell with
a fine layer of powdered phthalocyanine and then
heating the cell to the o-chloranil melting point for
a few seconds. This produced cells in which the
phthalocyanine was located primarily on the back
surface of the o-chloranil layer. In certain cases
surface cells were constructed using powdered o-
chloranil that contained an admixture of 2.5 mole
9, phthalocyanine. Surface cells were constructed
from the powdered mixture by simply heating this
material on a sample cell. Sandwich cells were
constructed by compressing the mixture between
two stainless steel pistons contained in a glass sleeve.

Dark Conductivity.—Tle specific conductivity of pure
o-chloranil, as measured in a sandwich cell, was found to
be 10~ @-lem.”!. The temperature dependence of the
conductivity obeved the relation ¢ = goe~a¢/*T with Ae
—1.5 e.v. When 2.5 mole 9, of phthalocyanine was
admixed with o-chloranil and formed into a saudwich cell
as described above, the specific conductivity increased from
1071 to 2 X 10770~tcm.~l, When a surface cell of o-
chloranil treated with phthalocyanine on the back surface
was cooled from 25 to —50°, the specific conductivity de-
creased by a factor of 11. Assuming an exponential tem-
perature dependetice of ¢ = gpe~ae/kT, a Ae of 0.2 e.v. may
be calculated.

Photoconductivity.—The photoconductivity of a surface
cell of pure o-chloranil was found to be too small to obtain
a spectral response curve. When a surface cell was il-
luminated (front face) with 10V quanta/sec. of 6000-7000
A. light, a photocurrent of 6.6 X 107t amp. was observed
with 90 v. applied to the sample. Under these same condi-
tions, the surface cell of o-chloranil doped with phthalo-
cvanine produced a photocurrent of 3.3 X 10~% amp., repre-
senting an increase of 5 X 10% in photoconductivity due to
doping with phthalocyanine. When the temperature of this
sample was lowered from 25 to —50°, the photocurrent also
decreased by a factor of 11, indicating an activation energy
for photoconduction of ~0.2 e.v.

The spectral response of the photoconductivity for the
above surface cell is shown in Fig. 8 for back-face illumina-
tion. Tlie phthalocvanine was fairly well localized to the
back surface and the spectral response of the photocurrent
resulting fromn illumination of this face corresponds to tlie
phthalocyanine absorption spectrum.

Electron Spin Resonance.—Pure o-chloranil had no
observable 1paired electron spin concentration (<10
spins/g.); however, phthalocyanine-doped o-cliloranil had
a high spin concentration. The shape of the spin resonance
absorption was identical to that observed in the o-chloranil
doped phthalocyaitine samples.?2 Spin resonance measure-
ments indicated a spin concentration of 3 X 10t spins/g.
in tlie sample used in the sandwich cell conductivity measure-
ments described above. There were 2 X 107* mole of
phthalocyanine per gram of this sample, and thus 3 X
107 spins/g. corresponds to 1 unpaired spin per 400 phthalo-
cyvanine molecules.
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V. Discussion and Conclusions

Dark Reactions.—Consideration of the solid state
ionization potential of violanthrene (~4.6 e.v.)
and the solid state electron affinity of o-chloranil
(~4.6 e.v.) suggests that the formation of viol-
anthrene monopositive ions and o-chloranil mono-
negative ions in the solid state is energetically
possible. The absorption spectra of violanthrene
films treated with o-chloranil tends to confirm this.
Analysis of the absorption spectra of violanthrene
films treated with iodine vapor indicates that
electron transfer also occurs in the violanthrene-
iodine system with the formation of some negative
ion species of iodine and violanthrene monoposi-
tive ions. Consequently, the rather large electron
spin resonance absorption observed in the o-
chloranil- and iodine-violanthrene systems can be
explained in terms of the formation of monopositive
ion-radicals of violanthrene and mononegative ion-
radicals of the electron acceptor. The fact that the
tetracyanoethylene—violanthrene system also shows
electron spin resonance absorption suggests that
transfer of electrons from violanthrene to the
tetracyanoethylene takes place to some extent.
The exact nature of the species which are believed
to give rise to the observed electron spin resonance
will be discussed later.

In a similar fashion, the electron spin resonance
absorption observed in the various other donor-
acceptor systems studied is presumed to be due to
the formation of monopositive donor ion-radicals
and mononegative acceptor ion-radicals. The
solid state electron affinity of o-chloranil is prob-
ably as large, or larger, than the solid state ioniza-
tion potential of any of the six electron donors
used!® (column 1, Table II). Therefore, in any
one of these six donor—o-chloranil systems we should
expect loss of electrons from the donor layer to the
o-chloranil layer. Solid state electron affinities are
not available for either iodine or tetracyanoethylene
so we are not able to predict on this basis alone
whether or not electron transfer from any one of
the donors to these two electron acceptors would
take place.

The electron transfer reaction which takes place
when a donor and acceptor layer are placed in
intimate contact with each other may be repre-
sented by the equation

Di+ Ay = [D#™A#] = D+ A~ (2)
(singlet or triplet) (doublet) (doublet)

where D; and A; represent neutral donor and ac-
ceptor molecules located at the donor-acceptor
interface, [D?*-A®"] represents a charge transfer
complex and D+ and A~ are singly charged donor
and acceptor molecules, respectively. As indi-
cated by this equation, partial separation of charge
is accomplished by the formation of a charge trans-
fer complex at the interface of the donor and ac-
ceptor layers. The degree of charge separation
in the complex will determine the energy required
to overcome completely the coulombic attraction
between the positive and negative charge. The
polarization energy associated with separated
charge is greater than that for a dipole!®? and for

(19) Bottcher, " Theory of Electrical Polarization.’’ Elsevier Pub-
lishing Co., Amsterdam, 1952.
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this reason the coulombic energy involved in
completing the charge separation initiated in
complex formation may be more than compensated
for by a gain in polarization energy. The measured
values of the solid state donor ionization potentials
and the estimated o-chloranil electron affinity
have already indicated that this should be the
case in the o-chloranil-donor systems. Migration
of charge in both layers may now take place by
migration of electrons between identical molecular
sites within a particular layer.

Once the positive and negative charges have
moved several molecular diameters into the donor
and acceptor layers, respectively, there will be only
a small coulombic attraction between charges when
the total amount of charge transferred is small,
and the positive charges will be free to move
throughout the donor layer as will the negative
charges in the acceptor layer. It is postulated that
the observed large increases in the dark conductivity
of donor surface cells produced by the addition of
electron acceptors to the back side of the cell
are due to the production of mobile positive
charges in the donor layer. In view of the geome-
try of the surface cell (see Fig. 1), it is reasonable
that mobile charges in the region of the donor layer
near the electrodes (conducting region) would make
a larger contribution to the cell conductivity than
would charges located some distance from the
electrodes, 7.¢., near the back face of the donor
layer. Based upon results of studies of phthalo-
cyanine surface cells of varying thickness,® we
presume this conducting region to be a laver ex-
tending about 10—® cm. back from the electrode
surface. It was shown with phthalocyanine, that
if a surface cell is made thick enough, mobile
carriers photo-produced at the back face make
almost no contribution to the cell conductivity.
The existence of such a conducting region in the
other donor surface cells is indicated by the fact
that front face illumination of a pure donor surface
cell always produced larger photocurrents than
did back face {llumination.

As the number of electrons transferred from the
donor layer to the acceptor layer increases, an
electric field opposing the electron transfer de-
velops. When the work required to move an
electron against this electric field from the donor
to the acceptor layer becomes equal to the energy
gained from performing such an electron transfer
in the absence of a field (Zsoia — FEsona), then the
net electron transfer will cease. A second con-
sequence of the development of this electric field
will be that positive or negative charges formed in
the donor and acceptor layers, respectively, will
tend to remain near the donor-acceptor interface.

On the basis of the proposed mechanism (eq.
2) there are several reasons why we expect the
conductivity in the donor layer to be a sensitive
function of the acceptor layer thickness. In the
first place, the energy of negative charges in the
acceptor layer will be lowered by increasing the
number of polarizable molecules around them.
If, as indicated in eq. 2, we assume that an equi-
librium exists between charges located in the donor

(20) L. E. Lyons, J. Chem. S oc., 5001 (1957).
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Fig. 9.—Hypothetical distribution of cliarges in a lamellar
donor-acceptor system.

and acceptor layers, then the donor layer charge
concentration will be a very sensitive function of
acceptor layer thickness since the ‘‘equilibrium
constant” for eq. 2 depends exponentially on the
energy of the ions relative to the energy of the
neutral molecules. This effect will probably be
important for acceptor layers between 1 and ~10
miolecules thick. The application of ~107% mole
of o-chloranil to a standard surface cell produces a
layer about ~10 molecules thick.

A second effect of increasing acceptor layer
thickness is to provide more sites for negative
charge in the acceptor layer. If we assume an
equilibrium exists between charges in the donor
and acceptor layers, this will also lead to an
increase in the concentration of charge in the donor
layer. This second effect could be important over
a large range of acceptor layer thickness. However,
since, charges in the two layers will tend to reside
near the donor—acceptor interface, increase of the
acceptor layer thickness beyond a certain point
will have little effect in increasing the volume avail-
able to negative charges in the acceptor layer.

Thus, if we assume that an equilibrium exists
between charges located in the donor and acceptor
layers, we can understand qualitatively the varia-
tion of the donor layer conductivity with the ac-
ceptor layer thickness. This also explains why
there are significant quantitative differences be-
tween different donor—acceptor systems since the
equilibrium constant for electron transfer will be
very sensitive to the ionization potential of the
donor and the electron affinity of the acceptor.

As a result of the tendency of charge to ac-
cumulate near the donor—acceptor interface and as
a consequence of the fact that the polarization
energy of a double-charged ion (P4. ) is four times
that of a single-charged ion (P4),* the following
reactions may be important

2D+ > D*+ + D (3)

AT A4+ A (4)
D++ is a dipositive donor molecule ion, A= is a
dinegative acceptor molecule ion, and both should

be diamagnetic since they contain an even number
of electrons. The polarization energy (Py) of
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a singly-charged ion in an aromatic crystal has been
found to be approximately 1.9 e.v.® Thus, re-
action 3 will be important if the work required to
remove an electron from a donor positive ion, does
not exceed the first ionization potential of the donor
by more than about 3.8 ev. (Py. — 2P, =
2P, = 3.8 e.v.). The solid state ionization po-
tential of violanthrene has been measured and found
to be ~4.6 e.v., indicating a gaseous ionization
potential of 6.5 e.v. If the gaseous appearance
potential for violanthrene dipositive ions is less
than ~17.0 e.v., then reaction 3 will be exergonic.
For reaction 4 to take place spontaneously, the
gaseous electron affinity of the neutral acceptor
molecules must not exceed the electron affinity of
the acceptor negative ion by more than ~3.8 e.v.
In the case of ¢-chloranil, the gaseous electron
affinity can be estimated from solid state electron
affinity measurements to be ~+-3.0 e.v.’® Con-
sequently, if o¢-chloranil negative ions have an
electron affinity in the gas phase of ~—1.0 e.v,,
then reaction 4 will also be exergonic.

We would expect the concentration of doubly
charged ions in the region near the donor—acceptor
interface to be higher not only because reactions
3 and 4 are favored in this region, but also because
the electric field produced across the donor-ac-
ceptor layers would pull the doubly charged ions
into this region more strongly than singly charged
ions. A hypothetical distribution of charge is
shown in Fig. 9. As indicated in this figure the
conductivity electrodes are located at some distance
f, from the donor-acceptor interface so that, ac-
cording to the diagram, the large increases in tlie
dark conductivity of a violanthrene surface cell
which result from the addition of an electron ac-
ceptor are due to the production of a large con-
centration D+ and/or D++* ions in the vicinity of
the electrodes.

The above mechanism predicts that unpaired
spin concentration and dark conductivity should
increase concomitantly, but that a strict one to
one relationship between spin concentration and
number of carriers need not exist. The degree
to which we can equate spin concentration and
effective charge carriers will depend upon the
thickness of the conducting region relative to the
thickness of the sample and the degree to which
reactions 3 and 4 take place. If the voltage
applied to the sample electrodes were effective in
drawing carriers from a large portion of the violan-
threne layer and if reactions 3 and 4 were not
important, then the number of carriers would be
nearly equal to half of the total number of un-
paired electron spins (Dt + A~). The presence
of a high concentration of D+* or A= jons in the
sample will, of course, destroy such a simple relation
between spin concentration and number of carriers.

Kaplan and Kittel?! have shown that the
equilibrium constant for reactions such as 3 and
4 can be expressed as

K = [M,][Md]/[My]? = e*7iT (5)

where M, is doubly ionized molecule, My is a singly
ionized molecule, M, a neutral molecule and 2W is
the energy change involved in the reaction

(21) J. Kaplan and C. Kittel, J. Chem, Phys., 21, 1429 (1953).
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2M, 2 Ms + Mo + 2W (6)

The value of W depends not only upon the molecu-
lar species involved but also upon any electric
fields in which they may find themselves. For
low concentrations of ions, My will be approxi-
mately 1021/cm.%and

(M) /[My]?2 = ~10-2 gtFir )

Thus, it is possible to have 2 major portion of the
charge in the double ionized form if W is positive
and/or if the concentration of charge is high.
In the lamellar systems, ions will tend to con-
centrate in the region near the donor-acceptor
interface and consequently while the concentration
of ions in a donor or acceptor layer, based upon
the total volume of the layer, appears to be low,
the concentration of ions near the donor-acceptor
interface may be very high. These notions will
be useful in interpretation of the results of the
photoconductivity and photo-electron spin reso-
nance experiments,

The above analysis indicates that the observed
electron spin resonance could be due primarily
to D* ion radicals in the donor layer, or A~ ion
radicals in the acceptor, or both. It was initially
hoped that g-value and line width measurements
would indicate the nature of the environment of
the unpaired electrons. Values of g as high as
2.0077** have been observed for some salts of
chlorinated quinones. It was found, however,
that the g-values for all the solid state donor—
acceptor e.s.r. absorptions differed from 2.0030
by only =0.0002, or approximately the experi-
mental error (see column 4, Table II).

There exist the following possible explanations:
i. Because of the mobility of the electrons which
give rise to the e.s.r. absorption, the electrons may
have very little orbital angular momentum. If
this is the case, then all of the solids might exhibit
very nearly the same g-value.!? ii. The es.r.
absorption is primarily due to the D+ ion radicals
which we would expect would all have approxi-
mately the same g-value. This, of course, requires
that the principal form of the negative ions in the
acceptor layer be the diamagnetic A= ions. iii.
The principal ion species in the donor layer is D++
and the e.s.r. absorption is primarily due to A~ ion
radicals. Again, we would require the absence of
an orbital contribution in the acceptor layer.

Consideration of the line width of the e.s.r.
absorption in the various donor-acceptor com-
plexes is also of little value in allowing us to
discover the nature of the environment of the un-
paired electrons. The e.s.r. line width for the
various donor—iodine complexes is always 6-8
gauss, while the line width is generally, though not
always, narrower for the other donor-acceptor
complexes. This suggests that in the various
donor-iodine complexes, at least some of the e.s.r.
absorption is from a species associated with the
iodine layer. With regard to the other donor-
acceptor systems, it is certainly not clear from the

(22} H. Kainer, D. Bijl and A. C. Rose-lnnes, Nature. 178, 1462
(1956). This value appears to be low. A corresponding value of
2.0094 for o-bromanil has been found by J. Eastman (University of
California, Thesis, 1961),
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Fig. 10.—Charge migration in a molecular lattice.
Schematic representation of donor and acceptor molecules
and ions imbedded in a donor layer or an acceptor layer,
respectively., From this diagram, it is clear that process
(1), the transfer of an electron from an acceptor negative ion
to a neutral neighbor, produces a state of the system which
is energetically identical with the initial state, Similarly,
there is no net change in energy as a result of process (2)
which rearranges charge in the donor layer. In the case
of a neutral free radical, however, the electron transfer
process (3) does not result in a state energetically equivalent
to the initial state. Since processes (1) and (2) simply
change the location of negative and positive charges, respec-
tively, with no net change in energy, we can consider the
orbitals involved in the electronic rearrangemeunts as forin-
ing conduction bands. If, however, the lattice were made
up entirely of A~ radical ions (no A’s) irrespective of the
cations, or entirely of D+ radical ious (no D’s) irrespective
of the anions, there would be no identical vacant orbitals into
which the charge carriers could move and hence no conduc-
tion bands (however narrow). This last situation would
correspond to the completely filled free radical system as in
process (3) above,

line width data that the species giving rise to the
e.s.r. absorption is A—, D+, or both A—and D+.
Before entering into a discussion of the photo-
properties of lamellar donor-acceptor systems.
the effect on the dark conductivity of introducing
negative charge into an acceptor layer should be
considered. We expect a positive charge intro-
duced into the donor layer to be mobile and there
is no reason why negative charges introduced into
the acceptor layer should not also be mobile (Fig.
10). In the only experiment in which this ef-
fect was studied, the dark conductivity of o-
chloranil was increased from 10—% Q-lem.~! to
2 X 1077 9~'em.=! by the addition of the 2.5
mole % of the electron donor, phthalocyanine, in
conformiation of our expectations that the negative
charges in the acceptor layer are mobile. Un-
fortunately, no other acceptor-layer conductivity
measurements have as yet been carried out.
Photoreactions.—The effect of light on tle
lamellar donor-acceptor systems can be best
understood by considering the results of the photo-
conductivity and photo-electron spin resonance
together. It was found that the addition of any
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one of the three electron acceptors o-chloranil,
iodine or tetracyanoethylene to any one of the
donor surface cells always increased the photo-
conductivity of the cell. The fact that the addi-
tion of an electron acceptor to a donor surface
cell always enhances the photoconductivity pro-
duced by back face illumination more than it en-
hances the photoconductivity produced by front
face (electrode) illumination, allows us to conclude
that light is most effective in producing charge car-
riers (in the lamellar systems) when excited mole-
cules are produced at or near the donor-acceptor
interface. Following illumination, the photocurrent
decay in these lamellar systems was found to obey
unimolecular kinetics with a rooin temperature time
constant of approximately 60 seconds. At lower
temperatures, the tiine constant was shorter.

When a lamellar donor-acceptor comiplex was
illuminated in the e.s.r. spectrometer, a reversible
change in the c.s.r. absorption was observed. In
certain cases, light caused an increase in e.s.r.
absorption, but in others the e.s.r. absorption was
decreased. An important fact regarding the photo-
electron spin resonance absorption is that following
illumination the return of the unpaired electron
spin concentration to an equilibrium dark value
always followed unimolecular kinetics with a room
temperature time constant of approximately 65-70
seconds (see column 7 of Table II). TJust as was
observed for the photo-current decay time constant,
the photo-e.s.r. decay time constant becanie shorter
at lower temperatures (see Tables I and II),
In the violanthrene—o-chloranil system both the
photocurrent and the photo-e.s.r. varied linearly
with the light intensity as anticipated for processes
with exponential decays. These data clearly
indicate that the photo-process which gives rise
to the increase in the conductivity of the donor
layer is the saime process which produces a change,
be it an increase or decrease, in the total unpaired
electron spin concentration in the laniellar donor—
acceptor complex.

From the results of a detailed investigation of
the properties of metal-free phthalocyanine surface
cells treated with o-chloranil, it was concluded that
the effect of light on this donor-acceptor systein
was to increase reversibly the total positive charge
in the phthalocyanine layer and to increase the
total negative charge in the o-chloranil layer.?®
Because of the essential similarity in behavior of
the phthalocyanine—o-chloranil system to all of
the other donor—acceptor systems, it is postulated
that illumnination of the region near the donor-—
acceptor interface results i1 a photo-induced trans-
fer of electrons from the donor layer to the ac-
ceptor layer and not the reverse. It is hard to
envisage a situation where the return of electrons
to the donor layer could result in an increase in the
conductivity rather than a decrease at these high
hole concentrations.®® If light increases the con-
centration of positive charge in the donor layer and
negative charge in the acceptor layer, it is clear
this will result in an increased number of charge

(23) One possibility for this exists; namely, that it which cvery
donor molecule is in the D+ condition, thus leaving no identical vacant

orbitals into which the charge carriers can move; sce the caption 1o
Fig. 10,
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carriers in the conduction region of the donor layer,
but it is not immediately clear what the effect of
light will be on the concentration of unpaired
electrons.

The effect on the unpaired spin concentration
in the acceptor layer (the same analysis applies to
the donor layer) of increasing the charge concen-
tration in that layer can be determined by use of
eq. 5. If the charge coucentration in the region
near the donor—acceptor interface is

N o= [AT] + 27 8)
and the concentration of molecules is
M= T1A9 & [A7] + [A7] (9

where [A?] is the concentration of neutral mole-
cules. Then we can obtain from 5 the following

expression for 4~
- (_& oM
T \4K -1 4K — 1

‘/zN (M - 2\>
K= T
(10)

If we differentiate this expression with respect to
2V, we obtain

d(A-) _ 2AM = N
d(N) ¥ '
\/2(41{ -1 N<M -2) + M

A similar expression can be obtained for d(D*)/d.V.

From eq. 11 we can see that if the charge conu-
centration is increased the spin concentration will
be increased if (M — N) is positive and will be
decreased if (M — N) is negative.

The average concentration of unpaired electrons
was found to range from ~3 X 10 spins/cn1.? to
3 X 10% spins/cm.? in the system in which photo-
effects were studied. Actually, this represents
a rather high concentration of charge at the donor-
acceptor interiace since charges tend to be con-
centrated more in this region. Since the distribu-
tion of charge as well as the total number of mole-
cules in a donor and acceptor layer nieed not be the
same, and most likely will not be, it is possible for
(M - N) to be positive in one layer and negative
in the other. In this case, the effect of light on the
total unpaired spin concentration may be either
positive or negative depending upon whether the
spin change in the donor or acceptor layer is larger.

When phthalocyanine, tetracene or violanthrene
are the donors and iodine is the acceptor, light
always produces a decrease in the unpaired spin
concentration. Average spin concentrations range
from 0.01 to 0.3 unpaired spins per donor niolecule
so that in these three systems (M — N) is quite
reasonably negative in both the donor and acceptor
layers near the interface.

When o-chloranil is the acceptor, and if phthalo-
cyanine is the donor, light decreases the unpaired
spin concentration whereas light increases tlic
unpaired spin concentration if either tetracene or
violanthrene are the donors. This is a bit surpris-
ing since the total spin concentration in the phthalo-
cyanine—o-chloranil system appears to be lower
than the spin concentration in the violanthrene-
o-chloranil system. This suggests that charges
in the phthalocyanine and o-chloranil layers tend

A4A- =

(11)
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to remain more concentrated near the donor-
acceptor interface than do charges in violanthrene.
Therefore, (M — N) is negative for both layers of
the phthalocyanine—o-chloranil system, while (M -
N) is positive in the violanthrene layer when the
average spin concentration is large enough to
make (M — N) negative in the o-chloranil layer.
Thus, it appears that the photo-induced increase
in spin concentration in the violanthrene layer is
slightly larger than the photo-decrease in the o-
chloranil layer. The spin concentration in the
tetracene—o-chloranil layer is lower than in either
the phthalocyanine— or violanthrene—o-chloranil
systems. In this case (M — N) is probably posi-
tive for both the donor and acceptor layers; hence
a photo-induced ¢ncrease in unpaired spin concen-
tration results.

Light decreases the unpaired spin concentration
in the phthalocyanine—tetracyanoethylene system
suggesting that (M — V) is negative for both layers.
Light sncreases the unpaired electron spin concen-
tration in the violanthrene—tetracyanoethylene
system when the average spin concentration is
approximately the same as in the phthalocyanine—
tetracyanoethylene system. Since (M — N) is
probably positive for the violanthrene, when the
spin concentration was ten times larger (o-chloranil
as the acceptor) it must certainly be positive when
tetracyanoethyleneis the acceptor. Although (M —
NN) may or may not be negative in the tetracyano-
ethylene layer, the photo-induced increase in the
spin concentrations in the violanthrene layer is
much larger than any decrease in the tetracyano-
ethylene layer. Table III gives a summary of the
probable sign of (M — N) at the donor—acceptor
interface layer for the systems discussed above.

It appears from the photo-e.s.r. measurements,
that in any one of the three acceptor layers o-
chloranil, iodine or tetracyanoethylene the charge
concentration is always quite high (( 4 — N) <0)
near the donor-acceptor interface even for rather
low spin concentrations. In other words, most of
the charges in these acceptor layers are in regions
of high charge concentration where A= would tend
to be favored. If this is in fact the situation, it
would explain why the g-values of all of the various
donor-acceptor systems are approximately 2.0030
=+ 0.0002, since they would arise from unpaired
electrons primarily in the donor layer.

We have postulated that light increases the con-
centrations of charge in both the donor and ac-
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TasLE III

PREDICTED PROBABLE VALUES FOR THE SIGN OF (M — N)
IN THE INTERFACE LAYERS OF THE DONOR-ACCEPTOR

LAMALLAE
Effect Probable sign
No. of of light i of (M-N)
unpaired on the in the inter-
electrons un- face region
per paired Ac-
donor spin Donor ceptor
Donors Acceptors molecule concn, layer layer
o-Chloranil 0.002 D - -
Phthalo- lodine .01 D - -
cyanine Tetracyano-
ethylene .001 D - -
o-Chloranil .0003 1 + =+
Tetracene Iodine .10 D - -
Tetracyano-
ethylene
o-Chloranil .008 1 —+ —
Violanthrene JIodine .30 D - -
Tetracyano-
ethylene , 0005 I —+ ES

ceptor layer near the interfacial region and hence
increases the concentration gradient which causes
charge to diffuse away from the interfacial region.
When the light is removed, the concentration
gradient decreases due to recombination of charges
at the interface, and carries in one layer drift
back toward the interfacial region under the in-
fluence of the field of charges of opposite sign in
the other layer. If the migration of carriers back
toward the donor-acceptor interface, due to the
reduction of the photo-induced concentration
gradient, is the rate-limiting step in the recombina-
tion of charges, then the decay of both the photo-
current and the photo-e.s.r. would have the same
time constants. There is evidence®?4% which
indicates that carrier mobilities in the organic
solids tncrease when temperature is decreased, and
this may explain why photoconductivity and photo-
es.r. decay rates become faster at low tempera-
tures. The fact that photoconduction is enhanced
when the temperature is increased could be due to
either (i) a shift in charge distribution within each
of the layers with a change in temperature or
(ii) electrode contact effects.

A more thorough investigation of these aspects
will be required to resolve the problem.

{24) O. H. LeBlanc, Jr..J. Chem. Phys., 83, 626 (1960).

(25) R. G. Kepler, in proceedings of conference on *‘ Electronic Con-
ductivity in Organic Solids,”” Duke University, April, 1960. to be pub-
lished by 1nterscience Publishers, 1nc., New York, N. Y.



